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Abstract: China has a vast territory and abundant resources, and there are significant differences in the 24 

development of pig breeding in different regions. As the main component of Chinese residents’ daily 25 

meat consumption, it is of great significance to improve people's living standards and conform to the 26 

national sustainable development strategy to raise pork production and reduce pollution emissions. In 27 

view of this, based on the minimum distance to weak efficient frontier model, this paper constructs 28 

Metafrontier-Malmquist-Luenberger index considering negative output under the common frontier to 29 

comprehensively evaluate pig breeding green total factor productivity (PBG). The results manifest that: 30 

(1) No matter under the common frontier or the group frontier, PBG presents large temporal and spatial 31 

differentiation characteristics. Compared with the eastern region and the central region, the western 32 

region has obvious advantages in PBG. (2) PBG has shown a downward trend as a whole, which is 33 

mainly due to the technical retrogression. (3) Compared with small-scale and medium-sized PBG, large-34 

scale PBG has apparent superiorities. Based on the above outcomes, combined with the actual situation 35 

of China, this paper finally raises policy recommendations for improving PBG.  36 

 37 

Keywords: Regional heterogeneity; Pig breeding industry; Green total factor productivity; MinDW-38 

MML model; Pollution emissions; China 39 

 40 

1 Introduction 41 

Pork, as the main component of the daily meat consumption for Chinese residents, has a huge 42 

demand in the domestic market (Wu et al. 2002; Zhou et al. 2007; Wang et al. 2016; Leng et al. 2017). 43 

At the same time, with the rapid rise in pork prices, China's live hog supply fluctuated greatly (Guevarra 44 

et al. 2019; Wang et al. 2020). In order to ensure the demand of Chinese people for pork, this problem 45 

can be solved mainly by expanding the hog production scale and improving pig production efficiency 46 

(Humphrey and Schmitz 2010; Kaplinsky 2014). This article measures the pig breeding green total factor 47 

productivity (PBG) in China to improve the production efficiency of hog breeding. 48 

There are two primary phenomena in the process of pig breeding: Firstly, the development of pig 49 

breeding industry in different parts of the country exists significantly difference (Abdalla et al. 1995; 50 

Falavigna et al. 2013). There are obvious unlikeness in traffic accessibility, rural human capital level, 51 

breeding technology services, biogas projects, urbanization level and feed price in different localities 52 

(Evans 1984; Adams 1994; Ernst 1998; Yue et al.2017). The eastern region has developed transportation 53 

and easy industrial agglomeration (Managi and Kaneko 2006; Xiao et al. 2012); the central region has 54 

an ascendant geographical location and is a traffic fortress for population mobility (Zhang et al. 2015; 55 

Yuan et al. 2017); the western region has superior environmental conditions, with low labor cost and feed 56 

transportation cost (Yue et al. 2014; Wang et al. 2015; Zhang et al. 2016). With the gradual 57 

implementation of the policy of "importing hogs from the south to the north" and the differences in 58 

environmental carrying capacity, feed resources and local breed resources in different regions, there are 59 

apparent distinctions in pig breeding industry among the three regions (Qiao et al. 2011; Zhao et al. 2015). 60 

Secondly, pollutants are generated during hog breeding (Shortle 1998; Burkholder 2007). According to 61 

the World Bank’s estimation, even if only 10% of livestock manure and urine enter the water body with 62 

surface runoff due to stacking or overflowing, the eutrophication contribution rates of ammonia and 63 

phosphorus can reach 10%-20% (World Bank 2005). Pathogenic microorganisms and heavy metal 64 

elements in wastes can also spread diseases through environmental pollution (Segerson 1998; 65 

Campagnolo 2002; Fraison 2013). Thus, this text uses the minimum distance to weak efficient frontier-66 
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Metafrontier Malmquist Luenberger (MinDW-MML) model to comprehensively analyze the green total 67 

factor productivity (GTFP) of China's pig breeding industry from 2004 to 2018 by adding negative output 68 

under the condition of considering the regional heterogeneity.  69 

The second and third parts of this article respectively introduce the study situation of relevant 70 

literature, and theoretical basis, including the primary sources of input-output variables and data. 71 

Empirical analysis is explained in the fourth part, and the fifth part is the conclusion and related policy 72 

suggestions. 73 

2 Literature review 74 

Paul D.Soloway (2004) research shows that after the 1980s, the emergence of new technologies and 75 

the increase of pig breeding specialization stimulated the continuous expansion of pig farms in the United 76 

States. With the decline in hog prices and pork prices, a large number of small producers were eliminated 77 

by the market, and the remaining producers further expanded their scale to reduce costs. As a result, the 78 

number of pig farms declined and the scale became larger. The geographical location of pig production 79 

also began to gradually tend to concentrate. Piot-Lepetit et al. (2005) conducted a study on the production 80 

efficiency of the French pig breeding industry. The results revealed that the increase of pig productivity 81 

from 1996 to 2001 was mainly attributed to technological progress, and the government's policy 82 

intervention did not improve the pig productivity. Onyenweaku and Effiong (2005) measured the 83 

technical efficiency and influencing factors of Nigerian pig production in 2004 by Stochastic Frontier 84 

Analysis (SFA) method. The results proved that breeding experience, farm size and gender of breeding 85 

members had vital effects on pig production, while farmers' credit, age, education level and family size 86 

had no significant impact on pig production efficiency. Key and McBride (2008) conducted an in-depth 87 

and systematic study on pig production efficiency in the United States from 1992 to 2004. The results 88 

demonstrated that most American farms adopted specialized production modes, with larger farms and 89 

fewer numbers. American breeding farms generally adopt professional fattening technology to improve 90 

pig production efficiency. In the past, there is a lack of research on the large sample data of Chinese pig 91 

breeding in recent years.  92 

For the calculation of agricultural efficiency, most of the existing study methods focus on SFA, 93 

traditional Data Envelopment Analysis (DEA), Directional Distance Function (DDF) model, and Slack 94 

Based Measure (SBM) model. Ali et al. (2000) thought that efficiency was the combined result of 95 

transmission efficiency, utilization efficiency and distribution efficiency. SFA needs to preset a certain 96 

function form, but it can separate statistical error and technical inefficiency. Kaneko et al. (2004) 97 

evaluated the agricultural water use efficiency in various Chinese provinces based on SFA. The results 98 

indicated that there was a big gap between agricultural water use efficiency and production technology 99 

efficiency. The factors affecting the efficiency mainly included climate, soil and other natural conditions, 100 

as well as infrastructure construction. However, although SFA method can calculate the efficiency 101 

through the partial differential method, it cannot reasonably control the input and output variables and 102 

the endogenous problems. It has the disadvantage of needing to set a reasonable production function 103 

(Simar and Wilson 1998). Lilienfeld and Asmild (2007) used the traditional DEA method to measure the 104 

efficiency and compared the difference with SFA on efficiency. It was concluded that DEA efficiency 105 

was easily affected by the input and output in abnormal years. Sueyoshi and Goto (2012) used the 106 

traditional DEA method to measure the efficiency level of the power industry. Traditional DEA has non-107 

dynamic characteristics (Simar and Wilson 2000; Mei et al. 2015). Njuki et al. (2016) used greenhouse 108 

gases as pollutants and calculated the pig breeding efficiency of farms in the eastern United States by 109 
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DDF model. It was found that the production efficiency of large farms was higher than that of small 110 

farms. However, DDF model cannot calculate the improvement amount and the unreasonable problem 111 

of weak disposal of undesired output. Du et al. (2017) used the SBM model to find that coastal areas are 112 

more suitable for developing small-sized and medium-sized breeding. The northeast area in China is 113 

more suitable for developing large-scale breeding, the central area is more suitable for developing small-114 

scale and middle-scale aquaculture, and the southwest area is more suitable for developing small-scale 115 

and large-scale aquaculture. Although SBM can correct the slackness problem to the greatest extent, the 116 

obtained technical efficiency can also identify the possible relaxation measurement problem of the radial 117 

model to the greatest extent (Zhou et al. 2006). However, due to the set frontier of SBM is too far, most 118 

decision-making unit (DMU) cannot catch up or reach the effective frontier in a short time, which 119 

frustrates the "enthusiasm" of catching up, and is not conducive to the overall DMU technical progress 120 

or the improvement of production efficiency (Yu et al. 2019). MinDW model has many advantages. 121 

Because MinDW model does not need to set the function form, it can overcome the limitations of SFA 122 

and other parametric methods on input and output variables and the non-dynamic problem of traditional 123 

DEA. It can conquer the problems that the DDF model cannot calculate the amount of improvement 124 

quantity and the unreasonable handling of undesired output is weak. It can also put up with the 125 

shortcomings of the traditional CCR model and the SBM method based on the slack measure that the 126 

frontier is too far, which dampens the ineffective production unit to pursue the "enthusiasm", and avoid 127 

the subjective influence of some factors on the research results, such as weight, data outliers and 128 

substantial economic fluctuations, so as to make the results more realistic (Wang et al. 2013). Therefore, 129 

this text adopts a newer MinDW model to calculate the efficiency of pig breeding.  130 

Apostolopoulos et al. (2001) analyzed the pig production efficiency in Greece. The results proved 131 

that most of the farms in Greece were operated by households. However, the age of Greek family farmers 132 

was older and education level was lower, which led to the low production efficiency of pigs. Production 133 

efficiency is positively correlated with the number of sows, and negatively correlated with the equipment 134 

usage time. Kliebenstein et al. (2003) pointed out that large-scale breeding has high feeding technology 135 

and management skills, and the feeding materials and service fees of pigs have little impact on large-136 

scale breeding. Wopke.vander werf (2007) of Cornell University in the United States demonstrated that 137 

with the modern breeding technology being put into live pig production, the pig production efficiency 138 

and agricultural labor productivity have been improved, thus reducing labor costs and realizing scale 139 

economy. Petrovska (2011) compared and analyzed the pig production efficiency of large-scale and 140 

small-scale farms in the Republic of Macedonia by using DEA method combined survey data. The results 141 

indicated that the technical efficiency is always low from the perspective of constant returns to scale, and 142 

the education level of managers has a greater impact on whether they use new technology for production. 143 

From the above studies, it can be seen that the existing studies on pig breeding industry did not consider 144 

the importance of regional heterogeneity and environmental factors for the research of PBG under the 145 

common frontier. 146 

To sum up, the innovation points of this paper are mainly reflected in the following three aspects: 147 

(1) In the selection of data and samples, this article selects the input and output data of the pig production 148 

from 2004 to 2018 in Chinese 17 major pig producing areas. Compared with the previous research data, 149 

the time span is longer, the year is newer, and it is more suitable for the current development and change 150 

of China. It can more accurately evaluate the PBG situation of pig breeding in China's current era. (2) In 151 

terms of research methods, considering regional heterogeneity, this text constructs MinDW model based 152 

on the common frontier to evaluate PBGs of different sizes. (3) From the perspective of research, this 153 
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paper introduces environmental factors into the evaluation system of pig breeding efficiency of different 154 

scales, adding negative output and highlighting the significance of environmental issues for pig breeding 155 

industry. With a view to putting forward policy suggestions for improve PBG in 17 major pig producing 156 

areas and environmental protection policy suggestions for pig breeding.  157 

3 Methodology 158 

3.1 MinDW under the common frontier 159 

Minimum distance to weak efficient frontier (MinDW) refers to the nearest distance between the 160 

evaluated DMU and the leading edge, regardless of whether its projection point at the frontier is strong-161 

efficient or weak-efficient. It was first proposed by Briec 1999 and Charnes et al. 1996, which method 162 

can be expressed as 𝑛 + 𝑚 linear programming (𝑛 is the number of input indicators, 𝑚 is the number 163 

of output indicators), assuming the input variable is 𝑥 and the output variable is 𝑦:  164 𝑚𝑎𝑥 𝛽𝑧 , 𝑧 = 1,2,… , 𝑛 + 𝑚 165 

𝑠. 𝑡.
{  
   
 ∑𝛼𝑗𝑥𝑖𝑗 + 𝛽𝑧𝑒𝑖 ≤ 𝑥𝑖𝑘𝑞
𝑗=1 , 𝑖 = 1,2,… , 𝑛
∑𝛼𝑗𝑥𝑟𝑗 + 𝛽𝑧𝑒𝑟 ≥ 𝑦𝑟𝑘𝑞
𝑗=1 , 𝑟 = 1,2,… ,𝑚𝛼𝑗 ≥ 0

 166 

  (1) 167 𝑒𝑖 and 𝑒𝑟 are constants. In the programming formula, only one 𝑒 is equal to 1, and the others are 0, 168 

that is:  169 𝑒𝑖 = 1  𝑖𝑓 𝑖 = 𝑧;   𝑒𝑖 = 0  𝑖𝑓 𝑖 ≠ 𝑧 170 𝑒𝑟 = 1  𝑖𝑓 𝑟 = 𝑧 − 𝑛;   𝑒𝑖 = 0  𝑖𝑓 𝑟 ≠ 𝑧 − 𝑛 171 

(2) 172 

The efficiency value of each model is expressed as: 173 

𝜃𝑧∗ = 1 − 1𝑛∑ 𝛽𝑧∗𝑒𝑖𝑥𝑖𝑘𝑛𝑖=11 + 1𝑚∑ 𝛽𝑧∗𝑒𝑟𝑦𝑟𝑘𝑚𝑟=1  174 

  (3) 175 

The efficiency value of MinDW model is expressed as 𝜃𝑚𝑎𝑥∗ = 𝑚𝑎𝑥(𝜃𝑧∗, 𝑧 = 1,2, … , 𝑛 +𝑚), and the 176 

maximum efficiency value corresponds to the minimum 𝛽∗, that is the nearest distance to the frontier. 177 

This text uses the MinDW model with negative output. The method can be expressed as 𝑛 + 𝑚 +178 𝑓  linear programming (𝑛  is the number of input indicators, 𝑚  is the number of expected output 179 

indicators, 𝑓 is the number of undesired output indicators):  180 𝑚𝑎𝑥 𝛽𝑧 , 𝑧 = 1,2,… , 𝑛 + 𝑚 + 𝑓 181 
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𝑠. 𝑡.
{   
  
    
 ∑𝛼𝑗𝑥𝑖𝑗 + 𝛽𝑧𝑒𝑖 ≤ 𝑥𝑖𝑘𝑞
𝑗=1 , 𝑖 = 1,2,… , 𝑛
∑𝛼𝑗𝑥𝑟𝑗 − 𝛽𝑧𝑒𝑟 ≥ 𝑦𝑟𝑘𝑞
𝑗=1 , 𝑟 = 1,2,… ,𝑚
∑𝛼𝑗𝑥𝑝𝑗 + 𝛽𝑧𝑒𝑝 ≤ 𝑏𝑝𝑘𝑞
𝑗=1 , 𝑝 = 1,2,… , 𝑓𝛼𝑗 ≥ 0

 182 

(4) 183 𝑒𝑖, 𝑒𝑟 and 𝑒𝑝 are constants. In the programming formula, only one 𝑒 is equal to 1, and the others are 184 

0, that is:  185 𝑒𝑖 = 1  𝑖𝑓 𝑖 = 𝑧;   𝑒𝑖 = 0  𝑖𝑓 𝑖 ≠ 𝑧 186 𝑒𝑟 = 1  𝑖𝑓 𝑟 = 𝑧 − 𝑛;   𝑒𝑖 = 0  𝑖𝑓 𝑟 ≠ 𝑧 − 𝑛 187 𝑒𝑝 = 1  𝑖𝑓 𝑝 = 𝑧 − 𝑛 −𝑚;   𝑒𝑖 = 0  𝑖𝑓 𝑝 ≠ 𝑧 − 𝑛 −𝑚 188 

(5) 189 

The efficiency value of each model is expressed as: 190 

𝜃𝑧∗ = 1 − 1𝑛∑ 𝛽𝑧∗𝑒𝑖𝑥𝑖𝑘𝑛𝑖=11 + 1𝑚 + 𝑏 (∑ 𝛽𝑧∗𝑒𝑟𝑦𝑟𝑘𝑚𝑟=1 + ∑ 𝛽𝑧∗𝑒𝑝𝑏𝑝𝑘𝑓𝑝=1 ) 191 

(6) 192 

The efficiency value of MinDW model is expressed as 𝜃𝑚𝑎𝑥∗ = 𝑚𝑎𝑥(𝜃𝑧∗, 𝑧 = 1,2, … , 𝑛 +𝑚 + 𝑓), and 193 

the maximum efficiency value corresponds to the minimum 𝛽∗, which means the nearest distance to the 194 

frontier. 195 

The efficiency value of MinDW model will not be less than that of directional distance function 196 

model with any direction vector or other distance types (such as radial and SBM). In other words, the 197 

efficiency value of MinDW model is the largest. Combined with the above process, we can define the 198 

regional boundary (𝛽𝑟𝑒𝑔𝑖𝑜𝑛∗) and the model is as follows: 199 

𝛽𝑟𝑒𝑔𝑖𝑜𝑛∗ = 𝑚𝑎𝑥 1 − 1𝑛∑ 𝛽𝑧𝑒𝑖𝑥𝑖𝑘𝑛𝑖=11 + 1𝑚 + 𝑏 (∑ 𝛽𝑧𝑒𝑟𝑦𝑟𝑘𝑚𝑟=1 +∑ 𝛽𝑧𝑒𝑝𝑏𝑝𝑘𝑓𝑝=1 ) 200 

𝑠. 𝑡.
{   
  
    
 ∑𝛼𝑗𝑥𝑖𝑗 + 𝛽𝑧𝑒𝑖 ≤ 𝑥𝑖𝑘𝑞
𝑗=1 , 𝑖 = 1,2,… , 𝑛
∑𝛼𝑗𝑥𝑟𝑗 − 𝛽𝑧𝑒𝑟 ≥ 𝑦𝑟𝑘𝑞
𝑗=1 , 𝑟 = 1,2,… ,𝑚
∑𝛼𝑗𝑥𝑝𝑗 + 𝛽𝑧𝑒𝑝 ≤ 𝑏𝑝𝑘𝑞
𝑗=1 , 𝑝 = 1,2,… , 𝑓𝛼𝑗 ≥ 0

 201 

(7) 202 

Similarly, the efficiency value of DMU relative to the common frontier (𝛽𝑚𝑒𝑡𝑎∗) can be obtained by the 203 
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following model:  204 

𝛽𝑚𝑒𝑡𝑎∗ = 𝑚𝑎𝑥 1 − 1𝑛∑ 𝛽𝑧𝑒𝑖𝑥𝑖𝑘𝑛𝑖=11 + 1𝑚 + 𝑏 (∑ 𝛽𝑧𝑒𝑟𝑦𝑟𝑘𝑚𝑟=1 + ∑ 𝛽𝑧𝑒𝑝𝑏𝑝𝑘𝑓𝑝=1 ) 205 

𝑠. 𝑡.
{   
  
    
 ∑𝛼𝑗𝑥𝑖𝑗 + 𝛽𝑧𝑒𝑖 ≤ 𝑥𝑖𝑘𝑞
𝑗=1 , 𝑖 = 1,2,… , 𝑛
∑𝛼𝑗𝑥𝑟𝑗 − 𝛽𝑧𝑒𝑟 ≥ 𝑦𝑟𝑘𝑞
𝑗=1 , 𝑟 = 1,2,… ,𝑚
∑𝛼𝑗𝑥𝑝𝑗 + 𝛽𝑧𝑒𝑝 ≤ 𝑏𝑝𝑘𝑞
𝑗=1 , 𝑝 = 1,2,… , 𝑓𝛼𝑗 ≥ 0

 206 

(8) 207 

Finally, in the common frontier model, the technology gap ratio (TGR) is equal to the ratio of the 208 

efficiency value of the common frontier to the efficiency value of the group frontier. The formula is as 209 

follows:  210 𝑇𝐺𝑅𝑀𝑖𝑛𝐷𝑊 = 𝛽𝑚𝑒𝑡𝑎∗𝛽𝑟𝑒𝑔𝑖𝑜𝑛∗ 211 

(9) 212 𝛽𝑟𝑒𝑔𝑖𝑜𝑛∗ and 𝛽𝑚𝑒𝑡𝑎∗ represent the optimal solution of formula (7) and formula (8), respectively. TGR 213 

is used to measure the distance between the optimal production technology and the potential optimal 214 

technology of a group, and whether there are any differences in PBG under different groups. The closer 215 

the 𝑇𝐺𝑅 is to 1, the closer the technology level is to the optimal potential technology level. Conversely, 216 

it is the larger the gap between the technology level and the potential optimal technology level.  217 

3.2 Metafrontier-Malmquist-Luenberger index and its decomposition 218 

Malmquist productivity index is widely used in the study of dynamic efficiency change trend, and 219 

has good adaptability to multiple input-output data and panel data analysis. The actual production process 220 

often contains unexpected output. After Chung et al. (1997) proposed Malmquist-Luenberger (ML) index, 221 

any Malmquist index with undesired output can be called ML index. Oh (2010) constructed the Global-222 

Malmquist-Luenberger index. All the evaluated DMUs are included in the global reference set, which 223 

avoids the phenomenon of infeasible solution in VRS and "technology regression". The global reference 224 

set constructed in this article is as follows:  225 𝑈𝐺(𝑥) = 𝑈1(𝑥1)⋃𝑈2(𝑥2)⋃…⋃𝑈𝑇(𝑥𝑇)                                         (10) 226 

and 𝑈𝑡(𝑥𝑡) = {(𝑦𝑡, 𝑏𝑡)|𝑥𝑡 𝑐𝑎𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑒(𝑦𝑡, 𝑏𝑡)} ，                                  227 

(11) 228 

This article takes 𝑀𝑀𝐿 index as the PBG. 229 
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𝑀𝑀𝐿𝑡−1𝑡 = √ 1 −𝑀𝑡−1(𝑥𝑡, 𝑦𝑡, 𝑏𝑡; 𝑦𝑡, −𝑏𝑡)1 −𝑀𝑡−1(𝑥𝑡−1, 𝑦𝑡−1, 𝑏𝑡−1; 𝑦𝑡−1, −𝑏𝑡−1) × 1 −𝑀𝑡(𝑥𝑡, 𝑦𝑡, 𝑏𝑡; 𝑦𝑡 , −𝑏𝑡)1 −𝑀𝑡(𝑥𝑡−1, 𝑦𝑡−1, 𝑏𝑡−1; 𝑦𝑡−1, −𝑏𝑡−1)230 

= √1 −𝑀𝑡−1(𝑥𝑡-1, 𝑦𝑡-1, 𝑏𝑡-1; 𝑦𝑡-1, −𝑏𝑡-1)1 −𝑀𝑡(𝑥𝑡-1, 𝑦𝑡-1, 𝑏𝑡-1; 𝑦𝑡-1, −𝑏𝑡-1) × 1 −𝑀𝑡−1(𝑥𝑡, 𝑦𝑡, 𝑏𝑡; 𝑦𝑡, −𝑏𝑡)1 −𝑀𝑡(𝑥𝑡, 𝑦𝑡, 𝑏𝑡; 𝑦𝑡, −𝑏𝑡)231 

× 1 −𝑀𝑡(𝑥𝑡, 𝑦𝑡, 𝑏𝑡; 𝑦𝑡, −𝑏𝑡)1 − 𝑀𝑡−1(𝑥𝑡−1, 𝑦𝑡−1, 𝑏𝑡−1; 𝑦𝑡−1, −𝑏𝑡−1) 232 

(12) 233 

Further decompose the 𝑀𝑀𝐿 index into efficiency change (𝐸𝐶) and technology change (𝑇𝐶). 234 

𝑇𝐶𝑡−1𝑡 = √1−𝑀𝑡−1(𝑥𝑡-1, 𝑦𝑡-1, 𝑏𝑡-1; 𝑦𝑡-1, −𝑏𝑡-1)1 −𝑀𝑡(𝑥𝑡-1, 𝑦𝑡-1, 𝑏𝑡-1; 𝑦𝑡-1, −𝑏𝑡-1) × 1 −𝑀𝑡−1(𝑥𝑡, 𝑦𝑡, 𝑏𝑡; 𝑦𝑡, −𝑏𝑡)1 −𝑀𝑡(𝑥𝑡, 𝑦𝑡, 𝑏𝑡; 𝑦𝑡, −𝑏𝑡)  235 

𝐸𝐶𝑡−1𝑡 = 1 −𝑀𝑡(𝑥𝑡, 𝑦𝑡, 𝑏𝑡; 𝑦𝑡, −𝑏𝑡)1 −𝑀𝑡−1(𝑥𝑡−1, 𝑦𝑡−1, 𝑏𝑡−1; 𝑦𝑡−1, −𝑏𝑡−1) 236 

(13) 237 

Where (𝑥𝑡−1, 𝑦𝑡−1, 𝑏𝑡−1) and (𝑥𝑡 , 𝑦𝑡 , 𝑏𝑡) represent the input, desired output and undesired output of 238 

t-1 and t, respectively. 𝑇𝐶𝑡−1𝑡  and 𝐸𝐶𝑡−1𝑡  are the contribution to PBG raise of DMU's technical progress 239 

and efficiency improvement from t-1 to t, respectively. The higher the value is, the larger the contribution 240 

is. The 𝑀𝑀𝐿  index is recorded as 𝑀𝐼  and the value of 𝑀𝐼  is the PBG. The green total factor 241 

productivity index of pig breeding under the common frontier and group frontier are as below:  242 

𝑚𝑀𝐼𝑡−1𝑡 = √ 1 −𝑀𝑡−1𝑚 (𝑥𝑡, 𝑦𝑡, 𝑏𝑡; 𝑦𝑡, −𝑏𝑡)1 −𝑀𝑡−1𝑚 (𝑥𝑡−1, 𝑦𝑡−1, 𝑏𝑡−1; 𝑦𝑡−1, −𝑏𝑡−1) × 1 −𝑀𝑡𝑚(𝑥𝑡, 𝑦𝑡, 𝑏𝑡; 𝑦𝑡, −𝑏𝑡)1 −𝑀𝑡𝑚(𝑥𝑡−1, 𝑦𝑡−1, 𝑏𝑡−1; 𝑦𝑡−1, −𝑏𝑡−1) 243 

(14) 244 

𝑔𝑀𝐼𝑡−1𝑡 = √ 1 −𝑀𝑡−1𝑔 (𝑥𝑡, 𝑦𝑡, 𝑏𝑡; 𝑦𝑡, −𝑏𝑡)1 −𝑀𝑡−1𝑔 (𝑥𝑡−1, 𝑦𝑡−1, 𝑏𝑡−1; 𝑦𝑡−1, −𝑏𝑡−1) × 1 −𝑀𝑡𝑔(𝑥𝑡, 𝑦𝑡, 𝑏𝑡; 𝑦𝑡, −𝑏𝑡)1 −𝑀𝑡𝑔(𝑥𝑡−1, 𝑦𝑡−1, 𝑏𝑡−1; 𝑦𝑡−1, −𝑏𝑡−1) 245 

(15) 246 

For the DMUs with regional heterogeneity, we can calculate the technology gap between the group 247 

frontier and the common frontier, which is caused by the specific group institutional structure.  248 

3.3 Data and variables  249 

Based on the research of the existing literature, this text chooses five indexes to build the input-250 

output indicator system. Details are as below:  251 

(1) Piglet input: Piglet weight. The average weight of each piglet that a pig farmer buys outside or 252 

raises through his own pig.  253 

(2) Labor input: The number of employees. The sum number of days of direct labor for agricultural 254 

employees and family employees. 255 

(3) Capital input: Namely, expenses investment, including concentrate feed expenses, water and 256 

fuel power expenses, and medical epidemic prevention expenses. The expenses of concentrate refer to 257 

the input expenses of various kinds of concentrate actually consumed by each hog from purchase to 258 

fattening, including the total expenses of grain, soybean cake, mixed feed, plant powder and other 259 

expenses. Water and fuel power expenses includes water, electricity, coal and other fuel power expenses. 260 
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Medical and epidemic prevention expenses include the expenses for disease prevention and control. 261 

(4) Positive output: The output of the main products, which means the weight of each fattening pig 262 

at the time of slaughter.  263 

(5) Negative output: Pollutant discharge. 264 

According to the calculation method of Zuo et al. (2016),  265 𝐷𝐴 = 𝐶𝑂𝐷20 + 𝑇𝑁1 + 𝑇𝑃0.2                                                            (16) 266 

Where 𝐷𝐴 is the discharge amount. According to the calculation method of Du et al. (2017), the specific 267 

calculation steps are as follows:  268 𝐶𝐸 = 𝐷𝐴 × 𝐶𝐸𝐶 × 𝑊𝐴𝑊𝑅                                                          (17) 269 

𝑁𝐸 = 𝐷𝐴 × 𝑁𝐸𝐶 × 𝑊𝐴𝑊𝑅                                                          (18) 270 

𝑃𝐸 = 𝐷𝐴 × 𝑃𝐸𝐶 × 𝑊𝐴𝑊𝑅                                                          (19) 271 

Where 𝐶𝐸 , 𝑁𝐸  and 𝑃𝐸  represent the COD emission, the TN emission and the TP emission, 272 

respectively. 𝐷𝐴 is the average feeding days. 𝐶𝐸𝐶, 𝑁𝐸𝐶 and 𝑃𝐸𝐶 are the COD emission coefficient, 273 

the TN emission coefficient and the TP emission coefficient, respectively. 𝑊𝑅 and 𝑊𝐴 represent the 274 

reference weight and the actual weight, respectively.  275 

Piglet weight, labor quantity, concentrate expenses, water and fuel expenses, medical cost, actual 276 

weight, average feeding days and main product output all came from 2004-2018《National Compendium 277 

of Agricultural Product Expenses-Benefit Data》. The reference weight and emission coefficient are 278 

derived from the 《Discharge Coefficient Manual》released by the Office of the First National Pollution 279 

Source Census Leading Group. And the proportion of water feces and dry feces in each province was 280 

referred to Du et al. (2017). Meanwhile, according to the above two data on the definition of scale, this 281 

text will divide live pig breeding scale into three types: large scale, middle scale and small scale. Small-282 

scale refers to 30-100 farming households listed annually. Middle scale refers to the annual output of 283 

100-1000 scale farms. Large scale refers to more than 1000 farming area. 284 

In the sample choice, this text chooses 17 major producing provinces of the《Plan of National Pig 285 

Production Development (2016-2020)》pig advantage producing areas as the study samples. It is 286 

separated into three areas: The Eastern Area (Jiangsu, Zhejiang, Guangdong, Liaoning, Hebei, Shandong), 287 

the Central Area (Anhui, Hubei, Hunan, Heilongjiang, Jilin, Henan), and the Western Area (Guizhou, 288 

Guangxi, Chongqing, Sichuan, Yunnan).  289 
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4 Empirical Results and discussions 290 

4.1 The overall change of PBG in China 291 

 292 

Fig.1. China’s PBG and its decomposition target during 2004-2018. 293 

 294 

It can be seen from Fig.1 that the overall fluctuation trend under the common frontier and the 295 

regional frontier is basically the same. The fluctuation amplitude under the common front is larger. From 296 

2005 to 2007 and from 2009 to 2010, PBG declined twice, with the larger decline in the former (3.57% 297 

declined under the common frontier and 3.19% declined under the group frontier), while the smaller 298 

decline in the latter (1.18% declined under the common frontier and 0.76% declined under the group 299 

frontier). This was mainly due to the outbreak of blue ear disease in 2006, the global financial crisis in 300 

2008, the outbreak of influenza A (H1N1) virus in 2009 and other causes. The significant fluctuation of 301 

PBG in 2007 indicates that the prevention and control of pig epidemic situation and the stability of the 302 

market have an extremely significant impact on pig production. 2007 is the turning point of the 303 

development of China's pig industry. Before 2007, the fluctuation of each index was large. After the 304 

downturn of animal husbandry in 2007, the implementation of relevant national policies had a significant 305 

impact on the whole country. After 2007, China's pig market began to stabilize. Therefore, the 306 

government should increase the prevention and control of pig diseases, enlarge the research and 307 

introduction of technology, and stabilize the pork price. 308 

In 2016, both PBG and TC reached the peak. PBG increased by 0.91% and TC increased by 1.74% 309 

under the metafrontier. Then, PBG increased by 0.99% and TC increased by 1.37% under the group 310 

frontier. After 2016, the PBG has shown a downward trend, mainly due to the upsurge of investment in 311 

pig farming by major enterprises in 2016, which saw hog price spiral through year-round highs. In 2017, 312 

piglet sales and pork prices all fell to varying degrees. The price of piglets is affected by pig price, weather 313 

factors and farmers' mentality of filling hurdles. Since the first case of African swine fever was found in 314 

China on August 3, 2018, African swine fever has spread rapidly in China. There was a slight decrease 315 

in 2017 and 2018 from the boom to the freezing point. The main reason for the sharp decline in 316 

investment is the impact of the economic environment. Most China’s enterprises have a tight capital 317 

chain, and large enterprises have expanded the proportion of breeding in the "company + farmer" mode, 318 

and purchased a large number of piglets for stocking. In summary, PBG showed a downward trend in the 319 

past 15 years, with a decrease of 0.27% in the common frontier and 0.14% in the regional frontier.  320 
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321 

322 

 323 

Fig.2. China’s various-sized PBG and its decomposition target during 2004-2018. 324 

 325 

As shown in Fig.2, the fluctuation trends of PBG and TC are similar under the common frontier and 326 

group frontier. The fluctuation range of EC is larger under the metafrontier. In 2008, the small-scale EC 327 

increased and TC decreased, while in the medium-sized and large-scale, TC rose and EC declined. This 328 

is mainly because after the Ministry of Agriculture released the “Animal manure resource utilization 329 

action plan (2017-2020)”, the nation promoted the resource utilization of livestock and poultry breeding 330 

wastes, accelerated the transformation and upgrading of animal husbandry, and constructed a new pattern 331 

of sustainable development of farming-breeding combination and farming-pastoral cycle, which 332 

improved the standardized breeding technology. In the "Lament" voice of prohibition and restriction 333 

breeding, a new way is pointed out for farmers: as long as the waste resources of livestock and poultry 334 
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can be effectively utilized, the forbidden areas such as water sources can be far away, and the efficient 335 

green ecological breeding industry can be developed, pigs can not only be raised, but also own the support 336 

of the government. China's environmental protection policy continues to tighten. Driven by both policies 337 

and technologies, green ecological transformation and promoting large-scale modern farming must be 338 

the theme of the future pig industry. Combined with the actual situation in China, the first half of 2014 339 

and 2015 are the golden opportunities for pig breeding industry to expand against the trend. In 2016, it 340 

will make a rich profit, which is the due return of gold opportunities. In 2017, it will earn the return of 341 

the expansion of the trend. Of course, there is certainly no downside to profit. 2018 is a loss period, 342 

making PBG decline. 343 

Large-scale PBG is higher than medium and small scale. The construction of large-scale farm takes 344 

about one year. It takes about two years to introduce sows to produce piglets, and then to develop piglets 345 

into commercial pigs. Without sows, there would be no piglets, and the supply of subsequent commercial 346 

pigs would not go up. Since 2012, the reason for technological progress may be that large-scale pig farms 347 

gradually introduced to foreign countries and learned the technology to adapt to large-scale pig farms in 348 

practice. However, with the scale expansion of pig farms, exceeding the appropriate scale, the 349 

unreasonable resource allocation has begun to show the characteristics of decline in technical efficiency. 350 

The State Council’s "13th Five-Year Plan" on ecological and environmental protection requires that the 351 

relationship between pig production and environmental protection should be well handled through 352 

"prohibition, restriction, transfer and governance". By the end of 2017, various regions should close or 353 

relocate pig farms and specialized breeding households in the forbidden areas according to law. From 354 

2017 to 2018, both the quantity and the price of live pigs in China were low, reflecting the enthusiasm of 355 

pig farmers to fill the hurdle is not high, but the enthusiasm is gradually rising. 356 

As can be seen from Fig.3, under the common frontier, the PBG of Guizhou (0.9880), Shandong 357 

(0.9942), Jilin (0.9950) and Anhui (0.9957) is lower, while Hunan (1.0035), Guangdong (1.0033) and 358 

Hubei (1.0030) are higher, all above 1, showing positive growth. Under the regional frontier, the PBG of 359 

Heilongjiang (0.9930), Shandong (0.9935), Guizhou (0.9939), Jilin (0.9947) is lower, while Guangxi 360 

(1.0066), Guangdong (1.0039), Yunnan (1.0014) and Hubei (1.0012) are higher, all exceeding 1, 361 

indicating positive growth. Whether in the common frontier or group frontier, the PBG of Guizhou, 362 

Shandong and Jilin are all reciprocal, and the growth is negative. TC value is also less than 1, indicating 363 

that the level of environmental protection farming technology in these areas needs to be improved. 364 

Guangdong and Hubei ranked the top four of the two frontiers, demonstrating that the pig farms in these 365 

areas have been upgraded in animal welfare, environmental protection treatment, technological 366 

innovation and other aspects, providing a transformation and upgrading scheme for China's modern 367 

agriculture once again. In addition, some pig breeding enterprises have gradually formed a three-368 

dimensional sales system of "online e-commerce + offline supermarket + high-end experience store". 369 

The innovative attempt to inject Internet gene into pork sales channels is also of great significance to 370 

China's pig industry. Although the tax on solid and water pollution increases the economic burden of the 371 

farms, it can promote the reduction of emissions from the source, strengthen the resource utilization of 372 

manure, boost the sustainable development and bring long-term economic benefits. Under the heavy 373 

pressure of environmental policies, some local governments have excessive demolition and "one size fits 374 

all" phenomenon. In this regard, the leaders at all levels of the Ministry of Agriculture have repeatedly 375 

stressed the need to standardize the zoning of prohibited breeding areas, prevent the blind expansion of 376 

captivity breeding areas, simply close down the farms, and vigorously stabilize the pig industry.  377 

 378 



 13 

 379 

Fig.3. PBG and its decomposition target in different provinces. 380 

 381 

As shown in Fig.4, under the metafrontier, the small-scale (0.9960) PBG is the lowest, the medium-382 

sized (0.9968) is the second, and the large-scale (0.9992) is the highest. The values of three-scales TC 383 

are all negative growth, and of EC are positive growth. Under the regional frontier, small-scale PBG fell 384 

0.26%, medium-sized PBG fell 0.11%, and large-scale PBG fell 0.04%. Under the group frontier, the 385 

PBG is higher than that under the common frontier, and the average annual PBGs of the whole country 386 

are 0.9986 and 0.9973 respectively, which are all negative growth. This is mainly because China has only 387 

begun to implement the promotion of low-carbon farming technology in recent three years. However, 388 

promotion takes time. Most areas still adopt traditional breeding methods. The overall application level 389 

of modern environmental protection breeding technology in China is low, resulting in low PBG in the 390 

whole country. Therefore, it is necessary to vigorously improve the environmental protection technology 391 

level of pig breeding. Whether grouped or not, small-scale farming in Hunan, medium-scale farming in 392 

Guangdong, and large-scale farming in Jiangsu, Hubei, Chongqing, Yunnan and Guangdong are all 393 

outstanding. Sichuan is a traditional pig province with rapid development of pig industry, but the pig 394 

industry in Northeast, Henan, Shandong and other places develops more rapidly. Compared with them, 395 

there is a certain gap in large-scale breeding, selection of excellent varieties and pork quality in Sichuan, 396 

resulting in negative PBG.  397 
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 398 

Fig.4. Various-scaled PBG in different provinces 399 
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 400 

Fig.5. TGR in general and different scale during 2004-2018. 401 

As shown in Fig.5, from the perspective of time, the fluctuation range of TGR was relatively large 402 

before 2012, gradually flattened from 2012 to 2016, hovering around 1, at a high level. It indicates that 403 

the frontier of regional frontier is closer to the common frontier. But after 2016, the volatility began to 404 

increase gradually. This is mainly because 2017 is a year of ups and downs for China's pig breeding 405 

industry. Whether it is the fluctuation of pig prices in the market, the promotion of modern agriculture in 406 

policy, the full implementation of prohibition breeding and restriction farming, the innovation and 407 

development of breeding technology, or the large-scale expansion at the enterprise level, all involve every 408 

enterprise, every practitioner, and even every consumer in the pig industry chain. On January 1, 2018, 409 

the “Environmental Protection Tax Law” was formally implemented and the implementation of 410 

environmental protection tax law is a severe test for the breeding industry. The tax law stipulates the 411 

main pollution emitted by pig farms with 500 or more pigs are water pollutants and solid pollutants. 412 

According to the relevant investigation, a pig farm with 500 pigs on hand in Guangdong should pay the 413 

tax of at least 4.6 yuan per pig. In a short time, this will cause some harm to the pig industry. On the 414 

whole, the technology presents the trend of regression, and technical efficiency is an increasing trend. 415 

The reason may be that with the development of large-scale pig breeding, the technology updates slowly, 416 

and the technology adapted to small-scale pig farm cannot adapt to large-scale production, so it is 417 

manifested as technological regression. The reason for the progress of technical efficiency is that with 418 

the expansion of pig farm scale, it presents the characteristics of scale economy.  419 

4.2The change of PBG in different regions 420 

 421 
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422 

423 

 424 

Fig.6. PBG in three regions during 2004-2018 425 

 426 

According to Fig.6, in the past 15 years, PBG fluctuated greatly from 2004 to 2009 and remained 427 

stable after 2015, with the lowest PBG in 2007 and the highest PBG in 2016. Under the common frontier, 428 

PBG decreased by 3.57% in 2007 and increased by 0.91% in 2016. Under the regional frontier, PBG 429 

decreased by 3.19% in 2007 and increased by 0.99% in 2016. Obviously, the degree of decline is greater. 430 

The weak positive growth in some specific years does not make up for the negative growth in most years, 431 

so the average PBG is negative. The eastern region and western regions have higher PBG under the 432 

regional frontier, while the central region has higher PBG under the common frontier. This shows that 433 

the central region still relies on traditional breeding technology to a large extent, and the level of low-434 

carbon pig breeding technology is low. In recent years, the development of pig industry is not optimistic, 435 

and the PBG generally shows a negative growth. The reason is that the periodic imbalance between 436 

supply and demand in 2017 has supported the rapid recovery of pig market price. Farmers continue to be 437 

reluctant to sell and support the price, the intention of slaughterhouse to reduce the price is obvious, and 438 

the domestic pig market supply and demand game situation is intensified. In some areas, the impact of 439 

Vietnam pig is huge, and the price has decreased. In terms of demand, the pork sales of northern 440 

enterprises are not ideal and the pork price is difficult to raise. The cost pressure and the intention of 441 
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price reduction is heavy. The production of southern pickled food is gradually opening up, and the 442 

growing demand will also have a certain stimulating effect. In 2018, pig prices continued to decline. This 443 

mainly because, on the one hand, scale farms are still expanding, and the concentration on pig breeding 444 

market is gradually increasing, on the other hand, in the context of sufficient pig supply, the demand 445 

follows up slowly, the market is oversupply, and the overall pig price is declining. Although China's PBG 446 

showed a downward trend after 2016, it is expected to recover slowly over time and rise steadily.  447 

 448 

449 

450 

 451 

Fig.7. Three-sized PBG in three regions during 2004-2018. 452 

 453 

As can be seen from Fig.7, the three-scaled PBG under the regional frontier has a larger fluctuation 454 

range than that under the common frontier, and the fluctuation trend is the same. Under the metafrontier, 455 

the PBG of the central region is higher than that of the eastern and western regions, and the large-scale 456 

PBG is higher than that of the medium-sized and small-scale, but there is little difference among the three 457 

scales. After 2016, PBG showed a downward trend. Since 2017, China has paid more and more attention 458 

to the environmental protection. Strict control of the environment problems of the aquaculture industry 459 

has made it difficult to move forward and narrow the scale. In 2017, raising farm animal welfare has 460 

become an essential issue for the pig industry. On October 12, 2017, the World Farm Animal Welfare 461 

Conference was held in China. This was the first grand meeting held by the Food and Agriculture 462 

Organization of the United Nations for farm animal welfare. The first congress was held in China, which 463 

attracted more attention from Chinese breeding enterprises and scientifically understand farm animal 464 
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welfare, and realized the positive role of practical animal welfare practice in the farming development 465 

and pork quality. After the meeting, more and more Chinese breeding enterprises began to practice animal 466 

welfare to ensure the sustainable development of breeding. Since the national regulation of implementing 467 

environmental protection farming in 2017, Chongqing in the western region, Henan in the central region 468 

and Jiangsu in the eastern region will complete the task indicators ahead of schedule by 2018. Anhui and 469 

Hubei in the central region will also complete the task of banning breeding by the end of the year. 470 

Guangdong in the eastern region and other places will also complete the relevant work at the beginning 471 

of 2018. After the ban, the next step is to promote the recycling of livestock and poultry manure. Many 472 

small-scaled and medium-sized farmers have not survived the difficulties, forced to give up pig breeding. 473 

Before withdrawing from the market, they will inevitably put live pigs into the market, resulting in a 474 

decline of pig prices.  475 

 476 

 477 

Fig.8. Average PBG and its decomposition target in three regions. 478 

 479 

As shown in Fig.8, under the common frontier, the average annual PBG of eastern region, central 480 

region and western region is 0.9980, 0.9985 and 0.9951, respectively. Under the regional frontier, the 481 

PBG of three regions are 0.9987, 0.9969 and 1.0006, respectively. In the western region, the PBG is the 482 

lowest under the common frontier, and is the highest under the regional frontier. It is positive growth, 483 

indicating that the western region has more development potential and advantages when considering the 484 

regional factors.  485 

The eastern region is mostly located in the plain areas of various river basins, with developed 486 

transportation, broad market and easy industrial agglomeration. At the same time, the more developed 487 

the economy is, the more bulk farming is replaced by large-scale farming. The transformation of 488 

production mode is more conducive to the rational use of existing resources, avoid unnecessary cost 489 

waste, and maximize profits and benefits. Guangdong Wen's Group occupies a relatively large market 490 

share in Chinese pig industry. Its livestock and poultry breeding business mainly focuses on raising pigs 491 

and chickens. The enterprise adopts the mode of "company + family farm" and implements the one-stop 492 

production and operation mode of whole management process of industrial chain. This makes 493 

Guangdong PBG ahead of the rest of the country. The development of pig breeding industry in the central 494 

region is slow, so the investment supported by the government is mainly concentrated in Henan, Liaoning, 495 

Heilongjiang, Jiangsu, Guangxi, Hebei and Shandong. The fluctuation of PBG is mainly caused by the 496 

fluctuation of technical progress index. The fluctuation of technical progress mainly fluctuates with the 497 

fluctuation of pig breeding industry, that is, the change of disease and pork price. According to the 498 
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analysis of relevant statistical data, it is found that the fluctuation of PBG (technology progress index) 499 

has a relatively consistent fluctuation trend with the pork price. The reason is that when the pork market 500 

is good, large-scale pig farms have the incentive to research and introduce new technologies. Conversely, 501 

existing technologies may be idle. 502 

503 

 504 

 505 

Fig.9. Different sized average PBG and its decomposition target in three regions. 506 

 507 

As shown in Fig.9, under the metafrontier, the three-sized PBG in the eastern region are 0.9960, 508 

0.9971 and 1.0009, respectively, in the central region are 0.9985, 0.9978 and 0.992, respectively, and in 509 

the western region are 0.9930, 0.9951 and 0.9971, respectively. The large-scale PBG in the eastern region 510 

is greater than 1. The three scales of PBG in the central region and western region are less than 1. Under 511 

the group frontier, the PBGs of small, medium and large scale in the eastern region are 0.9960, 0.9989 512 

and 1.0011, in the western region are 0.9961, 0.9965 and 0.9981, and in the western region are 1.0004, 513 

1.0017 and 0.9996. Similarly, the large-scale PBG in the eastern region is greater than 1, and the three 514 

scales in the central region are all less than 1. But the small-scale and medium-sized PBG in the western 515 

region are greater than 1, indicating that in the case of considering regional factors, the western region 516 

has better development and pays more attention to the ecological effects. The natural breeding conditions 517 

in the western region of China are superior. At the same time, the large-scale PBG is higher than the 518 
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medium-sized PBG and small-scale PBG, whether under the common frontier or the group frontier, 519 

whether in the eastern area, the central area or the western area. 520 

Although the intensity of environmental regulation and pollution control investment in the eastern 521 

region are higher than those in the central region and western region, due to the relatively backward 522 

economic development in the western region, it is easy to select sites suitable for large-scale pig farm 523 

construction and less ecological environment damage in this region. In addition, the main environmental 524 

pollutants produced by pigs are feces and urine, while the western region is a large agricultural province 525 

with sparsely populated land, high forest coverage and large absorption of pollutants. Therefore, 526 

considering the regional heterogeneity, the average PBG in the western region is higher than that in the 527 

eastern region and central region, with a positive growth.  528 

 529 

Fig.10. Average TGR in different regions. 530 

 531 

As shown in Fig.10, the TGR of Jilin, Zhejiang and Jiangsu are all 1.0003, indicating that the gap 532 

with the metafrontier is only 0.03%. The TGR of Guangdong was 0.9995, and that of Anhui was 1.0005, 533 

indicating that there was only a 0.05% gap with the common frontier. From the regional level, the TGR 534 

of the eastern region is 0.9993, that of the central region is 1.0016, and that of the western region is 535 

0.9945, all around 1. The TGR of the western region is negative, showing that the western region has not 536 

reached the best frontier technology level, which is 0.55% lower than that of the common frontier. The 537 

TGR in the central region is greater than 1, indicating that the technology level of the central region is 538 

advanced, the promotion of low-carbon aquaculture technology is high, and the gap with the common 539 

frontier is 0.16%. Although TGR in eastern China is negative, it is only 0.07% lower than the common 540 

frontier. This is in line with the actual situation in China, the western region is backward in economy, 541 

mainly in traditional pig breeding mode, and the level of clean farming technology is low. However, the 542 

central region and the eastern region are densely populated and have relatively developed economy, so 543 

there has the power to carry out technological innovation and improve management level.  544 
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5 Conclusions and policy recommendations： 545 

Based on the MinDW-MML model, this paper calculates the PBG under the common frontier and 546 

regional frontier of Chinese 17 provinces from 2004 to 2018, and decomposes it into TC and EC. The 547 

outcomes show that:  548 

(1) Regardless of the common frontier or the group frontier, the PBG presents large spatial and 549 

temporal differentiation characteristics. Compared with the eastern region and central region, the western 550 

region has obvious advantages in PBG. The PBG of the three regions under the common frontier is 551 

0.9980, 0.9985 and 0.9951, respectively. The regional frontiers are 0.9987, 0.9969 and 1.0006, 552 

respectively. Although the PBG of the western region is lower under the common frontier, the PBG is 553 

significantly higher than the other two regions considering the regional heterogeneity, and is greater than 554 

1.  555 

(2) The overall PBG appears a downward trend, which is mainly due to the technical degradation. 556 

Pork price and disease lead to obvious fluctuation characteristics in PBG and TC indices. The significant 557 

fluctuation of PBG in 2007 indicated that the pig epidemic prevention and control situation and the 558 

stability of the market had an essential impact on the pig production level.  559 

(3) Compared with small-scale and medium-sized PBG, large-scale PBG has apparent advantages. 560 

The PBGs of the three scales under the common frontier are 0.9960, 0.9968 and 0.9992, respectively. 561 

And the group frontiers are 0.9974, 0.9989 and 0.9996, respectively. It highlights the important role of 562 

scale advantage in China's pig breeding industry.  563 

According to the current situation of China's pig industry, the following policy implications are put 564 

forward:  565 

(1) Make full use of geographical and natural conditions and attach importance to the development 566 

of pig breeding in the western region. The western region of China has vast land and sparsely populated. 567 

The natural environment conditions are fantastic. The region with higher PBG have higher environmental 568 

control cost of cultivated land. The western region in the deep inland can give priority to the development 569 

of large-scale pig breeding, while the central region needs to overcome the natural conditions to develop 570 

scale breeding. The eastern region should consider importing more pigs from other regions or building 571 

breeding bases in foreign ports under the condition of meeting certain pork guarantee rate in this region.  572 

(2) Increase the research and introduction of pig breeding clean technology, and improve the 573 

application efficiency. It is necessary to think highly of the prevention and control of pig diseases and 574 

stabilize the pork price. The government should strengthen the implementation of environmental 575 

protection policies and related laws and regulations, and enhance the promotion of environmental 576 

protection technology in pig breeding. With the increasing pressure on environmental problem, retail 577 

farming will accelerate the exit from the market. In this way, in addition to reducing the market live pig 578 

supply, it can also make the industry transition to specialization and scale. At the same time, the decrease 579 

of the proportion of individual farms makes the industry concentration increased, which is more 580 

conducive to improve the technical application ability of technology absorption side, and accelerate the 581 

update speed of new technology of Chinese rural pig breeding.  582 

(3) Vigorously develop large-scale pig breeding, and gradually realize the transformation from 583 

scattered farming to large-scale breeding. Under the influence of price fluctuations and other factors, 584 

large-scale farms and group farming still have profits, while small-scale farmers and secondary fattening 585 

households are relatively not optimistic, and will suffer losses, which is the law of natural elimination of 586 

the market. Large scale breeding plays an extremely important role in coming true the industrialization 587 
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of pig breeding, improving hog production efficiency and meeting people's meat demand from both 588 

technological progress and industrial development.  589 
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Figures

Figure 1

China’s PBG and its decomposition target during 2004-2018.



Figure 2

China’s various-sized PBG and its decomposition target during 2004-2018.



Figure 3

PBG and its decomposition target in different provinces.



Figure 4

Various-scaled PBG in different provinces Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 5

TGR in general and different scale during 2004-2018.



Figure 6

PBG in three regions during 2004-2018



Figure 7

Three-sized PBG in three regions during 2004-2018.



Figure 8

Average PBG and its decomposition target in three regions.



Figure 9

Different sized average PBG and its decomposition target in three regions.



Figure 10

Average TGR in different regions. Note: The designations employed and the presentation of the material
on this map do not imply the expression of any opinion whatsoever on the part of Research Square
concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.


