Contents lists available at ScienceDirect

Engineering

ELSEVIER

journal homepage: www.elsevier.com/locate/eng

Research
Watershed Ecology—Article

EEESHKERREE — LUXIHR TREmRE a5

a,* a b c b

’

* State Key Laboratory of Simulation and Regulation of the Water Cycle in River Basins, China Institute of Water Resources and Hydropower Research,
Beijing 100038, China

® State Key Laboratory of Hydro-Science and Engineering, Department of Hydraulic Engineering, Tsinghua University, Beijing 100084, China

¢ Water Resources Department, Yangtze River Scientific Research Institute, Wuhan 430010, China

ARTICLE INFO e

Article history:

Received 26 December 2017
Revised 26 April 2018

Accepted 5 September 2018
Available online 12 September 2018

K PEFEE ) BRI 2 2088 TR A RIS, R AR S R G0 T AR . A SR T —Fh
T [7) A2 385 B A TR A L SR, T P9 A [R) AR A5 D RE T 75 1 A A B B 5 BIUK PR R B R P2 v
PASEEA: A5 B 75 SRR FE SR 2 [0 RO o 2SR & 1 FLOC AL B D7 S A — A 47 s
A ETT 58 A8 NIRRT SR 5 A2 AR 75 SR SR IN B B, 7K P TR R FEE A £ BT VAL B /N VA
SR RTR TR H AR BETT 58, B R IR R M 8 iy NS HI/K Rt o A6 7K PR 51 R AR 7K SC 25088 i
PLRBE AR A T RE T B N YT, RO R SN A AR TT a8, R R kAL, AT

e SRR AR K 2 W PR T P T R F PR AR BB, LA

A Re S5 AT, S A A Iy S ARE T R A A TR S TR AR, LR AT KR 1

i;r;aj P AT 5 ) ) S RO AT B T R4S B A M . R SCHR T ) AR S R K EE R R SRR R T
EZRAER 8 1 2 0B R K P I 4 PO R F

ASARTIEE ] © 2018 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher

Education Press Limited Company This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.5|1F Wi, R TR IR A A, RS R AT

— R A2 [6-8].

7K PR A i 3K W IR R AN B o R T 2 —
20174, tHA B R KBRS 58 000 5, H
th 2124 000 fE 7 T [E [1]. KEEREBCSIHEZ S T
J IR [2-4]. AKEERECE A BWE RGN K
FEITBOK PR A IR T H A H RS, EHR T &
gr N H AR K ZE FPIRAS, AT & 1 5 G840 1) 1 FE &L
i [4]. K PEEREIEA VA FE A I 3 BEAR TR AE B LR R T v
DA 47 B 2 NS FH K TR 3K, i 8020 B i 25 J8 AR A
TR [5]e ZK I RN BE BELRS T VAT 1) AR IR

* Corresponding author.
E-mail address: Ixh@iwhr.com (X. Lei).

AR B SONERRTIRAE S R G RS T 35
B K B SR A AR AR[9]0 7K 8 7 SIZ B 1 5 2o A o SR
FEAERMET R, FHENEEN R/ LR &R
AL K B B R, SRR A B 2 A A
VR A [5,10]. SR, X AP TR RS T AR
YRR AR A R R E AR . KA B
IKTEI RN S WhE] . FReent M AL R, &
M5 37 3 A A 2 2 R TR I A A R G0 G RN T R ) o
HEZE[11].

2095-8099/© 2018 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

: Engineering 2018, 4(5): 627-634

: Hao Wang, Xiaohui Lei, Denghua Yan, Xu Wang, Shuyue Wu, Zhengjie Yin, Wenhua Wan. An Ecologically Oriented Operation Strategy for a Multi-
Reservoir System: A Case Study of the Middle and Lower Han River Basin, China. Engineering, https://doi.org/10.1016/j.eng.2018.09.002



F RS R TR R KRR A R KB AR S &R
G — A 20845 [12]. RichterflThomas[12]#&H T —
AN PR 2 DL B ORI iR FH R T 58, ATk
BHEMTFRAES RGERKRUFE. — ot RE8U) T
WK BEV BE T3, A4 7K e 7K SE R A S i i
SRENRFAE[10]e WY in%E [13]4F /)N B & 2k 7K e B
PRAE FE RN, e O B R g AT AR A, AT S/ IMG T
TERT TE 7K SO NS BEK BT, AT A A 2 75 SR
NFEHKFER . SteinschneiderZs:[ 14155 T i S EE s
MIAERRE TR, FFHE 7 RIK R B A R FE A4S
B, o TR FE TR AR H bR 54 GKE B AR Z A1)
AT o 7853 R K SCIHRAT J2 O RO 1 7K EE A U B2 2%
) — I RORAR[15, 161, —LLfiff 7t 20K TR 15 S 94
NKEAZSEF . WYinZs (1715 T R B A K S 3%
(AR SPRKEFATKE) #2077 3F AR E T H K
W, R HLBE A N BRI 7K I B SREm A o AR K ARAIE 2R
ZIR, So U FE SRS AT, DASEE K S X FE )N
WangZ5 18152 H T — MN/KEHERFHELL, 87 7 25
NFEHKHRAARRE T R ZAIFIIE R, XL
G317 3K —HE BRI T 58 3 PR AT I AN TRARAS VAL I 2 FH 3%
R

BIRCH T2 IO AT E T RN KEHE
o, AEAH ST FUAR 2D TR R BE VAT ) SR B AR A T
e, IR ARSIV T RGN A8 ) 7K ZE A T A
Mrp e ASCHR T —Fh B ISR S A S D e I AR S
TR PIKERE R SRRS . ZRIRE S T W AR
R — RGNV AR ETT R . 2R N T DL

691

NI A KRB EERE R . ASSCES AR A Y T
170 A 28 PR 7R T T P SRS (R R PR iR s 38 = B 0 e
TP TSR BERE MR DL s 55 DUAN S Tk 0 1) 38 1
RN L R W R S Y R A I M NG
WEETT S HNE T TR SR, -t
171 R

2. EAESAIKERFEE RS

T ) 242 2 R 7K P A R B SRS AL 1 TR AN [R) A 25 )
RERTAE VR TR, TER NN BRI 2 B U 2R
oo NPT AR AR F R AR RIK TR K, R B Ab i
FERS AR K EEAT IR EE (1D ASERK TR R4 R
e R B JE AR/ B S A e D L Y
T 7K 26 T X T 9 P 3 B AR 25 Tl e 7 AR i 38 97 T S T Y
I IR e AR ST BRI AEREN I A 40 501 SR R 2
(Y4 JEE SR

FEH A EES, R D0 A T R T 5.l i B
B K f AT O R DA R AT A A TR T R . N
AR A5 K S IX R T7 3% RO AS [R ] B i £ EEAE S T RE, R
FHAR L B 7 A0 S fe /N i B AR R IR i B O 20
N TR B K P R R R BEAT A4, AER K
NGRS MK . W LUK, Bt K%L
FENRHIK BARRE, R 2 HEsOUALT7 3550 Hr 2 F0 N
FEH 7K Zat 2 18] OBUHT 2K Zr o B AR Ok 3K i 4F
13 AERE R T %R .

A, SAT — RPN AT 5. &K

Ecologically oriented operation strategy for multi-reservoir system

v

v

Regular operation stage:
long-term optimal opeartion rules

Simulation model
Minimum water-release policy
Multi-reservoir system operation rule curves

Optimization model

Objectives: flood control, power
generation, water supply, etc.

Variables: multi-reservoir system
operation rules

Solution method:

nondominated sorting genetic algorithm I
based on feasible region search

Ecological operation stage:
real-time operation schemes

Scheme to stimulate FMCC spawning
Implemented objects

Trigger conditions

Outflow modification schemes

Scheme to control algal blooms
Implemented objects

Trigger conditions

Outflow modification schemes
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Year Characteristics of flow increases
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Water level of the Danjiangkou

Reservoir inflow forecast Flow increase target at Shayang

Sub-schemes Hydrological year . - . . 3 1 g1
Reservoir (m) (m’s ) Hydrological Station (m™-s +d )
“Low” scheme Dry year <160 — 390-700
“Middle” scheme Normal year 160 (steady or with downtrend) <1200 700-1000
“High” scheme Wet year 160 (with uptrend) = 1200 1000-1250
The flood control level of the Danjiangkou Reservoir is 160 m.
THRAFRRES N N RAEBEERNE, 2645 20T 100 s
A 7 5 2 S AT A 2 R 5 R L ool .
4 (E3). MRIERRINL, VDR LBk b 4% ) ggw— .
MR IR I BRUAE 43 79 9 900 m’ s 1800 m’ s ™' gém— . ° .
SZ 60t LI
85 .-
5.2.2. AN KM 5T & 28 *°f
DU RIS 9 7K P A 0l 8 e 42 ] 1) S I 38 52 7 SR #R1 R coaor
= ) S K 3R BE S I ¥ NN S 30 I I I I ‘ I I
ijﬁy{j%ﬂ:{*jtﬂ ghﬂ{m” éﬁﬁ ° Xj >\\ U\J:/Xﬂ:q:{}"“ﬂ: 200 300 400 500 600 700 800 900 1000
B, #EERHIE BB 1X10%ind L™, JA Y Hi B3 7-day minimum flow (m*s™)
N T s L e L PR (a)
ERRAEIE . IRSHL K PE R, B3 b ’
N 0 seon NN s 100 o~ s o o
TR INE900 m*s™, IFYERFT do RPVLBUONEE LR
R, . . - . — . 90 .
TLTRITRE, HHSE I SR X10%ind- L, JU3A 2z L
B SERAEIE . (7 S A e 5 1 VT g8 | e
WLARIK,  ARNFE DT /K S AL A5 Al Ak i i e 16 n 2] %EGM P
800 m*s ', JEFFLLT d. 82 L o
o8
F2 40
6. é:él: 5 30 ! ! | ! ! ! !

6.1. i FA ALV FE 7 22 IR BE 7 e R B 4
pogEe

PO AR Ui 22 5 A Ak B D7 B LAS B (R
E. WHITA RFCRTAT W4, 3T o8 I ir 43 3 T #E
TERI R BEJT 580 HERE 7 RARIE h 26 LRI 2 477 2 it
IRAME T BRIK T, [] B K PR B2 s 2 vy A F AT 97 9t
MILi G M. H5ETIRME T ZML, ETHEEN
RRIEE 74.24%, ERINT 1.41X10° kW-h, Wi T
3.5X10°m’ (F4).

6.2. ST FE 7 X N /K338 1 52
6.2.1. % FE FMCC 7= YR ) S 3 B 7 R A 52
TE UL R T U 7K 2 B 5 DS A VR R A 40, 1) Aty I

R/3 RBITRAR RSN R B Ak SR BT %

200 300 400 500 600 700 800 900 1000
7-day minimum flow (m?-s™")
(b)
B 3. BT At SRR AR SRR 6 R 8. () VbVl (b))

HEHL19684E . 19764FE F19574EAE N K AE. F/KAEM
TR AE STy, TF 5 FEFMCC B 1) S ) 1 5 A4
H 5 AN f S R B R & AT XS Le A b . FEFEIK
L PRI KA 26T, SRR B2 43 0l s 4 He
H3.05X10° kW-h, 1.69X10° kW-hF11.03X10° kW-h;
Pl AEKO m’y 2.69 m? X 10° m*f17.01 X 10" m’. — kK
Ui, RBOK T S S R X A AT /K S M 50 . X
SN, 52 B 7K FE N TR BIRE o 0 SR 7K AE T F SIZ i 1 i
Ja B R E N CERE R AELEFKE), SENFE RIS R
YN 7K 2 AR AT LAAS BIAR L iR M2

River reaches Algae density (ind-L™) Discharge target (m’-s ') Duration target (d)
Above Xinglong (at Shayang Hydrological Station) 1x10° = 900 =7
Below Xinglong (at Xiantao Hydrological Station) 1x10° = 800 =7
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7.0
86 84 82 go 78 76 74 72

E (x10° KW-h)

B 4. 2T H IR R HNER (R). Z2HE T RBEE ().
ZHETHMOKE (W) RN,

R4 M7 R S BURIA L TT SIS SRRt

Scenarios R (%) E (x10°kW-h) W (x10° m®)
Recommended scheme 91.56 7842 9963
Currently used scheme 87.32 7701 9928
Difference 4.24 141 35

6.2.2. F% A 1) 1 S IR IR E 4D 5 0

FE DL R R Ui 7K P R R A R P AL 1) B A b,
1 HL19924E. 19984FE. 20004F. 20084F A12010%% K 4
AR AR N BRI R PHL T K e & X a4
] ) SIS FEAEANL, I 5 AN R SN i R AR & SR gk
ATRFLE AT BT o S IR FE S BUMHL K 2 B i A 3
b, HEREETHEIN1.6X 10" kW-h. )&, JT/ESeit
W S ECE KRG T, P 1.21X10° m',

6.3. TH i) A= 28 FA) 1 B2 SRR ASEAUL 2 2R

K AR BETT &P O HERE T % B IEFMCC™
B P SIS R B2 T G TR S TBOK T ST S0 g8 e 42 ] ) 52
IS )8 52 77 G J A — AT ) A 2 DL R R i K R
THEESRN, TF R BRI, IF S BUIR B T7 AU E R
BEAT XS EE M (3R5). ZRRW], EFEEZHERE L,
SN IR B T A PR A AN K S 3 4 O R DA K T
WA FEAS BB > a2 o T 1) A2 25 R K ZE R R AT

RS T ARSIV S DR A B2 Ty SR AL B2 45 SR L

DAYERFI i AR S DI RE T R AR AU, R R AT RE
I NI K R o P AE R

7. 4572

AR T — 2% 8 Al ] B2 I 39 F THT 1) A 25 7K
PERER RE SR . A L L, KR DRI AN IEH]
AR R A, AR 5 %6, A3 NS RTK
i K. AR BEIIA], TSR T %, 1A
BAGPOKER TR, DA R i A S R
AR TR ZRIEEES T W AR 5 A st
WS, SOl T ARSI RS R S AR R
NG

I I DL A T IR S BT FEARAIE 1 1% SRS AE SR
R RCR . AEHOLA BES,  ABLRR 7 AR LE,
WAL E 7T R TRIE R G T it/ N R, (AN 3
ks Bk, fOKSEZ I AR @ . 4
AWPEE, TFRESERREE, B0 ARG SRBEK A Y T
U, DA 2 ORI R R P R AR SR . AR
FEEERE L, U R R R A AN K R 2 0k
A CLIE L AL I B A B B ke o SR A T U
T T A2 A - i 2R S IR R SR AR AT K 75 SR AT
itk

T 170 A 285 (10 70 P A U 32 SR 3 mT A LA 34U T
BEATAE T OIZ SRS T < 8 A2 A Th RE AR 1R ) 32 22
ST I, a8 B G 2 B AR A K S R R
B, X RRE R E AR A @ISR K
I3 2 77 S8 LA S Se TR A5 BAE MR s %A, R8I 2
BIF ST TR A fiff 2 1 36F 1 T 7 A= 28 B 7K P2 A A 52 Y R v
FE SN B U7 S R B R IR A E R R O
TSRS (1R ST it R R AN UL FE R T AT T B, —
FUX SRS N TS B, A 50 HL S it R 3R AT 4
FOMEI S 1P AL, JEANBTEEAT T S8R % .

e

AHFFH E K E AR R (2016YFC0402208 .

Scenarios E (x10° kW-h) W (x10° m®)
Increments achieved by regular optimal operation scheme 141 35
Decrement caused by real-time operation schemes 153 390
Difference between ecologically oriented strategy and currently used scheme —12 -355
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