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Abstract: The intensified contradiction between water resources and social development has restricted
the development of the Yangtze River Delta. Due to the importance of water consumption in relieving
this contradiction, this paper proposes a novel cumulative multivariable grey model with a high
performance to predict the water consumption. Firstly, the grey correlation analysis is applied to study
the influencing factors, and then the DGM(1,N) with deformable accumulation (DDGM(1,N) model) is
constructed and used to predict the water consumption. The results show that the resident population
has a significant impact on the water consumption, and the performance of the DDGM(1,N) model
is better than the other two grey models. Secondly, the proposed novel grey model is applied to
predict the water consumption in 17 cities in the Yangtze River Delta, and the predicted water
consumption in Zhejiang and Shanghai indicates a downward trend, while the predicated water
consumption in some cities of the Anhui Province presents an upward trend, such as Chizhou,
Chuzhou, Wuhu and Tongling. Finally, some policy implications are provided that correspond to the
population growth and three major industries in different situations. This paper enriches the research
method and prediction analysis used for the water consumption, and the findings can provide some
decision-making references for water resources management.

Keywords: water consumption; grey multivariable prediction model; deformable accumulation;
Yangtze River Delta; time series; particle swarm optimization algorithm

1. Introduction

Water occupies an important strategic position in the development of society, so it is
undoubtedly an extremely precious resource [1]. However, rapid economic development
leads to an increased demand for resources, and a new problem arises regarding how to
seek a balance between resource protection and economic development. Due to the impact
of external complex factors, many cities in China have experienced varying degrees of
water shortages [2]. For example, the functionality of water resources is reduced in cities
such as Hangzhou and Ningbo due to the inadequate management of water resources,
which has caused adverse consequences that can lead to the local area bearing heavier
pressure in future developments. Therefore, accurately predicting the water consump-
tion can help to mitigate possible future conflicts during sustainable development and
environmental protection.

In recent years, many scholars have been devoted to the forecasting research of
water resources and have achieved many innovative results, which provided some new
ideas for the prediction of water consumption, such as neural networks [3] and support
vector machines [4]. Meanwhile, many well-performing models were used to study the
issues related to water resources. A multi-objective model was proposed to study the
sustainable management of water resources in the Zarrineh Basin in Iran [5]. A support
vector regression model was used for short-term predictions for eight water supply areas
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in the Netherlands and Belgium [6]. Aiming at the prediction problem of urban water
demand, the bat algorithm is introduced to improve the prediction accuracy [7]. The
interaction between Xinjiang’s population, water resources and economic development
was studied based on the system dynamics model [8]. A long- and short-term memory
model was used to predict the short-term demand in Hefei, China [9]. A water scarcity
pricing model was proposed to promote more effective water resources management in
areas with scarce water resources [10].

Among the studies on water consumption requirements, the influential factors and
model specification will have important impacts on the analysis results. Considering the
climate and groundwater conditions, the Colne watershed in eastern England was analyzed
under different drought conditions, and the population factors of the basin were integrated
to predict the water demand [11]. By combining the experimental design and Monte Carlo
simulation, the prediction uncertainty of the water quality was evaluated [12]. A quantita-
tive method considering water resource distribution was proposed to study the relationship
between climate change and water demand [13]. A new demand forecasting method com-
bining machine learning and statistical methods was proposed to give short-term forecasts
for the water demand of British households [14]. The evaluation and planning model was
used to predict the water demand in the central and western regions of Côte d’Ivoire, which
assisted with formulating water management optimization measures [15].

In addition, the problem of predicting water resources using grey models has con-
tinued to attract the attention of scholars, which produced a fruitful contribution to this
field [16]. Considering the effect of various factors, some policy suggestions for the safety
of agricultural water use were put forward based on the predictive analysis of the change
in agricultural water use [17]. The grey models, by optimizing objectives and parameters,
are used to predict the water level quantity and quality [18,19]. An improved grey model,
which utilizes the exponentially weighted moving average and particle swarm algorithm,
was established to predict water emissions from faults [20]. By combining multiple factors
and grey relational analysis, a safety evaluation model was established to analyze the safety
problems on water resources in Guizhou Province [21]. A new grey model was put forward
to evaluate the rural water environment quality by comprehensively using the network
search information and principal component analysis [22]. The grey water footprint index
was used to study the impact of changes in residents’ consumption levels and patterns on
water pollution [23]. By integrating the grey decision method and entropy weight method,
a multivariable model was established to offer a novel way to study mine water sources [24].
The fractional grey model was used to make water consumption recommendations for 31
provinces [25].

Since Professor Deng founded the grey system theory in 1982, the grey system theory
has been widely used in various fields [26]. The grey prediction model is an important
part of the grey system theory. It uses the grey generating operator or sequence operator to
weaken randomness, excavate the potential law, establish the continuous dynamic differen-
tial equation based on the discrete data series, and make the quantitative prediction of the
research object according to the GM model [27]. The traditional grey model (GM(1,1)) is
represented with one order difference and one variable. In order to improve the prediction
performance of the model in forecasting problems, many scholars have improved the grey
model in the following aspects: (1) the optimization of the model background value [28];
(2) the extension of the modeling equation [29]; (3) the improvement of the cumulative gen-
eration method [30]. In this study, the grey generating operator of the model is optimized
by introducing the deformable accumulation generating operator. The detailed modeling
process of the prediction model is introduced in Section 3.2.
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Because the traditional statistical model has relatively high requirements regarding
sample data, it requires a large sample size of the research object and certain sampling
probability distribution [31]. When insufficient information is used to meet the conditions,
the prediction effect of the statistical model is often unsatisfactory. Additionally, traditional
econometrics has some shortcomings in the research of forecasting problems. Although
traditional econometrics, which is based on economic theory, has excellent interpretability,
its forecasting ability is relatively inferior [32]. The grey prediction model has low require-
ments for the amount of information, as low as four data points, and has the advantages
of easy operation and a high modeling accuracy [33]. With the development of the grey
system theory, the grey prediction model has been widely used in many forecasting fields
and has become an effective tool to deal with forecasting problems [34]. The grey prediction
model provides a new way to solve the prediction problem, and the research on water
resources prediction has been a hot topic. Finally, the grey prediction model is used as a
research tool in this study. We optimize and improve the traditional grey model and use it
to forecast water consumption.

Therefore, the accurate prediction of water consumption is particularly important,
as traditional models are complicated and require too much relevant information. The
forecasting model utilized in this paper integrates a novel type of accumulation method [35],
which has a better forecasting effect through the processing of the original data. According
to the principle of using small samples and new information first in the grey system [36],
a new cumulative grey prediction model was established for the data and information
from recent years. Because the finiteness of the new information and the validity of the
initial value are fully considered, the new model has a better prediction accuracy. At the
same time, we learn from the research methods of other scholars and use grey correlation
analysis in the selection of factors affecting water consumption [37]. Finally, through the
combination of the new cumulative multivariable grey model and grey correlation analysis,
this paper predicts the water consumption in the Yangtze River Delta region.

The rest of this paper is organized as follows. Section 2 states the research area and
data sources. The methods are provided in Section 3. The forecasting results and discussion
are presented in Section 4. Section 5 gives the conclusion and policy implications.

2. Research Area and Data Source

The research area covered in this paper is shown in Figure 1, which involves 26 cities in
three provinces (Zhejiang, Anhui and Jiangsu) and Shanghai, with a land area of 211.7 thou-
sand square kilometers, accounting for about 2.2% of China’s area. This area has many
rivers, seas and coastal ports along the river, and owns the best basis for urbanization
in China. However, regional resources and environmental pressures have restricted the
economic development. In particular, the contradiction between freshwater resources and
urban consumption is gradually aggravating. Therefore, it is imperative to forecast the
water consumption in this area to ensure the sustainable development of regional economy.

The data sources of this paper are the Statistical Yearbook of local statistics websites.
The data of Shanghai, Zhejiang and Anhui are from the official website of the Munici-
pal Bureau of Statistics (http://tjj.sh.gov.cn/, http://tjj.zj.gov.cn/, http://tjj.ah.gov.cn/)
(accessed on 15 July 2022). Since the water consumption in each city in Jiangsu Province
cannot be found in the Statistical Yearbook of Jiangsu Provincial Bureau of Statistics, Jiangsu
Province is not included in the study area of this paper. Therefore, 17 cities are selected as
the research areas of this paper.

http://tjj.sh.gov.cn/
http://tjj.zj.gov.cn/
http://tjj.ah.gov.cn/
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Figure 1. The geographical location of the study area.

3. Methods

The grey correlation in this paper is applied to analyze the relationship between water
consumption and influence factors. Then, the DGM(1,N) with deformable accumulation
(DDGM(1,N) model) is established to study the change trend of water consumption. Finally,
the validity of the model is proven via model comparative analysis.

3.1. Grey Correlation Analysis

The changing trend of water consumption is affected by many factors. Grey correlation
analysis is used to explore the correlation between research objects and influencing factors,
and the calculation process is shown as follows.

(1) Set T0 = {t0(1), t0(2), · · · , t0(n)} as the system characteristic behavior sequence,
and Ti = {ti(1), ti(2), · · · , ti(n)}(i = 1, 2, · · · , m) as the sequence of relevant factors. Cal-
culate the mean terms of each sequence using si(k) =

ti(p)
ti(1)

(i = 1, 2, · · · , m.p = 1, 2, · · · , n).
(2) Calculate the grey relational coefficients using Equation (1). For ϕ ∈ (0, 1),

θ(s0(p), si(p)) =
min

i
min

k
|s0(p)− si(p)|+ ϕmax

i
max

k
|s0(p)− si(p)|

|s0(p)− si(p)|+ ϕmax
i

max
k
|s0(p)− si(p)| . (1)

(3) Calculate the grey relational degree using Equation (2).

θ(T0, Ti) =
1
n

n

∑
k=1

θ(s0(p), si(p))(i = 1, 2, · · · , m). (2)

3.2. The DDGM(1,N) Model

In this paper, the DGM(1,N) with deformable accumulation (DDGM(1,N) model) is
used to predict the water consumption (billion cubic meters) of 17 cities selected in the
Yangtze River Delta Economic Zone. The process is introduced as follows.
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(1) Assume that the system principal variable data sequence is Equation (3).

T(0)
1 =

(
t(0)1 (1), t(0)1 (2), · · · , t(0)1 (m)

)
. (3)

The sequences of relevant factors are Equation (4).

T(0)
i =

(
t(0)i (1), t(0)i (2), · · · , t(0)i (m)

)
(i = 2, · · · , N). (4)

T(r)
i is a sequence of cumulative generation operations of T(r)

i . Consider that the
definition of the deformable derivative (Wu and Zhao, 2019) r-order accumulation sequence
is Equation (5).

T(r)
i =

(
t(r)i (1), t(r)i (2), · · · , t(r)i (m)

)
(i = 1, 2, · · · , N), (5)

The cumulative generation of the model is calculated using Equation (6).

t(r)(p) = t(0)(p) + rt(1)(p− 1). (6)

The particle swarm optimization algorithm is used to find the optimal order
r (r ∈ (0, 1)) in MATLAB (R2016b). r is the deformable accumulation parameter; it can
adjust the weight of old and new data during sequence generation.

(2) The grey model DDGM(1,N) of the r-order is Equation (7).

t(r)1 (p) = b0 + b1t(r)1 (p− 1) +
N

∑
i=2

bit
(r)
i (p). (7)

b0 is the grey function system parameter of the model; b1 is the principal variable
parameter. b2, · · · , bN are grey action system parameters of different independent variables
in the model.

Then, the least squares method is used to solve the parameters in the model (Equation (8)).
Therefore, the parameters B and Y can be obtained by using Equations (9) and (10).

b̂ = [b0, b1, b2, · · · , bN ]
T =

(
BT B

)−1
BTY, (8)

where

B =


1 t(r)1 (1) t(r)2 (2) · · · t(r)N (2)
1 t(r)1 (2) t(r)2 (3) · · · t(r)N (3)
...

...
...

. . .
...

1 t(r)1 (m− 1) t(r)2 (m) · · · t(r)N (m)

, (9)

Y =


t(r)1 (2)
t(r)1 (3)

...
t(r)1 (m)

. (10)

t̂(r)1 (p) = b0 + b1t(r)1 (p− 1) +
N

∑
i=2

bit
(r)
i (p) (11)

is recursive function of the DDGM(1,N) model. Then, the simulated value of t(r)1 can be
obtained by using Equation (11).

t̂(0)(p) = t̂(r)1 (p)− rt̂(1)1 (p− 1). (12)
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According to Equation (12), we can see that the simulation value of T(0)
1 is T̂(0)

1 (see
Equation (13)).

T̂(0)
1 =

{
t̂(0)1 (1), t̂(0)1 (2), · · · , t(0)1 (m)

}
. (13)

(4) The fitting error and prediction error are solved by calculating the mean absolute
percentage error value (MAPE) according to Equation (14).

MAPE =
1
n

n

∑
p=1

∣∣∣∣∣ t
(0)
1 (p)− t̂(0)1 (p)

t(0)1 (p)

∣∣∣∣∣ ∗ 100% (14)

3.3. Properties of the Cumulative Generating Operator

Property 1. When t(0)(p + 1) > (1− r)t(0)(p), p = 1, 2, · · · , n, the accumulation sequence
is a monotonically increasing sequence. When t(0)(p + 1) < (1− r)t(0)(p), p = 1, 2, · · · , n,
the accumulation sequence is a monotonically decreasing sequence. Otherwise, the accumulation
sequence is not monotonic.

Proof. Knowing that t(r)(p) = t(0)(p) + r
p−1
∑

i=1
t(0)(i),

t(r)(p + 1) = t(0)(p + 1) + r
p

∑
i=1

t(0)(i).

Then,

t(r)(p + 1)− t(r)(p) =
[
t(0)(p + 1)− t(0)(p)

]
+ rt(0)(p)

= t(0)(p + 1) + (r− 1)t(0)(p)
= t(0)(p + 1)− (1− r)t(0)(p).

Therefore, when t(0)(p + 1) > (1− r)t(0)(p), p = 1, 2, · · · , n, the accumulation se-
quence is a monotonically increasing sequence; when t(0)(p + 1) < (1− r)t(0)(p),
p = 1, 2, · · · , n, the accumulation sequence is a monotonically decreasing sequence. Other-
wise, the accumulation sequence is not monotonic.

The proof of Property 1 is completed. �

Property 2. The larger the parameter r, the larger the value obtained by accumulating the sequence.

Proof. By assuming that 0 < r1 < r2 < 1, we can obtain the following formulas.

t(r1)(p) = t(0)(p) + r1

p−1

∑
i=1

t(0)(i),

t(r2)(p) = t(0)(p) + r2

p−1

∑
i=1

t(0)(i).

t(r2)(p)− t(r1)(p) = (r2 − r1)
p−1

∑
i=1

t(0)(i) > 0.

Therefore, t(r2)(p) > t(r1)(p) is true. This shows that the larger the parameter r, the
larger the value obtained by accumulating the sequence.

The proof of Property 2 is completed. �
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3.4. Analysis and Discussion of Model Stability

Lemma 1. Let B ∈ Cm×n, ∆B ∈ Cn, Y ∈ Cm×n, ∆Y ∈ Cn; the vector norm ‖·‖ and matrix
norm ‖·‖ are compatible. If a matrix norm ‖·‖ has

∥∥B−1
∥∥‖∆B‖ < 1, then the solutions of the

inhomogeneous linear equations Ax = Y and (B + ∆B)(x + ∆x) = Y + ∆Y satisfy

‖∆x‖
‖x‖ ≤

κ†

γ†

(
‖∆B‖
‖B‖ +

‖∆Y‖
‖Y‖

)
where

κ† = ‖B‖
∥∥∥B−1

∥∥∥, γ† = 1− ‖B‖
∥∥∥B−1

∥∥∥‖∆B‖
‖B‖ > 0

It can be known from Lemma 1 that matrix B and matrix Y are original matrices, and
matrix ∆B and matrix ∆Y are perturbation matrices, which are perturbations of the solution.
According to the matrix perturbation analysis, the perturbation bound of the solution can
be obtained.

Theorem 1. Assume that the solution of the DDGM(1,N) model is x. If only x(0)i (1) is perturbed
by εi, then the perturbation bound of the solution in this case is

L
[

x(0)i (1)
]
= |ε| κ†

γ†


[(m− 2)r + 1]ε1 + (m− 1)r

N
∑

i=2
|εi|

‖B‖ +
(m− 1)r|ε1|
‖Y‖



Proof. If only x(0)i (1) is perturbed by εi, it is equivalent to when x̂(0)i (1) = x(0)i (1) + εi.
where

B̂ = B + ∆B =


1 x(r)1 (1) x(r)2 (2) · · · x(r)N (2)
1 x(r)1 (2) x(r)2 (3) · · · x(r)N (3)
...

...
...

. . .
...

1 x(r)1 (m− 1) x(r)2 (m) · · · x(r)N (m)

+


0 ε1 rε2 · · · rεN
0 rε1 rε2 · · · rεN
...

...
...

. . .
...

0 rε1 rε2 · · · rεN



B̂ = B + ∆B = B +


0 ε1 rε2 · · · rεN
0 rε1 rε2 · · · rεN
...

...
...

. . .
...

0 rε1 rε2 · · · rεN

, ∆B =


0 ε1 rε2 · · · rεN
0 rε1 rε2 · · · rεN
...

...
...

. . .
...

0 rε1 rε2 · · · rεN


It is obvious that we can obtain the value of ‖∆B‖.

‖∆B‖ = [(m− 2)r + 1]ε1 + (m− 1)r
N

∑
i=2
|εi|

In the same way,

Ŷ = Y + ∆Y =


x1

(r)(2)
x1

(r)(3)
...

x1
(r)(m)

+


rε1
rε1

...
rε1
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Ŷ = Y + ∆Y = Y +


rε1
rε1

...
rε1

, ∆Y =


rε1
rε1

...
rε1


We can also obtain the value of ‖∆Y‖.

‖ ∆Y ‖= (m− 1)r|ε1|

Therefore, ‖∆B‖ and ‖∆Y‖ can be obtained.
According to Lemma 1, they can be obtained as follows:

‖∆x‖
‖x‖ ≤

κ†
γ†

 [(m−2)r+1]ε1+(m−1)r
N
∑

i=2
|εi |

‖B‖ + (m−1)r|ε1|
‖Y‖



Then, the perturbation bound of the solution can be obtained.

L
[

x(0)i (1)
]
= |ε| κ†

γ†


[(m− 2)r + 1]ε1 + (m− 1)r

N
∑

i=2
|εi|

‖B‖ +
(m− 1)r|ε1|
‖Y‖

�

Theorem 2. If only x̂(0)i (k) = x(0)i (k) + εi(k = 2, · · · , m− 1) is perturbed by εi, then the
perturbation bound of the solution in this case is

L
[

x(0)i (k)
]
=

κ†

γ†


[(m− 3)r + 1]ε1 + [(m− 2)r + 1]

N
∑

i=2
|εi|

‖B‖ +
[(m− 2)r + 1]ε2

‖Y‖



Proof. If only x(0)i (t) is perturbed by εi, it is equivalent to when x̂(0)i (t) = x(0)i (t) + εi,
where

B̂ = B + ∆B =


1 x(r)1 (1) x(r)2 (2) · · · x(r)N (2)
1 x(r)1 (2) x(r)2 (3) · · · x(r)N (3)
...

...
...

. . .
...

1 x(r)1 (m− 1) x(r)2 (m) · · · x(r)N (m)

+


0 0 ε2 · · · εN
0 ε1 rε2 · · · rεN
...

...
...

. . .
...

0 rε1 rε2 · · · rεN



B̂ = B + ∆B = B +


0 0 ε2 · · · εN
0 ε1 rε2 · · · rεN
...

...
...

. . .
...

0 rε1 rε2 · · · rεN

, ∆B =


0 0 ε2 · · · εN
0 ε1 rε2 · · · rεN
...

...
...

. . .
...

0 rε1 rε2 · · · rεN


The value of ‖∆B‖ can be obtained.

‖∆B‖ = [(m− 3)r + 1]ε1 + [(m− 2)r + 1]
N

∑
i=2
|εi|



Axioms 2023, 12, 655 9 of 33

In the same way,

Ŷ = Y + ∆Y =


x1

(r)(2)
x1

(r)(3)
...

x1
(r)(m)

+


ε2
rε2

...
rε2



Ŷ = Y + ∆Y = Y +


ε2
rε2

...
rε2

, ∆Y =


ε2
rε2

...
rε2


The value of ‖∆Y‖ can be obtained.

‖ ∆Y ‖= [(m− 2)r + 1]ε2

Therefore, ‖∆B‖ and ‖∆Y‖ can be obtained.
According to Lemma 1, they can be obtained as follows:

‖∆x‖
‖x‖ ≤

κ†

γ†


[(m− 3)r + 1]ε1 + [(m− 2)r + 1]

N
∑

i=2
|εi|

‖B‖ +
[(m− 2)r + 1]ε2

‖Y‖


Then, the perturbation bound of the solution can be obtained.

L
[

x(0)i (k)
]
=

κ†

γ†


[(m− 3)r + 1]ε1 + [(m− 2)r + 1]

N
∑

i=2
|εi|

‖B‖ +
[(m− 2)r + 1]ε2

‖Y‖

�

Theorem 3. If only x(0)i (m) is perturbed by εi, then the perturbation bound of the solution in this
case is

L
[

x(0)i (m)
]
=

κ†

γ†

(
|ε2|+ |ε3|+ · · ·+ |εN |

‖B‖ +
|εN |
‖Y‖

)

Proof. If only x(0)i (m) is perturbed by εi, it is equivalent to when x̂(0)i (m) = x(0)i (m) + εi,
where

B̂ = B + ∆B =


1 x(r)1 (1) x(r)2 (2) · · · x(r)N (2)
1 x(r)1 (2) x(r)2 (3) · · · x(r)N (3)
...

...
...

. . .
...

1 x(r)1 (m− 1) x(r)2 (m) · · · x(r)N (m)

+


0 0 0 · · · 0
0 0 0 · · · 0
...

...
...

. . .
...

0 0 ε2 · · · εN



B̂ = B + ∆B = B +


0 0 0 · · · 0
0 0 0 · · · 0
...

...
...

. . .
...

0 0 ε2 · · · εN

, ∆B =


0 0 0 · · · 0
0 0 0 · · · 0
...

...
...

. . .
...

0 0 ε2 · · · εN


The value of ‖∆B‖ can be obtained.

‖∆B‖ = |ε2|+ |ε3|+ · · ·+ |εN | =
N

∑
i=2
|εi|
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In the same way,

Ŷ = Y + ∆Y =


x1

(r)(2)
x1

(r)(3)
...

x1
(r)(m)

+


0
0
...

εN



Ŷ = Y + ∆Y = Y +


0
0
...

εN

, ∆Y =


0
0
...

εN


The value of ‖∆Y‖ can be obtained.

‖ ∆Y ‖= |εN |

Therefore, ‖∆B‖ and ‖∆Y‖ can be obtained.
According to Lemma 1, they can be obtained as follows:

‖∆x‖
‖x‖ ≤

κ†

γ†

(
|ε2|+ |ε3|+ · · ·+ |εN |

‖B‖ +
|εN |
‖Y‖

)
Then, the perturbation bound of the solution can be obtained.

L
[

x(0)i (m)
]
=

κ†

γ†

(
|ε2|+ |ε3|+ · · ·+ |εN |

‖B‖ +
|εN |
‖Y‖

)
�

According to the analysis and proof presented above:
The disturbance bound of the model L

[
x(0)i (k)

]
is correlated with the size of the

sample m. In the case of equivalent disturbance, the larger the number of samples, the
larger the disturbance bound of the model. This indicates that as the number of samples
increases, the disturbance bound of the model increases and stability becomes worse, which
means that the grey model is suitable for the modeling of the “less data” problem.

When the sample size n is unchanged, the particle swarm optimization algorithm can
be used to adjust the parameter r, so that the disturbance bound of the solution satisfies
L
[

x(0)i (2)
]
< L

[
x(0)i (3)

]
< · · · < L

[
x(0)i (k− 1)

]
< L

[
x(0)i (k)

]
. That means x(0)i (k) is more

sensitive to the solution than x(0)i (k− 1). It also indicates that new information is given
more weight than old information. Therefore, the DDGM(1,N) model conforms to the new
information priority principle.

3.5. The Case Study

This paper takes the relationship between water consumption and different factors
in Jinhua City as an example. The original data of Jinhua presented in Table 1 are from
2010 to 2017. The relationship between population and water consumption is analyzed
according to the results, as well as the industrial added value and water consumption.
Following the method described in Section 3.1 above, we can obtain the results that
θ(T1, T2) = 0.8247, θ(T1, T3) = 0.7595, θ(T1, T4) = 0.6615, θ(T1, T5) = 0.5347. The re-
sults show that the population has the largest impact on the water consumption, followed
by the added value of the primary industry and the secondary industry, and finally, the
added value of the tertiary industry has the least impact on the water consumption.
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Table 1. Data on water consumption and related factors in Jinhua City from 2010 to 2017.

Year

Water
Consumption
(Billion Cubic

Meters)

Population
(10,000 People)

Value Added by
the Primary

Industry
(CNY 100 Million)

Value Added by the
Secondary Industry
(CNY 100 Million)

Value Added by the
Tertiary Industry

(CNY 100 Million)

2010 19.44 536.2 104.81 1054.64 941.68
2011 18.91 538.6 120.66 1180.60 1131.85
2012 18.96 539.9 128.36 1285.13 1276.36
2013 18.78 542.8 128.99 1402.26 1449.69
2014 17.88 543.7 130.39 1482.06 1602.72
2015 17.51 545.4 131.90 1550.90 1798.28
2016 17.19 552.0 137.73 1561.29 2006.21
2017 17.10 556.4 134.97 1622.74 2204.45

DDGM(1,N) model is constructed according to the original data in Table 1, and the
calculation process is shown as follows.

(1) The water consumption sequence of Jinhua City from 2010 to 2017 is

T(0)
1 = {19.44, 18.91, 18.96, 18.78, 17.88, 17.51, 17.19, 17.10}

The population of Jinhua City from 2010 to 2017 is

T(0)
2 = {536.2, 538.6, 539.9, 542.8, 543.7, 545.4, 552.0, 556.4}

Then, the optimal order (r = 0.02) is obtained through the particle swarm optimization
(PSO) algorithm in MATLAB (R2016b). The r-order (r = 0.02) cumulative sequences are
as follows:

T(0.02)
1 = {19.44, 19.30, 19.73, 19.93, 19.41, 19.40, 19.44}

T(0.02)
2 = {536.2, 549.40, 561.55, 575.33, 587.16, 599.82, 617.40, 632.92}

(2)

b̂ = [b0, b1, b2]
T =

(
BT B

)−1
BTY =

 0.0744
0.0003
17.9512

T

According to Equations (9) and (10), the parameters B and Y can be obtained.

B =



19.4400 549.4017 1
19.3016 561.5518 1
19.7326 575.3281 1
19.9345 587.1628 1
19.4128 599.8156 1
19.4030 617.4026 1
19.4358 632.9227 1



Y =



19.3016
19.7326
19.9345
19.4128
19.4030
19.4358
19.6921
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(3) The simulated value of T(0)
1 is obtained using Equation (11) as follows:

T̂(0)
1 = {19.44, 19.1478, 18.7619, 18.3694, 17.976, 17.5826, 17.1906, 16.7981, 16.4015, 16.0077}

Finally, the fitting and prediction results can be obtained, and the validity can be tested
using MAPE with fitting MAPE = 0.9022% and prediction MAPE = 1.36%, respectively.

The fitting and prediction results of DDGM(1,2), GM(1,1) and GM(1,2) are shown in
Table 2. Compared with the two classical grey models, the fitting MAPE and prediction
MAPE of DDGM(1,2) model are both the smallest. There is no significant difference between
the fitting MAPE of DDGM(1,2) and GM(1,1), but the prediction MAPE of DDGM(1,2) is
smaller than that of GM(1,1). As for GM(1,2), both the fitting MAPE and the prediction
MAPE of DDGM(1,2) are much smaller than GM(1,2). Therefore, DDGM(1,2) model has
better fitting and prediction performance, indicating that this model is more effective in
predicting water consumption.

Table 2. Comparison results between three models based on the population factor (units: billion
cubic meters).

Year Actual Value DDGM(1,2) GM(1,1) GM(1,2)

2010 19.44 19.44 19.44 19.44
2011 18.91 19.15 19.16 14.70
2012 18.96 18.76 18.78 18.97
2013 18.78 18.37 18.4 18.15
2014 17.88 17.98 18.03 17.99
2015 17.51 17.58 17.67 18.02
2016 17.19 17.19 17.32 18.24
2017 17.10 16.80 16.97 18.39
Simulation MAPE
(%) 0.902 1.08 5.36

2018 16.28 16.41 17.41 18.52
2019 15.71 16.01 16.82 18.58
Forecast MAPE (%) 1.36 7.00 16.01

Similarly, the DDGM(1,2) model is constructed according to the water consumption
and the added value of the tertiary industry shown in Table 1. The fitting and prediction
results of the three models are shown in Table 3. It can be found that the fitting MAPE
and prediction MAPE of the DDGM(1,2) model are smaller than those of GM(1,1) and
GM(1,2). This further illustrates the effectiveness of the DDGM(1,2) model to predict water
consumption.

Table 3. Comparison results between three models based on the tertiary industry factor (units: billion
cubic meters).

Year Actual Value DDGM(1,2) GM(1,1) GM(1,2)

2010 19.44 19.44 19.44 19.44
2011 18.91 19.16 19.16 14.70
2012 18.96 18.77 18.78 18.97
2013 18.78 18.37 18.4 18.15
2014 17.88 17.98 18.03 17.99
2015 17.51 17.58 17.67 18.02
2016 17.19 17.19 17.32 18.24
2017 17.10 16.80 16.97 18.39
Simulation MAPE (%) 0.903 1.08 5.36
2018 16.28 16.40 17.41 18.52
2019 15.71 16.00 16.82 18.58
Forecast MAPE (%) 1.31 7.00 16.01
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4. Forecasting Results and Discussion

In order to accurately predict the water consumption, we should consider the impact of
three major industries and the population. However, the future changes of these variables
are unknown. Therefore, this paper makes a hypothesis on the growth rate based on the
government work report and urban development planning from recent years. Combined
with different influencing factors, the DDGM(1,N) model was established to predict the
urban water consumption. The calculation steps are the same as those in Section 3.2 in
this paper. In this section, we predict the water consumption in the years of 2020–2025
using data from 2010 to 2019 for cities within Zhejiang Province and Shanghai. Due to the
incompleteness of the data obtained in Anhui Province, the original data we had are from
2013 to 2019, so the forecasted range of water consumption in Anhui Province covers the
years of 2020–2023.

4.1. Discussion on the Forecasting Results Combined with Population

The forecasting results for water consumption in the cities of Zhejiang Province are
shown in Table 4 and Figure 2. As shown in Figure 2, the water consumption in Zhoushan
will have an upward trend. However, the change in water consumption in Zhoushan is not
significant compared with other cities. In the other seven cities, the water consumption
shows a descending trend with the rise in population. In terms of numerical analysis,
Hangzhou and Ningbo have a comparatively large population, so water consumption
will also be at a high level. Water consumption in Huzhou, Jiaxing, Shaoxing, Jinhua and
Taizhou will be at a moderate level. Due to the continuous increase in population and
the increase in per capita income, personal and family consumption continue to increase,
which has resulted in an increasing discharge of urban domestic sewage. Therefore, the
government should adopt a series of control measures such as a tiered pricing mechanism
for the management of water prices.

Table 4. Forecasting results at different growth rates of population in Zhejiang (units: billion
cubic meters).

City Growth Rate 2020 2021 2022 2023 2024 2025

Hangzhou 1.0% 23.56 20.29 17.50 15.05 12.82 10.75
2.0% 23.10 19.05 15.22 11.56 7.98 4.46
3.0% 22.66 17.80 12.92 8.00 3.01 −2.06

Ningbo 1.0% 20.26 20.12 19.99 19.87 19.76 19.65
3.0% 20.22 19.98 19.73 19.47 19.21 18.93
5.0% 20.14 19.79 19.40 18.99 18.55 18.08

Huzhou 0.5% 12.08 11.25 10.44 9.65 8.88 8.11
1.0% 11.97 10.94 9.85 8.70 7.51 6.28
1.5% 11.86 10.62 9.24 7.74 6.13 4.42

Jiaxing 1.0% 17.82 17.56 17.31 17.05 16.80 16.54
2.0% 17.65 17.17 16.66 16.15 15.62 15.08
3.0% 17.49 16.78 16.03 15.24 14.42 13.58

Shaoxing 0.5% 17.12 16.61 16.07 15.51 14.93 14.34
1.0% 17.25 16.60 15.87 15.06 14.18 13.24
1.5% 16.97 16.16 15.21 14.13 12.92 11.59

Jinhua 0.5% 15.23 14.72 14.20 13.66 13.12 12.57
1.0% 15.19 14.58 13.93 13.22 12.48 11.68
1.5% 15.14 14.45 13.66 12.79 11.83 10.79

Zhoushan 0.5% 1.62 1.64 1.66 1.68 1.69 1.71
1.0% 1.63 1.66 1.69 1.72 1.75 1.78
1.5% 1.64 1.67 1.71 1.76 1.81 1.86

Taizhou 0.5% 14.75 14.23 13.67 13.06 12.42 11.74
1.0% 14.66 13.98 13.19 12.28 11.26 10.15
1.5% 14.58 13.74 12.70 11.48 10.09 8.53
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Figure 2. Forecasting results for Zhejiang Province.
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At present, many cities in the Yangtze River Delta have become water-scarce cities.
The conservation and protection of water resources has become an urgent matter. The
government should aim to improve water quality and protect the water system by establish-
ing a water pollution prevention mechanism. It is strictly forbidden to develop high-risk
and high-polluting industries at the source of rivers and upstream. At the same time, the
population of these cities should be taken seriously. The government should also actively
promote water conservation knowledge and carry out thematic activities related to the
protection of resources so they can finally achieve the goal of improving people’s water
conservation awareness.

Table 5 and Figure 3 show the prediction results for Shanghai at different growth
rates of population. With the rise in the population growth rate, the water consumption
in Shanghai will decline. During the process of rapid industrialization and urbanization,
the influence of environmental factors on regional economic development is increasingly
apparent. With the continuous emission and accumulation of pollutants from production
activities and people’s daily lives, Shanghai is facing the pressure of regional environ-
mental quality. At the same time, Shanghai as a densely populated city, and the problem
of population control also brings challenges to the government’s management of water
resources. Taihu Lake, the lower reaches of the Yangtze River, Qiantang River and other
water resources are polluted in different degrees, while Taihu Lake is the most serious. At
present, only 1% of the surface water in Shanghai meets the national standard of drinking
water sources. Water pollution makes this area, which has abundant water resources,
gradually become a water shortage region.

Table 5. Forecasting results at different growth rates of population in Shanghai (units: billion
cubic meters).

City Growth Rate 2020 2021 2022 2023 2024 2025

Shanghai 1.0% 101.89 100.86 99.71 98.45 97.13 95.74
3.0% 101.15 98.87 96.03 92.74 89.09 85.12
5.0% 100.48 96.92 92.32 86.84 80.62 73.74
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The forecasting results for Anhui Province under different population growth rates
are shown in Table 6 and Figure 4. The water consumption in Anqing, Chuzhou, Hefei and
Maanshan in Anhui Province decrease with the increase in population. This shows that
under the correct guidance of these city governments and with the reasonable and effective
control of water resources, the water conservation awareness of residents and the protection
of resources improve. With the change in the population growth rate, the tendency of water
consumption in Xuancheng inclines to present a consistently downward trend. This shows
that the effect of demographic factors on the changes in water consumption in Xuancheng
is not obvious, and it can be analyzed from other aspects. When the population shows
a negative growth, the water consumption in Tongling declines. When the population
shows a positive growth trend, the water consumption in Tongling begins to show an
upward trend. This indicates that the population factor has an impact on the change in
water consumption. So, we should pay attention to the population management of the city
to achieve better results in the management of water resources.

Table 6. Forecasting results at different growth rates of population in Anhui (units: billion
cubic meters).

City Growth Rate 2020 2021 2022 2023

Hefei 0.5% 30.49 30.44 30.39 30.34
1.0% 30.48 30.42 30.36 30.30
1.5% 30.47 30.40 30.32 30.25

Tongling −0.5% 12.60 12.55 12.44 12.30
0.5% 12.72 12.87 13.00 13.13
1.0% 12.79 13.04 13.30 13.57

Chizhou −0.5% 10.12 10.12 10.12 10.12
0.5% 10.10 10.09 10.08 10.07
1.0% 10.10 10.08 10.06 10.04

Wuhu −0.5% 29.97 29.97 29.96 29.96
0.5% 29.96 29.95 29.94 29.94
1.0% 29.95 29.94 29.933 29.92

Anqing −0.5% 23.63 23.11 22.50 21.97
0.5% 23.68 23.17 22.60 22.14
1.0% 23.70 23.20 22.65 22.14

Xuancheng −0.5% 14.15 14.22 14.10 14.13
0.5% 14.13 14.19 14.07 14.08
1.0% 14.12 14.18 14.05 14.06

Maanshan −0.5% 31.37 31.11 30.89 30.71
0.5% 31.25 30.78 30.32 29.87
1.0% 31.18 30.62 30.03 29.44

Chuzhou −0.5% 22.42 22.41 22.40 22.39
0.5% 22.40 22.37 22.35 22.32
1.0% 22.38 22.35 22.32 22.28

4.2. Discussion on the Forecasting Results Combined with the Primary Industry

The forecasting results for the cities in Zhejiang Province under different growth rates
of the added value of the primary industry are shown in Table 7 and Figure 5. The figure
shows that the prediction results for six cities will descend with the rise in the added value
of the primary industry. On the one hand, people’s water conservation awareness in these
areas was improved, and the water-saving technology industry was improved. On the other
hand, due to the growth of the primary industry, the government has strengthened the
control and protection of water resources. The trend of water consumption in Jiaxing and
Zhoushan is different from that in other cities. The faster the primary industry develops,
the greater the annual water consumption. However, compared with other cities, the
population base of Zhoushan is relatively small, and the expansion of the primary industry
is relatively backward. Therefore, the change in the water consumption is not obvious.
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Table 7. Forecasting results at different growth rates of the primary industry in Zhejiang (units:
billion cubic meters).

City Growth Rate 2020 2021 2022 2023 2024 2025

Hangzhou 5% 26.69 23.48 20.06 16.46 12.67 8.69
10% 25.64 20.55 14.48 7.50 −0.40 −9.21
15% 24.65 17.58 8.56 −2.42 −15.47 −30.74

Ningbo 5% 20.31 20.17 20.03 19.87 19.71 19.53
10% 20.28 20.06 19.80 19.51 19.18 18.82
15% 20.22 19.91 19.52 19.06 18.53 17.91

Huzhou 5% 10.53 9.09 7.41 5.48 3.26 0.72
10% 10.46 8.86 6.91 4.58 1.80 −1.50
15% 10.39 8.62 6.38 3.59 0.14 −4.09

Jiaxing −5% 18.77 18.73 18.70 18.66 18.63 18.59
5% 18.79 18.80 18.83 18.86 18.90 18.94

10% 18.80 18.84 18.90 18.98 19.07 19.18

Shaoxing 5% 17.24 16.69 16.05 15.34 14.56 13.70
10% 17.07 16.20 15.08 13.73 12.13 10.29
15% 16.91 15.69 14.04 11.93 9.34 6.21

Jinhua 5% 15.20 14.58 13.89 13.14 12.32 11.43
10% 15.11 14.32 13.37 12.23 10.90 9.35
15% 15.03 14.06 12.80 11.22 9.28 6.91

Zhoushan 5% 1.64 1.67 1.69 1.72 1.74 1.77
10% 1.66 1.71 1.76 1.82 1.88 1.95
15% 1.68 1.75 1.83 1.93 2.05 2.18

Taizhou 5% 13.96 13.09 12.14 11.11 9.99 8.80
10% 13.83 12.68 11.30 9.67 7.77 5.60
15% 13.69 12.25 10.40 8.08 5.24 1.82
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Figure 5. Cont.



Axioms 2023, 12, 655 19 of 33Axioms 2023, 12, 655 21 of 35 
 

  

Figure 5. Forecasting results for Zhejiang Province. 
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erned to reduce the pressure on the environment. Shanghai is a leader in the economic 
integration of the Yangtze River Delta and, accompanied with the economic transfor-
mation and construction of an international metropolis, Shanghai has a huge spillover 
effect on the development of the surrounding cities. In terms of water management and 
control, Shanghai should continue to maintain its current momentum. Agriculture that 
pollutes the environment should continue to be paid attention to and given management 
measures. Furthermore, Shanghai should promote the construction of a water-saving so-
ciety in an all-around and in-depth manner. 
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Figure 5. Forecasting results for Zhejiang Province.

Table 8 and Figure 6 show the prediction results for Shanghai. With the accelerated
growth in the primary industry, the water consumption in the city has shown a downward
trend. This shows that the government’s management is effective. The agriculture and
animal husbandry industries that emit large amounts of pollutants are carefully governed
to reduce the pressure on the environment. Shanghai is a leader in the economic inte-
gration of the Yangtze River Delta and, accompanied with the economic transformation
and construction of an international metropolis, Shanghai has a huge spillover effect on
the development of the surrounding cities. In terms of water management and control,
Shanghai should continue to maintain its current momentum. Agriculture that pollutes
the environment should continue to be paid attention to and given management measures.
Furthermore, Shanghai should promote the construction of a water-saving society in an
all-around and in-depth manner.

Table 8. Forecasting results at different growth rates of the primary industry in Shanghai (units:
billion cubic meters).

City Growth Rate 2020 2021 2022 2023 2024 2025

Shanghai −5% 106.75 108.42 110.42 112.70 115.20 117.89
5% 105.68 105.31 104.39 102.93 100.96 98.48

10% 105.14 103.67 101.05 97.24 92.21 85.93
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Figure 6. Forecasting results for Shanghai.

The prediction results for water consumption in the cities of Anhui Province are
shown in Table 9 and Figure 7. When the primary industry increases, the annual water
consumption in Chuzhou, Hefei and Ma’anshan will show a downward trend. The greater
the growth rate of the primary industry is, the faster the reduction in water consumption
will be. The change trend of water consumption in Tongling and Wuhu is very similar. A
faster growth rate of water consumption will emerge when the growth rate of the primary
industry is higher. Water consumption in Chizhou shows an upward trend when the
assumed growth rate increases. This shows that there is an important relationship between
Chizhou’s primary industry and water consumption. When the growth rate changes,
Xuancheng will always show a downward trend. Anqing’s annual water consumption has
shown a downward trend. Therefore, the cities should continue to strengthen the evolution
and upgrading of technology on the preservation of the environment, which ultimately
helps to achieve the aim of improving efficiency.

Table 9. Forecasting results at different growth rates of the primary industry in Anhui (units: billion
cubic meters).

City Growth Rate 2020 2021 2022 2023

Hefei −5% 30.44 30.46 30.48 30.50
5% 30.26 30.11 29.97 29.81

10% 30.17 29.92 29.66 29.38

Tongling −5% 12.95 12.64 12.31 11.98
5% 13.22 13.28 13.34 13.42

10% 13.36 13.62 13.93 14.29

Chizhou 5% 10.12 10.12 10.11 10.11
10% 10.15 10.19 10.23 10.27
15% 10.18 10.26 10.35 10.46

Wuhu −5% 30.05 29.92 29.79 29.66
5% 30.34 30.45 30.56 30.68

10% 30.49 30.74 31.02 31.33
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Table 9. Cont.

City Growth Rate 2020 2021 2022 2023

Anqing −5% 23.77 23.48 22.59 22.26
5% 24.23 23.96 23.49 23.22

10% 24.46 24.25 24.02 23.85

Xuancheng −5% 14.18 14.21 14.15 14.16
5% 14.11 14.13 14.02 14.00

10% 14.09 14.10 13.95 13.91

Maanshan −5% 30.17 29.78 29.52 29.34
5% 29.65 28.40 27.08 25.70

10% 29.39 27.68 25.72 23.54

Chuzhou −5% 22.43 22.47 22.57 22.65
5% 22.15 22.00 21.89 21.76

10% 22.00 21.75 21.49 21.19
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Figure 7. Forecasting results for Anhui Province. 
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cities except for Zhoushan all show a downward trend. This shows that under the guid-
ance of the government’s intervention in the secondary industry, good water-saving re-
sults were achieved in water resources management. For example, Hangzhou issued a 
“water limit order” to 212 companies that use more than 10,000 tons of water per month. 
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Figure 7. Forecasting results for Anhui Province.

4.3. Discussion on the Forecasting Results Combined with the Secondary Industry

The forecasting results for the cities in Zhejiang Province under different change rates
of the added value of the secondary industry are shown in Table 10 and Figure 8. With
the rise in the added value of the secondary industry, the annual water consumption
in cities except for Zhoushan all show a downward trend. This shows that under the
guidance of the government’s intervention in the secondary industry, good water-saving
results were achieved in water resources management. For example, Hangzhou issued a
“water limit order” to 212 companies that use more than 10,000 tons of water per month.
Shaoxing launched a water-saving campaign for the eight major water-consuming indus-
tries, including thermal power, chemical industry, and papermaking; other cities adopted
various water-saving measures. It is recommended that the water-saving management
departments in various cities should strengthen their communication and exchanges of
experience in building a water-saving society. Therefore, we should jointly seek the key
points of conservation in cities with “water-quality water shortage”.

Table 10. Forecasting results at different growth rates of the secondary industry in Zhejiang (units:
billion cubic meters).

City Growth Rate 2020 2021 2022 2023 2024 2025

Hangzhou 5% 27.28 24.47 21.52 18.42 15.18 11.78
10% 26.46 22.10 16.95 11.04 4.38 −3.06
15% 25.62 19.64 12.04 2.81 −8.15 −20.97

Ningbo 5% 20.29 20.16 20.02 19.88 19.74 19.59
10% 20.24 20.03 19.79 19.52 19.22 18.90
15% 20.20 19.90 19.54 19.12 18.63 18.06

Huzhou 5% 12.19 11.44 10.71 9.97 9.22 8.45
10% 12.03 10.99 9.83 8.53 7.10 5.51
15% 11.88 10.53 8.89 6.94 4.65 1.97

Jiaxing 5% 17.56 17.31 17.07 16.83 16.59 16.33
10% 17.45 17.03 16.56 16.06 15.51 14.90
15% 17.34 16.73 16.01 15.19 14.23 13.14

Shaoxing 5% 16.90 16.28 15.63 14.96 14.25 13.52
10% 16.72 15.76 14.64 13.35 11.90 10.27
15% 16.54 15.23 13.58 11.56 9.17 6.36

Jinhua 5% 15.33 14.82 14.29 13.73 13.15 12.54
10% 15.22 14.51 13.67 12.70 11.60 10.37
15% 15.12 14.19 13.01 11.56 9.83 7.78

Zhoushan 5% 1.68 1.72 1.75 1.79 1.82 1.86
10% 1.69 1.75 1.82 1.89 1.97 2.06
15% 1.71 1.79 1.89 2.01 2.15 2.31

Taizhou 5% 14.19 13.36 12.51 11.63 10.71 9.76
10% 14.07 12.99 11.74 10.33 8.74 6.96
15% 13.95 12.59 10.91 8.89 6.47 3.62



Axioms 2023, 12, 655 23 of 33

Axioms 2023, 12, 655 25 of 35 
 

 10% 1.69 1.75 1.82 1.89 1.97 2.06 
 15% 1.71 1.79 1.89 2.01 2.15 2.31 

Taizhou 5% 14.19 13.36 12.51 11.63 10.71 9.76 
 10% 14.07 12.99 11.74 10.33 8.74 6.96 
 15% 13.95 12.59 10.91 8.89 6.47 3.62 

The water consumption in Zhoushan has shown an upward trend, but the base and 
change in water consumption are very small. This is because compared with other cities, 
Zhoushan’s industry and construction are not well developed, and the speed of economic 
growth is comparatively slow, which is limited by the geographical conditions of 
Zhoushan. Zhoushan is composed of many islands, so it faces many problems in terms of 
transportation. 

 

  

  

2020 2021 2022 2023 2024 2025

-20

-10

0

10

20

30

Hangzhou

W
at

er
 c

on
su

m
pt

io
n 

(1
00

 m
ill

io
n 

cu
bi

c 
m

et
re

s)

Time (Year)

 5%
 10%
 15%

2020 2021 2022 2023 2024 2025

2

4

6

8

10

12

Huzhou

W
at

er
 c

on
su

m
pt

io
n 

(1
00

 m
ill

io
n 

cu
bi

c 
m

et
re

s)

Time (Year)

 5%
 10%
 15%

2020 2021 2022 2023 2024 2025

13

14

15

16

17

18

Jiaxing

W
at

er
 c

on
su

m
pt

io
n 

(1
00

 m
ill

io
n 

cu
bi

c 
m

et
re

s)

Time (Year)

 5%
 10%
 15%

2020 2021 2022 2023 2024 2025
7

8

9

10

11

12

13

14

15

16

Jinhua

W
at

er
 c

on
su

m
pt

io
n 

(1
00

 m
ill

io
n 

cu
bi

c 
m

et
re

s)

Time (Year)

 5%
 10%
 15%

2020 2021 2022 2023 2024 2025

18.0

18.5

19.0

19.5

20.0

20.5

Ningbo

W
at

er
 c

on
su

m
pt

io
n 

(1
00

 m
ill

io
n 

cu
bi

c 
m

et
re

s)

Time (Year)

 5%
 10%
 15%

2020 2021 2022 2023 2024 2025

6

8

10

12

14

16

18

Shaoxing

W
at

er
 c

on
su

m
pt

io
n 

(1
00

 m
ill

io
n 

cu
bi

c 
m

et
re

s)

Time (Year)

 5%
 10%
 15%

Axioms 2023, 12, 655 26 of 35 
 

  
Figure 8. Forecasting results for Zhejiang Province. 

Table 11 and Figure 9 show the forecasting results for Shanghai under different 
growth rates of the secondary industry added value. The faster the secondary industry 
grows, the faster the water consumption will decrease. This shows that the efforts made 
in Shanghai to promote the construction of a water-saving society have achieved excellent 
results. The government implements and improves a strict water resources management 
system to fundamentally facilitate water conservation. The water resources management 
department conducts regular inspections of water-using enterprises. Through the formu-
lation and implementation of water-saving measures, the water-saving potential of enter-
prises and industrial water-saving technologies can be tapped. Meanwhile, through the 
innovation and application of technology, the recycling utilization rate of industrial water 
was improved. 

Table 11. Forecasting results at different growth rates of the secondary industry in Shanghai (units: 
billion cubic meters). 

City Growth Rate 2020 2021 2022 2023 2024 2025 
Shanghai −5% 99.67 100.19 101.46 103.15 105.06 107.08 

 5% 97.77 94.79 91.68 88.43 85.03 81.47 
 10% 96.67 91.77 86.03 79.49 72.15 64.00 

 

2020 2021 2022 2023 2024 2025
2

4

6

8

10

12

14

Taizhou

W
at

er
 c

on
su

m
pt

io
n 

(1
00

 m
ill

io
n 

cu
bi

c 
m

et
re

s)

Time (Year)

 5%
 10%
 15%

2020 2021 2022 2023 2024 2025

1.7

1.8

1.9

2.0

2.1

2.2

2.3

2.4

Zhoushan

W
at

er
 c

on
su

m
pt

io
n 

(1
00

 m
ill

io
n 

cu
bi

c 
m

et
re

s)

Time (Year)

 5%
 10%
 15%

2020 2021 2022 2023 2024 2025
60

70

80

90

100

110

W
at

er
 c

on
su

m
pt

io
n(

10
0 

m
ill

io
n 

cu
bi

c 
m

et
er

s)

Time(Year)
Shanghai

 −5%
   5%
 10%

Figure 8. Forecasting results for Zhejiang Province.
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The water consumption in Zhoushan has shown an upward trend, but the base
and change in water consumption are very small. This is because compared with other
cities, Zhoushan’s industry and construction are not well developed, and the speed of
economic growth is comparatively slow, which is limited by the geographical conditions of
Zhoushan. Zhoushan is composed of many islands, so it faces many problems in terms of
transportation.

Table 11 and Figure 9 show the forecasting results for Shanghai under different growth
rates of the secondary industry added value. The faster the secondary industry grows, the
faster the water consumption will decrease. This shows that the efforts made in Shanghai
to promote the construction of a water-saving society have achieved excellent results. The
government implements and improves a strict water resources management system to
fundamentally facilitate water conservation. The water resources management department
conducts regular inspections of water-using enterprises. Through the formulation and
implementation of water-saving measures, the water-saving potential of enterprises and in-
dustrial water-saving technologies can be tapped. Meanwhile, through the innovation and
application of technology, the recycling utilization rate of industrial water was improved.

Table 11. Forecasting results at different growth rates of the secondary industry in Shanghai (units:
billion cubic meters).

City Growth Rate 2020 2021 2022 2023 2024 2025

Shanghai −5% 99.67 100.19 101.46 103.15 105.06 107.08
5% 97.77 94.79 91.68 88.43 85.03 81.47

10% 96.67 91.77 86.03 79.49 72.15 64.00
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Figure 9. Forecasting results for water consumption in Shanghai.

The forecasting results for the cities in Anhui Province under different growth rates of
the secondary industry added value are shown in Table 12 and Figure 10. The results show
that the water consumption in Anqing, Ma’anshan and Xuancheng decrease with the rise in
the added value of the secondary industry. This is because these cities have high industrial
water utilization and advanced industrial water-saving technologies. The change trends of
water consumption in Tongling and Wuhu are very similar. Water consumption will decline
with the development of the secondary industry in these cities. Water consumption in
Chizhou will rise with the increase in the growth rate. This shows that with the expansion
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of the city’s size, the scale and number of industries have increased, which further led to an
increase in industrial water consumption, which, in turn, triggered the rise in Chizhou’s
water consumption. With the development of the secondary industry added value, the
water consumption in Hefei will show a downward trend because Hefei increased the
utilization rate of industrial water by improving water-saving technologies. Therefore, the
local government should strengthen the management and control of industrial water and
increase the utilization rate of industrial water.

Table 12. Forecasting results at different growth rates of the secondary industry in Anhui (units:
billion cubic meters).

City Growth Rate 2020 2021 2022 2023

Hefei −5% 30.62 30.75 30.87 30.99
5% 30.32 30.18 30.03 29.88

10% 30.17 29.88 29.55 29.18

Tongling −5% 12.05 11.50 10.98 10.48
5% 12.74 12.97 13.25 13.54

10% 13.08 13.76 14.55 15.43

Chizhou −5% 10.02 9.90 9.77 9.66
5% 10.11 10.08 10.06 10.03

10% 10.16 10.18 10.22 10.26

Wuhu −5% 29.68 29.45 29.21 28.98
5% 30.04 30.09 30.15 30.21

10% 30.23 30.44 30.69 30.98

Anqing −5% 24.83 24.55 24.36 24.10
5% 24.51 24.12 23.68 23.27

10% 24.35 23.89 23.29 22.75

Xuancheng −5% 14.22 14.14 14.07 14.01
5% 14.18 14.08 13.99 13.89

10% 14.16 14.04 13.93 13.82

Maanshan −5% 26.22 23.50 20.60 17.50
5% 25.86 22.48 18.68 14.51

10% 25.67 21.94 17.61 12.75

Chuzhou −5% 22.37 22.40 22.43 22.46
5% 22.29 22.25 22.21 22.17

10% 22.24 22.17 22.08 21.99

4.4. Discussion on the Forecasting Results Combined with the Tertiary Industry

The forecasting results for the cities in Zhejiang Province are shown in Table 13 and
Figure 11. The results show that except for Zhoushan, the water consumption in the other
seven cities present a downward trend because these cities pay more attention to water
management, e.g., in the technical transformation and upgrading of water-using equipment
for industries with high water consumption such as accommodation, catering and real
estate. At the same time, the adjustment of water prices can also help to achieve the goal
of improving water efficiency. With the development of the tertiary industry, Zhoushan’s
annual water consumption has shown a gentle upward trend. Compared with other cities,
Zhoushan’s economic development is lagging, and the growth of the tertiary industry is
also at a low level. Therefore, the water consumption in Zhoushan is kept at a low level.
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Figure 10. Forecasting results for water consumption in Anhui Province.



Axioms 2023, 12, 655 27 of 33

Table 13. Forecasting results at different growth rates of the tertiary industry in Zhejiang (units:
billion cubic meters).

City Growth Rate 2020 2021 2022 2023 2024 2025

Hangzhou 5% 26.13 23.68 21.37 19.08 16.76 14.36
10% 25.24 21.27 16.97 12.28 7.14 1.51
15% 24.34 18.77 12.23 4.64 −4.12 −14.20

Ningbo 10% 20.18 19.93 19.67 19.39 19.08 18.75
15% 20.13 19.79 19.40 18.95 18.44 17.85
20% 20.08 19.64 19.11 18.47 17.70 16.77

Huzhou 10% 11.98 10.95 9.84 8.62 7.29 5.83
15% 11.84 10.53 8.99 7.19 5.08 2.65
20% 11.70 10.10 8.09 5.60 2.55 −1.15

Jiaxing 10% 17.67 17.33 16.97 16.57 16.13 15.65
15% 17.59 17.12 16.55 15.90 15.15 14.28
20% 17.51 16.88 16.09 15.14 13.99 12.60

Shaoxing 5% 16.86 16.35 15.86 15.36 14.85 14.33
10% 16.70 15.92 15.05 14.07 13.00 11.81
15% 16.55 15.48 14.12 12.64 10.84 8.76

Jinhua 5% 15.41 15.03 14.67 14.30 13.93 13.55
10% 15.29 14.71 14.07 13.35 12.57 11.70
15% 15.19 14.39 13.44 12.31 11.00 9.48

Zhoushan 5% 1.65 1.67 1.70 1.72 1.75 1.77
10% 1.67 1.71 1.76 1.82 1.88 1.94
15% 1.68 1.75 1.83 1.93 2.03 2.16

Taizhou 5% 13.82 13.00 12.14 11.26 10.36 9.43
10% 13.72 12.66 11.46 10.10 8.57 6.88
15% 13.60 12.29 10.69 8.77 6.48 3.79

Table 14 and Figure 12 show the forecasting results for Shanghai under different
growth rates of the tertiary industry. It is shown that a downtrend will present in the
next few years. This is because Shanghai has strengthened their management of water
resources by launching a number of water-saving campaigns to raise people’s awareness
of the importance of saving water. Regarding the remediation of industries with a high
water consumption, the water resources management department has carried out measures
by adjusting water prices, updating water-saving equipment and upgrading water-saving
technologies.

Table 14. Forecasting results at different growth rates of the tertiary industry in Shanghai (units:
billion cubic meters).

City Growth Rate 2020 2021 2022 2023 2024 2025

Shanghai 5% 94.77 92.47 90.35 88.22 86.04 83.76
10% 93.76 89.76 85.53 80.95 75.95 70.46
15% 92.52 86.70 80.06 72.46 63.74 53.73
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Figure 11. Forecasting results for Zhejiang Province.
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The forecasting results for water consumption in the cities of Anhui Province are
shown in Table 15 and Figure 13. We can find that the trends of water consumption in
Chizhou, Chuzhou, Hefei and Tongling are very similar. The rise in water consumption
accelerates as the growth rate of the tertiary industry increases. It is suggested that these
cities should control the growth speed of the tertiary industry so as to avoid excessively
fast economic growth from putting a huge pressure on the resources and environment.
Traditional high-polluting industries such as the printing and dyeing, papermaking and
chemical industries still account for a relatively high share, while the proportion of high-
tech industries and service industries is still relatively small in these cities. The annual water
consumption in Anqing, Ma’anshan, Wuhu and Xuancheng decrease. The government
departments of these cities are actively carrying out water-saving-related activities. The
water efficiency has been improved by raising water prices and improving reclaimed water
utilization technology. Through these methods, the coordinated development between
water use and economic development can be achieved.

Table 15. Forecasting results at different growth rates of the tertiary industry in Anhui (units: billion
cubic meters).

City Growth Rate 2020 2021 2022 2023

Hefei 10% 30.73 30.70 30.68 30.67
15% 30.85 30.95 31.09 31.29
20% 30.97 31.21 31.54 31.99

Tongling 10% 12.60 12.73 12.93 13.18
15% 12.82 13.28 13.89 14.65
20% 13.03 13.85 14.93 16.31

Chizhou 10% 10.11 10.11 10.12 10.13
15% 10.15 10.20 10.26 10.35
20% 10.19 10.29 10.43 10.61
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Table 15. Cont.

City Growth Rate 2020 2021 2022 2023

Wuhu 10% 29.97 29.97 29.96 29.95
15% 29.97 29.96 29.96 29.95
20% 29.97 29.96 29.95 29.93

Anqing 10% 24.35 23.50 23.19 22.49
15% 24.14 23.14 22.58 21.63
20% 23.92 22.77 21.92 20.64

Xuancheng 10% 14.13 13.97 13.85 13.70
15% 14.05 13.83 13.62 13.36
20% 13.97 13.68 13.36 12.97

Maanshan 10% 26.18 23.35 20.26 16.94
15% 26.00 22.78 19.10 14.96
20% 25.81 22.19 17.86 12.77

Chuzhou 10% 22.38 22.36 22.36 22.36
15% 22.44 22.48 22.55 22.65
20% 22.50 22.61 22.77 22.99
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5. Conclusions

This article firstly uses the grey relational analysis to study the related factors affecting
water consumption. Then, through the model comparisons, we found that the DDGM(1,N)
model has a better fitting and prediction effect. Finally, the DDGM (1,N) model was used
to predict the water consumption in 17 cities selected in the Yangtze River Delta region
by considering different influencing factors. The results show that as the growth rate of
the population increases, the water consumption in 15 cities show a downward trend, and
2 cities show an upward trend. With the increase in the growth rate of the primary industry,
the water consumption in 12 cities show a downward trend, and 5 cities show an upward
trend. With the rise in the growth rate of the secondary industry, the water consumption in
14 cities show a downward trend, and 3 cities show an upward trend. With the rise in the
growth rate of the tertiary industry, the water consumption in 12 cities show a downward
trend, and 5 cities show an upward trend. In general, the water consumption in most cities
will continue to show a downward trend in the future.

According to the prediction results obtained in this paper, we have some policy
recommendations as follows. First of all, urban populations should be controlled. We
should avoid a situation where the population density is concentrated, which will cause
great pressure on the water consumption. Secondly, for cities where water consumption
has increased with the development of the primary industry, the water resource utilization
efficiency of agriculture and animal husbandry should be improved. Moreover, for cities
where the water consumption increases with the development of the secondary industry, it
is suggested that they adjust the internal structure of the secondary industry to reduce the
proportion of high water-consuming industries, and meanwhile, strengthen the supervision
of industrial water efficiency. It is possible to raise the utilization rate by adjusting the
water prices and upgrading the water-saving technologies of water-using equipment.
Finally, for cities whose water consumption has increased with the development of the
tertiary industry, the service industries of these cities should shift to the direction of eco-
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environmental protection. We should focus on the accommodation and catering industry,
carry out technical transformation of its water equipment and eliminate outdated high
water-consuming equipment simultaneously. Through the government’s management and
policy guidance, the goal of improving the utilization effect of water resources is realized.
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