/\I— 4 —A 1

}

el

3L &
& o

24

20114

L
;O_l
Ho






AL et g e B

}

el

L
&

TR

114

20109

o
Ho

r2

~0






;OU
NH
o-
ol
alg
HJ
o
;O*l

T
;Oﬁl
Ho

o)
ol
re

234

24

2011

. -
~

=13
=,

S}
s1

e

_CH

Coll

o
Ho






LiSt O Tables «reerrresessemmnsiesssssnsisssssssisssssssssssesssssssssesssssssssssssssssssesssssans ix
LISt OF FIGUIES wrerreeeeerssssseresssssssemssssesssssssssssssssss s <i
LISt Of SYIIDOLS wwreeresseeeerssssesermssssesmsssssssissessssisssss i sssssss s snneos i
ADSEEACE woeveeseeseesessessessss st ss s XX
ATFE A B e T e st e e v s 1
1.1 Aol w2 TRt ol s, 1
1.2 AT AL 0] ool TN 3
1.3 e fodgibl =51 (. W W A 5
1.3.1 58Hd H A8 o] 98t SHE T ol 6
1.3.2 WEFE 2 ~El B 93k LEE T i 8

1.4 {:%‘O/l :ll/%] ........................................................................................... 11
;(1]2;((;- AR 2 m]]q.j'él‘_ﬂig HFRH 15
2.1 AR LG st ens 15
2. 1.1 QIHFAFT cervreeesseessssessseesssssss st 15
2.1.2 AFLH AL BF LOIF e 17
213 712 A5A SGB0 TEAA @ AP HFEE s 21
2.9 WEFEE] 22 Bl HFH] ceorreeseeesseesssessssess st 29
2.9 1 S AZF SFTLE]Z rvrvrrerrrerseessesiss e 24
2.2.2 SCE-UA CFILE]Z srereeereerssmeessssesssssssissssssssssssssssssssssssssssssssssssees 31
2.2.3 ZFUBW B} EFAD OF T E] 2w 40



47

A58 A -

47

47

52

3.1.2 A+A

56

o

56

59

62

3.2.3 AA}

79

S LSS R DT [ 4 ", —

o
T

3.2.4 e}

81

A4 AEAF Y FA D AHFR Y FHILZ|E ot

81

wAO

4.1 A5oH

e

‘_mwo
8-

95

95

4.2.1 o

99

105

4.2.3 A

110

110

111

114

£.3.3 FOEIE e,

_Vi_



A 5%

117

= A

117

5.1.1 $-2lytete] A

119

D Z|OEFZ Y] TEAD ceeereerini e

122

122

g] ;g-j] xa_{[\_x]%og% Eﬁ_%
b1l 7] A5

i)

125

o
RUS

o]
=

5.2.2

127

5.3 &71 A4A

127

o A7) AFAE
o471 3

5.3.1 ¢+=H

136

3

429 %

* o
FT5

S

o]
=

5.3.2

,ﬂl
w

o)

jgase)

o

&

gl
HR

145

N
O
mK

ALdE ==

st 7] A5

S|

92 9

o

Al

B

A6 =

145

145

6.1.1

146

LR S o) e R I RO

ofn

jgase)

op

A

B

(e

6.1.2 A

147

mK

oy

o

ol

o
op

B

HH

6.2

147

6.2.1 9

150

o

!
oF
el

TO
op
Bl
K

i
v

152

6.3 &7 A=A

162

o

165

- vii —



165
168

169




List of Tables

Table 3.1 Reservoir operation according to water level seeeeeeeeeee 50
Table 3.2 Monthly empirical power generation factor « e 51
Table 3.3 Converged optimal value for 6 test functions == 65
Table 4.1 Precipitation of Andong Dam basin (mm) eeeeeeeeeeseseens 86
Table 4.2 Precipitation of Imha Dam basin (mm) «eeeeeseemeemmemeee. 7
Table 4.3 Inflow of Andong Dam basin (<10° m') seeererererinninns 88
Table 4.4 Inflow of Imha Dam basin (X10° m') s, 89
Table 4.5 Specifications of Andong and Imha Dam «svgreeeeeeeeemeeees 90
Table 4.6 Storage - elevation relationship (Andong Damy) e 91
Table 4.7 Storage - elevation relationship (Imha Dam) wteeeeeeeees 91
Table 4.8 Spill record of Andong and Imha Dam --reeeeemeeeeetermeeeeenns 94

Table 4.9 Results of skewness and correlation test (Andong Dam) - 102
Table 4.10 Results of skewness and correlation test (Imha Dam) -+ 103

Table 5.1 Simulated release for single opération (Andong Dam)

Table 5.2 Simulated hydropower generation for single operation
(Andong Dam) (GWhH) «eeseesseessereseemieesiesisesissesesieseseenes 134

Table 5.3 Operational performance statistics for single operation
(Andong Dam) .................................................................................. 135

Table 5.4 Simulated release for single operation (Imha Dam)

Table 5.5 Simulated hydropower generation for single operation

(Imha Dam) (GWh) ........................................................................ 140

_ix_



Table

Table

Table

Table

Table

Table

Table

Table

5.6 Operational performance statistics for single operation

(Imha Dam) ........................................................................................ 141
6.1 Comparison of zones between single and joint operation
(Andong Dam) .................................................................................. 151
6.2 Comparison of zones between single and joint operation
(Imha Dam) ........................................................................................ 151

6.3 Simulated release for joint operation (Andong Dam)

6.5 Simulated hydropower generation for joint operation
(AndoffenDam) (G T W ..l N 159
6.6 Simulated hydropower generation for joint operation
(ImhafBam) (CRRN e ... N . ... WAL ... 160

6.7 Operational performance statistics for joint operation - 161



Fig.

Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

List of Figures

1.1 Developed long—term reservoir optimization and simulation

12 SChematiC diagram Of researCh ................................................ 13

2.1 SOP and hedging rule (U.S. Army Corps of Engineers,

2.3 Explicit and implicit stochastic optimization procedures

(Labadig™@g004) --ulf- Rl R ... 5 g N 20
2.4 Top=level structure of the PIKAILA -weesieemsessesonieceeenae. 26
2.5 Initial population structure of the PIKAIA «:erreeeeeeseeeenn 27
2.6 An optimization steps for genetic algorithm «««efeeeeeeeeeenes 31

2.7 Flowchart of the SCE-UA algorithm (Duan et .al., 1992) --- 35

2.8 Flowchart of the-CCE algorithm (Duan et al., 1992) - 38
2.9 An optimization steps for SCE-UA algorithm eeeeeeeeeeeeee 40
2.10 Flowchart of DDS (Tolson and Shoemaker, 2007) - 42
2.11 An optimization steps for DDS algorithm eeeeeemeeeeeeeeenees 46
3.1 Reservoir operation zone according to water level = 48

3.2 36 variables to be determined for zone based operation -+ 49

3.3 Flowchart of a developed reservoir operation model - 53
34 Mesh plot Of an objective .......................................................... 58
35 Mesh DlOt Of the test fUI’lCtiOl’lS ................................................ 60

_Xi_



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3.6 Comparison of a performance for the Bukin function - 66
3.7 Comparison of a performance for the Shubert function - 67
3.8 Comparison of a performance for the Michalewizc
funCtiOl’l (mzlo) ...................................................................................... 68
3.9 Comparison of a performance for the Michalewizc
funCtiOH (ngo) ...................................................................................... 69
3.10 Comparison of a performance for the Michalewizc
fUnCtiOﬂ (m:BO) ...................................................................................... ’70

3.11 Comparison of a-performance-for the Griewank function

- Xii —



Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

41 Basin map Of Andong and Imha Dam ..................................... 82
42 VleW Of Andong Dam ................................................................... 83
43 VleW Of Imha Dam ........................................................................ 85

4.4 Rainfall-runoff relationship of Andong and Imha Dam

baSinS ......................................................................................................... 89
4.5 Storage - elevation relationship of Andong Dam «eeeeeeeee 92
4.6 Storage - elevation relationship of Imha Dam «eeeeeeeeeeees 92
4.7 Measured reservoir water level of Andong Dam -===-=--ooe 93
4.8 Measured reservoir water level of Tmha Dam eoeeeeeeeeeeeess 93
4.9 Plot of ‘sSkewness test of normality e, 104
410 PlOt Of Fllhben test Of normality ........................................ 104

4.11 Statistical comparison of measured and generated inflow
data at Andong Dam .......................................................................... 106
4.12 Statistical comparison of measured and generated inflow
data at\JlaMl Bam - e VL JE.. L T e, 107

4.13 Comparison-of cross correlation of Andong and Imha

4.14 Comparison of an autocorrelation function (Andong Dam) -+ 109
4.15 Comparison of an autocorrelation function (Imha Dam) -- 109
5.1 Monthly supply planning of Andong Dam «eeeeeeeemereeeenens 120
5.2 Monthly supply planning of Imha Dam e 120
5.3 Optimized zones for single operation (Andong Dam) -+ 124
5.4 Convergence of single operation model (Andong Dam) - 125
5.5 Optimized zones for single operation (Imha Dam) - 126

5.6 Convergence of single operation model (Imha Dam) - 127

— Xiii —



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.7 Comparison between simulated and observed water levels
for Single Operation (Andong Dam) .............................................. 129
5.8 Comparison between simulated and observed storages for
Single Opel’ation (Andong Dam) ..................................................... 129
5.9 Comparison of excess supply between measurement and
Single Operation (Andong Dam) ................................................... 132
5.10 Comparison of hydropower generation between
measurement and single operation (Andong Dam) «eeeeeeeeees 133
5.11 Comparison.-between simulated and-observed water
levels for- Single Opel‘ation (Imha Dam) ...................................... 13’7
5.12 Comparison between simulated and observed'storages
for Single Operation (Imha Dam) ................................................... 137
5.13 Comparison of excess supply between measurement and
Single Operation (Imha Dam) ........................................................ 139

5.14 Comparison of hydropower generations between

measurement and’single operation (Imha Dam) =eeeeeeeeeees 140
6.1 Optimized zones for joint operation (Andong Dam) - 148
6.2 Optimized zones for joint operation (Imha Dam) e 149
6.3 Convergence of joint operation mode] seeeeeerrreeemnnnannn 150

6.4 Comparison between simulated and observed water levels
for single and joint operations (Andong Dam) reeeeeeeeemeeeeness 153
6.5 Comparison between simulated and observed water levels
for single and joint operations (Imha Dam) e 155
6.6 Comparison of water supply between measurement and

jOil’lt operation ...................................................................................... 157

- Xiv —



Fig. 6.7 Comparison of hydropower generation between
measurement and joint operation (Andong Dam) -oeeeeeeeeeeeee 158
Fig. 6.8 Comparison of hydropower generation between

measurement and joint operation (Imha Dam) e 160

- xv —



List of Symbols

Latin Uppercase

MO

M,

NTF

PP,

QF;

any real set

parameter matrix for season j

partition into k complexes

parameter matrix for season j

dummy variable (O or 1)

sorted array in order of increasing function ‘value
difference between target and actual release during period t
evaporation from the reservoir surface during period ¢
set of all unsatisfactory (failure) outputs

centroid of points

average effective head

lag-0 covariance for season j

covariance matrix between vectors Z; and Z ;_,
number of point

number of times the process went into failure

power generation

precipitation amount on the reservoir surface during
period t

reservoir release

reservoir inflow during period t

- XVi —



Ry ¢ reservoir release for agricultural usage during period t

R,, reservoir _release for domestic and industrial usage
during period t

Fel reliability

Ry reservoir release for excessive water during period ¢

R reservoir release for instreamflow during period t

R maximum reservoir release

" .. minimum reservoir release

Rp reservoir release from spillway during period t

R, reservoir release during period t

S any real set

ST shortage index

SS set of all satisfactory outputs

ST, o« maximum reservoir storage

ST i minimum reservoir. storage

ST, reservoir storage-at the beginning of time period ¢

Supply,  target releases during period t

SV, system's output or status by the random variable
S, standard deviation of variable
Trg length of time s system's output remains unsatisfactory

TTF total time in failure
Vul vulnerability

w; transition from a satisfactory to an unsatisfactory state (O or 1)

- Xvii —



X observed time series

X state vector (2x1) of random variable during year ¢
K and season j

Y normalized time series

Z; zero mean vector for the year i and season j

A synthetic streamflow

Latin Lowercase

a transformation coefficient

b transformation coefficient

d, deterministic component of synthetic streamflow
e; probability. corresponding to 8;

f function

Simin minimum of function f

m number of points in each complex

m; mean vector (12<1) of random variable during season j
P number of complex

Pin minimum number of complex

q number of points in each subcomplex

r parameter in DDS algorithm (0.2)

Tr.z, lag-0 correlation between variables z; and z;

= Xxviii —



lag—1 correlation between variables y, and z;,
number of points (p>xm)

severity of the state

discrete value of system performance variable SV,
time

vector of variable z

variable 1

variable 2

random variable during . the year ¢ and season j at
location 1

Greek Lowercase

number of.consecutive offspring” generated by each
subcomplex

number of evolution-step taken by each complex

power efficiency

(nx<1) vector of standard normal deviates for year ¢
and season j
random or  stochastic component of synthetic

streamflow

- XixX —



Development and application of water level zone decision method for long—term

reservoir operation using dynamically dimensioned search algorithm

Shin Uk Kang

Department of Civil Engineering, The Graduate School,
Pukyong National University

Abstract

Because new dam.-construction for water resources is limited in
Korea, it is necessary to operate existing dams optimally. The optimal
reservoir operation -method ..should +be easy to- apply “for practical
purpose. The purpose of this dissertation is to develop an accessible
and user—friendly long term reservoir operation method for dam
operators.

After constructing reservoir operation rule based on water level zone,
a reservoir operation. model is built. The synthetic inflow of dam is
simulated by multivariate stochastic hydrologic generation technique. Out
of metaheuristic methods, ~genetic algorithm, SCE-UA algorithm, and
dynamically dimensioned search algorithm were selected as proper
method to determine reservoir operation by water level zone. Variable
test functions are used to test above algorithms. With those results, the
optimal method is selected for generating reservoir operation rule.
Reservoir operation is simulated with reservoir operation rule from
single and joint operation dams such as Andong and Imha. These results
are evaluated comparatively formal operation results by water resource
system performance.

The statistic characteristics of observed data were described

— XX —



temporarily and spatially by generated synthetic inflow. To generated
reservoir operation rule, formal method was simplified and as the
results of optimizing this process, monthly water level zones are
determined. The determination of release amount was developed
according to the water level zone calculated by the sum of current
storage and future inflow which was corresponded to reservoir water
level. Compared other algorithms, dynamically dimensioned search one
1s more efficient to search global optimum value with various test
functions. Converged value of Schwefel function by dynamically
dimensioned search method showed less—.value about 10 times
compared to other~two algorithms:

Developed long-term reservoir operation rule-was applied to single
operation such as Andong Dam and Imha Dam respectively. Simulated
results of both 'dams’ were shown better than the one  of formal
operations such as release amount and power generation. Simulated
Andong Dam and Imha Dam results lof annual average power generation
were more 6.2 and 3.4 GWh compared by formal operation results
respectively. Reliability - of Andong Dam is ~increased 9 % and
vulnerability is decreased Zat e | G- ol compared to the one of formal
operation. Otherwise, the resiliency -is-decreased 0.08 compared to the
one of formal operation. Reliability of Imha Dam is increased 35 %,

3

vulnerability is decreased 0.31x10° m’, and resiliency is increased 0.03
compared to the one of formal operation.

Developed long—term reservoir operation rule was applied to
Andong-Imha Dam joint operation. Simulated results were shown better
than the one of formal operations such as release amount and power

generation. Reliability of joint operation is increased 0.31, vulnerability

is decreased 0.17x10° m’, and resiliency is increased 0.03 compared to

- XXi —



the one of formal operation.

The developed reservoir operation rule in this research with
operating experience for many vyears is used by dam operators
practically for long-term reservoir operation planning. It will be
contributed to supply water resources stably by proper release in time.
By this method, it will be achieved optimal goal of reservoir operation

policy.
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(Fig. 2.1(a). AFA &9 T FFol A4d =5F 78S 017

= =

st dAel H=FS st 9249 hedging ruleo]tH(Fig.

pack rulet E¥ WHHEFS 23l S UHE 9 2 A 2Hd, 854
=, T4 24, At T 22 A E FEste *dEOIH

1
1
D — s T EE N iR AT A
Release 1
b Target met
Shortage { Target met & spill
D D+C
Available Water (Storage + Inflow)
D = Release Target C = Reservoir Capacity

(a) standard operating policy

D1 /
Release
Target Target met
Shortajge met & spill
D D+C
Available Water (Storage + Inflow)
D = Release Target = Standard Operating Policy
C = Reservoir Capacity -—— Hedging Policy

(b) hedging rule
Fig. 2.1 SOP and hedging rule (U.S. Army Corps of Engineers, 1996)
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zone-based &%

i

(Fig. 2.2)olA+= AFAE o8y 1Y 7Hd 99
HAHU.S. Army Corps of Engineers, 1977).

pREe AA ARSI PR Wedl wet AR 47 o

18

A4 Ao AFEF ST ol IE LIES

[}
-

If 87, is within Zone 4 then implement Zone 4 rules
else if 97, within Zone 3 then implement Zone 3 rules

else if 97, within Zone 2 then implement Zone 2 rules

else/implement Zone 1 rules.

Reservoir
Capacity
, Zone 5
\ Zone 4 /
Storage Zone 4
Zone 3
Zone 2
Zone 1
1 | L ] I ] 1 [ N |

]
O NDJ F MAMI J A S

Month
Fig. 2.2 Zone-based operation (U.S. Army Corps of Engineers, 1996)

_19_



A Fa3 7EAd HEWe s FAA FH A3 explicit stochastic
optimization; ESO) AW (Fig. 2.3(a)@ &3 FAA H A3 (implicit

stochastic optimization; ISO) <9 (Fig. 2.3(b))°|t}.

. =, Stochastic .
Stochastic i & Time Deterministic
Streamiow | ™™\ Cenamton ——————— Optimization <t~
Generation Model Modet
Model . or
o Probabifty Long
H‘léoo'r’h Distributions Héstoric:l
| eCcor
Record 6
Stochastic
Optimization €———
Model
mal
qugn"aﬁng
Rules
Simulation Refinement
» ™ — Refinement
Model and Testing and'T esting
i
(a) ESO (b) 1SO

Fig. 2.3 Explicit and implicit stochastic optimization procedures
(Labadie, 2004)



FAANEE TAT 5 AT o8 Fd A AFA LIRS £EIY
(Stedinger et al., 1984; Tejada-Guibert et al., 1990, 1993, 1995).
AZAG Polsle St el FASH HoRe AA] WS Ax

FrARe] #gE ZxIdFE ek Aol g olHt(Young, 1966).

al
F TS ATEAeR ditstd FdES E=Ece WHelt(Young,
1966; Whitlatch and Bhaskar, 1978; Karamouz and Houck, 1982;
Karamouz and Heouck 1987; Karamouz, et al.;~.1992; Lund and
Ferreira, 1996). &3 F7A18t4 WHE dvbdo g F85< SAHEA
HAhIH S ARRsl7] disgol ALAIES G EAID = STk
AP THRL R B e ATAedE S =52 7

Hgrsh Nade Agxde FUHE B, fazd =4 % 2ol

At

-l>

A A A Alame] £9E fel HHs IS A8k
A57F Wol Aol gom, o8 wdol HA s 4

= Aal Ak 18 Y Yeh(1985)9F Wurbs(1993) 52 28 <& A+
A olE Al NI AAl AEe] @2 ARV dss A Hska

(o))
A
o} o] gt Axfo]| tigh T8 U v #FE AGEANA S F

d
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2ltH(Labadie, 2004; Yeh, 1985).
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a2 g FS AEY AAA, S AA A (natural selection)
I FANAe 2 54 "2 7R otk (Goldberg, 1989). ©] 7IH
o] 714 & 53L& Newton-Raphson W3 & ud% FHA37]Ha
22 ol BA7IYgol sty e 8ot vk, EUle] A s
E2 o]Fo% d9 Ht(population) S +&3k= Aottt o] g st
A (selection)®} vl (cross), M 3Hmutation)ot 22 33
o] S A g3to] A h(generation) = Z3YA 71 HA & F7H(solution
space)s ©AE Ptk A dagES F2 oo ol &eEH & ¥
e gAY Tl AHs] xstuojof gt F2 Y oj&RtS A xs)
Holol x] o F4sfol wd ¢ ol & &gk BHAvkE 7

zstH o] &Ml 7Y £ 3E ZobrkA] XekAl En
A dnEEFS L EH ol80] st i, Y B Eel ¢
sto] of e Fokol HAsk e YAREA FA odstA A8HL A
o 53 ExbgE 3 11 g 5] -Fete] WMt Aloke] & &

H ol Hldh iAol ol Aokx

(1) PIKAIAS] 7l &

PIKATA(Charbonneau and Knapp, 1995)% "l= =9 d}7|2s A+
A e (National Center for Atmospheric Research)ol A 7§&3l ubs}t
g A4 dnzoln. o §44 dnAEE e s Akl
d HAs MERdor FAH Stk MEFE2 Fortran® 2 24
72 d9lE A9)stalE ®F Fortran-77 S 9454 +

bolth elol® HwsY oyl AEA ALS, MekAH 5 (mplicit

2
r

4
O
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none statements)e] A A &<l Alg-o]t},
Y4 o2 PIKAIAE n-3 &3F 99 )
5ol flo)E HUFsts miAds e e

T = (5617 Loy "y x")7 xke [007 10] \V/k (21)

0B T Aol dAEEE AR

A3} o] A A (portability) S 3837 &o|t). 1L} o] AL Al&A}

rot
P
rlo
=
=
rE
¥
o,
1o,
-
12
=2
i)
2
Ho

PIKAIA+= np 7F¢] 7BA(individual) = o] Fo1 % 7} 7 (population)©l]
3 Hst A4S FhSh AT Are WA LS S 14
o] wolglty. B 7k n@ AP TEIES ST
2152 717] Bob= PIKAIAE A= o] mH2] 2435 Aldis sk s}
==

PIKAIA®], #|]1 == 3812 <AntARQl A Alo]&S z4dsle F
Aol FEx2 FE o)tk (Fig. 2.4)) o]H g F
of St WAL A7 (np)ek. Aol LSS ngen) = A # ko] of
& w7 grolth. QbE $3i(do 2009 2t WHE e F RRERE 1
A8 QARSI 3= pp o] AR AUE SHAAT]7] YEA
np/2 W Adsofof & A9t vk oA AT 7] nprt At

. W AREAZE npell diE EEks ARG A
PIKAIAE AT Ee] 715 np-12 Eola AuWAAE B 53 &

s A
ALgoh AL 719 3 BHE2 select MH ZRIHS T3}

=

"
m o
o
=)
rol
v

il

Aeldtar ZFzEe] phl, ph2dl AH-2sl:= %3 3 (phenotype) o

:l__"_:__
2 AMA (chromosome) gnl¥ gn2E AT 283l wxpALL

-5

S

(crossover operator)< cross A|H X2 S T Eslo] FE G|
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(parent chromosome)ell #]-&3%t}. mutate AH =
o] A sHmutation operator)S 83k 2 7o b
chromosome)E& A4 3t} decode A B L2 S F3] A&GAMA=
159 HeE= Fddow 5 genrep ABH X EIAS $EH3)
of AL Al wet A AFHAY stdrep HE ZRIAHES &

skl JRAIREel FrhET AR HAl A w2} AEE AT

newpop AlH T2 IS sEoto] ElE Ewe] AA WA, AA

H
Aol A At E5-2A F AT EE A
do 10 ig=1,ngen [Generational cycle ]
do 20.-ip=1,np/2 [Reproductive cycle ]
call select(ipl) [Pick dad ]
21 call select(ip2) [Pick mom ]
if(ipl.eq.ip2) goto 21 [No breeding with oneself! ]
call encode(phl,gnl) [build dad’s chromosome ]
call encode (ph2,gn2) [build mom’s chromosome ]
call cross (gnl,gn2) [The actual X-rated part ]
call mutate(gnl) [Mutate first offspring ]
call mutate(gn2) [Mutate second offspring ]
call decode(phi,gni) [Decode first offspring ]
call-decode (ph2,gn2) [Decede second offspring ]
if (irep.eq.1)then [Insert/store both offspring]
call genrep(ip,phl,ph2,newph)
else
call stdrep(irep,phi,ph2,0ldph,fitns,ifit,jfit)

endif [insertion/storage completed]

20 continue
if(irep.eq.1) call newpop [0ff with their heads! ]

10 continue

Fig. 2.4 Top-level structure of the PIKAIA

(2) 7] 2ol A 2 ME(selection) WH

AsE AJA8E7] A 271 A-F(bias)E dst7] A&, 7] WAL
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ol np /M AR AHLE = n MY WilESFES HFY (0.0, 1.0]
oA <lo)e] AF=R %7]|3tE . PIKAIAE Fig. 2.5¢ 7o #Ho=
Z713}E 433t}

do 1 ip=1,np [np individuals in population]
do 2 k=1,n [n parameters per individual ]
oldph(k,ip)=urand() [Random initialization ]
2 continue
fitns(ip) = ff(n,oldph(l,ip)) [compute fitness ]
1 continue
call rnkpop(np,fitns,ifit,jfit) - [Rank population ]

Fig. 2.5.1nitial population structure of the PIKAIA

o ifitd} jfitE 44 ek

A AL A2 E(survival of the fittest) =& A XEE(natural
selection) A& EWste= 192l lAYFo It PIKAIAE A4t
F7](reproductive cycle)®] WHEolA JRZ Hestr] fla] A 5H4

wape)

O

A Y =(stochastic sampling mechanism)< A}-& 3o},

o7 F33s AXAE= AT (fittest) S 7IWFO. 2 JP AT

lﬂ
HN

25
o] MAE HMdstn wulFY(mating pool)S At olg]d HAEe
AA MAE AstA AT 5-] Ak vhA] Zahd ARt G )
AES MAToNA Eollal H3=rl =2 JAE Agsozn o]&9

Tzl ol % Althe] JRAENAM WA HAEE Fvh AYS g

o]

i
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E)—]l

- =229
T =

o] 7FA7}F AW PAKAIA

o=
A (roulette wheel selection)(Goldberg, 1989)S A}-& 3k},

i

& o]} ojgze] FAolt).

Nn

otk n 7o wj

R B EEE A=

S

g]

(2.2)

&) 33,1)

T = (xL Ty -

7S O Al 9" Abol €

PIKAIA=

3} oy,

O
=1

1A e o

(2.3)

’ ‘X;zd>k

X, = (X, X, -~

2, € 0.0, 1.0]

42 Eq. (2.4)9F 2o

Y1)

o 9

o

(Eq. (2.5)).

(2.4)

,nd

mod(10"~ 7" 1z, , 10), j=1,2, -

)(j:

(2.5)

nd

1 .
— 3 X <10
10" ;=1

Xy —
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= FAA L
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i (crossover)
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i

A A el

Hl 5 o2 7FA] o] Q. PIKAIAE ©d

ol

FANA 2 EdAHol(mutation)™= G A He ARE

sl

03

N

oj

3)
=

Hosaki

Stk Hosaki st F+ 719 54

S

{t

A8

=
=

(Bekey and Ung, 1974)

P
T

]

A
&

=] >~
EIaa

= -2.345 o]t}

9]

2 w A9

TFolH, z=4, y

S}
=t

e 7

7 G F9L Eq. (2.6)7 #r}.

(2.6)

:134)3126 Y

1
3

_|__
Ty

7
1—8z+72" ——
( 8r+Tx 3

f(xvy)
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FA4 FnPES AHgetel Hosaki @40 A9HAH g A4t

q. 2.6) HAAi3s= Ao L, zF WMo

& 0.0005, HY Z=dWHolES 0.252 sttt AYASE 981
roulette wheel WHS AF&3}Sit)
2.

st Mt A dAE Fig. 2.691 YERY I Fig. 2.6(a)= 10 7l

o 7] e FARE AAPT Aotk AR HEL A Fol o
3 =F fkxHolA et Fig. 2.6(b)= 10 7N 7] Hddl uis)
roulette wheel W o2 AL 7l =2 g 719 Ak Aaz] )t o
A4 e A AeE 6 e H¥ FEH0] YEh itk Fig. 2.6(c)
= 2 /e FE AR =50 b e dHWE AR /F 4 HE
o] A& =AIZ otk AT 5 8 e AEW Holi, ywHX

2 AEe FRENA UG L DAL Fig 2 6@ 10 7ol 7 alE

Solvo] BPS AR Atolek aPANE 9 Ao A

o] mAIHo)A gla A 1 AE FHE 1A Ak o]sh o] d A
le=] A
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—5

(c) crossover step (d)-mutation step

Fig. 2.6 An optimization steps for genetic algorithm

2.2.2 SCE-UA &i3g&

SCE-UA &g

HN

2 = FEH 7189 NWSRFS(National
Weather Service River Forecasting System)¢] EARE F 3}i}o|H,
A2 S def 4 A T2 PGS T3 o (Duan et

al, 1994 DAAEHen FEFEH Moo A%, DPEY29 T2
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A 23k, 3)78A 3 competitive evolution), 4)7 =~
(complex shuffling). SCE-UA &¢ag]&F2 x7]d 3|7} &A=
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(starting point) A Al&ste M =ZE AFHA 3t 7|Holty. SCE-UA
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A= {z, f, i=1,---,N}

'

AN BRG] gol A 2 A M=, f,)E Fevh

@

® A= & nt+l Mo AR, Ry, R, )S AdA T2 AH
stoh, n+1 7 HEQ AHAS simplexE FA%H R, RO

T4l (centroid) G& A4tgtth A8 A (trial point) P=2G—R, &

AR
@ e prhoserel oWl HASa g f, S Altsta @A Q= 1
o 284 o AEH pE AR bsta @A Q0% Fot

® f,< f,°old A AN M H& APH PR UA3}L G @

2 . S84 go Wi 08 Se) 7.
® ANEFE 7ol MEHE FrdAW, 197 gow v O

(D Generate sample
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_33_



2AYS glol Fhske 2MZ s A AES AAut o )

d D= {z, f,i=1,- s}l AZg}h wepA =12 Hax 5H43
S9E vebin

@ Partition into complexes
DE p M(A', -, AN AZH 22 Faeit), o] AZE A
m N9 & xFs} =,
Ar= Ay, 1§ ol =agGon B S hppue i = 1o m)

@ Evolve each complex
7y m Y AES EFTs Afk=1,---,p)E CCE(competitive

complex evolution) &ald] ol wal % skA] 71t}

(® Shuffle complexes
Al APS DR QAN &, D={A"k=1,p}7} I DE
2495 Qo] F7hste Az A at,

® Check convergence
TFHEAE USetH R, 1394 FoR W @28 HEo It
o},
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S

Input: n=dimension, p=number of complexes
m=number ¢f points in each complex
Compute: sample size s=pxm

y

Sample s points at random in Q.
Compute the function value at each point

Y

> Sonthospointsinorderufimasing-
function value, Store themiin D.

Y

Partition D into p complexes of m points
i0.,D=(A%k=1,..,p}

Y

Evolve each complex A", k=1,...,p [q o C ot 2dorithm

Replace A* k=1, ..., m.into D

No Convergence criteria

satisfied ?

Fig. 2.7 Flowchart of the SCE-UA algorithm (Duan et al., 1992)
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(3) SCE &xe]52 CCE A=f
SCE ¢xgl&Fe A @d HL3k CCE &ay]
E 5 Fig. 2.8 velidc).

N

< e 2, =

©O Initialize

g, o, f & AEI oW 2= g=m, a=1, f=1

oie FHad gl p=2/(mt1)E 7R o, & 7HE 3

3 p,=2/{mm+1)}& 7R

-]l
i

@ Select, parents
ol AAE FEFERZ wt AMRE AEA ¢ ANY HAE
(up )& AR Bt of7M 2 < g=mo] |t(q 7He] #

sub complex#fal AojHl ). Ol AEE H
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rlo

B= {Uj,Uj, j:177Q}oﬂ X%%]"(ﬂ-]:]- 047]}\1 Uj{-:_ Uj %}:Oﬂ ‘T’d'aé_lﬂ ?:1]_
G gtolth. BE FAsk= AMEH =AY S Lol A3
@ Offspring generation
a) ¢ Mo HES H43gkel S7iete A2 AEHES BY
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b) Az 3 r=29—u 2 AT (reflection step).

c) ro] Q9tell oW, BAge gk f = AAtsta D g 1%
A o AMS ¥ge= 71 #S hypercube HC R'E 7

Abatal Hotel 23S FARE AbESt. r=202 F3 f =f,

o =2 Fo} f.& Feh(mutation step).

d) "keF fo< fold, u T r2 WAL DE I 2"EA o
W e= (g+u,)/2% f5 Atk (contraction step).

e) f.<f, o], u s cE xAZ]a HDE oy, 28X e H

ko] 25 el WAL f & A THmutation step). u,

]

25 oA A 1T
f) a)~£)& o B W&
@ Replace parents by offspring
L o] AR 2 A& AHgste] BE A'R giX . EA
F @l Fshe A 42 A,
® TIterate
WA @ ~ @ B Y. 51

Be e BANAAE AGR,

K - EEEE R

rlo

o
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Clatom 50E

Given dimension n, complex A, and number
of points min A. select q, a, B, where
2<=q<=m, a>=1,f>=1.5et 1=1.

Y

Assign a triangular probability distribution to A:

2(m+1-1
A TE TS AT A

Y

Select q points from A according to
pi .Store them in B and their relative
positions in AinL . Set=1.

Y

Sort B and L in order of increasing function
value. Compute the centroid of ui, .., Ug1

and let uq be the worst point in B.

Ry

l Compute r = 2g - ug (reflection step). I

Generate a point z at
randomin H. Setr = z.

C.ompute l .

ISeth-r andfq =

Computec=(g+uq)/2andfc

Generate a point z at
@ random in H. Compute
fo Setug=z and fo=tfz

reluuc and fq = fe.

No '

Replace B into A according to L
and sort A in order of increasing
function value.

Return to SCE

Fig. 2.8 Flowchart of the CCE algorithm (Duan et al.,
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(b) evolution step

(a) initial step

(d) step after 1 iteration

(c) shuffling step

Fig. 2.9 An optimization steps for SCE-UA algorithm
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STEP 1. Define DDS inputs:
* neighborhood perturbation size parameter, r
(0.2 is default)
« maximum # of function evaluations, m
e vectors of lower, X™", and upper, x™*,
bounds for all D decision variables
« initial solution, x° =[x, ..., xo]

STEP 2. Setcounterto 1,i =1, and evaluate
objective function F at initial solution, F(x°):

- Fbes[ = F(xﬂ}, and ‘\JaeSt = xﬂ

STEP 3. Randomly select J of the D decision
variables for inclusion in neighborhood, {N}:

+ calculate probability each decision variable is
included in {N} as a function of the current
iteration count: P(i) = 1—In(i)/In(m)

« FOR d=1, ... Ddecision variables, add d to
{N} with probability P

+ IF {N} empty, select one random d for {IV}

STEP 4. FOR|j=1, ..., Jdecision variables in
{N}, perturb x°" using astandard normal random
variable, N(0,1), reflecting at decision variable
bounds if necessary:
o X" = %" +'g)N(0,1), where c; = {x™ =x;
o IF x™" < x™", reflect perturbation;
. )qn-aw il )ﬁmm + {xjmln _ ‘:'{jniam.-'.l;I
= |F )qnew - Xirnax, set xjnaw
o IF X ATy
X=X =G - xT)
n IF X,jnew { ‘xjr‘mn, Set ‘x,il"i&?w — xjma}(
STEP 5. Evaluate F(x™") and update current
best solution if necessary:
o |F F(x""™) < Fpesr, update new best solution:

" Fpest = F(X"™) and X' = x™*%

STEP 6. Update iteration count, i = i+1, and
check stopping criterion:
e IFi=m, STOP, print output (e.g. Fuest & X"
+ ELSE goto STEP 3

min}

min
=X

Fig. 2.10 Flowchart of DDS (Tolson and Shoemaker, 2007)
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A9 = 35 Avtolrh. 5 ) How /1w ARt A4
o]F W TAME Fig. 2.11(b) ~ 2.11(del JehAITh w3

718 £2 AL A e e AL B 4

4 T n
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34 {{/ \\u/ N
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[’0 1 i 5_ 1 5 Cu
X
(a) initial step
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(c) after 35 iterations (d) after 47 iterations

Fig. 2.11 An optimization steps for DDS algorithm
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A3 AFALIEN £9E £2 L A
SEERIEIRE

Agslazf st FAFE F9EL v (US. Army Corps
of Engineers, 1977)2] WHolth A7, A5A= A8 A 7 F
AT FHdoz vre] st WEHS AR A-gEy FrhE
Hgrol] me AR " 2H7te] 9 d9S dHEE A = Ut 6

Mol 9k dojon Fhale] 4SS & A% AA A A

If ST+ QF, ., is within Zone 6 then implement Zone 6 rules
else if ST,+QF,  ;~within Zone 5 then implement Zone 5 rules
else if S7,+ QF,,, within Zone 4 then implement Zone 4 rules
else if §7;+ QF, | within Zone 3 then implement Zone 3 rules
else if §7;+ QF, | within Zone 2 then implement Zone 2 rules

else implement Zone 1 rules.

o deM s Gl AeAe] ot g N R 9E
A8l Fig. 3.13% o] 6 7He] &9 FI9= TAsAH. FF7] AdFe

(Max. level) ©]7d< Zone (6), %3+ ¢ (upper leveD®} &47] At
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T A9 Arels= Zone (2), A91(Min. level) ©]stE Zone ()&
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Fig. 3.1 Reservoir operation zone according to water level
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R A 5 % B AFAed Aol wE Folth Zone

W FRAA LdTatelu], A5Ae] N BAD PRFAL, TY, F

o, FAFA 89S BRI Zone () FwHA LTt o

e PR 27] ARWAC] &ah ddelth. A5AY N EAL WF

Gl BAAGAEFE ANF ARTAEAETE BFe] A5A 5

92 golelt TRt Zone (D FEA LA Holup £49)
g 594

Bzxo] Al wo] $Fror 7|EA

Table 3.1 Reservoir operation according to water level

Water level Reservoir operation Zone

- Release (domestic + industrial +

agricultural + instreamflow) X EPF ©)
- Additional release
- Spill

Level(ST,+ QF, . ;) > Max. level

- Release (domestic + industrial +
agricultural +-instreamflow) X 1.05| (5)
X EPF

Up. level < Level(ST,+QF,%})
< Max. level

- Release (domestic + industrial +
agricultural + instreamflow) X 1.0 | (4)
X EPF

Mid. level < Level(ST,+ QF, ;)
< Up. level

Low. level < Level(ST,+ QF;, )|~ Release (domestic + industrial +

3

< Mid. level agricultural) X< EPF
i <

Min. level = LevellSTi+ QF, 1)) Release (domestic + industrial) (2)
< Low. level

Level(ST,+ QF, ;) < Min. level |- None (D
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3.2.2 WEHF LY 71He HaE AT AAHET

(1) Bukin

Bukin #47¢] el Fig. 3.5(a)9 #o] $loldlz WEshe A
2AYE 7H AYEE =3 (fractaD @ FAFSIEE o8 s 54 wjFol
A3 Pyloez 2 Y Bukin 59 A9AHHE 2= A2 )
Heh o] ol g W (el Fo9e [-15, -5]oH, v
(z)9 BT [-3, 3lolm, 349 Fe= Eq. (3.2a)3% 2
3l Eq. (3.2b)Sb ¢t}

fxp,my) =100 4/|z, — 0.0123] +0.01|z, +10] (3.2a)

fum(—10,1)=0 (3.2b)

(2) Shubert =

2 5
:HZ[’LCOS i+1)z, -H] (3.3)

j=1i=1
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Fig. 3.5 Mesh plot of the test functions
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(3) Michalewicz &<~
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4 F(p)7t e, p7k 104
Ae- EYEs Ad(m)ol wet o2 HH)E 7HRItHEq. 3.4b).

m

Zsm (Sln z:c2/7r))2p (3.4a)

f@),,, = 1.8013 (m=2), f(z),, =—9.6602 (m=10),

F(@) 5 =—29.6300 (1= 30), f(@),,;, =—49.6248 (m = 50) (3.4b)

min

(4) Griewank g+
Griewank = dol44 [-600,600]cl 4 B 4o AA&E 7}

At ABA BF Fhe e FRolth HAAsE Syuse Al

>{\l

2]
FEgle] dHeA ‘0o, 8= Bao (3.5)¢ 21, 2 AHY B9 &

o e+ Fig. 3.5(M)2F 2.

m

fla)= E( 2/4000) lm_Ilcos(xi/\/i_)—i-l (3.5)

1=

—_

(5) Rastrigin <
Rastrigin &% Griewank &2 e 9 FAFSHAI T Ao+ U
A Agsel 7F A Ao [-5.12, 5.12]0A v A=

==

e AFH 4F Fge e g, AR SYuse Ay
of grglel AN OolH, F4E Eq. (3.6)9 2w, 2 AL A5
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et

2o FEj= Fig. 3.5(e)sh 2ot

flx)=10m+ i <x72 —10cos (277%)) (3.6)

i=1

(6) Schwefel &

o] &= Aoj7-4 [-500, 500]d4 Be] A FeE 7HA = vF
== e FEa. B.7)olaL, HAs = Aol dAgle]l FHA M=
‘0olvh. 2 Al ¢ ool FEl= Fig. 3.5(H)9F &t

m

f(z) = 418.9829m~ Y [z, sin(y/|z]) ] (3.7)

3.2.3 AAESE E3 deEfeE g 71He vl

Bukin¥} Shubert  FAFE 2 2FJo]al Michalewicz, Griewank,
Rastrigin, Schwefel A} thapdolty B o foA ==&z}t
st v JieE daEste] gabdegdarda o A folle AdS
10, 40, 8022 3&gith byt Michalewicz & 50 27149 49
HAAe7F LA el A4S 10, 30, 5002 33t

AR dagEFE AMgete] 2o AARg A H A s A6t
7l Sl e dlle] AREE Hristes 543, e 29, 2718 A4
W, Asg oA v AlE Adsked &

895 FAANR, 23
wol 2718 AAselol @k do APEES Brse BAPFE 24
P

of AArrEA(Eq. 3.1 ~ 3.6)% HAstet= Aoz gty E3 4
ol theh Alefxdel Hdigh 2 Ak Aoy Adigh ® A4k
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Table 3.3 Converged optimal value for 6 test functions

Test .| clopal Method
f tion Direision minimum
unce GA SCE-UA DDS
Bukin m=2 0.0 0.1189 0.3179 0.1319
Shubert m=2 | -186.7309] -186.7309] -184.9621| -186.7309
m=10 -9.6602 -9.5389 -9.6135 -9.6601

Michalewicz| m=30 -29.6309 -27.1815 -13.2821 -29.6221

m=50 | -49.6248 -40.4773 -18.3191 -49.5643

m=10 0.0 1.3304 0.0001 0.0076
Griewank m=40 0.0 273.3680 0.0006 0.0914
m=80 0.0 812.8959 0.0020 0.5281
m=10 0.0 8.2506| 0.0001x10°" 0.0001
Rastrigin m=40 0.0 289.4491 0.0003 0.01455
m=80 0.0 829.6625 0.0044 0.2882
m=10 0.0 400.2834| 1546.7103 0.0002
Schwefel m=40 0.0] 9147.8135| 11886.9247 947.5750
m=80 0.0] 22598.7285| 25890.8022| 2606.3600
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o] &3 (shuffling) AN E wiZ/W4e] Ws7b gAY HourEslsE
zdetd AxkS FESE TE7IES /A e, Bukin 59 F
Al g 2= HAolA 10 He] EFIAFel A wiwsze] Wshrt glo]
4,434 Ho A Axtoe] FEEJT} DDS daelES 26,788 WA 4=
VA A3 HA Y ghe]l FAsthrl 194,898 WA A HF
# 0.13187% 3. HASFHUS w4 dagsd o3 HH
a7t 74 b g A S84 4400 F E7A] 5 SCE-UA &1 Fo]

WFE5 o]

%
=

qaE Fophz FUSE} WO, ol Fol #

Bukin function (in=2) i
(Global min.=0.0)

20p=-7-===-r---- e :r —————————

Best function value

10 100 1000 10000 100000
Function evaluations

Fig. 3.6 Comparison of a performance for the Bukin function
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g2 sy 2 29 420 Shubert g9 dER A9FHAHE =
-186.73090]aL, 42 daelE2 -186.7309, SCE-UA ¢iz|F2
-184.9621, DDS ¢ g]&S -186.7309% St §42 g
=% DDS gagFel o HAFFHS A5 4 Aol TUa3
o 72 duelEE %S Figo 3.79 YeERdh A Sag
S TS A A BEHFge Tk e R fAEH L
4,645 HAFE -186.7309% T
7F8lg= 300 W7HA HAgRgtel FASHA frasithrl 2657 A H-E
-184.9621% FHE o Fm7lFel o 5,042 HAlA Aite] FTx
Attt DDS ¢ag]FL i8S 200 WA BA ko] 57
A A23d7E30,525 HARE -186.731022 FAHAJY. AF5+H

Fe DDS BareFol BF Uae]E kit s 43 seich

-40
Shubert function (m=2)

o (Global min.=-186.7309)
% -80 it T -

SO N - B E SCE-UA

g ———DDS
B 20 T oo oo
= i 1
= : |
—— 1 |
Bl | |

L 160 I ERREEEE TR —---
== ! |

_200 1 | | Illlli 1 | | Illlli [ [ IIIIIIII 1 | | Illlli
10 100 1000 10000 100000

Function evaluations
Fig. 3.7 Comparison of a performance for the Shubert function
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Fig. 3.8 Comparison of a performance for the Michalewizc function (m=10)
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30 ¥ 50 =AY Michalewicz 9 AAHAs+= 22 -29.6309,
-49.6248¢%1d] AR} daglES -27.1815, -40.6143, SCE-UA &1
=L -13.2821, -18.3191, DDS ¢ag&L -29.6221, -49.5643°.

2 st 7 g B DDS dagFo s ek HAs st doA
Aok w5 s AN By o A dargls, SCE-UA <harels

ot daelsd FHEEES 47 Fig. 3.99 3.1091 “eEpiigith
AR dagse A9 B Fdegrbsla 24,239 WA 543
kol 7 wEA sHsiloy ofF =gl FHse] HEHoR
199,373 ¥, 200,000 W wHsolx HFghell st SCE-UA &
=

nYES ¥ AT BE Mg 459 45 ngt. DS QueEe
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> B Sea_ !
= 1. S e e e [
5 15 |
= L
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g -20 =1 Michalewizc function (m=30) : ‘
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R Br----- SCE-UA |7 A N S
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Fig. 3.9 Comparison of a performance for the Michalewizc function (m=30)
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252 0.0001, DDS Fa#FES 0.0076 28 Hel 3l th 10 2] A
- SCE-UA ¢aglgo= -5k FAs)7t A 4aet wj-¢ <43613l
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AAdH A HAxr Aot 40 &b E 273, 80 AHelA=
81302 HA7t Atk SCE-UA €agls2 10, 40, 80 x4 ol
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250

Griewank function (m=10)
(Global min. = 0.0)

200 _____________ L o= [

150

100

Best function value

10 100 1000 10000 100000
Function evaluations
Fig. 3.11 Comparison of a performance for the Griewank function (m=10)
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Griewank function (m=40)
(Global min.=0.0)
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Fig. 3.12 Comparison of a performance for the Griewank function (m=40)
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2000 —~

1500 =

1000~ | Griewank function (m=80)| _L____.v\ __ 2~ :
- | (Global min.=0.0)

Best function value

soof | T GA
| |- SCE-UA
|| ——=TADEIA B R " TN S N
0_ [ 1 IIIIII [ -] IIIIII e
10 100 1000 10000 100000

Function evaluations
Fig. 3.13 Comparison of a performance for the Griewank function (m=80)
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AN dA Griewank 2] Aot FAFSES TR 10 2F Rastrigin

faol daAE A TeHeER 82506, SCE-UA ialze
0.00001, DDS ¢aEl&L 0.00012 FHeldtk. SCE-UA ¢aglFo
2 7R AR AGARAS} A QAFAn DDS PwelF EH

W 2RSA. §404 SueFe 2 WAE BAT 40 A9

Rastrigin 5ol disll §d2 &aelsS 289.4491%2 @S HAxE B
, SCE-UA 2318|558 0.0003, DDS ¢ud]&e 0.01455% =438}

Stk 40 Alel F§ A SCE-UA ¢ueldom T8 H4art 4o

HAs e vl 2AHSR L Y52 DDS daglFo] wlg- 2% A,

\

FHAA duglEFe & HAE BHAY 80 Y Rastrigin St A+
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daEFL 829.6625%= T WAE X, SCE-UA ¢iugHFd
0.0044, DDS ¢ag]&L 0.2882%2 FH3ATh 80 29 H$ o
SCE-UA daglgo=z 3 HAAs7 Aot v g8t
8o ® DDS o4EE, FHA L Z=0] 9t}

10, 40, 80 =9 Rastrigin 3t W3k 7 dueSd FH LS
Fig. 3.14 ~ 3.16°] Yetddh. 3 7HA 35 25 FHdA dagss
A9z Aset ol Aol FHs SCE-UASH DDS ¢irg]
T2 A9HAE IHeR et A ¢ngEFe 10 A
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Table 4.1 Precipitation of Andong

Dam basin (mm)

Year| Jan. | Feb. | Mar. | Apr. |May. | Jun. | Jul. [Aug. | Sep. | Oct. | Nov. | Dec. | Sum
1977 0.6 0.0] 50.1|180.9] 30.3| 97.5| 51.3|178.4|118.5| 28.4| 81.3| 25.2| 842.5
1978 | 14.0f 38.5| 36.7| 54.8 9.7 254.6| 86.2| 185.5| 30.0] 63.5| 21.9] 20.0/ 815.4
1979 | 22.3| 35.5| 76.0] 81.7| 87.8/192.4]115.5|165.1|172.3| 10.5 7.3| 18.3| 984.7
1980| 11.0 2.5| 28.2|138.9| 86.2| 145.0] 258.2| 257.3| 128.7| 68.9| 28.5| 20.7|1174.1
1981 | 18.0/ 16.8| 31.5| 49.4| 30.8|130.9|306.9| 346.0| 185.4| 12.0| 25.9 1.9/1155.4
1982 1.7 2.5| 33.1| 29.5| 76.6| 24.4]181.9|275.4 3.9 7.3| 69.5| 10.6/ 716.4
1983 7.7 5.2| 53.8{139.1| 37.4| 75.8]/169.5|122.6| 126.9| 28.6 0.7 0.6| 767.9
1984 0.1] 13.5| 21.9|116.3| 73.3|216.4|215.9|219.7| 269.2| 11.5| 59.5| 20.9|1238.2
1985 4.3| 21.5| 64.1| 55.9|166.3| 33.5]|217.3|204.8|224.7| 114.5| 34.5| 12.6/1154.0
1986 1.5] 10.2 8.4 29.4{-84.3|178.5/241.2| 247.1..70.1| 138.2] 13.7| 39.5/1062.2
1987 | 46.3| 65.4| 32,7 54.8| 96.7|181.3]|466.8| 386.1| 31.6/+28.3| 48.5 3.6/1442.1
1988 5.1 3.8|7726.0| 66.1} 38.0| 106.0]462.3| 136.7}- 95.1 2.0 8.4 5.1| 954.6
1989 | 91.0/ 51.8|105.2| ~18.0| 58.7|147.5|374.2| 203.5| 210.4| 37.0| 140.1| 10.0|1447.4
1990 | 39.0| 110.9| 53.5| 85.1115.5| 310.3| 250.9| 168.4| 363.9| 19.0| 59.3 1.5]1567.3
1991 | 18.0|/ 44.0| 59.1]102.4| 93.7| 98.4|390.8| 144.3| 194.7 . W 2.7 32.8/1184.0
1992 5.2 7.4 32.71 69.0| 87.2| 53.0]259.0| 151.8| 157.7| 15.5| 10.0| 42.5| 891.0
1993 | 20.5| 52.7| 33.7| 55.8| 162.9| 164.6| 288.8| 422.8| 87.7| 34.5| 52.8| 12.6/1389.4
1994 | 15.1 8.4| 31.5| 37.9/141.0| 197.0| 79.2| 170.6| 33.1| 122.2| 16.5 5.9| 858.4
1995| 124 6.6/ 50.1| 61.1| "62.5| 87.4|171.5|309.4| 34.2| /37.1| 138 2.9| 849.0
1996 | 31.1 5.9/ 109.8|.55.4| 43.0|246.2|1164.4| 122.0| 29.7| 53.1| 46.9| 27.7| 935.2
1997 | 18.1 34.1| 27.1| 61.8| 201.6| 145.5{343.7| 169.0| 71.2{ 11:5/139.9| 39.6/1263.1
1998 | 16.5| 31.2| 27.0[112.7| -86.6| 171.9| 241.2| 354.5| 161.8| 46.1| 30.4 1.411280.3
1999 1.2 2.8| 69.7|103.7| 113:9{.193.5| 146.7{-342.6| 383.0| 78.9| 19.5 2.9/1458.4
2000 | 19.6 0.2 20.2| 53.7| 70.6|142.7|146.4| 212.7| 292.2| 21.7| 42.7 7.8/1030.5
2001 | 24.3| 46.7| 15.7\ 13.7| 15.6|220.9|218.5| 48.4|119.4| 94.4 6.0 16.8| 840.4
2002 | 50.2 0.0] 39.0|172.4] 128.1| 53.8|231.5|786.7| 82.4| 49.8 9.4 37.8|1641.1
2003 | 19.2| 37.9| 37.6|214.5/168.7|197.7| 392.0| 300.5| 313.3] 20.3| 75.0| 19.9/1796.6
2004 6.0 36.3| 27.2] 96.7|139.7|278.8|299.6| 323.5| 169.0 1.6] 24.6| 22.0/1425.0
2005 | 16.0| 17.0] 59.1} 73.0| 61.7/173.6/310.8| 194.8| 164.3| 29.9 9.4 0.2/1109.8
2006 | 25.9| 29.9 8.1 93.0{ 132.1] 95.2|695.9| 149.1| 43.6] 29.1| 51.5 7.1/1360.5
2007 1.0] 32.1|130.3| 16.2|115.5|126.9|190.2| 305.5| 242.7| 16.7 3.8 18.0{1198.9
2008 | 34.8 2.4 58.5| 33.3| 53.8|129.2]311.8|209.0| 52.7| 29.2 8.0 10.3| 933.0
2009 7.4 22.0| 60.3] 50.5|113.3]|102.7|343.5|138.4| 72.2| 12.5| 59.5| 33.4/1015.7
Avg. | 18.3] 24.1| 46.0] 78.1| 90.4|150.7|261.3| 240.7| 143.5| 38.7| 37.0| 16.1/1144.9
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Table 4.2 Precipitation of Imha Dam basin (mm)

Year

Jan.

Feb.

Mar.

Apr.

May.

Jun.

Jul.

Aug.

Sep.

Oct.

Nov.

Dec.

Sum

1993

33.3

41.9

30.7

37.6

169.4

145.9

281.6

380.0

73.4

26.2

51.0

9.4

1280.4

1994

15.4

7.3

18.5

31.4

107.7

116.1

84.9

95.8

26.5

98.4

19.3

4.9

626.2

1995

24.6

12.8

42.1

64.6

54.6

86.3

127.5

229.9

29.3

26.4

7.9

1.7

707.7

1996

14.8

0.0

114.8

36.1

98.0

279.2

108.2

112.9

26.0

32.1

39.3

26.0

887.4

1997

20.3

17.7

15.2

56.1

146.2

145.9

326.9

142.9

44.5

5.1

117.5

43.8

1082.1

1998

23.8

22.9

25.6

116.1

74.6

140.5

229.7

359.9

114.1

27.8

19.2

1.6

1155.8

1999

2.4

3.1

61.6

76.4

121.4

172.8

114.9

290.0

322.1

59.1

11.7

0.5

1236.0

2000

10.6

0.2

23.7

36.1

40.0

132.9

149.3

184.7

236.2

19.5

50.6

1.6

885.4

2001

30.1

46.7

10.2

13.6

21.5

198.1

85.4

62.8

148.3

81.3

6.4

18.1

722.5

2002

70.5

0.0

40.5

151.1

102.1

24.5

180.7

672.4

74.7

54.4

2.5

41.5

1414.9

2003

16.3

27.5

44.3

179.6

166.4

158.3

34133

284.6

250.7

11.1

66.5

12.1

1558.7

2004

2.2

26.8

11.9

4.2

85.9

277.0

222.0

287.6

1593

2.7

35.6

14.4

1199.6

2005

17.9

18.5

60.1

45.1

40.4

126.3

224.0

218.8

139.4

16.1

4.6

0.1

911.3

2006

18.3

21.7

B3

96.2

104.6

41.2

609.0

111.6

K

2yl

45.7

7.5

1147.6

2007

0.4

28.0

81.2

16.6

101.4

1399

182.9

221.8

240.4

24.8

3.1

18.1

1011.6

2008

36.3

0.9

36:6

36.9

52.4

127.1

152.7

128.8

51.2

%7 s

78

9.9

667.6

2009

3.9

16.5

37.6

31.3

110.1

66.4

341.1

91.4

76.3

9.2

40.6

25.5

849.9

Avg.

20.1

*T.2

39.2

64.6

139.9

218.5

228.0

121.9

31.9

13.9

1020.3

3} O
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Table 4.3 Inflow of Andong Dam basin (X10° m*)

Year | Jan. | Feb. | Mar. | Apr. |May. | Jun. | Jul. | Aug. | Sep. | Oct. | Nov. | Dec. | Sum
1977 5.3] 4.8] 6.5]150.9| 48.6| 32.2| 96.7| 60.6|156.0| 20.4| 36.2| 17.1| 635.3
1978 | 24.1| 19.2| 43.4| 45.4| 14.3|143.9|314.1|269.8| 57.4| 28.2| 32.7| 22.1/1014.6
1979 | 16.7| 26.5| 87.1]153.5| 76.2|259.5|121.4| 163.9| 127.0| 28.6| 9.0] 12.2|1081.5
1980 | 10.2) 9.7| 16.8]181.9| 90.9| 131.0] 297.6| 285.8| 204.4| 46.8| 21.5] 14.6|1311.3
1981 | 11.8| 13.7| 49.9| 43.7| 24.4| 37.4|277.21219.7|264.0| 21.2| 15.6| 11.6] 990.2
1982 | 11.4| 10.2| 35.4| 34.4| 36.8| 20.1| 36.8|232.4| 27.1 7.5] 12.4] 14.7) 479.2
1983 7.9] 7.4 35.8/108.4| 65.2| 26.2|154.3]104.8|160.7| 30.3| 11.2| 9.3| 721.5
1984 8.7 6.2] 10.1] 60.6| 62.5| 99.4|153.1| 144.7|346.9| 22.3| 22.4| 15.3| 952.2
1985 9.0] 10.6] 34.4| 58.6|154.0| 26.1|179.6| 274.6| 208.5| 172.5| 24.4| 20.6/1172.8
1986 | 13.2| 11.2] 21.8] 24.71 34.6| 49.3|190.0{ 115.3}-55.0| 92.5| 25.5| 25.4| 658.4
1987 | 26.8| 90.4| 60.4] 59.1| 54.0|156.3[418.2| 395.8| 116.5| =19.5| 18.8] 14.9|1430.6
1988 | 11.6 9.0} 15.7| 35.3| 18.9| 32.41424.8| 76.01-48.7| 18.9y 9.9] 9.8] 711.1
1989 | 26.9| 20.2]| 142.8|54.5| 29.8| 76.8|262.5|127.2| 218.5| 30.2| 119.2| 24.0{1132.6
1990 | 18.4| 107.01 91:9|115.0f 90.1| 271.9| 260.9| 89.3|379.1| 39.3| 28.2| 20.2/1511.2
1991 | 14.9| 18.1] 52.5| 99.6/ 53.4| 60.5|341.6| 211.0| 136.0| 45.2| 18.1] 18.3/1069.2
1992 | 19.5| 16.1] 57.6| 60.4| 74.3| 23.5| 146.6] 121.2| 134.8| 36.9| 10.8| 17.9] 719.7
1993 | 16.0| 27.0| 34.9| 45.6| 168.2| 69.9|289.0/589.2| 81.7| 20.1| 22.3| 17.5/1381.5
1994 | 17.2| 1 15.5) 19.0] 27.5| 74.9| 28.9|188.1] 48.3] 22.6| 56.8| 22.3| 14.5| 535.7
1995 8.1 5.4] 30.7 44.2| 26.4| 23.8|107.91237.7| 62.6|° 14.5|  8.6| 6.9] 577.0
1996 9.0l 8.6] 51.7[442.3| 47.6/164.5/140.9| 38.7| 21.84 9.1{.19.4| 17.4] 571.1
1997 | 10.9| 13.3] 31.2|; 83.5| 165.9| 79.3| 402.4 134.4| 26.7| 12.3| 55.4| 84.1/1069.4
1998 | 19.0| 34.9] 50.4| 131.5/"66:1| 81.0|308.9/498:8| 61:1| 107.8| 15.6| 13.0/1388.1
1999 9.9 9.4] 33.6/120.3| 60.1]131.0{82:1]435.0| 526.4| 88.2| 31.4| 15.0{1542.3
2000 | 16.1 9.6| 14.3] 30.7| 31.0| 56.8| 89.1|174.2|384.1| 27.4| 25.9| 15.9] 875.0
2001 | 19.0| 20.0f 48.1| 22.6| 12.0| 68.8]187.2| 47.4| 45.4| 59.7| 18.2] 12.5/ 561.0
2002 | 38.7| 14.2) 24.1| 72.6|209.4| 16.9]158.5/833.9|243.2| 39.3| 13.6] 21.3|1685.6
2003 | 12.4| 15.6] 56.1|199.0|177.0|146.4|490.8| 285.5| 490.8| 23.4| 39.4| 31.5/1967.8
2004 | 10.8| 17.5] 25.8| 45.4| 88.5|238.8|395.3|301.1| 156.8] 21.6| 12.2| 11.3/1325.2
2005 4.2 6.0| 34.5| 72.1| 24.7\ 35.9|341.4|138.0|133.5| 50.8) 11.7| 4.0| 856.9
2006 8.1 9.5] 10.7| 65.8| 78.2| 28.1|899.2|117.2] 32.8| 12.9| 15.7| 13.0{1291.0
2007 4.4  8.0] 59.1| 56.5| 38.6| 27.5|143.6|273.3|348.9| 23.1 8.1 8.2] 999.3
2008 8.3 4.4] 32.8] 37.5| 11.4| 26.5|280.2|177.9| 26.2| 9.0| 5.6| 3.8 623.6
2009 2.3 6.1] 14.4] 21.0| 40.6| 18.1|347.3] 97.7| 16.1 7.2] 10.7] 13.8| 595.1
Avg. | 13.7| 18.3| 40.4| 71.9] 68.1| 81.5|/258.4|221.8|161.2| 37.7| 22.8| 17.3|1013.2

_88_




Table 4.4 Inflow of Imha Dam basin (X10° m*)
Year | Jan. | Feb. | Mar. | Apr. |May. | Jun. | Jul. | Aug. | Sep. | Oct. | Nov. | Dec. | Sum
1993| 11.2| 40.1| 25.7| 18.9|154.7| 50.8|289.4|470.7| 51.1 8.8| 11.9| 12.2/1145.5
1994 9.0 6.1| 13.9| 14.3| 38.4| 17.2] 69.0| 13.2 4.3| 26.2 9.0 3.6 224.2
1995 2.3 3.4 16.9| 27.4] 12.7) 16.0| 46.5| 86.6| 28.3 6.8 4.2 3.6/ 254.6
1996 3.9 3.9 30.1| 13.6] 21.1|183.7| 74.7| 13.4 8.9 5.3 4.6 4.8| 368.0
1997 2.6 2.1 59| 21.0| 62.3| 49.6|349.8| 63.7 7.3 3.1 18.6| 49.9| 636.0
1998| 22.6| 31.6| 26.7|128.2| 29.7| 44.1|227.0{453.9| 38.1| 59.0| 11.8 5.0/1077.8
1999 2.5 2.1 25.6| 73.1| 38.9| 92.2| 57.4|239.6|445.2| 42.0| 15.3 4.9/1038.8
2000 6.7 4.1 5.3] 10.0 4.9 39.8| 73.5] 98.2|286.6] 16.0| 12.5 9.1| 566.7
2001 9.6| 14.2| 36.7 7.0 2.7 66.2| 40.8) 11.9| 57.2| 37.9| 10.8 5.6| 300.5
2002| 51.2| 10.7] 15.6] 72.7|152.1] 10.0| 72.0/706.8|172.0| 34.3 6.4 18.4{1322.1
2003 6.5 17.8| 63.9]160.4| 166.7144.2| 420:01-276.2| 412.2| 14.4| 26.4| 14.0/1722.7
2004 4.4 8.0] 11.5| .27.4) 64.0|254.1|291.0| 238.8| 127.7| 15.2 8.4 6.7/1057.1
2005 4.5 9.9| 4377| %329 8.8} 16.2| 167.3} 136.3| 103.8| 14.2 5.5 3.1| 546.2
2006 4.2 6.3 7.2| 55.4| 40.7] 12.3/675.0] 58.4| 25.5 (a2 7.3 7.3| 906.9
2007 3.8 5.5 24.7\-20.7) 19.9| 38.1] 78.1|121.2|282.0{ 10.7 3.8 3.5 611.9
2008 6.4 3:6(. 177 25.5 7212008 GRS . 9.4 4.2 2.3 2.5 205.3
2009 2.6 218 5.4 4 2035 4.0] 226.6| 60.4 8.0 5.4 3.6 6.2| 349.8
Avg. 9.0| 10.1] 22.2| 41.9| 49.7| 62.3|189.3| 182.0| 121.6| 18.3 9.6 9.4| 725.5
1,600 ‘ ‘ i
| |©+© © Andong Dam 3 3
+ +. +Imha Dam ; ;
1,200 | ————— = L T s L SN ° -
_ I I |
E I : : o
E | | +o o
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Fig. 4.4 Rainfall-runoff relationship of Andong and Imha Dam basins
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Table 4.5 Specifications of Andong and Imha Dam

S Table 4.5¢] e}

Specification Unit Andong Dam Imha Dam
Dam
River Nakdonggang Banbyeoncheon
Type Rgcalzt%ﬂ(ljolggm Rcl?calzt%il(ljolggm
Height m 83 73
Length m 612 015
Dam crest elevation El. m 166 168
Reservoir
Reservoin area kit 51.5 26.4
Flood water level El. m 161.7 164.7
Normal water level Ek-m 160 163
Restricted water level EL m — 161.7(154)
Low water level El.om 130 137
Mot water supply EL.m 121 124
Target year year 1984 2001
Construction period '"71.4 ~ ‘775 '84.12 ~ ‘93.12
Gross storage capacity 10° m' 1,248 595
Effective storage capacity 10° m' 1,000 424
Flood control capacity 10° m' 110 80(244)
Inactive storage capacity 105 m 130 84
Power generation
Installed capacity 10" kW 9.0 5.0
Annual energy output GWh 158 78.7
Rated head m 57.0 48.4
Max. turbine discharge m'/s 161 119
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Table 4.6 Storage — elevation relationship (Andong Dam)

Range

Equation

120.0<H=134.2

V = 0.0008258622° + 0.02586269H - 31.924H +
2136.05

134.2<H=143.7

V = 0.001718H° - 0.1633963H° — 29:34797H + 3043.206

559.168<V<982.778

HoV s odi<1m43 | V= %3%311%7271{3 - 0.05171788H - 47.95492H +
154 em2151 3 L4 2.38?35%?4571{3 + 0.1787029H° - 74.41829H +
114.067<v<309. 735 I = ;ggé%%%%zlgz 1+E _()(.)(1)%13459384v - 0.0002828378003V" +

H = 119.7197644 + 0.05325596478V — ,
3.150341393E-005V2 + 8.908666525E-009V°

982.778<V=1,495.605

H =125.7142621 + 0.03941629226V -
1.168989455E-005V* +1.987984011E-009V°

Table 4.7 Storage = elevation relationship (Imha Dam)
Range Equation
— 3 T
0.0<H=130.9 V = 0.0002174105H" + 0.04988731H 17.936070H +

1082.604

130.9<H=137.9

V = -0.000071197790H° + 0.19829750H" - 41.64396H +

H-V 2290.319 3 2
137.9<H=159.0 | ¥ = (;-32%331167414 - 0.24357150H + 5.8670210H +
159.0<H V = 0.2308951 x 10 H M0
40.119<v=77.885 | 1~ %).102(')%%%?5%%912%235+6O£gg§§\7]4;1E—006v3
VoH 77.885<V=196.874 | 11~ %).lg(b%%%%%?éis;?g'\%ig%égggfgﬁo&z—oowg

196.874<V<369.146

H = 121.9334784 + 0.1509713654V -
0.0002329846767V* + 1.806557074E-007V*

369.146<V=695.017

H = 126.5215541 + 0.1066311347V - ,
9.390432112E-005V* + 3.791894992E-008V*
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Fig. 4.5 Storage — elevation relationship of Andong Dam
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Fig. 4.6 Storage — elevation relationship of Imha Dam
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Table 4.8 Spill record of Andong and Imha Dam

Dam Periods Spill (<10° m')
4V 820 T 39\3
Andond P DZR0NZ- 95.4
DSRONTY . ol 7
B NON0 . 26.6
'03g . TON T | 109.3
'93. 8.13 ~ 8.17 44.4
g = Wy T W 122.4
'99. 9.23-~-9:26 147.6
'02. 8.29 ~ 9. 5 39.3
Imha Dam '02. 9.12 ~ 9.21 95.4
'03. 9.11 ~ 9.13 97.6
'03. 9.18 ~ 9.22 30.3
'04. 6.23 ~ 6.25 21.8
'04. 8.23 ~ 8.29 39.4
‘06. 7.17 ~ 7.31 288.9
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e, = i j ALY FFE At 22 FH(nx1)olHh

Eq. (4.2)°14 Hol 0c] HE= Z;=(X,;,—m)2t ¥4 Ea. 4.2)=

oot 7o) Theks] 2 & gk

b3

Z,= A Z \+ B, (4.3)

j AR lag-0 st MO olek AL, Z9 Z ;o Fwits
Mielet 7 g BEE v 2ok
— —1
A; =M1, MO, (4.4)
— —1 T
BB =M0,— M1, M0, ', M1] (4.5)

FgozN AAdd vk B9 lag-0 % lag-1 T HaAs
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Y= A, X+ B (4.6)

Mo=8,=ElYY'] (4.6)
M= 8,=E[VX"] (4.7)
My, = 8,= E[xX] (4.8)
8,,= S, (4.9)

- =) = - Ty o —
¥4 S, S, S, 5,= oA B AT GHeR tan gl
o
Alg 3
2
Sﬂh rmIIZSIISI'Z o rx1$71%l%11
2
T T
‘Sz.?: — 172171‘?1'251'1 Slrz . 1721'71%2%11 (410)
2
rxnxlgﬁs;l T%%S%sz o 5;511
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Y= (X+a) (4.15)
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Yy % b0 (4.16)

o714 Y= At3tE AlA X+ A3 AAE, o, b= HIA G|t
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Table 4.9 Results of skewness and correlation test (Andong Dam)

Transformation Skewness test Filliben test
Season

Trans. | Coeff. a | Coeff. b|Comp. Val.| Result |Comp. Val.| Results
1 Log 6.5863 | 1.0000 | -0.0582 Accept 0.9902 Accept
2 Log 0.0000 | 1.0000 0.1985 Accept 0.9619 Accept
3 Log 0.9502 | 1.0000 0.1503 Accept 0.9857 Accept
4 Log 0.0000 | 1.0000 -0.4141 Accept 0.9711 Accept
5 Log 1.7298 | 1.0000 | -0.0033 Accept 0.9603 Accept
6 Log 0.0000 | 1.0000 0.1307 Accept 0.9899 Accept
7 Log 0.0000 | 1.0000 0.1576 Accept 0.9874 Accept
8 None | 1.0000 | 1.0000 0.0213 Accept 0.9916 Accept
9 Power | -0.1099 | 0.6500 | -0.0772 Accept 0.9868 Accept
10 Log 0.0000 | 1-0000 0.1789 Accept 0.9850 Accept
11 Log | -1.4246 | 1.0000 0.0125 Accept 0.9814 Accept
12 Log | -4.9098 | 1.0000 -0.1360 Accept 0.9566 Accept
13 Log |'-1.4210.| 1.0000 0.0658 Accept 0.9851 Accept
14 Log 0.0000 | 1.0000 0.1598 Accept 0.9849 Accept
15 |Gamma| 0.0000 | 1.0000 0.0552 Accept 0.9882 Accept
16 Log | -2.2395 | 1.0000 0.2467 Accept 0.9892 Accept
17 Log 0.2660 | 1.0000 0.0010 Accept 0.9851 Accept
18 Log 0.0000 | 1.0000 | -0.0849 Accept 0.9803 Accept
19 Log 1.0644 | '1.0000 -0.1783 Accept 0.9890 Accept
20 Log 0.0000 | 1.0000 | -0.0876 Accept 0.9890 Accept
21 Log 0.0000| 1.0000 0.1201 Accept 0.9787 Accept
22 Log | =7.6395 . 1.0000 -0.1491 Accept 0.9918 Accept
23 Log 0.0000" [=1.0000 -0.2474 Acecept 0.9855 Accept
24 Log | 48.3429-1.0000 0.0186 Accept 0.9907 Accept
25 Log | -1.1639 | 1.0000 0.2078 Accept 0.9804 Accept
26 Log | -0.3588 | 1.0000 0.3152 Accept 0.9802 Accept
27 Log | -4.3058 | 1.0000 -0.1572 Accept 0.9756 Accept
28 Log | -1.9162 | 1.0000 0.1867 Accept 0.9769 Accept
29 Log | -1.1775 | 1.0000 | -0.0798 Accept 0.9837 Accept
30 Log | -0.5193 | 1.0000 0.0351 Accept 0.9936 Accept
31 Log 0.0000 | 1.0000 -0.1226 Accept 0.9879 Accept
32 Log 0.0000 | 1.0000 0.1296 Accept 0.9902 Accept
33 Log | -1.6522 | 1.0000 | -0.0432 Accept 0.9853 Accept
34 Log | -0.6939 | 1.0000 0.2969 Accept 0.9521 Reject
35 Log 0.0000 | 1.0000 0.1555 Accept 0.9551 Accept
36 |Gammal| 0.0000 | 1.0000 0.1485 Accept 0.9894 Accept

% Skewness test of normality: Two sided test statistic at 10% significance level = 0.8240

Filliben test of normality: One sided test statistic at 10% significance level = 0.9550
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Table 4.10 Results of skewness and correlation test (Imha Dam)

Transformation Skewness test Filliben test
Season

Trans. | Coeff. a [Coeff. b|Comp. Val.| Result [Comp. Val.| Results
1 Log | -0.3315 | 1.0000 0.0224 Accept 0.9875 Accept
2 Log | -0.5578 | 1.0000 | -0.1130 Accept 0.9632 Accept
3 Log | -0.6318 | 1.0000 0.0918 Accept 0.9928 Accept
4 Log | -0.4906 | 1.0000 | -0.1721 Accept 0.9921 Accept
5 Log | -0.5402 | 1.0000 | -0.2335 Accept 0.9807 Accept
6 Log | -0.6632 | 1.0000 0.0664 Accept 0.9879 Accept
7 Log | -0.6761 | 1.0000 0.0459 Accept 0.9894 Accept
8 Log 0.0000 | 1.0000 | -0.0840 Accept 0.9875 Accept
9 Log 1.1550 | 1.0000 | -0.0088 Accept 0.9820 Accept
10 Log | -0.7571 | 1.6000 | -0.0157 Accept 0.9747 Accept
11 Log | -0.4268 | 1.0000 | -0.0691 Accept 0.9750 Accept
12 Log | -1:4290 | 1.0000 | -0.2913 Accept 0.9808 Accept
13 Log |~~0.7528 |1.0000 0.0398 Accept 0.9878 Accept
14 Log 0.0000 | 1.0000 | -0.0498 Accept 0.9802 Accept
15 Log | -0.4716 | 1.0000 0.0867 Accept 0.9898 Accept
16 Log 0.0000 |1.0000 | -0.0672 Accept 0.9770 Accept
17 Log | 0.0000 | 1.0000 0.3728 Accept 0.9743 Accept
18 Log 0.0000 |1.0000 | -0.3732 Accept 0.9766 Accept
19 Log 1.5554 | 1.0000 | -0.0366 Accept 0.9839 Accept
20 Log 0.0000 | 1.0000 | -0.1302 Accept 0.9822 Accept
21 Log 0.0000 +| 1.0000 |- -0.0426 Accept 0.9765 Accept
22 Log | =0.7632 }.1.0000 0.1526 Accept 0.9914 Accept
23 Log 0.0000* {+1.0000:-{ . -0.1570 Accept 0.9815 Accept
24 Log | 26.6600 1-1.0000% -0.0252 Accept 0.9569 Accept
25 Log 0.0000 | 1.0000 1+=0.0794 Accept 0.9895 Accept
26 Log 0.0000 | 1.0000 0.1565 Accept 0.9683 Accept
27 Log | -0.8003 | 1.0000 | -0.1474 Accept 0.9726 Accept
28 Log | -0.4810 | 1.0000 | -0.0896 Accept 0.9902 Accept
29 Log | -0.5673 | 1.0000 | -0.0355 Accept 0.9937 Accept
30 Log | -0.3225 | 1.0000 0.0492 Accept 0.9892 Accept
31 Log | -0.7030 | 1.0000 | -0.0807 Accept 0.9866 Accept
32 Log | -0.1362 | 1.0000 0.2515 Accept 0.9811 Accept
33 Log | -0.5534 | 1.0000 0.0956 Accept 0.9865 Accept
34 Log | -0.8547 | 1.0000 | -0.0018 Accept 0.9824 Accept
35 Log | -0.3387 | 1.0000 0.1985 Accept 0.9845 Accept
36 Log | -0.7496 | 1.0000 | -0.0224 Accept 0.9914 Accept

% Skewness test of normality: Two sided test statistic at 10% significance level = 0.8240

Filliben test of normality: One sided test statistic at 10% significance level = 0.9550
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Table 5.2 Simulated hydropower

(Andong Dam) (GWh)

generation for

single

operation

Year

Jan.

Feb.

Mar.

Apr.

May.

Jun.

Jul.

Aug.

Sep.

Oct.

Nov.

Dec.

Sum

1977

4.88

6.38

5.82

5.08

9.12

12.39

10.63

9.22

8.72

6.44

4.27

3.89

86.84

1978

3.81

3.37

5.16

4.40

7.04

9.12

10.78

14.48

13.40

7.47

6.08

7.33

92.44

1979

7.03

6.24

5.91

5.57

11.63

15.67

14.98

16.07

14.32

8.25

6.67

8.01

120.35

1980

7.72

6.87

6.38

7.85

11.90

16.10

15.57

19.15

19.18

12.42

10.45

12.58

146.17

1981

12.10

10.99

10.23

8.53

12.22

15.58

14.57

16.36

18.26

11.85

9.89

11.82

152.40

1982

11.30

9.18

9.25

5.64

9.38

12.66

10.47

11.85

9.02

4.78

3.67

3.69

100.89

1983

3.50

2.99

3.64

3.91

7.48

7.43

7.05

5.91

6.33

6.65

4.83

3.89

63.61

1984

3.75

3.24

4.29

3.88

6.82

8.98

9.08

6.31

13.08

7.56

6.08

7.30

80.37

1985

6.96

6.11

5.60

4.87

8.71

1228

1118

14.24

13.65

10.32

9.68

11.61

115.21

1986

10.03

7.13

7.48

5.60

9.28

12.58

11.48

13.85

12.07

6.86

5.72

5.11

107.19

1987

4.22

6.25

6.09

5.30

8.95

14.43

13.35

20.42

1€78

12.47

10.45

12.56

134.28

1988

12.09

10.96

10.14

8.19

11.85

13.96

14.14

17.65

14.00

7.85

6.31

7.55

134.69

1989

7.25

6.48

geld!

5.67

945

LS L)

11.74

15.26

14.07

8.23

9.60

11.66

119.96

1990

11.19

10.10

10.04

8.69

3482

17.67

18.09

20.69

2813

13.27

K2

13.69

171.00

1991

13.26

11.89

11.16

9.48

14.07

18.59

17.52

21.14

19.98

13.06

10.99

13.23

174.37

1992

12.79

11.44

10.75

9.06

13.46

17.48

14.86

15.69

13.98

8.15

6.59

7.93

142.18

1993

7.67

6.87

6.46

5.53

11.00

15.79

14.52

20.84

20.16

13.09

10.99

13.25

146.17

1994

12.80

11.44

10.66

8.81

12.91

16.79

15.06

15.28

12.86

7:10

5.83

6.04

135.58

1995

4.20

o4l T

5.43

4.57

763

7538

5.05

6.46

9.18

6.45

4.20

3.73

69.44

1996

3.55

3.03

3.74

4.04

5.01

7.37

10.24

6.34

3.60

3.58

3.33

3.30

57.63

1997

3.12

2.63

2116

2:83

5:92

10.28

12.18

15.08

12.83

7.03

5.63

7.18

87.47

1998

7.00

6.22

5.90

5:34

9.28

12.85

13.49

19.78

19.08

12.38

10.47

12.58

134.37

1999

12.10

10.97

10.17

8.68

12.98

17.02

14-82

19.95

34.88

17.05

11.45

13.84

183.91

2000

13.41

12.01

11.19

9.27

13.49

17.48

14.79

15.56

17.03

12.20

10.23

12.32

158.98

2001

11.85

10.69

10.09

8.21

11.76

13.23

12.41

14.52

12.08

6.77

5.50

4.08

121.19

2002

4.01

4.22

5.36

4.58

9.03

12.55

11.18

20.55

35.83

13.25

11.17

13.45

145.18

2003

13.01

11.63

10.92

9.34

14.93

20.03

57.85

43.03

51.83

13.28

11.26

13.70

270.81

2004

13.27

11.86

11.11

9.23

13.74

18.40

23.42

46.07

25.54

13.32

11.24

13.53

210.73

2005

13.04

11.62

10.81

9.10

13.36

17.19

16.99

19.38

17.90

11.74

9.82

11.70

162.65

2006

10.04

7.13

6.63

5.64

11.61

13.28

24.16

21.80

20.16

12.62

10.56

12.71

156.34

2007

12.37

11.05

10.34

8.76

12.52

16.00

12.69

15.69

18.39

12.12

10.12

12.09

152.14

2008

11.74

7.45

7.88

5.89

10.50

13.27

11.05

15.77

11.28

7.32

4.10

4.09

110.34

2009

3.92

3.40

4.72

4.26

4.72

2.98

10.73

14.64

9.77

3.75

3.47

3.42

69.78

Avg.

8.76

7.79

7.68

6.54

10.46

13.64

14.73

17.24

17.13

9.66

7.94

9.18

130.75
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Table 5.3 Operational performance statistics: for- single operation
(Andong Dam)

Operational performance statistics Measured Simulated
Number of time periods 1,188 1,188
Number of failures 554 426
Number of consecutive failures for two 71 48
or more runs
Run length of maximum failures 52 51
Reliability 0.53 0.64
Vulnerability (<10° m’) 12.69 5.14
Resiliency 0.21 0.13
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Table 5.5 Simulated:' hydropower generation for 'single operation
(Imha Dam) (GWh)
Year | Jan. | Feb. |Mar. | Apr. |[May. | Jun. | Jul. | Aug. | Sep. | Oct. | Nov. |Dec.| Sum
1993 | 3.71| 4.76| 5.22| 4.83] 5.48| 5.98/13.33|38.67|13.66| 6.70| 6.19| 3.12| 111.65
1994 | 6.04| 5.09| 5.34|-4.87| 4.91 4.62| 7.05 2.54| 2.27| 2.17| 1.88| 0.00| 46.28
1995| 0.00 0.69}. 0.68/¢ 1.39| 1.40| 1.46| 1.49| 2.36| 2.77|1.2.73|72.41| 2.26| 19.64
1996 | 0.75| 0.00| 15| 1:40| T42[ 2.41| 9.89| 6.79| 2.71| 2.60| 2.29| 1.41| 33.12
1997 | 0.00| 0.00| 0.69| 1.39| %8:27| 2.85|12.67| 13.15|" 8.64] 3.33| 4.77| 2.54| 53.30
1998 | 4.95 4.23| 4.54| 4.95 5.33}-5.10/11.59/2418|13.28| 6.73| 6.32| 3.17| 94.37
1999 | 6.10| 5.10| 5.35| 5.30| 5.77| 5.66|11.53|12.55/23.71| 7.08| 6.86| 3.47| 98.48
2000| 6.76| 5.86| 6.19| 5.65 5.71| 5.27| 7.83| 7.02/11.11| 6.82| 6.34| 3.20| 77.76
2001 | 6.20| 5.27| 5.71| 5.31| 5.19| 4.82| 8.69| 3.68| 2.60| 2.79| 2.64| 1.29| 54.19
2002 | 2.61| 2.79| 2.88| 3.38| 5.43| 5.31| 8.88]35.09|24.12| 6.85| 6.43| 3.24| 107.01
2003 | 4.72| 4.01| 4.50| 4.51|11.22|21.35| 46.06|30.38|30.04| 5.13| 4.78| 1.62| 168.32
2004 | 4.73] 4.00| 4.20| 3.90| 4.27| 4.72|23.83|28.61|14.52| 5.29| 4.93| 1.64| 104.64
2005 | 4.80| 4.12| 4.37| 4.32| 4.42| 4.18/10.44]10.83|10.51| 4.33| 3.94| 1.26| 67.52
2006 | 3.01| 3.01| 1.97| 2.37| 3.05| 2.00]/29.83]|12.94|11.31| 4.52| 4.23| 1.39| 79.63
2007 | 3.90| 3.24| 3.30| 2.54| 2.03| 1.54| 4.41| 2.84]/10.77| 4.72| 4.39| 1.44| 45.12
2008 | 4.09| 3.41| 3.49| 3.18| 3.02| 1.49| 1.30| 1.46| 1.41| 1.34| 0.40| 0.00| 24.59
2009 | 0.00| 0.00| 0.41| 0.00| 0.88| 0.41| 5.65| 5.89| 3.97| 1.69| 1.48| 1.40 21.78
Avg. | 3.67| 3.27| 3.55| 3.49| 4.28| 4.66|12.62|14.06|11.02| 4.40| 4.10| 1.91| 71.02
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Table 5.6 Operational performance’ statistics for single ' operation
(Imha Dam)

Operational performance statistics Measured Simulated
Number of time periods 612 612
Number of failures 429 216
Number of consecutive failures for two 28 24
or more runs
Run length of maximum failures 67 68
Reliability 0.30 0.65
Vulnerability (<10° m) 9.30 8.99

Resiliency 0.08 0.11
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Table 6.1 Comparison of zones between single and joint operation
(Andong Dam)

Month Single operation Joint operation
Upper Middle Lower Upper Middle Lower
Jan. 152.06 147.74 141.27 151.55 147.67 137.29
Feb. 147.25 146.47 138.29 149.30 146.46 133.42
Mar. 147.84 145.26 131.68 146.38 145.22 131.67
Apr. 149.34 146.04 132.54 149.69 141.58 132.54
May. 148.82 145.14 132.93 149.00 142.23 133.23
Jun. 147.09 144.23 132.16 151.19 138.69 132.20
Jul. 154.43 150.09 133.72 155.16 149.63 130.00
Aug. 154.42 15 18] 138.60 167.7] 149.31 138.30
Sep. 158.75 153.28 141.53 159.33 152,81 143.81
Oct. 157.33 151.37 137.89 158.01 5i1.68 138.12
Nov. 156.55 150:84 139.58 ] 5721 1 50410 137.01
Dec. 154.68 149.19 142.51 154.79 149.18 138.69

Table 6.2 Comparison of zones between single and joint operation
(Imha Dam)

Month Single operation Joint operation
Upper Middle Lower Upper Middle Lower
Jan. 153.56 B4 G 140.53 g0). AN 146.38 140.21
Feb. 155.72 141.11 137.71 151.70 141.18 139.99
Mar. 154.65 142.08 138.63 157.88 141.23 138.59
Apr. 153.49 142.30 138.62 149.11 142.20 138.56
May. 149.44 140.13 137.63 153.74 140.16 137.61
Jun. 149.45 140.97 137.76 150.34 144.16 138.57
Jul. 155.08 150.62 142.48 154.54 150.62 143.49
Aug. 161.21 153.15 146.30 160.76 153.16 146.31
Sep. 161.59 155.47 147.00 160.98 155.48 146.98
Oct. 155.15 149.66 139.67 154.81 150.20 140.54
Nov. 151.61 146.01 143.37 153.87 145.64 142.52
Dec. 151.09 142.64 139.78 151.06 142.86 140.69
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Table 6.5 Simulated hydropower generation for joint operation
(Andong Dam) (GWh)

Year | Jan. | Feb. [Mar. | Apr. |May.| Jun. | Jul. |Aug. | Sep. | Oct. | Nov. | Dec.| Sum

1993 | 4.57| 5.98| 5.57| 4.74| 9.62|13.87|11.65|19.43|19.06| 12.18|10.20| 12.27|129.14

1994 | 11.81|10.51| 9.93| 8.01|11.71|15.08]13.82|13.99| 6.70| 5.85| 5.44| 5.59|118.44

1995 | 4.57| 5.28| 4.68| 3.87| 4.20| 2.94| 7.33] 6.75| 6.24| 4.72| 3.63| 3.59| 57.08

1996 | 3.38| 2.88| 3.53| 3.82| 4.20| 5.40|10.42| 8.93| 3.54| 3.50| 3.24| 3.21| 56.05

1997 | 3.03| 1.81] 1.77| 2.92| 6.96|10.23|13.31|14.96| 12.71| 6.95| 5.57| 7.10| 87.32

1998 | 6.92| 6.14| 5.82| 6.58|10.84|13.84|13.55|18.99|18.53|12.11|10.23|12.27|135.82

1999 | 11.78|10.44| 9.79| 8.37|12.35|16.18|14.39|19.14| 34.22| 17.05| 11.45| 13.84|17.009

2000 | 13.41|12.01|11.19| 9.27]13.49|17.26| 14.80| 16.27| 17.82| 12.16| 10.19| 12.26|160.13

2001 | 11.79]10.51|10.04| 8.22|11.69{14.71|12:75{.14.20| 9.28| 5.97| 5.50| 6.49/121.15

2002 | 5.45| 5.49| 4.93| .4.19| 9.06111.77|10.44|19.95| 27.97| 13.25| 11.16| 13.45{137.11

2003 | 13.01|11.63| 10.92| 9.34| 14.93120.03| 57.8443.03| 51.83| 13:28| 11.26| 13.70/270.08

2004 |13.27|11.86] 11.11| 9.23|13.74| 18.40| 23.42| 46.07| 25.54| 13.32]"11.24| 13.53|210.73

2005 | 13.04|11.62|10.81{ 9.10|13:36|16.97| 16:91| 19.40| 17.92}.11.76| 9.83| 11.71/162.43

2006 | 11.15|/ 7.10| 6.60| 7.64|11.42|14.60| 17.88|21.80|20.16|12.62|10.56| 12.71|154.24

2007 112.3711.05| 10.34| 8.76|12.44]16.01| 13.94| 16.30| 18.27| 12.05| 10.05| 12.00|153.58

2008 |11.47(10.12| 9.32| 7.74|11.04|13.58|10.47|14.42| 12.80| 6.99| 5.53| 5.60/119.08

2009 | 3.81| 5.25| 4.58| 2.94| 2.95| 2.85| 9.97|13.25| 6.38| 3.93| 3.66| 3.65| 63.22

Avg. | 9.11| 8.22| 7.70] 6.75[10.24|13.16|16.05]19.23| 18.17| 9.86| 8.16| 9.59|126.62

g Jste deh = s AR G0l S Fig. 6.8 o
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Fig. 6.8 Comparison of hydropower generation between measurement
and joint operation (Imha Dam)

Table 6.6 Simulated hydropower generation for joint operation
(Imha Dam) (GWh)

Year | Jan. | Feb. [ Mar. | Apr. |May. | Jun. | Jul. | Aug.| Sep. | Oct. | Nov. | Dec.| Sum
1993 | 3.74| 4.76| 5.21| 4.83| 5.48| 5.98|13.28|38.67|13.74| 6.70| 6.19| 3.11|111.69

1994 | 6.03| 5.15] 5.32| 4.86| 4.90| 4.60| 7.02| 2.53| -2.26] 2.16|- 1.38| 0.00| 46.21

1995 | 0.00| 0.00| 1.36f 1.39| =1.39| 1.38] 1.49| 2.35| 2.76| 2.72| 2.40| 2.26| 19.5

1996 | 0.75| 0.00| 1.45-1.40|s 42| 2.40| 9.88].6.79| 2.71| 2.60| 2.29| 1.41| 33.1

1997 | 0.00| 0.00| 0.69| 1.39| 3.27| 2.35[12.77|13:24| 8.71| 3.37| 4.84| 2.57| 53.2

1998 | 5.01| 4.30| 4.62| 5.05| 5.39| 5.16|11.71]24.25|13.36| 6.72| 6.31| 3.16| 95.04

1999 | 6.09| 5.17| 5.34| 5.36| 5.67| ©5.58]11.52|12.53|23.70| 7.08| 6.86| 3.47| 98.37

2000 | 6.76| 5.86| 6.15| 5.69| 5.64| 5.24| 7.84| 7.04|11.12| 6.83| 6.35| 3.20| 77.72

2001 | 6.20| 5.34| 5.75| 5.35| 5.19| 4.81| 7.65| 3.82| 2.69| 2.90| 2.74| 1.62| 54.06

2002 | 2.69| 3.35| 2.91| 3.41| 5.41| 5.31| 8.94|35.12|24.12| 6.85| 6.43| 3.24|/107.78

2003 | 4.72| 4.08| 4.45| 4.51]11.19]21.35|46.06|30.38|30.04| 5.13| 4.78| 1.62]168.31

2004 | 4.73| 4.07) 4.19| 3.93] 4.22| 4.68|23.80|28.61|14.52| 5.29| 4.93| 1.64|104.61

2005 | 4.80| 4.15| 4.37| 4.28] 4.38] 4.11|10.45|10.85/10.52| 4.34| 3.95| 1.27| 67.47

2006 | 3.64| 2.96/ 1.94| 1.86| 3.05| 1.58/30.36|12.94|11.31| 4.56| 4.12| 1.36| 79.68

2007 | 3.90| 3.25| 3.31| 2.54| 2.47| 1.44| 3.33| 2.91]10.87| 4.80| 4.44| 1.46| 44.72

2008 | 4.18| 3.47| 3.56| 3.26| 3.11| 1.54| 1.34| 1.50| 1.45| 1.38| 0.42| 0.40| 25.61

2009 | 0.00| 0.00f 0.45| 0.00| 0.49| 0.41| 6.13| 5.96| 4.02| 1.72| 1.51| 1.43] 22.12

Avg. | 3.72| 3.29| 3.59| 3.48| 4.27| 4.58|12.56|14.09|11.05| 4.42| 4.11| 1.95| 71.13
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Table 6.7 Operational performance statistics for joint operation

Operational~performance statistics Measured Simulated
Number of time periods 612 612
Number of failures 390 202
Number of consecutive failures for two 97 16
or more runs
Run length of maximum failures 69 65
Reliability 0.36 0.67
Vulnerability (x10° m') 12.42 12.25

Resiliency 0.085 0.084
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Table A.3 Measured power generation of Andong Dam (GWh)

Year| Jan. | Feb. | Mar. | Apr. |May. | Jun. | Jul. [Aug. | Sep. | Oct. | Nov. | Dec. | Sum
1977 | 5.93| 6.05| 7.02]|10.46|15.34| 9.77|13.48| 9.41| 4.51| 4.88| 5.80| 6.81| 99.46
1978 | 9.76| 8.60| 7.41| 1.48|15.26]10.36| 9.03|23.51|19.21| 15.66| 11.69| 14.94|146.92
1979 1 10.70| 9.18| 7.21|11.54|10.48| 9.49|23.02| 17.45|11.92| 7.18| 0.51| 7.75/126.43
1980 | 7.59| 7.86| 8.04| 4.12| 8.05|16.80]26.26| 6.83]29.90| 8.04| 9.00| 8.22|140.70
1981 10.25| 15.89| 8.51| 8.17|15.02| 19.06| 15.94| 1.24|17.34| 4.06| 0.68]| 5.37|121.53
1982 | 6.57| 9.44| 9.83| 5.67|15.27|19.43]12.82| 0.06| 0.04| 1.15| 4.21] 0.16| 84.65
1983 | 4.44| 2.62| 0.63] 0.07| 0.52|12.85] 2.55| 4.29| 0.91| 6.40| 9.08|10.10| 54.44
1984 | 9.73| 8.01| 7.10| 6.87| 1.26| 4.68] 1.58| 5.74]35.84|19.50| 13.60] 12.30|126.20
1985 13.98| 4.36| 3.37| 3.60|15.79|16.59| 4.61| 4.53| 0.81|14.36|11.31| 18.85|112.17
1986 | 11.51| 9.03| 9.10| 13.91}-8.46| 9.95| 2.58| 7.60{.11.72| 8.75[14.01|11.29/117.91
1987 | 11.71| 9.52| 7.81{ 3.80|10.51| 15.57| 13.19] 48.73| 31.48}-18.33| 8.00| 7.93|186.56
1988 | 9.30| 8.22|.75.65| 3.71| 5.48| 6.18] 3.36|16.30{ 8.96| 6.66] 5.71| 6.83| 86.36
1989 | 5.68| 4.74| 4.61| 5.96| 14.26| 13.05| 6.79| 5.30| 9.85|12.66| 13.76| 14.00|110.65
1990 | 9.58|10.36| 11.76] 11.49,:13.90| 20.04 | 30.36| 21.54| 19.35| 9.76{10.02| 15.01|183.17
1991 12.05/11.98| 9.92| 9.11|14.90| 11.64| 9.19| 10.67| 16.27| 16.91| 14.89] 15.27|152.80
1992 | 15.72|11.52| 12.46| 7.95| 10.27| 16.43| 10.03| 6.25| 5.02| 3.05| 2.74| 9.66{111.11
1993 | 4.15| 5.26| 1.26| 3.52| 3.50| 5.99| 8.47|49.03|21.22| 11.17| 7.17| 8.35/129.08
1994 | 17.33|15.39| 9.32| 8.70| 11.27| 11.74|14.87| 10.23| 7.43| 2.54| 2.19| 4.31|115.31
1995 | 4.77| 2.43| 2.24| 1.89| 1.70| 3.06| 2.27| 2.35| 0.65| 2.72| 3.12| 4.61| 31.80
1996 | 4.98| 4.84| 6.72]|_5.62| 8.24| 7.63| 7.54| 7.41] 6.85] 0.00| 6.16| 9.72| 75.71
1997 | 7.15| 7.61| “6.60]~4.29| 5.62| 10.26|'17.93| 9.46] 14.31| 12.26| 8.06| 22.33|125.90
1998 10.39| 7.91| 9.111-.5.41| 12.07| 20.11] 15.78] 39.64| 23.03{'16.03| 1.63| 9.94|171.05
1999 | 10.45| 9.14| 9.42| 7.75|14.15] 15.92114.76| 26.13] 25.35| 36.90| 10.75| 13.28|193.99
2000 | 11.34| 11.33] 9.51| 9.89| 6.89|15.26| 14.66| 12.72| 10.91| 10.77| 28.19| 10.89|152.35
2001 | 3.70| 4.89| 2.53| 4.70| 7.20| 8.26| 8.99| 9.02| 7.64| 5.15| 3.65| 4.25| 69.97
2002 | 4.45| 3.79| 4.20| 3.00| 5.05| 6.97| 7.35|44.66|48.55|10.01|12.84|12.73|163.60
2003 | 11.18| 9.69| 10.64| 7.83| 28.08| 26.64| 24.20| 31.01| 38.21| 18.00| 12.75| 13.44|231.68
2004 | 12.82| 12.09] 13.86| 11.39] 6.01| 23.92| 29.90| 30.82| 14.22] 10.24| 9.83| 8.78|183.87
2005 | 9.99| 7.92| 6.44| 4.34] 8.94|10.89| 9.35| 6.46| 5.76] 6.69| 6.90| 8.44| 92.12
2006 | 8.53| 7.36| 7.83| 6.91| 9.31|12.77|34.56|31.74| 12.83] 6.28| 7.10| 8.39/153.60
2007 | 9.40| 7.71] 8.11| 9.34]11.40|13.33| 5.30| 8.14|13.57| 8.37| 5.70| 8.41|108.79
2008 | 8.02| 7.19] 6.33| 6.45| 8.02| 9.90|10.37|17.70| 11.34| 7.52| 6.03| 5.73]104.61
2009 | 5.52| 4.13] 3.95| 3.20| 3.29| 4.04| 4.05| 4.75| 7.17| 5.21| 4.33| 4.73| 54.37
Avg. | 9.05] 8.06| 7.23| 6.43| 9.86|12.68|12.58|16.08| 14.91| 9.91| 8.22| 9.78/124.81

- 184 -




Table A.4 Measured power generation of Imha Dam (GWh)

Year

Jan.

Feb.

Mar.

Apr.

May.

Jun.

Jul.

Aug.

Sep.

Oct.

Nov.

Dec.

Sum

1993

7.17

3.68

4.49

6.71

9.25

10.35

13.95

33.46

14.49

4.78

3.27

6.75

118.35

1994

4.65

3.85

4.04

3.65

3.60

4.60

5.34

2.32

1.22

0.43

0.45

0.49

34.64

1995

0.47

0.49

0.82

2.00

2.31

0.88

1.08

1.47

2.36

2.20

1.96

18.05

1996

2.20

1.50

0.90

1.55

7.08

14.66

3.72

1.77

2.94

0.49

0.22

39.18

1997

0.22

0.22

0.35

1.07

3.94

25.48

14.63

2.41

1.46

1.18

2.99

54.15

1998

1.79

10.17

22.25

6.40

1.61

5.66

29.49

8.36

17.72

12.13

6.41

124.76

1999

1.17

0.62

7.84

2.62

4.82

4.93

8.44

17.24

26.81

5.69

2.10

83.15

2000

3.34

4.54

3.66

5.09

1.23

1.58

5.76

18.28

13.02

1.24

7.08

68.97

2001

5.53

2.98

3.22

2.30

1.22

1:84

2.81

1.77

1.94

2.72

1.62

30.37

2002

1.15

2.56

2.94

12.05

WI%L5

6.74

25.16

26.77

5.47

0.00

0.00

95.82

2003

0.00

0.02

13.97

34.47

29.43

33.39

28:29

294.58

14.09

0.54

0.00

183.73

2004

0.00

0.04

3.26

20.71

25.04

33.46

20.38

9.34

9.18

4.13

2.98

128.52

2005

1.81

.70

2.77

2.72

1.54

8.91

10.59

10.86

1.53

L. 58

0.31

45.58

2006

0.27

0:33

0.26

2.07

3.41

23.36

13.47

7

3.54

1.07

0.34

51.12

2007

0.28

0.27

0.28

0.29

1.48

7.47

2.04

21889

3.90

2.81

0.72

41.38

2008

0.35

2.90

2.36

3.74

3.92

1.40

0.38

0.40

0.30

0.33

0.32

16.74

2009

0.28

0.28

0.27

0.24

0.34

7.44

3.99

0.68

0.36

0.34

0.37

14.84

Avg.

1.80

gr19

4.44

6.48

6.67

11.56

12.12

9.94

6.46

2.85

2.04

67.61
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B.1 ¢t5He AFA LY 219 I&
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PARAMETER(N=3700)

REAL EL_INI,EL_LOW,EL_FLOOD,EL_FULL

INTEGER IYEAR

REAL INFLOW(N),DEM_DI(36),DEM_AGR(36),DEM_INS(36)
REAL STORAGE(N),STAGE(N),SUPPLY(N),SPILL(N),DEFICIT(N)
REAL GENHR(N),PWR(N),ENG(N)

INTEGER ZONE(N)

REAL YS_UP(12),YS_MID(12),YS_LOW(12)
REAL EL_MAX(36),EL_MIN(36),CURVE_UP(36),CURVE_MID(36),
+ CURVE_LOW(36)

REAL SUPPLY_M(40,12),DEFICIT_M(40,12),ENG_M(40,12)
REAL SUPPLY_TOT(40),DEFICIT=TOT(40),ENG._TOT(40)

CHARACTER=*20 DATAFILE,OUTFILE
CHARACTER=*100 OPT_PARA

COMMON /IN_DATA1/ EL_INI,EL+LOW,EL_FLOOD,EL_FULL
COMMON,/IN_.DATA2/ IYEAR,INFLOW,DEM_DI,DEM_AGR,DEM_INS,

+ PDISCHARGE

COMMON /IN_DATA3/ EL_MAX,EL_MIN,CURVE_UP,CURVE_MID,CURVE_LOW
COMMON /PARA / YS_UP,YS_MID,YS_LOW

COMMON /SIMOUT / STORAGE,STAGE,SUPPLY,SPILL,DEFICIT,ZONE
COMMON /SIMOUT2 / GENHR,PWR,ENG

DATA YS_UP /152.71,148.81,147.96,149.71,148.31,147.21,
+150.88,152.17,157.90,154.17,152.73,152.56/
DATA YS_MID/147.26,145.48,143.59,148.87,144.83,142.75,
+150.22,148.00,150:94,149.28,147.90,147.47/
DATA YS_LOW/139.60,134.64,134.20,136.50,132:89,134.56,
+135.29,139.02,135.72,144.82,;136.75,144.39/

OO0OO0O0O0O0O0OO0

OPT_PARA='D:WWork2010WDoctorWwTask1WAndongWOpt_zone6WDDS2WDDS_test1
+Wstatus.out'

OPEN(5,FILE=OPT_PARA)

READ(5,*)

READ(5,*)

READ(5,90) (YS_UP(I),I=1,12),(YS_MID(J),J=1,12),(YS_LOW(K),K=1,12)

90 FORMAT(36(2X,E12.6))
CLOSE(5)

IN, OUT FILE

OO0O0O0O0

WRITE(*,*) 'enter input file name'
READ(*,*) DATAFILE

WRITE(*,*) 'enter output file name'
READ(*,*) OUTFILE
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IDAT=10

I0UT=20
OPEN(IDAT,FILE=DATAFILE)
OPEN(IOUT,FILE=OUTFILE)

READ(IDAT,*) NDATA

OO0

READ(IDAT, *)
READ(IDAT,100) EL_IN
READ(IDAT,100) EL_LOW,EL_FLOOD,EL_FULL
100 FORMAT(10F10.0)
READ(IDAT,120) IYEAR,PDISCHARGE
120 FORMAT(110,10F10.0)
C
READ(IDAT, *)
DO 1=1,36
READ(IDAT,*) DEM_DI(I),DEM_AGR(1);DEM-INS(I)
ENDDO
READ(IDAT, *)
DO 1=0,149-1
READ(IDAT,110) (INFLOW(I*8+J),J=1,8)
J=J+1
ENDDO
110 FORMAT(8F10.0)
C
DO I=1,36
IF(I.GE.18 .AND. I.LE.26) THEN
EL_MAX()=EL_FLOOD
ELSE
EL_MAX()=EL_FULL
ENDIF
EL_MIN()=EL_LOW
ENDDO

CALL COORDINATE(YS_UP ,CURVE_UP ,EL.MIN,EL_MAX)
CALL COORDINATE(YS_MID;CURVE_MID,EL_MIN,EL_MAX)
CALL COORDINATE(YS_LOW,CURVE_LOW,EL_MIN,EL_MAX)
J=1
DO I=1,36
WRITE(IOUT,190) J,I,EL_MAX(I),CURVE_UP(I), CURVE_MID(l),
+ CURVE_LOW(I),EL_MIN(I)
IF(MOD(1,3).EQ.0) J=J+1
ENDDO
190 FORMAT(215,10F10.2)
C
CALL SIMULATION_AD_ZONEG
CALL AD_POWER

PRINT RESULT

OO0

kyear=1977
J=0
DO I=1,IYEAR*36
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N10DAY=MOD(l,36)
IF(N1ODAY.EQ.0) N10DAY=36

C
IF(MOD(1,3).EQ.1) THEN
J=J+1
IF(J.GT.12) J=1
ENDIF
SUPPLY_M(KYEAR-1977+1,J)=SUPPLY_M(KYEAR-1977+1,J)+SUPPLY(l)
DEFICIT_M(KYEAR-1977+1,J)=DEFICIT_M(KYEAR-1977+1,J)+DEFICIT(I)
ENG_M(KYEAR-1977+1 ,J)=ENG_M(KYEAR-1977+1,J)+ENG(I)
C
DESIGN_SUPPLY=DEM_DI(N10DAY)+DEM_AGR(N10DAY)+DEM_INS(N10DAY)
WRITE(IOUT,200) kyear,|,N10DAY,ZONE(I),INFLOW(I),STAGE(I),
+  STORAGE(I),DEM_DI(N10DAY),DEM_AGR(N10DAY),DEM_INS(N10DAY),
+  DESIGN_SUPPLY,SUPPLY(l),DEFICIT(I),SPILL(I),
+  GENHR(I),PWR(I),ENG(I)
if(n10day.eq.36) kyear=kyear+1
ENDDO
200 FORMAT(415,F10.3,F10.2;20F10.3)
C
DO I=1,IYEAR
DO J=1,12
SUPPLY._TOT(I)=SUPPLY_TOT(I)+SUPPLY_M(1,J)
DEFICIT_TOT (1)=DEFICIT_.TOT (I)+DEFICIT_M(I3J)
ENG_TOT(I)=ENG_TOT()+ENG_M(I,J)
ENDDO
ENDDO
C
WRITE(IOUT,220)
DO I=1,IYEAR
WRITE(IOUT,210). (SUPPLY_M(I,J),J=1,12),SUPPLY_TOT(I)
ENDDO
WRITE(IQUT;220)
DO I=1,IYEAR
WRITE(IOUT,210) (DEFICIT M(l,J),J=1,12),DEFICITTOT()
ENDDO
WRITE(IOUT,220)
DO I=1,IYEAR
WRITE(IOUT,210) (ENG_M(1,J),J=1,12) ,ENG_TOT(I)
ENDDO

210 FORMAT(12F10.2,F10.3)
220 FORMAT(//,80('="))

C
CLOSE(10)
CLOSE(20)
C
STOP
END

CCCCCrrreeeeeeeeeeceeeeeeeeeeeeeeeeeeececececeeeeeceecececcccccccccecececece
CC SUBROUTINE SIMULATION_AD_ZONEG6
PARAMETER(N=3700)
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0O0O0O0 0 o0 o0

OO0

REAL EL_INI,EL_LOW,EL_FLOOD,EL_FULL
REAL INFLOW(N),DEM_DI(36),DEM_AGR(36),DEM_INS(36)
REAL STORAGE(N),STAGE(N),SUPPLY(N),SPILL(N),DEFICIT(N)
REAL DAY(36),C(36)

INTEGER ZONE(N)

REAL YS_UP(12),YS_MID(12),YS_LOW(12)
REAL EL_MAX(36),EL_MIN(36),CURVE_UP(36),CURVE_MID(36),
+ CURVE_LOW(36)

COMMON /IN_DATA1/ EL_INI,EL_LOW,EL_FLOOD,EL_FULL

COMMON /IN_DATA2/ IYEAR,INFLOW,DEM_DI,DEM_AGR,DEM_INS,

+ PDISCHARGE

COMMON /IN_DATA3/ EL_MAX,EL_MIN,CURVE_UP,CURVE_MID,CURVE_LOW
COMMON /PARA / YS_UP,YS_MID,YS_LOW

COMMON /SIMOUT / STORAGE,STAGE,SUPPLY,SPILL,DEFICIT,ZONE

DATA DAY/10.0,10.0,11.0,10.0,10:0; 8.0,10.0,10.0,11.0,

+ 10.0,10.0,10.0,10.0,10.0,11.0,10.0,10.0,10.0,
+ 10.0,10.0,11.0,10.0,10.0,11.0,10.0,10.0,10.0,
+ 10.0,10.0,11.0,10.0,10.0,10.0,10.0,10.0,11.0/

DATA C/1.60,1.60,1.60,1.63,1.63,1.63,1.41,1.41,1.41,

+ 1.18,1.18,1.18,1.05,1.05,1.05,1.00,1.00;1.00,

+ 1,10,1.10,1.10,1.00,1.00,1.00,1.32,1.82,1.32,

+ 1.38,1.38,1.38,1.35,1.35,1.35,1.61,1.61,1.61/

DATA C/1.68,1.68,1.68,1.71,1.71,1.71,1.48,1.48,1.48,

+ 1.24,1.24,1.24,1.20,1.20,1.20,1.10,1.10,1.10,
+ 1.16,1.16,1.16,1.10,1.10,1.10,1.17,1.17,1.17,
+ 1.45,1.45,1.45,1.41,1.41,1.41,1.69,1.69,1.69/

INITILIZE RULE CURVE

CALL COORDINATE(YS=UP,CURVE_UP ,EL_MIN,EL_MAX)
CALL COORDINATE(YS:=MID,CURVE_MID,EL_MIN,EL_MAX)
CALL COORDINATE(YS_LOW,CURVE_LOW EL. MIN,EL_MAX)

MAIN CALCULATION

ALPHA=1.0
BETA=1.02
GAMMA=1.0
GAMMA2=0.0

DO I=1,IYEAR*36
N10DAY=MOD(l,36)
IF(NTODAY.EQ.0) N10DAY=36

IF(I.EQ.1) THEN
CSTORAGE=AD_STO(EL_INI)+INFLOW(I)
CSTAGE=AD_WL(CSTORAGE)

ELSE
CSTORAGE=STORAGE(I-1)+INFLOW(I)
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CSTAGE=AD_WL(CSTORAGE)
ENDIF
CALL FIND_ZONE_6(CSTAGE,N10DAY,IZONE,EL_MAX,EL_MIN,
CURVE_UP,CURVE_MID,CURVE_LOW)
ZONE(1)=IZONE

CSPILL=0.0
ADD_REL=0.0
IF(IZONE.EQ.1) THEN
DEM_TOTAL=ALPHA*(DEM_DI(N10DAY)+DEM_AGR(N1O0DAY)+
DEM_INS(N10DAY))*C(N10DAY)
CSPILL=AD_STO(CSTAGE)-AD_STO(EL_MAX(N10DAY))
PDIS_10=PDISCHARGE*24.%3600./1000000.*DAY(N10DAY)
IF(CSPILL.GT.0.0 .AND. CSPILL.LT.DEM_TOTAL) THEN
CSPILL=0.0
ENDIF
IF(CSPILL.GT.DEM_TOTAL .AND. CSPILL.LT.PDIS_10) THEN
ADD_REL=CSPILL-DEM_TOTAL
CSPILL=0.0
ENDIF
IF(CSPILL.GT.PDIS_10) THEN
ADD_REL=PDIS_10-DEM_TOTAL
CSPILL=CSPILL-PDIS_10
ENDIF
ENDIF

IF(IZONE.EQ.2) THEN
DEM_TOTAL=BETA+(DEM_DI(N10DAY)+DEM_AGR(N10DAY)+
DEM_INS(N10DAY))*C(N10DAY)
ENDIF

IF(IZONE.EQ.3) THEN
DEM_TOTAL=GAMMA *(DEM_DI(N10DAY)+DEM_AGR(N10DAY)+
DEM_INS(N10DAY))*C(N10DAY)
ENDIF

IF(IZONE.EQ.4) THEN
DEM_TOTAL=(DEM_DI(N10DAY)+DEM-AGR(N10DAY))*C(N10DAY)
ENDIF

IF(IZONE.EQ.5) THEN
DEM_TOTAL=DEM_DI(N10DAY)
ENDIF

IF(IZONE.EQ.6) THEN
DEM_TOTAL=11.9%86400+*DAY(N10DAY)/1000000.
DEM_TOTAL=0.0
ENDIF

IF(I.EQ.1) THEN
PRE_STORAGE=AD_STO(EL_INI)
ELSE
PRE_STORAGE=STORAGE(I-1)
ENDIF
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STORAGE(I)=INFLOW()+PRE_STORAGE-DEM_TOTAL-CSPILL-ADD_REL
SPILL(1)=CSPILL
SUPPLY(1)=DEM_TOTAL+ADD_REL
DESIGN_SUPPLY=DEM_DI(N10DAY)+DEM_AGR(N10DAY)+DEM_INS(N10DAY)
DEFICIT(I)=DESIGN_SUPPLY-SUPPLY(I)
IF(DEFICIT(1).LT.0.0) DEFICIT()=0.0
STAGE(1)=AD_WL(STORAGE(!))
CSTAGE=STAGE(l)

ENDDO

RETURN
END SUBROUTINE

CCCCCCCCCrreeeeeeeeeeereeeceeeecceereecceereecceeeecceeeecceeeccceececccecece

CC

SUBROUTINE FIND_ZONE_6(CSTAGE,N10DAY,IZONE,EL_MAX,EL_MIN,
+ CURVE_UP,CURVE_MID,CURVE_LOW)
REAL CURVE_UP(36),CURVE_MID(36), CURVE_LOW(36)
REAL EL_MAX(36),EL_MIN(36)
IF(CSTAGE.GT.EL_MAX(N10DAY)) THEN
IZONE=1
ELSE IF(CSTAGE.GT.CURVE_UP(N10DAY)) THEN
IZONE=2
ELSE IF(CSTAGE.GT.CURVE_MID(N10DAY)) THEN
IZONE=3
ELSE IF(CSTAGE.GT.CURVE_LOW(N10DAY)) THEN
IZONE=4
ELSE IF(CSTAGE.GT.EL_MIN(N10DAY)) THEN
IZONE=5
ELSE
IZONE=6
ENDIF
RETURN

END SUBROUTINE

CCCCCCCCCrreeeeeeeeeereeeceeeeceereecceeeecceeeecceeeecceececcceececccecece

CC
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SUBROUTINE COORDINATE(YS,CURVET,EL_MIN,EL_MAX)
REAL YS(12)
REAL CURVE1(36),EL_MIN(36),EL_MAX(36)

DO I=1,12
J=1%3
CURVE1(J )=YS(l)
CURVE1 (J-1)=YS(I)
CURVE1 (J-2)=YS(I)

ENDDO

CURVE1(3)=YS(1)

CURVE1(2)=YS(1)-1.

CURVE1(1)=YS(1)-2./3



DO I1=2,12
J=1%3
FINC=YS()-YS(I-1)
CURVE1(J )=YS(l)

CURVE1(J-1)=YS()-1./3.*FINC
CURVE1(J-2)=YS()-2./3.*FINC
ENDDO
DO 1=1,36

IF(CURVET (I).LT.EL_MIN(1)) CURVE1(I)=EL_MIN(I)
IF(CURVET(I).GT.EL_MAX()) CURVE1(I)=EL_MAX(I)
ENDDO

RETURN
END SUBROUTINE

FUNCTION AD_STO(WL)
IF (WL .LE. 134.2) THEN
AD_ST0=0.0008258622+WL**3+0.02586269*WL**2-31.924%\WL+2136.05
ELSE
IF (WL .LE.148.7) THEN
AD_STO=0.001718*WL**3-0.1633963*WL**2-29.34797+WL+3043:206
ELSE
IF (WL .LE. 154.3) THEN
AD_STO0=0.001519727*WL**3-0.05171788*WL**2—47.95492%WL+3999.218
ELSE
AD_STO=0.0008918457 *WL+**3+0.1787029*WL**2-74.41829+WL+4903.154
END IF
END IF
END IF
END FUNGCTION

FUNCTION AD=WL(V)

IF(V .LE. 309.735)

+ AD_WL=107.629323+0.1451459384 *V—0.0002828378003*\/**2 .+

+ 2.880293121E-007+V**3.

IF(V.GT.309.735 .AND. V.LE.559.168)

+ AD_WL=112.1418041+0.09509162909%V~-9.290644139E-005*V**2 +
+ 4.425388601E-008+V**3.

IF(V.GT.559.168 .AND. V.LE.982.778)

+ AD_WL=119.7197644+0.05825596478%V—-3.150341393E-005*V**2. +
+ 8.908666525E-009+*V**3.

IF(V.GT.982.778)

+ AD_WL=125.7142621+0.03941629226*V~1.168989455E-005*V**2 +
+ 1.937984011E-009*V*+3.

END FUNCTION

SUBROUTINE AD_POWER

PARAMETER(N=3700)

REAL STORAGE(N),STAGE(N),SUPPLY(N),SPILL(N),DEFICIT(N)
INTEGER ZONE(N)

- 192 -



OO0

REAL DAY(36)
REAL CF3(3,3

),CFP(9,9),RPW(9,9)
REAL GENHR(N),

PWR(N),ENG(N)

COMMON /SIMOUT / STORAGE,STAGE,SUPPLY,SPILL,DEFICIT,ZONE
COMMON /SIMOUT2 / GENHR,PWR,ENG

DATA DAY/10.0,10.0,11.0,10.0,10.0, 8.0,10.0,10.0,11.0,
+ 10.0,10.0,10.0,10.0,10.0,11.0,10.0,10.0,10.0,
+ 10.0,10.0,11.0,10.0,10.0,11.0,10.0,10.0,10.0,
+ 10.0,10.0,11.0,10.0,10.0,10.0,10.0,10.0,11.0/
* DISCHARGE - TWL CURVE (3 QUADRATIC EQUATIONS PER A RESERVOIR)
DATA CF3/ 0.0, 0.0, 0.0,
+ 0.0, 0.0, 0.0,
+ 95.61, 95.61, 95.61/
» HEAD-DISCHARGE-EFFICIENCY TABLE
DATA CFP/0.0 ,20.0 ,30.0 ,40.0 ,50.0 ,60.0 ,70.0 ,80.0 ,90.0,
+30.0 ,0.650 ,0.730 ,0.800 ,0.830+,0.840 ,0.810-,0.650 ,0.500,
+35.0 ,0.700 ,0.780 ,0.833 ,0.865 ,0.877 ,0.868 ,0.815+0.730,
+40.0 ,0.730 ,0.810-,0.860 ,0.884 ,0.894 ,0.893 ,0.872 ,0.855,
+45.0 ,0.740 ,0.820 ,0.875 ,0.897 ,0.905 ,0.910 ,0.898 ,0.882,
+50.0 ,0.750 ,0.840 ,0.886 ,0.904 ,0.913 ,0.920 ,0.912-,0.900,
+55.0 ,0.760 ,0.848 ,0.891 ,0.908 ,0.918 ,0.925 ,0.920 ,0.911,
+60.0 ,0.770 ,0.850,0.893 ,0.912 ,0.922 ,0.928.,0.926 ,0.920,
+65.0 ,0.780 ,0.852 ,0.893 ,0.913 ,0.924 ,0.930 ,0.930 ,0.924/

IYEAR=100
CNVRT=277.77778
PKHR=5.0
QPL=80.0 ICMS
QPM=160.0ICMS

DO J=2,IYEAR*36
N10DAY=MOD(J,36)
IF(NTODAY.EQ.0). N1ODAY=36

CALCULATION OF GROSS-HEAD & POWER GENERATION HOURS
WPWR=SUPPLY (J)+SPILL(J)
FMAX_TURBINE=QPM=*24.%3600.*DAY(N10DAY)/1000000.
IF(WPWR.GT.FMAX_TURBINE) WPWR=FMAX_TURBINE

QP=QPM
IF(WPWR.LT.0.001) QP = 0.0

GNHR = 1000.0+WPWR/(DAY(N10DAY)*QPM=*3.6)

QU = WPWR*CNVRT/(DAY(N10DAY)*24.0)

QT = Qu

IF(QP.GE.QU) QT = QP
IT =1

IF(QT.GT.10.00) IT = 2
IF(QT.GT.100.0) IT = 3

TWL= CF3(IT,1)*QT**2 + CF3(IT,2)*QT + CF3(IT,3)
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IF(TWL.LT.95.61) TWL = 95.61
IMHA IF(TWL(2).LT.103.1) TWL(2) = 103.65

SV = 0.5*(STORAGE(J-1)+STORAGE())

ELO = AD_WL(SV)
HD = ELO - TWL

EFFICIENCY CALCULATION FROM TABULATED MATRIX

QP = 0.5+«QP
MD1 =9
MD2 = 9

DO 190 MJ = 2, MD2
DO 190 MI = 2, MD1
RPW(MI,MJ) = CFP(MI,MJ)
CONTINUE

DO 200 M| = 2, MD1
IF(QP.GT.CFP(MI;1)) GO TO 200
Kl = Ml
GO TO.210
CONTINUE
Kl = MD1
CONTINUE

DO 220 MJ = 2, MD2
IF(HD.GT.CFP(1,MJ)) GO TO 220
KJ = MJ
GO TO 230

CONTINUE

KJ = MD2

CONTINUE

KM = KI - 1
JM =KJ -1

EFF1 = RPW(KM,JM) +(RPW(KM,KJ) =RPW(KM,JM))*
(HD —CFP(1,JM))/(CFP(1,KJ) ~CFP(1,JM))

EFF2 = RPW(KI,JM) +(RPW(KI,KJ) ~RPW(KI,JM))*
(HD -CFP(1,JM))/(CFP(1,KJ) ~CFP(1,JM))

EFO= EFF1 + (EFF2 —EFF1)*(QP —CFP(KM,1))/
(CFP(KI,1) —CFP(KM,1))

POWER AND HYDRO-ENERGY CALCULATION
GENHR(J) = GNHR
PWR(J) = 0.001%2.0%9.806*QP+HD=*EFO
ACTP = CAPA(1)»SLOAD(1)
IF(PWR(I,J).GE.ACTP) PWR(l,J) = ACTP
ENG(J ) = 0.001*PWR(J)*GENHR(J)*DAY(N1ODAY)

ENDDO
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