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Abstract:  This paper deals with three alternative optimization techniques such as Constrained Linear Programming (CLP) by 
assuming inflows are deterministic, Stochastic Dynamic Programming (SDP) by assuming inflows are random and 
follow a first order Markov chain, and current computerized optimization algorithm, that is Genetic Algorithm (GA), 
to attain an efficient operating policy by minimizing the deficits of water resources in Ravishankar Sagar Reservoir, 
which is multipurpose multi-reservoir. This project comprises three reservoirs, namely Ravishankar Sagar, Dudhawa 
and Murumsilli, whereas Murumsilli and Dudhawa reservoirs act as feeders to the Ravishankar Sagar reservoir. This 
paper attains monthly operating policy for CLP by using LINGO 15.0 version software, SDP by using Microsoft 
Excel 2010 and GA by coding in MATLAB 2009a. The paper shows the comparative performance measures of all the 
three optimization techniques for the testing period of 1981-2010 using three deterministic simulation parameters, 
named as reliability, resilience and vulnerability. The final results showed that deficits generated by CLP, SDP and 
GA are 9.56%, 9.48% and 5.47% of total deficits obtained from field observations during the testing period 1981-
2010, respectively. Compared to deficits occured due to all the alternative operating policies, the GA model has given 
the least value of deficits, with high firm reliability for the present case study; hence it is suggested as an optimized 
model for Ravishankar Sagar reservoir operations. 
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1. INTRODUCTION 

Ample availability of water resources with their uneven distribution with respect to both space 
and time creates gaps in-between demand and supply. During the last 40 years, one of the most 
important advances made in the field of water resources engineering is the development and 
adoption of optimization techniques for planning, design and management of complex water 
resources systems. The problem of optimal reservoir operation consists of obtaining optimal 
releases, reservoir storage and routed flows in the downstream based on inflows and demands. A 
time schedule of release from a reservoir or from a system of reservoirs for a specific purpose is 
termed as the “Reservoir Operating Policy”. Given the initial state of the reservoirs, the sequences 
of inflow, the demand patterns and the system constraints, the optimal policy formulation requires 
determination of time schedule of release for different user agencies from reservoir systems which 
maximize or minimize the aggregate utilities associated with the released water. Since the optimal 
operating policy is dependent on the state of the systems, its formulation is not a one-time affair. 
Determination of optimal policy in reality is a sequential decision making problem. Decisions about 
periodic water release, in case of a multipurpose multi-reservoir system, are often difficult to be 
determined due to the large-scale, multiple objective nature and non-deterministic inflows of the 
system. Several optimization strategies are explored and written over the years dealing with 
optimization of water resources systems in general and optimal operation of reservoirs in particular. 
These include Maass et al. (1962), Hall and Dracup (1970), Roefs et al. (1970), Stephenson (1970), 
Sigvaldason (1976), Loucks et al. (1981), Vedula et al. (1986), Mays and Tung (1992), Wurbs 
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(1996), ReVelle (1999), Deb (2005) and Jaiswal et al. (2013). The use of optimization models in 
water resources planning and management, and reservoir operation is reviewed by Yeh (1985), 
Simonovic (1992), Wurbs (1993), Momoh et al. (1999 a,b) and Labadie (2004). The most favored 
optimization techniques for reservoir system models are Linear Programming (LP), Dynamic 
Programming (DP) and Evolutionary Algorithm (EA). Dorfman (1962) demonstrated one of the 
earliest attempts of application of LP to a water resources system by developing a design model for 
a reservoir system by maximizing an economic objective function. In another study, Stephenson 
(1970) made use of LP for the design of Vaal and Tugela reservoir systems in South Africa, which 
are interlinked by maximizing the economic objective function. Mawer and Thorn (1974) 
developed a DP model to maximize firm output. Esogbue (1989) presented an overview of the 
various aspects of Stochastic DP as applied to the area of water resources by considering three state 
variables namely (i) amount of water available in the surface reservoir, (ii) water availability in the 
aquifer and (iii) recharge facility. Trezos and Yeh (1989) derived an extension of DP for stochastic 
multi-reservoir problems, but Ouarda (1991) observed that the method converged to suboptimal 
solutions.  

In recent years, Genetic Algorithm (GA) has been developed into a powerful optimization 
approach. It is categorized under the general heading of EA, in that it performs optimization 
through a process analogous to “the mechanics of natural selection and natural genetics” in the 
biological sciences (Goldberg, 1989). The GA approach has the potential of overcoming the 
dimensionality problems associated with DP. The significant advantage of GA is that it can be 
directly linked with hydrologic and water quality simulation models without requiring simplifying 
assumptions in the model. East and Hall (1994) applied GA to the four-reservoir problem by 
keeping maximization of the benefits from power generation and irrigation water supply as an 
objective function. Fahmy et al. (1994) applied GA to the reservoir system operations and compared 
the performance of the GA with DP. It was concluded that GA performs better than DP model. A 
brief review of applications of GA to the water resources problems can be found in the work of 
Wardlaw and Sharif (1999). They demonstrated the robustness of GA approach by applying it to a 
number of problems. Yeh (1985), Wurbs et al. (1985) and Wurbs (1995, 1996) review a number of 
such models. Extensive literature review of the subject of optimization of reservoir operations 
reveals that no general algorithm is possible. The choice of the method depends on the 
characteristics of the reservoir considered, the availability of data, and the specified objective and 
constraints.  

Optimization models determine the plan that should be adopted to satisfy specified decision 
criteria, while simulation models demonstrate what will happen if a specified plan is adopted. The 
simulation model provides the performance of the system for certain inputs, which include decision 
rules, so that it enables a decision maker to examine the consequences of various scenarios of an 
existing system or a new system without actually building it. Computer simulation models have 
been applied for several decades to reservoir system management and operations within many river 
basins.  

The present study is an attempt to attain the best suitable optimization policy for multipurpose 
multi-reservoir that is Ravishankar Sagar reservoir situated in Chhattisgarh state, India, in order to 
minimize the gaps raised between the inflows and demands of water supply. For the same, three 
suitable optimization techniques, namely (i) Constrained Linear Programing (CLP), (ii) Stochastic 
Dynamic Programming (SLP) and (iii) Genetic Algorithm (GA), are selected. And, a reliability-
based deterministic simulation model is used to measure the performance of all the selected optimal 
techniques. Details of the study area, all the selected optimization techniques along with the 
finalized objective function and constraints for the study area, and details of performance measures 
are discussed and presented in the following material and methodology section. 
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 2. MATERIAL AND METHODOLOGY  

2.1 Study area  

Mahanadi is one of the most important river systems in India and is classified amongst the 
twelve major river basins. Mahanadi Reservoir Project (MRP) is situated in the upper reaches of 
river Mahanadi. MRP comprises four reservoirs, one major diversion work and two feeder canals, 
along with two service canals. Out of four reservoirs, three reservoirs, namely Ravishankar Sagar, 
Dudhawa and Murumsilli, are located in Mahanadi basin and Sondur reservoir is located in Pairi 
basin. The three-reservoir system present in Mahanadi basin is called as Ravishankar Sagar Project 
(RSP). In the RSP system, Murumsilli and Dudhawa reservoirs act as feeders to the Ravishankar 
Sagar reservoir. The two upstream reservoirs, namely Murumsilli and Dudhawa, do not have any 
irrigation demands and are only storage regulation structures. The RSP serves the purposes of 
irrigation, municipal and industrial supply. Thus, the system is a multipurpose multi-reservoir 
system.  

The RSP is situated in the state of Chhattisgarh and harnesses the water resources of Mahanadi 
River, an east flowing river in the state of Chhattisgarh and Orissa. The geographical location of the 
RSP is shown in Figure 1. At the Full Reservoir Level (FRL) of 348.7 m, the surface area of 
Ravishankar Sagar reservoir is 95.40 km2 and its storage capacity is 909 Mm3. The total catchment 
area of RSP is approximately 3,600 km2, of which 625 km2 is intercepted by the Dudhawa reservoir 
and 486 km2 by Murumsilli reservoir. Mahanadi Main Canal (MMC) and Mahanadi Feeder Canal 
(MFC) are taken off from the Ravishankar Sagar reservoir to supply water for municipal water 
demands of Raipur, capital city of Chhattisgarh state, and Dhamtari along with industrial demands 
of Bhilai Steel plant (BSP). Annually, a total volume of 238.0 Mm3 of water is to be supplied to 
BSP and 61.0 Mm3 towards the municipal supply. Salient features of the reservoirs in RSP are 
shown in Table 1. Salient features of MMC and MFC are shown in Table 2.  

 

Figure 1. Geographical location of Ravishankar Sagar, Murumsilli and Dudhawa reservoirs (source: www.cgwrd.in) 
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Table 1. Storage constraints of reservoirs 

S. No Reservoir Catchment area (km2) Dead Storage (Mm3) Maximum Storage (Mm3) 
1 
2 
3 

Ravishankar Sagar 
Dudhawa 

Murumsilli 

3600 
625 
486 

144 
4.5 
3.4 

909 
288 
165 

 
Table 2. Canal Capacity Constraints 

S. No Canal Discharge capacity (m3/s) Maximum  Monthly Releases (Mm3) Net CCA (ha) 
1 MMC 98.32 254.79 304000 
2 MFC 19.80 51.30 14810 

CCA: Cultivable Command Area  

2.2 Available data  

The data available for this work are: salient features of the reservoirs and details of canals; 
monthly data of storage, inflow and outflow of the three reservoirs for the period 1981 to 2010; 
monthly data of water demand and supply for irrigation from Mahanadi Main Canal as well as from 
Mahanadi Feeder Canal for the period 1981 to 2010; monthly data of municipal water demand and 
supply for Raipur and Dhamtari along with the demand and supply for BSP (Bhilai Steel Plant) for 
the period 1981-2010. The data used in this work are collected from Mahanadi Reservoir Project 
Dam Circle and Mahanadi Reservoir Project Dam Division, Rudri, Chhattisgarh.  

2.3 Mathematical model formulation  

To mitigate the shortfalls in the supply of water for meeting various demands in the RSP system, 
it is necessary to chalk out various optimal operation strategies for the reservoirs of the system. 
With the aim of evaluating a satisfactory and efficient operating procedure for such a large sized 
and real life multipurpose multi-reservoir system, mathematical models have been developed and 
applied in the present study. The configuration of the reservoirs in RSP system is shown in Figure 
2. The mathematical formulations for all three selected optimization techniques are explained as 
follows.  

2.3.1 Constrained Linear Programming (CLP) 

Linear Programming is one of the classical optimization techniques, which can be adapted for 
any type of complex or simple water resources system (Mujumdar, 2007). In this technique, 
objective function and all constraints are considered linear in nature. There are several ways to 
formulate linear programming, which lend themselves to solutions. CLP is one of the LP techniques 
that consider the multiple objectives into one, main objective function. However, the feasible 
solution of each objective function acts as a constraint to the main objective function. Hence, the 
technique is more suitable for multipurpose multi-reservoir systems. For the present study area, the 
main objective is to minimize the monthly deficits from irrigation, municipal and industrial 
demands by maximizing the releases from Murumsilli and Dudhawa. The objective functions are 
formulated as follows. 

 
Main Objective Function:  

Minimization 𝑍𝑍 = ∑ (𝐷𝐷𝑖𝑖,𝑡𝑡 − 𝑆𝑆𝑖𝑖,𝑡𝑡)3
𝑖𝑖=1  (1)  

where i= 1, 2, 3 and t=1, 2….12 months  
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Supply Constraints:  

0≤ S1,t≤ D1,t  (1.a)  

0≤ S2,t≤ D2,t  (1.b)  

0≤ S3,t≤ D3,t  (1.c)  

Release Constraints:  

S1,t+S2,t+S3,t≤ R1,t+ R2,t+R3,t  (1.d)  

 

Releases: (Cumec) Supplies: (Cumec) 
R1 =Release from Dudhawa S1= Supply to Municipal demand 
R2= Release from Murumsilli  S2= Supply to Irrigation demand 
R3= Release from Ravishankar Sagar  S3= Supply to Industrial demand 
 
Inflows: (Cumec) Demands: (Cumec) 
I1= Inflow to the Dudhawa reservoir D1= Municipal Demand 
I2= Inflow to the Murumsilli reservoir  D2= Irrigation Demand 
I3= Inflow to the Ravishankar Sagar reservoir D3= Industrial Demand 

Figure 2. Configurable representation of Ravishankar Sagar Project details 

Continuity constraint for the Ravishankar Sagar reservoir (R):  
Reservoir storage of any month should not be more than the capacity of the reservoir and should 

not be less than the dead storage. Mathematically, these constraints are given as:  

(Storage)R,max(live,t) ≥(Storage)t−1+I3,t−S1,t−S2,t - S3,t + R1,t+ R2,t – (Seepage losses)t –Evaporation R,t ≥ 
(Storage)R,d  (1.e)  

Sub Objective function (for target releases):  

Maximization z1 = R1,t+ R2,t +R3,t  (2)  

Non negativity constraints:  

R1,t , R2,t , R3,t ≥ 0  (2.a)  

Continuity constraint for Dudhawa reservoir:  

(Storage)D,max(live,t) ≥(Storage)D(t−1)+I1,t - R1,t -ED,t ≥ (Storage)D,d  (2.b)  



40 N. Anusha & M.K. Verma 

 

Continuity constraint for Murumsilli reservoir: 

(Storage)M,max(live,t) ≥(Storage)M(t−1)+I2,t - R2,t -EM,t ≥ (Storage)M,d  (2.c)  

Continuity constraint for Ravishankar Sagar reservoir: 

(Storage)R,max(live,t) ≥(Storage)R(t−1)+I3,t - R3,t -ER,t ≥ (Storage)R,d  (2.d)  

All variables used in Equations 1 to 2.d are explained in Figure 2. CLP is solved by using 
LINGO 15.0 version software, with the assumption of initial storage equal to the dead storage in the 
reservoir at the beginning of June (i.e., starting month of operation). For the next month (i.e., July) 
the same solution procedure is adopted, with storage obtained from the solution of the previous 
month as the initial storage. The procedure is repeated till the end of the period of operating 
horizon. At every step of the solution, the value of deficit and target releases from each reservoir 
have been obtained. 

2.3.2 Stochastic Dynamics Programming (SDP) 

SDP belongs to the Explicit Stochastic Optimization class of optimization models, in which the 
inflow to the reservoir is considered as a random variable (Mujumdar, 2007). This process contains 
two parts. These are (i) State variable discretization: All variables involved in the decision process, 
such as the reservoir storage, inflow and release, are discretized into a finite number of class 
intervals. A class interval for a variable has a representative value, generally taken as its midpoint. 
(ii) Inflow as a stochastic process: A stochastic process, denoted as {X(t), t ϵ T}, is a collection of 
random variables, with t referring to time, X(t) is the random variable, and T is an index set 
(Mujumdar, 2007). In the development of SDP recursive equations, the reservoir inflow is treated as 
a stochastic process. Further, it is assumed that the reservoir inflows follow a first order Markov 
chain. A stochastic process, {Xt}, is said to be a first order Markov chain, if the dependence of 
future values of the process on the past values is completely determined by its dependence on the 
current value alone. A first order Markov chain has the property  

P[Xt+1 | Xt,Xt−1,…..,X0]=P[Xt+1 | Xt]  (3)  

where the left side gives the conditional probability of Xt+1 given the current and past values Xt, 
Xt−1, …, X0 and right side gives the conditional probability of Xt+1 given the current value Xt alone.  

 
The objective function is formulated in SDP as follows. 
 
Objective function:  

fn
t (z) = Minimization(Demand− Supply)2 (4)  

where n is an index and t is the time.  
 
Continuity constraints for Ravishankar Sagar reservoir: 

(Storage)R,max(live,t) ≥ (Storage)t−1 + Ii,t − S1,t − S2,t - S3,t + R1,t+ R2,t - (Seepage losses)t - EvaporationR,t ≥ 
(Storage)R,d  (4.a)  

0 ≤ Ri,t ≤ Di,t ,       i=1, 2, 3  (4.b)  

SDP has been solved with the help of Microsoft Excel version 2010. In this, the conditional 
probabilities (P) are estimated. And the computations are started at the last period T (i.e., last month 
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May) and proceeds backwards by following the backward recursion. That is n=1 when t=T, n=2 
when t=T-1, etc. The index t takes values from T to 1 and the index n progressively increases with 
the stages in SDP. For example:  

At n=1 and t=T the objective function considered as follows:  

f1
T(z) = Minimization(RT − DT)2 (4.c)  

When moving to the next stage at n=2 and t=T-1, the objective function considered as follows:  

f2
T−1(z) = Minimization[(RT−1 − DT−1) + (PT−1 ∗ f1

T(z))]2  (4.d)  

The process continued until the stage t=1 at n=12 (i.e., last month May). Solving this process 
recursively is yielding a steady state policy within a few cycles. 

2.3.3 Genetic Algorithm (GA) 

Genetic algorithm is a computerized search and optimization algorithm based on the natural 
selection and natural genetics (Goldberg, 2002). It requires two things to be defined, i.e., genetic 
representation of the solution domain and fitness function. GA consists of three basic operators such 
as: (a) Selection: It is a process in which individual strings are copied according to their fitness 
values. The objective function plays the role of the environment used to evaluate potential solutions 
in terms of their fitness. (b) Crossover: Crossover operator partially exchanges some bits between a 
random mated pair of selected strings from the mating pool; these results in two new offsprings that 
preserve the best material from their two parent strings. The number of swapping strings is 
approximately designed by probability of crossover. (c) Mutation: Mutation is a genetic operator 
used to maintain genetic diversity from one generation of a population of genetic algorithm 
chromosomes to the next. The final terminating condition for GA procedure may be dependent 
upon the fixed number of generations or satisfying objective (Tolson, 2004). The steps involved in 
the Genetic Algorithm process are shown in Figure 3. 

 

Figure 3. Flow chart representation of steps involved in each generation of Genetic Algorithm process 
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In the GA technique, the operating policy is defined for each upstream (Dudhawa and 
Murumsilli) reservoir individually and comes with the resultant releases. These resultant releases 
from each upstream reservoir and monthly local inflow are then combined into a revised inflow 
record for Ravishankar reservoir. The new operational policy will be developed for Ravishankar 
reservoir. All mathematical equations used in this technique are shown as follows.  

 
Fitness functions for Dudhawa reservoir:  

Maximization Z1= ∑ Rd,t
12
i=1   (5)  

Solution Domain:  

0≤ Rd,t≤ (Live Storage)d,t(max) (5.a)  

where Rd,t is the release from Dudhawa at month t.  
 
Fitness functions for Murumsilli reservoir:  

Maximization Z1= ∑ Rm,t
12
i=1  (6)  

Solution Domain:  

0≤ Rm,t≤ (Live Storage) m,t(max)  (6.a)  

where Rm,t is Release from Murumsilli at month t. 
Fitness functions for Ravishankar Sagar:  

Minimization ∑�𝑅𝑅𝑟𝑟𝑟𝑟 ,𝑡𝑡 − 𝐷𝐷𝑟𝑟𝑟𝑟 ,𝑡𝑡�
2 + �𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟 ,𝑡𝑡 − 𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟 ,𝑡𝑡�

2  (7)  

where,  
Drd,t=Total irrigation and M&I demand of Ravishankar reservoir met through MFC during month t  
Rrd,t =Releases to MFC through total inflow of three reservoirs during month t  
Drds,t =Irrigation demand of Ravishankar reservoir met through MMC during time t  
Rrds,t =Release to MMC through Ravishankar reservoir during month t  
 
Solution Domains:  

0≤ Rrd,t≤ Drd,t  (7.a)  

0≤ Rrds,t≤ Drds,t  (7.b)  

where, 
Rrd,t ≤ 51.3 Mm3 (MFC maximum monthly release capacity)  
Rrds,t ≤ 254.79 Mm3 (MMC maximum monthly release capacity)  
 
Genetic Algorithm is coded in MATLAB version 2009a by considering rank selection, uniform 

crossover, with crossover probability 0.5, probability of mutation 0.001 and terminating condition 
set as to reach a stable state such that successive iterations no longer produce better results. 

2.4 Performance measures  

A simulation model provides a rapid means to evaluate the performance of a system for the 
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given design and operating policy. In the present study, a deterministic simulation technique is 
adopted to reproduce the behavior of the system. In the technique, performance of each operating 
policy is measured using three parameters namely: (i) Reliability: is the probability of the system 
being in satisfactory state; (ii) Resilience: is the probability that, if a system is in an unsatisfactory 
state, the next state will be satisfactory; (iii) Vulnerability: is representing the severity of failure 
(Simonovic et al., 1980, 1981, 1982; Kumar, 2007). The three parameters are calculated as follows:  

Reliability [x] = [Number of time periods t such that xt ≥ xT] / n  

where xT, is the threshold value which determines the failure and it is chosen according to required 
satisfactory conditions.  

Resiliency[x] = [number of times a satisfactory value follows an unsatisfactory value]/ [number of times 
an unsatisfactory value occurred]  

Vulnerability [x] = [sum of positive values of (xT-xt)]/[number of times an unsatisfactory value occurred]  

The performance of each selected optimization technique is discussed and presented in the 
results and discussion section. 

3. RESULTS AND DISCUSSION  

The operation policy results by CLP, SDP and GA for the study area are obtained for the period 
1981-2010. Monthly inflows and storage records of three reservoirs – Ravishankar Sagar, Dudhawa 
and Murumsilli – are provided as inputs and outputs obtained as monthly deficits and maximum 
monthly releases from Ravishankar Sagar reservoir. Deficits occur by three operating policies, as 
shown in Table 3. Performance of three optimization techniques in terms of reliability, resilience 
and vulnerability in comparisons with field observations are shown in Figures 4, 5 and 6, 
respectively, with the time period t on the x-axis (months) and outflow performance on y-axis.  

The performances of three optimization techniques have been evaluated by using simulation 
parameters, such as reliability, resilience and vulnerability. The final results show that operating 
policies generated by Constrained Linear Programming, Stochastic Dynamic Programming and 
Genetic Algorithm are providing 901 Mm3, 1000 Mm3 and 1147 Mm3 of water per year, 
respectively, as a minimum quantity in every condition. CLP is satisfying 100% of municipal 
demands, 30% of industrial demands and 32% of irrigation demands in every condition, with 40% 
firm reliability. SDP is satisfying 100% of municipal demands, 50% of industrial demands and 35% 
of irrigation demands, with 56% firm reliability. Finally, GA is satisfying 100% of municipal 
demands, 70% of industrial demands and 67% of irrigation demands, with 86% firm reliability. The 
final results show that deficits generated by CLP, SDP and GA are 9.56%, 9.48% and 5.47% of 
overall deficits obtained from field observations during the testing period 1981-2010, respectively. 

From Figures 4, 5 and 6, it is observed that operating policies made by GA technique have less 
severity of failure to meet the demands every time and it is producing high reliability results 
compared to SDP and CLP models.  

For the final comparison of the selected optimization models, Table 4 for Ravishankar Sagar 
reservoir is prepared for the testing duration 1981-2010 with important reservoir attributes namely, 
total demand deficit, total release, number of times the reservoir fails to meet the demands, total 
spills and number of times the reservoir spills. The following inferences can be drawn from results 
obtained.  
 Among the alternatives examined (excluding the GA), SDP model performance is the best.  
 It is found that GA model releases are best correlated with demands.  
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Table 3. Representing the reductions in deficits of three operating policies with current operating policy 

Year Total Demands 
(Mm3) 

Total Deficits by 
CLP (Mm3) 

Total Deficits by 
SDP (Mm3) 

Total Deficits by 
GA (Mm3) 

Total Deficits from field 
observations (Mm3) 

1981-82 1458.54 33.403 0 0 807.825 
1982-83 1386.99 182.589 0 41.99 748.784 
1983-84 1289.45 41 0 0 880.5 
1984-85 1125.73 0 0 0 569.82 
1985-86 1473.27 0 0 0 920.42 
1986-87 1313.5 0 0 0 391.67 
1987-88 1253.93 0 0 0 437.55 
1988-89 1681.89 155.537 0 97.89 1034.13 
1989-90 1412.02 451.454 0 112.02 953.83 
1990-91 961.93 0 0 0 512.619 
1991-92 1476.61 0 0 0 639.67 
1992-93 1394.19 0 0 0 485.1 
1993-94 1255.66 0 0 0 530.61 
1994-95 1125.73 0 0 0 311.31 
1995-96 1482.86 0 0 0 245.24 
1996-97 1146.56 41 0 0 551.9 
1997-98 1145.9 0 0 0 307.81 
1998-99 901.76 0 0 0 535.72 
1999-00 1323.74 0 0 0 598.17 
2000-01 1786.9 308.95 786.9 32.9 1111.449 
2001-02 1370.47 0 0 0 666.34 
2002-03 1658.43 593.502 800.43 51.43 820.527 
2003-04 964.15 3.13 0 0 613.316 
2004-05 1383.99 0 0 0 430.521 
2005-06 1804.9 0 0 0 1041.675 
2006-07 1370.47 0 0 0 364.522 
2007-08 1598.43 0 0 0 564.807 
2008-09 964.15 0 0 0 367.74 
2009-10 1383.99 3 0 0 590.843 

 

 

Figure 4. Comparative performance of the optimization techniques against field data, for the testing period 1981-2010, 
by using simulation parameter Reliability 
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Figure 5. Comparative performance of the optimization techniques against field data, for the testing period 1981-2010, 
by using simulation parameter Resiliency 

 

Figure 6. Comparative performance of the optimization techniques against field data, for the testing period 1981-2010, 
by using simulation parameter Vulnerability 

Further, the study has been extended to explore the possibility of increasing the Cultural 
Command Area (CCA) with estimated irrigation demand and revised inflow data for the testing 
period 1981-2010, with integrated operation of the three reservoirs by using GA technique. The 
results are presented in Table 5 for the number of failure years and months to meet the total demand 
corresponding to various percentage increases in the CCA and spills from Ravishankar Sagar 
reservoir. It can be observed that, with a 5% increase in CCA, failure years and months have 
remained the same as the original CCA, and spillage from the reservoir reduces from 11766 Mm3 to 
11390 Mm3. With 7.5-10% increase in CCA there is no appreciable increase in failure months and 
at the same time appreciable decreases in spills is observed. 

Ananda et al. (2015) have done similar studies on Ravishankar Sagar reservoir by using Particle 
Swarm Optimization (PSO) technique for the period 1991-1995. Their studies concluded that 
irrigation demand is not satisfied by this PSO technique. Whereas the present study concluded that 
the Genetic Algorithm is the best suitable optimization technique for the Ravishankar Sagar 
reservoir operations by fulfilling all the demands. 
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Table 4. Performance summary of selected optimization techniques for Ravishankar Sagar reservoir for the testing 
period 1981-2010 

Criteria  GA SDP CLP 
Total Demand deficit (Mm3)  336.23 1587.33 1810.565 
Total release (Mm3)  5516 4421.9 3824.67 
Total spill (Mm3)  6397.0 6548.4 6917.3 
Failure Months  12 16 22 
Spilling months  08 09 11 
Correlation coefficient with field demands  0.93 0.86 0.82 

 
Table 5. Integrated operation of three reservoirs presented in RSP by GA technique with increase % in CCA for the 

testing period 1981-2010  

S. No Increase in CCA (%) 
Total Demand fulfillment Spills from Ravishankar Sagar 

reservoir (Mm3) No. of failure years No. of failure months 
1 0 3 12 11766 
2 5 3 12 11390 
3 7.5 3 13 11207 
4 10 4 15 10665 
5 12.5 10 28 10404 

4. CONCLUSION  

The eternal dilemma “to produce more in a sustainable way with less water” implies a need for 
appropriate supply and demand management mechanisms to facilitate reallocating existing supplies 
and encouraging a more efficient water use. This study demonstrated the efficient utilization of 
existing water resources. In the present study, an attempt is made to attain an optimization model to 
evolve an operating procedure for a real life multipurpose multi-reservoir system that is 
Ravishankar Sagar reservoir project, located in Mahanadi basin, Chhattisgarh state, India. From the 
study, the following conclusions are drawn:  
 Three alternative optimization techniques, namely (i) Constrained Linear Programming(CLP), 

(ii) Stochastic Dynamics Programming(SDP) and (iii) Genetic Algorithm(GA), have been 
selected and applied to the case study by keeping minimization of deficits as an objective 
function.  

 Since the data regarding the inflow to the reservoirs after the post construction stage are easily 
available and to a better accuracy, these data are used as input to the reservoir system 
optimization model. 

 Each selected optimization model is given the monthly releases from Ravishankar Sagar 
reservoir along with deficits. The final results show that deficits generated by CLP, SDP and 
GA are 9.56%, 9.48% and 5.47% of overall deficits of the field operating policies during the 
testing period 1981-2010, respectively.  

 The possibility of increase in net CCA by revised inflows, by using GA technique, is also 
explored. It is found that 7.5-10% of the area can be irrigated additionally. At the same time, 
appreciable decrease in the system spillage and demand deficit has been observed.  

 Comparing all aspects, such as deficits, time taking process to generate operating policy and 
performance wise, GA model has given the least value of deficits with high firm reliability for 
the tested period for the case of Ravishankar Sagar reservoir. Hence, it is suggested as an 
optimized model for Ravishankar Sagar reservoir operations.  

ACKNOWLEDGEMENT  

The authors are grateful to NIT Raipur, Chhattisgarh and Administrative of Mahanadi Reservoir 
Project Dam Circle as well as Mahanadi Reservoir Project Dam Division, Rudri, Chhattisgarh. 



Water Utility Journal 24 (2020) 47

 

REFERENCES  

Ananda Babu, K., Shrivastava, R.K., Dikshit, M. (2015). Optimal operation policies for Ravishankar Sagar reservoir - A case study. 
Journal of Indian Water Resources Society, 35(1).  

Deb, K. (2005). Optimization for Engineering Design Algorithms and Examples. Prentice-Hall of India Private Limited. New Delhi.  
Dorfman, R. (1962). Mathematical models: The multi structure approach in design of water resources systems. Maass et al. (eds.), 

Harvard University Press, Cambridge, Massachusetts.  
East, V., Hall, M.J. (1994) . Water resources system optimization using genetic algorithms. Hydro-informatics 94. Proceedings of the 

First International Conference on Hydro-informatics, Balkema, Rotterdam, The Netherlands, pp.225-231  
Esogbue, A.O. (1989). Dynamic programming and water resources in dynamic programming for optimal water resources system 

analysis. A.O. Esogbue (ed.), Prentice Hall Inc., New York.  
Fahmy, H.S., King.J.P., Wentzel,M.W., Seton, J.A. (1994). Economic optimization of river management using genetic algorithms. 

Paper no. 943034, ASAE Int. Summer Meeting, Am. Sec.of Agricultural Eng., St. Joseph, Mich.  
Goldberg, D.E. (1989). Genetic Algorithm in search, Optimization and Machine Learning. 2nd ed., Addison-Weseley, Reading, Mass.  
Goldberg, D.E. (2002). Genetic Algorithms in search, Optimization & Machine Learning. p.1-45.  
Hall, W.A. (1970). Water resources systems engineering, McGraw-Hill, New York.  
Jaiswal, S.K., Verma, M.K., Gupta, M. (2013). Planning for optimum use of water resources of MRP complex using MIKE basin. 

Journal of Indian Water Resources Society. 33(1).  
Kumar, D.N. (2007) Water resources systems Planning and Management and Basic Concepts. IISC Bangalore, Available from 

NPTEL E-Notes. Accessed on 12/11/2016.  
Labadie, J. (2004). Optimal operation of multi-reservoir systems: State of art review. J. Water Resour. Plan. Manage., 30(2), 93-111.  
Loucks, D.P., Stedinge, J.R., Harith, D.A. (1981). Water resource systems planning and analysis. Prentice-Hall, Englewood Cliffs, 

N.J. 
Maass, A., Hufschmidt, M., Dorfman, R., Thomas, H., Marlin, S., Fair, G. (1962). Design of water resources systems. Harvard 

University Press, Cambridge, Mass.  
Mays, L., Tung, Y.K, (1992). Hydosystems engineering and management, McGraw-Hill, New York.  
Momoh, J.A., EI-Hawary, M.E., Adapd, R. (1999a). A review of selected optimal power flow literature to 1993, Part I: Non- linear 

and quadratic programming approaches. IEEE Trans; Power Syst, 14(1), 96-104.  
Momoh, J.A.,EI-Hawary, M.E., Adapd, R. (1999b). A review of selected optimal power flow literature to 1993, Part II: Non- linear 

and quadratic programming approaches. IEEE Trans; Power Syst, 14(1), 105-111.  
Mawer, P.A., Thorn, D.(1974). Improved dynamics programming procedure and their application to water resources. Water Resour. 

Res., 10(2), 183-190.  
Mujumdar, P.P. (2007). Water Resources Systems. 4th edition, Tata McGraw-Hill Publishing Company Limited, New Delhi.  
Ouarda, T. (1991). Stochastic optimal operation of large scale hydro-power systems. Ph.D. dissertation, Dept. of Civil Engineering, 

Colorado State Univ., Ft. Collins, Colo. 
ReVelle, C. (1999). Optimizing reservoir resources: Including a new model for reservoir reliability, Wiley, New York.  
Roefs, T., Bodin L. (1970). Multi reservoir operation studies. Journal of Water Resources, 6(2), 410-420.  
Sigvaldason, O.T. (1976). A simulation model for operating a multipurpose multi reservoir system. Journal of Water Resources, 

12(2), 263-278.  
Simonovic, S., Marino, M. (1980). Reliability programming in reservoir management 1: Single multi-purpose reservoir. Journal of 

Water Resources. 16(5), 844-848.  
Simonovic, S., Marino M. (1981). Reliability programming in reservoir management 2: Risk loss function. Journal of Water 

Resources. 17(4), 822-826.  
Simonovic, S., Marino M. (1982). Reliability programming in reservoir management 3: System of multi-purpose reservoirs. Journal 

of Water resources. 18(4), 735-743.  
Simonovic, S.P. (1992). Reservoir system analysis: Closing gap between theory and practice. J. Water Resour. Plan. Manage., 

118(3), 262-280.  
Stephenson, D. (1970). Optimal design of complex water resources projects. Journal of Hydraulics Division, ASCE, 96(6), 1229-

1246.  
Tolson, B.A., Maier, H.R., Simpson, M. (2004). Genetic algorithm for reliability-based optimization of water distribution systems. 

Journal of Water Resources Planning and Management, 130(1), 63-72.  
Trezos, T., Yeh, W.W.G. (1989). Stochastic dynamic programming and its application to multi-reservoir systems. Computerized 

decision support systems for water managers, ASCE, Reston, Va., pp.559-571.  
Vedula, S., Mohan S., Shrestha V.S. (1986) Improved operating policies for multipurpose use: A case study of Bhadra reservoir. 

Journal of Indian Academy of Science, 1-20.  
Wardlaw, R., Sharif, M. (1999). Evaluation of Genetic Algorithm for optimal reservoir system operations. J. Water Resour. Plan. 

Manage., 125(1), 25-33.  
Wurbs, R., Tibbets, M.N.,Cabezas, L.M., Roy, L.C. (1985). State of art review and annotated bibliography of systems analysis 

techniques applied to reservoir operation. Technical report 136, Texas Water Resources Institute, Texas, A&M Univ. College 
station, Texas.  

Wurbs, R. (1993). Reservoir-system simulation and optimization models. J. Water Resour. Plan. Manage., 119(4), 455-472.  
Wurbs, R. (1995) Water management models: A guide to software. Prentice Hall, NJ.  
Wurbs, R. (1996). Modeling and analysis of reservoir system operations, Prentice-Hall, Upper Saddle River, N.J.  
Yeh, W. (1985). Reservoir management and operation models: A state of-the-art review. Water Resour. Res., 21(12), 1797-1818. 
 


	1. INTRODUCTION
	 2. MATERIAL AND METHODOLOGY 
	2.1 Study area 
	2.2 Available data 
	2.3 Mathematical model formulation 
	2.3.1 Constrained Linear Programming (CLP)
	2.3.2 Stochastic Dynamics Programming (SDP)
	2.3.3 Genetic Algorithm (GA)

	2.4 Performance measures 

	3. RESULTS AND DISCUSSION 
	4. CONCLUSION 
	ACKNOWLEDGEMENT 
	REFERENCES 

