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Abstract: As water security becomes an increasingly important issue, the analysis of the conflict
between water supply and demand has gained significance in China. This paper details a
bibliometric review of papers published between 2003 and 2018 on the water footprint in China, one
of the global hotspots of water resource research. The tendencies and key points of water footprint
research were systematically analyzed based on 1564 articles, comprising 1170 original publications
in Chinese from the China National Knowledge Infrastructure database and 394 publications in English
from the Web of Science database. The results show that the literature associated with water footprint
research has expanded significantly. The number of papers published increased from 104 in 2003-
2006 to 735 in 2015-2018. Water footprint research has been applied to agricultural, industrial, and
regional water resource management to quantify the impact of human activities on water resources
and the environment. Water footprint metrics were extracted for regional comparisons. There are
obvious regional characteristics of the water footprint in China, but the uncertainty of results makes
further investigation necessary. Further water footprint modeling and field experimental research
is needed to explore the water—ecological environment under complex systems.
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1. Introduction

Water resources are indispensable to socio-economic existence and development. Keeping pace
with rapid economic and societal development, the global demand for water resources has been
growing at an annual rate of 1% [1]. This leads to increasingly significant socio-economic constraints.
In addition, as a result of climate change, environmental degradation, and mismanagement of water
resources, identifying effective sustainability indicators has become essential for water resource
management and governance [2].

China has a large population but scarce water supply [3]. Influenced by a continental monsoon
climate, water resources are unevenly distributed in the north and south and vary greatly during the
year. The natural water distribution does not match the social and economic distribution across the
country [4]. The southwest and southeast areas account for 81% of China’s water resources, while the
northern part accounts for only 19% of its national water resources but 60% of its cultivated land. In
addition, industrial development and urbanization have made over-exploitation of water resources
and water pollution increasingly serious problems [5]. The lack of a consistent water supply has
become a bottleneck in ecological construction and societal development. Identifying water resources
at risk and improving water management are key to the sustainable development of resources and
the economy in China.
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To evaluate how human production and consumption affect natural resources, water footprint
analysis was developed to assess the use of water resources throughout the whole life cycle of a
product—covering production, transportation, marketing, consumption, and reuse—from the
perspective of the evaluation system boundary [6]. It provides an important scientific basis to
measure water resource security and to improve regional water use efficiency. It is a key element in
water resource management and environmental research [7]. The water footprint accounts for the use
of water resources in products or services and evaluates water pollution in production or service
processes. As a comprehensive index to calculate the real occupancy of water resources by human
activities [8], water footprint closely correlates human consumption with water resource utilization.
Water footprint research has expanded rapidly and has become one of the predominant topics in the
international water resource management literature.

To promote and recognize water footprint theory, an international Water Footprint Network
was established, and the Water Footprint Assessment Manual was published to introduce methods
for water footprint accounting and impact assessment [9]. Concurrently, the International
Organization for Standardization (ISO) proposed an international water footprint standard to
complement the life cycle assessment [10]. Scholars in various countries have used the water footprint
to quantify the water hidden in products [11], companies [12], and countries [13,14], as well as the
water flows embodied in economic trade [15]. In addition, it is used to evaluate the regional water
resource carrying capacity, external dependence, and environmental sustainability [16]. Through a
literature review, Yang and Zehnder [17] concluded that virtual water research mainly focused on
food and many studies only quantified the virtual water flow associated with food trade. Zhang et
al. [14] carried out a bibliometric analysis of water footprint research from 2006 to 2015 by mapping
research countries, institutions, journals, keywords, and hot issues. Paterson et al. [18] identified and
discussed priorities for urban water footprint research in the future. Despite the growing use of water
footprint in research, some scholars began to question its practicability [19]. This was due to a lack of
comparisons of measured water footprint values in different studies and in different regions. In fact,
research articles not only carry authors’ research ideas and results, but also have significance in terms
of scientific and cultural knowledge accumulation. Through mathematical and statistical methods,
bibliometrics provides quantitative analysis to assess the characteristics of publications [20]. It is a
useful method for in-depth comparison and analysis of water footprint research.

China is one of the most active and productive countries in water footprint research. The number
of articles on China’s water footprint published in the Web of Science database accounts for about one-
fifth of the world’s total [14] . China’s water footprint research has developed sharply in recent years.
However, most of the results are published in Chinese journals. Previous studies in English published
in the Web of Science could not reflect all characteristics and implications of water footprint research
in China. To quantitatively summarize and compare the development process of water footprint
research in the country, this paper uses bibliometrics to analyze the characteristics and key points of
Chinese water footprint research from 2003 to 2018. The earliest article that can be found was
published in 2003, and thus, this is the beginning of our sample. All key information in Chinese
research published in Chinese and English in either the China National Knowledge Infrastructure
(CNKI) or Web of Science (WoS) database are collected. The research fields, research areas, methods,
and tools are analyzed based on the articles’ titles, keywords, and abstracts. The water footprints
measured are extracted from the main text of each article. This review shows the focus and trend of
water footprint research in China and provides a useful reference for future research.

2. Data and Methodology

2.1. Data Sources

This study collected related Chinese and English articles from the CNKI and WoS for a literature
analysis of water footprint research in China. The CNKI is an online academic library providing
search, navigation, online reading, and downloading services for Chinese scientific articles. It consists
of 7672 academic journals, which account for 99.6% of all academic journals in China, and is the most
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comprehensive gateway of knowledge in China. The WoS is an integrated digital scientific citation
indexing service published by Thomson Reuters. It provides access to multiple databases of academic
and scientific disciplines, especially in natural sciences, engineering, and biomedical research [21,22].

Two sets of keywords are used to search titles, abstracts, and keywords of published articles:
“water footprint” and “China,” or “virtual water,” “footprint,” and “China.” Altogether, 1170
original publications in Chinese were downloaded from the CNKI and 394 English publications from
the WoS. The downloaded information included article titles, publication years, keywords, abstracts,
authors, institutions, and journal titles.

2.2. Data Analysis

The bibliometric analysis conducted in this article includes performance analysis and science
mapping. The research methods are similar to those of other bibliometric studies [14,23,24]. The
performance analysis was conducted using Microsoft Excel 2013 to evaluate the characteristics of
publication outputs —such as research fields, regions, keywords, methods, and tools—to identify key
research topics and trends of water footprint research in China.

Keywords and publication years were obtained directly from the downloaded information.
Research fields, regions, methods and tools were extracted from article titles and abstracts. To
compile an overview of the water footprint metrics in different studies and regions, the measured
water footprint values were extracted from the papers and compared across regions and sectors. The
results were analyzed using statistical tools in Excel. Frequency and co-occurrence analysis were
conducted using BibExcel 1.0.0.0 (Olle Persson, Sweden) [25]. Science mapping was employed using
Pajek 1.0.0.1 (Vladimir Batagelj and Andrej Mrvar, Slovenia) to display the structural changes and
network diagram of co-occurring keywords [26].

The water footprint measures the water consumed by each good and service in daily life. It can
be measured for a single process —such as an agricultural product—an industrial or domestic product,
or an entire company, city, region, or country [9]. Considering the products consumed and services
needed, the research fields are classified according to the research object of the water footprint. The
agricultural field refers to the study of the water footprint of all kinds of agricultural products,
including crop products, livestock products [27], as well as forestry [28]. The industrial field refers to
raw material collection, production processing, and manufacturing. The service sector refers to
businesses that provide services to the society, and it mainly includes hotel services and tourism [29].
Regional (or national) water footprints are obtained by combining the internal and external water
footprint of the area studied [8]. Therefore, the research fields in this manuscript were classified into
agricultural sector, industrial sector, service sector, and regional research. Review, methodology, and
discussion articles are categorized as “methodology.” The reference keywords or highlights for water
footprint research fields is presented in Appendix (Table Al).

3. Analysis of Research Trends

3.1. Publication Trends

The results of the keyword search show that water footprint research in China began in 2003.
Long and Xu [30] from the Cold and Arid Regions Environmental and Engineering Research Institute
of the Chinese Academy of Sciences first applied the theory of water footprint and virtual water—
the hidden flow of water in trade of goods from one place to another—to the northwest of China.
Subsequently, Chinese scholars soon began to pay attention to the water footprint and used this
method to analyze regional water consumption within a certain space-time range.

As stated before, 1564 articles on the water footprint in Chinese and English were retrieved from
the CNKI and WoS from 2003 to 2018. To analyze the trend of water footprint research, the research
period was divided into four equal intervals: 2003-2006, 20072010, 2011-2014, and 2015-2018. The
number of articles published in CNKI and WoS as well as the research trends and research fields are
shown in Figure 1.



Sustainability 2019, 11, 5082 4 of 16

- :
= CNKI = WoS
°
2 200
2
o
3
S 150 11.0%
]
E 20.6% 32.1%
€ 200352
49.0%
..g 100
3
e}
E 50
] I I
,-ull

R IS
Qe e"‘@ N Qe S0t sSs °\ FUROAS e\ S _ _ . _
® Agricultural @ Regional = Methodology ® Industrial mService sector

Figure 1. Comparisons of water footprint publications from 2003 to 2018: (a) the number of articles
from the China National Knowledge Infrastructure (CNKI) and Web of Science (WoS) and (b) trends and
research fields of water footprint publication.

As shown by Figure 1a, the research outcomes exemplify a significant increasing trend. At the
very initial stage from 2003 to 2006, only 104 articles were published. From 2007 to 2010, 287 articles
were published. Among them, 268 articles were published in Chinese journals in the CNKI. Only 19
articles were published in English journals in the WoS, accounting for only 6.6% of the total articles
published in this period. Water footprint research was still in its infancy at this stage. In terms of the
research field, 34.8% of the articles (100) discussed water footprint research methods, reviews, and
comments, 32.1% (92) analyzed regional water footprints, and 32.1% (92) focused on agricultural
water footprints.

Due to the public’s increasing awareness of water resources and environmental protection,
water footprint research developed rapidly [14]. From 2011 to 2014, 437 articles were published in
journals in the CNKI and WoS. This represented an increase of 52.3% from the previous period (2007-
2010). The proportion of articles in the WoS database also increased to 17.4% (76 articles). According
to the Journal Citation Reports (JCRs) provided by Thomson Reuters, 38 articles from the WoS were
published in journals ranked in the top 50% at the time of writing. The analysis results show that the
research field expanded slowly from the agricultural focus, with some researchers beginning to
examine the water footprint in industrial and service sectors.

Over the past four years, water footprint research has developed steadily. The total number of
articles published during 2015-2018 increased by 68.4% compared with 2011-2014. The number of
articles published in Chinese remained stable, adding up to 443. However, the proportion of articles
from WoS reached 39.8% (293) and has more than doubled compared with the previous period (2011-
2014). Meanwhile, with maturity and innovation in research methods, articles published in high-level
journals available in the WoS increased significantly. According to the JCRs, more than half of the
English articles (154) were published in the top 50% of journals in this period. The water footprint
research field has also expanded. As shown in Figure 1b, 37.5% of the articles (276) studied the
agricultural water footprint, 37.4% (275) studied the regional water footprint, and 12.9% (95) studied
the industrial water footprint; with articles on the service sector water footprint accounting for 1.2%
(9). The proportion of articles on research methods, reviews, and commentary decreased significantly
t0 11.0% (81).

3.2. Research Regions

Water resources are unevenly distributed spatially and temporally in China [15]. The spatial
distribution of water resources and the stage of socio-economic development affect the way water is
used, thereby affecting the regional water footprint. The spatial scale of water footprint research
comprises national, provincial, municipal, and county levels. A provincial-level statistical analysis
was conducted to identify the spatial scale and regional characteristics of research. The research area
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information was obtained from the article title, keywords, and abstract. Here, research at county and
municipal levels was converted and added to provincial-level research. Some studies focus on
regions such as Northeast China or the North China Plain, and the study areas were counted for all
the related provinces or provincial-level municipalities. Review and discussion articles that do not
have a specific study area were excluded (388 articles). Eventually, a total of 1176 articles were used
for the analysis of the research region.

The research results show that 36.7% of the articles (432) are on the national scale, including a
direct study of national water footprint using national-level economic data and an upscaling study
using provincial data. With economic development, the dependence on water is increasing and the
conflict between water supply and demand is intensifying. More research examining the regional
characteristics and objectives of water basin management has been conducted at regional and river
basin scales, accounting for 15.1% of the articles (177). The north, northwest, northeast, Yellow River
Basin, and Yangtze River Basin are the focal points for regional water footprint research.

There are 567 articles on water research at the provincial, city, and county levels, accounting for
48.2% of all papers. As some articles involve multiple provincial administrative areas, a total of 1003
research areas were included in this study. The analysis results show that research articles focusing
on northern China are far more numerous than those on southern China (Figure 2).

The northern region is not only densely populated but is also a major grain-producing area, with
obvious competition for water resources [5]. The northwest is the most studied area with Gansu
Province being a key research area. The inland river basins in northwest China, such as the Heihe
River Basin and Shiyang River Basin in Gansu, have little precipitation. Water resources are
fundamental for regional socio-economic development and oasis and ecosystem maintenance. The
scale and technology of water resource utilization may affect the survival of the region, and
accordingly, has drawn significant academic attention —with 10.2% of total regional research on the
water footprint on the Gansu Inland River Basin. The agricultural water footprints in Xinjiang and
Inner Mongolia are also research hotspots.
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Figure 2. Statistics on provincial water footprints in China.

Human activities have the greatest impact on the water cycle in cities [31]. As a result of
accelerated urbanization, large cities in China have developed rapidly over the past two decades[32].
Important features of urbanization are not only the rapid increase in the number of large cities but
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also the emergence of supercities, megacities, and metropolitan areas. According to the United
Nations Population Division [33], in 2011, there were only 30 megacities in the world with a
population of more than 10 million, including six cities in China (Beijing, Chongqing, Wuhan,
Shanghai, Shenzhen, and Guangzhou). By 2017, this number had increased to 13 [34]. With the
increase in urban population and expansion of the economy, water pollution and ecological problems
have become increasingly significant and have led to intense research on the water footprint in
Beijing, Tianjin, Qingdao in Shandong Province, Zhengzhou in Henan Province, and Dalian in
Liaoning {rovince.

Scarce water resources and their high-intensity usage in northern cities have created a series of
problems including aquifer depletion, river dry-up, lake shrinkage, and land subsidence, all of which
seriously threaten sustainable development in the region. Water problems in urban development
have become a focus of international attention. There are more than 150 articles on the water footprint
in Beijing and Tianjin alone. The water footprint in Beijing accounts for 10.5% (105) of the total articles,
among which 61 are from the WoS.

Compared with the arid areas and cities of northern China (676 articles), fewer articles (327) have
focused on the south, where the climate is mild and rainy [35,36]. Though the water resource crisis in
the southern region may not be obvious, water pollution problems deserve more attention, especially
in rural areas [37].

3.3. Water Footprint Comparisons

To compare the results of different water footprint studies, the measured water footprint values
in all the articles are extracted. Based on the main focus of the sampled water footprint articles,
principal crop products, livestock products, energy, and textile industries were selected as the key
objects of analysis. To ensure the comparability of data, only the unit water footprint of the product
was extracted. Per capita water footprint was also extracted and compared as an indicator of regional
water footprint. To analyze the differences among regions, China was divided into five regions
(Figure 2) based on geographical features—Northern, Northeast, Northwest, South ,and Southwest.
In total, 1159 values were extracted, and the results of the water footprint comparison are shown in
Figure 3.
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Figure 3. Water footprint per unit in different regions and for different products extracted for (a)
National-level research, (b) North, (c) Northwest, (d) Southwest, (e) South, and (f) Northeast of China.
The unit is 1000 m3/person/year for water footprint per capita, m3/kg for agricultural products,
m3/MWHh for thermal power generation and 10 m3/t for the textile industry.

From all the articles, 947 data points of measured water footprint values for agriculture products
were extracted. This accounts for 80% of all the extracted data. It shows that quantitative study of the
agricultural water footprint was the main focus in the past 16 years. As can be seen from the national-
level research results (Figure 3a), the water footprints of wheat, soybean, corn, rice, potato, and
vegetables are relatively small, while that of meat, aquatic products, cotton, and oil are relatively
large. The latter list reflects water-intensive agricultural products. The agricultural water footprint is
a function of local water resources, climatic locations, and cultivation habits. The water footprint
research results were biased towards high-productivity arid locations, which are in the Northern part
of China. As shown by Figure 3, the average water footprints of corn (0.67 m3/kg), rice (0.83 m¥kg),
wheat (0.86 m¥/kg), and soybean (1.52 m3/kg) in the Northeast are much lower than in the South,
where the average water footprints are 0.90 m¥kg, 1.21 m3/kg, 1.66 m3/kg, and 2.51 m3/kg, respectively.
In addition, the range of measured water footprint values for livestock products varies significantly
more than those for crop products. Heterogeneities exist in every step of livestock production [38].
The sources of livestock’s feed, their growth cycle, and production quality have a significant impact
on the results of the water footprint measurement. Contrary to the results for grain, the water
footprint for pork (4.82 m3/kg) and poultry (3.9 m¥kg) in the Northeast is slightly larger than in the
South (3.11 m¥kg and 3.52 m3/kg, respectively).

Personal water footprint is the amount of water a person consumes in their daily life over a
certain period. In this study, data on water footprints per capita was obtained from 184 articles. The
results show that average water footprint per capita in the Northeast is 1127.2 m3/person/year, which
is much higher than the national average (879.1 m3/person/year). Apart from indicting personal water
use habits, personal water footprint also reflects people’s living habits and living standards [32]. The
North is the region with the most intensive social activities and area with the highest level of water
scarcity [5]. Thus, people’s water use efficiency is higher than in other areas. Compared with other
regions, Northern China has the lowest water footprint per capita (696.7 m3/person/year).

Water footprint of thermal power generation and the textile industry have been selected for
comparison because they are water-intensive industries [39,40]. In total, 16 and 14 blue water
footprint data points were collected for thermal power generation and the textile industry. Due to
huge differences in production methods and processes, the water footprint values are quite different.
The blue water footprint of thermal power generation varies from 0.84 [41] to 10.15 m3/MWh [42].
The research boundary, method, and data source also affects the uncertainty of research results. The
grey water footprint is widely used to evaluate the impact of the industry on the water environment.
However, the pollutants considered in different studies may differ [43,44]. Therefore, the measured
grey water footprint was not compared in this study.

3.4. Keyword Trends

Keywords express the main idea and thematic concept of an article. Keyword research of a large
number of articles may summarize the overall content characteristics of the research, uncover the
internal relationship between research contents, and reveal the general direction of academic
research. Thus, the frequency of keywords in the 1170 Chinese articles and 394 English articles were
examined. Among them, two Chinese articles and 30 English articles had no keywords, leaving a
total of 2043 Chinese and 1125 English keywords listed by authors. Of these, 76.5% appeared only
once, meaning there were 1504 Chinese and 920 English keywords reflecting the depth and breadth
of the research. Of the keywords appearing more than 10 times, 61 were in Chinese and 14 were in
English. The research focus and hotspots were derived based on the keywords. We translated the
Chinese keywords into English and integrated the commonly used keywords and ranked them.
Those used more than 15 times are shown in Table 1.
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The most frequently used keywords are “virtual water” and “water footprint.” Authors of 487
and 435 articles chose “virtual water” and “water footprint” as keywords, respectively, which
represent 31.8%. and 28.4% of all the articles in the keyword analysis, respectively. Besides “China”
(88, 5.7%), which is the sixth most commonly used keyword, these keywords represent the main
issues and areas of research. Figure 4 shows the internal relationships among the most commonly
used keywords. To avoid redundancy and reflect more details and trends of water footprint research
in China, the keywords “virtual water,” “water footprint,” and “China” are excluded from the figure.
Of the remaining keywords, “water resources” (172, 11.2%), “virtual water trade” (119, 7.8%), and

“virtual water strategy” (97, 6.3%) are the most frequently used.
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Table 1. The trend in common keywords.

9 of 16

Keywords 2003-2006 2007-2010 2011-2014 2015-2018 Total Use Frequency
Use Frequency Ranking Use Frequency Ranking Use Frequency Ranking Use Frequency Ranking

Virtual water 64 1 135 1 151 1 137 2 487
Water footprint 13 4 64 2 146 2 212 1 435
Water resources 13 4 43 4 60 3 56 3 172
Virtual water trade 16 3 29 5 41 4 33 6 119
Virtual water strategy 22 2 45 3 16 8 14 12 97
China 3 13 10 9 26 5 49 4 88
Ecological footprint 3 13 9 11 17 7 34 5 63
Input-output analysis 2 16 10 9 18 6 30 7 60
Agricultural product 7 9 12 6 16 8 17 10 52
Food security 5 11 12 6 7 16 14 12 38
Sustainability 2 16 4 20 13 10 17 10 36
Carrying capacity 2 16 8 12 10 11 12 16 32
Water management 9 6 8 12 10 11 4 22 31
Carbon footprint 0 21 3 21 10 11 18 9 31
Sustainable development 1 19 8 12 9 14 7 18 25
Food 3 13 12 6 3 23 6 20 24
Water security 8 8 8 12 4 21 4 22 24
Water resource security 9 6 7 16 5 18 3 25 24
Life cycle assessment 0 21 0 26 3 23 20 8 23
Water resources assessment 0 21 3 21 5 18 13 15 21
Virtual water consumption 6 10 6 17 4 21 4 22 20
Virtual cultivated land 0 21 6 17 8 15 5 21 19
Food trade 4 12 6 17 5 18 3 25 18
Urban 1 19 2 23 1 26 14 12 18
Water productivity 0 21 1 25 3 23 11 17 15
Climate change 0 21 2 23 6 17 7 18 15
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As shown in Table 1, the research period is divided into four intervals: 2003—2006, 20072010,
2011-2014, and 2015-2018. “Virtual water,” “water footprint,” “water resources,” and “virtual water
trade” are the most commonly used keywords for the study period. However, if the different research
periods are considered, the ranking of “virtual water” and “virtual water trade” is declining. In fact,
the proportion of use of these four keywords is also declining. Taking the most frequently occurring
keyword as an example, among the articles with keywords published during the sample period,
61.5% (64 articles) used “virtual water” as a keyword in 2003-2007, but its use dropped to 35.7% in
2011-2014 and 19.1% in 2015-2018. The declining use of traditional keywords and the appearance of
new ones indicates the gradual extension of the research scope.

The occurrence rate of “ecological footprint” was only 2.9% in 2003-2006, ranking 13th. In 2011-
2014, the percentage increased to 4% and its ranking rose to 7th. Its ranking rose to 5th in 2015-2018,
with an occurrence rate of 4.7%. “Agricultural,” “food security,” “food,” and “food trade” are
commonly used keywords and their use has increased in recent years, indicating that water footprint
research has gradually expanded to food security and the ecological environment.
sustainability,” and “carbon footprint” related issues have
received increased attention in the past decades. It shows that rational and sustainable use of water
resources and their management has become a key concern of sustainable development. The use of
keywords indicating research methods and modeling tools is also rising. The keyword analysis shows
that input-output analysis is the most commonly used research method, and its ranking rose from
16th in 2003-2006 to 7th in 2015-2018. Meanwhile, “life cycle assessment” first appeared as a keyword
in water footprint research in 2013 [45,46] and has seen increasing use since then. This shows that
new methods and tools in water footprint research are being developed, and they deserve in-depth
investigation.

s

In addition, “carrying capacity,

Water productivity

Virtual water consumption Sustainable development

Carrying capacity

Food

Food security

Water management 4 ‘ Sustainability

Water resources assessment

Input-output analysis Urban Virtual water strategy

Figure 4. The network diagram of the most commonly used keyword.

3.5. Research Methods and Tools

In terms of data processing and analysis, water footprint research approaches are classified into
two types: bottom-up and top-down [47]. The top-down method is based on the consumption balance
theory, and the results can reflect the dependence of the study area on external water resources. The
bottom-up method mostly uses the production tree method to calculate the water footprint of each
process in the production system. Both methods have stringent requirements regarding data and
research methods. The details and data integrity of the research methods directly affect the accuracy
and reliability of results.
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The results of the keyword analysis show that research methods are often chosen as keywords.
Therefore, an in-depth analysis was carried out to represent changes in water footprint research
methodology and tools. Paterson et al. [18] highlighted the water footprint assessment,
environmentally extended input-output, and life cycle assessment models as the three main
methodologies for regional or urban water footprint studies. Referring to the results of the analysis
in section 3.4, this research focuses on the following five types of water footprint methods/tools: (1)
statistical data-based analysis, (2) model simulation, (3) life cycle analysis, (4) field analysis, and (5)
input-output analysis.

As shown in Figure 5, 524 articles (441 in Chinese and 83 in English), accounting for 33.5% of all
articles, were based on statistics and trade data analysis, which is the most common research method.
Input-output analysis has been widely used in research on the water footprint and virtual water
trade. This method is based on the balanced relations of countries’ or regions’ economic and social
development [48]. Using input-output tables, water resource utilization could be calculated based on
final consumption to estimate direct and indirect water consumption in economic activities [49].
Input-output analysis accounted for only 1.9% (2) and 6.3% (18) of articles during 2003-2006 and
2007-2010, respectively. Its frequency of use has increased to 13.7% (101 articles) in 2015-2018.
However, input-output data analysis has its shortcomings. Since economic input-output table data
are often only published annually, it is impossible to study the water footprint of a specific product
in a specific period or distinguish between the consumption of blue and green water.

To study the spatial virtual water flow for products, researchers are paying more attention to
water footprint modeling. Only 5.9% of articles (17) during 2007-2010 focused on water footprint
modeling, but the proportion rose to 11.0% (48 articles) during 2011-2014 and 14% (103 articles)
during 2015-2018. The computer program for irrigation planning and management CROPWAT
(FAO, Rome, Italy) [50] of the Food and Agriculture Organization; Stochastic Impact by Regression
on Population, Affluence and Technology (STIRPAT) [51]; Logarithmic Mean Divisia Index (LMDI)
decomposition model [11]; computable general equilibrium (CGE) model [52]; and ecological
footprint model [53] are commonly used in water footprint research. Among them, the CROPWAT
model calculates the reference evapotranspiration and crop water and irrigation requirements and
distinguishes between the use of blue water and green water. The model is widely used in
agricultural water footprint research [54,55].

Recently, some researchers have used survey data to investigate the industrial tourism and
domestic water footprints. Gu et al. [56] carried out a study on the natural water environment in nine
wastewater treatment plants in south China. Jiang et al. [31] investigated the influence of household
habits on the water footprint using questionnaires. Simultaneously, researchers have carried out field
experiments to obtain more accurate data on agricultural water footprints. Compared with 2017, the
number of published articles on water footprint field analysis doubled in 2018. Through experiments,
the effects of temperature, precipitation, and growth environment on crops can be studied in detail,
and these factors play a major role in crop yields and the water footprint [57,58]. Survey data and
field experiments can also be used to compare the variability of water footprints in different regions,
and they will play a significant role in reducing the uncertainties of water footprint research results.
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Figure 5. Statistics of frequently used research methods and tools in water footprint research.

4. Bibliometric Review and Further Enlightenment

4.1. Future Research Hotspots and Trends

An analysis of research hotspots and trends can be undertaken based on research fields, themes,
keywords, article titles, and abstracts. Based on our analysis of water footprint research from 2003 to
2018 in China, we find that research on water footprints in China is growing rapidly. Water footprint
and virtual water play increasingly important roles in water resource management and
environmental protection. New focus areas are emerging, and the research field is expanding.

In the early stage of research, the main concern was the agricultural water footprint. In recent
times, the focus has shifted from natural resources to the complex combination of resources, society,
and economy. Water footprint research has expanded into industry, economy, trade, virtual water
strategy, and many other fields. Although agriculture will continue to use the largest proportion of
water, industrial and domestic demand has increased much more rapidly than agricultural demand
[1]. Moreover, water supply, food security, and energy have become the three major issues for
sustainable development [59]. In our opinion, further research is needed on the food-energy-water
nexus and to provide support for strategic management decisions.

Evaluation methods in water footprint research have also gradually diversified. Research
methods have developed from traditional statistical analysis to modeling, field experiments, and
surveys. Diversification of research methods and comparison between data from different studies
may help reduce the uncertainty of water footprint assessments. The water footprint, as a method to
quantify the water resources needed for the production and consumption of products, provides an
important decision-making basis for resource management. Therefore, as the data and research
methods have led to uncertainty in all aspects of water footprint research, it is important to
quantitatively identify the mechanism and transmission path of uncertainty in the process of water
footprint evaluation, thus improving the reliability and accuracy of water footprint accounting. The
result of this bibliometric analysis indicates that small-scale studies such as field experiments and
surveys are becoming the focus of research. This development will enhance the comparability of the
results of water footprint studies in different regions and reduce the uncertainty of research results.

4.2. Research Limitation

A bibliometric analysis based on the quantitative literature statistics method can highlight the
trends and focus of scientific research. This manuscript uses the bibliometric technique to analyze
and discuss the past, present, and future of water footprint research in China, thereby revealing the
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progress in research and possible future research hotspots. In addition, to compare the results of
different water footprint studies, the measured water footprint values are extracted from each article.
The water footprint comparison shows that there are significant differences in the results of current
water footprint studies. Consequently, there is still a need for in-depth systematic analyses. For
example, how are systematic boundaries defined in water footprint research? What are the
differences among regions and the reasons for those differences? In particular, it is necessary to
strengthen the horizontal analysis of research methods. Therefore, the application of bibliometric
statistics in combination with other technologies is needed for in-depth analyses. Nevertheless,
bibliometric analysis objectively reflects the development process and research focus of water
footprint research in China. It shows the current tendencies, hotspots, and weaknesses of the research
area and can provide reference for researchers and decision makers alike.

5. Conclusion

Based on the bibliometric analysis of 1564 water footprint articles in the CNKI and WoS from
2003 to 2018, this article analyzes the measured water footprint values as well as the current trends
and hotspots of water footprint research in China. The literature associated with water footprint
research has grown significantly in the past decade. The research field has also gradually expanded
from agricultural water footprint to integrated and industrial water footprints. The results indicate
that the water footprint in Northern China draws twice as much attention as that in Southern China
(676 articles and 327 articles, respectively). Additionally, more attention should be paid to
environmental problems associated with the water footprint. The analysis of keywords, research
tools, and methods indicates that the breadth and depth of research is expanding. The study shows
that water footprint research has gradually expanded from a focus on shortages to emphasis on
economic trade, food security, and the environment.

By comparing water footprint per capita and those for agricultural products, thermo power, and
the textile industry in different regions, we find that the water footprint in China has obvious regional
characteristics. Northeast China has the lowest grain water footprint of 0.67 m3kg, 0.83 m¥kg, 0.86
m3/kg, and 1.52 m3/kg for corn, rice, wheat, and soybean, respectively. Northern China has the lowest
water footprint per capita (696.7 m?/person/year). Nonetheless, the uncertainty of results needs to be
discussed further. Future studies and field experiments on water footprint modeling are needed to
explore the water-ecological environment under complex systems. Additionally, more studies on
innovative technologies linking micro-level water use efficiency with water resource development
should be undertaken.
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Appendix
Table Al. The reference keywords or highlights for water footprint research fields.
No. Agricultural Sector Industrial Sector Regional Studies Service Sector Methodology
1 Agricultural product Hydropower Basin Gaming industry Bibliometric
2 Agriculture Woody forest product City Hotel Overview

3 Animal products Battery Regional Tourism Review
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4 Aquaculture Bioenergy River Tourist Discussion
5 Cereal Bioethanol River Basin Methodology
6 Cotton Building Urban
7 Crop Coal-fired power plant Watershed scale
8 Dairy Coking industry
9 Egg Construction
10 Farming Copper
11 Farmland Electricity
12 Food Energy supply
13 Fruit Fuel
14 Grain Industry
15 Hog farm Iron and steel
16 Husbandry Manufacturing
17 Irrigation District Power generation
18 Livestock Pulp and papermaking
19 Maize Rare Earth Products
20 Meat Shale
21 Milk production Solar power
22 Oil Textile industry
23 Pepper Vehicles
24 Rice Wastewater Treatment
25 Soybean Wind Power Plant
26 Wheat Woody products
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