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A B S T R A C T   

Chinese food consumption shifts towards larger milk consumption. Traditional dairy systems depended on 
China’s grasslands, but modern industrial systems using feed from croplands increase rapidly. The question is 
whether China can fulfill future milk demand using its natural resources and remain within greenhouse gas 
emission boundaries. To determine this, this study combines three footprint analyses - water footprint (WF), land 
footprint (LF) and carbon footprint (CF) - estimated via production chain approach. It compares WFs, LFs and CFs 
of milk, meat, and manure from six dairy systems in three categories: traditional grazing, traditional mixed, and 
modern industrial systems. It estimates future footprints for five production scenarios for low and high milk 
demand. Between 2000 and 2020, industrial systems increased, accounting for 79 % of production in 2020, while 
traditional production decreased. Traditional grazing systems have large green WFs per kg (17.2 m3), negligible 
blue WFs and large LFs (46 m2 low quality grassland). Traditional mixed systems have large CFs per kg (2.93 kg 
CO2) due to low efficiency. Modern industrial systems rely partly on irrigated croplands and have small green 
WFs, but large blue WFs per kg (0.54 m3), grey WFs (0.24 m3) and small LFs (1.80 m2 cropland). The findings 
indicate that with dominating industrial systems, milk production relies more on irrigation and limited crop
lands. In a realistic low demand situation, milk consumption stabilizes. However, consumption triples if the 
Chinese follow nutritional advice, resulting in 4 to 6 times larger WFs, LFs and CFs in 2035 depending on 
production scenarios. In 2035, population is largest, from 2035 to 2050 footprints decrease again. However, 
China cannot produce the milk for a high consumption situation limited by grassland and cropland availability. 
Alternatively, China could import feed or milk. However, it is questionable whether these huge quantities are 
available on the global market.   

1. Introduction 

Human diets depend on the availability of nutritious foods, either 
from animals or plants. Humans are omnivores, and their diets consist of 
different fractions of animal and plant-based foods (Katz, 2017). To 
obtain these foods, for a long time in history, humans depended on the 
possibilities of their local environment. If there was arable land of good 
quality available, agricultural crop production flourished; if there were 
grazing lands, people relied on their herds to provide them animal foods. 
About 11 % of the world’s land surface is applied for arable crops (FAO, 
2003; Robinson et al., 2011) and 25 % for extensive grazing (FAO, 1991; 
Steinfeld et al., 2006). High quality arable land providing plant-based 
foods, therefore, is scarcer than lower quality grazing land providing 
animal foods. Extensive grazing lands are rangelands where natural 

vegetation is the main feed resource, while intensive grazing lands are 
artificial seeded pastures (FAO, 1991). Extensive grazing requires far 
more land than intensive grazing systems (FAO, 1991). 

Animal food production includes many different livestock farming 
systems (Robinson et al., 2011) with three separate classification clus
ters, i.e. the grazing, mixed and industrial systems. The grazing system 
only applies feed from grazing lands, the mixed system uses a combi
nation of feed from grazing and crops, while the industrial systems rely 
on croplands. In China, these dairy systems coincide. The grazing sys
tems dominantly rely on grassland production, the mixed systems use a 
combination of hay and maize, while the industrial systems apply a 
combination of different crops, including soybean from Brazil (Bai et al., 
2013). 

Historically, China has never been a country consuming much milk. 
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However, in the last fifty years, dairy has become more popular and milk 
consumption increased 25 fold. Since 2010, China purchased milk on 
the global market and became the world’s largest milk importer (FAO, 
2022). Possibly, China needs to become more milk self-sufficient, since 
milk exporting countries face resource and environmental constraints 
(Bai et al., 2018b). 

Originally, Chinese milk production took place in the north and 
northwest where local conditions favored cattle due to the availability of 
huge grassland areas. In the regions with arable land, traditionally cows 
were used as draft animals (Xiu and Klein, 2010). This explains why 
average Chinese milk consumption has always been relatively small 
(FAO, 2022). As a result, 86 % of the adult population does not digest 
milk well caused by lactose malabsorption (Wang et al., 1984). In 
countries where cow milk was an important contribution to the diet, 
there was an evolutionary pressure to develop the ability to digest 
lactose. For example, in The Netherlands, only 12 % of the population 
does not digest lactose well (Storhaug et al., 2017). This translates into 
huge differences in milk consumption. In China in 2019, average daily 
per capita milk consumption was only 64 g, whereas in the Netherlands 
consumption was 860 g (FAO, 2022). Consumption in China in 2019 was 
even large compared to 1961 with a negligible consumption of 6 g per 
capita per day. In the eighties of the last century, the government 
stimulated milk consumption, because it contributes to a healthy diet, 
especially for children (Xiu and Klein, 2010). Before the melamine 
scandal in 2008 (Xiu and Klein, 2010), China’s milk consumption 
increased gradually to around 90 g per capita per day, but afterwards 
decreased to 63 g in 2019. Over the past 10 years, production decrease 
caused changes of dairy farm structures where the number of dairy cows 
increased till 2014 and then declined rapidly. However, at the same 
time, the number of industrial farms with more than 100 cows increased 
(Hemme, 2019). In 2008, they included 25 % of the dairy cows, and it is 
expected that in 2029, intensive farms will include 75 % (Ministry of 
Agriculture of China, 2020). With this intensification, the traditional 
grazing systems gradually change into mixed and industrial systems (Bai 
et al., 2013). 

In China, 82 % of the milk production takes place in ten provinces: 
Inner Mongolia, Heilongjiang, Hebei, Shandong, Henan, Xinjiang, 
Ningxia, Liaoning, Shaanxi and Shanxi. Milk production developed in 
different ways in the milk producing provinces. From 2014 to 2017, 
production increased in Xinjiang and Ningxia, in the other eight prov
inces production decreased by 10 to 40 % (National Bureau of Statistics 
of China, 2022). 

In general, milk production goes along with an intensive use of 
natural resources, especially land (Bosire et al., 2015) and water (Ger
bens-Leenes et al., 2013; Mekonnen and Hoekstra, 2012), while it emits 
huge amounts of greenhouse gases (IPCC, 2006). Steinfeld et al. (2006) 
estimated that the livestock sector, including dairy systems, is respon
sible for 18 % of the human greenhouse gas emissions. To assess the 
sustainability of food systems, the environmental footprint family that 
incudes land, water and carbon footprints, is a useful tool, because it 
includes the footprints in a whole production chain and addresses the 
constraints of the planetary boundaries, especially for food systems 
(Vanham et al., 2019), such as dairy production systems. 

In the last century, Wackernagel and Rees (1998) introduced the 
ecological footprint concept showing the huge land requirement, 
including land for carbon sequestration, related to human consumption. 
Ecological footprints of nations are large (Wackernagel et al., 1999). The 
land footprint (LF), sometimes used to replace the ecological footprint, is 
defined as the amount of land used to produce goods and services, 
excluding carbon sequestration, and is expressed in area per unit of 
product. LFs differ among foods, especially animal foods, such as milk, 
have large LFs influenced by the specific cow feed composition (Ger
bens-Leenes et al., 2002). The water footprint (WF) measures the 
freshwater appropriated to produce specific goods or services, such as 
milk, expressed as the WF per unit of product (Hoekstra et al., 2011). 
The WF includes three components: the green WF (evapotranspiration of 

rainwater from the field to produce, for example, a crop), the blue WF 
(water consumption from surface or groundwater) and the grey WF (the 
volume of freshwater required to assimilate pollutants to accepted water 
quality standards). The carbon footprint (CF) refers to greenhouse gas 
(GHG) emissions, expressed in CO2 equivalents (CO2 eq.) associated 
with a product, process or service. The CF includes the three main gases 
of the Kyoto protocol: carbon dioxide (CO2), methane (CH4) and dini
trogen oxide (N2O) (IPCC, 2006). 

Different dairy farm types have different land and water re
quirements and cause different greenhouse gas emissions. Capper et al. 
(2009), for example, assessed the LFs of dairy in the US showing that 
between 1944 and 2007, LFs for dairy decreased, mainly due to a feed 
composition shift in which grass and hay were replaced by corn and 
alfalfa silage so that dairy production more relied on arable lands than 
on grasslands. Mekonnen and Hoekstra (2012) showed that grazing 
livestock systems have relatively small blue (irrigation water) and grey 
(related to nitrogen pollution) WFs compared to industrial systems, 
because, in general, grazing systems do not irrigate grasslands, while 
industrial systems use more feed based on irrigated crops that also 
receive fertilizer and pesticides. Morais et al. (2018) analyzed the CF of 
milk produced in a mixed system on the Azores (Portugal) arriving at a 
CF of 0.83 kg CO2 eq. per kg of raw milk, which was in line with data 
from their literature study ranging between 0.56 and 1.96 kg CO2 eq. per 
kg of raw milk. Wilkes et al. (2020) studied CFs related to milk pro
duction in Kenya arriving at a footprint between 2.19 and 3.13 kg CO2 
eq./kg FPCM (fat and protein corrected milk). That study showed that 
CFs mainly depend on milk yields, concentrate use and herd structure. 
Many studies included only one footprint, however, to make a 
comprehensive assessment, more indicators might give better informa
tion. For example, Ibidhi et al. (2017) assessed the sustainability of meat 
production in Tunisia using LFs, WFs and CFs, indicating trade-offs 
among systems. 

There are many environmental case studies related to dairy pro
duction in China, published not only in international journals, but also 
in Chinese ones (see Section 2). However, studies often applied different 
indicators and functional units, making it difficult to compare results. 
Described production systems include small scale, traditional, extensive 
grazing systems, traditional mixed systems where cows graze and 
receive feed indoors (Huang et al., 2014), and modern industrial systems 
where cows are kept indoors and receive feed mainly based on crops 
(Wang et al., 2018). The characteristics of these Chinese dairy systems, 
therefore, are available, including their herd size, feed use, milk, meat 
and manure production and energy use. However, studies that include 
three footprints and compare Chinese dairy production for different 
systems and developments in time are not available yet. Moreover, there 
is no information on future dairy production and consumption, related 
environmental footprints and options for China to fulfill its milk thirst 
using its own natural resources. 

The Chinese population reaches a maximum of 1.5 billion in 2035 
and then decreases to 1.4 billion in 2050 (Guo et al., 2019). Moreover, in 
2050, China aims to be a developed country according to its second 
Centenary Goal (The State Council of China, 2020) with affluent food 
consumption patterns, including more dairy. 

The objective of this study is to assess the environmental footprints 
(LF, WF and CF) of milk, beef and manure, expressed per unit of product, 
for six Chinese dairy systems from three classification clusters (i.e., 
traditional grazing, traditional mixed, and modern industrial systems). 
It also calculates the national environmental footprints of milk pro
duction for the period 2000 to 2020. Next, based on a scenario analysis, 
it estimates footprints for future milk demand in 2035, when population 
peaks, and in 2050, the year China has become a developed country. The 
study includes the grazing areas, WFs of energy in the production chain 
and grey WFs related to nitrogen use for feed crops. Our three research 
questions are: (i) what are the WFs (green, blue and grey), LFs and CFs of 
milk, beef and manure for six different dairy production systems from 
three classification clusters (traditional grazing, traditional mixed and 
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modern industrial) in China? (ii) What are the impacts of the expansion 
of dairy production on total LFs, WFs and CFs for the period 2000 to 
2020?; (iii) Is it possible to scale up dairy production to comply to 
China’s future milk demand in 2035 and 2050? 

The study first gives an overview of existing environmental studies 
on China’s milk production. It includes general studies and case studies, 
not only published in international journals in English, but also in Chi
nese. For the footprint assessment, the study used six dairy production 
system types representative for dairy production in China and distin
guished between LFs related to low quality grazing land, high quality 
arable land and LFs outside China. It also includes the blue WFs of en
ergy. The footprint results will give an indication whether or not China is 
able to fulfill its future milk requirement. 

2. Literature review 

A search for publications on greenhouse gas emissions (GHG), water 
and land use of China’s milk production in English and Chinese in the 
Web of Science and the China national knowledge infrastructure (CNKI) 
database showed that since 2012, twenty one studies on GHG, water or 
land use for dairy production in China were published in international 
journals, and three in Chinese journals. Next, there are six master thesis 
studies available. Table 1 gives an overview of the international studies 
and Table 2 of the Chinese ones. The first international study included 
the water footprints (WFs) of Chinese milk (Mekonnen and Hoekstra, 
2012), followed by a study on methane emissions of dairy in 2013 (Na 
et al., 2013). 

Table 1 shows that studies on greenhouse gas (GHG) emissions of 
dairy production dominate, sixteen studies included GHG, while four 
studies used water as an indicator and only one land use. Three studies 
used three indicators for the assessment of environmental sustainability 
of dairy production, i.e. GHG emissions, water and land use. Thirteen 
studies covered the whole country, while seven studies are case studies 
that focus on a Chinese region. However, most studies applied different 
functional units, e.g. total milk production, kg of fat and protein cor
rected milk (FPCM), kg of energy corrected milk (ECM), tonne of milk, 
milk production per farm or per cow, or kg of milk powder, making 
results difficult to compare. Only one study, Bai et al. (2018b), included 
three indicators, GHG emissions, water and land use and is the most 
complete one. Those authors suggested that in the future, we should 
focus on improving manure management, feed production, crop- 
livestock system integration, and grassland restoration, while main
taining emphasis on natural ecosystem services and biodiversity in 
native grassland areas. 

Table 2 shows that the environmental studies of dairy in Chinese 
include nine studies related to GHG emissions, while only two include 
GHG emissions, water and land use together. Three studies focus on the 
country as a whole, while the other six are regional case studies. Like in 
the studies published in international journals, also the Chinese publi
cations apply different functional units, making the results difficult to 
compare too. Wang et al. (2018) and Huang et al. (2021) provided so
lutions to decrease environmental footprints. Wang et al. (2018) showed 
that for the North China Plain, improving dairy cow productivity and 
herd structure (i.e. increased dairy cow fraction), combining various 
manure management systems, and encouraging dairy farmers to return 
manure to nearby croplands are promising measures to decrease envi
ronmental impacts. Huang et al. (2021) concluded that mitigation of 
environmental impacts of milk production could be realized if dairy 
farms increase maize croplands and imply technological improvements 
to increase crop and milk yields. 

3. Methods and data 

3.1. Dairy systems in China 

There are three categories of dairy systems in China: traditional 

grazing, traditional mixed and modern industrial systems (Bai et al., 
2018c). Traditional dairy farms are small, with less than twenty milking 
cows. Traditional grazing systems rely on grazing lands in the pastoral 
areas; traditional mixed systems are located in the crop areas and often 
include collective feedlots with medium farm sizes where animals 
receive residues or by-products of crops grown on land nearby and 
feedlot manure is reused. Modern industrial systems are intensive and 
cows are kept indoors. They sometimes own grasslands and always buy 
feed concentrates. Many industrial systems started between 2000 and 
2005 (Bai et al., 2018c). If we compare feed ingredients per system, hay 
and crop residues in the traditional systems with grains used in the 
modern systems, the protein content, digestibility and gross energy 
content per kg of dry matter of hay and residues are smaller compared to 
grains (China Feed Industry Center, 2009). This means that the feed 
quality of the modern industrial system is better than the quality of the 
traditional systems. 

Table 1 
Overview of publications on greenhouse gas emissions, water and land use for 
dairy in China or regions in China from international journals.  

Publication Region Indicator Functional unit Citations 

(Bai et al., 
2018a) 

China GHGa, water, 
land 

Total Chinese 
milk 
consumption  

39 

(Wang et al., 
2018) 

North China 
Plain 

GHGa, water, 
land 

kg milk 
(FPCM)b  

25 

(Huang et al., 
2021) 

China GHGa, water, 
land 

kg milk 
(FPCM)b  

4 

(Wang et al., 
2016a) 

Guanzhong 
Plain of China 

GHGa, land kg milk 
(FPCM)b  

21 

(Xue et al., 
2014) 

China Methane Total Chinese 
milk 
consumption  

25 

(Zhang et al., 
2021a) 

China GHG1 Total Chinese 
milk 
consumption  

18 

(Ledgard et al., 
2019) 

Shaanxi, 
Hebei, Beijing 

GHG1 kg milk 
(FPCM)b  

16 

(Zhu et al., 
2014) 

China methane and 
dinitrogen 
oxide 

Milk production 
per cow  

15 

(Wang et al., 
2019) 

South Western 
China 

GHGa kg milk 
(FPCM)b  

14 

(Fan et al., 
2018) 

China GHGa Tonne of milk  14 

(Zhang et al., 
2017a) 

China GHGa kg of milk  13 

(Gao et al., 
2014) 

China methane and 
dinitrogen 
oxide 

Total Chinese 
milk 
consumption  

13 

(Ding et al., 
2016) 

Northern 
China 

GHGa Milk production 
per farm  

10 

(Na et al., 
2013) 

China Methane Milk production 
per cow  

4 

(Jia et al., 
2022) 

East China GHGa kg milk (ECM)c  0 

(Zhang et al., 
2021b) 

China GHGa kg milk powder  0 

(Mekonnen 
and 
Hoekstra, 
2012) 

China Water 
footprint 

Tonne of milk  1323 

(Huang et al., 
2014) 

Northeast 
China 

Water kg milk 
(FPCM)b  

41 

(Bai et al., 
2018a) 

China Water Total Chinese 
milk 
consumption  

35 

(Lu et al., 
2018) 

Northern 
China 

Water kg milk 
(FPCM)b  

8 

(He et al., 
2021) 

China Land Milk production 
per farm  

3  

a GHG is greenhouse gasses. 
b FPCM is fat and protein corrected milk. 
c ECM is energy corrected milk. 
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The three Chinese dairy system categories include six dairy system 
types, termed here A-F. System A is a small scale, traditional, extensive 
grazing system, for example in Inner-Mongolia, where cows graze from 
June to September and consume hay when indoors. Milk production per 
cow is relatively low and most calves are raised on farm to replace dairy 
cows and produce veal (Liu et al., 2020). System B is a small-scale, 

traditional mixed system, for example in Southwest China, where 
cows are kept indoors. Cows consume a mixture of maize, vegetable 
residues and by-products of beverages (Wang et al., 2019). System C is a 
traditional, mixed, intermediate scale, collective feedlot system, for 
example in Northeast China. Cows consume a mixture of maize, wheat, 
soybean meal, grain and straw (Huang et al., 2014). System D is an in
dustrial, large-scale, grassland-based system, for example in Inner- 
Mongolia, where cows are indoors. They consume a mixture of hay, 
alfalfa, oats, maize silage, and concentrates (Liu et al., 2020). System E is 
an industrial, large-scale, intensive system located in, for example, 
Northwest China where cows are kept indoors. Cows consume a mixture 
of 80 % maize and hay and 20 % concentrates based on wheat bran and 
soybean meal (Wang et al., 2016a). System F is a large-scale, intensive 
system located on the North China Plains where cows are kept indoors. 
Cows mainly consume a mixture of 40 % maize and leymus and 40 % 
concentrates consisting of soybean meal, cotton meal and rapeseed 
meal. Milk production is relatively high (Wang et al., 2018). 

In China, dairy production is limited by the availability of cropland 
and grassland. Most feed ingredients depend on cropland. In 2020, the 
cropland area for feed production was 117 million ha (FAO, 2022), only 
5 % (6 million ha) was used for dairy feed (National Bureau of Statistics 
of China, 2022). The area of high quality grassland most suitable for 
grazing is only 6.5 % of the total grassland. Most grassland is of low 
quality, vulnerable for animal grazing (National Bureau of Statistics of 
China, 2022). Fig. 1 shows China’s suitability for grazing and crop 
growth. In the West, there are the pastoral areas with grazing lands, in 
the Northeast, East and Southwest the crop areas. An important agro- 
pastoral zone is located on both sides of the so termed Hu Line, a geo- 
demographic demarcation line dividing China into two parts (Hu, 
1935). In 2015, 94 % of China’s population lived east of the line which 
accounts for only 36 % of the total land surface, whereas only 6 % lived 
in the west on 64 % of China’s territory in the pastoral areas (National 
Bureau of Statistics of China, 2022)., All six dairy system types can be 
found in the agro-pastoral zone. 

Inputs of dairy systems consist of inputs for feed production, trans
portation and farm operations. Outputs not only include economic 
outputs like milk, meat and manure, but also emissions in the form of 
greenhouse gas (GHG) emissions and nitrogen losses from fertilizer. 

Table 2 
Overview of publications in Chinese journals and master theses on greenhouse 
gas emissions, water and land use for dairy systems in China or regions in China.  

Publication Region Publication 
type 

Indicator Function 
unit 

Citations 

(Liu, 2018) Guanzhong 
Plain China 

Master 
thesis 

GHGa, 
water, 
land 

kg DMb 

feed  
9 

(Huang, 
2021) 

China Master 
thesis 

GHGa, 
water, 
land 

Tonne of 
milk  

2 

(Wang 
et al., 
2012) 

Northwest 
China 

Journal 
paper 

GHGa kg milk 
(FPCM)c  

60 

(Duan, 
2019) 

Northwest 
China 

Master 
thesis 

GHGa kg manure  13 

(Huang, 
2016) 

China Master 
thesis 

GHGa kg milk 
(FPCM)c  

13 

(Bai et al., 
2017) 

Beijing Journal 
paper 

GHGa kg milk 
(FPCM)c  

11 

(Gan, 
2019) 

China Master 
thesis 

GHGa Total 
Chinese 
milk 
production  

7 

(Chen 
et al., 
2014) 

Northwest 
China 

Journal 
paper 

GHGa kg milk  6 

(Fen, 
2017) 

Beijing Master 
thesis 

GHGa kg milk 
(raw, 
FPCMc or 
ECMd)  

1  

a GHG is greenhouse gasses. 
b DM is dry matter. 
c FPCM is fat and protein corrected milk. 
d ECM is energy corrected milk. 

Agricultural areas
Crop area

Pastoral area

±
A

D
C

FE

B

Left area: 64%

Right area: 36%

Fig. 1. Location of the pastoral, agro-pastoral and crop areas 
in China. The dotted box represents the agro-pastoral zone. The 
six types of dairy production systems can all be found in the 
agro-pastoral zone where both grasslands and croplands occur. 
The red line is the Hu Line indicating the demarcation of 
densely populated areas in the east and the scarcely populated 
areas in the west. The red pentagrams represent the location of 
six dairy system types (A-F). (For interpretation of the refer
ences to color in this figure legend, the reader is referred to the 
web version of this article.)   
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Fig. 2 shows the inputs and outputs for Chinese dairy systems. 
To produce milk, meat and manure, on farm animal production 

needs inputs of land for the farm itself, water for drinking and cleaning, 
and energy in the form of diesel for tractors to transport manure, elec
tricity, for example for milking machines, cooling equipment and 
lighting. In the Northeast of China, where winters are cold, stables are 
often heated using coal (Huang et al., 2014). Greenhouse gas emissions, 
CH4 and CO2, are related to enteric fermentation and energy use on 
farm. Cow feed includes grass (or hay) and crops. In grazing systems, 
cows collect the grass themselves; when cows are kept in stables, grass 
needs to be harvested using machines running on diesel. The inputs of 
feed crop production are water, i.e. precipitation, irrigation water and 
water to dilute the nitrogen from fertilizers to accepted water quality 
standards (Hoekstra et al., 2011), land, chemical fertilizers, manure, 
pesticides and energy in the form of diesel for tractors and transport 
fuels for feed transportation. The production of chemical fertilizers and 
pesticides also requires energy and therefore emits GHGs (Chen et al., 
2015; Zhang et al., 2016). Electricity generation in China is mainly 
based on coal, hydropower, natural gas, oil, nuclear energy and re
newables (solar and wind)(International Energy Agency, 2022) Elec
tricity generation also requires water, e.g. for the cooling of thermal 
power plants or for hydropower. GHG emissions, i.e. CO2 and N2O, are 
related to energy use for feed production and the inputs of feed 
production. 

In China, demand for more affluent foods, such as meat and milk, 
have increased rapidly during the past four decades (Bai et al., 2018c). 
The Chinese Nutrition Society recommends daily intake of dairy prod
ucts, equivalent to 300 g of liquid milk (Wang et al., 2016b), especially 
for children and elderly people. China’s milk consumption increased 
from 2.3 million tonnes (MT) in 1980 to 43 MT in 2019 (FAO, 2022). 
However, there is a limit to Chinese milk consumption, because the 
majority (86 %) of the Chinese have lactose malabsorption (Wang et al., 
1984). Production was following demand increase, from 2.8 MT in 1980 
to 36 MT in 2019 (Hemme, 2019). 

3.2. Selection of dairy systems in China 

For the assessment of the water footprints (WFs), land footprints 
(LFs) and carbon footprints (CFs) of milk, calves, beef and manure from 
dairy systems in China, we selected six systems (A-F) representative for 
dairy production in China. System A has indigenous Chinese cow types, 
system B to F include Holstein cow types. Table s1 in the supporting 
information (SI) gives the characteristics per dairy production system. 

Fig. 1 shows the location of the six systems. System A and D are located 
in a pastoral area with grasslands (Liu et al., 2020). System B is located 
in a sub-tropic crop area (Wang et al., 2019), system C in a relatively 
cold crop area (Huang et al., 2014), system E in a warm and semi-arid 
crop area (Wang et al., 2016a) and system F in a warm and semi- 
humid crop area (Wang et al., 2018). Fig. 1 shows that there are six 
provinces, Inner Mongolia, Gansu, Ningxia, Xinjiang, Qinghai and Tibet, 
located in the pastoral area. The other provinces are located in the crop 
area. System A and D are in the pastoral areas, the other four types in 
crop areas. We assumed that system A represents dairy systems with less 
than 20 cows and D systems with more than 20 cows in pastoral areas. 
System B, C, E and F represent dairy systems in crop areas with cow 
numbers below 20, 20–100, 100–500 and above 500 respectively. 

3.3. Calculation of green, blue and grey water footprints and land 
footprints milk, beef and manure 

To assess the green, blue and grey WFs and LFs of milk, beef and 
manure produced in China, this study used seven calculation steps. The 
calculation of: 1. WFs of feed crops (m3/ha); 2. WFs (m3/kg) and LFs 
(m2/kg) of the dry weight of feed; 3. Total WFs (m3/year) and LFs (m2/ 
year) of feed per dairy system; 4. WFs (m3/year) and LFs (m2/year) on 
farm; 5. WFs of energy use (m3/year); 6. Total WFs (m3/year) and LFs 
(m2/year) per dairy system; and 7. WFs (m3/kg) and LFs (m2/kg) of 
milk, meat and manure. WF calculations were adopted from the WF 
manual (Hoekstra et al., 2011). Fig. 3 shows the steps and data sources 
for the calculations that are described in the SI. 

3.4. Calculation of carbon footprints milk, beef and manure 

To assess the carbon footprints (CFs) of milk, beef and manure pro
duced in China, this study used nine calculation steps, the calculation of 
CFs of: 8. feed crops (kg CO2 equivalent, eq./ha); 9. Fresh weight feed 
(kg CO2 eq./tonne); 10. Feed transportation (kg CO2 eq./tonne); 11. 
Total annual feed per dairy system (kg CO2 eq./year); 12. Enteric 
fermentation (kg CO2 eq./year); 13. Manure management (kg CO2 eq./ 
year); 14. Energy (kg CO2 eq./year); 15. Total dairy system (kg CO2 eq./ 
year); 16. Milk, meat and manure (kg CO2 eq./kg). Fig. 4 shows the steps 
and data sources for the calculations that are described in the SI. 

Fig. 2. Overview of inputs and outputs for dairy systems in China.  

J. Yi et al.                                                                                                                                                                                                                                        



Sustainable Production and Consumption 38 (2023) 186–198

191

3.5. Calculation of total water, land and carbon footprints dairy 
production in China for 2000–2020 

To assess total WFs, LFs and CFs of China’s milk production for the 
period 2000 to 2020 per five years (2000, 2005, 2010, 2015 and 2020), 
this study combined footprints of dairy production systems A to F with 
the production per system type in China. The total WFs of milk pro
duction for China in year y, TWFy (109 m3/year) was calculated as: 

TWFy =
∑n

s=1

(
WFmilk,c,s*Qmilk,y,s

/
fv,s[milk]

)
(1)  

in which WFmilk,c,s is the annual WF of color c from dairy system s (m3/ 
kg), Qmilk,y,s is the milk production from year y from dairy system s and 
fv,s[milk] is the value fraction of milk from dairy system s. We calculated 
the total LFs and CFs of milk production for China in the same way. The 

Qmilk,y,s, was calculated as: 

Qmilk,y,s = Qmilk,y*Ps,y (2)  

in which Qmilk,y is the milk production in year y and Ps,y the percentage of 
milk produced from dairy system s in year y. Data on Qmilk,y was taken 
from the National Bureau of Statistics of China (NBS, 2001–2020). Ps,y 

was calculated as: 

Ps,y = Ymilk,y,s*Ncow,y*Pcow,y,s

/
∑n

s=1

(
Ymilk,y,s*Ncow,y,s*Pcow,y,s

)
(3)  

in which Ymilk,y,s is the milk yield in year y from dairy system s (kg/cow/ 
year), Ncow,y the number of cows in year y and Pcow,y,s the percentage of 
cows in year y from dairy system s. Table s9 and s10 in the SI give these 
data and references. 

STEPS

1. Calculation WFs feed crops 

(m3/ha)

2. Calculation WFs (m3/kg) and 

LFs (m2/kg) fresh weighted feed 

INPUTS OUTPUTS

ET a (mm) and AR irrigation (mm)

AR fertilizer (kg /ha) and AR pesticide (kg 

a.i./ha)

Allocation parameters: Y crops (kg/ha), HI, 

f p and f v

Q diesel (L/year), Q electricity (kWh/year) and 

Q coal (tonne/year)

Ns, dr and se (m3/cow/year)

f v, i: Price milk ( /kg), Price meat ( /kg 

LW) and Price manure ( /kg N); Q i

Q i: Q milk (tonne/year), Q meat (tonne

LW/year) and Q manure (tonne N/year)

A farm (m2)

N manure: C max N, C nat N (kg N/m3),  Frac

leach ing, (%) N retention, GE (MJ/kg),  CP(%)

andQ feed (tonne DM/year) 

3. Calculation total annual WFs 

(m3/year) and LFs (m2/year) feed 

per dairy system

4. Calculation on farm 

WFs (m3/year) and LFs 

(m2/year) 

6. Calculation of total WFs (m3/year) and LFs 

(m2/year) per dairy system

7. Allocation of WFs and LFs to 

milk, beef and manure

Q feed, (tonne DM/year) and DM (%)

C max fertilizer, C max pesticide and C nat fertilizer, 

C nat pesticide(kg/m3 and kg a.i/ha)

WFs and LFs 

for milk, beef 

and manure 

(m3/ tonne; 

m2/tonne)

5. . Calculation of 

WFs (m3/year) 

energy use 

WFs diesel (m3/L), WFs electricity (m3/kWh) 

and WFs coal (m3/ton); AR diesel (L/ha), 

AR electricity (kWh/ha) and Allocation 

parameters

Fig. 3. Calculation steps and data input water and land footprints milk, beef and manure in China. 
Abbreviations: ETa: actual water evapotranspiration feed crops; ARirrigation: Irrigation; ARfertilizer: application rate nitrogen, phosphorus and potassium; ARpesticides: 
application rate pesticides; Cmax fertilizer: maximum acceptable nitrogen, phosphorus and potassium concentration; Cmax pesticide: maximum acceptable pesticide (active 
ingredients) concentration; Cnat fertilizer: natural concentration nitrogen, phosphorus and potassium; Cnat pesticide: natural concentration pesticides; Ycrops: crop yield; 
HI: harvested index; fv: value fraction; fp: product fraction; DM: dry matter; Qfeed, feed quantity; WFsdrinking and serving: drinking and serving water on farm; Nmanure: 
nitrogen flows manure; Cmax N, maximum acceptable nitrogen; Cnat N natural concentration nitrogen, Fracleaching: fraction N leaching; Nretention: fraction N intake 
retain by cows; GE: gross energy; Afarm: area dairy farm; Qdiesel: diesel consumption; Qelectricity: electricity use; Qcoal: coal use; WFdiesel: water footprint diesel, 
WFelectricity: water footprint electricity; WFcoal: water footprint coal; Pricemilk: milk price; Pricemeat: meat price; Pricemanure: manure price; Qmilk: milk production; 
Qmeat: meat production; Qmanure: manure production; WFs: water footprints; LFs: land footprints. 
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3.6. Scenarios of WFs, LFs and CFs for China’s milk consumption and 
production in 2035 and 2050 

China’s future milk consumption depends on the population size and 
milk consumption per capita. In general, different age categories have 
different milk consumption. For future milk consumption, this study 
estimated low and high consumption in 2035 and 2050. We calculated 
low consumption for a situation in which people cannot digest milk, i.e. 
86 % of the population (Wang et al., 1984) and assumed that above four 
years, people do not consume milk anymore. Next, we calculated high 
consumption assuming that everybody follows the national nutritional 
advice. We divided the population into four groups with different milk 
consumption advise: (i) age group of zero to one year (advise 584 g per 
day); (ii) one to two years (495 g per day); (iii) two to four years (500 g 
per day); (iv) everybody above four years of age (average daily advise 
300 g) (Wang et al., 2016b). Table s11 in the SI shows data and data 
source for milk consumption in 2035 and 2050 for low and high level 

consumption. 
To produce milk to meet China’s demand in 2035 and 2050, we 

assumed that all milk is produced domestically and we created five 
production scenarios: 1) the contribution of dairy system A–F remains 
the same as in 2020 (BAU Scenario); 2) based on the growth rates be
tween 2000 and 2020, 38 % of milk originates from system D and 62 % 
from F while other systems disappear (T Scenario); 3) based on scenario 
T, 80 % of milk production originates from system D and 20 % from F by 
reallocating dairy cows from crop areas to pastoral areas (R Scenario); 4) 
based on scenario T, system D and F are optimized into system G (38 %) 
and H (62 %) (O Scenario); 5) based on scenario O, the contribution of 
system G and H to total milk production change to 80 % and 20 % (R + O 
Scenario). Tables s12 and s13 in the SI give the characteristics for the 
optimized dairy system G and H. 

The total WFs, LFs and CFs of dairy production to meet the demand 
in 2035 and 2050 were calculated using Eqs. (1) and (2). Based on the 
total 117 Mha of cropland for feed (FAO, 2022) and 5 % of dairy feed 

STEPS

8. Calculation 

CFs feed crops 

(kg CO2 eq./ha)

9. Calculation CFs 

fresh weight feed 

production (kg CO2

eq./tonne)

INPUTS OUTPUTS

AR fertilizer (kg /ha) and AR pesticide (kg 

a.i./ha)

EF transportation (kg CO2 eq./tonne/km) 

and D (km)

f v, i: Price milk ( /kg), Price meat (

/kg LW) and Price manure ( /kg N); Q i

Q i: Q milk (tonne/year), Q meat (tonne

LW/year) and Q manure (tonne N/year)

MCF, B0, Frac le aching, Frac gas, N retention,

EF volatilization-N2O, EFleaching-N2O,

GE ( / kg DM)

NE, CP, ASH, DE, and VS (%)

11. Calculation CFs feed per 

dairy system (kg CO2

eq./year)

12. Calculation CFs enteric 

fermentation (kg CO2 eq./year)

15. Calculation total 

CFs per dairy system 

(kg CO2 eq./year)

16. Allocation of CFs over milk, meat and 

manure

Q feed, (ton DM/year) and DM (%)

EF fertilizer (kg CO2 eq./kg) and EF 

pesticide (kg CO2 eq./kg a.i)

CFs over 

milk, meat 

and manure 

(kg CO2

eq./ tonne )

10. Calculation CFs 

feed transportation (kg 

CO2 eq./tonne)

13. Calculation CFs manure 

management (kg CO2 eq./year)

14. Calculation CFs energy use (kg 

CO2 eq./year)

Q diesel (L/year), Q electricity (kWh/year) 

and Q coal (tonne/year)

Allocation parameters: Y crops (kg/ha),

HI, f p and f v

EF diesel (kg CO2 eq. / L), EF electricity

(kg CO2 eq. / kWh) and EF coal (kg 

CO2 eq. / ton); AR diesel (L/ha), AR 

electricity (kWh/ha) and Allocation 

parameters

Fig. 4. Calculation steps and data input carbon footprints milk, beef and manure in China. 
Abbreviations: ARfertilizer: application rate nitrogen, phosphorus and potassium; ARpesticides: application rate pesticides; EFfertilizer: emission factors nitrogen, phos
phorus and potassium; EFpesticides: emission factors pesticides; Ycrops: crop yield; HI: harvested index; fv: value fraction; fp: product fraction; DM: dry matter; Qfeed, 
feed quantity; EFtransportation, emission factor transportation; D, distance of transportation; GE: gross energy; CP: crude protein; DE: digestibility; ASH: ash; VS: volatile 
solid excretion; MCF: methane conversion fraction; Bo: maximum methane producing capacity; Fracleaching: fraction N leaching; Fracleaching: fraction N leaching; 
Nretention: fraction N intake retain by cows; EFvolatilization-N2O: emission factor for N2O from atmospheric deposition of N on soils and surface; EFleaching-N2O: emission 
factor for N2O from N leaching and runoff; Qdiesel: diesel consumption; Qelectricity: electricity use; Qcoal: coal use; EFdiesel: emission factor diesel, EFelectricity: emission 
factor electricity; EFcoal: emission factor coal; Pricemilk: milk price; Price meat: meat price; Pricemanure: manure price; Qmilk: milk production; Qmeat: meat production; 
Qmanure: manure production; CFs: carbon footprints. 
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concentrate (NBS, 2022), we estimated the available cropland for dairy 
farming at 5.9 Mha. The high quality grassland in China is about 25.8 
Mha (Li et al., 2020), in which there 12.9 Mha available for grazing. 

4. Results 

4.1. Milk production dairy systems in China from 2000 to 2020 

Fig. 5 shows the development of the contribution of six dairy systems 
to total milk production in China from 2000 to 2020. 

Fig. 5 shows that between 2000 and 2005, milk production in China 
tripled. All systems show an increase of their production caused by 
larger demand in combination with an increase of the milk yields. Fig. 5 
also shows that between 2000 and 2020, especially the modern indus
trial system F increased production, followed by system D, accounting 
for almost 50 and 20 % of Chinese milk production in 2020, respectively. 
The small, traditional, mixed system B increased and dominated in the 
period 2000 to 2010, and then decreased again in the following ten years 
to about the production level of 2000. This increase and later decrease 
was mainly due to demand changes and intensification after the scandal 
in 2009. Table s6 in the SI gives the production data per system between 
2000 and 2020. 

4.2. Water, land and carbon footprints dairy systems in China 

Fig. 6a shows the green, blue and grey water footprints (WFs) both in 
China as well as outside China, Fig. 6b the land footprint (LF) for 
grassland and cropland in and outside China and Fig. 6c the carbon 
footprint (CF) per kg of milk produced in six dairy systems in China. 

Fig. 6a shows that the six dairy systems have different green, blue 
and grey WFs. Especially system A based on grazing lands has a rela
tively large green WF of 17.2 m3 per kg of milk, but small blue and grey 
WFs. WFs are located in the country itself. System F shows the largest 
blue WF (located in China), due to the use of irrigated feed crops. System 
C, D, E and F have a relatively small green WF located outside China due 
to the use of imported feed crops. System B has the smallest total WF, 
however the grey WF caused by nitrogen leakage is larger than in system 
A that has the smallest grey WF. 

Fig. 6b shows LF variation among the six systems. System A uses a 
relatively huge amount of grassland, mainly of low quality with low 
grass productivity. All systems use cropland, mainly located in China. 
System B and E have relatively small LFs, they do not use grassland, and 
relatively small cropland use. System E shows the largest LF outside 
China due to feed import. 

Fig. 6c shows the differences among CFs. Small and traditional 
grazing and mixed system A and B have the largest CFs of 2.7 and 2.9 kg 
CO2 eq./kg of milk. System A has a relatively small milk yield. System B 
uses feed that mainly consists of crop residues and by-products. In the 

modern industrial systems, total emissions are similar, about 2.3 kg CO2 
eq./kg of milk. In all systems, enteric fermentation is the main 
contributor to the CF. However, differences among contributions of feed 
production, enteric fermentation, manure emissions and energy use 
provide options for improvement. 

Fig. 6a–c shows that system A has the largest green WF and LF 
(grassland), as well as large CFs, due to small milk and grass yields 
compared to other systems, while the modern industrial system D has 
relatively small WFs, LFs and CFs. System B has the smallest WFs and 
LFs. Although it needs the largest feed input per cow, WFs and LFs of 
crop residues and by-products are relatively small. However, the feed 
causes large methane emissions so that system B has the largest CFs. The 
modern industrial systems E and F in crop areas have moderate WFs and 
LFs, and small CFs. Compared to system E, system F has larger WFs and 
LFs, but smaller CFs. To reach larger milk yields, system F increases 
concentrate and high quality roughage use which have larger blue WFs 
and LFs. Table s13 in the SI gives the WFs, LFs and CFs per kg of milk, 
beef and manure for the six systems in China. 

Fig. 5 shows that from 2010 to 2020, traditional systems (A and B) 
were replaced by modern industrial systems (D and F). This develop
ment resulted in an increased total blue WF and LF in China due to larger 
irrigation and cropland use. Table s6 and Fig. s1 in the SI give the 
development of the contribution of the six dairy systems to total WFs, 
LFs and CFs in China from 2000 to 2020. 

4.3. Future milk consumption in China 

Fig. 7 shows the total low and high milk consumption in China in 
2035 and 2050 compared to milk consumption in 2020. 

Fig. 7 shows that low milk consumption in 2050 decreases by 36 %, 
but triples for high consumption compared to consumption in 2020. 
When Figs. 7 and 5 are compared, China’s self-sufficiency of milk was 
67 % in 2020. 

4.4. Water, land and carbon footprint of future dairy production in China 

The low milk consumption does not increase WFs, LFs and CFs 
substantially (Fig. s2 in the SI). Fig. 8a shows the total green, blue and 
grey WFs, Fig. 8b the total LF of grassland and cropland and Fig. 8c the 
total CF of dairy production in 2050 in China for high milk consumption. 

For high milk consumption (Fig. 7), the WFs, LFs and CFs of dairy 
production in the BAU or T scenario increase four to six times compared 
to low milk consumption and exceed available cropland for milk and 
high quality grassland. By optimizing and reallocating the dairy systems, 
O + R have the smallest blue WFs and cropland LFs which are below the 
limitations of cropland and high quality grassland. Table 3 shows the 
ratio of dairy land footprints compared to available cropland and 
grassland in China (%) based on low and high level milk consumption 
for five production scenarios in 2035 and 2050. Figs. s3 and s4 in the SI 
show the production scenario results for the year 2035. 

Table 3 shows that the availability of cropland and grassland is an 
important constraint for high milk consumption for all five scenarios. If 
China consumes the high level of milk in the future, it will partly depend 
on milk or feed import. Low milk consumption is possible within the 
land availability constraints. In that case, the best scenarios with the 
smallest land use are scenario O and R + O. 

5. Discussion 

5.1. Assumptions and uncertainties 

To assess WFs, LFs and CFs per kg of milk, meat and manure from 
different dairy systems, to estimate the total footprints related to total 
milk production by different systems in China from 2000 to 2020, and to 
predict the footprints to meet demand in 2035 and 2050, we had to 
make some assumptions and encountered uncertainties. 
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Fig. 5. Development of the contribution of six dairy systems to total milk 
production in China from 2000 to 2020. System A is a traditional grazing 
system, system B and C traditional mixed systems in crop areas. The other three 
systems, D-F, are modern, intensive systems. System D is located in pastoral 
areas, E and F crop areas. 
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First, we collected data from available environmental studies, 
assuming these data are correct. However, for the grazing systems, we 
re-estimated feed intake from grazing. Second, we selected six systems 
to represent three classification clusters based on FAO criteria and used 
farm sizes to estimate milk contribution per system between 2000 and 
2020. Third, production in 2035 and 2050 was estimated based on the 
growth rates between 2000 and 2020. Fourth, in crop areas, we included 
four systems depending on farm size, i.e. small traditional, intermediate 

mixed, large and very large industrial systems. In the pastoral areas, we 
assumed there are only two systems, small grazing and large industrial 
systems. Fifth, we made two extreme milk demand scenarios for 2035 
and 2050, one in which people who cannot digest milk, i.e. 86 % of the 
population above four years, does not consume milk and one in which 
everybody follows the nutritional advise for milk consumption. How
ever, the reality might be situated in between. Sixth, we used the global 
warming potential indicator of 100 years (GWP100) from the IPCC 
(2006) to make results comparable to previous studies. However, the 
latest report indicates that methane cannot exit in the air for 100 years 
and using GWP20 might be better. This will increase CFs by a factor of 
1.8 to 2.6 depending on the dairy system. Seventh, we allocated the 
footprints over the output products using the allocation method from 
WF analysis (Hoekstra et al., 2011) based on the product and value 
fraction. However, there are also other ways to allocate, e.g. using 
nutritional energy content or mass. We also allocated footprints to 
manure, which is not common in dairy studies. We argue that manure 
also has a value that even might go up in China in the future due to 
agricultural policy that aims for manure use efficiency of 80 % for 2025 
and 90 % for 2035 (Wei et al., 2021). These assumptions and un
certainties have an impact on the final results that should not be 
considered at face value, but as indicators that give an impression of the 
direction of change. 

Fig. 6. a–c. Fig. 6a shows the green, blue and grey water 
footprints (WFs) in China and outside China, Fig. 6b the land 
footprint (LF) of grassland and cropland in and outside China 
and Fig. 6c the carbon footprint (CF) per kg of milk for six dairy 
systems in China. System A is a traditional grazing system, 
system B and C traditional mixed systems in crop areas. The 
other three systems, D–F, are modern, intensive systems. Sys
tem D is located in pastoral areas, E and F crop areas. (For 
interpretation of the references to color in this figure, the 
reader is referred to the web version of this article.)   

Fig. 7. Total low and high milk consumption in China in 2035 and 2050 
compared to milk consumption in 2020. 
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5.2. Comparisons of footprints with other studies 

When we compare our results with results of other studies on the 
footprints of milk from mixed and industrial systems, results are similar. 
For example, the total WF of 1.40 m3/kg of milk from a mixed system is 
about the same as the total average WF of milk produced in China of 
1.26 m3/kg from Mekonnen and Hoekstra (2012). In our study, blue WFs 
of milk range between 0.06 and 0.54 m3/kg for industrial systems which 
is in line with blue WFs of 0.15 (Bai et al., 2018b) to 0.40 m3/kg (Huang 
et al., 2021). For mixed systems we find a blue WF of milk of 0.08 m3/kg, 
where Mekonnen and Hoekstra (2012) report a value of 0.15 m3/kg. For 
grazing systems, we find a green WF of milk of 17.2 m3/kg, where 
Mekonnen and Hoekstra (2012) report an average value for grazing 
systems of 1.6 m3/kg. The reason for this difference might be that we 
applied detailed data for grazing systems in China that might give a good 
reflection of the actual situation, while Mekonnen and Hoekstra (2012) 
used more general data for grazing systems. 

We estimated that the LF of cropland of milk from industrial systems 
is between 1.2 and 4.8 m2/kg, comparable to the value of 1.58 to 1.83 
m2/kg (Huang et al., 2021). Our results show that the total LF ranges 
between 0.8 and 45.5 m2/kg, with a weighted average of 5.5 m2/kg, 
where Bai et al. (2018b) report a similar LF of 5.2 m2/kg. 

Our CFs of milk vary from 2.3 to 2.9 kg CO2 eq./kg, similar to the 
value of 2.9 kg CO2 eq./kg (Bai et al., 2018b). For industrial systems, we 
find 2.3 to 2.4 kg CO2 eq./kg of milk, where Huang et al. (2021) report a 
value of 1.3 to 1.4 kg CO2 eq./kg. The reason for our larger value is that 
we expanded the system boundary and also included emissions of feed 
production and transportation. 

5.3. Limits to China’s milk production 

The contribution of grazing systems to milk production in China 
declined from 7 % in 2000 to 4 % in 2020. Probably, this system will 
disappear before 2035. Blue WFs, LFs and CFs of total milk production in 
China have shown significant growth between 2000 and 2020. For 
instance, the contribution of the blue WF of milk to the total agricultural 
blue WF (National Bureau of Statistics of China, 2022) increased from 
0.2 % in 2000 to 3 % in 2020. The LF of cropland for milk accounted for 
1 % of total cropland in China in 2000 and 4 % in 2020 (National Bureau 
of Statistics of China, 2022). For total grassland, milk production 
contributed 1 % in 2000, 5 % in 2010, and decreased to 3 % again in 
2020 (National Bureau of Statistics of China, 2022). However, in the 
past, milk production depended on high quality grassland. The per
centage of high quality grassland used for milk was 11 % in 2000, 
increased to 60 % in 2010, and decreased to 41 % in 2020 (Li et al., 
2020). The CF of milk production contributed 3 % in 2000, 12 % in 2010 
and 11 % in 2020 to total agricultural emissions (FAO, 2022). The 
contributions of feed, enteric fermentation, manure and energy use for 
milk to total agriculture were 1 %, 6 %, 3 % and 0.2 % respectively in 
2000 and increased to 5 %, 24 %, 11 % and 3 % in 2020. The examples 
above show the large impact of increasing milk production in China on 
natural resource use and the increased contribution to greenhouse gas 
emissions. 

Considering the footprints of low milk consumption, they are 
possible within the environmental constraints. However, for future high 
milk consumption, limitations come. We assumed the grazing and 
traditional systems will be replaced by the industrial ones based on the 
annual growth rate over the past 20 years. A limitation for high con
sumption is the low quality of grassland and availability of crop resi
dues. On the one hand, the average grass production per year was about 
760 kg/ha (Liu et al., 2008), because of the limited amount of high 
quality grassland in China. For example, the area of grassland on the 
Qinghai-Tibet Plateau accounts for about 30 % of the total grassland (Li 
et al., 2020), but the hay yield in this region is only 100 to 300 kg/ha 
(Liu et al., 2008). On the other hand, because of the separation of crop 
and livestock production, it is difficult to transport bulky residues to 
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Fig. 8. a–c. The green, blue and grey water footprint (WF) (8a), land footprint 
(LF) of grassland and cropland (8b) and carbon footprint (CF) (8c) of dairy 
production in 2050 for China, for high milk consumption for five production 
scenarios (BAU: the same contributions of system A-F for milk production with 
2020, T: 38 % of milk from system D and 62 % from F, R: 80 % of milk from 
system D and 20 % from F, O: 38 % of milk from system G and 62 % from H, O 
+ R: 80 % of milk from system G and 20 % from H). The green and yellow lines 
in Fig. 8b represent available grassland and cropland for dairy farming. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Table 3 
The ratio of dairy land footprints compared to available cropland and grassland 
in China (%) based on low and high level milk consumption for five production 
scenarios in 2035 and 2050.  

Year Consumption 
level 

Land type Scenarios 

BAU T R O R + O  

2035 Low Cropland  90  101  94  38  24 
Grassland  43  24  38  8  17 

High Cropland  455  513  479  192  122 
Grassland  216  120  195  41  87  

2050 Low Cropland  72  81  76  30  19 
Grassland  34  19  31  7  14 

High Cropland  424  478  447  179  114 
Grassland  202  112  182  38  81 

BAU: the business as usual scenario where the contribution of dairy system A–F 
remains the same as in 2020; T: based on the growth rates between 2000 and 
2020, 38 % of milk originates from system D and 62 % from F while other 
systems disappear; R: based on scenario T, 80 % of milk production originates 
from system D and 20 % from F by reallocating dairy cows from crop areas to 
pastoral areas; O: based on scenario T, system D and F are optimized into system 
G (38 %) and H (62 %); R + O: based on scenario O, the contribution of system G 
and H to total milk production change to 80 % and 20 %. 
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dairy farms, decreasing residue availability. Next, Chinese farmers are 
stimulated to return residues to the soil through a national project to 
improve soil quality (Zhang et al., 2017b). 

Results also show that we cannot produce all milk without opti
mizing and reallocating the dairy systems. However, options are limited 
by the availability of high quality grassland and cropland. In China, only 
8 % of total grassland is of high quality (Li et al., 2020). Moreover, 
temperature and precipitation limit hay productivity in Northern China 
to below 2000 kg/ha (Liu et al., 2008), while the scattered distribution 
of grassland in the south limits hay productivity to 2000 to 3000 kg/ha 
(Liu et al., 2008). Cropland availability for feed crops, for example 
maize, is also limited. In China, maize is mainly grown in the North 
China Plain and in Northeast China. However, there is an increasing 
competition for land for specific crops. For example, rice production 
decreased in the South and increased in the Northeast causing compe
tition between rice for food and maize for feed in this region (Wang 
et al., 2022). Similarly, these specific food and feed crops will compete 
over irrigation water, i.e. blue WFs, because blue water is limited in 
China (National Bureau of Statistics of China, 2022). Moreover, owning 
to Chinese governmental policy to achieve carbon neutrality in 2060 
(The State Council of China, 2020), increasing GHG emissions of milk 
production should have an offset elsewhere. Considering these limita
tions, China might need to import feed in the future. For instance, maize, 
soybean, alfalfa and hay from large global producers like the United 
States, Brazil, Argentina, Australia and New Zealand (FAO, 2022). 
Compared to importing milk from the global market, trading feed might 
be more convenient. Moreover, in this way, China could also produce 
beef that could replace pork and in this way decrease pork footprints. 

6. Conclusions 

This study made a comprehensive environmental assessment of milk 
production in China in terms of WFs, LFs and CFs for three dairy clas
sification clusters traditional grazing, traditional mixed and modern 
industrial systems. First, we showed that modern industrial dairy pro
duction systems developed rapidly and that their contribution to total 
production increased from 14 % in 2000 to 79 % in 2020. The small 
traditional production systems increased and dominated in the period 
2000 to 2010, and then decreased again in the following ten years to 
about the production level of 2000. 

Different dairy systems have different footprints per unit of milk, 
beef and manure. The traditional grazing system relying on low quality 
grassland has the largest green WF (17.2 m3), LF (45.5 m2 grassland) and 
a relatively large CF (2.7 kg CO2 eq.) per kg of milk. The small traditional 
mixed system has the smallest total WF (0.4 m3) and LF (0.8 m2) per kg 
of milk. The medium traditional mixed system has a relatively large WF, 
LF and CF. The large industrial system has relatively large blue and grey 
WFs (0.54 and 0.24 m3) and a large LF of high quality cropland of 1.8 m2 

per kg of milk. Beef WFs range between 1.3 and 38.1 m3 per kg, beef LFs 
between 2.4 and 100 m2 per kg, and beef CFs between 6.0 and 8.4 kg 
CO2 eq. per kg. The traditional grazing system has the largest WF and LF, 
but the smallest CF, while the small traditional system has the smallest 
WF and LF, but the largest CF of beef. For manure, traditional grazing 
and mixed production systems have no footprints. For the industrial 
systems, WFs, LFs and CFs of manure range from 0.5 to 1.7 m3, 1.1 to 4.1 
m2 and 2.0 to 2.1 kg CO2 eq. per kg of manure. 

The development of different dairy production systems in China, 
especially of the industrial systems, was the reason that dairy farming 
needed more croplands and irrigation over the past 20 years, but the 
contribution of dairy production to total agricultural land and water use 
in China is still small. However, if the Chinese follow the nutritional 
advice, milk demand in 2035 and 2050 might triple compared to con
sumption in 2020. If China would produce all milk needed in the future, 
WFs, LFs and CFs of total milk production increase four to six times. 
However, there are natural constraints to this increased production. 
China probably cannot produce this milk volume, because the country is 

limited by the availability of domestic grassland and cropland. This 
availability of cropland and grassland is an important constraint for high 
milk consumption causing a dependency on milk or feed import. Low 
milk consumption is possible within the land availability constraints. In 
that case, the best scenarios with the smallest land use are intensive, 
high production dairy systems. The Chinese diets depend on the avail
ability of nutritious foods, either from animals or plants, preferably 
produced in China itself. If the Chinese increase the fraction of animal- 
based foods, e.g. milk, this would imply that Chinese milk consumption 
might cause a huge pressure on the availability of milk and animal feed 
on the global market. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This study was funded by the China Scholarship Council (CSC), file 
number 201806350266. The CSC is a non-profit institution affiliated 
with the Ministry of education of the P.R. China. The support is greatly 
acknowledged. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.spc.2023.04.004. 

References 

Bai, M., Ma, W., Wu, J., Lu, Y., Ren, K., Kang, J., 2017. Assessment of greenhouse gas 
emissions from large-scale dairy farming enterprises in Beijing (in Chinese). 
J. Domest. Anim. Ecol. 2017 (05), 78–85. 

Bai, X., Ren, X., Khanna, N.Z., Zhou, N., Hu, M., 2018a. Comprehensive water footprint 
assessment of the dairy industry chain based on ISO 14046: a case study in China. 
Resour. Conserv. Recycl. 132, 369–375. https://doi.org/10.1016/j. 
resconrec.2017.07.021. 

Bai, Z., Lee, M.R.F., Ma, L., Ledgard, S., Oenema, O., Velthof, G.L., Ma, W., Guo, M., 
Zhao, Z., Wei, S., Li, S., Liu, X., Havlík, P., Luo, J., Hu, C., Zhang, F., 2018b. Global 
environmental costs of China’s thirst for milk. Glob. Chang. Biol. 24, 2198–2211. 
https://doi.org/10.1111/gcb.14047. 

Bai, Z., Ma, L., Oenema, O., Chen, Q., Zhang, F.S., 2013. Nitrogen and phosphorus use 
efficiencies in dairy production in China. J. Environ. Qual. 42, 990–1001. https:// 
doi.org/10.2134/jeq2012.0464. 

Bai, Z., Ma, W., Ma, L., Velthof, G.L., Wei, Z., Havlík, P., Oenema, O., Lee, M.R.F., 
Zhang, F., 2018c. China’s livestock transition: driving forces, impacts, and 
consequences. Sci. Adv. 4, 1–12. https://doi.org/10.1126/sciadv.aar8534. 

Bosire, C.K., Ogutu, J.O., Said, M.Y., Krol, M.S., de Leeuw, J., Hoekstra, A.Y., 2015. 
Trends and spatial variation in water and land footprints of meat and milk 
production systems in Kenya. Agric. Ecosyst. Environ. 205, 36–47. https://doi.org/ 
10.1016/j.agee.2015.02.015. 

Capper, J.L., Cady, R.A., Bauman, D.E., 2009. The environmental impact of dairy 
production: 1944 compared with 2007. J. Anim. Sci. 87, 2160–2167. https://doi. 
org/10.2527/jas.2009-1781. 

Chen, S., Lu, F., Wang, X., 2015. Estimation of greenhouse gases emission factors for 
China’s nitrogen, phosphate, and potash fertilizers (in Chinese). Acta Ecol. Sin. 35, 
19. 

Chen, Z., Ma, Z., Cheng, Q., Liu, J., 2014. Study on greenhouse gas emissions of dairy 
industry in North China using holistic analysis (in Chinese). Chin. J. Agric. Eng. 2014 
(22), 225–235 (in Chinese).  

China Feed Industry Center, 2009. Tables of feed composition and nutritive values in 
China [WWW document]. URL. http://www.chinafeeddata.org.cn. 

Ding, L., Lu, Q., Xie, L., Liu, J., Cao, W., Shi, Z., Li, B., Wang, C., Zhang, G., Ren, S., 2016. 
Greenhouse gas emissions from dairy open lot and manure stockpile in northern 
China: a case study. J. Air Waste Manag. Assoc. 66, 267–279. https://doi.org/ 
10.1080/10962247.2015.1124058. 

Duan, X., 2019. Environmental Impact Life Cycle Assessment of Manure Management 
System in Intensive Dairy Farm (in Chinese). Northwestern Agriculture and Forestry 
University. 

Fan, X., Chang, J., Ren, Y., Wu, X., Du, Y., Xu, R., Liu, D., Chang, S.X., Meyerson, L.A., 
Peng, C., Ge, Y., 2018. Recoupling industrial dairy feedlots and industrial farmlands 
mitigates the environmental impacts of Milk production in China. Environ. Sci. 
Technol. 52, 3917–3925. https://doi.org/10.1021/acs.est.7b04829. 

J. Yi et al.                                                                                                                                                                                                                                        

https://doi.org/10.1016/j.spc.2023.04.004
https://doi.org/10.1016/j.spc.2023.04.004
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf7050
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf7050
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf7050
https://doi.org/10.1016/j.resconrec.2017.07.021
https://doi.org/10.1016/j.resconrec.2017.07.021
https://doi.org/10.1111/gcb.14047
https://doi.org/10.2134/jeq2012.0464
https://doi.org/10.2134/jeq2012.0464
https://doi.org/10.1126/sciadv.aar8534
https://doi.org/10.1016/j.agee.2015.02.015
https://doi.org/10.1016/j.agee.2015.02.015
https://doi.org/10.2527/jas.2009-1781
https://doi.org/10.2527/jas.2009-1781
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100259035207
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100259035207
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100259035207
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100311090457
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100311090457
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100311090457
http://www.chinafeeddata.org.cn
https://doi.org/10.1080/10962247.2015.1124058
https://doi.org/10.1080/10962247.2015.1124058
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100311387927
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100311387927
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100311387927
https://doi.org/10.1021/acs.est.7b04829


Sustainable Production and Consumption 38 (2023) 186–198

197

FAO, 2022. Yearly data statistics of China [WWW document]. URL. https://www.fao. 
org/faostat/en/#data. 

FAO, 2003. World Agriculture: Towards 2015/2030. An FAO Perspective. Earthscan 
Publications Ltd. 

FAO, 1991. Guidelines: Land Evaluation for Extensive Grazing. FAO Soils Bulleting, 58. 
Fen, L., 2017. Research on Greenhouse Gas Emission and Reduction of Milk Products (in 

Chinese). Beijing University of Architecture. 
Gan, Y., 2019. Estimation and Influencing Factors of Carbon Emissions in China’s Dairy 

Industry (in Chinese). Northeast Agricultural University. 
Gao, Z., Lin, Z., Yang, Y., Ma, W., Liao, W., Li, J., Cao, Y., Roelcke, M., 2014. Greenhouse 

gas emissions from the enteric fermentation and manure storage of dairy and beef 
cattle in China during 1961–2010. Environ. Res. 135, 111–119. https://doi.org/ 
10.1016/j.envres.2014.08.033. 

Gerbens-Leenes, P.W., Mekonnen, M.M., Hoekstra, A.Y., 2013. The water footprint of 
poultry, pork and beef: a comparative study in different countries and production 
systems. Water Resour. Ind. 1–2, 25–36. https://doi.org/10.1016/j. 
wri.2013.03.001. 

Gerbens-Leenes, P.W., Nonhebel, S., Ivens, W.P.M.F., 2002. A method to determine land 
requirements relating to food consumption patterns. Agric. Ecosyst. Environ. 90, 
47–58. https://doi.org/10.1016/S0167-8809(01)00169-4. 

Guo, A., Ding, X., Zhong, F., Cheng, Q., Huang, C., 2019. Predicting the future Chinese 
population using shared socioeconomic pathways, the sixth national population 
census, and a PDE model. Sustainability 11, 1–17. https://doi.org/10.3390/ 
su11133686. 

He, Y., Cone, J.W., Hendriks, W.H., Dijkstra, J., 2021. Corn Stover usage and farm profit 
for sustainable dairy farming in China. Anim. Biosci. 34, 36–47. https://doi.org/ 
10.5713/ajas.19.0222. 

Hemme, T., 2019. IFCN Dairy Report 2019. For a Better Understanding of the Dairy 
World. IFCN, Kiel, Germany.  

Hoekstra, A.Y., Chapagain, A.K., Aldaya, M.M., Mekonnen, M.M., 2011. The Water 
Footprint Assessment Manual, Setting the Global Standard. 

Hu, H., 1935. Distribution of China’s population: accompanying charts and density map 
(in Chinese). Acta Ecol. Sin. 2, 42. 

Huang, J., Xu, C.C., Ridoutt, B.G., Liu, J.J., Zhang, H.L., Chen, F., Li, Y., 2014. Water 
availability footprint of milk and milk products from large-scale dairy production 
systems in Northeast China. J. Clean. Prod. 79, 91–97. https://doi.org/10.1016/j. 
jclepro.2014.05.043. 

Huang, W., 2016. Evaluation Method and Case Study of Carbon Footprint of Milk 
Production in Large-scale Farms (in Chinese). Chinese Academy of Agricultural 
Sciences. 

Huang, X., 2021. Comprehensive Benefit Evaluation of Dairy Cattle Breeding and 
Construction of Long-term Operation Mechanism Based on the Combination of 
Planting and Breeding (in Chinese). Chinese Academy of Agricultural Sciences. 

Huang, X., Shi, B., Wang, S., Yin, C., Fang, L., 2021. Mitigating environmental impacts of 
milk production via integrated maize silage planting and dairy cow breeding system: 
a case study in China. J. Clean. Prod. 309, 127343 https://doi.org/10.1016/j. 
jclepro.2021.127343. 

Ibidhi, R., Hoekstra, A.Y., Gerbens-Leenes, P.W., Chouchane, H., 2017. Water, land and 
carbon footprints of sheep and chicken meat produced in Tunisia under different 
farming systems. Ecol. Indic. 77, 304–313. https://doi.org/10.1016/j. 
ecolind.2017.02.022. 

International Energy Agency, 2022. Contribution of different energy sources for 
electricity generation for China [WWW document]. https://www.iea.org/data-and-s 
tatistics. 

IPCC, 2006. 2006 IPCC Guidelines for National Greenhouse Gas Inventories. Volume 4: 
Agriculture, Forestry and Other Land Use. Chapter 10 Emissions From Livestock and 
Manure Management. 

Jia, P., Tu, Y., Liu, Z., Lai, Q., Li, F., Dong, L., Diao, Q., 2022. Characterization and 
mitigation option of greenhouse gas emissions from lactating Holstein dairy cows in 
East China. J. Anim. Sci. Biotechnol. 13, 1–14. https://doi.org/10.1186/s40104- 
022-00721-3. 

Katz, D.L., 2017. Foreword. In: Vegetarian and Plant-based Diets in Health and Disease 
Prevention. Academic Press, Lond, UK, San Diego, US, Cambridge, US, Oxford, UK 
(in Chinese).  

Ledgard, S.F., Wei, S., Wang, X., Falconer, S., Zhang, N., Zhang, X., Ma, L., 2019. 
Nitrogen and carbon footprints of dairy farm systems in China and New Zealand, as 
influenced by productivity, feed sources and mitigations. Agric. Water Manag. 213, 
155–163. https://doi.org/10.1016/j.agwat.2018.10.009. 

Li, L., Chen, J., Han, X., Zhang, W., Shao, C., 2020. Grassland Ecosystems of China. 
Liu, J., Zhang, Y., Li, Y., Wang, D., Han, G., Hou, F., 2008. Overview of Grassland and its 

Development in China. Multifunct. Grasslands a Chang. world, Vol. I.. 
Liu, S., 2018. Life Cycle Assessment of Environmental Impact of Dairy Cattle Feed Crops 

in Guanzhong Area (in Chinese). Northwestern Agriculture and Forestry University. 
Liu, X., Wang, L., Wu, R., Xin, X., Sun, H., Jiang, M., Li, X., Wang, M., Liu, Y., Shao, C., 

2020. LCA-based assessment of hulunber ecological grassland technology integration 
demonstration (in Chinese). Sci. Agric. Sin. 53, 2703–2714. https://doi.org/ 
10.3864/j.issn.0578-1752.2020.13.018. 

Lu, Y., Payen, S., Ledgard, S., Luo, J., Ma, L., Zhang, X., 2018. Components of feed 
affecting water footprint of feedlot dairy farm systems in northern China. J. Clean. 
Prod. 183, 208–219. https://doi.org/10.1016/j.jclepro.2018.02.165. 

Mekonnen, M.M., Hoekstra, A.Y., 2012. A global assessment of the water footprint of 
farm animal products. Ecosystems 15, 401–415. https://doi.org/10.1007/s10021- 
011-9517-8. 

Ministry of Agriculture of China, 2020. China Agricultural Outlook Report (2020-2029) 
(in Chinese). 

Morais, T.G., Teixeira, R.F.M., Rodrigues, N.R., Domingos, T., 2018. Carbon footprint of 
milk from pasture-based dairy farms in Azores, Portugal. Sustain 10, 1–22. https:// 
doi.org/10.3390/su10103658. 

Na, R., Dong, H., Zhu, Z., Chen, Y., Xin, H., 2013. Effects of forage type and dietary 
concnetrate to forage ratio on methane emissions and rumen fermentation 
characteristics of dairy cows in China. Trans. ASABE 56, 1115–1122. 

National Bureau of Statistics of China, 2022. Yearly data statistics of China [WWW 
document]. Natl. Bur. Stat. China. http://www.stats.gov.cn/. 

Robinson, T.P., Thornton, P.K., Franceschini, G., Kruska, R.L., Chiozza, F., 
Notenbaert, A., Cecchi, G., Herrero, M., Epprecht, M., Fritz, S., You, L., 
Conchedda, G., See, L., 2011. Global Livestock Production Systems. Rome, Food and 
Agriculture Organization of the United Nations (FAO) and International Livestock 
Research Institute (ILRI), 152 pp.  

Steinfeld, H., Gerber, P., Wassenaar, T.D., Castel, V., Rosales, M., Rosales, M., de 
Haan, C., 2006. Livestock’s Long Shadow: Environmental Issues and Options. Food & 
Agriculture Org. 

Storhaug, C.L., Fosse, S.K., Fadnes, L.T., 2017. Country, regional, and global estimates for 
lactose malabsorption in adults: a systematic review and meta-analysis. Lancet 
Gastroenterol. Hepatol. 2, 738–746. https://doi.org/10.1016/S2468-1253(17) 
30154-1. 

The State Council of China, 2020. Address to the general debate of the seventy-fifth 
United Nations General Assembly [WWW document]. URL. http://www.gov.cn/g 
ongbao/content/2020/content_5549875.htm. 

Vanham, D., Leip, A., Galli, A., Kastner, T., Bruckner, M., Uwizeye, A., van Dijk, K., 
Ercin, E., Dalin, C., Brandão, M., Bastianoni, S., Fang, K., Leach, A., Chapagain, A., 
Van der Velde, M., Sala, S., Pant, R., Mancini, L., Monforti-Ferrario, F., Carmona- 
Garcia, G., Marques, A., Weiss, F., Hoekstra, A.Y., 2019. Environmental footprint 
family to address local to planetary sustainability and deliver on the SDGs. Sci. Total 
Environ. 693 https://doi.org/10.1016/j.scitotenv.2019.133642. 

Wackernagel, M., Onisto, L., Bello, P., Linares, A.C., Falfán, I.S.L., García, J.M., 
Guerrero, A.I.S., Guerrero, M.G.S., 1999. National natural capital accounting with 
the ecological footprint concept. Ecol. Econ. 29, 375–390. https://doi.org/10.1016/ 
S0921-8009(98)90063-5. 

Wackernagel, M., Rees, W., 1998. Our Ecological Footprint: Reducing Human Impact on 
the Earth. New society publishers. 

Wang, L., Setoguchi, A., Oishi, K., Sonoda, Y., Kumagai, H., Irbis, C., Inamura, T., 
Hirooka, H., 2019. Life cycle assessment of 36 dairy farms with by-product feeding 
in southwestern China. Sci. Total Environ. 696, 133985 https://doi.org/10.1016/j. 
scitotenv.2019.133985. 

Wang, S. shan, Lay, S., Yu, H. ning, Shen, S. rong, 2016b. Dietary Guidelines for Chinese 
Residents (2016): comments and comparisons. J Zhejiang Univ Sci B 17, 649–656. 
https://doi.org/10.1631/jzus.B1600341. 

Wang, X., Ledgard, S., Luo, J., Guo, Y., Zhao, Z., Guo, L., Liu, S., Zhang, N., Duan, X., 
Ma, L., 2018. Environmental impacts and resource use of milk production on the 
North China plain, based on life cycle assessment. Sci. Total Environ. 625, 486–495. 
https://doi.org/10.1016/j.scitotenv.2017.12.259. 

Wang, X., Kristensen, T., Mogensen, L., Knudsen, M.T., Wang, Xudong, 2016a. 
Greenhouse gas 10 emissions and land use from confinement dairy farms in the 
Guanzhong plain of China - using a life cycle assessment approach. J. Clean. Prod. 
113, 577–586. https://doi.org/10.1016/j.jclepro.2015.11.099. 

Wang, Xiaoqin, Liang, D., Wang, Xudong, Peng, S., Zheng, J., 2012. Assessment of 
greenhouse gas emissions from dairy farming systems using life cycle assessment (in 
Chinese). Chin. J. Agric. Eng. 13 (in Chinese).  

Wang, Y., Yan, Y., Xu, J., Du, R., Flatz, S.D., Kiihnan, W., Flatz, G., 1984. Prevalence of 
primary adult lactose malabsorption in three populations of northern China. Hum. 
Genet. 67, 103–106. https://doi.org/10.1007/BF00270566. 

Wang, Y., Zhang, Z., Zuo, L., Wang, X., Zhao, X., Sun, F., 2022. Mapping crop distribution 
patterns and changes in China from 2000 to 2015 by fusing remote-sensing, 
statistics, and knowledge-based crop phenology. Remote Sens. 14 https://doi.org/ 
10.3390/rs14081800. 

Wei, S., Zhu, Z., Zhao, J., Chadwick, D.R., Dong, H., 2021. Policies and regulations for 
promoting manure management for sustainable livestock production in China: a 
review. Front. Agric. Sci. Eng. 8, 45–57. https://doi.org/10.15302/J-FASE-2020369. 

Wilkes, A., Wassie, S., Odhong’, C., Fraval, S., van Dijk, S., 2020. Variation in the carbon 
footprint of milk production on smallholder dairy farms in central Kenya. J. Clean. 
Prod. 265, 121780 https://doi.org/10.1016/j.jclepro.2020.121780. 

Xiu, C., Klein, K.K., 2010. Melamine in milk products in China: examining the factors that 
led to deliberate use of the contaminant. Food Policy 35, 463–470. https://doi.org/ 
10.1016/j.foodpol.2010.05.001. 

Xue, B., Wang, L.Z., Yan, T., 2014. Methane emission inventories for enteric fermentation 
and manure management of yak, buffalo and dairy and beef cattle in China from 
1988 to 2009. Agric. Ecosyst. Environ. 195, 202–210. https://doi.org/10.1016/j. 
agee.2014.06.002. 

Wang, Y., Yan, Y., Xu, J., Du, R., Flatz, S.D., Kiihnan, W., Flatz, G., 1984. Prevalence of 
primary adult lactose malabsorption in three populations of northern China. Hum. 
Genet. 67, 103–106. https://doi.org/10.1007/BF00270566. 

Zhang, G., Lu, F., Huang, Z.G., Chen, S., Wang, X.K., 2016. Estimations of application 
dosage and greenhouse gas emission of chemical pesticides in staple crops in China 
(in Chinese). Chin. J. Appl. Ecol. 27, 2875–2883. https://doi.org/10.13287/j.1001- 
9332.201609.031. 

Zhang, N., Bai, Z., Ledgard, S., Luo, J., Ma, L., 2021a. Ammonia mitigation effects from 
the cow housing and manure storage chain on the nitrogen and carbon footprints of a 
typical dairy farm system on the North China plain. J. Clean. Prod. 280, 124465 
https://doi.org/10.1016/j.jclepro.2020.124465. 

Zhang, N., Bai, Z., Luo, J., Ledgard, S., Wu, Z., Ma, L., 2017a. Nutrient losses and 
greenhouse gas emissions from dairy production in China: lessons learned from 

J. Yi et al.                                                                                                                                                                                                                                        

https://www.fao.org/faostat/en/#data
https://www.fao.org/faostat/en/#data
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100312249606
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100312249606
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100320008806
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100312335547
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100312335547
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100312461046
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100312461046
https://doi.org/10.1016/j.envres.2014.08.033
https://doi.org/10.1016/j.envres.2014.08.033
https://doi.org/10.1016/j.wri.2013.03.001
https://doi.org/10.1016/j.wri.2013.03.001
https://doi.org/10.1016/S0167-8809(01)00169-4
https://doi.org/10.3390/su11133686
https://doi.org/10.3390/su11133686
https://doi.org/10.5713/ajas.19.0222
https://doi.org/10.5713/ajas.19.0222
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100313502967
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100313502967
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100320180446
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100320180446
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100313516337
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100313516337
https://doi.org/10.1016/j.jclepro.2014.05.043
https://doi.org/10.1016/j.jclepro.2014.05.043
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100320352526
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100320352526
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100320352526
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100314519606
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100314519606
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100314519606
https://doi.org/10.1016/j.jclepro.2021.127343
https://doi.org/10.1016/j.jclepro.2021.127343
https://doi.org/10.1016/j.ecolind.2017.02.022
https://doi.org/10.1016/j.ecolind.2017.02.022
https://www.iea.org/data-and-statistics
https://www.iea.org/data-and-statistics
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100320452797
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100320452797
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100320452797
https://doi.org/10.1186/s40104-022-00721-3
https://doi.org/10.1186/s40104-022-00721-3
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100321003786
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100321003786
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100321003786
https://doi.org/10.1016/j.agwat.2018.10.009
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100321060666
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100321230206
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100321230206
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100316252287
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100316252287
https://doi.org/10.3864/j.issn.0578-1752.2020.13.018
https://doi.org/10.3864/j.issn.0578-1752.2020.13.018
https://doi.org/10.1016/j.jclepro.2018.02.165
https://doi.org/10.1007/s10021-011-9517-8
https://doi.org/10.1007/s10021-011-9517-8
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100321314806
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100321314806
https://doi.org/10.3390/su10103658
https://doi.org/10.3390/su10103658
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100316431057
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100316431057
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100316431057
http://www.stats.gov.cn/
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf7045
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf7045
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf7045
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf7045
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf7045
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100317229737
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100317229737
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100317229737
https://doi.org/10.1016/S2468-1253(17)30154-1
https://doi.org/10.1016/S2468-1253(17)30154-1
http://www.gov.cn/gongbao/content/2020/content_5549875.htm
http://www.gov.cn/gongbao/content/2020/content_5549875.htm
https://doi.org/10.1016/j.scitotenv.2019.133642
https://doi.org/10.1016/S0921-8009(98)90063-5
https://doi.org/10.1016/S0921-8009(98)90063-5
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100318000427
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100318000427
https://doi.org/10.1016/j.scitotenv.2019.133985
https://doi.org/10.1016/j.scitotenv.2019.133985
https://doi.org/10.1631/jzus.B1600341
https://doi.org/10.1016/j.scitotenv.2017.12.259
https://doi.org/10.1016/j.jclepro.2015.11.099
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100318346567
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100318346567
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf202304100318346567
https://doi.org/10.1007/BF00270566
https://doi.org/10.3390/rs14081800
https://doi.org/10.3390/rs14081800
https://doi.org/10.15302/J-FASE-2020369
https://doi.org/10.1016/j.jclepro.2020.121780
https://doi.org/10.1016/j.foodpol.2010.05.001
https://doi.org/10.1016/j.foodpol.2010.05.001
https://doi.org/10.1016/j.agee.2014.06.002
https://doi.org/10.1016/j.agee.2014.06.002
https://doi.org/10.1007/BF00270566
https://doi.org/10.13287/j.1001-9332.201609.031
https://doi.org/10.13287/j.1001-9332.201609.031
https://doi.org/10.1016/j.jclepro.2020.124465


Sustainable Production and Consumption 38 (2023) 186–198

198

historical changes and regional differences. Sci. Total Environ. 598, 1095–1105. 
https://doi.org/10.1016/j.scitotenv.2017.04.165. 

Zhang, W., Yi, J., Zhang, F., 2017b. China Fertilizers Development Research Report 2016 
(in Chinese).  

Zhang, Z., Zhang, J., Tian, W., Zheng, H., Cao, X., Li, Y., Song, Y., Zeng, Q., 2021b. Life 
cycle assessment of milk powder spray drying system in China. Energy Sources, Part 
A 00, 1–13. https://doi.org/10.1080/15567036.2021.2006832. 

Zhu, G., Ma, X., Gao, Z., Ma, W., Li, J., Cai, Z., 2014. Characterizing CH4 and N2O 
emissions from an intensive dairy operation in summer and fall in China. Atmos. 
Environ. 83, 245–253. https://doi.org/10.1016/j.atmosenv.2013.11.001. 

J. Yi et al.                                                                                                                                                                                                                                        

https://doi.org/10.1016/j.scitotenv.2017.04.165
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf7020
http://refhub.elsevier.com/S2352-5509(23)00076-3/rf7020
https://doi.org/10.1080/15567036.2021.2006832
https://doi.org/10.1016/j.atmosenv.2013.11.001

	Water, land and carbon footprints of Chinese dairy in the past and future
	1 Introduction
	2 Literature review
	3 Methods and data
	3.1 Dairy systems in China
	3.2 Selection of dairy systems in China
	3.3 Calculation of green, blue and grey water footprints and land footprints milk, beef and manure
	3.4 Calculation of carbon footprints milk, beef and manure
	3.5 Calculation of total water, land and carbon footprints dairy production in China for 2000–2020
	3.6 Scenarios of WFs, LFs and CFs for China’s milk consumption and production in 2035 and 2050

	4 Results
	4.1 Milk production dairy systems in China from 2000 to 2020
	4.2 Water, land and carbon footprints dairy systems in China
	4.3 Future milk consumption in China
	4.4 Water, land and carbon footprint of future dairy production in China

	5 Discussion
	5.1 Assumptions and uncertainties
	5.2 Comparisons of footprints with other studies
	5.3 Limits to China’s milk production

	6 Conclusions
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


