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Fuzzy reliability-based optimization of a hydropower
reservoir
Sukanya J. Nair and K. Sasikumar

ABSTRACT
Reservoir operation modeling and optimization are inevitable components of water resources
planning and management. Determination of reservoir operating policy is a multi-stage decisionmaking problem characterized by uncertainty. Uncertainty in inﬂows and power demands lead to
varying degrees of the working of a reservoir from one period to another. This transition, being
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ambiguous in nature, can be addressed in a fuzzy framework. The different working states of the
reservoir are described as fuzzy states. Based on the degree of success in meeting the power
demand and randomness associated with inﬂows, hydropower production is considered as a
random fuzzy event. This paper examines the scope of profust reliability theory, a theory used in the
reliability analysis of manufactured systems, in the performance optimization of a hydropower
reservoir system. The operating policy derived from a profust reliability-based optimization model is
compared with a simulation model. The model is then used to derive the optimal operation policy for
a hypothetical reservoir fed by normally distributed inﬂow, for a period of ﬁve years. The results show
that the model is useful in deriving optimal operating policies with improved reliabilities in
hydropower production.
Key words
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NOTATION
A1 to A4 Coefﬁcients in the equation for membership

Ptij

value of transitions

Probability that the transition from Xi to Xj
occurs during period t

a

Slope of head storage curve

Rt

Release from the reservoir during time period t

b

Intercept of head storage curve

St

Storage during time period t

Dt

Demand during time period t

Smin

Minimum storage

F

Fuzzy event the system has failed

Smax

Maximum storage

g

Acceleration due to gravity

Tij

Transition from i to j

Ht

Average head in the reservoir during period t

TSF

Fuzzy set representing failure transitions

It

Inﬂow during period t

T

Time period

N

Total number of fuzzy states

W

Fuzzy event the system is working

Ot

Spill from the reservoir during period t

X

Fuzzy set representing possible states of the

Pt

Power produced during period t

Pti

Probability that the system is in state Xi during
period t
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system
x

Parameter value corresponding to discrete state
at period t
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Parameter value corresponding to discrete state
at period t þ 1

μi

Representative value of degree of failure for
state Xi

μTij

Membership value of the transition from state
Xi to state Xj

μtF

Membership value of degree of failure during
period t

ε

Efﬁciency of the power plant

ρ

Density of water
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Volume-based reliability is the ratio of the volume of water
supplied to the volume of water demanded, and is relevant
in the case of water supply reservoirs.
Reservoir reliability studies can be broadly classiﬁed
into two types – analytical studies and simulation-based
studies. Some of the studies based on analytical methods
include reliability analyses of water supply reservoirs by
Vogel & Stedinger (), Vogel & Bolognese (), and
Kuria & Vogel (). Determination of reliability of a reservoir by analytical methods is difﬁcult, especially when it is
fed by seasonal ﬂows. Another approach to reliability analysis, called chance constrained programming, was proposed
by ReVelle () in which the probability of occurrence
of a constraint is ﬁxed a priori. A modiﬁcation of this

INTRODUCTION

method is the reliability programming approach, in which
Reservoirs are vital components of water resources

the reliability levels are considered as decision variables

management. The successful operation and management

(Moy et al. ). Although reliability studies of water

of reservoirs are important for the sustainability of water

supply reservoirs are common, only a few studies have

resource systems. Reservoir operation optimization aims to

investigated the reliability of hydropower reservoirs in

minimize the failures or the risk associated with those fail-

detail. Raje & Mujumdar () studied the reliability of

ures. According to Koutsoyiannis (), the failure of a

hydropower as part of a study on the effect of climate

system may be attributed to structural failure or inability to

change on the reliability of a multipurpose reservoir.

perform the intended function. The failure of a system can

Guolei et al. () used the reliability of hydropower pro-

be deﬁned using various criteria or factors. Structure, per-

duction as a performance measure, along with three other

formance, cost, and even subjective intention may be used

measures, to compare operating policies derived using

for deﬁning failure. Operational failures, in other words, per-

inﬂow forecasts with different lead times.

formance degradation, are more signiﬁcant among these

Reliability study of any system is based on probability.

failures. As far as reservoir operation is concerned, oper-

The probability density functions of failure characteristics

ational failure may be the inability to meet the speciﬁed

are to be known for determining the reliability of any

target in terms of drinking water supply, agricultural

system. Due to the absence of past records of failure data,

water, hydropower, or ﬂood control. Whatever a failure is,

and the uncertainty of human perception, the use of fuzzy

if the effect of it tends to be critical, research on it becomes

techniques to deal with the ambiguities is justiﬁable. The

essential (Cai ).

work of El-Baroudy & Simonovic () deals with the

The failure of a system such as a reservoir can be ascer-

ambiguity in the boundary of the failure region of a water

tained in terms of performance measures. As such, reliability

resource system, which is ﬂexible with the choice of the

is an important performance measure to study system

decision-maker. They proposed three fuzzy reliability indi-

failure. Reliability has been deﬁned in different ways.

ces for assessing the performance of such water resource

Time-based

and

systems. Suresh & Mujumdar () have used a fuzzy

occurrence-based reliability are different forms of reliability

approach for developing a new performance indicator

(Kundzewicz & Kindler ). Time-based reliability is

called fuzzy risk of low yield of a crop, to study the impli-

deﬁned as the probability of no failure performance in a

cations of operation policy for an irrigation reservoir

particular interval. Occurrence-based reliability is the ratio

system, considering the uncertainty in the response of

reliability,

volume-based

reliability,

of the number of periods the system has entered into the sat-

crop yield to different factors. The uncertainties in inﬂows

isfactory state to the total number of periods of operation.

and variable discretization, as well as non-commensurate
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nature of objectives, were addressed in a work by Akbari

of demand satisﬁed in the two successive time periods are

et al. ().

different. Otherwise, the system continues in its earlier

The profust reliability theory, developed by Cai et al.
(), is prominent in the reliability analysis of electrical

state. During the operational time period, three types of transitions are possible:

systems. Bowles & Pelaez () discussed the application of fuzzy techniques in reliability engineering and
used it to ﬁnd the reliability of an electrical system.
Since then many reliability studies have been reported
on repairable and degradable electrical systems using
this approach. The work of Pandey & Tyagi (),
which obtained the reliability estimates of a power

1. The system can move from a less working state to a more
working state.
2. The system can go from a more working state to a less
working state.
3. The system can remain in the previous state.

loom plant, is notable among these. Studies show that
this theory is applicable to natural systems as well. One

The system is considered failed if its transition occurs

of the best examples of the application of profust

from a less failed state (for instance, a state in which 75%

reliability theory to a natural system is the work by

of the demand is satisﬁed) to a more failed state (a state

Mirakbari & Ganji (), in which they assessed the

in which 50% of the demand is satisﬁed). Out of the

reliability of a rangeland system by considering vaguely

three transitions mentioned above, the continuation of

deﬁned states of drought severity.

the system in the least working state is the most undesirable

One of the important characteristics of profust reliability

transition. The transition from the most working state to

theory is that, for any system, it allows intermediate

the least working state is also undesirable. These tran-

states between the fully working and fully failed states. A

sitions are graded relatively based on their severity, and

reservoir system can also be analyzed using this theory as

for improving the reliability of reservoir operation the prob-

follows.

ability of the undesirable transitions (failure transitions) are

A reservoir can have three types of states – a fully work-

to be minimized.

ing state, a fully failed state, and several partially working

The concept of fuzzy reliability analysis has not

states in between these two. If the hydropower demand is

been applied to a reservoir so far, except the work of

met completely the reservoir can be considered to be in a

Ganji & Jowkarshorijeh (). The deﬁnition of oper-

fully working state. If the speciﬁed demand is not at all

ational failure used in the present work is similar to

satisﬁed the reservoir is in a fully failed state. If the

that used by Vogel (), in which failure of a water

demand is satisﬁed partially it is in a partially working

supply system is deﬁned as the condition in which a

state. If 50% of the demand is satisﬁed, the reservoir state

pre-speciﬁed yield cannot be delivered. This work tests

is such that it is 50% working and 50% failed. Similarly,

the applicability of profust reliability theory in the devel-

if 25% of the demand is satisﬁed the reservoir is 25%

opment of optimal operating policy for a hydropower

working and 75% failed. However, the proportion of

reservoir.

hydropower demand that can be satisﬁed in a particular

The paper is organized in the following manner. In the

period, with the available inﬂow, is uncertain. The partially

methodology section, the fundamentals of profust reliability

working states can be considered as fuzzy states as the

theory are explained. The proposed method is used to form

reservoir in this state is working to a certain degree and at

an optimization model and it is compared with a simulation

the same time is failed to a certain degree. Thus, the

model in the second section. The third section is the appli-

reliability of a reservoir which has partially satisﬁed its

cation of the optimization model to a hypothetical

hydropower demand needs to be analyzed in the context

reservoir operated to maximize the reliability of monthly

of fuzziness.

power production. The results obtained are discussed in

With the passage of time the transition of the system
occurs from one fuzzy state to another if the proportions
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the degree of failure. The continuation of the system in the
fully failed state X1 is the worst failure, with a membership
value of 1 in the set TSF . Continuation of the system in the

Profust reliability

fully working state X4 is not considered as failure, and
Conventional reliability is based on binary state assumption.

hence, the membership value is assumed as zero for this

It examines whether the system is working or failed. There

transition. Similarly, transition from X1 to X4 is given a

are only two possible states. By contrast, profust reliability is

membership value of zero and transition from X4 to X1 is

based on multiple states which are fuzzy in nature. According

assigned a membership value of 0.9, a value close to 1.

to this theory, at any given instant of time, the system may be

In order to derive the membership values of other state

in one of the possible states of working in the range of fully

transitions, each transition is assigned two parameters –

working to fully failed states as explained earlier. The term

(x, y). x represents the parameter value for the discrete state

‘profust’ is a combination of probability and fuzziness. In the

at period t and y represents the parameter value for the dis-

analysis of system failure, fuzziness describes the ambiguous

crete state at period t þ 1. The parameter values for each

nature of failure whereas probability characterizes the random-

transition are given in Table 1. The parameter value pair

ness associated with the failure event. The system is considered

(0, 0) corresponds to the system remaining in the fully failed

to be in different discrete states, the transitions between which

state, whereas (1, 1) corresponds to the continuation of the

are gradual and uncertain.

system in the fully working state. The two intermediate

Let X ¼ {X1 , X2 , X3 , X4 , … , Xn } be the set of possible

states 2 and 3 are assigned parameter values x ¼ 1/3 and

states of a system. Let W be the event that the system is

x ¼ 2/3. The same values are assigned for the parameter y also.

working and F be the event that the system has failed.

The membership value for the transition from current

Each one of the states X1 , X2 , X3 , . . . Xn is a fuzzy state

state i with parameter value x to the next state j with par-

with a certain degree of membership μi in the set F and con-

ameter value y is assumed to be of the form

sequently a membership value of 1-μi in set W.
F ¼ {(X1 , μ1 ), (X2 , μ2 ), (X3 , μ3 ) . . . :, (Xn , μn )}

μTij ¼ A1 þ A2 x þ A3 y þ A4 xy

(3)

(1)
On applying the boundary conditions,

Initially the system is in a particular state Xi . Depending
on the input to the system and the target output for the sub-

μT11 (x ¼ 0, y ¼ 0) ¼ 1

sequent time period the system can enter into another state

μT14 (x ¼ 0, y ¼ 1) ¼ 0

Xj , which may be either a more working state or a less working state compared to Xi . The transition is considered as
failure if the system enters into a less working state from a

μT41 (x ¼ 1, y ¼ 0) ¼ 0:9
μT44 (x ¼ 1, y ¼ 1) ¼ 0

more working state. Since W and F are fuzzy sets, the tranthe values of A1 to A4 are obtained as A1 ¼ 1, A2 ¼ 0.1,

sitions between them are fuzzy in nature.
If we denote the failure transitions as TSF , it may be

A3 ¼ 1 and A4 ¼ 0:1

deﬁned as a fuzzy event.
Table 1

TSF ¼ {(Tij , μTij ), i, j ¼ 1, 2, 3, ::, n}

(2)

where μTij is the membership value of failure transition.
In the present study, four partially working states are
considered (i.e., n ¼ 4) and these states are designated as
X1 , X2 , X3 and X4 : X4 is the most working state and X1 is
the most failed state. The states are discretized based on
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Parameter values (x, y) of transitions Tij
1

2

3

4

1

(0, 0)

(0, 1/3)

(0, 2/3)

(0, 1)

2

(1/3, 0)

(1/3,1/3)

(1/3, 2/3)

(1/3, 1)

3

(2/3, 0)

(2/3, 1/3)

(2/3, 2/3)

(2/3, 1)

4

(1, 0)

(1, 1/3)

(1, 2/3)

(1, 1)

i
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Membership values of transitions Tij

j

1

2

Table 3

3

4

i

|

Representative value, μi

X1

0:1875 < μtF < 0:25

0.21875

μtF

0.667

0.333

0

X2

0:125 <

< 0:1875

0.15625

0.967

0.644

0.322

0

X3

0:0625 < μtF < 0:125

0.09375

0.622

0.311

0

0.9

0.60

0.30

0

Therefore, the general equation for membership value of
transition Tij is
μTij ¼ 1  0:1x  y þ 0:1xy

2019

Interval of degree of failure

1
0.933

|

State

2
4

21.2

State discretization

1
3

|

0<

X4

μtF

< 0:0625

0.03125

reservoir operation is restricted such that the degree of failure
is limited to the range 0 to 0.25. This also corresponds to a
range of degree of working from 0.75 to 1. Based on this

(4)

degree of failure, reservoir operation is divided into four
states, X1 , X2 , X3 , and X4 . The interval representing the
degree of failure for each state and the corresponding repre-

The values of μTij obtained by substitution of parameter

sentative values (i.e., the mid values of the range) for the

values mentioned in Table 1 in Equation (4) are given in

interval are given in Table 3. The partially working states X1

Table 2.

to X4 are made very close to the fully working state by limiting

Conventional reliability of the system during the interval
(t1 , t2 ) ¼ P (failure transitions do not occur in the interval
(t1 , t2 )) ¼ 1  P (failure transitions occur in the interval (t1 , t2 ))
(5)

the membership values of degree of failure from 0 to 0.25.
Figure 1 represents the state transition diagram. The transitions from more working states to less working states and
continuation in less working states are designated as failure
and are marked with solid lines. The transitions occur in
each time period of the whole operational period. Therefore,

In profust reliability, failure transition is the fuzzy event

to improve the reliability of hydropower production for the

TSF . Therefore, the profust reliability for the time interval

operational time horizon, it is necessary to minimize the

(t1 , t2 ) ¼ 1 P (TSF occurs in the interval (t1 , t2 ))
1

n X
n
X

(μTij )P(Tij occurs during (t1 , t2 ))

sum of failure transitions for all the time periods.
(6)

i¼1 j¼1

where μTij is the membership value of transition from state
Xi to state Xj without passing via any intermediate state
(Cai ).
Fuzzy reliability-based optimization model for
hydropower reservoir system
Consider a hypothetical reservoir which is operated for
hydropower generation. The optimum monthly releases
from the reservoir for satisfying a constant monthly power
demand at maximum reliability are to be determined. This
can be formulated as an optimization problem with the
objective of minimizing the probability of failure transitions
for the operational time horizon. In the present study, the
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The optimization model is formulated to derive the

The exact value of the degree of failure for a particular

operating policy for a small hydropower reservoir, with the

period is unknown. Thus, the expected value is considered.

objective of maximizing the fuzzy reliability of power pro-

The expected value of μtF is given by the above constraint,

duction. It is assumed that the head–storage relationship is

where Pti is the probability that the system is in state Xi

linear and evaporation losses are negligible. Since the prob-

during period t and μi is the representative value of degree

ability of a fuzzy event is the product of the membership

of failure corresponding to state Xi , as given in Table 3.

function of the fuzzy event and the probability of the
event, the product of μTij and Pij is to be minimized for all
time periods. The values of μTij are taken from Table 2.

3. Sum of state probabilities:
4
X

The objective function is

Pti ¼ 1

(10)

i¼1

Min Z ¼

12 X
4 X
4
X

μTij Ptij

(7)

t¼1 i¼1 j¼1

This constraint indicates the fact that the system is in
any one of the possible states in a particular time period

The different constraints associated with the problem
are discussed next.

or, in other words, the sum of probabilities is equal to 1.
4. State transition equation:

1. The degree of failure associated with each state:
μtF

Pt
¼1
Dt

Ptþ1
¼
j
(8)

4
X

Pti Ptij , j ¼ 1, 2, 3, 4

(11)

i¼1

The transition of the reservoir from one state to another
The degree of failure during any time period t is deﬁned

can be represented as a non-homogenous Markov chain.

such that it is unity when the power produced Pt is equal to

Ptþ1
is the probability that the system is in state j during
j

demand, Dt and zero when the power produced is zero

period t þ 1, Pti is the initial probability and Ptij is the prob-

(Figure 2). However, since the working states are deﬁned

ability that the transition from i to j occurs during period t.

as fuzzy, the cases of complete working and complete failure
are not discussed, or in other words, extreme values of the
degree of failure are not signiﬁcant.

5. Storage continuity equation:
The ﬁfth constraint is the storage continuity equation.Stþ1 , St are reservoir storages at time periods t and t þ 1,

2. Expected value of degree of failure:

respectively, in Mm3, Rt is the release during period t in
μtF ¼

4
X

μi Pti

i¼1

(9)

Mm3, It is the inﬂow during period t in Mm3 and Ot is the
spill from the reservoir during period t in Mm3.
Stþ1  St þ Rt þ Ot ¼ It

(12)

6. Hydropower equation:

Pt ¼

ρgεHt Rt
30246060

(13)

This constraint gives the monthly power production in
Figure 2

|

Membership function of degree of failure.
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12. Limits on probability:

and ε is the efﬁciency of the turbine.
7. Equation for spill from reservoir:
1
Ot ¼ {jSt1 þ It  Rt  Smax j þ (St1 þ It  Rt  Smax )}
2

0  Ptij  1

(19)

0  Pti  1

(20)

(14)
The probability of the system in state i during period t
and the probability that the transition from i to j occurs

This constraint limits the value of spill to zero when net
storage is less than capacity, to the amount exceeding

during period t must lie between 0 and 1.
The results of the proposed optimization model are com-

capacity when net storage is more than capacity.

pared with that of a simulation model developed by the

8. Storage limits:

National Institute of Hydrology, India (Jain et al. –).
In the simulation model, the release policy is formulated

Smin  St  Smax

(15)

such that power produced is equal to the constant demand
of 2 MW, if possible. If available water is less than Smin , no
release is made. During any period, if St1 þ It > Smax , then

The storage during any period must lie within the limits

extra water after meeting power demand is spilled. If there

of Smin and Smax , where Smin is the dead storage and Smax is

is not enough water to generate the required power, power

the reservoir capacity.

is generated to the extent possible.

9. Limits on release:
Hypothetical case study
0  Rt  Smax

(16)
The optimization model is now applied to the same hypothetical reservoir with monthly inﬂows that are generated using the

The lower limit of release is ﬁxed as zero and the upper

Thomas-Fiering model. The ﬂows in all the months are

limit is ﬁxed as the reservoir capacity as no other down-

assumed to follow normal distribution with statistical par-

stream ﬂow requirements are considered.

ameters listed in Table 4. The reservoir details are given in
Table 5. The optimal operating policy for the ﬁve-year period

10. Head–storage relation:

Ht ¼ a

St1 þ St
2

under consideration is obtained by solving the resulting non-



linear optimization model using LINGO 17.0 successively
þb

(17)

for each year. The maximum constant demand Dt that can
be satisﬁed with the available inﬂow and the allowable

Ht is the average head during the interval (t, t þ 1) and a

degree of failure are determined by increasing the value of Dt
uniformly until the optimization problem becomes infeasible.

and b are the slope and intercept of the head–storage curve.
11. Limits on degree of failure:
0  μtF  0:25

RESULTS AND DISCUSSION
(18)

The results of the validation are presented in Figures 3 and
4. The power produced as per the simulation and optimiz-

The degree of failure, being deﬁned as a fuzzy quantity,

ation models are compared with the speciﬁed demand in

should lie between 0 and 1. But, in order to ensure that 75%

Figure 3. It can be observed that the power produced as

of the demand is satisﬁed in all periods, the degree of failure

per the optimization model is greater than or equal to

is limited to a maximum value of 0.25 as already mentioned.

1.68 MW in all the periods. Although the power produced
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Mean ﬂow
(in Mm3)

Standard
deviation (in Mm3)

June

31.58

28.87

0.1563

July

104.07

93.60

0.0378

Aug

196.95

200.00

0.1778

Sept

200.00

142.59

0.1802

Oct

116.58

73.82

0.0388

Nov

25.24

30.80

0.1005

Dec

10.68

6.03

0.7869

Jan

7.46

2.70

0.8485

Feb

5.02

2.46

0.3395

Mar

4.91

3.94

0.8201

21.2

|

2019

Correlation coefﬁcient with
the previous month

Apr

3.84

3.20

0.0591

May

1.76

0.88

0.5164

|

|

Streamﬂow statistics

Month

Table 5

Journal of Hydroinformatics

Figure 3

|

Results of validation.

Figure 4

|

Results of validation. (a) Storage variation. (b) Degree of failure. (c) Inﬂow vs

Reservoir details

Parameter

Value

Storage capacity

473 Mm3

Dead storage

50 Mm3

Operation period

5 years

Turbine efﬁciency

85%

a

0.2438

b

25.615

Initial storage

60 Mm3

by the simulation model matches the demand for most of the
time periods, there is greater shortage of power during the
third to sixth periods compared to the power produced as
per the optimization model. This pattern is reﬂected in the
degree of failure also, as shown in Figure 4(b). The maximum value of degree of failure is 0.33 for the simulation
model whereas this value is 0.16 for the optimization
model. Figure 4(a) shows the storage variation. The storage
obtained by optimization and simulation is more or less the
same, with slightly greater values for the optimization
model. Figure 4(c) shows the releases obtained as per the
optimization and simulation models for the same inﬂow.
The release obtained by optimization model is more or
less uniform, whereas more ﬂuctuations are observed in
the release from simulation model. The release rule obtained
from optimization distributes available storage in such a
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|

|

21.2

|

2019

Maximum power, demand, and initial storages for different years

Minimum
power

Maximum
power produced

Maximum power

Initial
storage

Year

produced (MW)

(MW)

demanded (MW)

(Mm3)

the optimization model to the hypothetical reservoir. The

1

3.91

4.84

5

60

monthly storage variation, degree of failure, and release for

2

8.44

9.69

10.4

149

form alike during periods receiving high inﬂow.
Figure 5 shows the year-wise results of the application of

each year of the ﬁve-year period under consideration are

3

1.41

1.61

1.7

50

shown in Figure 5(a)–5(c), respectively. The release, storage

4

15.83

18.16

18.75

357

variation, and degree of failure show a similar pattern in the

5

1.41

1.75

1.8

50

second and fourth years. The results in the ﬁrst, third, and
ﬁfth years also are identical. The maximum and minimum
power produced, maximum power demanded, and corresponding initial storage for each year are given in Table 6.

The optimization model is run with an assumed initial
storage of 60 Mm3. The maximum power produced during
the ﬁrst year is 4.84 MW. This maximum power is produced
in all the periods of the ﬁrst year except the ﬁrst month. The
power produced in the ﬁrst month is 3.91 MW. The optimization model is then run with the corresponding ending
storage of 149 Mm3 in the ﬁrst year which is also the starting
storage for the second year. The same procedure is adopted
for the remaining years. The maximum and minimum
powers that are produced in the second year are 9.69 MW
and 8.44 MW, respectively. Maximum power is produced
in all the months of the second year except the ﬁrst two.
In the third year, the maximum power of 1.61 MW is produced in all periods except the ﬁrst period. The maximum
power of 18.16 MW is produced in all periods of the
fourth year except periods 4 and 5. In the ﬁfth year the
power produced is minimum in the ﬁrst month and maximum in the remaining periods. The maximum power
produced and the power demanded show similar alternately
increasing and decreasing trends, as observed from Figure 6.

Figure 5

|

Results of case study. (a) Storage variation. (b) Degree of failure. (c) Releases.

Downloaded from https://iwaponline.com/jh/article-pdf/21/2/308/534013/jh0210308.pdf
by guest

Figure 6

|

Power produced during the operational period.
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SUMMARY AND CONCLUSIONS
A profust reliability-based optimization model is developed
to determine the optimal operating policy for a hydropower
reservoir with the objective of minimizing the transition
from more working state to less working state. The results
from the model are compared with those from a simulation
model for a hypothetical reservoir. The optimal operating
policy is obtained for a period of ﬁve years, on a monthly
time scale basis, with the assumed normally distributed
inﬂows and speciﬁed power demand. The following conclusions may be drawn from the study:

•

The optimization model performs better than the simu-

•

The model developed is capable of incorporating gradual

lation model.
state transitions. Further, these transitions are assigned
different degrees of membership depending on whether
the transition is from a less failed state to a more failed

•

state or vice versa.
The working of the reservoir is discretized into states
from the functional point of view unlike in a traditional
approach where the discretization is based on storage

•

in the reservoir.
The results of the case study demonstrate the applicability of profust reliability in reservoir operation.

REFERENCES
Akbari, M., Afshar, A. & Mousavi, S. J.  Stochastic
multiobjective reservoir operation under imprecise
objectives: multicriteria decision-making approach. Journal
of Hydroinformatics 13 (1), 110–120.
Bowles, J. B. & Pelaez, C. E.  Application of fuzzy logic to
reliability engineering. Proceedings of the IEEE 83 (3), 435–449.
Cai, K. Y.  Profust reliability theory. In: Introduction to Fuzzy
Reliability. The Kluwer International Series in Engineering and
Computer Science 363. Springer, Boston, MA, USA, pp. 87–134.
Cai, K. Y., Wen, C. Y. & Zhang, M. L.  Fuzzy states as a basis
for a theory of fuzzy reliability. Microelectronics Reliability
33 (15), 2253–2263.
El-Baroudy, I. & Simonovic, S. P.  Fuzzy criteria for the
evaluation of water resources systems performance. Water
Resources Research 40 (10), 1–10.

Journal of Hydroinformatics

21.2

|

2019

Ganji, A. & Jowkarshorijeh, L.  Advance ﬁrst-order second
moment (AFOSM) method for single reservoir operation
reliability analysis: a case study. Stochastic Environmental
Research and Risk Assessment 26 (1), 33–42.
Guolei, T., Huicheng, Z. & Ningning, L.  Reservoir
optimization model incorporating inﬂow forecasts with
various lead times as hydrologic state variables. Journal of
Hydroinformatics 12 (3), 292–302.
Jain, S. K., Chalisgaonkar, D. & Goel, M. K. – Software for
Reservoir Analysis. Report, National Institute of Hydrology,
Roorkee, India, pp. 15–21.
Koutsoyiannis, D.  Reliability concepts in reservoir design. In:
Water Encyclopedia 4. Surface and agricultural water. Wiley,
New York, USA, pp. 259–265.
Kundzewicz, Z. W. & Kindler, J.  Multiple criteria for
evaluation of reliability aspects of water resource systems.
In: Modelling and Management of Sustainable Basin-Scale
Water Resource Systems (Proceedings of A Boulder
Symposium, July 1995), 231, pp. 217–224.
Kuria, F. W. & Vogel, R. M.  Global storage-reliability-yield
relationships for water supply reservoirs. Water Resources
Management 29 (5), 1591–1605.
Mirakbari, M. & Ganji, A.  Reliability analysis of a rangeland
system: the application of profust theory. Stochastic
Environmental Research and Risk Assessment 24 (3),
399–409.
Moy, W. S., Cohon, J. L. & ReVelle, C. S.  A programming
model for analysis of the reliability, resilience and
vulnerability of a water supply reservoir. Water Resources
Research 22 (4), 489–498.
Pandey, D. & Tyagi, S. K.  Profust reliability of a
gracefully degradable system. Fuzzy Sets and Systems 158 (7),
794–803.
Raje, D. & Mujumdar, P. P.  Reservoir performance under
uncertainty in hydrologic impacts of climate change.
Advances in Water Resources 33 (3), 312–326.
ReVelle, C.  Optimizing Reservoir Resources: Including A
New Model for Reservoir Reliability. John Wiley & Sons Inc.,
New York, USA.
Suresh, K. R. & Mujumdar, P. P.  A fuzzy risk approach for
the evaluation of an irrigation reservoir system. Agricultural
Water Management 69 (3), 159–177.
Vogel, R. M.  Reliability indices for water supply systems.
Journal of Water Resources Planning and Management
113 (4), 563–579.
Vogel, R. M. & Bolognese, R. A.  Storage-reliability-resilienceyield relations for over-year water supply systems. Water
Resources Research 31 (3), 645–654.
Vogel, R. M. & Stedinger, J. R.  Generalized storagereliability-yield relationships. Journal of Hydrology 89 (3–4),
303–327.

First received 11 July 2018; accepted in revised form 7 January 2019. Available online 1 February 2019

Downloaded from https://iwaponline.com/jh/article-pdf/21/2/308/534013/jh0210308.pdf
by guest

|

