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ABSTRACT

An effective sponge city construction evaluation system plays a crucial role in evaluating sponge city
construction schemes. The construction of a sponge city evaluation system still faces challenges related
to incomplete index selection and unscientific weight division. Limited studies have focused on the
comprehensive assessment of sponge city construction in the early stages. This study constructed a
scientific assessment indicator system and a quantitative indicator weight at all levels by literature re-
view and statistical analysis methods from an objective perspective. To demonstrate how to utilize our
evaluation methods, three construction schemes randomly generated by MATLAB were evaluated under
evaluation states of constant weight and variable weight, respectively. Scheme 3 had the highest score of
0.638 under the constant weight assessment, but it cannot practically be the final construction scheme
due to the imbalance between indicators. Compared to the constant weight assessment, a variable
weight assessment can effectively balance the states of the evaluation index with changes in the decision
variable. Among the three schemes, Scheme 2 is the best choice with a value of 0.0355 under variable
weight evaluation due to punishment and incentives in the variable weight method. The concept of
“punishing” a disadvantageous indicator and “motivating” an advantageous indicator increases the
relative advantages of the indices, ultimately affecting the assessment results of schemes and leading to a
more balanced state. This study provides reasonable analysis and decision-making mechanisms to

support decision-making and guide the scientific selection of a construction scheme.
© 2022 Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, Harbin
Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

to solve important water and ecological challenges such as urban
waterlogging and storage, the urban heat island effect, water

The construction of sponge cities is based on the premise of
regional water cycle protection, which is achieved by cross-regional
and cross-scale water and ecological landscape facilities [1—3]. It
enables “natural permeability purification” [4], which allows cities
to have more resilient responses to urban waterlogging, water
blackening, and odors [5—9]. The construction of sponge cities aims
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blackening, and odors, which together constitute a complex and
interdisciplinary urban construction concern [10—14]. Performance
assessment of sponge cities upon their completion must confirm
whether there is any improvement in the water ecology, water
resources, and water security of these cities [4,15]. Such a
comprehensive assessment system of sponge city construction
must be implemented in the early stages and should be scientific,
reasonable, and credible to guide the assessment and construction
of sponge cities [16,17].

The selection of assessment indicators and their weight division
are at the core of a comprehensive sponge city assessment system
[18]. The selection of assessment indicators for sponge cities mainly
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depends on the properties and functional orientation of the land
[19]. During selection, scientific, operational, integral, hierarchical,
and systematic principles of indicators must be comprehensively
considered, and reasonable science-based screening methods must
be adopted in order to achieve twice the result with half the effort
[20]. In addition to the Ministry of Water Resources and the Min-
istry of Housing and Urban-Rural Development of China, which
proposed assessment methods. Liang et al. developed a compre-
hensive framework for assessing sponge city construction schemes.
This framework includes resilience and sustainability indicators
that help designers optimize their design schemes. They selected
ten indicators and calculated the weights of these indicators using
the analytic hierarchy process (AHP) to analyze the performance of
three sponge city construction schemes [21]. Li et al. developed an
assessment system for quantifying the performance of low impact
development (LID) practices [22]. Selected assessment indicators
were based on environmental-economic and social benefits, of
which the main factors are described in the literature. The weights
of the comprehensive performance assessment indicators of LID
practices are based on expert scoring and the analytical hierarchy
process [23]. Zhang et al. established a water resource utilization
assessment indicator system to assess the water resource utiliza-
tion in ten pilot sponge cities in China [24]. And classified, sum-
marized, and screened out four sub-system indicators. However,
from previous studies, it can be seen that errors caused by sub-
jective factors and the application of a single method for index
selection and weight division greatly impact the evaluation of in-
dicators [25—27]. Examples are the Delphi method and the expert
method or the brainstorming method, which will affect the eval-
uation results. The current indicator selection and weight division
are incomplete and unreasonable given previous assessment sys-
tems [28]. Limited studies have considered the integrity and sci-
entific nature of selecting indicators and weight division of the
sponge city assessment systems, and regional differences and
specific functional differences have not been reflected [29,30].

Therefore, the correlation between the assessment systems
should be explored from a more objective perspective, and a
method should be established that is in line with the ecological
environment and policies in China [31]. The literature review
method and the data frequency statistics method can be used to
screen the assessment indicators by considering both subjective
and objective factors to reduce errors and solve the problem of
subjective factors in selecting indicators [32]. This will reflect the
correlation between system indicators and improve the integrity of
the assessment system. Objective assessment methods will address
the disadvantages of subjective factors in the assessment method.
Here, the fuzzy method can be combined with different analysis
methods, whereas the subjective method can be combined with
the objective method [33]. In addition, the selection of indicators,
weight division, and evaluation of the assessment system should be
more scientific. Therefore, a combination of guidelines and stan-
dards for ecological protection and sponge city construction
[34—37] should be integrated into the sponge city evaluation sys-
tem in China using the concepts of the ecological red line [38],
sustainable development [39], and ecological carrying capacity
[40—42].

When the construction scheme is completed, it is necessary to
assess different construction schemes and choose the optimal one
[43]. Weighting is an important factor in the assessment of the
construction scheme. The optimal construction scheme is deter-
mined by selecting the scheme with the best evaluation result.
Construction schemes are different due to the different construc-
tion sites of sponge cities. Each construction scheme will have
distinctive indicators due to different ecological characteristics,
specific functions, and regional differences. The constant weight
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assessment method keeps the weight of each indicator constant
during the assessment of the assessment object and cannot be used
effectively in combination with the state of the assessment indi-
cator if the decision-making variables change [44]. In any assess-
ment system, attention should be paid to both the relative
importance of indicators and the assessment of some special in-
dicators in the scheme [45]. These special indicators have distinct
“advantages” and “disadvantages” [46]. The local state variable
weight method can increase the weights of “advantageous” in-
dicators and reduce the weights of “disadvantageous” indicators in
accordance with the characteristics of different construction
schemes [6]. Therefore, the evaluation schemes reflected regional
and functional differences in sponge city construction more
objectively. Nevertheless, the current assessment system mainly
focuses on post-construction performance assessment. Ecological
characteristics, specific functions, and regional differences of
sponge cities are not reflected, and not every indicator and specific
weight is scientifically presented [47]. Limited studies focus on a
comprehensive assessment system of sponge city construction in
the early stages [48].

This study discusses the ideal process of sponge city construc-
tion by summarizing successful experiences and problems in
sponge city construction, which considers the ecological red line,
the ecological carrying capacity, and sustainable development. The
detailed objectives were: (i) Literature review and the application
of frequency statistics to establish an urban-ecological-feature
based assessment system for sponge city construction (SCC-
UEFAS) from an objective perspective; (ii) Principal component
analysis (PCA) and factor analysis are used to reasonably establish
the weight of indicators in order to optimize the construction
scheme of sponge city and conduct a scientific evaluation of
different plans; and (iii) The variable weight evaluation method is
used to evaluate the construction scheme according to the char-
acteristics of different schemes. This paper provides a reasonable
analysis and decision-making procedure for guiding and stan-
dardizing subsequent comprehensive sponge city construction
practices [49].

2. Method and theory
2.1. Theory

The concepts of ecological carrying capacity, ecological red line,
and sustainable development during the sponge city construction
can be explained as follows:

(1) Ecological carrying capacity includes urban ecological car-
rying capacity, environmental carrying capacity, and
resource carrying capacity. The concept of urban ecological
carrying capacity has a more diversified meaning than
ecological and environmental carrying capacity. Under the
same environmental pressure, urban ecological carrying ca-
pacity can self-regulate and self-repair to a greater extent
than ecological and environmental carrying capacity, giving
it stronger ecosystem resilience [50].

(2) The ecological red line limits the upper and lower spatial
boundaries of the ecological environment, biodiversity,
storage of water resources, and green coverage. The appli-
cation of the ecological red line concept in the sponge city
construction mainly includes the reduction of surface runoff
and interception of rain pollutants, the reduction of flood
disasters, and the promotion of water cycle and water
resource purification. This can be done by adding ponds,
streams, lakes, and wetlands, increasing the water area ratio,
enhancing soil and water conservation functions, ensuring
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flood discharge, conserving and purifying water, and
reducing the occurrence of land desertification and flood
disasters [51].

(3) The concept of sustainable development usually refers to the
sustainable coordination of the economy and ecological
environment. This concept has a richer and deeper meaning
in the field of sponge city construction [15]. Achieving sus-
tainable development is the goal of sponge city construction
[52]. Sponge cities are important for future urban construc-
tion as they show outstanding advantages in rain storage,
water purification, and the elimination of water blackening
and odors. Sponge city construction increases the threshold
of the ecological red line protection, improves the efficiency
of resource utilization (especially water), and reduces the
consumption of resources, which greatly contributes to
sustainable economic development and environmental pro-
tection. Furthermore, improving the environment of human
settlements is an important indicator of sponge city con-
struction, which will ultimately encourage economic devel-
opment, increase environmental carrying capacity, and
provide a suitable living environment for human beings after
realizing sustainable development [41,53].

2.2. Methods

2.2.1. Principal component analysis (PCA)

PCA is a widely used mathematical statistics method to trans-
form a multi-variable factor system into several comprehensive
indicators [54]. A new set of linear independent comprehensive
indicators (Y1, Y2 ..., Ym) is used simultaneously to replace several
original variables with certain correlations (X3, X3 ..., Xp, m < P), as
described in Equations S1 and S2. These new comprehensive in-
dicators reflect the information represented by the original vari-
ables to the maximum extent, and there is no overlap of
information between the new comprehensive indicators. The PCA
procedure can be summarized in 11 steps, as described in the
Supplementary information S2.1. The software used for PCA anal-
ysis in this study was SPSS-22.

2.2.2. Factor analysis (FA)

Factor analysis (FA) is a technique of data simplification. It ex-
plores the basic structure of the observed data by studying the
internal dependent relationship between the variables to classify
the observed variables. Variables with higher correlation are clas-
sified in the same group. When the correlation between different
groups of variables is lower, each group of variables represents a
basic structure or a common factor. The basic steps of FA can be
summarized as follows. Data standardization and applicability tests
are performed first, after which the variables are screened and
removed based on the relationship between factors and variables.
The factors are then explained and named by transforming the
coordinate system (factor rotation). Finally, the factors' scores and
samples’ comprehensive scores are calculated. Supplementary in-
formation S2.2 introduces the mathematical model, statistical sig-
nificance, and basic steps of FA in detail.

2.2.3. Variable weight theory

Compared to constant weight assessment, variable weight
assessment has the characteristic that the weight value of the
assessment index will change in accordance with the change in the
state of the assessment object. It can effectively balance the states
of the evaluation index with the change of the decision variable
[55]. Variable weight assessment methods include incentive vari-
able weight, punitive variable weight, and local variable weight.
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The punitive variable weight method and the incentive variable
weight method either decrease the corresponding weight of a
variable more than a certain standard or increase the variables
lower than a certain standard by reducing its weight. The local
variable weight method is a synthesis of the first two concepts.
Simultaneous incentives and penalties can effectively and reason-
ably determine the relative importance of indicators with constant
weights to assess the assessment object. The principles of punitive
variable weight, incentive variable weight, and local variable
weight are explained in detail in Supplementary information S2.3.

2.3. Construction and weighting of a comprehensive sponge city
assessment system

2.3.1. Data sources

The measures issued by the Ministry of Housing and Urban-
Rural Development in China and the acceptance reports of the
first and second batches of sponge city pilot cities were taken as the
literature basis for statistics of the frequency of indicators. The list
of literature data can be seen in Table S1.

2.3.2. Construction of a comprehensive assessment indicator system

Based on the Measures for Performance Evaluation and Assess-
ment of Sponge City Construction (Trial) issued by the Ministry of
Housing and Urban-Rural Development, the analysis of the com-
plex connotations of the ecological red line, the ecological carrying
capacity, and the sustainable development of sponge cities, several
“candidate indicators” were selected. These “candidate indicators”
fully or partially harmonize with the urban construction model of
sponge cities in China. The total frequency of these “candidate in-
dicators” in the acceptance reports of the 27 pilot sponge cities was
calculated by frequency statistics. The total frequency of the in-
dicators greater than or equal to 3/4 of the literature data was used
as a screening basis of the indicators to determine the sponge city
assessment system. Statistics were used to determine the fre-
quency of occurrence of each of the indicators in the literature, as
shown in Table S2. Overall, the indicators were screened using
literature review and frequency statistics.

2.3.3. Indicator screening

Based on the complex scientific connotations of the ecological
carrying capacity, the ecological red line and sustainable develop-
ment of sponge cities, frequency mining and statistical analysis of
relevant literature and normative data were performed.

As shown in Table S2, the two main indicators named
“Groundwater level increase” and “Water environment capacity”
were selected from the indicator frequency list. Even though the
two assessment indicators “Groundwater level increase” and
“Water environment capacity” appeared very often in the indicator
frequency list, the “Groundwater level increase” was not consid-
ered as relevant for sponge cities when urban rainfall was greater
than 1000 mm. Approximately one-third of the pilot cities had
rainfall greater than 1000 mm, and “Groundwater level increase”
was not included in the assessment indicator system of sponge city
construction. The indicator “Water environment capacity” is not
included in the final performance assessment system due to the
difficulties with measuring the water environment capacity in the
pilot area. Finally, 30 secondary indicators were determined, of
which 23 were quantitative indicators (X1—X23) and 7 qualitative
indicators (X24—X30). Since seven qualitative indicators cannot be
quantified, they were not included in this study.

Moreover, during the collection of indicator data, it was found
that the indicators “elimination rate of black and smelly water
(X9)”, “elimination rate of historical water points (X10)”, and
“compliance rate of flood dikes (X19)” of all pilot cities were 100%,
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and the variance of the three indicators was 0. The PCA showed that
X9, X10, and X19 do not influence on the comprehensive assess-
ment system of sponge city construction, so these indicators are not
considered in this study. Therefore, a total of 20 variables were
determined for PCA, namely X1-X8, X11-X18, and X20—X23.
Specific preliminary indicators included in the sponge city
comprehensive assessment system are shown in Fig. 1.

However, the sponge city acceptance reports of Chizhou, Zhuhai,
and the Xixian new area contain too little data on indicators. After
removing the data from these three cases, the sample size (27 pilot
cities) is still greater than the variable size (20 quantitative in-
dicators). Therefore, three documentary sources were selected as
the main source of data samples for the remaining 27 selected pilot
cities, including the ‘sponge city acceptance report’, the ‘guideline
of planning and design’, and the ‘special planning report’.
Furthermore, the ‘urban and rural construction statistical year-
book’, the ‘water resource bulletin’, and the ‘urban landscaping
design guideline of sponge city’, were used as secondary data
sources to fill the gap of some missing data on indicator variables in
the primary data source of the 27 pilot cities.

2.4. Sponge city construction schemes generation by MATLAB

MATLAB is a powerful tool and has been used across many fields.
In this study, our evaluation system is applicable to most decision-
making scenarios in sponge city planning and design as long as the
evaluation indicators have been successfully generated. To
demonstrate how our evaluation system works, three sponge city
construction schemes with the same scales and characteristics as
real sponge city construction schemes were generated by MATLAB.
That is, a 3 x 20 matrix with two decimal places in the range [0,
100] was randomly generated by the random function 100*rand (3,
20) in MATLAB. The specific version of MATLAB used in this
research was MATLAB® R2018a (MathWorks, Inc., USA).

Based on the above-mentioned analysis of the relevant theories
and methods, the research framework of this paper can be viewed
in Fig. S3 of the Supplemental information.

3. Results
3.1. Sample matrix

Based on the collected indicator data, each pilot city was
regarded as a sample, and each indicator was regarded as a variable.

X11 X12 X1p
. X1 X X

Then, a sample matrix X= |71 722 2 |x;  was
Xn1  Xn2 Xnp

Total annual runoff control rate
Virescence overlay rate
Permeable pavement rate

Ecological shoreline restoration ratio

Ecological red line
Urban heat island value

Precentage of water area

The standard water quality
in urban water function areas

Annual SS redection rate

Ut

Ecological carrying capacity

Rainwater utilization rate
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established, where x;; denotes the observed value of the jth indi-
cator of the it pilot city.

Different indicator data have different dimensions. In order to
eliminate the influence of different dimensions on the observed
values of the indicators, the sample matrix must first be stan-
dardized. The zero-center transformation (standardization trans-
formation) was performed on the sample data matrix X to obtain
the standardized matrix Z. Equation S(3) in Supplementary infor-
mation S2.1.2 was used to obtain the correlation coefficient matrix
R (Fig. 2) of the standardized matrix Z. Next, the characteristic
equation [R—Al,| =0 of the characteristic equation Rp., of the
correlation coefficient matrix was solved to obtain p eigenvalues 11,
A2, Ap_1, Ap of the matrix R, and A4y > 4 > -+ > 4,1 > Ap, where
A; = var(Y;). Finally, the variance contribution rate and the cumu-
lative variance contribution rate corresponding to each eigenvalue
were calculated, while the number of principal components was
determined based on the principle that the eigenvalue is greater
than 1 and that the cumulative variance contribution rate is
maximized. After these calculations were completed, the eigen-
values and the cumulative variance contribution rate of the corre-
lation coefficient matrix were obtained (Table 1), while the scree
plot is shown in Fig. 2.

From the scree plot, before the x-axis component 9, the scat-
tering curve changes from high to low, first steep, then flat, and
finally almost forming a straight line. Combined with Table 1, the
correlation coefficient matrix contains eight eigenvalues greater
than 1. The cumulative variance contribution rate of the first eight
eigenvalues is 79.246%, accounting for 79.246% of the total infor-
mation. All eigenvalues after the 8 principal component were less
than 1, so their contribution to explaining the original variables is
negligible. The eight principal components could now be extracted
as a new comprehensive indicator. Table 1 shows that the eight
principal components contain the most information of all the
original indicators. Therefore, these eight principal components
were extracted and named Y1, Y2, Y3, Y4, Y5, Y6, Y7, and Y8.

3.2. Determination of comprehensive assessment system

3.2.1. Factor naming

The eigenvalue criterion and the scree plot test criterion are
common methods for determining the number of factors of any
assessment system. The scree plot was used to extract eight com-
mon factors, named F1—F8.

Factors extracted by PCA often have little difference in the load
of each variable, and it is difficult to reasonably explain and name
them. To better name the extracted factors, factor rotation is
therefore often required [56]. Factor rotation is a method of
transforming the coordinate system to change the projected area of

The average annual overflow
frequency reduction rate of
the combined system

The average annual overflow
volume reduction rate of
the combined system

Drainage network standard
Flood control standard

ilization rate of regenerated water Urban waterlogging prevention standard

Sustainable development
Continuous demonstration effect

Sewage treatment rate Per capita green area

Leakage control rate of

Water supply pervasion rate
water supply network PPy P

Fig. 1. Preliminary indicator system for comprehensive assessment system of sponge city.
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Fig. 2. a, Correlation coefficient matrix R. b, Lithotripsy diagram.

Table 1
The eigenvalue and variance contribution rate of the correlation coefficient matrix.

Component Initial eigenvalue

Extract the sum of squares of the load

Rotating load sum of squares

Total Contribution rate Cumulative contribution rate % Total Contribution rate Cumulative contribution rate % Contribution rate Total

Contribution rate

1 3.639 18.196 18.196 3.639 18.196
2 2.802 14.011 32.207 2.802 14.011
3 2.332 11.658 43.865 2.332 11.658
4 1.856 9.278 53.142 1.856 9.278

5 1.686 8.432 61.574 1.686 8.432

6 1.438 7.19 68.764 1.438 7.19

7 1.089 5.446 74.211 1.089 5.446

8 1.007 5.035 79.246 1.007 5.035

9 0.931 4.653 83.898

10 0.764 3.818 87.716

11 0.715 3.575 91.292

12 0.475 2.375 93.667

13 0.354 1.772 95.439

14 0.302 1.509 96.948

15 0.197 0.986 97.934

16 0.12 0.6 98.534

17 0.111 0.553 99.087

18 0.086 0.432 99.519

19 0.051 0.256 99.775

20 0.045 0.225 100

18.196 2.575 12.874 12.874
32.207 2.355 11.774 24.648
43.865 2.303 11.515 36.163
53.142 2.069 10.345 46.508
61.574 2.054 10.272 56.78

68.764 1.707 8.533 65.313
74.211 1.596 7.978 73.291
79.246 1.191 5.955 79.246

a common factor in the direction of the original variable and then
adjusting the correlation coefficient between the common factor
and the original variable to facilitate interpretation and naming.
The transformation will change the eigenvalues of each common
factor but not the commonality of each variable. Thus, the naming
of extracted factors is not classified according to physical meaning
but according to the calculated loading value. The eigenvalue and
variance contribution rate after factor rotation is shown in Table 1.

Based on Tables 1 and 2, the information contained in the first
common factor F1 after factor rotation is maximum (12.874%) and
has a high load on three indicators, namely “X9: Overflow fre-
quency reduction rate of the combined system”, “X10: Overflow
volume reduction rate of the combined system”, and “X15:
Drainage pipe network standard”. The absolute values of the cor-
relation coefficients are 0.833, 0.887, and 0.609, respectively. These
three indicators reflect the overflow control effect of the combined
drainage system after the sponge city construction, so the common
factor F1 is named the “Overflow control factor”. F2 contains the
second-highest information (11.774%) and has a high load on the
indicators “X8: SS total reduction rate”, “X16: Flood control stan-
dard”, and “X17: Urban waterlogging prevention standard”. The
absolute values of the correlation coefficient are 0.892, 0.462, and
0.849, respectively. All three of these indicators focus on water
security, so the common factor F2 was named the “Water security

factor”. The information contained in F3 is 11.515% and has a high
load on the two indicators “X2: Green coverage rate” and “X3:
Permeable pavement rate”. The absolute values of its correlation
coefficients are 0.875 and 0.782, respectively, and the common
factor F3 is named the “Runoff control factor”. The information
contained in F4 is 10.345% and has a high load on the indicators
“X5: Urban heat island value”, “X12: Rainfall resource utilization
rate”, and “X18: Continuous demonstration effect”. The absolute
values of the correlation coefficients are 0.628, 0.707, and 0.868,
respectively. As these three indicators focus on the overall impact of
sponge city construction, common factor F4 is named the “Display
factor”. The information contained in F5 is 10.272% and has a high
load on the indicators “X4: Restoration ratio of ecological shoreline”
and “X13: Sewage treatment rate”, with correlation coefficients of
0.895 and 0.879, respectively. This common factor is named the
“Water ecological factor” because both indicators reflect water
ecological issues. The information contained in F6 is 7.978% and has
a high load on the indicators “X6: Water area rate”, “X7: Water
quality compliance rate of urban water function zone”, and “X11:
Sewage regeneration utilization rate”. The absolute values of the
correlation coefficients are 0.874, 0.455, and 0.542, respectively.
Since these three indicators embody the water environment, this
common factor is named the “Water environmental factor”. The
information contained in F7 is 10.272% and has a high load on the
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Table 2
Factor loading of the first eight common factors.

Environmental Science and Ecotechnology 12 (2022) 100188

ID Indicator name

Common factor

F1 F2 F3 F4 F5 F6 F7 F8

X1 Total annual runoff control rate

X2 Virescence overlay rate

X3 Permeable pavement rate

X4 Ecological shoreline restoration ratio

X5 Urban heat island value

X6 Percentage of water area

X7 The standard water quality in urban water function areas
X8 Annual SS reduction rate

X9  The average annual overflow frequency reduction rate of the combined system
X10 The average annual overflow volume reduction rate of the combined system

X11 Utilization rate of regenerated water

X12 Rainwater utilization rate

X13 Sewage treatment rate

X14 Leakage control rate of water supply network
X15 Drainage network standard

X16  Flood control standard

X17 Urban waterlogging prevention standard

X18 Continuous demonstration effect

X19  Per capita green area

X20 Water supply pervasion rate

-0.264 0.141 0.102 -0297 -0.173 -0.014 0.128 0.694
0.095 0.033 0.875 -0.095 -0.028 -0.007 0.129 -0.134
0.093 0.288 0.782 0.108 0.125 0.235 -0.072 0.133
0.061 0.002 0.1 0.091 0.895 —0.168 0.192 0.157
—0.001 0.134 0.46 0.628 0.376 -0.134 -0.273 0.117
—0.009 0.208 0.04 0.029 —0.051 0.874 0.001 —0.059
—0.383 0.007 0.494 0.195 0.052 —-0.455 0.226 —0.143
—0.045 0.892 —0.015 0.054 —0.011 0.048 —0.099 -0.028
0.833 —0.004 0.124 0.11 0.04 0.092 0.081 -0.13
0.887 —0.069 0.099 -0.15 -0.122 -0.01 0.079 —0.135

0.213 -0.3 0.337 0.338 0.282 0.542 0.036 0.049
-04 —0.148 0.176

. -0.707 0.273 —0.093 -0.248 0.118
—0.093  0.002 —0.015 0.031 0.879 0.155 —0.07 -0.23
-0.132 -0318 -0317 -0.046 0.062 0.001 —0.036 0.491
0.609 0.37 —-0.155 0.216 0.156 —-0.081 0.527 0.017
-0.11 0.462 0.133 0.155 0.084 0315 —0.473 0.205
0.095 0.849 0.294 0.082 0.004 0.047 -0.107 -0.011
-0.137 0.073 0.036 0.868 0.138 0.058 -0.014 -0.183

0.171 -0.274 0.217 0.04 0.132 0.056 0.795 0.145
0.427 0.154 —0.024 0.18 0214 -0.427 -0399 041

indicator “X19: Per capita Park green area”. The absolute value of
the correlation coefficient is 0.795, so this common factor is named
the “Ecological greening factor”. The information contained in F8 is
5.955% and has a high load on the three indicators “X1: Annual
runoff total control rate”, “X14: Water supply network leakage
control rate”, and “X20: Water supply popularization rate”, with the
absolute correlation coefficients values of 0.694, 0.491, and 0.41,
respectively. These three indicators together explain water re-
sources, so this common factor is named the “Water resource
common factor”. Based on the results, a total of eight common
factors were obtained, including the Overflow control factor, the
Water security factor, the Runoff control factor, the Display factor,
the Water ecological factor, the Water environmental factor, the
Ecological greening factor, and the Water resource common factor.

Based on the factor analysis results and the preliminary indi-
cator assessment system determined in Section 3, the SCC-UEFAS
was obtained and shown in Fig. 3.

3.3. Determination of indicators’ weights

3.3.1. Weights of secondary indicators
Table 1 shows the corresponding eigenvalue of each common
factor. The percentage of each common factor in the sum of the

The average annual overflow
frequency reduction rate of
the combined system

Ecological
red line

The average annual overflow
volume reduction rate of
the combined system

Overflow control factors

Drainage network standard

Annual SS reduction rate
Flood control standard

Urban waterlogging
prevention standard

Virescence overlay rate
Permeable pavement rate

Runoff control factors

Urban heat island value

Continuous demonstration effect Display factors

Rainwater utilization rate

Sustainable
development

i . " Water environmental factors
Water security factors Comprehensive evaluation of
sponge city construction

corresponding eigenvalue of the extracted common factor (variance
contribution rate) was used as the weight of the secondary indicators.
For example, the contribution rates of F1, F2, and F3 are 18.196%,
14.011%, and 11.658%, respectively. The equation is as follows:

aili/z{ﬂ]/{i (1)

where «; denotes the weight of the common factor i, A; denotes the
eigenvalue corresponding to the common factor, and p denotes the
number of extracted common factors. The weight and percentage
of each secondary indicator are shown in Table 3. Taking the
“Overflow control factor” as an example, the eigenvalue of the total
runoff control factor is 3.639 after the factor rotation (Table 1).
According to the calculation principles, the number of extracted
common factors is eight. Thus, the ratio of the eigenvalues of the
total runoff control factor to the sum of the eigenvalues of the
extracted eight common factors is as follows:

3.639/(3.639 +2.802 + 2.332 + 1.856 + 1.686 + 1.438 + 1.089 +
1.007) = 0.2296.

Therefore, the “Overflow control factor” has the greatest weight
(23%) and the greatest impact on the Sponge City construction.

Ecological shoreline

. restoration ratio
Water ecological factors

Sewage treatment rate

Percentage of water area

The standard water quality in
the urban water function areas

Utilization rate of regenerated water

Ecological greening factor Per capita green area

Total annual runoff control rate

Leakage control rate of

Water resource factors water supply network

Water supply pervasion rate

Fig. 3. The sponge city comprehensive assessment system.
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Table 3
The weight and percentage of each secondary indicator.

Secondary indicator Weight Weight percentage (%)
F1 Overflow control factor 0.2296 23

F2 Water security factor 0.1768 18

F3 Runoff control factors 0.1471 15

F4 Display factor 0.1171 12

F5 Water ecological factor 0.1064 10

F6 Water environmental factor 0.0907 9

F7 Ecological greening factor 0.0687 7

F8 Water resource factor 0.0635 6

Following the same calculation principles, the weight of the “Water
security factor”, “Runoff control factor” and “Water resource factor”
is 18%, 12%, and 6%, respectively.

3.3.2. Weights of tertiary indicators

Determining the weights of the tertiary indicators mainly
depend on the strength of the correlation between the common
factors and the tertiary indicators. The weights are calculated as
follows.

(1) Obtaining the original data relationship between the com-
mon factors and the tertiary indicators under common factor
indicators and performing PCA on the tertiary indicators
under each common factor.

(2) Establishing the contribution matrix using the variance
contribution rate corresponding to the first m principal
components extracted after PCA, and denoted as A. At the
same time, establishing a new contribution matrix using the
load of all the tertiary indicators in the factor load matrix that
correspond to m principal components, and denoted as B.

(3) The contribution matrix C of each tertiary indicator to the
corresponding common factor is calculated by equation
C=AxB.

(4) Finally, the weight of each tertiary indicator can be obtained
by standardizing the weight obtained by taking each com-
mon factor as a unit.

As shown in Fig. 4a, the annual average overflow frequency

reduction rate of the combined system, the annual average over-
flow volume reduction rate of the combined system, and the urban

3% 3% 1% 8%

[ F11 The average annual overflow frequency
reduction rate of the combined system

[ F12 The average annual overflow volume
reduction rate of the combined system
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waterlogging prevention standard account for a maximum of 8%,
indicating that these three indicators play an important role in the
sponge city construction. They are followed by the drainage pipe
network standard, the flood control standard, the green coverage
rate, the permeable pavement rate, and the per capita park green
area (7%). The water supply popularization rate has a minimum
value (1%).

3.3.3. Assessment indicator system and quantitative indicator
weight of sponge city construction

The assessment indicator system and the quantitative indicator
weight at all levels of sponge city construction were obtained by
normalizing the contribution weight of each tertiary indicator to
the secondary indicator (see Fig. 4b).

4. Discussion
4.1. Data simulation of construction scheme

4.1.1. Source of simulated data

The evaluation methods proposed in this study established a
scientific index system and a data processing procedure. This
evaluation system is applicable to the decision-making scenario
where a “best option” is required from various feasible plans to
guide sponge city planning and design. Three plans of sponge city
construction were generated by a random generation method to
demonstrate how to operate our evaluation methods. In this study,
MATLAB is used to build a matrix (3 x 20) with the characteristics
and scale. The data obtained after the simulation are shown in
Table S3. To meet the need for subsequent statistical scoring results,
the indicator values of the three schemes are normalized, and the
normalized indicator values of each scheme are shown in Fig. 5.

4.2. Constant weight assessment and results

The comprehensive sponge city construction assessment system
(as described in Supplementary information S4.2 and the constant
weight assessment equation were used to score and calculate the
secondary and tertiary quantitative assessment indicators for the
three construction schemes. Among the three schemes, Scheme 3
had the highest score of 0.638, followed by Scheme 2 with 0.575
and Scheme 1 with 0.538. As can be seen in Fig. 5, the value of the

3’.’/0
3%

5%

5%

Fig. 4. a, The proportion of tertiary indicators' weight. b, Sponge city construction evaluation indicator system and summary of quantitative indicators' weights at all levels
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Fig. 5. Normalization of the indicator values of the three schemes.

tertiary indicator “The average annual overflow frequency reduc-
tion of the combined system” in Scheme 3 was 0.1005, which was
much smaller than that in Scheme 1 (0.9466) and Scheme 2
(0.6591). However, the score of Scheme 3 in the corresponding
secondary indicator “Overflow control factor” was higher than in
Scheme 2 and slightly lower than in Scheme 1, while the compre-
hensive score of Scheme 3 was higher than in Schemes 1 and 2. The
tertiary indicator “F11: The actual improvement rate of the average
annual overflow frequency reduction rate of the combined system”
in Scheme 3 was much smaller than in other schemes, meaning
that this scheme had obvious shortcomings. No matter how high
the scoring result of Scheme 3 is, it cannot be the final construction
scheme. Research shows that the main reason for this phenomenon
is that the weight of the “Overflow control factor” in Scheme 3 was
too high to constrain the “Failure” indicators. Therefore, the intro-
duction of a variable weight function was used to perform a variable
weight assessment for the sponge city construction scheme.

4.3. Variable weight assessment results

4.3.1. Assessment results of tertiary indicators

Based on Section 2.2.3, the variable weight theory and the
axiomatic definition of the state variable weight vector, a punitive
state variable weight vector was constructed for indicators at all levels
in the comprehensive sponge city construction assessment system.

[ Scheme 1
I Scheme 2
[ Scheme 3

0.12

0.10

0.08

Score

0.06

0.04

0.02
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Fig. 6a shows the assessment results after introducing the variable
weight vectors into the tertiary assessment indicators in the sponge
city construction assessment system. To evaluate the performance of
each secondary index more intuitively in the three schemes, we
performed data preprocessing and found that the preprocessed data
had a normal distribution (Fig. S4). The p-value is 0.139 (Fig. S4) and
greater than 0.05, indicating that the statistical analysis is reasonable.
In addition, the mean value is 0.06, and the variance is 0.03. Therefore,
according to the normal distribution, we can set a value greater than
0.09 (mean + variance) as an excellent level, less than 0.03
(mean — variance) as a denied level, and a value between 0.03 and
0.09 as a failure level. For Scheme 1, the assessment scores of “F5:
Water ecological factor”, “F7: Ecological greening factor” and “F8:
Water resource factor” were lower than the denial level of 0.03. The
assessment score of “F1: Overflow control factor” was at an excellent
level with a value of 0.0932. Even though the scores of “F1: Overflow
control factor” and “F2: Water security factor” reached 0.09 (the
excellent level) in Scheme 2, the score of “F8: Water resource factor”
was only 0.0286, which was at the denied level. For Scheme 3, the
indicators “Overflow control factor”, “Water security factor”, and
“Runoff control factor” were at an excellent level. However, the
“Ecological greening factor” was at the denied level.”

4.3.2. Assessment results of secondary indicators

To better balance the impact of the assessment score of the
secondary indicators on the sponge city construction assessment
system, the local variable weight vector was introduced. The local
state variable weight vector is constructed based on the axiomatic
definition of the local variable weight (described in detail in Sup-
plementary information S4.2).

Fig. 6b shows that the weights of the “F1: Overflow control
factor” and the “F2; Water security factor” in Scheme 1 are signif-
icantly lower than those with constant weight in the other two
schemes. This is because these two indicators in this scheme
perform poorly. Although the weights of the four indicators, the
“F4: Display factor”, the “F5: Water ecological factor”, the “F7:
Ecological greening factor”, and the “F8: Water resource factor” in
Scheme 1 were significantly higher than the constant weights
when compared to Schemes 2 and 3, the advantages of these four
indicators in Scheme 1 were not obvious. These two reasons led to
the lowest final assessment score of Scheme 1.

In Scheme 2, the weights of the “F1: Overflow control factor”,
“F2: Water security factor”, and “F3; Runoff control factor” were
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Fig. 6. a, The evaluation score of secondary indicators. b, The weight of each secondary indicator in three schemes
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significantly lower than the constant weights in Scheme 2. How-
ever, they showed an absolute advantage in the “F4: Display fac-
tors” over the other two schemes and were only slightly worse than
in Scheme 3 for the “F8: Water resource factor”. These two reasons
mean that Scheme 2 ranked first among the schemes.

In Scheme 3, the weights of the “F1: Overflow control factor”,
“F2: Water security factor”, and “F3: Runoff control factor” were
significantly lower than the constant weights but had absolute
advantages in the “F6: Water environmental factor” and the “F7:
Ecological greening factor”. Due to that, Scheme 3 ranked second in
the final ranking of all schemes.

Based on the above discussion, the variable weight assessment
method can reasonably change the weight values of the indicators
according to different assessment objects and then change the
assessment results to perform a scientific and reasonable assess-
ment. The disadvantages and advantages of each scheme can also
be identified during the process of variable weight determination.
By absorbing the advantages and removing the disadvantages of
each scheme, a more reasonable and optimized construction
scheme can be developed.

4.4. Analysis of constant weight assessment and variable weight
assessment

The weights of the indicators in the three schemes have been
scientifically and reasonably changed by the variable weight
method, which accordingly changes the assessment scores and
ranking of the three schemes. Under the constant weight assess-
ment, Scheme 3 is in first place with 0.638, and Scheme 1 is in third
place with 0.538. Under the variable weight assessment, Scheme 2
ranked first with 0.0355, and Scheme 1 ranked third with 0.0296.
During variable weight assessment, the disadvantageous indicators
are punished, and the advantageous indicators are motivated by
changing the weights of the assessment indicators at all levels for
the indicators at the denial level and the excellent level. This is done
by increasing the relative advantages of some indicators to achieve
incentives and the relative disadvantages of some indicators for
achieving punishment. Since both punishment and incentives are
used in the variable weight method, Scheme 2 overtakes Scheme 3
in the variable weight assessment and becomes the final winner
after applying the variable weight method.

5. Conclusions

This study combined indicator data from the acceptance reports
of 27 pilot sponge cities to develop the SCC-UEFAS using a sys-
tematic literature review combined with data frequency mining
technology. Factor extraction, factor naming, and indicator weight
determinations were also performed at all levels according to cor-
relation coefficients. Constant weight and variable weight methods
were used to evaluate the three randomly generated construction
schemes. More reasonable evaluation results were obtained with
the variable weight method as it can punish the disadvantageous
indicators and motivate the advantageous indicators according to
regional and functional differences of each sponge city construc-
tion. This study provides reasonable analysis and a decision-
making mechanism to guide and standardize the practice of
comprehensive construction of sponge cities in the future.
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