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A B S T R A C T   

Environmental impacts of milk production are depending on the production efficiency of livestock and cropland. 
A mode of integrated maize silage planting and dairy breeding system (IPBS) has been widely promoted in China, 
as a promising way to recycle manure, reduce chemical fertilizer consumption and improve soil quality. How-
ever, quantitative environmental impacts and mitigation potential of this system remains unclear. In this study, 
based on life cycle assessment (LCA), environmental performance of non-IPBS and IPBS were compared: non- 
IPBS only involved dairy cow breeding, whereas maize silage planting was incorporated in IPBS. Results indi-
cated that, although 60% of the surveyed dairy farms adopted IPBS, the self-sufficiency rate of maize silage was 
57%. Compared with non-IPBS, IPBS had apparent potential in reducing global warming potential (− 14%), 
acidification potential (− 10%), eutrophication potential (− 18%), non-renewable energy use (− 10%), water use 
(− 8%) and land use (− 13%). It is estimated that, in China, 81% of dairy farms could adopt IPBS, resulting in a 
reduction of approximately 21% in greenhouse gas (GHG) emissions to compared with current situation, but the 
premise is that 2.0 million ha cropland should be applied for maize silage cultivation. Interestingly, environ-
mental performance of IPBS was affected by the self-sufficiency rate of maize silage and restricted by milk yield 
and maize silage yield. Thus, mitigation of environmental impacts of milk production could be realized by 
combining a short-term strategy of increasing maize silage planting area in dairy farms and a long-term plan for 
technological improvements in the yield of crop and milk.   

1. Introduction 

From a global perspective, livestock contributes half of global agri-
cultural gross domestic product (GDP) and it is responsible for economic 
benefits to at least 1.3 billion producers and retailers (Herrero et al., 
2016; Thornton, 2010). On the other side, it is one of the foremost 
contributors to global resource consumption and gas emissions, because 
it occupies 33% of global cropland for animal fodder production, con-
sumes 32% of global agricultural water, contributes 15% of global 
greenhouse gas (GHG) emissions, and produces over 20% of NH3 
emissions (Herrero et al., 2016; Wei et al., 2018). As global demand for 
ruminant meat and dairy products grows, GHG and NH3 emissions from 
livestock will be expected to double by 2050 (Du et al., 2018), which 
indicates that environmental performance and resource utilization 

efficiency of livestock production must be enhanced to ensure the sus-
tainable and cleaner livestock production in the future. 

Though livestock production undertakes part of the responsibility for 
global GHG and NH3 emissions, it has potential for improvement, 
especially in dairy industry. In milk production system, the sources of 
gas emissions can be divided into direct and indirect emissions (Kim-
berly et al., 2011): 1)direct emissions refer to gases produced by cows, 
including enteric fermentation and volatilization from excreted manure; 
2)indirect emissions are gases that are either produced in fodder pro-
duction or generated as a result of energy consumption during dairy cow 
breeding and the transportation of fodder and manure. Obviously, direct 
and indirect emissions are interconnected and are dependent on the 
production efficiency of livestock and cropland. An integrated maize 
silage planting and dairy cow breeding system (IPBS, for abbreviations 
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used in this study see Table 1) substantially increases the recycling rate 
of manure and maize silage, while simultaneously lowering chemical 
fertilizer consumption for maize silage planting and energy consump-
tion in fodder and manure transportation (Fig. 1). These all have a 
positive effect on both environmental production and resource 
conservation. 

In China, the high-speed development of intensive animal husbandry 
results in the massive construction of dairy farms. There are two typical 
milk production systems in China: Only dairy cow breeding system (non- 
IPBS) and IPBS (Fig. 1). During the feeding phase of non-IPBS, all of the 
maize silage is purchased, which raises the cost of fodder and energy 
consumption in transportation. Moreover, substantial amounts of dairy 
cow manure are wasted in this system. For the fodder planting phase, 
farmers generally prefer to use chemical fertilizer rather than organic 
fertilizer (Zhang et al., 2019, 2020), while recycling manure applied to 
cropland is a challenge. Thus, the decoupling of livestock and cropland 
is occurring, resulting in considerable amounts of manure and straw 
waste, which consequently leads to marine, terrestrial and atmospheric 
pollution (Jin et al., 2020). On the contrary, IPBS has been widely 
promoted in China as a promising way to realize the recycling of manure 
to fields, reduction of chemical fertilizer consumption and improvement 
of soil quality by manure application. Since 2017, the Chinese govern-
ment has launched a program named “planting crops for feed instead of 
food” in 17 provinces (MOA, 2017), particularly for maize silage, to 
ensure a sufficient high-quality roughage and maximized milk yield. 
Generally, IPBS is defined as an agricultural system that is designed to be 
restorative and regenerative between livestock and cropping (Winans 
et al., 2017; Yin et al., 2013). Materials and substances flow through 
IPBS estimates to be more efficient. 

Although the technical advantages of IPBS are widely recognized, 
there is still a lack of information on environmental performance. Life 
cycle assessment (LCA) is a method to quantitatively estimate environ-
mental impacts of products, processes and activities (Michael et al., 
2016). For milk production system, it has significant impacts on GHG 
emissions and energy consumption (Herrero et al., 2016; Wang et al., 
2016, 2018), as well as on eutrophication, acidification, photochemical 
oxidant formation, land and water scarcity (Baldini et al., 2017; Battini 
et al., 2014; Eshel et al., 2014). In Europe, the self-sufficiency rate of 
fodder exceeds 70%, and this high rate has led to a reduction in GHG 
emissions, acidification and energy consumption (Matteo et al., 2013). 
Maize silage cultivation by dairy farm mitigates global warming, 
eutrophication, acidification and land use in New Zealand (Basset-Mens 
et al., 2009). The fodder production, enteric fermentation and manure 
management are the three major GHG emission sources in milk pro-
duction system (Del et al., 2013; Wang et al., 2016). Fodder production 
is a significant determinant of global warming, energy use, land use and 
water consumption, while eutrophication and acidification are mainly 
affected by manure management (Wang et al., 2018). Besides GHG 
emission mitigation (Awasthi et al., 2019; Nkoa, 2014), IPBS has the 
additional advantages of reducing odors and water contamination by 
manure digestion, as well as improving crop residue utilization 

efficiency and soil fertility by manure application (Wei et al., 2000; 
Zheng et al., 2012). 

Therefore, evaluation of the environmental performance of milk 
production based on the whole system perspective is needed. Relevant 
research showed that environmental impacts were mainly dependent on 
the production efficiency of livestock and cropland (Basset-Mens et al., 
2009; Fan et al., 2018; Zucali et al., 2018). Only by reducing environ-
mental impacts from all processes, including fodder production, milk 
production and transportation, can the goal of low carbon production in 
dairy industry be achieved. IPBS is considered to have high potential in 
reduction of environmental impacts. However, existing studies paid 
insufficient attention to this work. An in-depth and accurate comparison 
of environmental performance between IPBS and non-IPBS in milk 
production system should be considered. Hence, based on life cycle 
assessment (LCA), this study compared the environmental performance 
of non-IPBS and IPBS in Shandong and Heilongjiang provinces in China, 
non-IPBS only contained dairy breeding, whereas maize silage planting 
was incorporated in IPBS. This study is for: 1)what are the environ-
mental performances in milk production system under non-IPBS and 
IPBS; 2)what are the determinants of environmental performance in 
IPBS; 3)what are the potentials to reduce GHG emissions through IPBS. 
The practical significance of this study is selecting optimal technologies 
with lower environmental impacts, which is crucial for the proposes of 
relevant policies to support the government in promoting the 
low-carbon development of dairy industry. 

2. Materials and methods 

2.1. IPBS in milk production system in study region 

Milk production regions are mainly distributed in northern China, as 
well as the main maize cultivated area (Fig. 2). In 2019, China produced 
about 32 million tons of milk, with about 11 million dairy cows and 41 
million ha of maize cropland (NBSC, 2020), of which about 5% was 
planted for maize silage. In 2019, Shandong and Heilongjiang province 
produced about 2.2 million tons and 4.7 million tons of milk, accounting 
for 7% and 15% of the total milk in China, respectively. There were 3.8 
million ha of maize cropland in Shandong, and 5.9 million ha in Hei-
longjiang (NBSC, 2020). In terms of the policy, since 2016, two prov-
inces have implemented a subsidy policy of maize silage planting, with a 
subsidy level of 20–50 CNY/t in Shandong and 60–100 CNY/t in Hei-
longjiang (DARH, 2020; SPG, 2016). By the end of 2020, the planting 
area of maize silage in Shandong and Heilongjiang have been over 333 
and 46 thousand ha, respectively (DARH, 2020; SPG, 2016). 

Thus, we conducted a dairy farm survey in Shandong and Hei-
longjiang provinces, including 223 dairy farms (i.e. 109 in Qingdao, 
Shandong and 114 in Harbin, Heilongjiang) via a face-to-face interview 
from August to December in 2020. A total of 189 valid dairy farms’ data 
were obtained. There were mainly two milk production systems (non- 
IPBS and IPBS) in the study region, even across the country (Fig. 3). In 
non-IPBS, manure was composted into organic fertilizer, and was mainly 
consumed in orchards or vegetable fields. In IPBS, maize silage planting 
was incorporated, manure was composted into organic fertilizer, and 
then applied to maize silage cropland. 

Table 2 presents basic information for various dairy farms. Milk yield 
for per lactating cow in non-IPBS and IPBS were 8372 and 8493 kg/year, 
individually. Although IPBS had a higher milk yield compared with non- 
IPBS, there was no significant difference after the T-test. Milk yield in 
Shandong was significantly higher than that in Heilongjiang, the reason 
might be the different diets (Table 4). Maize silage yield in IPBS was 
43995 kg/ha, and the yield in Heilongjiang was significantly higher than 
in Shandong. An overview of the surveyed 189 dairy farms, 60.3% 
adopted IPBS with about 56.6% of self-sufficiency rate of maize silage. 

Table 1 
Main abbreviations used in this study.  

Abbreviation Explanation 

IPBS Integrated maize silage planting and dairy cow breeding system 
non-IPBS Only dairy cow breeding system 
LCA Life cycle assessment 
FPCM Fat and protein corrected milk 
GWP Global warming potential 
EP Eutrophication potential 
AP Acidification potential 
NREU Non-renewable energy use 
WU Water use 
LU Land use 
OLS Ordinary least square 
CNY Chinese yuan, 1 CNY = 0.1534 USD (December 31, 2020)  
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Fig. 1. Two typical milk production systems in China (IPBS: high recycling rate, low environmental impacts; non-IPBS: low recycling rate, high environ-
mental impacts). 

Fig. 2. Study region, cow distribution and maize planting area in China.  
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2.2. Goal and scope definition 

LCA has been widely applied in environmental assessment of agri-
cultural production (Baldini et al., 2017; Sara et al., 2016; Wang et al., 
2018). The key to applying LCA is how to establish a linkage between the 
inventory of inputs for the system and its potential environmental im-
pacts. In this study, the LCA framework and methodology were intro-
duced according to ISO 14040 standard (ISO, 2020). This study aimed to 
quantify environmental impacts of milk production system under 
non-IPBS and IPBS in Shandong and Heilongjiang provinces. 2.2.1. System boundary 

System boundaries were set by using a “cradle-to-gate” approach, 
two milk production systems were involved, i.e., non-IPBS and IPBS 

Fig. 3. System boundaries for IPBS and non-IPBS.  

Table 2 
The basic information of various dairy farms.   

non-IPBS IPBS 

ShanD HeiLJ Total ShanD HeiLJ Total 

Lactating cow 81.4 109.2 95.1 129.6 128.9 129.2 
Non lactating cow 24.5 51.0 37.6 30.8 57.0 46.7 
Finishing cow 62.2 72.4 67.2 102.0 44.4 67.1 
Calf 28.1 35.4 31.7 39.7 37.4 38.3 
Total cow 196.1 270.8 233.0 302.2 267.7 281.3 
Milk yield (kg/year/ 

cow) 
8588a 8173b 8383 8781a 8334b 8510 

Price of milk (CNY/ 
kg) 

3.63 3.63 3.63 3.64 3.66 3.66 

Total cropland (ha) 0 0 0 12.97 49.15 34.87 
Cropland for maize 

silage-(wheat) (ha) 
* 

0 0 0 10.35 35.41 25.52 

Wheat (kg/ha)* - - - 6927 - - 
Maize silage (kg/ha)* - - - 39743a 46768b 43995 
Self-sufficiency rate 

of maize silage (%) 
0.0 0.0 0.0 31.8 72.7 56.6 

Sample size 38 37 75 45 69 114 

Note: “ShanD” Shandong province; “HeiLJ” Heilongjiang province;“CNY” Chi-
nese yuan, 1 CNY = 0.1534 USD (December 31, 2020); “a” and “b” mean milk 
yield for per lactating cow and maize silage yield in two provinces by differ 
significantly at the 5% level; “*” the typical crop rotation system in Shandong is 
maize silage-wheat, and that in Heilongjiang is only maize silage. 

Table 3 
Maize silage-(wheat) planting in IPBS.    

ShanD HeiLJ Total 

Maize silage 
production* 

Application of fertilizer (N) 
(kg/ha) 

133 128 130 

Application of fertilizer 
(P2O5) (kg/ha) 

38 37 37 

Application of fertilizer 
(K2O) (kg/ha) 

29 28 28 

Application of organic 
fertilizer (N) (kg/ha) 

251 240 244 

Electricity (kWh/ha) 635 266 412 
Diesel (L/ha)# 56 56 56 
Irrigation water (m3/ha) 1270 532 823 
Maize silage (kg/ha) 39743a 46768b 43995 

Wheat 
production* 

Application of fertilizer (N) 
(kg/ha) 

136 - - 

Application of fertilizer 
(P2O5) (kg/ha) 

39 - - 

Application of fertilizer 
(K2O) (kg/ha) 

29 - - 

Application of organic 
fertilizer (N) (kg/ha) 

252 - - 

Electricity (kWh/ha) 735 - - 
Diesel (L/ha)# 56.5 - - 
Irrigation water (m3/ha) 1470 - - 
Wheat (kg/ha) 6927 - - 

Total Cropland (ha) 12.97 49.15 34.87 
Crop land in maize silage-(wheat) production (ha)& 10.35 35.41 25.52 
Sample size 45 69 114 

Note: “*” the typical crop rotation system in Shandong is maize silage-wheat, 
and that in Heilongjiang is only maize silage; “#” Due to the agricultural ma-
chinery was rented, and farm’s manager did not know the detailed diesel con-
sumption in fodder production, those data according to Liu (2017); “a” and “b” 
mean maize silage yield in two provinces by differ significantly at the 5% level; 
“&” Some farms only use part of own land to produce maize silage-(wheat), and 
the system boundaries did not include the emissions from other crops production 
in this study. 
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(Fig. 3). In non-IPBS, the pathway can be divided into: milk production, 
manure management, and transportation of fodder and manure. In IPBS, 
maize silage planting was incorporated, the pathway can be divided 
into: maize silage-(wheat) planting, milk production, manure manage-
ment, and transportation of fodder and manure. In both systems, 
vitamin supplements, medicines and bovine semen were not included, 
because of the low contribution to overall impacts (Battini et al., 2014; 
Wang et al., 2018). 

2.2.2. Functional unit and allocation 
The mass (kg) or volume (L) of raw milk was normally selected as a 

functional unit (FU). However, in order to emphasize the nutritional 
function of milk, the functional unit (FU) was 1 kg of fat and protein 
corrected milk (FPCM), which could be estimated with the following 
formula (Baldini et al., 2017): 

FPCM(kg)=Prodution(kg) × [(0.116 * Fat%)+ (0.06 * Protein%)+ 0.337]
(1) 

In this study, milk was regarded as the primary production, besides 
wheat (IPBS in Shandong), bull calf (both systems), culled cow (both 
systems), beef cattle (both systems) and organic fertilizer (both systems) 
were possible co-products. Thus, the overall environmental impacts 
should be burdened among the various products of the system. There 
were three typical allocation rules to distribute environmental impacts 

between milk and co-products (Baldini et al., 2017; Battini et al., 2014; 
Wang et al., 2018), including No allocation rule (all impact is allocated 
to the milk), Mass allocation rule (impact is based on the weight of the 
products leaving the system) and Economic allocation rule (impact is 
based on the value of the product sold). Different allocation rules lead to 
divergent results, Economic allocation rule is widely applied in present 
studies (Baldini et al., 2017; Battini et al., 2014; Wang et al., 2018), 
which is suitable for solving the problem of great difference in prices of 
co-products and coservices (Ardente et al., 2012). Therefore, the eco-
nomic allocation rule was introduced in this study. 

2.3. Inventory analysis 

2.3.1. Maize silage-(wheat) planting 
The typical crop rotation mode in Shandong is maize silage-wheat, 

and only maize silage in Heilongjiang. The inputs mainly included 
chemical fertilizers, organic fertilizers, pesticides, seeds, irrigation 
water and energy consumption for field operation. The products were 
wheat, wheat straw and maize silage (Table 3). In this study, wheat was 
sold, wheat straw was returned to field, maize silage was applied as 
fodder. IPBS significantly reduced the consumption of chemical fertilizer 
in maize silage planting. According to National Agricultural Product 
Cost-Benefit Data Compilation 2019 (NDRC, 2019), for only maize 
planting farm, the amount of applied N in chemical fertilizer was 384 
kg/ha in Shandong and 338 kg/ha in Heilongjiang, both were higher 
than that in this study (Table 3). Obviously, the consumption of chem-
ical fertilizer in IPBS was different from that of only crop production 
farm, which was the main factor affecting field emissions (Battini et al., 
2014). Emissions in this process were evaluated according to Table A1. 

2.3.2. Milk production 
In this process, the difference between the non-IPBS and IPBS was the 

source of maize silage. In IPBS, part of the maize silage was produced by 
farms’ own cropland, while all fodder was purchased in non-IPBS. Inputs 
were mainly fodder, water, electricity, diesel, infrastructures and pur-
chased cow. Products were milk, bull calf, culled cow, beef cattle and 
manure (Table 4). Based on our survey, fodders for dairy cows were 
mainly concentrate, maize grain, wheat bran, maize silage, cotton seed 
meal, oats, alfalfa and leymus chinensis. Only a few farms added dis-
tiller’s grain and rapeseed meal. Emissions from distiller’s grain and 
rapeseed meal were exceedingly low, which can be neglected in this 
study. Emissions in milk production included emissions from purchased 
fodder production, energy consumption (e.g. fodder processing, 
cowshed lighting and ventilation, water heating, milk refrigeration) and 
animal enteric emissions. Energy consumption emissions, purchased 
fodder production emissions, and animal enteric emissions were calcu-
lated according to Table A1, Table A2 and Table A3, respectively. 

2.3.3. Manure management 
Based on our survey, all dairy cows were Holstein. Excreted pa-

rameters of manure were demonstrated in Table A4. Various manure 
management leads to differences in emissions, composting was used in 
non-IPBS and IPBS. The inputs of this process were mainly electricity 
and diesel, output was organic fertilizer (Table 5). Emissions were from 
manure composting and energy consumption in organic fertilizer pro-
duction. Emissions from manure composting were reckoned according 
to Table A5. Energy consumption emissions were determined according 
to Table A1. 

2.3.4. Fodder and organic fertilizer transportation 
Differences between non-IPBS and IPBS were the transport distance 

of maize silage and organic fertilizer in this process. In IPBS, due to the 
self-produce of maize silage, part of organic fertilizer was used in farm’s 
own cropland, the transport distance was less than 1 km. In non-IPBS, 
purchased maize silage came from the local farm about 30 km away, 
organic fertilizer was sold to orchard or vegetable farmers about 20 km 

Table 4 
Milk production in different systems (average value for per farm).   

non-IPBS IPBS 

ShanD HeiLJ Total ShanD HeiLJ Total 

Concentrate (t/ 
year)* 

202.5 357.6 279.0 317.2 475.0 412.7 

Maize grain (t/ 
year) 

98.6 95.9 97.3 155.2 93.7 118.0 

Soybean meal 
(t/year) 

45.5 25.2 35.5 71.6 45.4 55.7 

Wheat bran (t/ 
year) 

38.1 2.4 20.5 59.7 1.1 24.2 

Purchased maize 
silage (t/year) 

886.5 2425.6 1645.8 977.6 2099.3 1656.5 

Produced maize 
silage (t/ 
year)# 

0.0 0.0 0.0 419.5 1620.3 1146.3 

Alfalfa (t/year) 97.0 87.7 92.4 148.9 82.0 108.4 
Oats (t/year) 105.2 36.2 71.2 153.2 48.1 89.6 
Leymus 

chinensis (t/ 
year) 

259.1 62.2 162.0 396.2 93.1 212.7 

Cotton seed 
meal (t/year) 

33.9 4.0 19.1 53.9 12.9 29.1 

FMCM (t/year) 890.1 1160.7 1023.6 1480.7 1339.8 1395.4 
Milk protein 

content (%) 
3.32 3.37 3.34 3.31 3.35 3.33 

Milk fat content 
(%) 

3.78 4.02 3.90 3.77 4.01 3.92 

Bull calf 
(number/ 
year) 

10.4 41.1 25.5 14.2 52.1 37.1 

Culled cow 
(number/ 
year) 

18.2 24.0 21.1 21.1 26.3 24.2 

Beef cattle 
(number/ 
year) 

1.6 6.5 4.0 2.4 3.4 3.0 

Electricity 
(kWh/year) 

86299 105598 95820 147297 105891 122235 

Diesel (L/year) 1943 3406 2665 3028 3246 3160 
Water (m3/year) 9079 11945 10493 13601 12419 12886 
Land occupation 

(ha) 
1.26 1.48 1.37 1.97 2.18 2.10 

Sample size 38 37 75 45 69 114 

Note: “*” concentrate contains 30% soybean meal, 50% maize grain, 10% wheat 
bran and 10% others. 
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on average. Concentrate, soybean meal, maize grain, and wheat bran 
came from local market, with the transport distance of approximately 
50 km. Cotton seed meal came from Gansu province with about 1830 km 
to Qingdao and 2650 km to Harbin. Leymus chinensis came from Hei-
longjiang province, and the transport distance was about 1720 km to 
Qingdao and 200 km to Harbin. Oats and alfalfa came from USA, 
transport distance reached about 18000 km to Qingdao and 20000 km to 
Harbin. The inventory data on transport were derived from the Ecoin-
vent Database v3.7 (EC, 2020). 

2.4. Life cycle impact assessment 

In order to get a comprehensive understanding of environmental 
impacts in both systems, the midpoint characterization method was 
introduced in this study (Fig. 4), during which emissions and extractions 
were weighted to represent their contribution to each midpoint category 
(Michael, 2016). Then the following environmental impact categories 
were analyzed: global warming potential (GWP), eutrophication po-
tential (EP), acidification potential (AP), non-renewable energy use 
(NREU), land use (LU) and water use (WU). Characterization factors for 
all the impact categories were summarized in Table A6. 

2.5. The linear regression model 

After calculating the environmental performance in IPBS, the next 
step is to identify determinants that influence environmental perfor-

mance in this system (Fig. 5). Because the GWP, AP, EP, NREU, WU and 
LU were continuous variables, thus Ordinary Least Square (OLS) can be 
used in this study. The equation is as follows: 

Yi =α + βZi + εi (2)  

where Yi is an explained variable, i.e. GWP, AP, EP, NREU, WU and LU 
for per kg− 1 FPCM, α is the constant term, Zi is the a vector of explan-
atory variables, β represents the coefficient of explanatory variables, εi is 
the error term. Definitions and descriptive statistics of the explanatory 
variables were presented in Table 6. 

3. Results 

In this study, the average economic allocation factor in milk pro-
duction system was 85.0% and 83.8% in non-IPBS and IPBS, respec-
tively. The total environmental performance in milk production system 
was calculated for 189 dairy farms in both systems (Table 7). Environ-
mental consequence of IPBS was better than non-IPBS (Fig. 6). 
Compared with non-IPBS, IPBS had great potential in reducing envi-
ronmental impacts and resource use, with a reduction ratio range from 
8% to 18% over various categories. 

3.1. Global warming potential 

The GWP for 1 kg of FPCM production was 1.11–1.40 kg CO2 eq. in 
two systems (Table 7). Those values were in line with previous re-
searches in China, with a range from 0.73 to 1.77 kg CO2 eq. (Ledgard 
et al., 2019; Wang et al., 2016, 2018; Liu et al., 2020; Zhou, 2017), but 
were higher than in Europe or New Zealand (Battini et al., 2014; Ledgard 
et al., 2019). In non-IPBS, GWP in Shandong was lower than that in 
Heilongjiang, mainly because that Shandong had a higher milk yield. In 
IPBS, the GWP in Shandong was higher than that in Heilongjiang, due to 
a higher self-sufficiency rate of maize silage in Heilongjiang. 

Interestingly, compared with non-IPBS, by incorporating self- 
produce maize silage in IPBS, total GWP decreased by 14%. In spe-
cific, GWP from fodder production process (including produced and 
purchased) decreased by 24% (Fig. 6). The reason might be the reduced 
consumption of chemical fertilizer replaced by organic fertilizer during 
maize silage production, which mitigates CO2 and CO emissions. GWP 

Table 5 
Manure management in different systems.   

non-IPBS IPBS 

ShanD HeiLJ Total ShanD HeiLJ Total 

Solid fraction (t/year) 1658 2266 1958 2589 2359 2450 
Liquid fraction (t/year) 490 663 575 773 738 752 
Organic fertilizer (t/year) 645 881 761 984 897 931 
Application of manure on 

own cropland (%) 
- - - 28.9 74.8 56.7 

Electricity (kWh/year) 1161 1586 1371 1812 1651 1715 
Diesel (L/year) 2213 3024 2613 3455 3148 3269 
Land occupation (ha) 0.14 0.23 0.18 0.41 0.21 0.29 
Sample size 38 37 75 45 69 114  

Fig. 4. Life cycle impact assessment framework.  
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from transportation process decreased by 7%, due to the self-produce 
can reduce the energy consumption in fodder transportation. The most 
significant contributor to GWP was fodder production, accounting for 
about 44% of the total environmental impacts, which means improving 
fodder production process was the key to achieve GHG emissions 
reduction in milk production system. Incorporating cropland to produce 
maize silage in dairy farms had great potential in reducing GHG 
emissions. 

3.2. Acidification potential 

The AP for 1 kg of FPCM production was 15.84–18.89 g SO2 eq. in 
two systems (Table 7). The results were in line with previous researches 
in China, with a variation from 12.1 to 30.0 SO2 eq. (Wang et al., 2018; 
Cao, 2012; Zhou, 2017), but higher than that from researches in Europe 
or Canada (Arsenault et al., 2009; Matteo et al., 2013). 

Compared with non-IPBS, the total AP for IPBS decreased 10%. 
During the process, AP from fodder production and manure manage-
ment decreased by 12% and 10%, respectively (Fig. 6). The reason was 
that self-produce maize silage could reduce chemical fertilizer con-
sumption by replacing organic fertilizer. Meanwhile, cropland is 
conducive to manure recycling, which has less discharged manure than 
non-IPBS, thus leading to lower SO2 emissions. In the whole process, 
about 32% of total AP derived from animal emissions, and about 30% of 
total AP derived from fodder production. Obviously, compared with 
animal emissions, reducing AP from fodder production was more 
achievable. Incorporating cropland to produce maize silage in dairy 
farms is an effective measure to reduce the total AP in milk production 
system. 

Fig. 5. Analytical framework in IPBS.  

Table 6 
Definitions and descriptive statistics of explanatory variables.  

Variables Definition Mean SD 

Age Age of dairy farm owner(year) 46.6 6.9 
Primary Education of dairy farm owner (1: 

primary school; 0: others) 
0.10 0.30 

Junior Education of dairy farm owner (1: 
junior high school; 0: others) 

0.56 0.50 

Senior Education of dairy farm owner (1: 
senior high school and above; 0: others) 

0.34 0.48 

Income Annual dairy farm income ( × 1000 
CNY) 

6015 5646 

Self-sufficiency rate 
of maize silage 

Self-sufficiency rate of maize silage 
dairy farm (%) 

56.6 39.4 

Maize silage yield Maize silage yield in dairy farm (kg/ha) 43995 6810 
FPCM for per 

lactating cow 
FPCM for per lactating cow (kg/head) 8435 1000 

Total dairy cow Total dairy cow in dairy farm (head) 281 198 
Proportion of 

lactating cow 
Proportion of lactating cow (%) 45.2 11.8 

Policy in manure 
management* 

The execution of policies for ban on 
manure direct discharge is strict or not 
by local government (1: yes; 0: no) 

0.92 0.27 

Shandong (1: Shandong; 0: other provinces) 0.39 0.49 
Heilongjiang (1: Heilongjiang; 0: other provinces) 0.61 0.49 

Note: “*” Policy in manure management refers to policies for prevention and 
control of pollution from manure direct discharge (e.g. in 2013, “Regulations on 
prevention and control of pollution from large-scale livestock and poultry 
breeding” was issued by the State Council of China (SC, 2013)), if dairy farm 
owner considered that the execution of policies for ban on manure direct 
discharge is strict by local government, we define “Policy in manure manage-
ment” as “1: yes”. 

Table 7 
Results for all the environmental impacts in both systems (per kg− 1 FPCM).   

non-IPBS IPBS 

ShanD HeiLJ Total ShanD Reduced* HeiLJ Reduced* Total Reduced* 

GWP (kg CO2eq.) 1.33 1.40 1.37 1.25 − 6.0% 1.11 − 20.7% 1.17 − 14.0% 
AP (g SO2eq.) 17.6 18.9 18.2 17.1 − 2.8% 15.8 − 16.4% 16.3 − 10.4% 
EP (g PO4

3− eq.) 8.52 9.09 8.80 7.72 − 9.4% 6.85 − 24.6% 7.19 − 18.3% 
NREU (MJ) 4.56 4.62 4.59 4.29 − 5.9% 4.03 − 12.8% 4.13 − 10.0% 
WU (L) 403 425 414 383 − 5.0% 380 − 10.6% 381 − 8.0% 
LU (m2) 1.46 1.60 1.53 1.37 − 6.2% 1.30 − 18.8% 1.33 − 13.1% 
Sample size 38 37 75 45 69 114 

Note: “*” the decreased percentage of environmental impacts compared with non-IPBS. 

X. Huang et al.                                                                                                                                                                                                                                  



Journal of Cleaner Production 309 (2021) 127343

8

3.3. Eutrophication potential 

The EP for 1 kg of FPCM production was 6.85–9.09 g PO4
3− eq. in two 

systems (Table 7). Results were in line with previous researches in 
China, ranging from 2.2 to 9.27 g PO4

3− eq. (Wang et al., 2018; Cao, 
2012; Zhou, 2017), and were similar to that of Europe (Matteo et al., 
2013), but were higher than that in Canada (Arsenault et al., 2009). EP 
has been significantly improved in milk production system benefited 
from the promulgation of effective policies relevant to manure man-
agement since 2013 (SC, 2013). 

Total EP of IPBS decreased by 18% compared with non-IPBS. Manure 
management decreased by 26% (Fig. 6). The reason might be that IPBS 
has its own cropland to dispose manure, especially liquid fraction, which 
has less discharge than non-IPBS, leading to lower loss of N, P and COD. 
Due to the separation of farms and orchards (vegetable fields), 40% of 
manure was discharged (Wang et al., 2018), which put a heavy burden 
on the environment. The largest contributor to EP was manure man-
agement, accounting for 62% of the total environmental impacts. The 
results indicated that controlling manure management was responsible 
for achieving EP reduction in milk production system, dairy farms with 
their own cropland can dispose manure and avoid manure leakage in 
transportation. 

3.4. Non-renewable energy, water and land use 

The NREU for 1 kg of FPCM production was 3.59–4.56 MJ in two 
systems (Table 7). Those values were in line with previous researches in 
China (Wang et al., 2018; Liu et al., 2020), but were higher than that in 
Europe or Canada (Arsenault et al., 2009; Matteo et al., 2013). 
Compared with non-IPBS, the NREU in IPBS decreased by 10%. Trans-
portation process and fodder production process decreased by 26% and 
5%, respectively (Fig. 6). Self-produce maize silage can save energy 
consumption in transportation. Meanwhile, dairy farms used organic 
fertilizer to reduce chemical fertilizer consumption, which omitted en-
ergy consumption from chemical fertilizer production. The most sig-
nificant contributor to NREU was fodder production, accounting for 
71% of the total energy consumption. This means that reducing NREU 
from fodder production was the key to achieve NREU reduction in milk 
production system. 

The WU for producing 1 kg of FPCM was 380–425 L in two systems 
(Table 7). Those values were higher than in Europe or U.S. (Sultana 
et al., 2014), but still in line with previous researches in China (Wang 
et al., 2018; Liu et al., 2020). Most of the fodder was produced in a 
low-rainfall region, so it required more irrigation water. IPBS decreased 
8% compared with non-IPBS, fodder production decreased by 7% 
(Fig. 6). Because the application of liquid fraction substituted irrigation 
water in maize silage planting, and fodder production process ac-
counting for 98% of the total WU. This means that incorporating crop-
land to produce maize silage in farms is an effective measure to reduce 
water use in milk production system. 

The LU for producing 1 kg of FPCM was 1.30–1.60 m2 in two systems 
(Table 7). Those values were in line with previous researches in China 
(Wang et al., 2018; Liu et al., 2020), but were higher than in Europe or 
American (Eshel et al., 2014; Matteo et al., 2013). Generally, IPBS 
decreased by 13%, fodder production process also decreased by 13% 
(Fig. 6). Obviously, applying organic fertilizer increased the crop yield 
and led to less cropland area. About 98% of total land use is derived from 
fodder production, so incorporating cropland to produce maize silage in 
farms is an effective measure to reduce LU in milk production system. 

3.5. Determinants of environmental performance and resource use in 
IPBS 

In IPBS, regression results were presented in Table 8. The T-values 
indicated eight explanatory variables: i.e., Primary, Income, Self- 
sufficiency rate of maize silage, Maize silage yield, FPCM for per 
lactating cow, Total cow, Proportion of lactating cow and Policy in 
manure management significantly influenced environmental perfor-
mance and resource use in IPBS. 

There was a significant relationship between self-sufficiency rate of 
maize silage and environmental performance for per kg− 1 FPCM, which 
meants that farms with a high self-sufficiency rate of maize silage tended 
to lower environmental impacts in milk production system. Because 
producing maize silage had a lower environmental impact compared 
with purchasing. This result was in line with the previous literature 
(Basset-Mens et al., 2009; Matteo et al., 2013). Primary had a significant 
impacts on GWP, AP, EP, NREU, WU and LU. Income had significant 
impacts on GWP, AP and EP. Maize silage yield and FPCM for per 

Fig. 6. The contribution shares to environmental performance and resource use (per kg− 1 FPCM).  
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lactating cow had significant impacts on environmental performance 
and resource use of milk production system, which means that a high 
yield of maize silage and milk tended to lower environmental impacts 
and resource use. The lactating cow had a significant impact on envi-
ronmental performance, which means that improving herd structure, 
and controlling the proportion of lactating cows in farms can reduce 
environmental impacts of milk production. Those results were in line 
with the previous literature (Wang et al.,2016, 2018). The total cow had 
a significant impact on environmental performance, which means that 
enlarging the cow scale will increase environmental impacts of milk 
production system, which was in line with the previous literature 
(Delgado et al., 2008). Policy in manure management had a significant 

impact on environmental performance and resource use of milk pro-
duction system, due to the strict execution of policies for ban on manure 
direct discharge by local government can benefit for improving manure 
management in dairy farms. 

3.6. GHG mitigation potentials in milk production system through IPBS 

According to results, the dairy cows’ farmland demand, cow distri-
bution and maize planting area in China, four scenarios were contrived 
and compared in this study (Fig. 7). In scenario1, all dairy farms adopted 
non-IPBS, which represented the maximum GHG emissions. In sce-
nario2, 50% of farms were adopted IPBS with a 50% of self-sufficiency 

Table 8 
Determinants of environmental performance and resource use in IPBS (per kg− 1 FPCM).  

Variables GWP AP EP NREU WU LU 

Coefficients Coefficients Coefficients Coefficients Coefficients Coefficients 

Age 0.00126 0.00642 0.00225 0.00697 0.90482 0.00220 
Primary 0.14547*** 1.66817** 0.46940* 0.92643*** 91.64402*** 0.21957*** 
Senior − 0.05206 − 0.77787* − 0.24693 − 0.26264 − 27.27408 − 0.10195** 
Income − 0.00003** − 0.00035* − 0.00017** − 0.00011 − 0.00840 − 0.00001 
Self-sufficiency rate of maize silage − 0.00176*** − 0.01356** − 0.01753*** − 0.00463* − 0.20423** − 0.00217*** 
Maize silage yield − 0.00007* − 0.00097** − 0.00026 − 0.00039* − 0.04105 − 0.00016*** 
FPCM for per lactating cow − 0.00005*** − 0.00094*** − 0.00046*** − 0.00004 − 0.00685 − 0.00007** 
Total cow 0.00090** 0.00983** 0.00499*** 0.00305 0.24022 0.00051 
Proportion of lactating cow − 0.01354*** − 0.19547*** − 0.06956*** − 0.04068*** − 3.84057*** − 0.01671*** 
Policy in manure management − 0.26897*** − 3.11847*** − 1.40661*** − 1.08825*** − 95.25807*** − 0.30424*** 
Shandong − 0.01781 − 0.35551 − 0.23566 − 0.25769 − 36.52545* − 0.11028* 
Constant 2.65637*** 38.74199*** 16.91119*** 8.32837*** 788.01570*** 3.47260*** 
F statistic 34.90 37.00 50.61 13.55 10.72 21.42 
Prob > F 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
R-squared 0.7901 0.7996 0.8452 0.5936 0.5362 0.6979 
Adjusted R-squared 0.7674 0.778 0.8285 0.5498 0.4862 0.6653 
Sample size 114 114 114 114 114 114 

Note: “***” significant at the 10% level; “**” significant at the 5% level; “*” significant at the 10% level. 

Fig. 7. GHG mitigation potentials in milk production system in China through IPBS. 
Note: “scenario1” all dairy farms were adopted non-IPBS; “scenario2” 50% of dairy farms were adopted IPBS with a 50% of self-sufficiency rate of maize silage; 
“scenario3” 93% of dairy farms were adopted IPBS with a 50% of self-sufficiency rate of maize silage; “scenario4” 81% of dairy farms were adopted IPBS with a 100% 
of self-sufficiency rate of maize silage. 

X. Huang et al.                                                                                                                                                                                                                                  



Journal of Cleaner Production 309 (2021) 127343

10

rate of maize silage. This scenario was in line with the current milk 
production system in China, representing current GHG emissions. Sce-
nario3 represented that the theoretical highest adoption rate of IPBS can 
be achieved 93% when the self-sufficiency rate of maize silage was 50% 
in this system. Scenario4 represented that the theoretical highest 
adoption rate of IPBS can be achieved 81% when the self-sufficiency rate 
of maize silage was 100% in this system. 

In 2019, GHG emissions from milk production system in scenario1 
were 48.4 Tg CO2 eq., accounting for 16% of total livestock GHG 
emissions (FAOSTAT, 2019). If 50% of dairy farms were adopted IPBS, 
GHG emissions were 44.9 Tg CO2 eq., scenario2 had a reduction of 7% 
compared with scenario1, which was in line with previous researches 
(Wang et al., 2019a). About 0.6 million ha cropland planted maize silage 
in this scenario, accounting for 2% of China’s total maize planting area. 
In scenario3, there was 1.1 million ha cropland and the GHG emissions 
were 41.8 Tg CO2 eq., with a reduction of 7% compared with scenario2. 
In scenario4, GHG emissions were 35.5 Tg CO2 eq., with a reduction of 
21% compared with scenario2. About 2.0 million ha cropland was used 
for maize silage planting in this scenario, accounting for 5% of the total 
maize planting area in China. Obviously, IPBS had great potential in 
reducing GHG emissions. 

4. Discussion 

In order to achieve the goal of a cleaner milk production system, 
improving the environmental performance and resource use efficiency is 
particularly significant. There were about 32 million tons of milk pro-
duced in 2019 in China (NBSC, 2020). Dairy farms of various sizes were 
spread across the country, with a total of 11 million dairy cows (NBSC, 
2020). For the Chinese government’s dairy industry development goals, 
China will produce 45 million tons of milk by 2025 (MOA, 2018), with 
an increase of 40% from 2019. Although China is the third largest milk 
producer in the world, milk production with low productivity has high 
environmental impacts compared with developed countries (Bai et al., 
2013; Eshel et al., 2014). According to our study, compared with 
non-IPBS, the IPBS had great potential in reducing GWP, AP, EP, NREU, 
WU and LU in milk production system (Table 7), with a noticeable 
reduction ratio range from 8% to 18% in different environmental impact 
categories. This means that IPBS is a valid option for environmental 
impacts mitigation and resource use efficiency improvement. Mean-
while, the Chinese government attaches great importance to silage 
maize planting (MOA, 2017). It is very likely that more and more dairy 
farms will adopt IPBS in the future, which is meaningful for the sus-
tainability of milk production system. 

IPBS had great potential in reducing GHG emissions. In China, pro-
ducing more milk with a low-carbon production has become a grand 
challenge to achieve the specific Paris Agreement commitments by 2030 
and carbon neutrality by 2060 (PRI, 2021; CAT, 2020; Zhou et al., 
2019). According to our study, compared with non-IPBS, the IPBS had 
great potential in reducing GHG emissions in milk production system 
(Table 7), with a ratio of 14%, and dairy farms with a high 
self-sufficiency rate of maize silage tended to have lower GHG emissions 
(Table 8). In 2018, GHG emissions from livestock production systems in 
China were about 298 Tg CO2 eq., accounting for 47% of total agricul-
tural GHG emissions (FAOSTAT, 2019) and 3% of total domestic GHG 
emissions (PRI, 2021). It was estimated that GHG emissions from milk 
production system in China were 44.9 Tg CO2 eq. in 2019, accounting 
for 15% of total livestock GHG emissions (Fig. 7). In the future, 
approximately 81% of dairy farms can adopt IPBS when the 
self-sufficiency rate of maize silage is 100% in this system, and GHG 
emissions will reduce by 21% compared with current situation, which 
means that total livestock GHG emissions will reduce by 3%. Only by 
reducing GHG emissions from all industries with all possible means, can 
China achieve the goal of carbon neutrality before 2060. 

IPBS substantially increases the recycling rate of manure, reduces the 
consumption of chemical fertilizer and improves soil quality, which is 

meaningful to mitigating water eutrophication and soil acidification. In 
China, livestock manure is one of the crucial sources causing water 
eutrophication (Du et al., 2018; Huang et al., 2017), while applicated 
manure to cropland is an effective measure to reduce N and P losses 
(Zhang et al., 2019). However, crop farmers are accustomed to using 
chemical fertilizer, and are not willing to use organic fertilizer (Zhang 
et al., 2019, 2020). Recycling manure used in cropland is an essential 
challenge for China (Jin et al., 2020). At present, only about 40% of 
manure return to cropland in China (Gu et al., 2017), while in Europe, 
this share was over 65% (Bai et al., 2016). Based on our survey, 
currently, only orchards and vegetable field owners were willing to 
adopt organic fertilizer. Crop farmers reluctant to utilize organic fertil-
izer due to the inconvenience and high cost compared to chemical fer-
tilizer. On the other hand, so far, China is the largest chemical fertilizer 
consumer worldwide, accounting for approximately 1/3 of the total 
global chemical fertilizer (N) consumption, resulting in water eutro-
phication, soil acidification, global warming (Jin et al., 2020). The 
protection and improvement of cultivated land quality should be 
considered in China (Wang et al., 2019). Long-term organic fertilizer 
application can improve soil quality and increase crop yield (Lin et al., 
2015; Zhang et al., 2009). Obviously, incorporating cropland to produce 
maize silage in dairy farms is meaningful to recycling manure, as well as 
reduces the chemical fertilizer consumption, which is substantive in 
promoting green and cleaner agriculture production. 

Besides mitigation of environmental impacts, IPBS improved the 
efficiency of non-renewable energy, water and land use. Milk production 
system consumed considerable amounts of non-renewable energy, water 
and land, resulting in resources scarcity (Sultana et al., 2014; Eshel et al., 
2014). According to Delivering carbon neutrality in China (PRI, 2021), a 
plan for zero or near-zero carbon electricity will be implemented, all 
unabated coal power generation will be phase out in the future, and 
fossil fuel cars and vans will be not for sale by 2040. This means that the 
cost of electricity and diesel in farms, even the cost of transportation for 
fodder will increase in the future. Based on our study, maize silage 
production by dairy farm’s own cropland can decrease the energy con-
sumption in transportation, with a reduction ratio of 26% (Fig. 6). 
Livestock production system consumed about 32% of global agricultural 
water and 33% of global cropland to produce animal fodder (Herrero 
et al., 2016; Wei et al., 2018). It is predicted that available water for 
agriculture will reduce by 18% by 2050 (Strzepek et al., 2010). Along 
with the growth of population, milk production system will face severe 
challenges, such as water scarcity, land scarcity, competition between 
food and fodder, and limitation of GHG emissions. IPBS is a valid option 
for an improvement of resource use efficiency. 

Interestingly, this study also found that the environmental perfor-
mance of milk production system was affected by self-sufficiency rate of 
maize silage, and also restricted by the yield of maize silage and milk. 
Based on the regression analysis, dairy farms with a high self-sufficiency 
rate of maize silage, a high maize silage yield and milk yield tended to 
have lower environmental impacts on milk production system (Table 8). 
IPBS was adopted by 60.3% of the 189 interviewed farms, with a self- 
sufficiency rate of only 56.6% for maize silage in this system 
(Table 2), but a rate of over 70% in Europe (Matteo et al., 2013). A high 
fodder self-sufficiency is not only of benefits to GHG emissions, acidi-
fication and energy use (Matteo et al., 2013), and also for the reduction 
of fodder cost (Liu et al., 2018). The milk yield was 8173–8781 kg/head 
in different systems in our study region. Even in China, the average dairy 
cow milk yield was only 5647 kg/head in 2019, which was lower than 
that of Europe or New Zealand (FAOSTAT, 2019). The maize yield was 
6317 kg/ha in China in 2019, which was lower than that of U.S. 
(FAOSTAT, 2019). China still has considerable potential for improving 
milk yield and maize silage yield. Along with the increasing milk and 
maize silage yield, environmental impacts of milk production system 
will be lower than the current estimation in the future. Thus, mitigation 
of environmental impacts from milk production system should combine 
a short-term strategy of increasing the planting area of maize silage in 
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dairy farms and a long-term plan for technological improvement in the 
yield of milk and maize silage. 

5. Conclusions 

This study demonstrated a comprehensive comparison of environ-
mental performance between IPBS and non-IPBS in Shandong and Hei-
longjiang provinces. For the interviewed dairy farms, 60% had already 
adopted IPBS, however, the self-sufficiency rate of maize silage was only 
57% in this system. Environmental impacts for production of 1 kg of 
FPCM in non-IPBS were 1.37 kg CO2 eq., 18.22 g SO2 eq., 8.81 g PO4

3−

eq., 4.59 MJ, 414 L and 1.53 m2 for GWP, AP, EP, NREU, BWU and LU, 
respectively. Compared with non-IPBS, IPBS had the apparent potential 
to reduce environmental impacts and improve resource utilization effi-
ciency (Table 7), with the reduction ratio ranging from 8% to 18% in 
various categories. Currently, GHG emissions from milk production 
system was 44.9 Tg CO2 eq. in China. It is estimated that 81% of dairy 
farms could adopt IPBS with a 100% of self-sufficiency rate of maize 
silage, resulting in a reduction of approximately 21% in GHG emissions 
compared to current situation, but the premise is that 2.0 million ha 
cropland should be used for maize silage cultivation. Besides mitigation 
of environmental impacts, IPBS can substantially increased the recycling 
rate of manure, reduced the consumption of chemical fertilizer and 
improved soil quality, which all contribute to the sustainability of 
agricultural development. With IPBS, environmental performance of 
milk production was affected by the self-sufficiency rate of maize silage 
along with maize silage yield. It is also restricted by the milk yield, cow 
scale and proportion of lactating cow. Mitigation of the environmental 
impacts from milk production system should combine a short-term 
strategy of increasing planting area of maize silage in dairy farms and 
a long-term plan for technological improvements in milk and crop yield. 

However, there are several limitations of this study to note. Firstly, 
the survey data used in this study were collected from only two prov-
inces of China. Although they are the main milk production provinces in 

China, the estimated environmental impacts for the IPBS and non-IPBS 
may not be enough for application in other provinces. Thus, more sur-
veys are suggested to strengthen the reliability and applicability of these 
findings. Additionally, this study focused purely on environmental im-
pacts of milk production systems, cost-benefit analysis should be 
incorporated. Therefore, a more comprehensive analysis that evaluates 
both the environmental and economic disparities between non-IPBS and 
IPBS should be conducted in future studies. 
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Appendix A  

Table A1 
Emission factors for calculating environmental impacts in produced fodder   

Emission factors 

CO2 CO NOx N2O NH3 NO3 SO2 

Production of fertilizer(N) (kg/kg) (Hu et al., 2006) 10.37 0.0043 0.036 - - - 0.032 
Production of fertilizer (P2O5) (kg/kg) (Hu et al., 2006) 1.59 0.0008 0.005 - - - 0.003 
Production of fertilizer (K2O) (kg/kg) (Hu et al., 2006) 0.66 0.0004 0.002 - - - 0.001 
Application of fertilizer(N) (kg/kg) (Wang et al., 2018) - - - 0.0105 0.048a 

0.036b 
0.03a 

0.035b 
- 

Application of organic fertilizer(N) (kg/kg) (Wang et al., 2012) - - - 0.0105 0.2 0.25 - 
Production of electricity (kg/kWh) (Hu et al., 2006) 1.01 0.0005 0.003 - - - 0.002 
Production and Application of diesel(kg/L) (Hu et al., 2006) 3.09 0.0011 0.005 - - - 0.010 

Note: “a” maize silage; “b” wheat.  

Table A2 
Emission factors for calculating environmental impacts in purchased fodder (per kg− 1 DM)   

Kg CO2eq. Kg SO2eq. Kg PO4
3− eq. MJ M3 water M2 land 

Maize grain (Liu, 2017) 0.7368 0.0058 0.0015 5.943 0.534 1.604 
Wheat bran (Liu, 2017) 0.2748 0.0018 0.0005 2.311 0.158 0.580 
Soybean meal (Liu, 2017) 0.5716 0.0094 0.0019 7.299 0.765 2.904 
Maize silage (Liu, 2017) 0.2248 0.0018 0.0005 1.757 0.181 0.550 
Leymus chinensis (Liu et al., 2020) 0.2000 0.0016 0.0006 0.350 0.167 0.423 
Oats (Sara et al., 2016) 0.2820 0.0013 0.0010 2.145 0.309 0.515 
Alfalfa (Liu, 2017) 0.2480 0.0049 0.0011 2.156 0.703 1.091 
Cotton seed meal (Liu, 2017) 0.8146 0.0047 0.0009 7.552 0.726 0.773 
Wheat straw (Liu, 2017) 0.0104 0.0007 0.0002 0.898 0.062 0.229   
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Table A3 
Emission factors for calculating environmental impacts in milk production   

Emission factors (kg CH4/head/year) (Liu et al., 2020) Emission factors (kg NH3/head/year) (Battini et al., 2014) 

emissions from animal enteric emissions from cowshed manure emissions from animal enteric 

Lactating cow 61.00 9.00 17.3 
Non lactating cow 47.00 1.00 
Finishing cow 36.15 1.00 
Calf 10.40 1.00   

Table A4 
Excreted parameters of manure and nutrient for different cow   

Solid fraction (kg/head/day) Liquid fraction (kg/head/day) VS(kg/head/day) 

Production TN(%) TP(%) TOC(%) production TN(%) TP(%) COD(%) TOC(%) 

Lactating cow (Duan, 2018) 32.84 0.56 0.07 5.03 13.24 0.50 0.02 2.79 0.70 2.8 
Finishing cow (Duan, 2018) 18.57 2.62 

Note: Excreted manure in non-lactating cow was same as finishing cow, excreted manure in calf was half that of fattening cow.  

Table A5 
Emission factors for calculating environmental impacts in manure management   

Unit Manure passive composting 

Maximum CH4 producing capacity (IPCC, 2006) m3 CH4 kg− 1 VS 0.13 
CH4 emission conversion factor (IPCC, 2006) % 0.5 
N2O direct emission factor (IPCC, 2006) % 1 
Manure N volatilization (IPCC, 2006) % 40 
N2O indirect emission factor from volatilization (IPCC, 2006) % 1 
NH3 emission factor (Zhang et al., 2010) kg t− 1 manure 0.961 
NH3–N (Zhang et al., 2010) kg t− 1 manure 0.128 
CO2 emission factor (Zhang et al., 2010) kg t− 1 manure 36.201 
NO3 emission factor (Zhang et al., 2010) kg t− 1 manure 0.948 
TP (Zhang et al., 2010) kg t− 1 manure 0.001 
COD (Zhang et al., 2010) kg t− 1 manure 0.640   

Table A6 
Characterization factors for calculating the environmental impacts  

Impact category Unit Contributing substance Characterization factor 

Global warming potential (GWP) (IPCC, 2013) kg CO2eq. CO2 1 
CH4 30 
N2O 265 
CO 2 

Eutrophication potential (EP) (Guinee, 2002) kg PO4
3− eq. PO4

3- 1 
P 3.06 
N 0.42 
NH3 0.35 
NOx 0.13 
COD 0.022 
NO3 0.13 

Acidification potential (AP) (Wang et al., 2018) kg SO2eq. SO2 1.2 
NH3 1.6 
NOx 0.5  
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