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A B S T R A C T   

Scale-up intensive pig farming can increase profitability by economies of large scale, but it also exacerbates 
environmental pollution caused by the disordered discharge of manure and sewage. Manure & sewage man-
agement (MSM) is critical to mitigate environmental pressure and reuse livestock waste. However, the corre-
sponding MSM measures adopted by pig farmers are multitudinous in reality, due to the diversity of MSM 
methods and heterogeneity of farmers’ characteristics and behaviors. Thus, this study empirically categorized 
five typical MSM modes (i.e., traditional simple mode (TSM), mixed processing mode (MPM), semi-biogas mode 
(SBM), professional processing with simple utilization mode (PPSUM) and professional processing with full 
utilization mode (PPFUM)) by clustering analysis, based on the field data from 406 pig farms, and further 
discriminated farmers’ heterogeneous characteristics on corresponding mode adoption. Results revealed that 
each mode was distinctive. The applicability of the corresponding mode was reflected in the synthesis deliber-
ation, involving farming structure, land, farmers’ characteristic and their subjective awareness. Farmers’ edu-
cation level and pro-environmental perception are significantly promoted to adopt technology-intensive MSM 
modes. Scale upgrading has a positive effect on mechanization adoption and diversified strategies application. 
Land as an unalterable objective factor restricted the extension of MSM modes based on field returning. Con-
clusions clarified typical MSM modes and provided references to individual pig farms on appropriate mode se-
lection, further enhancing the efficiency of MSM and contributing to the sustainability of green development of 
pig farming in China.   

1. Introduction 

Along with the incremental population, pork production has 
increased as a result of rising food demand. The global pork production 
rose from 109.9 million tons in 2010 to 115.6 million tons in 2019 (Food 
and Agriculture Organization of the United Nations, 2020). As the 
largest pig-breeding country globally, China dominates global pork 
output, with 544.19 million pigs for slaughter and 42.55 million tons of 
pork production (China Statistical Yearbook, 2019). Meanwhile, the 
rapid breeding development also brings massive pressure to the envi-
ronment. In China, the amount of pig manure, urine and sewage 

produced was about 4.37 billion tons in 2015, which accounted for 
76.8% of total livestock waste discharge (Wu et al., 2018). Pollution 
caused by pig breeding has become the priority issue to be resolved, 
because of highly intensive farming with the concentrated generation of 
a large amount of manure and sewage simultaneously (Zhang et al., 
2004). The disorderly discharge of pig manure and sewage results in a 
range of critical environmental problems to the atmosphere, soil and 
water resources, including greenhouse gas emissions, odor emanation, 
water eutrophication, soil acidification (Zhang et al., 2004; Prapas-
pongsa et al., 2010; McAuliffe et al., 2016; Wang et al., 2017; Wu et al., 
2018; Liu et al., 2020). The future development trend of pig industry 
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towards the elimination of free-ranging and emergence of more inten-
sive and professional breeding communities, so as to achieve the goal of 
scientific and efficient modern high-quality agriculture (Qian et al., 
2018). It is estimated that by 2025, China’s pork consumption will reach 
1000 million head (Bai et al., 2019). Consequently, dilemmas of 
concentrated manure and sewage generation, nutrient surplus and 
separation of farming and breeding are the main challenges faced by 
farmers and the government (Luo et al., 2014). 

Though intensive pig farming poses tremendous pressure on the 
environment, it has mitigation potential by effective management. In 
terms of farming structure, according to the limitation of land carrying 
capacity, pig migration from the South China Water Network Area to the 
North Crop Producing Area with vast upland-cultivated lands is in 
progress, which relieves the concentration of N and P in soil (Bai et al., 
2019). Establishing vital links between farms and arable land is a crucial 
pathway for manure recycling (Thornton and Herrero, 2015; Jin et al., 
2021). More importantly, a variety of resource utilization approaches 
for pig manure and sewage provide vital opportunities to promote green 
pig production as well as the upgrading of planting (Wang et al., 2021b). 
The National Animal Husbandry Station has officially proposed four 
principal manure & sewage management (MSM) approaches, in terms of 
fertilization, energy, fodder and substrate (Wu et al., 2018). Fertilization 
is the most common approach in China, with an adoption rate of over 
90% (Xuan et al., 2018). Manure is being promoted as an alternative to 
synthetic fertilizers. The nutritional contribution of pig waste reuse has 
been demonstrated, specifically in the enhancement of cultivated land 
quality as well as promotions in the production and quality of agro- 
products (Prior et al., 2013; Penha et al., 2015). Mechanization of 

fertilizer production eliminates the disadvantages of traditional uncov-
ered composting, such as long period, large area and breeding of path-
ogenic bacterial (Wu et al., 2018). Biogas project is well recognized as a 
clean and available approach (Akyürek, 2018; Pexas et al., 2020), 
especially in terms of mitigating greenhouse gas emissions (Prapas-
pongsa et al., 2010; Dhingra et al., 2011), which has promoted world-
wide, such as Netherlands, Germany, Denmark, China and India (Triolo 
et al., 2013; Hijazi et al., 2016; Daniel-Gromke et al., 2018). Energy 
conversion transforms waste into heat or electricity through anaerobic 
digestion processes. Another utilization practice is processed into fod-
der, which is a consequence of high efficiencies for nutrient recovery, i. 
e., crude protein and mineral elements (Rao et al., 2007). Manure 
composting with animal proteins, such as earthworms, is valuable for 
feed production. This kind of regenerated feed from processed pig 
manure has potential for ruminant feeding and aquaculture (Wu et al., 
2018). Another important use of processed manure as the substrate is for 
edible mushroom cultivation (Tseng and Luong, 1984; Lin et al., 2010; 
Yang et al., 2010), which proves the economic value of waste materials. 

While the variety of MSM technologies are widely presented, 
scholars are devoted to evaluating their environmental performance and 
economic benefits simultaneously. Hsu (2021) and Yuan et al. (2018) 
emphasized the benefits of pig manure in energy conversion, and its 
potential as substitute for chemical fertilizers. However, extra environ-
mental impacts on the production of mineral-organic fertilizer by solid 
separation were pointed out (Makara et al., 2019; Pexas et al., 2020). By 
contrast, direct use of pig manure has less environmental damage. 
Lopez-Ridaura et al. (2009) also revealed similar conclusions, that is the 
treatment option represented a worse environmental performance, 

Fig. 1. Pig industry distribution, Study area in China.  
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especially in terms of eutrophication and acidification. Although the 
transparent and explicit evaluation of MSM methods provides a basis for 
information dissemination, the lack of relevant research on the adapt-
ability of MSM methods impedes the promotion and popularization. 

Actually, MSM in pig farming contains several phases, from the 
collection in pigsties to the graves on the land, including collection, 
storage, separation, processing and utilization. Moreover, there are 
various available approaches in each phase (Prapaspongsa et al., 2010; 
Hoeve et al., 2014; Cherubini et al., 2015; Varma et al., 2021). Thus, 
farmers are facing diversiform choices and most of them adopt a com-
plex combination of approaches, rather than a single choice during one 
phase (Kassie et al., 2013). Furthermore, instead of following the 
invariable MSM mode as anticipated, farmers choose a shortcut to 
combine it into a variational mode according to their needs. Thus, there 
is a gap between the theory and practice of the MSM strategies, due to 
the technological complexity and behavioral diversity. Consequently, it 
is significant to explore the dominant MSM modes and further correla-
tion between the modes and the pig farms to achieve environmentally 
friendly pig industry. 

Currently, considering the performance subject of MSM, there are 
also some studies demonstrating farmers’ behaviors and attitudes to-
wards the pollution and management of livestock waste, explained by 
the factors of farmers’ characteristics, individual perceptions to the 
environment, human health and policy, farms’ characteristics, sur-
rounding conditions, prevalence of MSM, policy instruments and so on 
(Zhang et al., 2015; Deng et al., 2016; Pan et al., 2016; Li et al., 2021a). 
He et al. (2016) revealed that social capital has remarkable impacts on 
promoting farmers to participate in reusing agricultural waste. Some 
scholars have conducted research based on the theory of planned 
behavior to explore farmers’ willingness on livestock waste manage-
ment (Deng et al., 2016; Tao and Wang, 2020; Li et al., 2021b). How-
ever, most of the studies focused on the MSM adoption for whether or 
not. In fact, due to the environmental constraint, MSM is a compulsory 
requirement in China, instead of willingness behavior. Thus, there is still 
a dearth of information on farmers’ preference for discrepant modes. It is 
of great significance to identify the path selections and determine the 
main patterns and corresponding characteristics. 

In accordance with aforementioned concerns, this study is guided by 
the scientific question of “what are the typical modes of pig’s MSM 
identified by a data-driven typology, what are the factors and how do 
they drive farmers’ adoption of various modes?” This study systemati-
cally analyzed operational practice on pig’s MSM in Hebei, China, 
involving 1) what is the current status of promoted pig’s MSM tech-
nologies; 2) what are the typical MSM modes; 3) how to identify these 
MSM modes; 4) what are the characteristics and determinants of farmers 
towards various modes. The significance of this study is mapping a clear 
current situation of MSM in pig farming from a scientific and statistical 
perspective, exploring empirically typical MSM pathways identified by 
data-driven typology, and discriminating farmers’ heterogeneous char-
acteristics to various modes. It is meaningful to understand the driving 
forces and promote the targeted implementation of MSM that will lead 
to the sustainable development of pig industry. 

This paper is organized into 5 sections as follows. Section 2 in-
troduces the study area, questionnaire design, data collection and 
research methods. Section 3 describes statistical results on MSM prac-
tices, explains and compares five MSM modes obtained, and analyses 
farmer’ characteristics of the corresponding modes. Section 4 elaborates 
the empirical applications on various MSM modes and development 
potential. The final section summarizes the research conclusions and 
illustrates the research deficiencies. 

2. Methodology 

2.1. Study area 

According to the distribution of pig industry in China, there are four 

regions at different levels, considering limitations and potentials (Wang 
et al., 2018). Moderate region has a weak foundation for pig farming. 
Sufficient natural resources are the advantage of the Potential region. 
Constraint region is restricted by resources and environmental condi-
tions with a severe burden on water environment management. Priority 
region is the core area of pork supply, and aims to improve the level of 
scale, specialization and informatization, thus enhancing the compre-
hensive production capacity (Fig. 1). 

Hebei province located in the Priority region, plays a significant role 
in pig breeding, with approximately 5% of the national pork production 
over the last five years (China Statistical Yearbook, 2016-2020). The 
typical breeding technologies adopted in this province are representa-
tive of China (Yan et al., 2020). Meanwhile, it is also the major crop- 
producing area with approximately 6.39 million hectares of land 
(China Statistical Yearbook, 2021). There is great potential for achieving 
the efficient use of waste and establishing the integration between 
planting and breeding to realize circular agriculture. Due to the abun-
dant land resource, Hebei province has great opportunities for waste 
consumption and provide a basis for exploring the possibilities of further 
diversified MSM modes. Importantly, providing experience to other re-
gions or countries confronted with similar situations in promoting cir-
cular sustainable ecological agriculture. 

2.2. Data collection 

The pig farm survey of this study covered all 11 cities in Hebei 
province, Pig farms were randomly selected and farm owners were 
directly investigated by anonymous questionnaires. A total of 406 valid 
pig farms’ data were obtained, excluding duplicate questionnaires and 
missing-data questionnaires, which could represent the pig farming 
situation in Hebei province. 

The questionnaire for pig’s MSM investigation includes the following 
6 sections. (1) Basic information of pig farm, including construction 
time, scale etc. (2) General situations of MSM, including the amount of 
manure generated, adopting technologies at collection, storage, sepa-
ration, processing and utilization section. (3) Farmers’ behavior and 
perceptions on manure disposal. (4) Environmental awareness among 
farmers. (5) Farmers’ perceptions on government regulations and pol-
icies. (6) Basic information of pig farm owners, including gender, age 
and education etc. 

2.3. Clustering construction 

2.3.1. Clustering analysis 
A systematic classification of complex permutations is significant in 

response to highly varied MSM methods. Clustering method is a process 
of dividing a collection of objects into multiple classes consisting of 
similar objects. Currently, cluster analysis is widely adopted in studies 
related to manure management. A study from Canada clustered two 
typical composting patterns based on the data of chemical composition, 
source materials, management intensity and degree of decomposition, 
which verified the practicability of cluster analysis (Gagnon et al., 
1999). Wei et al.(2015) also employed hierarchical cluster analysis to 
investigate different types of composting, and proposed an optimized 
mode. Dellaguardia (2010) clustered the pig farms based on structural 
characteristics, then explored their economic and environmental per-
formance at different levels respectively. In addition, clustering has also 
been applied to soil fertility management to evaluate various strategies 
and promote more effective patterns (Wawire et al., 2021). 

K-means is a simple and practical clustering algorithm, it generates 
new reassembled clusters to minimize a cost function by calculating 
cluster means based on Euclidean metric (Anderberg, 1973). However, 
K-means is only applicable to datasets with continuous data (Goyal and 
Aggarwal, 2017). K-modes is an extension of K-means, which is appli-
cable to datasets with discrete attributes by altering multiple categorical 
attributes into binary attributes and treating binary attributes as 
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numeric (MacQueen, 1967; Ralambondrainy, 1995). Scholar has pro-
posed the applicability of K-modes in the application of categorical 
variables (Huang, 1997; Huang, 1998). Thus, K-modes algorithm can be 
useful to categorize individuals into groups based on quantitative ty-
pology, and identify the main typical paths. 

2.3.2. Variables for clustering 
MSM in pig farming involves five sections including collection, 

storage, separation, processing, and utilization, generally covering the 
whole process from the gate of collecting in pigsty to end-use applica-
tion. Each section has corresponding options as measured variables, and 
the option can be a single or a combination of strategies (Table 1). 

From an overview of pig’s MSM, collection mainly adopts four 
methods. Scraper, as the most traditional and common one, can be 
divided into mechanical automatic scraper and manual operation. Its 
advantage is convenient, but noisy. Compared with scraper, soaking and 
flushing avoid high frequency liquidation work and decrease electricity 
consumption. However, the generation of additional sewage adds 
burden in subsequent processing. Gravity collected saves labor and re-
sources, but still requires discharge siphon pipes and special conditions 
for pigsty construction. According to the multiple collection methods 
and whether separation, storage section can be separated into mixed and 
separated. Due to the relevance of MSM among each section, further 
effective processing will be facilitated by appropriate collection and 
storage methods. 

Processing section is essential in MSM, solid fraction can be consid-
ered for composting. The methods are mainly simple open-air, stack, 
slot, mulch and reactor compost. Anaerobic digestion is recognized as an 
available eco-friendly method, which is characterized by the conversion 
of waste to valuable energy and fertilizer, such as biogas and digestate. 
Oxidation pond is a process of aerobic biological treatment of waste-
water by microorganisms. Another method targeting liquid is staged 
sedimentation oxidation ponds: the first stage is to remove suspended 
solid pollutants from effluent, followed by the removal of colloids and 
dissolved organic pollutants and aim at organic matter, nitrogen and 
phosphorus removal finally. Industrial treatment is the unique option 
with no restrictions on emissions. Sewage is treated by the anaerobic 
oxic pond, biochemical pond and ozonation contact reactor, and the 
discharge meets the “Emission Standards for Pollutants from Livestock 
and Poultry Farming (GB18596-2001)”, which requires COD < 400 mg/ 
L, NH3-N < 80 mg/L, TP < 8 mg/L (Sang et al., 2010; Wang et al., 2021). 
Pig farms without on-site MSM capacity, choose off-site disposal to a 
third party through payment or grant. 

Utilization mainly has four pathways, as waste returning to sur-
rounding cultivable farmland by ditches and pipe networks, pulling 
away to fertilize kaleyard and orchard by transport, producing packaged 

Table 1 
Abbreviations and statistical descriptions of variables for clustering. (The sum of 
the total probabilities is not equal to 100% due to multiple choices).  

Section Abbreviation Explanation Percentage 

Collection SCRAPER Feces collection by mechanical or 
manual operation with scrapers  

81.77%  

SOAK Manure soaking in water  14.78%  
FLUSH Flush cleaning manure  7.64%  
GRAVITY Manure enters the ditch at the bottom 

of the barn due to the trampling of pigs 
and itself gravity  

1.48%  

Storage MIX Mixed storage including feces, urine 
and sewage  

50.25%  

S Solid fraction storage  81.77%  
L Liquid fraction storage  77.83%  

Separation SEP Mechanical or manual solid–liquid 
separation  

76.12%  

NON_SEP No separation  24.88%  

Processing COM Solid composting  69.46%  
D Anaerobic biogas digestion  52.71%  
OXI Sewage oxidation pond  46.31%  
SED Staged sedimentation oxidation pond  59.36%  
DIS Industrial treatment and discharge of 

sewage to standard  
36.95%  

OFF Off-site to Third-Party  4.19%  

Utilization F Manure and sewage returning to 
surrounding fields  

87.68%  

AWAY Manure and sewage pulling away with 
no trade by transport  

20.94%  

OF Commercial organic fertilizer 
production  

13.05%  

GAS Biogas utilization  17.49%  
NonU No utilization  2.46%  

Fig. 2. Pathways of utilization of pig’s MSM.  
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commercial microbial organic fertilizers for sale and utilizing biogas for 
bioenergy (household cooking, natural gas purifying and electricity 
generating) (See Fig. 2). 

2.3.3. Cluster characterization 
After clustering, the next step is to identify the obtained MSM modes, 

as well as explore application characteristics among individual farms 
and determinants of corresponding MSM mode application. In this 
study, 18 variables are considered, involving farm owner characteristics, 
farm characteristics, land characteristics, farmers’ MSM & environ-
mental awareness and policy awareness (Table 2). 

Firstly, multiple independent sample tests are examined by non- 
parameter Kruskal-Wallis test for continuous variables and ordered 
categorical variables, and Chi-square test for unordered categorical 
variables. Both are subsequently followed by pair-wise comparisons to 
demonstrate the differences between each two clusters. Test levels have 
been adjusted according to Bonferroni correction. Subsequently, multi-
ple logistic regression is conducted for further exploration of the cor-
relation between modes and farms. Results are considered significant 
when the P-value is less than 0.05. 

3. Results 

3.1. Descriptive analysis of MSM practices 

A general review of type and frequency of technologies adopted at 
each section was obtained (Table 1.Fig. 3). Results showed that the most 
popular collection method was SCRAPER, as 81.77% of farmers selected, 
of which, 29.76% chose mechanical scarper, and 57.87% adopted 
manual cleaning. Followed by SOCK and FLUSH occupied 14.78% and 
7.64% respectively. Only 1.48% of farmers used GRAVITY which is a 
consequence of farm scale and building time. 

During storage period, 39.90% of farmers selected separated storage 
(S_L), 33.25% of farmers used MIX_L_S. Other 13.55% farmers stored 
waste with mixed type. According to separation, 75.12% of farmers 
implemented solid–liquid separation, which was consistent with the 
results for storage (73.15% for containing S_L). 

In processing section, 4.19% of farmers decided for off-site disposal 
by third party. The rest of farmers chose simple or multiple detoxifica-
tion methods, among them, most producers preferred assorted pro-
cessing methods. COM was most widely applied (69.46%), due to the 
characteristics of simple operation, low cost and wide applicability. It 
was also common to combine with other liquid technical strategies (i.e., 
COM_SED and COM_OXI). Adoption rates for SED and D were 59.36% 
and 52.71% respectively, which showed the particular importance of 
sewage treatment. Only 36.95% of farmers opted for DIS. It should be 
noted that 29.80% of farmers adopted the comprehensive approach of 

Table 2 
Definitions and descriptive statistics of explanatory variables.  

Variables Definition 

FARM OWNER CHARACTERISTICS 
Age Age of pig farm owner 
Education Education level of pig farm owner. 1 = Primary and bellow, 2 =

Junior, 3 = Senior, 4 = Vocational college, 5 = Bachelor degree 
and above 

Training Whether you have received MSM training. 0 = NO, 1 = YES 
FARM CHARACTERISTICS 
Time Year of pig farm construction 
Scale Inventory (data for end of 2020) 
Breeding 

structure 
Pig slaughter for 0 = Fattening pigs, 1 = Breeding contains 
piglets 

Cooperation Whether as a member of pig industrialization organization. 0 =
NO, 1 = YES 

LAND CHARACTERISTICS 
Land 

consumption* 
Do you think surrounding land is enough for waste 
consumption? 1 = quite not enough ~5 = quite enough 

Land price* What do you think of the transfer price of land? 1 = extremely 
low ~5 = extremely high 

Land use Cultivable land is for 0 = Manure disposal only, 1 = Disposal 
and planting 

MSM & ENVIRONMENTAL AWARENESS 
MSM standard* To what level do you know MSM technologies & standards. 1 =

completely unknown ~5 = completely know 
MSM difficulty* To what level do you think MSM treatment is difficult. 1 =

extremely difficult ~5 = extremely easy 
Transport 

difficulty* 
To what level do you think waste transport is difficult. 1 =
extremely difficult ~5 = extremely easy 

Farm EI* To what level do you think MSM damages farm environment. 1 
= no affects ~5 = extremely high affects 

Pig growth* To what level do you think MSM damages pig growth. 1 = no 
affects ~5 = extremely high affects 

MSM investment* To what level are you willing to invest in MSM. 1 = completely 
unwilling ~5 = completely willing 

POLICY AWARENESS 
MSM policy* To what level do you know MSM regulations & policies. 1 =

completely unknown ~5 = completely know 
EIA Whether as a member conducted Environmental Impact 

Assessment. 0 = NO, 1 = YES  

* According to the Likert scale, degree is divided into five levels to indicate the 
strength of the attitude, all statements are positive (Likert, 1932). 

Fig. 3. Statistical description of adopted strategic options within each stage.  
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D_COM_OXI_SED_DIS. 
Concerning utilization, F was identified as the largest contributor, 

which occupied 87.68%. Due to the long-distance discharge, 20.94% of 
farmers were forced to transfer pig waste by vehicles (AWAY). Farmers 
who participate in biogas utilization were in the minority, with 17.49%, 
which was not consistent with the application of D. In addition, only 
13.05% of farmers attempted organic fertilizer production. This also 
differed significantly from the contribution of COM in processing stage. 

3.2. Clustering analysis 

3.2.1. Cluster definition 
Based on clustering results, 406 pig farms were divided into five 

classifications in order to prevent over-fitting or under-fitting of the 
datasets, representing 49.3%, 12.3%, 10.1%, 14.8% and 13.5% respec-
tively. Five modes were defined according to the typical characteristics 
of each section. Distributions of strategic options were sorted out in 
Fig. 4. 

TSM: In this cluster, scraper was used during waste collection (over 
94%), manure was separated stored as solids and liquids respectively. 

Fig. 4. Distributions of strategic options within each section for five modes.  
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Followed by separation processing approaches for manure and sewage. 
The distribution of processing strategies in this cluster was the most 
complicated of the five clusters, however, it is also the most straight-
forward approach for individual farms. Solid composting as the most 
popular processing approach, containing over 71.5%, was applied with a 
single liquid method, mainly SED, OXI and D. Land consumption was the 
final destination, for more than 75% of farmers adopt F in utilization 
stage. Farms presented the characteristics of traditional pig farming with 
relatively minimum automation level and affordable costs during MSM 
process, mainly utilized through low-technology methods. Labor 
endowment was the core element in this mode, which was a primary 
MSM mode based on simple processing methods and convenient access, 
namely as “traditional simple mode (TSM)”. 

MPM: Collection method in this type was a combination of SCRAPER 
and SOAK, which was the unique approach with significant differences 
from the remaining four groups. Samples were all adopted NON_SEP, 
which accommodated MIX for storage (80%). SED dominated processing 
section (50%), and followed by D with 14%. Interestingly, apart from 
this, 18% of the farms still decided for off-site handling, which is un-
precedented in other classifications. This is possibly due to the limitation 
of surrounding land area, which echoes AWAY (44%) when utilizing. 
The mechanization degree of this mode is the lowest, which was 
considered to be a labor-intensive saving mode. This category was 
defined as “mixed processing mode (MPM)”. 

SBM: This cluster exhibited significant differences when collecting, 
as about 93% of farmers chose SOAK. Considering the entire continuum 
of MSM sections, a majority of farmers adopted mixed storage, of which, 
63% of them opted for MIX_L_S. Processing mainly guided two path-
ways, D_COM_OXI_SED_DIS and D, accounting for 39% and 41% 
respectively. For utilization, F still remained dominant, additional 
strategies of OF and GAS were chosen with slight probabilities (17% and 
12% respectively). Obviously, anaerobic digestion was the guide 
approach in this cluster, however, biogas utilization was incompleted 
and neglected as well as the production of commercial fertilizers. 
Exploration of the conversion on waste-to-profit is premature. Conse-
quently, “semi-biogas mode (SBM)” was used to identify it. 

PPSUM: Waste was completely separated in all farms in this cluster, 
followed by the adoption of MIX_L_S with 96.7%. Applied methods 
during processing section were more comprehensive and professional 
than in previous three clusters. D_COM_OXI_SED_DIS was mostly found 
with a adoption rate of 73.3%. However, utilization was entirely rep-
resented by F. Generally, this mode was significant in mitigating envi-
ronmental pressures by comprehensive treatments, besides, 
undoubtedly contributing to the reduction of synthetic fertilizer appli-
cation. Thus, “professional processing with simple utilization mode 
(PPSUM)” was used to name this cluster. 

PPFUM: Approaches in each section in PPFUM were quite similar to 
PPSUM except utilization. The choice of SCRAPER, MIX_L_S and 

D_COM_OXI_SED_DIS were in the majority at each section respectively. 
Comprehensive processing technologies certainly laid a secure basis for 
upgraded utilization. Obviously, PPFUM had the highest speciality 
grade of utilization strategy, which contained not only F, but also OF for 
32.7% and GAS for 56.4%. This type was characterized by a strength-
ened utilization factor compared with PPSUM, which was an integrated 
mode that well-performing in both aspects of the detoxification of pig 
waste and the multi-utilization of resource. Accordingly, it was identi-
fied as “professional processing with full utilization mode (PPFUM)”. 

3.2.2. Heterogeneous characteristics 
Significant differences among community characteristics were 

analyzed between five modes by Kruskal-Wallis test, Chi-square test and 
multiple logistic regression. Variables indicated significant effects at 1%, 
5% and 10% level respectively. All the variables have passed the mul-
ticollinearity test with 1.65 of the mean Variance Inflating factor (VIF). 

From farmers’ perspectives, age and education level, significantly 
influenced the preference for mode selection. With the rise in age, 
farmers are more likely to accept relatively more traditional and simple 
modes, i.e., TSM > MPM > SBM > PPFUM > PPSUM. Farmers with 
higher education level were preferred knowledge-intensive modes of 
technology, such as SBM, PPSUM and PPFUM. In terms of farmers’ 
awareness of MSM and environmental performance, individuals in SBM, 
PPSUM and PPFUM have a relatively higher degree of environmental 
awareness and professional cognition. Approximately 84.7 % of farmers 
have already received MSM technical training. Farming scale and 
breeding structure demonstrated significant effects on adopted modes, 
up-scaling farm level expressively promoted the acceptance of 
comprehensive technologies. In addition, the surrounding land condi-
tions were also an indicator that could not be ignored (e.g., Land price, 
Land use). In particular, its vital contribution to multiple pathways in 
utilization stage should be noted. 

TSM was the most common mode, approximately half of the re-
spondents adopted it. It was adapted to a wide range of breeding scales. 
Particularly, a larger percentage of small-sized farms of<2000 heads 
was significant. Farmers who adopted TSM had the maximum mean age 
and relatively low education level. However, the implementation rate of 
Environmental Impact Assessment (EIA) was the minimum compared to 
other modes. 

MPM was the only one without solid–liquid separation, which 
simplified treatment processes. Farms with longer construction time 
were more prefer MPM to TSM. Farmers who applied MPM demon-
strated the lowest education level and generally lack of relevant 
knowledge of MSM standards and faced treatment difficulties, which 
reflected in lowest degree of MSM standard and MSM difficulty among all 
modes. In addition, MPM was confirmed by the lowest recognition level 
of waste pollution. The majority of farms regarded land for the univocal 
purpose of manure disposal. Small-scaled and mono-breeding farms 

Fig. 5. Results of optimal cluster number determination by Elbow method plotting.  
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could be observed in MPM, reflected in 78% of farms with inventories of 
less than 2000 and around 70% of farms only raise fattening pigs. Farms 
who employed MPM illustrated the most negative investment intentions 
in terms of MSM. 

Compared to MPM, SBM was more appropriate for larger scale farms. 
Pig farms with a stock of over 2000 heads account for 70.8%, larger scale 
farms have a higher probability of choosing SBM compared to TSM. In a 
macro situation dominated by fattening pigs, SBM was considered 
particular with the characteristic of piglet breeding, with 63.4% of the 
farms involving piglets in their breeding structure, which represented a 

significant difference from TSM and MPM. The characteristics of the 
highest education level and relatively strong environmental awareness 
of farmers can be observed. Farmers’ willingness to invest in waste 
management also presented a significantly positive result, showing the 
strongest intentions among the five groups. 

PPSUM was applicable for almost any size of farms. Farm sizes are 
mainly concentrated between 500 and 3000 heads. Compared to TSM, 
farms of different sizes prefer SBM, probably because of the higher 
farmers’ awareness levels. Meanwhile, as the youngest group on 
average, farmers in PPSUM were more knowledgable on MSM stan-
dards. More importantly, an apparent percentage of farms (93.2%) have 
conducted planting in parallel with manure disposal, which could 
explain the full rate of returning to land. 

PPFUM was the most technically comprehensive and optimally uti-
lized mode. It was the most comprehensive group for performing pig 
farm EIA, with 85.5% coverage rate. Farmers’ characteristics were 
essentially similar to those of PPSUM and SBM. Because of the diversity 
of utilization, PPFUM was the least sensitive to changes in land prices. 
Involving farm scale, although PPFUM had the largest stocking capacity, 
medium scale farms occupied a large proportion in terms of individual 
distribution. 

4. Discussion 

This study attempts to categorize typical modes applied on MSM in 
pig farming, and discriminates farms’ heterogeneous characteristics on 
corresponding mode obtained. Regarding to the usefulness and consid-
erations of the modes, meaningful characteristics of modes and imple-
menters are further demonstrated, as well as future trends in the 
promotion of MSM modes. 

4.1. MSM modes characterization 

In general, the pig farms interviewed were involved in MSM activ-
ities to varying degrees, there are no longer direct emissions without 
treatment. Obviously, a high policy penetration rate and systematic 
technology training effectively drive farmers’ participation in MSM 
(Zhao et al., 2019b; Li et al., 2021b). However, mode characterization 
and differentiation need further research. The clarity of advantages to-
wards modes, and the discrepancies among five modes in terms of in-
dividual characteristics can be further explored. 

Capital investment, mechanization level and operational complexity 
are the crucial features to distinguish various modes. Regarding the 
factors of farmers’ willingness to participate in MSM, previous studies 
mentioned that economic factor may be more important than technical 
on environmental technologies application (Engle, 1995). As Chen et al. 
(2017) indicated, cost-benefit is the key constraint that influences 
farmers’ behavior on MSM. However, most of existing MSM patterns are 
uneconomical, accompanied by a severe financial burden on farmers 
(Huang et al., 2016). Small-size farms are more concerned with the cost 
associated with extra labor hiring and MSM operating (Chen et al., 
2017). As aforementioned, MPM has the lowest mechanization level and 
simplifies processing steps, thus, it effectively saves labor and cost. In 
addition, funding savings are generated in MSM infrastructure con-
struction and facility procurement. Advantages of MPM of unattended 
execution and relatively low capital requirements attract small farms 
with a stocking capacity of less than 2000 heads. In addition, because of 
operation convenience, MPM operates in favor of elderly farmers who 
are weak in skills learning and neglect potential pollution risks to cater 
for environmental compliance. Followed by TSM, which is a traditional 
applicable mode. The striking characteristic of TSM is twofold. Firstly, 
separation is observed, in order to execute solid fraction for composting, 
liquid fraction for harmless treatment in a single way according to local 
constrains. TSM presents the widest range of applicability, which has 
greater compatibility among different farm sizes. Meanwhile, it also 
satisfies the development of integration of planting and breeding. 

Table 3 
Descriptive statistics of MSM practices adopted by 406 farms.  

Section Practice options MSM practices Contribution (%) 

COLLECTION Scraper 
Soak 
Flush 
Gravity 

Scraper  76.11 
Soak  14.29 
Scraper_Flush  5.17 
Flush  2.46 
Gravity  1.48 
Scraper_Soak  0.49  

STORAGE MIX 
S 
L 

S_L  39.90 
MIX_L_S  33.25 
MIX  13.55 
S  7.14 
L  2.71 
MIX_L  1.97 
MIX_S  1.48  

SEPARATION SEP 
NON_SEP 

SEP  75.12 
NON_SEP  24.88  

PROCESSING COM 
D 
OXI 
SED 
DIS 
OFF 

D_COM_OXI_SED_DIS  29.80 
COM  9.85 
SED  9.61 
D  9.36 
COM_SED  8.13 
COM_OXI  7.14 
D_COM  4.19 
OFF  4.19 
D_COM_SED  3.45 
D_SED  2.22 
COM_OXI_SED  1.97 
COM_OXI_SED_DIS  1.97 
D_OXI  1.48 
COM_OXI_DIS  1.48 
D_DIS  0.99 
COM_SED_DIS  0.49 
D_OXI_SED  0.49 
OXI_SED_DIS  0.49 
DIS  0.49 
OXI  0.49 
D_COM_OXI_DIS  0.49 
OXI_SED  0.49 
COM_DIS  0.25 
SED_DIS  0.25 
D_COM_DIS  0.25  

UTILIZATION F 
AWAY 
OF 
GAS 
NonU 

F  57.14 
F_AWAY  9.85 
F_GAS  8.87 
AWAY  4.68 
OF_F  4.68 
OF_F_AWAY_GAS  2.71 
NonU  2.46 
OF  2.46 
F_AWAY_GAS  1.97 
OF_F_GAS  1.48 
GAS  1.48 
OF_F_AWAY  0.99 
AWAY_GAS  0.49 
OF_GAS  0.49 
OF_AWAY  0.25  
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Farming structure as a critical factor, its impact on varying degrees of 
livestock MSM has been proven (Zheng et al., 2014; Huang et al., 2016; 
Chen et al., 2017; Li et al., 2020a; Pan et al., 2021; Zhang et al., 2021). 
As Pan et al. (2021) and Wu et al. (2018) concluded, as farm scale 
increasing, waste management was more comprehensive and profes-
sional, capital-intensive and knowledge-intensive methods were grad-
ually accepted. In this study, SBM, PPSUM and PPFUM have distinctive 
features of multiple approaches in processing stage, especially on liquid 
treatment and gather relatively larger scale farms. Furthermore, prob-
abilities of these modes being adopted increase significantly as the scale 

rises compared to TSM. Anaerobic digestion, an advanced and efficient 
approach of livestock waste treatment technology that has been pro-
moted in recent years (He et al., 2013), has a higher adoption rate in the 
aforementioned three modes. Surprisingly, the influence of breeding 
structure on MSM is novel. Concerning collected methods, SOAK has 
advantages of being less noisy and fewer working frequency, which is 
perfect for piglets’ features of physical sensitivity, small amount of 
manure production and brief feeding cycle (Zheng et al., 2014). Delsart 
et al. (2020) also emphasized the notice of animal welfare in pig 
farming. Regarding pig farmers’ heterogeneous characteristics, the 

Table 4 
Descriptive statistics of MSM practices adopted of the five modes.  

Section Features TSM MPM SBM PPSUM PPFUM 

COLLECTION Flush 1 2 0 8.3 3.6 
Gravity 3 0 0 0 0 
Scraper 83.5 66 7.3 90 94.5 
Scraper_Flush 10.5 0 0 0 0 
Scraper_Soak 0.5 0 0 1.7 0 
Soak 1.5 32 92.7 0 1.8  

STORAGE L 0 8 7.3 0 7.3 
MIX 3.5 80 17.1 0 1.8 
MIX_L 1 4 7.3 0 1.8 
MIX_L_S 3 0 63.4 96.7 81.8 
MIX_S 1.5 2 4.9 0 0 
S 11.5 6 0 3.3 1.8 
S_L 79.5 0 0 0 5.5  

SEPARATION NON_SEP 20 100 17.1 0 7.3 
SEP 80 0 82.9 100 92.7  

PROCESSING COM 19 2 2.4 0 0 
COM_DIS 0.5 0 0 0 0 
COM_OXI 14 0 0 0 1.8 
COM_OXI_DIS 0.5 0 0 8.3 0 
COM_OXI_SED 2 0 0 1.7 5.5 
COM_OXI_SED_DIS 2 0 9.8 0 0 
COM_SED 15 0 0 3.3 1.8 
COM_SED_DIS 0.5 0 0 1.7 0 
D 6 14 41.5 0 3.6 
D_COM 6.5 0 0 5 1.8 
D_COM_DIS 0 0 0 0 1.8 
D_COM_OXI_DIS 0 0 0 1.7 1.8 
D_COM_OXI_SED_DIS 11.5 0 39 73.3 69.1 
D_COM_SED 5.5 0 0 3.3 1.8 
D_DIS 0 6 0 0 1.8 
D_OXI 0.5 8 0 0 1.8 
D_OXI_SED 0.5 0 0 0 1.8 
D_SED 4 0 0 0 1.8 
DIS 0.5 2 0 0 0 
OFF 3 18 2.4 0 1.8 
OXI 1 0 0 0 0 
OXI_SED 1 0 0 0 0 
OXI_SED_DIS 1 0 0 0 0 
SED 5 50 4.9 1.7 1.8 
SED_DIS 0.5 0 0 0 0  

UTILIZATION AWAY 9 0 0 0 1.8 
AWAY_GAS 0.5 2 0 0 0 
F 71 18 51.2 100 0 
F_AWAY 4 44 7.3 0 12.7 
F_AWAY_GAS 3 0 0 0 3.6 
F_GAS 1 16 12.2 0 38.2 
GAS 1.5 0 4.9 0 1.8 
NonU 1 14 0 0 1.8 
OF 3 2 2.4 0 3.6 
OF_AWAY 0.5 0 0 0 0 
OF_F 2.5 2 17.1 0 10.9 
OF_F_AWAY 2 0 0 0 0 
OF_F_AWAY_GAS 0 0 2.4 0 18.2 
OF_F_GAS 0.5 2 2.4 0 5.5 
OF_GAS 0.5 0 0 0 1.8  
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education level and environemntal perceptions are positively correlated, 
which is consistent with Harvey et al. (2014). Producers with high 
knowledge and environmental responsibility are inclined towards 
technological sophistication and professionalization (Wang and Tao, 
2020). 

Farms’ characteristics of PPSUM and PPFUM are essentially similar 
to SBM, nevertheless, they have more comprehensive technical di-
versity. A certain amount of management flexibility is built into multiple 
combinations of processing approaches, when manure volume changes 
or utilization strategy modifications. Considering the diversity of usage 
pathways, PPSUM < SBM < PPFUM. PPSUM prefers full volume land 
dissipation, which demonstrates farmers’ determination on planting 
simultaneously. However, the dilemma of mismatch between stocking 
and land limits land application, especially for large farm on an inten-
sive scale (Gao and Zhang, 2010; Pan et al., 2021). Waste discharge on 
compliance is determined by the nutrients (N, P) required for crops and 
nutrients available in excrement (Ministry of Agriculture and Rural Af-
fairs, 2018). Data indicated that stocking capacity that exceeded the 
boundary of land carrying capacity would lead to secondary pollution 
(Wu et al., 2014). Thus, adequate cultivable land is the prerequisite for 

the implementation of PPSUM, which would otherwise cause hin-
drances, such as additional transportation and loading work (Hsu, 
2021). Researches have confirmed that various processing technologies 
correspond to different elements (COD, N, P) collection rates, which 
could effectively relieve land pressure (Wu et al., 2014; Maurer et al., 
2016; Chen et al., 2017). Thus, any section has a strong connection to 
the others, the optimal MSM mode is an organizing operation after 
discussing the entire continuum of MSM sections with appropriate 
approaches. 

Obviously, PPFUM is an upgrade of PPSUM according to a more 
comprehensive utilization. It is more conducive to achieve the goal of 
contributing to environmental benefits and converting waste to eco-
nomic value. However, only large-scale farms can profit from MSM, 
because of available skill acquisition and adequate financial support. 
Actually, the biogas produced is supplied free of charge by surrounding 
farmers for cooking and heating. Due to the unstable nature of the 
seasonal reason, biogas production is faced with the dilemma of unstable 
yield and unsustainable supply. As a result, nonstandard prices restrict 
fair market transactions. Only a few qualified enterprises are eligible for 
paralleling electricity generation. Bottleneck on commercial organic 

Table 5 
Potential determinants (continuous variables) for farms’ heterogeneous behaviors of five MSM modes.  

Variable Mean Sig. 

TSM MPM SBM PPSUM PPFUM Total 

Age  46.8  46.38  45.39  42.75  43.51 45.56  0.030 
Education  2.97a, b  2.68b  3.44a  3.12a, b  3.24a, b 3.04  0.004 
Time  10.97  10.84  10.88  11.73  10.51 11  0.816 
Scale  5006.96a  2244.68a  4633.15b  2889.32a, b  14245.15a 5567.55  <0.001 
Land consumption  3.38  3.66  3.37  3.43  3.33 3.41  0.280 
Land price  3.45b  3.84a  3.74a, b  3.55b  3.37b 3.53  <0.001 
MSM standard  3.5a  3.14b  3.54a, b  3.65a  3.33a, b 3.46  0.009 
MSM difficulty  2.78a  2.34b  2.68a, b  3.03a  2.96a 2.78  <0.001 
Transport difficulty  2.91  3.2  2.73  3.13  3.11 2.99  0.058 
Farm EI  4.1a, b  3.92b  4.02a, b  4.45a  4.07a, b 4.12  0.013 
Pig growth  4.06a  3.64b  3.85a, b  4.25a  3.87a, b 3.99  0.005 
MSM investment  3.79a  3.22b  4.15a  3.85a  3.84a, b 3.77  0.001 
MSM policy  3.09  3.08  3.25  3.38  3.07 3.15  0.361 

Non-parametric Kruskal-Wallis tests were conducted, followed by the post-hoc test pairwise comparisons. Adjustment of alpha levels according to the Bonferroni 
method. The statistics is Kruskal-Wallis Chi-squared value. 
The variable categories, marked in bold, were the key variations of maximums and minimums, identified to distinguish the types. 
a-bDifferences among five types are denoted by differing lowercase letters (P < 0.05). 

Table 6 
Potential determinants (categorical variables) for farms’ heterogeneous behaviors of five MSM modes.  

Variable %(N) Sig. 

TSM MPM SBM PPSUM PPFUM Total 

Training NO 17.5(35) 10(5) 9.8(4) 15(9) 16.4(9) 15.3(62)  0.582  
YES 82.5(165) 90(45) 90.2(37) 85(51) 83.6(46) 84.7(344)  

Breeding structure Only fattening pigs 62.5(125)a 70(35)a 36.6(15)b 55(33)a, b 56.4(31)a, b 58.9(239)  0.014  
Contain piglets 37.5(75)a 30(15)a 63.4(26)b 45(27)a, b 43.6(24)a, b 41.1(167)  

Cooperation NO 61(122) 72(36) 58.5(24) 56.7(34) 45.5(25) 59.4(241)  0.087  
YES 39(78) 28(14) 41.5(17) 43.3(26) 54.5(30) 40.6(165)  

Land use Only manure disposal 33.6(48)a, b 73.8(31)c 51.5(17)b, c 6.8(3)d 17.3(9)a, d 34.4(108)  <0.001  
Disposal and planting 66.4(95)a, b 26.2(11)c 48.5(16)b, c 93.2(41)d 82.7(43)a, d 65.6(206)  

EIA NO 35(70)a 16(8)a, b 19.5(8)a, b 21.7(13)a, b 14.5(8)b 26.4(107)  0.003  
YES 65(130)a 84(42)a, b 80.5(33)a, b 78.3(47)a, b 85.5(47)b 73.6(299)  

Scale ≤500 25.5(51)a 28(14)a 7.3(3)a 10(6)a 14.5(8)a 20.2(82)  <0.001  
[500,1000) 27(54)a 32(16)a 9.8(4)a 33.3(20)a 27.3(15)a 26.8(109)   
[1000,2000) 21.5(43)a 18(9)a 12.2(5)a 11.7(7)a 25.5(14)a 19.2(78)   
[2000,3000) 5.5(11)a 8(4)a, b 17.1(7)a, b 20(12)b 10.9(6)a, b 9.9(40)   
[3000,5000) 7.5(15)a 6(3)a 29.3(12)b 5(3)a 12.7(7)a, b 9.9(40)   
[5000,10000) 1.5(3)a 4(2)a, b 9.8(4)b 13.3(8)b 3.6(2)a, b 4.7(19)   
≥10000 11.5(23)a 4(2)a 14.6(6)a 6.7(4)a 5.5(3)a 9.4(38)  

Chi-square tests of independence and followed by multiple pairwise comparison using Chi-square goodness of fit tests were performed; otherwise, Fisher’s exact test 
followed by goodness of fit exact test was conducted. 
The variable categories, marked in bold, were the key variations of maximums and minimums, identified to distinguish the types. 
a-dDifferences among five types are denoted by differing lowercase letters (P < 0.05). 
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fertilizer production is that powder processing from pig manure has the 
lowest net present value among livestock waste (Hsu, 2021). It should be 
noticed that the internalization of negative externalities of utilization, 
the government may be the contributor to overcoming unsatisfactory 
earnings. Recent studies on subsidy supported this conjecture, Feng et al. 
(2012) and Zhao et al. (2019b) clarified the role of government policy 
and financial support in promoting waste utilization. Cucchiella (2019) 
assessed the potential for bio-methane production from animal waste. 
The unit gas production and net present value are substantial but are 
dependent on subsidy support. In China, subsidy for biogas power 
generation acquisition increase to 0.75 CNY1 per kWh, which relieves 
cost pressure by about 0.4 CNY. Gebrezgabher et al. (2010) also pointed 
out that subsidies was the reason for the continuous operation of biogas 
program. 

4.2. MSM modes application prospects 

Frontier thinking of the development trends of pig farming, although 
the proportion of small-scale farms has been declining continuously in 
the last two decades (Zhao et al., 2019a), it is imperative to improve the 
standardization level and strengthen cooperation of small and medium- 
sized farms. TSM and MPM can guarantee the basic environmental 
provisions for these farms. Meanwhile, large-scale farms and pig farming 
communities are becoming the continuous trend of pork production. 
Scale-up rate of livestock is anticipated to reach over 75% by 2030 
(General Office of the State Council, PRC, 2020). Rising intensification 
levels undoubtedly create large quantities of concentrated pig waste, 
while increasing mechanization is more conducive to the promoting 
knowledge-intensive MSM modes, such as SBM, PPSUM and PPFUM. 

From the perspective of land, generally, in both developed and 
developing countries, farmland has always been considered as the final 
outlet for nutrient recovery (Machete and Chabo, 2020). However, there 
is also a challenge of less available land, with a reduction of 7.53 million 
ha of national arable land in recent 10 years (National Bureau of Sta-
tistics, 2021). Waste disposal with appropriate treatment processing is 
particularly important to avoid secondary pollution. Thus, only in the 
main producing areas of dry crops, PPSUM is the preference to promote 
integration of planting and breeding. For economic performance, 
farmyard manure can replace 43% of synthetic fertilizers with constant 

wheat yield, which even has the potential to increase yield, and it also 
saves the cost of synthetic fertilizers (Li et al., 2020b). 

Concerning environment, carbon neutrality is gaining more atten-
tion nowadays. China is committed to a reduction of 65% of carbon 
emissions by 2060 at the Climate Ambition Summit. Modes containing 
anaerobic digestion (SBM, PPSUM and PPFUM) should be promoted as 
mainstream. Theoretically, methane production is 0.30 ~ 0.39 Sm3CH4/ 
kg VS (Lee et al., 2018), 1 ton pig manure can obtain 26.81 kg of natural 
gas (Duan et al., 2020). Data showed that small, medium and large scale 
pig farms accounted for 88.70%, 10.67% and 0.62% respectively in 
2019 (China Animal Husbandry and Veterinary Yearbook, 2020). It 
could assume that all scale farms are considered to implement the 
appropriate modes mentioned above. The consequence is tremendous 
for both environmental performance and economic benefits, represented 
by reducing environmental pollution, decreasing synthetic fertilizer use, 
and enhancing bio-energy production (Lopez-Ridaura et al., 2009; Nagy 
and Wopera, 2012; Li et al., 2016; Corbala-Robles et al., 2018; Wang 
et al., 2021b). Generally, participation in MSM should not be limited to 
farmers, solving the hindrance of MSM requires externalities boosting by 
financial support from government or market means, and promoting 
farmers’ cognition of policies, so as to establish the sustainable mech-
anisms (Yan et al., 2020; Wang et al., 2021a). 

5. Conclusion 

This study indicated a comprehensive perception of pig’s MSM 
application in Hebei, China. Firstly, classify the existing hodgepodge of 
MSM methods from a macroscopic viewpoint, categorize a legible 
recognition of five typical MSM modes (i.e., traditional simple mode, 
mixed processing mode, semi-biogas mode, professional processing with 
simple utilization mode and professional processing with full utilization 
mode) from a statistic-categorized view based on quantitative typology. 
It has the advantage of visualizing and simplifying the variety of 
diversified methods combinations, contributing to the ease of adminis-
trative convenience. Substantially, MSM is an entire continuum of 
several sections, technical approaches adopted in a particular phase has 
connection to the associated phases, appropriate combination of stra-
tegies leads to the maximization of adequate allocation of resources. 
This study provides a comprehensive overview of the possibilities of all 
sections, accordingly, avoiding capital waste due to over-processing and 
environmental damage caused by simplified treatment. Furthermore, 
exploring farmers’ preferences for the corresponding mode by 

Table 7 
Results of Multinomial logistic regression analysis.  

Variables MPM a SBM a PPSUM a PPFUM a 

Coef. RRR Coef. RRR Coef. RRR Coef. RRR 

Time   0.05*  1.05  0.02  1.02  0.06**  1.07  0.00  1.00 
Scale ≤500  –  –  –  –  –  –  –  –  

[500, 1000)  0.30  1.35  0.09  1.10  1.02*  2.79  0.75  2.12  
[1000, 2000)  − 0.13  0.88  0.22  1.25  0.38  1.46  0.72  2.05  
[2000, 3000)  0.52  1.67  2.05**  7.80  2.53***  12.54  1.15*  3.15  
[3000, 5000)  − 0.29  0.75  2.37***  10.65  0.70  2.00  1.35**  3.88  
[5000, 10000)  1.71  5.50  3.25***  25.78  4.24***  69.44  2.18**  8.83  
≥10000  − 0.12  0.89  1.41  4.10  0.53  1.70  − 0.17  0.84 

Age   − 0.05**  0.95  − 0.03  0.97  − 0.08***  0.93  − 0.04**  0.96 
Education   − 0.20  0.82  0.16  1.17  − 0.28  0.75  0.17  1.19 
MSM standard   − 0.55*  0.58  − 0.64*  0.53  − 0.26  0.77  − 0.75**  0.47 
MSM difficulty   − 0.83***  0.44  − 0.12  0.88  0.28  1.32  0.48*  1.61 
Transport difficulty   0.53**  1.70  0.04  1.04  0.21  1.23  0.23  1.26 
Farm EI   − 0.06  0.94  0.11  1.12  1.03***  2.80  0.44  1.55 
Pig growth   − 0.27  0.76  − 0.52  0.60  − 0.47*  0.62  − 0.53**  0.59 
Land consumption   0.51**  1.67  0.14  1.16  0.12  1.13  − 0.16  0.85 
Land price   1.32***  3.73  0.85***  2.35  0.27  1.32  − 0.17  0.84 
MSM policy   0.82***  2.27  0.52*  1.69  0.15  1.16  0.04  1.04 
MSM investment   − 0.33*  0.72  0.48*  1.61  − 0.14  0.87  0.01  1.01 

Note:“*”significant at the 10% level;“**”significant at the 5% level;“***”significant at the 1% level. 
a the reference category is TSM, because it is the most common mode with maximum sample size. 

1 1CNY, Chinese yuan, 1 CNY=0.16 USD (10 December 2021). 
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heterogeneity analysis, may provide a reference for determining the 
adaptability of the mode and selecting the appropriate MSM mode for 
individuals. Farmers’ education level and perceptions of the environ-
ment are significantly promoted MSMs technologies. Scale-up has a 
significant positive effect on mechanization adoption and diversified 
strategies application. Besides, breeding structure may affect collecting 
strategy. Meanwhile, land may be the critical factor that restricts 
manure utilization and part of MSM modes extension. Consequently, in 
response to the anticipated development prospects of pig industry in 
China, suggestions for promoting potential MSM modes are presented. 
Discoveries in this study contribute references and suggestions to farms 
and government in the aspect of the sustainability of MSM and green 
development of pig industry. 

However, there are still limitations that need to be noticed. Firstly, 
the field investigation in this study is only in Hebei province, which has a 
good interpretation for pig MSM in the potential area (including Mod-
erate region, Potential region and Priority region). On the other hand, 

more concrete evidences from Constraint region are eager for our future 
survey because of more stringent environmental requirements. Sec-
ondly, farm scale in this study is identified by inventory numbers. Total 
slaughter numbers should be considered as well, due to the non- 
stabilization of pig production throughout the year. 
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Appendix I. . Representativeness of the data collected - minimum sample size test 

To confirm the representativeness of the survey results, the minimum sample size was calculated. X is the error rate, generally <10%, Zc indicates 
the threshold value at the confidence level, usually >95%. N is the total number of pig farms in the surveyed area (Hebei province), n is the minimum 
sample size required, E represents the standard deviation (SD). 

The equation is as follows, 

x = Z2
c r(100 − r)

E =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(N − n)/(n(N − 1))2

√

n =
N

((N − 1)E2 + x)

In 2020, there were approximately 36,484 pig farms in Hebei province with the farm size of over 100 heads for slaughtering. Thus, the minimum 
sample size of 381 could be representative of the pig farming situation in Hebei province. Data collected in this study covered 406 pig farms, which is 
statistically significant. 

Appendix II 

Clustering algorithms: K-means clustering and K-modes clustering 

K-means is a simple and practical clustering algorithm, it generates new reassembled clusters to minimize a cost function by the calculation of 
cluster means. It is used as a common metric to measure the similarity between two data points. K-means bases on the Euclidean metric (Anderberg, 
1973), which is the shortest distance between two points in a M-dimensional space. 

The equation is as follows, 

d(x, y) :=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x1 − y1)
2
+ (x2 − y2)

2
+ ⋯+(xn − yn)

2
√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(xi − yi)

2

√

However, K-means is only applicable to datasets with continuous data (Goyal and Aggarwal, 2017). K-modes is an extension of K-means, which 
applies in clustering categorical data. It is applicable to datasets with discrete attributes, replacing the means with the modes (MacQueen, 1967), by 
altering multiple categorical attributes into binary attributes and treating binary attributes as numeric (Ralambondrainy, 1995). Huang based on the 
data set of soybean disease, proposed the applicability of K-modes in the application of categorical variables, which is generally used (Huang, 1997; 
Huang, 1998). Thus, cluster analysis can be useful to categorize individuals to groups based on quantitative typology, and identify the rules of which to 
get easy identification of typical paths. 

Clusters determination: Elbow method 

Estimating the number of clusters is the foundation of clustering, which is based entirely on a quantitative analysis of data. For K-means, parti-
tioning meaning is to define clusters such that the total within-cluster sum of distance is minimized. Elbow method is usually used to determine the 
number of principal components to extrapolate the distribution of the data set. It measures the compactness of the clustering and prevents over-fitting 
or under-fitting the model, which involves plotting the explained variance as a function of the number of clusters and selecting the elbow of the curve 
as the number of clusters used (Nainggolan et al., 2019). 

In Fig. 5., X is the number of clusters; Y represents total within-cluster sum of distance for each cluster. As the number of clusters increasing, the 
distance will continue to decrease. Until the slope slows down, the optimal number of clusters (K) is at the elbow, which means when adding additional 
cluster (K + 1) has less contribution to present cluster fitting performance. In this study, we can observe that the slope of 5 to 6 is relatively flat, so the 
optimal number of cluster is 5. Thus, MSM methods will be divided into five modes. 
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Appendix III. Description of adopted MSM practices in the questionnaire and contribution of adopted methods in each section among 
five modes 

See Tables 3 and 4 

Appendix Ⅳ. Kruskal-Wallis tests and significant differences for continuous variables of five MSM modes 

See Table 5 

Appendix Ⅴ. Chi-square tests and significant differences for categorical variables of five MSM modes 

See Table 6 

Appendix Ⅵ. Multinomial logistic model and significant differences of MSM modes 

Multinomial logistic regression is actually a simultaneously estimation of multiple Binary logistic regressions. 
The equation is as follows, 

ln
(

πij

πib

)

= ln
(

P(yi = j|x )
P(yi = b|x )

)

= x’
iβj 

b is the selected benchmark group, and set J to be the total number of groups contained in the category variable (j = 1, 2, 3, …, J). When j = b, 
ln1 = 0, βb = 0. P(yi = j|x ) represents the probability that farmers choose MSM mode j. Thus, obtain the predicted probability of each choice: 

πij = P(yi = j|x ) =
exp

(
x’

iβj
)

∑J
m=1exp(x’

iβm)

See Table 7 

References 

Akyürek, Z., 2018. Potential of biogas energy from animal waste in the Mediterranean 
Region of Turkey. J. Energy Syst. 2, 160–167. https://doi.org/10.30521/jes.455325. 

Anderberg, M.R., 1973. Cluster Analysis for Applications. Academic Press Inc, New York, 
USA.  

Bai, Z., Jin, S., Wu, Y., Ermgassen, E.z., Oenema, O., Chadwick, D., Lassaletta, L., 
Velthof, G., Zhao, J., Ma, L., 2019. China’s pig relocation in balance. Nat. Sustain. 2 
(10), 888. https://doi.org/10.1038/s41893-019-0391-2. 

Chen, F., Zhang, C., Wang, Y., Qiu, H., 2017. Patterns and cost-benefit analysis of manure 
disposal of scale pig production in China. China Environ. Sci. 37, 3455–3463 in 
Chinese.  

Cherubini, E., Zanghelini, G.M., Alvarenga, R.A.F., Franco, D., Soares, S.R., 2015. Life 
cycle assessment of swine production in Brazil: a comparison of four manure 
management systems. J. Clean. Prod. 87, 68–77. https://doi.org/10.1016/j. 
jclepro.2014.10.035. 

China Animal Husbandry and Veterinary Yearbook, 2020 https://www.yearbookchina. 
com/index.aspx. 

China Statistical Yearbook, http://www.stats.gov.cn/tjsj/ndsj/. 
Corbala-Robles, L., Sastafiana, W.N.D., Van linden, V., Volcke, E.I.P., Schaubroeck, T., 

2018. Life cycle assessment of biological pig manure treatment versus direct land 
application − a trade-off story. Resour. Conserv. Recy. 131, 86–98. https://doi.org/ 
10.1016/j.resconrec.2017.12.010. 

Cucchiella, Federica, et al., 2019. An economic analysis of biogas-biomethane chain from 
animal residues in Italy. J. Clean. Prod. 230, 888–897. https://doi.org/10.1016/j. 
jclepro.2019.05.116. 

Daniel-Gromke, J., Rensberg, N., Denysenko, V., Stinner, W., Schmalfuß, T., 
Scheftelowitz, M., Nelles, M., Liebetrau, J., 2018. Current Developments in 
Production and Utilization of Biogas and Biomethane in Germany. Chem. Ing. Tech. 
90, 17–35. https://doi.org/10.1002/cite.201700077. 

Dellaguardia, C.S. (Ed.), 2010. Improving performance and manure management in the 
french pig sector: A three-stage analysis. 

Delsart, M., Pol, F., Dufour, B., Rose, N., Fablet, C., 2020. Pig farming in alternative 
systems: strengths and challenges in terms of animal welfare, biosecurity, animal 
health and pork safety. Agriculture 10, 261. https://doi.org/10.3390/ 
agriculture10070261. 

Deng, J., Sun, P., Zhao, F., Han, X., Yang, G., Feng, Y., 2016. Analysis of the ecological 
conservation behavior of farmers in payment for ecosystem service programs in eco- 
environmentally fragile areas using social psychology models. Sci. Total. Environ. 
550, 382–390. https://doi.org/10.1016/j.scitotenv.2016.01.152. 

Dhingra, R., Christensen, E.R., Liu, Y., Zhong, B.o., Wu, C.-F., Yost, M.G., Remais, J.V., 
2011. Greenhouse gas emission reductions from domestic anaerobic digesters linked 
with sustainable sanitation in rural China. Envrion. Sci. Technol. 45 (6), 2345–2352. 
https://doi.org/10.1021/es103142y. 

Duan, N.a., Khoshnevisan, B., Lin, C., Liu, Z., Liu, H., 2020. Life cycle assessment of 
anaerobic digestion of pig manure coupled with different digestate treatment 
technologies. Environ. Int. 137, 105522. https://doi.org/10.1016/j. 
envint.2020.105522. 

Engle, P.G.H., 1995. Facilitating Innovation: An Action-oriented Approach and 
Participatory Methodology to Improve Innovative Social Practice in Agriculture. 
Wageningen University, Wageningen, Netherlands. PhD Thesis.  

Feng, Y., Guo, Y., Yang, G., Qin, X., Song, Z., 2012. Household biogas development in 
rural China: On policy support and other macro sustainable conditions. Renew. Sust. 
Energ. Rev. 16 (8), 5617–5624. https://doi.org/10.1016/j.rser.2012.06.019. 

Food and Agriculture Organization of the United Nations, https://www.fao.org/statistics 
/en/. 

Gagnon, B., Robitaille, R., Simard, R.R., 1999. Characterization of several on-farm and 
industrial composted materials. Can. J. Soil. Sci. 79 (1), 201–210. https://doi.org/ 
10.4141/S98-020. 

Gao, C., Zhang, T., 2010. Eutrophication in a Chinese context: understanding various 
physical and socio-economic aspects. Ambio 39 (5-6), 385–393. https://doi.org/ 
10.1007/s13280-010-0040-5. 

Gebrezgabher, S.A., Meuwissen, M.P.M., Prins, B.A.M., Lansink, A.G.J.M.O., 2010. 
Economic analysis of anaerobic digestion—A case of Green power biogas plant in 
The Netherlands. NJAS: Wageningen J. Life Sci. 57, 109–115. https://doi.org/ 
10.1016/j.njas.2009.07.006. 

General Office of the State Council of the People’s Republic of China, 2020. Opinions on 
Promoting Quality Development of the Livestock Industry. http://www.gov.cn/zhe 
ngce/content/2020-09/27/content_5547612.htm. 

Goyal, M., Aggarwal, S., 2017. A review on K-Mode clustering algorithm. Int. J. Adv. Res. 
Comput. Sci. 8 (7), 725–729. https://doi.org/10.26483/ijarcs.v8i7.4301. 

Harvey, C.A., Rakotobe, Z.L., Rao, N.S., Dave, R., Razafimahatratra, H., Rabarijohn, R.H., 
Rajaofara, H., MacKinnon, J.L., 2014. Extreme vulnerability of smallholder farmers 
to agricultural risks and climate change in Madagascar. Philos. Trans. R. Soc. Lond. B 
Biol. Sci. 369 (1639), 20130089. https://doi.org/10.1098/rstb.2013.0089. 

He, G., Bluemling, B., Mol, A.P.J., Zhang, L., Lu, Y., 2013. Comparing centralized and 
decentralized bio-energy systems in rural China. Energ. Policy. 63, 34–43. https:// 
doi.org/10.1016/j.enpol.2013.06.019. 

He, K.e., Zhang, J., Feng, J., Hu, T., Zhang, L.u., 2016. The Impact of Social Capital on 
farmers’ Willingness to Reuse Agricultural Waste for Sustainable Development. Sust. 
Dev. 24 (2), 101–108. https://doi.org/10.1002/sd.1611. 

Hijazi, O., Munro, S., Zerhusen, B., Effenberger, M., 2016. Review of life cycle assessment 
for biogas production in Europe. Renew. Sust. Energ. Rev. 54, 1291–1300. https:// 
doi.org/10.1016/j.rser.2015.10.013. 

ten Hoeve, M., Hutchings, N.J., Peters, G.M., Svanström, M., Jensen, L.S., Bruun, S., 
2014. Life cycle assessment of pig slurry treatment technologies for nutrient 
redistribution in Denmark. J. Environ. Manage. 132, 60–70. https://doi.org/ 
10.1016/j.jenvman.2013.10.023. 

Hsu, E., 2021. Cost-benefit analysis for recycling of agricultural wastes in Taiwan. Waste. 
Manage. 120, 424–432. https://doi.org/10.1016/j.wasman.2020.09.051. 

Huang, W., Qiao, F., Liu, H., Jia, X., Lohmar, B., 2016. From backyard to commercial hog 
production. China. Agr. Econ. Rev. 8, 22–36. https://doi.org/10.1108/CAER-10- 
2014-0100. 

Huang, Z., 1997. A fast clustering algorithm to cluster very large categorical data sets in 
data mining. In: Proceedings of the SIGMOD Workshop on Research Issues on Data 

B. Shi et al.                                                                                                                                                                                                                                       

https://doi.org/10.30521/jes.455325
http://refhub.elsevier.com/S0956-053X(22)00271-9/h0010
http://refhub.elsevier.com/S0956-053X(22)00271-9/h0010
https://doi.org/10.1038/s41893-019-0391-2
http://refhub.elsevier.com/S0956-053X(22)00271-9/h0020
http://refhub.elsevier.com/S0956-053X(22)00271-9/h0020
http://refhub.elsevier.com/S0956-053X(22)00271-9/h0020
https://doi.org/10.1016/j.jclepro.2014.10.035
https://doi.org/10.1016/j.jclepro.2014.10.035
https://www.yearbookchina.com/index.aspx
https://www.yearbookchina.com/index.aspx
http://www.stats.gov.cn/tjsj/ndsj/
https://doi.org/10.1016/j.resconrec.2017.12.010
https://doi.org/10.1016/j.resconrec.2017.12.010
https://doi.org/10.1016/j.jclepro.2019.05.116
https://doi.org/10.1016/j.jclepro.2019.05.116
https://doi.org/10.1002/cite.201700077
https://doi.org/10.3390/agriculture10070261
https://doi.org/10.3390/agriculture10070261
https://doi.org/10.1016/j.scitotenv.2016.01.152
https://doi.org/10.1021/es103142y
https://doi.org/10.1016/j.envint.2020.105522
https://doi.org/10.1016/j.envint.2020.105522
http://refhub.elsevier.com/S0956-053X(22)00271-9/h0075
http://refhub.elsevier.com/S0956-053X(22)00271-9/h0075
http://refhub.elsevier.com/S0956-053X(22)00271-9/h0075
https://doi.org/10.1016/j.rser.2012.06.019
https://www.fao.org/statistics/en/
https://www.fao.org/statistics/en/
https://doi.org/10.4141/S98-020
https://doi.org/10.4141/S98-020
https://doi.org/10.1007/s13280-010-0040-5
https://doi.org/10.1007/s13280-010-0040-5
https://doi.org/10.1016/j.njas.2009.07.006
https://doi.org/10.1016/j.njas.2009.07.006
http://www.gov.cn/zhengce/content/2020-09/27/content_5547612.htm
http://www.gov.cn/zhengce/content/2020-09/27/content_5547612.htm
https://doi.org/10.26483/ijarcs.v8i7.4301
https://doi.org/10.1098/rstb.2013.0089
https://doi.org/10.1016/j.enpol.2013.06.019
https://doi.org/10.1016/j.enpol.2013.06.019
https://doi.org/10.1002/sd.1611
https://doi.org/10.1016/j.rser.2015.10.013
https://doi.org/10.1016/j.rser.2015.10.013
https://doi.org/10.1016/j.jenvman.2013.10.023
https://doi.org/10.1016/j.jenvman.2013.10.023
https://doi.org/10.1016/j.wasman.2020.09.051
https://doi.org/10.1108/CAER-10-2014-0100
https://doi.org/10.1108/CAER-10-2014-0100


Waste Management 148 (2022) 83–97

96

Mining and Knowledge Discovery. The University of British Columbia, Canada, pp. 
1-8. 

Huang, Z., 1998. Extensions to the k-Means algorithm for clustering large data sets with 
categorical values. Data Min. Knowl. Discov. 2 (3), 283–304. https://doi.org/ 
10.1023/A:1009769707641. 

Jin, S., Zhang, B., Wu, B.i., Han, D., Hu, Y.u., Ren, C., Zhang, C., Wei, X., Wu, Y., Mol, A. 
P.J., Reis, S., Gu, B., Chen, J., 2021. Decoupling livestock and crop production at the 
household level in China. Nat Sustain 4 (1), 48–55. https://doi.org/10.1038/ 
s41893-020-00596-0. 

Kassie, M., Jaleta, M., Shiferaw, B., Mmbando, F., Mekuria, M., 2013. Adoption of 
interrelated sustainable agricultural practices in smallholder systems: Evidence from 
rural Tanzania. Technol. Forecast. Soc. 80 (3), 525–540. https://doi.org/10.1016/j. 
techfore.2012.08.007. 

Lee, D.J., Bae, J.S., Seo, D.C., 2018. Potential of biogas production from swine manure in 
South Korea. Appl. Biol. Chem. 61 (5), 557–565. https://doi.org/10.1007/s13765- 
018-0390-4. 

Likert, R., 1932. A technique for the measurement of attitudes. Arch. Psychol. 22, 1–55. 
Li, F., Cheng, S., Yu, H., Yang, D., 2016. Waste from livestock and poultry breeding and 

its potential assessment of biogas energy in rural China. J. Clean. Prod. 126, 
451–460. https://doi.org/10.1016/j.jclepro.2016.02.104. 

Li, J., Xu, X., Liu, L., 2021a. Attribution and causal mechanism of farmers’ willingness to 
prevent pollution from livestock and poultry breeding in coastal areas. Environ. Dev. 
Sustain. 23 (5), 7193–7211. https://doi.org/10.1007/s10668-020-00911-x. 

Li, P., Wang, M., Wang, S., 2020a. Analysis on current situation and economic welfare 
effect of pig manure treatment in China. Agric. Econ. Manage. 90–102 in Chinese.  

Li, Q., Wagan, S.A., Wang, Y., 2021b. An analysis on determinants of farmers’ willingness 
for resource utilization of livestock manure. Waste. Manage. 120, 708–715. https:// 
doi.org/10.1016/j.wasman.2020.10.036. 

Li, Y., Wu, X., He, G., Wang, Z., 2020b. Benefits of Yield, Environment and Economy 
from Substituting Fertilizer by Manure for Wheat Production of China. Scientia 
Agricultura Sinica 53, 4879–4890 in Chinese.  

Lin, D., Ye, M., Wu, F., Weng, B., 2010. Recycling Model Construction and Technology 
Integration of Feces From Large-scale Pig Farm. J. Agro-Environ. Sci. 29, 386–391 in 
Chinese.  

Liu, W.-R., Zeng, D., She, L., Su, W.-X., He, D.-C., Wu, G.-Y., Ma, X.-R., Jiang, S., 
Jiang, C.-H., Ying, G.-G., 2020. Comparisons of pollution characteristics, emission 
situations, and mass loads for heavy metals in the manures of different livestock and 
poultry in China. Sci. Total. Environ. 734, 139023. https://doi.org/10.1016/j. 
scitotenv.2020.139023. 

Lopez-Ridaura, S., Werf, H.V.D., Paillat, J.M., Le Bris, B., 2009. Environmental 
evaluation of transfer and treatment of excess pig slurry by life cycle assessment. 
J. Environ. Manage. 90 (2), 1296–1304. https://doi.org/10.1016/j. 
jenvman.2008.07.008. 

Luo, Y., Stichnothe, H., Schuchardt, F., Li, G., Huaitalla, R.M., Xu, W., 2014. Life cycle 
assessment of manure management and nutrient recycling from a Chinese pig farm. 
Waste. Manage. Res. 32 (1), 4–12. https://doi.org/10.1177/0734242X13512715. 

Machete Buttie, James, Chabo G, Ricks, 2020. A Review of piggery manure management: 
generally, across western, Asian and African countries. Bots. J. Agric. Appl. Sci. 14, 
17–27. https://doi.org/10.37106/bojaas.2020.17. 

MacQueen, J., 1967. Some methods for classification and analysis of multivariate 
observations. Berkeley Symp. on Math. Statist. and Prob. 1, 281–297. 

Makara, A., Kowalski, Z., Lelek, Ł., Kulczycka, J., 2019. Comparative analyses of pig 
farming management systems using the Life Cycle Assessment method. J. Clean. 
Prod. 241, 118305. https://doi.org/10.1016/j.jclepro.2019.118305. 

Maurer, D.L., Koziel, J.A., Harmon, J.D., Hoff, S.J., Rieck-Hinz, A.M., Andersen, D.S., 
2016. Summary of performance data for technologies to control gaseous, odor, and 
particulate emissions from livestock operations: Air management practices 
assessment tool (AMPAT). Data Brief. 7, 1413–1429. https://doi.org/10.1016/j. 
dib.2016.03.070. 

McAuliffe, G.A., Chapman, D.V., Sage, C.L., 2016. A thematic review of life cycle 
assessment (LCA) applied to pig production. Environ. Impact. Asses. 56, 12–22. 
https://doi.org/10.1016/j.eiar.2015.08.008. 

Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2018. 
Technical guidelines for measuring the land carrying capacity of livestock waste. 
http://www.moa.gov.cn/nybgb/2018/201802/201805/t20180515_6142139.htm. 

Nagy, G., Wopera, A., 2012. BIOGAS PRODUCTION FROM PIG SLURRY – Biogas 
production from pig slurry – feasibility and challenges. Mater. Sci. Eng. 37, 65–75. 

National Bureau of Statistics, 2021. The Third National Land Survey. http://www.gov. 
cn/xinwen/2021-08/26/content_5633497.htm. 

Pan, D., Tang, J., Zhang, L., He, M., Kung, C.-C., 2021. The impact of farm scale and 
technology characteristics on the adoption of sustainable manure management 
technologies: Evidence from hog production in China. J. Clean. Prod. 280, 124340. 
https://doi.org/10.1016/j.jclepro.2020.124340. 

Pan, D., Zhou, G., Zhang, N., Zhang, L., 2016. Farmers’ preferences for livestock 
pollution control policy in China: a choice experiment method. J. Clean. Prod. 131, 
572–582. https://doi.org/10.1016/j.jclepro.2016.04.133. 

Penha, H.G.V., Menezes, J.F.S., Silva, C.A., Lopes, G., de Andrade Carvalho, C., Ramos, S. 
J., Guilherme, L.R.G., 2015. Nutrient accumulation and availability and crop yields 
following long-term application of pig slurry in a Brazilian Cerrado soil. Nutr. Cycl. 
Agroecosyst. 101 (2), 259–269. https://doi.org/10.1007/s10705-015-9677-6. 

Pexas, G., Mackenzie, S.G., Wallace, M., Kyriazakis, I., 2020. Environmental impacts of 
housing conditions and manure management in European pig production systems 
through a life cycle perspective: A case study in Denmark. J. Clean. Prod. 253, 
120005. https://doi.org/10.1016/j.jclepro.2020.120005. 

Prapaspongsa, T., Christensen, P., Schmidt, J.H., Thrane, M., 2010. LCA of 
comprehensive pig manure management incorporating integrated technology 

systems. J. Clean. Prod. 18 (14), 1413–1422. https://doi.org/10.1016/j. 
jclepro.2010.05.015. 
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