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Abstract; [ Objective ] The issue of sustainable utilization of water resources in Shanxi Province is expected to become increasingly
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severe under the combined influence of natural and human factors. Therefore, accurate prediction of the development trend of the
water resources ecological footprint in the province is essential for ensuring sustainable utilization of water resources. [ Methods ]
A system dynamics model for the sustainable utilization of water resources in Shanxi Province was established using the water
resources ecological footprint method and system dynamics method. Four scenarios were designed based on the result of parameter
sensitivity analysis: continuation of the status quo (DSI1), economic development (DS2), water conservation and pollution
prevention ( DS3), and comprehensive development ( DS4). These scenarios were used to predict the level and degree of
sustainable utilization of water resources in Shanxi Province from 2023 to 2050. [ Results ] The result showed that both the per
capita water resources ecological footprint and the ecological carrying capacity in the four scenarios exhibited an increasing trend
during the forecast period. However, the average value of the ecological footprint was more than 4. 850 times that of the ecological
carrying capacity, leading to a water resources deficit. The water resources ecological footprint per 10* RMB of GDP showed a
decreasing trend over the years, indicating an effective improvement in water resources utilization efficiency. Despite this, the
result of the ecological pressure index of water resources indicated that the pressure on water resources consumption remained high
in the study area, and the current utilization was unsustainable. Predictions using the Tapio decoupling model indicated that the
relationship between the water resources ecological footprint and economic development remained coordinated and sustainable in
most years. [ Conclusion ] Through comprehensive comparison, scenario DS4 is identified as the most suitable future scenario for
the study area. The development indicators associated with this scenario are conducive to promoting the sustainable development
of both the socio-economic environment and water resources in Shanxi Province. However, for future water consumption, it is
necessary to optimize the water consumption structure, improve water consumption efficiency across industries, and strengthen
water conservation awareness across society to promote the sustainable utilization of water resources in the study area.

Keywords : conflict between water resources supply and demand; water resources ecological footprint method; system dynamics

method ; scenario analysis; Shanxi Province; influencing factors
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Fig. 1 Precipitation, water consumption, water resources, and gross domestic productin Shanxi Province (2011—2022)
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Fig.2  System dynamics flowchart of sustainable utilization of water resources in Shanxi Province

R2 HEEAHMREER
Table 2 Model validity test results

NIGALA 7K A 385 3 ARG A R NG A TR

iy I3 28/ BLALME/ AT I3 8/ L/ AT I3 S8/ REE/ AT

hm? - A7! hm? - 7! ) hm? - A7! hm? - A7! R22/ % hm? - A7 hm? - A7! )
2011 0. 208 0.207 -0. 481 0. 344 0. 342 -0. 581 0. 061 0. 060 -1.639
2012 0.199 0. 199 0. 000 0. 342 0. 343 0.292 0. 047 0. 047 0. 000
2013 0.203 0.209 2.956 0. 350 0.358 2.286 0. 066 0. 067 1.515
2014 0.195 0. 202 3.590 0.334 0. 344 2.994 0.051 0. 050 -1.961
2015 0.212 0. 208 -1.887 0. 346 0. 345 -0. 289 0.036 0.036 0. 000
2016 0.220 0.225 2.273 0. 355 0. 362 1.972 0.074 0.072 -2.703
2017 0.214 0.217 1.402 0.353 0.353 0. 000 0. 069 0. 070 1. 449
2018 0.204 0.199 -2.451 0.351 0. 346 -1.425 0.061 0. 063 3.279
2019 0.207 0.204 ~1.449 0. 359 0.357 -0.557 0. 040 0.039 -2.500
2020 0. 194 0.195 0.515 0.345 0. 347 0. 580 0. 056 0. 054 -3.571
2021 0.194 0. 200 3.093 0. 345 0.351 1.739 0.177 0.173 -2.260
2022 0.192 0.199 3. 646 0.342 0.351 2.632 0. 099 0. 099 0. 000

1.6 fE=Et

FHAE ALV AR 1R SR XK IR
AIRESLAI R R OCHERR T . R, IRAERIRI SR
BEMRRES T, LEAH BT T 4 FiE &, BURIEL:
AIDS1, &P &R DS2, KB H DS3, &Gk
JEHI DS4, 4 T SR K . 15 DS PRFFBUIR Y &
JRaH . RGBT SR 5 5 DS2 EEH AT
KR, GDP AR R R R K, AN Wik
R IR I RRUR L K™ R B T R R A T 4R
B TR DS3 SR LK, R KIS, $E 5
V5K AL PR, A5 5 DS4 BRIE BRI 40k R R,

KFKEBEAR(PHRL) $E56%5 2025 FFE8H

TEFEACE IR LR Y, DR 5L S BOUE % 4 B
B, AR B S O S AR A 1L P A SE PR N G K
L, SRR, KEEMHENE, G6%
A5 o e IR ) 0 S [ T A E Y, A AR AT X
2 PR L
1.7 BIERE

A ST BT FH B 3 BIUIR B B A0S0 [ B 1) %
Wi, BURHBER AT KR AR KBRS
RFEL, AR AR ok B v A KBRS R
(2011—2022 4F) Y, #hegpr . ADEE S8Rk A
(LA G4 % (2012—2023 4F) )5 T By Bt o i

109



TBER, &/ETREHNFANUAEKTRESEEZE ST

®3 RYEMXER

Table 3  Sensitivity test results
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(2030, 35) (2030, 35) (2030, 36) (2030, 35)
V5K B % % (2040, 35) (2040, 35) (2040, 40) (2040, 37)
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Fig. 3 Per capita ecological footprint of agricultural, industrial, domestic and ecological water consumption

in Shanxi Province (2023—2050)
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consumption in Shanxi Province (2023—2050)
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Fig. 5 Evaluation indicators for water resources sustainable utilization in Shanxi Province during prediction period
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Table 5 Evaluation results of decoupling states between water resources ecological footprint and economy
in Shanxi Province (2022—2050)
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Table 6 Comparison of results in four scenarios

paa st an 55 DS1 5t DS2 15 5t DS3 1 t DS4
¥4 GDP B KR/ % 2.50(®) 4.00(D) 2.50(®) 2.80(@)
NIRRT/ hm® - A7 0.483(®) 0.513(D) 0.471(@) 0.482(®)
MK G IR SR /b - A7 0.096(®) 0.096(@) 0.097(D) 0.097(®)
AN AE A TR/ b - 7! 0.387(Q@) 0.416(D) 0.374(@) 0.386(®)
IR GER A AR PR EOS(E 5.009(®) 5.320(D) 4.840(@) 4.984(®)
Ji TG GDP KPR 25 i It/ hm® - JTo0 7! 0.030(D) 0.029( @) 0.030(®) 0.030(®)
1 B 559 0 4 P AR TR 17(®) 26(D) 20(@) 20(Q@)

e ORERKA; ORES T LA,
L1 5 M A RSO e T S DS ABIK B A A
I ER T, ESE R E SR TR
DS1; XPIFHE ST Ji o0 GDP KB AE 25 sl H(E A
4, WK, MR DS4 R ZHHEARL T 5 DS1, B
I, 55 DS4 AR 3 MG SIS, RREEILT
B AR KRB,

3 4 #

(1) FFARFEAS LB EE, FHRG)J%
T I PGB KGR AT RF LR R G gl S e, WA
RUPER 0 AN S BRI 25 Bk, 1% SD HiAlRE
% A YA b S BRATE S IX K B R A AR s A, 3
T PG48 7K B2 U8 AT 2R FH ACE B B

(2) WAL ZE o0 M, 4 Flvi 52 K B2 IR 24 b
F T EPIRE, HEREBEFMEM G, A, KEEA
SRS ERE BB, BWEKRK A 5.009,
5.320, 4.840, 4.984, PR A KK IR A E J1478
K, BRI, 4 PP ST 5 JC GDP K IR A 2 il
PIRGAE NS, LK R A HRCR B Wi e Tt
[, KPR A 25 I 5 2055 & e 22 TA) A 56 2R LA S i
B E, MERNXRERZHEN L TRIEE
R

() FETMIAPY, 4 FpiE 5 F AL HKAES
JEIDIIE 5 NI K B8R AR S i I E 0 L E AR R
56.87% . 56.14% . 57.60% . 56.98% , 4\ JH /KM
FETKBRIR LA A4y PRk, e mifoll KRR 2
WFFE X AR 5, TAE, Wl i e s bk,
FERFEZEA , SRy AR, SEB K S
FEPEI AR AL K 3%

(4) AL TEFAT, KI5 DS4 J& ek B 1L 7y
BARRING 50, XFILTUE #2285 A SR AIK B R
PRI —E W OREE . PG 48 A ™ Gk K 1 2
—, KRBT P JEAREE, A — 1 IR — ] —
&, HiL, BORESHE S DS4 R BIEIRT, %

KFKEBEAR(PHRL) $E56%5 2025 FFE8H

ot ey AARIIRE G AE, AW HKECR,
HETOREOR, RBKGHRZ 0, A RESE BT
FE DK GEIRA T2 R

2% 3L ik ( References) :

(1] &HEE, RE, HE4E, & LT RX S #KEBRRE TN
RERMET]. ARKIL, 2023, 54(8) ; 139-145.

GAO Y Y, SONG Y, TIAN J H, et al. Evaluation system for water
resources carrying capacity of villages and towns in arid region of
Northwest China[ J]. Yangtze River, 2023, 54(8) . 139-145.

[2] GLEESON T, WADA Y, BIERKENS M F P, et al. Water balance of
global aquifers revealed by groundwater footprint[ J]. Nature, 2012,
488(7410) : 197-200.

[3] ZEEZE L ER B A e e B B, RG24

PAUA FI AR R . FE 2024 4F A E KA TAES L E M vES
[J]. ARARIERFSE, 2024, 24(1) : 1-10.
LI G Y. Improved water security for China’ s efforts to build itself into
a stronger country and rejuvenate the Chinese nation on all fronts by
pursuing Chinese modernization: Speech at the 2024 National Water
Conservancy Work Conference [ J]. Water Resources Development
Research, 2024, 24(1) . 1-10.

[4] AGHAKOUCHAK A, CHIANG F, HUNING L S, et al. Climate
extremes and compound hazards in a warming world [ J]. Annual
Review of Earth and Planetary Sciences, 2020, 48, 519-548.

[5] ALLAN C, XIA J, PAHL-WOSTL C. Climate change and water
security: Challenges for adaptive water management [ J]. Current
Opinion in Environmental Sustainability, 2013, 5(6) : 625-632.

[6] ZEEZE. WATIMIIE ISR IR A LS 38 B Bk R i

Fitk R . 7E 2023 AEL FEKF TAES I ERYRELT]. KRR R
W5, 2023, 23(1) . 1-11.
LI G Y. Thoroughly implement the spirit of the 20" National Congress
of the Communist Party of China and solidly promote the high-quality
development of water conservancy in the new stage: Speech at the
National Water Conservancy Work Conference in 2023 [ J]. Water
Resources Development Research, 2023, 23(1) . 1-11.

(7] REE. RERMTS QR S0 B, B RS RET].
IR JERFSTE, 2023, 23(12) : 1-8.

115



TBER, &/ETREHNFANUAEKTRESEEZE ST

[11]

[12]

[14]

[16]

[18]

116

WU F C. Effectiveness, scientific and technological support, and
prospects for water pollution control and management in China[ J].
Water Resources Development Research, 2023, 23(12) . 1-8.
GRAYMORE M L M, SIPE N G, RICKSON R E. Sustaining Human
Carrying Capacity: A tool for regional sustainability assessment[ J].
Ecological Economics, 2010, 69(3) . 459-468.

VO, DharER, TR, 4. JET Bossel ERA FR X PUE A
IKGEIATFFLER N [ J]. TKHERE, 2018(10) ; 42-46.
LINGX Y, MA JZ, YU H C, et al. Water resources sustainable
utilization evaluation based on bossel index system in Dunhuang[ J].
Water Saving Irrigation, 2018(10) ; 42-46.

7, k22 I AEBIITN ER RN Ul K SRR AT RS A
PR RRIBIIL ], ARAIZESE, 2012, 30(4) : 12-15.

LYU F, ZHANG L X. Application of variable fuzzy assessment
method in evaluation of sustainable utilization of water resources in
coastal economic zone of Liaoning Province[ J]. Journal of Economics
of Water Resources, 2012, 30(4) : 12-15.

BRI, 4, P, & T AHP-BMWILEA TN 7 58
SR KB AT R S AT [J]. K AR FFi 4, 2015, 35
(1):210-214.

LIJ X, LICK, LUO S H, et al. Sustainable utilization evaluation of
water resources in Quanzhou City based on AHP and fuzzy synthetic
judgment[ J]. Bulletin of Soil and Water Conservation, 2015, 35
(1):210-214.

RAO D P. A remote sensing-based integrated approach for sustainable
development of land water resources [ J]. IEEE Transactions on
Systems, Man, and Cybernetics, Part C ( Applications and
Reviews) , 2001, 31(2): 207-215.

LI H, ZHAO F, LI C H, et al. An improved ecological footprint
method for water resources utilization assessment in the cities| J].
Water, 2020, 12(2) : 503.

REES W E. Ecological footprints and appropriated carrying capacity :
What urban economics leaves out[ J]. Environment and Urbanization,
1992, 4(2) . 121-130.

YANG Y F, WANG H R, LI Y Y, et al. New green development
indicator of water resources system based on an improved water
resources ecological footprint and its application [ J ]. Ecological
Indicators, 2023, 148, 110115.

WANG H, HUANG J J, ZHOU H, et al. Analysis of sustainable
utilization of water resources based on the improved water resources
ecological footprint model;: A case study of Hubei Province, China
[J]. Journal of Environmental Management, 2020, 262 110331.
YANG Y, CAI Z X. Ecological security assessment of the Guanzhong
Plain urban agglomeration based on an adapted ecological footprint
model[ J]. Journal of Cleaner Production, 2020, 260 120973.
JING P R, SHENG J B, HU T S, et al. Spatiotemporal evolution of

sustainable utilization of water resources in the Yangtze River

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Economic Belt based on an integrated water ecological footprint model
[J]. Journal of Cleaner Production, 2022, 358. 132035.

LID L, ZUO QT, JIANG L, et al. An integrated analysis framework
for water resources sustainability considering fairness and decoupling
based on the water resources ecological footprint model: A case study
of Xinjiang, China[ J]. Journal of Cleaner Production, 2023, 383.
135466.

FEA, ZEWOW. AL KBRS R ST AR
KIL, 2024, 55(8) ; 114-124.

WANG J Q, QIN H H. Analysis and prediction of water resources
ecological footprint in Hebei Province[ J]. Yangtze River, 2024, 55
(8): 114-124.

R, W, SRk, 4 BET BP A 4 I HE TR I K A
BRBAFFBER ] RITHEE RS, 2021, 30(5):
1076-1087.

AN H, FANL]J, WU H L, et al. Analysis and prediction of water
ecological footprint of Huaihe River Basin based on BP neural network
[J]. Resources and Environment in the Yangtze Basin, 2021, 30
(5): 1076-1087.

o, AR, . TR GBI U A S R S A
BRI AT [J]. K LPREFIITE, 2015, 22(4) : 195-200.
GUO R Z, SHEN H J, YANG M H. Predictive analysis on the
ecological footprint and carrying capacity of Changsha City based on
grey model[ J]. Research of Soil and Water Conservation, 2015, 22
(4): 195-200.

SRPRIE, PhEE, TRTE. BT R XK B IR A S R S R T M 3h
RSB ], FEERERTSE, 2017, 30(12) : 1880-1888.
ZHANG Z L, SUN H, SU Y. Dynamic characteristics and prediction
of ecological footprint and carrying capacity of water resources in arid
areas of Xinjiang[ J]. Research of Environmental Sciences, 2017, 30
(12). 1880-1888.

SRR, TRAEiA, Pk, . S EE R T ERTKA SR
AT BT ] . HEBHEREAR, 2017, 36(2) : 69-75.

GUO X N, SUW C, YANG Z H, et al. Assessment and forecast on
ecological footprint of water resources in Chongqing under coordinating
urban and rural background[J]. Journal of Irrigation and Drainage,
2017, 36(2) : 69-75.

AT - B, DRIk, BEK BRSO R G S I F T B
MR, SRR A SR, 2020, 43(6): 205-215.
AMAN Reziya, FANG Chuanglin. System dynamics and scenario
simulation of water resources carrying capacity in Xinjiang [ J ].
Environmental Science & Technology, 2020, 43(6) . 205-215.
SUN Y H, LIU N N, SHANG J X, et al. Sustainable utilization of
water resources in China: A system dynamics model [ J]. Journal of
Cleaner Production, 2017, 142 613-625.

LI X, MU D, DU J B, et al. Game-based system dynamics simulation

of deposit-refund scheme for electric vehicle battery recycling in China

KFKEBEAR(PHRL) $E56%5 2025 FFE8H



[31]

[32]

[33]

IRFKEBBA (FEEL)

[J]. Resources, Conservation and Recycling, 2020, 157, 104788.
REEE, XIAHE, EMER, % ETREDIFENEREEEREAR
el SRmEIEIE (1], BHESR0%, 2024(16) : 110-113.

ZHAO X X, LIU Y J, YAN J L, et al. Research on the promotion
stragedy of intelligent technology based on system dynamics [ J].
Science and Technology & Innovation, 2024(16) . 110-113.

HH, SRR T RG22 R SO A RIS 1],
LT Tl R i (RE 2 BA ) | 2024, 26(4) + 37-40.

XIAO Y, HU G J. Resarch on cost control of assembly building based
on system dynamics[ J]. Journal of Liaoning University of Technology
(Social Science Editiion) , 2024, 26(4) ; 37-40.

ZENR, WOKER, JEINIR, A RIL=A COK-REM-K” REh
T T RGN R[], AR, 2023, 43(17):
6999-7011.

LIK X, CAO Y Q, FAN S B, et al. Simulation of water-energy-
carbon in Northeast China based on system dynamics model[ J]. Acta
Ecologica Sinica, 2023, 43(17) : 6999-7011.

SONG S, GOHJ C L, TAN HT W. Is food security an illusion for
cities? A system dynamics approach to assess disturbance in the urban
food supply chain during pandemics[ J]. Agricultural Systems, 2021,
189 103045.

O, SKIRE, ERE, . LG KRR S R B s T
[J] IPEgRA A4 4 (A ARRERR) , 2015, 35(3) : 306-310.
GUO H Q, ZHANG Z G, DONG X H, et al. Dynamic analysis of
water resources ecological footprint of Shanxi Province[ J]. Journal of
Shanxi Agricultural University ( Natural Science Edition), 2015, 35
(3): 306-310.

kAR, AR, K. 2 FORRITEER B K B IRAE 25 R B A UL
ST VAL NI ()], KRR, 2021, 35(4): 165-
171.

DU Y, GUO Q X, ZHANG Y. Dynamic comparative analysis of water
resources ecological footprint based on two different algorithms:
Taking Shanxi Province as an example[ J]. Journal of Soil and Water
Conservation, 2021, 35(4) . 165-171.

PREE, ZEME, VFER, S5, JETAMEK I MK BT IR 3 1 25 0]
PRALTT. WK 5K BB (3 30), 2024, 22(6):
1071-1079.

#5565 2025FF8H

[35]

[36]

[37]

[38]

[39]

[40]

FTBER, &/ETREHNFANUAEKTRESEEZE ST

CHEN X, YUAN Y, XU Q, et al. Spatial optimisation of water
resources carrying capacity based on regulation of external water
transfers[ J ]. South-to-North Water Transfers and Water Science &
Technology, 2024, 22(6): 1071-1079.

s, X, M0, 55 JLaTTH 2010—2019 4F K B IR AE 35 2 i
ABREIT[T]. KO ERES, 2021, 41(3) : 291-295.

YUE C, LIU F, YANG L, et al. Ecological footprint and ecological
carrying capacity of water resources in Beijing City during 2010—2019
[J]. Bulletin of Soil and Water Conservation, 2021, 41(3): 291-
295.

VR, SRR, | AR AR KRR A 25 300 1 e AR B S i 8]
R[], KBEHEMY, 2018, 34(2) ; 28-33.

TAO Q J, GUO C X. Quantitative evaluation and influential factor of
water resources ecological footprint in Guangdong Province[ J]. Water
Resources Protection, 2018, 34(2) ; 28-33.
YASMEEN H, TAN Q M. Assessing Pakistan’ s energy use,
environmental degradation, and economic progress based on Tapio
decoupling model [ J ]. Environmental Science and Pollution
Research, 2021, 28(48) : 68364-68378.

Fft. PEZ TR SRR R B AS ST S RET]. A
RGN, 2014, 29(1) ; 46-54.

WU D. Evaluation and prospect on the decoupling trend of economic
development and water resource utilization in China[J]. Journal of
Natural Resources, 2014, 29(1) ; 46-54.

HIVEER, SR FA KRR NS 2 KB ]. A
FBE, 2023, 45(8) : 90-95.

HU X W, GUO W. Research on the decoupling of water resources
utilization and economic growth in Qinghai Province [ J]. Yellow
River, 2023, 45(8) : 90-95.

BR, WM, HACE, & KT SD B E PR K R IR R
T[T ], A EAAS KRR, 2018(5) « 128-133.

LI L, PAN X Q, XIA W Y, et al. Simulation and analysis of water
resources carrying capacity in Chongging based on SD model [ J].
China Rural Water and Hydropower, 2018(5) . 128-133.

(BRERE I H%)

117



