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ABSTRACT— Nonstructural flood damage minimization through optimizing a short term multi-reservoir system
operation is considered in this paper using a simulation-based optimization model. The well known evolutionary
computation technique of particle swarm optimization (PSO) has been combined with a simulation model of river
flood routing. The hydraulic routing model includes numerical solution of unsteady gradually varied flow equations
by Preissmann method. The developed model has been used in a three-reservoir system as a real case study southwest
of Iran. The results show applicability and efficiency of the proposed simulation-optimization model in determining
optimal reservoir releases.
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1. INTRODUCTION
Short term reservoir operation deals with making decisions for reservoir releases on future short time intervals from
some minutes to a few hours. Simulation and optimization models have been widely used in solving this problem.
Some studies consider hydrologic river routing method as simulation model. Windsor [1] used recursive linear
programming (LP) technique to determine optimal reservoir operation for a multi-reservoir flood control system.
Yazicigil [2] developed an LP optimization model for daily operation of a single reservoir system with main purpose of
flood control. Wasimi and Kitanidis [3] combined an optimization model and a flow routing model for daily operation of
a multi-reservoir system under flooding conditions. Can and Houck [4] compared LP and goal programming (GP)
models for hourly flood control operation of a multi-reservoir system. Loaiciga and Marino [5] developed a controlestimation model which used a state-space formulation consisting an unconstrained optimization technique. Karbowski
[6] presented an analysis method for optimal flood control problem of cascade system of reservoirs. NiewiadomskaSzynkiewicz et al. [7] used predictive methods for hourly flood control operation in a river basin with the objective of
peak flow minimization. Niewiadomska-Szynkiewicz and Napiorkowski [8] used CRS method to optimize multireservoir operation under flooding conditions. Goppert et al. [9] combined an optimization dynamic programming (DP)
model for flood control in urban areas. Zagona et al. [10] and Biddle [11] used RiverWare simulation model for hourly
optimization of multi-reservoir flood control operation with LP model. Cheng [12] developed a fuzzy optimization model
for multi-reservoir flood control. Shim, K. C. and Shim, S. B. [13] presented a decision support system (DSS) for
optimization of real time multi-reservoir operation using DP model. Needham et al. [14] used mixed integer linear
programming (MILP) technique for flood control of a river basin. Shim K. C. [15] and Shim K. C. et al. [16] developed a
DSS with different subsystems for integrated flood control of a multi-purpose multi-reservoir problem. NiewiadomskaSzynkiewicz [17, 18] presented a software package called flood control multi-reservoir water system (FC-MWS) for
optimal operation of multi-reservoir systems under flooding conditions. Niewiadomska-Szynkiewicz [19] used two
different types of optimization algorithms including controlled random search (CRS) and evolutionary strategy (ES) to
reduce flood damages downstream of reservoir systems. Niewiadomska-Szynkiewicz et al. [20] used a computational
technology named computing grids as a decision making tool for real time multi-reservoir operation under flooding
conditions. Wei and Hsu [21] developed an MILP multi-purpose optimization model for hourly operation of a multireservoir system affected by tidal effects. Wei and Hsu [22] presented a real time optimization-simulation operation
model to determine reservoir releases under flooding conditions. Choudhury [23] presented a weighted pre-emptive goal
programming model formulation for coordinated reservoir operation including uncontrolled flows. Saavedra et al. [24]
used shuffled complex evolution optimization algorithm to minimize downstream peak floods through operation of a
two-reservoir system.
Some other studies concentrate on hydraulic river routing method as simulation model. Dysarz and Napiorkowski
[25, 26] investigated flood control problem for a system of reservoirs using CRS optimization technique. Dessalegne et
al. [27] used genetic algorithm (GA) optimization technique for solution of one-dimensional unsteady flow in order to
optimize operation of cascade system of reservoirs. Napiorkowski and Dysarz [28] developed a DSS for flood control of
a multi-reservoir system. Malekmohammadi et al. [29] developed a simulation-optimization model for flood management
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in river-reservoir systems. Malekmohammadi et al. [30] used ELECTRE-TRI method for ranking optimal solutions
obtained by GA which has been developed for multi-objective operation optimization of a cascade system of reservoirs
with flood control and water supply objectives. Bayat et al. [31] developed a simulation-optimization model to minimize
spatial flood damages at downstream areas of a single-reservoir system by combining PSO optimization algorithm with
simulation model of hydraulic flood routing.
Reviewing different studies on flood control operation of reservoirs show that many of them have concentrated on
single-reservoir operation optimization, and a few of them which deal with multi-reservoir systems operation
optimization employ hydrologic river routing methods. The goal of this study is to integrate the PSO evolutionary
algorithm with a hydraulic river routing technique as the simulation model for short term optimal operation of multireservoir systems.
The structures of the proposed simulation-optimization model, its formulation, and the solution approach are
explained in the next section. Then the results of application of the developed model in a real three-reservoir system are
presented. Finally the paper ends up with summary and conclusions.

2. SIMULATION-OPTIMIZATION MODEL
Although simulation models can provide a more detailed representation of hydrosystems operations, yet they may not
be efficient in determining the optimal system’s design and operation. Simulation-optimization models linking an
existing simulation model to optimization algorithms are advantageous; as they incorporate both simulation and
optimization approaches. In a river-reservoir system under flooding conditions, a flow simulation model considering
physical constraints of the system operation can be integrated with an optimization model, where the best set of reservoir
releases as control variables is determined. That is to say, optimization algorithms are applied to decide about some
controllable variables while simulation methods evaluate the system response for each combination of controllable
variables. Therefore, short term reservoir operation optimization under flooding conditions can be formulated as
combination of a simulation model, which simulates system hydraulics for known flood hydrographs and operation
policies and a systematic search method which improves reservoir operations by optimizing release schedules or
parameters of an operation policy so as to minimize flood damages.

2.1. Model formulation
The problem of optimal operation of river-reservoir systems deals with minimization of flood damages under
constraints such as hydraulic physical rules and operational constraints on reservoir releases and water elevations at
specified control points. The main components of an optimization model tackling this problem are the objective function
and a set of constraints of the model.
The objective function is minimization of total flood damage that is a function of discharges and depths at damaging
areas:

min FD  (Q p )i , ( y p )i
where
and



, i  1,..., nd

(1)

FD is total flood damage, (Q p )i and ( y p )i are respectively the peak discharge and depth at damage point i

nd

is the total number of damage points.

Model constraints are designated in two categories: hydraulic and operational. Hydraulic constraints, defined as
hydraulic equations considered in flow routing models, represent flow in the system. Hydraulic routing constraints are
full dynamic one-dimensional equations of unsteady gradually varied flow (Saint-Venant equations), including continuity
and momentum equations in all computational reaches and also continuity equation in the reservoir which is a
relationship between inflow to the reservoir, releases from it and the resulting change in its storage volume. Hydraulic
constrains can be expressed as follows:

f routing (I j ,t , R j ,t , y x ,t ,Q x ,t , Q x ,t /x , Q x ,t /t , )  0
S j ,t 1  S j ,t  t (I j ,t  R j ,t )
where

(2)
(3)

I j ,t and R j ,t are respectively inflow to and release from reservoir j of cascade system of reservoirs; y x ,t
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and

Q x ,t are flow depths and discharges at different spaces and times. These variables and their partial derivatives with

respect to space x and time t are interrelated through a nonlinear function f .

S j ,t and S j ,t 1 are two successive values

of storage volume for reservoir j.
Operational constraints are inequalities describing variables ranges, operational purposes, capacities, etc. , as follows:

R j ,min  R j ,t  R j ,max , R j ,t 1  R j ,t  R j , S j ,min  S j ,t 1  S j ,max
where

(4)

S j ,min and S j ,max are respectively minimum and maximum bounds for storage volume at jth reservoir. Similarly,

R j ,min and R j ,max are minimum and maximum bounds for releases from reservoir j, respectively. R j is the
maximum allowable difference between two successive releases from reservoir j.
The simulation model performs flow routing in the river through a hydraulic routing model. Although hydrologic
methods are generally simple and fast, they may not be enough in some specific situations. For instance backwater flow
conditions occur when a flood passes a river tributary where a precise estimation of flow movement cannot be obtained
by hydrologic routing methods. Distributed hydraulic flow routing may be used because of the ability to compute flow
discharge and depth variations in time and space, as precise estimation of damage due to a flood can depend on both
temporal and spatial distributions of flow discharge and depth. Hydraulic routing methods are based on solving equations
of unsteady flow in open channels. The principle equations are continuity and momentum equations known as SaintVenant equations. Preissmann method [32], as an implicit finite difference scheme, is used in this study in order to solve
the equations.
Since the structure of the model in the present paper is the integration of a flow simulation model with an
optimization algorithm, PSO [33], as a meta-heuristic population based global optimization technique, is used in this
study. The PSO has proven to be a fast converging algorithm compared to other global optimization techniques like
genetic algorithms [34]. It has been successfully applied in a number of water resources applications such as basin-scale
optimal water allocation [35, 36, 37], optimal hydropower systems design and operation [38], multiobjective reservoir
operation [39], storm water network design [40], optimal design of cascade stilling basins [41], optimal operation of
single-reservoir flood control systems [31]. Existence of local optima could adversely affect the quality of PSO solutions.
The “Function stretching technique” [34] has been used in this study to assist the PSO algorithm avoid local optima.
This study uses the PSO algorithm linked to hydraulic flow routing model for short term optimal operation of riverreservoir systems.

2.2. Solution procedure
Some hydraulic constraints of simulation-optimization model related to hydraulic flow routing in the river (simulation
model) are satisfied implicitly; while operational constraints and reservoir continuity equation (as a hydraulic constraint)
are considered explicitly by the PSO algorithm.
First, optimization model generates randomly a set of decision variables (reservoir releases) which are used in the
simulation model, where flow discharges and depths at control damage points are calculated by solving hydraulic routing
equations. The objective function of the optimization model can be evaluated based on what calculated by the routing
model. Then another set of decision variables is generated through evolutionary equations of the PSO. This procedure is
repeated until one of the predefined termination criteria are met, which are: 1) a certain predefined iteration number and
2) values from the best objective function stop improving over some iterations.

3. APPLICATION
The model explained has been applied in optimization of multi-reservoir operation of a cascade system of reservoirs
southwest of Iran. The problem is a part of a dam-break study project on Dez and Karun river-reservoir systems as the
most important surface water resources in Iran. The three-reservoir system consists of Upper Gotvand (UG), Godar
Landar (GL) and Karun1 (KR1) dams on Karun river. Great Karun is the largest river in Iran with an 800-kilometer
length originating from the Zagros mountains and flowing northeast to southwest toward the Persian Gulf. The main
tributary of Karun is Dez river which intersects with Karun at some point north of Ahwaz city. The most downstream
(UG) dam site is located in Khuzestan province, 30 kilometers from Shushtar city and 12 kilometers from Gotvand city.
The damaging areas are located downstream of UG dam. In figure 1, a schematic representation of the whole study area
and Karun river-reservoir system is presented. Table 1 shows the main characteristics of existing reservoirs.
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Table 1: Some characteristics of existing dams
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Figure 1: Schematic representations of Karun river-reservoir system
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Since GL dam is of run-of-river type with a small storage capacity, no direct controllable releases as independent
decision variables need to be considered. So the focus of this study is on developing a framework for determining
optimal reservoir releases for UG and KR1 cascade dams under flooding conditions to minimize downstream flood
damages. Furthermore, optimal releases from Dez reservoir as a single-reservoir operation optimization problem which
results in lateral flow hydrograph into Karun river downstream of UG dam between Shushtar and Ahwaz cities has been
considered. Releases from UG reservoir are routed in Karun river in order to determine depths and discharges at damage
points and the resulting flood damages according to estimated damage functions.
The flood damage function used is a function of combination of flow depths and durations at damage points as well
as the river safe discharge as follows:
nd

nx

i 1

j 1

min FD   FD1  y i ,t     (Q p ) j  Q S 
where FD1 is the flood damage function,

(5)

nd is number of damage points (figure 2), (Q p ) j is peak discharge at jth

node of river reach, nx is total number of river reach nodes and QS is the river safe discharge, which is equal to 6000 m3/s
in the area under study (Water Research Institute 2010). Evaluation of the total flood damage requires calculating flow
depths and discharges at different damaging points in all time steps during floods.
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Figure 2: Flood damage function as a function of flow depth and its duration [42]
Figures 3 and 4 show storage vs. elevation and storage vs. release capacity (rating) curves for existing dams,
respectively. Flood hydrographs with base time of 150 hours and 10000 years of return period estimated by flood
frequency analysis [43] has been considered as inflow hydrographs to KR1 and Dez reservoirs.
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Figure 3: Storage vs. elevation curves of existing dams
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Figure 4: Outflow capacity curves of existing dams
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Releases from Dez reservoir in single-reservoir problem and from KR1 and UG reservoirs in multi-reservoir problem
are considered as decision variables and flow depths and discharges at damage points and river nodes computed by the
hydraulic routing model are state variables. According to a parametric representation of hydrographs of reservoir releases
for KR1 and UG dams, a total number of 16 variables (8 variables for each reservoir) are to be optimized.
The single-reservoir problem should be solved, first and the resulting optimal releases from Dez reservoir would be
routed in Dez river to obtain flow hydrograph at junction with Karun river. Figure 5 shows inflow and best outflow
hydrographs of Dez reservoir and associated routed flow hydrograph at intersection with Karun river.
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Figure 5: 10000-year inflow flood hydrograph compared to optimal reservoir release hydrograph
at Dez dam and routed hydrograph at intersection with Karun river

Results are presented in figures 6 and 7. Figure 6 shows the known inflow flood hydrograph to KR1, the most
upstream reservoir and optimum releases from KR1 and UG reservoirs obtained by the simulation-optimization model.
Releases from KR1 flow directly into GL reservoir and releases from GL are obtained after reservoir routing considering
reservoir constraints. Releases from GL are considered as inflow to UG reservoir with the same manner and releases
from UG go through the downstream river reach to be routed hydraulically in order to estimate flood damages at
damaging areas. Figure 7 shows the storage volumes variations at different reservoirs during the flood period. As can be
seen, all of reservoirs have benefited from their maximum storage capacity in decreasing peak flows of flood
hydrographs especially peak releases from UG dam.
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Figure 6: 10000-year inflow flood hydrograph to KR1 dam and optimal releases
from KR1 and UG reservoirs and simulated releases from GL
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Figure 8: Objective function values of the g-best solution at different iterations of PSO model

4. SUMMARY AND CONCLUSIONS
In this study, a simulation-optimization model was presented for optimizing multi-reservoir systems operation under
flooding conditions, in which PSO evolutionary algorithm was linked to a hydraulic river routing simulation model.
At first, the simulation-optimization model structure, formulation and solution procedure were explained. Then the
multi-reservoir model was applied in a three-reservoir system including KR1, GL and UG Dams built on Karun River
located in southwest of Iran. A single-reservoir optimization model was firstly applied to determine optimal release
hydrograph from Dez reservoir which was routed then as a lateral flow hydrograph into Karun river.
Optimization of the multi-reservoir system operations led to significant decreases in peak flows of flood hydrographs
releasing from the reservoirs (24 and 62 percent of peak attenuation and 5 and 79 hours of peak translation at respectively
KR1 and UG reservoirs). This shows the importance of optimizing coordinated short term operation of multi-reservoir
systems in flood damage reduction studies.
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The reservoir operation can be accomplished by operators through tuning the openings of different outlet structures of
dams such that reservoir storage volume at every time gets to optimal storage volume based on the model results. Using a
forecast-based approach in which forecasts on future inflows are made for the model to be applied in real time reservoir
operations is an aspect which should be considered in future studies.
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