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Abstract: The efficient utilization of water resources is the key to ensuring sustainable development.
Due to the complex relationship between resource utilization and economy and the environment,
there are positive societal effects from a scientific and precise assessment of the carrying capacity
of water supplies. This study aims to investigate the uncertainty associated with the selection of
evaluation parameters in assessing the carrying capacity of water resources. To achieve this, the
fuzzy comprehensive evaluation model is adopted, and two distinct weighting methods, namely
hierarchical analysis and entropy weighting, are applied to analyze the sources of uncertainty in
the evaluation results under the framework of the established evaluation indicators. Aiming at the
traditional water resources carrying capacity, evaluation indexes are redundant and the correlation is
not very close. Thus, the sensitivity analysis method based on the weights of the indexes is proposed
to eliminate the indexes that have the greatest impact in order to decrease the uncertainty of the
evaluation results. The results indicate that the correlationship coefficient of the comprehensive
evaluation results obtained through the two weighting ways is 0.4542, which is not a large correlation,
so the uncertainty of the assignment of indicator weights exists. The calculation of the sensitivity
index shows that the weights of the three indicators of the utilization ratio of water resources
development, water consumption per unit of GDP and per capita water resources are the most
sensitive, which are 40.62%, 27.58%, and 23.61%, respectively, and these are the key influencing
factors. This demonstrates that improving the accuracy of the primary control indices and the quality
control of weight assignment can assist with lowering the error of the carrying capacity assessment
of water resources and also point the fuzzy evaluation model in the right direction.

Keywords: water resources carrying capacity; uncertainty analysis; fuzzy evaluation model; weight
sensitivity analysis; Guantao County

1. Introduction

Water resources are an irreplaceable natural resource that plays a crucial role in sup-
porting the sustainable development of society. It is not only a constraining factor but also
a vital carrier for social, economic, and ecological development [1]. Currently, figuring out
the significant connections between a region’s water supplies, population, ecology, and social
economy requires researching the water resources carrying capacity [2]. It is a hot topic in
water resources science and is essential for managing sustainable water utilization and related
water issues [3]. Research on water resource carrying capacity forms the foundation for sus-
tainable development and water security strategies, harmonizing the water environment with
economic sustainability. It is of great significance in promoting the coordinated development
of regional resources, population, economy, and the eco-environment [4].
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The evaluation of water resources carrying capacity is a specific application [5] of the
concept of carrying capacity in the field of water resources, which can provide practical
and effective suggestions [6–8] for regional water resources planning and management.
Lv et al. studied the water resources carrying capacity of Heilongjiang Province, China,
based on the TOPSIS model, and they found that water resources and social factors have
a significant impact [9] on the water resources carrying capacity of the eastern part of
Heilongjiang Province. Wang et al. studied the development trend of water resources
carrying capacity in Changchun City, China, using a fuzzy comprehensive evaluation
method, and they proposed six different development modes to improve the current
problem [10] of decreasing the water resources carrying capacity faced by Changchun City.
He et al. judged China’s water resources carrying capacity by the entropy method and
concluded that Fujian Province, Liaoning Province, and the Beijing Municipality have a
large potential problem of Insufficient water resources carrying capacity, which could be
alleviated by implementing pertinent laws and promoting waste classification policies [11].

At present, the foreign water resources carrying capacity [12,13] for sustainable develop-
ment issues [14] is being increasingly discussed. Some scholars analyzed the sustainable use
of water resources, the ecological limits of the water environment or natural system limits [15],
and other indicators, and most of the research focused on the limits of the water resources car-
rying capacity. The domestic water resources carrying capacity [16] has been a significant topic
of discussion since the beginning of the 21st century. The current understanding, representing
the academic forefront, is to balance the rational scale [10] of ecological health and sustainable
development of resources within specific social contexts of economic, environmental, and
technological progress. As water resources carrying capacity encompasses various systems
such as water resources, ecological, and socio-economic systems under varying regional and
natural conditions, the interactions between these multiple systems further complicate and
intensify this complexity and uncertainty. Strengthening the research on water resources
carrying capacity uncertainty can enhance the reliability [17] of evaluation outcomes. In this
analysis, mathematical models are often used, and the parameters in the models usually
exhibit uncertainties. The study of model input parameter changes on the deviation of the
calculation results—that is, sensitivity analysis research—can effectively determine the vari-
ables themselves and their error range, thus increasing the reliability of the model calculation
results [10,16,17]. Since the end of the 20th century, the calculation method of carrying capacity
has been continuously improved from the ecological footprint model, which was quite repre-
sentative in the field of sustainable evaluation in the early days, to the recent application of the
artificial neural network model, multi-objective analysis model, object-element model, system
dynamics model, and many other evaluation models [18]. The widely used evaluation model
on comprehensive dynamics is mainly the fuzzy comprehensive evaluation model [18,19].
Zadeh [20] proposed fuzzy logic, which defines uncertainty and ambiguity. Through the use
of exact numerical approaches, fuzzy comprehensive evaluation manages fuzzy evaluation
variables, enabling more practical and scientific quantitative evaluations of obscure and con-
fusing notions [21]. This approach can also be used to ascertain whether evaluation findings
are considerably impacted by evaluation index weights and other associated uncertainties.
The fuzzy evaluation model is chosen for a means to carry out the study on the uncertainty of
the evaluation results of water resources carrying capacity because the boundaries of the water
resources carrying capacity evaluation index standard and evaluation system are typically
ambiguous as well as uncertain. Additionally, the fuzzy comprehensive evaluation method
can improve the objectivity and accuracy of the evaluation results [5].

The highlights of this study are as follows:

(1) Taking Guantao County in Hebei Province as an example; “the resources–environment–
ecology–socio-economy” [22] water resources carrying capacity evaluation index sys-
tem was constructed by applying the fuzzy comprehensive evaluation model under
the uncertainty of the weight of the index system;
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(2) A comprehensive evaluation of the water resources carrying capacity in Guantao
County, exploring the weights of indicators with higher sensitivity coefficients that
have a more significant effect on the assessment outcomes;

(3) The application of fuzzy comprehensive assessment reduces the degree of uncertainty in
the model’s outcome, and the more accurate evaluation results can offer sensible recom-
mendations for Guantao County’s future use and management of its water resources.

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

Gantao County, located in the southeastern part of Handan City, Hebei Province, China,
is bordered by Shandong Province to the east, separated by the Wei River and the Grand
Canal, and by Handan County and Linxi County in Xingtai City. The county is located
between latitudes 36◦27′ and 36◦47′ north and longitudes 115◦06′ and 115◦40′ east with a
total area of about 456 km2. The climate is a typical warm temperate semi-humid continental
monsoon climate. The average temperature is 14.0 ◦C, the average annual precipitation is
about 532.73 mm, mainly in summer, and the average annual evaporation is about 1104.9 mm.

The average multi-year total water resources of Guantao County is 45.92 million cubic
meters, of which the average multi-year surface water resources is 1.506 million cubic
meters and the average multi-year underground water resources is 43.199 million cubic
meters. The county mainly consists of the Heilonggang River system and the Zhangwei
River system, of which the Heilonggang River system accounts for about 87.9% of the total
area. The main river in this system is the Wei River, which flows intermittently for an
average of 45 days per year, mainly during the rainy season.

There are 8 townships under the jurisdiction of Guantao County (Figure 1), and in 2019,
Guantao County realized a gross regional product of 9150.4 million yuan. By the end of
2020, the total population of the county had reached 360,246,000 with an urbanization rate of
43.76%. However, water resources in Guantao County are relatively scarce, and agricultural
production mainly relies on the exploitation of groundwater, which has resulted in issues
like ground subsidence, lower levels of groundwater, and in certain places, machine well
failure, thus restricting the socio-economic development of the region and the improvement
of the living standards of the people.
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2.2. Method of Calculation
2.2.1. Fuzzy Comprehensive Evaluation Model

A more thorough representation of the status of the regional water resources can be
obtained by using the fuzzy comprehensive evaluation model, which can increase the
objectivity and accuracy of the evaluation results due to the fuzziness and uncertainty in
the standards and boundaries of the water resources carrying capacity evaluation indica-
tors [10]. The basic principles of the model used in the paper [23,24] can be described as
follows: Let U = (u1, u2, . . ., um) represent the set of evaluation indicators and V = (v1, v2,
. . ., vn) represent the set of linguistic terms. The result of a fuzzy comprehensive evaluation
is determined by the following formula:

C = (c1, c2, . . ., cm) = W · R (1)

The fuzzy subset of U, denoted as W, is defined as W = {w1, w2, . . ., wn}, with
wi ranging from 0 to 1. The weight of element U in the evaluation is indicated by the
membership degree of each wi. The ordinary matrix algorithm utilizes the fuzzy operator.
C is the fuzzy subset of V, represented as C = (c1, c2, . . ., cm), where 0 ≤ cj ≤ 1. Each
cj represents the membership degree of the linguistic term Vj in C, which represents the
comprehensive evaluation result.

The membership (evaluation) matrix is given by the following:

R =

 r11 · · · r1n

· · · . . . . . .
rm1 · · · rmn

 (2)

where rij represents the membership degree of ui’s evaluation to the grade vj, and Ri = (ri1,
ri2, . . ., rim) represents the single-factor evaluation results for the i-th factor ui.

By comparing the actual values with the grading intervals, the corresponding mem-
bership degree values are obtained. To ensure a smooth transition between different grades,
a fuzzification process is applied. In the calculation of the membership degree matrix R, let
r(t)i (t = 1, 2, 3, 4, 5) be the membership degree for the t-th grade, x(t)max be the upper limit

of the t-th evaluation grade, x(t)min be the lower limit of the t-th evaluation grade, rix(t) be the

actual value of the indicator, and x(t) = x(t)max+x(t)min
2 be the mean of the t-th evaluation grade.

2.2.2. Indicator Weight Calculation Methods

There are two main types of methods for calculating weights: subjective methods and
objective methods. Subjective methods, such as the coefficient method and the Analytic Hier-
archy Process (AHP) [25], have been well established and involve a high level of subjectivity,
relying heavily on the decision-maker’s thoughts. On the other hand, objective approaches
like Principal Component Analysis (PCA) and the Entropy Weight Method (EWM) [26] em-
ploy decision matrices and are grounded in solid mathematical principles, calculating weights
according to the connections within the original data. Since water resource carrying capacity
involves many factors, and different factors have varying degrees of impact, weights should
be assigned based on the specific conditions of the study area. The primary sources of data for
this study are primarily derived from the Guantao County Water Resources Bulletin (2019)
and the 2019 Statistical Yearbook of Guantao County. In this study, we discuss and explore
two weight methods, AHP and EWM, to find a suitable approach.

Analytic Hierarchy Process (AHP) uses fuzzy quantitative analysis based on qualita-
tive indicators to make decisions [27]. It reduces the problem to determining the relative
importance weights of the indicators at the standard level (minimum level) of the target level
(maximum level) [28]. The principal stages of the AHP technique are outlined below [29]:

(1) Establish the hierarchical structure model;
(2) Create pairwise comparison judgment matrices for indicators;
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(3) Calculate the maximum eigenvalue and eigenvector of the judgment matrix and
perform consistency testing.

(4) Calculate the weights of each evaluation indicator.

The Entropy Weight Method (EWM) is an objective approach to determine weights
based on the original data of the indicators. Generally, the smaller the information entropy
of an indicator, the greater the amount of information it provides, and thus, the higher its
corresponding weight; conversely, a larger information entropy corresponds to a smaller
weight. The primary computation steps are outlined below:

Obtain the initial evaluation indicator matrix B based on the membership relationships.

B =

 b11 · · · b1n

· · · . . . . . .
bm1 · · · bmn

 (3)

The above, bij represents the raw value of the i-th indicator in the j-th year. Standard-
ization is performed to eliminate the influence of dimensions and obtain the standardized
matrix A. The treatment for favorable and reverse indicators is outlined below:

Favorable indicators:

aij=
bij −min

(
bij
)

max
(
bij
)
−min

(
bij
) (4)

Reverse indicators:

aij=
max

(
bij
)
− bij

max
(
bij
)
−min

(
bij
) (5)

Normalization matrix:

A =

 a11 · · · a1n

· · · . . . . . .
am1 · · · amn

 (6)

Calculation of objective weight through entropy weight method:

wi =
1− ei

m−∑m
i=1 ei

(7)

Information entropy:

ei = −
1

ln n

n

∑
j=1

pijln pij, pij =
aij

∑n
i=1 aij

(8)

2.2.3. Sensitivity Calculation Method

The sensitivity analysis [30] allows us to identify which indicator’s weight significantly
influences the evaluation. By changing the values of the corresponding indicator variables,
we can reflect the impact of indicator weights on the evaluation results.

In this study, we utilize One Variable At A Time (OVAAT) [31] to evaluate the impact
of indicator weights. This involves removing the weight of a specific indicator variable
while keeping the weights of other variables equally distributed, maintaining a total weight
of 1. This process demonstrates how the alteration of a single factor can affect the alteration
in the carrying capacity of water resources and the subsequent effects. Subsequently, each
indicator’s weight is individually removed, and its sensitivity is calculated, evaluating
the uncertainty of each indicator’s weight and its influence on the research results. If the
removal of an indicator’s weight does not significantly affect the scoring results, it implies
that the overall assessment of water resource carrying capacity is unresponsive to the
assigned weight of this particular indicator. Conversely, if removing an indicator’s weight
significantly affects the scoring results, it indicates a high sensitivity of this indicator’s
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weight in the comprehensive evaluation. The computation of this approach is provided by
Formulas (9) and (10).

RMSEC =

√√√√∑n
i=1

(
Y−Yi

Y )2

n
(9)

TF =
k

∑
i=1

FRMSEC (10)

The formula demonstrates the sensitivity analysis of the comprehensive evaluation
of carrying capacity for water resources. RMSEC represents the speed of modification in
the root mean square error, serving as a measure of sensitivity. “n” refers to the quantity
of indicator weight variables. “Y” represents the initial fuzzy comprehensive evaluation
result incorporating the overall evaluation value. “Yi” represents the comprehensive
evaluation score following the modification of indicator weight variables. “TF” denotes the
total sensitivity index. “k” indicates the number of comprehensive evaluation outcomes.
Lastly, “FRMSEC” symbolizes the rate of change in the root mean square error of the
comprehensive evaluation results after altering each indicator weight variable, reflecting
the sensitivity of the comprehensive evaluation.

3. Results and Discussion
3.1. Construction and Classification Standard of Evaluation Indicator System of Water Resources
Carrying Capacity

The factors influencing water resource carrying capacity mainly include aspects related
to water resources, social economy, environment, and ecology [32–35]. In this research, a
comprehensive evaluation indicator system for water resource carrying capacity is pro-
posed, focusing on four dimensions: water resources, water environment, water ecology,
and social economy. This is completed based on the strict constraints of water resource
carrying capacity in Hebei Province and considering the actual situation of water resources.
Representative evaluation indicators from each dimension were selected (Table 1).

Table 1. Comprehensive evaluation indicator and grading standard of water resources carrying
capacity in Guantao County.

Goal Layer Criterion
Layer

Indicator
Types Indicator Layer

Grading Standard

V1 V2 V3 V4 V5

Water resources
carrying capacity

synthesis

Water
resources

subsystem
(A)

Reverse The utilization ratio of
water resources A1/% <15 15~20 20~35 35~60 >60

Reverse

Water consumption
per unit of Gross
regional product

A2/(m3/104 CNY)

<50 50~75 75~80 80~100 >100

Obverse
Per capita water

resources A3/(m3/per
person)

>1700 1300~1700 900~1300 500~900 <500

Water
environment

subsystem
(B)

Obverse Water environment
quality index B1/% >90 80~90 70~80 60~70 <60

Reverse Industrial wastewater
discharge index B2/% <10 10~20 20~40 40~50 >50

Reverse
Fertilization

application intensity
index B3/(kg·hm−2)

<100 100~150 150~200 200~250 >250
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Table 1. Cont.

Goal Layer Criterion
Layer

Indicator
Types Indicator Layer

Grading Standard

V1 V2 V3 V4 V5

Water resources
carrying capacity

synthesis

Water
environment

subsystem
(B)

Reverse Urban wastewater
discharge index B4/% <10 10~20 20~40 40~50 >50

Water ecology
subsystem

(C)

Reverse Coastal vegetation
coverage rate C1/% <20 20~30 30~40 40~60 >60

Obverse Ecological base flow
guarantee rate C2/% >60 40~60 30~40 20~30 <20

Obverse Drainage density
index C3/(1/km) >0.8 0.6~0.8 0.4~0.6 0.2~0.4 <0.2

Social economy
subsystem

(D)

Reverse Population density
D1/(per person·km−2) <300 300~500 500~700 700~900 >900

Obverse Per capita GDP
D2/(104 CNY) >7.5 6~7.5 4.5~6 3~4.5 <3

Obverse
Domestic water quota

D3/(L·(per
person·d)−1)

>130 110~130 90~110 70~90 <70

In the process of indicators selection, we primarily relied on existing data (The Guantao
County Water Resources Bulletin, The Guantao County Statistical Yearbook) [36,37] for evalu-
ation and referred to indicators from other relevant literature [3,38,39]. Furthermore, we
meticulously took into account the distinctive aspects and properties of water resources
in Hebei Province and incorporated expert advice to ultimately synthesize and select the
indicators for the study area [40].

After constructing the evaluation indicator system for water resource carrying capacity,
the evaluation indicators are categorized into five levels, forming the evaluation language
set V = (v1, v2, . . ., vn). Among them, the v1 level represents an ideal state of water
resource carrying capacity, where water resources are in harmony with society and ecology,
meeting sustainable utilization conditions. The v2 level indicates a relatively good state
of water resource carrying capacity, with water resources adequately supporting local
socio-economic development. The v3 level signifies a normal state of water resource
carrying capacity, without water shortages. The v4 level reflects a relatively poor state of
water resource carrying capacity, but it still meets the water demand of various industries
to a certain extent. The V5 level indicates a very poor state of water resource carrying
capacity, signifying a severe water resource conflict. If the value of the index escalates
indefinitely and approaches the V1 criterion, representing a superior carrying capacity, it is
classified as a positive index. In contrast, when the value of the index escalates indefinitely
and approaches the V5 criterion, indicating a weaker carrying capacity, it is considered a
negative index. The definitions and guidelines for the indicators in the indicator layer are
shown in Appendix A.

Based on the weight matrix W and the membership matrix R, the fuzzy comprehensive
evaluation matrix C for each township is obtained using the formula C = W · R [33]. The
evaluation grades of the indicators are quantified with values ranging from 0 to 1, where
smaller values indicate weaker water resource carrying capacity. For the grades v1, v2, v3,
v4, and v5, the quantification values are set as follows: α1 = 0.1, α2 = 0.3, α3 = 0.5, α4 = 0.7,
and α5 = 0.9. Based on Formula (11), the five-level scores for water resource carrying capacity
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and the final comprehensive evaluation value θ are calculated, and a comparative study is
conducted on the comprehensive evaluation values of the two calculations (Tables 2 and 3).

θ =
∑5

t=1 bk
t αt

∑5
t=1 bk

t
(11)

Table 2. Comprehensive assessment outcomes of water resources carrying capacity derived using the
Analytic Hierarchy Process.

Township Name V1 V2 V3 V4 V5 Comprehensive
Evaluation Value

Wei Sengzhai Town 0.280 0.142 0.031 0.191 0.356 0.540
Luqiao Township 0.451 0.069 0.000 0.176 0.304 0.463

Nanxucun Township 0.540 0.020 0.043 0.091 0.306 0.421
Chaibao Town 0.410 0.030 0.104 0.126 0.330 0.487
Fangzhai Town 0.450 0.140 0.150 0.020 0.240 0.392

Wangqiao Township 0.500 0.016 0.014 0.123 0.347 0.460
Tuoguantao Town 0.240 0.036 0.134 0.060 0.530 0.621

Shoushan Temple Township 0.470 0.092 0.098 0.092 0.248 0.411

Table 3. Comprehensive assessment outcomes of water resources carrying capacity derived using the
Entropy Weight Method.

Township Name V1 V2 V3 V4 V5 Comprehensive
Evaluation Value

Wei Sengzhai Town 0.261 0.078 0.041 0.271 0.349 0.574
Luqiao Township 0.374 0.184 0.000 0.210 0.231 0.448

Nanxucun Township 0.405 0.025 0.058 0.216 0.296 0.494
Chaibao Town 0.278 0.081 0.233 0.160 0.248 0.504
Fangzhai Town 0.349 0.172 0.291 0.031 0.157 0.395

Wangqiao Township 0.403 0.034 0.029 0.267 0.266 0.492
Tuoguantao Town 0.350 0.051 0.138 0.094 0.367 0.515

Shoushan Temple Township 0.279 0.159 0.156 0.228 0.178 0.473

In the formula, θ represents the comprehensive evaluation score for the water resources
carrying capacity of the matrix “C”. bk

t denotes the values of the association degrees for
every level in the indicator layer, where “k” is usually equal to 1.

3.2. Examining the Difference of Analytic Hierarchy Process and Entropy Weight Method on
Weight Results

Based on the data from Guantao County in 2019, applying the two calculation methods,
the weights of the four subsystems calculated by using two calculation methods, using
hierarchical analysis, are as follows: WA is 0.45, WB is 0.15, WC is 0.12, and WD is 0.28.
The weights of the four subsystems calculated by using entropy weighting are as follows:
WA is 0.22, WB is 0.25, WC is 0.19, and WD is 0.34. The ultimate weights derived for every
indicator layer are illustrated in Figure 2.

According to Figure 2, the most significant indicators identified through the Analytic
Hierarchy Process (AHP) are as follows: water resource utilization ratio, water consumption
per unit of Gross Regional Product, per capita GDP, and domestic water quota. These
indicators have weights of 0.18, 0.15, 0.13, 0.10, and 0.09, respectively. These indicators
constitute 65% of the overall weight and encompass the water resources subsystem as well
as the social economy subsystem. They ought to be ranked as vital sectors for improvement
to boost Guantao County’s water resources carrying capacity. This result validates that the
AHP method takes into account the coupling effects among multiple criteria and indicators,
emphasizing the identification of essential indicators.
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For the Entropy Weight Method, the calculated weights are mostly distributed around 0.06,
except for the population density indicator, which weighs 0.22. This method’s results encompass
most of the criteria layer, including water resources, water environment, water ecology, and
social economy subsystems. It confirms that the Entropy Weight Method, according to decen-
tralized data calculation, leans more toward mathematical regularity and objectivity. However,
it tends to overlook the interconnectedness and coupling effects of significant indicators, which
are essential factors that cannot be disregarded for accurate assessment.

3.3. A Comparative Analysis of Fuzzy Comprehensive Assessment for Two Weighting Methods

From Figure 2, it can be observed that the weight results of B1, B2, B3, C1, C2, C3,
and D3 calculated by AHP and EWM are relatively close. Tables 3 and 4 present the
comprehensive evaluation results computed using AHP and EWM, respectively. Figure 3
illustrates the correlation between the evaluation results obtained from AHP and EWM. In
Figure 3, the correlation coefficient between AHP and EWM evaluation results is 0.4542 with
a slope of 0.4641 and an intercept of 0.2668. These findings indicate that the evaluation
results obtained by both methods are somewhat correlated but still exhibit some differences.

Table 4. Classification standard of comprehensive score value of water resources carrying capacity.

Bearing Level Unbearable Quasi-Loadable Good Bearing Ideal Bearing

Evaluation result 0–0.25 0.25–0.5 0.5–0.75 0.75–1.0

Based on the evaluation results in Figure 3, it is evident that the correlation coefficient
between AHP and EWM is relatively low with a slope close to 0.5 and a small intercept. The
reasons for this can be attributed to some shortcomings of EWM. Firstly, this evaluation has
selected more indicators than the number of objects being evaluated, which may introduce
biases in the results based on experience. Secondly, EWM neglects the significance of
the indicators themselves and relies too heavily on objective weighting, which can result
in the failure to reduce the dimensionality of evaluation indicators and overlook the
subjective intentions of decision-makers. Additionally, due to the independence and
diversity of each township, the weights of the indicators at each level should differ, but
EWM fails to effectively capture this characteristic, resulting in many similar weight
results during calculation. On the other hand, AHP takes into account the coupling effects
occurring among numerous criteria and indicators, taking into account the decision-makers’
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intentions and the local context. It effectively identifies the importance of key influencing
indicators. AHP successfully compensates for the limitations of EWM and provides a more
rational method for selecting weights in this study’s evaluation of water resource carrying
capacity. Considering the water resource situation and ecological environment in Hebei
Province, this study has established the grading criteria for the comprehensive evaluation
of water resource carrying capacity, as shown in Table 4.
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3.4. Assessment Results Analysis

To enhance the demonstration of each criterion level’s contribution to the comprehen-
sive evaluation of water resource carrying capacity, and to investigate the impact of each
criterion level’s system on water resource carrying capacity [35], this research computed
the stacking status of the four systems in the comprehensive evaluation of each township,
as illustrated in Figure 4. From the horizontal perspective, the regional water resource
carrying capacity is presently stable and satisfactory with a certain level of water resource
development and utilization. It meets the objective of having Guantao Town as the center
and Weisengzhai Town and Fangzhai Town as sub-centers, connecting ecological spaces
between regions, and forming a spatial pattern of efficient and safe transportation, comple-
mentary industrial functions, and harmonious development. From the vertical perspective,
the water resource subsystem and social economy subsystem contribute significantly to
the comprehensive evaluation, indicating that they are the main factors influencing water
resource carrying capacity.

The water resource carrying capacity of the eight townships in Guangtao County ex-
hibits spatial variability influenced by the local industrial layout. To better reflect the spatial
variability at the subsystem level, this study independently conducted fuzzy comprehen-
sive calculations for the four criteria layers that affect water resource carrying capacity and
obtained the comprehensive score values for each subsystem (Figure 5).
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Township, CT on behalf of Chaibao Town, FT on behalf of Fangzhai Town, WQT on behalf of
Wangqiao Township, GT on behalf of Guantao Town, ST on behalf of Shoushansi Township).
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(1) In the water resource subsystem, Guantao Town had the highest evaluation score of
0.6739, while the other townships generally scored around 0.45. Overall, the water
resource subsystem received relatively low evaluation scores, with only Guantao
Town obtaining a high score, indicating a good carrying capacity. This result is
consistent with the pattern of Guantao County, which is centered around the urban
area of Guantao Town radiating outwards. The county has reasonably delineated three
functional zones for development, restriction, and prohibition, and it has constructed
a county center with strong resource and environmental carrying capacity to foster
harmonious development in the neighboring regions.

(2) Based on the evaluation results of the water environment subsystem, the townships
were ranked from highest to lowest evaluation scores as follows: Nanxucun Town-
ship, Shoushansi Township, Chaibao Town, Guantao Town, Wangqiao Township,
Weisengzhai Town, Luqiao Township and Fangzhai Town. Nanxucun Township had
the highest evaluation score of 0.7286, representing a farming and industrial town-
ship mainly engaged in breeding and agricultural processing. Luqiao Township and
Fangzhai Town had relatively lower scores, reaching 0.53. Overall, all townships in
Guantao County achieved good carrying capacity in the water environment subsys-
tem. This is primarily due to the layout of a unified urban–rural construction system
in the county, where the total emissions of major pollutants have been continuously
reduced, and the rate of centralized sewage treatment has steadily increased. This
also confirms the county’s reputation as “Tao Du Water Township”, which is located
at the junction of Hebei, Shandong, and Henan provinces.

(3) For the water ecology subsystem evaluation results, the townships were ranked from
highest to lowest evaluation scores as follows: Luqiao Township, Weisengzhai Town,
Chaibao Town, Guantao Town, Shoushansi Township, Nanxucun Township, Fangzhai
Town, and Wangqiao Township. The first four townships scored above 0.7 due to the
extension of the central urban area northwards, forming riverfront landscape green
belts along the Yongji River and the Wei Canal. Additionally, Guantao Town relies
on the Princess Lake Wetland Park and other pond landscapes to create a rich water
system ecological landscape. The last four townships extend southwards, relying on
the construction of a new urban area along the Handan–Ji’nan railway, resulting in
relatively lower scores for water ecology.

(4) In the social economy subsystem evaluation results, the townships were ranked from
highest to lowest evaluation scores as follows: Wangqiao Township, Weisengzhai
Town, Guantao Town, Chaibao Town, Luqiao Township, Fangzhai Town, Nanxucun
Township, and Shoushansi Township. Guantao Town, as a comprehensive township
center for politics, economy, and culture in the county, and Weisengzhai Town, as a
demonstration small town constructed by Handan City, both achieved good carrying
capacity within the graded range. These developments have driven the integrated
development of urban and rural areas.

3.5. Results and Discussion of Weight Sensitivity Analysis

Based on the fuzzy comprehensive evaluation model with weight determination using
AHP, this study analyzed the sensitivity of indicator variable weights. Figure 6 represents
the comparison of the comprehensive evaluation values when removing one indicator
weight for each township and the baseline result when considering all indicators. “BASE”
represents the baseline result obtained when all indicators are considered, while “-XX” rep-
resents the result obtained after removing a specific evaluation indicator. From Figure 6, it
can be observed that significant errors in the comprehensive evaluation values occur when
removing indicators A1, A2, A3, D2, and D3, indicating that these indicators have relatively
high sensitivity. To investigate the influence of specific indicator weights on assessing the
comprehensive carrying capacity of water resources, we computed the Root Mean Square
Error Change (RMSEC) for each township before and after adjusting individual indicator
weights. The results were then summed to derive the Total Sensitivity Factor (TF) for each
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indicator. The calculated outcomes for the Total Sensitivity Factor (TF) of each indicator
are shown in Figure 7. The indicators exhibiting the greatest sensitivity are the utilization
proportion of water resources, water consumption per unit of Gross Regional Product,
and per capita water resources with sensitivity factors of 40.62%, 27.58%, and 23.61%,
respectively. These indicators belong to the water resource subsystem and exhibit signif-
icantly higher sensitivity than other subsystem indicators. To reduce the impact of high
uncertainty associated with these indicators, it is suggested to use quantitative indicators,
such as total regional water consumption, groundwater extraction, and water consumption
per 10,000 industrial value-added, to replace them. This approach not only requires high
data quality but also avoids the uncertainty associated with indicator allocation.
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ing capacity.

During the comprehensive evaluation analysis using the fuzzy comprehensive eval-
uation model, all eight townships in Guantao County exhibited good carrying capacity.
To better understand the influence of evaluation uncertainty on each township, the uncer-
tainty of indicators in the indicator layer was comprehensively calculated, as shown in
Figure 8. Figure 8 indicates that Shoushansi Township had the highest indicator sensitivity,
accounting for 24.65%, making it the area with the greatest uncertainty in Guantao County.
In this township, the water resource development and utilization rate had the highest
sensitivity, while the urban wastewater discharge indicator had the lowest sensitivity. On
the other hand, Chaibao Town had the lowest indicator sensitivity, accounting for 15.30%,
indicating the least uncertainty in this area. In this township, the water resource devel-
opment and utilization rate had the highest sensitivity, while the industrial wastewater
discharge indicator had the lowest sensitivity in the indicator layer. This study reveals that
the sensitivity of indicators in the indicator layer varies, and during evaluation analysis, it
is essential to control data quality or weaken the sensitivity of other indicators by adding
more quantitative indicators. This can reduce data uncertainty and mitigate the impact
of indicators on the evaluation results. Additionally, the sensitivity also varies for each
township area, which is closely related to the actual development of various industries
in the region. Therefore, improving the control of high uncertainty indicator data quality
and statistical analysis of actual regional industry development can minimize errors in the
assessment of water resource carrying capacity.
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4. Conclusions

In this study, the weight values of the four subsystems were determined using the hier-
archical analysis approach and the entropy weight method based on the collected data. The
suitable method was selected by comparing the fuzzy comprehensive evaluation results
of the two methods. The water resources carrying capacity and its influencing factors in
Guantao County were examined from the perspectives of the four subsystems, and finally,
the sensitivity of the change in the weights of the indicator variables as well as the uncer-
tainty analysis of the indicators in the indicator layer were investigated. The calculation of
the fuzzy comprehensive evaluation model indicates that the water resources in Guantao
County in 2019 are generally in a bearable condition. The evaluation values of the eight
townships, in descending order, are Guantao Township, Weisinzhai Township, Chaibao
Township, Lubiao Township, Wangqiao Township, Nansucun Township, Shoushansi Town-
ship, and Fangzhai Township. Among them, Guantao Township has the highest rating
value of 0.6208, while Fangzhai Township has the lowest rating value of 0.392. Based on
the sensitivity analysis method of indicator weights, the results of the indicators with the
greatest influence are screened out: the sensitivity of the weights of the five indicators of
water resources development and utilization rate, water consumption per unit of GDP, per
capita water resources, per capita GDP, and domestic water quota are the greatest, which
reach 40.62%, 27.58%, 23.61%, 16.98%, and 14.29%, respectively. In the process of water
resources planning and management in Tantao County, full attention should be paid to
the above five indicators, and measures such as the rational allocation of water resources
to ensure the people’s living water demand and optimization of the industrial structure
to improve the efficiency of water resources utilization should be implemented so as to
ensure the sustainability of the water resources carrying capacity. Analyzing the results
of the attribution of the water resources carrying capacity subsystem, the water resources
carrying capacity of Guantao County is greatly influenced by the regional water resources
endowment status and socio-economic status. In summary, since the weight calculation
method used in this study is based on a data-driven approach, it can be considered for
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replication in other regions, but the evaluation effect should be determined only after
further research.

Compared with the previous research, the research employs the fuzzy comprehensive
evaluation model to develop an evaluation index system incorporating resource, envi-
ronmental, ecological, and socio-economic factors. It identifies indicators with higher
sensitivity coefficients and decreases the ambiguity of the fuzzy comprehensive evaluation
outcomes. The ambiguity of the evaluation outcomes is mitigated. In future research, we
can continue to investigate enhancements to the fuzzy comprehensive evaluation model,
explore the application of machine learning in this domain, and assess the replicability of
the evaluation system across various countries or regions.
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Appendix A

Table A1. Definition and criterion of each indicator in the indicator layer.

Indicator Definition Criterion

Water Resources Subsystem

The utilization ratio of water
resources A1/%

Regional water consumption/regional
water resources

The Guantao County Water
Resources Bulletin

Water consumption per unit of Gross
Regional Product A2/(m3/104 CNY)

Regional water consumption/total
regional GDP

The Guantao County Water Resources
Bulletin and Statistical Yearbook of

Guantao County

Per capita water resources
A3/(m3/per person) Total water resources/total population

The Guantao County Water Resources
Bulletin and Statistical Yearbook of

Guantao County

Water Environment Subsystem

Water environment quality index B1/% The rate of water quality discharge
up to standard Environmental monitoring reports

Industrial wastewater discharge
index B2/%

Regional industrial water discharge/total
wastewater discharge

The Guantao County Water Resources
Bulletin and environmental

monitoring reports

Fertilization application intensity index
B3/(kg·hm−2)

Total amount of fertilizer applied
(discounted)/cultivated area of

evaluation area
Statistical Yearbook of Guantao County

Fertilization application intensity index
B3/(kg·hm−2)

Regional urban sewage discharge/total
wastewater discharge

The Guantao County Water Resources
Bulletin and environmental

monitoring reports

Water Ecological Subsystem

Coastal vegetation coverage rate C1/% Length of plant cover/length of shoreline Statistical Yearbook of Guantao County
and Google Satellite Map

Ecological base flow guarantee rate C2/% Average monthly actual flow/minimum
ecological flow Rain station monitoring reports
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Table A1. Cont.

Indicator Definition Criterion

Drainage density index C3/(1/km) River length/watershed area Statistical Yearbook of Guantao County
and Google Satellite Map

Socio-economic Subsystem

Population density
D1/(per person·km−2)

Regional population/regional
administrative area Statistical Yearbook of Guantao County

Per capita GDP D2/(104 CNY) Regional GDP/regional population Statistical Yearbook of Guantao County

Domestic water quota
D3/(L·(per person·d)−1)

Domestic water consumption/(regional
population·days)

The Guantao County Water Resources
Bulletin and Statistical Yearbook of

Guantao County
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