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This paper presents a fuzzy-multiple objective optimization methodology to plan stand-alone electricity
generation systems. The optimization process considers three main objectives, namely technology cost,
environmental and societal impacts. For each feasible solution of the Pareto set, a system reliability index
is evaluated along the lifetime of the project. As a key contribution, the decision making process is carried
out by applying a fuzzy satisfaction method (FSM). The FSM accounts simultaneously four key performance
indexes (KPI): technical, economic, environmental and social. The novelty of the proposal lies on the inclusion
of societal impact (local wealth creation) in the FSM used here to select the more appropriate solution. Previous
contributions on FSM only accounts two of four indexes considered in this paper. The methodology was applied
in a Colombian case study. The results show the importance of the simultaneous consideration of technical,
economic, environmental and social objectives in the evaluation of off-grid energization solutions.

1. Introduction

Planning stand-alone electricity systems in rural areas is a topic of
great interest for policy makers in developing regions. Energy planners
should consider different technic-economic, environmental and social
aspects to assess off-grid solutions. The planning problem can be ad-
dressed by means of an optimization model with several objectives.
In practice these objectives are conflicting and multiple-objective op-
timization models must be solved to find out the more appropriate
combination of resulting objectives.

The challenge is how to specify an affordable, cost effective and
sustainable solution for stand-alone electricity generation systems since
isolated communities lack economic conditions to cover the real cost of
service. Furthermore, it is necessary to consider alternative strategies
to improve the coverage, mainly if the expansion of the distribution
network is unacceptable from a technic and/or economic point of view
[1, 2]. As a result, the problem of selecting and sizing the technologies
for a stand-alone electricity generation systems must be analyzed from
the broader context.

* Corresponding author.

A series of contributions can be found in literature about how to op-
timize stand-alone electricity generation systems [3]. In general, many
of these valuable optimization approaches are based on multiple ob-
jective deterministic models. Some of them include specific strategies
to perform decision making tasks once the set of feasible solutions are
identified and ranked. In order to introduce uncertainty in the decision
making-process, vast majority of methodologies use statistics to select
the appropriate solution [4].

However, when statistics are not available, some few contributions
resort to fuzzy modelling to represent the vagueness associated to the
reliability of each possible solution is some extent. For instance, a fuzzy
satisfaction method (FSM) has been previously applied in Malaysia [5].
This proposal characterizes solutions for stand-alone systems but only
accounting only two objectives: economic (system cost) and environ-
mental (carbon dioxide emissions) in the FSM. Including other aspects
such as societal and system reliability indexes in the FSM could be
worth. Indexes such as local economic impacts or expected energy not
supplied can be useful to get a sustainable electricity off-grid solution

[6].
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Table 1
Review of key performance indexes (KPI) according objectives of the planning problem.
Objective Index Description Reference
EC NPV Net Present Value [7,8,9,10, 11]
EC TIC Total Investment Cost [12,13]
EC LCC Life Cycle Cost [14, 15, 16, 17]
EC LCOE Levelized Cost of Energy [18, 19, 20, 21, 22]
EC TAC Total Annual Cost [23, 24, 25]
TC LPSP Probability of Loss of Power Supply [21, 24]
C LOLP Probability of Loss of Power [26]
TC EIR Energy Index Reliability [5]
TC LOLR Risk of Load Loss [27]1
TC LOLE Expected Load Loss [28]
TC DPSP Probability of Supply Deficiency [29]
TC ENS Energy Not Supplied [30]
TC ELF Load Loss Factor [15, 31]
TC WRE Unused Renewable Energy [19]
TC REP Penetration of Renewable Energy [16]
TC P (R) Probability of Risk Status [20]
EV E TotalCO, Emissions [10, 15, 23]
EV EE Embodied Energy [32]
EV LCA Life Cycle Emissions [14, 23]
SC EA Energy acceptance [7]
SC HDI Human developing [8]
SC HDI Job creation [8]
SC LWC Local Wealth Creation [6]

After careful review of literature, we did not find decision-making
strategies for stand-alone electricity generation systems planning based
on fuzzy satisfaction methods accounting simultaneously economic, en-
vironmental and societal and technical (reliability) impacts. In order to
demonstrate the novelty of the proposal, a exhaustive list of existing
contributions in this topic is provided in Section 2 where generation
technologies, performance indexes, optimization techniques and deci-
sion making strategies are classified and analyzed.

To fill the research gap, this document presents a multi-objective
optimization model whose decision-making strategy is based on a fuzzy
satisfaction method.

The optimization process considers three main objectives, namely
technology cost, environmental and societal impacts through the con-
cept of local wealth creation [6]. For each feasible solution of the Pareto
set, a fourth index (system reliability) is evaluated along the lifetime of
the project. The feasible set of efficient solutions are weighted with the
fuzzy satisfaction method in order to select the best alternative from the
Pareto set. The authors deem the application of a fuzzy approach can
provide increased insight into energy planning decision making pro-
cesses. The proposal has been applied in a off-grid zone of Colombia.

This document is organized as follows. Section 2 is devoted to review
the state of art. The methodology is presented in Section 3. In Section 4
the results obtained from a Colombian case-study are presented and
analyzed. Conclusions are drawn in Section 5.

2. Background

The planning problem of stand-alone electricity generation systems
have been widely treated in literature. Existing references on the topic
can be classified according to three different scopes: 1) key performance
indexes (KPI) used to valuate feasible solutions (Table 1), 2) optimiza-
tion methodologies used to screen out feasible solutions (Table 2) and
3) decision-making procedures to select and recommend the best option
(Table 3).

2.1. Key performance indexes

Table 1 lists a classification of key performance indexes (KPI) de-
pending on economic (EC), technical (TC), social (SC) and environmen-
tal (EV) dimensions of the planning problem.

The majority of existing planning methodologies are related with
the economic performance (EC) dimension: net present value, total in-

vestment cost, life cycle cost, levelized cost of energy and total annual
cost. Some specific contributions deal with technic aspects (TC) such
as reliability (probability of loss of supply, energy not supplied, etc)
and penetration levels of renewable-based generation (unused renew-
able energy, penetration of renewable energy, etc.). Recent trends on
low carbon energization are introducing performance indexes according
to environmental considerations (EV) such as total emissions, embodied
energy and life cycle assessment.

It is worth to highlight that the social aspect (SC) has been pre-
viously included in the decision making analysis from a qualitative
perspective [20, 33, 34] but not incorporated as a performance index
relating societal impacts in the optimization stage. Recently, [7, 8] con-
sidered societal indexes at the optimization stage. In this paper, the
local wealth creation (LWC) index proposed by [6] is incorporated both
in the optimization stage and the decision-making stage.

2.2. Multiple-objective optimization stage

Since foregoing indexes are relevant to assess the suitability of an
effective solution, the evaluation of the problem as a whole requires
to pose a mathematical optimization problem with multiple objectives
(MO) [35]. This kind of optimization allows to identify the set of strate-
gies for an appropriate design solution.

The methodology of selection and sizing of stand-alone generation
systems can be written as a MO optimization problem.

The solution of the MO problem is then described by the Pareto
front, a set of non-dominated solutions [44] obtained by conventional,
heuristic or hybrid methods and use of specific software [45]. Table 2 in
a general way the main MO optimization methods reported in literature
applied to plan stand-alone electricity generation systems. The methods
are classified by the corresponding optimization technique [46].

There are a number of commercial/open source software tools suit-
able to be used in the planning process. The Standard optimization
microgrid design software HOMER [9] and Clean Energy Management
software RetScreen [45] use conventional linear-programming opti-
mization methods to get feasible solutions. The Hybrid Optimization
by Genetic Algorithms (iHOGA) is based on heuristic methods [8].

In this paper, we use a genetic algorithm [39] to screen out feasible
solutions of the MO problem considering economic (EC), environmental
(EV) and societal (SC) objectives. Technical performance (TC) is cal-
culated a posteriori. A reliability index, Energy not supplied (ENS), is
evaluated for each solution of the Pareto set.
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Table 2

Multiple objective optimization models for stand-alone generation systems planning.
Type Method Description Reference
Conventional LP Linear Programming [36]
Conventional MILP Mixed Integer Linear Programming [13, 37]
Conventional NLP Non Linear Programming [33, 34, 38]
Heuristics GA Genetic Algorithms [39]
Heuristics MPSO Modified Particle Swarm Optimization [12]
Heuristics SPEA Strength Pareto Evolutionary Algorithms [22]
Heuristics MOEA Multi-Objective Evolutionary Algorithm [7]
Heuristics ABC Artificial Bee Colony [18]
Heuristics NSGA II Non-Sorting Genetic Algorithm [29, 32, 40]
Heuristics MLUCA MOA of Alignment Competition [23]
Hybrid IPF Iterative Fuzzy Pareto [5]
Hybrid SA-TS Hybrid Tabu-Search Simulation-annealing [41]
Hybrid PSOMCS PSO and Monte Carlo Simulation [42]
Hybrid HTGA-ES Hybrid GA and Exhaustive Search [43]

Table 3

Review of decision making strategies to define stand-alone electricity generation systems.
Objectives Technologies Decision making method References
EC-EV PV-DG-FC-B AHP [14]
EC-EV PV-WT-T-B Ranking [10, 22, 23]
EC-EV PV-WT-B Topsis [19]
EC-EV PV-WT-B Single Objective Optimization [15, 47]
EC-TC PV-WT-B Single Objective Optimization [17, 26]
EC-TC PV-WT-B Single Objective Optimization [24, 25]
EC-TC PV-WT-B Ranking [29, 48]
EC-TC PV-WT-T-B Single Objective Optimization [16, 28, 49]
EC-TC PV-WT-FC Single Objective Optimization [21, 27, 50]
EC-EV-TC PV-WT-B Ranking [32]
EC-EV-TC PV-WT-FC-HT Ranking [31]
EC-SC PV-WT-T-B Ranking [7]
EC-TC PV-WT-T-B Ranking [20]
EC-TC PV-WT-T-BM-B Ranking [33]
EC-TC PV-WT-T-B AHP [34]
EC-TC PV-WT-T-HG-BM-B Single Objective Optimization [51]
EC-TC PV-WT-B Fuzzy Satisfaction [5]
EC-TC-EV-SC PV-WT-T-B Fuzzy Satisfaction This paper

2.3. Decision-making stage

Once the multiple objective optimization problem is stated with
the performance indexes listed in Table 1 and later solved using any
technique listed in Table 2, it is necessary to select the more appro-
priate solution accounting all aspects under consideration. Therefore,
the decision-making process is carried out using a number of strate-
gies. Table 3 presents different decision making procedures applied
to select efficient solutions. The list of contributions on this topic is
classified according to economic, technical, environmental and societal
objectives (EC, TC, EV and SC) and also by technologies considered
wind (WT), solar photovoltaic (PV), combined with battery banks (B),
thermal solutions (including diesel reciprocating engines and natural
gas micro-turbine) (T), fuel cells (FC), small-scale hydraulic generation
(HG), biomass (BM) and hydro tank (HT).

Some contributions in Table 3 pose planning problem as a single
objective optimization problem. In this case, only one solution is get
and no decision making process is carried out.

Contributions based on multiple objective optimization can rank the
set of efficient solutions (Pareto front) according decision maker pref-
erences. In this case qualitative aspects are included to guide the best
choice.

Other contributions select the best option according to a given
methodology such as Topsis, Analytical Hierarchal Processing (AHP)
or Fuzzy Satisfaction methods (FSM).

Notice that the economic objective is clearly predominant in deci-
sion making process. In some contributions such as [14, 19, 23], the
environmental or technical objectives are also included. Contributions

[20, 33, 34] deal with economic and technical objectives at the same
time.

In this review we found only one contribution that applies the fuzzy
satisfaction method (FSM) in the decision making process [5]. However
only two objectives are considered economic (EC) and technical (TC).

In this paper we improve the approach proposed in [5] by includ-
ing the environmental (EV) and societal (SC) objectives [6]. Last row
of Table 3 shows how this contribution makes the difference with re-
spect to existing decision making procedures used in literature to select
the more appropriate solution for the stand-alone generation systems
planning problem.

3. Methodology

In this section the statement of the multiple objective optimization
problem and the proposed decision-making process is described in de-
tail. The multiple objective problem can be solved using any suitable
technique based on traditional mathematical programming or heuris-
tic algorithms. In this paper, the multiple objective problem is solved
using a Genetic Algorithm. Each solution of the Pareto set includes spe-
cific figures for economic (EC), environmental (EV) and societal (SC)
objectives.

System reliability - Expected Energy Non Supplied - regarded here
as a technical objective (TC) is determined a posteriori for each element
of the Pareto set. The decision-making process — selecting the best op-
tion from the Pareto set — is carried out through the fuzzy satisfaction
method (FSM) considering all four objectives stated above: EC, EV, SC
and TC.
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3.1. The multiple-objective optimization model

The optimization problem is defined as a three-objective constrained
model in Eq. (1).

min F(x) = [f1(x), f,(x), = f3(x)] (€9)
subjectto g (x)=0 i=1,...m
hj(x)SO j=1,..,p

The first objective f;(x) corresponds to the minimization of life cycle
costs (LCC) of the project. Life Cycle Cost (LCC) is an important eco-
nomic (EC) performance index that account the impact both pending
and future costs of the project. It compares initial investment options
and identifies the least operational cost over a given period.

The second objective f,(x) — the environmental (EV) one — corre-
sponds to the minimization of the life cycle of carbon dioxide CO,
emissions (LCE).

Finally, the third objective f3(x) accounts a societal benefit (SC).
The inclusion of this societal objective in the planning process of stand-
alone generation systems constitutes the main contribution of the paper.
This objective comprises the maximization the social benefit associated
to economic growth and job creation in the life cycle of local wealth
creation (LWC) [6].

The vector of decision variables is given by four elements:

x =[x1,%3,%3,%417 =[Apy, Ay, Pr, PglT 2

where,

Apy is the total surface area of the photovoltaic system (PV) in m?2,

Ay, is the total sweep area of the wind turbine(WT) system turbines
in m2,

Py is the average power output of the thermal (T) reciprocating
engine in kW.

Py is the charge level of the battery bank (B) in Ah.

The aforementioned objective functions are constrained to one (m =
1) equilibrium equation (energy balance) and four (p =4) capacity
constraints associated to admissible upper and lower bounds for the
dispatch of each technology: photovoltaic (PV), wind (WT), diesel (T)
and battery storage (B).

In the following, each objective of the multiple objective optimiza-
tion problem written in Eq. (1) is defined.

3.1.1. Economic objective: Life Cycle Cost (LCC)

The Life Cycle Cost (LCC) of the stand-alone generation system eval-
uates for each technology the net present value of capital and mainte-
nance expenditure (CAPEX) and operational costs (OPEX).

F1)=Crlly. ) + Gyl v) + Collny.v) = Ico, (17, V) 3

where,
1, is the project lifetime in years,
y is the annual discount rate in percent,
v is the annual inflation rate in percent,
C, is the present value of capital costs in $ (Colombian currency),
C,, is the present value of maintenance costs of system elements in

C, is the present value of operating costs of the system (fuel) in $,

Ico, is the present value of the income from avoided CO, emissions
in$.

The capital expenditure or fixed cost (C;) corresponds to the
overnight cost of the generation system as well as the present value
of battery replacements in the future. The cost of replacement of the
associated electronic equipment such as regulator and inverter are not
considered, taking into account that the life span of these equipments
commercially is higher than 25 years. The fixed cost also includes the
engineering, procurement and construction (EPC) expenditures. The
maintenance cost (C,,), operating cost (C,) and avoided emission cash
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flows (I¢p,) are given by their net present value cost along /, years
project and an annual discount rate y expressed in percent.

The fixed cost C, can be decomposed in four components: the fixed
cost of photovoltaic (Cp ), wind (Cy, 1), diesel plant (C;) and battery
solutions (Cp). The fixed cost of batteries is calculated at present value
considering a number of replacements along the project lifetime.

Cr=Cpy +Cyr+Cr+Cyp @
Cr=cpy  Ppy +eyp - Pyr+oep-Br+ 5)
’Y:Bl cp- Py (%)(H)b/ 6)

where,

cpy is the fixed cost of the photovoltaic panels per unit of installed
area in $/m?2,

cyr is the fixed cost of the wind turbine system per unit of swept
area in $/m?,

cp is the fixed cost of the battery banks in $/Ah,

¢ is the fixed cost of the thermal reciprocating engine in $/kW,

b, is the battery lifetime in years,

Yy is the number of battery replacement along the project lifetime:
e /b

Where, b, is the battery bank lifespan and /, is the project lifetime.

Depending on the technology used (photovoltaic, wind, storage and
diesel) the net present value of the maintenance cost is determined as:

[} 14+vj / 1+v i
Con =2y Cmpv - Apy - (T + L o - Awr - () Q)
! 1+vi / 1+vi
+ 2 emp - Py () + XL Cur - P ()
where,

¢,py is the maintenance cost of photovoltaic system in $/m?2,

¢, is the maintenance cost of the wind solution in $/m?,

¢,,p is the maintenance cost of the batteries in $/Ah,

¢,,r is the maintenance cost of the thermal reciprocating engine in
$/kW.

The net present value of the operational cost is given by

T Ppcy - H ,
Co= Y — (e ®
Hfuel 1+7

i=1

where,

¢ /4o is the fuel cost, given in $/m> for GLP and $/1 for diesel,

Hy, is the heat rate of thermal component in Btu/kWh,

T is the average operation time in hr/year, this is established by the
planner,

H . is the specific heat value by fuel, given in Btu/m? for GLP and
Btu/1 for diesel.

The net present value of the income due to avoided CO, emissions
is estimated by comparing the emissions of the system with the virtual
emissions obtained if the energy was obtained from the network. This
is given by:

T-B;
T O

Ico,=4-le,- Wpy + Wyr + W+ Wr) -, = (er

where,

A is price of avoided emissions in $/tCO,,

e, is the emissions factor with reference to the network in tCO,/
MWh,

er is the emissions factor of CO, produced by the thermal recipro-
cating engine in tCO,/MWh,

Wpy is the annual real energy produced by the photovoltaic system
in MWh/year,

Wy r is the annual real energy produced by the wind system in
MWh/year,

Wg is the annual real energy stored in the battery bank in
MWh/year,
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Wy is the annual energy produced by the reciprocating engine in
MWh/year.

The energy produced by the photovoltaic generation system in kWh
is a function of the average solar irradiation in the area, assuming an
operating time in the year of 8760 hours.

Wiy =8760Ppy =8760 - py - i - Apy - S; (10)

where,
Ppy, is the annual average output of the photovoltaic system in kW,
npy is the total efficiency of the photovoltaic system in per unit,
i s the total efficiency of the inverter system in per unit,
S| is the average solar irradiance in kW/m?2.
The efficiency of the wind conversion process is determined accord-
ing to [32] as:

fwr =Cp figp g an

where,

Cp is the wind turbine conversion efficiency,

ngp is the efficiency of the gear box,

ng is the efficiency of the electric generator.

The density of the air relies on the height in (kg/m?) of the wind
turbines and its value is estimated according to [32] as:

354.049  -0.034- 7
p=——"-¢e a
T

a

12)

where,

z is the average height of the wind turbine hub in meters,

T, is the average temperature of the environment in C°.

For the simplification of the model, the energy produced by the wind
unit is obtained from average wind speed in the area, assuming an op-
erating time in the year of 8760 hours:

Wy = 8760Py, 1 = 8760 - nyp- - g Ay (13)

where,

Py, is the annual average output of the wind system in kW,

nyr is the total efficiency of the wind conversion,

p is the density of the air kg/m?,

v is the average wind speed m/s.

The energy stored in battery bank is a function of the operational
voltage. Using a reduced battery model for optimization model simplic-
ity, assuming an average state of charge (SOC).

_ %SO0C
B 1108

"I[nu'PB'VB 14

where,

%SOC is the percentage of average battery state of charge,

Py is the battery bank capacity in Ah,

Vj is the operating voltage of the battery bank in V.

The energy produced by the thermal reciprocating engine is a func-
tion of the average time of operation T in hours and given by

Wy P T (15)

1
= 1000
3.1.2. Environmental objective - Life Cycle Emissions (LCE)

The second objective function of the multiple objective optimization
problem accounts the CO, emissions produced during the operation of
the system. The emissions comprise the carbon footprint produced dur-
ing the construction process, installation and commissioning of each
technology including the emissions generated in the manufacturing of
the components, transporting of the components from the factory to the
place of the system.

Photovoltaic and wind turbine technologies have a foot-print associ-
ated with emissions produced during the manufacturing process. In this
way, a broad context of the environmental emissions and impacts gen-
erated by the stand-alone electricity energy system is considered. Thus,
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total emissions are determined through specific emission factors for the
installed capacity of each technology that should be added to the emis-
sions produced by the operation of the thermal reciprocating engine.
The emission factors applied in this paper were taken from [22]. The
overall objective function for the Life Cycle Emissions (LCE) is given by
the following expression:

fr)=epy - Ppy + eyt - Pyr+ep- Pp+erg- Pr+yr-Wr 16)

where,

Py is the average charge level of the battery bank in Ah,

Py is the average power output by the thermal reciprocating engine
kw,

epy is the emission factor for the photovoltaic system kgCO,/kW,

ey is the emission factor for the wind turbine system kgCO,/
kw,

ep is the emission factor associated with battery installation
kgCO,/Ah,

er is the emission factor associated with reciprocating engine man-
ufacturing kgCO,/kW,

yr is the emission factor for thermal operation kgCO,/kWh.

3.1.3. Societal objective - Local Wealth Creation (LWC)

The third objective to be considered in the optimization problem ac-
counts the social impact of the stand-alone energy supply in the area.
The inclusion of this objective constitutes the main contribution of the
paper. The concept of Local Wealth Creation (LWC) is applied [6]. This
concept combines economic growth with job creation accounting the
acceptance and appropriation of the project by the community. This
function considers the job creation during the life cycle [33]. The con-
tribution of the stand-alone generation system to economic growth is
determined considering the energy intensity and the job creation related
to each component of the system. The local wealth creation function is
expressed as:

F3(X) =€eng - Wpy + Wyyp + W+ W) - [, +a - Jo(x) a7)

where,

€eng is the local energy intensity in $/MWh,

a is the contribution factor to the LWC for job created in $/Jobs

Jo(x) is the job creation function. The job creation function is de-
fined by unitary factors that relate the jobs created during to the con-
struction, transportation and installation of hybrid generation system
technologies. Job requirements for operation and maintenance are also
included. Given by the number of jobs created during the life cycle and
based on the job creation factors presented in [7] and [33], the function
of job creation is expressed as:

JexX)=Jpy - Ppy +Jyy - Pyp+Jg - Pg+Jpg - Pr+J, - Wr (18)

where,
Jpy is the job creation factor for photovoltaic system in Jobs/kW,
Jyr is the job creation factor for WT system in Jobs/kW,
Jp is the job creation factor for installation of the batteries in
Jobs/kW,
Jr¢ is the job creation factor for thermal installation in Jobs/kW,
J, is the job creation factor for the operation of the reciprocating

&g
engine in Jobs/kWh.

3.1.4. Optimization model constraints

The three objectives detailed above are constrained to the energy
balance of the system as well as the lower and upper bounds of the
decision variables. Thus, one energy balance equation and four capacity
constraints are recognized.

System energy balance in kWh/yr is given by

Wpy + Wyp + W+ W =W, 19
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i< nsol ———>  Satisfaction
method

Fig. 1. General planning algorithm.

where photovoltaic (Wpy ), wind (W), 1), storage (W;) and diesel gen-
erator (Wr) generated energy flows expressed in kWh per year. These
energy contributions are determined according to equations (10)-(15).
Energy demand (W)p) in kWh/yr is previously defined by the energy
planner. For the sake of simplicity, the amount of energy wasted from
renewable sources is considered negligible when it exceeds the demand

Ppy = Apy - kpy

Pyr=Ayr kyr

3.2. Solution approach

(24)
(25)

and the battery bank is charged. The system capacity constraints are

given by

The planning problem is solved in three different stages. In the first
stage I, the multiple objective optimization problem is solved with a
Genetic Algorithm (MOGA) and the Pareto front (containing LCC, LCE
and LWC performance indexes) is identified from the set of the feasi-

min max
Apy SApy S Apy (20) ble solutions. In the second stage II, the energy reliability index (EIR)
Awﬂr < App <A 21 is determined for each solution of the Pareto front. The most appropri-
) ate solution is selected at third stage III by applying the proposed fuzzy
pmin < p < pmax (22) . . N . . . .
B ='B=1'p satisfaction method (FSM) according to the three objectives obtained in
P;nin < Pp < Prex 23) stage I (LCC, LCE and LWC performance indexes) and the energy relia-

where lower and upper capacity bounds are specified by each technol-

ogy.

For the sake of simplicity, this model does not include distribution
lines since generation facilities and loads are located in the same place.
For this reason, a restriction on distribution losses is not included and
no associated cost is added in the objective function of the economic

aspect.

The average power output of each kind of renewable units depends
on the decision variables Ap, and Ay, and a scaling factor kp;, and

ky,r in KW/m?, respectively.

bility index (EIR) evaluated in stage II. The complete solution approach
is described in detail in the ten-step algorithm depicted in Fig. 1.

3.2.1. Data setup

Step 1: Input parameters of the optimization algorithm are settled:
the load curves, the annual irradiance curve, the annual wind speed
curve, technology costs (CAPEX, OPEX), technical parameters of each
technology, emission factors, job creation factors, project parameters
such as interest rates and life cycle time, maximum demand and con-
sumption. Upper and lower limits of decision variables are also estab-
lished.
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3.2.2. Stage I: MOGA solution and Pareto front identification

Step 2: The mathematical problem is solved. A multiple objective
genetic algorithm (MOGA) is run to solve the optimization problem
stated in Eqgs. (3)-(18) subject to Egs. (19)-(25). Technical solutions for
economic, environmental and societal objectives are identified. This ap-
proach is based on a variation of the algorithm NSGA-II (Non-Sorting
Dominated Genetic Algorithm) with elitist selection of non-dominance
[32]. The algorithm favors individuals with a higher value that help
increase the diversity of the population, even if they have a lower fit-
ness value. It is important to assure the diversity of the population for
the convergence of the Pareto optimal front and to identify the number
of elite members (Pareto non-dominated solutions) in the iterative pro-
cess. There are two options for elite identification in the search of the
Pareto optimal front: Pareto fraction and distance function. The frac-
tion function limits the number of individuals on the Pareto front (elite
members) and the distance function helps maintain sufficient diversity
to favor individuals who are far from the optimal front

The optimization problem yields the Pareto front with i =1,...,n,,
solutions in the form x; = [Ap}, Ay 1, Py, Pr]T. Each solution is eval-
uated at objective function fl."bj , 0bj =1,..,n,;. The average power
output of renewable, charge level and thermal reciprocating engines
are determined (Ppy, Py r and P;) from decision variables.

3.2.3. Stage II: energy reliability index evaluation

Step 3: Each solution of the Pareto front i =1, ..., ny, is setup for ini-
tial time. Technical attributes of the system are calculated at hour ¢ = 1:
1) Power output of renewable sources (0 < Ppy, (1) < Ppy, 0 < Pyp() <
Py, 1) is determined according to equations (10) and (13), 2) State of
charge (SOC) of the batteries is given by (SOCZ”"’ < Pg(t) < SOCP™)
for batteries: SOC = Pg(r)/Py", 3) the base output of thermal recipro-
cating engines Pp(z) is also fixed to give voltage-frequency support to
the system. In order to promote the use of renewable resources and use
the thermal resource as a reliability support only, the base output of the
fossil-based plant is adjusted as 15% of the peak load Pﬁ‘”e =0.15d™ax.

Step 4: (Conditional): At hour 7 =1 it is verified if the available re-
newable resource can satisfy the demand. Depending on the difference
between the load demand (d(¢)) and the available renewable resource
(P.o,(t) = Ppy (1) + Py (1)), it is defined whether the batteries are suit-
able to be charged.

Step 5.1: If the batteries are charging, then the stored energy (AP.)
in kWh is given by:

AP(t) = P,y (1) — d (1) (26)
Thus, the total charge level Pg.(7) is given by:

Pge(t) = AP.(1) + SOC(t) (27)

(Conditional) If the total charge Py, is greater than the nominal
level Py, the batteries are charged at its nominal value, and the ex-
cess power (P?us") is dissipated through a resistance. The output of the
reciprocating engine Pp(f) remains at its base value. Then, power bal-

ance is given by:

SOC(t+1)= Py (1) (28)
Pt =0, (29)
PNS(1)=0, (30)

Pp(t) = Phose (31

(Conditional) If the total charge Py, is lower than the nominal level
Py, the batteries are loaded with the available power.

SOC(t +1)=SOC(t) + AP, (32)
Prag:,ﬂ(t) — 0’ (33)
PNS(t)=0, (34)

Pr(1)= Py (35)
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The output of the thermal reciprocating engine remains at its base
value P2*¢.

In both cases, no load shedding is required, then power not supplied
PN S(1) is zero.

Step 5.2: If the batteries are discharging P,,, <d(7) and AP, >0

APy (1) =d(t) = Py, (1) (36)
It is verified if the total charge Pg,.
Pry(t)=SOC(1) - AP, (37)

(Conditional) If Py, is greater than Pg'”’, batteries are going to be
discharged and a new SOC() is established for the next hour 7 + 1.

SOC(t+1)=S0C{t) - APp, (38)
Pt (1) =0, (39)
P, (1 =0, (40)

Pr(t) = Prygye (41

The output of the thermal reciprocating engine P, remains at its
base value.

(Conditional) If Py, is lower than PI’S'“'", battery charge level reaches
its minimum value and the total battery discharge is given by

P[‘;“S(t) = APD + PBmin(I) - SOC(I) (42)

The battery discharge output Pg”(t) is then compared with the avail-
able thermal output Py.

(Conditional) If the total discharge output Pg”(t) is lower than ther-
mal based output P, the thermal output should be increased to meet
the balance:

SOC(t)= SocCy™, (43)
Pi(1) =0, 49
PNS(t) =0, (45)
Pr(t) = PA5(0), (46)

(Conditional) If the total discharge output Pg"s(t) is greater than Py,
the thermal reciprocating engine is dispatched to its nominal output
value but it cannot provide enough power to cover the peak demand
and load shedding is required:

SOC(t)=SOCy™, “47)
Past(1) =0, (48)
PNS(t)=Pa*(t) - Pp, (49)

Pr(t)= Pr. (50)

In this case, the load shedding is PN S(t) = P¥5(t)-Py.

Step 6: The sequential simulation for the estimation of the reliability
of the technical arrangement is executed for a period of one year. This
reliability analysis is carried out assuming that annual solar irradiance
and annual wind speed conditions do not change significantly across
the project lifespan. Then, Step 5 is repeated for each hour of the year
from 7 =1 to t = 8760 according to the annual load curve, the wind sped
and irradiance annual curves.

Step 7: The annual Energy Reliability Index (EIR) is determined from
power not supplied (PNS) figures obtained in Step 5.2 from hour 7 = 1
to hour 7 = 8760:

Y0 pNS
EIR=1-%2= "~ 51
Wy (51)

where Z?Z?O PN S is the annual energy not supplied in kWh/year and

Wy, is the annual load consumption in kWh/year.
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8760

W= d() (52)

Step 8: Steps 3 to 7 are repeated for every solution of the Pareto set.

Step 9: At this point, all three optimized objectives — economic
(LCC), environmental (LCE) and societal (LWC) — were characterized
with a corresponding energy reliability index (EIR) for every feasible
solution in the Pareto set.

3.2.4. Stage III: decision making: fuzzy satisfaction method FSM
application

Step 10: Accounting the four objectives per Pareto solution summa-
rized at Step 9, the decision-making process is carried out in order to
select the best option. In this paper a fuzzy satisfying method is used
for this purpose.

The method is described as follows: for each feasible solution i =
1,..,ng, of the Pareto set, a membership function p”b’i is defined for
each obJectlve obj =1,...,n,,;. The magnitude of the membership func-
tion ranges from O to 1 reflecting the level upon which a given solution
belongs or not to the set that minimizes the objective function f[.”bj LAl
solutions should be evaluated in order to select the best one that eq-
uitably reconciles all the three objectives of the optimization problem.
The method takes two formulations depending on whether the objective
function f["bj is minimized (Eq. (53)) or maximized (Eq. (54)).

On one hand, when the objective function f,.Ob/ is minimized, a linear
membership function is used for all objective functions as follows:

obj obj
1 fi < fmin
bj bj
obj __ y{:mj;_fn obj obj obj (53)
Prli= obj —oh Soin <Ji " < Smax
max ") min
obj obj
0 f[ 2 fmax
where

pofbfi is the weight assigned to the i-th solution of a minimization
objective;

£ 1t is the maximum value of the minimization objective ob-
tained;

f,‘:,’,’j, It is the minimum value of the minimization objective obtained;

f,.”’” It is the value of the minimization objective obtained by the i-th
solution.

On the other hand, when the objective function f ," b is maximized, a
linear membership function is used for all objective functions as follows:

1 fvb] > fobj
obj  ,obj
obj _ f -/, obj obj obj
f=i - obj '227”, fmm < f < fmax (54)
max S in
obj obj
0 f < fmm

where

P f’ _ is the weight assigned to the i-th solution of a maximization
objective;

f,‘;'j,ﬂc is the maximum value of the maximization objective obtained;

fml:n is the minimum value of the maximization objective obtained;

fl.""’ is the value of the maximization objective obtained by the i-th
solution.

The normalized weight of each solution (p;) combines the weights
obtained for all the objectives considered in the decision making pro-
cess. This normalized weight makes it possible to compare solutions.

Mobj obj
Zobj—l Prli
Nsol "0bj Dhl
Z Zabj l
where, p; is the normalized weight for each solution.
When calculating the normalized weights p; for all n,, solutions, it

is possible to obtain the best solution within the Pareto set by selecting
highest normalized weight.

pPi= (55)
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Table 4

Data setup.
Parameter Value
Average inflation rate, v 9%
Battery bank lifespan, b, 6 years
NG init cost, C;. 6000 M$/kW
WT init cost, Cy, 1 600 M$/m?
NG maint cost, C,,- 120 M$/kW
WT maint cost, C,,yy - 10.4 M$/m?/yr
Battery replac, Y, 4
CO, price, 4 5 k$/tCO,
Voltage bat bank, V, 48 [V]
Inverter efficiency, #,,, 95%
Wind generator eff, 5, 80%
NG em. fact, e, 800 gCO,/kWh

Specific Heat fuel, H ,,
Discount rate, y

35315 Btu/m?
12%

Project lifetime, /, 25 yr

PV init cost, Cp) 180 M$/m?
Batt init cost, Cy 150 M$/Ah

PV maint cost, C,,py- 16.4 M$/m?/yr
Batt maint cost, C, 5 40 M$/Ah/yr
NG fuel cost, C;,,/ 1500 M$/m?/yr
Em. factor Net, ¢, 370 gCO,/kWh
PV Efficiency, 7p) 16%

Wind conv eff, ny,, 60%

Gear box eff, 74, 70%

Wind turb conv eff, n;¢ 60%

NG Heat Rate, Hy 11.2 Btu/kWh

3.3. System data

The input parameters for the algorithm are summarized in Ta-
ble 4. All costs and prices are given in Colombian currency $. Jp, =
2.7 x 1073, job creation factor for photovoltaic system in Jobs/kW,
Jwr = 1.1 x 1073, job creation factor for WT system in Jobs/kW,
Jp =0.01 x 1073, job creation factor for installation of the batteries in
Jobs/kW, Jr; = 12X 1076, job creation factor for thermal installation in
Jobs/kW, J, = 0.14 x 1074, job creation factor for the generator opera-
tion in Jobs/kWh. ep), = 1392, CO, em. factor for the photovoltaic sys-
tem kgCO,/kW, ey, = 675, CO, em. factor for the wind turbine system
kgCO,/kW, ep =55.3, CO, em. factor associated with battery installa-
tion kgCO4,/kW, e =400, CO, em. factor for manufacturing kgCO,/kW,
yr =252, CO, em. factor for diesel/gas operation gCO,/kWh. ¢,,, is the
local energy intensity in $/MWh, and « is the contribution factor to the
LWC for job created in $/JobsLC

4. Results

The proposed methodology was applied into a village located in the
municipality of Guican, department of Boyacd (Colombia). According
to [53] by 2013 the department had a total of 382,416 households and
a coverage index (ratio of number of users with energy service to num-
ber of households) of 96.43%. According to the statistics presented in
[53] a coverage growth of up to 97.6% was estimated for 2017. This
means that 9,178 homes lack electricity. The village under study is lo-
cated in a rural off-grid zone at the north of the department (715059
786264 18N UTM). The distance between the village and Tunja (the
capital of the department) is 255 km, with an average altitude of 2983
m.a.s.l. and a total population of 6,909 inhabitants. A share of 75%
(5197 inhabitants) are located in rural zones.

Results of the application of the step-by-step planning algorithm de-
picted in Fig. 1 is presented.

Step 1 - Data Setup: The average annual load to serve is 2 MW,
17.47 GWh/year with a peak load of 3.25 MW. The estimation of the
wind and solar irradiance potential was obtained from the NREL [52]
according to the GPS location of the village under study. Annual de-
mand, solar irradiance, wind speed curves are depicted in Fig. 2.



J.D. Rivera-Niquepa et al.

kwW/m?
1.2

Irradiation

. |

0 2000 4000 6000 8000 8760h

m/s Wind speed
5 s . . .

0 2000 4000 6000 8000 8760h

MW Load Demand
3.5 ——

0 2000 4000 6000 8000

8760h

Fig. 2. Annual load demand curve d (MW), annual solar irradiance curve, .S;
(kW/m?), speed curve v (m/s), NREL-NRSDB Data, 2014 [52].

Technology and fuel costs consider particular conditions to build
and operate off-grid solutions in rural areas of developing countries
such as Colombia.

Optimization model constraints are defined as follows:

0< Apy, <8000 m? (56)

0 < Ay < 15000 m? (57)
1000 Ah < Py <3000 Ah (58)
1000 kW < P <6000 kW (59)

Stage I, Step 2, optimization results: Fig. 3 depicts the results of the
optimization process. The Pareto front comprises 133 non-dominated
solutions. Thus, the Pareto set size is 133. The optimization process was
carried out in a PC computer with the following characteristics: Intel
(R) Core (TM) i7-5500U CPU @ 2.40 GHz, 8.00 GB (RAM). The op-
timization method was coded in Matlab using the gamultiobj function.
The genetic algorithm runs with a population size of 380 and with 120
generations. The processing time obtained was 204.15 seconds. The re-
sulting 3-dimension graphs show that cost in the life cycle cost (LCC)
ranges between 25 and 40 billion $ (approx. US$8.6 and 10.3 million).
This result implies an average LCC cost of US$0.27-0.32 per kWh. The
life cycle of emissions (LCE) objective varies between 60 and 85 MtCO,.
Finally, the local wealth creation (LWC) ranges between 22 and 28 bil-
lion $ (approx. US$ 13.6 and 15.3 million).

Stage II, Steps 3-9, reliability analysis: Once obtained the set of
non-dominated solutions in Stage I, the energy reliability index (EIR)
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Table 5
Best solution - Solution 109.
kw/Ah GWh Objective Value
Ppy 523.3 Wpy 4.58 LCC [Bi $] 32.9
Pyr 341.8 Wir 3.00 LCE [MtCO,] 81.9
Py 1460 Wg 12.78 LWC [bi$] 26.6
Py 1264.4 Wr 11.07 EIR [%] 91

is calculated for each optimal solution of the Pareto, the results are pre-
sented in Fig. 4. The calculated EIR ranges 0.83 and 0.91. This means
that load shedding is required in all solutions with different degree of
severity.

Stage III, Step 10, decision making using a fuzzy satisfaction method
FSM: In the top-right hand of Fig. 3 it is showed the results obtained for
the normalized weights computed using Eq. (55). The highest normal-
ized weight is 0.009625  10~3. The best normalized weight corresponds
to the non-dominated solution number 109 of the pareto set. Table 5
lists the attributes of the best option. The best solution 109 is high-
lighted as a red bullet in the Pareto set shown in Fig. 3.

It is worth to note that the fuzzy satisfaction method (FSM) seeks
the best solution in the around of the middle of the Pareto front. This
result is consistent with the fact that in this area the four objectives are
well balanced. The best solution represents a reduction of 4248 kTon
CO, year with respect to the emissions that would have been obtained
if the energy had been taken from the grid.

The resulting dispatch profile of renewable and fossil-based tech-
nologies for the best solution 109 is depicted in Fig. 5.

The resulting capacity specifications by technology are determined
according to the results for best solution 109 displayed in Table 5.
The recommended nominal sizes of the system are Pp7" =700 kW,
Pyt =400 kw, PR = 1500 Ah, PP = 1500 kW. We can observe from
Fig. 5 that the thermal reciprocating engine can represent around 40%
of the annual load demand. The use of storage is really limited in Colom-
bia due to its higher costs. Solar PV and wind WT output have a share
of almost 60% the annual load demand. Particular conditions of Colom-
bia such as moderate fuel cost and high renewable potential suggest
to limit the use of storage as a solution to tackle renewable energy in-
termittency. Regarding the inclusion of societal considerations such as
local wealth creation (LWC), the results show the importance of off-grid
energy solutions to improve local economy.

The planning process for a stand-alone electricity system in Colom-
bia has considered three optimized objectives (economic EC, environ-
mental EV and social SC) and evaluated a reliability index (technical
TC). Four technologies are considered: solar PV, wind WT, thermal re-
ciprocating engines (T) and batteries (B). The optimization process was
carried out taking into account the costs on-site (a rural area) for every
technology.

We obtained a design specification (solution 109) that reconciles
the trade-offs among the four key performance indexes (LCC, LCE, LWC
and EIR). The state of art in this topic is improved by including so-
cietal objectives — strongly dependent on local economies — in both
the optimization and decision making processes. As a key contribution,
the proposed methodology enhances the decision making process by
applying a fuzzy satisfaction method considering economic, technical,
societal and environmental attributes at once.

5. Conclusions

This paper presents a fuzzy-multiple objective optimization method-
ology to plan stand-alone electricity generation systems. The novelty
of the proposal lies on the inclusion of societal impact (local wealth
creation) in the FSM used here to select the more appropriate solu-
tion. We conclude that the use of decision-making processes based
upon fuzzy satisfaction methods (FSM) in stand-alone system specifica-
tion produces satisfactory solutions accounting simultaneously four key
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performance indexes (KPI): technical, economic, environmental and so-
cietal. Real-world application in Colombia suggests a fossil-renewable
mix of 40-60% with a local health creation income of $26 Billion per
year and a environmental impact of 80 MtCO2 per year. Finally, one of
the recommendations to improve the model and to consider in future
works, can be the inclusion of the losses in distribution lines, taking
into account the magnitude of the power of the system and that the
consumers can be at a significant distance from the generation node of
the microgrid. With this factor it is necessary to reformulate the cost
function and the calculation of CAPEX and OPEX of the project would
change.

Declarations
Author contribution statement

J. D. Rivera-Niquepa: Performed the experiments; Analyzed and in-
terpreted the data.

P. M. De Oliveira-De Jesus: Conceived and designed the experi-
ments; Analyzed and interpreted the data; Wrote the paper.

J. C. Castro-Galeano & D. Hernandez-Torres: Analyzed and inter-
preted the data; Contributed reagents, materials, analysis tools or data.

Funding statement

This work was funded by Gobernacion de Boyaca, Colciencias and
Colfuturo Grant No. 743.

Competing interest statement

The authors declare no conflict of interest.
Additional information

No additional information is available for this paper.

References

[1] M.A. Eltawil, Z. Zhao, Grid-connected photovoltaic power systems: technical and
potential problems—a review, Renew. Sustain. Energy Rev. 14 (1) (2010) 112-129.

[2] D.P. Kaundinya, P. Balachandra, N. Ravindranath, Grid-connected versus stand-
alone energy systems for decentralized power a review of literature, Renew. Sustain.
Energy Rev. 13 (8) (2009) 2041-2050.

[3] Y. Kuang, Y. Zhang, B. Zhou, C. Li, Y. Cao, L. Li, L. Zeng, A review of renewable
energy utilization in islands, Renew. Sustain. Energy Rev. 59 (2016) 504-513.

[4] A. Chauhan, R. Saini, A review on integrated renewable energy system based

power generation for stand-alone applications: configurations, storage options, siz-

ing methodologies and control, Renew. Sustain. Energy Rev. 38 (2014) 99-120.

R. Mukhtaruddin, H. Rahman, M. Hassan, J. Jamian, Optimal hybrid renewable

energy design in autonomous system using iterative-Pareto-fuzzy technique, Int. J.

Electr. Power Energy Syst. 64 (2015) 242-249.

D. Johnson, A. Lewis, Organizing for energy democracy in rural electric coopera-

tives, in: Energy Democracy, Springer, 2017, pp. 93-112.

R. Dufo-Lépez, L.R. Cristébal-Monreal, J.M. Yusta, Optimisation of pv-wind-diesel-

battery stand-alone systems to minimise cost and maximise human development

index and job creation, Renew. Energy 94 (2016) 280-293.

[8] R. Dufo-Lépez, J.L. Bernal-Agustin, Design and control strategies of pv-diesel sys-
tems using genetic algorithms, Sol. Energy 79 (1) (2005) 33-46.

[9] T. Ma, H. Yang, L. Lu, A feasibility study of a stand-alone hybrid solar-wind-battery
system for a remote island, Appl. Energy 121 (2014) 149-158.

[10] J.L. Bernal-Agustin, R. Dufo-Lépez, D.M. Rivas-Ascaso, Design of isolated hybrid
systems minimizing costs and pollutant emissions, Renew. Energy 31 (14) (2006)
2227-2244.

[11] M.H. Amrollahi, S.M.T. Bathaee, Techno-economic optimization of hybrid photo-
voltaic/wind generation together with energy storage system in a stand-alone micro-
grid subjected to demand response, Appl. Energy 202 (2017) 66-77.

[12] A. Hassan, M. Saadawi, M. Kandil, M. Saeed, Modified particle swarm optimisation
technique for optimal design of small renewable energy system supplying a specific
load at mansoura university, IET Renew. Power Gener. 9 (5) (2015) 474-483.

[13] T. Tu, G.P. Rajarathnam, A.M. Vassallo, Optimization of a stand-alone photovoltaic—
wind-diesel-battery system with multi-layered demand scheduling, Renew. Energy
131 (2019) 333-347.

[5]

[6]

[71

11

Heliyon 6 (2020) e03534

[14] A. Petrillo, F. De Felice, E. Jannelli, C. Autorino, M. Minutillo, A.L. Lavadera, Life cy-
cle assessment (Ica) and life cycle cost (Icc) analysis model for a stand-alone hybrid
renewable energy system, Renew. Energy 95 (2016) 337-355.

[15] A. Ogunjuyigbe, T. Ayodele, O. Akinola, Optimal allocation and sizing of

pv/wind/split-diesel/battery hybrid energy system for minimizing life cycle cost,

carbon emission and dump energy of remote residential building, Appl. Energy 171

(2016) 153-171.

F.A. Bhuiyan, A. Yazdani, S.L. Primak, Optimal sizing approach for islanded micro-

grids, IET Renew. Power Gener. 9 (2) (2014) 166-175.

[17] A. Askarzadeh, L. dos Santos Coelho, A novel framework for optimization of a grid

independent hybrid renewable energy system: a case study of Iran, Sol. Energy 112

(2015) 383-396.

S. Singh, M. Singh, S.C. Kaushik, Feasibility study of an islanded microgrid in rural

area consisting of pv, wind, biomass and battery energy storage system, Energy

Convers. Manag. 128 (2016) 178-190.

[19] A. Perera, R. Attalage, K. Perera, V. Dassanayake, A hybrid tool to combine multi-

objective optimization and multi-criterion decision making in designing standalone

hybrid energy systems, Appl. Energy 107 (2013) 412-425.

P. Paliwal, N. Patidar, R. Nema, Determination of reliability constrained optimal

resource mix for an autonomous hybrid power system using particle swarm opti-

mization, Renew. Energy 63 (2014) 194-204.

[21] A. Maleki, A. Askarzadeh, Artificial bee swarm optimization for optimum sizing of

a stand-alone pv/wt/fc hybrid system considering lpsp concept, Sol. Energy 107

(2014) 227-235.

R. Dufo-Lépez, J.L. Bernal-Agustin, J.M. Yusta-Loyo, J.A. Dominguez-Navarro, L.J.

Ramirez-Rosado, J. Lujano, I. Aso, Multi-objective optimization minimizing cost and

life cycle emissions of stand-alone pv-wind-diesel systems with batteries storage,

Appl. Energy 88 (11) (2011) 4033-4041.

B. Shi, W. Wu, L. Yan, Size optimization of stand-alone pv/wind/diesel hybrid power

generation systems, J. Taiwan Inst. Chem. Eng. 73 (2017) 93-101.

A. Maleki, F. Pourfayaz, Optimal sizing of autonomous hybrid photo-

voltaic/wind/battery power system with Ipsp technology by using evolutionary

algorithms, Sol. Energy 115 (2015) 471-483.

M. Tahani, N. Babayan, A. Pouyaei, Optimization of pv/wind/battery stand-alone

system, using hybrid fpa/sa algorithm and cfd simulation, case study: Tehran, En-

ergy Convers. Manag. 106 (2015) 644-659.

T. Khatib, A. Mohamed, K. Sopian, Optimization of a pv/wind micro-grid for ru-

ral housing electrification using a hybrid iterative/genetic algorithm: case study of

Kuala Terengganu, Malaysia, Energy Build. 47 (2012) 321-331.

R. Hosseinalizadeh, H. Shakouri, M.S. Amalnick, P. Taghipour, Economic sizing of

a hybrid (pv-wt—fc) renewable energy system (hres) for stand-alone usages by an

optimization-simulation model: case study of Iran, Renew. Sustain. Energy Rev. 54

(2016) 139-150.

R. Gupta, R. Kumar, A.K. Bansal, Bbo-based small autonomous hybrid power sys-

tem optimization incorporating wind speed and solar radiation forecasting, Renew.

Sustain. Energy Rev. 41 (2015) 1366-1375.

[29] A. Kamjoo, A. Maheri, A.M. Dizqah, G.A. Putrus, Multi-objective design under un-

certainties of hybrid renewable energy system using nsga-ii and chance constrained

programming, Int. J. Electr. Power Energy Syst. 74 (2016) 187-194.

S. Sanajaoba, E. Fernandez, Maiden application of cuckoo search algorithm for op-

timal sizing of a remote hybrid renewable energy system, Renew. Energy 96 (2016)

1-10.

H. Gharavi, M. Ardehali, S. Ghanbari-Tichi, Imperial competitive algorithm op-

timization of fuzzy multi-objective design of a hybrid green power system with

considerations for economics, reliability, and environmental emissions, Renew. En-

ergy 78 (2015) 427-437.

D. Abbes, A. Martinez, G. Champenois, Life cycle cost, embodied energy and loss

of power supply probability for the optimal design of hybrid power systems, Math.

Comput. Simul. 98 (2014) 46-62.

[33] A. Chauhan, R. Saini, Techno-economic feasibility study on integrated renewable

energy system for an isolated community of India, Renew. Sustain. Energy Rev. 59

(2016) 388-405.

D. Hernandez-Torres, A.J.U. Urdaneta, P. De Oliveira-De Jesus, A hierarchical

methodology for the integral net energy design of small-scale hybrid renewable

energy systems, Renew. Sustain. Energy Rev. 52 (2015) 100-110.

R. Banos, F. Manzano-Agugliaro, F. Montoya, C. Gil, A. Alcayde, J. Gomez, Opti-

mization methods applied to renewable and sustainable energy: a review, Renew.

Sustain. Energy Rev. 15 (4) (2011) 1753-1766.

J.P. Torreglosa, P. Garcia-Trivifio, L.M. Ferndndez-Ramirez, F. Jurado, Control based

on techno-economic optimization of renewable hybrid energy system for stand-

alone applications, Expert Syst. Appl. 51 (2016) 59-75.

A. Malheiro, P.M. Castro, R.M. Lima, A. Estanqueiro, Integrated sizing and schedul-

ing of wind/pv/diesel/battery isolated systems, Renew. Energy 83 (2015) 646-657.

A.H. Mamaghani, S.A.A. Escandon, B. Najafi, A. Shirazi, F. Rinaldi, Techno-

economic feasibility of photovoltaic, wind, diesel and hybrid electrification systems

for off-grid rural electrification in Colombia, Renew. Energy 97 (2016) 293-305.

1. Tégani, A. Aboubou, M. Ayad, M. Becherif, R. Saadi, O. Kraa, Optimal sizing de-

sign and energy management of stand-alone photovoltaic/wind generator systems,

Energy Proc. 50 (2014) 163-170.

[16]

[18]

[20]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[30]

[31]

[32]

[34]

[35]

[36]

[37]

[38]

[39]


http://refhub.elsevier.com/S2405-8440(20)30379-0/bibCFF58495CD87C9D22F9956A59ED96EC9s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibCFF58495CD87C9D22F9956A59ED96EC9s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib8A70BA91E35E9B68CE1A41C3F758B7F2s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib8A70BA91E35E9B68CE1A41C3F758B7F2s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib8A70BA91E35E9B68CE1A41C3F758B7F2s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibFD59EFF9932CCACAF3462E67E5E2E8EAs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibFD59EFF9932CCACAF3462E67E5E2E8EAs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib264BC13E084597AB89205F04FC169AB2s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib264BC13E084597AB89205F04FC169AB2s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib264BC13E084597AB89205F04FC169AB2s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibC6304652B7CB75C3E06EBDA0B670AB9Cs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibC6304652B7CB75C3E06EBDA0B670AB9Cs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibC6304652B7CB75C3E06EBDA0B670AB9Cs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib3E0A93E3482349723B2E0585FFA3CD6Cs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib3E0A93E3482349723B2E0585FFA3CD6Cs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibF0959A4B0056AFDEFBB04F63A6DE9F40s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibF0959A4B0056AFDEFBB04F63A6DE9F40s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibF0959A4B0056AFDEFBB04F63A6DE9F40s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibA216E7F3BDFDC53192D47B3C7FF40EDEs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibA216E7F3BDFDC53192D47B3C7FF40EDEs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib3E98139CEA0BFA4156ED7692B58D1FAAs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib3E98139CEA0BFA4156ED7692B58D1FAAs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib2A5EF10A3963B5314C1F64D4BACB595Bs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib2A5EF10A3963B5314C1F64D4BACB595Bs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib2A5EF10A3963B5314C1F64D4BACB595Bs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib860AF53294A7F3ECE928A4C351F72C94s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib860AF53294A7F3ECE928A4C351F72C94s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib860AF53294A7F3ECE928A4C351F72C94s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib424DC0C7B200DBADC2CC0A0E4CCE43D2s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib424DC0C7B200DBADC2CC0A0E4CCE43D2s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib424DC0C7B200DBADC2CC0A0E4CCE43D2s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib1F37A7474551E81FFD134ADCBF2DF76Fs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib1F37A7474551E81FFD134ADCBF2DF76Fs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib1F37A7474551E81FFD134ADCBF2DF76Fs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibEF1500B237A71B0B55879A123F4777E9s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibEF1500B237A71B0B55879A123F4777E9s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibEF1500B237A71B0B55879A123F4777E9s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibC96F391F6C9636AF66E2FBFA0A262317s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibC96F391F6C9636AF66E2FBFA0A262317s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibC96F391F6C9636AF66E2FBFA0A262317s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibC96F391F6C9636AF66E2FBFA0A262317s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE92FAB04B79E134522704FB3B289699As1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE92FAB04B79E134522704FB3B289699As1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE73A380F5C3F75B7707AD5A01EFA69BCs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE73A380F5C3F75B7707AD5A01EFA69BCs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE73A380F5C3F75B7707AD5A01EFA69BCs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib0FE0BA22876AFB86A477EF061D0FAD86s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib0FE0BA22876AFB86A477EF061D0FAD86s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib0FE0BA22876AFB86A477EF061D0FAD86s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE84142EA7253990A5DD033F055ACE820s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE84142EA7253990A5DD033F055ACE820s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE84142EA7253990A5DD033F055ACE820s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib0CCBE98C97AF37FCAA87723522206AD7s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib0CCBE98C97AF37FCAA87723522206AD7s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib0CCBE98C97AF37FCAA87723522206AD7s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib2FBC55D66B4CB00CAF71019942616E09s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib2FBC55D66B4CB00CAF71019942616E09s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib2FBC55D66B4CB00CAF71019942616E09s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib62AC0878BD2E603FAB10B485677282F0s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib62AC0878BD2E603FAB10B485677282F0s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib62AC0878BD2E603FAB10B485677282F0s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib62AC0878BD2E603FAB10B485677282F0s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib706FD58D10B88AD853F887C73A1D060Cs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib706FD58D10B88AD853F887C73A1D060Cs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib514FB03CCE39A7853C1793222A869A5Cs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib514FB03CCE39A7853C1793222A869A5Cs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib514FB03CCE39A7853C1793222A869A5Cs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibA96D80DC1A0CB055C823CC3CE384422Ds1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibA96D80DC1A0CB055C823CC3CE384422Ds1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibA96D80DC1A0CB055C823CC3CE384422Ds1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib3145D54AFA0F99B3F62EB703A033697Es1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib3145D54AFA0F99B3F62EB703A033697Es1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib3145D54AFA0F99B3F62EB703A033697Es1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib8565DEB20D7F5DDFEB8B22CCCD0747AFs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib8565DEB20D7F5DDFEB8B22CCCD0747AFs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib8565DEB20D7F5DDFEB8B22CCCD0747AFs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib8565DEB20D7F5DDFEB8B22CCCD0747AFs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib503B70ACC16FC6C27D49102A5418D4AAs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib503B70ACC16FC6C27D49102A5418D4AAs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib503B70ACC16FC6C27D49102A5418D4AAs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibF038DA3C60602ABE5A91B53F07DC3D99s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibF038DA3C60602ABE5A91B53F07DC3D99s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibF038DA3C60602ABE5A91B53F07DC3D99s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib0BE1DF162CADB411600C684C908BD585s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib0BE1DF162CADB411600C684C908BD585s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib0BE1DF162CADB411600C684C908BD585s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib980258EB39FBC27FA56F3AD4D6CBA023s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib980258EB39FBC27FA56F3AD4D6CBA023s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib980258EB39FBC27FA56F3AD4D6CBA023s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib980258EB39FBC27FA56F3AD4D6CBA023s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib1A576A8B9249F9D8652B801BA5AC3FFEs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib1A576A8B9249F9D8652B801BA5AC3FFEs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib1A576A8B9249F9D8652B801BA5AC3FFEs1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib3780BCE78805CB8C556B38DF2C10B676s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib3780BCE78805CB8C556B38DF2C10B676s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib3780BCE78805CB8C556B38DF2C10B676s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE5945D4562C224FFB34ECE0591AABD8Es1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE5945D4562C224FFB34ECE0591AABD8Es1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE5945D4562C224FFB34ECE0591AABD8Es1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibF53FA6C049BCD69E35ABD7CF80FF1CB8s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibF53FA6C049BCD69E35ABD7CF80FF1CB8s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibF53FA6C049BCD69E35ABD7CF80FF1CB8s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib03B5A939524447F406532647C52F9FA6s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib03B5A939524447F406532647C52F9FA6s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib03B5A939524447F406532647C52F9FA6s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib8EB326C1C60AA8863E4F27562F35F1E0s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib8EB326C1C60AA8863E4F27562F35F1E0s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib29EA9E03F7885A2287E6AC4392905461s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib29EA9E03F7885A2287E6AC4392905461s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib29EA9E03F7885A2287E6AC4392905461s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib60B48EF71EB0CCB00994A7EDAA16E739s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib60B48EF71EB0CCB00994A7EDAA16E739s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib60B48EF71EB0CCB00994A7EDAA16E739s1

J.D. Rivera-Niquepa et al.

[40] A. Abbassi, R. Abbassi, M.A. Dami, M. Jemli, Multi-objective genetic algorithm
based sizing optimization of a stand-alone wind/pv power supply system with en-
hanced battery/supercapacitor hybrid energy storage, Energy (2018).

[41] Y.A. Katsigiannis, P.S. Georgilakis, E.S. Karapidakis, Hybrid simulated annealing—
tabu search method for optimal sizing of autonomous power systems with renew-
ables, IEEE Trans. Sustain. Energy 3 (3) (2012) 330-338.

[42] A. Maleki, M.G. Khajeh, M. Ameri, Optimal sizing of a grid independent hybrid
renewable energy system incorporating resource uncertainty, and load uncertainty,
Int. J. Electr. Power Energy Syst. 83 (2016) 514-524.

[43] S. Tito, T. Lie, T. Anderson, Optimal sizing of a wind-photovoltaic-battery hybrid
renewable energy system considering socio-demographic factors, Sol. Energy 136
(2016) 525-532.

[44] C.A.C. Coello, G.B. Lamont, D.A. Van Veldhuizen, et al., Evolutionary Algorithms
for Solving Multi-Objective Problems, vol. 5, Springer, 2007.

[45] S. Sinha, S. Chandel, Review of software tools for hybrid renewable energy systems,
Renew. Sustain. Energy Rev. 32 (2014) 192-205.

[46] M.D. Al-Falahi, S. Jayasinghe, H. Enshaei, A review on recent size optimization
methodologies for standalone solar and wind hybrid renewable energy system, En-
ergy Convers. Manag. 143 (2017) 252-274.

12

Heliyon 6 (2020) e03534

[47] S. Ahmadi, S. Abdi, Application of the hybrid Big Bang-big crunch algorithm for
optimal sizing of a stand-alone hybrid pv/wind/battery system, Sol. Energy 134
(2016) 366-374.

[48] G. Derakhshan, H.A. Shayanfar, A. Kazemi, Optimal design of solar pv-wt-sb based
smart microgrid using nshcso, Int. J. Hydrog. Energy 41 (44) (2016) 19947-19956.

[49] J.-H. Cho, M.-G. Chun, W.-P. Hong, Structure optimization of stand-alone renewable
power systems based on multi object function, Energies 9 (8) (2016) 649.

[50] W. Zhang, A. Maleki, M.A. Rosen, J. Liu, Sizing a stand-alone solar-wind-hydrogen
energy system using weather forecasting and a hybrid search optimization algo-
rithm, Energy Convers. Manag. 180 (2019) 609-621.

[51] S. Rajanna, R. Saini, Development of optimal integrated renewable energy model
with battery storage for a remote Indian area, Energy 111 (2016) 803-817.

[52] S. Wilcox, National solar radiation database 1991-2018 update: User’s manual, Tech.
Rep., National Renewable Energy Lab. (NREL), Golden, CO (United States), 2018.

[53] A.C.M. UPME, D. Acosta Medina, A. Rodriguez, Indicative plan for the expansion of
the coverage of the electric energy service 2013-2017, 2017.


http://refhub.elsevier.com/S2405-8440(20)30379-0/bibBCAC1BC4ED42E07A6477650E461E2053s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibBCAC1BC4ED42E07A6477650E461E2053s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibBCAC1BC4ED42E07A6477650E461E2053s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE07460B756C25A97AF33F1318624C844s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE07460B756C25A97AF33F1318624C844s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibE07460B756C25A97AF33F1318624C844s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib84AAD5AB6DCD89B1660D751F4B4BB989s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib84AAD5AB6DCD89B1660D751F4B4BB989s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib84AAD5AB6DCD89B1660D751F4B4BB989s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib0B714B31469228D17B37D6127780B5F6s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib0B714B31469228D17B37D6127780B5F6s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib0B714B31469228D17B37D6127780B5F6s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib5B1F4C8B2AC289D5FB1C8F391A5BED21s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib5B1F4C8B2AC289D5FB1C8F391A5BED21s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib02CB70FB1877576327BC33E45389970As1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib02CB70FB1877576327BC33E45389970As1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibC7D14E0C14AC7566289100E700FA9AA0s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibC7D14E0C14AC7566289100E700FA9AA0s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibC7D14E0C14AC7566289100E700FA9AA0s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib4DEE4C5C051418B43EB1183E3215E576s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib4DEE4C5C051418B43EB1183E3215E576s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib4DEE4C5C051418B43EB1183E3215E576s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib535A75C6BC14E0B68CE4081C3F8194A3s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib535A75C6BC14E0B68CE4081C3F8194A3s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibDE876C5521C8E347E4F6BCC6A541D061s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibDE876C5521C8E347E4F6BCC6A541D061s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibB4A4999709995CCC622002DA107A6791s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibB4A4999709995CCC622002DA107A6791s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bibB4A4999709995CCC622002DA107A6791s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib37AC0CE7D2BD22679179CE1275E31097s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib37AC0CE7D2BD22679179CE1275E31097s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib252B6A72858D354369F504D7E56753A6s1
http://refhub.elsevier.com/S2405-8440(20)30379-0/bib252B6A72858D354369F504D7E56753A6s1

	Planning stand-alone electricity generation systems, a multiple objective optimization and fuzzy decision making approach
	1 Introduction
	2 Background
	2.1 Key performance indexes
	2.2 Multiple-objective optimization stage
	2.3 Decision-making stage

	3 Methodology
	3.1 The multiple-objective optimization model
	3.1.1 Economic objective: Life Cycle Cost (LCC)
	3.1.2 Environmental objective - Life Cycle Emissions (LCE)
	3.1.3 Societal objective - Local Wealth Creation (LWC)
	3.1.4 Optimization model constraints

	3.2 Solution approach
	3.2.1 Data setup
	3.2.2 Stage I: MOGA solution and Pareto front identification
	3.2.3 Stage II: energy reliability index evaluation
	3.2.4 Stage III: decision making: fuzzy satisfaction method FSM application

	3.3 System data

	4 Results
	5 Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	References


