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Table 1  Green water footprint of major food crops in

Qingtongxia irrigation district from 1993 to 2020

KT Nl E N/ aitl

FEhy (m° kg?) M kg?)  (m° kg (m° kg?) Her
1993 0.174 0.097 0.143 0.413 27
1994 0.176 0.247 0.169 0.593 18
1995 0.294 0.383 0.259 0.935 3
1996 0.184 0.310 0.152 0.646 12
1997 0.142 0.274 0.154 0.570 22
1998 0.193 0.359 0.160 0.712 10
1999 0.173 0.321 0.114 0.609 17
2000 0.175 0.302 0.112 0.590 19
2001 0.206 0.169 0.143 0.517 24
2002 0.290 0.641 0.281 1.212 1
2003 0.223 0.427 0.215 0.864 5
2004 0.178 0.249 0.207 0.633 14
2005 0.079 0.060 0.059 0.198 28
2006 0.173 0.260 0.191 0.623 15
2007 0.222 0.395 0.199 0.816 8
2008 0.218 0.198 0.168 0.584 21
2009 0.170 0.129 0.155 0.455 25
2010 0.191 0.285 0.158 0.634 13
2011 0.165 0.161 0.125 0.452 26
2012 0.319 0.484 0.266 1.069 2
2013 0.177 0.292 0.142 0.611 16
2014 0.217 0.300 0.178 0.695 11
2015 0.202 0.218 0.114 0.533 23
2016 0.208 0.357 0.208 0.773 9
2017 0.177 0.244 0.168 0.588 20
2018 0.261 0.431 0.203 0.895 4
2019 0.175 0.502 0.148 0.825 7
2020 0.231 0.411 0.189 0.831 6

HH# 2 RA1, 2005 475 H Ik E X 1 15 7K 2 12 i
B, W] 2005 LA K R m, A2 ONIZAERE
IKE LA B KD, S T IR R E AR K
BN T RERE T K . 2005 4, /N K R R K,
N 2.225 mlkg, 1 2005 4F K L) 52.0%, X
F R TR X R RN NN, f
TEHAE YN TE XM AKIEA TR, PRIk &
Hahn, KRR K EIE R 0.973 mikg, T KKK E
5y 1.079 m3/kg, 435 i 2005 45 £ 7K L 25 22.8%
25.2%, HEIRKFEIFIE AT A G Tk, (HKFEFR K
®A, B, TEMXEKERD, Hi, K
JEITAHZEAK . 2003 FF45 FZAEYIH, KRB K S
A 0.879 m¥kg, 5 2003 4F & 7K LI 20.9%, /)N
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R R R, SR K R 58.3%, &
KR AR R o 5 Sl 7K 2 2B ) 20.8% . 2016 4 (1
BTN 2.418 mikg, AR RIE X B B
s VEMAE K B ST, R K AN .
N ARE —ERBOR, WS R A AR R
Ko GEMRAZREAE TR, BEKESRK LT
XK, MFHIRE 5 WK R EMHER, $TIREREA
[ I JTFR 23 51 T RS REM AR 0 R AR KR DL X K
JRIE . ERK R I 5 R FE AN [

k2 FRASER 1993—2020 % £ M4 IR X

Table 2 Blue water footprint of major food crops in

Qingtongxia irrigation district from 1993 to 2020

KA N ER D] it Ny
T gy g e gy
1993 1.251 0.960 0.993 3.205 13
1994 1.043 2218 0.877 4.138 3
1995 0.984 1.684 0.799 3.467 10
1996 0.902 1.394 0.777 3.072 20
1997 0.988 1.601 0.876 3.465 11
1998 0.860 1.307 0.619 2.786 25
1999 0.840 1.500 0.665 3.004 22
2000 0.947 2.392 0.664 4.002 5
2001 0.924 1.868 1.046 3.838 6
2002 0.678 2.070 0.824 3.571 9
2003 0.879 2.450 0.874 4.203 2
2004 0.912 2123 1.004 4.038 4
2005 0.973 2.225 1.079 4.277 1
2006 0.832 1.371 0.908 3.111 19
2007 0.808 1.552 0.794 3.154 17
2008 0.777 1.576 0.814 3.166 16
2009 0.822 1.567 0.790 3.178 15
2010 0.770 1.415 0.772 2.957 23
2011 0.814 1.693 0.830 3.337 12
2012 0.645 1.263 0.625 2.533 27
2013 0.792 1.611 0.733 3.137 18
2014 0.776 1.568 0.684 3.029 21
2015 0.802 2.077 0.799 3.679 7
2016 0.641 1.226 0.550 2418 28
2017 0.801 1.110 0.693 2.604 26
2018 0.679 1.927 0.598 3.204 14
2019 0.808 2.293 0.517 3.618 8
2020 0.776 1.430 0.679 2.885 24

KRR SN, 2002 4 FaE 7K B K, HOXE R 4K
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Table 3 Model variables of agricultural water use efficiency in

Qingtongxia irrigation district
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Fig.1 Dynamic structure diagram of agricultural water use efficiency system in Qingtongxia irrigation area
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Table 4 Model error checking and simulation results

. 7 BRI € RS ES ¢ REI%

2011 4 2015 4 2020 4 2011 4 2015 4 2020 4 2011 4 2015 4 2020 4
N 39.71 23.02 14.46 39.72 2157 14.21 -0.03 6.72 176
N 61.06 58.48 46.39 61.08 55.12 45.39 -0.03 6.10 2.20
EX 114.96 140.48 148.69 114.94 141.98 148.05 0.02 -1.06 0.43
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Table 5 Model simulation results under the

adjustment of green water use coefficient
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Table 6 Model simulation results under the

adjustment of irrigation water use coefficient

=2

A e = m— IR B
2011 39.72 61.08 114.98 0.47
2015 23.13 58.6 140.72 0.54
2020 14.93 46.74 149.46 0.61

F e IR R LE
N KA ES

2011 39.72 61.07 114.98 0.45

2015 23.08 58.55 140.7 0.51

2020 14.73 46.59 149.24 0.59

TET ARREIX 3 PO AR B WK K AL
PIATHE T, FEFLKFIH R0, nTRUE B & PR a1
Ve e A — e RN, 5 RIS AR AT R )
BEAMEAREL, 2020 AF/N2 =28 hn 17 0.27 Ji t, KH&
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SRR K S B 7 — e IR T
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fEAHEL, 2020 /N2 r=m3ihn 0.47 /5 t, KFE~ &
W 0.35 A t, FOKEERN 0.77 J t, ULHH LR
MV FH K R 28 380
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TE R GE5)) 72 AR v ] B ok & 7K AT 250R) L R 3
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CEEERTR, EHRE X Ak K 3R 1A 4k, AT e

(EEIE
AT ZAMRAEEATHEAEMLER
Table 7 Model simulation results under
comprehensive control measures
2
A — IR BRI L
N K ok :
2011 39.74 61.12 115.02 0.48
2015 232 58.68 140.95 0.55
2020 15.21 46.94 150.01 0.63

141



FEBLHEK 23] http:/Avww.ggpsxb.com

TEF AR X 3 PR EEYIIIE K 7K EAAR )
HIE T, $maoKA A RECRIHEB KR FH 2%, wTE
B SR e - B — e RN, SRS
TR BRI AR B, 2020 4F /NP~ B8 11 0.75 i t,
IKFEF= RGN 0.55 /i t, F K= EIGMN 1.32 /i t, UiH
e Ol K S e A — e 3, ELI N 2K T —
ZHEE
33 it

FAIEE X 1993—2020 4F 3 BUR & /R YK 2 728
J AR AR, T HRI HE X VR /K R FH R B A
P, S T ARG KB, T R B A R
KL LU K R, X 5 P T e
TEORE DT FOAR IR), DRI, X 7 0 O X 224 i 170 E VA
AT IE 2 1) T BE B % A 20T 20 TR TR 9 A4 =R
B, NAZSEA AR SR LN 8 5 K ERE i 1%
FUGRKE B, iR 2R, B2 mREmt KR 2k
Sfe Sz HR T 7K 4 =123

a6 7RI JBE FH 7K IR B A 9 2 7 RO £ 2B 7= o
RAEAET BR324, T HR e e X Ak b FH 7K 3
KA )T BN Rk E, IRRSKE AR
HORE I KR R B R A SO IR & EY) = &,
TE S G RR R = AR T T 2 A
F o DRI T 75 e [X X 2R R HK X, RLARE
FEA TG IIEME /K B AT, @ T 2K, FEmskK
FIFH AR — D4 m REBE AL RS, 7T DA &P 2 K
FR . TARRG A 256 177 2ORIG I 2 1 (1) 7K B Rk
AR, R AE A K T AR W KRN 28K 752K
HFEGHEHIER K.

5 bR, TR e X 32 B A E AR  FH 7K &%
RS A ERARIR K, F BRI WK TR R,
VEIE KR 2 BURAN AR, BERIZKSFE N 2025 ik
0.65; X [ /K ZE 5 A 72 51 S E X H AT U3 B
IR o DR B R 1 P9 o T DA s TR /K
FIFH ZE0 77 20O 38 i 7 i e DXt K R Y5 PR R
F2 RS Tt A D T R BRI Y
IR RRA R S KR R 5, e X 15 7K ek
i, RACMIESEH, D SR KIE R METR, K
JIAR P BEAETOKBUR, s BFETKER, LA
A BRAT FH &M s AT K ER R R, WnIRIE 5 Wi
VE. WERESE, UALIEYRERL K B0, A
YIXIKBIRTR R, BEER SR KR . [Fr
TEREX G b, 5| SRR FHE. A . FSFT
EH . B SERH RS I, oGE RIERKMERE, [
L2 AR, wn g B FLE, e
KA, NI m e /KR 8%, 16 REREFH K R st
142

REEEIERKE
AR @ PETE, 5 2R R
T EEMEANE . TR RRER AR AL T KR
DX, (EX TR S, R R G A 2= 1S
SR DKL ZRO0 E X VR AR EE AN —#, DRI G 22 55 41
THIEWTTT, RIS 5 7K 2 X [X 3 A A A R i 4 ]

WAt

4 25 i

1) FHHRE X 3 B EY I AL 75 5 K 2
LR 83.1%, SE/K I K R IZER) 16.9%, 1993—
2020 4F W 7K AR T B KA D 2005 4, BN N
2008 4, ZRIKEIE IR 9 2002 4, A B
NEEGY N 2005 . BEIK R IR R 2R RS, 4K
JETRREARANARS , A] UG HAVE DX R K 380G BT e It
RS B 7K R F 2 A

2) {EAEM T KB R RTEE T, WAZ L.
LRI AR A A AR e, H [FAE [ FLAN R R A
4:JLRC, 12002, 2005. 2012 4F, i BIAEAEREML 4
KFIFRATE Sy AR AR EHIGS .

3) FRFHERAKA RO 2R BB KA R H &
KI5y ny AR 20 i T A e e X N AR B VR e &, T
TEFII T 2 S HGEAT RTE RS, Ho = & 13 Tt i
T R S

SR

[1]  Zlmess, E/AK, GKkER, S5 MO b BB X R KIE 15
Hr[3]. Al R S X A, 2019, 40(3): 130-135.
JI Xiaoling, WANG Xiaolin, ZHANG Jing, et al. Analysis on agricultural
water-saving potential in loess hilly-gully district of Yulin[J]. Chinese
Journal of Agricultural Resources and Regional Planning, 2019, 40(3):
130-135.

[21 S, BT, FECT, S5 ASOETTEREX KR 5K LR
FIFWRFL R[], HEBEHEK 23431, 2020, 39(11): 1-12.
SHI Haibin, YANG Shuging, LI Ruiping, et al. Water-saving irrigation
and utilization efficiency of water and fertilizer in Hetao irrigation
district of Inner Mongolia: Prospect for future research[J]. Journal of
Irrigation and Drainage, 2020, 39(11): 1-12.

[31 SJ6SF, B, UPMANU Lall, % 5XF o EKSBH 5458 0]
A« %IE 5 ¥R, 2013, 23(11): 73-80.
WU Zhaodan, ZHAO Min, UPMANU Lall, et al. A review of
researches on Chinese water footprint[J]. China Population, Resources
and Environment, 2013, 23(11): 73-80.

[4] =&, FEE, E7k 5 BRILE R EEN 25370 Z K
BTN ARABLNK 24k, 2020, 51(11): 87-96.
JIANG Qiuxiang, LI Xinying, WANG Zilong, et al. Spatio-temporal
distribution of agricultural water footprint and analysis of water use
efficiency in  Heilongjiang Province[J]. Journal of Northeast
Agricultural University, 2020, 51(11): 87-96.

[6] RiRF, #HoE, WM, 55 R K B IR SN E K R 5T
SEIR[I]. AEABLHE, 2018, 34(7): 162-166, 173,



PG e HT ARG8T R DA K AR T

(6]

(7

(8]

[

[10]

[11]

[12]

[13]

[14]

[15]

[16]

QIAN Yiying, DONG Huijuan, TIAN Xu, et al. A review of the
research on China’s water footprint responding to water crisis[J].
Ecological Economy, 2018, 34(7): 162-166, 173.

KONAR M, MARSTON L. The water footprint of the United States[J].
Water, 2020, 12(11): 3 286.

FER, BEORIT, REZ, & BT KR E R AL 5T K B IR
P[], FE KL S KRR (9 0), 2021, 19(4): 680-688.
WANG Lichuan, HOU Baodeng, ZHOU Yuyan, et al. Evaluation of
water resources utilization based on water footprint theory in Beijing[J].
South-to-North Water Transfers and Water Science & Technology, 2021,
19(4): 680-688.

SIDHU B S, SHARDA Rakesh, SINGH Sandeep, et al. Water footprint
of crop production: A view[J]. Indian Journal of Ecology, 2021, 48(2):
358-366.

ZHAI Y J, BAI Y Y, WU Z, et al. Grain self-sufficiency versus
environmental stress: An integration of system dynamics and life cycle
assessment[J]. Renewable and Sustainable Energy Reviews, 2022, 159:
112 153.

FAE, #Hl. BT RG3hFRAC R R K R R, 5 s TR %
SHTR]. REET AR, 2021, 39(3): 13-24.

WANG Qian, HUANG Kai. Simulation of agricultural water footprint
and analysis of influencing factors in Beijing based on system
dynamics[J]. Systems Engineering, 2021, 39(3): 13-24.

FET7E. BT R G H) I 0K XK R L I 5 5 ST D).
P22 PEdEkss, 2019.

WANG Fangjian. Simulation and countermeasures of water footprint
based on system dynamics in Guanzhong area[D]. Xi’an: Northwest
University, 2019.

B, ), A5, S ARMLKR AR R AN 9 R VAN K
WAERT L[], ALK R R 22240 (B R BHARR), 2021, 42(2):
66-75.

HUANG Huiping, WANG Ruchang, LI Xinsheng, et al. Evaluation and
regulation of agricultural water footprint coupling production and
consumption coordination degree[J]. Journal of North China University
of Water Resources and Electric Power (Natural Science Edition), 2021,
42(2): 66-75.

ZB . BUHEERR AR B R B 5 IR AR AT FL[D]. A ALK R
K HIK2E, 2020.

LI Xinsheng. Study on coordination and regulation of agricultural water
footprint in Beijing, Tianjin and Hebei[D]. Zhengzhou: North China
University of Water Resources and Electric Power, 2020.

X, T KR R KBRS B B A [D]. bt T EM
R (L), 2016.

LIU Ning. Research on water resources optimal allocation in
Beijing-Tianjin-Hebei region based on water footprint[D]. Beijing:
China University of Geosciences, 2016.

RER, b, EEF, & EWAESOKEEENTTES TN
WFFE[I]. /KFI244R, 2017, 48(6): 651-660, 669.

WU Pute, SUN Shikun, WANG Yubao, et al. Research on the
quantification methods for water footprint of crop production[J]. Journal
of Hydraulic Engineering, 2017, 48(6): 651-660, 669.

SO, BEAH, m NS, S OHTIE T EURAEMAL KL LT R[]
T 54 XAV 7T, 2018, 36(6): 243-249.

JIN Qian, GUI Dongwei, GAO Xiaopeng, et al. Water footprints of

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

primary crop production in Xinjiang[J]. Agricultural Research in the
Arid Areas, 2018, 36(6): 243-249.

TRMERR, SR, TLIRE EERAEMIRI L AR R T [3). K BEIR
5K TSR, 2016, 27(1): 232-237.

XU Pengcheng, ZHANG Xinggqi. Study on water footprint of main
crops production in Jiangsu Province[J]. Journal of Water Resources
and Water Engineering, 2016, 27(1): 232-237.

RS, BER, BR, & TEEERIEMA KRR
FWFF[I]. REBEHEK 2R, 2020, 39(3): 110-118.

GAO Haiyan, LI Wangcheng, LI Chen, et al. Water footprints of main
crops and their change in Ningxia[J]. Journal of Irrigation and Drainage,
2020, 39(3): 110-118.

RAROR. T ELK SRR TR L [D]. e kR, 2021,
ZHAO Huanhuan. Research on early warning of water resources
carrying capacity in Ningxia[D]. Xi’an: Northwest University, 2021.
W, BET SD R (¥ g SR X T KR R B K B R E BT
fl[D]. dext: SPEKFIK R, 2019.

HAI Yang. Evaluation of water saving development and water resources
carrying capacity in southern Xinjiang based on SD model[D]. Beijing:
China Institute of Water Resources and Hydropower Research, 2019.
EE, R, WINER, & BEXESOKBHESEWAE K R 2 R
oA T[] Aok TSR, 2021, 37(5): 105-112.

GAO lJie, WU Pute, XIE Pengxuan, et al. Distributed quantification of
blue and green water resources and water footprint of crop production in
an irrigation district at multiple temporal scales[J]. Transactions of the
Chinese Society of Agricultural Engineering, 2021, 37(5): 105-112.
R, FET KL T B b R R XM DL 45 AR 4L [D].
R 7 H KA, 2018.

ZHAO Rui. Optimization of planting structure based on water footprint
at the Yellow River pumping irrigation area in the middle arid zone of
Ningxia[D]. Yinchuan: Ningxia University, 2018.

IR, BRELR, PRV, SEXGURE X /N K R A N A3 A AL R AE
AR T[], ALk 4k, 2017, 48(12): 269-277.

FENG Dongpu, WEI Xiaomei, JIANG Yanan. Temporal and spatial
variation characteristics and attribution analysis of wheat water
footprint in baojixia irrigation area, China[J]. Transactions of the
Chinese Society for Agricultural Machinery, 2017, 48(12): 269-277.
BEE, R TE=, % 5T DEA MEXA s LIL
I AR HEREN U TF2 244, 2014, 32(2): 173-178.

CAO Xinchun, WU Pute, WANG Yubao, et al. Analysis of production
efficiency of irrigation districts based on DEA method: Take Jiangsu
Province as an example[J]. Journal of Drainage and
Machinery Engineering, 2014, 32(2): 173-178.

BERET. 75 ARV X L FH KA RO Y 2R B0 850 K s e R 3BT 42 D).
RN TR K, 2014,

MU Caixia. The estimation of effective utilization coefficient of

Irrigation

irrigated water of Qingtongxia irrigation area and research of impact
factors[D]. Yinchuan: Ningxia University, 2014.

WA, BRREE SR B KRR RSP [D]. Mg v
AEAR MR, 2021

XIE Pengxuan. Estimating blue and green water resources, water
footprints and water scarcities in the Yellow River Basin[D]. Yangling:
Northwest A & F University, 2021.

143



FEBLHEK 23] http:/Avww.ggpsxb.com

Using System Dynamics to Improve Agricultural Water Use Efficiency in
Qingtongxia Irrigation District

JIA Yizhou?, LIU Zixi', TANG Lian"
(1. Ningxia University, Yinchuan 750021, China;

2. Xifeng Management Supervision Bureau of Yellow River Soil and Water Conservation, Qingyang 745000, China)

Abstract: [Objective] Qingtongxia irrigation district is one of the irrigation districts in northwestern China which
rely on Yellow River water for irrigation. Using the water footprint concept, this paper proposes a system dynamic
model to help improve agricultural water use efficiency in this district. [ Method] Blue and green water footprints of
major crops in the district were calculated from their evapotranspiration and transpiration. A system dynamics model
for agricultural water use efficiency was then established, and the model was solved using the Vensim software.
[Result] Irrigation water is the primary water source for agriculture in the district, forming a production water use
pattern in which blue water is the main source and green water is a supplementary source. The blue and green water
footprints vary oppositely in order to meet the demand of crops for water. On the premise to ensure constant blue
water use for the crops, we selected the green water use coefficient and irrigation water use coefficient as parameters
in the modelling. The model results show that increasing green water utilization coefficient from 0.7 to 0.8 can
increase wheat production by 2.7x10° t, rice production by 2x10° t, and corn production by 5.5x10° t. We also found
that increasing the irrigation water utilization efficiency by 10 can increase wheat production by 4.7x10° t, rice
production by 3.5x10° t, and corn production by 7.7x10° t. Collectively, increasing green water utilization
coefficient and irrigation water utilization coefficient simultaneously can increase wheat production by 7.5<10° t,
rice production by 5.5%10° t, and maize production by 1.32x10" t. [ Conclusion] Agricultural production in
Qingtongxia irrigation area should consider increasing utilization of green water and improving agricultural water
use efficiency by improving engineering and non-engineering facilities to increase crop yields.
Key words: water footprint; system dynamics; agricultural water efficiency; Qingtongxia irrigation district; water
use efficiency
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