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Abstract: This paper deals with the optimal sizing of islanded microgrids (MGs), which use diesel
generators to supply energy in off-grid areas. The MG under study integrates photovoltaic (PV)
and diesel generation, a battery energy storage System (BESS), and an inverter for the connection
between AC and DC voltage buses. Levelised cost of energy (LCOE) and annual system cost (ASC)
are considered economic indicators, while the loss of power supply probability (LPSP) is used as a
reliability indicator. Fiscal incentives such as the tax benefits and accelerated depreciation applied in
Colombia are considered for the optimally sizing of each MG element. Solar measurements were
taken at a weather station located in the main campus of Universidad de Antioquia in Medellin,
Colombia at a latitude of 6.10 and longitude of —75.38. The objective function is the minimization
of the total energy delivered from the power sources that successfully meets the load. The model
was implemented in Python programming language considering several scenarios. Two cases were
evaluated: the first one considered PV panels, a BESS and a diesel generator, while the second
one only considered PV panels and a BESS. The option that does not include the diesel generator
turned out to be the most expensive, since additional PV and BESS resources are required to meet
the load profile. Furthermore, it was found that the LCOE was lower when tax benefits were taken
into account.

Keywords: optimization; sizing; renewable energies; islanded microgrids; off-grid areas

1. Introduction

A microgrid (MG) can be defined as a group of distributed generators (DGs), storage
devices and loads, which are connected to a main grid through a controllable switchgear,
providing reliable and safe electrical power to a local community [1]. MGs allow for the
massive incorporation of renewable DGs, representing a new and powerful alternative to
meet the needs of a growing energy demand. In general terms, they have a positive impact
on the integration of renewable energy sources and can be used to improve the overall
performance of electricity grids. Nonetheless, there are several challenges associated
with the incorporation of MGs in modern electrical systems. These include reliability
issues [2], protection coordination [3,4] and optimal sizing [5,6]. This paper deals with the
last issue, providing a sizing assessment of islanded MGs that considers investment costs
and tax benefits.

Islanded MGs are one of the most promissory proposals for supplying electricity in
off-grid areas when the cost of energy production is high or when power-supply problems
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occur [7]. Usually, off-grid areas use diesel generators for electricity supply; however,
the use of diesel generators has negative environmental impacts, while their supply and
maintenance are costly [8]. To overcome the dependence on this technology, hybrid sys-
tems that involve distributed energy resources (DERs) such as battery energy storage
systems (BESS) and photovoltaic (PV) and wind generators have become a convenient
option. Nonetheless, DERs working alone can not continuously supply power to the loads;
in consequence, diesel generators and BESS must meet the load demands when DERs
present intermittence.

Several researchers have reported the use of hybrid systems in islanded MGs. In [5,6,9],
the authors propose configurations of PV generators, wind turbines, fuel cells and backup
battery systems. In [10-15], only a wind turbine and a battery-backed PV generator were
considered, while in [16-26] a diesel generator was added as backup. Other generation
sources, such as biomass, thermal systems, flywheel and the utility grid, are considered
in [27-32]. However, the optimal sizing of generators in islanded MGs is still being
researched.

MGs planning must guarantee the reliability of the system at a minimum cost, satisfy-
ing the needs of users. MGs planning is usually divided into sizing and operation. This
is because of the multi-level nature of the problem. Additionally, optimization problems
regarding MG planning are often non-convex and NP-hard [25]. Single- and multi-objective
optimization methodologies have been proposed in the technical literature for successful
MG planning.

Researchers have used different optimization techniques to size MGs. These tech-
niques can be classified into exact and approximate methods. For example, in [24], an it-
erative method and dynamic programming (DP) approach are used to size BEES, consid-
ering the energy management system of an MG. In [26], the authors propose an optimal
scheduling approach for a hybrid MG using dynamic programming, which considers BESS,
conventional generation (e.g., diesel generator), and PV solar generators. The main objec-
tive is to ensure the maximum utilization of the renewable energy resources and minimum
operational cost of the conventional resources. In [29], a methodology based on PV power
forecasting and the evolution of load curve is proposed for the optimization of an isolated
MG. The proposed method aims to determine the size of PV panels and batteries at minimal
cost, maintaining the system’s reliability. In [16], the authors present a multi-objective
optimization method to jointly optimize the planning and operation of a grid-tied MG with
various DG sources, such as wind turbine and PV arrays with the assistance of demand-
side management. To solve the multi-objective optimization problem, a fuzzy method is
adopted to convert the original problem into a single objective optimization problem and a
mixed-integer linear programming algorithm is then used to solve this. In [33], the authors
propose a mixed-integer linear programming (MILP) problem that allows for the optimal
DER size in a DC MG to be determined. In [28], an MILP algorithm is used for the optimal
sizing of a grid-connected MG, minimizing the total cost. In [30], dynamic programming
and an MILP algorithm was implemented for sizing a small MG with storage. In [15,19,34],
the authors use the HOMER tool, which is a widely used software for sizing MGs.

Several metaheuristic techniques were implemented for MG planning in recent years.
In [9], a multi-objective particle swarm optimization (MOPSO) algorithm was carried out
to minimize the loss of load expected (LOLE) and loss of energy expected (LOEE) costs
of hybrid wind-solar-generating MG systems. In [6], a gray wolf optimization (GWO)
algorithm was used for the optimal sizing of BESS to minimize the operation cost of MGs.
In [10], an improved fruit fly optimization algorithm (IFOA) was used to size islanded MGs
with real data collected from Dongao Island. In [11], an ant colony optimization (ACO)
approach was employed to minimize the total capital cost and total maintenance cost in
a hybrid PV-wind energy system. In [35], an artificial bee colony (ABC) algorithm was
implemented to size a grid-connected MG with solar PV plants, wind turbines and energy
storage systems. The goal is the maximization of energy-saving benefits for the community
being served. In [12], a genetic algorithm (GA) is used for the multi-objective design of
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hybrid energy systems. The authors aim to minimize the life-cycle cost and greenhouse gas
emissions, and dump energy in remote residential buildings. In [13], the authors tested four
different algorithms, namely, ABC, PSO, GA and the gravitational search algorithm (GSA),
to solve the optimal sizing of grid-connected MG components. In [14], a PSO algorithm is
developed to determine the optimal configuration of an MG with minimal costs, satisfying
the desired loss of power supply probability. In [18], the whale optimization algorithm
(WOA), water cycle algorithm (WCA), moth—flame optimizer (MFO), and hybrid particle
swarm-gravitational search algorithm (PSOGSA) were applied for the optimal sizing of
PV /wind/diesel hybrid MG systems with BESS, while minimizing the cost of energy
(COE) supplied by the system and increasing the reliability and efficiency of the system.
In [20], the ABC optimization algorithm was used the for sizing and performance analysis
of a standalone hybrid energy system. In [22], the authors compare the performance of
PSO and invasive weed optimization (IWO) algorithms for the optimal sizing of hybrid
microgrids based on PV, wind, diesel and BESS. In this case, the BESS is considered in
summer and winter to determine daily storage. In [21], a GA approach minimizes the total
annual cost of the number of solar panels and micro-turbines, battery capacity, and diesel
generator size, with a constraint on renewable energy penetration. In [23], a double-layer
optimization strategy is implemented to determine the optimal BESS size, considering the
energy management system of an MG. The authors in [25] propose a bi-level optimization
model to solve the problem of planning and operating MG projects, inspired by the system
of systems (SoS) concept. In [27], an optimization technique based on a multi-objective
genetic algorithm (MOGA), which uses a high temporal resolution, is implemented to
size an MG. The proposed MOGA employs a techno-economic approach to determine
the microgrid system design, optimized by considering multiple criteria, including size,
cost, and availability. In [31], the optimal sizing of a standalone PV /wind/biomass hybrid
energy system is carried out using GA and PSO optimization techniques.

In the technical literature, some researchers have also analyzed fiscal incentives for
implementing MGs. In [36], the authors conducted a feasibility analysis of solar generation
in local communities in Libya. The study was carried out using the Net Present Value
(NPV) and payback time indicators to determine the impacts of feed-in tariff (FiT) rates,
financial incentives, electricity tariff, and the inflation rate on the economic viability of the
PV grid system. In [37], the authors provide a comprehensive evaluation of the technical
and financial feasibility of a campus MG based on a techno-economic analysis. This
analysis captures all the benefits of financial incentives for MG projects in California, U.S.
The authors in [38] investigate the effect and cost-efficiency of different renewable energy
incentives and the potential for hydrogen energy storage, as well as the perceived viability
of an MG project, from the perspective of different stakeholders, i.e., government, energy
hub operators and consumers, in Ontario province, Canada. The aforementioned research
papers focuses on an analysis of the financial incentives that each government provides to
projects that include renewable energy sources; however, the research does not provide
a sizing methodology for the MG. Additionally, the analysis is always focused on each
studied area and the tax benefits vary with respect to the respective country. The main
contribution of this paper is to provide a methodology for the sizing assessment of islanded
MGs that minimizes the total cost of supplying the load through a combination of several
power sources. Furthermore, tax benefits are included to facilitate the task of decision-
makers. Although tax incentives were specifically applied in Colombia, this methodology
can be used in other markets adopting different tax benefit rules.

The Colombian government aims to promote the development and implementation of
non-conventional energy sources (NCES), primarily those of a renewable nature. These
energy sources are meant to be integrated into the electricity market, allowing for the
reduction in greenhouse gas emissions and providing a more varied energy basket. Projects
that implement NCES could save 50% of the total investment made from their annual
income tax over a period no longer than 15 years. They also may apply an accelerated
depreciation of up to 20%, an exclusion of value-added tax (VAT) goods and services, and
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an exemption from customs duties. The 50% income deduction tax and the accelerated
depreciation were included in the methodology.

This paper is organized as follows: Section 2 presents the proposed methodology,
which includes the mathematical representation of different elements of the MG. This
section also describes the economic and reliability indicators implemented in the proposed
methodology. Section 3 details the proposed optimization model. Section 4 corresponds to
tests and results considering real data. Section 5 presents a discussion of the results of the
paper. Finally, Section 6 presents the conclusions and future work.

2. Proposed Methodology

The configuration of the MG to be optimized is shown in Figure 1. This is composed of
a DC bus and an AC bus connected through an inverter. The PV array, load controller and
BESS are connected to the DC bus, while the load and the diesel generator are connected to
the AC bus. The main goal of the energy sources is to supply power to the load.

DC BUS AC BUS

Controller

PV array % Load
T~

= Inverter
+
BESS Diesel Generator

Figure 1. Islanded microgrid.

The schematic diagram of the proposed methodology is illustrated in Figure 2.

Input meteorological data, load
profile, reliability constraint and
economical data

l

Input technical parameters and
number of PV panels, diesel
generator and battery cells

l

[ Execute optimization model ]

-

Yes

[ Calculate economic indicators ]

he solution is
accepted?

Yes

Figure 2. Schematic diagram of the proposed methodology.
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The sizing assessment methodology starts by reading the meteorological information,
load profile, reliability constraints and economic information of the system. Once the
previous step is defined, the technical information for each of the technologies considered
in the analysis is incorporated in the model; for this, information must be available from
the data sheet of each component of the system. After the initial information is configured,
the evaluation methodology runs an optimization model that simulates an economic
dispatch for one year with the objective of minimizing the cost of successfully meeting the
load. If the constraints are not satisfied and it is not possible to meet the expected demand
with the current energy resources, the methodology returns to the previous step to modify
the initial parameters of the system. When an optimal solution is reached, the economic
calculations and reliability of the system are computed. Finally, it is up to the decision-
maker to accept the solution that was achieved by the proposed methodology or to evaluate
other alternatives.

2.1. PV Array Model

An hourly power model was adopted for the PV array (E,y, ), which is calculated
using Equation (1). A more in-depth description of this model is presented in [39].

G(B,«)

Epo, = Npo - Ppog - “Gste Tpo - fpo @
where Ny, is the number of PV modules, Py, is the rated power of the solar panel in
standard test condition, G(B, &) is the global irradiance on the plane of the PV array, Ty,
is the cell temperature in Celsius, calculated by Equation (2), f, is a derating factor that
includes the losses due to dust, shading and wiring; this factor also considers the mismatch-
ing and natural degradation of solar modules. Gstc is the global irradiance in standard test
conditions for the PV cell.

Xp
Ty = (1 100 (Teerr, — Tstc)) ()
In Equation (2), ap is the temperature coefficient of maximum power %/C, Ty is the
temperature in standard test conditions and T, is calculated by Equation (3) [39].

®)

NOCT — 20
Tcellt = Tamb + G(;B/“)t ! ()

800

where NOCT is the rated operation cell temperature thath can be consulted in the mod-
ule datasheet, while T,,,;, corresponds to the average ambient temperature measured
each month.

2.2. BESS Model

The BESS model is based on the time estimation of State of Charge (SoC;) that is
defined in Equation (4)

SoCt = (1 —0) - SoCy_1 + Ebat/ - 55 — Ebat; /finy 4)

where ¢ is the self-discharge rate per hour, Ebat;" is the power delivered to the BESS, 7. is
the BESS load efficiency, Ebat, is the power of BESS delivered to the load, and 7;,, is the
inverter efficiency. Ebatn is the rated capacity of BESS given by Equation (5).

Ebatn = Nbat - Ebat (5)

where Ebat,,; is the rated power of the battery cell and Nbat is the number of batteries and
can be calculated by Equation (6).

Npat = Nby, - Nbs (6)
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where Nb, is the number of batteries cell in parallel and Nbs is the number of batteries in
series and can be calculated by Equation (7), where, Vdcs;g; is the DC system voltage and
Vdcy, is the battery voltage.
Vdcg;
N.. — sist
bs VdCbC

In this case, SoC™® is the maximum SoC of the BESS considering the maximum
capacity defined by Equation (8); on the other hand, SoC™™" is the minimum SoC of the
BESS according to the maximum depth of discharge, defined by Equation (9), where
DOD™#* is the maximum depth of discharge that determines the fraction of power that
can be withdrawn from the BESS expressed as a percentage of maximum capacity.

@)

SoC™® = Ebatn (8)

SoC™™ = Ebatn - (1 — DOD™) 9)

The maximum flow of energy to avoid overheating when charging or discharging
the BESS, labeled as Emax, is defined by Equation (10), where C,4, is the capacity rate in

hours [39].

Ebatn
Epax = = (10)
rate

The number of charging/discharging cycles of the battery can be calculated using
Equation (11):

Y. Ebat;
teT

chcles = " Ebatn (11)

2.3. Diesel Generator
The power model of the diesel generators (Pdg) is calculated using Equation (12).

Pdg = 14q - PAg"™™ - Nyg (12)

where 7, is the efficiency of the generator, Pd ¢ is the rated power and Ny is the number
of diesel generator units. The total fuel consumption for a diesel generator, measured in
litres per hour (L/h), is calculated using Equation (13):

N
Fdg; =) a; +b; - Pdg; + c; - Pdg;’ (13)

i=1

where N is the number of diesel generators, a;, b; y c; are coefficients of the fuel consumption
of the generator, while Pdg; withi =1,2,..., N show the power output, measured in kWh,
from diesel generators.

2.4. Economic Indicators

Several economic indicators can be implemented when sizing MGs [7,39]. These
include: net present cost (NPC), life-cycle cost (LCC), annual system costs (ASC) and
levelised cost of energy (LCOE). In this paper, LCOE and ASC are selected.

The LCOE can be expressed as the ratio between the total cost and total energy
consumed by the load in the project lifetime. The economic model assumes that the yearly
load served is constant during the lifetime of the project, as in [39]. This can be calculated
by Equation (14), where T is the horizon time that needs to be evaluated, Eload; is the
energy required by the load at time t and PENS; indicates the energy that is not supplied
to the load at time ¢. In this case, ASC is the summation of capital, replacement, operation
and maintenance costs, as indicated by Equation (15).
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ASC
LCOE = Y. (Eload; — PENS;) (14

teT
ASC = Y (CC;+ RC;) - CRF(ir, R)+0&M; (15)

i€eNc
where, CC; and RC; are the capital and replacement costs, respectively; i, is the annual
interest rate, R is the lifetime of the project and CRF is the capital recovery factor. N, is

the set of system components and O&M,; is the operation and maintenance cost given by
Equations (16)—(18).

O&Mpy = CCpy - ppo (16)
O&Mpy = chat " Pbat (17)
O&Mq = cf +cl +ac (18)

In this case, O&My, O&My,; and O& My, are the operation and maintenance costs
for PV array, BESS and diesel generator, respectively. CCpy and CCy,; are the investment
costs of the PV array and BESS, respectively. p,, and pp,; are a percentage of the investment
costs of the PV array and BESS, respectively. cf is the average cost of fuel, as given by
Equation (19), ¢! is the average cost of lubricant, given by Equation (20), and ac is the
average administrative costs, given by Equation (21).

cf =CEC-E-(PA+ Tr+Cal) (19)
¢l = CEL- (Tr + Plim) - E (20)
ac=0.1-(cf+cl) (21)

where CEC is the specific consumption of fuel per kWh for a diesel generator, E is the
energy delivered to the load and BESS. In this case, PA is the average fuel price of a gallon
from the nearest supplier plant, Tr is the cost of the transportation of fuel, and Cal is the fuel
storage cost. CEL is the specific consumption of lubricant per kWh for a diesel generator,
and Plim is the average lubricant price of gallon. Administrative costs are considered as
10% of the total cost of fuel and lubricant consumption.

The capital recovery factor (CRF(ir, R)) is given by Equation (22), where R is the
project lifetime in years and ir is the annual interest rate.

ir(1+ir)k

CRF(ir,R) = ———2—
ir.R) (1+in® -1

(22)

The investment cost for each system component considered in this work is given by
Equation (23).
CC,‘ = Ckii : Ni : Pi (23)

where cki; is the cost per kWh installed for each system component. This cost is associated
with electronic power equipment, battery cells, PV panels and diesel generation units. N; is
the number of units for each system component, and P; is the rated power of each unit for
each considered system component.

The replacement cost is only considered for the BESS and diesel generator, since the life-
cycle of the PV panels is greater than the project’s lifetime. This is given by Equation (24).

RC; = A; - CC; - Ki(ir, Li, yi) @)

In this case, A; is a factor used to consider a percentage of the initial investment
cost for each system component, and k; is the single-payment present worth, given by
Equation (25) [40].
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. u 1
Ki(ir Li,yi) = Y ———r- (25)
where y; is the number of replacements during the useful lifetime of the project given by
Equation (26). In this case, L; is the useful lifetime of each component and R is the lifetime
of the project.

Yi= 1 (26)

2.5. Reliability Indicator

The loss of power supply probability (LPSP) is given by Equation (27). This parameter
is used to estimate the reliability of the MG, which is the ratio between the total energy not
supplied to the load (PENS;) and the total energy required by the load (Pr,44 +)-

Y. Penst

rpsp="L (27)
Z Ploud,t
teT

2.6. Fiscal Incentives

In 2021, the Colombian government issued Law 2099, which aims to modernize the
existing legislation. This law made amendments and additions to Law 1715 of 2014, where
the Colombian government provided tax benefits to promote the development and use of
non-conventional energy sources, particularly those of a renewable nature. The projects can
be deducted from their annual income tax, in a period not exceeding 15 years, for up to 50%
of the total investment made. The annual income tax can be calculated using Equation (28).

i=05/T1 (28)

where T1 corresponds to the years in which the tax benefit is applied, which cannot exceed
15. The accelerated depreciation is equally distributed according the project requirements,
as shown in Equation (29).

d=1/T2 (29)

where T2 corresponds to the years in which the accelerated depreciation is applied. The tax
deduction factor (w) applied in the project can be calculated by Equation (30), where 7 is
the effective corporate tax income rate of the project.

T1 ;
. El (1-+ir)! +
“{1—T- oo (30)

=y iy

3. Proposed Optimization Model

In this work, a deterministic cost model is proposed. The main goal is to minimize
the total cost of dispatching energy from energy resources that successfully meet the load.
The objective function, given by Equation (31), minimizes the cost of energy dispatched
for the time horizon T. cpv, cdg, cbat and cens are the cost per kilowatt ($/kWh) of the
PV array, diesel generator, BESS and energy not served, respectively. Eyy, is the delivered
energy of the PV array, Ebat}" is the load power to the BESS from the PV array, Edg is the
power delivered by the diesel generator, Ebatfg is the load power to the BESS from the

diesel generator, Ebat, is the energy delivered from the BESS to the load and PENS is the
energy not served to the load.
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cpv - (Epy, + Ebat}”)+
Min) .  cdg- (Edg + Ebatfg)—F (1)
t€T  cbat - Ebat; + cens - PENS;

3.1. Energy Balance Constraint
The constraint given by Equation (32) represents the energy supplied to the load.

Epo,+Edgt + Ebat, + PENS; = Eload Vt € T (32)

3.2. Reliability Constraint

The constraint given by Equation (33) ensures that the loss of power supply probability
(LPSP) does not exceed its maximum limit.

LPSP < LPSP™ax (33)

3.3. PV Constraints

Expression (34) ensures that the energy delivered from the PV array to the load (Eyy,)
and the energy delivered from the PV array to charge the BESS (Ebat!”) does not exceed
the maximum PV energy available (Eg;ﬁx), at time t. Equation (35) ensures that there are
positive values in the delivered energy. The constraint given by Equation (36) ensures that
the energy delivered from the PV array to charge the BESS is only available after supplying

the load.

Epo, + Ebat}” < Ej3 (34)
Epy, + Ebat]” > EJp" (35)
Ebat]” < Ep* — Epy, (36)

3.4. Diesel Generator Constraint
Equation (37) ensures that the power delivered from the diesel generator to the load

(Edg:) and the power delivered to charge the BESS from the diesel generator (Ebatfg ) does
not exceed the maximum capacity of the generator (Pdg"?); otherwise, the binary variable
Bdg; will be zero. The constraint given by Equation (38) ensures that the diesel generator
does not supply power below its technical (Pdg™"); otherwise, the binary variable Bdg;
will be zero. Equation (39) ensures that the energy delivered from the diesel generator to
charge the BESS is only available after supplying the load.

Edg: + Ebatfg < Pdg™ . Bdg; (37)
Edg: + Ebatfg > Pdg™" . Bdg; (38)
Ebatfg < Pdg™¢ — Edg, (39)

3.5. BESS Charge and Discharge Constraints

Equation (40) ensures that the BESS State of Charge SoC; is within its minimum and
maximum values, labeled as SoC"™" and S0C™#*, respectively.

SoC™in < GpC; < SoC™max (40)

Equation (41) ensures that the power to charge the battery is delivered from the PV array

(Ebat}”) and the diesel generator (E batfg )- The energy delivered from the diesel generator to
the BESS is multiplied by the efficiency of the inverter (#;,,,). Equations (42) and (43) prevent
the BESS from overheating in the charging and discharging process, respectively. In this case,
Epnax is the maximum energy used for loading and unloading. Bc and Bd are binary variables
that determine if the BEES is charging and discharging, respectively. Mb is a positive battery
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constant to ensure the constraint. Equations (44) and (45) ensure that the charge (Ebut;r) and
discharge (Ebat,”) energies do not violate the maximum and minimum state of BESS charge
limits. The constraint given by (46) ensures that the maximum BESS charge and discharge
cycles (cycles™**) are not exceeded by the total cycle results of the BESS (B cjes)-

Ebat; = Ebat!” + Ebat®® - (41)
Mb - Be; < Ebat} < Emax -Bey (42)
Mb - Bdy < Ebat, < Emax-Bd; (43)
Ebat; < SoC; — SoC™n" (44)
Ebat;” < SoC™ — SoC; (45)
Beycres < cycles™™ (46)

4. Tests and Results

The tests of the proposed methodology were carried out at the east headquarters
of Universidad de Antioquia, in Colombia, at a latitude of 6.10 and longitude of —75.38.
The experimental data were collected in 2019 at the university building and weather station.
All data, as well as the complete methodology, are available in an open-source repository
in [41].

4.1. Load Profile

The electrical demand to be met at the building is shown in Figures 3 and 4. Note that
Figure 3 corresponds to the daily average load profile for one year, while Figure 4 is the
monthly load profile for one year. In this case, there is a consumption peak at around office
hours at the University. The months with the highest energy consumption are October,
November and December.

Load demand (kWh)

2 4 6 88 10 12 14 16 18 20 22 24

Time (hour)

Figure 3. Daily average load profile for one year.
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Load demand (MWh/m)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month
Figure 4. Monthly load profile for one year.

4.2. Solar Radiation and Temperature

Figure 5 shows the daily average solar radiation for one year by month. The solar radi-
ation is around 700 Wh/m?, on average, daily, while the radiation is more than 770 Wh/m?

in June, July and August.
Month Jan Feb Mar Apr May
Jun Jul Aug Sep Oct
Nov Dec
800
—_
N
g 700
600
£
o 500
)
= 400
=
T 300
=t 200
=)
! 100
0

2 4 6 § 10 12 14 16 18 20 22 24
Time (hour)

Figure 5. Daily average solar radiation for one year by month.

Figure 6 corresponds to the montly solar radiation for one year. As shown, the total
summation of solar radiation by month is also the highest in in June, July and August.
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Figure 6. Monthly solar radiation for one year.

Figure 7 is the daily average temperature for one year for a month. The average
temperature at noon is around 23 °C. The month with the highest temperature is August.

Month Jan Feb Mar Apr May
Jun Jul Aug Sep Oct
Nov Dec
24
22
o
o, 20
£
§ 18
o
£ 16
&
14
12

2 4 6 8§ 10 12 14 16 18 20 22 24

Time (hour)

Figure 7. Daily average temperature for one year by month.

4.3. Input Parameters

The systems input parameters and benefits are shown in Table 1, which were selected
according to the Colombian Law. The real interest rate was taken from [42] while the
tax reduction factor was calculated in Section 2.6. The costs of energy not supplied in
Colombia (cens) and LPSP were taken from [43]. The variable labeled as cens in Colombia
corresponds to the marginal economic cost of rationing the energy demand in off-grid
areas; this value is defined by the Colombian regulation and updated by the mining and
energy planning unit (UPME, Spanish acronyms) according to the percentage of demand
to be rationed [44].
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Table 1. Input parameters of the project.

Input Symbol Value
Lifetime of the project (years) R 20
Loss of power supply probability (%) LpSpmax 5
Real interest rate (%) ir 8.08
Cost of energy not supplied (USD/kWh) cens 0.7434
Tax reduction factor (%) w 91.47
Years income tax (years) T1 15
Years accelerated depreciation (years) T2 10
Corporate tax income rate (%) T 33

Table 2 presents the technical and economic parameters of the PV module. The data
were selected from a commercial mono crystalline PV module of 300 wp from the company
JINKO SOLAR (Shanghai, China).

Table 2. Input parameters of the PV module.

Input Symbol Value
Maximum Power Wp Epvsic 300
Module Efficiency (%) Mpo 18.33
NOCT (°C) NOCT 45
Price per kWh generated (USD/kWh) cpv 0.003
PV derating factor (%) fpo 85
O&M factor initial investment (%) Ppo 1
Price per kW installed (USD/kW) ckipy 1.5
Power Temperature Coefficient (%/°C) ap —0.39

Table 3 presents the technical and economic parameters of the BESS. The data were
selected from commercial Vented lead-acid batteries with reference to the sun power V
LSeries OPzS/OPzS bloc special to cyclic applications from HOPPECKE company (Brilon,
Germany). The data sheet recommended a maximum depth of discharge of 50% to obtain
3000 life-cycles.

Table 3. Input parameters of the BESS.

Input Symbol Value
Positive battery constant Mb 0.01
Self-Discharge rate o 0.2
Capacity Rate (h) Crate 5
Maximum depth of Discharge (%) DOD™* 50
Maximum number of cycles cycles™®* 3000
Price per kWh generated (USD/kWh) cbat 0.12
Battery cell capacity (kW) Ebat,.p; 0.84

DC system voltage (V) Vidcgist 48
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Table 3. Cont.

Input Symbol Value
Battery Voltage (V) Vdcey, 2
Inverter efficiency (%) Nino 95
O&M factor initial investment (%) Obat 2
Factor initial capital cost invested (%) Apat 70
Lifecycle (years) Lepat 10
Price per kWh installed (USD/kW) ckipgs 144.5
Discharge efficiency (%) 14 100
load efficiency (%) e 90
Number of batteries in parallel Nby 2

Table 4 summarizes the technical and economic parameters of the diesel generator.
The average fuel and lubricant prices were selected from the companies in the region.

Table 4. Input parameters of the Diesel generator.

Input Symbol Value
DG Power (kW) Pdgrete 10
Price per installed kWh (USD/kW) ckigq 2041
Minimum ratio allowed pdgmin 0.9
Diesel efficiency (%) Ndg 100
Price per generated kWh (USD/kWh) cdg 0.22
Factor of the initial invested capital cost (%) Mg 70
Specific consumption of fuel (gal/kWh) CEC 0.0974
Specific consumption of oil (gal/kWh) CEL 0.0005
Life-cycle (years) Legg 10
Average price of oil (USD/gal) alc 214
Average price of fuel (USD/gal) afc 24

The cost per kW installed in each technology, the factor of the initial capital invested
cost and life-cycle of each technology considered in this work were taken from [39].

5. Discussion

This section shows the results of 159 tests that were carried out on the case study
with a personal computer equipped with an Intel Core i7-8550U 1.8 GHz processor with
8 CPUs and 8 GB of RAM memory. The proposed optimization model was implemented in
the Pyomo Python-based open-source package. The solver used in Pyomo was a Gurobi
Optimizer version 9.0.3 with an academic license.

Since the formulated model is linear, it is possible to use an open-source solver.
However, due to the size of the problem, this is not recommended, because the performance
is lower than a solver such as GUROBI, as can be seen in Figure 8. Note that GUROBI
achieves a solution between 0 and 5% of GAP, around 20 min, while CBC achieves the same
solution in about 70 min with a higher GAP.
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Figure 8. Time solution with different GAP in CBC and GUROBI solvers.

A matrix that correlates the energy supplied with the load and the ASC and LCOE
indicators is shown in Figure 9. Note that diesel energy and ASC have a negative and
strong correlation. This means that if the diesel energy increases, the ASC decreases. This
behavior is due to the load profile; if the model uses more PV modules and batteries to
satisfy the load, then the capital, replacement, operation, and maintenance cost increase.
On the other hand, the LCOE has a negative and medium correlation with the PV energy
and BESS. This is because of the energy that is supplied to the load; in other words, if the
PV modules and BESS increase, the load can be fully covered. In this case, the energy
supplied by the diesel generator is not decisive in the LCOE due to operational constraints;
if the load is lower than the minimum capacity that is able to dispatch the diesel generator,
the load cannot be met.

1.00
PV Energy
0.75
BESS Energy 0.50
) 0.25
Diesel Energy - -0.6 -0.5
- 0.00
ASC
- -0.25
LCOE - -0.50
--0.75
ENS
--1.00

ASC LCOE
Figure 9. Energy correlating with ASC and LCOE.

Figure 10a,b show the relationship between the energy delivered to the load by the
MG and the ASC and LCOE indicators, respectively. The size of the circles indicates the
amount of energy delivered to the load by the technoology over a year. The bigger the
circle, the more energy is delivered by the corresponding resource. Figure 10a shows
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Total Energy (kWh/year)

100k
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60k

that when ASC is greater than 15k, the energy delivered by the PV array is higher. This
indicates that the increase in the installed capacity of the PV array also increases the O& My,
costs. Additionally, in Figure 10b, it is shown that the LCOE is lower in cases where the
energy delivered by the PV array is higher with respect to the other resources. Therefore,
the simulations that obtained an LCOE of below 0.3 were the ones with the highest installed
capacity of the PV array and BESS.

Type ® PV Energy BESS Energy @  Diesel Energy Type ® PV Energy BESS Energy @  Diesel Energy
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Figure 10. Energy vc ASC and LCOE. (a) Energy vs. ASC; (b) Energy vs. LCOE.

The diesel generator is not decisive in the LCOE because it is a backup resource. In ad-
dition, it has technical restrictions regarding the minimum dispatch of its capacity. In other
words, in the simulations, the constraint is that the diesel generator is only dispatched if
the energy to be covered is at least 90% of its capacity.

Figure 11 shows the fulfillment of the allowed LPSP™?*, which was considered as the
objective. It is observed that the resulting LPSP is always lower than the maximum value
and varies according to the input parameters. In general terms, if more power generation
is available, the resulting LPSP is lower.

Type B RESULT M OBJETIVE

LPSP

72 75 89 91 2 4 6 8

Simulation

Figure 11. LPSP objetive vs LPSP result for some simulations.

Table 5 presents the results of the planning problem for two MG configurations.
The first case considers PV panels, BESS, and a diesel generator, while the second case only
considers PV panels and BESS.
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Table 5. Result of the study case.
Parameter Unit PV-BAT-DG PV-BAT
Npv Units 190.00 405.00
Nbat Units 48.00 120.00
Nbat, Units 2.00 5.00
Ebatn kW 40.32 100.80
LC Number 229.00 116.30
Pdg kW 10.00 -
CCpv usD 85,500.00 182,250.00
CCbat USD 5826.24 14,565.60
CCdg usD 20,411.00 -
O&Mpv USD/year 855.00 1822.50
O&Mbat USD/year 116.52 291.31
O&Mdg USD/year 4002.99 -
RCbat usD 2737.40 6843.50
RCdg USsD 9589.90 -
LPSP Y% 5.00 4.99
CRF Y% 10.00 10.00
PENS kWh/year 1823.30 1821.20
Costens USD/year 1355.44 1353.93
ASC USD/year 17,016.74 22,479.72
LCOE USD/kWh 0.54 0.84
6ASC USD/year 16,237.73 20,800.89
SLCOE USD/kWh 0.51 0.78
AvgTimeWpgns Hours 19 21

According to the Institute for Planning and Promotion of Energy Solutions for Non-
Interconnected Zones (IPSE), there are 106,566 users in-off grid areas in Colombia, which
typically have between 5 and 10 hours of daily electrical service [45]. If this type of MG
were installed in a non-interconnected area with similar characteristics, the two solutions
found in this paper would improve electricity supply in these off grid areas, with 19 and
21 h, respectively. In these hours, the load was fully supplied (PENS = 0). This may
vary according to the LPSP selected at the beginning of the projects and the user criteria
when selecting the sizing methodology. Furthermore, the results show that the best cost
is obtained in the first option, with an LCOE of 0.51$/kWh, which is 0.27$/kWh lower
than the second option, with 0.78%/kWh. This result is due to the load profile, in which,
during the hours of lower solar radiation, there is a high energy demand; therefore, for the
second option, more PV and BESS units are required to satisfy the energy demand.

Figure 12 corresponds to the energy supplied to the load in a year. Figure 12a,b
shows that, for the first and second cases, the energy provided from renewable resources
is prioritized over the energy provided by the diesel generator, in accordance with the
proposed optimization model. Then, in the PV-BESS-DG solution, the energy delivered
by the PV array to the load corresponds to 48.3%, the energy delivered by the BESS to the
load corresponds to 25.3%, and the energy delivered by the diesel generator to the load
was 21.3%. Finally, the non-served energy was 5%. For the PV-BAT solution, the energy
delivered by the PV array to the load corresponds to 62.9%, while the energy delivered by
the BESS was 32.1%. Finally, the non-served energy was 4.99%.
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Figure 12. Energy supplied to the load in a year. (a) PV-BESS-DG configuration; (b) PV-BESS configuration.

Figure 13 corresponds to the energy supplied to the load in a day from PV-BESS-DG
and PV-BESS. Samples were randomly taken from one day that illustrates the hourly load
curve. These figures show that the diesel generator and BESS are only used when the PV
energy is not available or is insufficient, with the diesel generator providing the last option
to supply the load and charge the BESS. Figure 13a shows that energy is not supplied for
some hours. This is because the SoC(t) of the BESS is below the allowable limits or, due
to technical restrictions, the diesel generator is at its minimum operative power. For the
PV-BESS-DG solution in the early morning hours of 0, 2, 3, 4 and 5, the use of BESS was
required. Nonetheless, at hours 0, 4 and 5, there was PENS. At hour 1, all the energy was
supplied by diesel energy. In hours 6, 7, 8, 9, PENS was present even though PV energy
was available. This is due to the fact that the irradiance in those hours is low and does not
cover the demand. Likewise, the BESS did not have stored energy and the diesel generator
could not be dispatched due to technical restrictions. In hours 10, 11, 12, 13 and 14, the
demand was supplied only by PV energy due to the high availability of the solar resource.
Hours 15 and 16 were supplied by the BESS and PV energy. Hours 17 and 18 were supplied
solely by the diesel generator. This is due to the fact that the minimum capacity restrictions
for the diesel generator were met while there is no solar resource or sufficient energy in
the BESS. Finally, in hours 19, 20, 21, 22 and 23, the demand was supplied by the BESS.
For the PV-BAT-DG solution, it is shown that, in hours 17 and 18, the diesel generator was
used as a backup due to the shortage of energy from the PV array and BESS. In hours 5,
6,7, 8, and 9, there was no power supplied for the day under analysis. In the evening
hours, power was mainly supplied from the BESS. In the PV-BAT solution, between 6 and
17 hours, energy was mainly used from the PV array, while in the evening hours, the BESS
was used to supply the energy.

Figure 14 shows the hourly average for the whole year of the energy used to charge the
BESS. The blue line is the energy used to charge the BESS, while the orange and green lines
indicate the energy used from PV and diesel to charge the BESS, respectively. Figure 14
illustrates that the optimization model proposed prioritizes PV energy when charging the
BESS and only uses the energy from the diesel generator when PV energy is not available.
The model prioritizes the BESS load according to the cheapest resource: in this case, PV
energy. Then, between 6 a.m. and 5 p.m., the BESS is charged with the energy left over
from the PV array after supplying the load. Between 2 and 4 p.m., the highest use of the
diesel generator is presented to charge the battery, this is because, in these hours, the SoC
of the BESS is at its lowest levels.
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Figure 13. Energy supplied to the load in a day. (a) PV-BESS-DG configuration; (b) PV-BESS configuration.
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Figure 14. Average energy to charge the BESS for PV-BESS-DG.

Figure 15 shows the average SoC of the BESS. For the two given solutions, it is
shown that the battery charging process mainly occurs between 7 a.m. and 5 p.m. This
is due to the solar resource’s availability for charging. The green and orange lines show
that the charging and discharging processes do not occur simultaneously. Figure 15a
indicates the hourly average for the whole year. The blue line is the behavior of the SoC
during the 24 h. The green line shows the energy used (PV energy + diesel energy) to
charge the BESS. The orange line indicates the energy used from the BESS to supply the
load. The charging and discharging process meets the maximum energy per hour (Emax).
The dashed region denotes the range (in kWh) of the BESS capacity with its maximum and
minimum SoC(t), considering the DODmax parameter of the BESS. The process starts when
energy is available from the diesel generator and PV Array. Meanwhile, Figure 15b shows
that the BESS is only charged when energy is available from the PV array. In Figure 15a, the
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maximum size of the BESS is 40 kWh, while in Figure 15b, it is 100 kWh. This is because
Figure 15a illustrates a solution that uses a backup diesel generator. This means that the
solar and BESS system is smaller and not oversized. In Figure 15b, the size of the BESS
significantly increases due to the need to meet the load supply. Likewise, the size of the PV
system also increases. Therefore, when diesel generation is not used as a backup, the BESS
and solar systems are oversized.

SoC(t) Discharging Charging SoC(t) Discharging Charging
"""""""""""""""""""""""""""""""""" 00
80
=
B 60
........................................................... =3
&
5 E 40
m
0
20
SW
0 0
2 10 12 14 16 18 20 22 24 2 4 6 8§ 10 12 14 16 18 20 22 24
Time (hour) Time (hour)
(a) (b)

Figure 15. Average SoC of the BESS. (a) PV-BESS-DG configuration; (b) PV-BESS configuration.

Figure 16 corresponds to the charging and discharging Process of the BESS in a day for
PV-BESS-DG and PV-BESS configurations. At hour 8, the BESS is loaded by the PV system
and the diesel generator. At hour 10, there is no charging or discharging process. This is
because the diesel generator and the PV system supply the load. At hours 11, 12 and 13,
the highest energy supplied by the system to charge the BESS is observed. At hours 14
and 15, it is necessary to use the BESS to feed the load because the production of the PV
system is reduced. At hours 16, 17, 18 and 19, the BESS is in the process of charging, taking
advantage of the energy remaining in the diesel generator after feeding the load.

B Charging Discharging B Charging Discharging

—
Energy [kWh]
v & o oo

6 8§ 10 12 14 16 18 20 22 0 2 4 6 8§ 10 12 14 16 18 20 22
Time (hour) Time (hour)
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Figure 16. Charging and discharging process of the BESS over a day. (a) PV-BESS-DG configuration;
(b) PV-BESS configuration.

In Figure 16b, between 7 and 13 h, there is excess solar energy production; therefore,
the BESS is charged. When the solar energy production is low, the BESS feeds the load in
all hours, from 14 to 6. Figure 16a,b show that, in both options, the optimization model
ensures that the process of charging and discharging the BESS does not occur at the same
time. For the PV-BAT-DG solution, it is observed that, at hours 11, 12, and 13, a charging
process was initiated; therefore, the battery did not supply energy to the user (discharge
process). At hours 14 and 15, the opposite occurred when the discharge process was
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initiated. The same behavior is observed in the PV-BESS solution. In solution 1, a system
with a backup diesel generator decreases the need for PV systems; therefore, BESS and
the PV system have lower capacity. This lowers the cost of the system. In the absence of a
diesel generator, the PV system and BESS need to be significantly increased in size. This
means that, during hours with high solar radiation, there is excess generation. When there
is excess solar energy, it is not necessary to use the BESS; thus, the BESS is charged during
the hours with solar production.

6. Conclusions

This paper presented a methodology that can be used by decision-makers for the
optimal sizing of islanded MGs. This methodology considers a deterministic optimization
model and the tax benefits that the Colombian government offers to new projects that
include renewable energy. The optimization model considers the technical constraints
of BESS, such as the maximum cycles allowed for charging and discharging. The reli-
ability of the system was included as a constraint on the optimization model and the
energy supplied to the load was considered as a variable with a high cost in the objective
function (penalization).

Two cases were selected from the simulations in the Python programming language:
The first one considered PV panels, a BESS and a diesel generator, while the second one
considered PV panels and a BESS without a diesel generator. The second case presented the
highest cost since it requires more PV and BESS, with the latter being the most expensive
devices of the MG. The results showed that the service of the user can be improved using
the proposed methodology.

The total energy, by source, was related to ASC and LCOE. It was observed that
the energy delivered by the PV array is higher with respect to other resources. In fact,
the selected solutions provide 19 and 21 hours, respectively, without having energy that is
not served to the load.

It was found that the LCOE was lower when considering the tax benefits. The me-
teorological data and the load profile are decisive in the sizing process of each case. This
methodology can be used for sizing an islanded microgrid. Nonetheless, certain informa-
tion must be available, such as the hourly load profile of the users, meteorological data,
technical data of the system assets and the tax-benefits rules.

The main limitation of the proposed approach lies on the fact that it is restricted to a
specific topology of the MG. Future work will include more versatile MG topologies, as
well as other features, such as the effect of demand response.

Author Contributions: Conceptualization, WR.-C., N.M.-G., E.EC.-B., PM.-D. and ] M.L.-L.; Data
curation, W.R.-C.; Formal analysis, WR.-C., NM.-G., EEC.-B., PM.-D. and J].M.L.-L.; Funding
acquisition, E.EC.-B.,, PM.-D., ] M.L.-L. and N.M-G.; Investigation, WR.-C., N.M.-G., EEC.-B. PM.-D.
and . M.L.-L.; Methodology, W.R.-C., N.M.-G., E.E.C.-B. and PM.-D.; Project administration, N.M.-G.
E.EC.-B. PM.-D. and J.M.L.-L.; Resources, W.R.-C., N.M.-G., E.EEC.-B., PM.-D. and ].M.L.-L.; Software,
W.R.-C,; Supervision, N.M.-G. and ].M.L.-L.; Validation, WR.-C., N.\M.-G., JM.L.-L., EEC.-B. and
PM.-D.; Visualization, W.R.-C.; Writing—original draft, W.R.-C. and N.M-G.; Writing—review and
editing, W.R.-C., N.M-G., EEC.-B.,, PM.-D. and ].M.L.-L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Colombia Scientific Program within the framework of the
so-called Ecosistema Cientifico (Contract No. FP44842-218-2018).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Energies 2022, 15, 5161 22 of 24

Acknowledgments: The authors gratefully acknowledge the support from the Colombia Scientific
Program within the framework of the call Ecosistema Cientifico (Contract No. FP44842- 218-2018).
The authors also want to acknowledge Universidad de Antioquia for its support through the project
“estrategia de sostenibilidad”.

Conflicts of Interest: The authors declare that they have no conflict of interest.

Nomenclature

This section presents the nomenclature used in the paper, for quick reference.

G Sets of systems components

T Time horizon to evaluate the study case

cpv Price per kW of PV energy installed in (USD/kW)

cdg Price per kW of Diesel energy installed in (USD/kW)

cbat Price per kW of BESS energy installed in (USD/kW)

cens Cost of energy not supplied in (USD/kWh)

LPSP™**  Maximum loss of power supply probability allowed in (%)
Eload Load to meet at time t in kWh

E pymax Maximum energy available from PV array at time ¢ in kWh
E min Minimum energy available from PV array at time t in kWh
pdgmin Minimum energy available from diesel generator in kWh
Pdgrate Is the rated power of diesel generator in kWh

Mb Positive BESS constant

SoCmax Maximum state of BESS charge in kW
SoC™in Minimum state of BESS charge in kW

cycles™  Maximum number of allowed charging/discharging cycles for the BESS
Emax Maximum flow of energy to avoid overheating the BESS

Epo Energy supplied to load from PV array in kWh

Pdg Energy supplied to load from diesel generator in kWh

Ebat™ Energy supplied to load from BESS in kWh

Ebat™ Energy supplied to BESS from PV array and diesel generator in kWh

EbatP? Energy supplied to BESS from PV array in kWh
Ebat?8 Energy supplied to BESS from diesel generator in kWh
PENS Energy not supplied to load in kWh

SoC State of BESS charge at time in t in kWh

Bdg Binary variable that determines if the diesel generator is Used
Be Binary variable that determines if the BESS is charging

Bd Binary variable that determines if the BESS is discharging

Bcycles Number of charging/discharging cycles in the BESS
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