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ABSTRACT

Water resources management possesses an essential influence on the socio-economic advancement
of cities in the region. In order to ensure that the urban economy develops on the basis of healthy
and sustainable water environment and ecology, this research constructs a system dynamics model
of urban water environment carrying capacity, and constructs a water environment carrying capac-
ity evaluation index system. The level and trend of water environment carrying capacity of a city in
southwest China from 2005 to 2019 were analysed through the model study, and the future trend
of water environment carrying capacity of the city was also predicted and analysed. In the experi-
ment, the prediction performance of the system dynamics model is analysed through historical tests,
and the results show that in the four indexes of population, water supply, wastewater discharge,
and chemical oxygen demand discharge, the prediction of the model has an error of less than
1.12%, 0.5%, 0.33%, and 0.1% from the actual value, respectively. Meanwhile, in the estimation of
water resources carrying capacity, it is found that the city has the worst management effect in 2009,
with a score of —2.58, and the best water environment carrying capacity evaluation in 2019, with a
score of 2.88. In the control of drainage and pollution prevention programme, water conservation
and environmental protection programme and the integrated programme, it is found that the inte-
grated programme is better able to avoid the water environment crisis in the future, and improves
the future carrying capacity of the city’s water environment.

Keywords: Water resources; System dynamics modelling; Carrying capacity; management; Principal

components

1. Introduction

Water is a precious natural resource essential to the sur-
vival of life and human development, an indispensable and
irreplaceable element of the ecosystem, and an extremely
important strategic economic resource and environmen-
tal element for human society. The health and safety of the
water environment (WE) is a prerequisite for the continu-
ous enhancement of people’s living standards, a guarantee
for the sound advancement of the national economy, and a
fundamental basis for the sustainable progress of human
civilisation. Therefore, this study combines system dynamics
(SD) and principal component analysis methods to evaluate
and predict urban water resources (WR) management with
resource and environmental carrying capacity (CC) as the

entry point. In this study, the hierarchical analysis method
and DPSIR evaluation index model were used to establish
the evaluation index system of WE CC, and the MATLAB
program was used to calculate the comprehensive score
of WE CC according to the principal component analysis
method, so as to provide a reference for the future evalua-
tion and prediction of the CC of the WE and the formula-
tion of WE management programmes. The innovation of
this study is to propose the optimal allocation of WR man-
agement programmes on the ground of the prediction of the
future CC of the urban WE. This study analyses the current
status of urban WR management and SD methods in the cur-
rent stage in chapter 1. In chapter 2, the SD and principal
component analysis methods are investigated in the estima-
tion of English in the environmental CC of WR. Empirical
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analyses are carried out in chapter 3 to verify the applica-
tion performance of the model and predict the evaluation
of WR CC in cities. In chapter 4, the experimental analysis
results were integrated and presented.

2. Related work

Voogd et al. [1] conducted a survey on the Netherlands
and concluded that in order for the government to play a
good macro-control function, the public’s feelings and trust
must be the first consideration in setting water prices, so
the government should pay attention to the public trust
as a prerequisite to give full play to the regulation mech-
anism of the market price, and to promote the efficient use
of WR. Karl et al. [2] used digital solutions to propose opti-
misation of the water distribution pipes and water losses,
which in turn improves the effectiveness of WR utilisation.
Digital regulation and public participation help managers
to better manage WR, fulfil their functions in accordance
with the law, and protect the allocation, delivery and use
of WR. For the assessment aspect of agricultural structure
and WE resource CC, Rong et al. [3] proposed a fuzzy cred-
ibility constrained mixed integer planning model based on
imprecise simulation. The study conducted a model analy-
sis of water resource management using the Xinfengjiang
Reservoir watershed as a sample, and the experimental
results showed that the model was suitable for planning
the agricultural production structure and population size
under a variety of uncertainty conditions for the water-
shed. Ma’Mun et al. [4], using Ostrom’s eight design prin-
ciples, took a province in India as an example of a water
resource utilisation system robustness, studied and made a
series of recommendations, which, among others, focused
on the need to decentralise local policy making managers to
encourage and increase water supply and rationalise the use
of water for community prosperity. Barkey and Nursaputra
[5] analysed the health of WEs in forests through Landsat
imagery, and used SWAT modelling in the context of
changes in forest condition to determine the effect of forest
conditions on WR. In the case of Maros forest watershed,
the experimental results showed that the increase in forest
area increases the value of WR, but the increase in forest
area was optimal at 33.44% of the Maro watershed area.

Wang et al. combined SD and fuzzy analysis methods
for analysing the complexity of WE and socio-economic
systems in Northeast China. Both Monte Carlo and sce-
nario analysis methods were also used in the simulating,
and the experiment showed that neither the purely Yu eco-
nomic development model nor the environmental protection
model can improve the local WR and regional development,
and that both must be combined [6]. Keesstra et al. [7] intro-
duced a new concept of connectivity to study water and sed-
iment transfer and their related substances. This approach
increases the ability to analyse water and sediment changes
at long time scales, while the parameters are simple for
modelling. The SD model used by Wu et al. to analyse the
urban climatic environment and reveal dynamic trends, aca-
demic collaborations, and research hotspots in the literature
of Web of Science for the period 1997-2017 [8]. Zarghami
et al. [9] conducted a review of the water sector (WS) by
providing a comprehensive literature review of academic

papers on SD model development and then discussing the
various steps of the modelling. The study also discussed the
advantages and merits of using SD in the WS and provided
directions for future research in this area. Pluchinotta et al.
[10] developed an information dynamics evolution system
on WR management using SD modelling while the study
explored how different actions affect the decision mak-
ing process of various stakeholders in IS. Li et al. [11] con-
structed a SD model for analyzing the relationship between
the urban water cycle and the socio-economic ecosystem,
the experiment was based on the example of Shenzhen, and
the results showed that the city’s water supply and demand
will increase from 0.89 in the baseline scenario to 1.04 in the
optimisation scenario in 2020, and from 0.64 to 1.05 in 2030.

In summary, although the research on urban WR man-
agement has achieved some stage-by-stage results, its con-
tent mainly focuses on the basic concept of WE CC, the
construction of WE model and the evaluation method of
WE CC, which is yet to be extended to the quantification
of the results of the comprehensive estimation of the CC of
the WE, the scientific planning and management of the WE,
and the harmonious development of the socio-economics
and the WE, and other aspects of the research. Based on this,
this study adopts a SD approach to construct an urban WR
CC model and conducts a comprehensive evaluation of the
WE CC, with a view to providing a reference for the future
evaluation and prediction of the WE CC and the formula-
tion of WE management programmes.

3. Application of system dynamics modelling in urban
water resources management

This study applies the SD model to urban WR man-
agement, mainly by dividing the subsystems of the model,
analysing the intrinsic structure of the subsystems and the
correlation between the subsystems, clarifying the causal
feedback relationship between the subsystems and variables,
and reflecting more intuitively the impact of the change
of the part of the system on the system as a whole.

3.1. System dynamics modelling

SD is a discipline on the ground of the principle of
information feedback and guided by the theories of man-
agement, decision theory and system theory. The model
combines information theory and cybernetics, integrates
structure and function, matter and information, science and
experience, and is a cross-discipline with strong synthesis.
It combines computer technology to qualitatively and quan-
titatively analyse and solve nonlinear, multiple-feedback
and high-order complex problems, involving many fields
such as the natural environment and human society, and
is a branch of system science. The SD method has a good
application prospect in dealing with multiple feedback, high
order and nonlinear complex problems. At the same time,
the SD method can study and analyse the evolutionary trend
of dynamic problems with high operability. Therefore, in
this study, the SD approach will be used to construct a WR
management optimisation model to optimise the allocation
by predicting the CC of the WE. The set of equations within
the SD model enables the quantification of system variables,



582 C. Zhu / Desalination and Water Treatment 315 (2023) 580-589

which are mainly divided into rate variable equations, state
variable equations, and table functions with auxiliary vari-
able equations. The state variable equation is the equation
for calculating the cumulative situation of the state vari-
able, and the main type of equation is the integral equation,
whose formula is shown in Eq. (1).

L =L +DTx(In, -Out,) )

where L denotes the state variable, jk denotes two moments,
DT denotes the time interval, and In and Out are the input
and output efficiencies, respectively. Secondly, the rate
variable equation is used to calculate the rate variable, and
the main type of the equation is a differential equation,
which is given in Eq. (2).

L -L DL
] _ —
T - In, - Out].k ~DT 2)

where DL denotes the change in state stock during the time
interval. The auxiliary equations are equations for calculat-
ing auxiliary variables, mainly for the calculation of data
introduced as auxiliary in the system. The table function
is mainly applied to the relationship is non-linear between
the indicator variables, cannot be calculated with auxiliary
equations, the use of graphs to present this kind of non-lin-
ear relationship [12]. The WE system is a complex coupled
system that contains multiple factors and complex internal
factor relationships. In this study, the SD model is applied
to urban WR management, and variables that do not have
a significant impact on the WE system should be excluded
when the model boundary is drawn. The relation in the SD
subsystem and the urban water management problem is
shown in Fig. 1.

3.2. System dynamics-based prediction study of water environ-
ment carrying capacity

According to the characteristics of the services provided
by the urban WE, the service functions of the WR system
are generally divided into two main categories: one is the
economic function with direct use value, which refers to
the function of the WR system to provide economically effi-
cient products or services; the other is the ecological func-
tion with indirect use value, which refers to the function
of the WR system to maintain the ecological security of the
WR system and its neighbouring areas [13]. The ecological
function is the function of a water resource system to main-
tain its own ecological security and that of its neighbouring
regions [13]. Water resource systems are similar to water
ecosystems, and this paper draws reference to water ecosys-
tem service functions, which are divided into the following
five categories, as shown in Fig. 2.

This paper follows the relevant principles of evalu-
ation index construction, and refers to the construction
methods of experts and scholars at home and abroad for
the evaluation index system of WE CC. Combined with the
actual situation of the WE system in the study area of this
paper and its own characteristics, the guideline layer and
indicator layer of the WE CC evaluation index system are
constructed with reference to the DPSIR evaluation index
model widely used in the evaluation of environmental sys-
tems [13,14]. Driving force indicators mainly refer to the
indicators of social and economic aspects, which are the
most primitive and basic indicators to prompt changes in
the WE CC level, and this paper selects population as the
driving force indicator of WE CC. This paper selects the
water consumption of 10,000-yuan GDP, the total amount
of wastewater discharge, chemical oxygen demand (COD)
emissions, total phosphorus emissions, ammonia nitrogen

Model subsystem —————p

IEconomic subsysteml IWater resources subsystcml

IPopulation subsysteml

IEcological environment subsysteml

Insufficient per capita
water resources

¥ A System Dynamics Model for Urba
"I Water Resources Carrying Capacity

The phenomenon of
engineering water shortage
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transfer water sources

ifficulty in developingl

‘Water resource regulation and
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Urban water resource management issues ———————————»

Fig. 1. Relationship between system dynamics subsystems and urban water resource management issues.
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Fig. 2. Water resource system service functions.

emissions and total nitrogen emissions as the pressure
indicators of the CC of the urban WE. The state indicators
indicate the state of the WE system under the influence of
driving force and pressure indicators, mainly including the
state of exploitation and utilisation. In this paper, the degree
of WR development and utilisation and per capita WR are
selected as state indicators of urban WE CC. The impact
indicators mainly reflect the impact of WE system on social
economy, life production, etc. This paper selects the total
water supply as the impact indicators of WE CC [15-17].
Response indicators mainly include the formulation of pol-
icies and regulations, investment in human and material
resources to protect the WE system, etc. Due to the incon-
venience of quantification of policies and regulations and
other factors, this paper mainly through the ecological water
consumption ratio and environmental protection invest-
ment accounted for the proportion of the regional GDP and
other aspects of the response indicators to consider.
Evaluation indicators are divided into positive, negative
and moderate indicators [61], of which, the larger the posi-
tive indicators, the stronger the CC of the WE, such as: per
capita WR, total water supply, etc.; the larger the negative
indicators, the weaker the CC of the water environment, such
as: population, 10,000-yuan of GDP water use, etc.; and mod-
erate indicators of the value of the value of the more tend
to a certain value or a certain interval, it is indicated that
the WE has a stronger CC. The table shows that the WR per
capita is the weakest. As can be seen in the Table 1, the per

capita WR, total water supply, ecological water consumption,
and environmental protection investment as a proportion
of regional GDP are positive indicators of WR manage-
ment; while population, water consumption of 10,000-yuan
of GDP, wastewater discharge, COD emissions, total phos-
phorus emissions, total nitrogen emissions, and the degree
of WR development and utilisation are negative indicators.

In this paper, through the forwarding of indicators and
data standardisation, the use of principal component anal-
ysis, the calculation of the correlation coefficient matrix and
other steps to get the final evaluation of the CC of the WE
based on the WE CC score, the higher the score of the WE CC
indicates that the WE has a stronger capacity to carry the WE,
the lower the WE pressure. In order to achieve the consis-
tency of the WE CC level embodied in each evaluation index,
before the evaluation of the WE CC, the WE CC indicators
are usually positively processed, of which only the reverse
indicators and moderate indicators need to be adjusted to
get the adjusted evaluation indicators, the larger the value
of the indicators, indicating that the WE CC is better. First
of all, the formula for forwarding the reverse indicator is
shown in Eq. (3).

Y, = max{xi} —-X, 3)
where x; denotes the inverse indicator value, y, denotes the

normalisation result, and i denotes the indicator number.
In this study, the evaluation of environmental CC in WR
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Table 1

Evaluation index system of urban water resources carrying capacity

Target layer Criterion  Indicator layer Serial unit
layer number
Driving Population X, Ten thousand
force layer people
Water consumption per 10,000 yuan of GDP X, m?
Total amount of wastewater discharge X, 108 m®
Pressure COD emissions X, 10%t
Comprehensive layer Total phosphorus emissions X, 10*t
score of water Ammonia nitrogen emissions X, 10% t
resources carrying Total nitrogen emissions X, 10t
capacity State layer ~Degree of water resource development and utilization X, %
Per capita water resources X, m?®/people
Affected Total water supply X, 108 m?
layer
Response  Proportion of ecological water use X, %
layer Proportion of environmental protection investment in regional GDP X, %

management is elaborated by principal component anal-
ysis, and the indicators are firstly standardised as shown
in Eq. (4).

4~
X, = )

where a, denotes the normalised indicator data, 4. denotes
the data mean, and o, denotes the data standard deviation.
Secondly, the correlation coefficient matrix is calculated
and its formula is showcased in Eq. (5).

7, = —=2t (5)

i n L .
\/;(xzixi) ;(xzjij)
where 7, represents the correlation coefficient between the
two indicators. After deriving the correlation coefficient
matrix, the eigenvalues of the matrix are calculated by Jacobi
method, the eigenvalues are arranged in order from the
largest to the smallest, and then the unit eigenvector cor-
responding to the largest eigenvalue is decomposed. After
calculating the eigenvectors, the contribution ratio of each
eigenvalue to the total eigenvalues is calculated, and the
larger the ratio is, the more information is reflected by the
principal components. The formula for the contribution rate
and cumulative contribution rate is shown in Eq. (6).

z 4 (6)
e = Z?»i / ZAi

where ¢, and ¢, denote the contribution rate and cumu-
lative contribution rate, A denotes the eigenvalue, and p is

the maximum number of eigenvalues. When the cumula-
tive contribution rate ¢’, is greater than or equal to 85%, it
demonstrates that the information covered by the first z prin-
cipal components has met the evaluation requirements, so
Yy Yy ---» Y, is taken as the index principal component. After
deriving the principal components, the loadings of the prin-
cipal components are calculated, and the formula is shown
in Eq. (7).

u = Jra, @)

where u_ denotes the principal component loadings. In
this study, the weights of the principal components will be
further calculated, when the eigenvalues of the principal
components are larger, it means that the more information
is covered, and therefore the larger the going to take the
median value, so its formula is shown in Eq. (8).

w, = k ®)
A

i=1 1

Finally, the principal component loadings were mul-
tiplied with the standardised indicator data to obtain the
score of each principal component, and then the compos-
ite score was calculated based on the principal component
weights, whose formula is shown in Eq. (9).

F= zyiwi 9
in1

The technical methods used in this paper mainly
include SD, hierarchical analysis and principal component
analysis [18]. SD is a comprehensive discipline based on
the principle of information feedback, guided by the the-
ories of management, decision theory and system theory,
combined with computer technology, to qualitatively and



C. Zhu / Desalination and Water Treatment 315 (2023) 580-589 585

quantitatively analyse and solve nonlinear, multiple-feed-
back and high-order complex problems. This paper applies
the principle of SD to construct a SD model of urban
WE CC as shown in Fig. 3.

4. Empirical analysis of predictions for water resources
management evaluation under system dynamics
modelling

To validate the SD model constructed in this study;, a city
in southwestern China was used as a sample for empirical
analysis in this study. The rainfall in this region ranges from
1,000 to 1,350 mm, with obvious dry and wet seasons, and
rainfall is dominated by the months of May to September.
This region presents the problems of uneven spatial and
temporal distribution of precipitation, insufficient WR per
capita, perceived difficulties in the development of transit
water sources, poor self-purification ability with voluntary
storage, and increasingly prominent water pollution phe-
nomenon in WE management.

4.1. Historical testing of system dynamics models

In this study, a city in southwestern China is taken as
a sample, and the time boundary of the SD model is set as
2005~2030, with 2019 as the base year, and the historical
statistical data years are 2005~2019, and the validity of the
model is examined through the comparison of the model
simulation results and historical statistical data, and the
model simulation predicts the years of 2020~2030, of which,
the near-term planning level year The model simulation
forecast year is 2020~2030, of which, the near-term planning

level year is 2020~2022, the medium-term planning level
year is 2022~2025, and the far-range planning level year is
2025~2030. In order to get better simulation effect, the time
step is set to 1 y. Firstly, the population and water supply
indicators in the SD model are examined historically, and the
specific results are shown in Fig. 4.

As shown in Fig. 4, the absolute error of the SD model is
1.12% at the maximum in the indicators of the actual value
of the population and the simulated value of the model.
And in the actual and predicted values of total water sup-
ply indicators, the absolute error of the SD model con-
structed in this study is controlled within 0.5%.

As shown in Fig. 5, in the indicators of actual and model
simulation values of wastewater discharge, the absolute
error of the system dynamics model has a maximum value
of 0.33% and a minimum error of 0.03%. In the actual and
predicted values of total COD discharge indicators, the
absolute error of the SD model constructed in this study is
mostly controlled within 0.1%.

4.2. Sensitivity analysis of the system dynamics model

In this paper, in order to examine the robustness of the
SD model of the city’s WE CC, 10 more sensitive parame-
ters in the model were calculated. Seven indicators, includ-
ing resident population, total GDP, proportion of environ-
mental protection investment to regional GDP, total water
supply, total water consumption, COD emission and total
wastewater discharge, were selected in each subsystem for
calculation and analysis. The sensitivity of the whole system
to these parameters, that is, sensitivity, is reflected through
the influence of these parameters on the selected indicators

Evaluation and prediction of urban water Carrying capacity

Y

Establish Constructing a Evaluation of Predicting the
evaluation index Dynamic Model Carrying capacity Design Future Status of
. > of Water » »  management > Water
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4
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Fig. 3. Construction route of urban water carrying capacity system dynamics model.
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torical testing of wastewater discharge indicators in system dynamics models and (b) historical verification of COD emission

indicators in system dynamics models.

in each subsystem. The specific experimental outcomes
are indicated in Table 2.

From the results of sensitivity calculation, we can get that
the sensitivity of the system to each parameter is low, and
only the sensitivity to the water consumption of 10,000 yuan
secondary industry GDP is more than 20%, which indicates
that most of the parameter changes do not have much influ-
ence on the model, and compared with other subsystems,
the model is more sensitive to the parameters of the eco-
nomic subsystems, which is also consistent with the actual
situation. Through the validity test of the three aspects,
it can be considered that the SD model of urban WE CC
constructed in this paper meets the requirements of valid-
ity and reliability, and has the ability to predict and study
the short-term WE CC of urban cities.

4.3. Evaluation of the carrying capacity of the water environment
by system dynamics modelling

Firstly, the 12 evaluation indexes are normalised,
and then the principal component analysis is applied to
standardise the evaluation indexes that have achieved

normalisation through mathematical software MATLAB
programming, and the specific results are shown in Fig. 6.

According to the evaluation value of the standardised
treatment in Fig. 6 above, the scale was subjected to prin-
cipal component analysis to obtain the eigenvalues, con-
tribution rates and cumulative contribution rates of the
principal components, as showcased in Table 3.

Table 3 showcases that the contribution values of y,, v,, v,
and y, are 35%, 30.3%, 16% and 12.7%, respectively, and the
cumulative contribution value is 93.9%, which means that
it can reflect 93.9% of the information of the original data,
which is greater than 85% of the principle requirements,
and the eigenvalues of y, y,, v, and y, are greater than 1,
which indicate that y,, v,, ¥, and y, can reflect the impact of
the majority of indicators on the CC of WE. environmental
CC, and can be used as the principal components of the 12
indicators reflecting the WE CC of this southwestern city.
According to the results of principal component analysis,
the loads of the four principal components are calculated,
as shown in Table 4.

As shown in Table 4, the weights of the four principal
components can be calculated after deriving the principal
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Table 2

Sensitivity analysis and calculation results of system dynamic model of water carrying capacity

Serial ~ Variable parameter name Permanent Total Proportion Total  Total COD Total Average

number population GDP of GDP water water emissions wastewater sensitivity

supply consumption discharge

1 Permanent population 5.1 0 0 0 0.95 3.85 13 1.6
growth

2 Urbanisation rate 0 0 0 0.01 4.38 67.33 24.85 13.79

3 GDP growth rate of tertiary 0 57.8 53.54 0 5.45 3.15 10.08 18.58
sector of the economy

4 Water consumption per 0 0 0 0.02 48.09 29.4 67.18 20.67
10,000 yuan of secondary
sector of the economy GDP

5 Urban per capita domestic 0 0 0 0.01 11.69 67.33 24.85 14.84
water consumption

6 COD discharge concentration 0 0 0 0 0 67.33 0 9.62
in domestic sewage

7 Wastewater discharge rate 0 0 0 0.02 0 29.4 67.18 13.8
of secondary sector of the
economy

8 Water quota for urban land- 0 0 0 0 0.22 0 0 0.03
scaping and green spaces

9 Growth rate of environmental 0 0 113.53 0 0 0 0 16.22
protection investment

10 Wastewater reuse rate 0 0 0 0.03 0 0 0 0.01
3 - weight calculations, as well as the standardised matrix for

(@) 25 |a, —m—Xx1- & x2-x- X3 X4—0— x5~0— X6

05 06 07 08 09 10 11 12 13 14 15 16 17 18 19
Time

—a— X7~ ® xX&-4- X9 x10=e8=x]]=o— x12

Evaluation

05 06 07 08 09 10 11 12 13 14 15 16 17 18 19
Time
Fig. 6. Standardized value of water carrying capacity assess-

ment index from 2005 to 2019. (a) Indicators x, to x, and
(b) Indicators x, to x,,.

component loadings, in which the weights of v, v, v, v,
are 0.37, 0.32, 0.17, and 0.13, respectively. from the principal
component loadings, the results of the principal component

the evaluation indicators of the CC of the WE of this city
for the period of 2005~2019, we obtain the first, second,
second, third, fourth principal component scores and com-
prehensive scores of the period of 2005~2019, the calcula-
tion outcomes are demonstrated in Fig. 7, three and four
principal component scores and comprehensive scores,
the calculation outcomes are demonstrated in Fig. 7.

As can be seen from the comprehensive score and rank-
ing of the city’s WE CC from 2005~2019: the city’'s WE CC
showed a decreasing trend from 2005~2009, and the pressure
on the WE was alleviated from 2010~2019, and the CC of the
WE was improved year by year, in which the comprehensive
score of the WE CC ranked the first in 2019, and the com-
prehensive score was the lowest in 2009. The positive and
negative of the comprehensive score of WE CC does not rep-
resent the absolute level of WE CC, but indicates the rela-
tive level of that year’s WE CC compared with the average
level, and the comprehensive score of WE CC in 2012~2019
is positive, and the WE CC is higher than the average
level. 2005~2011 WE CC is lower than the average level.

4.4. Experiments in optimising urban water management
programmes

This study analyses the water quantity forecast, water
quality forecast and WE CC prediction results of Southwest
cities from 2019 to 2030 obtained under the status quo con-
tinuation scenario of operational simulation, and designs the
following three WE management scenarios to improve the
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Table 3
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Calculation results of principal component eigenvalues, contribution rates, and cumulative contribution rates

Principal component Vi Y Y Y Y Y Y Y Y Y Y Yu Y Y Vs
Eigenvalue 42 3.6 19 L5 05 0.1 0.1 0 0 0 0 0 42 3.6 1.9
Contribution rate (%) 35 303 16 12.7 43 1 05 01 0 0o O 0 35 303 16
Accumulated contribution rate (%) 35 653 81.3 939 983 99.3 998 999 100 100 100 100 100 100 100
Table 4
Principal component load calculation results
Principal component  x, X, X, X, Xy X, X, X X, X5, X, X, X5 X, X
Y, -094 098 -0.67 -039 026 -075 -053 007 005 043 079 019 -094 098 -0.67
A -03 018 056 024 087 -017 074 068 04 -083 056 -045 -03 0.18 0.56
Y, 0.01 001 043 -058 0O -053 038 -06 -074 -0.14 0.06 -0.17 0.01 0.01 043
A -0.14 0.06 -0.06 063 037 03 0.05 -037 -05 -017 022 063 -0.14 0.06 -0.06
+— yl —— y2 —— y3 —— y4 e~ Totol achieved by appropriately reducing the pollutant discharge
concentration and the wastewater discharge rate. Secondly,
4 the water conservation and environmental protection pro-
3 g gramme, on the basis of the continuation of the current pro-
o 2 f gramme, by reducing the amount of water used in life and
E 1 é production year by year, increasing the amount of ecologi-
g 0 = cal water consumption, increasing the reuse of wastewater,
= &  environmental protection investment, and speeding up the
= -1 8 development of tertiary industries with low water consump-
2 tion and high efficiency to achieve water conservation and
3 environmental protection efforts. Finally, there is the inte-
05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 grated programme, which combines the pollution control
Time programme with the water conservation and environmen-
tal protection programme to reduce the pressure on the
Fig. 7. Calculation results of comprehensive score of water  water supply and self-purification of the WE system and to

carrying capacity in Chongqing from 2005 to 2019.

CC of the WE in the future. The first is the pollution con-
trol and reduction type programme, that is, on the basis
of the continuation of the current situation, the purpose of
reducing the self-purification pressure of the WE system is

Table 5

increase environmental protection efforts.

Combining Table 5 with the principal component analy-
sis, it can be concluded that in the simulation results under
the emission control and pollution reduction type scenario,
the city’s water resource environmental CC decreases year
by year, and falls to the lowest in 2030, with a composite

Comprehensive score of urban water carrying capacity from 2019 to 2030 under different management schemes

Management plan Time x, x, x, x, x, x, x, X, X, X5, X, X,
2020 3,409.83 3145 2409 2324 0218 343 506 1571 146075 7823 16  3.18
Control and emission 2022 344401 2942 2358 2129 027 319 481 1634 144625 8138 153 283
reduction plan 2005 349593 2662 2305 1886 025 288 457 1729 142477 8612 142 238
2030 35842 2259 2227 1507 023 24 416 2029 1,389.68 10106 125 178
ot N 2020 340983 3057 2456 2423 031 354 516 1575 1,460.75 7846 498  3.65
ater-saving an 2022 344401 2534 254 2404 032 35 533 1639 144625 81.62 487 426
environmentally
) : 2005 349593 19 2697 2373 034 344 566 1734 142477 8637 468 532
friendly solutions
2030 35842 117 3103 2331 04 333 652 2035 1,389.68 10135 428 7.4
2020 340983 3057 2373 2256 024 332 498 1575 146075 7845 498  3.65
, 2022 344401 2534 2286 1953 023 291 467 1638 144625 81.6 487 426
Comprehensive plan
2005 349593 19 2226 1596 024 24 444 1733 142477 863 2468 532
2030 35842 117 2308 1136 027 173 444 2033 1,389.68 10127 428 745
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score of —19. While under the water conservation and envi-
ronmental protection type scenario, the city’s resource envi-
ronmental CC rises year by year, and falls to the highest
in 2030, with a composite score of 10.7. While under the
integrated scenario, starting from 2019, the city’s WE CC
composite score shows a rising trend year by year, the
WE pressure decreases year by year, and the CC increases
year by year. Among them, 2030 has the highest compos-
ite score and the best WE CC, while 2019 has the lowest
score and the highest WE pressure. Overall, the integrated
type scheme is better able to avoid future WE crises and
improve the future CC of the urban WE compared to the
water conservation and environmental protection scheme
and the discharge control and pollution reduction scheme.

5. Conclusion

The study analyzed the level and trend of WE CC in a
city in southwestern China from 2005 to 2019. Based on
the specific values of evaluation indicators for each year,
after forward processing, the principal component analysis
method is used to obtain the comprehensive score of WE
CC from 2005 to 2019, in order to determine the level and
trend of WE CC from 2005 to 2019. The experimental results
showed that the water resource management effect in the city
was the worst in 2009, with a comprehensive score of —2.58.
In 2019, the water resource CC was the best, with a score of
2.88. At the same time, the accuracy of the model was veri-
fied by comparing the error between historical actual data
and SD model prediction data in this experiment. The results
showed that the maximum absolute error of the SD model
constructed in this study was 1.12% in the indicators of
population actual value and model simulation value. In the
actual and predicted values of the total water supply index,
the absolute error of the SD model constructed in this study
is controlled within 0.5%. The experimental results indicate
that the SD model constructed in this study can be prioritized
for application in urban water resource management and
water CC analysis. At the same time, the prediction of the
system model can optimize the mode of urban water man-
agement and adjust water resource management methods.
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