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Evolution mechanisms and fundamental equations

of social water cycle fluxes

Baodeng Hou, Ruixiang Yang, Yuyan Zhou, Weihua Xiao, Jianhua Wang,

Yong Zhao and Xuzhu Zhan
ABSTRACT
The rise of socio-hydrology, addressing the interactions between human and water systems, is

regarded as an innovative perspective to researches achieving the sustainable use of water

resources. Revealing the social water fluxes, in terms of magnitude, structure, and variations

under changing environment, could advance the understanding of water cycling under the dual

driving forces: natural and anthropogenic. This study attempts to formulate the fundamental

equations of the social water cycle by focusing on the evolution mechanisms of social water cycle

fluxes. The endogenously dynamic characteristics of social water cycling are portrayed, i.e., the

gradual change mechanism and the catastrophe mechanism, therefore dividing the evolution

processes into four stages. Then, social water cycle flux reaches its peak and completes the first

stage of evolution. The evolution process is an S-shaped curve process. After the peak, it enters the

next evolutionary stage, where the pattern varies with the intensities of the gradual change

mechanism and the catastrophe mechanism. The coordination relationships of these two

mechanisms and the fluctuating characteristics in each stage are studied as well. Case studies are

investigated in 39 countries globally to verify the fitting of the fundamental equations and evolution

mechanisms.
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INTRODUCTION
The initiation and the promotion of socio-hydrology have

provided a brand new perspective in investigating the

water cycling processes under natural and anthropogenic

forces (Vörösmarty et al. ; Sivapalan et al. ).

A wide range of discussions have been focused on con-

ceptualization (Sivakumar ; Sivapalan et al. ; Di

Baldassarre et al. , ; Ertsen et al. ; Montanari

; Sivapalan ), and simulation and parameterization

(Elshafei et al. ; Gober & Wheater ; Lane ;

Liu et al. ; Loucks ; Srinivasan ; Mount et al.

). Case studies have mainly focused on human and
flood interactions (Di Baldassarre et al. ; Gober &

Wheater ; Fuchs et al. ), and human and wetland

systems (Zlinszky & Timár ), etc.

While the interactions of anthropogenic forces and

hydrological processes have been studied, the water

fluxes in socio-economic activities are the key variables

in water cycling processes under natural and anthropo-

genic forces (Chen & Graedel ; Drenkhan et al.

). Those studies that focused on these fluxes,

especially the occurrence, migration, and transformation

characteristics, were named social water cycle research
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(Merrett ; Wang et al. ). These studies were

driven by the urgent need to understand the water

cycling processes in river basins under widely spread

intensified human activities, e.g., over-exploitation of

groundwater, intensifying transboundary water conflicts

due to over-loading, and imbalance of water resources

development.

Significant progress has been made in the past decade,

for instance, Wang et al. () explicitly proposed the

definition, contents, and characteristics of the social water

cycle, which eventually formulated the theory of the

‘natural-social’ dualistic water cycle as a new perspective

in interpreting the whole water cycling processes in the

Anthropocene (Wang et al. ; Qin et al. ). There are

four components of the social water cycle, i.e., water

supply, water consumption, water drainage, and water recy-

cling (Figure 1). Liu et al. () revealed the mode and

evolution principles of the dualistic water cycle. Case studies

were conducted in the Yellow River Basin and Haihe River

Basin, two of the most anthropogenic river basins in the

world (Jia et al. , ; Liu et al. ). However, as a

new field of research area in water science, previous studies

were mainly regional studies driven by local monitoring

data and water problems. Few of them have extracted the

evolution mechanism and fundamental equations of the

social water cycle, especially focusing on the social water

cycle fluxes.

The objectives of this study are: (i) identifying the

contents and influencing factors of the social water cycle

fluxes; (ii) revealing the evolution mechanisms of the

social water cycle fluxes; (iii) formulating the evolution

equations and validating the rationality via fitting to cases

studies in total water usage in 39 countries.
Figure 1 | Social water cycle system and flux diagram.
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METHODS

Concept of social water cycle fluxes

Social water cycle flux is the amount of water that enters the

social water cycle system from the natural water cycle

system and is used to meet the demand of an eco-social

system. The concept shows that the social water cycle

flux must meet the following requirements simultaneously.

First, it is from the natural water cycle system and does

not include the internal exchange and reutilization of the

social water cycle system. Thus, the effective precipitation

entering the agricultural water system and the direct water

withdrawal from land surface and groundwater sources via

artificial water withdrawal projects are part of the social

water cycle flux. However, the internal utilization of

recycled water and the direct water exchange between

different water-use units inside the social water cycle

system do not contribute to the social water cycle. Second,

it must meet certain eco-social demands. Water that

enters the social water cycle system from the natural

water cycle system but is not used to meet eco-social

system water demand does not contribute to the social

water cycle flux, e.g., the amount of farmland precipitation

that directly flows away as runoff or penetrates to the

groundwater system and water that falls over cities and

enters natural water bodies directly through a rainwater

network; these waters do not contribute to the social

water cycle flux.

According to its definition, social water cycle flux

includes the two major parts of water withdrawal and effec-

tive precipitation (Gau & Liu ). Corresponding to the

widely used statistical caliber, social water cycle flux is
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equivalent to the water supply minus the amount of waste-

water treatment and reuse plus effective precipitation. The

relevant concepts and the water balance of the social

water cycle system are illustrated in Figure 1.

From the perspective of meeting the water demand of

humans, social water cycle flux can be divided into three

types: domestic water flux, production water flux, and

artificial ecological water flux.

Social water cycle flux is usually characterized by

the total amount of water use or the total amount of

wastewater. The total amount of wastewater and the total

amount of water use are usually linearly correlated. Thus,

practical research mainly studies the total amount of water

use. Social water cycle flux is the result (function) of its

process and structure. However, in general, the majority of

attention is focused on the evolution regularity and trend

of the flux itself. Understanding its evolution regularity

and development trend plays a decisive role in water plan-

ning and water management strategies. In the study of

flux, the social water cycle focuses on the overall under-

standing of the water cycle flux in the study area. On the

one hand, it analyzes the evolution of the water cycle flux

vertically in a certain study area and time period from

the temporal perspective (such as the problems of water

use increase and ‘0 increase’) and predicts the future

scientifically. On the other hand, it compares the social

water cycle flux of different regions during a certain

period horizontally from the spatial perspective and pro-

vides a reference for the evolution of the social water

cycle in the areas of focus (Avni et al. ). For example,

the analysis of the evolution of water use in developed

countries can provide a reference for the development,

planning, and utilization of water resources in develop-

ing countries. The practice of water planning usually

requires prediction assessment based on the analysis of

historical and current social water cycle flux – prediction

of social water cycle flux (mainly expressed as water

demand predictions) (Tiwari & Adamowski ). The

evolution and prediction of social water cycle flux

is one of the core subjects of regional water planning

and rational allocation of water resources. The scientific

and rational prediction of social water cycle flux has

been one of the methods used for sustainable utilization

of water resources.
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Factors that influence social water cycle flux

The evolution of social water cycle flux (water resources

demand) is subject to the dual effects of endogenic force

and external environment.

The world’s demand for water resources stems from

its endogenous dynamics. Without water, organisms die,

industries are unable to produce, and ecology is

non-existent. Due to different dynamic requirements, each

industry shows a different intrinsic demand for water. In

addition, driven or constrained by the external environment,

the ultimate water demand differs with the intrinsic demand,

to some degree (Archibald ).

Overall, the demand for water resources is an integrated

result of many external factors including society, the econ-

omy, and the ecological environment. The factors that

influence the demand for water resources consist of both

driven demand growth and constrained demand growth.

For systems with different water demands, their driven or

constrained factors differ significantly (Kampragou

et al. ).

As a fundamental natural resource, water demand is

affected by factors including population growth and urbaniz-

ation. As a strategic economy resource, its demand is

affected by factors including economic development level

and industrial structure. As a controlling factor of the

ecological environment, its demand is affected by issues

including ecological environmental protection and restor-

ation. The demand for water resources is limited and

objective. The factors driving water demand growth are

periodical. Due to the constraints of water resources

conditions, water engineering conditions, water price, and

water conservation and management levels, the water

demand cannot increase without any limit. From the per-

spective of the endogenous dynamics of water resources

demand, humans’ intrinsic demand for water in the living

and production processes promotes a ‘J pattern’ growth in

water demand. However, due to the dual driven and con-

strained effects of the external environment, the ultimate

water demand cannot increase infinitely but shows different

characteristics at different stages. The relationships between

the endogenic force and external influence factors of social

water cycle flux is shown in Figure 2, where water use is

considered to be equal to water demand.



Figure 2 | Sketch of the relationships between the endogenic force and external influence factors of social water cycle flux.
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Evolution mechanisms of social water cycle flux

From the perspective of natural dialectics, everything

is composed of processes including formation, evolution,

development, and demise. This development process follows

universal laws including its interaction mechanisms and

evolution paradigms. Due to the interaction, mutual effects,

and transformation of things, the changes in environment,

condition, or composition elements of objects inevitably

lead to corresponding changes of relevant aspects. In

addition, the results of each change must be the basis for

subsequent change and development. Such an everlasting

process where the next change is a result of the last

change is evolution. The internal and external elements of

all things are undergoing large or small changes. Therefore,

all objective things are undergoing evolution. Because the

internal and external elements of the evolution of things

show similarities and differences, their evolution paths,

forms, and results show similarities and differences. A tiny

change may lead to gigantic effects via the interaction of var-

ious factors. This result is intensification, such as the

domino effect. A great effort may completely die out due

to the interaction of various factors, namely, weakening.

Evolution can be divided into natural evolution and social

evolution. Prior to the formation of human society, water

cycle flux followed the laws of nature, being repeatedly

depleted in winter and enriched in summer. After the

formation of human society, within the regime of human

activity, humans have controlled the evolution direction of

the water cycle system via objective laws, leading to social
://iwa.silverchair.com/hr/article-pdf/50/5/1344/611045/nh0501344.pdf
evolution. Thus, social water cycle flux was created and

has been intensified continuously to the point of endanger-

ing the intrinsic stability and balance of the water cycle

system. With the strengthening of humans’ controlling abil-

ity, the effect of the social evolution of the water cycle has

become wider and deeper, which is directly or indirectly

changing the landscape of the Earth. Based on the complex

feedback of the human-water coupling system, the evolution

mechanism of the social water cycle can be divided into two

types. One is the gradual change mechanism, which mainly

refers to the growth of water use at the speed of the natural

increase rate of the population as it grows and the expansion

of the activity regime of human actions. It is a gradual

process. The other is the catastrophe mechanism, which

mainly refers to a drastic change in water use due to

the advancement of humans’ scientific and technological

ability and new functions or methods of water use. It is

accompanied by drastic changes in water quality.

Gradual change mechanism

The gradual change mechanism of social water cycle flux is

a relatively long-term, stable, and slow evolutionary process.

The consequence of evolution with the gradual change

mechanism can be shown only after a long time. Its evol-

ution principle is to slowly accumulate tiny changes over a

long period and produces astonishing results. For example,

in the theory of evolution, approximately 6 million years

elapsed from Australopithecus to Homo sapiens. In the

evolution of social water cycle flux, the long-term and lasting
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effect is the gradual change mechanism. In the long era of

primitive civilization, the size of the social water cycle flux

was determined by only one factor, the population of the

primitive tribes. The social water use at that time was limited

to drinking and cooking. Therefore, the size of the social

water cycle flux increased gradually with the natural popu-

lation growth. In the past 5,000 years of agricultural

civilization, social water cycle flux has been determined by

two factors, population and farmland, which are closely

related. Under the ‘cattle-plow’ farming model, population

determines the area of land that can be cultivated; that

is, it determines the agricultural water cycle flux. Thus,

during the entire agricultural civilization period, the evol-

ution of the social water cycle flux was still determined by

the gradual change mechanism. However, during the transi-

tional period from the primitive hunting civilization to the

feudal agricultural civilization, the evolution of the social

water cycle flux was determined by the catastrophe mechan-

ism, which is discussed in the next section. Since the

development of industrial society, the social water cycle

has become extremely complex and diversified. Water use

includes not only residential living and agriculture but also

nearly all manufacturing enterprises in over 50 industrial

categories. Currently, it is almost impossible to find a

method of manufacture without water use, even in the pro-

duction of a desiccant workshop. Therefore, in industrial

society, it is impossible to estimate the social water cycle

flux in a country or region based merely on population,

farmland area, and gross industrial production because,

even for the production of the same products, the amount

of water use can vary up to hundreds and thousands of

times. Considering thermal power generation as an example,

the water use between air cooling and direct current (DC)

water cooling varies significantly. In an industrial society,

the evolution of the social water cycle flux is the integrated

result of the gradual change mechanism and the catastrophe

mechanism.

Catastrophe mechanism

The catastrophemechanism, as the name suggests, is the driv-

ing mechanism that leads to drastic quantitative changes in a

short time. In the evolution of social water cycle flux, the dri-

vers that can cause abrupt changes of flux mainly include the
om http://iwa.silverchair.com/hr/article-pdf/50/5/1344/611045/nh0501344.pdf
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expansion of water resource functions, the discovery of new

water resources, the application of alternative water

resources, and new water-saving technologies.

Expansion of water resource functions. In primitive society,

humans mainly used the life-supporting function of water

resources; that is, water was used mainly for living. In

the agricultural civilization period, humans found that the

yields of irrigated farmland were higher and realized the

irrigation function of water resources. Therefore, large

amounts of water resources were withdrawn from rivers and

lakes for farmland irrigation, leading to the formation and

development of agricultural water cycle flux, which was the

main flux in agricultural society. Since the rise of the industrial

society, the water resource functions of cooling, rinsing, and

chemical catalysis have been discovered, and water has

entered each field of industrial production. With the rapid

expansion of industrial production scale, industrial water use

is increasing drastically with the trend of surpassing agricul-

tural water use. In an industrial society, agricultural and

industrial water uses are the top two fluxes of the social

water cycle, and domestic water use holds third place.

Discovery of new water resources. With the gradual discov-

ery of the various potential functions of water resources,

the extent of water use has become wider and wider, and

social water cycle flux has become larger and larger. In

some water-scarce regions, social water use has drained

almost all sources of land surface water resources, and

drought has spread in dry years. During these periods,

despite the strong water demands, water supply is unavail-

able. Therefore, the increases of social water cycle flux are

limited by water sources. If new water sources are exploited

and utilized during these periods, the cycle flux increases

rapidly. For example, in the 1970s, the well-field agricultural

irrigation technique was about to mature in the Northern

China Plain, and a large amount of groundwater was with-

drawn. Within ten years, from 1970 to 1980, groundwater

withdrawal increased by approximately 20 billion m3.

Application of alternative water resources. In regions with

scarce water resources, national economy and social

development are constrained by the bottleneck of water

shortage. This situation has prompted some industrial



Figure 3 | The evolution patterns of social water cycle flux under the integrated effects of

the two mechanisms.
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enterprises to find new alternative water resources for their

own development. For example, coastal industrial enter-

prises that face the ocean are directly or indirectly using

seawater. Inland cities have started to use recycled water

for landscape ecological constructions. Such extensive

utilization of alternative water resources replaces the con-

sumption of conventional water resources, leading to a

sudden decrease of the social water cycle flux in a certain

period and abrupt negative change in the social water

cycle flux.

New water-saving technologies. With the development of

science and technology, the high cost of water use

has been solved by new water-saving technologies. Some

water-saving technologies have a revolutionary impact on

water use. For example, the difference in water use between

DC cooling and air cooling of thermal power generation

differs by 300–800 times. If air-cooled units are used, the

total amount of water use decreases significantly, leading

to abrupt negative change.

Evolution equations of social water cycle flux

Social water cycle flux is subject to the integrated effects of

the gradual change mechanism, catastrophe mechanism, the

type of each water user, the industrial scale, and structural

adjustment, which cause increases and decreases in social

water cycle flux. A deep understanding of these mechanisms

and a clear picture of the quantity and scale of each water

user in the eco-social system can explain the evolution

process and change the mechanism of the social water

cycle flux in different countries or regions. The construction

of evolution equations for social water cycle flux and predic-

tion of the evolution direction of future social water cycle

flux are useful for scientific judgment and decision-making

and effective responses to water crises.

It is difficult for the existing monitoring methods of

social water cycle to meet the evolution equation with

social factors as independent variables and social water

cycle flux as dependent variables. Therefore, the social

factors are generalized by the gradual change mechanism

and the catastrophe mechanism to build the evolution

equation of social water cycle flux in this study. Under the

integrated effects of the gradual change mechanism and
://iwa.silverchair.com/hr/article-pdf/50/5/1344/611045/nh0501344.pdf
the catastrophe mechanism, social water cycle flux com-

pletes an entire evolutionary sequence (i.e., S0) consisting

of an initial stage, a rapid growth stage, a gradual growth

stage, and a stable stage. After the peak, it enters the next

evolutionary stage, the pattern of which varies with the

intensities of the gradual change mechanism and the

catastrophe mechanism: S1 continuous development, S2

general stability, S3 cyclic stability, S4 gradual decrease to

stability, and S5 continuous decrease (as shown in Figure 3).

The S1 continuous development enters the next S-curve

evolutionary stage, when the social water cycle flux rapidly

increases. Such a time is dominated by the gradual change

mechanism with little effect from the catastrophe mechan-

ism. The S2 general stability means that the social water

cycle flux mostly remains at a certain level, entering the stan-

dard 0-growth stage when the gradual change mechanism

and catastrophe mechanism both play leading roles. The

S3 cyclic stability means that the social water cycle flux

enters a stage with moderate increases and decreases,

when the gradual change mechanism and catastrophe mech-

anism both play identical leading roles with alternating

strength and weakness. The S4 gradual decrease to stability

means that the catastrophe mechanism is the first to

dominate, and then the gradual change mechanism and

catastrophe mechanism both play identical leading roles,

leading to a stable state. The S5 continuous decrease

means that the social water cycle flux decreases rapidly,
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which does not occur under normal conditions but with the

occurrence of conditions such as a great economic down-

turn and a rapid decrease of population. Such a time is

dominated by the catastrophe mechanism with little effect

from the gradual change mechanism.

(1) In the evolution stage of S0, the evolution equation of

social water cycle flux can be expressed by S curve.

The equation is:

x(t) ¼ M
1þ Ce�r(t�t0)

C ¼ M
x0

� 1 (1)

where t is time (generally, the unit is years), C is par-

ameter with C> 0, x is the social water cycle flux, x0
and t0 are the initial values, x(t0)¼ x0, r is the evolution

speed of the social water cycle flux without water

resource limitations, r¼ f (z1, z2,…, zn), z is the endo-

genic force and external environment that influence

social water cycle flux, n is the number of social factors,

and M is the maximum capacity of the social water cycle

flux, that is, the upper limit of the evolution of the social

water cycle flux, M¼ g (z1, z2,…, zn).

(2) Under the S1 continuous development, the evolution

equation of the social water cycle flux can still be

expressed by the S curve, whereas the parameters are

different:

x(t) ¼ M þ M0

1þ C0e�r0(t�tM)
(2)

where M0, C0, and r0 are consistent with the previous M,

C, and r, and tM is time corresponding to the evolution of

the extreme value. The others are the same as before.

(3) Under the S2 general stability condition, the evolution

value generally remains at approximately the extreme

value of M, which can be expressed with a linear

equation:

x(t) ¼ M þ δ(t) (3)

where δ(t) is a calibration coefficient changing with

time, and the others are the same as before.

(4) Under the S3 cyclic stability condition, the actual

evolution value of each year fluctuates up and down
om http://iwa.silverchair.com/hr/article-pdf/50/5/1344/611045/nh0501344.pdf
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around the extreme value M, and the multi-year average

is generally consistent withM. It can be expressed by the

trigonometric function:

x(t) ¼ M þN sin (ω(t� tM))þ δ(t) (4)

where N is the possible extreme value at the next stage

based on the evolution extreme M, ω is the adjustment

coefficient, and the others are the same as before.

(5) Under the S4 gradual decrease to stable condition,

the equation of the gradual change mechanism can be

used, whereas the final stable value is not 0. The

equation is as follows:

x(t) ¼ M � M00

1þ C00e�r00(t�tM)
(5)

where M″, C″, and r″ are consistent with the previous

M, C, and r, and the others are the same as before.

(6) Under the S5 continuous decrease, the evolution value

drops suddenly to a low value and continues decreasing

until it is close to 0. The equation is as follows:

x(t) ¼ M � 1
4
t4 þ 1

2
at2 þ bt

� �
(6)

where a and b are parameters.
RESULTS

We apply the above methods to analyze the evolution of the

social water cycle flux in several countries. On the one hand,

we analyze their historical evolution rules; on the other

hand, we predict their future flux evolution. The study

objects are the social water cycle fluxes (i.e., the total

amount of water use) of each country. Data of the total

amount of water use in China are from the China Water

Resource Bulletin (CWRB), published annually. Data of

the total amount of water use in the United States are

from Estimated Use of Water in the United States in 2015

(U.S. Geological Survey) (Maupin ). Data of the total

amount of water use in other countries are from the



Table 1 | Countries with evolution law of S0 only

Country Number of data

Parameters

R-square

Predicted value (billion m3)

M C r 2020 2050

Greece 8 13.26 2.59 0.055 0.960 11.36 12.85

Algeria 7 16.16 6.83 0.044 0.996 9.18 13.42
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AQUASTAT Main Database () of the Food and Agricul-

ture Organization (FAO) of the United Nations. Only 39

countries (39 of 217) with five or more years’ water use

data are used to analyze the evolution law and 11 countries

(11 of 39) with seven or more years’ data are used to fit the

evolution equation.

Countries with evolution law of S0 only

There are seven countries, both developed and developing,

with the evolution law of S0 only: Greece, Algeria, China,

India, New Zealand, Mexico, and Cote d’Ivoire. As
Figure 4 | Countries with evolution law of S0 only: (a) Greece and (b) Algeria.

Table 2 | Countries with evolution law of S0 and S1

Country Number of data

Parameters of S0

R-square of S0M C r

Libya 8 4.76 5.83 0.26 0.933

://iwa.silverchair.com/hr/article-pdf/50/5/1344/611045/nh0501344.pdf
China’s water use data are more detailed, it will be analyzed

in the Discussion. The first two countries are used for fitting

(see Table 1 and Figure 4). Greece is in the gradual growth

stage and Algeria is in the rapid growth stage of S0.
Countries with evolution law of S0 and S1

There are two countries with the evolution law of S0 and S1:

Libya and Mauritius, both developing countries. Libya is

used for fitting (see Table 2 and Figure 5). Libya is in the

initial stage of S1.
Parameters of S1

R-square of S1

Predicted value
(billion m3)

M’ C’ r’ 2020 2050

1.45 397.30 1.08 1.000 5.76 5.76



Figure 5 | Countries with evolution law of S0 and S1.
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Countries with evolution law of S0 and S3

There are two countries with the evolution law of S0 and S3:

Jordan and Tunisia, both developing countries. These two

countries are used for fitting (see Table 3 and Figure 6),
Figure 6 | Countries with evolution law of S0 only: (a) Jordan and (b) Tunisia.

Table 3 | Countries with evolution law of S0 and S3

Country Number of data

Parameters of S0

R-squareM C r

Jordan 8 0.94 1.31 0.14 0.843

Tunisia 7 3.07 1.89 0.21 0.956
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but neither country has experienced a complete period of

sin function.
Countries with evolution law of S0 and S4

There are ten countries with the evolution law of S0 and S4:

Poland, Romania, Spain, Hungary, Denmark, France,

Bulgaria, Switzerland, Japan, and Austria, and most of

them are developed countries. The first two countries

are used for fitting (see Table 4 and Figure 7). Poland is in

the stable stage and Romania is in the gradual decline

stage of S4.
DISCUSSION

Analysis of social water cycle flux in China

Since the foundation of the People’s Republic of China, the

total water use in China has increased from 103.1 billion m3
of S0

Parameters of S3

R-square of S3

Predicted value
(billion m3)

N ω 2020 2050

�0.17 0.16 0.635 1.10 0.96

�0.28 0.18 0.999 3.30 3.33



Table 4 | Countries with evolution law of S0 and S4

Country Number of data

Parameters of S0

R-square of S0

Parameters of S4

R-square of S4

Predicted value
(billion m3)

M C r M0 0 C0 0 r0 0 2020 2050

Poland 8 16.41 0.63 0.22 0.992 4.69 9.57 0.36 0.949 11.72 11.72

Romania 8 20.50 1.21 0.24 0.988 13.86 81.34 0.37 0.984 6.55 6.55

Figure 7 | Countries with evolution law of S0 only: (a) Poland and (b) Romania.
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in 1949 to 604.3 billion m3 in 2017, an increase of nearly six

times with an annual increase rate of 1.52%. The total

amount of water use is not increasing continuously at a

high speed; rather, it shows some stages, which are

described as follows (see Table 5).

The first stage: the 1949–1980 stage was a rapid growth

stage. The drastic growth of pollution led to large-scale

farmland development and the consequent development

and utilization of water resources. This situation resulted

in a significant increase in agricultural water use with a

net increase of 340.6 billion m3. The increase was up to
Table 5 | Changes of the total water consumption in China since 1949

Stage Time Description Main water use units

First stage 1949–1980 Rapid growth Agriculture

Second stage 1981–1999 Gradual growth Agriculture, industry

Third stage 2000–2009 Small growth Agriculture, industry,

Fourth stage 2010–2017 Fluctuation growth Domestic, production

://iwa.silverchair.com/hr/article-pdf/50/5/1344/611045/nh0501344.pdf
4.3 times, and the 30-year average increase rate was up

to 5.0%.

The second stage: the 1981–1999 stage was a gradual

growth stage. With acceleration of reform and opening up,

China gradually entered the stage of significant industrial

development, leading to a rapid increase of water resources

demand by the eco-social development. The per capita water

demand also increased steadily, showing a growth trend. At

this stage, the ratios of industrial and domestic water use

increased, and that of agricultural water use decreased.

The net increase of water use in China was 114.5 billion m3,
Change of total amount (billion m3) Average increase rate (%)

340.60 5.00

115.40 1.20

domestic 46.70 0.85

, ecology 2.10 0.05



Figure 8 | The prediction of the extreme value of the China social water cycle flux.
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increased by 1.26 times. The annual mean increase rate was

1.2%, much lower than the first stage.

The third stage, the 2000–2009 stage, was a growth stage

with small amplitude. With the advance of industrialization,

economic development gradually shifted to resource-saving

and environmentally-friendly concepts. The water resources

demand entered a stable increase stage. At this stage, the

ratio of agricultural water use continued to decrease, and

that of industrial water use increased to some degree,

whereas that of domestic water use increased faster.

During 2000–2009, the net increase of water use in China

was only 46.7 billion m3, increased by 1.08 times. The

annual mean increase rate was 0.85%, slower than the

previous stage.

The fourth stage: from 2010 to 2017, the total water

consumption has surpassed 600 billion m3, whereas the

increase rate has slowed down significantly. The increase

during 2010–2013 was 16 billion m3, whereas the amount

in 2014 was less than that in 2013. The increase during

the six years from 2010 to 2017 was merely 2.1 billion m3,

with an annual increase rate of only 0.05%. The total

amount of water use is expected to enter an adjustment

period.

In 2012, the Opinions on Applying the Strictest Water

Resources Control System, issued by the State Council,

explicitly addressed the control index value of ‘three red

lines’, requiring the total water use of China to be

constrained within 700 billion m3 with a use efficiency

reaching or close to the world’s advanced level; the total

water consumption of China is to be constrained within

670 billion m3 in 2020. Studies have suggested that China

will reach the stage of 0-growth in approximately 2030.

We use the constructed evolution S0 to discuss the

extreme value of the total water use of China. Based on

the prediction of nationwide water resource integrated

planning and historical water use data, the parameters of

M, C, and r are 631.20, 4.09, and 0.068, respectively. The

R-square is 0.984. That is to say, the total water use peak

value will be 631.20 billion m3. The total water use is 610.80

billion m3 in 2020 and 628.50 in 2030 (as shown in Figure 8).

Both values are smaller than the control index of the

national total water use in 2030. The extreme value of

water demand will occur about 2030–2040. Compared

with the previous research results (as shown in Table 6),
om http://iwa.silverchair.com/hr/article-pdf/50/5/1344/611045/nh0501344.pdf
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this study considers that the peak value of total water use

in China should be reached ahead of schedule, and the

peak value is relatively smaller.
Countries with evolution law of exceptions

Except for the 21 countries mentioned above, the remaining

18 countries do not belong to S0 or the combination of S0

and another evolution mechanism. There are three main

exceptions: (1) there is one evolution mechanism of S1-S5

only but excluding S0 (e.g., S4 only); (2) there are combi-

nations of two evolution mechanisms besides S0 (e.g., S0,

S4, and S4); and (3) the uncertain evolution mechanism.
One evolution mechanism of S1–S5 only but excluding S0

There are 13 countries with evolution law of one evolution

mechanism of S1-S5 only but excluding S0: The

Netherlands, Cyprus, Israel, Armenia, Sweden, Estonia,

Latvia, Germany, Australia, Monaco, Czech Republic,

Belgium, and Belarus. The first four countries are the

countries with S3 only and the others are with S4 only. The

reason may be that S0 has already appeared before water

use data were available. The Netherlands and Sweden are

used for fitting (see Figure 9). R-square is 0.746 and 0.996,

respectively. The predicted values are 6.85 billion m3 and

9.58 billion m3 for the Netherlands in 2020 and 2050, and

2.59 billion m3 and 2.59 billion m3 for Sweden.



Table 6 | A list of research achievements on the peak value and occurrence time of total water use in China

Author Publication year Publications (all in Chinese)
Peak value
(billion m3) Occurrence year

Chen Jiaqi 1994 Water Resources Planning and Design 2100 (Chen )

Jia Shaofeng & Zhang Shifeng 2000 Advances in Water Science 600–650 2010 (Jia & Zhang )

Qian Zhengying and Zhang Guangdou 2000 China Engineering Science 700–800 2030 (Qian & Zhang )

Ke Lidan 2001 Groundwater 700 2025 (Ke )

Shen Fuxin et al. 2005 Advances in Water Science 750–800 2050 (Shen et al. )

Liu Changming and Zhao Yanqi 2010 The Impact of Science on Society 2030 (Liu & Zhao )

He Xiwu et al. 2011 Journal of Natural Resources 630 2026–2030 (He et al. )

Liu Changming and Zhao Yanqi 2012 Bulletin of Chinese Academy of Sciences 2030 (Liu & Zhao )

Zhang Peili et al. 2015 Economic Dynamics 721.7þ 2050 (Zhang et al. )

Figure 9 | Countries with evolution law of one evolution mechanism of S1–S5 only but excluding S0: (a) The Netherlands and (b) Sweden.
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Combinations of two evolution mechanisms besides S0

There are three countries with evolution law of S0 and S4:

United States, Finland, and Canada, and all of them are

developed countries. This may be due to technological and

industrial upgrading in developed countries. The USA is

used for fitting.

Since 1950, the total water consumption of the USA has

undergone a process from rapid growth to gradual stabiliz-

ation, which can be generally divided into two stages.

The rapid growth stage: Prior to 1980, the total water

use in the USA increased rapidly. During the 30 years

from 1950 to 1980, the total water use increased from 0.68

billion m3 per day to 1.63 billion m3 per day, an annual

increase rate of up to 4.6%. This stage reflected the rapid
://iwa.silverchair.com/hr/article-pdf/50/5/1344/611045/nh0501344.pdf
development of US industry after World War II. After the

completion of the transition from wartime to the post-war

peace period, the US economy has continuously increased

based on its post-war advantage since the 1950s. The wes-

tern and southern USA both showed prosperity. From

1955 to 1968, the GDP of the USA increased rapidly at a

rate of 4% per year. The rapid expansion of US industrial pro-

duction led to a significant increase in industrial water use.

The newly increased industrial water use accounted for

68% of the total amount of the newly increased water use.

The stable stage: Since 1980, the total water use in the

USA has entered a stable period after a slight decrease.

The total water use has remained approximately 1.51

billion m3 per day. Around the 1980s–1990s, the constraints

of resources and environment on water use growth



Figure 10 | The United States social water cycle flux and the evolution prediction.
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gradually emerged, and the eco-social system started to

adjust, leading to the stable stage of water use. During this

period, the USA underwent a shortage of agricultural

water, an increase in energy prices, and a shortage in the

labor force, promoting the widespread use of water-saving

irrigation technologies, and some surface irrigation shifted

to highly efficient methods such as sprinkler irrigation.

According to US irrigation area statistics released by the

Irrigation Journal in 2000, among the 383.2 million acres

(155.1 million hectares) of irrigation area, sprinkler

irrigation accounted for 49.9%, surface irrigation accounted

for 44.9%, and micro-irrigation accounted for 4.99%. In

addition, the US Federal Water Pollution Control Act
Figure 11 | Countries with uncertain evolution mechanism: (a) United Kingdom and (b) Malta.

om http://iwa.silverchair.com/hr/article-pdf/50/5/1344/611045/nh0501344.pdf

3

(1972) required that the entire USA accomplish zero release

of pollution by 1985, which played an important role in con-

trolling US industrial water conservation and forced US

industrial enterprises to re-focus on the reuse of industrial

water. This action resulted in a significant decrease of indus-

trial water use. US industrial water use in 1985 decreased by

approximately 50 billion m3 (∼15%) when compared with

that in 1980.

The decrease stage: The total water withdraw for all types

of uses in 2015 is estimated at 445 billion m3. This is an unre-

ported level since 1970, down 9% from 2010. Since 2005, it

has continued to show a sharp but stable downward trend.

The main reason for the decrease in total water withdraw

in 2015 was the dramatic decrease in the amount of heat

and power withdrawals, accounting for 89% of the total

water withdraw reduction. The decrease in public supply

accounts for 9% of the decrease in water withdraw.

The total water use in the USA showed a three-stage

evolution process; we can use the combination of S0, S4,

and S4 to simulate and predict the flux evolution trend.

The fitting results are seen in Figure 10. The results show

that the future water use of the USA will decrease to

approximately 383 billion m3 and occur around the 2030s.
Uncertain evolution mechanism

There are two countries with uncertain evolution law: the

United Kingdom and Malta (see Figure 11). The reason
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may be inadequate water use data or other evolutionary

mechanisms.
CONCLUSIONS

The evolution mechanism of the social water cycle fluxes were

revealed in this paper, i.e., the gradual change mechanism and

the catastrophe mechanism. Endogenous dynamic character-

istics were identified and evolution equations were fitted for

the social water cycle fluxes. Case studies of 39 countries, in

terms of actual total water use, were examined to verify the

rationality of the mechanism and the equations. Results

demonstrated that all those testing countries showed different

evolution stages, while there remained significant differences

in evolution fitting curves. Nevertheless, long-term monitoring

data of social water cycle fluxes are still scarce, and they are

indispensable for future studies in this respect.
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