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ARTICLE INFO ABSTRACT
Keywords: Colombia’s Atlantic coast wind and solar resources could enhance energy mix and self-generation. Renewable
Particle swarm optimisation clean energy has been studied in response to fossil fuel pollution. Wind and solar photovoltaic systems have low

Hybrid renewable energy systems

initial, operational, and levelized energy costs. Variable wind and sun radiation may limit availability. In this
Noninterconected Zones

regard, hybrid renewable energy systems (HRES) and energy storage have become crucial. These systems can
effectively meet load demand by utilising complementary renewable resources. This study deals with sizing a
wind and photovoltaic HRES with storage, using a Particle Swarm Optimisation algorithm for yearly variable
resources in a non-interconnected zone in La Guajira, Colombia. The study evaluates the LCOE, probability of
load loss, and the system’s CO, emission. It develops a sensitivity analysis to determine the importance of each
objective factor. From a life cycle analysis, an HRES configuration with low LCOE and environmental emission
rates is associated with the size of the wind resource; the HRES configuration with minimum LCOE values is close
to obtaining higher equivalent CO2e emissions. The study highlights the configuration obtained for the
Colombian context, giving more importance to the environmental factor and reaching an LCOE of 0.754 USD/
kWh and emission of 18.97 tCOse/year; this configuration also increases the wind energy generation, reaching
41 % more share, compared to the configuration obtained when the economic factor is a priority.

capability to integrate two or more renewable energy sources. In this
regard, wind and solar photovoltaic generation have become the most
implemented HRES combination due to their complementarity [5].
These systems can also include backups, such as battery banks, to supply
energy when the dynamics of renewable sources are insufficient [7,9].
Additionally, HRES can improve off-grid systems’ power supply reli-
ability [10]. It makes them less dependent on conventional fossil fuel-
based generation and reduces environmental pollution. Nevertheless,
with the advantages mentioned above of HRES, these systems require

1. Introduction

The energy sector is essential in developing countries [1,2]. Fossil
fuels provide 66 % of the world’s energy demand and are responsible for
global warming and environmental pollution. Additionally, with the
increase in the world population, around 1.2 billion people worldwide
cannot access electricity [3,4]. In these circumstances, renewable en-

ergies have been presented as a solution to the planet’s increasing R ¢ their si p ] btain those benefi b
temperature and environmental pollution, as well as to supply the optimisation of their size and operation to obtain those benefits at the

constantly growing energy demand and the scarcity of fossil resources lowest cost [7]. Artificial Intelligence optimisation methodologies such
[5,6] as Particle Swarm Optimisation (PSO) have been used to size these

systems [8]. PSO is mainly based on the migratory movements of fish
and birds [11], and their advantage is the highest exploration capability
in each iteration [12], related to their simple implementation, high
precision, and convergence [13].

Most of the works on HRES sizing optimisation use economic criteria

Renewable energies depend on stochastic natural resources in a
specific location [3], presenting a mismatch between electricity gener-
ation and the energy demand of the region [1,7]. This way, more than
one renewable energy source will be needed to meet the energy demand
[8]. Hybrid Renewable Energy Systems (HRES) stand out due to their
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Nomenclature

a Life of the hybrid system
c1 Learning factors for Xpes, p
Ca Learning factors for Xg pest
CO»e CO,, equivalent emission

CRF Capital recovery factor

Ceapital Initial capital cost

Cep Capital cost of the storage system

Ce v Capital cost of converter

Cewt Wind turbine’s initial cost

Cepv Photovoltaic solar panel’s initial cost

Chtto Maintenance-operation cost

Crnwt Maintenance cost of the wind turbine system
Crnpv Maintenance cost of the photovoltaic system
DOD Maximum discharge percentage

) 2 Energy demand

Ey Battery energy state

Ep min Minimum state of battery charge

Eren Total renewable energy generation by HRES
Eyy Total photovoltaic generation

Eyt Total wind power generation

ERco, CO.e emission rate

ERytco, COqe emission rate of wind generation

ERpy co, COoe emission rate of photovoltaic generation
ERgpco, COqe emission rate of battery storage system
fobjco2 ~ Normalised expression for the CO, emission rate
fobjE Normalised evaluation of the economic factor
fovjr Normalised evaluation of the technical factor

GHG Greenhouse Gases

HRES Hybrid Renewable Energy System

ir Interest rate

it Iteration in PSO optimisation

LCA Life cycle assessment

LCOE Levelized Cost of Energy

LPSP Loss of Power Supply Probability

LCco,wt Specific GHG emissions by wind generation
LCco,pv Specific GHG emissions by photovoltaic generation
LCco, g Specific GHG emissions by battery storage system
M Multi-objective function

Nen Characteristics of particles (PSO)

NOCT  Operating temperature of the solar cell

Np Number of batteries

Niny Number of converters

Npy Number of photovoltaic panels

Ny Number of wind turbines

Nr Temperature coefficient of photovoltaic panel
PSO Particle Swarm Optimisation

Prso Particles generated by PSO

Py, Photovoltaic power generation

Pyyr Nominal power of the photovoltaic panel

P, Nominal power of the wind turbine

Py Wind power generation

r,r Random values (PSO)

T Charge or discharge rate in operation of battery
T Maximum charge and discharge rate of battery
R Solar radiation

Ry Reference solar radiation

Sp Battery nominal capacity

t Time

TAC Total annual cost

T Reference temperature of the solar cell

T Ambient temperature

% Wind speed.

% Velocity of each particle (PSO)

Vp pso Current velocity of each particle (PSO)

Ve Cut-In wind speed

Veo Cut-Off wind speed

V. Nominal wind speed

Wco2 Weight of the environmental evaluation

Whso Learning factor corresponding to the velocity (PSO)
Wg Weight of the economic factor

wr Weight of the technical factor

WSA Weight sensitivity analysis

Xp Position of each particle (PSO)

Xbest, p Best position of each particle (PSO)

Xg, best Position of the best particle (PSO)

o Self-discharge ratio of the battery

Mpar Efficiency of the battery

Niny Efficiency of the converter

as the objective function, such as minimising the cost of energy, and
technical criteria, such as minimising the LPSP (probability of loss of
power supply) [11,14,15]. However, other criteria have recently been
involved in optimisation functions seeking to consider sustainability
aspects, such as job creation and environmental issues. Rakibul Hassan
et al. [16] modelled an HRES using a non-dominated sorting genetic
algorithm II (NSGA-II) considering three objective functions: Cost of
Energy (CoE), Job Creation (JC) and Lifecycle Emission (LCE). They
applied a fuzzy decision-making method to select the best trade-off so-
lution. On the other hand, Mojan Maleki et al. [17] optimised the size of
an HRES, including economic, environmental, energy security, and
technical factors. These authors used HOMER to obtain some of the best
HRES configurations based on financial criteria, then applied the TOP-
SIS method (Technique for Order Preference by Similarity to the Ideal
Solution) for multi-criteria decision-making that involves environ-
mental, energy security and technical aspects to determine the optimal
HRES. Weights for each element in the objective function are assigned
using two methods: AHP (Analytical Hierarchy Process) and weights
based on the number of sustainable development goals (SDG 1-7)
related to each aspect.

The weights of each factor within the multi-objective functions are

input parameters that can affect the search and sizing of the best solution
[18]. If the economic factor is the most determinant, the optimisation
algorithm can obtain systems with oversized power generation, higher
pollution rates, or low diversity in the generation sources. Similarly, the
parameterisation with equal weights for all factors tends to reduce the
accuracy of the optimisation method in the search for a solution [19].
For its part, sensitivity analysis is a versatile tool that allows you to
examine and understand the results of a change in the input parameters.
In this way, critical values that impact the results can be revealed, and
more reliable models and results can be obtained [20].

The purpose of this work is to size a hybrid energy system composed
of wind and photovoltaic solar generation, in addition to a battery bank
system, using a PSO optimisation methodology, to supply the energy
demand of an area isolated from the electrical grid in Colombia, spe-
cifically a rural area in the department of La Guajira. Economic, tech-
nical, and environmental aspects are the main components of the
objective function. The model evaluates variable wind and solar re-
sources throughout a year of operation and allows the calculation of the
loss of power supply probability (LPSP), levelized cost of energy (LCOE),
and the COqe emission rate. A weighting method by sensitivity analysis
was developed to determine the effect of each factor on the optimal
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configuration. All formulations regarding the comprehensive evaluation
of the HRES are presented in Sections 2.1 to 2.3. Section 2.4 presents the
PSO calculation iteration process. Section 3 shows the reference condi-
tions for study cases. Finally, Section 4 develops the result analysis and
discussion, and Section 5 summarises the main conclusions reached.

2. Materials and methods

This section presents the models for assessing the energy, economic
and environmental behaviour of the HRES evaluated using a Particle
Swarm Optimisation (PSO) approach. The mathematical models were
integrated into the Python environment for several study cases,
considering wind, solar and battery bank technologies, among other
factors.

2.1. Energy formulation

This subsection shows the mathematical formulation for generating,
using, and storing electricity for a hybrid system using a mix of wind
turbines, photovoltaic panels, and batteries. In this regard, wind power
generation for a horizontal wind turbine as a function of time t is eval-
uated as follows:

0 V(t) < Vci
P, 3 v
V3 (t) — P, Vu<vy(t)<V,
Pu(ty=1¢ (V2 —V3) (V2 -v3) €3]
P, Ve <v(t) < Vg
0 v(t) > Voo

with V., V;, V, the Cut-In, nominal and Cut-Off speed, respectively. P, is
the nominal power of the wind turbine, and v(t) is the wind speed at time
t [21]. In this sense, the total wind generation E,.(t) is equal to the
product of Py, (t) and the number of wind turbines N,. Since this study
does not consider a factor of the area occupied by the hybrid generation
system, the required separation between turbines to avoid mutual
interference in wind generation was not considered.

On the other hand, the power generation of a photovoltaic system is
given by:

R(t)
Rref

va<t) = var [1 JFNT(TC(t) - Tref)} (2)

with T.(t) = T(t) + K%)R(t)] , with Py, the nominal power of

the panel, R(t) the solar radiation, R the reference solar radiation, T
the reference temperature of the solar cell, Ny the temperature coeffi-
cient of the panel, T(t) the ambient temperature, and NOCT the oper-
ating temperature of the solar cell [22]. Therefore, the total photovoltaic
generation Ep, (t) is the product of P,,(t) and the number of panels Np,.

The battery state depends on the comparison between the demand
and the electricity generation as follows:

Ey(t—1)(1—0) + { {(Epy(t)nmv + Ew(On%,) — Eni
Ei(0) = B (0 1+ B |

Ey(t—1)(1-0) -

Mbar
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where Ep(t —1) is the previous state of the battery, o is the self-discharge
ratio of the battery, 7;,, is the efficiency of the converter, 7, is the ef-
ficiency of the battery and E(t) is the energy demand [23]. The bat-
teries have a maximum charge and discharge rate ry;, given in
percentage fraction by the manufacturer, and the charge or discharge
rate in operation ry, as follows [24]:

_B(E—-1) - E(0)|
T TR (-1) “)
where r, € [0,1]. This way, restrictions are defined for the charging and
discharging of the storage system. Additionally, another restriction for
batteries is the minimum state of charge as a function of the maximum
discharge percentage, DOD, and its nominal capacity, Sy, given as [22]:

Epmin = (1 —DOD)S. 5)

The total renewable energy E,.,(t) takes into account the total gen-
eration of renewable energy (i.e., Egn(t) = NyePue(t) + NpPp(t)), the
storage system contribution, and the energy stored. In this way, if the
generation by the renewable devices (i.e., wind turbines and/or
photovoltaic panels), exceeds the demand, the system will charge the
battery system. Meanwhile, if the energy generated does not supply the
energy demand, the storage system must provide additional energy to
the demand. On the other hand, if the renewable system at same time
generates energy equal to the demand, the battery system stores energy
until its maximum storage capacity [25]. Finally, when the renewable
electricity generation or the battery supply cannot meet the demand, the
technical factor of loss of supply probability will measure the amount of
missing electrical energy. In this sense, the comparison between the total
renewable energy generation E.,(t) and the demand E,,(t) gives the Loss
of Power Supply Probability, LPSP, over the total hours of a year, given
as:

Lpsp - D [Ba(t) — Ern(0)]

>t Eealt)
Considering the above formulation, if the load required exceeds the
electricity generation by the HRES, the LPSP value will be greater than
zero; on the other hand, if the electricity generation exceeds the de-
mand, the LPSP value is less than zero. In this sense, negative LPSP
values mean that the electricity generated by the HRES system is over-
sized to demand. Moreover, the evaluation of LPSP will have a maximum
value LPSP,,, at an instant of time, a positive value means that, for at
least one instant, the demand is not satisfied by the renewable energy
system generation, and a negative value implies that the electricity
generation of the HRES meets the load demand [23].

(6)

2.2. Economic formulation

The Levelized Cost of Energy, LCOE, is calculated for the economic
evaluation. It determines the monetary value for each kWh generated,
and it is given by [26]:

):|r]bat } EPV(t) + EWt(t) > Eca(t)

3

Epy(t) 4+ Ewe(t) < Ecq(t)
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LCOE = __rac 7)

S Eren(t)

where TAC is the total annual cost equal to the sum of the initial capital
cost, Ccqpirar, and maintenance-operation costs, Cpyo, €xpressed as fol-
lows:

Ccapiml = CRF(Nwt cwt + vaCc.pv + Nch.b + Ninch.inv)WithCRF

ir(1 +ir)*
— A 8
1+in"—1 ®)
Cmm) = Nwt mwt +vacm.pv (9)

where C. . is the wind turbine’s initial cost, C.p, is the photovoltaic
solar panel’s initial cost, Nj is the quantity of batteries, Ny, is the
number of converters, C.; and C. i, are the capital cost of the storage
system and converter with a lifetime of five years and ten years,
respectively; Cpwe and Cpp, are the maintenance cost of the wind tur-
bine and the photovoltaic solar panel, respectively. Additionally, CRF, is
the Capital Recovery Factor defined as a function of interest rate, ir, and
the life of the hybrid system, a (i.e., 20 years) [25].

2.3. Environmental evaluation

One of the most used methodologies for the environmental evalua-
tion of an electricity generation project is the life cycle assessment (LCA)
[27-29], in which the adverse effects on the environment can be
quantified from the measurement of Greenhouse Gases (GHG) emissions
based on the mass of equivalent CO, emitted for each kWh generated
(gCO2e/kWh) [30]. The LCA methodology integrates three stages of an
electric energy project. The first stage, called Upstream, corresponds to
the extraction of resources, manufacturing materials and components,
and construction of the electrical energy generation system. The second
stage, or Operation, is related to the operation and maintenance of the
generation system. The third stage, Downstream, is the final disposal
after the system reaches the end of its useful life [30].

For each stage, the literature provides approximate GHG values for
each form of electricity generation. In the operation stage, the new forms
of renewable energy stand out compared to traditional forms of gener-
ation [31], such as gas or coal, obtaining lower GHG emissions values.
Coal-based electricity generation reaches 1,000 gCOo.e/kWh, while
renewable generation only achieves emissions of between 10 gCOze/
kWh and 40 gCOze/kWh, values corresponding to wind and photovol-
taic generation, respectively [27,30]. However, in the Upstream stage,
forms of generation using fossil fuels obtain lower GHG values than
renewable energies. Solar photovoltaic and wind power generation are
of particular interest to this study. For photovoltaic energy, the emis-
sions levels throughout its life cycle are attributed 60 % to the Upstream
stage, 20 % to Operation and another 20 % to the Downstream stage
[32]. The COze emissions from wind generation correspond to 86 % of
the exploitation and manufacturing stage, 9 % of the operation, and 5 %
of the final disposal of the system [33]. The above values can be
compared with electricity generation from coal, where less than 1 % is
Upstream, more than 98 % is in operation, and less than 1 % is at final
disposal [32,33].

Table 1
Estimation of CO»e emission rate.

Renewable Electric GHG emission Specific GHG emissions

Generation Equation [gCO2e/kWh]

Wind Turbine ERyico, = LCco,mt =13
LCCOz.Wt EWL

Solar Photovoltaic ERpy, co, = LCco,pv = 43
LCC02 pv Epv

Battery Storage Supply ERpco, = LCco, 5 =33
LCco, 5 Eps

Thermal Science and Engineering Progress 55 (2024) 102927

Following the above discussion, the COse emissions rate can be
calculated knowing the total electricity generation for each renewable
energy generation over one year of operation as summarized in Table 1.
The specific COze emissions LCco, w: for wind generation, LCco, pv for
photovoltaic generation, and LCco, g battery deliver energy, were fixed
as 13 gCO9e/kWh, 43 gCO2e/kWh and 33 gCO2e/kWh, respectively
[30,32,33]. For this study, emissions for wind and solar photovoltaic
generation considering the electricity delivered from the battery bank
are evaluated as follows:

ERco, = LCcoywt Ewe +LCco, py Epy + LCco, b Eps (10)

where LC¢o, w: and LCco, pv are the specific GHG emissions measured in
gCO2e/kWh for wind and solar photovoltaic generation, respectively;
Ey: and E,, are calculated using Equations (1) and (2), respectively.
Equation (10) also includes the emission rate due to the use of the bat-
tery bank by a hybrid system as the product between LCco, g and Egg,
corresponding to the COse emissions and the electricity delivered by
battery storage; in this sense, the factor LCco, 5 is given only when the
storage system delivers electricity to the hybrid system [30].

2.4. PSO formulation

The Particle Swarm Optimisation (PSO) is presented in the flowchart
of Fig. 1. The optimization process begins with the creation of ppso
particles with n, characteristics; the last corresponds to the total com-
bination of wind turbines, solar panels, and batteries. Each particle is
evaluated with a multi-objective search according to the following
equation:

M = Wrfopj.r + Wefobj.e + Weoafobj.coz an

where wr is the weighting of the technical factor fy;r, wg is the
weighting of the economic factor fu;z, Wcoz is the weighting of the
environmental evaluation by foy co2, Where the sum of them must be
equal to one.

In this sense, the normalised evaluation of the technical factor (LPSP)
is fopj,r> the normalised evaluation of the economic factor (LCOE) is fop; ,
and fop; co2 is the normalised expression for the CO; emission rate, all of
them for each particle [34]. The normalisation for the LPSP is set with a
reference value of 4 %, which is an approximate value of the energy
losses in the Colombian rural sector [35], for the LCOE the normalisation
is with the sum of the reference values of 0.038 USD/kWh, 0.036 USD/
kWh, and 0.125 USD/kWh for the wind energy, photovoltaic energy and
battery storage system, respectively [36]. The normalised value for the
CO.e emission rate is 50,000 kgCOo/year, an average value obtained for
different forms of electric generation reported by Mandal et al. [27],
who studied the optimum sizing of an HRES for a rural zone with a load
demand of 243 kWh/day. The hybrid system comprised solar photo-
voltaic, wind, and diesel-electric generation. Table 2 reviews the above
normalisation methodology.

The best position of each particle and the best position among all
particles are identified. The restriction in the reliability of the HRES is
calculated for LPSP values less than the reference value defined above; if
this criterion is not reached or the iteration number is the maximum, the
algorithm ends, and the best particle is selected. Meanwhile, the algo-
rithm continues with the calculation of the velocity of each particle
given by:

Vp(i t+ 1) = Wpso Vppso(i £) + €1 71 (Xpest, p(i £) — X (i £) ) + €2 T2 (g, et (i £)

—x%(it))
12)

where X, (it) is the position of each particle in the iteration i t, Xpes, p(it) is
the best position of each particle, X, pe(it) is the position of the best
particle, v, p50(it) is the velocity of each particle, wy,, is the learning
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Initial Particle Objective Function B(:Sl Position of Best Individual
Generation Evaluation (M) ’ Each Particle ’ Selection (Min M)
(Min M)
A l
p particles with n
characteristics
LPSP <4% No
Y
0 Yes—T
No
M f Each !
. Move of Eac s
New State of ¢ Particle with New | thuql) Calculation
Particles Velocity of Each Particle

Fig. 1. PSO optimisation flowchart [25].

Table 2
Normalisation Methodology.
Type of Factor Normalised Reference
Factor expression Normalised Value
Technical Loss Power Supply  fopjr 4%
Probability, LPSP
Economic Levelized Cost of fovie 0.038 USD/kWh +
Energy,LCOE 0.036 USD/kWh +
0.125 USD/kWh
Environmental CO,e emissions fovj.coz 50,000 kgCO4/year

rate,ERco,

factor corresponding to the velocity at iteration it, ¢; and, cp are the
learning factors, r; and r, are random values, obtaining independence
between the particle evaluation. For the above v, (it +1) is the new ve-
locity that determines the new position of each particle as a function of
the current particle position x,(it), according to [25] and [37]:

3. Reference conditions and PSO assessment parameters

The PSO methodology developed for sizing HRES is initially assessed
considering wind speed and solar radiation resources over one year
every hour (8,760 h). The reference wind resources are plotted in Fig. 2
as wind speed frequency. These reference cases are a profile that follows
a distribution between 0 m/s and 12 m/s, which is a typical safety range
operation of commercial small wind turbines, where a right bias (Case
A), a standard (Case B) and a left bias (Case C) distribution are consid-
ered. A case with the typical wind speed resource from Puerto Bolivar,
La Guajira, Colombia, is named Case D in the sizing process [38].

The aim of evaluating wind probability distributions with different
statistical trends is to determine the effect of the wind resource on the
selection of the best solution obtained by applying the optimisation
method with the technical, economic and environmental factors. In this
way, the wind speed required to start the generation by the wind turbine
is decisive; as highlighted below, the cut-in speed of the small wind
turbine considered in this study is 2 m/s. In this sense, the wind resource

it+1)=w,(it+1 it 13
S 13 with the right bias distribution will have its highest probability of
e CaseA: Right bias
0.351 x  CaseB: Normal dist.
v CaseC: Left bias
0.301 e CaseD: Puerto Bolivar
>‘0.25
g
g 0.201
o
ot
£ 0.15 ‘
0.101
0.051
0.00 1 . — 4 -
0 2 4 6 8 10 12 14
Wind [m/s]

Fig. 2. Wind Speed probability distribution for study Cases.
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Fig. 3. Daily profiles. a) Solar radiation and Temperature in Puerto Bolivar. b) Month load.

occurrence around 2 m/s. Consequently, the turbine is unlikely to reach
its nominal electrical generation and will maintain a very high likeli-
hood of at least starting the generation. On the other hand, the resource
with a left bias statistical distribution exceeds the expectation of the cut-
in speed. It has a higher probability of occurrence that is very close to the
expected nominal speed of small wind turbines (around 12 m/s). It
should be noted that high wind resources may not be available year-
round, and lower resources may be more constant, as described by a
typical probability distribution for wind resources such as the Weibull
distribution [39].

All wind speed cases are integrated with typical solar radiation re-
sources and temperature profiles from Puerto Bolivar, given for one day,
as shown in Fig. 3a [38]. In this sense, the demand profile over the year
is based on the data load from Uribia, La Guajira in 2022, which took
values between 859 kWh/day (February 2022) and 1,630 kWh/day
(August 2022) [40], following the daily profiles of Fig. 3b from January
to August of 2022; for the months not reported, the demand profile is
estimated by the highest values stated in August 2022.

3.1. HRES technological parameters

Regarding the technological parameters, for wind energy generation,
this study considers a horizontal wind turbine with a nominal power P,
of 10.5 kW, cut-In Speed V,; of 2 m/s, cut-Off Speed V,, equal to 30 m/s,
and nominal speed V; of 12 m/s [41]. The initial capital cost for the wind
turbine C,,, is set as 1,350 USD/kW, and its maintenance cost Cy, ,+ of 4
% on Cye [42]. On the other hand, the nominal power of the photo-
voltaic panel P,, is 465 W with a temperature coefficient N of
—0.0035 °C™1, operating temperature NOCT of 45 °C, and reference
temperature T of 25 °C [43]. The installation cost of a photovoltaic
panel C,y is considered to be 0.2 USD/W; meanwhile, the maintenance
cost Cppy is estimated to be about 2 % of the total installation cost [42].
Additionally, the battery’s nominal capacity S, was 4.56 kWh, its effi-
ciency 7, took a value of 85 %, maximum discharge percentage DOD
95 %, self-discharge ratio ¢ of 0.002 %/h, its maximum charge and
discharge rate r,;, 8 %, and the price of each battery 2,650 USD [44].
Finally, the capacity of the converter is 15 kW with an efficiency #;,, of
95 % and a price of 6,000 USD [25].

The above capacities for wind turbines, photovoltaic panels, batte-
ries, and converters are selected based on commercial equipment on
small and medium scales, considering the sizing scale that involves this
study compared with the work developed by Torres et al. [25]. For the
PSO sizing methodology, the number of particles ppso is 150, the char-
acteristics of each particle n, took values between 0 and 1,500; for the
velocity calculation, wy, is set to 1.5, ¢; and c; are 2.5 and 3.5,
respectively, and the number of iterations is 50.

Table 3
Values for Weight Sensitive Analysis.

Study  Technical factor Economic factor Environmental factor
weight (wr) weight (wg) weight (wWco2)

WSA1  0.33 0.33 0.33

WSA2  0.25 0.50 0.25

WSA3  0.25 0.25 0.50

4. Results and discussion

This section presents the results obtained with the PSO methodology
for Cases A to D, starting with the weight sensitivity analysis for the
multi-objective function. Then, the results for Case D, following the
same PSO optimisation methodology, are presented.

4.1. PSO weight value sensitivity analysis

To define the weighting values of each factor in Equation (11), this
work presents a weighting sensitivity analysis (WSA) for the variations
summarised in Table 3. The first variation of the sensitivity analysis
(WSA1) considered that the technical, economic, and environmental
factors have equal importance, obtaining a weighting of 33 % for each
(Wr = wg = wgoz = 0.33). The following two variations considered that
one of the factors (i.e., the economic or the environmental factor) had
greater relevance in the sizing of the hybrid system. In contrast, the
other two factors maintained equal importance. The technical factor was
not considered as part of the sensitivity analysis since it is imposed as a
constrain for the optimisation method, i.e., the solution tends to reach a
value of 4 % of LPSP; however, a technical factor weight is imposed to
ensure the participation of it in the optimisation process. The WSA2
study considered the economic factor to be of greater importance, so the
economic weighting was set at 50 % (wg = 0.5) and the weighting for the
technical and environmental factors was 25 % (Wr = wco2 = 0.25). The
WSA3 variation considered the environmental evaluation as the most
important factor with a 50 % weighting (w¢oz = 0.5), with the technical
and economic factors both 25 % (wr = wy = 0.25).

The weighting studies of Table 3 are run ten times with the technical,
economic, and environmental parametrisation described in section 3.1,
considering the wind distributions from Fig. 2. Fig. 4 presents the
comparation between the best solutions reached by the weighting study
as function of LCOE and ERco,. The best solution for WSA1 correspond
to the average of the solutions achieved with minimum LPSP, LCOE and
ERco,, since the weights in this study were equal for the three factors of
the multi-objective function. On the other hand, the values for WSA2
correspond to the best economic solution (minimum LCOE), while the
values for WSA3 are those achieved with the best environmentally
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Fig. 4. Weighting Sensitive Analysis Results. Comparative results as a function of wind resource.

friendly configuration (minimum ERco,).

Fig. 4 shows that the solutions for Case A (right-biased wind distri-
bution) tended to be located to the right and at the top of the graph,
obtaining higher values of levelized cost of energy and COze emissions.
This is due to the limited wind resources. Then, the sizing approach
selects the solutions based on solar resources to generate electricity with
higher pollutant rate emissions than wind energy (see Table 1). On the
other hand, the solutions for Case C (left bias wind distribution) were in
the lower-left corner of the mapping, i.e., presenting lower values for
both the levelized energy cost and the pollutant emission rate. The above
indicates that the sizing method gets a higher share of wind generation
in the presence of an outstanding wind resource. Finally, the normal
distribution in the wind resource used in Case B, allows to obtained
solutions with similar values of ER¢o,, and slightly higher LCOE than
those for Case C, for the WSA1 and WSA3 weight studies. In this regard,
a moderate wind resource is still used to size configurations with wind
energy for cases where the environmental factor is relevant.

However, the configuration minimises costs when the economic
factor becomes more critical (WSA2 solutions), as observed in Fig. 4. For
Cases A and B, giving more importance to LCOE, the sizing model ob-
tained configurations with much lower values of levelized cost than the
solutions obtained by weighting cases WSA1 and WSA3 since it was
preferred to integrate solar panels and batteries in the hybrid system,
due to the limitations of the wind resource. However, in Case C, with an
outstanding wind resource, the sizing tends to integrate wind turbines
for all weighting cases, where the best configurations had similar values
of LCOE. This solution is located to the left of the WSA1 and WSA3 so-
lutions for all instances of wind resource variation. Moreover, if the

Il Case A: Right bias
Il Case B: Normal dist.
Hll Case C: Left bias

100
90
80
70
60
50
40
30
20
10

Wind Energy Share [%]

WSA1 WSA2

WSA3

Fig. 5. Percentaje of wind energy share.

wind resource is reduced (Cases A and B), the solution with the higher
weight to the economic factor obtains higher pollution rates.

The share of wind generation is shown in Fig. 5, which compares the
percentage value of each solution in Fig. 4. The obtained values of wind
share for Case A were 18.5 %, 3.7 % and 36. 8 % for the weight cases
WSA1, WSA2 and WSA3, respectively; all values were much lower than
those obtained for Cases B and C; while the resource with the normal
distribution obtained wind energy shares of 78.9 %, 29.4 % and 85.7 %
for WSA1, WSA2 and WSAS3, the resource with left bias distribution
achieved 75.2 %, 78.9 % and 86.0 % for the factor weight cases. It is thus
evident that the participation of wind turbine generation increases with
the resource increase and when the environmental criterion is priori-
tized in the sizing.

Fig. 6 presents results for the studies when prioritising the economic
and environmental factors (WSA2 and WSAS3, respectively) to under-
stand the sizing preference in selecting the renewable generation
configuration. The participation of wind and solar generation over 24 h
(1 day) of operation is observed, and the wind resource cases (Cases A to
C) are also considered. In this way, the columns represent the variation
of the weights of the factors, and the rows represent the variation in the
wind resource to evaluate the participation in electricity generation.
Observing the share of wind power generation, it is evident that as the
wind resource increases, the electricity generation produced by small
wind turbines increases too, regardless of the type of weight factor that
prevails. The most interesting comparison comes from the analysis of
each wind resource case (Case A, B or C) and the effect of changing the
importance of the weighting factor. In all cases, there is a greater
participation of wind generation when the environmental factor ERco, is
prioritized (Fig. 5b, 5d, and 5f).

4.2. HRES sizing: Case D

The PSO optimisation was finally used for Case D of Puerto Bolivar,
La Guajira (see Fig. 2). The sizing was performed considering the three
cases of weighting analysis (WSA1 to WSA3), and for each case, the PSO
optimisation algorithm was run ten times. The representative results of
the weight analysis for Case D are mapped with the solutions obtained
for Cases B and C, as given in Fig. 7, since the wind speed, according to
the data extracted from the meteorological station, resembles the
behaviour of a normal distributed resource, which tends slightly to a left
bias, as shown Fig. 2.

The weighting analysis for case D shows that configurations with
LCOE and ERco, values similar to the normal (Case B) and left bias (Case
C) wind resource distribution can be obtained. However, it is clear that
by prioritizing the economic factor (WSA2), the configuration drasti-
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Fig. 7. Weighting analysis results of Case D, in contrast to results for Cases B
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cally reduces the levelized cost of energy, obtaining values close to those
obtained for Case C, but with a higher emission rate. While by priori-
tizing the environmental factor (WSA3), configurations with similar
LCOE and ER¢o, values to those of Case B.

To evaluate the configuration of the hybrid renewable system when

it is decided to prioritise the economic or environmental factor, the
renewable electric generation share, the state of charge of the battery,
and the total electricity generation of renewables are compared over two
operations days in Fig. 8. The configuration obtained prioritising the
economic factor (Case D with WSA2) reached LCOE value of 0.514 USD/
kWh and emission rate ER¢o, of 29.94 tCOqe/year, corresponding to a
configuration of 19 small wind turbines, 554 photovoltaic panels and
601 batteries, meaning a wind electricity generation of 49.1 %. On the
other hand, the HRES configuration with environmental priority (Case D
with WSA3) obtained a levelized cost of energy of 0.754 USD/kWh,an
emission rate value of 18.97 tCOze/year and a wind energy share of
90.2 %, integrating 32 wind turbines, 98 photovoltaic panels and 832
batteries.

Comparing the renewable energy share (Fig. 8a and 8b), it is again
evident that wind power is preferred over photovoltaic power when the
priority is to reduce polluting emissions. The state of the batteries has a
similar behaviour for two weight cases (Fig. 8c and 8d), varying
significantly in the maximum storage capacity, being higher in the
configuration with environmental priority, clearly coinciding with the
number of batteries selected for the HRES sizing. The preference to use
more batteries is also because the emission rate of batteries is lower than
the solar panels based on the life cycle analysis; in this way, the sizing
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Case D and WSA3.

directs the search for technologies with a lower environmental impact
when the ER¢o, factor is prioritised in the multi-objective function.

The preference to choose a higher share of wind and battery storage
energy did not sacrifice the demand met, as shown by the comparison of
the total electric energy generated by the HRES (Fig. 8e and 8f) since the
generation adapts to the region’s demand. This is consistent with the
fact that the probability of load loss LPSP is a constraint factor in the
search for the best configuration, which should be included in the multi-
objective function to tend to minimise loss of power supply.

5. Conclusions

This study presented the sizing procedure for a hybrid renewable
energy system (HRES) composed of wind energy, photovoltaic solar
energy and battery bank storage. The design used the particle swarm
optimization (PSO) algorithm with a multi-objective function, involving
the technical factor of probability of loss of power supply (LPSP), the
economic factor of levelized cost of energy (LCOE) and the environ-
mental factor based on life cycle analysis and COze emissions rate

(ERco,). The cases focused on the variation of the wind speed resource
and the algorithm’s response when finding a configuration of the HRES
system. Case A presented a wind resource with a right bias (Low
Resource), Case B was characterised by a resource with a normal fre-
quency distribution (Intermediate Resource), Case C was characterised
by a wind speed resource with a left bias (High Resource), and Case D
represented the wind resource conditions of La Guajira in Colombia. For
all cases, the solar resource and the ambient temperature were set ac-
cording to the typical meteorological conditions of La Guajira.

For all study cases, the PSO optimisation found solutions with a
technical performance that matched the loss of power supply probability
restriction (LPSP maximum at 4 %). Moreover, the best economic and
environmental configuration was obtained by evaluating Case C, where
the best economic solution corresponds to the best environmental so-
lution. As the wind resource improved, the share of wind energy in the
hybrid system configuration increased. Furthermore, the most
outstanding contribution of the weighting sensitivity analysis was to
show the trend that if the priority of the environmental factor increases,
the share of small wind turbines also increases. On the other hand, the
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case study for the Colombian context highlighted a resource with a
behaviour similar to a normal distribution with a slight bias to the left.
Here, the participation of wind generation was emphasised again. Still,
the inclusion of a more significant number of batteries than in the so-
lution obtained by prioritising the economic factor, agreeing that the
sizing method directs the search to find technologies that satisfy energy
demand with the lowest possible rate of polluting emissions.

It also can be inferred that the condition of obtaining the lowest
LCOE values is closely related to increasing the emissions rate, which is
associated with the low-cost option for electricity generation, which also
has the highest specific emissions rate, such as with photovoltaic gen-
eration. Additionally, the magnitude of the wind resource is decisive to
obtaining a reliable hybrid renewable energy system that is competitive
in terms of the levelized cost of energy, and that also reduces COse
emission rates from the perspective of life cycle analysis, as demon-
strated by the solution obtained for a wind resource with a left bias (i.e.,
high wind resource), where the solution has the lowest value of LCOE
and also of ERco,.
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