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Abstract: Carbon emission reduction is an important issue facing the current industrial develop-
ment. With the agglomeration of old industrial bases in Northeast China and the high total carbon
emission, it is difficult to achieve the goal of carbon neutrality. The objective of crop straw biochar
preparation and utilization research is to achieve regional carbon neutralization and carbon sink
function. The waste crop straw resources in Northeast China were huge, with an annual yield of
about 7.0 × 107 tons which showed an increasing trend. The development of the biochar industry
in Northeast China significantly reduced carbon emissions and the environmental pollution caused
by straw burning. At the same time, it obtained a huge profit of 7.0 × 1010 RMB. Because of the
special location conditions in Northeast China, the establishment of the biochar industry chain
needed multi-angle research and judgment. The biochar industry in Northeast China will have a
broad prospect, and the industrial demand is not only farmland soil improvement but also winter
heating fuel utilization and carbon reduction. This study will further increase the carbon sink capacity
in Northeast China and promote the realization of China’s carbon neutrality goal, which also has
important reference value for carbon reduction in other countries in the world.

Keywords: carbon peak; carbon neutralization; straw biochar; sustainable development; resource utilization

1. Introduction

The global production of crop straw is approximately 5 × 109 tons annually [1]. China’s
straw output exceeds 8.3 × 108 tons, the total yield of straw ranks the first place in the
word, and the output of straw in Northeast China exceeds 10% of the China [2,3]. Northeast
China faces industrial transformation and upgrading pressures [4]. The utilization of straw
resources balances the increase of carbon emissions brought by the industrial transforma-
tion process [5]. This provides new ideas for regional economic development. Therefore,
the utilization of straw in Northeast China is of reference value to other countries in the
world. Plant straw is a biomass resource that can be used continuously [6]. The preparation
of biochar from straw is an effective way to resourcefully use and solve the environmental
pollution caused by straw burning [7]. Straw biochar has high utilization value as a soil
conditioner and substrate material of constructed wetland [8,9]. In order to achieve global
carbon emission reduction targets, the Chinese government issued the “Opinions on the
complete and accurate implementation of the new development concept to do a good job of
carbon attainment and carbon neutrality” in October 2021, which required the northeastern
region of China to take corresponding measures against the current situation of high carbon
emissions and high pollution. Straw is converted into biochar to achieve carbon seques-
tration, and biochar plays a good role in carbon sequestration in soil improvement [10].
According to the main data bulletin of the Third China Land Survey, the arable land area of
the whole Northeast China is about 2.4 × 105 km2, of which 1.2 × 105 km2, 4.1 × 104 km2,
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and 7.4 × 104 km2 is in Heilongjiang, Jilin, and Liaoning provinces, respectively. The food
crop types are mainly rice, wheat, soybean, sorghum, and other straw crops, and the total
food yield accounts for the total grain yield more than 20%. The straw in Northeast China
is currently mostly used for thermal combustion, which has low resource utilization and a
high impact on environmental pollution. It is important to carry out research on biochar
prepared from crop straw with the aim of carbon reduction and regional development.

Biochar is a Carbon-rich products with dense pore structure, large specific surface
area (SSA), strong adsorption effect, and is friendly to the environment [11,12]. It has good
ecological and environmental benefits. The performance of biochar is influenced by vari-
ous factors, which mainly relate to the preparation of raw materials, preparation process,
and preparation conditions [13]. According to the preparation process conditions, the
commonly used biochar preparation techniques are mainly divided into four categories: py-
rolysis, gasification, baking carbonization, and hydrothermal carbonization techniques [14].
Pyrolysis refers to the thermal decomposition of biomass at high temperatures between 300
and 1000 ◦C in an oxygen-free environment, and it is the more common and mature biochar
preparation technology in use today [15] (Figure 1a). Temperature is the main condition
affecting the preparation of biochar, and the pore volume and SSA of biochar increase at
higher temperatures (700 ◦C) for the same pyrolysis time [16]. The use of catalysts to initiate
directional pyrolysis is beneficial to enhance the yield of high-performance carbon materials
in biochar [17]. The use of co-pyrolysis technology is beneficial to increase the yield and
variety of biochar prepared from a variety of biomass raw materials [18]. The preparation
of biochar fuel from a composite raw material of agricultural and forestry biomass mixed
with coal and sludge in a certain ratio is beneficial to energy conservation [19].
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Biomass gasification is the process of converting and decomposing biomass feedstock
through thermochemical reactions under high temperature conditions, and the products
include biomass gas, heat power, liquid fertilizer, and biochar [20] (Figure 1b). The compo-
sition of biomass gas produced by gasification is mainly hydrogen, methane, and ethane.
The carbon content and energy efficiency of adsorption and carbon sequestration of biochar
products prepared by the gasification of different raw materials vary, and the overall
biochar yield is low. About 10% of wood vinegar liquor is produced during the pyrolysis
gasification of agricultural and forestry biomass [21]. Wood vinegar liquor is mostly used
in agricultural yield as an organic fertilizer and antimicrobial agent, which significantly
enhances plant resistance after its application on farmland [22]. Wood vinegar liquor can
be mixed with biochar to further improve the soil environment, increase crop yield, and
reduce soil greenhouse gas emissions by about 60% [23,24].

Baking carbonization [25] is a method of producing biochar at low temperatures in
the range of 200–300 ◦C under anaerobic (or anoxic) conditions at atmospheric pressure.
The quality of biochar prepared by baking is mainly influenced by temperature [26], which
is higher than the residence time [27]. The structural properties and calorific value of
biochar increase with the baking temperature. Hydrothermal carbonization [28] is the
process of preparing carbon materials using water as the medium at a certain tempera-
ture range (130–250 ◦C) and pressure, and hydrothermal carbonization technology is not
affected by the moisture of the raw material. The use of microwave-assisted hydrothermal
carbonization can improve the adsorption performance of biochar [29]. The volatile fraction
of the biochar product decreases, and the fixed carbon mass fraction increases during
the increase in hydrothermal carbonization temperature (200–360 ◦C) [30]. Under the
conditions of controlled reaction temperature and catalyst concentration, the combustion
performance of carbon fuel products prepared by hydrothermal carbonization is improved
and the ash content is significantly reduced [31], which can be an important development
direction for thermal energy utilization. Combining the economic cost, biochar yield, and
quality, the advantages of using pyrolysis technology for biochar in soil improvement are
obvious. In addition to optimizing the preparation conditions of biochar, the modification
is an important method to improve the quality of biochar [32].

Biochar, a new soil amendment, plays an important role in slowing soil acidification,
fixing soil heavy metals and reducing plant heavy metal uptake [33,34]. When straw
biochar was applied to a sandy ginger black soil with poor soil properties, soil organic
phosphorus stability was enhanced with increasing biochar application [35]. Biochar
addition to compost reduces phosphorus loss [36]. Biochar addition can reduce soil density
and enhance soil water holding capacity, making the soil more suitable for crop growth [37].
Biochar can promote the interpretation of acetochlor in soil [38]. Biochar is added to
constructed wetlands, and the mean removal rate of inorganic pollutants in sewage reaches
11.53% [39]. In wastewater treatment, biochar is also effective in the adsorption and fixation
of organic dyes, heavy metals, nitrogen and phosphorus, antibiotics, and other organic
pollutants in the water column at a cost less than activated carbon [40]. Biochar is an
eco-friendly and efficient adsorbent for the removal of toxic metals from wastewater [41].
Straw biochar can also be modified to improve the application range of biochar [42,43].
Therefore, biochar should have a wide range and promising applications.

By studying the biochar utilization of crop straw in three northeastern provinces of
China, the objectives of this research are to use collected data and GIS software to study
the three questions: (1) What is the distribution and annual yield changes of different crop
straws in Northeast China? (2) What is the potential of straw preparation of biochar to
enhance carbon sink functions in Northeast China? (3) Can the industrial layout of the
straw biochar industry become the base point for enhancing carbon sink functions? This
study has important scientific value for China to achieve its carbon neutrality goals, and this
will provide important references for other countries to enhance their carbon sink function.
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2. Materials and Methods
2.1. Research Area

Northeast China refers to the region comprising the provinces of Heilongjiang, Jilin,
and Liaoning and the four eastern leagues of the Inner Mongolia Autonomous Region
(Hulunbeier, Xing’an, Tongliao, and Chifeng), which are home to the spring soybean sub-
region, the early maturing single-season rice crop area, etc. It is an important agricultural
raw material yield base in China. Taking the provinces of Heilongjiang, Jilin, and Liaoning
as the main subjects of the study, 19 major cities and the surrounding counties and cities
were selected to analyze the changing trends of straw yield from 2017 to 2020. The objective
of this study was to explore the important value of the biochar preparation from the straw
industry in Northeast China for the enhancement of carbon sink functions. Based on the
cultivation of straw crops in the study area, straw crops with large cultivation areas were
distinguished into two categories: economic crops (e.g., soybean, sweet potato, etc.) and
food crops (e.g., corn, rice, etc.), and specific analyses were conducted for each crop.

2.2. Data Collection and Processing

The data used in this paper mainly came from public data, and some data have been
collected and investigated on site. The public data is from the website of the National
Bureau of Statistics of China. The China Statistical Yearbook records crop yield data
and makes it public on the website of the National Bureau of Statistics of China (http:
//www.stats.gov.cn/tjsj/ndsj/, accessed on 30 September 2021). The grass–grain ratio was
calculated according to the field survey results (Table 1). The survey precision range was
based on the county level. Grass-to-grain ratios were used to estimate the yield of all kinds
of straw in each year. The economic benefits of straw raw materials, biochar products, and
by-products were calculated according to the current mean market price in China.

Table 1. Grass to grain ratio value of crop.

Crop Corn Wheat Sorghum Soybean Potato Sunflower Rice Grain

Grass Grain Ratio 1.2 1.19 1.2 1.5 0.5 1 0.9

The objective of the spatial treatment of straw yield was to analyze the change of
straw yield in different regions. This study involved two types of data processing methods
(GIS spatial analysis and time series analysis). ArcMap was a GIS system developed
by the Environmental System Research Institute in 1978. The geographic layers of the
three northeastern provinces were imported into Arcmap, and the interannual arable
area data were written into the system. The spatial analysis and spatial data building
functions were used to symbolically display and analyze the changes in the range of straw
crops in Northeast China. At the same time, straw yield data containing linear trends
and unstable seasonal components were predicted using a Winters’ multiplicative model
(Winters’ multiplicative) with IBM SPSS Statistics software, the relevant models are shown
in Equation (1).

lt = α xt
st−m

+ (1 − α)(lt−1 + bt−1)

bt = β(lt − lt−1) + (1 − β)bt−1
st = γ xt

lt−1+bt−1
+ (1 − γ)st−m

x̂t+h = (lt + hbt)st+h−m(k+1), k =
[

h−1
m

] (1)

where m is the cycle length (12 for monthly data and 4 for quarterly data), α is the horizontal
smoothing parameter, β is the trend smoothing parameter, γ is the seasonal smoothing
parameter, and t + h is the predicted value of phase h.

Carbon emissions in the region are calculated using the carbon balance formula, as
shown in Equation (2).

QCO2 = (M1 × k1 − M2 × k2 − M3 × k3) × 44/12 (2)

http://www.stats.gov.cn/tjsj/ndsj/
http://www.stats.gov.cn/tjsj/ndsj/
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where QCO2 is carbon dioxide emissions, t CO2e; M1 is raw material input, t; k1 raw material
carbon content, %; M2 is product yield, t; k2 is product carbon content, %; M3 is waste yield,
t; k3 is waste carbon content, %; 44/12 is carbon conversion to C Conversion coefficient of
O2 (relative atomic mass of CO2/C).

The biochar carbon sequestration capacity is the amount of carbon sequestered by
biochar. The carbon sequestration capacity of biochar is maintained at around 50% without
the addition of catalysts or other components for co-pyrolysis [44]. Based on the life cycle
assessment method to estimate the carbon reduction capacity of biochar in China, the
carbon sequestration potential of one ton of biochar reached 9.21 × 106 t CO2e and the
relevant calculation was carried out based on this criterion.

3. Results and Discussion
3.1. Crop Straw Yield and Distribution
3.1.1. Changes in the Cultivation Area of Crop Straw Crops

The change of yield and distribution of different straws was reflected from the change
of planting area. The change of straw yield affected the supply of raw materials for biochar
preparation. The change of straw distribution affected the spatial layout of straw utilization.
The inter-annual distribution of the main straw crop (soybean, rice, and corn) cultivation
area in the three northeastern provinces from 2017 to 2020 is shown in Figure 2. Affected
by climate and topographic conditions, crops in Northeast China were mainly corn, rice,
soybeans, and other crops. There was little difference between different provinces. Within
the province, the largest area of crops was planted in the middle and low latitudes, and
the planted area gradually decreased towards the surrounding high-density planting areas
with a clear pattern of spatial distribution. The inter-annual variation in the planted area of
major straw crops in Jilin Province was relatively stable. In 2020, the corn planting area had
significantly decreased. The planted area of rice and corn in Liaoning Province increased
significantly from 2017 to 2018, but this did not fluctuate much after 2018. The area planted
with straw in Heilongjiang Province was in a stable state, but the area planted with rice
decreased year by year. Therefore, the change of straw planting area did not affect the
utilization of straw.

Soybean, corn, and rice were the three main straw crops grown on a large scale in
Northeast China, and the cropping structure pattern was influenced by a combination of
socioeconomic, natural, and national policy conditions [45]. The change of distribution in
different crop planting areas had guiding significance for the use of different straw. Crop
cultivation in Northeast China showed a clear distribution of spatial agglomeration within
the province, which mainly concentrated in regional centers and scattered across the region.
Heilongjiang Province had been the main soybean producing region in China. The area
under soybean cultivation was extensive with no significant annual variation, which was
the same as the area under corn cultivation. Rice acreage in Heilongjiang fluctuated with a
small decline from 2017 to 2018, and this had remained stable since then. Crop cultivation
was mainly located in cities with more developed economic and transportation conditions
such as Harbin, Qiqihar, and Hehe city, which facilitated marketing and transportation.
The area under crop cultivation in Jilin Province was generally stable, with crop cultivation
mainly distributed in Changchun, Liaoyuan, and Yanbian. The area under corn cultivation
decreased significantly from 2019 to 2020. The main growing areas were distributed in
Liaoning Province of Shenyang, Dalian, and Fushun city; the area under rice cultivation
increased significantly from 2017 to 2018 and remained stable thereafter. There are certain
differences in the utilization of different straws, and the utilization of straws should be
carried out under the condition of fully considering the differences in the distribution of
different straws.
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Most of the eastern provinces of China had high summer temperatures, cold winters,
and moderate precipitation. Crops were grown once a year; they were mainly well-adapted,
sunny, and cold-tolerant crops such as corn and soybeans. The high latitude of Heilongjiang
Province had also produced a relative reduction in the area under rice cultivation due
to climatic conditions. The state had introduced a series of policy measures to promote
agricultural development in order to stabilize the grain market [45], which had promoted an
increase of the area planted with straw grain crops in the northeast including a significant
increase in the area planted with rice in Shenyang, Liaoning Province. This will effectively
ensure the sustainable use of straw.

3.1.2. Trends in Crop Straw Yield

Based on the acreage and annual yield data of straw crops, the straw yield in the three
northeastern provinces from 2017 to 2020 was estimated (Figure 3). There was some degree
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of inter-annual variation in the yield of different type straws in each province, but there
was overall little fluctuation, and only some cities showed relatively significant degrees of
variation in some types of straw. For example, wheat straw yield in Harbin had increased
year on year, and climatic conditions, precipitation, and arable land area were the main
influencing factors. However, sunflower straw yield in Dalian was on a downward trend,
and the main factors were the year-on-year reduction in market demand and a reduction in
planted area. The yield of corn straw in Jilin decreased significantly. It was jointly affected
by factors such as reduced cultivation area and reduced export demand. Therefore, changes
in environmental conditions and market demand are the main reasons that affect the trend
of crop straw yield changes.
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Changes in straw crop planting patterns were a major factor affecting straw yields.
Among the three major crops of soybean, corn, and rice, farmers were not very motivated
to plant soybean and the planting area was small. The yield of soybean straw was relatively
low compared to that of corn and rice straw, and the economic benefit advantage was not
obvious. The promotion of structural reforms on the supply side of agriculture had eased
the grain backlog faced by farmers, but the low purchase price of soybeans due to imported
soybeans had also led to a continued decline in the area planted with soybeans and straw
yield in Northeast China [46]. In contrast, corn and rice had high yields, a long-term, stable
market demand, stable purchase prices, little fluctuation in planted area, and stable straw
yield. Under the influence of the storage policy, there is a substitution of corn for soybean
planting, which has a certain impact on soybean straw yield [47]. However, in recent years,
the impact of export restrictions imposed by other countries on Chinese soybeans has also
promoted the increase in the planting area of Chinese soybeans [48]. However, this has not
resulted in a significant increase in planted area due to limited demand.

3.2. Forecast and Analysis of Future Crop Straw Yield

Statistics showed that from 2017 to 2020, the annual yield of straw in Northeast China
was about 7.0 × 107 tons, and this showed a trend of increasing year by year. Heilongjiang
province has the largest area under straw crops and the highest annual yield of straw, which
will be approximately 3.7 × 107 tons in 2020. Combining the acreage and yield data of straw
crops in recent years, the yield of various types of straw was processed and calculated,
the exponential smoothing method was used to smooth the straw yield data of nineteen
regions and seven major crops in the three northeastern provinces three times from 2017 to
2020. The forecast results of straw yield and change trends from 2020 to 2025 are shown in
Figure 4. The total straw yield in the three northeastern provinces tends to be stable from
2021 to 2025. Among the major crop straw yields in Heilongjiang province, soybean straw
had the largest increase, followed by rice and corn straw. Except for the decrease in corn
straw production in Jilin province, straw yield in Jilin and Liaoning provinces also tended
to increase. However, the overall increase was relatively small (≤1%), and the change curve
was like a stable horizontal linear shape. Therefore, straw can be used as a raw material of
biochar in a stable and sustainable way.
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China’s arable land area decreased by 4.9 × 103 km2 from 2000 to 2015 [49], while
that of the three eastern provinces decreased by 0.5 × 103 km2. In the three northeastern
provinces of China, the conversion of arable land to construction land accounted for 28.6%
of the total land change area. Fluctuations in arable land area will lead to changes in the
structure of crop cultivation and total yield. As the area of arable land decreased, the
choice of crops was grown tends to be towards economically efficient and productive crops.
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This had accelerated yield fluctuations in secondary crops such as sweet potatoes and
sunflowers. In addition, uncertainties such as extreme weather, pests, and natural disasters
also led to changes in crop yields.

In summary, the distribution of straw crops in Northeast China was extensive, and
the cultivated land area was relatively stable. Various types of straw, especially straw from
major crops, will remain in abundant storage and have the potential to grow in future
yield, which can provide long-term and sufficient raw materials for the development of the
biochar industry.

3.3. Carbon Sequestration Effect Analysis of Biochar Prepared from Straw

The change in total carbon emissions in Northeast China generally tended to be stable
by 2019 [50,51]. While the growth rate of adjacent interannual data for Heilongjiang and
Jilin provinces did not fluctuate much, the adjacent interannual data for Liaoning province
increased year by year, which was a significant increase in the growth rate of CO2 emissions
from 2017 to 2019 (Figure 5). This may be related to the impact of the rapid development
of industrial industries in Liaoning Province, which relies on its coastal geographical
advantage. Therefore, how to gradually reduce carbon emissions without affecting the
stable development of the regional economy is a current and future issue that needs to be
addressed. Taking the total amount of biochar produced from straw feedstock from 2015
to 2019 as an example, the carbon emissions in Northeast China after the preparation of
biochar based on its carbon sequestration efficiency are shown in Figure 6. The calculations
showed that if all waste straw resources were used to produce biochar and sequester soil
carbon, total carbon emissions could be reduced by 60%.

Sustainability 2023, 15, x FOR PEER REVIEW 11 of 20 
 

improvement of technology. The carbon emissions of Chinese industry (mining, manu-
facturing, and power industry) in 2020 were 1.0 × 1010 t CO2e [53]. Therefore, the use of 
straw to prepare biochar was of great importance to relieve the pressure on industrial 
carbon emissions. The net conversion of pyrolysis carbon gas cogeneration will increase 
by 15% by 2060 [54]. The carbon sequestration effect of straw biochar applied to soil is 
influenced by the properties of the biochar, the nature of the soil, and the environmental 
conditions, so the carbon sequestration and reduction effect were varying under different 
conditions. Straw biochar significantly improved soil fertility. However, due to differ-
ences in biochar raw materials and preparation techniques, different straw biochar prop-
erties had an impact on the carbon sequestration capacity of biochar [55]. Adjusting the 
energy mix was conducive to reducing the intensity of carbon emissions and had an im-
portant role in industrial carbon emissions. The dominant factor influencing CO2 emis-
sions was the proportion of coal in total energy [56]. If more biochar is used to replace 
coal, the impact of CO2 emissions and air pollution will be significantly reduced. 

 
Figure 5. Total CO2 apparent emissions in Northeast China from 2015 to 2019. 

Chen et al. [57] studied the carbon sequestration of rice straw biochar using the life 
cycle assessment method and found that the preparation of rice straw biochar significantly 
reduced the release of soil CO2 with soil carbon sequestration of up to 9.94 × 106 t (3.65 × 
107 t CO2e). Corn straw biochar effectively improved soil organic matter content, soil mi-
crobial biomass nitrogen content, carbon to nitrogen ratio, and other indicators, which 
steadily increased the soil organic carbon fixation rate by more than 30% over a longer 
period [58]. After biochar was effectively treated, CO2 emissions in soil was reduced under 
the conditions of appropriate additions [59]. Different soil depths, influenced by surface 
runoff, were also an important factor in the carbon fixation effect of straw biochar [60]. 

Crop yield also varied with the amount of biochar applied during biochar return. 
Within a certain amount of addition, crop yield increased significantly with the increase 
in biochar application [61]. Crop yields increased significantly after straw was returned to 
the field [62], so the carbon sequestration and yield increase of biochar were evident. 
Straw biochar return to the field not only promoted increased agricultural yields, but was 
also an important means of effectively increasing agricultural carbon sinks. 

0 1 2 3 4 5 6 7

2015

2016

2017

2018

2019

Total apparent CO2 emissions (×108 t)

Y
ea

r

Heilongjiang Jilin Liaoning

Figure 5. Total CO2 apparent emissions in Northeast China from 2015 to 2019.



Sustainability 2023, 15, 6104 11 of 19Sustainability 2023, 15, x FOR PEER REVIEW 12 of 20 
 

 
Figure 6. Comparison of total carbon emissions before and after the application of biochar in North-
east China. 

3.4. Economic Analysis of Straw Biochar Utilization 
3.4.1. Analysis of Environmental Economic Conditions 

Northeast China was the largest natural forest distribution area in China. The forest 
species were mainly mixed coniferous deciduous broad-leaved forests in the middle tem-
perate zone, which were widely distributed in the Greater and Lesser Xing’an Mountains 
and Changbai Mountains. Forest trees cover an area of 4.5 × 105 km2, which is a good 
natural ecological barrier. The large area of forest cover provided good conditions for wa-
ter protection. The major rivers in the region, such as the Songhua, Neng, and Ussuri riv-
ers, played an important role in securing water for yield and living in the surrounding 
areas, driving the development of coastal agriculture and fisheries and foreign trade at 
the border. At the same time, this also provided good environmental conditions for the 
development of the biochar industry. Northeast China’s location in the hinterland and 
weak links with domestic and international markets [63] had hindered the region’s rapid 
economic development. This was also detrimental to the development of the biochar in-
dustry. In recent years, air quality in Northeast China has been further improved as the 
Chinese government has raised the requirements for ecological environmental protection 
and pollution emission standards. However, due to the cold winter months, air quality in 
January-March, November, and December was affected by heating [64], so pollution emis-
sions increased significantly compared to other seasons. This increased the pressure on 
environmental pollution prevention and control. 

Biochar had good carbon sequestration effects and was used in agricultural yield to 
improve soil conditions, promote increased crop yields, enhance agricultural carbon 
sinks, and reduce environmental pollution. In Northeast China, there was a high demand 
for coal for winter heating with annual consumption exceeding 2.0 × 108 tons [65]. Based 
on the mean price by calorific value in the China Coal Exchange market, producers earned 
at least 400 RMB per ton if the same amount of biochar fuel was used to burn for heating 
instead of coal. According to market research data analysis [66], the production direction 
of straw charring products included biochar, biomass gas, and wood vinegar. When the 
annual yield of biochar reached 5000 tons and the market price was 3000 RMB/ton, the 
annual sales income reached about 1.5 × 107 RMB. The straw charring project had high 

Figure 6. Comparison of total carbon emissions before and after the application of biochar in
Northeast China.

Using agricultural waste biomass to produce straw biochar can reduce the environ-
mental pollution caused by straw burning and effectively increase soil carbon sequestration
capacity through soil carbon sequestration. According to calculations [52], the interannual
carbon sequestration of Chinese crop straw as a raw material for biochar was as high as
5.51 × 108 t CO2e, which was significantly higher than the carbon emissions from straw
burning at 4.22 × 108 t CO2e. The biochar yield from the pyrolysis and carbonization
of straw biomass was about 31.8%, which was on a rising trend year by year with the
improvement of technology. The carbon emissions of Chinese industry (mining, manu-
facturing, and power industry) in 2020 were 1.0 × 1010 t CO2e [53]. Therefore, the use
of straw to prepare biochar was of great importance to relieve the pressure on industrial
carbon emissions. The net conversion of pyrolysis carbon gas cogeneration will increase
by 15% by 2060 [54]. The carbon sequestration effect of straw biochar applied to soil is
influenced by the properties of the biochar, the nature of the soil, and the environmental
conditions, so the carbon sequestration and reduction effect were varying under different
conditions. Straw biochar significantly improved soil fertility. However, due to differences
in biochar raw materials and preparation techniques, different straw biochar properties
had an impact on the carbon sequestration capacity of biochar [55]. Adjusting the energy
mix was conducive to reducing the intensity of carbon emissions and had an important role
in industrial carbon emissions. The dominant factor influencing CO2 emissions was the
proportion of coal in total energy [56]. If more biochar is used to replace coal, the impact of
CO2 emissions and air pollution will be significantly reduced.

Chen et al. [57] studied the carbon sequestration of rice straw biochar using the life
cycle assessment method and found that the preparation of rice straw biochar signifi-
cantly reduced the release of soil CO2 with soil carbon sequestration of up to 9.94 × 106 t
(3.65 × 107 t CO2e). Corn straw biochar effectively improved soil organic matter content,
soil microbial biomass nitrogen content, carbon to nitrogen ratio, and other indicators,
which steadily increased the soil organic carbon fixation rate by more than 30% over a longer
period [58]. After biochar was effectively treated, CO2 emissions in soil was reduced under
the conditions of appropriate additions [59]. Different soil depths, influenced by surface
runoff, were also an important factor in the carbon fixation effect of straw biochar [60].

Crop yield also varied with the amount of biochar applied during biochar return.
Within a certain amount of addition, crop yield increased significantly with the increase in
biochar application [61]. Crop yields increased significantly after straw was returned to the
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field [62], so the carbon sequestration and yield increase of biochar were evident. Straw
biochar return to the field not only promoted increased agricultural yields, but was also an
important means of effectively increasing agricultural carbon sinks.

3.4. Economic Analysis of Straw Biochar Utilization
3.4.1. Analysis of Environmental Economic Conditions

Northeast China was the largest natural forest distribution area in China. The forest
species were mainly mixed coniferous deciduous broad-leaved forests in the middle tem-
perate zone, which were widely distributed in the Greater and Lesser Xing’an Mountains
and Changbai Mountains. Forest trees cover an area of 4.5 × 105 km2, which is a good
natural ecological barrier. The large area of forest cover provided good conditions for
water protection. The major rivers in the region, such as the Songhua, Neng, and Ussuri
rivers, played an important role in securing water for yield and living in the surrounding
areas, driving the development of coastal agriculture and fisheries and foreign trade at
the border. At the same time, this also provided good environmental conditions for the
development of the biochar industry. Northeast China’s location in the hinterland and
weak links with domestic and international markets [63] had hindered the region’s rapid
economic development. This was also detrimental to the development of the biochar
industry. In recent years, air quality in Northeast China has been further improved as the
Chinese government has raised the requirements for ecological environmental protection
and pollution emission standards. However, due to the cold winter months, air quality
in January-March, November, and December was affected by heating [64], so pollution
emissions increased significantly compared to other seasons. This increased the pressure
on environmental pollution prevention and control.

Biochar had good carbon sequestration effects and was used in agricultural yield to
improve soil conditions, promote increased crop yields, enhance agricultural carbon sinks,
and reduce environmental pollution. In Northeast China, there was a high demand for coal
for winter heating with annual consumption exceeding 2.0 × 108 tons [65]. Based on the
mean price by calorific value in the China Coal Exchange market, producers earned at least
400 RMB per ton if the same amount of biochar fuel was used to burn for heating instead
of coal. According to market research data analysis [66], the production direction of straw
charring products included biochar, biomass gas, and wood vinegar. When the annual
yield of biochar reached 5000 tons and the market price was 3000 RMB/ton, the annual
sales income reached about 1.5 × 107 RMB. The straw charring project had high profits
and broad market prospects. The development of the biochar industry in the northeast can
effectively alleviate problems such as the shortage of coal supply and over-exploitation,
and effectively improve the environmental situation, which is of great significance to the
development of the regional economy.

3.4.2. Analysis of Industrial Economic Situation

Northeast China was a base for old and heavy industries. Due to the slow transfor-
mation and upgrading of industries in Northeast China [67], the economic development
level of the region had been slow to improve. Transportation in Northeast China was
mainly by land, and the degree of agglomeration decreases from core urban areas to pe-
ripheral cities [68]. Railway transport was the basis of industrial development in Northeast
China, and its spatial distribution extended from provincial capitals to smaller cities. Road
construction in Northeast China showed a clear spatial variation of “more in the east
and less in the west”, but the level of construction had gradually increased, and overall
construction in Liaoning Province was relatively balanced. Overall, the transportation in
Northeast China was backward, which restricted the development of biochar industry.
Analysis of the labor force situation showed that the high rate of population migration and
the serious ageing of the population in Northeast China were not conducive to economic
development [69]. Factors such as increased competition for employment, low levels of
infrastructure development and slow economic growth had a significant impact on the



Sustainability 2023, 15, 6104 13 of 19

outflow of population. County areas, constrained by unreasonable industrial structures
and inadequate public service provision, had become the main areas of population loss.
The loss of young and middle-aged people posed a great threat to the stable development
of industries in Northeast China [70]. The loss of labor was detrimental to the development
of the straw biochar industry.

The technology level was an important factor limiting the development of the biochar
industry. The introduction of advanced biochar preparation technology played an impor-
tant role in accelerating the technological upgrade of industries in Northeast China and
promoting the re-operation of stagnant old industrial areas. Due to the relatively dispersed
spatial distribution of straw raw materials, raw material storage, transportation, and prod-
uct sales require wide coverage and flexible transportation, which played an important role
in upgrading the transportation network in Northeast China. The increase of employments
in industrial operations, raw material collection and processing, product transportation
and sales also played a positive role in slowing down population loss and even attracting
the inflow of foreign labor. Therefore, the development of straw biochar industry brought
opportunities to local economic development. The high yield of biochar by-products,
the wide application of combustible gas, bio-oil, and other products was widely used,
and the high market demand had also contributed to the economic development of the
biochar industry.

3.4.3. Analysis of Economic Expectations

Considering the demand for industrial land, the spatial use efficiency and economic
location evaluation index of Northeast China were relatively low [71]. Economic develop-
ment was closely related to local industrial policies. The old industrial areas in Northeast
China accounted for a large proportion of the overall space, which were difficult to renew,
which had a relatively large impact on the overall economy. These conditions restricted
the development of biochar industry. Figure 7 shows that the total gross domestic product
(GDP) of the three northeastern provinces in the last five years was highest in Liaoning
Province, followed by Heilongjiang and Jilin Provinces. The GDP growth rate of the three
provinces dropped to a five-year low in 2020 and significantly rebounded the following
year. The pillar industry of economic development in the three provinces was the tertiary
industry, which was the primary industry contributing more to overall GDP than the
secondary industry. The analysis of industrial added value and growth rates showed that
Northeast China’s dependence on the secondary sector remained strong, which indicated
that industry in Northeast China no longer dominated the regulation and control of the
regional economy. The development of the biochar industry will be conducive to promoting
the development of industry in Northeast China.

The biochar industry had a wide range of applications. Because of the low raw material
costs, there were many ways to obtain economic benefits. However, the preparation of
straw biochar had high requirements for industrial technology and conditions. Introducing
advanced technological means and attracting outstanding talents were the guarantee
for the steady development of the biochar industry. The construction of the biochar
industry can promote the improvement of the backward technology and management
level of the old northeast industrial zone, promote the revitalization of the old northeast
industry, and also play an important role in accelerating the development of the secondary
industry. Considering only the economics of preparing raw materials for biochar, the cost
of recovering one ton of dry weight straw is 600 RMB, which can prepare about 350 kg of
biochar under the condition of meeting the interests of farmers. Biochar can be sold in the
market at 3.0–5.0 RMB/kg and a profit of approximately 2.0 × 103 RMB can be obtained
from the sale of one ton of product. Based on straw yield data, a total of 7.0 × 107 tons of
straw were harvested in the three eastern provinces of China in 2020 alone. If 50% of the
straw is invested in biochar yield, a huge profit of 7.0 × 1010 RMB will be obtained from the
sale of biochar products. If high-end biochar is prepared, its economic value will be higher.
This is of great significance to promote the development of industry in the northeast.
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3.5. Analysis on Industrialization Model of Biochar Preparation from Straw
3.5.1. Agricultural Carbon Sink Cycle Model

Against the background of high carbon prices in the global carbon trading market,
the return of biochar to the field promoted agricultural efficiency [72]. Farmers were the
mainstay of agricultural circular economy development. It was the main development
direction of circular agriculture to recycle agricultural waste, reduce carbon emissions from
straw burning, and improve economic efficiency. The resource utilization of waste was an
important method of the agricultural carbon sink. The concept of the agricultural carbon
cycle emphasized the coordinated development of ecology, environment, and economy,
which played an important role in reducing resource waste, improving yield structure, and
promoting agricultural modernization [73]. The development model of waste recycling
promoted the conversion and substitution of energy [74], which was in line with the
requirements of sustainable development strategies. The application of biochar materials
can improve agricultural carbon sinks, increase yields and incomes, and realize the positive
feedback effect of the agricultural carbon cycle. In the process of promoting the recycling
model, the government needs to guide farmers’ low-carbon ecological awareness, low
participation, industrial technology barriers, and other related issues [75]; the purpose
is to promote the comprehensive use of agricultural waste resources and sustainable
economic development.

3.5.2. Biochar High-End Product Development and By-Product Treatment

In addition to being used as a soil conditioner, biochar was treated as a high-end prod-
uct with high economic value (water treatment materials, electrode materials, etc.) [76,77].
This was of great significance to the promotion of biochar industry. However, in addition
to the technical difficulties in the preparation of high-end biochar products, it was also
a problem to connect biochar production enterprises with biochar utilization enterprises.
Therefore, the development of high-end biochar products needed to be planned. Biomass
thermal decomposition products were mainly divided into three categories: solid (biochar),
liquid (bio-oil), and combustible gas [78]. In addition to the main product biochar, the
by-products were also of high value for utilization. The pyrolysis of corn straw produced
various products such as aldehydes, acids, and alcohols within a certain temperature
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range [79]. These organic compounds were widely used in food, medical, and industrial
applications and had become an important direction for future industrialization. Northeast
China was rich in straw resources and had a large number of by-products from concentrated
pyrolysis, and there was great potential for the exploitation of these by-products. Therefore,
it was important to carry out research on the in-depth utilization of different by-product
components. However, like the preparation of high-end biochar products, the technical
requirements for the utilization of by-products are high, which brings great challenges to
local industrial enterprises. It is of great significance to introduce the cooperation model of
high-tech enterprises to promote the development of the biochar industry.

3.6. Development Prospect Forecast

The global carbon trading system presented opportunities and challenges for China’s
development. In order to achieve a coordinated carbon trading mechanism, it was im-
portant to give full play to China’s active role in the international carbon trading market.
Supply and demand were the main factors influencing carbon price fluctuations. Achieving
carbon capture, carbon neutrality, and mastering the discourse of carbon trading will be
China’s future goal in responding to changes in the international carbon trading mech-
anism [80]. Biochar technology is developing day by day, but the biochar industry in
Northeast China is still in its infancy with backward technology and low marketability.
This is incompatible with the rich straw resources. Different trades (agriculture, forestry,
industry, etc.) lack unified coordination of demand for biochar, which further affects the
market-oriented development of straw biochar products. In the future, the government
will build a platform to promote exchanges between different trades and promote the
development of biochar industrialization.

Northeast China is rich in agricultural resources and has a deep foundation and
experience in industrial development. With the increasing demand for carbon emission
reduction, the industrial model of preparing clean energy for the purpose of carbon se-
questration in agricultural yield has a broad scope for development. China’s northeast
region is a high-quality grain yield base, and agricultural cultivation is dominated by straw
crops with a long-term trend of steady growth. Straw resources are abundant. During the
development of the biochar industry, it is necessary to make full use of the advantages
of the rich raw materials, convenient transportation, and large proportion of land in the
region to further reduce the initial capital investment and achieve better economic and
ecological and environmental benefits. It is also necessary to make full use of the existing
industrial conditions to develop the biochar industry and strengthen the integration of the
biochar industry with existing industries in order to reduce carbon emissions and increase
economic value. The existing statistical methods for straw yield are mainly calculated
based on the planting area combined with the grass to grain ratio of field surveys, which
may have certain deviations. The deviation of straw yield statistics will affect the design
and decision-making of its resource utilization. It is recommended to improve the accuracy
of straw yield technology based on on-site investigation and unmanned aerial vehicle
technology in the future.

Crop straw has high annual yield, high economic value, and wide range of applications
for preparing biochar, which brings development opportunities for enterprises. Companies
can carry out research work from straw storage, biochar material preparation, and carbon-
based fertilizer preparation according to the regional development needs. In particular,
the preparation of high-end biochar materials has high economic value and broad market
prospects. It is difficult for private companies to carry out large-scale research due to
limited funds, so it is suggested to carry out the application research of biochar for soil
improvement. The scale of application will be gradually increased from farmers to large
farms. In addition, public companies and private companies cooperate to further improve
the promotion scope and application value of straw biochar.
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4. Conclusions and Recommendations

The research on the resource utilization of biochar prepared from crop straw in the
three northeastern provinces of China had been carried out to explore its contribution to
the improvement of carbon sink function in this area. The main research conclusions are
as follows:

(1) The northeast biochar industry was rich in raw materials. From 2017 to 2020, the
annual yield of straw in Northeast China was about 7.0 × 107 tons, which showed an
increasing trend year by year. Among the main crop straw yield, the growth rate of
soybean straw was the largest in Heilongjiang Province The overall growth rate of
straw yield in Jilin and Liaoning Province was relatively small (≤1%);

(2) As the largest grain yield base was in China, the straw resources were widely dis-
tributed in Northeast China. Straw was used steadily and sustainably as a raw
material for biochar. The development of the biochar industry in Northeast China
reduced carbon emissions and environmental pollution caused by straw incineration,
and this also obtained a huge benefit of 7.0 × 1010 RMB. The future development
space of the biochar industry will be huge;

(3) Northeast China’s industry had a great demand for technical labor, and the devel-
opment of the biochar industry required the introduction of high-end talents and
advanced technology. The biochar industry in Northeast China will have a broad
prospect, and a large amount of demand for the biochar industry involves farmland
soil improvement and winter heating fuel utilization needs. The development of the
biochar industry will slow down the pressure of industrial carbon emission reduction.
The carbon emission reduction model of straw biochar production in Northeast China
will provide an important reference for other regions;

(4) At present, the development of the biochar industry in Northeast China is in its
early stage. As a new industry serving food security, environmental security, and
sustainable development, the biochar industry promotes the sustainable development
of the regional economy. Relying on the advantages of agricultural resources, carbon
emission reduction requirements, economic benefits, and environmental benefits
will gradually increase the emphasis on agricultural carbon sinks, and the biochar
industrial chain system will be gradually improved;

(5) In the future, the purpose of improving the accuracy of straw yield calculation based
on field surveys and unmanned aerial vehicle technology is to achieve improved straw
resource utilization. At present, the development of the biochar industry is limited by
the shortcomings of backward industrial technology, slow economic growth, aging
population, etc. It is suggested to make full use of local industrial enterprises to
develop the biochar industry. The cooperation model with high-tech enterprises in the
preparation of high-end biochar products and the utilization of biochar by-products
can promote the development of the biochar industry.

Author Contributions: Conceptualization, X.H. and H.W.; methodology, X.H., H.W. and X.C.; soft-
ware, X.H., H.W. and X.C.; validation, H.W. and Y.G.; formal analysis, X.H. and Y.G.; investigation,
X.H., X.C. and Y.G.; resources, X.H. and Y.G.; data curation, X.H., X.C. and Y.G.; writing—original
draft preparation, X.H.; writing—review and editing, H.W. and X.H.; visualization, X.H. and X.C.;
supervision, H.W; project administration, H.W.; funding acquisition, H.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the High-level Talent Foundation Project of Harbin Normal
University (No. 1305122210) and the University student Innovation Program of Harbin Normal
University (No. SD2022068).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Sustainability 2023, 15, 6104 17 of 19

Data Availability Statement: Not applicable.

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

References
1. Cherubin, M.R.; Oliveira, D.M.S.; Feigl, B.J.; Pimentel, L.G.; Lisboa, I.P.; Gmach, M.R.; Varanda, L.L.; Morais, M.C.; Satiro, L.S.;

Popin, G.V.; et al. Crop residue harvest for bioenergy production and its implications on soil functioning and plant growth: A
review. Sci. Agric. 2018, 75, 255–272. [CrossRef]

2. Zhang, X.; Wang, Z.; Can, M.; Bai, H.; Ta, N. Analysis of yield and current comprehensive utilization of crop straws in China.
J. China Agr. Univ. 2021, 26, 30–41. [CrossRef]

3. Bi, Y.; Wang, Y.; Gao, C. Straw resource quantity and its regional distribution in China. J. Agric. Mech. Res. 2010, 32, 1–7. [CrossRef]
4. Liu, K.; Lu, S.; Zhang, G. Regional difference in global unified efficiency of China—Evidence from city-level data. Sci. Total

Environ. 2020, 713, 136355. [CrossRef]
5. Li, P.; Chen, W.; Han, Y.; Wang, D.; Zhang, Y.; Wu, C. Effects of straw and its biochar applications on the abundance and

community structure of CO2-fixing bacteria in a sandy agricultural soil. J. Soils Sediments 2020, 20, 2225–2235. [CrossRef]
6. Wang, H.; Xu, J.; Liu, X.; Sheng, L. Preparation of straw activated carbon and its application in wastewater treatment: A review.

J. Clean. Prod. 2021, 283, 124671. [CrossRef]
7. Wang, H.; Xu, J.; Sheng, L. Preparation of straw biochar and application of constructed wetland in China: A review. J. Clean. Prod.

2020, 273, 123131. [CrossRef]
8. Bai, N.; Zhang, H.; Zhou, S.; Sun, H.; Zhao, Y.; Zheng, X.; Li, S.; Zhang, J.; Lv, W. Long-term effects of straw return and

straw-derived biochar amendment on bacterial communities in soil aggregates. Sci. Rep. 2020, 10, 7891. [CrossRef]
9. Wang, H.; Wang, X.; Teng, H.; Xu, J.; Sheng, L. Purification mechanism of city tail water by constructed wetland substrate with

NaOH-modified corn straw biochar. Ecotoxicol. Environ. Saf. 2022, 238, 113597. [CrossRef]
10. Xu, J.; Zhang, D.; Nie, M.; Wang, H.; Li, L. Adsorption of Cr6+ on Polyethyleneimine-functionalized straw biochar from aqueous

solution. Chem. J. Chin. Univ. 2020, 41, 155–161. [CrossRef]
11. Wang, H.; Teng, H.; Wang, X.; Xu, J.; Sheng, L. Physicochemical modification of corn straw biochar to improve performance and

its application of constructed wetland substrate to treat city tail water. J. Environ. Manag. 2022, 310, 114758. [CrossRef] [PubMed]
12. Li, J.; Qiu, C.; Zhao, J.; Wang, C.; Liu, N.; Wang, D.; Wang, S.; Sun, L. Properties of biochars prepared from different crop straws

and leaching behavior of heavy metals. Environ. Sci. 2023, 44, 540–548. [CrossRef]
13. Wang, H.; Xu, J.; Sheng, L.; Teng, H. Study on treatment of city tail water by constructed wetland with corn straw biochar

substrate. Environ. Technol. Innov. 2022, 28, 102855. [CrossRef]
14. Weber, K.; Quicker, P. Properties of biochar. Fuel 2018, 217, 240–261. [CrossRef]
15. Bushra, B.; Remya, N. Biochar from pyrolysis of rice husk biomass—Characteristics, modification and environmental application.

Biomass Convers. Bior. 2020, 1–12. [CrossRef]
16. Lai, Z.; Wu, S.; Li, H.; Wu, D. Adsorption mechanism research of Cd2+ by rice straw biochar at different pyrolysis temperatures.

J. Nanchang Univ. (Nat. Sci.) 2022, 46, 446–453. [CrossRef]
17. Dong, Z.; Rene, E.R.; Zhang, P.; Hu, Q.; Ma, W. Design and preparation of carbon material catalyst modified with metal framework

and sulfonate for biochar generation from low-temperature directional pyrolysis of kitchen waste: Mechanism and performance.
Bioresour. Technol. 2023, 371, 128616. [CrossRef]

18. Xie, T.; Zhao, L.; Yao, Z.; Huo, L.; Jia, J.; Zhang, P.; Tian, L.; Fu, G. Progress in co-pyrolysis technology of agricultural biomass and
plastics. Chem. Ind. Eng. Prog. 2022, 41, 5306–5315. [CrossRef]

19. Liu, Y.; Tian, Z.; Mao, W. Characteristics of adsorption of ammonia nitrogen, Cd2+ and Cu2+ on porcine-bone/bamboo co-pyrolysis
biochar. Environ. Sci. Technol. 2022, 45, 29–37. [CrossRef]

20. Guo, X.; Li, R.; Zhang, R.; Liu, B.; Chen, G.; Hou, L. Research advances in biomass gasification based on bibliometric analysis.
Environ. Eng. 2022, 40, 232–239+131. [CrossRef]

21. Jia, W.; Xiao, Z.; Li, C.; Li, Q.; Zhang, A. Study on purification and decolorization of wood vinegar from pyrolysis of agricultural
and forestry biomass. Hunan Forest. Sci. Technol. 2022, 49, 34–38. [CrossRef]

22. Ma, J.; Islam, F.; Ayyaz, A.; Fang, R.; Hannan, F.; Farooq, M.A.; Ali, B.; Huang, Q.; Sun, R.; Zhou, W. Wood vinegar induces
salinity tolerance by alleviating oxidative damages and protecting photosystem II in rapeseed cultivars. Ind. Crops Prod. 2022,
189, 115763. [CrossRef]

23. Yuan, Y.; Kong, Q.; Zheng, Y.; Zheng, H.; Liu, Y.; Cheng, Y.; Zhang, X.; Li, Z.; You, X.; Li, Y. Co-application of biochar and
pyroligneous acid improved peanut production and nutritional quality in a coastal soil. Environ. Technol. Innov. 2022, 28, 102886.
[CrossRef]

24. Wang, X.; Liu, X.; Wang, Z.; Sun, G.; Li, J. Greenhouse gas reduction and nitrogen conservation during manure composting by
combining biochar with wood vinegar. J. Environ. Manag. 2022, 324, 116349. [CrossRef]

25. Fan, F.; Li, H.; Xing, X. Effect of temperature on preparation and characteristics of corn straw pellets torrefaction biochar. Trans.
CSAE 2019, 35, 220–226. [CrossRef]

26. Guo, S. Progress in preparation and properties of biochar for soil remediation. Chem. World 2022, 63, 123–128. [CrossRef]

http://doi.org/10.1590/1678-992x-2016-0459
http://doi.org/10.11841/j.issn.1007-4333.2021.09.04
http://doi.org/10.13427/j.cnki.njyi.2010.03.031
http://doi.org/10.1016/j.scitotenv.2019.136355
http://doi.org/10.1007/s11368-020-02584-5
http://doi.org/10.1016/j.jclepro.2020.124671
http://doi.org/10.1016/j.jclepro.2020.123131
http://doi.org/10.1038/s41598-020-64857-w
http://doi.org/10.1016/j.ecoenv.2022.113597
http://doi.org/10.7503/cjcu20190418
http://doi.org/10.1016/j.jenvman.2022.114758
http://www.ncbi.nlm.nih.gov/pubmed/35255381
http://doi.org/10.13227/j.hjkx.202201231
http://doi.org/10.1016/j.eti.2022.102855
http://doi.org/10.1016/j.fuel.2017.12.054
http://doi.org/10.1007/s13399-020-01092-3
http://doi.org/10.3969/j.issn.1006-0464.2022.04.010
http://doi.org/10.1016/j.biortech.2023.128616
http://doi.org/10.16085/j.issn.1000-6613.2021-2511
http://doi.org/10.19672/j.cnki.1003-6504.1834.21.338
http://doi.org/10.13205/j.hjgc.202207032
http://doi.org/10.3969/j.issn.1003-5710.2022.03.007
http://doi.org/10.1016/j.indcrop.2022.115763
http://doi.org/10.1016/j.eti.2022.102886
http://doi.org/10.1016/j.jenvman.2022.116349
http://doi.org/10.11975/j.issn.1002-6819.2019.01.027
http://doi.org/10.19500/j.cnki.0367-6358.20210703


Sustainability 2023, 15, 6104 18 of 19

27. Ye, Y.; Lu, P.; Wang, Y.; Liu, K. Influence of torrefaction temperature and residence time on biochar characteristics during biomass
torrefaction. J. Shanghai Univ. Electric. Power 2018, 34, 239–244. [CrossRef]

28. Zan, Y.; Zhang, Y.; Zhao, X.; Kong, L. Preparation and application of carbon materials from primary biomass by hydrothermal
carbonization. J. Liaoning Shihua Univ. 2020, 40, 70–79. [CrossRef]

29. Li, C.; Feng, Y.; Zhong, F.; Deng, J.; Yu, T.; Cao, H.; Niu, W. Optimization of microwave-assisted hydrothermal carbonization and
potassium bicarbonate activation on the structure and electrochemical characteristics of crop straw-derived biochar. J. Energy
Storage 2022, 55, 105838. [CrossRef]

30. Ren, Y.; Ma, T.; Zhou, Y.; Ji, W.; Deng, H. Effect of temperature on the properties of solid-liquid products based on cotton stalk
pyrolysis. J. Shihezi Univ. (Nat. Sci.) 2020, 38, 668–674. [CrossRef]

31. Youn, H.S.; Kim, S.J.; Kim, G.H.; Um, B.H. Enhancing the characteristics of hydrochar via hydrothermal carbonization of Korean
native kenaf: The effect of ethanol solvent concentration as co-solvent and reaction temperature. Fuel 2023, 331, 125738. [CrossRef]

32. Wang, S.; Zhao, H.; Liu, J.; Wang, X.; Li, J.; Shi, E.; Wang, C.; Yang, J.; Zhang, Z. A study on and adsorption mechanism of
ammonium nitrogen by modified corn straw biochar. R. Soc. Open Sci. 2023, 10, 221535. [CrossRef] [PubMed]

33. Wang, M.; Chen, M.; Zheng, X.; Chen, W.; Liao, Y. Progress of using biochar in remediation of heavy metal polluted soil. Appl.
Chem. Ind. 2022, 51, 1729–1735+1740. [CrossRef]

34. Liang, M.; Lu, L.; He, H.; Li, J.; Zhu, Z.; Zhu, Y. Applications of biochar and modified biochar in heavy metal contaminated soil: A
descriptive review. Sustainability 2022, 13, 14041. [CrossRef]

35. Zhang, R.; Wang, T.; Wang, D.; Guo, Z.; Zhu, L.; Hua, K. Effects of straw biochar application on organic phosphorus fractions and
distribution in lime concretion black soil. J. Anhui Agric. Univ. 2022, 49, 454–461. [CrossRef]

36. Cui, H.; Ou, Y.; Wang, L.; Yan, B.; Li, Y.; Bao, M. Dissolved organic carbon, a critical factor to increase the bioavailability of
phosphorus during biochar-amended aerobic composting. J. Environ. Sci. 2022, 113, 356–364. [CrossRef]

37. Zhang, H.; Li, Z.; Qi, Y. Effects of corn straw-based biochar amount on pores and water holding capacity of sandy soil. Ecol.
Environ. Sci. 2022, 31, 1272–1277. [CrossRef]

38. Feng, J.; Sun, J.; Xu, J.; Wang, H. Degradation of acetochlor in soil by adding organic fertilizers with different conditioners. Soil
Till. Res. 2023, 228, 105651. [CrossRef]

39. Zhu, X.; Shao, J.; Zhao, P. Effect of biochar addition on sewage purification efficiency of subsurface flow wetland. J. Chongqing
Norm. Univ. (Nat. Sci. Ed.) 2021, 38, 121–129. [CrossRef]

40. Chen, J.; Liu, H.; Liu, H.; Lin, H.; Li, X.; Lu, Y. Research progress on the adsorption property of biochar for cationic dyes. Ind.
Water Treat. 2022, 42, 27–33. [CrossRef]

41. Wang, Y.; Zheng, K.; Jiao, Z.; Zhan, W.; Ge, S.; Ning, S.; Fang, S.; Ruan, X. Simultaneous removal of Cu2+, Cd2+ and Pb2+ by
modified wheat straw biochar from aqueous solution: Preparation, characterization and adsorption mechanism. Toxics 2022,
10, 316. [CrossRef] [PubMed]

42. Ahmad, M.; Islam, I.U.; Ahmad, M.; Rukh, S.; Ullah, I. Preparation of iron-modified biochar from rice straw and its application
for the removal of lead (Pb2+) from lead-contaminated water by adsorption. Chem. Pap. 2022, 76, 3789–3808. [CrossRef]

43. Wang, H.; Zang, S.; Teng, H.; Wang, X.; Xu, J.; Sheng, L. Characteristic of KMnO4-modified corn straw biochar and its application
in constructed wetland to treat city tail water. Environ. Sci. Pollut. Res. 2023, 1–15. [CrossRef]

44. Wang, J.; Tang, H.; Wang, J. Comprehensive utilization status and development analysis of crop straw resource in Northeast
China. Trans. Chin. Soc. Agric. Mach. 2017, 48, 1–21. [CrossRef]

45. Mo, F.; Wang, G.; Hu, M. Analysis of soybean production status in northeast China based on cost. Soybean Sci. 2020, 39, 947–953.
[CrossRef]

46. Ma, Y.; Cai, H. Analysis on the substitution effect of multiple temporary storage policy on soybean acreage in northeast China.
J. HIT (Social Sci. Ed.) 2017, 19, 116–122. [CrossRef]

47. Cheng, W.; Gao, X.; Ma, T.; Xu, X.; Chen, Y.; Zhou, C. Spatial-temporal distribution of cropland in China based on geomorphologic
regionalization during 1990–2015. Acta Geogr. Sin. 2018, 73, 1613–1629. [CrossRef]

48. Wang, C.; Zhu, Y. Investigation of transgenic soybean components in soybean from an area of China. J. Sci. Food Agric. 2016,
96, 3169–3172. [CrossRef]

49. Shan, Y.; Guan, D.; Zheng, H.; Ou, J.; Li, Y.; Meng, J.; Mi, Z.; Liu, Z.; Zhang, Q. China CO2 emission accounts 1997–2015. Sci. Data
2018, 5, 170201. [CrossRef]

50. Shan, Y.; Huang, Q.; Guan, D.; Hubacek, K. China CO2 emission accounts 2016–2017. Sci. Data 2020, 7, 54. [CrossRef]
51. Wang, P.; Feng, X.; Wang, M.; An, Q.; Yang, R.; Zhao, M. The Characteristics of carbon emission and its classification at provincial

level in China. Environ. Sustain. Dev. 2021, 46, 31–36. [CrossRef]
52. Yu, X.; Lou, F.; Tan, C. A simulation study of the pathway of achieving the ‘dual carbon’ goals in China’s industrial sectors based

on the CIE-CEAM Model. China Popul. Resour. Environ. 2022, 32, 49–56. [CrossRef]
53. Huo, L.; Yao, Z.; Zhao, L.; Luo, J.; Zhang, P. Contribution and potential of comprehensive utilization of straw in GHG emission

reduction and carbon sequestration. Trans. Chin. Soc. Agric. Mach. 2022, 53, 349–359. [CrossRef]
54. Lonappan, L.; Rouissi, T.; Brar, S.K.; Verma, M.; Surampalli, R.Y. Adsorption of diclofenac onto different biochar microparticles:

Dataset–characterization and dosage of biochar. Data Brief 2018, 16, 460–465. [CrossRef]
55. Zhang, Y.; Yuan, Z.; Margni, M.; Bulle, C.; Hua, H.; Jiang, S. Intensive carbon dioxide emission of coal chemical industry in China.

Appl. Energy 2019, 236, 540–550. [CrossRef]

http://doi.org/10.3969/j.issn.1006-4729.2018.03.007
http://doi.org/10.3969/j.issn.1672-6952.2020.04.010
http://doi.org/10.1016/j.est.2022.105838
http://doi.org/10.13880/j.cnki.65-1174/n.2020.21.029
http://doi.org/10.1016/j.fuel.2022.125738
http://doi.org/10.1098/rsos.221535
http://www.ncbi.nlm.nih.gov/pubmed/36778959
http://doi.org/10.16581/j.cnki.issn1671-3206.20220530.001
http://doi.org/10.3390/su132414041
http://doi.org/10.13610/j.cnki.1672-352x.20220705.009
http://doi.org/10.1016/j.jes.2021.06.019
http://doi.org/10.16258/j.cnki.1674-5906.2022.06.024
http://doi.org/10.1016/j.still.2023.105651
http://doi.org/10.11721/cqnuj20210211
http://doi.org/10.19965/j.cnki.iwt.2021-0668
http://doi.org/10.3390/toxics10060316
http://www.ncbi.nlm.nih.gov/pubmed/35736924
http://doi.org/10.1007/s11696-022-02118-y
http://doi.org/10.1007/s11356-023-25856-2
http://doi.org/10.6041/j.issn.1000-1298.2017.05.001
http://doi.org/10.11861/j.issn.1000-9841.2020.06.0947
http://doi.org/10.16822/j.cnki.hitskb.2017.03.018
http://doi.org/10.11821/dlxb201809001
http://doi.org/10.1002/jsfa.7495
http://doi.org/10.1038/sdata.2017.201
http://doi.org/10.1038/s41597-020-0393-y
http://doi.org/10.19758/j.cnki.issn1673-288x.202103007
http://doi.org/10.12062/cpre.20220209
http://doi.org/10.6041/j.issn.1000-1298.2022.01.038
http://doi.org/10.1016/j.dib.2017.10.041
http://doi.org/10.1016/j.apenergy.2018.12.022


Sustainability 2023, 15, 6104 19 of 19

56. Chen, W.; Hu, X.; Zhang, Y.; Zhang, D.; Song, J. Estimation of carbon sequestration potential of rice straw pyrolyzing to biochar.
Environ. Sci. Technol. 2015, 38, 265–270. [CrossRef]

57. Jia, J.; Xie, Y.; Li, T.; Wang, L. Effect of the straw and its biochar on active organic carbon in reclaimed mine soils. China J. Appl.
Environ. Biol. 2016, 22, 0787–0792. [CrossRef]

58. Jiang, M.; Cheng, J.; Lee, X.; Gao, W.; Cai, K.; Zeng, Y.; Jiang, C. The effect of biochar on the farmland soil CO2 emission: A review.
Earth Environ. 2021, 49, 726–736. [CrossRef]

59. Zheng, J.; Cheng, K.; Pan, G. Impact of biochar amendment on deep soil organic carbon pool. J. Nanjing Agric. Univ. 2020,
43, 589–593. [CrossRef]

60. Sun, H.; Wang, S.; Li, Y.; Yang, W.; Yin, X.; Yin, L.; Deng, X. Effects of biochar levels on winter wheat yield and water-use efficiency
in Loess Plateau. Agric. Res. Arid Areas 2018, 36, 159–167. [CrossRef]

61. China Carbon Accounting Database (CEADs). Available online: https://www.ceads.net/data/province/ (accessed on 31
December 2019).

62. Wang, S.; Gu, M.; Chang, X. The deconstruction of policy system and response of regional economy of Northeast Revitalization.
Acta Geogr. Sin. 2022, 77, 2548–2565. [CrossRef]

63. Zou, X.; Yang, H.; Zhang, Y.; Wang, H. Changes of meteorological factors in Shenyang City during 1951–2012 and its relationship
with air pollution. Ecol. Environ. Sci. 2015, 24, 76–83. [CrossRef]

64. Wang, S.; Wang, Q.; Wang, J.; Liu, J.; Wei, X.; Mo, Z.; Zhang, Y.; Xu, W.; Shi, F.; Pei, Z.; et al. Technology path of carbon neutrality
based on the survey of rural life energy usage baseline in severe cold region of northeast China. Chin. Agric. Sci. Bull. 2021,
37, 97–102. Available online: https://www.casb.org.cn/CN/Y2021/V37/I36/97 (accessed on 25 December 2021).

65. Wu, D.; Zhang, Z.; Wang, Z. Application research of solidworks in modeling of straw carbonization preparation plant. J. Phys.
Conf. Ser. 2019, 1303, 012048. [CrossRef]

66. Qiu, F.; Zhang, C.; Guo, M.; Zheng, Z.; Shan, Y. Heterogeneity of the coupling relationship between the innovation capacity and
industrial transformation of renewable resource-based cities in China. Sci. Geogr. Sin. 2020, 40, 1092–1103. [CrossRef]

67. Wang, C.; Gao, C.; He, Y.; Wang, T.; Zhao, Y. Evaluation of industrial land in northeast China under the high-quality development.
Low Temp. Arch. Technol. 2022, 44, 62–67. [CrossRef]

68. Li, Y. A study of the mechanism of the aging population structure’s influence on economic development in northeast China.
J. Northeast. Norm. Univ. (Philos. Soc. Sci.) 2022, 319, 127–138. [CrossRef]

69. Qi, W.; Liu, S.; Jin, F. Calculation and spatial evolution of population loss in northeast China. Sci. Geogr. Sin. 2017, 37, 1795–1804.
[CrossRef]

70. Liu, B.; Yang, X.; Guo, J. Spatial correlation characteristics between urbanization development and land health utilization. Res.
Soil Water Conserv. 2018, 25, 386–392+396. [CrossRef]

71. Zhong, Z.; Jiang, L.; He, L.; Wang, Z.; Bai, L. Global carbon emissions and its environmental impact analysis based on a
consumption accounting principle. Acta Geogr. Sin. 2018, 73, 442–459. [CrossRef]

72. Denisov, V.A.; Kataev, Y.V.; Gerasimov, V.S.; Mishina, Z.N.; Ilmukhametov, A.F. Problems of the formation of resource-saving and
environmentally oriented system “Agricultural recycling” in the agro-industrial complex. IOP Conf. Ser. Earth Environ. Sci. 2022,
981, 032003. [CrossRef]

73. Seesaard, T.; Goel, N.; Kumar, M.; Wongchoosuk, C. Advances in gas sensors and electronic nose technologies for agricultural
cycle applications. Comput. Electron. Agric. 2022, 193, 106673. [CrossRef]

74. Ma, Y.; Shen, Y.; Liu, Y. Food waste to biofertilizer: A potential game changer of global circular agricultural economy. J. Agric.
Food Chem. 2020, 68, 5021–5023. [CrossRef]

75. Shen, Y. On the necessity of legislation and practical path of agricultural circular economy. J. Shandong Agric. Eng. Univ. 2022,
39, 18–22. [CrossRef]

76. Kamali, M.; Appels, L.; Kwon, E.E.; Aminabhavi, T.M.; Dewil, R. Biochar in water and wastewater treatment—A sustainability
assessment. Chem. Eng. J. 2021, 420, 129946. [CrossRef]

77. Lyu, H.; Yu, Z.; Gao, B.; He, F.; Huang, J.; Tang, J.; Shen, B. Ball-milled biochar for alternative carbon electrode. Environ. Sci. Pollut.
Res. 2019, 26, 14693–14702. [CrossRef] [PubMed]

78. Wei, S.; Wang, S. Biochar preparation technology and the new application progress of biochar in ecological environment. J. Fudan
Univ. (Nat. Sci.) 2022, 61, 365–374. [CrossRef]

79. Biswas, B.; Pandey, N.; Bisht, Y.; Singh, R.; Kumar, J.; Bhaskar, T. Pyrolysis of agricultural biomass residues: Comparative study of
corn cob, wheat straw, rice straw and rice husk. Bioresour. Technol. 2017, 237, 57–63. [CrossRef]

80. Wang, S.; Zhang, L. Regime complex for international carbon trading and China’s role. Glob. Rev. 2021, 13, 42–57+153–154.
[CrossRef]

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.

http://doi.org/10.3969/j.issn.1003-6504.2015.11.048
http://doi.org/10.3724/SP.J.1145.2015.11011
http://doi.org/10.14050/j.cnki.1672-9250.2021.49.054
http://doi.org/10.7685/jnau.201907067
http://doi.org/10.7606/j.issn.1000-7601.2018.06.24
https://www.ceads.net/data/province/
http://doi.org/10.11821/dlxb202210009
http://doi.org/10.16258/j.cnki.1674-5906.2015.01.012
https://www.casb.org.cn/CN/Y2021/V37/I36/97
http://doi.org/10.1088/1742-6596/1303/1/012048
http://doi.org/10.13249/j.cnki.sgs.2020.07.006
http://doi.org/10.13905/j.cnki.dwjz.2022.04.014
http://doi.org/10.16164/j.cnki.22-1062/c.2022.05.016
http://doi.org/10.13249/j.cnki.sgs.2017.12.002
http://doi.org/10.13869/j.cnki.rswc.20171102.001
http://doi.org/10.11821/dlxb201803005
http://doi.org/10.1088/1755-1315/981/3/032003
http://doi.org/10.1016/j.compag.2021.106673
http://doi.org/10.1021/acs.jafc.0c02210
http://doi.org/10.15948/j.cnki.37-1500/s.2022.09.004
http://doi.org/10.1016/j.cej.2021.129946
http://doi.org/10.1007/s11356-019-04899-4
http://www.ncbi.nlm.nih.gov/pubmed/30945079
http://doi.org/10.15943/j.cnki.fdxb-jns.2022.03.011
http://doi.org/10.1016/j.biortech.2017.02.046
http://doi.org/10.13851/j.cnki.gjzw.202103003

	Introduction 
	Materials and Methods 
	Research Area 
	Data Collection and Processing 

	Results and Discussion 
	Crop Straw Yield and Distribution 
	Changes in the Cultivation Area of Crop Straw Crops 
	Trends in Crop Straw Yield 

	Forecast and Analysis of Future Crop Straw Yield 
	Carbon Sequestration Effect Analysis of Biochar Prepared from Straw 
	Economic Analysis of Straw Biochar Utilization 
	Analysis of Environmental Economic Conditions 
	Analysis of Industrial Economic Situation 
	Analysis of Economic Expectations 

	Analysis on Industrialization Model of Biochar Preparation from Straw 
	Agricultural Carbon Sink Cycle Model 
	Biochar High-End Product Development and By-Product Treatment 

	Development Prospect Forecast 

	Conclusions and Recommendations 
	References

