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Abstract: As global water scarcity becomes increasingly acute, water demand forecasting has emerged
as a critical component in water resource management and planning. This review aims to compre-
hensively survey and analyze the current state of research, existing issues, and development trends
in the field of water demand forecasting. Presently, there are numerous studies on water demand
forecasting; however, most of the forecasting results tend to be overestimated. On the mechanistic
level, research has gradually shifted from considering single factors to accounting for the complex
influences of multiple factors. This paper summarizes the mechanism of water demand from the
three levels of agriculture, industry, and residential life. In terms of forecasting methods, various
techniques have been explored and applied, particularly new methods based on artificial intelligence
and machine learning, which have demonstrated significant advantages in improving forecasting ac-
curacy and handling nonlinear relationships. Despite the notable progress and practical achievements
in water demand forecasting, several challenges and issues remain. Future research should focus
on diversifying methodologies, comprehensively considering multiple influencing factors, further
refining forecasting models and technical systems, strengthening uncertainty and risk management,
and emphasizing practical applications and policy guidance.
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1. Introduction

Water is the source of life and a crucial support for socio-economic development. With
the acceleration of global climate change, population growth, and economic and social
progress, the gap between water resource supply and demand is becoming increasingly
pronounced [1]. Water demand forecasting is a fundamental and challenging task for water
resource allocation, integrated planning, and management. Reasonable and accurate water
demand projections are of significant practical importance for determining the scale of hy-
draulic engineering projects, assessing water resource conditions, planning water resources,
and scheduling and distributing water quantities [2]. Water demand forecasting has become
a hot topic in academic circles and production departments [3]. Many factors influence
the outcomes of water demand forecasting. These include water resource endowment, the
level of urbanization, the level of economic and social development, industrial structure
and layout, water use structure, water pricing, water use quotas, water conservation levels
and management efficiency, and water-resource-related policies. All of these factors can
lead to significant variations in water resource demand [4,5]. Furthermore, the various
factors driving and constraining water resource demand growth are often phase-specific,
which increases the uncertainty of forecasting results and makes water demand forecasting
a challenging aspect of water resource management [6].
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The theoretical basis, technical methods, and assumptions of water demand forecasts,
especially medium- and long-term water demand forecasts, are controversial in the aca-
demic community. The controversy centers on the fact that the results of previous demand
forecasts were generally inaccurate. [7,8]. For example, in 1968, the National Water Re-
sources Council of the United States predicted that the total national water demand of the
United States would reach 1111.6 Gm? in 2000, while the actual water consumption in 2000
was 563.7 Gm? [9]. In addition, Japan’s land planning department predicted that Japan’s
total water demand in 2000 would be 125.5 Gm?, while the actual water consumption
was only 90.8 Gm? [10]. In 1986, the Planning and Design Institute of the Ministry of
Water Resources completed “China’s Water Resource Utilization”, predicting that the total
national water demand in 2000 would be approximately 700 Gm? [11]. However, the actual
water usage was only 549.8 Gm®. It can be seen that the over-forecasting of water demand
has resulted in the misguided planning of certain water resources and misjudgment of the
water resource situation [12].

In 2015, the Opinions of the Central Committee of the Communist Party of China
and the State Council on Accelerating the Advancement of the Construction of Ecological
Civilization proposed to “strengthen the management of water demand, determine the
demand for water, act according to the quantity of water, curb unreasonable water demand,
and promote the balance between population, economy, etc. and water resources”. When
General Secretary Xi Jinping visited the Yellow River in October 2019 and convened a
symposium on the ecological protection and high-quality development of the Yellow River
Basin, he pointed out, “Insist on defining the city by water, the land by water, the people by
water, and the production by water, take water resources as the biggest rigid constraint,
rationally plan the development of populations, cities, and industries, and resolutely
curb the demand for unreasonable water use”. With the rising status of water demand
management in the social economy, the accuracy of the water demand forecasting process
and forecasting results is constantly improving.

Water demand forecasting research involves a wide range of disciplines, including
macroeconomics, water resources, ecological and environmental sciences, microeconomics,
systems engineering, and mathematical planning [13]. Although some important progress
has been made in localized areas through long-term research and extensive practice by
many scholars, the theoretical basis and scientific analysis methods are imperfect [8].
Water demand forecasting results often tend to overestimate actual demand and may not
withstand practical scrutiny [14]. The main reason for the generally high water demand
forecast is that people do not know enough about the objective laws of economic and social
development and water demand growth; the mechanism of water demand has not yet
been clarified, and the driving mechanisms and constraints of water demand changes in
various industries are not understood well. Therefore, it is still necessary to urgently carry
out research on issues related to water demand forecasting, clarify the mechanism of water
demand, explore the water demand of water users, and establish a scientific technical
system for water demand forecasting.

This paper systematically analyzes the development history of water demand fore-
casting, analyzes the mechanism of agricultural, industrial, and residential water demand,
and summarizes the methodology of water demand forecasting. It is hoped that the
above contents can provide basic and technical support for the research of water resource
demand forecasts.

2. The Historic Development of Water Resource Demand Prediction

Since the 1950s, the world’s total water use has grown rapidly, and many countries
have begun to incorporate water resources management into their governmental functions.
At the same time, these countries also take water demand forecasting as an important
means of planning work in order to achieve the goal of controlling the dynamic between
the supply and demand of water resources. In the 1960s, the world began to pay attention
to the forecasting of future water use in various sectors of the national economy. The World
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Water Congress, held in 1977, called on countries to dedicate a national water resources
assessment exercise. In 1988, the World Commission on Environment and Development
(WCED) stated that “Water resources are replacing oil as the main problem causing crises
throughout the world”.

The State of California in the United States carried out a water demand forecasting
exercise in 1956, and the results were subsequently revised several times based on actual
water use. In 1968, the National Water Resources Board of the United States predicted that
the total water demand of the United States in 2000 and 2020 would reach 1111.6 Gm?
and 1890 Gm?, respectively. But in fact, the peak water use occurred in 1980, when water
consumption was only 580.3 Gm?, and then there was a negative growth. Meanwhile, water
consumption in 2000 was down to 563.7 Gm? [10]. The second national water resource
assessment was carried out in 1978. This time, demand forecasts for all types of water were
re-established. It was projected that by 2000, the total water consumption of the country
would be reduced by about 9% compared with that in 1975, of which the water consump-
tion of manufacturing industries would be reduced by 62% [15]. Japan’s land planning
department predicted that Japan’s total water demand in 2000 would be 125.5 Gm?, but the
actual water consumption in 2000 was only 90.8 Gm? [10]. Countries such as the United
Kingdom, France, the Netherlands, and Canada are also progressively developing water
demand forecasting as a means of macro-management or policy formulation [16]. China’s
water demand forecasts are shown in Table 1.

Table 1. China’s water demand forecasts.

Region Time Predicted Actual

2000 700 [11] 549.8

2000 600 [17] 549.8

Chi The end of 21st century 600 [18] 549.8

na 2010 720 [11] 602.2

2018 584.7 [19] 601.55

2020 696.4 [20] 581.3
Haihe siver basi 2000 52.2[21] 43

aihe river basin 2020 49.5[22] About 37
Beiiin 2000 4.55[10,23] 4.04
Prou ne 2010 4.04[10,23] 3.52
rovinee Shamnd 1990 7.2~7.6 [24] 5.4
anxi 2000 9~10 [24] 5.64
Urban water use in China 2000 40.6 [25] Less than 26

Water demand forecasts differ significantly from actual water use [26]. The main
reason for the deviation of the above forecast results is that people have insufficient un-
derstanding of the objective law of economic and social development and water demand
growth, and have not yet clarified the mechanism influencing macro water demand. The
demand for water resources is the result of a combination of social, economic, climatic,
and ecological factors. Its influencing factors are both driving and constraining factors of
demand growth. For different water use systems, the driving or restraining factors are also
significantly different.

In recent years, a large number of scholars has continued to work on water demand
forecasting. The main focus is “Has China’s total water use reached its peak?” According to
the China Water Resources Bulletin, the peaks of China’s agricultural water use, industrial
water use, and total water use occurred in 1985, 2011, and 2013, respectively. Their peak
sizes were 424 Gm?, 146.2 Gm?, and 618.3 Gm?, respectively. According to this feature, some
experts and scholars believe that the scale of China’s economic and social water demand
has reached its peak. Jiang et al. [27] believed that the nation’s water use is currently
peaking and that there will be no overall increase in fresh water use in the future [24].
However, a number of scholars disagree with this view. Wang et al. [28] believed that the
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basis of this paper was insufficient, and it is too early to draw the conclusion that China’s
water consumption has reached its peak at this stage. Zhang et al. [29] showed that China
has not yet acquired the economic and social basis for water peaking at this stage. The
United Nations World Water Development Report 2023 released by UNESCO pointed out
that with the rapid increase in population and other factors, global water consumption will
continue to grow at a rate of 1% per year before 2050. Low—middle-income countries will
face greater pressure on water supply in the future [30]. Specific information on China’s
peak water use forecasts is shown in Table 2.

Table 2. China’s peak water use forecasts.

Time to Peak Peak Value Reference
2026~2030 630 He et al. [31]
Around 2030 650 Peng et al. [32]

2035 647 Yi et al. [33]
2037 648 Zhao et al. [26]
2039 690.7 Qin et al. [34]
2042 730 He et al. [35]

3. Research on Water Demand Mechanisms

In order to forecast water demand more accurately, a number of scholars have carried
out research on the mechanisms of water demand. For example, Sun et al. [36] believed
that the improvement of economic level is the direct cause of China’s water consumption
change in recent years, and the expansion of population size is the original driving force
of water consumption growth. Liu et al. [37] identified population, food production, and
changes in industrial structure as the main factors affecting total water use in China. Kan
et al. [38] analyzed the characteristics and reasons for the changes in water consumption in
China from 2005 to 2020 and concluded that industrial structural adjustment and progress
in water-saving technology were the dominant factors leading to the reduction in water
consumption. Bijan et al. [39] constructed a global-scale water intensity index (the ratio
of population size to the amount of new water available) and found that two-thirds of
the world’s population will be living in areas of high water stress by the mid-century, an
increase of 17% from 1965.

The water demand mechanism is a complex concept involving multiple aspects and
levels. It involves many aspects of the physiology, ecology, and behavior of organisms. For
different types of organisms and different industries, the specific manifestation of the water
demand mechanism will be different.

3.1. Agricultural Water Demand Mechanism

The main body of crop water demand is the sum of plant transpiration and inter-plant
evaporation (Figure 1). Plant transpiration is a combination of physical and physiological
processes. Physical action refers to the process of liquid diffusion at the evaporating surface
and the turbulent gas flow over it. Physiological action refers to processes such as water
uptake by plant roots, water transport within the body, and the opening and closing of leaf
stomata. It is related to both meteorological and non-meteorological conditions [40]. Inter-
plant evaporation is the evaporation of soil or water surface between crop plants, which is
mainly a physical phenomenon affected by meteorological conditions. The magnitude of
crop water requirement depends on internal and external factors of crop growth and devel-
opment and water requirement. The internal factors refer to the biological characteristics
that have an impact on the rule of water demand and are related to crop types, varieties,
and growth stages.

The water requirement of different crops is different. Xerophytes have a small leaf
area, small stomata, and a strong water retention ability, and their water requirement is
less than that of hygrophytes [41]. External factors refer to climatic conditions (including
solar radiation, temperature, relative humidity, sunshine hours, wind speed, etc.), soil
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conditions (including soil texture, water content, etc.), and agricultural water-saving tech-
nical measures (the popularization of water-saving facilities such as drip irrigation and
micro-irrigation, channel seepage prevention, and agronomic technology). Meteorologi-
cal factors are the main factors affecting crop water requirements when soil moisture is
adequate. The effect of meteorological factors on evapotranspiration can be seen from the
Penman-Monteith (P-M) equation for physical mechanisms [42]. According to [43], for
every 1 °C rise in temperature, water requirements for irrigation in arid and semi-arid areas
may increase by 10%. When the temperature rises by 1 °C, the net irrigation water demand
of winter wheat increases by about 2~3% [44].

Evaporation+Transpiration=ET

Transpirarion Transpirarion

~ Evaporation

oy Lt

Figure 1. Schematic diagram of crop water demand mechanism. Tip: ET: The process of moving
water from the Earth’s surface to the atmosphere, including evaporation of liquid or solid phase
water from the soil and plant surfaces and transpiration by plants.

The water requirement of the same crop is different in different growing periods.
It has been shown that during the entire fertility period of wheat from sowing to milky
harvest, the following stage has the highest water demand intensity (see Figure 2). The
water demand intensity of cotton at the growing stage reaches its peak at the filling stage
and fruit expansion stage [42,45].

Soil moisture content is one of the main factors affecting the water requirement of dry
crops. Studies have shown that the water requirement of crops increases with the increase
of soil water content within a certain range. When soil water content approaches or exceeds
field water capacity for a long time, crop water requirement will decrease with the increase
in soil water content [42]. Agricultural technology indirectly affects crop water requirement,
while sowing density, fertilizer amount, irrigation method, moisture retention technology,
and film mulching all have an impact on agricultural water requirement [41].

In general, the water requirement of a single crop of a certain variety depends on the
evapotranspiration intensity of the crop. However, regional agricultural water demand
depends not only on evapotranspiration, but also on the planting area, planting structure
and planting system, irrigation water utilization coefficient, management level, water
resource endowment conditions, water price, and other factors. The increase in planting
areas is a direct driver of the increase in agricultural water use. The optimization of the
cropping structure and cropping system will to some extent curb regional agricultural
water demand. Zhang et al. [46] found that the total water demand of major crops caused
by changes in the cropping structure in the North China Plain decreased by 6.37% from
2002 to 2012. The level of agricultural water management and water pricing are factors
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that constrain the growth of agricultural water demand. Water resources are a constraint in
water-scarce areas, where the coefficient of irrigation water use is relatively high. The per
mu (1 mu = 666.7 m?) irrigation withdrawal is lower than that in water-rich areas. Water
resources also have an impact on agricultural water demand [47].
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Figure 2. Water demand intensity at different stages of winter wheat.

3.2. Industrial Water Demand Mechanism

Industrial water demand generally refers to the water demand of enterprises in the
production process and manufacturing processing, cooling, washing, etc. It is affected
by factors such as the scale of production, production structure, progress in water-saving
technology, and price. The expansion of the industrial production scale is the main factor
driving the growth of industrial water demand. However, whether there is a high water
consumption in the industry and its proportion to the industrial structure will have an
important impact on industrial water use. Typical high-water-consuming industries include
the thermal power generation, iron and steel, textile, paper, and chemical industries, which
account for about two-thirds of total industrial water consumption [48]. These high-water-
consuming industries use water mainly for cooling and washing. Among them, the thermal
power generation industry uses water mainly in the water vapor cycle system, i.e., water
for the thermal system, cooling system, heating system, and hydraulic ash removal and
slag discharge system. These account for about 40% of the total industrial water use (see
Figure 3). The main water uses in the chemical industry are cooling water, heating and
processing water, and washing water (circulating cooling towers in chemical plants account
for more than 45% of the water consumed in chemical plants). These water uses account for
about 8% of total industrial water use. The steel industry mainly uses water for sintering
(pellets), coking, iron, steel, steel rolling, and other processes of the production process
and equipment cooling. These account for about 5% of total industrial water consumption.
The water in the textile industry is mainly used for the preparation and rinsing of various
kinds of fabric pre-treatment processes, dying, printing solutions, and for rinsing water
after fabric finishing. These account for about 4% of the total industrial water use. Paper
industry water mainly includes pulping water, paper, and cardboard production process
water. These account for about 3.5% of the total industrial water use [8].

Industrial water use is affected by meteorological conditions, generation processes
and technologies, industrial structure, water prices, etc. Studies have shown that for every
1 °C increase in temperature, the industrial cooling water demand in the Huaihe River
Basin will increase by about 2% [49]. Zhang et al. [44] found that for every 1 °C rise in
temperature in the thermal power industry, the cooling water demand will increase by
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1% to 2%. And this effect is more significant in the northern region with water scarcity.
Technical factors refer to the reduction of water withdrawal per unit of product through
technological innovation and management innovation. The development of circulating
cooling technology and wastewater treatment technology has led to a significant increase
in the reuse of industrial water. Technological progress and the generation of structural
adjustments are important reasons for the almost zero growth in industrial water use in
developed countries over the past 20 years [50,51]. Wang et al. [52] took the ventilated
cooling tower operated by Shenhua Xinjiang Chemical Co., Ltd. (Urumgi, China) as the
research object and adopted the external air cooler technology transformation program
to save water in the cooling tower, which achieved an average annual water-saving rate
of more than 21%. Chen et al. [53] proposed and designed a new cyclone-created vortex
water-saving device that increased the water-saving efficiency by about 17% over that of
the traditional water collector. Altman et al. [54] demonstrated a 16% water-saving effect
and a 49% reduction in water discharges by switching to a membrane distillation system
for water from a recirculating cooling tower.

Part of the steam is used for Part of the steam is used for

industrial and residential heating l industrial and residential heating
/\ Sleyy/lu&)ine
Dechemical Demineralized
water tank Unit water refill Condenser

Chemical +
wastewater to flue
gas desulfurization

process tank

¥ Pulping Vet Circyf latin;
. Desulfurization desorption desulphurization 2
Urban with absorption wa ter
water tank tower to colol the

Circulating Mixing desulfurization Circuflating
wastewater in ash storage water freturn
water (Efflux) A
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refill
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Figure 3. Classification of water consumption in a typical domestic thermal power plant.
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Some studies have shown that compressing water use in high-water-consuming in-
dustries and reducing the proportion of high-water-consuming industries can significantly
reduce the total amount of industrial water demand [50]. Water pricing has proven to be
an effective tool for regulating industrial water use. The price elasticity of industrial water
demand ranges from —0.10 to 0.79 [55]. In addition, there is a significant positive correla-
tion between water prices and industrial water reuse rates [56]. The impact of water price
increase on water demand is as follows: first, it encourages enterprises to save water and
minimize the cost increase caused by water waste [57]; second, it causes the average profit
rate of high-water-consumption industries to decline, and the development vitality of de-
partments with small water withdrawal or high water use efficiency is relatively enhanced,
which realizes the rational allocation of water resources by means of the market economy.

3.3. Mechanisms of Residential Water Demand

Residential water use has become a new source of water growth. China’s annual water
consumption for domestic use rose from 600 million m? at the early days of the founding
of the China to 28 Gm?3 in the 1980s, and will further increase to 64.78 Gm?3 in 2022, with an
average annual growth rate of 880 million m3. Per capita water consumption also increased
from 78 L/ (person-d) in 1980 to 125 L/ (person-d) in 2022, with an average annual growth
rate of 1.4% [58]. Domestic water use mainly consists of seven parts: drinking water,
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cooking water, washing water, environmental cleaning water, laundry, bathing water, and
toilet flushing water. Urban households use the highest proportion of water for bathing,
with an average of 43 L/(person-d), accounting for about 36% of total water use. Toilet
flushing and personal hygiene are also behaviors that use more water, with an average
water consumption of 30 L/(person-d) and 25 L/(person-d), respectively, accounting for
about 28% and 16% of the total water consumption. Eating and drinking, laundry, and
household cleaning are mostly communal household behaviors, with relatively low per
capita water use and a direct correlation to household size, accounting for 10%, 9%, and 1%
of the total water use, respectively (see Figure 4). Per capita water consumption in rural
households is about 60-140 L/ (person-d). Bathing, toilet flushing, and personal hygiene
are also behaviors that account for the highest proportion of water use in rural households,
with a water consumption of about 30-70 L/ (person-d), accounting for 50-70% of the total
water consumption.

Town Countryside

32%
16%
' 17%
9% ° 1%
1%
I Centigrade Personal hygiene I Centigrade Personal hygiene

Home cleaning Laundry Home cleaning Laundry
Bathing [ Diet Bathing I Diet

Figure 4. Household water use structure.

This is mainly influenced by five factors: population, water-saving technologies, the
level of economic development, climate, and water prices.

(1) The first influencing factor is demographic, including population size, urbanization,
age structure, household size, and gender. The increasing population is the main driver of
the growth in domestic water demand. Chen et al. [59] developed a multiregional LMDI
decomposition model to analyze the driving effects of population and urbanization on
domestic water use changes in 21 cities in Guangdong Province and concluded that the
population change factor is the most important positive driver leading to the increase in
total domestic water use, followed by the population distribution factor and urbanization
factor. Xiong et al. [60] used the Cochrane-Ockert iterative method to develop a regression
model for residential water use in Chengdu and found that water demand rises as the
number of urban residents using water increases. Klasset et al. [61] assessed that under
the most unfavorable climatic conditions, population increase could lead to a 50% decline
in per capita water availability in Jordan by 2100. Accelerated urbanization with rapid
socio-economic development is also an important driver of water demand growth. Ac-
cording to [62,63], for every 1% increase in the urbanization rate, the urban domestic water
consumption in China will increase by 1.67 Gm?.

There is not a simple linear relationship between household water use and population
size. Studies have shown that a household with two members consumes less water than the
sum of the water consumption of two single members. The age structure of the household
population also has an impact on water use. Usually, young and middle-aged people are
the main contributors to household water consumption [64]. According to [58], it was
found that women are more concerned about personal hygiene and healthy living than men.
The duration and frequency of water use for bathing and personal hygiene, the frequency



Water 2024, 16, 1631

9of 16

of toilet flushing, frequency of laundry, and frequency of cooking are all higher for women
than those for men, and domestic water consumption is generally about 13% to 24% higher
for women than that for men [20 to 30 L/ (person-d)].

(2) The impact of water conservation awareness on residents’ domestic water use.
Factors such as water use habits, social customs, and water conservation awareness all
have an impact on the amount of water used by residents. Residents living in areas
with scarce water resources are more likely to be aware of water conservation than those
living in areas with abundant water resources. Willis et al. [65] revealed the relationship
between awareness of water conservation and household water use in 132 individual
households in selected cities in Australia. The results show that water-conscious residents
consume significantly less water for behaviors such as showering, using washing machines,
irrigation, and using taps. By analyzing data from a 2010 water conservation survey of
5000 residents in Beijing, Mu et al. [66] found that water conservation behavior is considered
to be closely related to water conservation awareness. On average, residents’ awareness of
water conservation was the strongest motivator for purchasing water-saving appliances.
Its marginal probability ranged from 8.8% to 25.3%.

The prevalence of water-saving appliances and the rate of network depletion are
important constraints on the growth of domestic water demand. A survey in Tampa, an
eastern city in the United States, showed that water-saving retrofits in household bathroom:s,
laundry rooms, showerheads, and other water-using fixtures could reduce per capita water
use by 49.7% [67]. According to [58], if you switch to a water-saving faucet with less than
7.5 L/min, you can save about 17% of water consumption without affecting the effect of
water behavior. Toilet flushing water consumption was gradually updated from 9 L/times
to 5 L/times for a two-stall toilet flow, which resulted in an average increase in water use
efficiency of about 44%. The shower flow rate was reduced from 9 L/min to 7.2 L /min for
the water-saving type, and the average water use efficiency was increased by 20%. When
residents turn off the water valve in time during the water use process, 6 L/(person-d) of
water can be saved, accounting for about 4% of the total water consumption. Residents can
reduce water consumption by 14 L/ (person-d), or about 10% of the total water consumption,
by using water for multiple purposes at home.

(3) The impact of the level of economic development on the population’s domestic
water use. Per capita daily water consumption for domestic use shows an overall upward
trend with household income. Zuo et al. [68] analyzed the changes in per capita household
water consumption in different periods and regions at home and abroad. They concluded
that the per capita household water consumption had a certain relationship with the
local socio-economic development level, showing an S-curve relationship. Liu et al. [69]
found after research that the increase in the level of economic development brought about
the growth of residential water consumption. The effect of economic development on
household water consumption: Shi et al. [63] showed that for every one-fold increase in
per capita disposable income, household water consumption increased by 6.4%.

(4) Climate impacts on residential water use. Williset al. [65] quantified in Arizona,
USA, that a 10% reduction in annual rainfall could increase per capita residential water
use by 3.9%, and that a 10 °C increase in average annual temperature would result in a
6.6% increase in per capita residential water use. Duro et al. [70] showed that increased
evaporation from warmer temperatures increases daily household water use. According
to [58], the per capita domestic water consumption in the northern region was significantly
less than that in the southern region, with a difference of about 27%. The per capita
domestic water consumption in the central region was 120 L/(person-d), which was
5-10 L/ (person-d) lower than that in the eastern and western regions. South China has the
highest per capita domestic water consumption. Taking the city of Urumgi as an example,
Dou [71] found that an increase of 1.0 °C in the average annual temperature would increase
the annual per capita domestic water consumption by 12.807 m?>.

(5) The impact of water prices on residential water use. The higher the price of water,
the lower the demand for water. Billings et al. [72] suggested that the price elasticity index
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for basic water uses, such as drinking and cooking, is almost zero, while there is a relatively
large binding effect on water for bathing and environmental use. However, the price
elasticity index is still well below —1 [73]. 4According to [58], water expenses accounted
for a very small proportion of household disposable income. The per capita monthly water
bill in Beijing was about RMB 15, and about 93% of residents” annual household water
consumption was at the first step of the ladder. This led to a low level of concern about
water prices and water resources. More than 65% of respondents had little knowledge of
the local water stress. The water pricing policy did not have a significant restraining effect
on residents’” water use behavior.

The price level of water tariffs, the method of setting them, and the structure of water
tariffs all have a significant impact on the water use of urban residents. Therefore, a
scientific and reasonable water pricing model would have a positive effect on improving
water use and saving water [74,75]. Xu et al. [76] analyzed the impact of water prices
on residential water demand. The study showed that high water prices inhibited water
demand, but the effect diminished over time. It was also shown that a reasonable stepped
model of residential water prices in Chongqing could achieve water savings by extending
the linear expenditure model [77].

With economic and social development, people’s demand for water has shifted from
subsistence to health and comfort, and water-use facilities have diversified. On the basis
that urban and rural domestic water demand is guaranteed, the amount of water used by
residents for domestic use grows naturally with the increase in water-using appliances
and demand. Positively correlated with income and living standards, water consumption
will stabilize when the water-use behavior meets the comfortable living condition. Water
conservation is achieved through the renewal and development of domestic water-saving
appliances and water-using facilities. Increased awareness of water conservation and
the improved behavior of residents are also important ways to reduce resource waste.
Under the dual constraints of technology and awareness, the potential for domestic water
conservation reaches the limit state, and water consumption can be regulated to the limit
water conservation type curve (curve ADGM). According to [26], the total domestic water
demand in China will continue to increase from 90.6 Gm? in 2022 to 112.3 Gm? in 2050.

4. Methodology for Water Demand Forecasting

The core issue of water demand forecasting is the technical methodology of water
demand forecasting. With the continuous progress of science and technology, the method-
ology of water demand forecasting is also developing. Early water demand prediction
is mainly an empirical method, based on the rich experience of the dispatchers and their
own information. However, its prediction accuracy and reliability are low. Since the 1970s,
empirical methods have been gradually replaced by more scientific statistical analysis
methods. Scholars have proposed a number of water demand prediction methods. In the
late 1980s, with the progress of science and technology, some modern prediction methods
based on theories of emerging disciplines appeared, which led to the further development
of water demand prediction.

In summary, water demand forecasting methods can be divided into two main cat-
egories: quota methods and mathematical modeling methods. The quota method is a
forecasting method that uses a comprehensive water use quota to forecast water demand
and is widely used in water resources planning [78]. Mathematical modeling methods can
be divided into three categories, depending on how the data are processed: time series
methods, structural analysis methods, and systems methods. (D The time series method
is based on the statistical data of the projected object to find out the pattern of its change
over time and then model the time series to extrapolate future values. It is divided into
two types: deterministic and stochastic. The deterministic types are moving average,
exponential smoothing, trend extrapolation, and seasonal variation [79]. Stochastic types
are Markov, Monte Carlo, and Box—Jenkins methods (B-J) [80]. @ The structural analysis
method is based on the study of the influencing factors and their relationships, and the
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establishment of a model of the relationship between the forecasting object and the influ-
encing factors, thus indirectly reflecting the pattern of change of the forecasting object by
analyzing the pattern of change of the influencing factors. It uses regression analysis, the
industry water-use elasticity coefficient method, indicator analysis, and the support vector
machine method [81]. (3 The systems approach uses a systems science perspective to view
changes in the predicted object as a dynamic system behavior. The prediction of future
values studies the structure of the system and constructs a model of the system. There are
grey methods, artificial neural network methods, and system dynamics methods [82]. For
example, Yu et al. [83] proposed a relatively novel artificial neural network technique for
short-term water demand forecasting and noted that the neural network model consistently
outperformed the regression model developed in the study.

With the deep integration of various communication and computer technologies, the
development of new technologies, such as the mobile internet, intelligent sensor networks,
the Internet of Things, and cloud computing, is changing rapidly. Water demand forecasting
methods have gradually emerged with some new features, such as machine semesters, big
data, artificial intelligence, and other applied technologies [84]. They show significant ad-
vantages in improving prediction accuracy and dealing with nonlinear relationships. They
also provide new ways for water demand prediction and water resources management.

The study of water demand forecasting involves a number of disciplines such as
macroeconomics, water resources, microeconomics, systems engineering and mathemat-
ical planning. There are many factors affecting water demand. The water demand fore-
casting method should not only comprehensively consider the population, urbanization,
socio-economic development pattern, industrial layout and economic structure, and the
development of various industries, but also water conservation, technological innovation,
and the water consumption characteristics of various industries. Scholars have proposed a
number of prediction methods, but the simulation of socio-economic development law and
water demand law still needs further in-depth research; especially, the development and
application of economic mathematical simulation model is not mature enough.

5. Conclusions and Prospects

Water demand forecasting is the basic work and difficulty of water resource allocation,
integrated water resource planning, and management. Numerous scholars have conducted
water demand forecasting studies. The theoretical foundations, technical methods, and
assumptions of water demand forecasting, especially in the medium- and long-term, are
controversial among academics. The controversy centers on the prevalence of errors in
the results of previous demand forecasts. A comparison of the results of previous water
demand forecasts with actual data reveals that water demand forecasts are often on the
large side, and this deviation may affect the accurate judgment of the water resources
situation, making the relevant departments lack a scientific basis for formulating policies
on water resource protection, conservation, and rational utilization. In response to future
water demand projections, some scholars have carried out research on whether total water
use has peaked, and most studies have concluded that China’s total water use has still
not peaked.

The volume of agricultural water demand depends on crop types, varieties and
growth stages, climatic conditions, soil conditions (including soil texture, water content,
etc.) and agricultural water-saving technical measures, water resource conditions, etc.
Industrial water use is affected by meteorological conditions, generation processes and
technologies, industrial structure, water prices, etc. Residential water demand is influenced
by population, water-saving technologies, level of economic development, climate, and
water prices.

Water demand forecasting methods can be divided into two main categories: quota
methods and mathematical modeling methods. Mathematical modeling methods can
be divided into three categories, depending on how the data are processed: time series
methods, structural analysis methods, and systems methods. With the deep integration
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of various communication and computer technologies and the rapid development of new
technologies, such as the mobile internet, intelligent sensor networks, the Internet of
Things, and cloud computing, some new features of water demand forecasting methods
have gradually emerged. For example, applied technologies such as machine semesters, big
data, and artificial intelligence provide new ways to forecast water demand and manage
water resources.

Although significant research progress and practical achievements have been made in
the field of water demand forecasting, a number of challenges and problems remain. Firstly,
water demand forecasting involves numerous factors and variables, including population
growth, economic development, climate change, and so on. There are complex interactions
and influencing mechanisms between these factors that make forecasting more difficult.
Secondly, although the existing forecasting models and methods have been continuously
improved and refined, they still have certain limitations and shortcomings, for example,
with difficulties in determining model parameters, data acquisition, and processing. In
addition, water demand forecasting needs to take into account the actual situation and
special needs of different regions. Therefore, there is a need to strengthen targeted and
practical research.

Future water demand forecasting studies can be carried out in the following areas:

(1) Application and development of diverse methods.

Most of the existing water demand forecasting methods are based on statistics, re-
gression analysis, grey system theory, etc. However, with the rise of technologies such
as big data and artificial intelligence, these new methods are expected to play a greater
role in water demand prediction. For example, machine learning methods such as neural
networks, support vector machines, and deep learning are capable of extracting nonlinear
relationships from large amounts of historical data to improve prediction accuracy. At the
same time, remote sensing, GIS, and other technologies can also provide more accurate
spatial distribution data for water demand prediction.

(2) Considering multiple influencing factors comprehensively and further improving the
forecasting model and technical system.

Future water demand forecasting studies should pay more attention to the integrated
consideration of a variety of influencing factors, such as climate change, population growth,
economic development, industrial restructuring, technological progress, and so on. These
factors are intertwined and interact with each other, and together they determine the future
trend of water demand. Therefore, the establishment of a comprehensive prediction model
containing multiple influencing factors will be an important direction for future research.

(3) Uncertainty and risk management.

Water demand forecasting involves numerous uncertainties, such as the uncertainty
of climate change, the volatility of economic development, and the possibility of policy
adjustments. These uncertainties bring great challenges to water demand forecasting.
Therefore, future research needs to pay more attention to uncertainty analyses and also
needs to establish corresponding risk management mechanisms to cope with possible water
shortages or surpluses.

(4) Practical applications and policy guidance.

Future water demand forecasting research should focus more on practical applications
and policy guidance. By combining prediction results with practical applications, it can
provide a scientific basis for governmental decision making, urban planning, water resource
management, and other fields. At the same time, the research results need to be transformed
into specific policy measures to guide practical work. For example, a reasonable water
price policy and water conservation policy can be formulated based on the water demand
prediction results to promote the sustainable use of water resources.
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