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Abstract: Reservoirs play a strategic role in the rapid monetary growth of the world by providing numerous benefits. However, 
the reduction in appropriate sites along with environmental and social apprehensions has resulted in curtailment of 
new reservoirs around the world in 21st century. There is a potential of benefits available from existing reservoirs 
which have not been capitalized. To move forward in this context, the optimized benefits from reservoirs must be 
attained. Reservoirs operation optimization considering sediment evacuation (RESOOSE), a recently developed 
model which combines multiple reservoirs operation and sediment evacuation with Genetic Algorithm based 
optimization module, had been used in the study. The objective function of optimizing the irrigation deficits was 
developed. The RESOOSE model was then applied to optimize the irrigation deficits of Tarbela and Diamer Basha 
Reservoirs in Pakistan. The average annual irrigation shortages, sediment evacuation, hydropower and flood damages 
of existing rule curves had been computed as 6.9 billion m3, 21.534 million m3, 36.9 billion Kw and 616.2 million 
US$ which were used as constraints. The irrigation shortages had been minimized by optimized rule curves without 
reducing these benefits from existing values. The optimized operation of the selected multiple reservoirs reduce the 
irrigation shortages to 5.95 billion m3 (13.7% reduction). The study suggests change in existing operation of Tarbela 
and Diamer Basha Reservoirs due to enhanced benefits. Reducing irrigation deficits will certainly help in achieving 
the objective of exploiting the potential benefits of from cascade reservoirs. 
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1. INTRODUCTION  

Reservoirs have significant role for rapid economic growth of any country as they are used for 
storing and providing water for hydroelectric power (HEP), irrigating land and reducing floods. Due 
to social and environmental concerns like population augmentation, land use management etc., the 
availability of suitable sites for building a reservoir is becoming scarce with the passage of time. 
Therefore, the need to conserve the existing reservoirs by enhancing their useful life, along with 
building new ones is gaining a worldwide primary attention. According to (White 2010; WCD 
2000) the process of building new dams was initiated in 1950s, reaching its peak in 1970s at the 
average rate of two dams (commissioned) per day. Till year 2003 almost 33,100 reservoirs with 
overall storage capacity of 6700 km3 have been constructed.  

The reservoir life and capacity is severely affected by the sediment deposition. Flow 
characteristics and sediment load governs the degree of severity a reservoir have to face during its 
life. The common methods of sediment management are soil conservation and flushing (full and 
partial drawdown) while others include sediment routing through sluicing and watershed protection 
measures (Rashid et al. 2014). Though the sedimentation rate is different worldwide (0.1 to 2.3%), 
it causes the annual storage loss of 1% which corresponds to the loss of US$ 9 billion per year.  

To capitalize on profit (net benefit) and curtailing irrigation losses there is a need to develop an 
efficient cascade reservoirs system which itself is a complex process. The primary constraints for a 
typical reservoir operation are related to its releases and storages indexes, developing conservation 
equation and ensuring dams’ safety (see Chen and Chang, 2007 for details). One of the primary 
functions of a reservoir is to control damages caused by the flood because floods are directly related 
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with the safety of human lives and have lasting impacts on the socio economic growth of an area. 
With the marked improvement in simulation and modelling techniques, real time optimal flood 
control methods and operations were devised and implemented to various reservoirs built in USA 
and China (Wang et al. 2013). The implementation of a hydro model for the modelling of Tarbela 
reservoir in Pakistan has also resulted in HEP increase along with several other irrigation benefits. 
The model also helped in proposing several curative measures to minimize the effect of 
sedimentation deposition at Tarbela.  

Khan et al. (2012) developed an optimization model ROSSE and applied to optimize the rule 
curves of Tarbela Reservoir for minimizing the irrigation shortages, flood damages and maximizing 
the hydropower benefits. ROSSE model has capability to handle only single reservoir. The 
optimized rule curves minimize the irrigation shortages by 24%. Genetic Algorithm regarding 
reservoir operation policy optimization was modeled, simulated and implemented to various 
reservoirs in India. These models used inflows and time as input parameters to simulate releases. 
Several researchers have developed various models on GA to compute multi reservoir optimal 
operation. E-g, Multidimensional GA was developed and implemented to perform the optimal 
operation on the multiple reservoirs located in Chi River Basin, Thailand. Chang et al. (2003) 
formulated two separate models (i-e, for simulation and flushing) which are used in the sediment 
flushing optimization of Tapu Reservoir in Taiwan. Because of compound water-sediment 
relationships and for the lengthy simulation times, the models of such type should be simplified.  

Wardlaw and Bhaktikul (2004) discussed and compared the linear programming (LP) with GA 
approach and concluded various advantages of GA over LP like robust optimization, less processing 
time and , excellent handling of constraints. Various reservoirs were optimized on the similar 
footprints to meet the irrigation and socio-environmental needs. In northern Iran, Sefidrub reservoir 
was optimized using GA which resulted in 37 million ton evacuation of sediments keeping same 
power efficiency (Hajiabadi and Zarghami 2014). Combined Simulation GA Optimization model 
was used to optimize the operation of Nam Oon reservoir in Thailand (Suiadee and Tingsanchali 
2007). 

Several researchers have studied the issue of optimization of a reservoir in detail. Labadie (2004) 
proposed that optimization of multiple reservoirs instead of single a reservoir would result in better 
overall efficiency. The reservoir optimization approach should be multidimensional, nonlinear; 
must be able to accommodate and deal with the time dependent changes (dynamic in nature) and 
probabilistic characteristics of reservoir systems. Genetic algorithm optimization techniques have 
been most commonly used in Asia (including China, India, Iran, Taiwan etc.) with perceptible 
success in reducing the damages caused by flood along with the increase irrigation, storage and 
HEP increase (Wardlaw and Sharif 1999; Ranjithan 2005). 

The objectives of the study is to minimize the irrigation shortages without reducing the 
hydropower, sediment evacuation, flood damages reduction benefits by optimization the rule curves 
of cascade reservoirs. RESOOSE model was applied to Tarbela and Diamer Basha Reservoirs for 
computing the optimized rule curves. 

2. RESERVOIRS OPERATION OPTIMIZATION CONSIDERING SEDIMENT 
EVACUATION (RESOOSE) MODEL 

The flow chart of RESOOSE model is shown in Figure 1. It has four interconnected modules 
which are Optimization, Sediment Evacuation, Reservoir Operation and Hydropower. The model 
has capabilities of optimizing the multiple reservoirs operation considering sediment outflow. It is 
user-friendly and has GUI. It has been coded and developed using MATLAB. It has also four main 
forms which are used to specify the input data including objective function, variables, GA 
parameters, bounds, hydrological data, preliminary rule curves for starting simulation and 
termination criteria to stop the optimization process. The existing models having optimizing and 
sedimentation capabilities handle only single reservoir. The RESOOSE model is different in the 
manner as it handles multiple reservoirs for multi-objective optimization.   
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Genetic Algorithm (GA) technique has been used for optimization module in RESOOSE model 
that emerges from biological evolution process i.e. mutation, selection, inheritance and cross-over. 
GA, being newest optimization technique, has been used worldwide successfully for optimization of 
reservoirs. Some of its capabilities are vigorous technique of optimization, constraints handling and 
less execution time. Reservoir operation is important central module of this model that is based on 
conservation equations and computes releases and storage at each time step. The basis of sediment 
module is Tsinghua equation (IRTCES 1985) to calculate sediments outflow and actual sediments 
rating curves to calculate sediment inflow to reservoirs. The elevation capacity curve also updates 
after deposition and outflow of sediments every year. Further details of RESOOSE Model can be 
viewed from Rashid et al. (2015). 

The reservoir operation and sediment evacuation modules of RESOOSE Model were 
successfully calibrated and verified against observed water levels, discharges and elevation-storage 
capacities of Tarbela and Chashma Reservoirs on Indus Basin. Moreover, optimization module of 
MATLAB, used in RESOOSE Model, has been dully verified by the developer Mathworks (Rashid 
et al. 2015; Mathworks 2013a,b). 

 

Figure 1. Flow chart of RESOOSE model 

3. APPLICATION OF RESOOSE MODEL TO CASE STUDY RESERVOIRS 

The case study reservoirs selected for optimizing the irrigation shortages are Tarbela (1.43 BCM 
storage capacity) and Diamer Basha (1.07 BCM storage capacity) on Indus River in Pakistan. 
Tarbela is one of the largest Dams of Pakistan which was commissioned in 1974 located 65 km 
North-west of Islamabad. Diamer Basha Dams is located about 315 km upstream from Tarbela 
Dam. Its proposed completion is in year 2020 published by Water and Power Development 
Authority (WAPDA) Pakistan. The prominent characteristics of the reservoirs are mentioned in 
Table 1 (WAPDA 2012; WAPDA 2008). 
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3.1 Objective function 

RESOOSE model has capability to optimize the rule curves for several objective functions 
including maximizing the irrigation, hydropower and sediment evacuation and minimizing the 
irrigation shortages and flood damages of cascade reservoirs. This manuscript focuses on 
optimizing the rule curves for minimizing irrigation deficits. The objective function thus developed 
is as follows: 

Objective Function =Minimize [D − R] !,! if R < 𝐷!"
!!!

!"#$%
!!!  (1) 

where D is the demand in a time step ‘t’ whereas R is the releases form downstream reservoir 
through conjunctive operation of cascade reservoirs (in this manuscript Diamer Basha upstream and 
Tarbela downstream reservoir on Indus River). Both irrigation demand and reservoir releases are in 
m3 and time step in the study is 10 daily as it is standard practice in Pakistan that for whole 
irrigation system the demands and releases are computed in 10 daily time step. 

3.2 Constraints 

The constraints considered for optimizing rule curves of the cascade reservoirs are as follows: 
Constraint 1: Lower Rule Curve (LRC) ≤ Upper Rule Curve (URC) for all times steps in 

simulation 
Constraint 2:  Maximum Conservation Level (MCL) ≥ Rule Curves ≥ Minimum Operating 

Level (MOL) For Diamer Basha and Tarbela Reservoirs MOL is 1060 m and 
420.3 m (As of 2013) respectively, whereas MCL is 1160 m and 472.5 m 
respectively 

Constraint 3: Hydropower benefits of optimized rule curves ≥ current rule curves while 
minimizing the irrigation deficit 

Constraint 4:  Sediment Evacuation benefits of optimized rule curves ≥ current rule curves while 
minimizing the irrigation deficit 

Constraint 5: Flood damages reduction by optimized rule curves ≥ current rule curves while 
minimizing the irrigation deficit 

 
Table 1. Salient feature of Tarbela and Diamer Basha reservoirs 

Sr. No. Feature Diamer Basha Reservoir Tarbela Reservoir 
1 Type Roller Compacted Concrete dam Rock and Earth fill dam 
2 Catchment Area 153,200 km2 169,650 km2 
3 Commissioning year 2020 (proposed) 1974 
4 Reservoirs Length 105 km 88 km 
5 Reservoirs Area 120.9 km2 250 km2 
6 Gross Storage 10 BCM 14.34 BCM 
7 Live Storage 7.90 BCM 11.94 BCM 
8 Spillways 1 2 
9 Power Capacity 4500 MW 3478 MW 

 
The hydropower, sediment evacuation and flood damage reduction benefits of current rule 

curves are 36.902 Billion kWh, 21.534 million m3. The flood damage of existing rule curves are 
616.19 million US$/year. The flood damages have been computed using regression analysis major 
flood damages of Pakistan. Flood damage function, derived from peak flows during historical 
floods of Indus River and its tributaries in Pakistan from 1976-2010 and damages they occurred. 



European Water 59 (2017)    327 

The flood damage function is as follows: 

Cf = 0.272Qm – 1861.50 (2) 

where Cf is flood damage in million US$ and Qm is maximum instantaneous flow in m3/s. 

3.3 Data required 

A long time (1975-2014) series of data for both Diamer and Basha Reservoirs i.e. inflows, 
outlows, levels, irrigation demand, rule curves, hydropower capacities, spillways and tunnel 
capacities of dams, sediment inflows and outflows, sediment characteristics (gradation curves) and 
major flood damages of Indus River of Pakistan was used to study their stochastic effects. 

Pakistan’s whole water resources system is administered by ‘WAPDA’ which is responsible for 
its development, operation, management of flood, hydropower production along with its allocation. 
Indus River System Authority (IRSA) regulates flows among the country’s provinces by WAPDA 
with precedence to primary irrigation. The systems and concerned authorities work for smooth 
distribution of water among country without dispute. The irrigation demands for conjunctive 
operation of case study reservoirs are shown in Figure 2. 

 

Figure 2. Irrigation demands for case study reservoirs (billion m3) 

4. RESULTS AND DISCUSSION 

The optimization of objective function i.e. minimizing irrigation shortages through conjunctive 
operation of cascade reservoirs (Tarbela and Diamer Basha) is shown in Table 2. The optimized 
rule curves along with optimized irrigation shortages are shown in Figure 3 and existing rule curves 
along with its irrigation shortages are shown in Figure 4. The average annual irrigation shortages, 
sediment evacuation, hydropower and flood damages of existing rule curves have been computed as 
6.9 billion m3, 21.534 million m3, 36.9 billion Kw and 616.2 million US$. The current irrigation 
shortages of Tarbela and Diamer Basha Reservoirs have been reduced to 5.95 BCM by optimized 
rule curves (13.7 % Reduction) in the current study. The optimized rule curves have achieved this 
reduction in irrigation shortages with reducing the flood damages reduction, hydropower and 
sediment evacuation benefits of current rule curves.  
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Figure 3. Optimized rule curves of Diamer Basha and Tarbela reservoirs and irrigation shortages (billion m3) 

 

 

Figure 4. Existing rule curves of Diamer Basha and Tarbela reservoirs and irrigation shortages (billion m3)  
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Table 2. Optimization results for Tarbela and Diamer Basha reservoirs 

Rule Curves 

% reduction of 
objective function 
w.r.t. current rule 

curves 

Irrigation 
shortages  

(Billion m3/year) 

Annual Benefits  
Trapping 
Efficiency Power  

(Billion Kw) 
Sediment 

(Million m3) 
Flood damages 
(Million US$) 

Optimized Rule Curves 13.7% 5.95 36.95 21.754 613.6 82% 
Existing rule curves* - 6.90 36.902 21.534 616.19 87% 

* The existing rule curve of Diamer Basha Reservoir is taken from the reports (WAPDA 2012; WAPDA 2008) 

5. CONCLUSIONS AND RECOMMENDATIONS 

1. The study successfully applied the RESOOSE model to optimize the cascade reservoirs rule 
curves for minimizing the irrigation shortages. 

2. It has been demonstrated for Tarbela and Diamer Basha Reservoirs that the irrigation 
deficits can be reduced by ensuring the current level of hydropower, sediment evacuation 
and flood damages. 

3. The optimized rule curves have reduced the irrigation shortages from 6.9 billion m3 to 
5.95 billion m3 (13.7% reduction) of Case study Reservoirs.  

4. After successful application of RESOOSE Model to Case study Tarbela and Diamer Basha 
reservoirs, it is recommended that their operational/proposed rule curves may be revised to 
meet the irrigation demands and for achieving the objective of exploiting the potential 
benefits of from cascade reservoirs.  
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