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Abstract. Water resources are not only basic natural resources, but also strategic economic resources and eco-
logical control factors. Water resources carrying capacity constrains the sustainable development of regional
economy and society. Studies of water resources carrying capacity can provide helpful information about how
the socioeconomic system is both supported and restrained by the water resources system. Based on the research
of different scholars, major problems in the study of water resources carrying capacity were summarized as
follows: the definition of water resources carrying capacity is not yet unified; the methods of carrying capacity
quantification based on the definition of inconsistency are poor in operability; the current quantitative research
methods of water resources carrying capacity did not fully reflect the principles of sustainable development; it
is difficult to quantify the relationship among the “water resources, economic society and ecological environ-
ment”. Therefore, it is necessary to develop a better quantitative evaluation method to determine the regional
water resources carrying capacity. This paper proposes a new approach to quantifying water resources carrying
capacity (that is, through the compilation of the water resources balance sheet) to get a grasp of the regional
water resources depletion and water environmental degradation (as well as regional water resources stock assets
and liabilities), figure out the squeeze of socioeconomic activities on the environment, and discuss the quantita-
tive calculation methods and technical route of water resources carrying capacity which are able to embody the

substance of sustainable development.

1 Introduction

As a sort of irreplaceable natural resource, water resources
are an essential element for human existence and an impor-
tant guarantee for sustainable socioeconomic development.
In China, a country experiencing an acute shortage of wa-
ter, nearly two-thirds of cities are short of water to varying
degrees (Chen, 2016) and the contradiction between water
resources constraint and socioeconomic development is be-
coming increasingly prominent. As a result, control over the
socioeconomic development and utilization intensity within
the range of carrying capacity has become a core part of na-
tional efforts to guarantee water resources security in the fu-
ture (Wang, 2017).

Most of the existing studies incorporate the carrying ca-
pacity of water resources into the theory of sustainable de-
velopment, believing that economic development should be
based on a virtuous cycle of the ecological environment,
and the research should focus on the hydrology cycle pro-
cess and mechanism under the natural — artificial binary
mode with human interventions. Further, systematic consid-
eration should be given to the relationship among “water re-
sources, socioeconomy and ecological environment” (Zhu et
al., 2002; Feng and Huang, 2008). The conclusions of several
studies considered the fact that the carrying capacity of water
resources signifies that water resources are needed to sustain
a healthy social system (Cerutti et al., 2010; Bakker, 2012).
However, current studies in this area lack depth. There are
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great difficulties in how to systematically quantify the rela-
tionship between the environment and the economy, as well
as natural resources depletion and environmental degradation
caused by economic activities (Gan et al., 2014). In recent
years researchers have been paying more attention to the cal-
culation methods of water resources carrying capacity rather
than the theoretical research of water resources carrying ca-
pacity (Fu et al., 2012; Kang and Xu, 2012). Hence, this pa-
per proposes to bring water resources depletion and water
environmental damage into the traditional national economic
accounting system and establish a regional water resources
balance sheet relying on studies on regional water resources
assets and liabilities, so as to expand the quantitative chan-
nels for water resources carrying capacity.

2 Concepts and research progress of water
resources carrying capacity

Carrying capacity, with its limit thought to be first derived
from Aristotle and later applied as a mechanics index, refers
to the maximum (extreme) carrying capacity of an object
without causing any damage (Long et al., 2004). The earliest
study on the carrying capacity of water resources in China
was conducted in 1989 when Xinjiang Water Resources Soft
Science Research Group carried out studies on Xinjiang’s
water resources carrying capacity and development strate-
gies for the first time. Since 1990, many scholars have put
forward numerous viewpoints, concepts, methods, evaluation
index systems and calculation models related to the water re-
sources carrying capacity, but no unified understanding has
been formed so far (Zhao, 2009).

2.1 Status quo of the research on water resources
carrying capacity

In general, definitions of water resources carrying capacity
can be summarized into two schools of thought. The maxi-
mum support capacity theory represented by Shi Yafeng ar-
gued that water resources carrying capacity refers to the max-
imum capacity of water resources in a region to carry (ac-
commodate) the agriculture, industry, city size and popula-
tion without disruptions to the society and ecosystem, at a
certain stage of the social, historic and technological devel-
opment. It is a comprehensive objective changing with the
development of the society, economy, and science and tech-
nology (Liu et al., 2011).

The maximum development capacity theory represented
by Xu Youpeng argued that water resources carrying capac-
ity refers to the maximum capacity of water resources to sup-
ply water for industrial and agricultural production, people’s
life, and the ecological environment under certain technical
and economic level and social production conditions, i.e., the
maximum development capacity of water resources. Water
resources can be renewed naturally and constantly utilized
by people, and bring benefits to mankind without causing
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any deterioration under this maximum development capac-
ity (Xu, 1993).

Calculation methods for water resources carrying capac-
ity are broadly divided into two categories. The first one is
the evaluation method, which was designed to evaluate the
degree of support for water resources to a certain scale of
development through building an indicator system, such as
the principal component analysis method (Fu and Ji, 1997),
aggregative indicator method (Wang et al., 2000) and fuzzy
evaluation method (Li and Jin, 2009); the second one is the
planning method, which was designed to take a large num-
ber of complex factors including economy, society, resources
and environment as a whole to find out internal relations be-
tween them, and apply mathematical equations to simulate
or build models, so as to figure out the optimal develop-
ment plan, such as the system dynamics method (Yang et al.,
2015) and multiobjective analysis method (Xue et al., 2000).
In addition to these traditional quantitative methods, many
scholars have made different attempts. For example, Feng et
al. (2008) applied the water shortage risk assessment model
based on information diffusion technologies to studies on the
water resources carrying capacity and analyzed the water re-
sources carrying capacity of Jinhua City, Zhejiang Province
(Feng and Huang, 2008). Ren et al. (2016) put forward the re-
gional water resources metabolism theory, which introduced
the concept of biological metabolism to the water resources
carrying capacity (Ren et al., 2016).

2.2 Existing problems

2.2.1 The definition of water resources carrying capacity
is not yet unified

Water resources carrying capacity has been defined in two
different ways. The former, taking the size of population and
social economy that can be carried as an indicator of the wa-
ter resources carrying capacity from the perspective of a wa-
ter resources carrying object, namely, the socioeconomic sys-
tem, is complete in terms of the physical meaning but com-
paratively abstract; while the latter, taking a specific volume
such as water supply capacity as an indicator of the water
resources carrying capacity from the perspective of water re-
sources carrying subject, namely, the water resources system
(Yuan et al., 2006), is incomplete in terms of the physical
meaning but more intuitive. It is considered here that the for-
mer statement can better embody the substance of water re-
sources carrying capacity and also have more practical sig-
nificance.

2.2.2 The methods of carrying capacity quantification
based on the definition of inconsistency are poor
in operability

Two categories of calculation methods summed up in the
above section can correspond respectively to two kinds of
different definitions of the water resources carrying capacity.
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Due to the nonunified definitions, the results from the quanti-
tative methods raised on the basis of different definitions are
difficult to quantify and compare in reality, which leads to
poor operability of these methods.

2.2.3 Failure to fully reflect the principle of sustainable
development

The emphasis of research on water resources carrying capac-
ity needs to persevere in the principle of sustainable develop-
ment, but in general, the principle cannot be clearly reflected
in the research process. The principle can only be implicitly
reflected in researchers’ research process according to their
understanding of the connotation of sustainable development
(Zhang et al., 2003). Consequently, the calculated results of
the water resources carrying capacity can hardly reflect the
depletion of resources and the loss of the environment.

2.2.4 Bottlenecks, which are difficult to quantify, exist in
the relationship among water resources,
socioeconomy and ecological environment

Studies on water resources carrying capacity at the present
stage are generally conducted on water resources or social
and economic activities as the main research objects only,
which ignore the ecological environment and the internal re-
lations between the trios. To do this, an optimal choice is to
explore and compile a water resources balance sheet.

3 Carrying capacity and water resources balance
sheet

3.1 Concept of water resources balance sheet

In 1946, John Richard Hicks, a British economist, put for-
ward the green GDP idea for the first time, and he placed em-
phasis on changing the perception of pure economic growth
(Zhang, 2006). In the mid-1990s, the loss caused by ecolog-
ical environment destruction every year in China accounted
for more than 8 % of GDP (Chen, 2007), indicating that the
economic development comes at the expense of the environ-
ment and the extensive development model has brought se-
rious negative impact to the ecological environment. When
economic prosperity comes with serious environmental dam-
age and health hazards, the false image of national growth
emerges, which will cause distortion or twist to the evalua-
tion of resources carrying capacity. Hence, clarification of the
creditor relationship between the environment and the econ-
omy can play a key role in calculating water resources carry-
ing capacity.

What is water resources liability? Generalized water re-
sources liabilities can be defined as the negative impact on
water resources volume, environmental quality and ecosys-
tem function due to excessive improper economic activities.
It could be further described as the overuse of water resources
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leading to the damage of water cycling process and renewa-
bility of water, the overdischarge of wastewater and pollu-
tants to natural water bodies leading to the reduction of en-
vironmental capacity, and the excessive consumption of eco-
logical water use leading to the decrease of ecosystem ser-
vice (Jia et al., 2017). As the human society attaches impor-
tance to the ecological environment and sustainable devel-
opment, the US, Canada, Japan, Australia and other coun-
tries have conducted research on the water resources balance
sheet. Since China carried out the green GDP accounting
study in the early 21st century, natural resources assets ac-
counting has begun to be put into practice. National balance
sheet is subject to the System of National Accounts (SNA),
and so the System of Integrated Environmental and Eco-
nomic Accounting (SEEA) jointly launched by the United
Nations and the World Bank as an auxiliary accounting sys-
tem to SNA, is considered to be comprised of the current
international norms which are closest to the compilation of
China’s natural resources balance sheet (NRBS) (Geng et
al., 2015). On this basis, the United Nations Statistics Di-
vision cooperated with the London Group on Environmental
Accounting in compiling the System of Environmental and
Economic Accounting for Water (SEEAW) based on SEEA,
and China also formed the general framework of Compre-
hensive System of Environmental and Economic Accounting
for Water (CSEEAW) (Chai et al., 2016) in 2009.

However, the SEEAW did not set specific liability items,
and that is why it differs from the water balance sheet
(Huang, 2017). Therefore, the decision on whether or not to
recognize water resources liabilities determines the compi-
lation of the statement of water resources assets and liabili-
ties or water resources assets balance. So, is there any water
resources liability? It can be seen that the resources deple-
tion, environmental damage and ecological disruption caused
by current socioeconomic development represent a sort of
“debt” to natural resources, which could clearly reflect the
“accounting” based on the concept of sustainable develop-
ment. The environment should be treated as a virtual subject
to specify water resources equities and liabilities of the econ-
omy, so as to restore and compensate the environment (Jia et
al., 2017).

The system of accounting for the water resources balance
sheet shall include various statement forms and design the
order in accordance with the statement forms as follows:
physical object first, value second; stock first, flow second;
classification first, consolidation second, which includes the
physical accounts of water resources, the quality accounts of
water resources, and the hybrid supply and use table. Finally,
the compilation of water resources balance sheet could be
completed on the basis of the accounting for water resources
magnitude of value. In the System of Trial Preparation of
Natural Resources Balance Sheet (Preparation Guide) pub-
lished in November 2015, China has come up with the stan-
dard statement forms of the physical accounts of water re-
sources and the quality accounts of water resources. How-
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Table 1. Basic statement form of the water resources equity balance sheet.

Item Opening

stock distribution  use

Equity

Equity Current net change Closing

Equity Equity
assets liabilities

Net equity  stock
assets

1 Surface water
2 Groundwater
3.

4 Total

‘Water resources

Water environment 5 COD discharge

6 Ammonia nitrogen
discharge

7

8 Total

Water ecology 9 Ecological water
demand

10 Sea inflow
11..

12 Total

Note: there is a balance relationship in the table, i.e., equity assets — equity liabilities = net equity assets; the Three Red Lines index can be used as a reference for
equity distribution. Due to data limitations, the compilation of water environment and water ecology is very difficult at the present stage.

Explanation of some conceptions: (1) opening stock — can be set to zero in the beginning of the accounting year; meanwhile the ending stock represents the changes in
the current period. (2) Equity distribution — distribution quota that based on the Three Red Lines index or assessment indicators, which generally refers to the multiyear
average. (3) Equity use — water consumption during the accounting period. (4) Equity assets — the rights and benefits of water users under the legal protection during
water consumption. (5) Equity liabilities — obligation of water users to compensate or repair the environment due to exceeding the rights stipulated by law during the

water consumption.

ever, current studies on the value of water resources are not
well developed. Hence the standards for statement forms
of water resources balance sheet have not yet been unified.
The research achievements of Hong Gan, Lin Wang, Chang-
Hai Qin, and Lin Jia are referred here to list the basic state-
ment form of the water resources equity balance sheet (Chai
et al., 2016; Zhou et al., 2017); see Table 1.

It can be seen that the inclusion of resources depletion,
environmental damage and ecological benefits in the system
of evaluation for socioeconomic development can establish
a system of national economy accounting in favor of green
and low-carbon cyclic development. Problems about the wa-
ter resources carrying capacity at this stage are due to the
lack of quantification of resource depletion and environmen-
tal damage. Hence, if these two can be connected, then de-
ficiencies in the quantification of water resources carrying
capacity may be improved.

3.2 Discussion on quantification methods

The concept of water resources carrying capacity is related
to a huge and complex system with many factors such as
population, resource, environment, ecology, society, econ-
omy and technique, while the previous calculation of the
carrying capacity usually failed to consider the interaction
among various factors in the complex system. In order to
solve the problem that the current research has ignored the
inherent relationship among water resources, economic so-
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ciety and ecological environment, the feedback relationship
among the water resources system, socioeconomic system
and ecological environment system is analyzed and summa-
rized as shown in Fig. 1.

It is observed that the physical accounts of water resources
clearly reflects the increase (source) and decrease (outflow)
in stock of regional water resources in each year, in accor-
dance with the feedback relationship between the water re-
sources system (supply) and socioeconomic system (deple-
tion). And the accounting of assets and liabilities for water
resources, water environment and water ecology in the water
resources balance sheet can reflect the depletion and degra-
dation of the ecological environment caused by regional so-
cioeconomic water utilization. Therefore, an attempt is made
to combine these two with the quantification of the carrying
capacity, to avoid the twisting or distortion of the calculation
of water resources carrying capacity, and propose the techni-
cal route for quantification of the carrying capacity as shown
in Fig. 2.

Studies on water resources valuation at the present stage
are inadequate. Consequently, the discussion here is based
on the physical water assets account, in which the consider-
ation may be given to deduct water liabilities (i.e., the equity
liability item in Fig. 1) from the available water resources
for compensation for water liabilities. It can be seen that the
combination with the water resources balance sheet can more
completely reflect the endowment conditions of a regional
water resources circulation system, the resource threshold

proc-iahs.net/379/269/2018/
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Figure 1. System feedback diagram.

that can be provided facing the economic development pres-
sure and the water resources constraint after generating the
liabilities, as well as avoid the distortion of evaluation re-
sults. Meanwhile, water resources liability items reflect the
resources depletion and environmental degradation resulting
from social and economic activities and lay a foundation for
maintaining a virtuous ecological cycle. And the quantifica-
tion of water resources carrying capacity on this basis is able
to fully reflect the sustainable development theory.

4 Case study and discussion

4.1 Calculation of water resources carrying capacity in
Chengdu

Due to its abundant amount of data and the good foundation
of previous research, Chengdu was selected as the study area.
Chengdu, located in central Sichuan at 102°54'-104°53'E
and 30°05-31°26’ N, covers an area of 12390km? in to-
tal. Chengdu has a moderate subtropical monsoon climate
and abundant precipitation, with the annual average precip-
itation ranging from 900 to 1300 mm and multiple years of
total water resources reaching 8.607 billionm?>. In general,
Chengdu boasts abundant water resources, which mainly
come from the plentiful transit water resources in the region,
while Chengdu does not have rich local water resources due
to a dense population and relatively little per capita water re-
sources.

According to the above quantization technology route, the
water resources capacity of Chengdu city in 2015 is calcu-
lated as follows. The data are from the Chengdu Water Re-
sources Bulletin (Chengdu Water Authority, 2015) and some
relevant reports. Taking the multiyear average of 1980-2005
groundwater in Chengdu at 9.720 billion m? as the beginning
stock and the year of 2015 as the beginning year, the phys-
ical accounts of water resources of Chengdu in 2015 (see
Table 2) is compiled with reference to the trial compilation
achievement of Xi Yuanyuan (Xi, 2017) and the compilation
requirements of the System of Trial Preparation of Natural
Resources Balance Sheet (Preparation Guide). Meanwhile,
the “Three Red Lines” control objectives of all districts in
Chengdu are combined to compile the water resources items
in the statement of water resources equity balance sheet of
Chengdu in 2015, see Table 3. Due to data limitations, the
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water environment and water ecology items are not filled in
here.

Total available regional water resources are determined ac-
cording to the method set out in the Technical Details of Na-
tional IWRM Planning. The formula is as follows:

W=Wy— Wg+ Wr, (D)

where W refers to the total available regional water re-
sources, Wy refers to the total water resources, Wy refers to
the ecological water demand and W7 refers to the water re-
sources diverted in from outside the region, all measured in
100 million m?. According to the meaning of each item in the
physical accounts of water resources, it can be seen that the
total water resources corresponds to the value in the third row
of the first column in the Table 2, expressed as [3, 1], mean-
while there is a balance relationship, i.e., [3, 1]=[3, 2] +[3,
3]. The water resources diverted in from the outside region
corresponds to the value in the sixth row of the first column
in the Table 2, expressed as [6, 1].

The ecological water demand can be calculated in accor-
dance with the method set out in the Estimation Method of
Available Water Resources (Trial) by the Ministry of Water
Resources of China. With the percentage of multiyear aver-
age regional runoff (10-20 % for northern areas and 20-30 %
for southern areas generally) as the minimum ecological wa-
ter demand of rivers, here the ecological water demand is
calculated at 20 %, deriving the result of ecological water de-
mand of 2.996 billion m?.

W =[3,1]+[6,1] —29.96 2)

Thus, the total available water resources of Chengdu in 2015
stood at 3.853 billionm? by calculation.

According to the Statistical Yearbook of Chengdu
(Chengdu Bureau of Statistics, 2016), the per capita water
consumption A is calculated by extracting water consump-
tion of domestic, industrial, agricultural and ecological water
outside the channel from the physical accounts of water re-
sources.

L 02,1 [13, 1]+ [14, 114 [15, 1]+ [16, 1]
- Pty P(t)

where P(t) corresponds to the total population in the corre-
sponding year; the value of numerators derive from Table 2.
Thus the per capita water consumption of Chengdu in 2015
is 358 m? by calculation. The total available water resources
in the corresponding year divided by the per capita water
consumption derives the water resources carrying capacity
of that year. The overcarrying is calculated using the follow-
ing formula (Wang et al., 2007) to measure the overcarrying
of regional water resources.

R Al x P(1) @

w

When R <1, it is not overcarrying, and the smaller the value
is, the greater the potential carrying capacity is; when R > 1,

) 3)
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Figure 2. Technical route of carrying capacity quantification.

Table 2. The physical accounts of water resources of Chengdu in 2015, measured in units of 100 million m3.
Indicator Code Total Surface water  Groundwater
A B 1 2 3
Opening stock 1 99.13 1.93 97.20
Increase in stocks 2 32435 296.57 27.78

Water resources from rainfall 3 66.32 41.48 24.84
Inflows and diverted in 4 235.36 232.42 2.94
Inflows from outside region 5 205.92 205.92 -
Diverted in from outside region 6 2.17 2.17 -
Inflows from other water bodies 7 27.27 24.33 2.94
Socioeconomic return water 8 22.67 22.67 -
Irrigation return water 9 11.62 11.62 —
Nonirrigation return water 10 11.05 11.05 -
Decrease in stocks 11 326.05 296.59 29.46
Water consumption 12 52.44 49.7 2.74
Domestic 13 9.26 - -
Industrial 14 15.96 - -
Agricultural 15 25.69 - -
Ecological water outside the channel 16 1.53 1.53 -
Outflows and diverted out 17 268.99 244.66 24.33
Outflows to outside region 18 213.73 213.73 -
Diverted out to outside region 20 27.99 27.99 -
Outflows to other water bodies 21 27.27 2.94 24.33
Nonwater consumption 22 4.62 2.23 2.39
Closing stock 23 97.43 1.91 95.52

Note: the nonwater consumption in the table refers to the evaporation losses of the lakes and reservoirs, the loss of drainage
evaporation and the evaporation of underground water. However, due to the current state of monitoring technology, this
indicator cannot be obtained by calculation or evaluation. Therefore it is treated as a balancing item to keep the entire table in
balance. Definitions of other indicators refer to Chengdu Water Resources Bulletin.
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Table 3. Water resources equity balance sheet of Chengdu in 2015, measured in units of 100 million m3.
Item Opening Equity Equity Current net change Closing
stock distribution use Equity Equity  Net equity stock
assets liabilities assets
Water Resources 1 Surface water — 55.14 49.7 5.44 0 5.44 5.44
2 Groundwater —— 3.76 2.74 1.02 0 1.02 1.02
3 Total — 59.9 52.44 6.46 0 6.46 6.46

the region is in the overcarrying state, and the greater the
value is, the more serious the overcarrying is.

The water resources carrying capacity of Chengdu in 2015
is calculated as shown in Table 4. It can be seen that Chengdu
did not generate water resources liability in 2015, but wa-
ter resources were in the overcarrying state. Therefore, it is
necessary to strengthen water conservation, tighten up pollu-
tion control and speed up the industrial restructuring, so as
to guarantee the ecological environmental water demand and
improve the water resources carrying capacity appropriately.

4.2 Discussion

The results of the discussion are as follows.

1. Table 2 shows that the groundwater extraction in
2015 was 274 millionm?3, less than the target of
376 million m? controlled by the Three Red Lines index
in 2015 in Chengdu. And the total amount of water used
was 5.244 billion m3, which did not exceed the target of
5.990 billion m? in the Three Red Lines index in 2015 in
Chengdu. Therefore, it can be seen from Table 3 that no
water equity liabilities have been generated in Chengdu
in 2015.

The proportion of the total amount of agricultural wa-
ter in Table 2 is the largest, accounting for 48.99 %
of the total, followed by industrial water consumption,
accounting for 30.43 %. Ecological water outside the
channel takes up 2.92 %. It can be seen that most of the
water used in Chengdu was agricultural water, followed
by industrial water consumption, which is only about
half of agricultural water.

Table 4 shows that the water resources carrying capac-
ity of Chengdu in 2015 was 10762600 persons and
the overcarrying state was 1.36. Through observing the
structure of water consumption in Chengdu, it is sug-
gested that the water resources carrying capacity of
Chengdu should be improved appropriately by increas-
ing the utilization rate of industrial and agricultural wa-
ter in Chengdu.

Compared with other research (Guo, 2013), which
calculated the water resources carrying capacity of
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Table 4. Water resources carrying capacity of Chengdu in 2015.

Item 2015
Total water resources (100 million m3) 66.32
Total population (10 000 persons) 1465.8
Total available water resources W (100 million m3) 38.53
Per capita water consumption (m3) 358
Water resources carrying capacity C (10000 persons)  1076.26
Water resources liabilities (100 million m3) 0
Water resources carrying capacity C (10000 persons)  1076.26
Overcarrying 1.36

Chengdu in 2015 was 11 949 500 persons by the system
dynamics, its results are close to the results calculated
through the above technical route. Since the above tech-
nical route takes into account whether the economic so-
ciety will generate liabilities in terms of water resources
depletion, it can better reflect the connotation of water
resources carrying capacity and embody the sustainabil-
ity theory compared with the traditional methods. In ad-
dition to calculating the regional water resources carry-
ing capacity, the idea of this article can also be used to
calculate the water environmental capacity of the area
in combination with the quality accounts of water re-
sources.

5 Conclusions
The conclusions to this study are as follows.

1. Compared to the past achievements, Chengdu’s wa-
ter resources carrying capacity calculated by the above
technical route is reasonable and practical. However, the
water environment and water ecological liabilities were
not taken into account due to the limitation of data at
this stage, and thus the result can not reflect water envi-
ronmental damage and water ecology squeeze. Subse-
quent further studies are needed for improvement.

The approach to quantifying water resources carry-
ing capacity through the compilation of the water re-
sources balance sheet is feasible. However, the compi-
lation of the water resources balance sheet needs further

Proc. IAHS, 379, 269-277, 2018
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research, focusing on studying how to value the water
resources, and replenishing two indicators in terms of
water environment and water ecology, so as to optimize
and expand the quantitative methods of water resources
carrying capacity.
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