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Optimization and simulation of a multiple reservoir
system operation
Seyed Jamshid Mousavi, Abbas Gholami Zanoosi and Abbas Afshar

ABSTRACT
Dynamic programming (DP) optimization and HEC-5 simulation models were developed for planning
the long-term operation of the Karoon-Dez multireservoir system in Iran. The well-known
dimensionality problem associated with DP was controlled using a heuristic approach to narrow the
required search algorithm within the state space of DP. HEC-5 as a common and widely available
computer program for studying reservoir systems regulation was also used to simulate operation of
the Karoon-Dez system with water supply and hydropower generation objectives. HEC-5 is able to
consider flood control, hydropower generation and conservation purposes. Both the DP and HEC-5
models were applied to the Karoon-Dez system consisting of six reservoirs; five reservoirs in series
parallel to a sixth one. The results obtained by the HEC-5 and DP models were analysed and
compared. The results show that, although the DP results were better than those of HEC-5 in terms
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of meeting system operating targets and energy generation, HEC-5 as a simulation model demands
much less computer time and memory, making it attractive for practical use.
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INTRODUCTION
Dimensionality, stochasticity and nonlinearity are the

(DP). A comprehensive review on the methods used in

main sources of complexity involved in the optimization

reservoir systems operation can be found in Yeh (1985). LP

of a multireservoir operation problem. Dimensionality is

has been extensively used in reservoir operations prob-

mainly due to the large number of state and decision

lems. Among the LP algorithms, application of the

variables associated with each reservoir in the system.

interior-points methods (IPM) to large-scale reservoir

Stochasticity is an important characteristic of a water

operations problems has recently shown promising results

resources system caused mainly by the random nature of

(Seiﬁ and Hipel 2001). NLP has had less applicability in

stream ﬂows, the imprecision of the forecasts and the

optimizing multireservoir operations because NLP tech-

uncertainties in water or energy demands. Reservoir

niques are slow, iterative and difﬁcult in the explicit

operation is also a multipurpose problem with non-

consideration of uncertainty features. Fletcher and

linear and non-convex functions such as hydropower

Ponnambalam (1998) presented a new approach for the

generation and penalty functions deﬁned for water supply

stochastic control of multireservoir systems in which the

shortages, making it more challenging. Labadie (2004)

reservoir operations information can be derived from an

presents a state-of-the-art review of optimal operation of

NLP solution. Since a reservoir system operation is a

multireservoir systems.

sequential decision-making process, DP would provide

Three major modelling approaches that have been

a good framework for optimizing the decisions. It can

widely used for the optimization of multireservoir

also take into account the nonlinearity of the objective

operation problems are linear programming (LP), non-

function as well as detailed characteristics of the real

linear programming (NLP) and dynamic programming

system.
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Application of the DP technique in water resources

simulation model. The results obtained from the applica-

systems has been reviewed by Yakowitz (1982). However,

tion of the methods to the Karoon-Dez system are

the main shortcoming of DP is the exponential increase in

explained, followed by a summary and conclusions.

computational burden and memory requirements as the
number of state variables increases. This problem is
known as the ‘curse of dimensionality’. Thus, the applicability of DP is limited to the systems with very few reservoirs. Several DP-based methods such as incremental DP

SYSTEM DESCRIPTION

(IDP) (Hall et al. 1969), discrete differential DP (DDDP)

The case study on which the model is built is the Karoon-

(Heidari et al. 1971) and IDP with successive approxima-

Dez system. This system is located in the southwest region

tions (IDPSA) (Larson 1968; Trott and Yeh 1971) have been

of Iran, carrying more than one-ﬁfth of the surface water

developed to overcome this limitation. Another approach

available in the country. The total area of these basins is

applied

aggregation/

about 45,000 km2. The system is composed of six reser-

decomposition (A/D) techniques using DP (A/D-DP) in

voirs and seven sub-basin reaches as shown in Figure 1.

which some type of heuristic is used to build a suitable

There are ﬁve cascade reservoirs on the Karoon River in

approximate model of the original DP model. Among

series: Karoon4, Karoon3, Karoon1, Godarlandar and

them, Ponnambalam and Adams (1996) proposed a

Gotvand, and one reservoir on the Dez river. Karoon1,

heuristic

to

multireservoir

systems

is

approximate

Godarlandar and Dez are in operation and Karoon4,

DP (MAM-DP) extending the A/D-DP of Turgeon (1980,

Karoon3 and Gotvand are under construction. Generating

1981).

hydropower is an important purpose of the Karoon-Dez

algorithm,

namely,

multilevel

The aforementioned complexities in optimization

system operation, with a total of 6,520 MW of installed

models have made simulation models attractive to deal

capacity. Table 1 gives some information about the dams

with multireservoir systems operation. Although simu-

and the hydroelectric power plants (HPPs) in the system.

lation models are unable to ﬁnd the best solution

There are other reservoirs under study that will not

strategies among existing ones, they are much easier to

come into operation in the near future; hence they

implement and are thus suitable for dealing with

are not considered in this paper. Godarlandar, with 200

large-scale systems, with the ability to consider detailed

million cubic metres (MCM) of active storage capacity,

representations of them. It is usual to build a simple model

has a much smaller capacity than the other reservoirs,

of the real problem to be solved using an optimization

functioning as a run-of-river HPP.

model as a screening tool and then performing further

The Karoon and Dez Rivers join together at a location

detailed analysis via simulation. There are several

called Band-e-Ghir and form the Great Karoon River. This

simulation models developed for tackling multireservoir

river passes the city of Ahwaz and ﬂows into the Persian

systems operation, among which HEC-5 (US Army Corps

Gulf. Average annual streamﬂows to the Dez and Karoon

of Engineers 1982) is one of the best, in terms of ﬂood

reservoirs are 8,500 and 13,100 MCM, respectively. These

control,

conservation

two rivers supply water for the domestic, industrial,

purposes. In this paper, the operation of the Karoon-Dez

agricultural and agro-industrial sectors. The major use of

multireservoir system in Iran is examined using DP and

water in these basins is for irrigation. These two rivers also

HEC-5. DP has the advantage of using heuristics rules to

supply water for domestic demands in the neighbouring

make the search algorithm of the model more efﬁcient.

cities and towns as well as for the industrial units in the

The paper consists of six sections. The next section

area such as steel industries and thermal power plants.

describes the Karoon-Dez system used as the case

According to Figure 1, there are seven reaches in the

study. Then, DP formulation of the system operation is

system, but no water demand has been considered for

presented. Computational issues regarding the DP model

reaches 1 to 4. Water demands associated with the other

are discussed. The penultimate section covers the HEC-5

reaches are summarized in Table 2.

hydropower

generation

and
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DYNAMIC PROGRAMMING MODEL
The DP formulation used for optimizing the system operation is represented in this section. The following notations
are used for the model:
T

number of time periods

t

each time period; t = 1,K,T

i

index of the reservoirs; i = 1,K,6

j

index of the reaches of consumption;

Si(t)

storage volume of reservoir i at the end of

j = 1,K,7
period t
(t)
Smin
i

minimum allowable storage volume of
reservoir i at period t

S

max
i

(t)

maximum allowable storage volume of
reservoir i in period t

Ri(t)

total release volume from reservoir i in
period t

(t)
Rmin
i

minimum release required downstream of
reservoir i in period t

R

max
i

(t)

maximum allowable release from reservoir i
in period t

Bj(t)

water remaining downstream of reach j in
period t

(t)
Bmin
j

minimum environmental ﬂow required
downstream of reach j in period t.

|

Figure 1

A schematic representation of the Karoon-Dez reservoir system.

aj(t)

percentage of the demand supplied to reach
j in period t

Table 1

|

Dams and their HPP specifications in the Karoon-Dez system

Dam name

Normal water
level (m)

Minimum operating
level (m)

Plant
factor (%)

Type of turbine

Installed
capacity (MWh)

Average tailwater
level (m)

Dez

350

290

49.0

Francis

520

176

Karoon1

532

500

49.0

Francis

1000

369

Gotvand

224

209

48.0

Francis

1000

84

Godarlander

369

364

20.8

Francis

1000

220

Karoon3

840

800

23.0

Francis

2000

645

Karoon4

1025

996

19.1

Francis

1000

845
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Water demands in different reaches of the Karoon-Dez system
Month

Reach

1

2

3

4

5

6

7

8

9

10

11

12

5

275

264

284

319

307

223

126

114

76

74

128

231

6

465

543

681

748

737

636

421

286

138

135

183

329

7

968

9066

8492

1008

1054

743

554

516

353

3059

439

808

amin
(t)
j

minimum water supply requirement in reach

the DP model is represented by a recursive function as

j in period t

follows:

demj(t)

water demand of reach j in period t

Intj(t)

natural tributary inﬂow to reach j in period t

Ii(t)

total inﬂow to reservoir i in period t

Ei(t)

evaporation loss from the reservoir i in

*
ft⫹1
共S1,S2,S3,S4,S5,S6 兲 ⫽ min 兵ct ⫹ ft* 共S1,S2,S3,S4,S5,S6 兲其

(1)

St

where:

period t
PWi(t)

hydropower energy generated by reservoir i
in period t

Edemi(t)

energy demand deﬁned for HPP i in period t

ct

loss due to shortage in meeting energy
demand in period t

f*t (S1(t),S2(t),S3(t),S4(t),S5(t),S6(t)
optimal return (energy generated) from the

6

ct ⫽ ∑共Edemi 共t 兲 ⫺ PWi 共t 兲兲2

where

Edemt 共t 兲 dPWi 共t 兲

i⫽1

(2)
s.t:
The constraints of the optimization model are detailed
below.

beginning of the ﬁrst period to the end of
period t where reservoir storage volumes at
the end of period t are S1(t), S2(t), S3(t),
S4(t), S5(t), and S6(t), respectively.

Flow equations constraints
The basic dynamics of the Karoon-Dez reservoir system
are described by the following ﬂow equations:

Objective function
The main purposes of the operation of the Karoon-Dez

S1(t) − S1(t − 1) + R1(t) + E1(t) = I1(t)

(3)

system are meeting water supply and water quality

Si(t) − Si(t − 1) + Ri(t) − [Ri − 1(t) − demi − 1(t) · ai − 1(t)]

requirements and maximizing hydropower generation.

+ Ei(t) = Inti(t) for i = 2,K,5

(4)

S6(t) − S6(t − 1) + R6(t) + E6(t) = I6(t)

(5)

The ﬁrst two purposes, providing a minimum ﬂow for
water quality requirements downstream of reach 7 where
the city of Ahwaz is located, and meeting water supply
requirements, are considered in the constraints and the

Total inﬂow to each reservoir i, Ii(t), and the water

third in the objective function. The objective function of

remaining at the end of reach j, Bj(t), are calculated as:
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the DP model. Managing this huge number of transitions

Ii(t) = Bi − 1(t) = Ri − 1(t) + Inti(t) − demi − 1(t) · ai − 1(t)

within an acceptable computer time even with the high

for i = 2,K,5

(6)

Bi(t) = Ri(t) + Inti(t) − demi(t) · ai(t) for i = 5,6

(7)

impossible.

B7(t) = B5(t) + B6(t) + Int7(t) − dem7(t) · a5(t)

(8)

problem is that many of these 2012 transitions may result

speed computers available seems to be very difﬁcult, if not
The fundamental idea used in this study to resolve this
in an infeasible release volume, at least from one of the
reservoirs in the system. In other words, at least one of the
reservoir releases may not fall within its acceptable range

Simple bounds on variables

[Rmin, Rmax]. Although these infeasible solutions would
The storage and release variables are subject to lower

not be chosen as optimum solutions by assigning a large

and upper bounds imposed by physical or technological

penalty to them, they take signiﬁcant time within the

constraints:

search procedure performed in each stage of DP.

(t)≤Si(t)≤Smax
(t)
Smin
i
i
(t)≤Ri≤Rmax
(t)
Rmin
i
i

Let k1 to k6 be the state of the storage volumes of the
(9)

six existing reservoirs at the end of each stage (i.e. time
period) and let j1 to j6 be the state of the reservoirs’ volume

(10)

at the beginning of that period. The forwards recursive
function (Equation 1) ﬁnds the set of best initial storage

Furthermore, the minimum environmental ﬂow down-

volumes {j*1, j*2, j*3, j*4, j*5, j*6} for reservoirs 1–6, which

stream of reach j is as follows:

maximizes the objective function for all possible scenarios

(t)
Bj(t)≥Bmin
j

of ﬁnal storage volumes {k1, k2, k3, k5, k6} in each time
(11)

period. Saving the optimal solutions to be used in the next
time period and proceeding forwards up to the ﬁnal stage,

A minimum water allocation is required in each reach to

followed by back tracing the optimal solutions to the ﬁrst

meet the municipal and domestic needs. Thus,

stage, gives the set of optimal storage volumes resulting
in maximum hydropower generation over the planning

(t)
aj(t)≥amin
j

(12)

horizon.
Suppose that indexes k1 and j1 are assigned to the

Here, the water demand centres are located down-

most upstream reservoir (i.e. Karoon4) of the reservoirs in

stream of the Gotvand and Dez reservoirs and no water

series, k2 and j2 to the next downstream reservoir

demand is deﬁned for reaches 1 to 4. The minimum

(Kaoron3), and so on up to k6 and j6. Consider reservoir

environmental ﬂow is only considered for the last reach

number 3 (Karoon1) in this system. Let the release volume

and before the city of Ahwaz as Bmin
(t) = 200 MCM.
7

be zero or negative for an arbitrary combination of (k1, k2,
k3, k4, k5, k6, j1, j2, j3, j4, j5, j6). From the continuity
equation:

COMPUTATIONAL ISSUES

R3(t,j3,k3,I3(t)) = S3(t,j3) + I3(t)
− S3(t + 1,k3) − E3(t,j3,k3)≤0 (13)

Due to the dimensionality problem, the model described
above can only be solved with a limited number of grid

Since transition from initial state j3 to ﬁnal state k3 has

points, not representing the actual continuous storage

resulted in a negative release, then for the same I3(t), all

volume of each reservoir. For example, if 20 storage levels

transitions from j3 to higher storage levels would certainly

are selected as the grid points for the reservoirs, there are

result in negative releases as well. Therefore, one may

2012 possible transitions to be evaluated at each stage of

write:
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transitions can be identiﬁed violating inequality number
10. It should be noted that Rmax
(t) is controlled by the
3

On the other hand, all the transitions from a lower

outlet works’ capacities and the safe capacity of the

initial state (m3 < j3) to k3 would result in lower evapora-

downstream river. These infeasible transitions can be

tion (E3(t, j3, k3)) in Equation (13). We realized that, for

summarized as follows:

our case study, the decrease in evaporation is less than the
decrease in initial storage because evaporation depends

R3(t,j1,k1,j2,k2,j3,m3) ∀m3≤k3

(21)

R3(t,j1,k1,j2,m2,j3,k3) ∀m2≤k2

(22)

R3(t,j1,m1,j2,k2,j3,m3) ∀m1≤k1

(23)

on both initial and ﬁnal storages, where the ﬁnal storage
has not been changed. Therefore, the release volume
would become more negative, hence:
R3(t,m3k3,I3(t))≤0 ∀m3≤j3

(15)
This deﬁnes the infeasible transitions at reservoir

Other infeasible transitions can be inferred by further

number 3, but this would be the case for any other reser-

consideration. In Equation (13), for constant j3 and k3,

voir i of the system. However, the dimension of the equa-

any reduction in inﬂow to reservoir number 3 (i.e. I3(t))

tions will differ depending on the number of reservoirs

will end up in a more negative release volume from the

located upstream of reservoir i. Therefore, once an infeas-

reservoir. Note that the inﬂow itself depends on the

ible transition occurs in any stage, many other infeasible

release volume R2(t) from upstream reservoir as:

transitions can be recognized which may be overlooked in
subsequent computations. More details on this approach

R2(t,j2,k2,I2(t)) = S2(t,j2) + I2(t)
− S2(t + 1,k2) − E2(t,j2,k2)

are presented elsewhere (Mousavi and Karamouz 2003).
(16)

This procedure was applied to the problem addressed in
this study to reduce the computational time required for

Thus, we can conclude that every transition from j2 to a

solving the DP formulation presented above.

storage level higher than k2 (hence also from every storage
level lower than j2 to k2) would result in a reduced value of
R2(t). A lower value of R2(t), in turn, causes a reduction in
I3(t), yielding a more negative value for R3(t), if j3 and k3
are not changed. This implies that R3(t) not only depends
on j3 and k3, but also on j2 and k2 and, hence, on j1 and k1.

THE SIMULATION MODEL
To simulate the operation of the described system, the

Therefore, in addition to the transitions mentioned in

HEC-5 (US Army Corps of Engineers 1982) computer

Equations (14) and (15), infeasible transitions would

program, which was developed at the Hydrologic

happen for the following situations as well:

Engineering Center (HEC) of the corps of engineers, was
used. HEC-5 is designed to simulate the sequential

R3(t,j1,k1,j2,m2,j3,k3)≤0 ∀m2≥k2

(17)

operation of a reservoir-channel system with a branched
network conﬁguration. The program is useful in selecting

R3(t,j1,k1,m2,k2,j3,k3)≤0 ∀m2≤j2

(18)

the proper reservoir releases throughout the system.
Reservoirs can be operated to minimize downstream

R3(t,j1,m1,j2,k2,j3,k3)≤0 ∀m1≥k1

(19)

ﬂooding, evacuate ﬂood control storage as quickly as
possible, provide for low-ﬂow requirements, and meet

R3(t,m1,k1,j2,k2,j3,k3)≤0 ∀m1≤j1

(20)

hydropower and diversion requirements. The last two
requirements are of concern in this study. Hydropower

Similarly, if the release from reservoir number 3

requirements can be deﬁned for individual projects or for

(t) for the scenario (j1, k1,
exceeds its upper bound Rmax
3

a system of projects. Pump-storage operation can also be

j2, k2, j3, k3) of state space, then many other infeasible

simulated. Reservoir storage allocation for various project
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Monthly average energy generated by DP and HEC-5 compared with monthly energy demand at Dez HPP.

purposes is speciﬁed by reservoir target storages or eleva-

speciﬁed as a plant factor for each month as done in this

tions. Reservoirs are balanced using these levels as much

study.

as possible if they are operated together for a common

The power plant efﬁciency at the installation defaults

downstream target such as low ﬂow requirements or are

to 0.86 throughout the range of operating heads unless the

part of a power system. The program can determine the

efﬁciency is speciﬁed by input as some other constant or

amount of seasonally varied conservation storage to satisfy

the power plant efﬁciency is speciﬁed to vary with the

all speciﬁed yields on the project including hydropower.

reservoir storage or head or reservoir release or both head

The maximum dependable energy and ﬂow requirements

and release. In this study, the default value is adopted. The

and dependable capacity can be determined automatically

hydraulic losses can be a constant or can be a function of

while still meeting all other project demands.

the average reservoir release. The maximum penstock

The simulation of hydropower reservoirs by HEC-5

discharge capacity can be input to ensure that the com-

normally consists of simulating the operation of individual

puted power release does not exceed this value. The mini-

power reservoirs based on producing user speciﬁed ﬁrm

mum penstock discharge capacity can also be input to

energy requirements for the power system or user require-

indicate the discharge below which no power can be

ments at each site or both. If system ﬁrm energy is

produced. The maximum and minimum power heads may

requested, the program allocates the energy requirement

also be input to indicate when no power can be produced.

to each project designated in that system for each time

In this study, constant hydraulic losses are used for each

period based on current reservoir level and energy

project and all other information regarding maximum

generation

the

and minimum penstock discharge capacities as well as

reservoir release required to produce the speciﬁed energy

minimum and maximum operating levels are known based

using the available head and efﬁciency for the current

on the HPP’s characteristics, predetermined in the design

period. The monthly at-site power requirement can be

stage for each HPP.

potential.

The

program
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|

Monthly average energy generated by DP and HEC-5 compared with monthly energy demand at Karoon4 HPP.

Figure 4

|

Monthly average energy generated by DP and HEC-5 compared with monthly energy demand at Karoon3 HPP.
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|

Monthly average energy generated by DP and HEC-5 compared with monthly energy demand at Karoon1 HPP.

Figure 6

|

Monthly average energy generated by DP and HEC-5 at Godarlandar HPP.
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Monthly average energy generated by DP and HEC-5 compared with monthly energy demand at Gotvand HPP.

Figure 8

|

Monthly average storage volume at Dez reservoir.

|

56.6

|

2004

The individual reservoirs modeled in the power

number 4). The HEC-5 program system power routines

system must include projects with power drawdown stor-

calculate the individual reservoir releases required to

age, but can also include run-of-river projects such as

generate the user speciﬁed system power energy for each

Godarlandar in the Karoon-Dez system (i.e. reservoir

time period while balancing the reservoir levels to the
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Monthly average storage volume at Karoon4 reservoir.

maximum extent possible and observing all requirements

What can be seen from the above-mentioned ﬁgures is

and constraints on the individual reservoirs. The Karoon-

that DP performs better than the HEC-5 model in meeting

Dez system was simulated using the HEC-5 capabilities as

the system’s energy demand. For example, as can be seen

explained above and the results of the experiment are

from Figure 2, there are some shortages in meeting energy

compared with those of DP in the next section.

demand in the Dez HPP in months 5 to 10, where the
inﬂow to the system is low. However, the shortages in the
DP model are lower than those resulting from HEC-5. In
fact, DP could preserve more water in the reservoir during

RESULTS

months with higher inﬂow, to meet energy demand (ﬁrm
energy) during dry months. This results in lower secondary

Long-term planning of the Karoon-Dez system operation

energy, which is in excess of demand. This result is

was studied using DP optimization and HEC-5 simulation

compatible with what is seen in Figure 8 in which the Dez

models. Both models were examined with the main objec-

storage volumes resulting from the DP model are higher

tive of minimizing the sum of deviations from demanded

than those of the HEC-5 model in the dry months 5–10,

energy. Both models use 40 years of historical inﬂow series

while they are lower in months with high inﬂow. The

of the Karoon-Dez system with monthly time steps. For a

same conclusion may be more or less extended to other

pre-deﬁned energy demand for each HPP site, the results

reservoirs of the system. It should be noted that

obtained by DP and HEC-5 model are presented and

Godarlandar (reservoir number 4) has a very small active

compared. Figures 2 to 7 compare the results of DP and

storage capacity, not enough for monthly regulation. It

HEC-5 in terms of monthly average energy generated

functions as a run-of-river HPP and hence no energy

where meeting hydropower demands is selected as the

demand has been deﬁned for Godarlandar HPP. As can

main objective of the system operation. Monthly average

be observed in Figure 12, both in DP and HEC-5, the

energy generated by each HPP is also given in tables

Godarlandar reservoir is at its full normal storage capacity

associated with those ﬁgures. Figures 8 to 13 show the

each month; hence the energy generated in this HPP is

average monthly variation of storage volume for reservoirs

controlled by release from its upstream reservoir (i.e.

1–6.

Karoon1).
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Figure 10

|

Monthly average storage volume at Karoon3 reservoir.

Figure 11

|

Monthly average storage volume at Karoon1 reservoir.
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To show the reliability of meeting energy demands and

from Figure 14, more than 95% of the time, energy gener-

to deal with the frequency of different levels of energy

ated by HEC-5 in month 3 is higher than energy demand

generated, the monthly energy duration curves were

while the frequency is about 88% for the DP model.

derived for all HPPs; due to lack of space only two of them

However, in Figure 15, which is associated with a dry

are presented here. Figures 14 and 15 show the energy

month, the energy generated by the DP model is greater

duration curve for Karoon4 HPP in months 3 and 9 as a

than that of the HEC-5 model. In fact, a signiﬁcant

typical wet and dry month, respectively. As can be seen

amount of energy generated by HEC-5 in a wet month is in
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Figure 12

|

Average monthly variation of storage volume at Godarlandar reservoir.

Figure 13

|

Average monthly variation of storage volume at Gotvand reservoir.
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excess of what is demanded (i.e. secondary energy), while

In terms of the water supply objective, Table 3 reports

DP decreases this type of energy to save the potential for

the results of meeting water demands in consumption

ﬁrm energy generation in dry months. DP attempts to

areas (reaches) of the system in each month obtained from

prevent severe energy shortages, as its objective is to

DP and HEC-5 results. It is seen that there are some

minimize the sum of squared shortages over the planning

shortages in meeting irrigation water demand in the last

horizon.

reach (reach 7) during 2 months of the summer in which
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Figure 14

|

Energy duration curve of Karoon4 HPP in month 3.

Figure 15

|

Energy duration curve of Karoon4 HPP in month 9.
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Reach 6

|

56.6

|

2004

ity problem associated with multireservoir DP models,

Average percentage of demand satisfaction in each reach
Reach 5

Journal of Water Supply: Research and Technology—AQUA

heuristic rules were used to recognize infeasible storage

Reach 7

combinations. To check the performance of the optimizMonth

DP

HEC-5

DP

HEC-5

DP

HEC-5

1

94

100

94

100

94

97

2

94

100

100

100

100

95

3

94

100

100

87

97

87

4

94

100

98

82

76

66

5

100

100

80

76

66

54

6

100

100

70

67

62

54

7

95

95

100

54

88

76

8

100

82

100

75

100

76

9

94

92

100

82

100

88

10

100

100

100

100

100

100

11

100

100

100

100

100

100

12

100

100

100

100

100

100

ation model, the system was simulated using well-known
HEC-5 simulation model. The long-term operation of the
Karoon-Dez reservoir system was then assessed by use
of the DP and HEC-5 models and their results were
compared.
It was found that the DP model performs better than
the HEC-5 simulation model in meeting the system’s
energy demand. The energy generated by HEC-5 in
months with high inﬂow is more than that generated by
DP. However, a signiﬁcant part of that energy is in excess
of the energy demanded (i.e. secondary energy) whose
value is cheaper than ﬁrm or dependable energy. DP
attempts to prevent severe shortages in meeting the
deﬁned energy demands and hence is able to increase the
amount of energy generated in low ﬂow seasons. This is
achieved by reducing the secondary energy generated in
high ﬂow seasons. In terms of water supply purposes and
reliability of meeting water demands, it was seen that DP
performs slightly better than HEC-5. However, in terms of
computational burden and the computer time needed for
solving such a problem, using HEC-5 is much more attractive than using DP. The computer time required for
executing the DP model developed for the Karoon-Dez

water demand is high while inﬂow to the system is low.

problem is approximately 2 hours while HEC-5 solves the

However, the DP results are slightly better than the HEC-5

problem in less than a minute.

results. These results are obtained under the assumption
that the primary objective of the system operation is
hydropower

generation

rather

than

meeting

water

demands. In fact, the trade-off between energy and water
supply objectives has not been assessed in this work; this
may be necessary in a more detailed study.

SUMMARY AND CONCLUSIONS
A DP model was formulated to tackle the optimization of
the Karoon-Dez multireservoir system operations in this
study. This system includes six reservoirs with the primary
and secondary objectives of hydropower generation and
water supply, respectively. To overcome the dimensional-
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