KFKEBEAR(PERL) #5575 2026 FE 8 H

Rtk BOLHE, sKATE, 45 2T CPLEX HYZKZEREE G SR AL EEOFFE [T ], AKFIKEAR (Fh3E30) , 2026, 57(8): 245-
259.DOI: 10. 13928/j. cnki. wrahe. 2026. 08. 018

REN Jingiu, RAO Guanghui, ZHANG Lisheng, et al. Optimized joint water supply scheduling of reservoir groups using CPLEX[ J]. Water
Resources and Hydropower Engineering, 2026, 57(8): 245-259. DOI. 10. 13928/j. cnki. wrahe. 2026. 08. 018

EF CPLEX #7K BE BERE & K 4 1L 8 BE BT 52

AN Besar' BRAIAE T S

(1. KT HMAME R A RTEAT, #d R 430072, 2A,ﬁ1&%ﬁﬁéﬁéﬁ%%i,
#Ah R 4300725 3. KL AKRFIZE RS AKEREFFHCFELK, #db XX 430072)

M E. [B6)] MAERRDTFRAGIMA, BT KT RIS ik WAL AR P 816 69 22 DRIR
MERRAE T E T T AR T ERKF A, 5 —F A TR R T % KR ISR AKALP B AL
AR PFEANRGEBEARKZ, [FE] ARAT EZRE A4, KA CPLEX K BEHX AR5 &K
Ik T KERBRRSBARMAC A EALR , ZRKRBRIBERRESLGETHAREATH R, AA
1956—2021 % 2 2 kK, 43+ 2021 4, 2025 5 & K347 T HRACREA R, A THACHEE T2 44
AR, BT RE LR RAERG R EBRRSAE TR, [ER] 2R &%, 1956—2021 5 2
TERRFIABRAKERE S S FHZAETH 62112 m’, 2021 FEFEKEY 4.80 12 m*, 2025 F
ﬁm%m%%sSwmfw&mm#ﬁnwsﬁ%mkﬁT TR R B A G A K ARIE B 4 5
86%F2 57% , HEH BAEFREBRAREE, BARBIEE S FNRITE Q2% 14% , N SR B K % H
ﬁ,iﬁﬁﬁ?,Efmm@%m%ﬁ&ﬁﬂi%&%$m9%,E%ﬁﬁx&%&%ﬁ%&
32. 1% ; kKR K a8 100% dRFR AL A, [£#] SREW. LA T EMEAERL
THE R FEEHT, BB RERFHF, %m%@%&k%&,ﬁ%%ﬁ%%lﬁ%m%h&ﬁi
FREKE T RR A A CPLEX My e KB BFIAA FAL R T A 2 % KRB kB AR A2
STARACI BT AR 2021 KPS 5540 T o9 8K FIAL, LT VAR 2 %%m%#X#T%ﬁm“%
WA, ATHRAAE LR, FRRBETEREFTRHIEf TRIKZG C TRRAL B KRR,
BOPNRIBANE” GABERR], T AR TR IR R BB EREAS ) AR 2 KA
KB EARDL, T T AR CPLEX &BHLX] KB R HFTKEHKSRMRAEGE SR, t—FKET
KT RACE LA 6 KRB AR AN R 7 ik, T A R BRI R 8 % R IR AR R AR AR AR 22
WIRIELS FRIER
KW ZRRAE; HEMR];, 5 EFIE; KTRETE; mbaK;, 9T,

o

Hrs

BEEK, B & = 1

y s - 3 B

DOI: 10. 13928/j. cnki. wrahe. 2026. 08. 018 FRFE ( FIREARS ) #R75%5 (OSID) : i 5
hES %S, TV69T THRARERS: A XEHS: 1000-0860(2026)08-0245- 15 o

Wi B 2025-09-02; fEEIHHA: 2025-10-20; KA BH: 2025-10-27; MEHMR B 2025-11-07
BEE&WH: ERARRFRETH (U2340211) 5 KITEMB L& 058 A R 5T4EA 7 B ERMF H (CX2024Z04-1)
EEBN: EERK(1994—), T, WP TR, Ht, FENFK TERME, KAEEADIY, E-mail: jonah_ ren@ 163. com

©FKditorial Department of Water Resources and Hydropower Engineering. This is an open access article under the CC BY-NC-ND license.

Water Resources and Hydropower Engineering Vol.57 No.8 245



FEK, F//5T CPLEX RIKERECS SRR ER S

Optimized joint water supply scheduling of reservoir groups using CPLEX
REN Jingiu'*?, RAO Guanghui'®, ZHANG Lisheng'*, FU Qiaoping"*, LI Hanqing"’
(1. Changjiang Survey, Planning, Design and Research Co., Ltd., Wuhan 430072, Hubei, China; 2. State Key Laboratory
of Water Resources Engineering and Management, Wuhan 430072, Hubei, China; 3. Innovation Team for Flood
and Drought Disaster Prevention of Changjiang Water Resources Commission, Wuhan 430072, Hubei, China)

Abstract; [ Objective ] With the frequent occurrence of extreme drought weather, urban water shortage has become a common
challenge during rapid urbanization. To alleviate urban water shortage under tight supply-demand balance conditions, a technical
framework for the construction of an optimized joint water supply scheduling model for multi-source urban water supply and the
extraction of joint scheduling rules based on linear programming is established. [ Methods ] Taking the main urban area of
Kunming as an example, a joint optimized scheduling model for water supply of reservoir groups was developed using CPLEX
linear programming and the lexicographic method. The variable constraints of water supply capacity of water source projects under
different storage conditions were considered. Using the long-term inflow series from 1956 to 2021, optimized scheduling studies
were conducted for water demand in 2021 and 2025. Scheduling rules were summarized based on the optimized scheduling
process, and a joint scheduling method for the reservoir groups to ensure water supply for the urban area of Kunming was
proposed. [ Results | The result indicate that the average annual runoff of the conventional water-source reservoir group in the
main urban area of Kunming from 1956 to 2021 is 0. 621 billion m*. The actual water demand in 2021 is approximately 0. 480
billion m*®, and the forecasted water demand in 2025 is about 0. 588 billion m*. Under the water-demand conditions of 2021 and
2025, the water-supply guarantee rates of joint dispatching of conventional water sources are 86% and 57% , respectively. When
the Dez e Reservoir is included in the joint operation, the water-supply guarantee rates increase to 92% and 74% , respectively.
Regarding the causes of water shortage in each supply zone, in the main urban area, 67. 9% of water shortages are attributed to
the supply capacity limitations of Yunlong Reservoir, while 32. 1% are caused by insufficient water resources. In contrast, water
shortages in the Qingshuihai area are entirely (100% ) due to insufficient water resources. [ Conclusion]The result indicate that
the water supply in the main urban area of Kunming is under tight supply-demand balance conditions. When encountering dry or
extremely dry years, the water supply will face great challenges. Resource-based water shortage and limitations in engineering
water transmission capacity are the main causes of water shortage. The joint scheduling model of reservoir groups constructed
using CPLEX can effectively coordinate the synergistic water supply process of multiple water sources. Through optimized
scheduling, the water shortage problem under the normal year conditions in 2021 can be basically solved, and the water supply
pressures under the conditions in 2025 can be significantly alleviated. Based on the optimized scheduling process, scheduling
rules of “stable supply from primary water sources, regulation by auxiliary water sources, and supplementation by scattered small
water sources” which adapt to the supply-demand characteristics and engineering system are proposed. These rules can provide a
reference for the joint water supply scheduling of the water source reservoir groups in Kunming. Through the water supply
scheduling simulation of the main urban area of Kunming, the adaptability of using the CPLEX linear programming solver for the
joint optimal scheduling of reservoir groups is demonstrated, and a method for extracting joint scheduling rules for reservoir groups
based on the optimized scheduling process is further explored. This can provide a theoretical basis and a practical framework for
the optimized scheduling of multi-source water supply in similar water-scarce areas.

Keywords : multi-source water scheduling; linear programming; lexicographic method ; water resources management; urban water

supply; Kunming City; emergency water supply; influencing factors
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Table 1 Characteristics of “Seven Reservoirs and One River” project
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Fig. 1 Schematic diagram of hydraulic connections between water sources and water supply areas in Kunming
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Table 2 Maximum water supply capacity of “Seven Reservoirs and One River” for water supply areas ~ 10*'m’ « d”'
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Table 3 Multi-year average runoff of “Seven Reservoirs and One River” (1956—2021) 10°m’
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Fig. 5 Optimized annual average water supply process under joint scheduling of “Five Reservoirs” in 2021
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Fig. 8 Proportion of water shortage types in main urban area
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&9

e, WA LUE TR 7—9 A 4y, ARk mm, R
K 3 A A RIS 55K, MENINRAR AR K
AR,
4.4.4 FREBEKIPE I X

HRAE 1R e KR, 4 H R B T 32 3 XK
“FKUERAME . BEBKIEER . BUNKIERN TS A
GHOKREE T, AT IR K R R, BRI
FRUNE 9 PR, AHFGE 4 I A ok R B Oy s 3 258
FHTE S K TR KT, 7EE 5K TRGE K,
NP SRR AR TG K . ARl EBE . 53T AN K EL A R b
7, AT B K A — ek,
JE b DA PR i 368 T 2 7K 2 1) 4 e 7K B TR 25 R FH AL
i, PR PN A KR B B IR R B O S & kAR

256

g
5 kSR

BRI K PR BRI, A SRR T K
PEREIBR S HOR OC A IR BERERY ) B Wk T K R] Ry
B, UK R IA P, BERE T R
WK ZERER A BEK IR BERLIN 4598

(1) 36T CPLEX #4 2 1 7K 2 FF I 0 1 ] i A5
B, RERSAT RO A IR K /e, R TIAK S50
TR AR, 7E 2021 AFFKEMT, @R
B A KRR P LA B R K IR SR BE kT (HK PRI
RIK 92% , FEAS AL R PA% K AR BROK R A
JKHGAC I 2025 4F, i A I RE AT AT e 3 2 g K

KFKEBER(PHRL) $E57%5 2026 FE 8 H



KT,

(2) 5T R BT 38 T K SR E RN R A T B

2K Al B TR R, 3K 68 J7BR

B B 5 Ik 67.9%, KB TR B S B0 Bl

AKEB G e 32, 1% 1K R X B Z K EA
S EOK

(3) FETF /KR A ORI L IR B RE , #2087
ES AT B3R IX K ERE « K IRAS AL | 4l Bh K PR R
BUNVKIERN R B BRI EE DT X

OFKIERME. T EIRF X, =K E—fH%
HE R K g ) e SRR ALK T KT8 R X LAY 7K
KR ST BRI

QB IR . FAEIUK R 78 30 X T 4%
T, ORI Z B A oK), AMARIK ]
IR, BB = K AR & K IS 7KK
JE SR KB I A 3K AR5 B KR, ml LA 1)
T3l X ALK

OBU/NKIRANE . FRWKE . A TRKE, K
WK S in] KO S /N K IR AE AR FE R B A
HEK,

(4) ARG K TR K ARG, B3 K e
WS ERAT K R ARG A Ak AN B Rl AL R, Bt FH KT
B8 ) | I 78 3 ) W A= X £ N A S R
g K TRSEAKSS, EBTARER KR, 7K 5T Rk
= UGS B K G2, A AT oz
HAREAL L AR TR R b 5 Ty @ e, Rt
FEEL G K TR 38 K 5 B B 38 X K 2 36 A koK B
T,

S % 3Lk ( References) :

[1] OUYANG S, QIN H, SHAO J, et al. Multi-objective optimal water
supply scheduling model for an inter-basin water transfer system: The
South-to-North Water Diversion Middle Route Project, China[ J].
Water Supply, 2020, 20(2) : 550-564.

[2] HE J B. The application of fuzzy neural network algorithm in

intelligent scheduling of urban water supply system [ J]. Procedia
Computer Science, 2025, 262 108-114.

[3] HANY L, DONG Z C, CUI C, et al. Multi-objective optimization
scheduling for extensive plain lake water resources incorporating flood
resource utilization[ J]. Journal of Hydrology, 2025, 651 132584.

[4] BKRERME, BUESE, R¥AR, 5. ZKERE UK A E ik
[J]. ARKIT, 2006, 37(2) : 30-32.

ZHANG Q H, YAN H L, SONG X D, et al. Optimal operation

method for joint water supply of multiple reservoirs [ J]. Yangtze

River, 2006, 37(2): 30-32.

KFKEBEAR(PHRL) E57%5 2026 FE 8 H

(5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

FEM, %//5ETF CPLEX BKERE A KM LIBERR

REE, Wi, W, 5. FETZ BRI IR X K Bt
TR ICK IR SRS [ 1], 97K HERE, 2025(10) ; 36-41.

WU L Q, ZHANG M, SHEN X, et al. Research on the combined
model of water resources transfer and distribution in Ganfu Plain
irrigation area based on multi-objective optimization[ J]. Water Saving
Irrigation, 2025(10) ; 36-41.

LIU R M, LIU Y, JIAO L J, et al. Multi-objective optimization of
reservoir group operation after Inter-basin water transfer jointing SWAT
model and NSGA-II[ J]. Journal of Hydrology, 2025, 660: 133431.
BAHRAMI N, REZA NIKOO M, AL-RAWAS G, et al. Reservoir
optimal operation with an integrated approach for managing floods and
droughts using NSGA-III and prospect behavioral theory[ J]. Journal
of Hydrology, 2022, 610: 127961.

B, JrESe, o, L Rt AR AR SREUK R
RGBT ], KBRS, 2025, 41(4): 71-78.
YANG Z T, FANG G H, YE J, et al. Research on optimization and
scheduling of watershed water resources system for integrated flood
control, water supply, and ecology[ J]. Water Resources Protection,
2025, 41(4) . 71-78.

FEEIAR, XUH, iHARte, S K ZERE TR BT AL I BE X Rk Bk
AFE MR ABITL 1], KBRS TREA, 2025, 36(4) : 43-
52.

CHENG H S, LIU Z, YE S H, et al. Effect of flood resources
utilization for water supply reservoir group on in flow forecasting
uncertainty[ J]. Journal of Water Resources and Water Engineering,
2025, 36(4) : 43-52.

AR, EMR, SRR, SE.TEI1) OGP DK R P R T A K 2R B
PACTHREWTFE[T]. KBEIRORY, 2025, 41(5) : 258-267.
HUANG S Z, YAN J, GUO Y, et al. Optimization and allocation of
reservoir groups for enhancing the resilience of water network in
Guanzhong area[ J]. Water Resources Protection, 2025, 41(5):
258-267.

ZERAR, PNIIOG, BRBEET, . A SMEZKIR Y PRI A kK I B2
ITEEMIPGH] ], KFIEHR, 2015, 46(11) ; 1272-1279.

LI C Z, SUN W G, CHEN X X, et al. The improvement of joint
operation for multi-reservoir water supply system with external water
resource[ J]. Journal of Hydraulic Engineering, 2015, 46 (11):
1272-1279.

BEH, AT, BN, S BUKORPEREE UK RTS8 R
PALFFE[J]. AKFI2EHR, 2022, 53(10) ; 1240-1250.

KANG Y, GAO X, LI L J, et al. A bilayer optimization method of
water storing-supplying sequence and operation diagram for water
supply reservoir group[ J]. Journal of Hydraulic Engineering, 2022,
53(10) : 1240-1250.

AL BRI, BRI, A SR T RRCHE DA B I A B K R A A K
VEEERFSE[)]. NRERIT, 2023, 44(10) : 62-70.

ZHAO S Q, XU W, CHEN S, et al. Water supply scheduling for

cross-basin reservoir groups based on improved scheduling diagram

257



EEHK, F//8ET CPLEX RIKEREA S O IRER R

[14]

[16]

[17]

[20]

[21]

[22]

258

[J]. Pearl River, 2023, 44(10) : 62-70.

WA, FMR, SRR, A T DGRl XK R B EE TH  AK RERE
PEACTIBCAFE[J]. AKBEBARY, 2025, 41(5) : 259-267.
HUANG S Z, YAN J, GUO Y, et al. Optimization and allocation of
reservoir groups for enhancing the resilience of water network in
Guanzhong area [ J]. Water Resources Protection, 2025, 41(5):
259-267.

AR, AREE, WRMEZE, 4%, BEF MIKE Basin 1) % 0] 5 U 7K
IR BRI & BEK I8 BEWF ST [T]. KRR AR (3 30),
2026, 57(1); 33-44.

WENT F, ZOU Z, YOU J J, et al. Study on coordinated water
supply scheduling of reservoir groups during dry season in Yuanhe
River Basin based on MIKE Basin model [ J].
Hydropower Engineering, 2026, 57(1): 33-44.

S R, 2R BT PG AR (A K BRI 8 BE RIS
[J]. KA &4, 2016, 35(11) : 74-83.

PENG Y, XU W, JIANG H G. Joint operation of multi-reservoirs in
the west of Shenzhen [ ] ].
2016, 35(11) ; 74-83.
Tk, BE%e, o, 5. BT HK R G2 K IRIEA 8 B R A K
ST, AKBREEER ) 2015, 26(6) ; 874-884.

YU B, LIANG G H, HE B,

Water Resources and

Journal of Hydroelectric Engineering,

et al. Modeling of joint operation for
urban water-supply system with multi-water sources and its application
[J]. Advances in Water Science, 2015, 26(6) : 874-884.

KIM S, HWANG S, LEE H, et al. Assessment of agricultural
watershed water budget considering upstream water budget against
reservoir discharge and agricultural water supply [ J]. Agricultural
Water Management, 2025, 316 109587.
TAN L, WANG W Q, WANG Z Z, et al. Optimizing water transfer
rules of a drinking water source reservoir considering water quality,
quantity, and ecosystem [ J ]. Journal of Hydrology, 2025, 663:
134227.

GOUH X, MA C, LIU W W,

et al. Adaptive water management

under coal-fired power phase-out: Reshaping of water supply-demand
patterns and new equilibrium for cascade reservoir reoperation[ J].

Water Research, 2025, 284 . 124038.

XS, thate, BB, % Z2RE-ZTAVRIGIE SR
RO TITELT] . MR RE Tl R84k, 2025, 57(11): 85-
94.

LIU C H, XU J H, LIANG S J, et al.

Optimization approach for

multiple trucks and drones flexible collaboration routing problem[ J].

Journal of Harbin Institute of Technology, 2025, 57(11). 85-94.
[ RSN %E’f}é R, G BB TN S 2K AT A
ARTHEEGEARLT]. B LRSEREN, 2026, 24(4): 28-
38.

HU P H, WU L B, YUAN M, et al.

Optimization of maritime ship
scheduling with heterogeneous fleet and draft limits[ J]. Journal of

Transportation Engineering and Information, 2026, 24(4) . 28-38.

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

TANG M Y, ZHANG Y W, NIU W X, et al. A sequential
optimization method for joint allocation of berth and yard with cluster
stacking strategy in container terminals [ J].

2025, 341; 122484.

Ocean Engineering,

GE X L, ZHANG L Z, SHU J, et al. Short-term hydropower optimal

scheduling considering the optimization of water time delay [ J].

Electric Power Systems Research, 2014, 110; 188-197.
TWAR, AR, SREW, . DRAsR g 2E K R B ik 8 BE b i
NHBFFELT]. P EBTTRBLS:, 2025, 35(3) : 15-20.

NING Y W, REN M L, ZHANG J B, et al. Research on the

application of optimization solver in flood operation for reservoirs[ J .
China Flood & Drought Management, 2025, 35(3) . 15-20.
AT, . 2 R A A L T A S K R EE e % N AT 5
[J]. AR, 2023, 45(1) : 82-86.

ZHAO Y W, FANG H B. Application of linear programming solver in
mid-long term water dispatch[ J]. Yellow River, 2023, 45(1); 82-
86.

FA T BEPOK RS HAM B B it
hRHER, 2017.

WANG Y X. Study on Flood Control by Operating Cascaded

WEMFE[D]. B, 4

Reservoirs and Their Flood Discharge Facilities [ D ]. Wuhan;.
Huazhong University of Science and Technology, 2017.
2, WIER. Erh G R TRRK B E T BT T]. AKFIK

LA, 2020, 41(1) : 13-16.
LI B, CAO Z H. Study on water resources allocation for Central

Yunnan Water Diversion Project[ J]. Express Water Resources &

Hydropower Information, 2020, 41(1); 13-16.
EAF. BUIS RN 240K T ZHN[J]. KRR 5%

i, 2013(6): 26-30.

WANG S C. Analysis of Kunming City’ s Drought Emergency Water
supply plan[ J]. Water Resources Planning and Design, 2013(6) :
26-30.

=R KFK R B B BT Be. R B TIT A T 5 K K TR
PR B K IR TR (= He oK) SB— M B R]. BW: =/
A KK I BT B, 1999.

Yunnan Provincial Water Resources and Hydropower Survey, Design
and Research Institute. Preliminary Design Report for the Water
Source Project ( Yunlong Reservoir) of the Kunming Zhangjiu River
Water Diversion and Supply Project: Volume 1[ R]. Kunming:
Yunnan Provincial Water Resources and Hydropower Survey, Design
and Research Institute, 1999.

B A KK R B B IF ST e, B B T R A UK P [ 4 2
TR BT A EMR [ R]. BRI Z A AR K I B3t
SR BE, 1993.

Yunnan Provincial Water Resources and Hydropower Survey, Design
and Research Institute. Supplementary Report on the Preliminary
Design for the Reinforcement And Expansion Project of Songhuaba

Reservoir in Kunming [ R]. Kunming: Yunnan Provincial Water

KFKEBER(PHRL) $E57%5 2026 FE 8 H



[32]

[33]

Resources and Hydropower Survey, Design and Research Institute,
1993.

=R A KFK A B B BT e, B AT K U AR K R K IR ER
FEHBAS UK TR (—8) Lt (R]. BY: af4A
IR B B B 5T B, 2007.

Yunnan Provincial Water Resources and Hydropower Survey, Design
and Research Institute. Preliminary Design Report for the Water
Diversion Project ( Phase 1) of the Kunming Qingshuihai Water
Supply and Water Source Environment Management Project [ R ].
Kunming: Yunnan Provincial Water Resources and Hydropower

Survey, Design and Research Institute, 2007.

L 7 B e 5 T P 0 B3 AP S B, 5 1 4 K R K 38

KFKEBEAR(PHRL) E57%5 2026 FE 8 H

F&FK, &//8TF CPLEX HIKERECS SR IOBERR

BOTWFFERE. ARSI K TR AT TR M [R]. B
B el R O 2 AT B B ST PR B . R K R K
YW BEIHBEFEBE, 2008.

HydroChina Kunming Engineering Corporation, Yunnan Provincial
Water Resources and Hydropower Survey, Design and Research
Institute. Feasibility study report for the Niulan River-Dianchi Lake
Water Supplement Project [ R]. Kunming; HydroChina Kunming
Engineering Corporation, Yunnan Provincial Water Resources and

Hydropower Survey, Design and Research Institute, 2008.

(REHE ZHH)

259



