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Abstract

Repowering systems is a long-lasting managerial endeavor where decision-makers
face maintenance and optimization problems. The decision time to repower an
energy system is one of the most important matters in this field. Also, in the
real-world, each component of the system has different versions available in the
market, so choosing the best version of components can be one of the valuable
and practical issues in repowering a system. Therefore, decision-makers need
optimal repowering policies in order to generate the optimal combination of
system’s components as well as the optimal time to repower this system with
respect to important concerns such as cost, availability and safety issues. This
paper provides a first-step decision-making model based on four independent
repowering strategies for energy systems. A case study from offshore wind
turbine system is presented afterwards to demonstrate the effectiveness of the
presented policies. This decision support tool deals with the optimal repowering
time and the best combination of components based on cost, availability, and
safety constraints.
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1. INTRODUCTION

Energy is essential for the development of our world, including renewable
energy. Wind energy is one of the most promising renewable energy sources
in Europe. In those countries where wind energy has an increased potential
in energy mixes, efforts have been made to develop offshore wind energy [1].
Eurostats, for instance, agreed to say that most of the EU countries are on course
to achieve the 2020 renewable energy targets [2, 3], which is reaching 20% of en-
ergy consumption from renewable sources. Such performance should be reached
despite the challenging sanitary and economic environments [4]. However, it is
also agreed that this cannot be achieved without a high reliability performance
of these technologies. Thus, efforts have been made through these last decades to
achieve high technological performances of renewable power plants. Among these
renewable sources, wind energy reliability was the centre of many studies. For
instance, Tavner et al. [5], Spinato et al. [6] and Faulstich et al. [7] performed
several studies about onshore and offshore wind turbines and their subassemblies’
failure rates. Since the environmental factors are more crucial in offshore wind
energy, several studies focused on the reliability analysis of offshore wind turbines.
For example, Faulstich et al. in [7] analyzed the downtime of offshore wind
turbines and how it affects its deployment. Van Bussel and Zaaijer in [8] studied
the reliability, availability and maintenance aspects of large-scale offshore wind
turbines. Negra et al. in [9] presented a list of factors that influence offshore
wind turbines generation. Other studies focused on reliability analysis of wind
turbine sub-assemblies in offshore environment [10, 11, 12].

Afterwards, economic constraints of wind turbines’ deployment were studied to
assess the optimal investment in wind energy, including the so-called finding the
optimal topology of wind turbines, which means finding the optimal number of
wind turbines to be set up in a wind farm taking into account environmental,
technological and economic constraints [13, 14].

Besides, when investigating with wind turbines’ topology optimization, one also

deals with the optimal time to replace the system. Replacement of wind turbines
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(and their subsystems) is generally one of the three scenarios characterized by
the end-of-life management of the power plant [15]: i.e., if the replacement is
due to a need to dismantle the system, we talk about general end-of-life of power
facilities. Another scenario is the lifetime extension of components in the system.
However, when the replacement of an energy system is decided with an aim to
upgrade the system performance under several project’s constraints, we talk
about repowering [16]. Hence, wind farm managers may decide to upgrade
partially some components of the wind farm (electrical components, blades,
..) or upgrade the wind farm completely including the replacement of wind
turbines and their foundations. In the first case, we talk about partial repowering,
whereas the full repowering covers the second case [17], which will be handled
in this paper. However, the major issues stated by the literature; when dealing
with repowering; are the economic constraints [15, 18, 19]. But in such projects,
environmental, legal and technological constraints should also be handled [20].
Thus, the objective of this paper is to provide a decision support tool for energy
systems subject to repowering. The model provides the optimal time to repower
the system as well as the best topology of the repowered system under economic,
technological and warranty constraints.
This paper is structured as follows. Section 2 investigates the state-of-the-art of
repowering and life extension decision support tools. It also defines the research
gap. The methodology subsection formulates the problem stated. The optimiza-
tion section defines the mathematical models for optimal repowering time and
optimal topology of the system (the best combination of components). Different
types and configurations of systems were studied in section 4. Afterwards, an
example of offshore wind turbine subsystems is presented in section 5. We
conclude the paper with general remarks and an appendix explaining in depth

the cost and availability functions used in this paper.
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2. Literature review & methodology

2.1. Literature review: repowering actions in decision models

The current state-of-arts of repowering energy systems in general and wind
turbines specifically are relatively poor compared to the general state-of-art of
improving technological, cost, and environmental performances of energy systems
and wind turbines. Nevertheless, authors focused on six main parameters when
dealing with decision models of systems subject to repowering. These parameters
are in general: "time; cost; availability and reliability; social; best topology;
safety and warranty constraints".

For instance, Ziegler et al. in [21]| proposed a decision-making model in order
to optimize the switching time from lifetime extension to repowering of wind
turbines. Bezbradica et al. in [22] introduced a multi-criteria decision analysis
for repowering wind turbines based on several criteria such as technical, social
or economic ones. The objective of that paper was to investigate which of the
proposed scenario is adapted to the stakeholder goals. However, they did not
investigate all technical parameters such as the optimal repowering time nor
the optimal topology to adopt. Piel et al. in [23] provided a GIS (geographic
information system) decision based model to assess the feasibility of repowering
the German wind fleet. Other authors from the literature also investigated
repowering based decision models as well as decision support tools that assess
lifetime extension of systems. The main chosen parameters in the literature are

listed in Table 1.
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Table 1: Parameters of repowering based decision models presented in the literature. Literature
was extended to repowering, replacement and decommissioning based decision support tools

for offshore and onshore systems.

Reference Parameters
Time | Cost | Reliability / availability | Social / legal | Safety / warranty | Topology | Environmental

[24] x X x .
[22] X x « "
[23] x x -
[25] x
[26] x «
[27] x x
25 x . . - .
[29] X x N
[30] x x
[31] X x <
[32] X
f33] x " -
[34] X <
[16] x x -
(3] x N
[36] X x <
157 . :
[38] x x
[39] X x -
[40] x x
[41] x x <

This paper x x < - .

As seen in this table, repowering or replacement based decision support
tools are mostly cost oriented. This is generally due to the fact that decision
support tools involve ad-hoc assessment of costs of each available strategy [42].
Afterward, the technical criteria (reliability, availability, performance...) come in
the second order when choosing the most important parameter to be included in
the decision support tool.

In general, due to the rising interest in repowering, replacement, and decom-
missioning with an upgrade aim in offshore or onshore systems. It is generally
agreed that the selected parameters for the decision support model should be
economic, technological, social, legal, environmental and should finally cover

safety concerns. This was highlighted in the short literature review presented in



91

92

93

94

95

926

97

98

102

103

104

105

106

112

113

114

115

116

117

118

Table 1 and resumed by Martins et al. in [42] for oil and gas energy systems.
Thus, the contribution of this paper to the literature is the introduction of the
time parameter to the top chosen parameters in a repowering based decision-
support tool. This parameter is crucial due to its importance in project man-
agement and during the decision making process. An asset’s owner should be
able to know at any time what would be the next life cycle step of his project:
enhance the performance for life extension of the existing project, keep existing
assets of the project until failure or until reaching critical safety concerns or
repowering the old project [41].

Besides the time parameter, economic, technological, safety, and topology con-
cerns were included in this decision-support tool. At this step, stakeholders and
environmental parameters were not included in this first step decision support
tool and should be investigated further in the future.

Thus, to the best of authors’ knowledge, no study on a decision making model
that bounds optimal repowering time, technical, safety and economic concerns
of energy systems has been published. Also, in the real-world, each component
of the system has different versions available in the market, so choosing the best
version of components (also known as best topology) can be one of the valuable
and practical issues in repowering the system. As far as we know, there is no
study on this concern with respect to cost, availability, and safety constraint for
a system.

Thus, we aim in this paper to complement previous studies made in this field

and provide the following contributions:

e Find the optimal repowering topology to upgrade the energy system under

performance, safety and cost constraints.

e Find the optimal repowering time to upgrade the system under the previous

constraints.

e Provide a decision-making tool based on four full independent repowering

strategies.
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In this paper, four different strategies of repowering systems are presented. These
strategies are independent but are tested under the same cost, warranty and
performance constraints. Costs are an important criterion for a decision-maker,
the cost function is going to be minimized in the first strategy by considering a
lower bound for the availability and safety constraints. In the second strategy,
the availability of the system will be maximized by considering the limited
budget and a fixed safety constraint. In the third and fourth strategies, two
joint functions of cost and availability functions will be optimized under safety
constraints. To do so, mathematical models are provided next for series, parallel

as well as for series-parallel systems.

2.2. Methodology

Let’s study a system of n components. Each component within this system
has various versions with different lifetimes and costs’ versions available in
the market. The lifetime for the j-th version of i-th component (denoted
as j(i)—component) is XJ(.i), where j = 1,2,...,v;, and v; is the number of
versions available in the market for the i-th component, and ¢ = 1,2,...,n. The
density and the distribution functions for the j(*-component are fj(z)() and
F j(i)(~), respectively. Suppose that the k;-th version of the i-th component (kz@—
component) is selected, then the lifetime of the original system can be denoted by
c/)(X,gi), X,(cz), e ,X]i:)), where ¢(.,.,.) is the structure function. Thus, for series
system; (zb(X,E,l), X,(C?, . ,X,iry:)) = min{X,E,l), X,g), . ,X,Efz)}, and for parallel
system; gb(X,Ej),X,i), . X]E")) = Irlax{Xg).,X,E,i), . 7X}(Vm} Afterwards, a
policy similar to the age replacement one is applied in this model. Replacement
policy is one of the most common policies when maintaining a system. In such
policy, the system undergoes a replacement at failure or at age T, whatever
occurs first. Several authors from the state of art assessed the optimal age
replacement based strategies, see [43, 44, 45, 46]. In this work, the system is being
repowered cither at a constant time T' (T" > 0), or at ¢(X,$), X,gz), . ,X,g:)),
whichever occurs first. Moreover, repowering at age ¢(X 121)7 X ,g), X ,g:)) is

called non-planned repowering and repowering at age T is denoted planned
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repowering. Thus, the system’s lifetime is X7 = min{T, (b(X]S), X,(Cj), e X,(C:))}
For a parallel system we have X7 = min{T, max{X,S), X,g), e X,g:)}}, and for
a series system Xp = min{7, min{X,S), X,gz), e X,E:)}}

One of the main goals of this paper is to find the optimal value for repowering
time T' by considering four objective functions under the selected constraints.
Also, the safety constraint should be considered. This constraint is implemented
by bounding the probability that there is not any unplanned repowering in the
interval [0, z], where z > 0 is a constant. If the bound is denoted by py, this
constraint means that with 100py% confidence, the system has not any unplanned
repowering from 0 up to z units time (a unit time can be in years, months, days,

..., depending on the data). This constraint is expressed as following.
L(T,2) = (Fx, (T))" Fx, (2 —mT) > po, (1)

with Fx,(t) is the reliability function of Xz, m = [%] and 0 < pp < 1 and []
shows the integer part of x. This constraint shows that there is no non-planned
failure from the installation of the system until z units time with the confidence
of at least 100py%. In practice, this safety constraint is generally linked with
warranty issues.

In maintenance theory, there are some important metrics such as cost, safety
and performance. In this paper, the long-term cost function, availability function
and safety constraint are considered. The long-run average cost (expected cost
in a cycle per expected lifetime of the system of a cycle) is widely used in the
literature and was introduced by [47]. For examples, see [48, 49].

For the proposed model, the long-run average cost as a cost function is given by

equation (2). -
cr + (er — cp)Fx, (T)

o Fxp(t)dt

Cost(T) = (2)

where cp is the cost of repowering at (b(XIS), X,iz), e X,i:)) and cr is the cost

at age T. The objective here is to minimize (2) and find T}, so that Cost(T)

o}

needs to be minimized at T' =T, ,.

By using the results of [47] and [50], the

following remark is presented.
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Remark:

t
Suppose the hazard function of a system is denoted by rx,.(t) = ;;XT ((t)) . Then
X
the optimal T}, to minimize Cost(T) satisfies ’
T - cp
rxe(T) / Fp (0)dt + P (T) = —F 3)
0 CFr —CT

If it is assumed further that rx..(t) is increasing, it will lead to the increase of
the left side of (3), and an optimum solution exists, and perhaps infinite. If
there is no solution to (3), then the optimal policy is "replacement only when
failure occurs”. Finally, a unique and finite solution to equation (3) exists if the
function rx,.(t) is both continuous and strictly increasing to infinity.

When dealing with performance metrics, the availability function is also an
important index. The availability of a system is well defined in the state of art
and is defined in some ways: interval availability, pointwise availability, multiple
cycle availability, limiting interval availability [51, 52]. We thus consider in this
paper the limiting interval availability, Ava = %, where MTTF is

the mean time to failure and MTTR is the mean time to replace the system.

The MTTF and MTTR can be calculated as following

T
MTTF = E(Xr) = / Fx, (t)dt,
0
MTTR = ppFx,(T) + prFx, (T).
Thus, the limiting interval availability for the proposed model can be written as

I Fx,p(t)dt
foT FXT (t)dt + pr + (/~LT - /'I’F)FXT (T)

Ava(T) = : (4)

where pur and pr are the expected times’ lengths to set up the new system in
non-planned repowering as well as in planned repowering, respectively. Thus, one

wants to maximize (4) and finds T3, such that Ava(T) needs to be maximized

at T'=1T},,. The optimal solution can also be generated theoretically in the

same manner as 1.

* « (mentioned in the remark). In this paper, four strategies
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are presented in the following in order to find the optimal topology as well as

the optimal time for repowering a system.

3. Optimization

The optimization framework for the proposed model developed is presented
in this section. In the following subsections, the decision making model based on
four strategies is presented. Each strategy provides the optimal repowering time
as well as the best topology for the system. The best/optimal topology provides
the optimal combination of components that respects cost, availability and
safety constraints. The decision-maker should decide which of these strategies is
appropriate based on the situation. Afterwards, a comparison between the four

strategies is presented within the case study section.

8.1. Optimal repowering time

The optimal time needed to repower the system for each combination of
components is explained in this section, whereas the methodology for finding
the best combination of components is presented in the next section.

Strategy 1) In this strategy, the cost function is minimized by considering
two constraints: The availability of the system is more than a desired level (A*)
and there is no non-planned repowering for z units time with at least 100py%

confidence. Therefore

cr + (er — cp) Fx, (T)

(5)

minimize Cost(T) =

i Fxp(t)dt
subject to
T =
Fx,.(t)dt
Ava(T) = —7— Jo Fxr(t) _ > A*, (6)
Jo Fxr@)dt + pp + (pr — pr) Fx, (T)
P(T,z) = (Fx,(T))" Fx, (2 = mT) > po, (7)
where 0 < A* < 1 is the desired level for availability of the system , m = [%]

and 0 < pg < 1. The case A* = 0 shows that the cost function is only considered

10
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in optimization and the availability function is not taken into account. As a
result, if the cost function is more important for the decision-maker and also
there is a minimum availability target to reach, then the decision-maker should
select Strategy 1.

Strategy 2) In this strategy, the availability function is maximized by
considering two constraints: The cost of the system is less than the desired
level (C*) and there is no non-planned repowering for z units time with at least

100pp% confidence. Therefore

S Fxp(t)dt
I Fxn()dt + pr + (ur — pe) Fxp (T)

;o (8)

maximize Ava(T) =

subject to
—cp)Fx, (T
Cost(T):CF—'_(CTT_ cr)Fx, (T) <, (9)
Jo Fxp(t)dt
]D(T7 Z) = (FXT (T))mFXT(Z — mT) > Po, (10)
where C* > 0 is the desired level for the cost of the system , m = [i} and

T
0 < pp < 1. The case C* = oo shows that the availability function is only

considered in optimization and the cost function is not taken into account. As a
result, if the availability of the system is more important for decision-maker and
there is also a limited budget, then the decision-maker should select Strategy 2.

Strategy 3) In this strategy, a joint function AC(T) composed of cost and
availability functions is maximized. In [53] was introduced a similar parameter

based on combined availability and cost functions, as AC(T) = g:;((?)

. In fact,
this criterion shows the system’s availability per unit of cost. We also consider

in this strategy an additional safety constraint. Therefore

o _ Ava(T)
maximize AC(T) = Cost(T)’ (11)
subject to
P(T,z) = (Fx,(T))" Fxy (2 = mT) > po, (12)

where m = [%] and 0 < pg < 1. Thus, if the availability and the cost of the

11
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system are both important for decision-maker, then Strategy 3 is an appropriate
selection.

Strategy 4) This strategy considers min-norm methods. Lin [54] presented
min-norm methods for optimization in multi-objective problems. The general
description based on the concept of least distance and weighted Holder norms

can be described as following

1/p
minimize L(z) = {Z(wdji(ﬂﬁ) - Gi(l‘)Dp}

i
where G; is the goal (the target value or demand level) for objective i and w;
a positive weight on objective i; p is a positive integer (1, 2, ...). None of the
weights implemented here are null, since if any objective gets a zero weight, it is
substantially outweighed and should have been excluded. The practitioners are
free to choose any value for the parameter p depending on the running problem.
The case of p = oo, when p if infinite, is also reformulated using the Tchebycheff

(or max-) norm and is described as:
minimize L(z) = max(w;|J;(z) — Gi(z)]).

This paper presents two objective functions; cost and availability functions. In
view of the range, these two functions are different and thus are rescaled by
dividing these functions by the optimal solutions. Therefore, for the fourth

strategy in case of p = oo

minimize
B Cost(T) —minCost(T') . max Ava(T) — Ava(T)
L(T) = max {w1 min Cost(T) (1= wn) max Ava(T)
(13)
subject to
P(T,z) = (Fx,(T))" Fx; (2 = mT) > po, (14)

where 0 < wy < 1 is the weight for cost function and 1 — w; is the weight for

availability function. It is worth mentioning that availability is reported within

12
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[0,1], and the proposed cost function is supposed to handle all Capex and Opex
expenditures and thus there is no limit for this function so it is within [0, oc].
Accordingly, to make a balance between two objective functions by integrating
them into a unified objective function, we changed the scales of both objective
functions into [0,1].

The value w; = 0 shows that the cost function is only considered, whereas
w = 1 shows the case when only the availability function is considered. Therefore,
if the availability and the cost of the system are important for decision-maker

but with specific weights, then Strategy 4 is a suitable selection.

8.2. Optimal combinations

This paper considers a system that is composed of n components and each of
the components has various versions with different lifetimes and system’s engineer
wants to select the optimal combination of components. Suppose the number of

versions for the i-th component is v;, therefore the number of combinations is

NoC = ﬁvi.
i=1

In this section, the aim is to find the best combination between NoC' combinations.
For each combination based on four strategies that are presented in section 3.1, an
optimal time for repowering the system is calculated, therefore for s-th strategy

we have:

T(s),17 T(S)Q’ o ’T(s),Noc7

where s = 1,2,3,4, and T¢)* is the optimal repowering time for the i-th
combination based on the s-th strategy. At this step, the best combination for
each strategy is assessed. For each strategy, the best combination is selected as
follows:

Strategy 1) The b-th combination is the best combination if:

Cost(TM*) < Cost(TM),  Vie{1,2,...NoC}.

Strategy 2) The b-th combination is the best combination if:

13
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Ava(TP?) > Ava(T®), Vie{1,2,...NoC}.

Strategy 3) The b-th combination is the best combination if:

AC(T®b) > AC(T®)Y),  Vie{1,2,...NoC}.

Strategy 4) Finding the best combination in this strategy depends on wy,
so that

e For 0 < wy < 1, the b-th combination is the best combination if:

L(T(4),b) < L(T(4)’i)7 Vie {1,2,... NoC}.

e For wy; = 0, the b-th combination is the best combination if:

Ava(TW?) > Ava(TW),  Vie {1,2,... NoC}.

e For w; = 1, the b-th combination is the best combination if:
Cost(T™W?*) < Cost(T™),  Vie{1,2,...NoC}.

4. Types of systems

In this work, three types of systems are considered; parallel, series and

series-parallel systems and the cost and availability functions are described.

4.1. Parallel system
(4)

%

min{7, maX{X,(ci), Xlg), . ,X,g:)}}. For T > t, the distribution function of X7

The lifetime of the parallel system by considering k;’-component, is X =

is given by Fix, (t) = [[i-, F,gl)(t) The cost function defined in equation (2) can

be rewritten as follows

er + (er —er) [Ty F(T)
T y1n %
T-— fo H¢:1 F,Ei)(t)dt
and upon (4), the availability of a parallel system ( ) is

Cost(T) =

(15)

14
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T n i
T - fo Hi:l F,gi)(t)dt
T n i n i ’
T — [T, FO ()dt + pr + (e — pr) T, FLO(T)

and for the safety constraint

Ava(T) =

P(T,2) = (1 - [[F) @)™ - [[ F (2 = mT)) > po.
=1 =1
4.2. Series system

()

%

-component is Xp = min{7, min{X,il) x®

The series-system’s lifetime considering the &
For T' > t, the reliability function of X7 is Fx,.(t) = [[1_, F’IS) (t). Using equation

(15), the cost function for series system is

e+ (er — ep) Ty BX(T)
T n =(1
Jo Ty B ()t

and from equation (4), the availability of the system (availability function of 77

Cost(T) =

is

T v n (%
_ Jo T Flgi)(t)dt
Ava(T) = ————1 o)
fo Hizl Fki (t)dt + pr + (pr — pir) Hi:1 Fki (1)

As for the safety constraint

P(T,z) = [[(EP @)™ EY (2 = mT) > po.

i=1
4.3. Series-Parallel system

In the field of system dependability, a typical series-parallel system is com-
posed of multiple subsystems in series, and each of them are in parallel. As
mentioned in [55], series-parallel systems are a large type of multi-component
systems and can describe concisely the basic features of any complex system.
LLet’s suppose there are three subsystems that are in series. Fach subsystem
is formed by parallel components. Besides, the lifetime of the k;-th version of
the i-th component in the 1°' subsystem is X ,i:) with a distribution functions

i

F)(gz(), for i = {1,2,...,d1}. In the second subsystem, Yk(i) is the lifetime

15

17 ke 0t
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of its components with a distribution functions FS(/Z (+), for i = {1,2,...,d>}.
In the third subsystem, Z,i? is the lifetime of correspond components with a
distribution function ng) (+), for i = {1,2,...,ds}, where dy, ds, and ds are the
number of components in the first, second and third subsystems, respectively.

Therefore

X7 = min{7, max X,gl_), max Y,C(_l)7 max Z,gz,)}.
1<i<d, ki T1<i<d, BT 1<i<ds R

for T' > t, one have

dy ) d2 ] ds ]
P (t) = (0= [T E opa =TT s ona =TT 75 @) o)

The mean time to repower the system can be expressed as

d1 da ds

E(Xr) = / (=TT oa-TIR) @a-T1F @yae. a7

i=1 i=1 i=1
By substituting (16) and (17) in equation (2), the expected cost rate was
generated and was presented in (G.1). The MTTR for the proposed policy is

dy da ds
MTTR = pup + (pr — pe) (1 = [] S () =TT B (o =TT S (),
=1 =1

i=1
(18)
and the MTTF for the proposed policy is
T e S SO
MTTF = / a-TIFL o -TIE o) - [[FS) @de, — (9)
i=1 i=1 i=1

Upon substituting (18) and (19) into equation (4), the series-parallel system’s
availability considered as a function of T is obtained which is given in (G.2).
The terms in (G.1) and (G.2) are supposed to ease the numerical computation

of such metrics as it will be presented in the following example.
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5. Case study

We retake the example of a geared wind-turbine (WT) considered as a series-
parallel system presented in [56, 20]. In this paper, was provided an aggregate
of four series-parallel sub-systems from the offshore W' is studied and showed

in Fig. 1.

Figure 1: Configuration of the studied system.

This case study is configured by four major components {Sy, Sa, S3, S4}. These
components have various versions (variants) available in the market. These
versions can be catalogued based on their cost and reliability parameters. Besides,
as scen in Table 2, versions can be classified by their failure rate, reliability and
cost of planned & non-planned repowering. Then, the decision-maker should
select a version of each component to compose its system, thus NoC = 5%.
Figure 2(a) shows the probability density functions of the different available
versions of component S1. Figures 2(b-d) are also for S2, S3, and S4 components’
versions available in the market. Figure 2(a) depicts that Version 5 of component
S1 has a noticeable difference in mean lifetime when compared with other versions
of the same component. It is then a good candidate to be among the optimal
combination. The same statement is not expressed for the other components’
versions based on Figures 2(b-d).

The main problem in such cases is finding the best or optimal combination

(topology) of components and the optimal repowering time for such system.
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Figure 2: Lifetime distribution of each version of components S1, S2, S3, and S4.

The optimal time to repower should be calculated taking into account four
strategies presented in Section 3.1, and the best combination of components
should be optimized by considering the suitable strategy. The studied system is
a series-parallel system so the equations (16)-(19), (G.3) and (G.4) are used in
optimization.

According to Figure 1, the system is composed of three subsystems such as

18
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Table 2: data (the units are: A (year), cr(€) ,ur (hours),cx (€),ur (hours)).
versions
components | Data parameters | Verl Ver2 Ver3 Ver4 Verb
8 1.3 1.1 1.5 2 3.5
A 4.57 4.00 8.57 10.27 14.27
cr 24000 | 20000 | 18000 | 25000 | 30000
S1 wr 12 12 12 12 12
cr 68400 | 64400 | 62400 | 69400 | 74400
Wr 36 36 36 36 36
8 1 1.1 1.2 1.3 1.5
A 5.71 5.71 5.71 6.85 7.42
cr 30000 | 32000 | 31200 | 32000 | 32500
S2 1%, 52 52 52 52 52
cF 36000 | 38000 | 37200 | 38000 | 38500
Wr 76 76 76 76 76
1.1 1.1 1.2 1.4 1.4
A 8.00 8.56 8.56 9.13 9.70
cr 1100 1200 1200 1200 1300
S3 J1%s 6 6 6 6 6
cF 37100 | 37200 | 37200 | 37200 | 37300
wr 30 30 30 30 30
1.3 1.1 1.2 1.4 1.4
A 17.12 11.42 14.93 22.83 17.12
cr 34000 | 30000 | 36000 | 45000 | 45000
S4 T 60 60 60 60 60
CF 288400 | 284400 | 290400 | 299400 | 299400
Wr 108 108 108 108 108
dy =1,dy =1 and d3 = 2 (The subsystem (S1), the

subsystem

(S2), and the latter has

19

components (S3, S4)).
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Besides, each component has 5 versions in the market.

The lifetimes of the i-th versions for components S1 and S2 are X; and Y;. They
follow a Weibull distributions with parameters (\;, 5;), (A;, B;), respectively.
Also, the lifetimes of the i-th versions of S3 and S4 subsystems are Zi(l) and ZZ@).
They follow a Weibull distributions with parameters ()\;:1, ,6’;:1), and ()\;/72, ﬁ;:Q),
respectively, where i = 1,2,... 5.

For t < T, and by considering the i-th version for each component

1"

_ ()= ()P 2 ()
FXT(t)ze . h {]-— (1—6 Aivj )}7
j=1
and
T t \B; t 5’. 2 _ LB?‘
()= ()7 ()"0
E(Xr) :/ e N {1—H(1—e Mg )}dt.
0 .
Jj=1

Then, cost and availability functions can be determined and are presented in (G.3)
and (G.4), respectively. To show the obtained results, components’ parameters
in Table 2 are used. [n this table, each version of the four components is fully
characterized by: Weibull distribution with parameters (3, A in years), costs
of planned and un-planned repower (c¢r and cp in €), and respectively time to
planned and un-planned repower (g and pr in hours).

Thus, the aim is to generate the optimal time to repower each combination
(topology) of components’ versions, then the best topology based on the four
strategies is selected accordingly.

The "DEoptim" package in R is used in order to obtain the numerical results.
In this package, the Differential Evolution (DE) algorithm is implemented
for global optimization of a real-valued function of a real-valued parameter
vector as described in [57]. DE is a search heuristic introduced by [58]. Its
noticeable performance as a global optimization method on continuous numerical
minimization problems has been extensively studied and explored; see [59]. DE

belongs is a genetic algorithm which uses biology-inspired operations of crossover,
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mutation, and selection of a population so that it minimizes the objective
function over the course of successive generations (see [60]). Same as the rest of
evolutionary algorithms, DE solves optimization problems using the evolution of a
population of candidate solutions using operators such as alteration and selection.
DE also uses floating-point encoding instead of bit-string encoding of population
members. Arithmetic operations are also used instead of logical operations in
mutation. This heuristic is particularly well-suited for global optimum search
of a real-valued function of real-valued parameters. Besides, it does not require
constraints on the function to be either continuous or differentiable.

The main results for numerical computations are presented in Table 3. The
parameters for safety constraints (pg, z) are determined by the decision-maker.
If we consider z = 4 years and py = 0.6. Then the decision-maker would like
that the system does not have any unplanned repowering from 0 up to 4 years

with at least 60% confidence.

Table 3: Results for case study.

Best combination
{S1,52,53,54} T | Cost(T*) | Ava(T*) | P(T*,z2)
Strategy 1 {5,5,5,4} 5.73 | 56213.04 | 0.9955 0.7199
Strategy 2 {5,5,5,4} 7.7 58000 0.9958 0.7199
Strategy 3 {5,5,5,1} 4.88 | 55743.86 | 0.9951 0.7063
Strategy 4 (w1=0) {5,5,5,4} 10.18 | 61256.78 | 0.9958 0.7199
Strategy 4 (w1=0.1) {5,2,2,4} 7.69 | 69609.56 | 0.9951 0.6147
Strategy 4 (w1=0.5) {5,2,2,4} 7.25 | 69509.44 | 0.9950 0.6147
Strategy 4 (w1=0.75) {5,2,2,4} 7.13 | 694974 0.9950 0.6147
Strategy 4 (w1=0.95) {5,2,2,4} 7.05 | 69493.22 | 0.9950 0.6147
Strategy 4 (w1=1) {5,5,5,1} 4.87 | 55743.68 | 0.9951 0.7063

e Strategy 1: the cost function is minimized subject to a threshold level

for the availability function (0.9955) and safety constraints. The level for

availability can be selected by the decision-maker. By using equations
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(5)-(7), {5,5,5,4} is the best combination of components. The optimal
time is T* = 5.73 (years) and the minimum cost function is 56213.04
(euros). The availability of the system in this situation is 0.9955 and
the probability of non-planned repowering for not occurring in the time
interval [0, 4] is 0.7199. Therefore we must select version "5" of components
{S1, S2, S3} and version "4" of component ‘S4’. If the system
before time 1" = 5.73, then a planned repowering at
time 7' = 5.73 the cost function subject to the constraints

. Also, with 71.99% confidence, the system will not have any
unplanned repowering from 0 up to 4 years. Figure 3 shows cost function
for the best combination of this strategy. This figure also shows feasible

region by considering the mentioned constraints.

Feasible region

Cost(T)

T T T T T
45 50 55 \5}.0 6.5
T T
Figure 3: Best topology selected from strategy 1-{5,5,5,4}.

Strategy 2: the availability function is maximized under a threshold level
for the cost function (58000 €) and safety constraints. By using equations
(8)-(10), {5,5,5,4} is the best combination of components. The optimal
time is T* = 7.77 (years) and the maximum availability function is 0.9958,
the cost of the system in this situation is 58000 and the probability of
non-planned repowering for not occurring in the time interval [0,4] is
0.7199. Therefore we must select version "5" of components {S1, S2, S3}

and version of component ‘S4’; and if the system before
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time T = 7.77, a planned repowering at time T = 7.77
maximize the availability of the system subject to the

described constraints. Figure 4 shows the availability function for the
combination for this strategy. This figure also shows feasible

region by considering the mentioned constraints.

0.99580
1

Feasible region

AV(T)
0.99570

0.99560
1

Figure 4: Best topology selected from strategy 2-{5,5,5,4}.

e Strategy 3: the AC(T) function is maximized subject to safety constraints.

By using equations (13) and (14), {5,5,5,1} is the best combination of

. The optimal time is T* = 4.88 (years), the maximum AC(T')
function is 1.78e — 05, the availability functions of the system
in this situation are 55743.86 and 0.9951, respectively. The probability
of non-planned repowering for not occurring in the time interval [0, 4] is
0.7063. Therefore we must select version "5" of components {S1, S2, S3}
and version of component ‘S4’; and if the system before
time T = 4.88, planned repowering at T'= 4.88 in order
to . Therefore we must select version "5"
of components {S1, S2, S3} and version "4" of component ‘S4’; and if
the system before time T = 4.88, planned repowering should
be made at T=4.88 in order to maximize AC(T) function. Also, with an
70.63% confidence, the system will not have any unplanned repowering

from 0 up to 4 years. Figure 5 shows AC function for the best combination

23



405

406

407

408

409

417

418

419

420

for this strategy. This figure also shows feasible region by considering the

mentioned constraint.

1.8e-05

Feasible redion \

1.6e-05 1.7e-05
1 1

AC(T)

1.5e-05
1

1.4e-05
I

T T T A
k!
2 3 4 T 5 6 7
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Figure 5: Best topology selected from strategy 3-{5,5,5,1}.

e Strategy 4, L(T') function is minimized subject to safety constraints. Ac-
cording to the value of w, different optimal repowering times and best

combinations of components can be provided. Thus:

— if wy = 0: the best combination of the components to be chosen is

the 5-th version of the three first components and the 4-th version of

the last component ({5,5,5,4}) , also T* = 10.18.

if wy; = 1: the best topology to be picked is the topology ({5,5,5,1}) ,
also T = 4.87.

if 0 < wy < 1: the best combination is {5,2,2,4}. Besides, a sensitivity

was performed to the influence of w; on the optimal
time to repower. Thus, as presented in Table 3, T™* decreases as w;
increases, so when the weight of the cost function decreases (the weight
of availability function increases, 1 —w;), the planned repowering time
is higher and the cost function at optimal repowering time decreases.
However, no changes are noticed for availability and probability of
non-planned repowering parameters. Figure 6 shows L(T') function

with w; = 0.5 for the best combination for this strategy. This figure
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also shows feasible region under the considered constraint.

Feasible region

L(T)

0.000 0.005 0.010 0.015 0.020 0.025 0.030
1

Figure 6: Best topology selected from strategy 4 with w = 0.5-{5,2,2,4}.

Figures 7 and 8 are drawn for comparison purposes between the presented strate-
gies. They show the optimal cost and availability for each strategy, respectively.
Figure 7 illustrates how the optimal cost is significantly affected by the strategies.
For example, the minimum and the maximum costs are 55743.68 and 69609.56,
which are respectively caused by the same strategy 4 with w; = 1 and w; = 0.1.
Moreover, based on Figure 8, it can be seen that although changing the strategy
has no significant effect on optimal availability (minimum is 0.9950 and maximum

is 0.9958), Strategies 2 and 4 with w; = 0 do have maximum availability.
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Figure 8: Optimal availability for each strategy.

6. Concluding Remarks

In the real world, there is no unrivaled solution for the optimal repowering
topology in energy systems. Constraints such as costs and technological per-
formances are the core of the decision-making tools for defining the optimal

time and topology of repowering systems. Safety constraints are also crucial for
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warranty reasons in order to avoid replacing the system while it is still under
warranty.
This paper has developed a decision-making tool for energy systems in order to

find the optimal repowering time and topology based on the following criterion:

e Repower the energy system taking into account warranty, cost, reliability,
failure rates of several versions of the system’s components available in the

market and their warranty characteristics.

e Consider in each case a cost function to minimize, an availability function
to maximize, a joint function AC(T) to maximize and a multi-objective

function L(T') to minimize.

The core of replacement strategies of wind energy systems are within repowering
activities. One of the disadvantages of the proposed model is the fact that it
does not consider social and stakeholders criteria in the repowering decision, nor
environmental assessment of the chosen scenario was considered in this study.
A natural next step will be the incorporation of these two parameters in the
decision support tool.

Future studies will investigate other decommissioning scenarios of energy systems
and how they affect the levelized cost of energy-LCOE, since this phase received
little attention in the state of art of energy deployment and its sustainability.
Another perspective will be to consider system dependencies, weather conditions
and how it affects accessibility to the energy system. This paper consider full
repowering problem, one may also consider in future works partial repowering

and group maintenance.
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7. APPENDIX

In this section, expressions for the and cost functions are devel-
oped.
The expected availability functions for a series-parallel system can be

as (G.1) and (G.2), respectively. The expected availability and cost
functions for case study can be as (G.3) and (G.4), respectively.

er + (er —er)(1 = TT5L, FX) (D)1= TT52, By (D)1 =TT}, Fy,) (1)
Jo T (=TT FE ) -T2, B ) (0 =TT, Py @)dt
(G.1)

Cost(T) =

T n dy ) da ) ds )
Availability(T) = / [T -T[FY o) -] F e -] FL o)t
0 ;=1 j=1 ! =1 =1

T n dy ) da ) ds )
<[ / [Ta-TI 78 oya =TI F @ena =TT 25 @)dt+pe + (ur = pr)
j=1 j=1 j=1 j=1
di ds ds ) L
(1-T[F¢ H ~TIF2 @)™ (G2)
j=1 j=1 j=1

T

() (T ) ~(F
cr + (er —cp)e i {17Hj=1(lfe i

Cost(T) =

T —(E)P—(5)%

Joe ™ i {1*1_[?:1(1*6_ Mg ,‘)}dt
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T —(s+ t )ﬁl ( t : 2 + )ﬁ;/’j
Availability(T) :/ M { H l—e i )}dt
0 j=1

T i B G
<[ [T e T ) bt e e
0

(TP (T

{1-TJ[a- o 7 i’j)}r. (G.4)

j=1

28



a2 References

as [1] M. Decastro, S. Salvador, M. Gomez-Gesteira, X. Costoya, D. Carvalho,

474 F. Sanz-Larruga, L. Gimeno, Europe, china and the united states: Three
475 different approaches to the development of offshore wind energy, Renewable
476 and Sustainable Energy Reviews 109 (2019) 55-70.

a7 [2] Eurostat, Renewable energy statistics (2019).
a78 URL https://ec.europa.eu/eurostat/statistics-explained/index.

479 php/Renewable_energy_statistics
a0 [3] Nerdata, Global energy statistical yearbook 2017, Enerdata.

a1 [4] IEA, The covid-19 crisis and clean energy progress (2020).
as2 URL https://www.lea.org/reports/the-covid-19-crisis-and-clean-energy-progress/

483 industry#abstract

asa  [5] P. Tavner, Offshore wind turbines: reliability, availability and maintenance,

ass The Institution of Engineering and Technology, 2012.

ass  [6] F. Spinato, P. J. Tavner, G. Van Bussel, E. Koutoulakos, Reliability of
as7 wind turbine subassemblies, IET Renewable Power Generation 3 (4) (2009)
488 3877401.

a0 [7] S. Faulstich, B. Hahn, P. J. Tavner, Wind turbine downtime and its impor-
a00 tance for offshore deployment, Wind energy 14 (3) (2011) 327-337.

a1 [8] G. Van Bussel, M. Zaaijer, Reliability, availability and maintenance aspects
402 of large-scale offshore wind farms, a concepts study, in: Proceedings of

403 MAREC, Vol. 2001, 2001.

as  [9] N.B. Negra, O. Holmstrom, B. Bak-Jensen, P. Sorensen, Aspects of relevance
a5 in offshore wind farm reliability assessment, IEEE Transactions on energy

206 conversion 22 (1) (2007) 159-166.

29



497

498

499

500

501

502

503

512

513

514

515

516

517

518

522

523

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

W. Carswell, S. R. Arwade, D. J. DeGroot, M. A. Lackner, Soil-structure
reliability of offshore wind turbine monopile foundations, Wind Energy

18 (3) (2015) 483-498.

U. Bhardwaj, A. Teixeira, C. G. Soares, Reliability prediction of an offshore
wind turbine gearbox, Renewable Energy 141 (2019) 693-706.

L. Liu, H. Bian, Z. Du, C. Xiao, Y. Guo, W. Jin, Reliability analysis of
blade of the offshore wind turbine supported by the floating foundation,
Composite Structures 211 (2019) 287-300.

N. Tazi, E. Chatelet, Y. Bouzidi, R. Meziane, Wind farm topology-finding
algorithm considering performance, costs, and environmental impacts, Envi-

ronmental Science and Pollution Research 25 (25) (2018) 24526-24534.

T. Pereira, R. Castro, Comparison of internal grid topologies of offshore
wind farms regarding reliability and economic performance metrics analysis,

IET Renewable Power Generation 13 (5) (2019) 750-761.

M. Luengo, A. Kolios, Failure mode identification and end of life scenarios

of offshore wind turbines: a review, Energies 8 (8) (2015) 8339-8354.

P. Hou, P. Enevoldsen, W. Hu, C. Chen, Z. Chen, Offshore wind farm
repowering optimization, Applied energy 208 (2017) 834-844.

E. Topham, D. McMillan, Sustainable decommissioning of an offshore wind

farm, Renewable energy 102 (2017) 470-480.

E. Lantz, M. Leventhal, I. Baring-Gould, Wind power project repowering:
financial feasibility, decision drivers, and supply chain effects, Tech. rep.,
National Renewable Energy Lab.(NREL), Golden, CO (United States)
(2013).

L. Castro-Santos, A. F. Vizoso, E. M. Camacho, L. Piegiari, Costs and
feasibility of repowering wind farms, Energy Sources, Part B: Economics,

Planning, and Policy 11 (10) (2016) 974-981.

30



524

525

526

527

536

537

538

539

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

F. Safaei, N. Tazi, E. Chéatelet, Y. Bouzidi, Optimal topology and repowering
time for offshore wind turbines, in: 2019 6th International Conference on
Control, Decision and Information Technologies (CoDIT), IEEE, 2019, pp.
1344-1349.

L. Ziegler, E. Gonzalez, T. Rubert, U. Smolka, J. J. Melero, Lifetime
extension of onshore wind turbines: A review covering germany, spain,
denmark, and the uk, Renewable and Sustainable Energy Reviews 82 (2018)
1261-1271.

M. Bezbradica, H. Kerkvliet, I. M. Borbolla, P. Lehtimé&ki, Introducing
multi-criteria decision analysis for wind farm repowering: A case study on
gotland, in: 2016 International Conference Multidisciplinary Engineering

Design Optimization (MEDO), IEEE, 2016, pp. 1-8.

J. Piel, C. Stetter, M. Heumann, M. Westbomke, M. Breitner, Lifetime
extension, repowering or decommissioning? decision support for operators

of ageing wind turbines, in: Journal of Physics: Conference Series, Vol.

1222, IOP Publishing, 2019, p. 012033.

L. Ziegler, J. Lange, U. Smolka, M. Muskulus, The decision on the time to
switch from lifetime extension to repowering, Proceedings of Wind Europe

Sumimit.

T. Rubert, D. McMillan, P. Niewczas, A decision support tool to assist with
lifetime extension of wind turbines, Renewable Energy 120 (2018) 423-433.

L. Serri, E. Lembo, D. Airoldi, C. Gelli, M. Beccarello, Wind energy plants
repowering potential in italy: technical-economic assessment, Renewable

Energy 115 (2018) 382-390.

Z. Stefan7 M. Brezovec, D. Mundar, A decision support system for hydro
power plants in markets for energy and ancillary services, in: 2011 8th
International Conference on the European Energy Market (EEM), IEEE,
2011, pp. 442-447.

31



552

553

554

555

556

557

558

566

567

568

569

570

571

28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

L. Basson, J. G. Petrie, An integrated approach for the consideration of
uncertainty in decision making supported by life cycle assessment, Environ-

mental Modelling & Software 22 (2) (2007) 167-176.

E. L. S. Teixeira, B. Tjahjono, S. C. A. Alfaro, R. Wilding, Extending the
decision-making capabilities in remanufacturing service contracts by using

symbiotic simulation, Computers in Industry 111 (2019) 26-40.

C. Stetter, M. Heumann, M. Westbomke, M. Stonis, M. H. Breitner, A real
options approach to determine the optimal choice between lifetime extension
and repowering of wind turbines, in: Operations Research Proceedings 2019,

Springer, 2020, pp. 291-297.

A. C. Silvosa, G. I. Gomez, P. d. Rio, Analyzing the techno-economic
determinants for the repowering of wind farms, The Engineering Economist

58 (4) (2013) 282-303.

T. Weiss, Wind power project development: Financial viability of repowering

with retscreen as a decision aid tool (2015).

H. Kerkvliet, H. Polatidis, Offshore wind farms’ decommissioning: a semi
quantitative multi-criteria decision aid framework, Sustainable Energy Tech-

nologies and Assessments 18 (2016) 69-79.

P. Del Rio, A. C. Silvosa, G. I. Gémez, Policies and design elements for
the repowering of wind farms: A qualitative analysis of different options,

Energy Policy 39 (4) (2011) 1897-1908.

K. Na, H. Lee, M. Liew, N. W. A. Zawawi, An expert knowledge based
decommissioning alternative selection system for fixed oil and gas assets in

the south china sea, Ocean Engineering 130 (2017) 645-658.

M. Henrion, B. Bernstein, S. Swamy, A multi-attribute decision analysis for
decommissioning offshore oil and gas platforms, Integrated environmental

assessment and management 11 (4) (2015) 594-609.

32



579

580

581

582

583

584

585

593

594

595

596

597

598

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

A. M. Fowler, A.-M. Jgrgensen, J. W. Coolen, D. O. Jones, J. C. Svendsen,
R. Brabant, B. Rumes, S. Degraer, The ecology of infrastructure decom-
missioning in the north sea: what we need to know and how to achieve it,

ICES Journal of Marine Science 77 (3) (2020) 1109-1126.

S. Himpler, R. Madlener, Optimal timing of wind farm repowering: A

two-factor real options analysis, Journal of Energy Markets 7 (3).

H. Sun, X. Gao, H. Yang, Investigation into offshore wind farm repow-
ering optimization in hong kong, International Journal of Low-Carbon

Technologies 14 (2) (2019) 302-311.

X. Xu, W. Hu, D. Cao, W. Liu, Z. Chen, H. Lund, Implementation of
repowering optimization for an existing photovoltaic-pumped hydro storage
hybrid system: A case study in sichuan, china, International Journal of

Energy Research 43 (14) (2019) 8463-8480.

R. Madlener, B. Glensk, L. Glasel, Optimal timing of onshore wind re-
powering in germany under policy regime changes: A real options analysis,
Energies 12 (24) (2019) 4703. doi:10.3390/en12244703.

URL http://dx.doi.org/10.3390/en12244703

I. Martins, F. Moraes, G. Tavora, H. Soares, C. Infante, E. Arruda,
L. Bahiense, J. Caprace, M. Lourengo, A review of the multicriteria decision
analysis applied to oil and gas decommissioning problems, Ocean & Coastal

Management 184 (2020) 105000.

M. Park, H. Pham, Cost models for age replacement policies and block
replacement policies under warranty, Applied Mathematical Modelling 40 (9-
10) (2016) 5689-5702.

M. Park, K. M. Jung, D. H. Park, Two-dimensional maintenance with repair
time threshold and generalized age replacement policy, Reliability Modeling
With Computer And Maintenance Applications (2017) 295.

33



606

607

608

609

610

611

612

620

621

622

623

624

625

626

627

[45]

[46]

[47]

48]

[49]

[50]

[51]

[52]

[53]

[54]

F. Safaei, J. Ahmadi, N. Balakrishnan, A repair and replacement policy
for repairable systems based on probability and mean of profits, Reliability
Engineering & System Safety 183 (2019) 143-152.

F. Safaei, E. Chéatelet, J. Ahmadi, Optimal age replacement policy for par-
allel and series systems with dependent components, Reliability Engineering

& System Safety (2020) 106798.

R. E. Barlow, F. Proschan, Mathematical theory of reliability, Vol. 17, Siam,
1996.

S. Wu, D. Clements-Croome, Preventive maintenance models with random
maintenance quality, Reliability Engineering & System Safety 90 (1) (2005)
99-105.

Y.-y. Tang, Y. Lam, A é-shock maintenance model for a deteriorating

system, European Journal of Operational Research 168 (2) (2006) 541-556.

X. Zhao, K. N. Al-Khalifa, A. M. Hamouda, T. Nakagawa, Age replace-
ment models: A summary with new perspectives and methods, Reliability

Engineering & System Safety 161 (2017) 95-105.

T. Nakagawa, Maintenance theory of reliability, Springer Science & Business

Media, 2006.

K. S. Trivedi, A. Bobbio, Reliability and availability engineering: modeling,

analysis, and applications, Cambridge University Press, 2017.

F. Safaei, J. Ahmadi, B. S. Gildeh, An optimal planned replacement time
based on availability and cost functions for a system subject to three types

of failures, Computers & Industrial Engineering 124 (2018) 77-87.

J. G. Lin, On min-norm and min-max methods of multi-objective optimiza-

tion, Mathematical programming 103 (1) (2005) 1-33.

34



631

632

633

634

635

636

637

644

645

[55]

[56]

[57]

[58]

[59]

[60]

Q.-z. Xu, L.-m. Guo, H.-p. Shi, N. Wang, Selective maintenance problem
for series—parallel system under economic dependence, Defence technology

12 (5) (2016) 388-400.

N. Tazi, E. Chéatelet, Y. Bouzidi, How combined performance and prop-
agation of failure dependencies affect the reliability of a mss, Reliability

Engineering & System Safety 169 (2018) 531-541.

K. Mullen, D. Ardia, D. L. Gil, D. Windover, J. Cline, Deoptim: An r pack-
age for global optimization by differential evolution, Journal of Statistical

Software 40 (6) (2011) 1-26.

R. Storn, K. Price, Differential evolution—a simple and efficient heuristic for
global optimization over continuous spaces, Journal of global optimization

11 (4) (1997) 341-359.

K. Price, R. M. Storn, J. A. Lampinen, Differential evolution: a practical

approach to global optimization, Springer Science & Business Media, 2006.

M. Mitchell, An introduction to genetic algorithms, MIT press, 1998.

35





