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Whether the urban water circulation is healthy or not is an issue that must be considered
for achieving the sustainable development of urban society. Before promoting the urban
water circulation health system for Hebei Province, it is necessary to evaluate the status
of water circulation in this Province. First of all, this paper establishes a regional water
circulation health evaluation index system for Hebei Province, and then it builds a
regional water circulation health evaluation model for Hebei based on BP artificial neural

network. Finally, the evaluation results of water circulation health in Hebei province
during the period of 2004-2017 are obtained. This evaluation model can provide
background support for the ecological civilization construction and sustainable
development of Hebei Province, and serve as a strategic basis for solving urban water

problems.

1. INTRODUCTION

Prefecture-level cities in the Beijing-Tianjin-Hebei region
are seeking regional cooperation to promote the transfer of
population and industries and exert the potential of inter-basin
water diversion. This is the only way to achieve the sustainable
development of the Beijing-Tianjin-Hebei region [1]. Despite
being a typical water-scarce province itself, Hebei has always
been playing the role of ensuring the Capital’s water use safety
and protecting the water ecological environment [2]. With the
advancement of ecological civilization in the Beijing-Tianjin-
Hebei region, some problems have also emerged, such as
unreasonable discharge of various types of wastewater from
production and life, contradictions between the supply and
demand of water resources and tensions in the use of water
resources due to incomplete supporting facilities. Water
circulation problems keep emerging in the process of
urbanization, showing that urban water problems are
essentially the consequences of the vicious circle of the urban
water system. Therefore, the government and relevant
departments are gradually developing a healthy and benign
circulation mechanism for the urban water system so as to
achieve sustainable use of urban water resources [3, 4].

Compared with regional water circulation health evaluation,
many scholars have paid more attention to the evaluation of
water resources and water resource carrying capacity. At
present, there are many methods for evaluating water
resources at home and abroad. For example, Fang et al. [5]
used the binary index method and the reduction index method
to analyze the causes of water resources overload from the
perspectives of water resources development and utilization,
control capacity and utilization efficiency, etc. Liu et al. [6]
used the weighted Mahalanobis distance and the grey ideal
solution model to evaluate the resilience of the regional
agricultural water and soil resources system and put forward
countermeasures and suggestions to improve the utilization
rate of water and land resources. Fang [7] applied system
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dynamics and the WCCI evaluation method to evaluate
Pakistan’s water resources. Meng et al. [8] selected indicators
from four dimensions, namely economy, society, ecological
environment and water resources and used the fuzzy
comprehensive evaluation method to evaluate the water
resources carrying capacity of the basin. Zhang et al. [9]
applied the cloud model evaluation method to evaluate the
health status of water circulation in the Beijing-Tianjin-Hebei
region from four perspectives — water ecology, quality,
amount and utilization, and considered the randomness and
ambiguity of the evaluation. The study was able to evaluate
the proportion of each grade in detail, but there were also
problems. For example, the random error of an index will have
greater impact on the evaluation results of each layer as the
random error increases.

Although the society has increasingly high demand for
healthy water circulation and there are more and more studies
on this topic, there has not been a clear definition of what is
healthy water circulation, nor has there been any standard or
complete evaluation system for water health circulation [10].
In view of this, this paper attempts to build a complete water
circulation health evaluation system. By reference to the cloud
model evaluation method and considering the actual situation
of Hebei Province, this paper incorporates another three
evaluation dimensions, namely society, economy and water
management, in addition to the two existing dimensions —
water resources and ecological environment, and then builds a
complete water circulation health evaluation system using the
BP neural network [11] evaluation method, which can
continuously modify the weights to control the error within a
relatively small range. By evaluating and analyzing the output
results of the system, we will be able to work out practical and
effective methods to solve the contradiction between the
supply and demand of water resources. Therefore, this study
provides a technical basis for the construction of a regional
water circulation health system.

The improvement of urban water circulation is a necessary
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step in the process of urban development. In the urban
development of Hebei Province, decisions have to be made on
the direction and intensity of water circulation and utilization.
The health status of water circulation will be used as an
important basis in the decision-making process [12]. To this
end, considering the actual situation of Hebei, this paper
establishes a BP neural network model for evaluation of
regional water circulation health in Hebei. Then by calculating
the index data of Hebei Province during 2004-2017 through
the model, this paper obtains the regional water circulation
health index, and evaluates and analyzes the result.

2. ESTABLISHMENT OF THE EVALUATION INDEX
SYSTEM

The regional water circulation system is a complex system
composed of many factors and covering a wide range of fields.
These factors and fields interact and constrain each other,
which directly or indirectly reflects the overall state of regional
water circulation [13]. The foundation for comprehensive
evaluation is the establishment of an evaluation index system
[14].

The BP neural network-based evaluation index system for
water circulation health in Hebei Province is composed of 3
layers, namely the target layer, the factor layer and the index
layer [15]. The main goal of social development is the
comprehensive and coordinated development of society,
economy, and ecology; therefore, this paper starts from the
relationships among water resources, society, economy, and
ecological environment, and takes the regional water
circulation health index of Hebei as the target layer, and the
status of regional water circulation health (mainly consisting
of society, economy, ecological environment, water resources
environment and water management, etc.) as the factor layer.
In the actual evaluation, this paper analyzes the status of water
circulation health based on data within a certain period of time.
The index layer specifically consists of influencing indices to
the factor layer [16].

Considering the complexity and practicality of the urban
water circulation health evaluation system, the indices selected
for the index layer should meet the following 4 criteria: (1)
objectivity: the indices selected should reflect the status of
water circulation health in Hebei Province to the greatest
extent; (2) availability: when used to track the status of the
water circulation health in Hebei Province, the indices should
be constantly available and easily accessible; (3)
quantifiability:  from the mathematical perspective,
quantitative analysis of indices is more credible, executable
and convenient than qualitative analysis for the evaluation of
urban water circulation health [17]; (4) comprehensiveness:
expert research or materials collection should be carried out to
help establish the evaluation index system [18]. This study
analyzes relevant research results both at home and abroad,
follows the principles for establishment of the evaluation
index system and considers the importance of each index to
the status of regional water circulation health [19].

Therefore, 15 evaluation indices are selected in this study to
reflect the status and trend of urban water circulation health,
namely natural population growth rate, urbanization rate, GDP
per capita, Engel’s coefficient for residents, annual energy
consumption per unit of GDP, urban public green land area per
capita, proportion of ecological water consumption in total
water consumption, green space rate of built district, forest
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coverage, water resources per capita, proportion of investment
in wastewater treatment projects in GDP, urban sewage
treatment rate and groundwater utilization rate. After
considering the interrelationship between the index layer and
the factor layer, an evaluation index system is established for
the regional water circulation health in Hebei (see Table 1).

Table 1. Evaluation index system for the regional water
circulation health in Hebei Province

Index layer
Natural population
growth rate
Urbanization rate
GDP per capita
Engel’s coefficient for
residents
Annual energy
consumption per unit of
GDP
Urban public green land
area per capita
Proportion of ecological
water consumption in
total water consumption
Green space rate of built
district
Forest coverage
Water resources per
capita
Proportion of
investment in
wastewater treatment
projects in GDP
Urban sewage treatment
rate
Groundwater utilization
rate
Surface water
development and
utilization rate
Daily domestic water
consumption per capita

Target layer Factor layer

Society

Economy

Ecological
environment

Regional water
circulation health

index of Hebei
Province Water

resources

Water
management

3. ESTABLISHMENT OF THE EVALUATION MODEL

Artificial neural network (ANN) is a complex, non-linear,
adaptive and parallel information processing network structure
composed of a large number of interconnected processing
elements [20]. A BP neural network model consists of many
neurons. Each neuron has only one output but multiple
connecting channels for input, each of which corresponds to
only one weight [21]. BP neural networks can be divided into
feed-forward neural network and feedback neural network
[22]. This network model has many advantages such as strong
self-learning ability, high problem solving efficiency, fast
calculation speed and wide adaptability, etc. [23].

3.1 Determination of the network structure of the
evaluation model

A BP neural network is mainly determined by the numbers
of neurons in the input layer, the hidden layer and the output
layer.

The neural network model for evaluation of water
circulation health in Hebei takes each influencing index in



each set of data as input and the regional water circulation
health index as the output, so there are 16 neurons in the input
layer and 1 in the target layer. For a more complex BP neural
network, the number of hidden layers also needs to be
determined through calculation [24]. The number of neurons
in the hidden layer is determined by formula (1):
j=Vi+k+a (D
where, a is a constant between 1-10; 7 is the number of neurons
in the input layer; k is the number of neurons in the output layer;
and j is the number of neurons in the hidden layer.

The learning samples are input into the network model.
Through repeated network learning, the optimal number of
neurons in the hidden layer in the BP neural network is found,
which is 9.

In summary, the topological structure of the BP neural
network for evaluation of water circulation health in Hebei is
established, as shown in Figure 1.

Natural population

growth rate

Urbanization rate /=

b

< ™, Urban water

circulation health
index

S
7 .
" Output layer

Daily domestic /7 ™7
water consumption \_
per capita

N
Hidden layer

Input layer

Figure 1. Topological structure of the BP neural network for
evaluation of water circulation health in Hebei

3.2 Selection of the activation function and learning rate of
the evaluation model

The information undergoes forward propagation in the input
layer, hidden layer, and output layer of the BP network model,
and under the action of the Sigmoid function in the hidden
layer and the output layer, the result is output. The Sigmoid
activation function is expressed in the form of formula (2):

f(x) = 2

(1+e™)

The learning rate is an important element in establishing the
BP neural network model. If the learning rate is low, the
convergence speed will be slow; if it is too high, there will be
intense oscillation of iterations. The fixed rate method is
relatively simple — a relatively low learning rate is selected to
ensure the stability of the system. The adaptive rule is to give
the current learning rate § a variation 46 after each or several
weight iterations:

When AE<O0:

AO=al 3)

When AE>0:

AO=-b0 “4)
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where, AF is the variation of the network error E, and a and b
are appropriate constants.

After learning and training, it is found that the effect is ideal
when the learning rate of the BP neural network for evaluation
of water circulation health in Hebei is 0.01.

3.3 Normalization of raw data

In the comprehensive evaluation on the regional water
circulation health, it is difficult to compare the indicators
directly because their metrics are different. Therefore, these
data have to be normalized before the comprehensive
evaluation. This paper adopts the Sigmoid function as the
transfer function to normalize the data in the BP neural
network. In order to make |x| fall within a small range, the raw
data are normalized into the range of [0, 1]. The normalization
formula is shown in (5):

(p B pmin)

p =~ Tmn/
" (pmax - pmin) (5)
where, p is the set of the standard value of an index (the
specified value of an evaluation index) and the data of the
index in Hebei during 2004-2017, pme and pmi» are the
maximum and minimum values in this dataset, and p, is the
output of normalization.

3.4 Graded quantification of data

3.4.1 Graded quantification of the regional water circulation
health index for cities in Hebei

The BP neural network model for evaluation of regional
water circulation health in Hebei finally outputs the regional
water circulation health index from 2004 to 2017. The model
then performs evaluation by grade according to the range
which the quantitative data output fall into. There are 5 grades
for the regional water circulation health index of Hebei
Province. The first grade of the regional water circulation
health index is set as [0.800, 1], and then the following grades
are determined by the grading function. The grading function
is shown in formula (6):

Q, = 0.800

. (1-Q)
Qivr = Qi —IX ">

(6)

where, 2<i<5.
After calculation, the ranges for the grades of regional water
circulation health index are obtained, as listed in Table 2.

Table 2. Grading scale for the regional water circulation
health index of Hebei Province

Grade
Grade 1 (circulation is very healthy)
Grade 2 (circulation is healthy)
Grade 3 (circulation is relatively healthy)
Grade 4 (circulation is unhealthy)
Grade 5 (circulation is poor)

Range
[0.800, 1]
[0.693, 0.800]
[0.528, 0.693]
[0.329, 0.528]
[0, 0.329]

3.4.2 Graded quantification of the standard values of the
indices

After being normalized, the standard values of the indices
should also be graded when they are input as learning samples,
so that they will match the grade ranges of the water



circulation health index of Hebei and be accepted by the BP
neural network. The graded quantification of the standard
values of indices is carried out as follows according to the
characteristics of the standard values:

(1) When the range of the index standard value is [M, 1],
where M#0:

A=M (7)
= _ XA x(A24i)
Ai=Aig (i+1) (8)
2<i<5 and M#1
A=1-0.5%i
©)

2<i<5 and M=1

(2) When the range of the index standard value is [0, N],
where N£1:

A;=N (10)
_ iX0.2X(1-Aq1)
A=A+ 00 (1)
2<i<5 and N£0
A=0+0.5x{ (12)

2<i<5 and N=0

(3) When the range of the index standard value is [M, N],
where M#0 and N#£1:

A;=N (13)
— 9. iX0.2X(1-Aq1)
A=At 0 (14)
2<i<S

At the same time, the normalized index values from 2004 to
2017 are processed as follows:

If X>M, Y=X (15)

_ (M-X+N)

If A<M, Y = (M+N)

(16)

where, X is the normalized index value, and Y is the output
result after processing.

4. EMPIRICAL ANALYSIS

This section evaluates the status of urban water circulation
health in Hebei Province during the period of 2004-2017 by
using the established neural network model for evaluation of
water circulation health.

4.1 Learning of the evaluation model

Before the learning of the BP neural network, it is necessary
to carry out normalization and graded quantification of the
standard values of the indices in the learning samples (see
Table 3).

After normalization and graded quantification of the
standard values of the indices, learning samples were
generated (see Table 4), which were then input into the BP
neural network model for evaluation of urban water circulation
health in Hebei. Afterwards, the network started learning and
training. It is stipulated for this network model that if the
network error E is less than 0.1, the network training will be
regarded as meeting the learning accuracy requirement. After
the learning of the BP neural network model for 1000 times,
the network error E reached 0.0086, which met the accuracy
requirement, so the training was over. The standard values of
the regional water circulation health indices of Hebei Province
were input into the network model for simulation. Finally, 4
samples were taken to test the model. After 800 times of
learning, the corresponding output values of the water
circulation health indices were 0.792, 0.670, 0.526 and 0.304.
The results show that the actual output was very close to the
expected output.

Table 3. Standard values of the indices in the water circulation health evaluation model for Hebei Province

Index Unit Range of standard value

Natural population growth rate %o [0,20]

Urbanization rate % [5,100]

GDP per capita 10? Yuan [0.5,8]

Energy consumption per unit of GDP tce/10,000 Yuan [0.5,3.0]

Engel’s coefficient for residents % [20,70]

Urban sewage treatment rate % [50,100]

Groundwater development and utilization rate % [5,100]

Surface water utilization rate % [5,100]

Daily domestic water consumption per capita L/(person- day) [80,300]
Proportion of investment in wastewater treatment projects in GDP % [0.1,4]

Water resources per capita m?/person- year [100,8000]

Green space rate of built district % [15,60]
Park green area per capita m?/person [1,20]

Proportion of ecological water consumption in total water consumption % [0.1,3]
Forest coverage % [1,60]

Note: The data in this table are mainly from the National Bureau of Statistics database - National Data, China Urban Construction Statistical Yearbook, Hebei
Economic Yearbook, Hebei Economic and Social Development Statistical Bulletin, Integrated Wastewater Discharge Standard (GB8978-1996 ), Farmland
Irrigation Water Quality Standard (GB5804-92), Environmental Quality Standards for Surface Water (GB3838-2002), Hygienic Standard for Grains (GB2715-

81) and National Ecological Garden City Standard, etc.

4.2 Evaluation on the regional water circulation health of
the cities in Hebei Province
Through the

necessary normalization and graded
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quantification of the raw data, the index data of Hebei
Province during the period from 2004 to 2017 were
transformed into operational data that were acceptable to the
model (see Table 5). The processed data were then input into



the model that was trained in the learning stage, and the values
of the regional water circulation health indices of Hebei

Province from 2004 to 2017 were obtained (see Table 6).

Table 4. Learning samples for the water circulation health evaluation model for Hebei Province

Index Grade 4-5 Grade 3-4 Grade 2-3 Grade 1-2
boundary boundary boundary boundary
Natural population growth rate 0.500 0.750 0.850 0.950
Urbanization rate 0.632 0.737 0.842 0.947
GDP per capita 0.067 0.133 0.333 0.733
Energy consumption per unit of GDP 0.400 0.600 0.720 0.920
Engel’s coefficient for residents 0.400 0.600 0.700 0.800
Urban sewage treatment rate 0.400 0.800 0.900 0.940
Groundwater development and utilization rate 0.676 0.794 0.912 0.971
Surface water utilization rate 0.421 0.632 0.842 0.947
Daily domestic water consumption per capita 0.591 0.682 0.818 0.909
Proportion of 1nvestment .1n wastewater treatment 0.114 0.203 0.278 0.367
projects in GDP
Water resources per capita 0.333 0.444 0.556 0.667
Green space rate of built district 0.158 0.368 0.474 0.579
Park green area per capita 0.241 0.483 0.655 0.828
Proportion of ecological water cpnsumpnon in total 0153 0322 0.576 0661
water consumption
Forest coverage 0.154 0.359 0.487 0.744
Regional water health index for Hebei Province 0.329 0.528 0.693 0.800

Table 5. Calculated data of the regional water circulation health indices of Hebei Province during 2004-2017

Index 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Natgilwptﬁpr‘;ﬁ“‘m 0.087 1.000 0.476 0.560 0.746 0.833 0.813 0.702 0.560 0.242 0.155 0.000 0.198 0.413
Urbanizationrate ~ 0.000 0.039 0.100 0.183 0272 0372 0416 0478 0.544 0.616 0.683 0.794 0.906 1.000
GDP per capita ~ 0.000 0.066 0.127 0218 0319 0367 0492 0.653 0.732 0.803 0.836 0.844 0.929 1.000
Energy consumption 4 45, 945 0891 0836 0736 0.655 0.600 0345 0.182 0.164 0.127 0082 0.036 0.000
per unit of GDP
Engel's Coefficient 4 00 g15 0764 0759 0820 0736 0632 0753 0736 0.187 0128 0.119 0.125 0.000
for households
Sewager;::atmem 0.000 0.159 0.443 0443 0475 0.581 0.582 0562 0380 0.326 0.353 0486 0.780 1.000
Surface water 0406 0.484 0879 1.000 0394 0.676 0445 0310 0.000 0326 0999 0937 0210 0.988
utilization rate
Groundwater 0345 0.679 1000 0.726 0286 0417 0560 0.381 0.000 0.155 0810 0.321 0.030 0.104
utilization rate
Proportion of
investment in
wastewater 0.514 0969 0442 0.671 1.000 0.179 0.000 0.345 0.155 0.183 0226 0243 0.461 0.822
treatment projects in
GDP
Daily domestic
water consumption  1.000  0.979 0.553 0299 0286 0278 0214 0266 0.325 0313 0.000 0.078 0.533 0.193
per capita
Water r;s;l;;ces PET 0457 0293 0.066 0.160 0483 0317 0284 0408 1.000 0.535 0.000 0212 0752 0.224
Green spacerate of 606 118 0237 0333 0570 0710 1.000 0935 0817 0839 0914 0839 0796 0.903
built district
Park grceai)“i tzrea PeT 0,000 0.070 0.081 0.155 0305 0.540 0.960 0.964 0.928 0974 0999 00964 0.971 1.000
Proportion of
ccological water 14 134 0000 0.109 0268 0208 0230 0319 0347 0471 0519 0532 0785 1.000
consumption in total
water consumption
Forest coverage __ 0.000  0.000 0.000 0.000 0.000 0.807 0.807 0.807 0.807 1.000 1.000 1.000 1.000 1.000
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Table 6. Status of the regional water circulation health in Hebei Province during 2004-2017

Index 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
W*I‘fer circulation 4 451 0486 0507 0498 0518 0552 0589 0633 0672 0.664 0.674 0.687 0716 0.779
ealth index
Water circulation
health grade 4 4 4 4 4 3 3 3 3 3 3 3 3 2
0.9 gradually improving, but as the urbanization rate keeps
0.8 increasing, the proportion of investment in wastewater
0.7 treatment projects in GDP is still marginal, and the
0.6 groundwater development and utilization rate is still high. The
0.3 negative factors affecting the regional water circulation health
04 in Hebei Province involve all aspects - society, economy,
3; ecological environment, water resources and water
0'1 management. As indicated by the evaluation results of regional
.o water circulation health and the current severe shortage of
ToEeTXTQS oo T NS water in this province, to solve these problems, in addition to
SERESaRRSRSRRESR taking some necessary targeted measures, the key is to take the

Figure 2. Water circulation health index for Hebei Province

In order to illustrate the status of water circulation health in
Hebei Province more visually, a line chart is used, as shown in
Figure 2.

According to the evaluation results of the above BP neural
network model, in the 14-year evaluation period, the regional
water circulation status of Hebei Province during 2004-2008
all fell into Grade 4, which means it was unhealthy, that during
2009-2016 fell into Grade 3, which means it relatively healthy,
and that in 2017 fell into Grade 2, which means it was healthy.
It can be seen from Figure 2 that the overall water circulation
health in Hebei Province from 2004 to 2017 showed a trend of
improvement year by year. Specific improvements in water
circulation: the daily domestic water consumption per capita
was decreasing year by year, indicating that the water
conservation department under the government achieved
significant results in the management and control of water
resources and that people’s awareness of water conservation
was also enhancing; the proportion of ecological water
consumption in total water consumption was constantly
increasing, which promoted the healthy circulation of urban
water resources; the urban sewage treatment rate increased
from 49.17% in 2004 to 84.50% in 2017, indicating that the
urban sewage treatment scale and technologies were
improving, and that water pollution was being alleviated, and
sustainability was already shown from the sewage treatment
and water conservation in Hebei Province during the 14 years.
However, judging from the results of de-normalization
operation, there were also problems in the urban water
circulation in Hebei Province: the proportion of investment in
wastewater treatment projects in GDP rose from 0.37% in
2004 to 0.52% in 2017, showing an upward trend, but the
proportion of investment in wastewater treatment projects is
still quite small; the groundwater development and utilization
rate was all above 100% before 2015, except for 91% in 2012,
and it was 93.52% and 99.75% in 2016 and 2017, respectively,
which means the over-exploitation of groundwater improved,
but not to a significant extent.

5. CONCLUSIONS

In short, judging from the evaluation results, the status of
regional water circulation health in Hebei Province is
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strict control over groundwater resources and surface water
resources as a systematic project, and what is more, each city
should formulate its own special water conservation plan in
line with the local conditions. In this way, the sustainable
development and utilization of water resources can be
achieved.

Regarding the establishment of the BP neural network
model for evaluation of water circulation health, there still
remain several issues that are worth discussing. There are
various methods to build the water circulation health
evaluation system, but an accurate and universally applicable
evaluation system has not yet been fully formed. Indices have
to be selected according to the characteristics and actual
conditions of each urban area, and even different mathematical
models are required for calculation. The index system for
evaluation of water circulation health in Hebei Province
constructed by the BP neural network model is not very
accurate for now, and should be improved in the future based
on further analysis of the characteristics of water circulation in
Hebei Province, so as to continuously reduce the error between
the result of the evaluation model and the actual value. In
addition, in the proposed BP neural network model for
evaluation of water circulation health in Hebei Province, the
water circulation health index in some years was hovering
around grade boundaries. How to solve this problem will be
further studied in the future improvement of the model, so as
to achieve more accurate grading of the water circulation
health status.
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