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Abstract

Ecological problems, such as poor water quality, lack of self-purification ability and difficulties in ensuring the
ecological flow, have been appeared frequently in Hanjiang River Basin. Ankang reservoir, with the largest ca-
pacity in the upper reaches of Hanjiang River, was chosen as the case study in this paper. Different ecological
flow processes were obtained according to the river base flow, self-purification, sedimentation balance and the
biological growth, and were considered as the ecological target of reservoir operation. Single objective models
maximized power generation and minimized ecological water shortage and a multi-objective model considering
the two objectives were established and solved by Genetic algorithms (GA) and non-dominated sorting genetic
algorithm (NSGA-II), respectively. It is shown that: 1) Compared with the operation model maximized power
generation, the model minimized ecological water shortage reduced power generation by 1% and increased
ecological guarantee rate by 5%, by which the present ecological requirements can be satisfied under sacrificed
less power generation after taking account into ecological target; 2) Results of the single-objective model fall on
the multi-objective Pareto curve, and the segmentation characteristics of the curve demonstrate the accuracy
and reliability of the single and multi-objective results; 3) The impact of ecological runoff generation on power
generation was evaluated by Loss-benefit ratio of ecology and power generation k, and 200% ecological runoff
process was recommended as the ecological flow process under environmental change; 4) The ecological sche-
duling rules under the condition of ecological control water level are formulated, which provides technical sup-
port for intuitively and effectively guiding the ecological dispatching of Ankang reservoir.
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VAR, RUARIAT T AR 25 1) UZ T O K B IR S . RS S AU B AR R[], (BN (RIS 1 A 2 ) FUAN R
M PULAE N RAL S — RSN 51 D5 E TR R EE K, B RIS AL, R4 DK A S BAE AT
[2]. K& NSESIAIINRL, DR TE K A K & B il T N & S M AN A i TS Qe K g, /K5
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A TEK R A RS P AR 2 B2 [12] 55 N3 T 2 1) 22 7 AL S0t FOK i sl AR R L, S B 8 N il AR 542
PR AR EEAR A, S B A A5 TR B — M LB A AR A s = T [181EE L 2 H AR L £ 25 B K IR B
B BOKMAER TR, G5 REW AT A 35 LA BE CRAETRNE AW, MR [141 A3 - A s AL LA
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K, RARGHAELIHE, 15 SKERE T MRES. WA KESHEREEARRS SN 2 MR,
HARRE, HIprBea A8 5k i 2 B irE BRI 7T

BT, ASCGEBCSIT R EE N TE G, UL 5 Pk e i ORI 2 REK AR R T B, T K 2R -
Z HArUACTH L . RS AFRASE R VES AR, A4S, KERLZ AR, 21 GA K NSGA-II K
fit, PAHEL A KRG RAELR . BIREEES SR ARKERL, BrAFAESEIRETESSKBEZ
AV e e, A B T ) EL B 4 A AR A TR E SRS . BT S0 T G2 DUV Rl B TE A= A i R fig
FRBKFEDUR G ARIAF RS T AR, BRI B E . A% s i sy DU e

2. ETTEREENER

DAL Z REBGE I AR, A B EEARELUT LA [16] [17]: 1) J3E N L AURFF R SEA
EARTKE; 2) YEFFARE B RBE DT FKE; 3) WEE PP KRR, 4) BB ROKSCE S, Vi
HEKAEAE AR BRI Z . B, AW 25 B I AR S TOKE, W B RKE,
LRI T 7R KR, AERpR AR S B R K AR S 2R R SR TR A

2.1 MERERETTKE

TTIE A A B T K BT AR AR R B S A B AR S T REASZ RN, T A ARIE R oK B, BE
S R o SR FH R N R0 [ 18] R Q0% fRAIE VA [19]HH SR A AL A B, VAR DG I B R v ) P D SR B
RIS HR RN 2R, A BRI R N R B NSRRI E . 90%RIF R E 2 I L%k 90% {F-iF
Rkl H PR, Hoat S bR K B ARG R TE 02 2% SCHR[19]. 545 B2 )& 57.3 m/s A1 68 mfs. [KIE
I A 25 T KR B S JoR e o T T MR IR A R, T T AR S B U /ME 57.3 ms.
22. SAIRBAEKE

TATVAS 9 T K B R B0 S 3 e T 9 A A X HE N T IE TP TS e A SR AR R SO TR KR AR IE K AT
AR T RE TSR R AT T R BRI B NR . SRAIZET 7Q10 [20] [21] 1 -H4E Al H P E B A 90% (%
WERPAT B B T K E, 2T 7Q10 1 HE& i A PR &t SR E8 T EEM A PR EWE 1 fir.
TR, WHEAL, YONERBETBUIRAE, B i e NS RS, I, 3 2005~2015 4E kb H
SR B 62 m¥s A AT BT R R . HRE R 90% R IE R A N BN 68 mifs, A SO E 1 TR K
IR /ME 62 m¥s.
2.3. SRR EEEKE

T2 K L R, TR A T R K BN, 2TV E N 2540 1 t, ZERKHTFHEDE
N 6.15 kg/m®, T4 T%ENLE 7~9 H, NIREKGIEAHE L8R, RAERY 7~9 A7, Wik, 2
s AE RN S vb K &, IR N TR F B AR RO 3K RS vb Sk s AR EoR, kg
T K G A R PR TR R o e (L) AT ] V7 b A S 47 P o /K [22], 43 HE 22 K PER Vb I & 9 131 m¥s.

WTS =ax ST /Cmax (1)

b Qo NI TR EMYS), W NIV TFHKEQLM?), S, NEZFETHHmIDE1Y), C, , NELERKH
SRS E(kgim®), o NI BB, HE N 31.536 x 1072,

2.4, HEFKEEYMBHATKE

KAV B SR B R, R KA R R, RE K A R IR AR AR
ok o M LT Y S R (SR AR, B 2R R 2 RO R R R R 4R R K
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A S AR A TR K& [23] [24]. d S SRk, I BORINANRIZKAL N N (0308 SR, A FRAH LKA N i
I, iR R R 1.
) 5 R R TR

7 = 7(Q)=50.202Ln(Q)+62.809 @

WA - SRR I R k BT A 2O

(=2
(1+ ;((Q)'z)/

NSRRI — 5, T @)K S8, — i SEEEET 0 (9 i RIDy il R R R, HO R it fE
B ATSE S/ A TR . B4 dk/dQ =0, SRAEH HIER k (B R AL, X R EAE A 35.5 m*fs, LAy % ek
RS U T Y A O S M R K R

WA A EAFA SRR R, S5 a8 MAERARE L FEE, P MAKERASRRERE, 25008 &
WASERERE., EEASARERE. B/VESRRIEFE25]. R4 SRR R TR ET I RRIRE mR P 77K
i, AERKIYIZE REIRNE P A A AR TR KR B 3 KT B S et i @ BAEST E AR RIS R
PRITBTRR K, FEBOKIRR R I E A A TN ZAERE K A M S KT A S e s e VERSTE:
RFERARAETUI A B AROCE FBLE R KBNS RERAE S TR RIS R R, LS
RERE 2 K B A 2SI A A 25 FAR, R EEIN AR ZS BARR S B A — I & A 3 TS AR B LR, ik 2,
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Table 1. Average flow of driest month for each decade

# 1 BtHERMEATHIRE

i B (4F) 55~65 65~75 75~85 85~95 95~05 05~15

T (mYs) 86.0 113 83.0 61.0 60.0 62.0

— 9 [

v =50.202In(x) + 62.809

R*=0.93

12 /(m)

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
it/ (m-s1)

Figure 1. Relationship curve between wetted perimeter and flow
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Table 2. Ecological runoff processes for each typical year
32 BRHMAFNESERTE

LRI (M) AEAIH(MYs)
FREERMERLI) 131 62
SRR (i AR B ARR) 131 57.3
iR AR (B NESAE) 57.3 57.3

350 FH T AL 22 3 7K 26 I o R 55 AR ) 5 36 A BIOIR AR 285 3 SR 1 B 0 %
311 ZHEFRAER
ERINIE OGN PN

MaxE :iN(t)xAt (4)

t=1

LIR KA

QOneed( SQ ()<Q0max() (5)
Zoo (1) <Z(t) < Zyae (1)
Nisin (£) < N (£) < Ny (1)
3.1.2. £75RUKER/MER
EI b bR B AR A BROK S B/ -
MinW =iQs (t)xAt (6)
LI KA
V(t+1) =V (1) +(Q (1) - Qo (1)) <At
1) Qomn (1) Qo (1) < Qo (1) -
Zoo (1) < Z(1) < Ze (1)

No (t) < N()<Nmax()

Kb EATHREIPK SR R, 2 KW-hs W ORAESBIOKE, 2 m®s t T 43I0 8 BEmS 1 P B B
B LA S BB N (L) Fes sl B8 ¢ I BUSP R A5 V()L V(E+1) 23 308 5 I B IR . R A

Q (1) Qo (t) 43 B 585 t I BN il H R s Qopmay (1)« Qo (1) 20 BT HEEE R REAG 1 FBR, Qg (1)
RS ERAEHE , H Qoueeq (1) WA EBTRWLFE, Qo e (1) BRI T WFHIUEE BRH Qg (t) A7k il
FIAERBOKE: Z (0 Zy (0) 2 BRI BERVEAKBLHG ERBR,  Zog, (1) —MRIBEAKAL,  Z, (1) AIEH
BRAL: N (t)0 Ny () 28 BIZERES t I BRI 780 FRELL Ny (1) Jy s LAt

3.2. FMES. XENZEHIRER

B A A5 AR K 2 H AR AR (B 7 =), DAAR Ao B iR N NUR R R KO B, B3 AEK A D i JEE 3
EIKAL, LREHRAFARFN, DRSVKEN AR Hir, UL E b PR, 582 B
i %o
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KAEERK
MaxE =iN(t)xAt (8)
t=1
AR E IR
MinW = 3°Q, (t)xAt ©
t=1

KA T ES R HREES XHE, ZREM45RQ)MA.
3.3. FEARBHEAR

L AR AL AL SIR(GA) [26] [27]5R AR, Ry 300, AL RARIERIN SIS AT 548 5%
P BWAHTERERE T, SHTFSHHHIN 0.8, 0.05. 0.5; K& KIEIRIKE 500 /8. £ HEstAE
HI NSGA-II [28]Kfi#, #ZSEUIRFFHIGRE, &N RIEHHIEIHE, 153 Pareto #hzk, MLk E& %
AR R B 2 T

4. FIFSEH)

GRERKPERL TP EIRBRVE A 5E N, & — LUKy, At iz S8 Ls 6 R 0 K2R R 4l .
1990~2014 4E Z AP NFER RN 160.34 12 m®, HLuGAEHIZE & 85 /5 kKW, Z4E TR H &N 28 14 kW-h, £
WEH IR 17 75 KW, kR it 1216 m¥s, 1) RECN 8.4, ZRUKENASEAERTIKE, BEXRN 321
m®. JKEEFEIKALN 305 m, IEH &K N 330 m, By ik BRI K AL 325 m.

4.1. BEHIRER

4.1.1. KRIIER

PAZ AP R R A A S RIERR E T K R R AR, DRFUAS HArxt KB HARIIREm . 5T 2 fEK
LG T 1990 FE A7 K L, A KK R 2 2 0 4 1950~1989 4 Al 1990~2014 4E, 43 Hilsk - H Anfiib g B 5
WiHE. SEPRMELER, Wik 3.

7 3 71 1990~2014 HE3T 25 AEK R A 1A AR 2 A 25 RIEFE B 0T 4 3 AR A8 oK BRI S ORIE R R R bk
e ATDAE Y A T 2RI S HUK BN N 0.19 12 mP; SERRIS AT A A R R AN 78%, A1 TE A A 7 B ik
—EE; B — AR RIEREN 90%, A ANE] 9% THE s A RS LRIE R IA B THE 95%, U —
Pem 1 5%, LSEPrESE R T 17%. 1950~1989 4 #41, A —MZETIKEEN 29.41 14 KW-h, B ITHE
28 12, KW-h 38111 T 5%. 1990~2014 F 41, HiM— )2 PR A 24.53 10 KW-h, BSEPRE 23.25 12 kWh
HINT 6%. FEAL TR H RN 24.28 12 KW-h, BRI —Ig/b 1%, % AR A T KA H E R B T ROK R
L PRV R, 3 At K L R R R ek o 2 BROKEE I SR BB S SO A BOR R, LS £
R HLRIS AT BRI LA RSk /K e 4 3 11 o

4.1.2. BBIFLER

DA 1990~2014 SR /K BRI AHE, HCE |~ AliZK 4437128 2010~2011 47 (20%K /K A2 . 1993~1994 4 (50%
KAKAIZ) . 1994~1995 4E(80% KK ANHK) o ASTMIKAL . H R EAH S AR FE, X EL 3B 5 B AR A 55 i
RUEITHR AR, B 2~E 4 RN BA RIS R Py MK,

B2 45 T S HARB LKA (1 BB F2 . FTDAE e 1) AR — S5 SEBRig AT EM L, KN KAL
AFREEAR B, SPKERIRL KA AR AL 22 S 80K, B — 78 23 1 R AU R /K 36 mK AL R B, T S Bt
FKALIZAT = AR 2 78K, K BEIEFI 2B K . 2) BB — SR — LU,  FKEAIP /KA 7K A R B
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Table 3. Optimized results of long series data for single objective

= 3. BEGREKRIIERHMHER

ZEPHIR R
B ESHKE B IIER
s 1950~1989 13 R 5 1990~2014 73 R 5
"z m? 1% 2 KW-h 2 KW-h
SZbME 1.19 78 28* 23.25
A — 0.26 90 29.41 24.53
T = 0.19 95 - 24.28
350 — — 350 T T—1 350 — ——
—o— L ——pR - —m— BN —— B —
e Al —h— Ll —h— P PRAE
E330 - 5330 B ESSO -
v % 2
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Figure 2. Water level processes during each typical year
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Figure 3. Output process during each typical year
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Figure 4. Outflow process during each typical year
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P 3 45T A5 H AR R R r B ML R AR R . WTDAE Y 1) SERREAT I e SR R B R K S E
PRAERE K 12~4 HEHH18U&, 485904 13.19. 16.05 A1 14.07 J5 KW; 2) Bl — & R4 kK] 12~4 H
PT343 008 14.18 16.08 £l 14.69 J7 KW, AHLG T SEPRE RGN, 3) B8 — & MAIERKIH 12~4 7173
H 15708 14.75, 16.12 F116.10 /3 KW, ¥R THER—H J)fH. T, SR = EAESERE, KT HiIK
WM R A T

P 4 45 T 4 E AR R L I B LR AR AR R . FTRAE e 1) SEBrisAT PR PR R AR A A S RAIE
AES N 12, #RL 7ASIEER, 2) B RERAETLAR, SHAFERAESRIEA 70 12, 11,
1LAH, PR KERREH L AESHIEER, “FKE 1 H . HiKE 3 HASHEBIR; 3) A = FEAEREHR,
F TR RERAG KRS R 2 AR S IRIE 2

B R L H AR R A AR SHUK BT, Wik 4. WA R LR R — SR TR AL
2T BRAAE S ARIE G I ARk 6 £

4 nLUEH: BRASMHER ML TR —, FRKERBGE THET 0.4%, EBHFKERREAE;
SRR AR TR T 0.6%, A EKEIR/D T 11.54%; At /KE R AL T T 2%, UK B> T 40.90%,
IR SEREARZ AR EETE KR

4.2. ZEFREGER

ARSI KRR R B2 AR AR, SRAFLIR LA Pareto ATimIE LML R K H AR
AR — 1R A R B AR AR AR S UK B B M R AE Pareto AT Sm i LA N2, Gl 5. il 5 AR

1) Pareto HHZZRATFBIEPNE L, UK BB RFUNEBII 2 ESK TR, HRRAUE; Pareto
2k 5~ BRIV ZE, BIPIA BARZ AMFAEBGRNTEF R R, K62 B SRS 10 A U

2) R HARGE R b, WRAEMW HARZ AILE BRI SC R, K Pareto HIZRAME, A HL R HAMHKE

Table 4. Profits and losses of ecology and power generation for different typical years

4 FEBRBFEESMLZBHREER

e Jb A k) KA F RO BB m) A AR L)
B A — i % i — I %
FIKE 29.14 29.03 0.40 0.00 0.00 0.00
FKEE 24.30 24.01 1.19 0.26 0.23 11.54
Fh7K A 20.07 19.67 2.00 0.66 0.39 40.90
& A — [ Yo wi o {7 = (Paretollli k)

0.5

=

S e 'S

Iﬁ' 0 = PRT——er Ll

% 196 19.7 19.8 19.9 20 2.1

ﬁ

©
n

-1
Figure 5. Distribution of single and multi-objective solutions
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/NI E R A AR UF TR AE Pareto HIZRMANGELL F, HONHIZR MW oG 5, BIE 78, 22 B bRgs Rt
AA]EEME

3) - Z Hxl Pareto MIZk MG MEEE /- AP B : AT B LS B AR K HL 8 i KAE NS A5, Pareto il 26 B 26 B
(A ity U R, TR BR LA Pareto 26 B 2R BE A5 ity s NS AL HR H ARBRK B N OB RO R

4) Hi B Pareto HiZk A BUKEAREF A 0, fEIESRKHEER KR, £ HEx Pareto 12k B 28 B4 i
NIGFHE A, HARBERN 19.9 12 kKW-h, A&EHUKERN 0. B, A7/ & A SRS EIE B & f s i o E,
et N m AL TR . G A S, Pareto RILH MHRFRHIE, R BAESRIX I T ERIR R, AR E
BRI TR, WK 6.

43. FRESTENZEHHFRER

HAT, KITKRIZE RS (R SCRIRR: KBTS K T SR B R (8 A S HR R AN . T2 K
SIS, DA REAT 7 N MO N AR S H AR, BEACRT DA R AR S KB ORIE R I ER, Bk
FLT RIS Fo . PEARSRAB ISR T, B W AR SR UOR AR 3R =1, R ROKEE TS a 20
TR K. Bk, SRS NInRAESERIRENZ HhnHE, SAESERAENSENE, B
HELENE . AEIARIEAR AT R EEA E5 A5 100%. 200%. 300%. 400%. 500%, A=A [RlA4E
BRTLFE, BRI FIFREE WK ANGEA T AR AR A HL . I8 AT /KA I RS A AR B

4.3.1. FRIEZTBFX R BH R

KA ZEAED A FESEEMEALE S ROBER R MBS R, BT AHESESHAEAZRHNE
kAR, Pk, BEREANESHEEAEE N p Mg B8, KA p M q WHERRES KB ko kEBK,
BT AR ZS KT 3 8 PR A P AR e 45 SR A

p=(E-E)/E (10)

g =(R-R)/R (11)

k=p/g=(E-E)/(R-R) (12)

A ENEAREREE TR EE, E AN i%ELEIR AR TR BEE, RNEAESIE A

g, RO 9L R) LSRR N AR S AN R

RAE K RIAC TR AR, R, S B S R i LSRR PR ARt N 5 Fron. ATBLE
e BEEASTRKERIA, KRNI R .

¥ p. o MEERSAER 74, BEBIIRRNNES KM K H. kK ERK, SR ESTHKE

0.00

-0.05
-0.10
-0.15

-0.20
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AT /AL m?

Figure 6. Profit and loss relationship between eco-power generation
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N S T A AR B /e (8 7 R, MRS TR K EIGIN 100%0, p. g R, B K EEUE KM -0.026, B
I 7K BE TR AR 25 R H E A B AR DMDIRES , R, 78 ARSRAR LIRSS N HEFE AR SEA A A AR A2 3 0 100% 119 46
SHRMSEMENES B, B 200%4 5700 .
4.3.2. FEESBIFRTHRKEHIAA

N RARASEGIREN B, KA BMOKAAE AR, i B sk & S AL 5 vl 5 e 1 8 5 5
o ALLLE H 95%[KK KT FIE ARG K R F, JEASEAES . KBS ESRMHRIE S RGN 100%H 44

AR AR, WA 7. K 8 NEALRAFE BIA RS T KR T BRI ALL .

Table 5. Calculated results of long series data under different growth rates of ecological basis flow

F 5 NEESERKETHKRIHEER

WEEFR AR +100%4: 7 +200%4: 35 +300%4: 35 +400%4: 35 +500%4: 2
AT KIS m? 54.40 81.60 108.80 136.00 163.20
K AENZ KW-h 23.65 22.66 21.35 20.28 18.52
p -0.026 —0.062 -0.111 -0.148 -0.215
q 1.00 2.00 3.00 4.00 5.00
k -0.026 -0.031 -0.037 -0.037 -0.043
350
—— RS —m— RIS
300 - ® —a—+100%E 2 —0—95% \Vjii 7Y
250
(:\;200 -
1\%{150 -
S100 |
50
0 e

7 8 9 10 11 12 1 2 3 4 5 6
HA

Figure 7. Process of inflow and different ecological flow
B 7. kERRETEESENREDE
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