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Abstract

Water resources scarcity has threatened the coordinative development of demographics,
society and economy. As a typical rapidly urbanizing area and an emerging megacity in
China, Chengdu is confronting the pressure of inadequate water supply. The present study
divides the macroeconomic factors that affect the water resource supply and demand bal-
ance into six major subsystems: water resources supply, water demand, water drainage,
population, ecological environment and economy. The combining variable interaction
description and predictive simulation models are applied to simulate the water supply and
demand ratio (S:D) from 2005 to 2035. Further, this study designs different development
scenarios to simulate the change of S:D ratios by altering the parameter values of driving
factors. The results show that: (1) the S:D ratio will decline if the current development sce-
nario continues, implying the serious water resources shortage and the severe water sup-
ply-demand conflict in Chengdu; (2) socio-economic water demand and wastewater/
rainwater reuse are the key driving parameters of S:D ratio, especially the water consump-
tion per ten thousand yuan of industrial value-added; (3) the S:D ratio will increase from 0.92
in the current baseline scenario to 1.06 in the integrated optimization scenario in 2025, and
the long-term planning brings 2035 from 0.71 to 1.03, with the proportion of unconventional
water supply rise to 38% and 61%, respectively. This study can provide a decision-making
tool for policy-makers to explore plausible policy scenarios necessary for bridging the gap
between the water supply and demand in megacities.

Introduction

With rapid urbanization, the conflicts between the water supply and water demand in megacit-
ies are becoming even more serious, which has been a long-term challenge for urban sustain-
able development [1, 2]. Water supply is involved with several factors, such as population
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growth, economic urbanization, land utilization, agricultural production, wastewater recy-
cling, etc. [3]. The nexus among society, the environment, and water systems has intensified
the shortage of water supply [4, 5]. To improve the water utilization efficiency, it is necessary
to identify the key factors that drive the conflicts, as well as to reveal complex interactions
between the factors to solve allocation in multiple systems rationally [6, 7].

System dynamics, because of their capability of simulating a multivariable, multi-loop and
highly nonlinear evolution process [8], can be embodied into the simulation for sustainable
utilization of water resources [9, 10]. The application of SD in water resources management
has transformed from predictive simulation to variable interaction description [11, 12]. The
former describes the future spatiotemporal distribution of the available water resources, and
the sustainability of water supply and demand influenced by human activities and climate
change [13]. For example, Cheng et al. [14] adopted the system dynamics to simulate the varia-
tion of the water resources carrying capacity in Suzhou city, China. Hoekema and Sridhar [15]
proposed a system dynamics-based river planning model to simulate the variation of surface
water supply in terms of climate change impacts. Similarly, Ganji and Nasseri [16] applied the
system dynamics approach to simulate the impact of climate change on agricultural produc-
tion. Sahin et al. [17] presented a system dynamic model by integrating desalination into the
water supply network, to explore the optimal water distribution schemes. To investigate the
effects of climate change on both the quality/quantity of the water resources system, Duran-
Encalada et al. [18] developed an SD model to simulate policies and decisions that have the
potential to improve temperature/precipitation conditions and prevent water quality/quantity
damages. Bagheri and Babaeian [19] adopted an SD model to analyze policies to improve
water security in terms of system vulnerability. However, the above studies have not taken the
interaction between socio-economic activities and water resources supply into account.

The variable interaction description fills the gap, which contributes to focusing on the inter-
action among water supply and socio-economic development, to identify the key factors that
influence the balance of water supply and water demand [20]. Sun et al. [1] built a system
dynamics model that is composed of five subsystems: economy, population, water supply and
demand, land resources, and water pollution, to obtain an optimal program between water dis-
tribution and socio-economic development. Li et al. [21] developed an SD model to describe
the water resources vulnerability, which is affected by the water resources system and socio-
economic system. Gozini et al. [22] proposed a system dynamic model to investigate the
water-energy nexus under various incentive policies. Legal, economic, technical and necessary
administrative measures can coordinate regional water demand and available water supply
effectively [3, 23, 24]. However, current water resources simulation or evaluation was usually
carried out under baseline scenario and rarely coupled the predictive simulation model with
the variable interaction description model, ignoring the important driving sensitive factors for
water resource supply and demand system simulation. In addition, existing studies have not
considered the impact of external policy implementation on water use structure allocation.
Furthermore, most of the studies are based on national or watershed scales without integrating
local policies and planning, resulting in poor implementation of research results and insuffi-
cient practical guidance.

The Chengdu city has been entrusted with the important mission of building a national
central city in China. The development of Chengdu city has confronted challenges related to
water shortage. This study developed a water balance system for Chengdu city, which is consti-
tuted by six subsystems, including water supply, water demand, economy, population, ecology,
and water drainage. The combining variable interaction description and predictive simulation
models are applied to analyze the water cycle, and then the driving factors of water supply and
water demand are identified. According to the blueprint of Chengdu City (2020-2035), the
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optimal scheme of water supply and demand balance is proposed to provide policy implica-
tions on urban sustainable utilization of water resources.

Materials and methods

Study area

Chengdu city is located in the western part of Sichuan Basin, China. The Chengdu Plain is an
alluvial fan plain formed by the Minjiang River and Tuojiang River, and the two rivers flow
through the city. The location is at longitude 102°54’-104°53' E and latitude 30°05'-31°26’ N.
It covers an area of 14,335 km” and the length of east-west and north-south are 192 km and
166 km, respectively. The climate in Chengdu is a subtropical monsoon climate. The annual
average temperature is 16°C and annual rainfall ranges from 873-1265 mm. The water supply
for socio-economic water use in Chengdu is dominated by Minjiang transit water. In 2018, the
total population of Chengdu city was 14.76 million, the gross domestic product (GDP) was
1534.28 billion RMB (236.82 billion USD), and the GDP per capita was 103,900 RMB (16,600
USD).

Since the 1980s, water resources scarcity has become the prominent challenge for restricting
sustainable development in Chengdu city [25]. The water demand increases greatly due to the
rapid growth of the population and economy. The water resource per capita is only 696 m>,
which is accounted for one-fourth of the national average. When Chengdu city aims to the
development of the national central city, the city will continue further expansion which may
aggravate the pressure of water supply.

Data sources

The historic socio-economic data from 2005 to 2018 are derived from the Chengdu Statistical
Yearbook [26], Sichuan Statistical Yearbook [27], and the China Urban Construction Statistical
Yearbook [28], including registered and non-registered population growth rate, green land
area per capita, etc. Water resources, water consumption, and water utilization rate of various
sectors are derived from the Water Quota of Sichuan Province [29] and Chengdu Water
Resources Bulletin [30], including domestic water demand per capita, water consumption per
unit green area, etc. Moreover, the parameters used in the model prediction (2018-2035),
except for the initial values in 2018, others are set according to local policies and planning
reports, including the 13th Five-Year Plan of Chengdu Forestry and Garden Development [31],
Urban Green Space System Planning of Chengdu (2019-2035) [32], and the 13th Five-Year Plan
of Chengdu Water Development [33].

SD model construction

This study mainly concentrates on a system for unveiling the balance between water resource
supply and demand in megacities, which considers the interaction between socio-economic
activities and water resources supply. Furthermore, the above two factors are classified into six
subsystems to simulate the changes in water supply and demand ratios. The combining vari-
able interaction description and predictive simulation models are implied to provide optimal
schemes of water supply and demand balance. These optimal schemes proposed by scenario
analysis can lay the foundation for the sustainable planning and management of urban water
resources.

The administrative boundary of Chengdu city is used as the spatial boundary of the SD
model. The water resources supply-demand balance system is mainly composed of six subsys-
tems: water resources supply, water demand, water drainage, population, ecological
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Fig 1. Diagram of the water cycle in each subsystem.

https://doi.org/10.1371/journal.pone.0267920.9001

environment and economy. The water resources circulation relationship among these subsys-
tems is shown in Fig 1.

Causal-loop relationship. The SD model has a total of 55 variables and constants (as
shown in the S1 Table), including 8 state variables, 8 rate variables, 32 auxiliary variables, and
7 constants. Their equations among the above variables are given in the S2 Table. The causal
loop system is shown in Fig 2. A positive link is denoted with a “+” at the end of the arrow,
which represents two variables changing in the same direction. And a negative link is denoted

with a “-”, this means the opposite. There are two main causal loops in the SD model:
Reinforcing loop:

1. Total amount of population—domestic water demand—total water demand—water supply
and demand ratio—total amount of population;

2. Total GDP—production water demand—total water demand—water supply and demand
ratio—total GDP;

3. Industrial wastewater discharge—total amount of wastewater—wastewater reuse—total
amount of water supply—water supply and demand ratio—total GDP—industrial water
consumption—industrial wastewater discharge;

4. Domestic wastewater discharge—total amount of wastewater— wastewater reuse—total
amount of water supply—water supply and demand ratio—total amount of popula-
tion—domestic water demand— domestic wastewater discharge;

Balancing loop:

1. Green land area—urban ecological water demand—total water demand—water supply and
demand ratio—total amount of population—green land area;
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Fig 2. The causal-loop diagram of the Chengdu water cycle system.
https://doi.org/10.1371/journal.pone.0267920.9002

2. Farmland irrigation water demand— primary industry water demand—production water
demand—total water demand—water supply and demand ratio—farmland irrigation
water demand;

3. Industrial water consumption—secondary industry water demand—production water
demand—total water demand—water supply and demand ratio—gross product of indus-
try—industrial water consumption.

Fig 3 shows the systemic interaction relationship among these six subsystems, in which the
water supply depends on surface water, groundwater and unconventional water resources,
such as rainwater and reclaimed water. The wastewater reuse acts as input to the unconven-
tional water resources with a time delay of one month, as it cannot be used as input until effec-
tive treatment [34]. Water demand includes industry, agriculture, urban ecology and domestic
use. The S: D ratio was used to describe the water resources cycle, which is further used to
reflect the water resource variations.

Input parameters. Three approaches have been selected to obtain the input parameters,
including the regression analysis [35], the multi-year average of measured value [36], and the
variable value keeps constant with the latest year [24, 37]. The input parameters and their asso-
ciated values are listed in Table 1.

Validity analysis of extracted data. Before the data which is extracted from statistics
yearbooks and bulletins were used for SD model testing and verification, validity analysis was
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Fig 3. Diagram of Chengdu water resources supply and demand system.
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conducted on the extract values of the major variables to reduce and mitigate the possible sub-
jective influence [38]. Validity in this context refers to the degree of consistency of data used in
this study. Therefore, the Cronbach Alpha coefficient was used as an assessment indicator to
measure the internal consistency of our standardized data [39, 40]. If the coefficient is greater
than 0.9, the extracted data set shows high validity, while a value between 0.9 and 0.7 is also
acceptable. However, if the coefficient drops to between 0.7 and 0.5, then some data need to be
revised, and some may need to be abandoned if the value falls below 0.5 [38]. The Cronbach
Alpha coefficient can be calculated as:

oc:< " )* |2 (1)

— 2
n—1 o2

where o is the validity coefficient and n denotes the number of variables, while 7 represents
the variance of the i variable during the assessment period, o2 is the variance of the sum of
the variables among assessment period.

Model validation. The relative error between simulated and observed values is adopted to
evaluate the applicability of the developed SD model. It can further demonstrate the deviation
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Table 1. Interpretation of the key parameters.

Parameter Initial value Interpretation
Registered population growth 1.2% The growth rate can be calculated according to observed data in
rate the Chengdu Statistical Yearbook [26] and Sichuan Statistical
Non-registered population -1.11% Yearbook [27].

growth rate

Domestic water demand per 78.65 m*/ The value is derived from the Water Quota of Sichuan Province
capita (capita-year) [29] and the Chengdu Water Resources Bulletin [30].
Water consumption per unit 0.91 m*/ This unit water consumption is derived from the Water Quota of
green area (m2~year) Sichuan Province [29].
Green land area per capita 15m*/capita | The green land area per capita can be measured by total green

land area divided by the total amount of population, in which
the total green land area is referenced from the China Urban
Construction Statistical Yearbook [28], The 13th Five-Year Plan
of Chengdu Forestry and Garden Development [31] and Urban
Green Space System Planning of Chengdu (2019-2035) [32].

Water demand per mu for 515 m’/ The value is derived from the Water Quota of Sichuan Province
farmland irrigation (mu-year) [29] and the Chengdu Water Resources Bulletin [30].
Wastewater reuse rate 0.36 The wastewater reuse rate is referenced from the 13th Five-Year

Plan of Chengdu Water Development [33], its values in 2015 and
2020 are 0.1 and 0.4, respectively.

Domestic sewage discharge 0.85 This coefficient is referred to from similar studies and field
coefficient investigations.

Industrial wastewater 0.30 This coefficient is referred to from similar studies and field
discharge coefficient investigations.

https://doi.org/10.1371/journal.pone.0267920.t001

between the simulated value and the observed value, as shown in Eq (2).
S, — M,
R= |2 2
S 2
where S; and M; are the simulated and measured data of variable 7, respectively.

The actual statistical data from 2005 to 2015 were taken as the test sample set, and the SD
model was applied to forecast the value of major variables in 2016-2017. The results showed
that relative errors of the main variables, such as the gross product of primary industry, popu-
lation, domestic, farmland irrigational and ecological water demand, industrial water con-
sumption, and secondary industry water demand were all less than 10%, shown in Table 2.
The model is considered reasonable for further scenario analysis [1, 41].

Simulation analysis and results

Validity analysis

We implied the validity analysis on extracted original data encompassing the period between
2008 and 2018 for Chengdu, the standardized data using the min-max normalization method

is shown in Table 3. We then obtained the Cronbach Alpha coefficient with 0.83; the results
show that all extracted data are credible because its validity coefficient is greater than 0.7.

Supply: Demand ratio simulation

The S: D ratio simulation is given in Fig 4. From 2005 to 2020, the ratios fluctuate around 1,
with a slight increase, which indicates that water supply may satisfy the water demand, but
such balance is fragile. After 2020, the pressure on water supply is overloaded due to the rapid
economic and population growth, and the ratio begins to decline, from 0.92 in 2025 to 0.71 in
2035, implying a serious water shortage. In addition, the strictest water resources management
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Table 2. Relative errors of the main variables between simulated data and measured data.

Variables 2016 2017 2018
Measured Simulated Relative Measured Simulated Relative Measured Simulated Relative
data data error (%) data data error (%) data data error (%)
The gross product of primary 475 458.29 3.52 501 494.98 1.20 523 533.71 2.05
industry (10® CNY)
The gross product of 5202 5413.90 4.07 5998 6216.27 3.64 6516 7105.12 9.04
secondary industry (10° CNY)
The gross product of tertiary 6493 6537.22 0.68 7390 7589.34 2.70 8304 8785.02 5.79
industry (10® CNY)
The gross product of industry 4479 4545.20 1.48 5217 5243.86 0.51 5664 6023.22 6.34
(10° CNY)
Registered population (10* 1232 1231.88 0.01 1247 1246.66 0.03 1261 1261.62 0.05
people)
Non-registered population 234 233.90 0.04 231 231.30 0.13 229 228.73 0.12
(10* people)
Domestic water demand (10° 9.66 9.65 0.10 9.92 9.92 0.00 15.09 15.08 0.07
m?)
Industrial water consumption 12.14 11.47 5.52 12.78 12.08 5.48 9.23 9.81 6.28
108 m?)
Farmland irrigation water 27.56 28.58 3.70 28.11 28.1 0.04 29.66 29.66 0.00
demand (10% m®)
Primary industry water 32.34 33.36 3.15 3291 329 0.03 30.8 31.3 1.62
demand (10° m®)
Secondary industry water 13.98 13.47 3.65 14.67 14.88 1.43 11.42 12.39 8.49
demand (108 m®)
Tertiary industry demand (10 3.38 3.31 2.07 3.30 3.27 0.91 3.51 3.64 3.70
m’)
Urban ecological water 1.67 1.72 2,99 1.69 1.71 1.18 1.18 1.21 2.54

demand (10° m®)

https://doi.org/10.1371/journal.pone.0267920.t002

in Chengdu and the 13th Five-Year Plan of Chengdu Water Development [33] reported that the
total water consumption in Chengdu would be confined to 6.93 billion m® from 2020 and 7.1
billion m? from 2030. Therefore, some measures must be taken to ensure the sustainable utili-
zation of water resources in megacities.

Driving factors identification

The imbalance between water supply and demand is incurred by the decrease in water supply
and the increase in water demand caused by human activities [21]. Balancing water demand
and supply conflicts among different water use structures with limited water resources is an
indispensable measure to adapt to regional sustainable development [42]. Previous research
has pointed out that the proportion of water consumption in farmland irrigation, industry
production, tertiary industry, and daily living is the largest in China’s megacities [12, 43]. In
addition, enhancing unconventional water resources utilization has also become an important
breakthrough in resolving the contradiction [24]. Consequently, nine variables are selected to
further identify the driving factors upon the S:D ratio, to lay the foundation for further sce-
nario analysis (Table 4). The numerical values related to these parameters were determined
randomly within their allowable range through 200 times iteration, and other parameters
remained constant. In Fig 5, different colors represent different sensitive intervals. Yellow,
green, blue, and gray color belts represent the simulated S:D ratios when the parameter
belongs to the confidence intervals of 50%, 75%, 95% and 100%, respectively [24, 44].
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Table 4. Parameters used for driving factors identification.

Parameters Initial value
Water consumption per ten thousand yuan of industrial value-added 22.3
(m?)
Water demand per mu for farmland irrigation (m*/mu) 515
Tertiary industry water demand per capita (m?/(person.year)) 26.33
Wastewater reuse rate (no unit) 0.3
Domestic water demands per capita (m®/(person*year)) 78.65
Registered population growth rate (no unit) 0.012
Non-registered population growth rate (no unit) -0.011
Rainwater utilization rate (no unit) 0
Industrial wastewater discharge coefficient (no unit) 0.3

https://doi.org/10.1371/journal.pone.0267920.t1004

2005 2010 2015 2020 2025 2030

2035

Test interval of the

parameter
[0, 30]

(450, 600]
[0, 30]
0,1)

(50, 100]

[0.01,0.1]

[-0.01,0.1]

(0, 10%)
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Fig 5. Influence of nine key variables on the water supply and demand ratio (current simulation value).
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The water consumption per ten thousand yuan of industrial value-added is the most sensi-

tive to the simulated S:D ratio, especially when the water consumption is set within 50% of the
confidence range, shown in Fig 5(A). It is further inferred that the water consumption per ten
thousand yuan of industrial value-added within the range of [7.5, 22.5] may have a significant
impact on the S:D ratio, by which the S:D ratio in 2035 will increase by 60.73%.

The S:D ratio is sensitive to the water demand per mu for farmland irrigation, shown in Fig
5(B), and the sensitive interval of 50% change range is [487.5, 562.5], the sensitive intervals for
75% and 95% are [468.75, 487.5] and [562.5, 581.25], and [453.75, 468.75] and [581.25,
596.25], respectively. If the water demand per mu for farmland irrigation is set within [453.75,
515], the S:D ratio is improved especially before 2032 as its increment rate will be higher than
10%.

The tertiary industry water demand per capita has a significant impact on S:D ratio, by
which it will increase 19.51% in 2035, shown in Fig 5(C). Wastewater reuse rate shows a similar
impact on the S:D ratio, when increasing from 0.3 to 0.75, the S:D ratio will increase from 0.71
to 0.82, increased by 22.38% in 2035, shown in Fig 5(D). When the value of domestic water
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demand per capita ranges between [56.25, 87.5], the S:D ratio will vary between [0.70, 0.73],
increased by 3.01% in 2035, shown in Fig 5(E).

As can be seen from Fig 5(F) and 5(G), control of population growth before 2020 is condu-
cive to the increase of the S: D ratio, while the contribution to the ratio in 2020-2035 is negligi-
ble. It is obvious that the S: D ratio is more sensitive to registered population growth rate than
to non-registered population growth rate.

The increase of the rainfall utilization rate contributes to the increase of the S: D ratio,
shown in Fig 5(H), which increased by 17.1% in 2035. The industrial wastewater discharge
coefficient has an obvious influence on the S:D ratio, shown in Fig 5(I), which will increase
from 0.71 to 0.77.

Based on the above analysis, 6 parameters are identified to have a significant impact on the
S:D ratio, by which they give rise to at least 10% of the growth in 2035, i.e., water consumption
per ten thousand yuan of industrial value-added, water demand per mu for farmland irriga-
tion, tertiary industry water demand per capita, wastewater reuse rate, domestic water demand
per capita and rainwater utilization rate. These parameters are selected for the following sce-
nario analysis.

Scenario analysis-based optimal scheme design

The above simulation results imply that Chengdu will endure a serious water shortage in the
following years. Policy measures are thus undertaken to bridge the gap between water supply
and demand [24]. According to The standard of water quantity for city’s residential use (GB/T
50331) [45] and The instruction for domestic waste generation and discharge coefficient [46] for
water-saving cities issued by the Ministry of Housing and Urban-Rural Development and
Ministry of Ecology and Environment of the People’s Republic of China, domestic water con-
sumption per person L/(person-day) is allocated less than 72.3 m*/(person.year). In such con-
text, the water consumption of the tertiary industry in Chengdu is below 7.7 m*/(person-year).
Two scenarios are set as follows:

Scenario I: The domestic water consumption per capita is 90% of the planned water quota,
that is, 65.1 m*/(person.year), and the tertiary industry water consumption per capita is
reduced by 60% compared with the baseline value, that is, 15.7 m*/(person.year).

Scenario II: The domestic water consumption per capita is 75% of the planned water quota,
that is, 54.2 m*/ (person-year), and the tertiary industry water consumption per capita is set as
7.7 m*/ (person.year).

Fig 6 shows that water-saving can effectively improve the ratio of water supply and demand.
In Scenario 1, the water consumption of domestic and tertiary industries in 2025 can be saved
by 27% and 24% respectively. They will be further improved in 2035 by 33% and 28%, respec-
tively. In Scenario 2, the water consumption of domestic and tertiary industries in 2025 can be
reduced by 31% and 33%, respectively. They will be further improved in 2035 by 38% and
419%, respectively.

Sichuan Water Saving Action Implementation Plan [47] pointed out that water consump-
tion per ten thousand yuan of industrial value-added should decrease by 23% and 28% in 2020
and in 2022, respectively, compared with that in 2015. In addition to decreasing water con-
sumption in residential life and tertiary industry, there are two scenarios set based upon the
water consumption per ten thousand yuan of industrial value-added:

Scenario IIT: The water consumption per ten thousand yuan of industrial value-added is
22.25m’.

Scenario IV: The water consumption per ten thousand yuan of industrial value-added is
20.81 m”.
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Fig 6. Optimization simulation results of household water conservation.
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The S:D ratio is shown in Fig 7. The ratio will increase from 0.92 to 0.98 (Scenario III) and
1.01 (Scenario IV), respectively in 2025. Industrial water consumption can be saved by 18.18%
and 29.12%, respectively. The ratio will increase from 0.71 to 0.76 (Scenario III) and 0.79 (Sce-
nario IV) in 2035. In this circumstance, industrial water consumption can be saved by 18.18%
and 29.10%, respectively.

Farmland irrigation accounts for 50% of the total water consumption, and 77.58% of the
primary industry water demand in Chengdu. Improvement in the efficiency of agricultural
water use is essential to control total water consumption [48]. Outline of the 13th Five-year
plan of Chengdu water development [33] stated that the coefficient of farmland irrigation
should increase to 0.56 in 2020 and 0.6 in 2030, respectively. Thus, two scenarios are set as
follows:

Scenario V: The Water demand per mu for farmland irrigation is set as 505 m*/mu.

Scenario VI: The Water demand per mu for farmland irrigation is set as 485 m*/mu.
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The S: D ratio simulation results are shown in Fig 8. Agricultural water conservation can
significantly increase the S: D ratio, increasing from 0.71 to 0.75 (Scenario V) and 0.79 (Sce-
nario VI) in 2035, respectively. In addition, the agricultural water demand can be saved by 4%
and 19% in 2035, respectively.

According to The 13th Five-Year Plan of Chengdu Water Development [33], the wastewater
reuse rate in Chengdu city should be more than 40% by 2020 and 50% by 2025. Consequently,
two scenarios are set as follows:

Scenario VII: The wastewater reuse rate is 0.4 and the rainwater utilization rate is 1%.

Scenario VIII: The wastewater reuse rate is 0.5 and the rainwater utilization rate is 3%.

Improvement in the utilization rate of wastewater can effectively increase the S: D ratio,
shown in Fig 9. In 2025, the S: D ratio will increase from 0.92 to 0.99 (Scenario VII) and the
corresponding utilization rate will increase by 38%. The S: D ratio will increase from 0.92 to
1.06 (Scenario VIII) and the utilization rate will increase by 51%. In 2035, the S: D ratio will
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Fig 8. Optimization simulation results of agricultural water conservation.
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increase from 0.71 to 0.78 (Scenario VII) and the corresponding utilization rate will increase
by 45%. The S: D ratio will increase from 0.71 to 0.85 (Scenario VIII) and the utilization rate
will increase by 61%. It is implied that unconventional water resources reuse and water-saving
will need to be improved integrally to achieve a supplement to the total water supply [36, 49].

Discussions
Assessment of integrated planning schemes

To verify the optimization effect of all driving factors on the water resource supply and
demand system, two groups of integrated optimization schemes referenced from national and
local development plans were assessed, namely short-term planning and long-term planning.

Scenario IX: The S: D ratio reaches 1 in 2025. The values of the six parameters are set based
on the minimum requirements stipulated in the national policies and local development plans
[24].
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Fig 9. Optimization simulation results of unconventional water resources use.
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Scenario X: The S: D ratio reaches 1 in 2035. The values of the six parameters are set based on
the optimum requirements stipulated in the national policies and local development plans [24].

The values of the six parameters for the baseline scenario and the two designed scenarios
are listed in Table 5.

Fig 10 shows that both the short-term and long-term optimization schemes can meet the
sustainable planning of water resources. According to the short-term program (Scenario IX),
the S:D ratio will increase from 0.92 to 1.06 in 2025. Additionally, the domestic water con-
sumption, the tertiary industry water demand, and agricultural water use can decrease 27%,
24% and 4%, respectively. And the utilization of wastewater can be increased by 38%. The
long-term program (Scenario X) indicates that S:D ratio will increase from 0.71 to 1.03 in
2035, by which the water consumption for household, tertiary industry and agricultural irriga-
tion will be saved by 35%, 32% and 19%, respectively. And the unconventional water supply
increased by 61%. It proves that bridging the gap between the water supply and demand
means improving water supply not only controlling water demand [1].

PLOS ONE | https://doi.org/10.1371/journal.pone.0267920 May 16, 2022 16/23


https://doi.org/10.1371/journal.pone.0267920.g009
https://doi.org/10.1371/journal.pone.0267920

PLOS ONE

A scenario analysis-based optimal management of water resources supply and demand balance

Table 5. Integrated optimization scenarios.

Parameters Baseline Scenario IX | Scenario X
Scenario

Domestic water demands per capita (m*/(person-year)) 78.65 65.1 54.2
Tertiary industry water demand per capita (m?/(person-year)) 26.33 15.7 7.7
‘Wastewater reuse rate (no unit) 0.3 0.4 0.6
Rainwater utilization rate (no unit) 0 1% 3%

Water consumption per ten thousand yuan of industrial value-added 223 22.25 20.81

(m’)
Water demand per mu for farmland irrigation (m*/mu) 515 505 485

https://doi.org/10.1371/journal.pone.0267920.t005

Simulation method of water resources supply and demand balance

The water resource supply and demand ratio can reveal whether the amount of available water
resource in a district could afford its development requirements, representing a sustainable
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Fig 10. Integrated optimization simulation results.
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potential [50]. Its simulation and optimization involve a complicated systemic problem with
the interaction of many subsystems [24, 51], but existing simulation methods often implement
with a few influence factors and ignore its interaction, without considering the local develop-
ment policies and plans. For example, Mirdashtvan et al. [13] only adopted adaptation scenar-
ios to investigate the sustainable water supply and demand schemes. Li et al. [52] constructed a
water resource accessibility index model considering five spatial factors to evaluate the water
resource accessibility in Southwest China. Wang et al. [53] established a system dynamics
model for the sustainable use of water resources in Chengde City, which involves the interac-
tion among industrial, agricultural, and domestic water, but its scenario designs are limited on
status quo type of simulated conditions. In this study, we combined variable interaction
description and predictive simulation to analyze the water cycle system and proposed an opti-
mal scheme for sustainable management of urban water resources by altering the driving fac-
tor values of water supply and water demand.

However, the water cycle simulation in this study still has some shortcomings. First, the
water supply and demand simulation only considered the surface water, groundwater, and
reclaimed water and ignored the climatic factors and water quality conditions [52]. Thus, in
future research, the climate scenarios for water supply and water quality requirements for
water demand should be integrated into water resource management simulation. Second, we
only consider the volume of surface and underground water in the proposed model, ignoring
its generation mechanism. At present, surface and groundwater models have been extensively
studied. Combining different models at different scales can improve the understanding of
actual water supply systems [54], and then combined models can be used to support water
resources planning and management in a future study. Third, the achieved optimal scheme
can meet the water supply and demand balance, but ignore the cost of saving water and uncon-
ventional water supply [55]. Therefore, the following research should include the economic
cost in planning schemes selection [56].

Water resources management for regional socio-economic development

The water resource supply and demand balance is an important basis for supporting socio-eco-
nomic development. The policies and planning on the local blueprint were integrated to simu-
late the water resource variations. Although prior studies pointed out that restricting water
demands [13, 57], improving water use for industry and wastewater reuse [24], increasing water
saving [53], installing filtration plants to provide affordable water supply [58, 59] are all effective
alternatives for achieving a water supply and demand balance, while simulation results in this
study revealed that increasing unconventional water supply is more crucial than controlling
water demand in improving water supply and demand balance. According to short-term and
long-term optimization schemes, to guarantee balanced water supply and demand in the follow-
ing 2025 and 2035, the domestic water consumption, the tertiary industry water demand, agri-
cultural water use, and unconventional water supply should be consistently adjusted. This
entails multiple administrative departments to coordinate and cooperate, such as the National
Development and Reform Commission, Ministry of Housing and Urban-Rural Development,
agriculture, education, Administration Bureau, etc. The progressive management regime and
water-saving culture and experience of Chengdu lay the foundation for comprehensively pro-
moting the construction of a water-saving society [60]. The municipal government takes mea-
sures such as differentiating the price of tap water and recycled water to induce the public to
increase reclaimed water utilization [61]. Statistically, at least 132 million tons of reclaimed
water was used to replenish water for river landscape, greenway, and wetland in Chengdu in
2020, and it is expected the reclaimed water utilization rate to be 50% by 2025 in Chengdu [62].
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Conclusions

A system dynamics model for water resource balance was developed to simulate the variation
of water supply and demand in Chengdu, China. The sensitive factors were identified to drive
the model from 2018 to 2035. Under the guidance of national and regional policies and devel-
opment plans, this study further designed 8 scenarios to simulate the changes of the S: D ratio
by changing key driving parameters.

The results show that the S:D ratio is sensitive to the industrial, agricultural, and domestic
water demand, as well as the water consumption per ten thousand yuan of industrial value-
added and rainwater utilization rate. Further, the S:D ratio will increase from 0.92 to 1.06 in
2025 via the short-term development program, from 0.71 to 1.03 in 2035 via the long-term
program. It is thus suggested that improvement on the utilization rate of wastewater and utili-
zation efficiency of water in service industries is essential to bridge the gap between the water
supply and demand of megacities in China. In future policies, it is necessary to focus on
improving pollutant treatment efficiency and wastewater reuse, and rainwater utilization rate.
Therefore, it is imperative to coordinate the relationship between the economic cost of infra-
structure and technology and water demand under regional hydroclimate and socioeconomic
development in the future study [43]. Beyond the study region of Chengdu demonstrated in
this paper, the constructed SD model can be applied to other megacities because of its general-
ity in water supply and demand balance calculation and optimization by driver factors identifi-
cation and scenario design procedures. The results can provide implications for city planners
for sustainable water resources management by integrating local policies and planning.
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