
Water Utility Journal 15: 67-79, 2017.  
© 2017 E.W. Publications 

Performance measures for Ravi Shankar Sagar reservoir using simulation-
optimization models 

N. Anusha*, M.K. Verma, S. Bajpai and M.K. Verma 
Department of Civil Engineering, NIT, Raipur, India  
* e-mail: anusha.civileng@gmail.com  

Abstract:  Building reservoir storage with effective water operating policies is expected to meet the water demands satisfactorily. 
However, due to uncertainty in inflows, climate changes and conflicts in reservoir operations; current operating 
policies may not be effective in longer duration. In the present study optimum operating polices using constrained 
Linear Programming are developed and the performance measurement using deterministic simulation model (S-O 
Models) in terms of Reliability, Resilience, Vulnerability of existing multi-purpose reservoir–Ravi Shankar Sagar 
Reservoir in Chhattisgarh, India, is presented. The performance of constrained Linear Programming optimization 
technique provides high reliability results. 
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1. INTRODUCTION 

Ample availability of water resources with their uneven distribution through space and time 
creates gaps in demand and supply. To overcome the water availability challenge dams are 
constructed and reservoirs are built. However, there is strong need to measure the performance of 
the operating policies of reservoirs and look for improvements in the same to meet the challenges of 
variations in inflows, climate changes, and changing demands due to changing lifestyle, increasing 
population, change in development priorities, bringing conflicts in reservoir operations and creating 
scarcity to meet demands in various sectors such as irrigation, domestic, industrial and power 
generation etc. Hence, for optimal utilization of water, there is a need to evaluate the performance 
of operating polices periodically. Apart from performance evaluation, the reservoir operating 
policies are also need to be optimized for optimal utilization of this valuable resource (Vedula et. 
al., 1986). Nowadays, the most common optimization techniques are Linear Programming (LP), 
Dynamic Programming (DP), Evolutionary Algorithm (EA), etc. Application of particular 
optimization technique to a specific study area depends on various factors, such as physical 
characteristics of reservoir, objective functions, constraints involved, uncertainties in inflows into 
the reservoirs, climate change (Ananda Babu et al., 2015). Hence, there cannot be such optimization 
algorithm which can be universally applicable for all reservoirs (Seema Chauhan, 2008). It is 
essential in water resources planning and operation policies to come up with alternatives and 
compare them with their involved risks. Risk is usually measured by two conditions (i) probability 
of occurrence of specified undesirable outcomes; (ii) number of undesirable occurrences over a 
specified time period; and (iii) expected number of undesirable occurrences during a specified time 
period. Undesirable outcomes may be excess flood or drought conditions. A performance criterion 
is one of the utilities of simulation model. 

1.1 Simulation 

Simulation model procreates the behavior of actual system, means it attempts to show the reality. 
Basically, simulation represents the what-if condition, i.e., how a system will respond, if it faces the 
particular situation in future (Vedula and Mujumdar, 2007). Simulation is preferred for complex 
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systems in which, instead of the entire system, only factors relevant to the objective of the study are 
modeled. Simulation model can be deterministic or stochastic depending upon randomness of 
variables involved. A deterministic model may be sufficient when measured value of variable is 
available for a long period. On the other hand, if process is stationary, then it may be reasonable to 
go with stochastic modeling. 

Here, the present work uses the deterministic simulation to measure the performance of the 
reservoir system under study in response to objective function formulated by constrained linear 
programming technique. The commonly used performance evaluation techniques are Reliability, 
Resilience and Vulnerability. 

1.1.1 Reliability 

Reliability of a system is the probability of the system being in satisfactory state (Nagesh Kumar, 
2008). It is denoted as follows: 

Reliability [x] = [Number of time periods t such that xt ≥ xT ] / n (1) 

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

A more reliable system may not be better compared to less reliable (Simonovic et al., 1982), as 
reliability neither tells us how quickly the system will recover from failure nor the level of 
unsatisfactory from satisfactory conditions. 

1.1.2 Resilience 

Resilience of a system is expressed as the probability that if a system is in an unsatisfactory state, 
the next state will be satisfactory (Nagesh Kumar, 2008) and it is denoted as follows: 

Resiliency[x] = [number of times a satisfactory value follows an unsatisfactory value]  
                          / [number of times an unsatisfactory value occurred] (2) 

Resilience is a measure of a system's ability to bounce back from a failure to continue to offer 
some level of performance (possibly not the original level of performance) (UCL website). Hence a 
less reliable system with more resiliencies is more satisfactory compared to more reliable system 
without resiliency. 

1.1.3 Vulnerability 

Vulnerability represents the severity of failure (Nagesh Kumar, 2008) and it is denoted as 
follows: 

Vulnerability [x] = [sum of positive values of (xT-xt)]  
                                / [number of times an unsatisfactory value occurred] (3) 

Simulation model alone may not give optimization solution but it is able to test the performance 
of operating policies (Simonovic et al., 1982), which are evaluated through optimization technique 
accurately. 

1.2 Constrained Linear Programming 

Linear Programming is one of the classical optimization techniques which can be adapted for 
any type of system, complex or simple to generate operating policies mainly in water resources 
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systems planning and management. In this technique, objective function and all constraints are 
considered linear in nature. There may be several ways to formulate the linear programming, which 
lend themselves to solutions. 

Concept behind the Constrained Linear Programming is that of representing the multiple 
objectives into one main objective function. However, the feasible solution of each objective 
function acts as constraint to main objective function, so satisfactory chances for formulated 
operating polices are more (Vedula and Mujumdar, 2007).  

In the present work, the operating policies are approached through formulated linear program 
considering the objective function as minimization of the deficits by maximizing the releases. 

2. STUDY AREA 

Ravi Shankar Sagar reservoir is one of the largest storage structure formed by constructing 
Gangrel Dam in 1978. It is situated on Mahanadi river basin in Dhamtari District of Chhattisgarh, 
India. It is a multipurpose reservoir being used to meet the irrigation, municipal, and industrial 
demands. Murumsilli and Dhudhawa on Mahanadi Basin are two feeding reservoirs to Ravi 
Shankar Sagar reservoir. Demands are being met by Ravi Shankar Sagar reservoir through two 
service canals–Mahanadi Main Canal (MMC) and Mahanadi Feeder Canal (MFC). To ensure 
required quantity of water for various sectors, it is required to measure the performance of existing 
operating policies and if required to come up with effective alternatives. Salient features including 
storage constraints of reservoir and canal capacities are shown in Table 1 and 2. 

 
Table 1. Storage constraints of reservoirs 

S. No Reservoir Catchment area 
(km2) 

Dead Storage 
(Mm3) 

Max Storage 
(Mm3) 

1 
2 
3 

Ravi Shankar Sagar 
Dudhawa 

Murumsilli 

3670 
621 
484 

144 
4.5 
3.4 

910 
288 
165 

 
Table 2. Canal capacities in study area 

S.No Canal Capacity 
(m3/c) 

Maximum monthly 
Releases (Mm3) 

Net CCA (ha) 

1 
2 

MMC 
MFC 

98.32 
19.80 

254.79 
51.30 

304000 
14810 

 
Pictorial representation of whole study area includes three reservoirs with their service canals are 

shown in Figure 1. 

 

Figure 1. Concept diagram of study area 
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Releases: (m3/s) Supplies: (m3/s) 
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: (m3/s) Demands: (m3/s) 
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 

3. MODEL FORMULATION 

3.1 Main object function 

Minimization Z= (𝐷!!! − 𝑆!,!)!
!!!     (4)         

where i = 1, 2, 3; t = 1, 2, … 12 months 

3.1.1 Sub object function (for target releases) 

Maximization z =R1,t+R2,t+R3,t  (5) 

Constraints: 

Non negativity constraint: R1,t ,R2,t ,R3,t ≥ 0 (6) 

 
Continuity equations for Dudhawa Reservoir: 

(Storage)D,max(live,t) ≥ (Storage)D,(t-1) + I1,t –R1,t –(Evaporation)D,t ≥ (Storage)D,(dead,t) (7) 

Continuity equations for Murumsilli Reservoir: 

(Storage)M,max(live,t) ≥ (Storage)M,(t-1) + I2,t –R2,t –(Evaporation)M,t ≥ (Storage)M,(dead,t)  (8) 

Continuity equations for Ravi Shankar Sagar Reservoir: 

(Storage)R,max(live,t) ≥ (Storage)R,(t-1) + I3,t –R3,t –(Evaporation)R,t ≥ (Storage)R,(dead,t)  (9) 

3.2 Constraints 

Supply Constraints:  

0 ≤ 𝑆!,! ≤ 𝐷!,! 

0 ≤ 𝑆!,! ≤ 𝐷!,! (10) 

0 ≤ 𝑆!,! ≤ 𝐷!,! 
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Release Constraints: 

S!,!+S!,!+S!,! ≤ R!,! + R!,! + R!,! (11) 

Continuity equation: 

(Storage)!,!"# !"#$,!   ≥ storage !!! + I!,! − S!,! − S!,! − S!,! + R!,! + R!,! − Seepage lossess −
Evaporation !,! ≥ Storage !.! (12) 

4. DATA AVAILABILITY 

Salient features of the reservoirs and details of canals, rainfall data, data of inflow and outflow of 
the three reservoirs – Ravi Shankar Sagar, Dudhawa and Murumsilli – are available for the period 
1981 to 2010. 

4.1 Irrigation demands 

Demands of irrigation from Mahanadi Main Canal as well as from Mahanadi Feeder Canal are 
available since 1981 till 2010, which are computed as per guidelines of FAO 24 (Doorenbos and 
Pruitt, 1977). 

4.2 Municipal and industrial demands 

Monthly municipal water demands for Raipur, Durg, and Dhamtari along with the industrial 
demand of BSP (Bhilai Steel Plant) at Bhilai are required from the water supply. Annually, a total 
volume of 238.0 Mm3 (million cubic meters) of water is to be supplied to BSP and 61.0 Mm3 
towards the municipal supply. 

5. METHODOLOGY 

Constrained Linear Programming was 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 period of operation). For the next period (i.e., July) same solution procedure is adopted 
with storage obtained from the solution of previous period as the initial storage. The procedure is 
repeated till the end of period of operating horizon. At every step of solution, the value of deviation 
and target releases from each reservoir have been obtained. This detailed procedure is shown as 
flow chart in Figure 2. 

6. RESULT AND DISCUSSION 

The operation policy results by Constrained Linear Programming for study area were obtained 
for period of 1981-2010. Monthly inflows of three reservoirs – Ravishankar Sagar, Dudhawa, 
Murumsilli – are provided as inputs and outputs obtained as monthly deficits and maximum 
monthly releases. Since municipal demands are kept at higher priority level, these were satisfied for 
all the years. Due to Constrained Linear Programing operation policy, reduction in deficits occur in 
every year to a higher degree ranging from 100% in 20 out of 30 years to the lowest 0.22% seen in 
the year 1989-90. 

The algorithm was solved by LINGO 15.0 and actual deficits and reduced deficits by LP (Linear 
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Programming) model are presented in Table 3 and the monthly policy results obtained by running 
algorithm from 1981-2010 are provided in graphical form with the time period t in X-axis (years) 
and Releases (Mm3) in Y-axis. 

 

Figure 2. Flow chart representation of Simulation-Optimization methodology 

6.1 Operation policy analysis 

Graphical representation of Monthly Operating Policy releases obtained by Constrained Linear 
Program (CLP) optimization technique as well as real time operation policy of Ravi Shankar Sagar 
reservoir were presented as follows: 
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Figure 3. Graphical representation of CLP Policy releases with actual releases - June 

 

Figure 4. Graphical representation of CLP Policy releases with actual releases - July 

 

Figure 5. Graphical representation of CLP Policy releases with actual releases - August 
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Figure 6. Graphical representation of CLP Policy releases with actual releases - September 

 

Figure 7. Graphical representation of CLP Policy releases with actual releases - October 

 

Figure 8. Graphical representation of CLP Policy releases with actual releases - November 
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Figure 9. Graphical representation of CLP Policy releases with actual releases - December 

 

Figure 10. Graphical representation of CLP Policy releases with actual releases - January 

 

Figure 11. Graphical representation of CLP Policy releases with actual releases - February 
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Figure 12. Graphical representation of CLP Policy releases with actual releases - March 

 

Figure 13. Graphical representation of CLP Policy releases with actual releases - April 

 

Figure 14. Graphical representation of CLP Policy releases with actual releases - May 
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6.2 Performance measures 

 

Figure 15. Graphical representation of Reliability measures for CLP Policy releases with actual releases 

 

Figure 16. Graphical representation of Resiliency measures for CLP Policy releases with actual releases 

 

Figure 17. Graphical representation of Vulnerability measures for CLP Policy releases with actual releases 
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Performance analysis reveals that performance of Ravi Shankar Sagar reservoir through 
Constrained Linear Programming is providing moderate results for June to August months for all 
the years during the study period 1981-2010, but the performance is better from September to May 
for all the years during the study period 1981-2010. Hence, the overall performance of Ravi 
Shankar Sagar Reservoir is improved by 50% Vulnerability. 

 
Table 3. Representation of reductions in deficits through Constrained LP Operation Policies 

Year Total annual releases 
by CLP (Mm3) 

Total Deficits by LP 
(Mm3) 

Total actual annual 
releases (Mm3) 

Total Deficits in actual 
(Mm3) 

1981-82 1425.137 33.403 650.715 807.825 
1982-83 1204.401 182.589 638.206 748.784 
1983-84 1248.45 41 408.95 880.5 
1984-85 1125.73 0 555.91 569.82 
1985-86 1473.27 0 552.85 920.42 
1986-87 1313.5 0 921.83 391.67 
1987-88 1253.93 0 816.38 437.55 
1988-89 1526.353 155.537 647.76 1034.13 
1989-90 960.566 451.454 458.19 953.83 
1990-91 961.93 0 449.311 512.619 
1991-92 1476.61 0 836.94 639.67 
1992-93 1394.19 0 909.09 485.1 
1993-94 1255.66 0 725.05 530.61 
1994-95 1125.73 0 814.42 311.31 
1995-96 1482.86 0 1237.62 245.24 
1996-97 1105.56 41 594.66 551.9 
1997-98 1145.9 0 838.09 307.81 
1998-99 901.76 0 366.04 535.72 
1999-00 1323.74 0 725.57 598.17 
2000-01 1477.95 308.95 675.451 1111.449 
2001-02 1370.47 0 704.13 666.34 
2002-03 1064.928 593.502 837.903 820.527 
2003-04 961.02 3.13 350.834 613.316 
2004-05 1383.99 0 953.469 430.521 
2005-06 1804.9 0 763.225 1041.675 
2006-07 1370.47 0 1005.948 364.522 
2007-08 1598.43 0 1033.623 564.807 
2008-09 964.15 0 596.41 367.74 
2009-10 1380.99 3 793.147 590.843 
2010-11 1804.9 0 900.478 904.422 

7. CONCLUSION 

From the present study the following conclusions may be arrived at: 
§ The LP applied on the operation policy, successfully provided the required monthly releases 

from Ravi Shankar Sagar reservoir compared to current reservoir operation policy. 
§ Final results shown operating policies generated by Constrained Linear Programming are 

providing 901 Mm3 of water per year, as a minimum quantity in every condition with firm 
reliability 40%. 

§ CLP is satisfying 100% of Municipal demands, 30% of Industrial demands and 32% of 
irrigation demands in every condition with this firm reliability 

§ Failure intensity of the system is reduced to 50% in comparison with the current scenario 
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