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Development of Reservoir Operating Rule Using
Explicit Stochastic Dynamic Programming
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Abstract

Operating rules, the basic principle of reservoir operation, are mostly developed from
maximum or minimum, mean inflow series so that those rules cannot be used in practical
operating situations to estimate the expected benefits or provide the operating policies for
uncertainty conditions. Many operating rules based on the deterministic method that
considers all operation variables including inflows as known variables can not reflect to
uncertainties of inflow variations. Explicit operating rules can be developed for improving the
weakness. In this method, stochastic trend of inflow series. one of the reservoir operation
variables, can be directly applied to the model as a form of discrete transition probability.
For improving the deterministic method, the stochastic technique was applied to develop
reservoir operating rule. In this study, stochastic dynamic programming using the concepts
was applied to develop optimal operating rule for the Chungju reservoir system. The
developed operating rules are regarded as a practical usage because the operating policy is
following up the basic concept of Lag-1 Markov except for flood season. This method can
provide reservoir operating rule using the previous stage’s inflow and the current stage’s
beginning storage when the current stage’s inflow cannot be predicted properly.

*%

o

e X

A5H) o] 7|27} Bl SRBL R AV AUYE A T Hiel 39 AR olgsAt 3
i3 AR olgsiel HEa] uhiel Al Solelx WA 5 gl BaHIAel tAE johae] Aol o
ML R ) 01§ 8 Glrh ek A i htie] SolEe R9Ee Xalee] Wi eous
5 ov] oha QIrks $EA whel Z1zsha 2] fUBe] HUHS uidsh Fahs wle] Itk o] )
Il S)at $EE A 5 el ofiz A e lel el

d
RS RAAFI7) Slste] FAIER whel o]g o -
R AP B wpt o FAIEA FAAIGC|HE ol8sld HF Xi-’FX] *li‘?}91 HA §o ke vlsly
o} kel g %-?7]:54 A3t Lag-1 Markov 289 7
@] s AHs] diEd 4 %i{ ?4’51101]*1 “474] o] Fdua} A-guAe] ‘ﬁr
BoR= A FGEC o] sFs3i)

keywords  reservoir operation, stochastic dynamic programming, transition probability, uncertainty

£ FRSAABA FERAGI Y
s LEDVEE

F30% 3% 1997F 6H 269



| RA 3 /ﬂ 1 0 _i O, oY

1

A3 Qo] A How othk— AL A ug —gn

e AARNA oS Ho
o W A|uighe Hojsh (2

Sh= H]tﬂo

A Al S n

) YRS A

Axpe]l A2 e (implicit method)olehal &
o el M 1991435 SPU\XHI
2 o ul gy B8 dtow

=

z $AAE el olgshaL
(explicit method)olglar k=
5 AL 98t 5 A _Uzsao )

A Tide] el ot s

o} 8 A7} gl Ao
8 ol o} Barfrd

Aesstostete] welol sl 971 7& w ] go

I

N|

o ol% s Aasgiy
wae] ¥ £l Wk plelElgla olE o

el o S—T

1~

o
(1985)7F &7 el 47H
IS

e}
Min—l\/[ax ZRA 8 e
(1992)& Z59e tiitox

Jue thE Whpon

270

et 1314 el

c

5. 1981) FA3HA A
A £ Aol thet eelo] oloja ek feije

27 ZHAsl o) sk A o= 1980

712.31(1980)¢] 3t

w>~_|

AMBDE. 2ol QA g AR el Eard
A& aefslr] fIg FAEH A veR s MgA

A& (linear decision rule)-& o83 7]8Aef7 ]
(chance constrained programming : ReVelle %,
1969) FA1EH THA 2 /]L” Askew. 1974). Monte
Carlo Technique(Askew %. 1971: Williss.1984)
ylals V“vd—“ﬂm(lehablhty programming : Colorni
9} Fronza, 1976) 5] Atk  ol2igk 7[HE FojA]
ANEA - Aol Helge) o 2AE vvE
7} Ao fold ufiiel o] ARgE]o] AN A&

A3} dAE) ) 2 Agegade] /s B S
HAZ Mo 2. g O.lu]-‘: QP WhZo] Al7]EaL
%428 (Hogan ‘& 1981), FA8t SAAH7E2>

Hol8E Ate] MRbAol} ANAZE whie) B A
FA7E o) €A A5 gk 2
WRsBs Aol whlos X HEa ok
Woglyelais e e A4 Mgl ks
o A wael olgk A4 SdES IR,
]]/}o] th] Hl/%&] o].J/L X];g_;: o]%_g}oq ;\]74]@1
Yol Lag-1 Hehel oliabel fslaps Rolshs
ekl g AN 5

Of

*r‘\ Alz=gl 9 PEE 919k A FdEE AnEh

SIch aelt Seldele) B9EAA ek
N

2 KAA| AIARIO] Ofaf FAHISA 23

2.1 Ololl ZABIE SEAE M wael T

= h=} = e Nvs o
Fejupe) BERmst A s o) A A

Qte] olabrzhd fRlERs 2oR Rt ofi= Al
Aol olabtihd folerte] AEER ekl 5= gl

GEAERPERLE



of wet AlAlE 2ol g Ha 52 Z‘JEHQ =A%
FAAR7 el 082 = glrk

4 fUSE PR 09T o 01‘ Al

—~
=
=
»
T
[=]
=
jol
©)
=
-

Process 7MEE &= ok 53] 1}
Markov Processe= -’FE-ZL g 9 r|7tew et
o] el uj 0114/\]7(40] .‘QrOTBl;Q_ Ao g vgE Hdgt
A HFhl o&E FABMA
4= ek ol 01 F &2
W A5 ?roé‘i?%’oﬂ - 11%%;; ARSI 2o b
gf Ak fleke =
Al 2HEEAIA Al 3:6&2 T (Mays¢t Tung, 1992)

sl2 Backward 8 WAL oo} o] vepd

7 A

E(l-1, X)) = minlor w3 2 P Tul I-1)
X, Us, I+ Firr (X+1)] (1)

o714, E ()= 7IF t9] paARolH, By (O
713 158 -17R19) A x|elrt. Xz 713t ¢
271 AT, Xeaw 7Rt W) AR, Uss 7]
I te] AR WRE LT 171700 EH?E} 7%
dpoltt, kiz FEHTY FYH] oighs Vel
g, Ins ot b koA 717k olit EE
FUE Pllull-)E A 717k 59308 &F
o2 = WAl A US40 EaEE

B3 £ )% 7RE £ Fbe] SRt Mol
5 BA%5 g ekl g5l

2.2 HE|UEAD} MOj=tE

Ao egut e FAB Bale] Qoir 3
el [e]

:
o1 e i felgont domee sk

43 T §EEY 54 BEUTE Azsorhad
Mo FUFE VBT ol Ak A
o Rl ARES olF S Wrgl wel 24
7] wiolck, AgA LTI W AgE He
RS TR i AUpEAe Tew go] &

e, o 9 A|(stage) o] W) AHEHE 11

308 F3W 1997F 61

Xt =gdXs, U ) or Uy = gtl (Xn, X1, I,
fort =1, - T (2)
AA7}A, z‘L’rﬂH £ W) AFHX ) HUEHD)
o] FAk¢] 7= oF ShEWaR A9 o,
FPUINE SO N Bupa
8k~ Non—Inverted A ]HL %HET%*—% 2L §h=

m variable) &4
| ok BhAskES Xt v)gle] uhAg
%E %koﬂ ’é‘%’f‘é% Zha olvkw & 4 glok ol
Aol 713 %}%;u% M08+ (transition
probability) = Aol 29 W
o) ePbpztes ddAE K7e) o whis
et 7ol FduAlA olabtiel sk
PSR TRl o] Hol#E Matrix®E LR 4
Jown], Zhzte] gddAelA fUE olikriel uigh
o e 1oldhe dERUS ”&%ﬁﬂol: Eis=

P=[pid. for t=1.- K (3)

I

Siid
rli
i
}.
\l
1%
£ 5
e
&
= =2
o
=]
Q.
o

mﬂ —1> gl

>0

- T:I:l,"'. [:k:].,"

K
ijl Pw =1, for t=1 - T (4)

A7), 7 = 1, - [ F1AlIMe] Shggel] o)
gt ok rzhE, ko= 1, . KiT RHA9) olAbkS:
vekdich weh £1 AlelA ¢ gAlze] S5k o
1= HEe] RS 7RI Ui, Al (1)of]A]e] o)
58 s A ol vER 5 9

K
Elp,(‘ltkllhl) = 1, for all discrete £
fort =1 '...’T (5)

A, A (B)e] Holgtge £1 ghllel Fojdl &
% olkrtel the ¢ oISl Zzte) fel ol
T gk gREe] e ekl Aow 7ol
AGIA oRET FFe) FAREE @) 2]

o> gl

\

7= wHow T 4
2 3 FolztEo| Al
A PO el SEE A44H £

=

Rule Curve 5 QE& A TAll 2Esl0] Alx
Er‘lojadol ZIjHels FuiAP7] Asiie Sk

491 g9laxlzo) Algjdolut Ty 71 Zos)
‘/}Jl £ 7 9ot

271



Table 1. Representative Inflows according to Discrete Inflow Intervals by Cumulative Probability
Unit : MCM

Month _(%ﬁfmulatiyﬂobat)i!ity "‘%'\"a.*
] 20.00 | 30.00 | 40.00 T 50.00 60.00 ML
1 Jan . 32.0 16.5 60.1 75.1 92.3 112.1
r Feb 3.8 14.4 28.2 42.5 55.1 ’ 68.8 84.2 1 102.8
Mar 9.3 ’ 33.3 74.4 115.0 155.8 © 200.5 249.6 308.8
Apr 18.4 151.5 241.3 315.5 392.7 ’ 472.6 559.7 657.1
May J 14.1 72.5 132.7 | 189.7 J 239.2 294.4 357.1 428.5
Jun ! 7.9 44.5 93.2 ‘ 145.0 197.1 251.2 312.6 392.5
Jly 31.6 ‘ 426.4  720.7 966.5 1186.9 | 1439.8 | 1700.0 | 2010.8
‘ Aug 25.2 223.0 [ 381.3 531.3 675.9 831.3 | 1000.0 ! 1191.9
Sep 19.5 (‘ 146.0 2777 387.0 503.3 ¢ 623.0 763.8 } 921.1
Oct 10.2 | 609 99.1 134.2 1 168.6 202.9 r 238.1 281.4
Nov } 7.2 BOS 68.7 88.6 } 111.2 133.9 158.7 186.6
Dec ~§3i 276 48.1 ‘ 65.8 | 84.8 [ 105.1 [ 125.5 151.7

| 80.00 |

136.4
127.9
393.2
790.9
523.1
490.7
2400.2
1433.8

11334 |

337.6
222.1
183.4

180.1

165.3
509.5
984.4 \
672.3 |
639.7 |
2066.3 |
[ 18101 |
1438.2
4921 ‘

284.2
228.3

1602.1

9919 5
1941 2
1529.2 |
73195 |
4205.4
3886.3
987.1
647.3
6318 |

Table 2. Transition Probability of May Conditioned on Average Inflow of April by Discrete Intervals

\\\ April Average Inflow of April by Discrete Interval (MCM) |
. ‘ i : . ) . i b —
May ™ 2 53.8 94.7 135.4 | 178.1 2251 | 2719.2 | 351.0 | 4514 | 1055.8
k 84.9) .2024 I 1365 1215 1180 | .0884 0837 .0820 .0480
! 196.4| .1743 | .1466 1295 1080 0984 | .0817 .0660 J 0640 | .0820 .0499
il bl Nt
278.4| .1082 0884 1275 1280 | 1084 | 1076 0940 | 0880 | 0980 l 0519 |
1_354.1 1142 ‘ 1104 1235 J 1020 | 1124 0936 | .0860 | .0820 .0818
| Discreter———— ] \ T i
J 432.7] 1102 1124 l 0936 1180 | .0984 0916 | .0920 .0920 | 0858 |
Inflow 516.2| .0842 .0984 .0896 .0900 0924 1016 1200 | 1020 ‘(> 1240
r_§08,4 0701 0964 | 1016 1040 0984 1096 1160 | 1120 | .0840
794 7 5 ; ‘
| | 724.0] .0601 .0863 .0637 .0800 0904 1195 1260 11220 | 1140 I |
‘ 887.7| .0401 | .0763 0757 0760 | .1145 1135 | 1040 | 1200 1300 ‘ 1497 ‘
1601.9] .0361 0482 10737 0760 0984 | 0976 | 1220 | 1360 1200 1936 |

Table 3. Transition Probability of August Conditioned on Average Inflow of July by Discrete Intervals

July Average Inflow of July by Discrete Interval  (MCM)
August 21| 4563 | 6036 | 7536 | 9157 | 10059 ] 13129 | 16219
82.8 1240 | 1000 | 0960 | 0560 0580 | 0460 | 0259
2119] 1827 | 1297 | 1100 | 1120 | 1060 | 0920 | 0900 | 0760 | 0640 | 0879
332.4] 1004 | 1058 | 1340 | 1280 | 1040 [ 1280 | 0840 | 0780 | 0900
| 445.1] 1205 | 1218 | 1220 | 0920 | 1200 | 0680 | 1020 0080* | 0639 |
Discrete[“ses o | g4 | 0838 | 1020 | .0960 | .1060 | .1500 | .0920 1140 | 0619
fion | 6934] 0622 | 1238 | 1040 1000 | .1160 | 0940 1000 | 0739
842.4| 0763 | 0818 | .1000 0920 | 1020 | 1280 1000 | 0998
1027.3] 0602 | 0858 | .0760 0880 | 1020 | .1080 | .1000 | .1180 | .1577
1285.8] 0361 | .0619 | 0720 | 0840 | 1200 | 1020 | 1120 | .1080 | .1420 | 1617
L 2662.3| 0341 | 0299 | 0560 | .0740 | .0680 | .0840 | .1080 | .1500 | .1280 | .2605
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ISO—Probability(July:X vs. August:Y)
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Table 4. Regression Coefficients of Reservoir
Operating Rules for May

Inflow | X: Interval “ b R?
(MCM)|  (MCM)
Si’z 596(X; 0.83371] 205.6| 0.993
—
spep | B9BCXis1400 | 064460 651.0| 0.991
) 152' 1400¢X;<1600| 0.70000 | 743.8| 0.890
1600¢X; 0.56911] 961.4] 0.988
i
L3ef | 598(Xi1540] 0.67142)  534.4| 0,990
( 159’ 1540(X,<1800| 0.80000| 479.2| 0.941
1800¢X; 0559441 901.0( 0.980
I
Jagel, | D96(Xi<16501 073066 | 386.0| 0.994
( 29:9' 1650¢X;<1870 | 1.00000 30.0| 0.892
1870¢X; 0.55757| 855.5| 0.971
og0ep | 596Xi€14401 0.68008
<2§4f 1440¢X,<1560| 1.50000| -539.6] 0.964
0.61617| 841.3| 0.989
1560¢Xs
poueg, | P96(Xi<1600| 0.71948)  376.4] 0.994
<3g7f 1600¢X:<1800| 2.00000! ~1746.0| 1.000
1800¢ X< 0.62587! 697.6| 0.984
g57ep | 596(Xis17401 0.75098| - 315.0{ 0.995
y 455; 1740¢X:<1840| 2.00000| ~1829.3| 0.923
1840¢X; 0.64545| 633.5| 0.980
4
A28l | oo x, 0.84517 0.994
( 523 ' :
s 5ep | B98(Xis156010.71428|  431.0) 0.992
fG;Z’ 1560¢X<1760| 2.10000 | -1800.1| 0.969
1760¢X; 0.56044| 859.7| 0.980
596(X:<1450 | 0.69556| 513.6, 0.991
672<I, | 1450(X:<1650 | 2.10000| -1615.6| 0.969
1650¢X; 0.56428| 901.4| 0.986

Table 5. Regression Coefficients of Reservoir
Operating Rules for August

Inflow | X Interval 2

(MCM) (MCM) a b R Xtﬂ

ocll 596( X;<1200 1695
<‘2‘23 1200¢X<1650 | 0.986 | 517.4 | 0.9995

1650(Xs 1695

596(X;< 800 1695

223<h | 800(X:<1200 1700
(a8l 1 12000 X.e1650 0.084 | 521.8 | 0.9993

1650¢(X; J 2140

596( X< 800 1695

381l | 800(X:<1200 1700
531 | 1900 Xe1650 | 0984 521.8 0.9993

1650(X; 9140

596( X< 800 1695

531<h | 800(X:<1200 1700
(675 | 1200{.X<1650 0.984 521.8) 0.9993

1650(X; 2140

596( Xr< 800 1695

675<L | 800(X:<1200 1700
831 | 1200 X.e1650 | 0984 5218 0.9993

L 1650(X: 2140

831<l 596(X:<1200 1695
<1060t 1200¢X:<1650 | 0.986 | 517.4 | 0.9995

1650¢X; 2135

1000<] 596(X;<1200 1695
<1191t 1200 X;<1650 | 0.986 | 517.4 | 0.9995

1650¢X; 2135

91el 596¢X;<1200 1695
<143§’ 1200¢X:<1650 | 0.986 | 517.4 | 0.9995

<] 1650¢X; 2135

596( X< 800 1695

1433<L | 800¢X<1200 1700
(1810 | 1200¢X<1650 | 09 521.81 0.9993

1650( X 2140 |

596¢X;< 800 1695

800¢X;<1200 1700
1810<]; 1200¢ X.<1650 | 984 521.8 | 0.9993

1650(X; 2140

Table 6. Comparison of the Simulated and the Recorded

|

Classification ( Historical [ Implicit l Explicit
Mean Hydroenergy(GWh/Y) 733.46 838.80 847.20
90% Firm Energy(GWh/M) 2337 21.89 17.93
90% Firm WaterMCM/M) 141.90 137.16 119.40
90% Firm Power(MW/M) - 19877 171.26
Water Shortage(MCM/Y) - 301.20 306.00
Max Waterfall(MCM/M) - 23750 235.80
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