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Abstract: To explore the evolution in patterns of urban water consumption (UWC) accompanying
socio-economic development, historical data on socio-economic conditions and water consumption
in developed cities worldwide were collected. stages of evolution and patterns in UWC were
identified through Pettitt tests. Through correlation analysis, the main socio-economic indicators
influencing UWC were identified, and their threshold values for different trends in the evolution
of UWC were statistically analyzed. The use of these patterns of evolution for UWC prediction
was explored taking Changsha, China as a case study. Results indicate the following: (1) UWC
typically increases in the early stage of development and then stabilizes or decreases later; (2) when
UWC stabilizes or decreases, socio-economic indicators, namely per capita GDP, tertiary industry’s
contribution to GDP, and urbanization rate, range from [USD 10,000, 60,000], [60%, 80%], and
[85%, 95%], respectively, entering or approaching the developed economy stage. (3) Using patterns in
this evolution, Changsha’s UWC is predicted to increase until the turning point, which will occur
between 2027 and 2035 (earlier than that predicted using genetic programming) and then decrease
earlier than that of Hunan Province or the entirety of China. Predicted values are lower than those
obtained using the quota method. This study provides a new perspective on relationships between
UWC and socio-economic conditions, supporting water resources planning.

Keywords: urban water consumption; socio-economic indicator; evolution stages and patterns; water
consumption prediction; Pettitt test method; statistical analysis

1. Introduction

Water resources serve as the material basis for human survival and the fundamental
guarantee of sustainable social-economic development [1–3]. As they are an important
component of research on the supply-demand relationship of water resources, an under-
standing of trends in the evolution of urban water consumption (UWC) accompanying
socio-economic development is a key scientific basis for water resources planning and
optimal utilization of limited water resources [4–6].

Generally, water consumption is related to social-economic development and is subject
to the constraints associated with the state of exploitable local water resources [7,8]. The lim-
its on regional water consumption may depend on natural conditions [9,10]. However, the
evolution of water consumption in a region is inevitably driven by socio-economic develop-
ment [11–13]. Before delving into the evolution of water consumption with socio-economic
development, the relevant theories of development stages based on socio-economic de-
velopment should be discussed. Several theories characterizing the development stages
of economies and the corresponding division schemes have been introduced in previous
studies [14–17]. Although different division schemes are used to characterize the stages
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of socio-economic development, they are all based on factors related to socio-economic
production, i.e., gross domestic product (GDP) per capita, industrial structure, etc. Based
on Chenery’s Industrialization Stage Theory [15], certain scholars [18–21] have adopted a
theory of industrialization and variation in urbanization patterns to establish a standard
system of urban development stages with measurable characterizing factors, as outlined in
Table 1. By comparing socio-economic data with the threshold values of the characteristic
factors listed in Table 1, the developmental stages of an economy may be determined.

Table 1. Factors characterizing the different stages of the socio-economic development of an
economy [15].

Stage GDP per Capita
(USD) 1

Industrial
Structure

Urbanization
Rate

Ratio of
Secondary
Industry to

Employment

Ratio of
Non-Agricultural
Industries to GDP

Primary product stage 676–1352
Ratio of 1st

industry > Ratio of
2nd industry

<10% <9% <50%

Primary stage of
industrialization 1352–2705 Ratio of 2nd

industry is greater
than those of the

1st and 2nd
industries

10–70%

9–17% 50–70%

Intermediate stage of
industrialization 2705–5410 17–39% 70–87%

Advanced stage of
industrialization 5410–10,143 39–55% 87–98%

Primary stage of
having a developed

economy
10,143–16,229 Ratio of 3rd

industry > Ratio of
2nd industry >

Ratio of 1st
industry

>70%
Obviously
decreasing

Obviously
increasingAdvanced stage of

having a developed
economy

16,229–24,343

1 The GDP per capita unit, dollars (USD), should be converted to the value in 2015 based on comparable prices.

Considering the relevant theories of divisions of development stages based on socio-
economic development, many researchers have explored the correlation between water
consumption and socio-economic development. Merrett [22] investigated the evolution
of water-consumption patterns in Europe and found that water consumption increased
rapidly in the early urbanization stage but tended to stabilize and gradually decrease as
urbanization slowed in the later stage. Jia et al. [23] adopted the Kuznets curve to ana-
lyze the relationships between industrial water consumption and economic development,
thereby offering valuable insights for collaborative research on these correlations. Zhao
et al. [24] summarized key patterns in the regional evolution of water consumption with
socio-economic development in China, suggesting that this evolution may conform to an
adaptive increase curve responsive to resource constraints (AIR curve). Wang et al. [25]
proposed a fixed-effect panel regression approach and three-panel threshold regression
approaches using updated data from China’s 31 provinces to study the correlation between
urbanization and water consumption at national and subnational scales. The authors
highlighted the significant negative non-linear correlation between urbanization changes
and water consumption. Liu et al. [26] evaluated the spatial variation in the level of urban-
ization across provinces in China and analyzed the influences of urbanization on regional
water consumption. Notably, most of these studies have focused on the national or regional
scales [24,27,28], and the correlation between water consumption and socio-economic
development on the urban scale remains relatively unexplored.

Nevertheless, urban water consumption is an important issue, especially in the context
of climate change and expected water shortages. On the one hand, cities are constantly
growing, with aging existing infrastructures and increasing numbers of people moving to
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urban areas, which leads to an increased demand for water, putting a strain on existing
water resources. On the other hand, climate change is also playing a role, with more fre-
quent droughts and erratic rainfall patterns putting additional stress on water supplies [29].
These socio-economic and environmental factors may act together to exacerbate the state of
water resources and cause severe issues in urban areas. As indicated in the studies of Savelli
et al. [30], unsustainable water consumption in cities can lead to water shortages, impacting
everything from sanitation and hygiene to food production and economic activity. There-
fore, understanding the urban evolution of water consumption is crucial for identifying
areas at risk of water stress or scarcity and balancing socio-economic development and
water resources in urban areas. Through studies on the evolution of water consumption
on the urban scale, the ways in which factors like changing socio-economic conditions,
technological advancement, and climate change are influencing water consumption pat-
terns within cities can be revealed. For instance, studies could explore how socio-economic
development drives changes in water consumption in urban areas. Furthermore, advanced
research might explore the use of universal patterns in the evolution of urban water con-
sumption to predict future water consumption in different urban contexts. This approach
could be crucial for developing proactive water management plans that consider factors
like socio-economic development and climate variability.

The present study aims to explore the universal patterns in the evolution of UWC ac-
companying socio-economic development on the city scale and demonstrate the application
of these derived patterns to predicting future water consumption trends over the evolution
of a city. Figure 1 is a schematic diagram of the research on patterns in the evolution of
UWC accompanying socio-economic development and the application to prediction of
these patterns. According to the research approach shown in Figure 1, historical data on the
socio-economy and water consumption of developed cities worldwide were collected. The
corresponding data preparation is presented in Section 2.1.1. Then, the urban evolution
of the stages and patterns of water consumption accompanying socio-economic develop-
ment were studied through statistical analyses. The corresponding method of identifying
UWC stages and patterns and the method used for analysis of the correlation between
socio-economic development and the evolution of UWC are introduced in Section 2.1.2.
The prediction of the evolution of UWC based on the patterns in the evolution of UWC is
introduced in a case study in Section 2.2. In Section 3, the identified stages in the evolution
of UWC and characteristics and the main socio-economic indicators influencing the evolu-
tion of UWC are presented. The universal patterns in the evolution of UWC were derived.
The correlations between the evolution of UWC and socio-economic development are
discussed, and the threshold values of the main socio-economic indicators corresponding
to trends in transitions between stages of UWC evolution were derived. Taking Changsha
City as a case study, the application of the derived patterns in the evolution of urban water
consumption to predicting the future water consumption of a city are demonstrated and
discussed. Additionally, in Section 4, the following are discussed: comparisons among mod-
els of the evolution of water consumption on different scales; and comparisons between
prediction-based patterns in the evolution of UWC and those derived using other methods.
The feasibility and adaptability of UWC prediction based on patterns in the evolution
of UWC accompanying socio-economic development were analyzed. The reliability and
generalizability of the proposed approach for studying patterns in the evolution of UWC
accompanying socio-economic development are also discussed. The concluding remarks
are presented in Section 5.
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Figure 1. Schematic diagram of the research on patterns in the evolution of UWC accompanying
socio-economic development and their application to prediction.

2. Materials and Methods
2.1. Data Preparation and Research Methods
2.1.1. Data Preparation

This study is focused on analyzing the correlations between the evolution of UWC
and socio-economic development. To this end, several representative developed cities
considered to be in the advanced stage of economic development (as indicated in Table 1)
before 2020 according to Chenery’s Industrialization Stage Theory [15] were selected as
research samples, including Beijing, Shanghai, Guangzhou, Shenzhen, Hong Kong, Macao,
New York, Los Angeles, Paris, Tokyo, and Melbourne. Sources for historical UWC and
socio-economic data for each city are listed in Table 2. In this study, UWC of a city
was considered to include the residential, industrial, public, and environmental water
consumption components.

Table 2. Data sources pertaining to each city.

City Data Sources

Beijing

Local water department websites, water resources bulletins, and statistical yearbooksShanghai
Guangzhou
Shenzhen

Hong Kong Local water department websites, local statistical yearbooks, and urbanization-rate statistics from
World BankMacao

New York NYC Open Data, New York State Department of Environmental Conservation, U.S. Department of
Commerce, and U.S. Bureau of Economic Analysis

Los Angeles Los Angeles Department of Water and Power, U.S. Department of Commerce, and U.S. Bureau of
Economic Analysis

Paris Eau de Paris and National Institute of Statistics and Economic Studies (INEE)

Tokyo Local statistical yearbooks, Statistical Bureau of Japan, and Bureau of Waterworks Tokyo
Metropolitan Government

Melbourne Water in the World’s Cities and other references and urbanization-rate statistics from World Bank
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2.1.2. Research Methods

The stages in the evolution of UWC and patterns in these cities were identified through
a trend analysis of time-series data using the Pettitt test method, through which the turning
point in the time-series trend can be effectively identified [31,32]. Subsequently, the main
socio-economic indicators influencing UWC were identified through a correlation analysis
based on the Pearson product-moment correlation coefficient (PCC). The correlation be-
tween socio-economic development and the evolution of UWC was analyzed according to
the socio-economic indicators across different stages in the evolution of UWC.

(1) Identification of stages and patterns in the evolution of UWC

The stages in the evolution of UWC were divided based on the turning point identified
using a non-parametric test method, namely, the Pettitt test method. In this approach, given
the time series of UWC, X = (x1, x2, x3, . . ., xn), the point xt is taken as the potential turning
point. The time series of UWC, X, can then be divided into two parts: (x1, x2, x3, . . ., xt)
and (xt+1, xt+2, xt+3, . . ., xn). For a given turning point, xt, a statistical variable (Ut,n) can be
defined as follows [31]:

Ut,n = Ut−1,n +
n

∑
j=1

sgn
(
xt − xj

)
t = 2, 3, . . . , n − 1 (1)

where sgn is the sign function, defined as

sgn
(
xj − xk

)
=

 −1
0
1

(
xj − xk

)
< 0(

xj − xk
)
= 0(

xj − xk
)
> 0

 (2)

The statistical variable (Kt) for identifying the most likely turning point can be calcu-
lated as follows [31]:

Kt = max
2≤t≤n−1

|Ut,n| (3)

The rate of increase or decrease in the parts before and after the turning point of UWC
time series, respectively, were calculated to analyze the patterns in the evolution of UWC.

(2) Analysis of correlation between socio-economic development and the evolution
of UWC

Generally, water consumption is related to social-economic development and local water
resource conditions. Factors influencing water consumption can be identified by analyzing
historical data pertaining to the socio-economy and water consumption [7,8]. Representative
studies focused on the factors influencing water consumption (listed in Table 3) suggest
that socio-economic factors, including population structure, industry structure, economic
development level, etc., may jointly impact water consumption [33–37]. Notably, the effects
of these factors on water consumption are complex, and various correlations exist among
them [24,38,39]. Therefore, it is essential to statistically analyze the socio-economic factors
influencing UWC to identify the main socio-economic indicators.

Table 3. Representative studies focused on the socio-economic factors influencing water consumption.

Presenter Study Area Study Method Indicated Main Influencing
Socio-Economic Factors

Bithas and Stoforos [33] Athens, Greece Statistical analysis Income, water price
Zhang et al. [37] Zhuhai, China Cobb-Douglas production function GDP, industrial output, irrigated area

Wu et al. [36] Heihe River Basin, China Computable general equilibrium model Industrial transformation
Romano et al. [35] Italy Statistical analysis Applied tariff, income, population

Hao et al. [34] China Simultaneous equation model analysis GDP per capita, trade openness,
population density, economic growth
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In this study, the factors influencing UWC were identified based on the data from
several developed cities, i.e., Beijing, Shanghai, Guangzhou, Shenzhen, Hong Kong, Macao,
New York, Los Angeles, Paris, Tokyo, and Melbourne. Data sources for the annual water
consumption and socio-economic aspects of each city are summarized in Table 2. The PCC
between UWC and socio-economic factors can be calculated as follows [40]:

ρ(Wc, Fse) =
cov(Wc, Fse)

σ(Wc)σ(Fse)
(4)

where ρ(Wc, Fse) is the PCC between Wc, which is a vector containing water consumption
data over several years, and Fse, which is a vector containing the data pertaining to a socio-
economic factor in the city over the same time frame; cov(Wc, Fse) is the covariance between
Wc and Fse; and σ(Wc) and σ(Fse) are the variances of Wc and Fse, respectively. Generally, if
the absolute value of the PCC approaches 1.0, UWC is considered to be strongly correlated
with a socio-economic factor. The degree of correlation may be none, extremely weak,
weak, medium, strong, or extremely strong depending on whether the PCC’s value is in
the range [0.0, 0.2), [0.2, 0.4), [0.4, 0.6), [0.6, 0.8), or [0.8, 1.0], respectively. Socio-economic
factors exhibiting strong or extremely strong correlations with UWC may be identified as
the potential socio-economic indicators and then used to analyze the evolution of UWC
accompanying socio-economic development [40–42]. Besides the PCC, the correlations
among different socio-economic factors and the development stage of the city were also
considered as means of identifying the main socio-economic indicators influencing UWC.
In the present study, the sensitivity of UWC to the variation in socio-economic indicators in
each city was calculated as follows:

Se =
(Wa100%−Wa90%)/Wa100%

[x(Wa=Wa100%)−x(Wa=Wa90%)]/x(Wa=Wa100%)

= 0.1
[x(Wa=Wa100%)−x(Wa=Wa90%)]/x(Wa=Wa100%)

(5)

where Se denotes the sensitivity, Wa denotes UWC in the city, Wa100% denotes UWC at
the turning point, Wa90% denotes UWC equal to 90.0% of Wa100% in the year before the
turning point, x denotes the socio-economic indicator (GDPc, Rtg, or Ru). Furthermore,
in the present study, data pertaining to the socio-economic indicators of developed cities
that correspond to the evolutionary stages and the turning point of UWC were statistically
analyzed to investigate the correlation between socio-economic development and UWC
and identify the socio-economic threshold values associated with changes in UWC trends
over the evolution of a city.

2.2. Case Study

In the present study, Changsha (Figure 2), located in the northeast region of Hunan
Province, China, was used as the research case study to demonstrate the predictive value of
the universal patterns in the evolution of UWC accompanying socio-economic development,
as derived using the approaches in Section 2.1.2. The city of Changsha has a total area
of 11,819 km2, and the multi-year average precipitation is 1428 mm. Historical data
from Changsha pertaining to UWC and socio-economy were obtained from local water
department websites, water resources bulletins, and statistical yearbooks.

In such a case study, the socio-economic indicators identified as influencing UWC
and their threshold values corresponding to trends in transitions between stages of UWC
evolution were used to predict UWC in Changsha, China. The predicted data for Changsha
pertaining to socio-economic indicators were compared with these threshold values to
identify the potential turning point in the future series of annual UWC. According to the
comparison of the historical socio-economic indicators and UWC data from Changsha and
those from the research cities mentioned in Section 2.1.1, the annual rates of growth and
decline in UWC before and after the corresponding UWC starts to decrease or stabilize can
be approximately predicted. Based on the starting year of prediction and these predicted
growth and decline rates, a predicted series of annual UWC can be obtained.
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3. Results
3.1. Stages and Patterns in the Evolution of UWC in Cities

The general correlation between UWC and socio-economic development can be de-
termined by referring to the historical evolution of UWC accompanying the stages of
socio-economic development in the developed cities (Table 1). Annual UWC series data of
the developed cities selected in Section 2.1.1 were used to clarify the temporal variation in
UWC. Figure 3 plots the annual UWC series of different developed cities, spanning from
1985 to 2020. The stages of socio-economic development accompanying the evolution of
UWC in each city were determined according to the threshold values of the characteristic
factors for different stages of socio-economic development, as indicated in Table 1. These
stages are marked as color backgrounds in each sub-figure in Figure 3. The turning point
for the UWC time-series of each city was identified using the Pettitt test method intro-
duced in Section 2.1.2, and the corresponding results are presented in Figure 3 using the
dashed line in each sub-figure. The average annual rates of change in UWC before and
behind the turning point in each city were compared to observe the common evolution of
UWC characteristics.
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As shown in Figure 3, a turning point was found in the UWC time-series of all cities
except Hong Kong. It can be inferred that urban water consumption generally shows an
increasing trend before such a point and then turns to decrease. The calculated average
annual rates of change in UWC in these cities before the turning point were generally
positive (ranging from 0.64% to 9.10%), but those after the turning point were generally
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negative (ranging from −7.87% to −0.74%). It is thus illustrated that there was generally
an increasing trend in UWC in the initial period until it reached a peak value, after which
UWC tended to decrease or remain stable. For example, annual water consumption in New
York increased to approximately 2.04 × 109 m3 in 1988 and then showed a decreasing trend
between 1988 and 2015, with the annual water consumption being only 1.40 × 109 m3 in
2015 (approximately 68.63% of that in 1988). The annual water consumption in Shanghai
and Guangzhou increased to peak values in 2010 and 2004, respectively, and then decreased
in the following years. The annual water consumption of Beijing and Macao maintained
an increasing trend until 2019 and then decreased between 2019 and 2020. Owing to the
short duration of declining UWC in the statistical series, it may be not definitive that UWC
in Beijing and Macao will maintain steady decreasing trends in the future. UWC in Hong
Kong entered a declining stage between 2003 and 2011 but reverted to an upward trend
between 2011 and 2020. In Hong Kong, due to the extreme lack of local water resources, the
water supply mostly came from water purchased from surrounding regions, a difference
from the water supplies of the other research cities in the present study.

In the majority of the research cities, the turning point in the evolution of urban water
consumption occurred in the context of developed economies, especially in the advanced
stages of developed economies as defined by the socio-economic development stages based
on Chenery’s Industrialization Stage Theory, as indicated in Table 1. These representative
cities include not only those located in characteristic developed countries, like New York,
Tokyo, Los Angeles, Paris, and Melbourne, but also relatively developed cities located in
developing countries, like Beijing, Shenzhen, and Macao. As for Shanghai, although the
turning point did not occur in the context of a developed economy, the socio-economic
indicators of GDP per capita and industrial structure corresponding to the year of the
turning point were closer to the corresponding lower threshold values of a developed
economy. Another city with an evolution of urban water consumption similar to that
of Shanghai is Guangzhou. The turning point in the annual urban water consumption
of Guangzhou occurred in the advanced stage of industrialization, before the developed
economy stage. Only 4 years after the year of the turning point, the socio-economy of
Guangzhou entered the developed economy stage. Compared with other cities like Beijing,
Macao, Melbourne, etc., the available water resources of Shanghai and Guangzhou are
relatively abundant. This factor may have driven the relatively extensive urban water
consumption in the earlier stages in Guangzhou and Shanghai. The advances in water-
saving policy-making after 2005 in China may also have had more obvious effects on
decreasing UWC in these two cities. As indicated by Zhao and Li [43], the decreasing
effects of the water-saving policies were generally significant in humid and large cities,
which include Shanghai and Guangzhou. Nevertheless, it can be still concluded that
when the urban water consumption of Guangzhou or Shanghai began to decrease, the
corresponding socio-economy had reached the developed economy stage.

The aforementioned characteristics of the general patterns in the evolution of UWC
illustrate that water resources may be consumed excessively in the initial stages due to
rapid but extensive socio-economic development. As the socio-economy of a city develops
to a high level and UWC approaches the limits of regional water-resource capacity, socio-
economic development may tend to optimization and UWC can be decreased through
water-saving measures.

3.2. Correlation between Socio-Economic Development and UWC

In the present study, a correlation analysis was performed between UWC and selected
representative socio-economic factors to identify the key factors influencing UWC. The se-
lected socio-economic factors were the total population (Pt, million people), gross domestic
production (GDP, USD), GDP per capita (GDPc, USD), ratio of the annual added value of
the tertiary industry to GDP (Rtg), ratio of the annual added value of the manufacturing in-
dustry to GDP (Rmg), and urbanization rate (Ru). Pt was defined as the permanent resident
population within the administrative area under the jurisdiction of a city, which is the sum
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of the urban and rural populations. Ru was defined as the ratio of the urban population to
the total population in a city. Additionally, the dollar (USD) amount associated with factors
linked to the GDP is converted to 2015 values based on comparable prices. Table 4 lists
the PCCs between the socio-economic factors and annual UWC in each city, as calculated
through Equation (4). Generally, the socio-economic factors, including Pt, GDP, GDPc,
Rtg, Rmg, and Ru, are strongly correlated with water consumption in the developed cities,
which means that these socio-economic factors significantly influence the water consump-
tion of a developed city. Besides, it is also essential to consider the correlations among
different socio-economic factors and the development stage of the city when identifying the
factors influencing UWC. For example, GDP is the product of Pt and GDPc, but identified
influencing factors should be dependent. Several studies on the urban development stage
have highlighted that the GDP per capita, urbanization rate, and tertiary industry tend
to play more important roles in the socio-economy of a developed city [44–46]. Therefore,
GDPc, Rtg, and Ru were identified as the main factors influencing UWC in the present study.

Table 4. PCCs between the socio-economic factors and the total UWC in each city.

City Pt GDP GDPc Rtg Rmg Ru

Beijing 0.484 0.268 0.332 0.577 0.645 0.667
Shanghai 0.833 0.604 0.606 0.532 0.477 0.252

Guangzhou 0.821 0.815 0.765 0.772 0.753 0.113
Shenzhen 0.878 0.812 0.861 0.624 0.602 /

Hong Kong 0.855 0.789 0.824 0.888 0.884 0.969
Macao 0.993 0.934 0.905 0.704 0.861 /

New York 0.946 0.833 0.824 0.835 0.925 0.723
Los Angeles 0.908 0.857 0.804 0.862 0.591 0.592

Paris 0.397 0.903 0.904 0.892 0.950 /
Tokyo 0.259 0.594 0.483 0.808 0.786 /

Melbourne 0.595 0.805 0.887 0.851 0.849 0.819

To further analyze the relationships between the evolution of UWC and the economic
development of a city, three socio-economic indicators, including GDPc, Rtg, and Ru, were
selected based on the analysis of the factors influencing UWC. Based on the data sources
indicated in Table 2, the socio-economic data (GDPc, Rtg, and Ru) of some developed cities
when the corresponding UWC began to decrease or stabilize were obtained, as shown in
Figure 4. Because no turning point was observed in the annual UWC series from Hong
Kong, the socio-economic indicator values of Hong Kong were not included in Figure 4. The
sensitivity of UWC to variations in socio-economic indicators in each city were calculated
using Equation (5). The sensitivity calculation results corresponding to the socio-economic
indicators in the cities included in Figure 4 are shown in Table 5.
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Table 5. Sensitivity of UWC to socio-economic indicators in each city.

City
Se

GDPc Rtg Ru

Beijing 0.473 2.879 10.005
Shanghai 0.267 1.003 44.650

Guangzhou 0.301 −3.190 1.915
Shenzhen 0.260 0.732 /

Macao 0.835 2.780 /
New York 1.682 9.776 0.874

Los Angeles 1.103 39.966 1.116
Paris 0.289 1.536 /

Tokyo 0.390 2.630 /
Melbourne 1.075 12.300 5.111

Using the patterns in the evolution of UWC with the economic development of a
city (derived in Section 3.1), it can be illustrated from Figure 4 that when UWC starts to
decrease or stabilize, the socio-economic indicators of a city have typically approached
or exceeded the lower threshold values associated with the developed economy stage
(indicated in Table 1). At such a turning point in the evolution of UWC, the GDPc, Rtg, and
Ru values of the majority of cities are in the ranges [USD 10,000, USD 60,000], [60%, 80%],
and [85%, 95%], respectively. In particular, cities like Beijing, Melbourne, and Tokyo can
be considered to have entered the advanced stage of a developed economy. Besides, as
shown in Table 5, UWC was more sensitive to Rtg or Ru than to GDPc in most cities. The
average Se of UWC to GDPc, Rtg and Ru of the cities in Table 5 are 0.71, 7.65, and 10.61,
respectively. This phenomenon of sensitivity may illustrate that the effect of the increase in
Rtg or Ru on the increase in UWC is more obvious than the effect of the increase in GDPc.
Moreover, the socio-economic indicators of cities with inferior water resources may exhibit
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higher values than those of cities with more abundant water resources. For example, the
multi-year average precipitation (Pma) of Melbourne (650 mm) is approximately one-third
that of Guangzhou (1801.2 mm), but the GDPc when the UWC started to decrease or
stabilize in Melbourne (USD 33,467) is more than five times the corresponding value for
Guangzhou (USD 6677).

3.3. UWC Predictions for Changsha Based on Patterns in the Evolution of UWC

The socio-economic indicators identified as influencing UWC and their threshold
values for the stages in the evolution of UWC derived in Section 3.2 were used to predict
UWC in Changsha, China.

Historical data regarding the socio-economic indicators and UWC in Changsha are
shown in Figure 5a. As shown in Figure 5a, the Ru and GDPc of Changsha generally main-
tained steady growth between 2002 and 2022. The Rtg of Changsha exhibited fluctuations
between 40–50% from 2002 to 2012 but maintained steady growth from 2012 to 2019. From
2019 to 2022, the Rtg of Changsha decreased slightly, which may have been caused by
the COVID-19 outbreak and corresponding domestic quarantine policies in China. The
Ru and Rtg of Changsha from 2023 to 2030 were predicted according to Equation (A1),
as illustrated in Appendix A, in which the coefficients are fitted using the corresponding
historical Ru and Rtg data (Figure 5a). Due to the impacts of the COVID-19 outbreak and
corresponding domestic quarantine policies on the Rtg of Changsha between 2019 and
2022, the equation for predicting Rtg of Changsha was fitted only according to the historical
data from before 2019. Considering the socio-economic recovery and the adjustment of
quarantine policies, the prediction of Rtg of Changsha after 2022 was continued directly
from the historical data before 2019. According to planning targets specified in “The 14th
Five-Year Plan for the National Economic and Social Development of Changsha City and
the Outline of the Long-Term Goals for 2035”, Changsha’s GDP was predicted to grow
annually by 6.62% from 2023 to 2025 and by 5.41% after 2025. The population of Changsha
after 2023 was predicted by substituting the historical population data from 2002 to 2022
into Equation (A2), as illustrated in Appendix A. The predicted Ru, Rtg, and GDPc values
are shown in Figure 5a.
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As shown in Figure 5a, the Ru, Rtg, and GDPc of Changsha in 2027 were predicted to be
85.52%, 66.90%, and USD 20,911, respectively, exceeding the lower socio-economic indicator
threshold values derived in Section 3.2 (85%, 60%, and USD 10,000), respectively. In 2035,
Rtg of Changsha were predicted to 80.48%, exceeding the upper Rtg threshold derived
in Section 3.2 (80%). Accordingly, Changsha’s UWC was predicted to start declining or
stabilizing in one of the years between 2027 and 2035.

The average annual rates of growth and decline in water consumption in different
developed cities before their corresponding UWC started to decrease or stabilize are
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presented in Figure 3. According to a comparison of the historical socio-economic indicators
and UWC data of Changsha and those of the cities provided in Figure 3, the patterns in the
evolution of UWC in Changsha before it starts to decrease or stabilize are similar to those
of Guangzhou or Shanghai in the initial stage. In this period, GDPc was approximately
USD 10,000, with Ru and Rtg approaching, respectively, 85% and 60%. The average annual
growth rate of UWC in Changsha from 2002 to 2010 was 5.29%. Considering the abundant
transitory water resources and the water-conservation measures adopted in Changsha, the
annual growth rate of UWC before UWC starts to decrease or stabilize was predicted to be
3.0% and that after the corresponding UWC starts to decrease or stabilize was predicted to
be about 2.0%.

Compared with the actual UWC of Changsha in 2019, the predicted UWC of Changsha
decreased between 2020 and 2022 (especially in 2020). Meanwhile, the socio-economic
activities of Changsha were strongly impacted by the COVID-19 outbreak and quarantine
policies between 2020 and 2022. Accompanying socio-economic recovery and the adjust-
ment of quarantine policies after 2022, UWC in Changsha may recover rapidly and return
to following the normal trend. Accordingly, the predicted values for UWC of Changsha
after 2022 continued directly from the historical UWC data from before 2019. The predicted
annual total water consumption of Changsha from 2023 to 2040, based on patterns in the
evolution of UWC, was plotted in Figure 5b using the blue envelope. The annual UWC of
Changsha was predicted to increase from 2.184 × 109 m3 in 2023 until its value reached the
turning point in one of the years between 2027 and 2035. The UWC value in the turning
point was predicted to range from 2.458 × 109 m3 to 3.114 × 109 m3. Thereafter, the annual
UWC was predicted to gradually decrease from the turning point to 2040. The annual
UWC of Changsha in 2040 was predicted to range from 1.545 × 109 m3 to 2.300 × 109 m3.

In contrast, Zhao et al. [24] predicted that water consumption in Hunan Province or
China may reach a peak value between 2035 and 2040, as the Ru, Rtg, and GDPc exceed 70%,
60%, and USD 10,000, respectively. As it is a relatively developed city, the socio-economic
development of Changsha is more advanced than the average level of Hunan Province
or China. Hence, it is reasonable to predict that Changsha’s UWC will start declining or
stabilizing earlier than that of Hunan Province or China.

4. Discussion
4.1. Comparisons among Evolution of Water Consumptions on Different Scales

The evolution of water consumption on the city scale can be compared with that on
the state or regional scale. The evolution of water consumption in different states or regions
is plotted in Figure 6a, for which the data source is AQUASTAT, a product of the Food
and Agriculture Organization (FAO). As shown in Figure 6a, the state or regional water
consumption increased in the initial period but decreased or stabilized after reaching its
peak value, which was similar to the general patterns in the evolution of UWC on the
city scale derived in Section 3.1. By analyzing the driving mechanisms of state or regional
water consumption, Zhao et al. [24] highlighted that the state or regional evolution of water
consumption typically follows an AIR curve, as indicated in Figure 6b. Depending on the
availability of water resources, the AIR curve can be divided into three types: naturally
growing, development-constrained, and severely stressed. It can be inferred from the
comparisons between the evolutions of UWC in different cities (Figure 3) and the AIR
curve layout (Figure 6b) that the evolution of water consumption in a city may resemble
an AIR curve. For instance, given the relatively abundant water resources in Guangzhou,
the evolution of UWC may resemble the natural-growth type of AIR curve, in which water
consumption increases and decreases rapidly before and after it reaches the peak value,
respectively. In contrast, the increase and decrease rates of Tokyo are considerably lower,
consistent with the development-constrained type or severely stressed type of AIR curve.
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Moreover, to compare the correlations between the patterns in the evolution of water
consumption on the city scale and those on the state or regional scale, data on the GDPc, Rtg,
and Ru (derived from the works of Zhao et al. [24]) of several states and regions when the
corresponding UWC began to decrease or stabilize (derived from World Bank Open Data)
are presented in Figure 7. The relationships between the evolution of water consumption
and the socio-economic development characteristics of a city, as derived in Section 3.2, were
similar to those in a state or region, as shown in Figure 7. However, certain differences exist.
Zhao et al. [24] summarized the relationships between the evolution of water consumption
and socio-economic development in a developed country or region and indicated that when
water consumption of a country or region reaches its peak value, the GDPc, Rtg, and Ru
of the developed state or region generally exceed USD 10,000, 60%, and 70%, respectively.
A comparison of Figures 4 and 7 indicates that the distributions of GDPc and Rtg of cities
when the corresponding UWC started to decrease or stabilize are more discrete than those
of states and regions. However, the distribution of the Ru of states and regions when the
corresponding UWC started to decrease or stabilize is more discrete than those of cities. The
standard deviations of GDPc, Rtg, and Ru of the cities are USD 32,888.68, 14.41%, and 6.23%
respectively, but those of states and regions are USD 4878.49, 4.06%, and 9.85%, respectively.
This discrepancy may be attributable to the fact that the socio-economic development
patterns of cities are more varied than those of states or regions.

Sustainability 2024, 16, x FOR PEER REVIEW 14 of 23 
 

water consumption and socio-economic development in a developed country or region 
and indicated that when water consumption of a country or region reaches its peak value, 
the GDPc, Rtg, and Ru of the developed state or region generally exceed USD 10,000, 60%, 
and 70%, respectively. A comparison of Figures 4 and 7 indicates that the distributions of 
GDPc and Rtg of cities when the corresponding UWC started to decrease or stabilize are 
more discrete than those of states and regions. However, the distribution of the Ru of states 
and regions when the corresponding UWC started to decrease or stabilize is more discrete 
than those of cities. The standard deviations of GDPc, Rtg, and Ru of the cities are USD 
32,888.68, 14.41%, and 6.23% respectively, but those of states and regions are USD 4878.49, 
4.06%, and 9.85%, respectively. This discrepancy may be attributable to the fact that the 
socio-economic development patterns of cities are more varied than those of states or re-
gions. 

 
Figure 7. GDPc, Rtg, and Ru of states or regions when the corresponding water consumption started 
to decrease or stabilize. 

Accordingly, a city, as a constitutional element of a region or state, may not synchro-
nize with the state or region to which it belongs, in terms of the socio-economic develop-
ment process and the accompanying evolution of UWC. Even in the same state or region, 
the socio-economic development processes, water resources conditions, and urban func-
tions of different cities may vary significantly. In the case of developed cities, like Beijing, 
Shanghai, Guangzhou, Tokyo, and Melbourne, the city’s socio-economic development is 
generally more advanced than the state or region average. In addition, differences in water 
resource conditions between the city and the broader state or region can result in the dis-
tinct evolution of water-consumption patterns. 

4.2. Comparisons between UWC Prediction Based on Patterns in the Evolution of UWC with 
Those Using Other Methods 

For reference and comparison with the UWC prediction based on the patterns in the 
evolution of UWC, UWC in Changsha was also predicted using the genetic programming 
model (GPM) and quota method (QM). Technical details of UWC predictions for Chang-
sha using the GPM and QM can be found in Appendixes B and C, respectively. 

Using historical data pertaining to the annual UWC and socio-economic indicators 
from 2002 to 2015 (Figure 5a) as the input data, an urban water demand prediction model 
for Changsha was established based on the GPM (introduced in Appendix B). The param-
eters of the GPM model are listed in Figure A1c. As the final result of the GPM model, the 
equation for predicting the annual urban water demand (consumption) of Changsha is 
given in Equation (A4). The comparison between the annual water consumption values 
obtained from the actual data and those obtained using the GPM can be seen in Figure 5b. 
To assess the imitative performance of the formula obtained using the GPM model, the 
Nash-Sutcliffe efficiency coefficient (NSE) between the predicted and the actual data was 
calculated as follows: 

Figure 7. GDPc, Rtg, and Ru of states or regions when the corresponding water consumption started
to decrease or stabilize.



Sustainability 2024, 16, 3737 14 of 22

Accordingly, a city, as a constitutional element of a region or state, may not synchronize
with the state or region to which it belongs, in terms of the socio-economic development
process and the accompanying evolution of UWC. Even in the same state or region, the
socio-economic development processes, water resources conditions, and urban functions
of different cities may vary significantly. In the case of developed cities, like Beijing,
Shanghai, Guangzhou, Tokyo, and Melbourne, the city’s socio-economic development
is generally more advanced than the state or region average. In addition, differences in
water resource conditions between the city and the broader state or region can result in the
distinct evolution of water-consumption patterns.

4.2. Comparisons between UWC Prediction Based on Patterns in the Evolution of UWC with Those
Using Other Methods

For reference and comparison with the UWC prediction based on the patterns in the
evolution of UWC, UWC in Changsha was also predicted using the genetic programming
model (GPM) and quota method (QM). Technical details of UWC predictions for Changsha
using the GPM and QM can be found in Appendices B and C, respectively.

Using historical data pertaining to the annual UWC and socio-economic indicators
from 2002 to 2015 (Figure 5a) as the input data, an urban water demand prediction model for
Changsha was established based on the GPM (introduced in Appendix B). The parameters
of the GPM model are listed in Figure A1c. As the final result of the GPM model, the
equation for predicting the annual urban water demand (consumption) of Changsha is
given in Equation (A4). The comparison between the annual water consumption values
obtained from the actual data and those obtained using the GPM can be seen in Figure 5b.
To assess the imitative performance of the formula obtained using the GPM model, the
Nash-Sutcliffe efficiency coefficient (NSE) between the predicted and the actual data was
calculated as follows:

NSE = 1 −

n

∑
i=1

(Qi − qi)
2

n

∑
i=1

(
qi −

n

∑
i=1

qi
n

)2 (6)

where Q is the predicted annual UWC; q is the actual annual UWC; and n is the number
of years. According to Equation (6), the NSE between the predicted and actual UWC data
(from 2002 to 2015) is 0.956. In addition, the relative error between the predicted and actual
annual UWC from 2016 to 2019 is approximately 5.0% or less. By substituting the predicted
values for the socio-economic indicators from 2020 to 2030 into Equation (A4), UWC in
Changsha can be predicted, as shown in Figure 5b. According to the GPM model results,
the annual UWC of Changsha was predicted to remain stable from 2023 to 2030. The annual
UWC of Changsha was predicted to be only 2.160 × 109 m3 in 2030, close to the value
2.073 × 109 m3 from 2019. After 2030, the annual UWC was predicted to maintain an
increasing trend until 2038 and thereafter to decrease. The annual UWC value was predicted
to be 3.370 × 109 m3 in 2038.

According to the UWC predictions for Changsha generated using the QM (Appendix C),
the domestic, industrial, public, and ecological water consumption values will increase to,
respectively, 6.89 × 108, 11.52 × 108, 4.92 × 108, and 2.01 × 108 m3 by 2025, and further
to, respectively, 8.30 × 108, 15.47 × 108, 6.24 × 108, and 2.61 × 108 m3 by 2030. UWC in
Changsha is predicted to increase to 2.535 × 109 m3 in 2025 and 3.261 × 109 m3 in 2030.

The comparison between the predicted annual UWC of Changsha from 2021–2030
obtained using the patterns in the evolution of UWC, GPM, and QM can be seen in Figure 5b.
The differences between the data predicted using the patterns in the evolution of UWC and
those predicted using the GPM in 2023 are minimal. However, these differences gradually
increase between 2023 and 2027. The annual UWC predicted using the patterns in the
evolution of UWC is only 1.42 × 108 m3 greater than that obtained using the GPM in 2023
but 3.96 × 108 m3 more than that obtained using the GPM in 2027. UWC in Changsha
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remains stable from 2023 to 2030 in the prediction produced using the GPM. After 2027,
there are turning points in both the UWC predicted using the evolutionary patterns and
in that predicted using the GPM, whereas the rates of increase before and decrease after
the turning point predicted using the GPM are much larger than those predicted using
the evolutionary patterns. Besides, the turning point predicted using the GPM (being
2038) is later than that predicted using the evolutionary patterns (ranging from 2027 to
2035). These differences suggest that the GPM may not be able to predict the general
patterns in the evolution in the UWC of a city despite its ability to provide a formula for
calculating UWC based on three socio-economic factors (Ru, Rtg, and GDPc) with reasonable
imitative performance. This approach may be able to only approximate the trend in the
evolution based on limited existing data. UWC in Changsha appears to be stable from
2013 to 2019, which may be the reason that the GPM-predicted UWC is stable from 2020
to 2030. However, Zhao et al. [24] indicated that the stable or decreasing trend in water
consumption in China since 2013 may be deceptive, attributable to factors such as water-
resource constraints, changes in development mode, statistical patterns, etc. They highlight
that water consumption in China may tend to increase until the socio-economic indicators
exceed the threshold values. As recommended by Anele et al. [4], intelligent algorithms
may be suitable for short-term UWC predictions but not long-term ones. Moreover, the
annual UWC predicted using the patterns in the evolution of UWC is close to that predicted
using the QM in 2025 but is much smaller than that predicted using the QM in 2030.
According to the technical details of the QM (Appendix B), UWC values predicted using
the QM may increase with the expanding urban socio-economy. Thus, the QM may be
more suitably used to predict the UWC of a city on a relatively short timescale. Considering
the universal patterns in the evolution of UWC derived from the historical data on socio-
economic conditions and UWC in several developed cities, these patterns may be more
suitable for predicting UWC on a longer timescale compared with GPM or QM.

4.3. Reliability and Generalization of the Proposed Approach for Studying Patterns in the
Evolution of UWC Accompanying Socio-Economic Development

The reliability of the proposed approach for studying patterns in the evolution of
UWC accompanying socio-economic development may be evaluated through comparisons
between the patterns in the evolution of UWC accompanying socio-economic development
derived in Sections 3.1 and 3.2 with the evolution of UWC in cities that were not included
in among the research cities in the present study. For instance, the evolution of UWC in
Toronto and Barcelona with socio-economic indicator values corresponding to the turning
point is shown in Figure 8. The sources of the data shown in Figures 8a and 8b, respectively,
were a. the Chief Financial Officer and Treasurer and General Manager, Toronto Water,
and Statistics Canada and b. the data sets constructed by Rasilla et al. [47] and Idescat.
Statistical Institute of Catalonia (IDESCAT).
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As shown in Figure 8, the evolutionary patterns of UWC in Toronto or Barcelona were
similar to the general patterns in the evolution of UWC derived in Section 3.1. There also
existed a turning point in the annual UWC series from 1980 to 2020 in Toronto and in
the annual UWC series from 1997 to 2011 in Barcelona, which was observed through the
Pettitt test method, as illustrated in Section 2.1.2. The annual UWC showed an increasing
trend before the turning points and then began to decrease in these two cities. The annual
rates of increase and decrease before and after the turning point in Toronto were +1.90%
and −0.83%, respectively, and those in Barcelona were +0.71% and −1.86%, respectively.
The socio-economic indicators, including GDPc, Rtg, and Ru, at the turning point were
USD 23,234, 72.4%, and 94.6%, respectively, in Toronto, and USD 58,042, 72.3%, and 92.7%,
respectively, in Barcelona. These values were between the lower and upper threshold values
of the socio-economic indicators driving trends in UWC, as derived in Section 3.2. These
similarities may support the reliability of the general patterns in the evolution of UWC
that accompany socio-economic development derived in Sections 3.1 and 3.2. Additionally,
if any other cities can be substituted as research cases into the proposed approach in the
present study, the lower and upper threshold values of the socio-economic indicators
driving trends in UWC may be updated more accurately.

Moreover, the proposed approach to studying patterns in the evolution of UWC
accompanying socio-economic development on the city scale may be generalized for
application to studying such patterns on other scales, like city groups, river basins, etc. For
instance, as indicated in Figure 9, the annual water consumption in the Colorado River
Basin showed an increasing trend before reaching the peak value and then changed to a
decreasing trend, a pattern similar to the patterns in UWC on the city scale, as derived in
Section 3.1. Therefore, the turning point in the annual water-consumption series on another
scale may be also identified through the Pettitt test method, as illustrated in Section 2.1.1.
The main socio-economic indicators impacting the evolution of water consumption may
be similarly identified through the correlation analysis based on the PCC. Then, the lower
and upper threshold values of the socio-economic indicators driving trends in UWC on
this scale may be also derived through the statistical analysis method, as illustrated in
Section 3.2. Through these generalized applications, novel findings on the patterns of water
consumption on other scales, like city groups and river basins, may be attained.
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Bureau of Reclamation.

5. Conclusions

The patterns in the evolution of UWC accompanying socio-economic development
were statically analyzed, and the application of this approach to UWC prediction was
discussed using Changsha, China as a case study.

The patterns in the evolution of UWC derived from the historical data from devel-
oped cities indicate that UWC in a city typically shows an increasing trend in the initial
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stage and then tends to decrease or stabilize in the following years. According to the
correlation analysis between the socio-economic factors and UWC, three socio-economic
factors, including the urbanization rate (Ru), GDP per capita (GDPc), and ratio of annual
added value of tertiary industry to GDP (Rtg) can be identified as the main socio-economic
indicators influencing UWC. When UWC begins to decrease or stabilize, the values of the
socio-economic indicators (GDPc, Rtg, and Ru) are approximately in the ranges [USD 10,000,
USD 60,000], [60%, 80%], and [85%, 95%], respectively. Thus, when UWC in a city begins to
decrease or stabilize, the city can be considered to have approached or entered the stage of
having a developed economy.

According to the prediction based on the patterns in the evolution of UWC, UWC
in Changsha will continue to increase until the turning point (between 2027 and 2035)
and then gradually decrease over the next few years. The value of UWC at the turning
point was predicted to range from 2.458 × 109 m3 to 3.114 × 109 m3. This transition for
Changsha will occur earlier than those for Hunan Province and China. Moreover, the value
of UWC predicted using the evolutionary patterns is lower than that predicted using the
quota method. The turning point of UWC predicted using the evolutionary patterns occurs
earlier than that predicted using genetic programming. This difference suggests that for
longer-term UWC predictions, patterns in the evolution of UWC might be a more suitable
approach for a city compared with the genetic programming or quota method.

As further research prospects, future work on the patterns in the evolution of UWC
can be aimed at improving on the limitations of the present study. Firstly, the effects of
conditions related to water resources, regional cultures, policy-based regulations, etc., on
patterns in UWC are insufficiently considered in the present study. In further research
works, the research cities may be categorized using these influencing factors and the
patterns in the evolution of UWC belonging to different city categories may be derived
accordingly. On the other hand, the derived patterns in UWC can be applied to general
situations, but their applications to unexpected situations, i.e., war, natural hazards, etc.
need to be further studied. Moreover, the patterns in the evolution of UWC derived using
historical data for long-term annual series of UWC may be suitable for medium- and
long-term urban water resources planning on the annual scale, but the applications of
these patterns in the evolution of UWC to short-term UWC predictions also need to be
further studied.
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Appendix A

In the present study, the future Ru and Rtg of the research city employed in UWC
prediction were predicted according to the following equation:

R = 1 − exp[−a(t − b)] (A1)
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where R is the Ru or Rtg; t is the time, year; and coefficients, a and b, are fitted using the
corresponding historical data. The future population was predicted based on the following
equation [48,49]:

Pt =
Ptmax

1 +
(

Ptmax
Pt0

− 1
)

e−r(t−t0)
(A2)

where Pt is the total population; t is the time, year; and coefficient, Ptmax, Pt0, r, and t0, are
fitted using the historical population data.

Appendix B

Genetic programming is a bionics algorithm based on genetic principles that is typi-
cally used for solving optimization problems [50]. Unlike the genetic algorithm, genetic
programming focuses on determining the optimal regression function by allowing re-
gression fitting of operators and optimization of the parameters and structures of the
function [51]. Therefore, the regression equation for UWC predictions can be determined
based on the genetic programming model (GPM) incorporating the factors influencing
water demand as identified from UWC data [52–54].

In the present study, a UWC prediction model based on genetic programming was
established. According to the basic principle of genetic programming [50], each individual
participating in the genetic programming can be considered to have a tree structure consist-
ing of nodes and connectors, as shown in Figure A1a. The bottom layer of the tree structure
includes the nodes, each of which contains an independent variable or a value. Layers L1
to Ln-1 include the nodes, with each hosting an operator. Based on the identification results
provided in Section 3.2, the basic independent variables in the tree structure include GDPc,
Rtg, and Ru. The basic operators incorporated into the tree structure are listed in Figure A1c.
Technical details pertaining to the generation of initial individuals and mechanisms of copy,
cross, and variation of offspring individuals are given in Koza [50].
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In the process of genetic programming for predicting UWC, the fitness of each indi-
vidual can be calculated as follows [51]:

RMS =

√√√√√ n

∑
i=1

(Qi − qi)
2

n − 1
(A3)

where RMS is the root-mean-square deviation, indicating the fitness of the individual; Q is
the predicted annual UWC obtained using the equation corresponding to the tree structure
of the individual; q is the actual annual UWC; and n is the number of years. Individuals
with lower RMS are preferred in the GPM.

As shown in Figure A1b, the genetic programming process for UWC prediction
includes the following steps:

(1) The initial population is randomly generated.
(2) The fitness of each individual is calculated using Equation (A3).
(3) The most fit individuals are selected, and the assessment of whether the equation

corresponding to each individual is the optimal solution is performed.
(4) If the optimal solution is obtained, it is output. If not, the offspring population is

generated through the copy, cross, and variation processes and step (2) is repeated.

Using historical data pertaining to the annual UWC and socio-economic indicators
from 2002 to 2015 (Figure 5a) as the input data, an urban water demand prediction model
for Changsha was established based on the aforementioned GPM model. The parameters of
the GPM model are listed in Figure A1c. According to the final iteration result of the GPM
model, the equation for predicting the annual UWC of Changsha is derived as follows:

Wa = ((((Rtg)/ sin((GDPc )̂ sin((Ru)× sin((GDPc × sin((GDPc)
+ sin(Ru))))))/ sin(Rtg)) + sin((GDPc)× sin(GDPc)))× 10

(A4)

where Wa is the annual UWC of Changsha, 108 m3; Ru is the urbanization rate; Rtg is the
ratio of the annual added value of the tertiary industry to GDP; and GDPc is the GDP per
capita, USD 104.

Appendix C

Using the quota method for UWC prediction of Changsha, UWC is divided into
four parts, domestic, public, ecological, and industrial water consumption, which can be
calculated as follows:

Wd = P × [Ru × qdu + (1 − Ru)× qdr]× 0.365 × 10−4 (A5)

Wp = P × qp × 0.365 × 10−4 (A6)

We = P × qe × 0.365 × 10−4 (A7)

Wi = I × qi × 10−4 (A8)

where Wd, Wp, We, and Wi represent the domestic, public, ecological, and industrial
annual water consumption, respectively, in units of 108 m3; qdu, qdr, qp, qe, and qi represent,
respectively, the urban and rural domestic, public, ecological, and industrial quotas of
water consumption, as shown in Table A1; P is the population, 104 people; I is the annual
industrial added value, CNY 108.

The urban and rural quota values corresponding to domestic water consumption
can be referred to as “Hunan: Norm of water intake (DB43/T 388-2020)” [55], as outlined
in Table A1. Quota values for public, ecological, and industrial water consumption can
be evaluated based on the trend analysis of the data pertaining to the historical water
consumption and socio-economy of Changsha from 2002 to 2019, the results of which are
shown in Table A1. The methods used to predict the population and Ru of Changsha are
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those introduced in Section 3.3. The average growth rate of the annual industrial added
value of Changsha from 2018 to 2022 (7%) is used to predict the future industrial added
values, with 2022 as the base year. The predicted P, Ru, and I of Changsha in 2025 and 2030
are listed in Table A1. Substituting the predicted P, Ru, and I into Equations (A5)–(A8),
UWC in Changsha in 2025 and 2030 can be predicted, as indicated in Table A1.

Table A1. Predicted data pertaining to quota, socio-economy, and water consumption in Changsha in
2025 and 2030.

Year

Quota Type Socio-Economic Factors Water Consumption

Domestic
(L·People−1·d−1) Public Ecological Industrial P

(104 People)
Ru
(%)

I
(CNY 104)

Wd Wi Wp We Summary

Urban Rural (L·People−1·d−1) (108 m3)

2025 160 120 110 45 23 1226 84.77 5010 6.89 11.52 4.92 2.01 25.35
2030 150 120 110 46 22 1553 88.20 7030 8.30 15.47 6.24 2.61 32.61
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