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Abstract

Under the dual influence of socioeconomic development and climate change, water resources in China are under increasing

stress. It is of great significance to comprehensively explore the changing trend of China’s water footprint (WF) in the future,

clarify the water resource challenges that China will face, and alleviate water shortage and water pollution problems. This

paper uses System Dynamics (SD) to build a simulation model of China’s WF, calculate China’s WF from 2000 to 2019, and for

the first time, simulate and optimize China’s WF from 2020 to 2050 under the SSP-RCP scenario matrix composed of Shared

Socioeconomic Pathways (SSPs) and Representative Concentration Pathways (RCPs). The results are as follows. (1) From 2000

to 2019, China’s WF increased to 2009 and began to decline. The main contributors are gray WF and agricultural WF. (2) From

2020–2050, different socioeconomic development and climate change conditions under the five SSP-RCP scenarios will lead to

different trends in China’s WF and its composition. (3) Based on the changes in WF and water resources supply/demand ratio

under different scenarios, the SSP1-2.6 scenario is the best scenario to mitigate a future water shortage and water pollution in

China. The research results can help decision-makers formulate relevant management policies and socioeconomic development

models for water resource utilization and provide decision support for alleviating water shortages and water pollution in China.
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Key points 6 

 Use System Dynamics model to simulate China's water footprint (WF) under different 7 

SSP-RCP scenario matrices first time. 8 

 Agricultural WF is the main contributor to China's water footprint at present and is 9 

expected to increase further in the future. 10 

 SSP1-2.6 is the best scenario to alleviate water shortage and water pollution in China. 11 

  12 



 

 

Abstract: Under the dual influence of socioeconomic development and climate change, water 13 

resources in China are under increasing stress. It is of great significance to comprehensively explore 14 

the changing trend of China's water footprint (WF) in the future, clarify the water resource 15 

challenges that China will face, and alleviate water shortage and water pollution problems. This 16 

paper uses System Dynamics (SD) to build a simulation model of China's WF, calculate China's WF 17 

from 2000 to 2019, and for the first time, simulate and optimize China's WF from 2020 to 2050 18 

under the SSP-RCP scenario matrix composed of Shared Socioeconomic Pathways (SSPs) and 19 

Representative Concentration Pathways (RCPs). The results are as follows. (1) From 2000 to 2019, 20 

China's WF increased to 2009 and began to decline. The main contributors are gray WF and 21 

agricultural WF. (2) From 2020–2050, different socioeconomic development and climate change 22 

conditions under the five SSP-RCP scenarios will lead to different trends in China's WF and its 23 

composition. (3) Based on the changes in WF and water resources supply/demand ratio under 24 

different scenarios, the SSP1-2.6 scenario is the best scenario to mitigate a future water shortage and 25 

water pollution in China. The research results can help decision-makers formulate relevant 26 

management policies and socioeconomic development models for water resource utilization and 27 

provide decision support for alleviating water shortages and water pollution in China. 28 

Keywords: Water footprint; System dynamics; SSP-RCP; Shared socioeconomic pathways; 29 

Representative concentration pathways; Climate change; 30 

1. Introduction 31 

Since the 1980s, the United Nations Water Resources Conference has often warned the world 32 

that water resources are gradually declining, global social and economic development will be 33 

constrained, and a water shortage would become a global crisis (Ivey et al., 2004). Faced with this 34 



 

 

pressure, researchers have deepened their understanding of the evolution of water resources and 35 

have generated new water resource management concepts (Kumar and Singh., 2005). In 1993, the 36 

concept of virtual water, proposed by British scholar Tony Allan (1993), broadened people's 37 

understanding of water resources, and many new water resources management concepts were 38 

generated based on it, making up for the limitations of traditional water resource management 39 

concepts in the virtual water trade. In 2002, the Dutch scholar Hoekstra (2002) first proposed the 40 

water footprint (WF) concept based on virtual water research and with reference to the ecological 41 

footprint. Unlike traditional water intake indicators, WF includes both direct and indirect water 42 

use by consumers or producers and is a multi-level indicator that reflects water consumption, 43 

pollution, water source type, and pollution type (Zhu and Tian., 2012; Hoekstra et al., 2011). WF 44 

combines people's production and consumption activities with water resource consumption and 45 

pollution, which can effectively reveal water resource dependence and crisis state and lay an 46 

important foundation for water security strategy research. As a rapidly developing country, China 47 

is also facing a severe situation in regards to its water resources (Liu and Yang., 2012). The rapid 48 

growth of the population, the acceleration of the urbanization process, and the change of people's 49 

production mode and consumption have aggravated the problem of water resource shortage and 50 

water pollution in China (Li et al., 2021). The introduction of the concept of WF provides a new 51 

idea for alleviating the severe problems with water resources in China (Hoekstra and Mekonnen., 52 

2012; Cai et al., 2020) 53 

The SSPs are the global socioeconomic development scenarios launched by the 54 

Intergovernmental Panel on Climate Change (IPCC) in 2010 (Moss et al., 2010). The five basic 55 

pathways have qualitatively and quantitatively described the future socioeconomic development 56 



 

 

under different resource utilization models, economic and technological levels, and environmental 57 

protection awareness, and have been widely recognized by the scientific community (Guo et al., 58 

2021). RCPs are emission scenarios proposed by the IPCC in 2005 describing future greenhouse 59 

gas concentration changes and related climate impacts (Eyring et al., 2016). Some researchers 60 

utilized SSPs and RCPs in research on WF predictions to explore the challenges of water 61 

resources brought by social and economic development and future climate change. For example, 62 

Xu et al (2020) predicted the WF of China's various economic sectors under the five SSPs. Jia 63 

(2019) simulated and evaluated the response of agricultural WF to climate change in the Haihe 64 

River basin under typical concentration paths (RCPs). Shrestha et al (2017) quantified the impact 65 

of climate change on Thailand's rice production footprint under RCP4.5 and RCP8.5 scenarios. 66 

Reddy et al (2022) predicted the blue and green WF of xerophytes in Saudi Arabia under different 67 

RCPs scenarios. However, most of the current studies only consider the impact of climate change 68 

or socioeconomic development on the WF. The combined effect of the two on the WF cannot be 69 

ignored. van Vuuren et al (2014) combined SSPs and RCPs to form a new scenario matrix 70 

SSP-RCP in 2014. The scenario matrix combines different climate model predictions, 71 

socioeconomic conditions, and relevant climate policy assumptions, and realizes the description of 72 

future socioeconomic development and climate change within a unified framework. As the WF is 73 

jointly affected by many factors, such as social progress, improvement of economic and 74 

technological levels and frequent occurrence of extreme weather, the prediction of WF under the 75 

SSP-RCP development framework will more comprehensively reflect the future water resource 76 

utilization under different socioeconomic development and climate change models. 77 

The System Dynamics (SD) model roots the behavior mode and characteristics of the system 78 



 

 

in the dynamic structure and feedback mechanism inside the model. It can simulate a model under 79 

the premise of considering the interaction between different modules inside the model (Winz et al., 80 

2009). Therefore, SD can dynamically present the mutual constraints of different users in the 81 

process of water resource utilization and can comprehensively and systematically predict the 82 

dynamic changes in WF. In addition, SD is a simulation method that combines qualitative and 83 

quantitative analysis and integrates analysis, synthesis, and reasoning. SD applies to the study of 84 

the problem of insufficient data (Qiting., 2007) and can effectively remedy the lack of a 85 

quantitative description of some socioeconomic development characteristics under the SSP-RCP 86 

scenario. In summary, under the premise of comprehensive consideration of the impact of climate 87 

change and socioeconomic development, exploring the characteristics of WF change under the 88 

joint action of multiple users in the future from the perspective of the system will be valuable for 89 

alleviating the problems of water shortages and water pollution. 90 

Therefore, the objectives of this study were as follows: (1) Establish a simulation model of 91 

China's WF through SD to calculate the WF in historical years; (2) Based on SSP-RCP feature 92 

analysis and multi-source data retrieval, carry out an SD simulation of China's WF in 2020–2050 93 

under the SSP-RCP scenario; and (3) Based on the simulation results, analyze the changing trend 94 

of China's WF under different SSP-RCP scenarios in 2020–2050 from multiple perspectives, 95 

selecting the optimal scenario for China's water resource utilization. This study is helpful for 96 

decision-makers to formulate and optimize China's water resource utilization policies based on the 97 

analysis results and scenario characteristics. It provides decision support for alleviating China's 98 

water resource shortage and water pollution problems. 99 

2. Materials and Methods 100 



 

 

2.1 Data sources 101 

The historical annual urbanization rate, birth rate, mortality rate, GDP, and other social and 102 

economic statistical data used in this study were from the China Statistical Yearbook (NBS., 103 

2001-2020), China Environmental Statistical Yearbook (NBS., 2001-2020), China Tertiary 104 

Industry Statistical Yearbook (NBS., 2001-2020), and other statistical data 105 

(http://www.stats.gov.cn/english/Statisticaldata/AnnualData/), compiled by the National Bureau of 106 

Statistics of China. Domestic, industrial, and ecological water indicators were from the China 107 

Water Resources Bulletin (NBS., 2001-2020) (http://www.mwr.gov.cn/sj/tjgb/szygb/), compiled by 108 

the Ministry of Water Resources of China. Nine crops (rice, wheat, corn, beans, potatoes, cotton, 109 

peanuts, sugar cane, and apples) were selected as research objects for agriculture. The statistical 110 

data of the yield and planting area of different crops were from the China Statistical Yearbook 111 

(NBS., 2001-2020), and the crop growth period and growth coefficient were from the crop 112 

coefficient table recommended by the Food and Agriculture Organization of the United Nations 113 

(FAO) (Allen et al., 1998). Meteorological data, such as temperature, precipitation, wind speed, 114 

and sunshine duration in historical years, were from the CLIMWAT 2.0 database (Gabr., 2022). 115 

The population and urbanization rate data under the five basic SSPs paths were from the SSP 116 

database (https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=welcome). 117 

2.2 WF calculation 118 

In this study, China's WF was divided into domestic, industrial, agricultural, and ecological 119 

WF based on water users. The formula is as follows: 120 

 
T D I EAWF WF WF WF WF= + + + ,  (1) 121 

where WFT is the total WF, m3; WFD is the domestic WF, m3; WFI is the industrial WF, m3; WFA is 122 

the agricultural WF, m3; and WFE is the ecological WF, which can be replaced by actual ecological 123 



 

 

water use data (Zhang et al., 2019), m3. 124 

2.2.1 Domestic WF calculation 125 

As the consumption of water resources does not include green water resources stored in the 126 

soil, the domestic WF only consists of domestic blue WF and domestic gray WF. The domestic 127 

blue WF can be replaced by the actual domestic water use data (Zhang et al., 2019). The chemical 128 

oxygen demand (COD) and ammonia nitrogen ( +
4NH -H) are the main pollutants in domestic 129 

wastewater (Huang and Xu., 2022). Because the purification capacity of the water body for 130 

different pollutants is different and multiple pollutants can be diluted at the same time, adding the 131 

WF consumed by different pollutants will lead to repeated calculations. Therefore, the maximum 132 

water consumption required for diluting different pollutants was used as the domestic gray WF. 133 

The formulas are as follows: 134 

 D D
D blue greyWF WF WF= + ,  (2) 135 

  4max( , )DNH ND DCOD
grey grey greyWF WF WF

+ −= ,  (3) 136 

 
D

DCOD COD
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max nat
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C C

=
−

,  (4) 137 
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4 4

D
NH NDNH N

grey NH N NH N
max nat

L
WF

C C
++

+ +
−−

− −
=

−
,  (5) 138 

where 
D

blueWF  is the domestic blue WF, m3; D
greyWF  is the gray WF, m3; and DCOD

greyWF  and 139 

4DNH N
greyWF

+ −  are the domestic COD gray WF and domestic 
+
4NH -H gray WF, m3, respectively. 140 

D
CODL  and 

4

D
NH NL + −  are the COD and 

+
4NH -H load in the domestic sewage, respectively, kg; 141 

COD
maxC  and 4NH N

maxC
+−  are the standard concentration of COD and +

4NH -H, respectively, or the 142 

maximum allowable concentration of the environment, kg/m3, according to China's Surface Water 143 

Environmental Quality Standard (GB3838-2002) (Ministry of Environmental Protection of China, 144 

2002). The values are 0.02 kg/m3 and 0.001 kg/m3, respectively. 
COD
natC  and 

COD
natC  are the COD 145 



 

 

and +
4NH -H natural background concentration in the receiving water body or environment, 146 

respectively, both of which were taken as 0 kg/m3 (Meng et al., 2022). 147 

2.2.2 Industrial WF calculation 148 

Like domestic WF, the consumption of water resources by industrial production does not 149 

include green water resources, so the industrial WF consists of industrial blue WF and industrial 150 

gray WF. Industrial blue WF can be replaced by the actual industrial water use data (Zhang et al., 151 

2019). COD and +
4NH -H are the main pollutants in the industrial wastewater (Su et al., 2010), so 152 

the maximum water consumption required for dilution of both was used as the industrial gray WF. 153 

The formulas are as follows: 154 

 ,  (6) 155 

 4max( , )INH NI ICOD
grey grey greyWF WF WF

+ −= ,  (7) 156 
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where 
I

blueWF  is the industrial blue WF, m3; I
greyWF  is the industrial gray WF, m3; ICOD

greyWF  is 159 

the industrial COD gray WF, m3; and 4INH N
greyWF

+ −  is the industrial +
4NH -H gray WF, m3. 

I
CODL  160 

and 
4

I
NH N

L + −  are the COD and +
4NH -H loads in industrial wastewater, respectively, kg. 161 

2.2.3 Agricultural WF calculation 162 

The proportion of irrigation water for the planting industry in China's agricultural water use 163 

has reached more than 90%, and the proportion of other water use is small (Cao et al., 2015). 164 

Therefore, only the planting industry was considered in the agricultural WF of this study. The 165 

consumption of water resources by crop growth includes not only blue water resources, such as 166 

surface water and groundwater, but also green water resources derived from precipitation and 167 

I I
I blue greyWF WF WF= +



 

 

stored in the soil around the crop roots. The use of chemical fertilizers during crop planting 168 

pollutes water resources. Therefore, the agricultural WF of this study consists of agricultural blue 169 

water, green water, and gray WF. The amounts of agricultural blue water and green WF were 170 

calculated based on the field crop evapotranspiration and crop yield per unit area, and the gray WF 171 

was estimated by the nitrogen content entering the water body due to leaching during the 172 

application of chemical fertilizers (including nitrogen fertilizer and compound fertilizer) (Hoekstra 173 

et al., 2011) 174 

. The formulas are as follows: 175 

 ,  (10) 176 
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 ( )A n n c c
grey N N

max nat

Appl C Appl C aWF
C C

× + × ×
=

−
,  (15) 181 

where 
A

blueWF  is the agricultural blue WF, m3; A
greenWF  is the agricultural green WF, m3; and 182 

A
greyWF  is the agricultural gray WF, m3. lg p  is the length of the crop growth period, d; cE T  is 183 

crop evapotranspiration, mm; and effP  is the effective rainfall during the crop growth period, mm. 184 

A is the planting area of crops, hm2; cK  is the crop coefficient; and 0E T  is the reference crop 185 

evapotranspiration, calculated by using the Penman-Monteith formula from the CROPWAT model 186 

(Cai et al., 2022), mm. P is the precipitation, mm; nAppl  and cAppl  are the annual application 187 

amount of nitrogen fertilizer and compound fertilizer, respectively, kg/a; and nC  and cC  are the 188 

nitrogen content of nitrogen fertilizer and compound fertilizer, respectively, taking up 46% and 189 

lgA A A
A blue green greyWF WF WF WF p= + +



 

 

30%, respectively (Wang et al., 2021). 
N
maxC  is the standard concentration of nitrogen, which 190 

determines the water quality. According to the Environmental Quality Standard for Surface Water 191 

(GB3838-2002) (Ministry of Environmental Protection of China., 2002), the value is 0.01 kg/m3. 192 

N
natC  is the natural local concentration of nitrogen in the receiving water body, and the value is 0 193 

kg/m3 (Meng et al., 2022). a is the loss rate of chemical fertilizer, which is 10.1% (Wang et al., 194 

2021). 195 

2.3 Construction and verification of SD model 196 

This research combined the relevant theories and formulas of the WF calculation and used 197 

Vensim DSS software to build China's WF simulation model (Fig. 1–2). The time boundary of the 198 

model is 2000–2050, and the time step is 1 year, of which 2000–2018 is the historical year, 2019 is 199 

the current year, and 2020–2050 is the forecast year. The space boundary of the model is China 200 

(Hong Kong, Macao, and Taiwan in China are temporarily unavailable). The model is composed 201 

of five subsystems (domestic subsystem, industrial subsystem, agricultural subsystem, ecological 202 

subsystem, and water supply and demand subsystem), including 111 variables. The agricultural 203 

subsystem (Fig. 2) is connected with other subsystems through agricultural WF variables. The 204 

model structure equation of each variable in the model was determined using the theory of WF, the 205 

principle of water resource utilization, and the basic relationship between variables. 206 



 

 

207 

 Fig. 1. Simulation model of China's WF (Part): a) domestic subsystem; b) water supply and demand subsystem; c) 208 

ecological subsystem; and d) industrial subsystem 209 

 210 

Fig. 2. Simulation model of China’s WF agricultural subsystem 211 

To ensure the model's accuracy, validity, and credibility, the China WF Simulation Model 212 

was tested for system structure, dimensional consistency, and history. The system structure and 213 

dimensional consistency check of the model were conducted through the Cause Tree and Units 214 

Check toolboxes in Vensim DSS software, and both of them passed the check. Six variables were 215 

selected for the historical test, and the determination coefficients R2 of the test variable simulation 216 

value and the actual value were greater than 0.85 (Fig. 3), indicating that the simulation results of 217 



 

 

the model were in good agreement with the actual situation, that is, the basic structure of the 218 

model could reflect the real system. 219 

 220 

Fig. 3. Fitting of the variable simulation value and historical actual value. a) Population. b) Total industrial output 221 

value. c) Garden green area. d) Crop planting area. e) Surface water supply. f) Domestic sewage discharge. 222 

2.4 Model variable setting under the SSP-RCP scenario 223 

In this study, the SSP-RCP scenario matrix in the 6th International Coupling Model 224 

Comparison Plan (CMIP6), namely SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP4-6.0, and SSP5-8.5, was 225 

selected as the prediction scenario of China's WF. 226 

2.4.1 Setting of variables related to socioeconomic development 227 

The five basic paths of SSPs include the sustainable path SSP1, the intermediate path SSP2, 228 

the regional competition path SSP3, the unbalanced path SSP4, and the high emission 229 

development path SSP5. Each path describes different socioeconomic developments in the future 230 

from the aspects of technology level, water use efficiency, land use, economic development, and 231 

environmental protection awareness (Fig. 4) (O'Neill et al., 2014; Hanasaki et al., 2013; Popp et al., 232 

2017; Murakami et al., 2021). These aspects also directly affect the changes in the WF. Therefore, 233 



 

 

this paper utilizes five basic SSPs as the socioeconomic development scenarios for predicting 234 

China's WF. 235 

 236 

Fig. 4. Social development characteristics under five SSPs 237 

Based on the path characteristics of different SSPs and WF influencing factors, and in 238 

combination with relevant references (Xu et al., 2020; Fan et al., 2019), the controllable variables 239 

of different subsystems in China's WF simulation model were screened (Table 1). Because the SSP 240 

database only contains quantitative values of the total population and urbanization rate, while the 241 

rest of the controllable variables only have qualitative descriptions, and considering that SSP2 is 242 

close to the current social development situation in China (Zhuang et al., 2021), we set the values 243 

of the rest of the controllable variables in different planning level years under the SSP2 path 244 

concerning China's 5th Five-Year Plan (FYP) and the National Water Resources Comprehensive 245 

Plan and other medium and long-term plans (Table 1). According to the quantitative description of 246 

the characteristics of life (Hanasaki et al., 2013), industry (Murakami et al., 2021), agriculture 247 

(Fricko et al., 2017), ecology (Popp et al., 2017), and water supply and demand (Hanasaki et al., 248 



 

 

2013) under different SSPs paths in the relevant literature, the differences between other path 249 

characteristics and SSP2 path characteristics were compared and analyzed to determine the change 250 

amplitude of the controllable variables under other paths compared with SSP2 (Table 2). 251 

Table 1 Value setting of controllable variables under SSP2 252 

Subsystem Adjustable variable Unit 

Planning level year 

2030 2040 2050 

Domestic 

Total population 106 people 1430 1440 1427 

Urbanization rate % 75.5 80.0 80.0 

Domestic water quota for rural residents L (one person one day) 105 120 134 

Domestic water quota for urban residents L (one person one day) 238 251 265 

Urban public water 108 m3 13.8 14.9 19.5 

Domestic ammonia nitrogen emission 104 t 3.0 1.6 0.4 

Domestic COD emission 104 t 67.7 5.94 0.16 

Industry 

Annual growth rate of industrial added value % 4.83 3.74 2.07 

Industrial ammonia nitrogen emission 104 t 2000 860 380 

Industrial COD emission 104 t 14.79 2.21 0.33 

Water consumption per 10,000 yuan of 

industrial added value 

m3 11.6 4.0 1.4 

Agriculture 

Crop planting area 108 ha 1.38 1.42 1.45 

Consumption of nitrogen fertilizer 104 t 1293.5 607.1 210.5 

Consumption of compound fertilizer 104 t 3301.9 4090.3 4878.6 

Ecology Annual change rate of garden green area % 0.04 0.03 0.02 



 

 

Water supply 

and demand 

Irrigation effective utilization coefficient Dmnl 0.6 0.61 0.62 

Utilization coefficient of reclaimed water % 0.308 0.417 0.526 

Sewage treatment rate % 0.62 0.64 0.66 

Domestic sewage discharge 108 m3 781.6 944.3 1107.1 

Industrial sewage discharge 108 m3 14.7 7 1.3 



 

 

Table 2 Change of controllable variables under other paths (%) 253 

Subsystem Adjustable variable 

Scenario Assumptions 

SSP1 SSP3 SSP4 SSP5 

2030 2040 2050 2030 2040 2050 2030 2040 2050 2030 2040 2050 

Domestic 

Total population -2.9 -4.6 -6.6 1.6 2.0 3.4 -3.6 -6.3 -9.7 -2.9 -4.6 -6.6 

Urbanization rate -9.9 -5.9 0.9 -28.2 -29.3 -27.2 -9.9 -5.9 0.9 -9.9 -5.9 0.9 

Domestic water quota for rural residents -5.0 -10.0 -15.0 5.0 10.0 15.0 2.0 5.0 8.0 3.0 8.0 10.0 

Domestic water quota for urban residents -5.0 -10.0 -15.0 5.0 10.0 15.0 2.0 5.0 8.0 3.0 8.0 10.0 

Urban public water -10.7 -15.5 -20.4 6.4 9.0 11.7 -2.8 -3.6 -4.4 -9.7 -13.8 -18.1 

Domestic ammonia nitrogen emission -2.3 -4.6 -6.9 2.4 5.1 8.4 -1.1 -2.3 -3.6 -2.5 -4.8 -7.3 

Domestic COD emission -2.3 -4.6 -6.9 2.4 5.1 8.4 -1.1 -2.3 -3.6 -2.5 -4.8 -7.3 

Industry 

Annual growth rate of industrial added value 25.0 48.0 26.0 -15.0 -42.0 -62.0 1.0 2.0 -8.0 46.0 77.0 51.0 

Industrial ammonia nitrogen emission -2.3 -4.6 -6.9 2.4 5.1 8.4 -1.1 -2.3 -3.6 -2.5 -4.8 -7.3 



 

 

Industrial COD emission -2.3 -4.6 -6.9 2.4 5.1 8.4 -1.1 -2.3 -3.6 -2.5 -4.8 -7.3 

Water consumption per 10,000 yuan of 

industrial added value 

-2.0 -4.0 -7.0 2.0 5.0 7.0 2.0 5.0 7.0 -2.0 -4.0 -7.0 

Agriculture 

Crop planting area -1.9 -3.6 -5.1 3.2 5.9 8.5 0.0 0.0 0.0 -1.3 -2.4 -3.4 

Consumption of nitrogen fertilizer -9.6 -14.7 -24.2 -3.4 -3.2 -8.6 0.0 0.0 0.0 -4.0 -4.4 -10.1 

Consumption of compound fertilizer -9.6 -14.7 -24.2 -3.4 -3.2 -8.6 0.0 0.0 0.0 -4.0 -4.4 -10.1 

Ecology Annual change rate of garden green area 50.0 50.0 50.0 -20.0 -20.0 -20.0 0.0 0.0 0.0 20.0 20.0 20.0 

Water supply and demand 

Irrigation effective utilization coefficient 2.0 4.0 7.0 -2.0 -4.0 -7.0 -2.0 -4.0 -7.0 2.0 4.0 7.0 

Utilization coefficient of reclaimed water 2.0 4.0 7.0 -2.0 -4.0 -7.0 -2.0 -4.0 -7.0 2.0 4.0 7.0 

Sewage treatment rate 2.0 4.0 7.0 -2.0 -4.0 -7.0 -2.0 -4.0 -7.0 2.0 4.0 7.0 

Domestic sewage discharge -2.4 -3.5 -5.1 2.0 3.3 5.0 -3.1 -5.2 -8.2 -2.4 -3.5 -5.1 

Industrial sewage discharge 10.3 10.6 11.0 15.2 16.0 16.0 3.3 4.0 4.0 25.2 25.3 26.0 

Note: The values in the table represent the magnitude of change compared to the variables corresponding to SSP254 



 

 

2.4.2 Setting of variables related to climate change 255 

Precipitation and temperature are significant elements for identifying climate change (Chen et 256 

al., 2004), and they directly impact the effective precipitation and evapotranspiration during the 257 

growth period of crops in the agricultural subsystem (Fig. 2). Therefore, precipitation and 258 

temperature were selected as the main meteorological factors affecting the WF in this study. The 259 

temperature change under the SSP-RCP scenario matrix was from the sixth IPCC assessment 260 

report (Table 3) (Arias et al., 2021), and the precipitation change was selected based on the 261 

prediction results of Tian et al (2021) for China's precipitation in the 21st century under the 262 

SSP-RCP scenario matrix (Table 4). 263 

Table 3 Temperature change under the SSP-RCP scenario matrix (°C) 264 

Planning level year SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP4-6.0 SSP5-8.5 

2030 0.7 0.7 0.7 0.7 0.8 

2040 1.5 1.5 1.5 1.5 1.7 

2050 2.3 2.5 2.6 2.5 2.9 

Note: The values in the table represent the temperature increment compared with the current year 2019. 265 

Table 4 Precipitation change under the SSP-RCP scenario matrix (%) 266 

Planning level year SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP4-6.0 SSP5-8.5 

2030 8 4 3 1 6 

2040 9 10 6 7 11 

2050 13 11 9 8 13 

Note: The values in the table represent the percentage increase in precipitation compared with the current year 267 

2019. 268 



 

 

3. Results and Analysis 269 

From the perspective of water users (domestic, industrial, and agricultural) and water source 270 

types (blue water, green water, and gray water), this study analyzed the change characteristics of 271 

China's WF in historical years and the simulation under the SSP-RCP scenarios in the prediction 272 

years. We compared the supply and demand of China's water resources under different SSP-RCP 273 

scenarios to select the best scenario to alleviate China's water shortage and water pollution. 274 

3.1. Total WF 275 

Fig. 5a shows that during the historical year, affected by the rapid development of China's 276 

socioeconomic in the early 21st century, China's total WF increased from 19349×108 m3 in 2000 to 277 

26574×108 m3 in 2011. During that time, the imbalance between the supply and demand of water 278 

resources and the problem of water pollution became increasingly prominent in China. With the 279 

promulgation of the 12th FYP for the Construction of a Water-saving Society (Ministry of Water 280 

Resources in China., 2010) and the 12th FYP for National Environmental Protection (General 281 

Office of the State Council in China., 2011), China stepped up efforts to save water and prevent 282 

water pollution, so that the total WF began to decline after reaching its peak in 2011 and dropped 283 

to 18392×108 m3 in 2019. During the forecast year, the changing trend of China's total WF under 284 

the five SSP-RCP scenarios is the same, which will gradually decrease from 2020 to 2035 and 285 

slowly increase from 2035 to 2050. Under the comprehensive influence of water-saving 286 

technology, environmental governance, climate change, and other factors, the total WF under the 287 

SSP3-7.0 and SSP5-8.5 scenarios remains high, while the total WF under the SSP1-2.6 scenario is 288 

the lowest. 289 

Fig. 5b shows that, with the continuous development of society and change of climate, the 290 



 

 

consumption of blue water and green water by production and daily human life continues to rise. 291 

During the forecast year, the rapid urbanization process and economic development make blue WF 292 

grow the fastest in the SSP5-8.5 scenario, and the growth rate in other scenarios is relatively close. 293 

As industry and life do not consume green water resources, green WF only includes agricultural 294 

green WF. As the temperature and precipitation increase rapidly under the SSP3-7.0 scenario, and 295 

the cultivated land area is the largest, the green WF grows fastest under this path. In contrast, the 296 

growth rate of green WF is the slowest under the SSP1-2.6 scenario (Fig. 5c). As China's efforts to 297 

prevent and control water pollution continue to increase during the 12th FYP period, the gray WF 298 

changes from an increase to a decrease and tends to be stable under all scenarios after 2035. A 299 

relatively complete water pollution prevention system makes the gray WF the lowest under the 300 

SSP1-2.6 scenario (Fig. 5d). Fig. 5(e–h) shows that under the constraints of the 10th FYP for 301 

Industrial Water Saving (General Office of the State Council in China., 2001) and the 10th FYP for 302 

the Construction of a Water Saving Society (State Economic and Trade Commission in China., 2001), 303 

the industrial WF and domestic WF changed from increasing to decreasing in 2002 and 2007, 304 

respectively, and the agricultural WF and ecological WF continued to increase in the historical and 305 

forecast years. 306 



 

 

 307 

Fig. 5. Historical measurement and future simulation diagram of China's WF 308 

To analyze the total amount and composition of China’s WF more intuitively and 309 

quantitatively under different scenarios in the future compared with the current year, the 310 

composition of the WF in 2019 and 2050 and the proportion of different users' WF were drawn 311 

(Fig. 6). Fig. 6 (a) shows that the total WF under all scenarios in 2050 is lower than that in 2019. 312 

The total WF under the SSP1-2.6 scenario decreases by the largest amount (28.2%), while that 313 

under the SSP3-7.0 scenario decreases by the smallest amount (22.4%). Compared with 2019, the 314 



 

 

gray WF in 2050 has the largest decrease (85.1%) under the SSP1-2.6 scenario, and it also has a 315 

large reduction in other scenarios. The blue WF and green WF increased to varying degrees under 316 

all scenarios. 317 

Fig. 6(b) shows that because agriculture developed to varying degrees in all scenarios, and 318 

the increase in temperature increased the water demand of crops, the proportion of agricultural WF 319 

in the total WF increased from 52% in 2019 to more than 70%, with the largest increase (27%) in 320 

the SSP3-7.0 scenario. The proportion of ecological WF in each scenario increased from 2% in 321 

2019 to more than 10%, and the proportion in SSP1-2.6 and SSP5-8.5 scenarios increased to 17% 322 

and 16%, respectively. As the water-saving technology and water efficiency of all scenarios in 323 

2050 improved compared with the current year, the proportion of domestic WF and industrial WF 324 

in the total WF is lower than that in 2019. 325 

 326 

Fig. 6. Composition of total WF in 2019 and 2050 and proportion of WF of different users 327 

3.2. Domestic WF 328 

Fig. 7 shows the dynamic changes of domestic WF, domestic blue WF, domestic gray WF, 329 

urban domestic WF, and rural domestic WF under different SSP-RCP scenarios in five years. The 330 

sparse lines of the parallel coordinate graph indicate that the value changes rapidly with time, 331 



 

 

while the dense lines indicate that the value changes slowly with time. It can be seen from the 332 

figure that China is in a period of rapid population growth and social development at the 333 

beginning of the 21st century. Weak public awareness of water conservation and water 334 

environment protection led to the rapid growth of domestic WF before 2010, with an average 335 

annual growth of 763×108 m3. However, with the increasing shortage of water resources and water 336 

pollution, the government realized the importance of water resource protection and vigorously 337 

promoted the formulation and improvement of laws and regulations related to water conservation 338 

and water pollution prevention. The decline of the domestic water quota and the reduction of 339 

pollutant emissions made the domestic WF gradually decline after reaching its peak (13114×108 340 

m3) in 2010. The domestic WF of all scenarios in the forecast year shows a downward trend, and 341 

the decline rate is relatively slow during the period from 2030 to 2050. As there is a strong public 342 

awareness of water conservation and environmental protection under the SSP1-2.6 scenario, the 343 

domestic WF was kept at the lowest level under this scenario. 344 

The increase in population and the improvement of people's living standards make the 345 

domestic blue WF rise continuously. Compared with other scenarios, the population and 346 

residential water quota under the SSP3-7.0 scenario are both the highest, so the domestic blue WF 347 

is the highest under this scenario, and the lower population and residential water quota make the 348 

domestic blue WF the lowest under the SSP1-2.6 scenario. With the increase in China's population 349 

and the acceleration of urbanization, the blue WF of urban life in all scenarios in the historical and 350 

forecast years will increase, but the growth rate will gradually slow down. As the population and 351 

urbanization rate of China under the SSP5-8.5 scenario are higher than those under other scenarios, 352 

the blue WF of urban life in 2050 under this scenario is the highest (1169×108 m3). The smaller 353 



 

 

population and lower domestic water quota make the blue WF of urban life the lowest (872×108 354 

m3) under the SSP1-2.6 scenario. As the domestic water consumption of rural residents in China is 355 

guaranteed, although the water consumption of rural residents is gradually increasing, the increase 356 

of the urbanization rate leads to the decline of the rural population. Therefore, the blue WF of rural 357 

life has a trend of first increasing and then decreasing in the historical years. In the forecast year, 358 

the rural domestic water quota under the SSP3-7.0 scenario is relatively high, so the blue WF of 359 

rural life is still rising slowly under this scenario, while other scenarios are greatly affected by the 360 

reduction of the rural population, showing the characteristics of a gradual decline in the blue WF 361 

of rural life. 362 

Weak public awareness of water environment protection increased the domestic gray WF 363 

from 4858×108 m3 in 2000 to 1229×108 m3 in 2010. After the Chinese government issued the 364 

Opinions on Strengthening the Key Work of Environmental Protection (General Office of the State 365 

Council in China., 2011) and formulated the 12th FYP for National Environmental Protection 366 

(General Office of the State Council in China., 2011), the gray WF began to decline gradually in 367 

2011. In the forecast year, the gray WF of domestic sewage will continue to decline under all 368 

scenarios. The relatively perfect water pollution prevention system under the SSP1-2.6 scenario 369 

will make the domestic gray WF lower under this scenario than that under other scenarios. On the 370 

contrary, the domestic gray WF is the highest under the SSP3-7.0 scenario. 371 



 

 

 372 

Fig. 7. Parallel coordinates of historical measurement and future simulation of domestic WF 373 

3.3. Industrial WF 374 

Fig. 8 shows the dynamic changes of industrial WF, industrial blue WF, and industrial gray 375 

WF under different SSP-RCP scenarios. Due to the development of China's industry from 2000 to 376 

2010 (Shen and Ni., 2022), the industrial blue WF showed an increasing trend in this period. 377 

However, with the improvement of industrial wastewater treatment technology, the industrial gray 378 

WF continued to decline in this period. The industrial gray WF accounted for a high proportion of 379 

the industrial WF in this period (more than 67.8%). Therefore, the industrial WF also continued to 380 

decline from 2000 to 2010, but the decline rate was slower than the industrial gray WF. After 2010, 381 

with the promulgation of the 12th FYP for the Construction of a Water Saving Society (Ministry of 382 

Water Resources in China., 2010), China's industrial water consumption per 10000 yuan of added 383 

value decreased rapidly, so the industrial blue WF began to decline. At this time, the decline rate 384 

of industrial WF accelerated. With the further improvement of industrial wastewater treatment 385 



 

 

technology and water-saving technology, the industrial WF, industrial blue WF, and industrial gray 386 

WF under all scenarios in the forecast year will show a downward trend. As the industrial 387 

pollutant emissions under different scenarios are relatively close, there is no significant difference 388 

in industrial gray WF under different scenarios. By 2050, the total industrial WF will be the 389 

highest under the SSP1-2.6 scenario with rapid industrial development and the lowest under the 390 

SSP3-7.0 scenario. In this period, the proportion of industrial blue WF in industrial WF is 391 

relatively high (more than 73.7%), so the predicted annual change trend of industrial blue WF is 392 

the same as that of industrial WF. 393 

 394 

Fig. 8. Parallel coordinates of historical measurement and future simulation of industrial WF 395 

3.4. Agricultural WF 396 

Fig. 9 shows the changes in agricultural WF and its composition under different SSP-RCP 397 

scenarios. It can be seen from the figure that agriculture is the guarantee that supports the 398 

development and progress of the entire Chinese national economy. The state has continuously 399 



 

 

increased its investment in agriculture. With the gradual guarantee of agricultural water use and 400 

the increase of the effective irrigation area (Pei et al., 2018), the agricultural WF has gradually 401 

increased in the historical years. The agricultural WF still shows an increasing trend under all 402 

SSP-RCP scenarios in the forecast year, among which the agricultural WF remains the highest 403 

under the SSP3-7.0 scenario, while the agricultural WF remains the lowest under the SSP1-2.6 404 

scenario due to the rational development and utilization of cultivated land, effective control of 405 

non-point source pollution, and relatively stable climatic conditions. 406 

Affected by the shortage of water resources, China's agricultural planting structure was in the 407 

adjustment stage from a rice-based planting type to a multi-combination planting type (Liu et al., 408 

2016) from 2000 to 2010, and the planting area of rice, the most water-consuming crop, decreased, 409 

so the agricultural blue WF decreased in this period. With the improvement of the agricultural 410 

planting structure and the increase of the effective irrigation area, the agricultural blue WF began 411 

to increase after 2010. In the forecast year, the agricultural blue WF still shows an increasing trend. 412 

Due to the high degree of cultivated land development and utilization and large irrigation area 413 

under the SSP3-7.0 scenario, the agricultural blue WF will remain the highest under this scenario, 414 

reaching 2243×108 m3 in 2050. In the SSP1-2.6 scenario, there is less food demand and less arable 415 

land required, so the agricultural blue WF was kept at the lowest level in this scenario and 416 

declined since 2045. The rise of temperature and the increase of cultivated land area make the 417 

agricultural green WF in the study period continue to rise. It is predicted that the agricultural green 418 

WF will remain the highest in the year under the scenario of SSP3-7.0, the fastest warming 419 

scenario, and reach 7555×108 m3 by 2050. On the contrary, under the scenario of SSP1-2.6 with 420 

the slowest temperature rise, the agricultural green WF will always remain the lowest, reaching 421 



 

 

only 6684×108 m3 by 2050. During the historical years, China's agriculture developed rapidly, and 422 

the use of fertilizer also increased rapidly (Hou et al., 2017), so the agricultural gray WF continued 423 

to rise in the historical years. However, in the forecast year, the decline in fertilizer use and the 424 

improvement of fertilizer efficiency will cause the agricultural gray WF to show a downward 425 

trend under all scenarios. The agricultural gray WF has always been the highest under the 426 

SSP4-6.0 scenario with the largest amount of fertilizer use and the lowest under the SSP1-2.6 427 

scenario with the least amount of fertilizer use. 428 

 429 

Fig. 9. Parallel coordinates of historical measurement and future simulation of the agricultural WF 430 

3.5. Ecological WF 431 

Fig. 10 shows the changes in ecological WF and its proportion in total WF in different 432 

SSP-RCP scenarios. During the historical year, with the gradual improvement of people's 433 

awareness of environmental protection, the ecological environment and construction of an 434 

ecological civilization improved, so the ecological WF and its proportion in the total WF 435 



 

 

continued to rise in this period, from 16×108 m3 and 0.08% in 2000 to 270×108 m3 and 1.47% in 436 

2019. The ecological WF and its proportion in the total WF also show an upward trend under all 437 

scenarios, in which the ecological civilization construction is relatively strong under the SSP1-2.6 438 

and SSP5-8.5 scenarios, and the area of garden green space increases rapidly. As the utilization 439 

efficiency of water resources under the SSP1-2.6 scenario is relatively high, the ecological WF is 440 

the highest under the SSP5-8.5 scenario, but the total WF under the SSP1-2.6 scenario is lower 441 

than SSP5-8.5, Therefore, the proportion of ecological WF in total WF is the highest under the 442 

SSP1-2.6 scenario. The ecological WF and its proportion in the total WF are slightly lower under 443 

the SSP4-6.0 and SSP2-4.5 scenarios and are relatively close to each other. People's low 444 

awareness of ecological environmental protection makes the ecological WF and its proportion in 445 

the total WF the lowest under the SSP3-7.0 scenario, reaching only 1511×108 m3 and 10.59% in 446 

2050. 447 

 448 

Fig. 10. Historical calculation and future simulation diagram of the ecological WF 449 



 

 

3.6. Water supply and demand 450 

Fig. 11 shows the changes in the water supply, water demand, and water resource 451 

supply/demand ratio in China under different SSP-RCP scenarios. The water demand in this paper 452 

is from the perspective of the WF, considering the real consumption and demand of water 453 

resources by industry, life, agriculture, and ecology. It can be seen from the figure that the Chinese 454 

government has improved the water-saving policies of various industries in the past years, and the 455 

water demand has fluctuated and declined in this period. However, this period is also in the stage 456 

of rapid socioeconomic development, so the decline of water demand is relatively slow. At this 457 

time, forced by the contradiction between the supply and demand of water resources, the 458 

development of water resources in China was rapidly enhanced, and the exploitation of surface 459 

water and groundwater continued to rise. The water supply increased from 5348×108 m3 in 2000 460 

up to 6094×108 m3 in 2019, However, a series of ecological problems, such as over-exploitation of 461 

water resources, rivers drying up, and land subsidence, emerged. To deal with these problems, the 462 

government introduced the water intake permit management method, improved the water intake 463 

permit system, and actively promoted the development and utilization of unconventional water 464 

sources (Ma et al., 2020). Therefore, the increased rate of the water supply in historical years 465 

gradually slowed. Under the combined effect of the decrease in the water demand and the increase 466 

in water supply, the supply and demand ratio of water resources trended upward in historical years. 467 

Although the supply and demand ratio of water resources is still less than 1, the contradiction 468 

between the supply and demand of water resources was alleviated to a certain extent. 469 

Under the influence of multiple factors, such as water efficiency and water-saving technology, 470 

the predicted annual water demand is the lowest under the SSP1-2.6 scenario and will be flat after 471 



 

 

dropping to 2030. In other scenarios, the water demand will decline first and then rise. Due to the 472 

strong protection of surface water and groundwater under the SSP1-2.6 scenario, the water supply 473 

will gradually decrease to 6002×108 m3 in 2040. However, with SSP1-2.6 gradually improving 474 

and maintaining a high level of utilization of unconventional water sources, the water supply will 475 

slowly increase during 2040–2050. Water supply in other scenarios continues to decline, with the 476 

fastest decline rate in the SSP4-6.0 scenario. The supply and demand ratio of water resources 477 

continues to grow under the SSP1-2.6 scenario, rising to 1.080 in 2050 after exceeding 1 in 2026. 478 

The changing trend of the water resource supply and demand ratio in other scenarios is relatively 479 

consistent, which will rise by 2030 and begin to decline; the peak value will not exceed 1. It can 480 

be seen from this that under the joint influence of climate change and socioeconomic development, 481 

the SSP1-2.6 scenario can achieve the balance between the supply and demand for water resources 482 

in China in the forecast year and solve the problem of water shortages in China. 483 



 

 

 484 

Fig. 11. Historical calculation and future simulation diagram of water supply and demand 485 

4. Discussion 486 

It can be seen from the research results that the WF consumed by different users in the 487 

historical years have different trends under the influence of socioeconomic development and 488 

climate change. The changing trend of WF and its composition shows that the problems of water 489 

resource shortage and water pollution faced by China in the past two decades have been gradually 490 

alleviated, but the situation of water resource shortage and water pollution is still serious, which is 491 

consistent with the research conclusion of Zhang et al (2019). However, the specific values are 492 



 

 

different because of different calculation models and relevant parameter settings. In addition, the 493 

calculation of gray WF is different from that of Hou et al (2021), who selected the maximum gray 494 

WF of different users as the total gray WF. This study considered that the dilution of pollutants is 495 

completed by different water bodies, and China's gray WF is obtained by adding the gray WF of 496 

daily human life, industry, and agriculture (Wang et al., 2015). The changes in China's WF and its 497 

composition under different scenarios in the forecast year are quite different, indicating that 498 

different climatic conditions and socioeconomic development conditions have a great impact on 499 

China's WF. Compared with other scenarios, China's WF under the SSP1-2.6 scenario is in a good 500 

state among all users, which is consistent with the research results of Xu et al (2020). 501 

This study had some limitations. First, considering that livestock water is domestic water, we 502 

divided livestock-related variables into living subsystems and did not consider the gray WF 503 

generated by livestock. In future research, we will add this calculation to improve the accuracy of 504 

the classification of research objects. Second, this study did not consider the adjustment of 505 

industrial production structure and agricultural planting structure in the future when making 506 

scenario predictions and predicted the changes of industrial and agricultural WF according to the 507 

current production structure. In future research, we will update the relevant parameters in the 508 

model according to China's development planning and relevant policies to improve the timeliness 509 

of the results. Finally, we regarded the study area as a whole, but China has a vast territory, and 510 

different regions have great differences in social and economic development and climate 511 

conditions. In future research, we will adjust the model parameters based on the characteristics of 512 

regional social and economic development and climate conditions and conduct WF research on 513 

different basins or provinces in China to improve the regional applicability of the results. 514 



 

 

5. Conclusion 515 

In this study, SD was used to build a simulation model of China's WF. The changes in China's 516 

WF and its composition in the historical years (2000–2019) were calculated. These changes were 517 

simulated under five SSP-RCP scenarios in the prediction years (2020–2050). The results were 518 

analyzed, and our main conclusions are as follows: 519 

(1) During the historical year, China's WF increased to 2009 and began to decline. From the 520 

perspective of the water source type, gray WF is the main contributor to China's WF, but it began 521 

to decline in 2009, indicating that China made achievements in water pollution prevention and 522 

control. From the perspective of users, agricultural WF is the main contributor to China's WF, 523 

which experienced a wavelike rise during this period. During this period, the supply and demand 524 

ratio of the water resources increased, indicating that the problem of water resource shortages in 525 

China had improved. However, because the values did not exceed 1, the water resource shortage is 526 

still severe. 527 

(2) During the forecast year, different socioeconomic development and climate change 528 

conditions lead to different change trends of China's WF and its composition under five SSP-RCP 529 

scenarios. Socioeconomic development is the main factor affecting China's WF, which has a direct 530 

impact on life, industry, agriculture, and ecological WF. Different climate change scenarios 531 

increase China's agricultural green WF to varying degrees. Influenced by social and economic 532 

development and climate change, only the supply and demand of water resources in SSP1-2.6 533 

scenarios exceed 1, realizing the balance between the supply and demand of water resources and 534 

solving the problem of the water shortage in China. 535 

(3) By 2050, except for the blue WF, industrial WF, and ecological WF, the total WF and 536 



 

 

other WF under the SSP1-2.6 scenario are lower than those under other scenarios, while the high 537 

blue WF, industrial WF, and ecological WF also indicate the steady development of industrial and 538 

ecological civilization construction under the SSP1-2.6 scenario. In all aspects, the SSP1-2.6 539 

scenario is the best scenario to alleviate water shortages and water pollution in China. According 540 

to SSP1-2.6 scenario characteristics, China should continue to increase investment in water-saving 541 

technology development, improve water resource utilization efficiency and water pollution 542 

treatment capacity, rationally develop and balance land resources, improve people's environmental 543 

awareness, and build an environmentally-friendly society. 544 
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