
Available online at www.sciencedirect.com

s
e
t
a
p
t
i
d
r
t
p
p
t
e
©
(

P

K

(

C

h
2
o

P

ScienceDirect

Energy Reports 9 (2023) 172–183
www.elsevier.com/locate/egyr

TMREES23-Fr, EURACA 06–08 February 2023, Metz-Grand Est, France

Reliability of autonomous solar-wind microgrids with battery energy
storage system applied in the residential sector

Eliseo Zarate-Pereza,b,∗, Cesar Santos-Mejíaa, Rafael Sebastiána

a Escuela Internacional de Doctorado (EIDUNED), Universidad Nacional de Educación a Distancia (UNED), C/Bravo Murillo,
38, Madrid, 28015, Spain

b Department of Engineering, Universidad Privada del Norte (UPN), Av. Alfredo Mendiola 6062, Los Olivos 15314, Peru

Received 17 May 2023; accepted 26 May 2023
Available online 8 June 2023

Abstract

Residential electricity generation can benefit from the successful deployment of photovoltaic (PV) and wind renewable energy
ources. However, their intermittent nature poses a significant limitation. To address this, a hybrid system can be employed to
nhance system reliability and efficiency. Reliability analysis plays a crucial role in evaluating the energy production capacity
o meet the demand. This study aims to assess the reliability of a hybrid PV/wind microgrid through simulation. Data from

residence were collected every 10 s, and average values were computed on an hourly basis and exported for computer
rocessing. Solar irradiation, wind speed, and temperature data were also utilized. The modeling process involved defining
he PV panel, wind turbines, battery energy storage system (BESS), management strategy, and energy autonomy. The results
ndicate that when PV and wind systems operate independently, they are unable to consistently reduce the residential energy
eficit. However, the PV/Wind/BESS configuration significantly improves system operation and proves sufficient to meet the
equired load in most hours. Through this configuration, only 42.5% of the total PV/wind energy utilized by the residents needs
o be dispatched through the BESS. Moreover, the BESS capacity is reduced by 50% when the systems are used separately. The
ublic grid only supplies power when the BESS is insufficient to cover the load. Therefore, the optimal sizing of the BESS
lays a critical role in system viability, reducing initial installation costs, regulating microgrid parameters, and contributing
o the reduction of the energy deficit. Hence, investigating the fundamental design parameters of the microgrid and BESS is
ssential for identifying the optimal capacity of the system and ensuring model reliability.
2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Renewable energy sources are omnipresent in the construction of a pollution-free world. Therefore, photovoltaic
PV) and wind-renewable sources can be successfully implemented to generate residential electricity [1], supporting
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Nomenclature

APV Area of the PV panel
BESS Battery energy storage system
BTM Behind the Meter
DNI Direct normal irradiance
GHI Global horizontal irradiance
IEC International electrotechnical commission
NOCT Nominal operating temperature of the PV cells
NSRDB National Solar Radiation Database
PV Photovoltaic
Ta Ambient temperature
TED Total Energy Deficit
Yd Reduction factor for dust accumulation
ηPV Conversion efficiency of PV panel

a sustainable solution to the global energy crisis [2]. In particular, energy consumption in the residential sector
represents 30% of global energy demand. This is expected to increase owing to economic growth, urbanization,
improved quality of life, and globalization [3]. Therefore, using renewable energy in the domestic and residential
sectors play an imperative role in achieving a sustainable development agenda. However, the major limitation of
renewable-energy networks is their intermittent nature. Therefore, using a hybrid system with two or more renewable
sources could reduce this limitation by offering increased system reliability and efficiency [4].

The concept of reliability is related to the systematic and rigorous analysis of functional problems in renewable
nergy generators. This analysis was conducted to determine the design of a reliable energy system. Reliability is an
ngineering specialty that analyzes and evaluates the ability of energy production to meet the energy demands [5].
hus, upcoming technological solutions for hybrid renewable energy systems are expected to experience high levels
f reliability and efficiency. These systems are fundamental for the following reasons: they are available in nature,
riendly to the planet, and are considered appropriate and beneficial energy sources due to their availability and
opological advantages for energy generation [6]. Some studies have demonstrated that hybrid microgrids can
mprove system reliability and provide a cost-effective power supply than single-power microgrids [7].

However, determining the optimal installation capacity of microgrids is considered an essential problem to ensure
he efficient use of generation sources in hybrid systems [8,9]. The optimal installation capacity of a hybrid system,
n turn, can meet a consumer’s reliable demand for energy. Thus, an installation that is overpowered or oversized
ould lead to high installation and energy production costs. The installation of a system with power below the
equired level compromises the reliability of the electrical supply [10]. Various methodologies have been presented to
pproach the optimal capacity and difficulty of hybrid microgrids for different purposes and functionalities [11,12].
ccasionally, the topology of hybrid microgrids allows a sufficient balance between renewable energy generation

nd residential energy requirements. However, renewable energy systems need to perform a reliability analysis to
etermine the energy deficit, thus ensuring the optimal capacity of the system.

Consequently, most studies conducted to determine the dimensioning of the microgrid have considered com-
lementary design criteria. These include techno-economic feasibility [13], life cycle costs [14], levelized en-
rgy costs [15], indicators of environmental impacts [16], mathematical approaches, or using software, such as
OMER [17]. However, several reported studies assume load consumption by implementing a normalized standard
rofile, assuming a nominal power demand, and considering a randomness factor to introduce variability. Due to
he intermittent, random, and seasonal nature of renewable resources, autonomous microgrids based on the analysis
f these characteristics of the demand profile pose a severe threat to the reliability of the system.

Real data on residential energy demand are required to understand the intermittent behavior of renewable
esources in response to energy demand. Short-term solar radiation variability is a key feature for understanding
olar resources and the dynamic characteristics of renewable energy production, with significant transient effects

n microgrid performance [18]. Therefore, understanding the dynamics of resources and how they affect energy
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roduction is essential for the proper management of solar resources in response to residential demand. This study
imed to evaluate the reliability of a hybrid PV/wind microgrid by identifying the deficit and energy autonomy
hrough a simulation. Similarly, a generalizable design methodology was presented to identify the installation power
f the hybrid system based on reliability analysis using hourly data.

Consequently, considering the transient effects on the performance of microgrids, such as the variability of short-
erm solar radiation, the dynamic characteristics of PV/wind energy production against residential demand should be
dentified. Similarly, the BESS can contribute to sufficient flow of renewable energy to cover the required residential
oad. However, a significant reduction in the installed power of the BESS I s expected because of the reduction in
he production variability of the hybrid PV/wind system. The optimal dimensioning of the BESS in a microgrid can
nfluence the viability of the system by reducing the initial installation costs.

. System description and modeling

The evaluated system was a microgrid (Behind the Meter—BTM) comprising solar, wind, and battery energy
torage system (BESS) generation sources. To summarize, the network topology is assumed to be a single AC
us where the loads are bundled and connected, as shown schematically in Fig. 1. Table 1 shows the details
nd basic parameters of the solar panel, inverter, BESS, and wind turbine. These parameters were used in the
imulation analysis because they were commercial devices that were readily available in the local market. This
ection describes the databases used, solar PV and wind energy production systems, BESS, management strategies,
nd energy autonomy.

Fig. 1. Topology of the photovoltaic (PV)/Wind generation system with battery energy storage system (BESS).

Table 1. Basic parameters of the solar panel, inverter, battery energy storage system (BESS), and wind turbine.

250 W solar panel Hybrid solar inverter BESS Wind turbine

Power max (Pm): 250 W
Short circuit current (Isc): 8.95 A
Maximum voltage (Vmp): 29.95 V
Open circuit voltage (Voc): 37.25
V
Efficiency: 19.9%
Max power current (Imp): 8.35 A

Max. output power: 3000 W
Inverter efficiency: 99.5%
PV volt. Range: (150–550) V
Output current: 16–27 A
Input voltage: 150–550 V
Nominal AC output: 230 V
Number of MPP trackers: 2

Nominal voltage: 48 V
Nominal capacity: 2400 Wh
Usable capacity: 2280 Wh
Charge voltage: 52.5–53.5 V
Discharge Vol.: (44.5–53.5) V
Charge/discharge current: 25 A
(Recommend), 50 (Max), 90
(Peak@15s)

Rated power: 1000 W
Maximum power: 1300 W
Start-up wind speed:
2.5 m/s
Rated wind speed: 10 m/s
Rated voltage: 48 V
Wheel diameter: 2.5 m
Number of blades: 3
174
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.1. Databases collected

In this study, data were collected from the demand for electrical energy in a typical house located in the city of
ima, Peru. The data collected from the home meter were captured every 10 s with 1-h averages and exported for
rocessing on a computer. Fig. 2 displays the hourly frequency of residential energy demand data for a full year.
imilarly, data on solar irradiation, wind speed, and temperature downloaded from the National Solar Radiation
atabase (NSRDB) [19] were used. The NSRDB irradiance data was validated, revealing a correlation with surface
bservations and exhibiting mean percentage biases of less than 5% for global horizontal irradiance and less than
0% for direct normal irradiance [20].

Fig. 2. Residential energy demand data.

2.2. Modeling of the PV panel

The input variables used for the PV panel model were solar irradiation (I) and ambient temperature (Ta), obtained
from the NSRDB. Initially, the cell temperature was calculated using Eq. (1) [4,21].

TC (t) = Ta (t) + I (t)
(

N OCT − 20
0.8

)
, (1)

here NOCT is the nominal operating temperature of the PV cells. Using the results of Eq. (1), the output power
f a PV panel was calculated according to Eq. (2) [22].

PPV unit (t) = (Yd) (ηPV ) (APV ) (I (t))
(

1 −
K p

100 (TC (t) − 25)

)
, (2)

here Yd represents the reduction factor for dust accumulation, ηPV stands for the conversion efficiency of the PV
anel, APV indicates the area of the PV panel, and Kp denotes the temperature coefficient. Therefore, the Eq. (3)
efines the total power generated (PPV(t)) by a set of panels [23].

PPV (t) = (NPV ) (PPV unit (t)) (3)

.3. Modeling of the wind turbines

In order to conduct the modeling, the variation in wind speed with height was taken into account. Hence, the
q. (4) describes the relationship between the wind speed measured at the anemometer height and the desired height
175
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f the wind turbine hub [24].
v2

v1
=

(
h2

h1

)α

, (4)

here v1 and v2 represent the speeds at reference height h1 and hub height h2, respectively, while α denotes
he coefficient of friction. The coefficient of friction encompasses various factors such as the roughness of the
errain, wind speed, temperature, height above the ground, time of day, and time of year [25]. Different terrain
haracteristics are associated with the coefficient of friction according to the technical literature [26]. However, the
EC standards [24] suggest a friction coefficient value of 0.11 for extreme wind conditions and 0.20 for normal
ind conditions. The power output of a wind turbine can be determined using Eq. (5) [6]:

P(WTunit) (t) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0; V (t) < Vcut−in

PW T r
(
V 3

− V 3
cut−in

)
(V 3

rated − V 3
cut−in)

; Vcut−in ≤ V (t) < Vrated

PW T ; Vrated ≤ V (t) < Vcut−out

0; Vcut−out ≤ V (t)

, (5)

The output power of a wind turbine, represented as P(Wtunit), depends on two key factors: the rated power of the
urbine, PWTr, and the wind speed, V. In addition, there are several essential wind speed values used to regulate
he turbine’s operation. Vcut-in denotes the minimum wind speed required to initiate the turbine’s operation, Vrated
ndicates the wind speed at which the turbine operates at its maximum rated power, and Vcut-out represents the wind
peed at which the turbine is safely shut down. These wind speed values play a critical role in ensuring the turbine
perates efficiently and within its designated parameters, prioritizing both performance and safety. The total power
PWT(t)) generated by a set of wind turbines is determined using Equation (6) [4].

PW T (t) = (NW T )(PWTunit(t)) (6)

.4. BESS

Eq. (7) offers a dependable approach for calculating the charging process of the Battery Energy Storage System
BESS), considering the energy balance between the production units and the residential energy demand. Likewise,
q. (8) is utilized to enable the discharge process [6] area of the PV panel, and Kp denotes the temperature
oefficient [6].

Ebat (t) = Ebat (t − 1) (1 − σ) +

[
Egen (t) −

Erequired (t)
ηinv

]
ηB, (7)

Ebat (t) = Ebat (t − 1) (1 − σ) +

[
(

Erequired (t)
ηinv

) − Egen(t)
]

ηB, (8)

In the given equation, various variables are defined. EBat(t) represents the energy stored in the BESS at hour t,
easured in watt-hours (Wh). EBat(t – 1) represents the energy stored in the BESS at the previous hour (t – 1)

n watt-hours (Wh). σ represents the self-discharge rate per hour. For lithium–iron–phosphate batteries, the typical
elf-discharge rate is approximately 0.3% [27]. ERequired(t) represents the hourly energy demand from the residential
oad, as illustrated in Fig. 1. ηinv signifies the efficiency of the inverter, as outlined in Table 1, whereas ηB denotes
he efficiency of the BESS, also mentioned in Table 1. Additionally, EGen(t) symbolizes the energy generated by
he PV/wind system at each specific hour (t). Thus, EGen(t) is given by Eq. (9) [6].

EGen(t) = (NPV )(EPV (t)) + (NW )(EW (t)), (9)

here EPV(t) represents the hourly energy produced by the PV module, while EW(t) signifies the energy generated
y the wind turbine. The variables NPV and NW refer to the respective quantities of PV modules and wind turbines.
he charge level of the battery bank must adhere to the constraint expressed in Eq. (10) at any given time (t) [6].

EBat,min ≤ (EBat (t)) ≤ (EBat,max ) (10)

The maximum energy stored in the BESS, referred to as EBat,max, is equivalent to the nominal capacity (NC) of
he battery bank. Similarly, the minimum capacity of the BESS, denoted as E , is determined by taking into
Bat,min
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ccount the maximum depth of discharge (DoD), as demonstrated in Eq. (11). Based on the technical characteristics,
he optimal utilization of lithium–iron–phosphate batteries for enhancing their useful life is achieved when the depth
f discharge (DoD) is limited to 80% [27].

EBat,min = (1 − DoD)(C B) (11)

.5. Management strategy and energy autonomy

We propose a hybrid system management strategy that utilizes residential energy demand as a basis. The strategy
perates as follows:

(a) If the energy generated from PV/wind sources exceeds the energy required by the residence, the surplus
nergy is stored in the BESS. The state of charge of the BESS is then calculated using Eq. (7).

(b) When the energy demand surpasses the generated energy, the BESS is utilized to meet the load demand. In
uch cases, the new state of charge of the BESS at hour (t) is updated using Eq. (8).

(c) In the event that the state of charge of the BESS reaches its minimum level (EBat,min), any energy deficit
s covered by the public energy network. This approach reduces the reliance on energy injections from the public
rid, while also posing a challenge in limiting the BESS load to PV/wind energy.

By establishing the optimal energy autonomy of a hybrid PV/wind system based on residential energy demand,
e can achieve a reliable and cost-effective energy supply [6]. The system’s reliability can be evaluated through

he Total Energy Deficit (TED), which represents the proportion of renewable energy that is not provided to the
onsumer when requested, relative to the total energy demand. This relationship is expressed in Eq. (12) [6].

T E D = (
T∑

t=1

Erequired (t) − ESupp (t)
Erequired (t)

), (12)

here ERequired(t) is the energy demanded by the consumer in hour t, and T represents the total data analyzed (one
ear). Similarly, ESupp(t) is the energy per hour supplied to the consumer from the production of the hybrid PV/wind
ystem and the current state of the BESS at hour (t) according to Equation (13) [4]. Consequently, if there is an
nergy deficit at any hour t, the deficit is covered by the supply from the public grid.

ESupp(t) =
[
EGen(t) + EBatt (t − 1) − EBatt,min

]
ηI nv (13)

Lastly, from the TED, energy autonomy EAutonomy(t) can be expressed as a percentage of the hybrid PV/wind
ystem. Thus, energy autonomy is the ability of the PV/wind system to meet the energy needs of a residence without
elying on energy from the public grid, as shown in Eq. (14) [4].

EAutonomy(t) = (1 − T E D) ∗ 100% (14)

A program was developed to validate the model using the widely-used free software R Core Team [28], which
s renowned for its effectiveness in time-series modeling and process optimization, among other applications.

. Simulation results and discussions

This section presents simulation results that analyze the impact of the production of a hybrid PV/wind system in
esponse to residential demand to assess energy autonomy. Therefore, the energy balance of the microgrid per hour
as calculated considering the generated and consumed power, storage capacity, and dispatch strategies. Based on

his, the reliability criteria and degree of autonomy of the hybrid microgrid were calculated.
Fig. 3(a) shows the results of energy autonomy from the November 8–11, with a capacity of 1.5 kWp for the

nstallation power of the PV system and 1.0 kWp for the installation of the wind turbine. The results indicate that
he PV/wind microgrid only achieves an autonomy of 75%, 30%, 23%, and 75% for 21–24 h on November 8,
espectively. Similarly, Fig. 3(b) shows the energy balance, where Egen,use(t) comprises the PV/wind energy that is

directly consumed without passing through the BESS.
Additionally, the energy supplied by the BESS is shown when there is an energy deficit caused by the hybrid

microgrid in response to the demand. Finally, the equivalent energy deficit assumed by the energy of the public grid
is shown. This figure strongly suggests that the sum of the three components is equivalent to the energy required

(ERequired (t)) by the residence.

177



E. Zarate-Perez, C. Santos-Mejı́a and R. Sebastián Energy Reports 9 (2023) 172–183
Fig. 3. (a) Energy autonomy for November 08–11. (b) Energy balance for the same period.

Fig. 4 shows the microgrid performance with only the PV generation considering different PV installation
capacities. We found that for an installation power of 1 kWp for the PV generation system, acceptable autonomy
is achieved for the months of March, April, and May. For a 2 kW installation, energy efficiency improved from
March to July. In addition, the scenario is further improved for a PV system with a capacity of 3 kWp. Although
the installed capacity of the system increased by 4 kWp, there was no consistent difference. As a result, this is not
necessarily related to the power capacity of the BESS. This is rather related to energy demand versus available solar
resources and their stationary characteristics. This is consistent with other studies. These studies report that solar
energy systems located in several countries of the Andes do not achieve energy autonomy with a TED of 0% [29].

Thus, the peak hours of data collected from the energy demand were identified to determine the capacity of the
BESS. Consequently, a lithium–iron–phosphate BESS with a capacity of 4.8 kWh was chosen, which was sufficient
to deliver energy under the established conditions of peak hour periods. Similarly, lithium-ion iron phosphate
technology has a relatively high discharge cycle number, which is approximately 6000 or more when the DoD
is set to 80%. Furthermore, the cycle efficiency was 85% for the AC-coupled version [30]. Thus, the BESS could
last for more than 16 years, taking these factors into account.

Fig. 5 illustrates the autonomy of the microgrid when only wind energy is considered. The microgrid with
a turbine capacity of 1 kWp presented an energy deficit for most months of the evaluation period. Evidently,
the panorama of autonomy improves with an increase in installation power from 1.5 kWp to 2.5 kWp; however,
this autonomy does not fully cover the months of January, February, November, and December. According to the
literature, there are several applications for individual systems, both for generation and energy storage. However,
these approaches have limitations in their ability to adapt to the seasonal characteristics of the energy demand.
In contrast, hybrid microgrids exhibit increased flexibility in response to consumer energy demand, as shown in
Fig. 6. Considering that energy production is based on highly intermittent solar radiation and wind speed, the
results indicate considerable potential for minimizing energy loss.

The PV/Wind/BESS configuration significantly enhances performance during daylight hours, as illustrated in
Fig. 6. The combined output power of the PV panels and the wind turbine proves adequate to meet the required
load for the majority of hours. Moreover, any excess PV/wind energy is directed towards the BESS in case of an
energy deficit. Consequently, energy from the public grid is only injected when the BESS is unable to fulfill the
load requirements. As a result, the public power system typically serves as a backup power source during nighttime
and off-peak hours.
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Fig. 4. Energy autonomy considering only the photovoltaic solar microgrid.

For a PV system with an installation power of 1 kWp plus a 1 kWp wind turbine and a BESS of 4.8 kWh, an
energy deficit is evident. This is because high renewable energy production is required. Similarly, for 2 kWp of PV
system power and 1 kWp of wind turbine power, the autonomy of the microgrid increases. However, this is due to
an energy deficit in January, February, October, November, and December. With PV power of 2.5 kWp and wind
power of 1 kWp, the energy deficit is reduced, improving the degree of autonomy steadily. Nevertheless, the BESS
capacity of 4.8 kWh has remained constant. However, considering that the PV/wind energy injected directly into
the power load of the residence comprises more than 50% of the total renewable energy, the optimal dimension
of the BESS is 2.4 kWh. This significantly reduces the capacity of the BESS, thus increasing the viability of the
microgrid. Therefore, the optimal dimension of the hybrid system of the microgrid is 2.4 kWp for the PV system
and 1.5 kWp for the wind turbine, as shown in Fig. 6(d).

In this study, only 42.5% of the total PV/wind energy used by the residence was dispatched through BESS.
Consequently, 57.5% was delivered directly to the housing load without passing through the BESS. According to
Fig. 6, for a 2.5 kWp PV system array, 1.5 kWp of wind turbine power, and a BESS of 2.4 kWh capacity, the
hybrid microgrid’s autonomy slightly improved in comparison to a 2.5 kWp PV system, 1.0 kWp of wind turbine
power, and a 4.8 kWh BESS. Thus, the 50% reduction in the initially defined BESS capacity did not increase the
energy deficit.

Several studies have focused on the optimal size of renewable energy generation systems and BESS. The
techno-economic method has made it possible to identify the advantages of renewable systems compared with the
application of the conventional grid [31]. In most cases, these approaches are limited because they fail to integrate
real data on energy demand; instead, they are designed based on a normalized standard profile with nominal power
demand and random factors to account for variability. The optimal dimensioning of BESS in a microgrid affects
179
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Fig. 5. Energy autonomy considering only the wind microgrid.

the viability of the system in several ways. This includes the initial installation costs, regulating the microgrid
parameters, and contributing to the reduction of the energy deficit in the system.

Thus, the basic design parameters of the microgrid and BESS must be considered to determine the optimal system
capacity for the model to be reliable. Consequently, it is recommended that real data or realistic projections along
with frequent time series be used to obtain optimal results for improved sizing. Short-term solar radiation variability
is considered a key feature in identifying a better understanding of the dynamic characteristics of PV/wind power
production, with significant transient effects on microgrid performance. Therefore, identifying energy dynamics and
determining how they affect energy production are essential in response to residential demand.

4. Conclusions

This study assessed the reliability of a hybrid PV/wind microgrid by identifying the deficit and energy autonomy
through a simulation.

• The results indicate that both the PV/BESS and wind/BESS configurations are unable to mitigate the residential
energy deficit when energy is generated independently.

• The PV/wind/BESS configuration enhances system operation and proves sufficient to meet the required load.
• In case of an energy deficit, any excess PV/wind energy can be utilized to supply power to the BESS.
• The public grid only injects energy when the BESS status is insufficient to cover the load.
• The public power system typically functions as a backup power source, operating primarily at night and during

off-peak hours.
• Considering that PV/wind energy directly supplied to residential power load constitutes over 50% of the total
renewable energy, this significantly reduces the power requirement of the BESS by 50%.
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Fig. 6. Energy autonomy considering the photovoltaic (PV)/wind microgrid.

• The optimal sizing of the BESS in a microgrid plays a crucial role in the system’s viability by minimizing
initial installation costs, regulating microgrid parameters, and reducing the energy deficit.

• Determining the fundamental design parameters of the microgrid and BESS is necessary to identify the optimal
capacity that ensures system reliability.

• It is generally recommended to incorporate real data or realistic load projections and utilize high-frequency
time series (at least on an hourly basis) to achieve optimal results for improved sizing.
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