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Abstract: Rule curves are basic monthly guidelines for long term reservoir operation. Generally, the 
optimal rule curves are searched by reservoir simulation model and optimization techniques. A 
traditional reservoir simulation does not consider the risk of reservoir operation caused by natural 
uncertainty from inflow. A stochastic simulation model embedded genetic algorithm model is 
developed for searching the optimal rule curves in this study. Synthetic inflows are used in the 
developed model for assessing the risk reservoir operation. Single and multi-reservoir systems are 
applied to assess the efficiency of the proposed technique. The developed model has been applied to 
determine the optimal rule curves of the Bhumibol and Sirikit Reservoirs (the Chao Phraya River 
Basin, Thailand) for multi-reservoir system and the Ubolratana Reservoir (the Chi River Basin, 
Thailand) for single system. The optimal rule curves of each system were used to assess by a Monte 
Carlo simulation. The results show that the situations of water shortage and excess release of the 
obtained rule curves are not significantly different from the situation of the curves searching by 
tradition simulation. It can be concluded that the stochastic simulation model embedded genetic 
algorithm provided the optimal rule curves as considering the risk of reservoir operation. Furthermore, 
the proposed model is applicable for both single and multi-reservoir systems.  
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INTRODUCTION 

 
 Nowadays an integrated water resources 
management is addressed in the possible practice and 
high efficiency. There are two main parts of 
management; demand management and supply 
management. The section of supply management is a 
reservoir operation. A reservoir simulation model is a 
modeling technique that is used to analyze the behavior 
of a system on the computer for operating the reservoir. 
Rule curves are fundamental guidelines for long term 
reservoir operation. Normally, rule curves are searched 
by reservoir simulation model and optimization 
techniques. In the past decade, the rule curves are 
obtained by using several sets of trial rule curves to test 
in reservoir simulation model[1]. This method is 
straightforward and applicable for both simple and 
complex systems. The monthly input data of reservoir 
simulation include historic inflows, evaporation, 
rainfall, infiltration, physical characteristic of the 
reservoir and conditional rule curves[2, 3]. However, the 
reservoir simulation method does not guarantee to yield 
the optimal rule curves because of arbitrary engineer.   
A dynamic programming (DP) is another optimization 
technique applied to search the non-linear problems of 

water resource[4,5,6]. Unfortunately, the application of 
DP to multi-reservoir system is limited due to a course 
of dimensionality. To overcome this problem 
Chleeraktrakoon and Kangrang[7] applied the DP with a 
principle progressive optimality (DP-PPO) to determine 
the optimal rule curves. The input data of this technique 
are the same as those using in the previous reservoir 
simulation model.  
Recently, genetic algorithms (GAs) embedded the 
reservoir simulation model has been applied to search 
the rule curves of the reservoir system[8,9,10,11]. The best 
part of GAs is that they can handle any type of 
objective function. Furthermore, the proposed model 
can handle any condition of reservoir simulation such 
as initial reservoir capacity and the period of inflow 
record. The accepted objective functions are a shortage 
index, frequency of water shortage, average water 
shortage and magnitude of water deficit. However, the 
appropriate objective function for searching the curves 
is average water shortage. Also, a smoothing function 
constraint is required to include into the proposed GAs 
for fitting the rule curves[12].  
The reservoir simulation models which mentioned 
above require the same necessary input data including 
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inflow record, physical characteristic of the reservoir 
and conditional rule curves[2, 3, 13]. Moreover, all 
simulation models require long period of dry historic 
inflows[7, 14, 15]. This is the limitation to some systems 
that are lack of sufficiently long inflow record. 
However, this reservoir simulation is incapable of risk 
analyze of reservoir operation caused by natural 
uncertainty inflow. The reservoir operation risk is 
adopted for flood control and hydropower[2, 16], but it is 
not considered to search the optimal rue curves.            
 Thus, this paper proposes the stochastic simulation 
model connected the GAs for searching the optimal rule 
curves. The synthetic inflows are used in the developed 
model for assessing the risk reservoir operation. The 
single and multi-reservoir systems are applied to assess 
the efficiency of the proposed technique. The proposed 
model is applied to determine the optimal rule curves of 
the Bhumibol and Sirikit Reservoirs (the Chao Phraya 
River Basin, Thailand) for multi-reservoir system and 
the Ubolratana Reservoir (the Chi River Basin, 
Thailand) for single system. 
 

MATERIALS AND METHODS 
 
Genetic Algorithms embedded Stochastic Simulation 
Model  
 The GAs connected simulation model developed in 
the previous study[12] was adopted in this study. This 
simulation model had been constructed on the concept 
of HEC-3[17] and it can be used to simulate the reservoir 
operation. The reservoir operating policies are based on 
the rule curves of individual reservoirs and the 
principles of water balance concept. The reservoir 
system operated along the standard operating policy as 
expressed in Eq. (1): 
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which Rν,τ is the release discharges form the reservoir 
during year ν and period τ (τ = 1 to 12, representing 
January to December); Dτ  is the water requirement of 

month τ, xτ is lower rule curve of month τ; yτ is upper 

rule curve of month τ; and Wν,τ is the available water 
calculated by simple water balance as described in 
Eq.(2): 

, 1 , , ,W S Q R E DSυ τ υ τ υ τ υ τ τ+ = + − − −  (2) 

where S�,τ is the stored water at the end of month τ; Q�,τ 

is monthly reservoir inflow; Eτ is average value of 

evaporation loss; and DS is the minimum reservoir 
storage capacity (the capacity of dead storage).  In the 
Eq (1), if available water is in a range of the upper and 
lower rule level, then demands are satisfied in full. If 
available water over the top of the upper rules level, 
then the water is spilled from the reservoir in 
downstream river in order to maintain water level at 
upper rule level. If available water is below the lower 
rule level, a reduction of supply is required. The policy 
usually reserves the available water (Wν,τ) for reducing 
the risk of water shortage in the future, when 0 � 

, < −W x Dυ τ τ τ .  
 The results of reservoir simulation are the 
situations of water shortage and excess release water 
such as the number of failure year, the number of 
excess release water, and the average annual shortage. 
They will be then recorded for using in GAs model. 
 This study also uses the model of GAs technique 
that was developed in the previous study[12]. This GAs 
model requires encoding schemes that transform the 
decision variables (rule curves) into chromosome. 
Then, the genetic operations (reproduction, crossover, 
and mutation) are performed. This study used 
population size = 80, crossover probability = 0.85, 
mutation probability = 0.01. 
 The objective function of searching the optimal 
rule curve is the average water shortage (Aver--
MCM/year)[12] obtaining from the simulation model 
which described as follows: 

1

1

=

= �
n

Aver Sh
n υ

υ
 (3) 

where n is the total number of considered year and  Sh� 
is water deficit during year �.  
 

STUDY AREAS AND DATA 
 
 The developed model was applied to search the 
optimal rule curve of both single reservoir system and 
the multi-reservoir systems. The Bhumibol and Sirikit 
Reservoirs located in the watershed area of the Chao 
Phraya River Basin (Thailand) were used to represent 
the multi-reservoir systems, while the Ubolratana 
Reservoir located in the northeast region of Thailand 
was illustrated the single reservoir. Figure 1 shows the 
locations of the Bhumibol, Sirikit and Ubolratana 
Reservoirs.  
 As shown in Fig 2, the schematic diagram of flows 
within the total drainage basin of the multi-reservoir 
systems (the Bhumibol and Sirikit reservoir). The 
Bhumibol Reservoir has the capacity of 13,462 MCM 
(million cubic meters or 610 3m ), while the Sirikit 
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Reservoir has the storage of 9,510 MCM. The two 
reservoirs are located on the main branches (River Ping 
and River Nan) of the Chao Phraya River. The 
verification needs monthly flow records and the other 
related data such as monthly water requirements 
supplied by the reservoirs, their characteristic curves, 
and monthly evaporation rate. For the flow record data, 
two sequences of 45-year (1956-2000) monthly-flow 
records of stations P.12 (the Ping River) and SK (the 
Nan River) were used. The locations of the flow 
gauging stations are presented in Figure 2. There are 
three period types of inflow that are used in reservoir 
simulation including 21-year (1975-1995) covering the 
dry years, 45-year (1956-2000) of historic record and 
the 100 samples of generated inflow. The stochastic 
flow of stations P.12 and SK were generated by the 
MAR (1)[18]. The other average hydrological data for 
each month included series of evaporation losses and 
precipitation of the reservoirs, and those of side flows 
of stations W.4A and Y.5 were used for the search. The 
considered water-requirement information of the 
studied basin was adopted from the previous study [12].  
 

 
 
Fig. 1: Location of the Bhumibhol, Sirikit and  
            Ubolratana Reservoirs 
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Fig. 2:  Schematic diagram of flows in the Chao Praya  
             River Basin 

 
 Figure 3 shows the schematic diagram of the 
Ubolratana reservoir system. The Ubolratana Reservoir 
has the capacity of 2,263 MCM. The inflow records of 
station UBR (1958-2003) were considered. The inflow 
periods applied to simulation run include 18-year 
(1958-1975) covering the dry duration, 46-year (1958-
2003) of historic record and the 100 samples of 
synthetic inflow. Furthermore, the other hydrological 
data for each month included series of evaporation 
losses and precipitation of the reservoirs, and those of 
side flows were used for reservoir simulation.      
 The model results of all three periods obtained 
from applying the optimal rule curves to the Monte 
Carlo simulation were compared to the situations of 
water shortage and excess release (e.g., frequency, 
magnitude, and duration). The Monte Carlo simulation 
study against 500 samples of generated monthly flows 
for stations P.12 and SK[18] was used to compute the 
interval (mean ± standard deviation) of the referred 
statistics for the assessment.  
 For the single system, the optimal rule curves were 
used to assess by the comparing the situations of water 
deficit and excess release for the mentioned three 
periods. The 500 samples of generated monthly flows 
of station UBR were used to calculate the referred 
situations by the Monte Carlo simulation for the 
assessment. In the following, the obtained assessment 
results of the considered water- deficit and excess-
release properties for all cases were presented. 
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Fig. 3: Schematic diagram of flows in the Chi River  
           Basin 
      

RESULTS AND DISCUSSIONS 
 
The multi-reservoir system: Figures 4 and 5 show the 
optimal rule curves of the Bhumibol and Sirikit 
Reservoirs for three periods of inflow respectively. The 
patterns of the rule curves for both reservoirs are good 
in agreement with respect to the seasonality effects on 
reservoir inflows and considered water demands. The 
optimal rule curves using different periods of searching 
are not explicitly different. These optimal rule curves 
were then evaluated to examine the water situations by 
the Monte Carlo simulation study with 500 samples of 
generated flow samples.     
 Tables 1 and 2 show the assessment intervals of 
water shortage and excess release characteristics for all 
types of inflow records respectively. The results of 
water situations are not significantly different among all 
inflow record type. However, the frequency, magnitude 
and duration of water shortage for the synthetic inflow 
are smaller than those of the other periods but not for 
maximum magnitude. As shown in Fig 2, the maximum 
magnitude of excess release using stochastic inflow 
yield the smallest volume of 4,451 ± 1,819 MCM/year. 
Therefore, the developed model using synthetic inflows 
provides the optimal rule curves that highly alleviate 
the situations of water shortage and excess release. It is 
concluded that the stochastic simulation model 
embedded GAs technique provides the optimal rule 
curves since it considers the risk of reservoir operation 
caused by the uncertainty of natural inflow for multi-
reservoir system. 
 

 

-

3,000

6,000

9,000

12,000

15,000

Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec

Month

St
or

ag
e 

C
ap

ac
ity

 (M
C

M
)

21-years 45-years stochastic inflow
40% 50% 60%

Dead storage capacity (3,800 MCM)

Full storage capacity (13,462 MCM)

 
 

Fig. 4: Optimal rule curves of the Bhumibol Reservoir 
      (multi-reservoir system) 
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Fig. 5: Optimal rule curves of the Sirikit Reservoir 
      (multi-reservoir system) 

 
The single-reservoir system 
 Figure 6 shows the optimal rule curves of the 
Ubbolratanat Reservoirs using the three durations of 
inflow for searching. The patterns of the rule curves of 
three cases are in good agreement with respect to the 
seasonality effects on reservoir inflows and considered 
water demands. The optimal rule curves using the 
different period of inflow are not explicitly different. 
These optimal rule curves were then evaluated to 
examine the situations of water shortage and excess 
release by the Monte Carlo simulation study using 500 
samples of generated inflow of station UBR.   
 Tables 3 and 4 show the assessment intervals of 
water shortage and excess release characteristics for all 
durations of inflow records respectively. They indicate 
that the interval of water deficit and excess release of 
rule curves using all periods are not significantly 
different. However, the most intervals of the rule curves 
using synthetic inflow are slightly smaller than those 
using the other inflow types. This implies that the 
synthetic inflow in stochastic simulation could handle 
the risk of reservoir operation in the case of single 
reservoir system.  
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Table 1: Frequency, magnitude and duration of water shortage for all inflow record types (multi-reservoir system) 
Frequency Magnitude (MCM/year) Duration (year) 

Inflow record type 
(times/year) Average Maximum Average Maximum 

µ 0.137 24 323 2.0 3.1 
21-year 

σ 0.076 18 206 1.0 1.7 

µ 0.113 19 289 1.9 2.7 
45-year 

σ 0.070 16 219 0.9 1.6 

µ 0.104 18 300 1.8 2.6 Stochastic 
inflow σ 0.068 17 253 1.0 1.6 

 Note: µ = mean, σ = standard deviation 
 
Table 2: Frequency, magnitude and duration of excess release for all inflow record types (multi-reservoir system) 

Frequency Magnitude (MCM/year) Duration (year) 
Inflow record type 

(times/year) Average Maximum Average Maximum 

µ 0.816 1,108 4,545 7.2 15.3 
21-year 

σ 0.079 198 1,862 3.3 5.9 

µ 0.811 1,110 4,706 7.0 15.0 
45-year 

σ 0.079 202 1,905 3.1 5.6 

µ 0.815 1,139 4,451 7.2 15.4 Stochastic 
inflow σ 0.080 203 1,819 3.3 5.8 

 Note: µ = mean, σ = standard deviation 
 
Table 3: Frequency, magnitude and duration of water shortage for all inflow record types (single-reservoir system) 

Frequency Magnitude (MCM/year) Duration (year) 
Inflow record type 

(times/year) Average Maximum Average Maximum 

µ 0.674 108 490 3.1 8.2 
18-year 

σ 0.048 11 151 0.7 2.9 

µ 0.821 157 438 5.3 13.2 
46-year 

σ 0.036 9 127 1.5 5.3 

µ 0.661 97 468 3.1 8.15 Stochastic 
inflow σ 0.047 11 139 0.7 2.7 

 Note: µ = mean, σ = standard deviation 
 
Table 4: Frequency, magnitude and duration of excess release for all inflow record types (single-reservoir system) 

Frequency Magnitude (MCM/year) Duration (year) 
Inflow record type 

(times/year) Average Maximum Average Maximum 

µ 0.904 988 3,278 10.3 19.5 
18-year 

σ 0.036 21 618 4.1 6.9 

µ 0.920 1032 3,310 12.4 22.6 
46-year 

σ 0.035 19 621 6.4 7.9 

µ 0.898 975 3,230 9.9 19.1 Stochastic 
inflow σ 0.035 21 597 3.9 6.7 

 Note: µ = mean, σ = standard deviation 
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Fig. 6: Optimal rule curves of the Ubolratana Reservoir  
      (single reservoir system) 

 
CONCLUSION 

 
 This study developed stochastic simulation model 
embedded genetic algorithm model for searching the 
optimal rule curves. The synthetic inflows were applied 
to the proposed model for concerning the risk of 
reservoir operation caused by natural uncertainty from 
inflow. The developed model was assessed for both 
single and multi-reservoir systems. The results 
presented that the obtained rule curves using the 
historic inflow record in both cases of single and multi-
reservoir systems are similar.  
The optimal rule curves of each system were also used 
to assess the situation of water deficit and excess 
release by a Monte Carlo simulation with the 500 
samples of generated inflow. The results showed that 
the situations of water shortage and excess release in 
this study are not significantly different from those 
obtained by tradition simulation. The stochastic 
simulation model connected genetic algorithm provided 
the optimal rule curves as considering the risk of 
reservoir operation. Furthermore, the proposed model is 
applicable for both single and multi-reservoir systems.  
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