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Abstract

Reservoir management is a highly complex problem, which includes the

uncertainty in the inflows as well as in the objectives. Stochastic dynamic

programming (SDP) has been widely used to develop the optimal operating

policies of multipurpose reservoirs. In the recent years, fuzzy optimization has

been used to incorporate the uncertainty caused due to the imprecise nature of

objectives. In the present study, a comparison is made between a conventional

SDP model and fuzzy dynamic programming models for optimal operation of a

multipurpose reservoir. The two models are developed for Hirakud Reservoir

on River Mahanadi in the State of Orissa in India. The performance of the

reservoir is evaluated under the operating policies derived from these models

through simulation. The results indicate that the fuzzy dynamic programming

model performs better in achieving the flood control objective and thus in the

overall performan1ce of reservoir.

Introduction

Multipurpose reservoir operation involves various inter-

actions and trade offs between purposes, which are some-

times complementary but often are competitive or

conflicting. Reservoir operation may be based on the

conflicting objectives of maximizing the amount of water

available for conservation purposes and maximizing the

amount of empty space for storing future flood waters to

reduce the downstream damages. Studies on long-term

storage re-allocations and designing seasonal rule curves

are two important types of reservoir system modelling

and analysis applications.

A major complicating factor in water resources system

management is handling uncertainty. Reservoir manage-

ment is one such complex problem, which involves the

uncertainty. Optimal operation of reservoir has been an

active area of research for many years. Various models

have been reported in the literature for developing an

optimal operation policy for a reservoir. Yeh (1985),

Simonovic (1992) and Wurbs (1993, 1996) reviewed the

various models used for optimal operation of reservoirs.

Stochastic dynamic programming (SDP) has been

widely used for the optimal operation of reservoirs. The

uncertainty caused due to randomness of hydrologic

inputs to the reservoir, like inflows, is taken care in SDP

models. However, the uncertainty caused due to the

inherent imprecision and vagueness that is present in the

objectives of water resource development is also a sig-

nificant factor that effects reservoir operation. New ap-

proaches are to be developed to incorporate this

uncertainty. In recent years, fuzzy optimization models

have generated considerable interest.

The development and adoption of fuzzy logic for plan-

ning and management of complex water resources sys-

tems are becoming popular in the field of water resource

engineering. Shreshta et al. (1996) constructed a fuzzy

rule-based model to derive operating rules for a multi-

purpose reservoir. Russel & Campbell (1996) used fuzzy

logic programming to derive the operating rules of a

reservoir. Fontane et al. (1997) developed a SDP model

with imprecise objectives. Owen et al. (1997) used prob-

abilistic membership functions to model variability in

experts’ perception of satisfaction of fuzzy objectives,

taking Flaming Gorge dam as a case study. Using fuzzy

set theory, they developed a model to deal with impre-

cisely defined linguistic objectives for reservoir manage-

ment. Teegavarapu & Simonovic (1999) modelled the

imprecise penalty functions associated with reservoir loss

functions as fuzzy. Swain (2001) developed an adaptive

neuro-fuzzy inference system (ANFIS) model for opera-

tion of Hirakud reservoir, a multipurpose reservoir in
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India. He has used the historical data of the operation of

the reservoir to train the ANFIS model. Panigrahi &

Mujumdar (2000) developed a fuzzy rule-based model

for the operation of a single-purpose reservoir. Debrovin

et al. (2002) developed a fuzzy rule-based model for the

real-time operation of a reservoir. Mousavi et al. (2004)

developed a fuzzy state SDP model for operation of a

reservoir. They introduced the concept of fuzzy Markov

chain to model the uncertainties caused due to random-

ness of the hydrologic inputs to the reservoir and the

imprecision in variable discretization. Based on this con-

cept of fuzzy Markov chain, they developed fuzzy transi-

tion probability matrices, which were used in the SDP

model. Mousavi et al. (2005) developed a dynamic pro-

gramming-based fuzzy rule-based model for operation of

a reservoir. Deka & Chandramouli (2009) developed a

fuzzy neural network model for the operation of a

reservoir and applied it to a reservoir in India.

There are not many studies undertaken to compare the

traditional SDP models and the fuzzy optimization models

for reservoir operation. Tilmant et al. (2002) compared the

operating policies derived from fuzzy and nonfuzzy SDP

models. They considered the hydropower and irrigation

as fuzzy constraints in their fuzzy SDP model. They

showed that both the models produce similar perfor-

mance under the two policies.

In the present study, two SDP models are developed to

derive the operating policy of a multipurpose reservoir.

The first model is a conventionally used SDP formulation

(Loucks et al., 1981), popularly used for deriving the long-

term operating policy of a reservoir. In the second SDP

model, the objectives of the reservoir are treated as fuzzy

and maximizing the combined level of satisfaction of the

objectives is taken up as the objective function. These two

models are applied to derive the operating policy of an

existing reservoir, namely, Hirakud Reservoir on River

Mahanadi in the State of Orissa in India. The performance

of the reservoir under these two operating policies is

compared through simulation.

Hirakud reservoir system

The Mahanadi is one of the major river basins in the

eastern region of India. It covers the states of Madhya

Pradesh, Maharashtra, Bihar and Orissa. The total basin is

bound by Central Indian hills on the north, Eastern Ghats

on the south, Bay of Bengal on the east and Maikela range

on the west. Owing to frequent floods in Mahanadi and

droughts in the western part of Orissa, people of the

region face a gloomy economy. Therefore, the Hirakud

reservoir across Mahanadi was conceived to safeguard the

delta from flood and provide irrigation to drought-prone

areas (Department of Water Resources, 1997).

Hirakud project is a multipurpose project on river Maha-

nadi in the State of Orissa in India. The project is situated at

latitude 211320N and longitude 831520E. An index map

showing the location of Hirakud Reservoir is shown in Fig.

1. The reservoir has a live storage of 5818 million cubic

metres (MCM) and a gross storage of 7189 MCM. The

project provides irrigation for 1 55 635 ha during Kharif

season (June to October) and for 1 08 385 ha during Rabi

season (November to February) in the districts of Sambal-

pur, Bargarh, Subarnapur and Bolangir of Orissa State.

Installed capacity for generation of hydropower at this

project is 307.5 MW through its two power houses at Burla

(at right bank toe of the dam) and at Chipilima (22.5 km

downstream of the dam). Besides this, the project provides

flood protection to 9500 km2 of the Mahanadi delta.

The 10 daily flows into the reservoir are available for 19

years (from 1981 to 1999). The database is divided into

two periods: monsoon and nonmonsoon. The monsoon

period (rainy season) is from 21 June to 31 October (13

ten daily time periods, i.e. June III to October III). The

nonmonsoon is considered as a single time period (from

November I to June II). In the present study, the first time

period starts from June III (third 10-day period in June)

and the last time period is the nonmonsoon period that is

the 14th time period. The average flows into the reservoir

during these time periods are given in Table 1. The

reservoir operation during monsoon is complicated due

to conflicting objectives like flood control, irrigation,

power generation and conservation at the end of the

period. The nonmonsoon operation is relatively simple.

Hence, reservoir operation only for monsoon period is

considered in the study and the entire nonmonsoon

season is lumped as one time period. The demands in

each time period are shown in Table 1.

Model formulation

In the present study, two SDP models are formulated to

derive the operating policy of the Hirakud Reservoir. The

first model, SSDP, is a conventional SDP model. The

second model, FSDP, is a SDP model in which the

objectives are treated as fuzzy.

Formulation of SSDP model

SSDP is a relatively simple model that uses SDP technique

to minimize the expected sum of the squared deficit from

a target release and a target storage. This is the most

popularly used objective function for the long-term op-

eration of a reservoir (Loucks et al. 1981). The objective

function can be written as

Min E½ðTRt �RtÞ2þðTSt�StÞ2�; ð1Þ
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where TRt is the target release in time period t, TSt is the

target storage in time period t, St is the storage in the

reservoir at the beginning of time period t, Rt is the actual

release made from the reservoir and E[] is the expectation

operator. The target releases for the reservoir are fixed

based on the estimated demands and on the past experi-

ence of operating the reservoir. The target storages for

each time period are fixed based on the operating rule

curve adopted by the Hirakud project authorities. The

values of target releases and target storages for different

time periods are given in Table 1.

A backward recursion SDP model is developed for

deriving the steady-state operating policy of the reservoir

with the above objective function. The optimal releases

are related to two state variables, namely, the inflow into

the reservoir during the time period and the storage at the

beginning of the time period. Let Qt represent the inflow

into the reservoir during any time period t. This contin-

uous variable Qt can be discritized into several class

intervals. Any value within the range of a class interval

can be represented by a single value. Let i be the index to

represent the class interval for inflow during the time

period t. Thus, Qit is the representative flow of ith class

interval in time period t. Similarly, let j be the index for

representing the class interval for inflow during time

period t+1 and Qjt+1 be the representative inflow of the

Table 1 Mean inflows, demands, target releases and target storages of the reservoir

Time period�
Mean flow

(MCM)

Total demand

(MCM)

Irrigation

demand (MCM)

Power demand

(MCM)

Target

releases (MCM)

Target storages

(MCM)

1 (June III) 14 110 3028 435 2593 799 407

2 (July I) 13 990 4235 658 3577 1117 0

3 (July II) 23 390 5124 839 4285 1352 0

4 (July III) 31 020 6587 958 5629 1738 0

5 (August I) 37 100 6093 783 5310 1608 2095

6 (August II) 36 630 6158 797 5361 1624 3007

7 (August III) 40 080 6120 886 5234 1615 4168

8 (September I) 34 310 5713 849 4864 1508 4618

9 (September II) 27 430 5809 861 4948 1533 5333

10 (September III) 14 590 5307 961 4346 1400 5376

11 (October I) 9920 5248 1008 4240 1385 5376

12 (October II) 7550 4818 1003 3815 1271 5376

13 (October III) 5740 4816 1018 3798 1271 5376

14 (Nonmonsoon) 18 830 64 195 14 259 49 936 16 940 5818

�The monsoon season is divided into 13 ten daily time periods (21 June to 31 October).
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Fig. 1. Map showing the location of Hirakud

Reservoir.
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class interval. Similar to the other state variable, the

reservoir storage at the beginning of time period t (St) is

also discritized. Let the indices k and l represent the class

intervals for the storage at the beginning of time period t

and t+1, respectively. Thus, Skt, and Sl,t+1 are the repre-

sentative values of the storage in the respective class

intervals.

Given the initial storage volume Skt, the inflows Qit and

final storage volume Sl,t+1 in period t, the release Rkilt is

determined by the continuity equation

Rkilt¼ SktþQit�ELklt�Sl;tþ1; ð2Þ

where ELklt is the possible evaporation loss that depends

on the initial and final storage volumes in period t. For a

given initial storage state k and inflow state i, some of the

final storage states l may not be feasible as they result in a

negative value of Rkilt. The general backward recursive

equation for this model can be written as follows:

f n
t k; ið Þ ¼Min

lf g
TRt � Rtð Þ2þ TSt � Stð Þ2þ

X
j

pt
ij � f n�1

tþ1 l; jð Þ
" #

;

ð3Þ

where flg represents the feasible set final storage states l

and pij
t is the transition probability of inflow from state i in

time period t to state j in time period t+1. Equation (3) is

solved recursively till a steady-state operating policy is

obtained.

Formulation of FSDP model

Fuzzy objectives

The main objectives of the Hirakud project are irrigation,

hydropower generation and flood control. In this model,

these three objectives are considered as fuzzy. The follow-

ing are the three main objectives of the reservoir.

� To keep the reservoir as empty as possible during the

monsoon season to absorb the anticipated flood.

� To satisfy the irrigation demand at different time peri-

ods.

� To generate sufficient amount of hydropower in each

time period.

The objectives are treated as fuzzy, and membership

functions are developed for the linguistic variables de-

scribing the objectives, namely ‘as empty as possible’,

‘satisfy irrigation demand’ and ‘sufficient hydropower’.

The opinions of the experts and reservoir managers, who

were involved in operation of the reservoir, are collected

and analysed. Their perception towards fulfilling a parti-

cular objective like irrigation water supply is noted. It is

observed that the degree of satisfaction has a nonlinear

variation with the fulfillment of the objective. For any

given objective, the ‘highest degree of satisfaction’ is

assigned a membership value equal to 1.0. The ‘lowest

degree of satisfaction’ is assigned a membership value of

0.0. The intermediate values are arranged between these

two extremes, based on the average level of satisfaction

expressed by the experts.

Membership functions for irrigation and

hydropower

Membership functions for irrigation and hydropower

have been developed on the basis of percent of water

released and the corresponding degree of satisfaction

achieved. The general trend is if the amount of water

released is o50% of the target release, then the degree of

satisfaction is treated as 0. Thus, the value of membership

grade is 0. If the supply is same as target release, then the

value of the membership grade is 1. Depending on the

percent of water released, membership grade ranges

between 0 and 1. Membership grades are assigned for

different possible values of releases using the opinion of

the project authorities. For each time period, the member-

ship function has been developed separately. Taking the

values of percent of water released and degree of mem-

bership grade (0–1) assigned by the experts, a sigmoid

membership function as given in Eq. (4) is fitted by

regression.

mðxÞ ¼ 1

1þ exp �aðx � cÞð Þ ; ð4Þ

where m is the membership grade assigned for the given

value of x, and a and c are the parameters. The values of a

and c for different time periods for irrigation and hydro-

power are given in Table 2.

Membership function for flood control

Membership function for flood control objective has been

developed on the basis of percent storage available in the

reservoir for flood control. If the reservoir is full, then the

degree of satisfaction is treated as 0. Thus the value of

membership grade is 0. If the reservoir is empty, then the

degree of satisfaction is treated as 1. Thus, the value of

membership grade is 1. The membership grades for the

intermediate states of the reservoir are assigned based on

the perception of the experts involved in the operation of

the reservoir. The flood control objective is significant

only during the flood season. Hence, the membership

grade is assigned as 1 for all states of reservoir in the time

periods where the flows are usually low and the chance of

occurrence of flood is low. A sigmoid function given in Eq.

(4) is fitted through regression. The values of the para-

meters of the membership function a and c for flood
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control are given in Table 2. The membership functions

for flood control are computed on a monthly basis. Hence

the membership functions for time periods 2–4 (corre-

sponding to July) are same. Similarly, the membership

functions of time periods 5–7 (corresponding to August)

and time periods 8–10 (corresponding to September)

are same. The membership function for flood control

decreases with an increase in level of storage in the

reservoir. Hence, the values of the parameter a of the

membership function are negative.

FSDP model

The objective function of the FSDP model is to maximize

the minimum expected satisfaction level of the fuzzy

objectives. The level of satisfaction of an objective (mem-

bership grade) is a function of reservoir release (Rt) for

irrigation and hydropower and initial reservoir storage

(St) for flood control. The objective function of FSDP

model is given in following equation

Max
l

E mDðk; i; l; tÞ½ �; ð5Þ

where E[] denotes the expected value, k indicates the

initial storage state, i indicates the inflow state during the

time period t and l is the final storage state. mD is the

combined satisfaction level of all the three objectives and

is given in following equation

mD ¼Min ðmI; mP; mFÞ; ð6Þ

where mI is the level of satisfaction attained for irrigation,

mP is the level of satisfaction of hydropower generation

objective and mF is the level of satisfaction obtained for

flood control objective.

Using the usual notation, the general recursive equa-

tion for the FDP model for time period t, and stage n can

be written as

f n
t ðk; iÞ ¼Max

lf g
mD k; i; l; tð Þ þ

X
pt

i;j � f n�1
tþ1 ðl; jÞ

" #
;

for all k; i;

ð7Þ

where flg is the set of feasible l, pt
i,j is the probability of

transition of inflow from state i in t to state j in time period

t+1. Equation (7) is solved recursively, until a steady-state

solution is reached, defining the optimal policy l�(k, i, t)

for all values of k and i for all time periods t.

Results and discussions

The two models formulated in the previous sections are

applied to derive the operating policy of the Hirakud

Reservoir. The active storage of the reservoir is

5818 MCM. It is divided into 10 discrete intervals. Simi-

larly, the inflow in each time period is divided into eight

discrete states. A periodic first-order auto regressive mod-

el is fitted to the historical streamflow series. The syn-

thetic data generated using this model are used to derive

the transitional probability matrices necessary for the SDP

models. The two models, namely, SSDP model and FSDP

model, are applied to derive the operating policy of the

reservoir.

The SSDP model is a conventional model used widely

for the development of the operating policy of a reservoir.

The FSDP model is a multi-objective model that treats the

objectives as fuzzy. Both the models are SDP models. The

two models differ in the complexity and in the way the

objectives are treated. The SSDP model does not explicitly

consider the multiple objectives of the reservoir, while the

FSDP model considers the multiple objectives as fuzzy and

optimizes the combined level of satisfaction of the objec-

tives. The FSDP model for Hirakud reservoir is formulated

by taking into consideration the multipurpose nature of

the reservoir. The performance of the reservoir under the

operating policy derived by this model is compared with

that of the standard SSDP model to evaluate the FSDP

model.

The performance of the two models is evaluated and

compared by simulating the reservoir using the operating

policies derived by these models. The simulation is carried

out using 150 ten daily flow sequences each of length 19

years generated using the periodic AR(1) model. Two

performance indicators, namely, reliability and resilience,

along with the level of satisfaction of each of the objective

are used to evaluate the performance. The reliability of a

system under a given operating policy is defined as the

probability that the system output is satisfactory

Table 2 Parameters of membership function of the fuzzy objective

Time period

Irrigation Hydropower Flood control

a c a c a c

1 35.49 0.307 5.95 1.84 – –

2 23.47 0.465 4.31 2.53 � 1.668 4.356

3 18.39 0.594 3.60 3.03 � 1.668 4.356

4 16.11 0.678 2.74 4.00 � 1.668 4.356

5 19.70 0.554 2.90 3.76 � 1.592 4.495

6 19.34 0.565 2.87 3.79 � 1.592 4.495

7 17.41 0.627 2.95 3.70 � 1.592 4.495

8 18.16 0.601 3.17 3.44 � 2.794 5.237

9 17.91 0.610 3.12 3.50 � 2.794 5.237

10 16.05 0.680 3.55 3.08 � 2.794 5.237

11 15.31 0.711 3.64 3.00 – –

12 15.38 0.710 3.04 2.70 – –

13 15.15 0.721 3.88 2.82 – –

14 1.08 10.091 0.31 35.35 – –
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(Hashimoto et al. 1982). The system output in this study is

defined to be satisfactory in a given period t if the water

available for irrigation/hydropower is at least equal to the

total irrigation/hydropower requirements in that period.

Resilience is defined as the probability of system recovery

from a failure when it occurs. The level of satisfaction of

an objective is measured in terms of the membership

grade obtained for that objective.

The reliability in meeting the irrigation and hydro-

power demands in each of the 13 time periods in mon-

soon season as obtained from SSDP and FSDP models is

presented in Table 3. It is observed from the results that

the reservoir is unable to meet the full irrigation and

hydropower demands in most of the time periods. In the

case of hydropower, both the models indicate zero

reliability in seven out of 13 time periods, indicating that

the reservoir is unable to meet the full demand even once

during the period of simulation. It may be interpreted

from these results that the irrigation and hydro-

power demands are more than what the reservoir could

probably meet.

Table 4 shows the levels of satisfaction of the three

objectives of irrigation, hydropower and flood control for

each of the 13 time periods in monsoon season computed

through simulation using the operating policies derived

from SSDP and FSDP models. It is observed from these

results that both the models give a significantly high

degree of satisfaction for irrigation and hydropower,

although the corresponding reliabilities obtained are very

low. For example, both the models indicate zero reliability

for hydropower in time periods 1, 3, 6, 7, 8, 11 and 12

(Table 3). However, the corresponding level of satisfaction

of hydropower in these time periods is high. Reliability is

defined as the probability of meeting the full demand,

while the degree of satisfaction is defined as a fuzzy set. A

low reliability but a high degree of satisfaction indicates

that although the reservoir is unable to meet the full

demand, it is able to nearly meet the full demand. The

degree of satisfaction achieved for both irrigation and

hydropower are significantly high in most of the time

periods. Both the models give similar performance in

terms of irrigation and hydropower objectives. In fact,

the degree of satisfaction achieved under the operating

policy derived by FSDP is lower in some time periods than

that obtained from SSDP model, but for other periods is

lower in SSDP (Table 4). Although the performance of the

reservoir is rated as poor in terms of reliability, in terms of

degree of satisfaction achieved for the two objectives of

hydropower and irrigation the performance can be con-

sidered as good.

The reservoir planners use reliability as a measure of

performance of a reservoir. The reliability measures the

ability of the reservoir in meeting the full demand. It is

conventionally defined as the probability of meeting the

full demand. If the reservoir is not able to meet the full

demand, it is considered as a failure, irrespective of the

magnitude of the deficit from the full demand. The degree

of satisfaction is a measure that takes into consideration

the level of demand met by the reservoir. It indicates the

extent to which the demand is satisfied on a scale of 0–1,

the value of 1 indicating that the demand is fully satisfied.

The results of the study indicate that the reliability and

level of satisfaction are contradicting in most of the time

periods. For example in time period 1, the reliability of

meeting the irrigation demand under the operating policy

derived from FSDP is 11%, while the degree of satisfac-

tion of meeting the irrigation demand is 92%. It implies

that the reservoir is not able to meet the full irrigation

demand with a probability of 89%. But the reliability does

not indicate the extent of deficit in meeting the irrigation

Table 3 Reliability of meeting the demands

Time

period

Reliability of meeting the

irrigation demand (%)

Reliability of meeting

hydropower demand (%)

SSDP FSDP SSDP FSDP

1 9 11 0 0

2 81 78 71 70

3 92 97 0 0

4 99 98 93 93

5 0 1 99 97

6 99 99 0 0

7 100 100 0 0

8 100 100 0 0

9 1 1 99 99

10 2 6 95 86

11 79 69 0 0

12 6 5 0 0

13 64 55 55 47

Table 4 Level of satisfaction (%) obtained in the monsoon season

Time

period

Irrigation Hydropower Flood control

SSDP FSDP SSDP FSDP SSDP FSDP

1 92 92 82 81 100 100

2 83 80 76 72 95 99

3 95 97 87 92 86 90

4 98 98 95 94 87 66

5 98 98 98 97 9 48

6 98 99 98 98 4 38

7 99 99 99 99 5 96

8 99 99 99 98 4 99

9 99 99 99 99 29 99

10 97 95 96 90 39 99

11 86 79 79 69 100 100

12 74 74 63 63 100 100

13 81 78 68 61 100 100
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demand. However, the high value of degree of satisfaction

indicates that although the reservoir is not able to meet

the full irrigation demand for most of the time in this time

period, the level of deficit in meeting the irrigation

demand is not very high. These results indicate that the

fuzzy measure of degree of satisfaction may be a better

measure for evaluating the performance of a reservoir

than reliability.

The performance of the two models differs significantly

in terms of flood control objective. The satisfaction levels

achieved for flood control through SSDP model are low,

especially during the time periods 5–10 (Table 4). These

time periods fall in August and September when the risk

of floods are very high. The FSDP model gives high

satisfaction levels for flood control in all time periods

except during the time periods 5 and 6. The flood control

objective is not explicitly included in the SSDP model and

it is indirectly taken care by fixing a lower target storage

level during the flood season. The FSDP model explicitly

involves the flood control objective. This could be the

reason for better performance of FSDP model in terms of

the flood control objective.

The annual performance indicators, namely, reliability,

resilience and level of satisfaction achieved for both SSDP

and FSDP models are presented in Table 5. The annual

performance indicators are computed by considering the

annual demand and the annual releases made for both

irrigation and hydropower. The level of satisfaction of

flood control is computed by considering the storage

available at the beginning of the year, i.e., the storage

available in time period 1. It is observed that the two

models give a similar performance as far as irrigation and

hydropower objectives are concerned, but FSDP model

shows a better performance in terms of flood control

objective. Usually, reservoirs are designed to provide a

reliability of 75% for irrigation and 90% for hydropower.

The reliability and resilience of the reservoir for both

irrigation and hydropower objectives are very low (Table

5). However in terms of level of satisfaction achieved, the

performance is good. The overall satisfaction level is

computed as the product of the levels of satisfaction

achieved for each of the three objectives. It is observed

that the FSDP gives a higher overall satisfaction level than

SSDP model. This is expected as the FSDP gives a higher

degree of satisfaction for flood control than SSDP.

The performance of the FSDP model depends on the

membership functions of the objectives. The membership

functions for the objectives are fitted based on the sub-

jective opinion of the experts and reservoir managers.

However, the performance of the model could vary with

the type of membership function and the degree of

membership function assigned by the experts. A sensitive

analysis can be performed to study the effect of member-

ship function on the performance of the model.

Conclusions

(1) The results of this study indicate that the reservoir is

not able to meet the demands that are imposed on it, thus

reflecting in the poor performance of the reservoir in

terms of reliability and resilience.

(2) It is necessary to decrease both the irrigation demands

and hydropower demands to improve the reliability and

resilience of the reservoir.

(3) However in spite of low reliability, the system is able

to meet the requirements with a reasonable degree of

satisfaction as indicated by higher levels of satisfaction.

(4) The two models SSDP and FSDP show a similar

performance as the irrigation and hydropower objectives

are considered. But there is a significant improvement in

the performance of the reservoir for flood control under

the FSDP model.

(5) The results indicate that the degree of satisfaction

defined as a fuzzy set is a better measure of the perfor-

mance of a reservoir than the crisp value of reliability.

(6) The degree of satisfaction helps the planners in asses-

sing the behaviour of the reservoir with reference to each

objective.

(7) As observed from the results, the demands imposed

on the reservoir are higher than what the reservoir can

possibly meet. This is reflected in the poor performance of

the reservoir in certain time periods.

(8) The results could help the planners in revising the

demands to improve the performance of the reservoir.

(9) The advantage of the FSDP model is that it explicitly

includes all the objectives of the reservoir system and can

incorporate the vagueness associated with these objectives.

(10) The membership functions of the objectives can be

constructed by incorporating the preferences of the users

and the decision makers.

(11) The model can be used to develop the operating

policy of a multipurpose reservoir.

To submit a comment on this article please go to http://

mc.manuscriptcentral.com/wej. For further information please see the

Author Guidelines at wileyonlinelibrary.com

Table 5 Annual performance indicators

Reliability (%) Resilience (%) Satisfaction levels (%)

SSDP FSDP SSDP FSDP SSDP FSDP

Irrigation 53 52 72 68 92 92

Hydropower 37 36 89 89 88 86

Flood control – – 58 85

Overall satisfaction – – 47 67
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