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Abstract

A multi-objective water resources optimal allocation model for transboundary region is established after
an overall consideration of national economic water demand, water balance and eco-environmental wa-
ter consumption. In order to ensure the equality among stakeholders, the index and benefit ratio is in-
troduced, and the multi-objective problem is transformed into several single-objective problems by
adopting the three-step method, which can greatly simplify the solution process. The proposed model
and method are verified through the case study in the middle and lower reaches of Han River. The out-
puts of Highest Water Profit (HWP) model show that the allocation benefits of subdivisions located in
Tangbai River basin have more effects on each other while the cities that are located downstream of
Danjiangkou Reservoir do not depend upon the allocated water to others. The Highest Ratio of Highest
Water Profit (HRHWP) model presents that the benefit ratio is lowest in summer, mainly due to the larg-
est water demand in this period. In spring, autumn and winter, the indices all exceed 0.9. The results of
Final Water Profit (FWP) model show that the water shortage rates are 3.11%, 3.69% and 3.94% at fre-
quency of 50%, 75% and 95%, respectively. The domestic water consumption is basically satisfied at the
planning year, but there are relatively larger shortages in agricultural irrigation and ecological envi-
ronment water consumption. The water shortage in Tangbai River basin is more serious than that in the
main stream area below Danjiangkou Reservoir.
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FIFE 77X, P S NS . DAMERZK BRI RC B AR ALE DL DS B B R Nt e 3ad FAR, s AGRIE 7
XK P RIZE BRI AT 9 T SRANXANRIE, ASCSI ARG LEAERR, R =21 6] 3R i DOK BT
BCERA, BEfatl 7 REERE, thaeEe 8% HIAK P B RR 2Pk DU KA il i K2t R FEZ0K
BRI E R KPR . B TR A AR R, A MIGE /K BRI R AT E H 2 Rt FZKEA B m.
KI5 G F ™ A SIS K A PG RE H 2 NS [l Rk, ASCRABATH N AR I 5, R IRIEK B
JRRC BRI S TR VR RIS, TC B 45 SR e DU SR ST 5™ A% R 7K B R P 2 S (B S HE

2. ARAZE
2.1. KEFFEMUEERR

ARSI G35 5 P85 R P I K KR SIS IR B R AR RS . A%
DK B B A IR B iR, e H AR ek B0

max Z, = (pi i, + plcx + pi ) M
AP S ISP
SWk,; + z Vioks = Z Visja +x;, +sz +x;, Vk,t (2)
ferr J<DN

> Visju 2 0 X ED,, Vk,t 3

JeDN

Hrp
o = {1 %ﬁ%ﬁkﬁ%ﬁ%ﬁ ik @
0 EBTEACKRHEER

X! <AD, Vit (5)
x{, <DD,  Vk,t (6)
X! <UD,  Vkt (7)
x>0 Vk,t (8)
xp >0 Yk, t 9)
x>0 Vk,t (10)
Vs 20 Ykt (11)
Visje 20 kit (12)

K ZOASE ko KEERF RN BB AT 8ad, B, P AR RS k oy XA TR A58 KR4
TR REL xp . xg Al RIS kX e I ZI R K R T KBRS R &, S, NE kX ¢
I 2B DX K, e, N k2 X e R BIEROKE, ., AR k20 X e IS ZIR R IF LK R, o, AR &
I IX ¢ I 2 R T A S T 7K R R EDy B k53 X ¢ INZIRITE AR S K&, ADy DDy F1 UDy, 535395 k
I3 W ZN AN R KR . TR K E A G FRK .
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A HAR R ECOY A X EALAL, WA 2 XA BESRAS — D TR IR KR fE, (B T8 X SR K B UL B
R, AT PR AR B, ANHT REAE AR 7 XA B KK RUEs, SR iR 2 B b A B IR M. (Rl A
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Hﬁ %Ujéliiﬁﬁ’]'éééﬁ%ﬁ RER, R LB RSR A AU B A R

= WD XA, B AN HWP B, DX 1 8B, AR

max ﬁ*:Z(pl"xxﬂ+pfxxl‘f+p]"xxl"[) (13)

X NG R B R AT BEA B2 Es, P, PORI R 3y IX 1 Aol Tl RIAE % A K 4
FRERRE, X0, xR X RIS X 1 AR I ZI AR oK R Tk & RE R KR,
IR A AR Q2)~(12) [FFEEA 2 HIRGHEXE f, f fr -
BB RERKPPERRN, 2150 X002 RAFE, fEikdy HRHWP 88, H HAREECh:
max Y=Y 1, (14)

LI A
p;xx,f,+pfxx,é+p,‘:xx,ft2/1t><f,:; Vk,t (15)
HA LR 2 [ RQ2)~(12). XHEI AN ¢ B ZIRIREEE L, £, NS k 4y X ¢ B ZI Al RE e s, oAb ss 5 & L
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max WZZZ(]?ZXX;;‘FP/(Xxkt'i'pllclxet) (16)
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AR MR R Q)~(12)F1(15), KB W AEXIEBa&EF G, HEfFSE A L.
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3. I Tk KEMRCECE
3.1. IRXER

PUT AR R R, RIBTRIREERE, SNt SEICEFIGFRML, T EEHICAK
Lo T4 K 1577 km (b4 854 888 km), WIREA 15.9 75 km?. Hodr, PRI O YBOT Ei S R or 5,
FEPLH RN TR E B SIRA . A6l Bl ANEF S A 289, 77 B2 im] DA RS 5 . A YR 5
FRROR /S bAoA I O B | R Y 0T IR e = 3 a8 1 T B X - - L WA i ) S K 2 e A S T W
FTRH. T 2R, RIS ARk TS E B A H e . B XA “H="" “YE” . “Ju”
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DA TFiite AR T 7 X 3% K B8 = 200 X 0 ) Jg T 8 TP L U TR X 15 2 9Bk 7E XOK B &R 4t
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Figure 1. Sketch map of study area and location in the middle and lower Han River basin
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Figure 2. Conceptual diagram for water resources system in the middle and lower Han River basin
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T KB R 1) 6% o PUUTIIR 2 AF-F 307 7K R (K B2 A 58 55 AH I B 7K B EU AR AN 72 /KB B (A7 THT AR /K B A
)04 0.41 A137.03 75 mP/km?, BKTKIT7IER 2 T 5410

AU FCE S AT SR KA 2020 4F, FE AR 50%, 75%F1 95% = ME T /K BHIR AL TR SR
22 B TR X BR K AR KB BL, FTRAE H, BRARZEAR X AL, HoAth-BAN o X B7K BER 5 5K
BRI, SRR . IR, R K EISTE 10% 0 .

B EDKN “B 7, EERANS T E S X &K TKK RS BRI R K TR R S5 A7 4t
PR AR (KRILARBUK SRS G RRD) BOR, S E 0 KA KB IR ERH 1956~2000 & H K 2751

Table 1. Divisions for water resources allocation in the middle and lower Han River basin

F LI Tk EREERUS X

KB =X AT EUX THA (km?) &k
o FEFH T 4064 FHL L (5 24%
BEJH T 429
%7 4493
L 1458
g 3148
FEPH T 12,829 FHLABLR & 76%
T 9362
FHL O BLURFR FRl 2793
Ak i 2535
LT 538 B EFEEGAT B AL
RIT 2619
AR ZEARIX 1318
AN 36,600
Hit 41,093

Table 2. Comparison of water consumptions in current year and planning year in the middle and lower Han River basin

= 2. NI TR IR SR FFKELER

2020 EFH KT m?)
43X PR AR (T m®)
50% IR A(%) 75% IR (%) 95% IR A(%)

B JH T 532 3782 21.7 4268 23.1 5202 25.6
FERHTH 161,941 475,531 11.4 515,360 12.3 569,147 13.4
FRARGEARIX 538 574 0.6 592 1.0 644 1.8
+-E T 5616 14,847 10.2 15,813 10.9 18,545 12.7
T 57,020 216,150 143 222,676 14.6 239,188 15.4
2T 51,084 120,834 9.0 128,099 9.6 140,875 10.7
KA T-FET-Albk 79,913 236,616 11.5 267,231 12.8 310,669 14.5
Wit 29,760 69,560 8.9 73,406 9.4 78,933 102
it 386,405 1,137,895 11.4 1,227,445 123 1,363,202 13.4
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FIZK e 3B ARTE . B Tl RAATE RS AR 2 AT K SRS 12 D AP REIE A« ROV
AR A R K e s e LA & F HEBE 7 I R B 2% A fK & I AR TKE R 2 9 P75 &2 UL
NSRRI E 2 I R 5. B R X, SR X RS R AR TR ) BN AR S TR A B g 2
3 FiRe

R o (R 20025 R HOR ARGS9 W R BOERASE17] [18] [19]. RUZE M R BUEZ 1996 4EKFIRBAIAG ) (KA
BT E LB TG TR R iR, R R R A PR B R AR L 34T DTk e . PR I 2K

s PERBCR RS S Hk e, Hoe FZKIE S I B K88 203 R ECR ] 557 198 (BORUAR) B2 o

N K 30 T A

P =734, /%

Aef PR KIS REG Joim’s y, WREB G M R EG A8 | FVEIRARE IR, W Yol
A REMETE T OU T AL I 2 AR B, kg/i, OIRGEREX SEIR S L P BBV s Y, N TCREBE IS
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Figure 3. Danjiangkou Reservoir operation chart in normal water supply operation period
3. FHIOKEEIE BB THIKE MK B E
Table 3. Percentage of lowest ecological water demand in the rivers
=3 EAR/NESHTERKELSSFNESHL
X AHGE~10 H) FERMA11~4 H)
J B 27% 35%
FHLELLF 29% 29%
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FeT =D ARAL I 2 H AR K BEIERC BT 7T 22 N

OUN AL B 2 A5 27 8, kg/B, AR O EME A Bt D R & BRI TR E s PSR @ RN Y
%, Ji/kg: m NAAEMF RIS H: C AL HKEA, Jom’s w, oL AKE, m’
VAN S FH K #2852 Bt 1 a5
10000 x y,
q;

A: PO TS R, Jo/m’s g e TG KRS, m's C AT K BIKEA, Jo/m’;
i NN K Rt 7 A KL

4. BR5VL
4.1. ZEHERBERB ST

HWP BALZ AL A X A at i KA, 8RS 20 XHOBC EK B ARy 1 BICERBEAT /K B C BN
BEH T B K Pr Aat . R 4 R8s o M el i, T B Tk 70 X, e B A% e 52 1B 00 XC /K S ML
Ko MPHLHF3R BT Xl T 32 2K R & L, BeEE A H e 7 X AT B KR .

ARUBAL KA A, A HRHWP AR 12 S H BE b, WA XS, N T IRIEE K 27
P, FER—AE &0 KK EA R, BARZRIE 5. WTREH, fTXEERFKERK, LK
PR A AR, PRI AR T, R AR 3 L E 3 0.9,

WG FWP ALK ARAF 3 %5 43 X I I AR BK (R 6), 7E 50% R KB AE B0 T, DL R i1k X dsimr i 4k
[FRROK S 3.47 42 m’, FA A AI TR & 53 A 3.37 42 m #1972 15 m®, ARG FI/KBEATE 2R, Moy
DXORA S G AL 3 RS i B MR 8 B i, B, B T AL BROK R 38 33.1%, 28 FH ALK O 11.7%.

4.2. FEBNERRESER K 4T
2020 H R KA BUAR ML BE R 35 /K A ZE 43 B 50%, 75%K0 95%, S H &1t 48 X 1956~2000 4Fi% H K

P = -C, (18)

1

Table 4. Optimal benefit for each division in 2020 in the middle and lower Han River basin (Unit: 0.1 billion yuan)
4. I THE 2020 KPERDRRMHEERG: 127T)

43X FREAY ] B 2 PR 3 A 4 MRS AL 6 A 7 AL 8

I T 4.95 4.63 4.63 4.63 4.63 4.63 4.63 4.63
PR 638.36 760.38 638.36 638.36 638.36 638.36 638.36 638.36
FRAR QPR IX 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
g7 54.84 54.84 54.84 54.84 54.84 54.84 54.84 54.84
IR 301.28 301.28 301.28 301.28 301.28 301.28 301.28 301.28
2T 110.03 110.03 110.03 110.03 110.03 110.03 110.03 110.03
%';mﬁ& 356.98 356.98 356.98 356.98 356.98 356.98 356.98 356.98
)&l 561.41 561.41 561.41 561.41 561.41 561.41 561.41 561.41

Table 5. Benefit ratio of each month calculated by the HRHWP model
% 5. HRHWP fREUK S8 % Azt

EE7x 1A 2 H 3H 4 5H 6 H 7H 8 H 9H 10 A 11 H 12 A
A 0.97 0.95 0.91 0.93 0.80 0.81 0.76 0.80 0.91 0.90 0.95 0.97
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RV RE R, PHLOKE 1956~2000 FK RFINERR, BLE (BULRBUKE ST ROEF ) FHRA
) 7K P4 1) 4% AR R 7K Ik 2 (B 51 T R SV I R ) AT BT A T i I b H X K R 4 R K 9 R 2 I
5

PRI T /K VR B AR AL, WP X K . FAGEAT TR, A0 b 7 4% Wi 2020 7KF
FEARNFF AR TR FEI, St 7 &3m0 2020 ACEAERBUKE . 175 7 774, gAML R AL
WX, N 50%. 75%FM 95%HF, HF 78 XIRAIE K58 3.11%- 3.69%F1 3.94%. 2020 MLk P4,
WA A8 K IE ARG B A2 5 T AL BEE AN T8 P AR AR PR B K BR T BK s TR /KA 50%0T, 4ROl
R T A 2 7 /K ERK 3R 53 1A 5.15% A0 3.28%; SNy T5%I), ARV HEBE AR A2 45 75 /K K 2 7390 8 6.04%

Table 6. Optimal allocation water for each division in 2020 (50%) in the middle and lower Han River basin

= 6. DI T 2020 EE PR FMELEKE(50%)

Folk(F5 m?) Tolk(h m?) AR m’)
IFIX

K #k Bk K SN Bk K SN ok

BN T 3445 2306 1139 138 136 2 199 199 0
EBH T 274,534 242,520 32,014 170,232 169,262 970 32,123 32,113 10

PR BEARIX 76 74 2 225 225 0 272 272 0

A 7258 6754 504 4309 4309 0 3281 3281 0

30177 137,724 137,652 72 61,476 61,476 0 16,951 16,951 0

KT 61,097 61,097 0 49,721 49,721 0 10,016 10,016 0

RIT - BT - Albk 144,929 144,929 0 70,565 70,565 0 21,122 21,122 0

ey il 25,876 25,876 0 23,735 23,735 0 19,949 19,949 0
XA 654,939 621,208 33,731 380,401 379,429 972 103,913 103,903 10

Table 7. Water resources supply and demand balance at different frequency in the middle and lower Han River basin

= 7. NIHTHXEAREMEKFREE LGS

FokBE TH WHARG ') RFAEECImY) WD) EERV(ImY)  ASHEG o) Ai0im)

WK 65,873 38,040 380,401 654,939 395,192 1,534,445

) K 65,867 38,036 379,429 621,208 382,243 1,486,782
e oK 6 4 972 33,731 12,949 47,663
Bk R 0.01% 0.01% 0.26% 5.15% 3.28% 3.11%

K 65,873 38,040 380,401 744,489 395,192 1,623,993

. itk 65,867 38,036 379,427 699,552 381,147 1,564,028
e oK 6 4 974 44,937 14,045 59,965
Bk ZF 0.01% 0.01% 0.26% 6.04% 3.55% 3.69%

K 65,873 38,040 380,401 880,247 395,192 1,759,752

. K 65,867 38,035 379,424 826,759 380,334 1,690,419
e Bk 6 5 977 53488 14,858 69,333
BRoK R 0.01% 0.01% 0.26% 6.08% 3.76% 3.94%

e AE MM E, TSR =, EE SIS ES,
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Figure 4. Water shortage for each division in the middle and lower Han River basin

4. NIHFTHSARSXERKEE

F13.55%; AR A 95%HT, AV ML AN 18 AR 25 TR K BK R 5N 6.08%M1 3.76%; BEBEAIRIM R, FHKELOZ
SR K . T B PR KRR, B AR A B KB AT AR B BT D DU T IX R, SRR
T, SARBUKRGHIEE] 24.84%, 27.86%F1 29.75% . AV HEEE S /K 2R AT E P A IR K R T 2 4 Tl ik
30.13%#1 30.04%, 33.20%F1 32.41%, 35.05%7F1 34.00%. ZFHTI/KEREE, FHL D LUF X SR EK R 55
AN 0.49%, 0.57%F1 0.65%. & T XIREEA TG AR AR TG AR Tolk K #R 36 A 3% R Kk 1.

IR X 7K SR R B T A LR IO I 4), gl R T AN BRK A, HAth X I3 A7 PEAS [FI R FE R Bk
Forr DU AR N TR SROK B R, BROKFEA 33.16%: HUUE EIHT, $KFEA 24.51%.
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5. &t

AR T ARAEES X385 FH K P IR 28 A B AP, dlid 51N /KRG Eeebs, K X 2 H bR /K IR EL E 1)
AL ) HWP-HRHWP-FWP =i B, ORI 1 s e AR AR, I DA A i X 380K SRR A T
BN, BUE T AT IARE R, BB LU TR A R

1) HWP B8 R 8], AT PHLKPE L B4y X, A FERE N T A0 R B 17, FLAC B e 52 e /K 4 X B
IKFEMAECR, TIPHL R AN X T 52K BE R E AL, 0 B AN 52 Foft 73 X EC/K S, 4 XOR G B AL s
A& 2150.55 147G«

2) M\ HRHWP #R 5 RAG BIai LB, T EERKERK, W EHAXNEAN, MHE. AR
et 0.9, FUE ZH KR SR T HEFET.

3) FWP RIS SRR, 2020 /K TAETE S0%A0E T, BT A R IFM AL X 803 4 (s Bk 8ol 3.47 42 m?,
Hodr b AN Tk SRk B3 B0 3.37 42 m F1 972 73 m?, 2B 3% A /K e AR5 R

4) HHE N 50% T5%F1 95%HF, 2020 FFEHITH T I ALHL X BRK 2653 5108 3.11%. 3.69% 1 3.94%.
Fodr, REEAIRA AR S /KR ARAS B0 2, WAV AR T8 A AR ST KB DBOR . BEE RIS, oK
ROIZB R

5) M=K THRA X KE, BT EFHT O KR, R AR iRk 5 50 B B8P 1 LR Fith
XeH, =MER N EARBKRY HEE] 24.84%, 27.86%F1 29.75%. 1M7L H LR # X B AR EK 0 510N
0.49%, 0.57%F!1 0.65%.
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