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Abstract: Domestic water plays a growing role with the unprecedented economic development
and rising urbanization. The lack of long-term evaluation of domestic water usage trends limits
our understanding of the relationship between domestic water usage and economics. Here, we
present a pragmatic approach to assess the long-term relationship between domestic water usage
and economics through historical data of the last 100 years from 10 typical countries to establish an
evaluation method for different economics. The relationship between domestic water usage and GDP
per capita was described as an expanded S-curve model and the mathematical modeling was derived
to simulate this relationship for four typical countries as case studies. The simulation results show
that the expanded S-curve of different countries can be calibrated with three key points: takeoff point,
turning point, and zero-growth point, and four transitional sections: slow growth, accelerated growth,
decelerated growth, and zero/negative growth, corresponding to the same economic development
level. In addition, other factors influencing domestic water usage are also discussed in this research,
including urbanization, industrial structure, and technical progress. We hope to provide a case study
of an expanded S-curve as a foundation for forecasting domestic water usage in different countries or
in the same economy at different developmental stages.

Keywords: expanded S-curve model; domestic water usage; economic development; mathematical model

1. Introduction

As an essential resource for human development, water is required throughout the
life-cycle processes of all of society. In the context of unprecedented economic development
and rising urbanization, water usage (i.e., withdrawal) by humans has increased from
500 km3yr~! to nearly 4000 km3®yr—! over the last century, with an annual increase rate
of 1.5% between 1960 and 2010 [1,2]. This increasing water usage has aggravated water
scarcity, affecting more than 2 million people globally. In addition, it is predicted that more
than half of the global population will live in regions suffering from at least moderate water
shortage by 2050 [3,4].

Among global water usage, the principal user of water is in the agriculture sector,
accounting for 70% of total water usage, with the remaining part being attributable to the
industrial sector and domestic sectors [5]. The global domestic water demand is projected
to see a 130% increase by 2050, which is much faster compared to other water sectors [6].
Therefore, with economic development, domestic water will play a major role in total water
usage in the near future. A long-term evaluation of domestic water usage trends could
provide references for policymakers, and is emerging as a paramount issue for efficient and
sustainable management of water resources [7].
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A series of studies has been conducted on the evaluation of water usage trends, based
on different theories and methodologies. These published studies were performed based
on two integrated criteria: drivers and approaches. The first one investigated water-usage
drivers in a short timeframe. Domestic water usage is considered to be related to a series
of drivers, including economic, climate, population, water price, and policies. Zhou et al.
quantified socioeconomic drivers, such as urban population and service GVA, to investigate
the key drivers of water changes [7,8]. Manouseli et al. considered climate change as a factor
affecting domestic water [9,10]. Meng et al. proved the significant relationship between
regional GDP, population, and water consumption [11]. Suarez-Varela modeled the linear
relationship between water usage and water price [12]. Bijl et al. described the GDP per
capita, population, and water withdrawal efficient as synthetic factors for domestic water
change [13]. Among these factors, the investigation of long-term drivers was constrained
by the lack of continuous data, except for the economic drivers, which could be traced
back to 1900 by the World Bank [14]. The second one is the investigation of approaches.
These approaches can be divided into two types, namely, single-equation models and
hybrid models. Single-equation models include the linear regression model [10], whale
optimization algorithm [15], artificial neural network [16], pseudo-panel approach [8], and
so on. Hybrid models are driven by macroscale socioeconomic activity to simulate water
use in specific regions. Hybrid models include IMAGE (Integrated Model to Assess the
Global Environment) in IMAGE regions [17], QUAIDS (Quadratic Almost Ideal Demand
System) models in Spanish [12], and IUWM (Integrated Urban Water Management) in
Australia [18]. Therefore, a universal and long-term evaluation of water-usage trends is
still missing, and a new approach should be introduced.

In this research, we adopted the expanded S-curve model to assess the long-term
relationship between water usage and economics, which are presented by domestic wa-
ter usage per capita (DWPC) and GDP per capita, respectively. The S-curve model has
been widely used in mineral and energy resource evaluation. The S-curve pattern was
first proposed by French mathematician Verhulst in 1838 for the description of biological
population [19], and was employed by Wang et al. [20] and Gao et al. [21] to quantify
the relationships between economics and energy and steel, respectively. Besides, in the
water-usage studies by Zuo [22] and Florke et al. [23], the S-curve pattern was also used as
country curve qualitatively. Here, water-usage data from 10 typical countries and regions in
the last 100 years are described through the relationship between domestic water usage and
GDP per capita, and the key points and transitional sections are identified in the expanded
S-curve model. Other factors affecting domestic water usage are also discussed.

2. Material and Methods
2.1. Data and Key Drivers

This study first collected a vast amount of data about domestic water resources from
17 typical countries from 1950 to 2020 according to the publicly available data. The water
data in this research are mainly from three parts. Firstly, the global water-related database
with free access was established in AQUASTAT by the Food and Agriculture Organization
of the United Nations (FAO) and the water databases in the World Bank Open Data [5,14].
It should be noted that national water-use records were conducted every 5 years or longer,
and most of the water records could only be traced to 1960 or later. Secondly, a few of the
detailed water-use categories were collected from national statistical offices, such as the U.S.
Geological Survey (USGS) and the Eurostat and German Association of Energy and Water
Industries [24-26]. Thirdly, a series of published literature reviews and statical surveys
about water use were consulted. Gleick [27] and Shiklomanov [28] tried to conduct an
adequate data survey for the World’s Water Report and USA water data. Florke et al. used
the WaterGAP 3 model for back-calculating water-use data on a global scale [23]. However,
many historical records on domestic water use were incomplete or discontinuous, as shown
Figure 1, for the primary selection of 17 countries. The relationship between water usage



Appl. Sci. 2022,12,

6090

30f13

DWPC (m¥per capita)

and economic development is shown as the domestic water per capita (DWPC) and GDP
per capita to offset the regional disparity.
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Figure 1. Relationship between GDP per capita and DWPC for (a) South Africa and Brazil; (b) Spain,
Poland, Greece, Romania, and Mexico; and (c) all 17 countries.

Figure 1 shows the collected domestic water data from 17 countries, including Japan
(JP), China (CN), the United States (USA), Spain (ES), France (FR), the United Kingdom
(UK), Poland (PL), India (IND), Indonesia (ID), South Africa (ZA), South Korea (KR),
Greece (GR), Romania (RO), Germany (GER), Brazil (BR), Mexico (MX), and Canada (CA).
However, several countries showed poor data availability. South Africa and Brazil, as
shown in Figure 1a, showed a C-type curve, meaning that the water usage was reduced
during economic recession and increased during economic recovery. Spain, Poland, Greece,
Romania, and Mexico showed an entangled type, showing that the water usage drastically
changed during economic transition. These 7 countries with cluttered data were excluded
and the remaining 10 countries were collected as our research objects.

To get consistent and long-term DWPC data, the relationship between urbanization
rate and DWPC was derived first, and changes in water-usage intensity were expressed as
urbanization rate change due to the observation that as urbanization rate increases, water
users in a more urban population trend toward a more water-intensive lifestyle. After
the maximum level was reached, DWPC was either stable or declined with the increasing
urbanization rate. The relationship between urbanization rate and DWPC is shown in
Figure 2. Instead of using solely regional curves to estimate past DWPC, the current data
model version was derived for 9 countries. Germany was an exception due to the lower
DWPC, so the DWPC with urbanization between 20% and 60% in Germany was derived
from its original data. Where data availability was missing with an urbanization of between
20% and 60%, the available information was combined in order to allow for the fitting of a
simulating curve to the historical data, as shown in Figure 2.
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Figure 2. Relationship between urbanization and DWPC.

The urbanization data could be traced back to 1900 and the relationship between
urbanization and DWPC was simulated as three different models in Table 1, with the
R-squared above 0.85. In addition, the corresponding models for applicable countries were
listed according to the trends of the curves after urbanization above 60%, as shown in Table 1.
When the urbanization was acquired, the DWPC could be derived with corresponding
models.

Table 1. Simulated models between urbanization and DWPC.

(R-Squared)

Model Fitting Curve R2 Applicable Countries
Model 1 y = 0.0208*x>1216 0.8908 USA, CA
Model 2 y = 0.49617%x1-22812 0.8689 KR, IND, IN, UK
Model 3 y = 48.314In(x) — 128.18 0.8743 JP, FR, CN

Therefore, the long-term trends between DWPC and GDP per capita during 1900 to
2020 are shown in Figure 3 for 10 countries. It should be noted that the DWPC shown in
Figure 3 is adjusted data, which were derived from the urbanization. Consequently, the
DWPC is somewhat higher or lower than the observed data.
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Figure 3. Relationship between GDP per capita and DWPC for 10 typical countries.

2.2. Mathematical Modeling of the Expanded S-Curve

The expanded S-curve model illustrating the relationship between DWPC and GDP
per capita offers a tool to identify critical transitions from one stable state to another during
economic development. A mathematical technique is employed to describe the expanded
S-curve model. According to the expanded S-curve in previous studies [20,21,29], the
relationship between DWPC (W) and GDP per capita (G) can be expressed as follows:

exp[a1 (G — Gi)] — exp(—a3(G — Gj))]

2coshlar (G — Gj)] @

W—W;=A
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where w1, ap, and a3 are the exponential constraints, and A is the amplitude of the equation.
W; and G; are the corresponding turning points on the expanded S-curve for DWPC and
GDP per capita, respectively. Equation (1) is expressed as a hyperbolic tangent function.

Then, the linearity changes before the takeoff point, around the turning point, and
after the zero-growth point are derived from Equation (1) as Equations (2)—(4).

W—-W;=A+A(ar —a3)(G— G;) = A+p;(GC—Gj) 2
W-—-W,; = 0.5A(Dé1 + 063)(G — Gl) = pl(G — Gl) 3)
W—-W;=A+A(a1 —a2)(G — G;) = A+ (G — G) 4)

where pj, p;, and p, are the slopes of the curve before the takeoff point, around the turning
point, and after the zero-growth point, respectively. They can be calculated from the
systems of Equations (5)—(7):

p1+20i + 0o

_ P+ 20i —po
ay = A (6)
_ TP1+20i — P
a3 = oA @)
Equation (1) has a first-order partial derived from 0 at the zero-point of the S-curve:
AW
tanh[vq(GU — Gi)]tanh[zxz(GV — G,)} =, -, G =0 (8)

By substituting Equations (5) and (6) into Equation (8), Equation (9) can be obtained

tanh(q)1A_1>tanh<(p2A_1> = @3 ©)
where
¢1 = 0.5(p; + pi + p0) (Go — Gj) (10)
@2 = 0.5(p; + 20 — po)(Go — Gi) (1)
p1 + pi + Po
Y B B 12
3 o1+ 2pi — Pov ( )

In summary, the W;, G;, p;, p;, and p, were from research data, and the A, «1, a5, and
«3 were from the equations.

3. Results
3.1. Expanded S-Curve in Typical Developed Countries

According to the universal equation, the expanded S-curve equations of the DWPC
were established for four typical countries as Equations (13)-(16), which were the US, Japan,
UK, and France, respectively.

1) Us
exp[0.000311 x (G — 11,500)] — exp[—0.0000872(G — 11,500)]

—17
W =170+ 181 x 2 cosh[0.000088(G — 11,500)] (13)

(2) Japan

exp[0.0000338 x (G — 11,000)] — exp[—0.0000668(G — 11,000)]
W=9 14
90 % 2 cosh[0.0000673(G — 11,000)] (14)
(3) UK

W 120 + 30 x SP[0.000395 x (G ~ 13,000)] ~ exp[-0.000311(G ~13,000)] |

2 cosh[0.000395(G — 13,000)]
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=
2

(4) France

exp[0.00000763 x (G — 12,000)] — exp[—0.000825(G — 12,000)]
2cosh[0.000178(G — 12,000)]

Figure 4 gives the expanded S-curve simulation for these four typical countries.
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Figure 4. Expanded S-curve simulation of DWPC and GDP for (a) the United States (b) Japan,
(c) France, and (d) the United Kingdom.

The changing trajectories of DWPC with GDP per capita in these countries generally
experienced three stages.

For the US in Figure 4a, the first stage was before the GDP per capita of USD 6500 in
1930 during Great Depression, and its economy sequence entered a special period with
a winding curve until World War II. The DWPC maintained a flat trend during the first
stage. In the second stage, the DWPC in the US kept growing to a high level of 230 m?
in 1990, with a GDP per capita of USD 20,000. After the GDP per capita of USD 35,000 in
2000, the DWPC started to decrease due to technology improvement, with the wide use of
dishwashers and water-saving toilets. The efficiency improvements dramatically reduced
the water usage.

Japan, in Figure 4b, showed a similar evolution pattern. The DWPC decreased dis-
tinctly during World War II in 1940s with a GDP per capita of around USD 2500, and it
dropped to 32 m? with an annual decreasing rate of 7%. Then, with the post-war construc-
tion in 1950 with GDP per capita around USD 3500, the economic development model
enabled Japan to enter a rapid development process of urbanization. From 1990 to 2000,
after 40 years of linear growth, the DWPC in Japan peaked at approximately 120 m3 with a
GDP per capita of USD 20,000. After 2000, more efficient appliances and fixtures contributed
to significant reductions in DWPC in Japan, with the same reduction trends in US.

France’s and Britain’s economic development was similar to that of US and Japan in
the first stage, as shown in Figure 4c, d. They were stagnant for a long time after World
War I and World War II before the 1950s. Meanwhile, the DWPC showed stationary trends
until 1950. Then the DWPC in these two countries developed differently. For France, the
DWPC showed no variation around 65 m? until 1970, with a GDP per capita of USD 11,000.
Then it started to experience a slight increase due to the soaring urbanization rate. In the
third stage, the DWPC in France diminished from 106 m? after 2000 with a GDP per capita
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of USD 20,000 due to the application of water-saving machines on a large scale. The DWPC
variations in UK were directly related to the evolution of water bureau management, which
was further propelled by urbanization development. In the late 1960s with a GDP per capita
above USD 10,000, the DWPC increased from 113 m3 with the increasing urbanization rate
and population, and the management framework of water in the UK was optimized to
improve the water efficiency. So, from 1970 to 1990, with a GDP per capita of between USD
11,000 and USD 18,000, an increase in the DWPC of between 115 m? to 138 m?® was evident
in the UK. In 1980s, with the stagflation in economics, the UK government published the
Government White Paper on Privatization of Water Industry in 1986 and the top 10 water
industries in the UK completed the privatization in 1989, which led to an increase in water
prices and a decrease in DWPC in the 1990s with a GDP per capita of above USD 18,000 [30].

3.2. Implication of the Expanded S-Curve Model

According to the correlation analysis of the increase in DWPC and GDP per capita in
Sections 2.2 and 3.1, we can conclude that the expanded S-curve can be calibrated with
three key points, which are the takeoff point, the turning point, and the zero-growth point.
Meanwhile, the long-term DWPC trends with GDP per capital were also divided into four
stages according to the growth rate transition, including slow growth, accelerated growth,
decelerated growth, and zero/negative growth. Figure 5 shows the key points and stages
of the S-curve, and the points for each country are summarized in Table 2.

Table 2. Key points of expanded S-curve for each country (1990 GK in USD).

Country Takeoff Points Turning Points Zero-Growth Points
GDP per Capita GDP per Capita GDP per Capita
us 4000-4200 10,100-11,500 20,000-22,000
UK 4500-4800 12,000-13,000 17,000-18,000
France 3500-3800 12,000-13,000 19,000-20,500
Japan 3000-3500 10,000-11,000 22,000-23,000
China 2000-2500 11,000-12,000 -
Germany 3200-3800 11,000-12,000 18,000-19,000
India 1500-1800 - -
Indonesia 2300-2500 - -
Canada - - 19,000-21,000
South Korea 3000-4000 10,000-12,000 18,000-20,000

The takeoff point is the starting point for the accelerated growth in DWPC in the range
of USD $1500-5000, implying an adjustment of agriculture society to industrial society with
the economic boom. Before this takeoff point, the DWPC was in the slow-growth section.
The takeoff points for developed economics, such as the UK, the USA, France, and South
Korea, occurred after USD 3000, whereas for developing economies, such as India and
China, it occurred between USD 1500 and USD 2500. The turning point made an adjustment
period of an industrial structure in the process of industrialization, with a GDP of USD
10,000-USD 13,000 for the researched countries without diversity. After the turning point,
the growth rate in the DWPC transited from accelerated growth to decelerated growth until
the zero-growth point. The zero-growth points were concentrated around USD 17,000-USD
22,000, which indicates that the DWPC entered a zero-growth or slow-decline stage. This is
also consistent with the post-industrial stage [20], when the living standards were improved
substantially to promote the technical progress of water-saving facilities.
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Figure 5. Three key points and four stages with different growth rates of the expanded S-curve.

4. Causes for the Changes in Domestic Water Usage

The expanded S-curve model describes the effect of economics on domestic water
usage; however, domestic water-usage changes also have a close connection with industrial
structure, urbanization, and scientific—technical progress, which were also promoted by
economics. The relationship between tertiary industry proportion, urbanization, DWPC,
and GDP per capita for these 10 typical countries is summarized in Figure 6. The tertiary
industry proportion in Figure 6a and urbanization in Figure 6b both present a similar
regularity with GDP per capita, with accelerate growth before a GDP per capita of USD
10,000, decelerated growth between a GDP per capita of USD 10,000 and USD 13,000, and
peak value around a GDP per capita of USD 20,000, which is consistent with the DWPC in
Figure 6c.
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In order to clearly characterize the relationship between these factors, a schematic
diagram was established in Figure 7. The three key points of the expanded S-curve were
annotated, and the corresponding turning points of tertiary industry proportion and
urbanization were also calibrated to compare the corresponding relations.

4.1. Urbanization

The urbanization rate represents the population structure, which has a significant
effect on the DWPC. According to previous study, water users in a more urban population
in the first trended toward a more water-intensive lifestyle with increasing urbanization
rate [13,31,32]. Chen et al. tested the urbanization factor in promoting the DWPC by
LMDI [33,34]. The urbanization rate and DWPC showed a positive relationship with
conformal key points, as seen in Figures 1 and 7. The urbanization rate can be divided into
three stages: It rapidly grew from an urbanization of 20% to 70% before GDP per capita
reaches USD 10,000, and then the growth rate decelerated until urbanization reached 80%
and the GDP per capita reaches USD 20,000. After this stage, the urbanization was generally
saturated, with a stable trend. The turning point for DWPC also occurred between USD
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10,000 and USD 13,000, as seen in Figure 7, which is consistent with urbanization. Therefore,
we can arrive at the conclusion that urbanization could accelerate domestic water usage.
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Figure 7. Relationship between key points of expanded S-curve and important indicators of economic
and social development.

4.2. Industrial Structure

Domestic water is used in the tertiary industry for urban households, rural households,
and commercial service [5,14,24]. As the tertiary industry proportion increases, the urban
infrastructure and commercial service would be enhanced with economic development,
resulting in an increasing trend in the DWPC. During the industrialization and post-
industrialized era, the tertiary industry proportion showed a linear increasing shape. This
rapid increasing trend discontinued until a GDP per capita of USD 10,000. Then, it entered
a slowly increasing stage between a GDP per capita of USD 10,000 and USD 15,000. The
peak of the tertiary industry proportion was around USD 20,000, coinciding with the
zero-growth point of the expanded S-curve of DWPC in Figures 6 and 7.

4.3. Technical Progress

The technical progress was usually promoted by the economic development, and it
can be considered a main driver for water-usage change [35]. Figure 8 shows the indoor
DWPC subsectors for the US and Japan. The indoor DWPC can be divided into five parts,
and showers accounted for the greatest share for the US in Figure 8a and toilets account
for the greatest share for Japan in Figure 8b. Besides, the shares for kitchen (mainly for
dishwashers), clothes washers, and others were also substantial. Between 1990 and 2016,
there was a statistically significant reduction in DWPC for toilets in both the US and Japan.
According to previous studies, the declines are easy to understand due to the wide use of
water-saving toilets. In addition, the increasing the efficiency of fixtures and appliances
significantly reduced the amounts of clothes washers and kitchen use. Therefore, the
reduction of DWPC after 2000 for most causes could be partly attributed to technological
progress.
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Figure 8. DWPC subsector proportions in (a) the US and (b) Japan.

5. Conclusions

In this paper, we focused on the evaluation of long-term domestic water-usage trends
with economic development from typical countries. The relationship between domestic
water usage and socio-economic developments on a country scale for the time period from
1900 to 2020 in 10 typical countries was demonstrated. The simulation results show that
with the growth in GDP per capita, domestic water per capita showed an expanded S-curve
of ‘slow growth-rapid growth—zero growth, or even negative growth, with three key points,
which were the takeoff point, turning point, and zero-growth point, respectively. The
takeoff point of the expanded S-curve was located at a GDP per capita of USD 1500-USD
5000, according to the different development levels. The turning point was located at a
GDP per capita of USD 10,000-USD 13,000, and the zero-growth point was concentrated
around a GDP per capita of USD 17,000-USD 22,000, consistent with the post-industrial
stage. Besides, the urbanization was proven to accelerate domestic water usage, and the
higher tertiary industry proportion of GDP enhanced the domestic water-usage trends.
The decreased water usage was attributed to technological progress, with widely used
water-saving appliances.

The results of this research show that the expanded S-curve is applicable to the
relationship between domestic water usage and economic development on a country
scale. We hope this conclusion can contribute to the development of future solutions and
strategies for domestic water prediction in different economies or similar economies under
different development stages. However, there is still a lot of uncharted territory of the
application of the expanded S-curve models. In this paper, only four of 10 typical countries
were simulated in detail, and studies on a series of countries with few water usage data are
still deficient. We will apply this expanded S-curve model to other countries in our future
research, and hope that this model will encourage the efficient and sustainable management
of water resources.
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