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= Principles
= Reservoir operating rules wuusss
= Development of reservoir operating rules

= Risk based reservoir operating rules
(Vudhivanich and Rittima, 2003)

= Vacancy-Minimum storage requirements
(Satoh et al. 2003)
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Reservoir operating rules

Standard Operating Policy, SOP
Hedging rules

Rule curves

Probability based rule curves
Vacancy-minimum storage
requirements
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1. Standard Operating Policy, SOP

R (e
{Release)

I{Reser\'nir storage)i

A SR

(Water availability)

Deficit | Demand met | Demand met 4 spill

deliverall | Carryover
no carry storage

| spill

SOP=simplest
reservoir operating rule

Minimize total deficit

]
anne N | @AUIMN

A<T Ri=Ay | deficit
T<A{<T+K| Rg=T |carryover
A >THK Re=T |spill

2. Hedging rule
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(Release)
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Hedging rule

Ap=St1+I By
(Water availability)

Demand met +spill

Demand met

A>T

Carryover storage

Spill

Hedging rule
(Bower et at., 1962)
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2. Hedging rules

' K

Max Z=B(R,)+C(S,)
ST.

R+S.=A,

0<S,<K

0<R.<T

Where

Demand B(Rt)=benefit function of release
met C(St)=expected future benefit of

' +spill carryover storage

111 Optimal hedging rule

Max Z=B(R,)+C(S,) L=B(Ry)+C(St)+ 1(At-St-Rt)

ST. oL _eB(RY_j_g —(1)
R+S,=A, ORt ORt
0<S.<K oL _ac(st_ s

oL _ t/_ % =0 — 2

AL _(A+St-Rt) =0 —
Lagrangian with| | ai (At-St-Rt) =0 —(3)

constraints St+Rt = At
dB(Ry) _ oC(St)
Rt 0St




Benefit Use and Carryover Storage Value Function

= Quadratic: B(Ry)=a,+bR(+ CrRt2
C(S,) =ag+byS, +cS?
« Cubic: B(R,)=a,+b,R;+c,R?+d,R}
C(S;) =ag+byS, +¢.S? + d,S;
= Power B(R,)= qugr

C(S;) =qSh

13

by —b,+2c A
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Power:At= R;k +

Benefit/ Carryover Value

7,000
6,000
5,000
4,000
3,000
2,000

1,000

——Quadratic B(Rt) -=Quadratic C(St)

—-Cubic B(Rt) —<Cubic C(St)
--Power B(Rt) -o-Power C(St)
Power
Cu

Release/Storage
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a

Quadratic function

b 4

B(Rt) 0 1000 -60

C(St) o 8oo0 -50
a b c D

B(Rt) o 1000 -35 -2

C(St) o 8oo -30 -1

P q
B(Rt) 0.7 1000
C(St) 0.7 800
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Optimal hedging rule for different benefit
and carryover value functions

—SOP -=-Quadratic -<Cubic -~Power
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Kasetsart J. (Nat. Sci) 43 - 833 - 842 (2009)

Hedging Policy for Reservoir System Operation: A Case Study
of Mun Bon and Lam Chae Reservoirs

Areeya Rittima

ABSTRACT

A reservoir operation model of Mun Bon and Tam Chae reservoirs was developed to simulate
reservoir operation using a hedging policy. A variety of common hedging forms was specified, including
one-point hedging, two-point hedeine and zone-based hedging. The simulated results were compared

with the standard operating policy and probability based rule curve. The percentage of failure frequency,

average annual shortage and end water availability were explored. Additionally. three reservoir

performance indices, in terms of time-based reliability, vulnerability and resiliency were evaluated. The
results indicated that two-point and three-point hedging performed well for all components of reservoir
behavior compared with the standard operating policy and other hedging policies. The main outcome
was that the risk of a water shortage during the simulation period could be reduced and some water
could be retained for use in later periods.
Key words: hedging policy, reservoir system operation, Mun Bon and Lam Chae reservoirs
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ONE-POINT HEDGING TWO-POINT HEDGING
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Table 3 Reservoir simulation results (mem = million cubic meters).

Reservoir operating Mun Bon reservoir Reservoir operating Lam Chae reservoir
policy poliey
o=
&0 >

Average

2 = E
S0P 2413 1442 1250 S0P 2539 363
0.05-PBRC 0.95 0.06 2055 0.05-PBRC 1.23 0.98
1-point hedging 1-point hedging
005K 2492 1482 1725 001K 2587 3700 745
0.10K 2555 1531 2200 002K 2760 3868 675
0.20K 2886 1658 3150 003K 2823 4016 940
2-point hedging 2-point hedging
0.70D-0.10K 8.90 0.77 13.81 0.70D-0.02K 6.62 2.79 6.48
0.80D-0.10K 9.31 054 13.37 0.80D-0.02K 6.62 212 6.48
0.90D-0 10K 14.67 055 13.18 0.00D-0.02K 6.62 145 6.48
3-point hedging 3-point hedging
0.70D-0.085K-0. 10K 1498 248 742  0.70D-0.005K-0.02K 6.47 149 6.48
0.80D-0.090K-0. 10K 14.04 159 730 0.80D-0.010K-0.02K 6.47 099 6.48
0.90D-0.095K-0.10K 12.62 0.75 691  0.90D-0.015K-0.02K 6.47 0.50 6.48
Zone-based hedging Zone-based hedging

0.10K:0.80D/0.20K:090D/K:D 4826 2643 1558 0.010K:0.80D/0.02ZK:090D/K:D 3186 6125 6.48
0.10K:0.80D/0.25K:090D/K:D 5521 2709 1558 0.015K:0.80D/0.03K:020D/E:D 3407 622 6.48
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New York City Delaware Basin Storage
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Storage is 24.501 bg below normal (9.1%) and 27.255 bg below level of one year ago.
Storage data is provisional and provided by New York City Depar f Envir Pr
Bureau of Water Supply, Guality and Protection.
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msds1w Rule Curves

Trial&Error

*N152100952 UL | *M%ua Upper a2 Lower Rule curves
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(Simulation) *MriuanaaIMsiaen

*$100am31iAms 91414 Rule Curves fiiluluaas
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DYNAMIC PROGRAMMING BASED APPROACH FOR SEARCHING RULE CURVES
ACROSS MULTI-RESERVOIR SYSTEMS: Chaleeraktrakoon, C. and Kangrang, A

DYNAMIC PROGRAMMING BASED APPROACH FOR SEARCHING
RULE CURVES ACROSS MULTI-RESERVOIR SYSTEMS

Chavalit Chaleeraktrakoon and Anongrit Kangrang

Department of Civil Engineering, Thammasat University,
Klong Luang, Pathumthani 12120, Thailand

E-mail of Corresponding author: cchava@engr.tu.ac.th

ABSTRACT

This paper formulates the staged problem of rule curve searching using dynamic programming (DP), and
proposes the principle of progressive optimality (PPO)_to find the optimal solution of the formulated DP
problem. When dealing with multiple reservoirs, the DP based approach will manage available capital
water across the reservoirs considered. The proposed DP/PPO approach has been applied to determine the
optimal rule curves of the Bhumibol and Sirikit Reservoirs (the Chao Phraya River Basin, Thailand). It is
shown that the approach uses appreciably small computing reSources, as compared with the DP technigue
does. It is also concluded that the DP/PPO approach is more effective than the existing accepted practice
(i.e., reservoir simulation study) because it usually yields the optimal rule curves.

27

reservorr release (R, )

DP formulation of lower rule curve

f”_“ —FS,,for W, =FS and W, —FS§ =0 _,

Minimize total deficit

D,,. for W, =FS, and W, —FS, <D,

R,=1" :
" |D,,. forx, < W, <FS§,
. ] : R release
|\D, ,+W,  —x_ ., for W,  <x .
S . . i FS, = conservative reservoir capacity
waler balance W, . = available water

D, . = water demand

Wen =Sauin + Cnn+ iy = £, = DS,

8.1 = stored water at the starting of period m+1

water demand Q... = wtal amount of reservoir inflow
W i
D,.== x D, f,,._ = average of precipitation duning month
Z"..-_q E_ = average of reservoir evaporation loss

water deficit D35, = dead storage

e(mux, R )=D, —R_. forDmn> Bomn: otheawise=0 D, = to1al water requirement

recursive relation e(mx,,.R,, }_mmuhly water deficit
fmx, V=Ming, [fm+lx, R, )+elmx, R, 0] X = lower rule curve

Yun = upper rule-curve

A = set of feasible releases associated with 2

28
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reservorr release (R, )

W, —FS,. forW, =FS andW, -FS =D,
. D,,, for W, >FS, and W, - FS, <D,
_]D,, .. forx, < W, < V., <FS,

D, +W,,~x,,. for W, <x,,

m.n mn

water balance

W, =S,.,+0,,+FP, —-E  -DS,

my

water demand

w.
D Iy

mn

—xD_

S,

R release

an
FS, = conservative reservoir capacity
W, . = available water

.. = water demand

5,,,_,_,‘ = stored water at the starting of period m+1

Q. = total amount of reservoir inflow

P, = average of precipitation during month 7

E_ = average of reservoir evaporation loss

excess water

(‘(Jlr. Xopns R,,‘,_,.‘ )2 Dw_,! = R,M for Dm.n < Bm.n; otherwise=0)

DS, = dead storage

D.=total water requirement

recursive relation

flm,x, y=Min, _[f(m+lx, R, )+cim.x, R, )]

mn? n?

DS, <x, <FS,

X, <V, <FS,

c(m,x,,. R, )=monthly water deficit

Xun = lower rule curve

Ymu= upper rule-curve

A = set of feasible releases associated with X,

29

Bhumibol Reservoir

9.000

6,000 -

3,000 4

Full storage capacity (13.462 mcm)

—

Dead storage capacity (3,800 mem)

Storage Capacity (mecm)

| ——DP/PPO

T
Jm Feb Mar Apr May

Month

Jm Ty Aug Sep Oct Nov Dec

Fig. 4: Optimal rule curves of the DP/PPO algorithm and
the HEC-3 simulation approach (the Bhumibol Reservoir)
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10.000 Sirikit Reservoir
————————————————————— ———————————— L ey
*==__ Fullstorage capacity (9.510 men )/X//TZ’ —x
E 5000 1 e e
E i e e—
- T /:.’:"_f
Z B S
7] 6.000 1 -HH%H “‘“—-——h_\_/*/
a HE“"“————*——*‘*/-"
g 40007 Dead storage capacity (2.850 mem)
& 2000 1
| ——DPPPO —— HEC-3
T T T T T T T T T T T
Jam  Feb Mar Apr May Jwm Juy Aug Sep Oct Nov Dec
Month

Fig. 5: Optimal rule curves of the DP/PPO algorithm and

1g.
the HEC-3 simulation approach (the Sirikit Reservoir)
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Rule curve assessment

= Monte Carlo simulation with 500 generated
inflow sequences
= Assessing criteria
= Frequency
= Magitude
= Duration
= Result = Mean+ 1 Standard deviation

32
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1.00

0.80

0.60

Frequency (times/year)

0.40

[ ]

—
.

DP/PPO HEC3

12.000

W]

6.000

3.000

Average excess release (mem/year)

I 1

0 1
DP/PPO HEC3 DP/PPO HEC3

Average Maximum

Successive period of excess release (years)

15

10

DP/PPO HEC3 DP/PPO HEC3
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Fig. 7: Frequency, magnitude and successive period of excess release for the DP/PPO
algorithm and theHEC-3 simulation approach
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Fig. 6: Frequency, magnitude and successive period of water shortage for the DP/PPO
algorithm and theHEC-3 simulation approach
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Deriving A General Operating Policy for Reservoirs Using ANNs

by H.Raman and V. Chandramouli
(ASCE Wat.Res.PInng.&Mngt. Vol.122)

Research Methodology
(1) Calculate Daily Dt

(2) Run DP at 2 week interval for 20 years of
historical data to determine the optimal release
(min.SSD). Using 10, 5, 3 and 2 mcm. Discretization
levels.

DP Algorithm

St+1 = St+It- Et - Rt

fi(Sp) ft+105t+1)
g

'y '

It Et Rt I+1 Et+1 R+

Rt = Decision Variable
St = State Variable

10/04/61
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Dynamic Programming Model

DP Objective Function
Fa
Z =, (D, — R

=1

where 7 = number of fortnights;
R, = release during time period r;
and D, = irrigation demand during time period r.
The recursive equation for any time period r is

Sf1(S) = min[Z, + fI5(S, + I, — R)]

Subject to
00 =R, = R

R, =S5 +1I — E,
R =S5+ —-K~—FE,
'S.-..,...—"—'—S,SSM

Eu =f(Sn Si—ls e:)

1)

2)

(3) Develop operating policy by
(3.1) Multiple Regression Model

Rt=a*St+b*It+c*Dt+d

b/ =f(z W)vl‘,-) Eﬁ

Initial
Storage

Optimal
Release

Inflow

Demand

Input
Layer

Hidden Output
Layer Layer

10/04/61

19



10/04/61

(4)Standard Operating Policy(SOP)

Rt

Dt

St +1t
Emptying  Filling Spilling

(5) Compare the performance of
derived policy DPR, DPN, SOP
and SDP by simulating the
reservoir operations for 3 years
period and using SSD
performance index as indicator

20
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Sum of Fortnightly Squared Deficit and Total Spill
for Three Years of Historical Data

DPR Model | DPN Model | SDP Model

Discretization| Total | Total | Tota! | Total | Total | Tota!
step  [squared| spill [squared| spiil. | squared | spill | SOP
(Mm?®) deficit |(Mm’)} deficit [(Mm®}| deficit [(Mm®)| model
(1) @ [& ] @ (6| ® [0 6

| 6,086.56 [ 28.05 | 5,953.81 | 13.72 |11,7079 | — [16,616.98

5919.75|2529 15626431 00 | 7259761 — e

5,869.66| 20,79 | 5,700.09{ 100 | 8381.52{ — e
SBYS.16( 2288 | 5,586.59| 0.52| 884736 — —

B L LA O

ANNSs Paper #2

Multireservoir Modeling with Dynamic
Programming and ANN

by V.Chandramouli and H.Ramman.

Reserveir 5

st >>-——_> Spill

Reservoir 7

u
-

Reservoir 8

>—> Rg

3-Reservoir System in Parambikulam Aliyar Project

Yy

Ist
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DP Model

r

minimize Z = Z (D7 — R.D? 4+ (Ds, — Re)™) (2)
=¥

where 7 = number of 2-week periods’ (here T = 24 since year-
by-year optimization is considered for the three-reservoir op-
eration model); R,, and R, = release during time period ¢ from
Reservoirs 7 and 8, respectively; and D5, and Dg, =.irrigation
deimand during lime period 7 in Reservoirs 7 and B, respec-
tively.

The recursive equation for the three-reservoir problem for
a given time period ¢ is

(S5 Su. Sey = minimize [Z, + £ S50 Srivis Saeeid]
Nap Ry Ry, .

0.0 = Ry, = Rsmaxt Rse = 85 + I — E,
Rs, = S5 + L5, — Ese — kst Ssioin = S50 = Ssimax
Es, = f(Ssn Ssie1y €507 0.0 = Ry = Ryrnax
Ry = S, + I, — E, + 0.25R.,

Ry = S; + F,, — E; — A + 0.25R,,
B 25 B B oSt Eqp = f(55, Sy €3

0.0 = Ry, = Rumas Roo = Sy + Ly, — Eo + 0.75Rs,
Rg, = Ss + Iy, — Eg. — kg + 0.75R,,
Ssimin = Sar = Sgrmaxs Eg = f(Sern See-1s €80

Multiple Linear Regression Model
(DPR3)

Ro=a,y + a4 a8y + ady, + oDy + a8y + oy, + 4Dy (6)
RT: = bISSr + b!’ﬁ: + bJS'Jl + b»l]?l + bSDT: + bGSBI + bTIBr + bBDBr (7)

Ry =085+ clo T 05+ ey + o5l + Cody F Oy + Dy, (8)

10/04/61
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Neural Network Model (DPN3)

Reservoir Node  Qbjective Function Value

for 19 Years of Data
DPN3 DPR3

201933.1 240599.9
13070.7 16372.6

10/04/61
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BN probability

Based Rule
Curves

Uncertain future inflow

#anN13 Probability Based Rule Curve

A d! ISEA [
u ﬂ@ rule curves (upper (a2 lower) BINVBINAVOINITAVAIIN
!ﬁﬂ\WﬂQc] !W@clﬁm"lﬁ1uulﬂlliﬂfnﬁ‘wfﬂTimTJﬂuﬁﬂ1uﬂ15mﬂ1\1
‘ir!‘l«!”' ﬂ')ﬁ!ﬂﬂﬂ‘ﬂﬁ]u operate 91Q!ﬂﬂu1ﬂﬂ313~1!ﬁﬂ\13~nﬂuﬂﬂ!ﬂﬂﬂ
!"]ﬁ»!
4 v A o 2 o4 o

= i@avion (small risk) AOMIHANBBIANMFIHIBTIINAlHOUIAA
Tasgeal#imsliszlovrianarsluszaudiluilagiiu

= ¥301@8193010 (high risk) e 115z Teminnsraivrintuiagiilu
szauga Taggansunlueinansziinnudasiozifannu@eig
MNYY
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Probability Based Rule Curve of Mun Bon Reservoir
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PBRC-Upper Rule Curve
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PBRC-Upper Rule Curve
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PBRC-Upper Rule Curve
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EasyFit Professional
Version 42 (Released: 2008-04-30)

5 2004-2008 Mathvave Technologies
Allrights reserved

httg: i mathwave com |I|

Easg; Fit

Version

\warning: This computer program is protected by copyright law and intemational treaties.
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PBRC-Upper Rule Curve
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PBRC-Lower Rule Curve
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PBRC-Lower Rule Curve
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Example of Mun Bon Reservoir (1952-2004)

Dry season=Dec-Jul
Wet season=Aug-Nov

CLASSIFICATION OF WET AND DRY
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g / \
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o /
= < N // \ —_—
I T E— \/
-12 “v-E [
-16
-20
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Volume (mcm.)
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Mun Bon reservoir Lam Chae reservoir
1. Catchment area (km.2) 454 601
2. Capacity at the normal pool level (mcm.) 141 275
3. Capacity at the minimum pool level (mcm.) 7 7
4. Annual rainfall (mcm.) 9.98 18.29
5. Annual inflow (mcm.) 93.88 229.29
Total irrigation area (rai)
Reservoirs Wet season Dry season
Rice Upland crop Rice Upland crop
1. Mun Bon reservoir 44,801 335 17,545 388
2. Lam Chae reservoir
-Scenario 1(100%) 81,893 34,125 - 64,260
-Scenario 2(75%) 81,893 25,594 - 48,195
-Scenario 3(50%) 81,893 17,063 - 32,130
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Casel: If V>V,
SPT = Vr—l - Vmax
R[ = D'[+SPT

Case2: If Vige <V < Vi
Rr = [V"H _me] D

[VURC‘ - Vmin ] I

SUR; = { [Vit: = Vinin ] 1D,

VURC‘ - Vlllill ]

Case3: If Vige <V <Vige
Ri=D,

Cased: If me < \‘YIAI < V,LRC
AT

]
min D

t t

[VLR(T - me ]
[VH'] B me ] }D[

[VLRC - len ]
Case5: If Vr-L < Vmin
R.=0
DEF, =D

DEF,= {1-
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(a) Mun Bon Reservoir

Policy

Operating Rules  Shortage Spill ZShortage) SShortager ZSpill)  Z(Spill’
(Months) (Months)  (mcm.) (mem.)

1. Probability Based

Rule Curves
Tisk 0.05 29 56 172 1,851 1,307 45,358
risk 0.10 25 68 169 1,899 1,393 48,875
Tisk 0.20 23 69 167 1,914 1,454 51,649
Tisk 0.30 23 73 166 1,914 1,486 53,185

2. Standard Operating 15 74 163 1,971 1,528 55,442

69

(b) Lam Chae Reservoir (Scenario 1)

Operating Rules Shortage Spill ~ XShortage) ZShortagep XZSpill) X(Spilly
(Months) (Months) (mem.) (mcm.)
1. Probability Based Rule
Curves
-risk 0.05 51 41 572 10,814 1,888 152,314
-risk 0.10 40 50 531 11,127 2,366 190,626
-risk 0.20 33 58 513 11,433 2,692 218,903
-risk 0.30 29 61 512 11,554 2,794 229,156
2. Standard Operating Policy 25 65 510 11,812 2975 249,040
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Volume (mcm.
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Vacancy-Minimum storage

Requirements

Development of operation rule for multipurpose reservoirs to secure water
supply in the Mae Klong river basin, Thailand (Satoh et al., 2003, Trans.of

JSIDRE 228, p17-24)
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Development of operation rule for multipurpose reservoirs to

secure water supply in the Mae Klong river basin, Thailand
(Satoh et al., 2003, Trans.of JSIDRE 228, p17-24)

Vaiiralongkorn Dam

SRN VJ(KHL)

Sri Makarind Dam 5 Year completion 1980 1984
H
) Catchment area(km3) 10,880 3,720
Normal high water level 180 155
(m,MSL)

Storage at NHWL (mcm) 17,745 8,860

Mae Klong Effective srtorage (mcm) 7, 4781 5,848

Diversion Dam

Annual average inflow 4,457 5,161
(mcm)
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Reservoir operation record of SRN
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Savable Water(SW)
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Identification of savable water

L. Dam basin SVJ — RVJ - 50
Rd = iotal release from SRN+V.J SW: M I n (SVJ / Rd )
IL. Side flow area Where
Side flow Svj=surplus release from MK am(VJ)

- Rvj=release from Mkdam(VJ)

‘ IIL. Irrigation project area| Rd=total release from SKN+VJ(KHL)

SW=savable water

50=d/s minimum requirement

Note

‘ IV. Downstream area ‘ Rd-SW=necessary release from
reservoirs for water use sectors

—
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Savable water and side flow

in

surplus release from MK dam(VJ)
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Vacancy requirement

Upper storage line

0 Resegoir full Time
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in reservoir

~ Inflow

Release capacity
for hydropower
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Flow rate
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Vacancy requirement
Upper storage line
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Seasonal storage requirement

Lower storage line
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1)

2)
3)

4)

Seasonal storage requirement

Lower storage line
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Vacancy requirement

Storage (1()9 m3)
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Upper and lower lines for Mae

Klong river system

Release decision rule

1. St > Upper line

—— The upper line - Max release

/./ \ 2. St < Lower line
/ \ - Necessary release (NR)

(minimum requirement for

The lower line \ / water use sectors)
~ 3. LL<St<UL

-Standard release

a

S
S

up

Q = Qmax
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Release from reservoir ()

(=)

o
5]

a=1.0,3.0and 5.0

len

0=0rar )”

L

up

nanm3UFua Q

1.2. i St<Lower line, doaan
Q=NR Ta® Q 152118910 SNR 11a2
VJ f09ana9d88aI18U (NR/Q)
2. 81Q <NR, T¥ifin Q=NR Tag
SNR 182 VI(KHL) 4045331
iinmudadiuves Qfisuan 1

Storage(S)

84

10/04/61

42



\ N[\ 4 [Upperline | \ [N, Lower ling]
IAA WiviawawbhWANA \
p VI Y (7)) \ [ )
& RYRYAYRYRYAY | 'Al|— Upperling
< —
< Recorded
& ; .
£ storage
@ Simulated
storage
v g 5 ¥ 2 8 = 8 2 ¥ @2 £ &
£ % % € 2 ¥ 3 § g8 3 38 & 7
¢ & £ £ £ £ & £ £ £ g g ¢
- T O S A
14 -
N Lower lind - -
12 A Simulation result
\ N AN
210 i\ —— Upper ling|
Fy YAYAVA (Jan. 1985-Dec. 1997)
= \
i 6 ‘J ‘ Recorded
g 4 storage
5
: AVLVA s
T T T T T T Somss
2 %5 %5 %22 8 3 8 5 % % % 5
S £ £ £ £ = £ £ g £ & & &
§ § 8§ § § § 8 E §E § § E B8
£ £ 2 £ 85 £ 5 5 £ =5 5 =5 3
Lower ling|
& | ||—— Upper lin
E
3 Recorded
‘§ storage
@ [\ — Simulated
\ \ \ storage
v e = ®» 2 © = o @ T 1 o o
2 2 £ & 28 g 3 8 8 & & & 5
& & & & £ £ & £ g5 £ £ g5 &
s § § § § § § § § § § & =B
s s 8 2 8 2 8 8 5 8 5 5 =

85

Table 3 Comparison of potential energy

Recorded

Simulated

a=1.0

a=3.0 a=5.0

SRN 2251
KHL 10.5

2224
10.39

22.44 22.46
10.77 10.79

33.01
(100.0)
Unit: 10° MWh,
Period: Jan. 1985 to Sep.

Total

32.63
(98.9)

1997

33.21 3325
(100.6) (100.7)

Potential energy (kWh)=

Head(m) x Released volume(m3) x 9.81

3.6x 1070
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The End




