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Abstract: In order to manage regional water resources efficiently and sustainably and promote the
rational utilization of water resources, it is necessary to evaluate the water-supply benefit reasonably.
On the basis of emergy theory, this paper constructs the water-supply-benefit model of economic
(industry, agriculture, and the tertiary industry) and social (domestic, employment security, enter-
tainment, scientific research) systems. Taking Xi’an from 2014 to 2020 as an example, by analyzing
the energy flow of each system and the multisource water transformities, the water contribution
rate, the water-supply benefit, and the unit-water-resource value in each system are calculated. For
the water-supply benefits: Industry > Agriculture > Domestic > Tertiary industry > Employment
Security > Entertainment > Scientific research. For the unit-water-resource values: Industry > Tertiary
industry > Agriculture > Domestic > Entertainment > Employment security > Scientific research. In
the economic system, the water-supply benefit and the unit-water value of industry were always the
largest, followed by agriculture and the tertiary industry. However, the Pearson correlation coefficient
between the water contribution rate and the output of the industrial system was only 0.52, which was
less than that of other production industries, which indicates that there might be a waste of water
and that industrial water conservation needs to be further strengthened. In the social system, the
domestic-water-supply benefits and the water-resource value were the largest. This is because water
resources, as a basic resource, always affect people’s health and quality of life.

Keywords: water-supply benefit; emergy theory; economic system; social system; transformity; water
contribution rate; unit-water-resource value

1. Introduction

Nowadays, because of the continuous growth of the population and the economy and
the uneven spatial distribution of water resources, the problems of water shortages, uneven
supply and demand, and the waste of water resources are becoming increasingly prominent.
This not only greatly limits social and economic development, but also stimulates contradic-
tions among different regions and industries [1-3]. In such a severe situation, a reasonable
assessment of the water-resource value in different industries is of great significance in
order to protect people’s livelihoods, promote economic development, and allocate water
resources rationally [4,5].

In their study of the quantification of the water-resource value and the water-supply
benefits, Qin et al., Tang et al., Bierkens et al., Liu et al., and Shen et al. established a plan-
ning, or optimization, model to find the dual solution of the linear programming problem,
obtained the shadow price of water, and quantified the value of the water resources [6-10].
Alcon et al., Arena et al., and Arborea et al. measured the economic benefits of reclaimed
water for irrigation (including the market and nonmarket benefits) through the CBA model,
so as to evaluate the economic sustainability of an irrigation scheme [11-13]. Ward applied
the CBA model to water-resource decision making and evaluated the monetary value of
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the impact of the decision-making scheme on the overall social environment and econ-
omy [14]. Dallman et al. and Zuo et al. evaluated the benefits of rainwater collection
from many aspects, established a cost-benefit model, quantified the economic benefits
and costs of rainwater collection, and thereby quantified the value of rainwater [15-17].
Sun et al., Downing et al., and Ma et al. analyzed the costs and benefits of soil and water
conservation, the benefits brought about by water-quality protection, and the economic
value of water in arid and water-shortage areas by using the cost-benefit model [18-20].
Lee et al., Genius et al., Loomis et al., and Mumbi et al. used the dichotomy conditional
valuation method (CVM) to measure the economic benefits of tap-water-supply services,
the residents” willingness to pay for potable water treatment, the economic value of water
treatment, and the residents” willingness to pay for environmental restoration [21-24]. Xu
et al. took the Xin’an River Basin as an example, and estimated the water-use benefits of
different beneficiaries by analyzing the transformation of the protection costs and benefits
in different regions [25]. Van dijk et al. applied linear and spatial hedonic price models to
the real estate market in Switzerland, assessed the impact of the water-related environmen-
tal factors on the housing sales prices, and analyzed the differences in the contributions
of different water-related resources to the housing prices [26]. Chi et al. proposed the
comprehensive evaluation index of the social, economic, and environmental benefits of
water resources, and analyzed the comprehensive benefits of the water resources in an area
by using the multiobjective evaluation model [27]. Wang et al. quantified the ecological and
economic benefits brought about by the middle route of the South-to-North Water Transfer
Project to the water-receiving area by using the cost-benefit method and an alternative cost
method, thereby reflecting the water value [28]. Cheng et al. and Yue et al. analyzed the
river ecological service function and quantified the value of the regional ecological base
flow through the equivalent factor method [29,30].

The above research has used different analysis methods to fully discuss the water-
resource value of different objects, which has provided references for the adaptability of the
research methods and the accuracy of the calculation results in this paper. However, because
of the complexity of the eco-economic system and the abstractness of the socioeconomic
value of water resources [31], the commonly used methods, such as the models of shadow
price, marginal benefit, multiobjective evaluation, and cost-benefit, fail to combine the
ecological and socioeconomic attributes of water and to quantify the input and output of
materials, money, and energy in the eco-economic system uniformly, which may lead to the
inaccurate evaluation of the water-resource value [32]. Therefore, in order to break down the
original barriers between the different substances in the ecosystem and in the socioeconomic
system, to ensure that substances with different attributes have unified measurement
standards, and to facilitate unified analysis, statistics, and comparison, emergy theory came
into being. Emergy theory is a new scientific system that was first proposed by Odum, a
famous American ecologist, in his speech when accepting the Crafoord Prize of the Royal
Swedish Academy of Sciences, and in his paper that was published in Science in 1987, after
his in-depth research on energetics [33]. After further research and demonstration, Odum
completed the world’s first emergy monograph: “Environmental accounting: Emergy and
Environmental Decision Making”, in 1996 [34]. The theoretical framework contains a series
of new concepts and pioneering viewpoints, including energy systems, energy quality,
emergy, and emergy transformity. For the first time, different substances in different
systems were connected together, so that they had a unified measurement standard—
Emergy—which was a major leap in theory and method. Emergy theory, as a bridge
between the natural system and the socioeconomic system, has attracted a lot of attention
in academic circles in recent years, and it is widely used in the quantitative research
on the value of natural resources and in the sustainability analyses of different systems,
such as in the work of Liu et al., who constructed an urban domestic water supplying
process metabolism model and accounting framework that is based on emergy theory,
and who analyzed the cost and value of the urban domestic water supply [35]. Di et al.
constructed the eco-economic value index system, which is based on emergy, and they
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analyzed the water-resource values of eight cities in the Yellow River Basin [31]. Wu et al.
analyzed the social value of water resources on the basis of the emergy method, which
enriched the accounting method of the social value of water resources [32]. Paoli et al.
conducted emergy analysis on tourism and cruise tourism in three cities of the Liguria
coastal region from the perspective of the environmental costs and economic benefits, and
they evaluated the development of tourism in these cities [36]. Kocjancic et al. incorporated
the biophysical indicators on the basis of emergy into the socioeconomic optimization
model and, through the study of the Slovenian dairy sector, it was confirmed that the
inclusion of emergy indicators in the optimization model was conducive to the growth of
industrial economic and biophysical benefits [37]. Zhang et al., Zhang et al., and Zhong
et al. adopted a series of comprehensive emergy indicators to evaluate the sustainability
of China’s newly built sewage treatment plant, China’s cement industry environment,
and the Erhai Lake Basin, respectively [38-40]. Winfrey et al. created the treatment
sustainability index on the basis of emergy theory to quantify the sustainability of a waste-
treatment system [41]. Shah et al. assessed the sustainability of a regional agricultural
production system through the emergy input-output analysis of agricultural production in
Pakistan [42]. Peng et al. and Pan et al. quantified the emergy-carrying capacity and emergy
ecological footprint of a city on the basis of the emergy ecological footprint framework, and
they evaluated the sustainability of the ecological and economic systems of the city [43,44].
Jaklic et al. evaluated the emergy of nine farm types, and they discuss the potential of a
multiperspective collaborative evaluation of agricultural activities [45]. Ali et al. evaluated
and compared the environmental pressure that is caused by agricultural production on
Pakistan and India from the perspective of the emergy index [46]. Viglia et al. used the
emergy accounting method to quantify the environmental support that is required by the
metabolism of five urban systems with different sizes in Italy in terms of the resource
generation and the ecosystem service supply [47].

To sum up, in order to accurately measure the real value of water resources, in view of
the existing research results, this paper introduces the concepts of the water-resource eco-
economic system and emergy, and it constructs the emergy network of the water-resource
ecological and socioeconomic composite system. Taking the economic and social system in
Xi’an from 2014 to 2020 as an example, we analyze the emergy flow in each system, and
we make a specific analysis of the emergy in the Xi’an economic and social system from
three parts, including the original data-processing model, the multisource water-body-
transformity model, and the water-supply-benefit model. Thus, the water-resource value
and the water-supply benefit of each system are obtained. The purpose is to provide new
ideas for improving and perfecting the accounting method of the socioeconomic value of
water resources, and to provide a reference for water-resource pricing and water-resource
allocation in different industries.

2. Materials and Methods
2.1. Description of the Study Area

Xi’an is located in the middle of the Yellow River Basin in Shaanxi Province, with
an area of 9983 km?; the regional general situation is shown in Figure 1. Xi’an is a major
industrial city in Shaanxi Province, as well as a major trade center and manufacturing base
in China, with a rich output of industrial products [48]. At the same time, it is also a famous
historical and cultural city, and the service industry is developing rapidly. According to the
“Xi’an Statistical Yearbook (2014-2020)", Xi'an’s resident population and the GDPs of three
industries have increased year by year. By the end of 2020, the city’s resident population
was 12.96 million, and the regional GDP was USD 156.57 billion. According to the “Xi’an
Water Resources Bulletin (2014-2020)”, from 2014 to 2020, the average annual precipitation
of the city was 678.43 mm, the average surface-water resources were 1.904 billion m3,
the average groundwater resources were 1.289 billion m3, and the average total water
consumption was 1813.27 million m3. The temporal and spatial distribution of the runoffs
of the major rivers (Wei River, Jing River, etc.) in Xi’an is uneven [49], and usually only
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2% of the annual runoff occurs in February of the dry season, while 45-56% of the annual
runoff occurs in the flood season [50]. The natural conditions and the rapid development
of the social economy in Xi’an are bound to have a great impact on the development and
utilization of the water resources. According to the calculation, in 2020, the per capita
water resources of Xi’an were only 213 m?, which were far lower than the per capita water
resources of the whole country and of Shaanxi Province, and much lower than the critical
value of 1000 m3, which is internationally recognized as the standard that must be met
for a region to maintain economic and social development. Xi’an is a city with extreme
water shortages [48]. In this case, a quantitative analysis of the economic and social value
of the water resources and the water-supply benefits in Xi’an will help to comprehensively
understand the role of water resources in economic and social development, and to realize
the sustainable management of water resources. The research on the economic and social
value of water resources and water-supply benefits is not only one of the important means
to realize the sustainable utilization of regional water resources, but it is also an important
part of the sustainable development strategy.

\| Tongchuan City N A

Baoji City

River Ankang City Shangluo City

[ xia 0l 15 30 60 90 120
o o

Other cities -— 1

Figure 1. General situation of the study area.

The original data of the natural conditions and the water supply in Xi’an from 2014 to
2020, according to the “Xi’an Water Resources Bulletin (2014-2020)", are shown in Table 1.

Table 1. Raw data of Xi’an city from 2014 to 2020.

Items 2014 2015 2016 2017 2018 2019 2020
Area (10° m?) 9.981 9.981 9.981 9.981 9.981 9.981 9.981

Rainfall (m) 0.701 1 0.6911 05721 0.764 1 0.583 1 0.705 1 0.733 1

Surface water (10° m?) 1.731 1711 1.421 2.031 1.801! 2361 22761
Groundwater (10° m®3) 1.441 1.431 1.431 1.271 1.121 1.171 1.16 1
Industrial water supply (108 m3) 4171 4211 4241 4.351 4411 4.451 2,071
Agricultural water supply (108 m3) 6.39 1 6.59 1 6.641 6.66 1 6.491 5521 580!
Tertiary-industry water supply (108 m3) 0.871 0.901 0921 0971 1271 1.511 2331
Domestic water supply (108 m?) 4.121 4251 4.091 4.191 4321 4351 4591
Ecological water supply (108 m3) 1641 1.881 1.981 2231 2721 2,641 3171

! The data come from the Xi’an Water Resources Bulletin (2014-2020).

2.2. Emergy Theory

Water resources have two attributes, which are, namely, the ecological attribute and
the socioeconomic attribute. The water-resource ecosystem and the water-resource socioe-
conomic system are interrelated and blend with each other. They constitute a complex giant
system, which is, namely, the water-resource eco-economic system. Therefore, in order to
study the social and economic value of water resources, it is necessary to link the ecosystem
with the socioeconomic system where the water resources exist, and to make a compre-



Sustainability 2022, 14, 5001

50f 20

hensive analysis. The water-resource eco-economic system is shown in Figure 2, which
describes, in detail, the flow of the different energies in the water-resource eco-economic
system: the natural water body in the ecosystem contains the energy of renewable resources,
such as solar energy, wind energy, earth-rotation energy, and rainwater energy. In order
to make the natural water body flow into the socioeconomic system for use, it must be
developed. The energy to be invested into the process of development includes human,
material, and financial resources. The energy acts on the natural water and converts it into
engineering water, which is then put into the socioeconomic system for production and
social life.

Figure 2. Water-resource eco-economic system.

However, because of the different properties of the different substances in nature
and in human society, it is hard to create statistics and to make a comparison between
them, which makes it more difficult to accurately measure the contribution value of the
water resources to the social economy. Therefore, in order to solve this problem, this paper
introduces emergy theory.

Emergy is defined as the amount of another kind of energy that is contained in a
flowing or stored energy, which is the emergy of the energy [34]. It is generally believed
that all energy comes from solar energy. Therefore, when calculating the emergy of each
material, solar energy is often used as the benchmark to convert and measure the energy of
other substances. The solar energy that is directly or indirectly needed to form a substance
is the solar emergy of the substance, and the unit is solar emjoules (sej).

The calculation of the emergy of substances is shown in Equation (1) [34]:

EM=1,xQ, 1)

In the equation, EM is the emergy of the substances, with the unit of sej; T; is the solar
emergy transformity of the substances, with the unit of sej/j or sej/g; and Q is the energy
or quality of the substances, with the unit of ] or g.

The core of the conversion from material energy to material solar emergy is to choose
the appropriate transformities and convert the raw data into the amount that is based on the
solar emergy. Odum, Lan, and other scholars have obtained the solar emergy transformities
of the main substances in the eco-economic system through a lot of research [33,34], which
provides a solid foundation for the ecological and economic value accounting of water
resources and the sustainability analysis of the ecological and economic system.

On the basis of emergy theory, this paper analyzes the emergy of the economic and
social system in Xi’an from three parts. The first part is the raw-data-processing model.
Through the model, the input and output materials in the economic and social system are
transformed into energy for the subsequent calculation of the substances” emergies. The
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second part is the multisource water-body-transformity model. For urban water supplies,
the emergy transformity of natural water is not enough, and the emergy input in water
conservancy projects should also be considered. Therefore, a water body should be divided
into a natural water body (including rainfall) and an engineering water body. On this basis,
the emergy transformities of the surface, or the underground natural water bodies, and the
engineering water bodies are calculated, respectively, which provide a basis for analyzing
the emergy input of the water resources in different systems. The third part is the benefit
model of the economic and social water supply. The economic benefits of water resources
include the water-supply benefits in industry, agriculture, and the tertiary industry, and the
social benefits of water resources include social security benefits (domestic and employment
security), entertainment benefits, and scientific research benefits. Therefore, by analyzing
the input and output of the material emergy in economic and social systems, we can obtain the
contribution rate of water resources, and we can further obtain the value of the water resources
in each system, as well as the benefits of the urban economic and social water supply.

2.2.1. Raw-Data-Processing Model

The emergy analysis of the economic and social system is the quantitative analysis of
the input and output of various material emergies into the economic and social system. The
resources that are invested in the economic and social system include renewable resources
and nonrenewable resources, and the outputs are mainly industrial products, agricultural
products, social-labor-force recovery, scientific research papers, tourism income, etc. The
quantity or energy of the inputs and outputs of these resources is the raw data that are
needed for the emergy analysis. Then, according to Equation (1), the energy or quantity of
the raw data is multiplied by the corresponding emergy transformity to obtain the emergy
of the inputs and outputs. In the raw data, the calculations of the amounts of the main
substances are shown in Equations (2)—(4):

Es = A X R, ()

In the equation, E; is the solar energy, in the unit of J; A is the area of the study region,
in the unit of m?; and R is the annual average solar radiation, in the unit of J /(m?-a).
The calculation of wind energy is shown in Equation (3):

Ew =H X pyxaxS5GxA, 3)

In the equation, E; is the wind energy, in the unit of J; H is the height, using 1000 m;
pw is the wind density, using 1.23 kg/m?; a is the eddy diffusion coefficient, in the unit
of m?/s; and SG is the wind-speed gradient, using 3.154 x 107 s/a.

The energy calculation of raw materials, fuels, and products is shown in Equation (4):

E=Cxe )

In the equation, E is the energy of the substances, in the unit of J; C is the annual
consumption or output of the substances, in the unit of g or t, respectively; and ¢ is the
corresponding energy conversion coefficient [34], in the unit of J/g or ] /t, respectively.

2.2.2. Multisource Water-Body-Transformity Model

According to the characteristics of the natural-artificial composite water cycle, the
water body is divided into natural water (including rainfall) and engineering water. Natural
water is surface water and groundwater that is formed through the precipitation hydro-
logical process. Engineering water is the natural water after considering the investment of
water conservancy projects. The specific calculations are as follows:
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1. The natural-water-body-transformity model

The main source of natural water is natural rainfall, and its emergy transformity is
calculated as shown in Equations (5)—(8):

7 = EM,/ AW, (5)
EM, = CE, x Ty, (6)
AW = Wi /Uy, )
CE, =PxGxAxp, (8)

In the equations, T,f\l is the transformity of the natural water body, in the unit of sej/ m3;
k =1, 2, represent the surface and underground, respectively; EM, is the annual total
emergy of the precipitation in the catchment area, in the unit of sej; AW is the annual
catchments of the natural water body, in the unit of m?; CE, is the chemical energy of
the precipitation, in the unit of J; 7, is the transformity of the chemical energy of the
precipitation, using 18,200 sej/] [34]; W is the total amount of water, in the unit of m3;
Uy is the renewal period of the water body, using 0.03 a of surface water, and 100 a of
groundwater; P is the average annual rainfall, in the unit of m; G is the Gibbs free energy
of the rain, using 4.94 ] /g [34]; and p is the density of the rainfall, using 1 x 10° g/m?.

2. Engineering-water-body-transformity model

Engineering water is the natural water after considering the investment of water
conservancy projects (including capital, labor, operation, and management costs, etc.), and
the water body at this time contains the added value of the project investment. The calculation
of the emergy transformity of an engineering water body is shown in Equation (9):

it = EMI/EW, 9)

In the equation, T[ is the transformity of the engineering water, with the unit of sej/m?;
EM]I, is the total emergy input of the water conservancy project, with the unit of sej; and
EW; is the amount of water that is affected by the project, with the unit of m3.

2.2.3. Benefit Model of Economic and Social Water Supply

By analyzing the emergy of the input and output in the economic and social system,
the contribution rate of water resources can be calculated, and then multiplied by the
system output to obtain the water-supply benefit.

In the economic system, the related industries include agriculture, industry, and the
tertiary industry. The input of each production system includes all kinds of renewable
resources and nonrenewable resources, and the output is mainly the emergy of the prod-
ucts. Among them, according to the “Industry classification of national economy” (GB/T
4754-2011), the tertiary industry includes all kinds of service industries, including tourism,
finance, catering, etc. Since the output of the tertiary industry is nonphysical output and
cannot be measured by specific products, this paper uses the GDP of the tertiary industry
instead for its approximate output.

Talcott Parsons, in his book The Social System, defined the social system as the composi-
tion of individual or group-interaction behaviors [51], which shows that human beings are
the subject in the social system. From the perspective of the Marxist labor value theory, we
should understand value in the practical relationship between the subject and the object,
and we should regard value as the relationship between the attribute of the object and the
needs of the subject, and as a certain meaning of object to subject. Therefore, value can
be defined as the meaning of the existence, attribute, and development of the object to
the subject’s material and spiritual life in social practice [52]. It can be seen that the social
value of water resources should be reflected in the satisfaction and benefits of maintaining
people’s quality of life and their social spiritual needs. This paper abstractly summarizes it
as: social security benefits (maintaining people’s quality of life), entertainment benefits, and
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scientific research benefits (meeting social spiritual needs). Among them, the social security
benefits of water resources can be abstracted into the benefits of domestic water supplies
and employment security. By analyzing the input and output emergy in the domestic
system, the benefits of the domestic water supply can be obtained. Since the inputs of food
and nonfood in the domestic system maintain human life and health, the output of the
domestic system can be abstracted as the value of the labor-force restoration, which can be
calculated by the product of per capita disposable income and the Engel coefficient that can
best reflect the people’s quality of life [32]. Because the input and output of employment
security, entertainment, and scientific research cannot be measured by material objects, the
employment security benefits of water resources can be directly calculated by the number of
water-related employees and the corresponding transformity. The benefits of entertainment
and scientific research can be measured by the annual tourism income that is related to
water and the number of relevant papers.

1.  Water contribution rate (WCR;)

The WCR,; is a relative index to measure the contribution of water resources to the
total output of the system (i). It is the ratio of the water emergy input to the total emergy
input in the system (i). (i = 1, 2, 3, and 4, respectively, represent industry, agriculture, the
tertiary industry, and the domestic system. WCR;1, WCR;, WCR3, and WCRy, respectively,
represent the water contribution rates of industry, agriculture, the tertiary industry, and the
domestic system). The calculations are shown in Equations (10) and (11):

WCR; = WUE;/EL, (10)

El; = EM! + EM", (11
1 1

In the equations, i = 1, 2, 3, and 4, respectively, for industry, agriculture, the tertiary
industry, and the domestic system; WCR; is the water contribution rate in the system (i),
with the unit of %; WUE; is the water emergy input into the system (i), with the unit of
sej; EI; is the total emergy input into the system (i), with the unit of sej; EM; is the emergy
input of the renewable resources into the system (i), including solar energy, wind energy,
water resources, etc., with the unit of sej; EM! is the emergy input of the nonrenewable
resources in the system (i), including fuel, raw materials, fertilizer, labor, investment, food,
nonfood household consumption, etc., with the unit of sej.

2. Water-supply-benefit model

The WCR; is multiplied by the emergy output (EO;) of the system (i), and it is then
combined with the ratio of the emergy to the currency, and the water consumption of
the system (i), the water-supply benefit (B;), and unit-water-resource value (WRV;) of the
system (i) can be obtained, respectively. The calculations are shown in Equations (12)—(14):

M; = WCR,‘ X EOZ‘, (12)
B; = M;/EDR, (13)
WRYV; = B;/WUj;, (14)

In the equations, i = 1, 2, 3, and 4, respectively, for industry, agriculture, the tertiary
industry, and the domestic system; M; is the emergy value of the water resources in the
system (i), with the unit of sej; B; is the water-supply benefit in the system (i), with the
unit of $; WRYV; is the unit-water-resource value in the system (i), with the unit of $/m?;
EOQ; is the emergy output in the system (i), with the unit of sej; EDR is the ratio of the
emergy to the currency, using 3.02 x 10'2 sej/$ [53]; and WU, is the water consumption
in the i system, with the unit of m>.

As mentioned in Section 2.2.3, because the input and output of the employment
security, entertainment, and scientific research cannot be measured by material objects,
the employment security benefits of water resources can be directly calculated by the
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number of water-related employees and the corresponding transformity. The benefits of
entertainment and scientific research can be measured by the annual tourism income that
is related to water and the number of relevant papers. The employment security benefits
(Bs), entertainment benefits (Bg), and scientific research benefits (By) of water resources are
shown in Equations (15)—(23):

Ms = (N1 + Np) x 15, (15)
Bs = Ms/EDR, (16)
WRVs = Bs /WU, (17)
Mg = Bg x EDR, (18)
Be=1xp, (19)
WRV,; = By /WlUs, (20)
M; =T x P x 1y, (21)
By = M7/EDR, (22)
WRV; = B; /WU, (23)

In the equations, Ms is the employment security value of the water resources, with the
unit of sej. Bs is the employment security benefit of the water resources, with the unit of $.
WRV; is the employment security value of the unit water, with the unit of $/m?3. M is the
entertainment value of the water resources, with the unit of sej. B¢ is the entertainment
benefit of the water resources, with the unit of $. WRV is the entertainment value of the
unit water, with the unit of $/m5. My is the scientific research value of the water resources,
with the unit of sej. By is the scientific research benefit of the water resources, with the
unit of $. WRV7 is the scientific research value of the unit water, with the unit of $/m?.
Nj is the number of employees in the agriculture, forestry, animal husbandry, and fishery
industries. Nj is the number of employees in the water conservancy industry. 5 is the
transformity of the human labor force, using 1.74 x 10'° sej/person/year [33]. WU is the
total water consumption of the society’s economy and ecology, with the unit of m>. I is the
annual tourism income, with the unit of $. y is the proportion of water-related tourism
resources in all of the tourism resources in Xi’an, using 1.3%. WUs is the ecological water
consumption, with the unit of m3. T is the number of academic papers that are related to
water that have been published. P is the average number of pages per paper, using 6 pages.
77 is the transformity of the academic papers, using 3.39 x 10' sej/p [54].

3. Results
3.1. Raw Data Processing

The raw data of the inputs and outputs in the economic and social system in Xi’an
from 2014 to 2020 were collected. Most of these data are in tons, but the corresponding
transformity unit is usually sej/j. Therefore, it is necessary to convert the units of these data
into joules for the subsequent emergy calculation. (The emergy transformity units of some
substances are given in sej/t, so the raw data of these substances do not need to be processed.)

Taking the industrial system in 2019 as an example, the energy of the substances in the
system can be calculated according to Equations (2)-(4), as is shown in Table 2.
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Table 2. Data-processing results.
Items c? Unit & (unit/J) 2 EQ)
Raw coal and other fuels 1.70 x 107 t 2.09 x 1010 3.56 x 107
Edible oil 3.70 x 1010 t 2.03 x 10° 7.63 x 101
Generating capacity 1.55 x 10'0 kw-h 3.60 x 10° 5.58 x 1016
Crude-oil-processing capacity 2.34 x 107 t 4.18 x 10'° 9.79 x 107
Gasoline and other fuel oils 2.32 x 107 t 4.18 x 10%0 9.70 x 107

! The data come from the Xi’an Statistical Yearbook. 2 Adapted with permission from Ref. [34]. 1995, John Wiley
and Sons

3.2. Natural- and Engineering-Water-Body Transformities

To facilitate the calculation, the natural water is summarized as the surface water and
the groundwater, and the transformity of the natural water and the engineering water from
2014 to 2020 are calculated, respectively.

Taking 2019 as an example, according to Table 1 and Equations (5)—(8), the chemical
energy of the rainwater (CE,), the precipitation emergy (EMp), the annual catchments of
natural water (AW;), and the transformity of natural water (T,f\] ) can be calculated in turn.
(k =1, 2, represent the surface and underground, respectively).

However, in order to study the engineering-water-body transformity, it is necessary to
clarify the emergy input of the water conservancy project. By the end of 2019, 92 reservoirs,
49 hydropower stations, 101 pumping stations, 27 sluice projects, and 133,957 electro-
mechanical wells had been built in Xi’an city. Because it is not realistic to calculate the
emergy transformity of the engineering water body of each water conservancy project
one by one, the surface water and groundwater projects are simplified into reservoirs,
pumping stations, and water-diversion works. Because of the lack of information about
the construction, operation, and management costs of each project, this paper refers to the
analysis in [54] (i.e., the cost of the reservoirs, pumping stations, and water-diversion works
are 0.178 $/m3, 0.038 $/m?, and 0.045 $/m?, respectively). The emergy of the cost with the
unit of sej/m? can be obtained by multiplying the cost by the emergy currency ratio (EDR).
Since the engineering water is the natural water after considering the investment of the
water conservancy projects, the cost emergy plus the natural water transformity can obtain
the engineering water transformity ().

The calculation results of the natural and engineering water transformities in Xi’an
from 2014 to 2020 are shown in Table 3.

Table 3. Transformities of natural water and engineering water in Xi’an.

Years CE, EMp AW, AW, ™ oM £ o
(106 ) (10% sej) (101 m?) (107 m®) (10° sej/m®) (1013 sej/m3) (10 sej/m®)  (10™3 sej/m?)
2014 3.46 5.34 5.75 1.44 9.29 3.70 7.06 3.72
2015 341 5.27 5.68 1.43 9.27 3.69 7.06 3.72
2016 2.82 4.35 4.70 1.43 9.28 3.05 7.06 3.08
2017 3.77 5.82 6.74 1.27 8.64 4.58 7.05 4.60
2018 2.88 4.44 5.97 1.12 7.44 3.97 7.04 3.99
2019 3.48 5.37 7.82 1.17 6.87 4.58 7.03 4.61
2020 3.61 5.58 5.18 1.08 10.78 5.19 6.86 5.21

3.3. Benefits of Economic and Social Water Supply in Xi'an
3.3.1. Benefits of Economic Water Supply in Xi’an

The industrial, agricultural, and tertiary industries are mainly considered for the
economic water supply in Xi’an. Taking the industrial system of Xi’an in 2019 as an
example, according to Equation (1), the emergy of the substances in the system can be
obtained by multiplying the raw data of the substances by the corresponding emergy
transformity. The calculation is shown in Table 4.
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Table 4. Emergy input and output of Xi’an industrial system in 2019.
Items Substances Raw Data Unit Tran.sforr.nity Eme.rgy Transformity
(sej/Unit) (sej) References
Solar 6.07 x 10121 ] 1 6.07 x 101 Odum [34]
Renewable Wind 8.43 x 1001 ] 623 5.25 x 101 Odum [34]
resources Industrial water (Surface) 2.50 x 1082 m? 6.82 x 1011 1.70 x 10%0 This study
Industrial water (Underground) 1.95 x 1082 m? 4.61 x 1013 9.01 x 10%! This study
Input Raw coal and other fuels 3.56 x 1073 ] 4.00 x 10* 1.42 x 102 Odum [34]
Nonrenewable Raw materials 1.39 x 10103 $ 3.02 x 102 419 x 10% Li[53]
resources 3 Labor 1.75 x 10103 $ 3.02 x 102 5.29 x 10? Li [53]
Fixed assets 2.20 x 10103 $ 3.02 x 102 6.65 x 102 Li[53]
Total input 1.849 x 102
Edible oil 7.63 x 10153 ] 8.60 x 10* 6.56 x 1020 Lan [33]
Generating capacity 5.58 x 10163 J 1.60 x 10° 8.93 x 10%! Odum [34]
Chemical pesticide 1.30 x 1033 t 1.62 x 10%5 2.11 x 10'8 Odum [34]
Plastic 2.76 x 10°3 t 3.80 x 101 1.05 x 10%0 Odum [34]
Steels 3.15 x 10°3 t 1.78 x 1015 5.61 x 102 Lv [54]
Glass 2.15 x 10*3 t 8.40 x 10 1.81 x 10 Lv [54]
Aluminum 2.11 x 103 t 1.60 x 106 3.38 x 102 Lv [54]
Cement 2.76 x 1093 t 1.98 x 1015 5.46 x 10?1 Lv [54]
. Wheatmeal 440 x 10°3 t 8.30 x 10* 3.65 x 1010 Odum [34]
Industrial Dairy products 726 x 1053t 171 x 105 124 x 10'2 Lan [33]
Output ~ Products Tap-water production 652 x 1083  m? 389 x 1018 254 x 102 Lv [54]
Meat 7.83 x 1043 t 1.70 x 10° 1.33 x 101 Lan [33]
Chemicals and detergents 7.00 x 10°3 t 1.00 x 1015 7.00 x 102 Lv [54]
Silicon 1.21 x 1043 t 1.60 x 106 1.93 x 1020 Lv [54]
Paper Products 1.25 x 10°3 t 3.90 x 10%° 4.86 x 102 Wang [55]
Mechanical products 8.75 x 10*3 t 6.70 x 101 5.86 x 102 Lv [54]
Crude-oil-processing capacity 9.79 x 10173 i 5.40 x 10* 5.29 x 10% Odum [34]
Gasoline and other fuel oils 9.70 x 10173 J 6.60 x 104 6.40 x 10% Odum [34]
Wood processing and furniture manufacturing ~ 1.01 x 10°3 $ 3.02 x 1012 3.05 x 10% Li [55]
Transportation equipment 1.12 x 10103 $ 3.02 x 1012 3.38 x 10?2 Li [55]
Total output 1.972 x 102

1 The data are calculated according to Equations (2) and (3). 2 The data come from the Xi’an Water Resources
Bulletin (2019). 3 The raw data come from the Xi’an Statistical Yearbook (2019).

Similarly, the emergy input and output of the industrial system from 2014 to 2020 can
be obtained, as shown in Figures 3 and 4.
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Figure 3. Emergy input of industrial system from 2014 to 2020.
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Figure 4. Main emergy output of industrial system from 2014 to 2020.
According to Tables 1 and 4, Figures 3 and 4, and Equations (10)—(13), the EI;, EOy,
WCR;, By, and WRV in the industrial system from 2014 to 2020 can be calculated, as
shown in Table 5.

Table 5. Benefits of industrial water supply in Xi’an from 2014 to 2020.

Item 2014 2015 2016 2017 2018 2019 2020
ELL (10% sej) 1724.45 1675.04 1572.9 1708.32 1836.84 1849.15 1822.61
EO; (107 sej) 1935.21 1954.67 1892.2 1974.19 1930.67 1971.6 1946.20

WUE; (107 sej) 78.96 78.04 64.84 94.52 78.4 91.84 57.85

WCR; (%) 4.58 4.66 4.12 5.53 4.26 4.96 3.17

EDR (10'2 sej/$) 3.02 3.02 3.02 3.02 3.02 3.02 3.02

WU (108 m?) 4.17 421 424 435 4.41 445 2.07
By (10°$) 2.93 3.01 2.58 3.61 2.73 3.24 2.05
WRV; ($/m3) 7.03 7.16 6.09 8.32 6.18 7.28 9.88

From 2014 to 2020, in the Xi’an agricultural and tertiary industry systems, the emergy
input (El, EI3), the emergy output (EO,, EO3), the water contribution rate (WCR;, WCR3), the
water-supply benefit (B,, B3), and the unit-water-resource value (WRV,, WRV3) are calculated,
in turn, with reference to the industrial system. The results are shown in Tables 6 and 7.

Table 6. Benefits of agricultural water supply in Xi’an from 2014 to 2020.

Item 2014 2015 2016 2017 2018 2019 2020
EI, (107 sej) 387.34 410.78 359.98 470.27 437.36 408.45 392.81
EO, (107 sej) 99.31 98.80 102.57 113.43 109.96 112.82 117.72

WUE; (10%° sej) 208.64 214.65 179.40 268.94 227.38 222.86 265.02

WCR; (%) 53.87 52.26 49.84 57.19 51.99 54.56 67.47

EDR (10'2 sej/$) 3.02 3.02 3.02 3.02 3.02 3.02 3.02

WU, (108 m3) 6.39 6.59 6.64 6.66 6.49 5.52 5.80
B, (10°$) 1.77 1.71 1.69 2.15 1.89 2.04 2.63
WRV, ($/m3) 2.77 2.60 2.55 3.22 2.92 3.70 453

3.3.2. Benefits of Social Water Supply in Xi’an

In the social system, the WCRy, By, WRVy, Bs, WRVs, Bg, WRV, By, and WRV; from
2014 to 2020 in Xi’an are calculated according to Equations (10)—(23). The results are shown
in Tables 8 and 9. The raw data required for the calculation are from the Xi’an Statistical

Yearbook (2014-2020) and the Water Resources Bulletin (2014-2020).
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Table 7. Water-supply benefits of the tertiary industry in Xi’an from 2014 to 2020.

Item 2014 2015 2016 2017 2018 2019 2020
EI3 (107 sej) 2298.81 1995.00 2157.09 2556.25 2707.13 2761.68 3116.04
EO;3 (10% sej) 1574.46 2198.64 1977.32 2298.57 2619.36 2917.16 3106.75

WUE3 (107 sej) 17.28 17.70 15.08 22.69 25.02 34.22 54.96

WCR3 (%) 0.75 0.89 0.70 0.89 0.92 1.24 1.76

EDR (10'2 sej/$) 3.02 3.02 3.02 3.02 3.02 3.02 3.02

WUj; (108 m?) 0.87 0.90 0.92 0.97 1.27 1.51 2.33
B3 (10°%) 0.39 0.65 0.46 0.68 0.80 1.20 1.81
WRV; ($/m3) 4.50 7.18 4.97 6.98 6.30 7.95 7.80

Table 8. Benefits of domestic water supply in Xi'an from 2014 to 2020.

Item 2014 2015 2016 2017 2018 2019 2020
El4 (10" sej per person) 9.23 10.27 10.65 11.42 11.60 12.56 11.72

Disposable income of residents (10'° sej per person) 1.25 1.36 1.46 1.59 1.53 1.66 1.74
Engel coefficient (%) 33.25 32.45 28.10 28.35 25.75 26.10 28.05

WUE, (10 sej per person) 9.03 9.05 7.08 9.47 7.82 8.78 8.45

WCRy (%) 9.78 8.81 6.65 8.30 6.74 6.99 7.21

EDR (10'? sej/$) 3.02 3.02 3.02 3.02 3.02 3.02 3.02

WU, (108 m3) 412 425 4.09 4.19 432 435 459

B4 (10°%) 1.16 1.12 0.80 1.19 0.88 1.02 1.51

WRV, ($/m) 2.81 2.63 1.95 2.84 2.04 2.35 3.29

Table 9. Employment security, entertainment, scientific research value of water resources in Xi’an

from 2014 to 2020.

Item 2014 2015 2016 2017 2018 2019 2020

N7 (10* person) 105.02 107.68 105.13 113.17 101.25 101.37 99.97

N, (10* person) 3.11 2.61 29 3.29 3.64 3.83 3.58

Tourism income (101°$) 1.48 1.68 1.90 2.55 3.99 4.92 2.94

1 (%) 1.30 1.30 1.30 1.30 1.30 1.30 1.30

WUs (108 m®) 1.64 1.88 1.98 223 2.72 2.64 3.17

WU (10° m3) 1.63 1.69 1.70 1.74 1.80 1.70 1.56

EDR (10'? sej/$) 3.02 3.02 3.02 3.02 3.02 3.02 3.02

Bs (10%%) 6.22 6.34 6.21 6.70 6.03 6.05 5.95

Bg (10%%) 1.93 2.18 247 3.32 5.19 6.39 3.82

By (10%$) 12.12 9.43 9.43 14.14 10.78 16.84 33.00

WRV5 ($/m%) 0.38 0.38 0.37 0.38 0.34 0.36 0.38

WRV, ($/m) 1.18 1.16 1.24 1.49 1.90 242 1.21
WRV; ($/m5) 0.000074 0.000056 0.000056 0.000081 0.000060 0.000099 0.00021

4. Discussion
4.1. Inputs and Outputs in Economic System

1. Input and output in industrial system

It can be seen from Table 5 that, in the industrial system of Xi’an, from 2014 to 2020,
the WCR; was the largest in 2017, accounting for 5.53%, and the corresponding EO; and
By were also the largest, accounting for 1974.19 x 10%° sej and 3.61 x 10°$, respectively.
The trend comparison between the WCR; and the EO is shown in Figure 5a. The average
WCR; and the average contribution rates of the other main inputs of the industrial system
are shown in Figure 5b.
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Figure 5. (a) Trends of WCR; and EOq; (b) average contribution rates of main inputs in industrial system.

It can be seen from Figure 5a,b that, in the industrial system, compared to the other
inputs, although the WCR; was small, the EO; was still affected by it, and the two are
positively correlated with each other. The Pearson correlation coefficient (p) is the most
commonly used linear correlation coefficient: p € [0.4,0.6] is a medium positive correlation,
p € [0.6,0.8] is a strong positive correlation, and p € [0.8,1.0] is a very strong positive
correlation. After calculation, the Pearson correlation coefficient (p1) between the WCR;
and the EO in the industrial system from 2014 to 2020 is 0.52, which is a medium positive
correlation, which indicates that there is a certain degree of waste of water resources
in industrial production, and that there is still room for improvement in the water-use
efficiency. In order to further improve the utilization efficiency of industrial water resources,
we should continue to strengthen the management of industrial water, vigorously develop
water-saving technology, and actively streamline the production process.

2. Input and output in agricultural system

It can be seen from Table 6 that, in the agricultural system, from 2014 to 2020, the input
of the water resources accounted for a large proportion. Moreover, the WCR; reached more
than 50% in most years, which is mainly because the growth of the crops largely depended
on the water supply. The trend comparison between the WCR; and the EO, is shown in
Figure 6a. The average WCR; and the average contribution rates of the other main inputs
of the agricultural system are shown in Figure 6b.

It can be seen from Figure 6a,b that, in the agricultural system, compared to the other
inputs, the input of the water resources accounted for the largest proportion, and the
changing trends of the WCR; and the EO; were basically the same. After calculation, the
Pearson correlation coefficient (p2) between the WCR; and the EO; is 0.72, which is a strong
positive correlation. This shows that the output of agriculture, as the largest water user, is
greatly affected by water resources.

3. Input and output in tertiary-industry system

It can be seen from Table 7 that, in the tertiary-industry system, from 2014 to 2020,
the input of the water resources was very small, and the WCR3 in each year was only
about 1.0%. The trend comparison of the WCR3 and the EOj3 is shown in Figure 7a, and
the average WCR3 and the average contribution rates of the other main inputs of the
tertiary-industry system are shown in Figure 7b.

It can be seen from Figure 7a,b that, in the tertiary industry, compared to the other
inputs, although the WCR3 was very small, the changes between the WCR3 and the EO3
tended to be consistent, and the latter was obviously affected by the former. After calcula-
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tion, the Pearson correlation coefficient (p3) between the WCR3 and the EOj is 0.85, which
is a very strong positive correlation.
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Figure 7. (a) Trends of WCR3 and EOj3; (b) average contribution rates of main inputs in tertiary industry.

4.2. Inputs and Outputs in Social System

In the social system, the social value generated by water resources is mainly reflected
in the satisfaction and benefits in people’s lives, health, and spiritual pursuits. The output
of the water-resource social system includes the labor-force restoration of the residents,
the water-related employees, the water-related tourism income, and scientific research
papers. The input of the system mainly includes water resources, food, food services,
nonfood consumption, etc. It can be seen from Tables 8 and 9 that, in the social system,
the B4 was greater than the Bs, and far greater than the By and the By. This also shows
that water resources, as the basic resources for human survival, played a significant role
in social security and affected people’s life quality, to a large extent. Among the many
tourism resources, the investment in water-related tourism resources in Xi’an was very
small from 2014 to 2020, accounting for only 1.3% of all the tourism resources, which led to
low entertainment benefits from the water resources.
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4.3. Differences in Water-Supply Benefits among Industries

The water-supply benefits and the unit-water value in the economic and social system
are shown in Figure 8a,b. It can be seen from Figure 8 that there were obvious differences
in the water-supply benefits and the unit-water-resource values in different industries in
Xi’an from 2014 to 2020. In terms of the water-supply benefits: By > By > B4 > B3 > Bs
> Bg > B7. In terms of the unit-water-resource values: WRV| > WRV3; > WRV, > WRV,
> WRVg > WRVs5 > WRV7. This was mainly because the output of the industrial system
was much greater than that of other systems, and the socioeconomic value of the water
resources mainly came from industrial production. This trend was also in line with the law
of the market economy in most cities. It can be seen that the socioeconomic benefits of the
water resources mainly came from industrial production. In the economic system and the
social system, although the water-supply benefits fluctuated slightly in the study period,
they showed an upward trend as a whole. Because of the vigorous development of the
tertiary industry in recent years, its market share has become larger and larger, which has
far exceeded that of industry and agriculture. Therefore, even if the B3 was small because
of the small WCR3, the WRV3 was second only to the WRV1, and it had an increasing trend
year by year.
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Figure 8. The benefits and values of water resources in economic and social system: (a) water-supply
benefits among industries; (b) unit-water-resource values among industries.

The American scholars D’Odorico and Paolo et al. [56] define the value of irriga-
tion water resources as the added value of the crop yield that is affected by irrigation
($/m?), and they measured the value of the irrigation water of different crops in the world
(0.1 $/m3-1.2 $/m3). The Chinese scholars Wei Wang et al. [57] calculated the shadow price
of the industrial water resources in China’s provinces by using the dual model of the non-
radial distance function, and the average price in Shaanxi Province was 3.31 $/m>. When
measuring the value of irrigation water and industrial water, they did not comprehensively
consider the value of the natural water and engineering water, and so the result was too
small. By using emergy theory, this paper considers both the natural-water value and the
engineering-water value, and it considers the sources of the water resources (surface and
underground) separately, which are obviously more accurate. In addition, when analyzing
the output of the industrial system, Wei Wang et al. only considered the industrial GDP and
did not consider the industrial products themselves, which may also lead to the undervalu-
ation of the industrial products. The Korean scholars Won-Seok Lee et al. [22] measured
the economic benefits of water for social life through the conditional valuation method
(CVM). This method focuses on evaluating the nonmarket value of resources, and it has
strong subjectivity, which can easily affect the reliability of the results because of internal
deviation. By contrast, the emergy method that is used in this paper takes into account the
market value (domestic-water-supply value) and nonmarket value (employment security,
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entertainment, and scientific research value) of the social water use, and the evaluation
process is more comprehensive and objective.

5. Conclusions

This paper makes up for the defects of the current commonly used water-resource-
value evaluation methods, such as the models of shadow price, marginal benefit, and
cost-benefit, which fail to combine the ecological and socioeconomic attributes of water
resources, and to quantify the input and output of the energy, material, and money in the
eco-economic system uniformly. On the basis of emergy theory, this paper analyzes the
emergy flow of the economic and social systems in Xi’an from 2014 to 2020, constructs an
urban water-supply-benefit model, systematically evaluates the unit-water-resource value
and water-supply benefits in various industries, and discusses the results. The conclusions
are as follows:

1.  The dependence of industrial production on the water resources in Xi’an from 2014
to 2020 was relatively stable. Compared to other industries, the By and the WRV;
were the largest, and the socioeconomic value of the water resources mainly came
from industrial production. In the industrial system, the WCR; and the EO; have a
medium positive correlation with each other, and p; was 0.52, which still has room
for improvement, compared to p and p3. It can be seen that there might be a certain
degree of waste of industrial water. The government should further strengthen the
specification of the industrial water, vigorously develop water-saving technology, and
actively streamline the production process, so as to improve the water-use efficiency
and obtain greater B; and total benefits;

2. Compared to other industries, the input of the water resources into the agricultural
system in Xi’an from 2014 to 2020 was the largest, and the agricultural production
was extremely dependent on the water supply. However, the B, and the WRV; were
lower than the B; and the WRV, which were related to the different character of
the water-use sector, and this phenomenon was in line with the law of the market
economy. There was a strong positive correlation between the WCR; and the EO,
(p2 = 0.72), which indicates that, in the agricultural system, the WCR; closely affects
the EO,. The more water resources that are input into a certain range, the greater the
B, and total benefits will be;

3. In the tertiary industry, although the B3 was small because of the small WCR3, the
WRV3 was second only to industry and it had an increasing trend year by year, and
there was a very strong positive correlation between the WCR3 and the EO;3 (p3 = 0.85);
all showed high levels of water-use efficiency;

4. In the social system, the By and the WRV; were the largest, mainly because water
resources, as an indispensable basic resource for human life, not only affect people’s
quality of life, to a great extent, but are also the decisive factor for the development of
people’s lives, and they play a significant role in social security;

5. There were obvious differences in the benefits and the value of the water resources
among various industries. The industrial water supply had the greatest benefits and
unit-water value, followed by agriculture, the domestic system, the tertiary industry,
and others. Therefore, it is very important to accurately evaluate the value and
benefits of water resources in industries, which can be used not only as a reference for
the government to formulate water prices, but also to help the relevant departments
coordinate and alleviate the water contradiction between various industries and
allocate water resources reasonably.

The innovation of this paper lies in the following:

1.  Withregard to the water-resource ecosystem and the socioeconomic system as a whole:
building an ecological and socioeconomic composite network of water resources,
showing the process of energy circulation and flow, and providing a research basis for
the value accounting of water resources;
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2. On the basis of emergy theory, the basic framework and model of the urban socioeco-
nomic water-supply-benefit and water-resource-value research are put forward. This
enriches the research methods for the water-resource value;

3. Onthe basis of the basic principle of the emergy transformity calculation, by analyzing
the energy change in the process of the water-resource circulation, the water body is
divided into the natural water body and the engineering water body, which further
refines the emergy calculation process and solves the problem of how to measure the
emergy transformity of multisource water bodies in the emergy calculation.

To sum up, at present, the value accounting of the water resources in China is mainly
from the perspective of economics, and it uses currency to measure its value. Currency
is the product of the social economy. It does not circulate through nature and it cannot
reflect the essence and laws of nature. Therefore, the real value of water resources cannot
be directly measured by currency. The accounting system of the economic and social water-
supply benefits that is based on the emergy theory that is proposed in this paper unifies
the dimensions of the different substances in the natural system and in the socioeconomic
system, explores the real value of water resources with both socioeconomic and natural
attributes, makes up for the defect that the current economic accounting system does not
include natural factors, and is of scientific significance to improving the value theory of
water resources. It also provides new ideas for the unification of the economic value and
the social value of water resources, the rational allocation and pricing of water resources,
and the sustainable utilization of regional water resources.

However, because of the interdependence and overlapping between social systems
and economic systems, the problem of double calculation may inevitably occur when using
emergy theory to analyze the energy flow of each system. How to overcome this problem
needs further research.
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