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Abstract 
 
This paper includes an application of Differential Evolution (DE) for the optimal operation of multipurpose 
reservoir. The objective of the study is to maximize the hydropower production. The constraints for the op-
timization problem are reservoir capacity, turbine release capacity constraints, irrigation supply demand con-
straints and storage continuity. For initializing population, the upper and lower bounds of decision variables 
are fixed. The fitness of each vector is evaluated. The mutation and recombination is performed. The control 
parameters, i.e., population size, crossover constant and the weight are fixed according to their fitness value. 
This procedure is performed for the ten different strategies of DE. Sensitivity analysis performed for ten 
strategies of DE suggested that, De/best/1/bin is the best strategy which gives optimal solution. The DE al-
gorithm application is presented through Jayakwadi project stage-I, Maharashtra State, India. Genetic algo-
rithm is utilized as a comparative approach to assess the ability of DE. The results of GA and ten DE strate-
gies for the given parameters indicated that both the results are comparable. The model is run for dependable 
inflows. Monthly maximized hydropower production and irrigation releases are presented. These values will 
be the basis for decision maker to take decisions regarding operation policy of the reservoir. Results of ap-
plication of DE model indicate that the maximized hydropower production is 30.885 × 106 kwh and the cor-
responding irrigation release is 928.44 Mm3. 
 
Keywords: Optimization, Hydropower Production, Differential Evolution, Reservoir Operation 

1. Introduction 

Water for drinking purpose, for use in industry, irrigation 
and hydropower production, is main factor for hindering 
developments in many parts of the globe. Hence, proper 
management of available water resources is essential. 
Reservoir operation forms an important role in water re- 
sources development. Yeh [1] reviewed reservoir ma- 
nagement and operation models. Algorithms and meth-
ods surveyed include linear programming (LP), dynamic 
programming (DP), nonlinear programming (NLP), and 
simulation. Oliveira and Loucks [2] have presented op-
erating rules for multireservoir systems by using genetic 
search algorithms. Simulation was used to evaluate each 
policy by computing performance index for a given flow 
series. Wardlaw and Sharif [3] have presented several 
alternative formulations of a genetic algorithm for reser-

voir system. Later on, multi-reservoir systems optimiza-
tion has been studied by Sharif and Wardlaw [4]. Nagesh 
Kumar et al. [5] have studied optimal reservoir operation 
for hydropower production which involved constrained 
nonlinear optimization. Earlier to that Srinivasa Raju and 
Nagesh Kumar [6] have discussed application of genetic 
algorithms for irrigation planning. GA was used to de-
termine optimal cropping pattern for maximizing bene-
fits for an irrigation project. Regulwar and Anand Raj [7] 
have presented A Multi objective, Multireservoir opera-
tion model for maximization of irrigation releases and 
hydropower production using Genetic Algorithm. A mo- 
nthly Multi Objective Genetic Algorithm Fuzzy Optimi-
zation (MOGAFUOPT) model has been developed. 
From the relationships developed amongst irrigation re-
leases, hydropower production and level of satisfaction, a 
three dimensional (3-D) surface covering the whole 
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range of policies has been developed.  
Storn [8] has represented a heuristic approach for 

minimizing nonlinear and non differentiable continuous 
space function. The proposed method which requires few 
control variables is robust, easy to use and lends itself 
very well to parallel computation. Lampinen [9] has pro- 
posed differential evolution algorithm for handling non- 
linear constraint functions. Differential Evolution (DE) 
algorithms claimed to be very efficient when they are 
applied to solve multimodal optimal control problems 
(Lopez Cruz et al. [10]). Differential evolution was used 
for the optimization of non-convex Mixed Integer 
Nonlinear Programming (MINLP) problems. The results 
of DE were compared with simplex, simulated annealing 
and genetic algorithm (Babu and Angira [11]). Vasan 
and Srinivasaraju [12] have demonstrated application of 
differential evolution to Bilaspur project in Rajasthan, 
India. The objective was to determine suitable cropping 
pattern for maximum benefits. Ranjithan [13] has pre-
sented the role of evolutionary computation in environ-
mental and water resources systems analysis and dis-
cussed various methods such as Simulated Annealing, 
Tabu Search, GA, Evolutionary strategies, Particle 
swarm and Ant colony optimization. Janga Reddy and 
Nagesh Kumar [14] have studied Multi Objective Dif-
ferential Evolution (MODE) with an application to a 
reservoir system optimization. The evolutionary opera-
tors used in differential evolution algorithms are very 
much suitable for problems having interdependence 
among the decision variables.Vasan and Komaragiri 
Srinivasa Raju [15] have demonstrated the applicability 
of DE to a case study of Mahi Bajaj Sagar project 
(MBSP), India. Ten different strategies of DE were em-
ployed to assess the ability of DE for solving higher di-
mensional problems as an alternative methodology for ir- 
rigation planning. The results were compared with LP. 

In Genetic Algorithm (GA) low mutation rate is re-
quired to get global optimum [16]. The low mutation rate 
may get trouble with problems having interdependent 
relationships between variables and may require more 
number of function evaluations [17]. In reservoir opera-
tion the interdependence relationship may exist among 
decision variables. Interdependencies among variables 
can be tackled by properly rotating the co-ordinate sys-
tem of the given function as it is done in Differential 
Evolution. DE has all properties necessary to handle 
complex problems with interdependencies between pa-
rameters [18]. DE maintains correlated self-adopting 
mutation step sizes in order to make timely progressive 
optimization. There is interdependence among variables 
therefore the evolutionary operators of DE are suitable to 
tackle these problems. This paper presents the applicabil-
ity of DE for determining operation policies of a multi-
purpose reservoir. 

2. Methodology 
 
Differential evolution is a recent evolutionary optimiza-
tion technique. It is simple, faster convergent and robust. 
The main difference between GA and DE is that GA 
depends on crossover while DE uses mutation as primary 
search mechanism. DE uses weighted differences be-
tween solution vectors to perturb the population. Unlike 
genetic algorithms, no binary coding of the population 
members is necessary. The general convention used for 
different variants of DE is DE/a/b/c. Here DE is for Dif-
ferential evolution, ‘a’ is a string which denotes the vec-
tor to be perturbed, ‘b’ denotes the number of difference 
vectors taken for perturbation of ‘a’ and ‘c’ is the cross-
over method. According to Price and Storn [19] different 
strategies of DE are DE/rand/1/bin, DE/best/1/bin, DE/ 
best/2/bin, DE/rand/2/bin, DE/rand-to-best/1/bin, DE/ 
rand/1/exp, DE/best/1/exp, DE/best/2/exp, DE/rand/2/ 
exp, and DE/rand-to-best/1/exp.  

DE holds D-dimensional real valued vectors of Np 
population in pair. The current population Px, includes 
vectors xi,g added or created randomly or by comparison 
with other vectors. 

 
 

, , max

, , ,

P      0,1,..., 1,    0,1,..., ,

  0 1 1.

g i g

i g j i g

i Np g g
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The index, g = 0, 1,… gmax, shows the generation of a 
vector. A population index i is assigned to each vector 
which ranges from 0 to Np-1. The index ‘j’ indicates pa-
rameter within vector ranges from 0 to D-1. After ini-
tialization, an intermediary population Pv,g, of Np mutant 
vectors, vi,g  produced by random mutation. 

 
 

, , max

, , ,

P      0,1,... 1,    0,1,..., ,

   0,1,..., 1.

g i g

i g j i g

i Np g g

v j D

   

  

v v

v
 (2) 

Each vector in the current population is then recom-
bined with a mutant to produce a trial population, Pu of 
Np trial vectors, ui,g 

 
 
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    0,1,..., 1.

g i g

i g j i g
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  

u u

u
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During crossover, trial vectors overwrite the mutant 
population, so a single array can hold both populations. 
Then the cost of the trial vector is compared with the cost 
of the target vector, the vector having low cost will go 
into the next generation. 
 
2.1. Case Study 
 
The Jayakwadi project stage-I is taken as a case study. It 
is built across river Godavari, in Maharashtra State, India. 
The gross storage of reservoir is 2909  106 m3 and live 
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storage is 2171  106 m3. Total installed capacity for 
power generation is 12.0 MW (Pumped storage plant). 
Irrigable command area is 1416.40 km2. The schematic 
representation of the physical system showing Jayakwadi 
project stage-I is shown in Figure 1. Monthly historical 
flow data for 73 years is collected and 75% dependable 
monthly flows are estimated using the Weibull plotting 
position formula. The inflow, irrigation demand, turbine 
capacity are presented in Table 1. 
 

2.2. Model Formulation 
 
The objective of the study is to maximize the hydro-
power production and present operation policy of a case 
study reservoir. Mathematically it can be expressed as: 

12

1

Max      t
t

Z P


                (4) 

where Pt = Hydropower produced in kwh during month 
‘t’. If the monthly releases for hydropower (RP) are 

Table 1. Inflow, irrigation demand and power demand. 

Sr 
no. 

Months 
Maximum  irrigation 

demand in Mm3 
Turbine Capacity in  

Mm3 
75% dependable 

inflow in Mm3 

1. June 18.55 33.96 148.762 

2. July 26.7 33.96 408.25 

3. August 25.43 33.96 610.66 

4. September 85.79 33.96 600.0 

5. October 267.86 33.96 287.75 

6. November 228.74 33.96 196.46 

7. December 210.88 33.96 125.53 

8. January 230.34 33.96 37.65 

9. February 85.23 33.96 21.462 

10. March 70.06 33.96 19.562 

11. April 85.49 33.96 25.5 

12. May 58.20 33.96 46.587 
 Total 1393.27 407.52 2528.173 

 

 

Figure 1. Sketch showing Jayakwadi project stage-1, Maharashtra state, India.
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expressed in Mm3, head (h) in meters, then power pro-
duced P in KW hours for a 30 day month is given by P = 
2725 × (RP) × (h). The model is subjected to the follow-
ing constraints. 
 
2.2.1. Releases into Turbine and Capacity Constraints 
The releases into turbines for power production, should 
be less than or equal to the flow through turbine capacity 
(TC) for all the months. Also, power production in each 
month should be greater than or equal to the firm power 
(FP). These constraints can be written as: 

( ) 1,2,3.....12.RP t TC t           (5) 

( ) 1, 2,3,.....12.RP t FP t           (6) 

 
2.2.2. Irrigation Supply-Demand Constraints 
The releases into canals for irrigation (RI) should be less 
than or equal to the maximum irrigation demand (IDmax) 
for all the months. Also, the releases into the canals for 
irrigation should be greater than or equal to the minimum 
irrigation demand (IDmin). The irrigation release-demand 
constraint, can, therefore be written as: 

max( ) ( ) 1,2,3,.....12.RI t ID t t         (7) 

min( ) ( )      1,2,3.......12RI t ID t t        (8) 

 
2.2.3. Reservoir Storage-Capacity Constraints 
The storage in the reservoirs (S) should be less than or 
equal to the maximum storage capacity (SC) and greater 
than or equal to the minimum storage capacity (Smin) for 
all months. These constraints can be written as: 

( ) 1, 2,3......12.S t SC t           (9) 

min( )           1, 2,3......12S t S t          (10) 

 
2.2.4. Reservoir Storage-Continuity Constraints 
This constraint relate to the turbine releases (RP), irriga-
tion releases (RI), release for drinking and industrial wa-
ter supply (RWS) which is taken as a constant, reservoir 
storage (S), inflows into the reservoirs (IN), Losses from 
the reservoirs for all months. The losses from the reser-
voirs are taken as function of storage as given by Loucks 
et al. [20]. Let Ao is reservoir water surface area corre-
sponding to the dead storage volume and et is evapora-
tion rate corresponding to the time period t (in depth 
units). Aa is the reservoir water spread area per unit 
volume of active storage. Then the actual evaporation 
during the time period ‘t’ is given by 

t t 1
0 t a t

a t
t a t

0 t t t t 1

(S S )
Evaporation loss  A e A e

2
A e

Put a   0.5A e    then, 
2

Evaporation loss  A e a (S S )






 

 
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Then the hydrologic continuity constraint can be written 
as: 

0

(1 ) ( 1) (1 ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) 
t t

t

a S t a S t IN t RP t RI t

SP t WS t FCR t RP t A e t
      

    
 (11) 

 
3. Results and Discussion 
 
Differential Evolution (DE) has ten strategies. The model 
is run with DE parameters, i.e., crossover constant and 
weight for each strategy. The population is fixed by run-
ning the model for different population sizes in combina-
tion with crossover constants and weight. For deciding 
crossover constant and weight for each strategy, the 
model is run for different crossover constants, i.e., 0.7, 
0.75, 0.8, 0.85, 0.9, 0.95 with the combination of weight 
ranging from 0.2 to 0.9 with the increment of 0.05. For 
every combination fitness is calculated and compared 
with population. Based on this approach population is 
fixed as 400. For getting optimal solution, generation is 
fixed as 500. The DE parameters, i.e., crossover con-
stants and weight are decided for each strategy and pre-
sented in Table 2. The relationships between weight and 
hydropower releases corresponding to crossover constant 
are presented graphically in Figures 2 to 11. By consid-
ering these DE parameters, the optimization model is run 
and optimized values of objective function are presented 
for all strategies in Table 2. The random seed should be 
greater than one. So for seed also the model is run for 
various seed values, i.e., 1 to 90, and 77 is fixed from the 
comparison of results. 

Table 2 presents comparison of strategies of DE. In 
this table, the crossover constant, weight, optimal hy-
dropower production and annual irrigation releases are 
presented corresponding to each strategy. The compari-
son of strategies for maximum objective function value 
is shown graphically in Figure 12. From the Table 2, it 
is clear that the strategy number 6, i.e., DE/best/1/bin 
gives the optimal results. For this strategy, the DE pa-
rameters are crossover 0.85, and weight 0.9. The opti-
mized hydropower production is worked out to be 30.89 
× 106 kwh. The release for irrigation corresponding to the 
optimal fitness of objective function is 928.44 Mm3. 
Monthly optimal releases for irrigation are shown 
graphically in Figure 13. Monthly optimal hydropower 
production is shown graphically in Figure 14. For com-
parison of DE results, the genetic algorithm approach is 
utilized in this study. The proposed reservoir operation 
model is solved using GA. Stochastic remainder selec-
tion; one point crossover and binary mutation are used as 
GA operators in this study. For selection of population 
size, crossover probability, mutation probability and op-
timal generations, a thorough sensitivity analysis is car-
ried out. The system performance is estimated by taking 
crossover probability between 0.6 to 1.0 with a incre-
ment of 0.05 and mutation probabilities between 0.4 to 
0.001 with a decrement of 0.1 up to 0.01 and then the 
decrement is taken as 0.001. The population size is var- 
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Table 2. Comparison of strategies of differential evolution. 

Sr. 
No. Strategy CR F 

Annual  hydropower 
produced kwh 

Annual  Irrigation 
releases Mm3 

1 DE/best/1/exp 0.85 0.70 29651500 927.271 

2 DE/rand/1/exp 0.95 0.70 30365652 827.383 

3 DE/rand-to-best/1/exp 0.80 0.90 27208474 872.191 

4 DE/best/2/exp 0.95 0.50 29268860 976.005 

5 DE/rand/2/exp 0.85 0.60 29380314 881.820 

6 DE/best/1/bin 0.85 0.90 30885738 928.442 

7 DE/rand/1/bin 0.95 0.80 28513356 853.046 

8 DE/rand-to-best/1/bin 0.85 0.90 27368522 862.894 

9 DE/best/2/bin 0.85 0.90 29247944 906.402 

10 DE/rand/2/bin 0.95 0.80 30099228 947.816 
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Figure 2. Relationship between weight and strategy No. 1 
for crossover 0.85. 
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Figure 3. Relationship between weight and strategy 2 for 
crossover 0.95. 
 

335

340

345

350

355

360

365

0 0.5 1

Weight

H
yd

ro
po

w
er

 r
el

ea
se

s

 
Figure 4. Relationship between weight and strategy No. 3 
for crossover 0.8. 
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Figure 5. Relationship between weight and strategy No. 4 
for crossover 0.95. 
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Figure 6. Relationship between weight and strategy No. 5 
for crossover 0.85. 
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for crossover 0.85. 



D. G. REGULWAR  ET  AL. 
 

Copyright © 2010 SciRes.                                                                               JWARP 

565

345

350

355

360

365

370

0 0.5 1

Weight

H
yd

ro
po

w
er

 r
el

ea
se

s

 
Figure 8. Relationship beween weight and strategy No. 7 for 
crossover 0.95. 
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Figure 9. Relationship between weight and strategy No. 8 
for crossover 0.85. 
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Figure 10. Relationship between weight and strategy No. 9 
for crossover 0.85. 
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Figure 11. Relationship between weight and strategy No. 10 
for crossover 0.95. 
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Figure 12. Comparison of strategies. 
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Figure 13. Optimal releases for irrigation (DE/best/1/bin). 
 

0

500000

1000000

1500000

2000000

2500000

3000000

Ju
ne Ju

ly

Aug
us

t

Sep
tem

ber

Octo
ber

Nov
em

ber

Dec
em

ber

Ja
nua

ry

Feb
ru

ary

M
arc

h
Apr

il
M

ay

Months

H
yd

ro
po

w
er

 p
ro

du
ct

io
n

 
Figure 14. Optimal hydropower production (DE/best/1/bin). 
 
ied from 50 to 150 and generation from 20 to 500. Based 
on the system performance the optimal population size 
and optimal number of generations are 100 and 500 re-
spectively. For crossover probability of 0.95 and muta-
tion probability of 0.01, the maximization is achieved. 
The monthly optimized irrigation releases and hydro-
power production by using GA are obtained and pre-
sented in Table 3. The comparison of DE and GA results 
for irrigation releases and hydropower production are 
presented for best strategy in the same table. Also Table 
4 represents the monthly optimal irrigation releases ob-
tained by DE strategies and GA. Table 5 represents the  
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Table 3. Comparison of optimal releases for irrigation and hydropower production by DE and GA. 

Month 
Release for irrigation 

Mm3 

By DE 

Release for irriga-
tion Mm3 

By GA 

Hydropower produced 
 106  kwh 

By DE 

Hydropower produced
 106  kwh 

By GA 
June 9.65 14.20 2.405 2.581 

July 16.58 16.94 2.552 2.548 

August 13.47 16.63 2.671 2.571 

September 55.10 58.14 2.811 2.56 

October 232.55 178.05 2.575 2.562 

November 148.90 146.51 2.776 2.576 

December 109.42 145.18 2.738 2.571 

January 144.63 129.31 2.717 2.552 

February 44.38 55.59 2.544 2.559 

March 64.87 48.87 2.577 2.564 

April 52.12 54.67 2.384 2.572 

May 36.76 38.09 2.137 2.553 

TOTAL 928.442 902.19 30.887 30.769 

 
Table 4. Irrigation releases obtained by the DE strategies and GA in Mm3. 

Month DE1 DE2 DE3 DE4 DE5 DE6 DE7 DE8 DE9 DE10 GA 

June 9.7 9.7 9.7 9.7 9.7 9.7 9.7 9.7 9.7 9.7 14.20 

July 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.94 

August 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 16.63 

September 57.4 34.8 56.2 56.2 52.3 55.1 49.7 46.3 72.9 62.5 58.14 

October 232.6 138.9 162.4 162.4 138.8 232.6 140.6 162.4 162.4 162.4 178.05 

November 148.9 149.6 157.9 209.1 151.7 148.9 160.3 193.9 118.5 117.9 146.51 

December 109.4 127.9 109.3 109.3 85.4 109.4 123.2 109.3 85.4 109.3 145.18 

January 134.9 145.2 145.8 211.8 195.1 144.6 147.7 151.9 176.6 223.7 129.31 

February 51.9 44.3 34.6 51.9 74.5 44.4 52.7 34.6 74.5 34.6 55.59 

March 63.1 64.9 53.2 67.4 46.0 64.9 55.6 66.9 63.6 67.8 48.87 

April 44.5 34.7 74.8 44.5 62.0 52.1 34.7 34.7 56.0 74.8 54.67 

May 44.5 47.4 38.3 23.7 36.4 36.8 48.9 23.2 56.8 55.0 38.09 

Total 927.0 827.4 872.2 976.0 881.8 928.4 853.0 862.9 906.4 947.8 902.19 

DE1 DE/best/1/exp, DE2 DE/rand/1/exp, DE3  DE/rand-to-best/1/exp, DE4 DE/best/2/exp, DE5 DE/rand/2/exp, DE6 DE/best/1/bin, DE7 
DE/rand/1/bin, DE8  DE/rand-to-best/1/bin, DE9 DE/best/2/bin, DE10 DE/rand/2/bin 

 
Table 5. Hydropower production obtained by the DE strategies and GA in kwh (× 106). 

Month DE1 DE2 DE3 DE4 DE5 DE6 DE7 DE8 DE9 DE10 GA 

June 2.41 2.42 2.11 2.35 2.32 2.40 2.37 2.29 2.41 2.30 2.58 

July 2.35 2.52 2.18 2.52 2.48 2.55 2.23 2.17 2.57 2.80 2.55 

August 2.61 2.61 2.14 2.26 2.51 2.67 2.56 2.19 2.41 2.53 2.57 

September 2.36 2.72 2.02 2.73 2.67 2.81 2.16 2.08 2.78 2.87 2.56 

October 2.86 2.58 2.54 2.53 2.82 2.58 2.53 2.46 2.79 2.63 2.56 

November 2.76 2.83 2.48 2.72 2.76 2.78 2.01 2.41 2.62 2.65 2.58 

December 2.80 2.36 2.46 2.29 2.23 2.74 2.71 2.23 2.36 2.41 2.57 

January 2.69 2.62 2.38 2.48 2.68 2.72 2.32 2.56 2.67 2.79 2.55 

February 2.63 2.45 1.99 2.36 2.22 2.54 2.52 2.32 2.44 2.26 2.56 

March 1.79 2.58 2.41 2.38 2.46 2.58 2.55 2.13 2.62 2.19 2.56 

April 2.21 2.45 2.41 2.36 2.00 2.38 2.40 2.44 1.85 2.37 2.57 

May 2.18 2.22 2.08 2.27 2.23 2.14 2.15 2.09 1.73 2.30 2.55 

Total 29.65 30.37 27.21 29.27 29.38 30.89 28.51 27.37 29.25 30.10 30.77 
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monthly optimal hydropower production by DE strate-
gies and GA. Tables 4 and 5 gives exhaustive compari-
son of all DE strategies and GA for irrigation releases 
and hydropower production. This comparison among all 
strategies of DE and GA provides applicability of dif-
ferential evolution for optimal operation of 
multi-purpose reservoir. 

 
4. Conclusions 
 
In the present study a multipurpose reservoir in Godavari 
River sub basin in Maharashtra State, India is considered. 
A multiobjective operation model for maximization of 
hydropower production is proposed using differential 
evolution algorithm. Results of application of DE model 
indicate that the maximized hydropower production is 
30.885 × 106 kwh and the corresponding irrigation re-
lease is 928.44 Mm3. From the results it can be seen that 
the monthly maximized irrigation release and hydro-
power production can be the basis for decision maker to 
take decision for reservoir operation. Genetic algorithm 
is utilized as a comparative approach. The results of GA 
and different DE strategies for irrigation releases and 
hydropower production show that both the results are 
close and comparable. Therefore it can be said that DE 
can be used as an alternative methodology for optimal 
operation of multipurpose reservoir. Differential evolu-
tion algorithm works with numerical values. Therefore 
highly complex objective functions do not introduce any 
difficulties and even discontinuous functions are accept-
able. From the results, it can be said that the DE can be 
effectively applied to multi-objective operation problem 
and the reservoir can be operated for optimal reservoir 
releases for irrigation and hydropower production after 
meeting the other demands from the reservoir. 
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Appendix: Notation 
 
The following symbols are used in this paper 
 
RP(t): Monthly releases for power generation 

during month t  
 

TC:          Flow corresponding to maximum  
capacity of turbine  

FP:   Flow corresponding to firm power. 
RI(t):  Releases for irrigation during month t. 
IDmax(t):     Maximum irrigation requirement of 

  command area during month t.  
IDmin (t):     Minimum irrigation requirement of  

command area during month t  
S(t):         Storage volume in the reservoir  

during month t   
SC:       Maximum storage volume of reservoir 
Smin:       Dead storage volume of reservoir  
SP(t):       Spills during month t  
FCR(t):       Feeder Canal Releases during month t 
β:            Constant. 
NP:          Number of Population 
CR:          Crossover Constant 
 F:           Weight 
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