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ABSTRACT The ongoing expansion of electric vehicles requires the development of charging
infrastructures, preferentially powered by clean energy sources. This study investigates the optimal design
of a hybrid photovoltaic/battery/grid system to supply an electric vehicle charging station in Mesra,
Mostaganem province, Algeria. The approach integrates 22 years of high-resolution climate data analysis,
the development of a representative charging load profile based on three EV models, and a techno-economic
optimization performed with HOMER Pro software. The proposed station is dimensioned to satisfy the
expected daily charging load, corresponding to about 97 vehicles per day. Results highlight an optimal
configuration combining photovoltaic panels, a battery storage system, and grid backup, ensuring full supply
reliability. The energy mix achieves a well-balanced contribution between solar generation, battery storage,
and grid electricity. Economic analysis demonstrates strong feasibility, characterized by a highly competitive
levelized cost of energy and a reasonable initial investment, confirming the economic attractiveness of the
proposed system. From an environmental perspective, the system achieves complete elimination of critical
air pollutants and a substantial reduction in CO; emissions. This research provides both a scalable framework
for integrating renewable energy into EV charging infrastructures and a strategic contribution to Algeria’s
transition toward a cleaner and more resilient energy mix.

INDEX TERMS Algeria energy transition, electric vehicle charging infrastructure, HOMER pro simulation,
renewable energy integration, techno-economic optimization.

I. INTRODUCTION

Renewable energy (RE) represents a key pathway for
reducing greenhouse gas (GHG) emissions, decreasing
dependence on hydrocarbons, and promoting sustainable

The associate editor coordinating the review of this manuscript and

approving it for publication was Katherine VanDenburgh

electricity generation [1]. Many countries are increasingly
investing in clean technologies to strengthen energy security
and support long-term economic development. Among them,
Algeria endowed with exceptional solar potential exceeding
2,500 hours of sunshine annually, has strong assets for
a successful energy transition [2], [3]. Photovoltaic (PV)
generation is particularly promising, however, its intermittent
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nature and reliance on climatic conditions limit its optimal
integration, leading most large-scale PV plants in the country
to be connected directly to the national grid. Meanwhile,
Algeria’s continued reliance on hydrocarbons remains a
major contributor to GHG emissions, highlighting the urgent
need for a more balanced and sustainable energy mix.

In parallel with electricity generation, the transport sector
has emerged as another critical contributor to environmental
pollution, largely due to the predominance of combustion
engine vehicles [4]. The transition to electric vehicles (EVs)
is therefore regarded as a relevant global solution for reducing
both carbon emissions and noise pollution. Nevertheless,
this transition introduces significant challenges, particularly
the sharp increase in electricity demand, which requires the
development of extensive fast-charging infrastructure [5].
The widespread adoption of EVs is thus closely tied to the
availability of charging stations. Currently, most of these
stations are supplied by the national grid, thereby reinforcing
reliance on fossil fuels [6]. A more sustainable alternative
would be to power EV charging stations directly with
renewable energy sources (RES), depending on their local
availability. Such an approach could simultaneously reduce
dependence on hydrocarbons and improve the utilization of
renewable resources. However, effective integration requires
careful consideration of RE potential particularly solar
energy to ensure reliable supply, cost efficiency, and reduced
dependence on the central grid.

In this context, and in view of the increasing adoption of
EVs in Algeria [7], this work proposes the design and sizing
of an EV charging station powered by a hybrid renewable
energy system, to be deployed in the village of Mesra, located
13 km south of Mostaganem. This coastal region of northern
Algeria benefits from a temperate climate and a favorable
solar resource. The primary objective of the proposed
system is to ensure a clean, stable, and economically
viable electricity supply while reducing dependence on the
conventional grid and minimizing CO;, emissions.

The methodology adopted in this study is structured around
the following steps:

e A comprehensive assessment of the climatic charac-
teristics, solar potential, and social-urban constraints of the
selected site.

e Analysis of 22 years of local meteorological data,
including solar radiation and ambient temperature.

Estimation of energy demand using standardized load
profiles for three commonly used EV models.

e Analytical evaluation of the station’s daily charging
capacity.

e Sizing of the photovoltaic generator and battery-storage
subsystem.

e Optimization of the hybrid system using HOMER Pro,
through multiple scenario-based simulations to determine the
most technically and economically suitable configuration.

e Final evaluation of the system’s technical, economic, and
environmental performance indicators.
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This comprehensive approach enables the identification
of the optimal configuration that best aligns with the site’s
climatic, energetic, and economic characteristics. Overall,
the proposed work provides a concrete contribution to
the integration of RE into EV charging infrastructure,
particularly in rural and semi-urban contexts in Algeria.

The remainder of this paper is structured as follows.
Section II presents a focused literature review, summarizing
recent studies selected according to defined relevance criteria
and analyzing their methodological approaches, contextual
relevance, and limitations, while identifying the research gaps
that motivate the present study. Section III provides a broad
overview of the methodological framework adopted in this
study, outlining the key analytical steps, the data sources con-
sidered, and the general principles guiding the development
of the proposed system. Section IV presents and discusses
the obtained results, including the technical performance of
the hybrid system, the operational behavior of its major
components, the global energy balance, and the associated
environmental and economic impacts. Finally, Section V
concludes the study by synthesizing its key findings and
identifying promising avenues for future research and system
enhancement.

II. LITERATURE REVIEW

The EVs have emerged as a crucial pathway for reducing
greenhouse gas emissions and improving urban air quality,
supported by rapid technological progress and declining
battery costs. However, the expansion of EV adoption is
still constrained by the need for efficient, reliable, and
cost-effective charging infrastructure. Integrating RES into
EV charging stations has therefore become a promising
strategy to enhance system sustainability, reduce grid stress,
and support decentralized clean energy generation.

Despite these advantages, the combination of EV charging
and RES also presents notable challenges, including the
intermittency of renewable resources, the optimal sizing
of hybrid systems, and the need for advanced energy and
demand-side management. As a result, recent studies have
increasingly focused on analyzing RES-based EV charging
solutions both standalone and grid connected to identify
effective, context specific configurations that account for
climatic conditions, resource availability, and economic
constraints.

In this context, [8], the authors conducted a techno-
economic evaluation of EV charging stations based on a
hybrid PV/WT/battery system across five cities in China
using HOMER Pro. The results showed that the hybrid
configuration is the most cost-effective solution due to the
seasonal complementarity between solar and wind resources,
with Nanjing emerging as the most economical site. However,
the load profile relies on simplified hypothetical assumptions
that do not reflect real charging behavior or demand
variability, and the small-scale scope limits its applicability
to larger infrastructures. Furthermore, although a sensitivity
analysis is included, stochastic modelling of user behavior
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TABLE 1. Comparison of the selected studies according to the defined criteria.

Criteria/Study (2022) [?] (2022) [?] (2023) [?7] (2023) [?] (2024) [?] (2024)[?] (2025)[?]  Our Study
RES Integrated v v v v v v v
Grid Connection v v v v v v
EV Charging Model v v v v v v v
Storage Integration v v v v v v
Long-term Climate Analysis v v v
Optimization Framework HOMER Experimental MATLAB MATLAB HOMER HOMER MFO HOMER
(No optimization) /PVGIS  /Simulink Metaheuristic

Techno-Economic Analysis v v v v v v
Environmental Analysis v v v 4 4
Large Scale v v
Payback v v v v v
Sustainability v v v v v
Country China France France Italy India Libya Greece Algeria

and renewable generation uncertainty is absent, and the
China-specific context restricts the generalization of these
findings to other geographical settings.

Similarly, the work presented in [9] experimentally inves-
tigated a grid-connected PV/battery/EV microgrid installed
at the University Institute of Technology (IUT) in Mulhouse,
France. Based on real measurement data, their study focused
on optimizing photovoltaic self-consumption and demand
management. The system, consisting of two PV subsystems
of 2.16 kWp and 2.4 kWp coupled with a lithium-ion storage
unit integrated into an EV, proved efficient under real-world
operating conditions, achieving a self-consumption rate of
nearly 88% on a typical summer day. However, the study
is limited to a single EV and two low-capacity PV subsys-
tems with no optimization framework or techno-economic
analysis, and the performance evaluation is confined to
two arbitrarily selected days without seasonal or long-term
assessment, restricting the generalization of these findings to
larger or commercially oriented charging infrastructures.

Building on this work, the study presented in [ 10] proposed
a modular PV sizing method for workplace EV charging
using six years of empirical data from a French industrial site.
By analysing three charging strategies—Plug and Charge,
Mean Power, and Solar Smart Charging—the authors showed
that strategies improving the alignment between charging
demand and solar production can reduce the required PV
capacity by 50-70%. However, the approach remains limited
to one site and does not account for storage or grid constraints,
restricting its applicability to early prefeasibility assessments.
Furthermore, the method relies on deterministic charging
data and assumes accurate PV generation forecasting, which
may not reflect real-world uncertainties. From a theoretical
standpoint, the approach remains heuristic and does not rely
on a formal optimization or stochastic modeling framework,
limiting its ability to ensure optimality and generalize under
varying operating conditions.

In addition, another relevant contribution was made
by [11], which developed a modular ultra-fast AC/DC
optimized charging station capable of reaching 350 kW.
Through MATLAB/Simulink simulations, the study achieved
a conversion efficiency exceeding 96%, highlighting the
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importance of advanced converter architectures for high
power applications. However, this single-stage architecture,
while more efficient, precludes integration with local storage
or renewable generation sources via a DC bus, despite
their high infrastructure cost and dependence on stable
grid conditions. Furthermore, the optimisation criterion is
restricted to efficiency alone, as the absence of operational
field data prevents any cost-based analysis.

Further contributions confirmed the growing relevance
of hybrid solutions. The study in [12] designed a hybrid
charging station in Chennai, integrating solar, wind, a diesel
generator, and the grid. Their HOMER Grid simulations
demonstrated that the optimized system combined low
costs with a high share of RE while achieving 83.8 kW
charging capacity. However, the approach remains limited to
a single location-specific context and assumes flat component
costs, reducing its generalisability to other deployment
environments. Furthermore, the continued reliance on a diesel
generator as a backup source, alongside the absence of any
smart charging strategy and the lack of large-scale empirical
data validation, represents a notable limitation for fully
renewable and demand-responsive deployments.

In the same year, the analysis in [13] assessed a
PV/WT/BESS based charging station connected to the grid
in Tripoli, Libya. Their results revealed CO, reductions of
up to 30,472 tonnes per year and greater energy autonomy,
although the system faced constraints such as high capital
costs and operational complexity. However, the study relies
on a short-term location-specific climatic dataset, models
EV demand through only two fixed vehicle categories
with invariant charging schedules rather than a realistic
multi-vehicle profile, and treats the grid as an ideal bus
with no network constraints, limiting both the physical
representativeness of the simulation and the transferability
of the findings to other geographical contexts or larger-scale
deployments. Most recently, the authors in [14] studied RE
integration into EV charging within a supermarket chain in
Crete. Using the Moth-Flame Optimizer (MFO) algorithm,
they optimized PV and BESS systems over 20 years, showing
PV’s high profitability (€6.4 million total profit) while
noting that BESS was only beneficial in specific scenarios.
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Their recommendation to equip 30% of parking spaces with
charging stations, in line with European directives, provides
a scalable model for commercial applications.However, the
approach relies on a metaheuristic optimization method
without guarantees of global optimality and is based on
deterministic assumptions. In addition, grid constraints and
uncertainties related to EV demand and renewable generation
are not explicitly considered. From a theoretical perspective,
the lack of uncertainty-aware optimization limits the robust-
ness and generalizability of the results.

To provide a clearer overview of the most relevant
recent contributions in this field, Table 1 summarizes the
main characteristics, methodologies, and key findings of
the reviewed studies. The comparison is structured around
key criteria such as system configuration, RES integration,
grid connection, EV charging modelling, climatic data
analysis, optimization frameworks, and technoeconomic or
environmental assessments. This synthesis highlights the
growing research interest in renewable based EV charging
systems and underlines the diversity of configurations and
optimization tools employed worldwide.

Collectively, existing studies demonstrate the technical
feasibility and economic potential of RE powered EV
charging infrastructures. While these contributions highlight
important benefits such as improved service continuity,
reduced greenhouse gas emissions, and strengthened inte-
gration of RE most remain constrained by site specific
assumptions, limited climatic datasets, small system scales,
and simplified EV charging behaviors. As a result, their
findings often lack transferability to regions with different
resource profiles or to projects requiring high reliability and
long term economic sustainability.

In contrast, the present study addresses these limitations
by proposing a configuration explicitly designed to minimize
investment costs, reduce greenhouse gas emissions, and
maximize the share of RE, while ensuring high operational
reliability. This is achieved through the use of a multidecadal
solar resource dataset, enabling a robust assessment of
interannual climatic variability, and through the development
of a realistic and scalable EV charging profile that can be
applied to a variety of regions and infrastructure sizes. Fur-
thermore, by focusing on a country with exceptionally high
renewable energy potential, the study leverages abundant
solar resources to improve both the financial viability and
long term durability of the proposed system.

Through this comprehensive and context adapted
approach, the study identifies the configuration that best
aligns with the climatic, energetic, and economic charac-
teristics of the target region, thereby offering a reliable and
sustainable framework for the large scale deployment of RE
based EV charging stations.

lll. METHODOLOGY

This section outlines the methodological framework adopted
to size and optimize the proposed EV charging station. The
system under study is designed as a hybrid configuration that
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integrates three main components: a PV generator, a BESS,
and the connection to the national electricity grid. This
combination allows for greater reliability while ensuring
optimal exploitation of renewable resources but comes with
the inherent complexity of allowing multiple configuration
options each one with a different impact in the evaluation
parameters.

The rest of this section is organized as follows. First, the
characterization of the project site and the analysis of long
term climatic data are presented, followed by the estimation
of the station’s energy requirements and load profile. Next,
the architecture of the proposed system is formulated, and
the procedures for sizing the photovoltaic generator, the
battery storage bank, and the power conditioning units are
detailed. Finally, the technical, economic, and environmental
indicators adopted for the evaluation and optimization of the
system are introduced.

A. PROJECT SITE

The selected site is located at geographical coordinates
35.93° N, 0.09° E. It benefits from substantial solar
irradiation throughout the year, as shown in Figure 1.

B. CLIMATE DATA

The climatic data used in this study were obtained
from NASA’s Surface Meteorology and Solar Energy
database [16], covering a 22 year observation period to ensure
both representativeness and reliability of the simulations. The
dataset provides monthly averages of daily solar radiation
(kWh/mZ/day) and ambient temperature (°C), which are
illustrated in Figures 2 and 3.

In terms of solar radiation, as illustrated in Figure 2, the
site benefits from significant solar potential, with an average
annual irradiation of 4.80 kWh/m?/day. The clearness index
remains relatively low during the winter months, ranging
from approximately 0.51 to 0.56 (December to February).

Regarding ambient temperature (Figure 3), the site experi-
ences monthly average values ranging from 9.59°C in January
t0 28.64°C in July. Seasonal variations remain relatively mod-
erate, resulting in an annual average temperature of 18.55°C,
which is considered favorable for most environmental and
energy related applications.

The climatic analysis, as illustrated in Figures 2 and 3,
confirms the suitability of the proposed site for a photovoltaic
charging station. The annual solar radiation levels ensure
reliable energy generation to meet EV charging demands,
while the temperature profile supports efficient photovoltaic
performance with minimal losses. In line with existing
literature, these results highlight the site’s strong potential
for photovoltaic deployment, providing a robust basis for a
sustainable and self sufficient charging infrastructure tailored
to local conditions [17].

C. ESTIMATING ENERGY REQUIREMENTS
Accurate assessment of energy demand is a crucial step
in properly sizing an EV charging station. This estimation
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FIGURE 1. Distribution of horizontal global solar radiation in algeria [15].
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FIGURE 2. Monthly evolution of solar radiation and clearness index.
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FIGURE 3. Monthly average daily temperatures.

primarily relies on the selection of representative vehicles and
a detailed analysis of their charging behavior [18].
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1) CHOICE AND CHARACTERISTICS OF EVs

Table 2 presents the specifications and estimated charging
times of three representative EV models, reflecting a range
of battery capacities and charging powers. This diversity
captures the main technological variations among current
EVs, thereby enabling a comprehensive assessment of their
contribution to overall energy demand.

The charging time of an EV(T¢y)in hours is governed by
its battery capacity and the power of the charging station.
Equation (1) can be approximated by:

E,

Tch = —

P, ey

where:

o E,: energy to be charged to reach the desired state of

charge (kWh),

o Pj: power of the charging station (kW).

This formulation makes it possible to estimate the number
of vehicles that can be charged simultaneously and to
optimize the selection of charging stations, thereby ensuring
a balance between charging speed and the availability of the
power infrastructure.

2) STATION CHARGING CAPACITY

Tcn provides the basis for estimating the maximum charging
capacity of the station. Following preliminary calculations,
the proposed configuration consists of three fast direct current
(DC) chargers and two alternating current (AC) chargers,
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TABLE 2. Electric vehicle specifications and charging times.

Parameter Dacia Spring Tesla Model 3 Renault Zoe
BC (kWh) 26.8 65.0 52.0
C3p9 (KWh) 8.04 19.5 15.6

R7o9 (kWh) 18.76 45.5 36.4

DC Charging (h) 0.62 (30 kW) 0.18 (250 kW) 0.72 (50 kW)

AC Charging (h) 2.84 (6.6 kW) 4.13 (11 kW) 1.65 (22 kW)
BC: Battery Capacity; C3o,: Capacity at 30%; R7go,: Recharge to 70%.

with an operational period of 21 h per day and an additional
3 h allocated for maintenance.

The daily charging capacity of the station is determined
based on the longest charging time observed for DC and AC
chargers, defined as (2):

Tenpe = max (T pc).
TCh,AC = max (Tg})pAC) (2)

The number of vehicles that can be charged per day is
calculated with (3)
_ H X Nchargers

3

Tcn
where H = 21 h is the daily operating time, Ncpargers is the
number of charging points
The resulting daily charging capacity is presented in
Table 3. This confirms that the proposed station configuration
ensures sufficient capacity while efficiently utilizing the
available charging infrastructure.

TABLE 3. Daily charging capacity of the station.

Charger type N_chargers  Total vehicles (21 h)
Fast chargers (DC) 3 87
Standard chargers (AC) 2 10
Total station (DC+AC) 5 97

3) ESTIMATION OF THE ENERGY CONSUMPTION PROFILE
Following the definition of charging capacity, the station’s
total daily energy consumption over a 21 hour operating
period is estimated. As shown in (6) this value depends on the
number of vehicles charged at DC and AC stations (Table 3)
and the average energy demand per vehicle. It is expressed
as:

Etotal = (NDc + Nac) X Eavg 4

where the average energy per vehicle is defined (5) as:

Ep = &=10 S

with E, representing the recharged energy of vehicle 7, and
n being the total number of considered vehicles.

Substituting the computed parameters into (4), the total
estimated average daily energy consumption is obtained as:

Eiotal = 3254.5 kWh 6)

VOLUME 14, 2026

The corresponding hourly demand profile is shown in
Figure 4, which highlights the temporal variation in energy
use throughout the day.

Hourly Energy Demand of the EV Charging Station

Energy Consumption (kWh)
G
g

o

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Hour of the Day

FIGURE 4. Hourly energy demand of the EV charging station.

The load profile exhibits four distinct periods and closely
resembles a typical residential demand pattern, with peak
consumption occurring between 7:00 a.m. and 4:00 p.m.
Based on these results and the estimated load profile,
an optimal station configuration and energy management
approach can be proposed, incorporating renewable energy
sources. The hourly load profile was developed using a
structured station-level modelling methodology based on
representative EV types and their corresponding charging
energy requirements. After estimating the total daily demand,
the energy was distributed into an hourly load curve through
a rule-based synthesis approach, assigning predefined per-
centages to different periods of the day. This distribution
includes negligible nighttime demand, limited early-morning
activity (5%), increased morning charging (25%), moderate
daytime demand (20%), a pronounced evening peak (40%),
and reduced late-evening demand (10%). This formulation
ensures a smooth and representative daily charging pattern
while providing a consistent and computationally efficient
input for system sizing, optimization, and energy manage-
ment analyses.

D. PROPOSED CONFIGURATION

Figure 5 presents the proposed hybrid architecture supplying
the EV charging station. The system is structured around two
coordinated buses: an AC bus connected to the grid and a
high voltage DC bus (974 V) linking the renewable energy
source, the battery storage system, and the EV chargers. The
grid is interfaced with the DC bus through a bidirectional
AC/DC converter, which allows both importing energy during
periods of low renewable production and exporting excess
energy when available. The renewable source which is a
photovoltaic array is connected via an MPPT-controlled
DC/DC converter to ensure maximum power extraction under
varying environmental conditions. A bidirectional DC/DC
converter also couples the battery storage to the DC bus,
managing charge—discharge operations, stabilizing the DC
bus voltage, and supporting rapid load fluctuations during
EV fast charging. The EV charging stations are interfaced
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TABLE 4. Monthly global irradiation and number of equivalent sun hours in Mesra[21]).

Season / Month Winter Spring Summer Autumn
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Irradiation E,,; (Wh/m?/day) 2610 3540 4650 5650 6480 7150 7160 6310 5220 3800 2760 2310
Sun hours N, (h/day) 2.61 354 465 565 648 7.15 7.16  6.31 522 380 276 231

with the DC bus through an appropriate DC/DC conversion
stage to ensure voltage regulation and safe charging opera-
tion. This architecture ensures flexible energy management,
allowing the renewable source to supply the load when
available, the battery to smooth power fluctuations or provide
support, and the grid to act as a backup source during
periods of low renewable generation or low battery state of
charge.

E. SIZING OF THE PHOTOVOLTAIC (PV) GENERATOR

The design of a photovoltaic system requires optimizing
the configuration of its components to ensure a reliable
energy supply. This process begins with the assessment
of the station’s daily energy demand, followed by an
analysis of local solar conditions (irradiation, orientation,
and panel slope) [19]. Based on these parameters, the
required PV peak power is determined, accounting for losses
from converters, cabling, temperature, and other operational
factors. Appropriate converters and storage devices are
also integrated to ensure continuous supply despite solar
intermittency.

1) MODULE ORIENTATION AND INCLINATION

Maximum energy yield is obtained when modules are
oriented perpendicular to incoming solar radiation [20]. For
the studied site, optimal conditions are achieved with a
inclination angle of 33° and an azimuth of 4°, ensuring
efficient annual energy capture without the need for tracking
systems.

2) DAILY ELECTRICAL PRODUCTION OF A SINGLE MODULE
The daily output of a photovoltaic module is estimated
using the concept of equivalent sun hours (N,), in hour/day,
which correspond to the integrated solar energy received
under a standard irradiance of 1000 W/m? [21]. This allows
estimating the daily solar energy per unit surface area (E;,;),
expressed in Wh/m?/day, using (7):

Eel = N, x 1000 @)

To characterise the solar resource at the chosen site, Table 4
reports the monthly averages of irradiation and equivalent sun
hours, providing a reliable basis for estimating photovoltaic
potential and system sizing [21].

3) ELECTRICAL LOSSES

In photovoltaic (PV) systems, electrical and environmental
losses represent an inherent and unavoidable aspect of energy
conversion. These losses arise at different stages of the

92010

system from the PV modules to the inverter and distribution
network—and must be carefully accounted for during the
design process. Neglecting these effects would lead to an
overestimation of the available energy and, consequently,
an undersized generator.

Generally, the rate of each loss is specified or can
be derived from the technical data sheets of the system
components. For instance, inverter efficiency, cable resis-
tivity, and module temperature coefficients are provided by
manufacturers, while other losses, such as those due to soiling
or low irradiance, are estimated empirically based on site
conditions and operating experience [22].

To reflect these effects accurately, standard loss factors
typically considered in PV design are summarized in Table 5.
These values are consistent with the performance assump-
tions used in PVsyst and other professional simulation tools,
ensuring a realistic estimation of the system’s net energy
output. The adopted loss coefficients are based on standard
installation guidelines and widely accepted design practices
in the PV industry [23], where each factor represents typical
operating conditions and provides a practical approximation
of real-world system performance.

TABLE 5. Loss coefficients in the photovoltaic energy system [22].

Designation % Losses  Efficiency (%)
Inverter losses 10 90
Temperature losses 10 90
Cable and connection losses 3 97
Losses due to soiling 10 90
Low irradiation losses 4 96
Module quality losses 3 97

4) LOSS COEFFICIENT EVALUATION (Cp)

The overall DC side efficiency of the photovoltaic field is
represented by a global loss coefficient, C,, obtained by
multiplying the partial efficiencies of each subsystem. The
values used in (8) are taken directly from Table 5.

Cp =0.9x0.9 x0.97 x 0.90 x 0.96 x 0.97 ®)
which gives (9):

C, =065 (65%) )

This coefficient represents the cumulative impact of
environmental and electrical losses—such as temperature
effects, soiling, and cabling—on the energy produced by the
PV array before AC conversion. It ensures that the array is
dimensioned based on realistic operational conditions rather
than ideal ones.
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AC Bus DC Bus = = = = MPPT Control
D
EV charge stations DC/DC converter Renewable energy source

DC/DC Converter
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o
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S Battery Storage
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Power Grid 3x400V/50Hz
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— Power Line
"""""""""""" > Control Line

FIGURE 5. General configuration of the proposed hybrid electrical system.

5) PHOTOVOLTAIC ARRAY DESIGN

The PV array is sized according to the station’s peak power
requirement, constrained by inverter input voltage for series
connections and input current for parallel connections [24].
The required PV capacity is calculated as show in (10)
and (11):

(10)

where:

o Ejoaq is the daily energy consumption of the station
(kWh/day),

e Gy = 4.8 kWh/m?/day is the mean daily solar
irradiation of chosen site,

o 7sys = 0.8 represents: global system efficiency.

Ppy = 847.5 kW (11)
The number of modules is determined by (12):
Ppy
Npy = (12)
P module
For the considered modules, this corresponds to (13):
Npy = 2457 to 2690 (13)

where Ppodule 1 the peak power of the selected Trina Solar
polycrystalline module (345 W or 315 W [25]).
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F. INVERTER ADAPTATION
The power rating of the inverter must comply with the
following empirical condition [26] as expressed in (14):

0.8<M<1.2

< < (14)
Pinstalled

In this work, the Eaton Power Xpert 1000 kW inverter
was selected, with its technical specifications detailed in [27].
Verification of (14) confirms the validity of this choice,
as result in (15):

1000

=——=1.17
Pinstalled 847.5

P inv,max

15)

where Pjpy max is the maximum inverter power and Pipgtalled 1S
the installed PV capacity. The obtained ratio lies within the
recommended range (0.8—1.2), ensuring the compatibility of
the inverter with the system.

1) MAXIMUM NUMBER OF SERIES CONNECTED MODULES
The number of modules connected in series is limited by
the inverter’s admissible DC input voltage range (750—
1250 V [27]). Equation (16) defines the maximum number
of series modules:

_ Uinv,max

N; = 16
s Vo, (16)

where Vo = 46.4 V (open-circuit voltage of the module)
and Uipymax = 1250 V (maximum DC input voltage
of the inverter). The allowable range lies between 17 and
26 modules in series.
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2) NUMBER OF PARALLEL STRINGS

For Npy = 2457 modules, the number of parallel strings
is (17):
Npy
Nps = 17
ps N, ( )
The maximum input current is given by (18):
Tmax = Nps X Isc (18)

where I, = 9.62 A (module short circuit current), and the
inverter maximum input current is limited to 1816 A.

Table 6 indicates that the optimal PV configuration consists
of 21 modules in series and 117 parallel strings, yielding
9744 V and 1126.5 A. These values remain within the
inverter’s operating limits (1250 V and 1816 A), providing
a peak power of 847.7 kWp. This configuration ensures
compliance with technical constraints while guaranteeing
reliable and efficient energy supply for the charging station.

TABLE 6. Possible configurations of the PV generator.

Ny UDC (V) Nps Trmax (A) thv P, (W)
26 1206.4 94 904.3 2444 842220
25 1160.0 98 942.8 2450 845250
24 1113.6 102 981.2 2448 844560
23 1067.2 106 1019.7 2438 841110
22 1020.8 111 1067.8 2442 843490
21 (Optimal) 974.4 117 1126.5 2457 847665
20 928.0 122 1174.6 2440 841800
19 881.6 129 1243.0 2451 846595
18 835.2 136 1308.3 2448 844560
17 788.8 144 1385.3 2448 844560

Ny:modules in series; Upc: DC voltage; N ps: parallel strings; I max: maximum
current; N gy : total number of modules; P;: total power.

G. DC/DC CONVERTER AND MPPT ADAPTATION
Following the inverter adaptation, a DC/DC converter is
implemented to ensure proper voltage regulation between the
PV array and the inverter. Its main function is to stabilize the
DC bus voltage and to enable the PV generator to operate
continuously at its Maximum Power Point (MPP), regardless
of changes in solar irradiance and temperature.

The converter integrates an MPPT control algorithm that
dynamically adjusts the operating point of the PV modules
to extract maximum available power. In this system, the PV
field provides an installed capacity of 847.5 kW, consisting
of approximately 2,457 Trina Solar polycrystalline modules
rated at 345 W each. Each module operates at 37.7 V
and 9.15 A, resulting in a string voltage of about 974 V
for 21 modules in series. The converter’s MPPT voltage
range of 64-1300 VDC ensures full compatibility with
this configuration, guaranteeing efficient power transfer and
stable operation of the photovoltaic charging system.

H. SIZING OF THE STORAGE SYSTEM (BATTERY)

The storage system plays a crucial role in ensuring the
continuity of energy supply and in maximising the share
of solar self consumption [28]. Its required capacity is
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DC Bus
974Voc

PV array DC/DC Converter

T
EerE—0a |
R
R

FIGURE 6. Photovoltaic array configuration (P, = 847.5 kW, 2,457
modules, 21S x 117P).

determined from the station’s daily energy demand Eopgo and
the desired autonomy period jauo = 1, according to 19:

19)

Estock = Econso X Jjauto

The corresponding storage bank capacity Cpa, expressed in
ampere hours, is then derived from the system voltage Vi,
the permissible depth of discharge (DoD), and the efficiency
factor p of the selected storage technology [29], as refer in 20:

Etock

— (20)
Vbat X DoD x p

Coat =

The number of batteries required is calculated from the unit
capacity of each module Cypj, as expressed in 21:

2D

For this study, the Discover AES 6.6 kWh —48Vdc battery
was selected(). With a unit capacity of 130 Ah [30], the
system requires approximately 685 batteries, arranged in
20 series and 35 strings connected in parallel to achieve
voltage compatibility with the system’s DC bus (Upc =~
974,4V). This configuration ensures both the required
storage capacity and operational compatibility of the charging
station.

AC Bus

DC/DC Converter

o

Power Grid

AC/DC Inverter

Eaton 9395P, 1000 kW

FIGURE 7. Schematic diagram of the Discover AES 6.6 kWh battery
bank(20S x 35P = 700 units, 974.4 V DC).

In the proposed system, the central electricity grid
functions as a supplementary source of energy, ensuring
continuous supply when solar generation and storage are
insufficient. This backup role is particularly relevant during
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TABLE 7. Economic indicators of grid exchanges [32].

Parameter Value
Grid power purchase price  0.060 €/kWh
Grid sellback price 0.055 €/kWh
Net purchases calculation Monthly

periods of reduced solar availability or peak demand.
The associated economic parameters of grid utilization are
presented in Table 7 [31].

This section confirms the technical feasibility of a hybrid
clean energy system for the charging station. The sizing of
photovoltaic modules, storage, converters, and grid integra-
tion ensures both reliability and operational continuity. The
proposed design enhances system autonomy while increasing
the contribution of RE, thereby improving overall efficiency
and sustainability. These outcomes provide a solid foundation
for subsequent simulation and performance evaluation.

I. TECHNICAL AND ECONOMIC INDICATORS

The evaluation of a hybrid multi source energy system
requires both technical and economic assessment, with
emphasis on cost effectiveness, reliability, and long term
performance. Key parameters include production costs, ser-
vice continuity, and grid dependency, supported by extended
technical and financial data.

1) NET PRESENT COST (NPC)

The Net Present Cost (NPC) represents the total life cycle cost
of the system. It encompasses the initial capital investment,
component replacement costs, operation and maintenance
expenses, as well as potential revenues, all discounted
over the project’s lifetime [33]. Equation 22 presents the
computational formulation:

Cacc + Carc + Caom
CRF(i, n)

NPC = (22)

where:

o Cacc: annualized capital cost,

o Carc: annualized replacement cost,

o CaomMm: annual operation and maintenance cost,

o CRF (i, n): capital recovery factor,

o i: discount rate,

« n:project lifetime (years).

With, the Capital Recovery Factor (CRF) is defined as 23:

(14 iy
CRF(i,ny = —FD"
a4+ -1
This formulation allows system costs to be expressed in
present value, thereby providing a robust basis for economic
performance comparison.

(23)

2) COST OF ENERGY (COE)

The Cost of Energy (COE) quantifies the average cost of
electricity produced by the system over its lifetime, expressed
in €/kWh. It incorporates capital investment, replacement
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costs, and operation and maintenance expenses, and is
defined as 24, [34]:

Cacc + Carc + Caom

COE = 24

Eannual
where Eannual 18 the annual energy supplied by the system
(kWh/year).

This indicator enables direct comparison between the
cost of electricity from the hybrid system and that of the
conventional grid, thus serving as a key measure of economic
competitiveness.

3) LOSS OF POWER SUPPLY PROBABILITY (LPSP)

The Loss of Power Supply Probability (LPSP) is a reliability
indicator that measures the proportion of energy demand not
met by the system. It is expressed as the ratio of the total
unmet demand to the overall load requirement over the study
period [35], as expressed in 25:

> Eioaa(t)
where: Eqgeficit(f) = energy deficit at time ¢ (kWh).

Eload(t) = load demand at time ¢ (KWh).
T = total number of time periods considered.

LPSP = x 100% (25)

4) SELF CONSUMPTION (SC)

The Self Consumption index (SC) quantifies the fraction of
locally generated photovoltaic energy that is directly used to
supply the load. It is expressed as [36], 26:

EPV, local

SC = (26)

Epv tot
where:
e Epv jocal 1s the PV energy directly consumed by the load
(kWh/year),
e Epy ot 1s the total photovoltaic energy production
(kWh/year).

This indicator reflects the degree to which the generated
solar energy is locally utilized before being stored or
exported. A high SC value indicates efficient local use of
renewable energy.

5) SELF SUFFICIENCY (SS)
The Self Sufficiency ratio (SS) measures the share of the total
load demand that is supplied by renewable energy sources

and storage, without relying on the electrical grid [36]. It is
defined in 27:

Eren, load
Eload

SS = (27)

where:
o Erenload 1s the renewable energy (PV + storage) deliv-
ered to the load (kWh/year),
o Ejoaq is the total annual load demand (kWh/year).
This indicator describes the level of energy autonomy of
the system. A higher SS value corresponds to a stronger
independence from the grid.
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J. HYBRID SYSTEM DESIGN AND OPTIMIZATION
STRATEGY

After sizing the different subsystems, it is essential to
structure the design process in a coherent manner to guarantee
the overall consistency of the system. Figure 8 presents the
flowchart of the adopted methodology, outlining the main
steps from identifying the EV load profile to conducting the
final technical and economic evaluation.

The adopted strategy relies on an integrated approach
that combines modelling, simulation, and optimisation. This
was carried out using the HOMER (Hybrid Optimisation
Model for Electric Renewables) [37] software developed
by National Renewable Energy Laboratory (NREL), which
is recognised as a benchmark tool for the assessment of
hybrid energy systems. HOMER enables the comparison
of multiple system configurations combining renewable
generation, battery storage, and the electricity grid. The
objective is to determine the optimal balance between energy
performance, technical feasibility, and economic viability.

In HOMER, the optimisation process follows an exhaus-
tive search strategy. Based on the component sizes defined
by the user, the software generates all feasible system
configurations and performs a detailed hourly simulation over
an entire year for each candidate system. For every time step,
HOMER solves the power balance, manages the charging and
discharging of the storage system, and determines whether
the grid or backup sources must be used. At the end of each
annual simulation, HOMER computes key indicators such as
the NPC, COE, and reliability metrics.In HOMER Pro, the
reported COE is based on annualized system costs and energy
production, and can therefore be considered equivalent to the
Levelized Cost of Energy (LCOE) All configurations are then
ranked according to their economic performance, with the
optimal solution being the one achieving the minimum NPC.

Furthermore, system losses in the simulation are repre-
sented using simplified modelling assumptions commonly
adopted in system-level energy assessments. Converter
losses are modelled using constant efficiency values, while
photovoltaic performance is adjusted through a fixed derating
factor to reflect real operating conditions [38]. This factor
accounts for various degradation effects, including electrical
losses and environmental influences such as soiling, shading,
and aging [39]. This simplified approach is widely adopted
in hybrid energy system studies, as it ensures computational
efficiency while maintaining an acceptable level of accuracy
at the system scale. Consequently, this procedure enables a
comprehensive exploration of the solution space and ensures
the identification of the most cost-effective and reliable
hybrid system configuration.

K. OPTIMAL CONFIGURATION

Following the simulation process, HOMER identified the
optimal hybrid system configuration by jointly considering
technical feasibility and economic performance. The result-
ing architecture integrates photovoltaic generation, battery
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- Analysis of vehicle types

- Charging assumptions

/|- Calculation of average energy consumption per EV
4 - Estimation of daily energy demand (kWh)

\ Identification of EV Charging
Demand Profile

'
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- Study Site Selection
- Monthly solar irradiance (NASA POWER)
- Average ambient temperature

<«

B - Selection of PV modules, battery storage, inverter,
System Component Selection and grid connection

> Simulation and Optimization /—>

-—

- Technical parameters
- Economic parameters
- Constraints

-

- Sensitivity analysis
- Identification of viable cases
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Economic and Energy Analysis —» T i

-

Selection of the Optimal
Technically and Economically Viable Solution

FIGURE 8. Flowchart of the proposed methodology for EV charging
system design.

storage, and grid support, ensuring a balanced and reliable
energy supply throughout the project’s lifetime. The system
was designed around a central DC bus, which interconnects
the PV array and the battery bank before conversion to the
AC grid.

In this configuration, the total charging demand derived
from the modeled load profile—encompassing both AC
and DC charging points—was represented as an equivalent
DC load within HOMER. This modeling approach is
justified by the system’s DC-coupled architecture, where
the majority of power exchanges occur on the DC side.
The AC interface is treated through converter efficiency
parameters, allowing the model to account for conversion
losses implicitly. Representing the global demand as a
unified DC load simplifies the optimization process while
maintaining physical accuracy. Moreover, this assumption
aligns with real world fast charging infrastructures, which
increasingly adopt DC-based power distribution to enhance
overall system efficiency and minimize conversion losses.

L. OPERATING MODES OF THE HYBRID SYSTEM

Prior to conducting the energy analysis, it is essential
to define the hybrid system’s operational behavior under
varying solar resource conditions and battery states of charge.
Two principal modes of operation can be identified:

1) MODE 1: PRIMARY SOURCE-PHOTOVOLTAIC
GENERATION AND GRID INJECTION

When the available solar energy exceeds the load demand, the
system first checks the battery’s state of charge.If the battery
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is discharged or partially charged, the excess photovoltaic
energy is used simultaneously to supply the load and recharge
the battery. However, once the battery reaches its full
capacity, the surplus solar power is converted into alternating
current (AC) and injected into the electrical grid. During
this operating mode, the system is primarily powered by the
photovoltaic source, ensuring optimal self consumption and
effective utilization of surplus energy through grid injection.

2) MODE 2:SECONDARY SOURCE-COMBINED OPERATION
OF PV, BATTERY, AND ELECTRICAL GRID

When solar generation becomes insufficient to meet the
load demand, the system switches to a hybrid combined
mode in which the photovoltaic array, the battery, and the
electrical grid work together to ensure a continuous power
supply. Initially, the battery discharges to compensate for the
lack of photovoltaic production and maintain the supply to
the DC load. If the stored energy in the battery becomes
insufficient or if the demand exceeds its discharge capacity,
the electrical grid automatically intervenes to provide the
required supplementary power. This coordinated operation
between PV, battery, and grid ensures a stable and reliable
energy supply, while optimizing local self consumption and
minimizing the system’s dependency on the grid.

IV. RESULTS AND DISCUSSION

This section presents and analyzes the results obtained from
the simulation of the proposed hybrid RE system for the
EV charging station using the HOMER Pro software. The
analysis focuses on both technical and economic performance
indicators in order to evaluate the system’s efficiency,
reliability, and contribution to RE integration. The simulation
outcomes are organized into several parts: first, the technical
performance is examined through the distribution of annual
energy production and consumption; second, the economic
and environmental aspects are discussed to assess the overall
sustainability and feasibility of the proposed configuration.

A. TECHNICAL ANALYSIS OF THE SYSTEM

1) ANNUAL PRODUCTION DISTRIBUTION

The annual energy distribution of the optimal hybrid config-
uration for the EV charging station is shown in Figure 9. The
photovoltaic generation (Epy ;) emerges as the predominant
source, particularly between April and August, when solar
irradiance is at its peak. The grid import (Epyrchases) is limited
to periods of reduced solar availability, primarily in winter
months.

As reported in Table 8, the total annual energy produc-
tion reaches 1,792,485 kWh. The photovoltaic generation
(Epv.ior = 1,330,635 kWh) contributes the largest share
(74.2%).This highlights the dominant role of photovoltaic
generation in supplying the system and reducing dependence
on the utility grid. Grid electricity purchases amount to
Epurchases = 461,850 kWh, representing 25.8% of the total
energy supply. The grid therefore serves as a complementary
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FIGURE 9. Average monthly power generation from Epy 4,; and
Epurchases-

energy source, supplying electricity primarily when photo-
voltaic generation and stored energy are insufficient.

TABLE 8. Annual energy contribution by source.

Energy source  Energy (kWh/year) Percentage (%)
Epv 1o 1,330,635 74.2
Epun‘hases 461,850 25.8
Total 1,792,485 100

The system configuration emphasizes the predominance of
photovoltaic generation as the primary energy source, while
grid imports act as a backup to ensure supply reliability. This
hybrid architecture reduces grid dependency and supports the
sustainability objectives of the EV charging infrastructure.

2) ANNUAL CONSUMPTION

Table 9 summarizes the system’s annual energy consumption.
The total production reached 1,673,878 kWh, of which
1,187,881 kWh (71.5%) was consumed by the DC primary
load, while 485,996 kWh (29%) was exported to the public
grid.

These results indicate that the majority of the generated
energy is directly utilized to supply the DC load, while the
excess production is exported to the grid. This energy balance
reflects an efficient utilization of photovoltaic generation and
contributes to improving the overall economic performance
of the system.

3) RELIABILITY ASSESSMENT

Table 10 summarizes the reliability indicators of the hybrid
system supplying the DC charging infrastructure. One of the
key reliability metrics is the unmet electric load, denoted
as Eunmet, Which represents the amount of electrical energy
demand that cannot be satisfied by the system over a
given period. The system demonstrates excellent operational
robustness: Eynmet 1S 0 kWh/year (0%), indicating that the
total energy required by EVs is met either from the grid or
from solar PV. Similarly,the capacity shortage, represented
by Eshortage, also remains null, confirming that the installed
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TABLE 9. Annual energy consumption.

Consumption Energy (kWh/year) Percentage (%)
ElLoad DC 1,187,381 71
EGrid,export 485,996 28.9
Total 1,673,878 100

system capacity is sufficient to meet power demand at all
times, including during peak load conditions.

TABLE 10. Annual technical reliability criteria of the system.

Quantity kWh/year %
Excess Electricity (Eexcess) 83,192 4.64
Unmet Electric Load (Eunmet) 0 0.00
Capacity Shortage (Eshortage) 0 0.00

In addition, the system generated an excess electricity
flow Eexcess Of 83,192 kWh/year, corresponding to 4.64% of
the total energy production. This limited surplus reflects a
well-calibrated system design that ensures high operational
flexibility while minimizing unused energy. Overall, the
absence of unmet electric load and capacity shortage results
in a LPSP equal to zero, confirming the high reliability of
the proposed hybrid system and its suitability for continuous,
stable, and sustainable operation of DC fast charging
infrastructure.

Furthermore, Table 11 highlights the RE of the system.
A renewable fraction of fien = 72.4% and a maximum
renewable penetration of Prenmax = 302% were achieved,
indicating that, during certain periods, the photovoltaic
energy production Epyal exceeded the total electrical
demand Ef oad.pc by more than three times. This significant
renewable contribution demonstrates the system’s strong
reliance on clean energy sources and its ability to supply a
substantial portion of the load through renewable generation.

TABLE 11. Renewable energy penetration performance.

Metric Value (%)
Renewable Fraction (fren) 72.4
Maximum Renewable Penetration (Pren,max) 302.0

Complementary energy based indicators extracted from
HOMER are summarized in Table 12. These indicators
provide insight into the renewable contribution, energy
autonomy, and local utilization of the PV-battery subsystem.

TABLE 12. Key energy based performance indicators.

Indicator Value (%)
Renewable share in total generation (Eren/Egen) 79.6
Renewable contribution to load (Eren/Eioad) 74.2
Nonrenewable contribution ((1 — Enon-ren )/ Eioad) 100

The renewable penetration of 79.6% indicates that a large
share of the total energy generation originates from renewable
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sources, although a noticeable contribution from the grid
remains necessary. The SS ratio of 74.2% shows that a
substantial portion of the station’s annual energy demand
is supplied by PV generation and battery discharge, while
the grid provides complementary support during periods of
insufficient renewable availability. In parallel, the SC rate,
computed using HOMER energy balances as 28:

Epy local 785,593

SC = =
Epv ot 1,330,635

~ 0, 5903 (59.03%), (28)
indicates that more than half of the PV energy is consumed
locally, while the remaining fraction is exported to the grid or
curtailed. These results confirm that the hybrid PV-battery-
grid architecture maintains a significant level of renewable
penetration, a moderate degree of self sufficiency, and
improved local energy utilization, which are key attributes for
sustainable EV charging infrastructure.

B. BEHAVIOR OF THE MAIN SYSTEM COMPONENTS

1) PHOTOVOLTAIC GENERATOR

The PV generator’s performance, illustrated in Figure 10,
highlights pronounced day to day variability in photovoltaic
production during December. The power output exhibits
a typical diurnal pattern, with daytime peaks generally
ranging between 500 and 750 kW, while nighttime production
remains null. Several days show reduced peak levels or
shorter production durations, reflecting the strong influence
of winter meteorological conditions such as cloud cover and
reduced solar irradiance.

PV Power Output - December
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FIGURE 10. PV production power during December.

The photovoltaic power output over the 48 hour period
in December exhibits a pronounced diurnal pattern, with
near nominal power levels observed around midday on
December 15 and 16, indicating effective MPPT operation
under favorable irradiance conditions. PV generation drops
to zero during nighttime hours and resumes after sunrise on
December 17. This behavior confirms the strong dependence
of PV production on solar availability and highlights the
necessity of energy storage and/or grid support to ensure a
reliable supply for EV charging

Furthermore, Figure 12, which illustrates the annual hourly
distribution of photovoltaic power output, clearly highlights
the seasonal variability of PV generation. Electricity pro-
duction is primarily concentrated between 08:00 and 18:00,
with higher intensity and greater temporal stability observed
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TABLE 13. Summary of PV generator performance, annual electrical balance, and economic parameters.

Production Metrics Quantity Production Metrics Quantity
Rated Capacity 848 kW Average Power 152 kW
Mean Daily Output 3646 kWh/day Capacity Factor 17.9%
Total PV Production (Epyor) 1,330,635 kWh Minimum Power 0 kW
Maximum Power 832 kW PV Penetration (Ppv,pen) 112%
Operating Hours 4,387 h/year LCOEpy €0.0649/kWh
Economic Parameters (per kW of installed PV)
Installed Capacity 1 kW Capital Cost €400
Replacement Cost €300 O&M Cost €10/year
PV Power Output for 48 hours Battery Charge and Discharge - December
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FIGURE 11. Zoomed PV production power for three days (December
15-17).
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FIGURE 12. Annual DMAP of hourly PV output power.

during spring and summer months. In contrast, winter PV
generation is characterized by a reduced daily duration
(approximately 6—8 hours) and increased variability due to
prevailing weather conditions.

As summarized in Table 13, the photovoltaic generator
achieves a total annual energy production of 1,330,635 kWh,
with a rated capacity of 848 kW and an average power output
of 152 kW(considering night time periods). The system
delivers a mean daily energy production of 3,646 kWh/day,
corresponding to a capacity factor of 17.9% and approx-
imately 4,387 operating hours per year, which indicates
effective utilization of the available solar resource.

From an economic perspective, the levelized cost of
energy (LCOE) is estimated at €0.0649/kWh, confirming the
economic competitiveness of the PV system. Moreover, the
high PV penetration rate of 112% demonstrates the system’s
ability to meet and exceed local energy demand, thereby
enhancing energy autonomy and enabling surplus energy to
be allocated to storage systems or additional loads.

2) STORAGE SYSTEM
Figures 13 and 14 illustrate the charging and discharging
dynamics of the storage subsystem in December. A clear
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FIGURE 13. Temporal evolution of battery charging and discharging
during December.

daily cycling pattern is observed: the battery exhibits multiple
charge discharge alternations throughout each day, with peak
power levels reaching approximately 280 kW for charging
(typically during daytime hours) and 280-290 kW for
discharging (concentrated in evening periods). Both phases
display characteristic power profiles, reflecting the regulated
behavior of the DC/DC converter and the response to variable
renewable generation and EV load on the DC bus.

The zoomed 48 hours view reveals that charging occurs
primarily during mid-morning to early afternoon, aligned
with solar availability, while discharging shows a dual mode
behavior with sustained plateaus around 110 kW and brief
peaks during demand response events. Overall, the battery
exhibits efficient cycling behavior with consistent daily
patterns, though operational characteristics vary with solar
irradiance conditions, emphasizing the need for proper sizing
or auxiliary backup integration.

Battery Charge and Discharge for 48 hours,

Battery Charging (kW]
— Battery Discharoing (kW]

Power [kW]
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FIGURE 14. Temporal evolution of battery charging and discharging
during a 48 hours period in December.

Figure 15 further confirms these trends: the state of charge
remains generally high during midday hours (10:00 to 20:00)
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throughout most of the year but drops significantly during
winter months (December-January) due to reduced solar
generation while demand remains steady.

Battery State of Charge
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FIGURE 15. Annual DMAP of the battery state of charge.

The quantitative performance of the storage system,
derived from the HOMER simulation results, is summarized
in Table 14. These indicators confirm the efficient role of the
battery in stabilizing the DC bus and enhancing renewable
utilization.

TABLE 14. Annual performance, energy balance and economic
parameters of the storage system.

Parameter Symbol Value  Unit
Number of batteries Noat 106  units
Total battery capacity Chom 661  kWh
Usable capacity Cusable 661 kWh
Energy charged Epart,in 337,372 kWh/year
Energy discharged Ebatt,out 321,112 kWh/year
Storage losses Ebat loss 16884  kWh/year
Storage Depletion Esp 624 kWh/year

Annual throughput Ebatt,ann 329,454  kWh/year
Autonomy duration aut 4.88  hours
Storage wear cost Cwear 0.0054 €/kWh
Lifetime energy throughput Ejife 3,294,537 kWh
Battery capital cost Ceap bat 300 €

Battery replacement cost Crep,bat 200 €

Battery O&M cost Co&M pat 10  €/year

The energy flows indicate that Epyy out represents approx-
imately 95.1% of Epain, implying a round trip efficiency
close to 95%. The resulting storage losses amount to
16,884 kWh/year, reflecting the inherent inefficiencies of the
charge—discharge process in lithium based battery systems.
This performance confirms the effective integration of the
storage subsystem within the overall energy management
strategy. Consequently, the battery contributes to load
smoothing and peak shaving, thereby enhancing system
autonomy and operational stability.

3) CONVERTER
The bidirectional converter ensures power flow management
between the DC and AC buses, operating either as an inverter
(DC/AC) or rectifier (AC/DC) depending on energy balance
conditions. Figures 16-18 illustrate its dynamic behavior
during December.

During the period of December 15-17, the inverter (green
curve) exhibits regular daily operation, starting in the
morning hours (around 07:00-08:00), reaching peak values of
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approximately 300-330 kW, and maintaining operation until
the late afternoon (17:00-18:00).

This behavior closely follows the photovoltaic generation
profile, indicating that the inverter primarily transfers surplus
DC power from the PV array to the AC side during periods
of sufficient solar production (Ejqy).

AC/DC and DC/AC Output Power - December

ACIDC Power OutputlkW]
300 — DCIAC Power Outputikw]

Power [kW]

& o £ £ & £ £ & s
A G SR T T S I G I
Date

FIGURE 16. Converter output power in both operating modes during
December.

Conversely, the rectifier (cyan curve) operates intermit-
tently throughout the period, with shortnduration peaks
occurring mainly during nighttime and early morning hours.

The rectifier power also reaches values up to approxi-
mately 300-330 kW, corresponding to situations of reduced
PV generation or low battery state of charge, during which
the system imports energy from the grid to support battery
charging or supply the DC load (Erect)-

AC/DC and DC/AC Output Power
Over 48 hours in December

— DC/AC (Power Output [KW)

ACIDC (Power Output (kW)

Date and Time

FIGURE 17. Converter output power over a 48-hours period in December.

Figure 18 confirms these seasonal trends: inverter opera-
tion dominates during daytime hours (06:00-18:00), while
rectifier activity is sporadic and limited to winter or low
solar conditions. This complementary operation ensures
optimal bidirectional power management between renewable
generation, storage, and the grid interface.

AC/IDC Power Output 4]

DC/AC Power Output (kW]

FIGURE 18. Annual DMAP of inverter and rectifier operation.

The main technical and operational parameters of the
converter subsystem are summarized in Table 15. The system
incorporates a bidirectional converter rated at 320 kW,
operating for 2,229 h/year in inverter mode and 2,041 h/year
in rectifier mode.

The overall conversion efficiency is 95%, ensuring mini-
mal power losses between the DC and AC subsystems.
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TABLE 15. Annual performance and economic parameters of the
bidirectional converter (Eaton Power Xpert 1000 kW).

Parameter Symbol Value
Rated power Prated 323 kW
Efficiency Nconv 98%
Inverter operation time tiny 2,236 h/yr
Rectifier operation time trect 2044 h/yr
Average inverter power Pinv,avg 55.2 kW
Average rectifier power Prectavg 51.7 kW
Inverter energy Eiw 485,996 kWh/yr
Rectifier energy Erect 452,613 kWh/yr
Conversion losses Eloss 9,237 kWh/yr
Converter capital cost Ceap,conv 350 €/kW
Converter replacement cost Crep,conv 300 €/kW
Converter O&M cost Cos&M,conv 120 €/year

The inverter thus handles the majority of annual energy
transfer, efficiently routing photovoltaic power to the grid
or DC bus, while the rectifier provides limited but crucial
support during low generation periods. This configuration
contributes to overall system stability, optimizing renewable
utilization and minimizing grid dependency.

4) ELECTRICAL GRID

Figure 19 illustrates the annual hourly exchanges between
the hybrid system and the grid. Grid sales occur mainly
between 09:00 and 16:00, with peak injections reaching about
300-350 kW, reflecting significant daytime solar production.
Grid purchases, by contrast, occur mostly during nighttime
and early morning hours, are intermittent, and generally
remain limited, indicating reduced dependence on the grid
outside solar generation periods.

|

FIGURE 19. DMAP of power injected into and withdrawn from the
electrical grid.

Figure 20, detailing a 48 hours period, confirms this
trend: significant daytime exports reach about 300-330 kW,
corresponding to peak solar production hours. Grid imports
remain limited and intermittent, appearing mainly as short
evening (around 22:00) or nighttime (02:00-04:00) peaks.
Overall, the system demonstrates strong energy autonomy,
with grid reliance restricted to brief periods when solar
generation and storage are insufficient.

C. ANALYSIS OF THE OVERALL ENERGY OPERATION OF
THE HYBRID SYSTEM

Figures 21 and 22 illustrate the energy management strategy
and the cyclic operation of the hybrid system over a
representative three-day period in December, with a detailed
focus on a single day.
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Grid Sales and Purchases For 48 hours in December

Grid Sales (kW]
— Grid Purchases (k)

Power [kV/]

FIGURE 20. Power purchased from and sold to the grid over a 48 hours
period in December.

TABLE 16. Annual emissions of major pollutants.

Pollutant Quantity Unit
Carbon dioxide (CO2) 291,889 kg/year
Carbon monoxide (CO) 0 kg/year
Unburned hydrocarbons 0 kg/year
Particulate matter (PM) 0 kg/year
Sulfur dioxide (SO2) 1265 kg/year
Nitrogen oxides (NOy) 619 kg/year
TABLE 17. Global economic indicators.
Indicator Value Unit
NPC 2,376,450.00 €
COE 0.1098 €/kWh
Operating Costs 133,258.10 €

Phase 1 (nighttime): In the absence of solar generation
(blue curve), the EV charging demand (red curve) is mainly
supplied by the grid via the AC/DC converter (purple curve
and light-blue curve), with noticeable peaks occurring around
03:00 and after 22:00. During the late night and early
morning hours, the battery (black curve) also contributes by
discharging to partially supply the DC load. In this phase,
the converter ensures AC to DC power conversion, allowing
the EV charging demand to be met while maintaining system
continuity in the absence of PV production.

In Phase 2, or the morning transition (around 07:00-
08:00), PV generation starts increasing progressively and
reaches significant levels during the morning. The generated
solar power is first used to supply the DC load and to
recharge the battery (orange curve). As PV production
continues to rise, the DC/AC converter (green curve) becomes
active, enabling surplus energy to be injected into the grid
(yellow curve). During this phase, the reliance on the grid is
progressively eliminated.

Phase 3, during the daytime period, PV generation reaches
its maximum values (around 650-700 kW), fully covering the
EV charging demand and ensuring effective battery charging.
The excess solar energy is exported to the grid, resulting
in sustained grid sales. In this phase, the converter operates
predominantly in inverter mode, reflecting optimal operating
conditions and high system energy autonomy. In the late
afternoon, PV output gradually decreases, leading to the end
of battery charging. The battery then shifts to discharge mode
to maintain the supply of DC loads. This allows the system
to continue operating autonomously despite the reduction in
solar generation, while the converter maintains power balance
within the system.
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Power Flow of Hybrid System Components 48 hours in December
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FIGURE 21. Power variation of the sources over 48 hours in December.
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FIGURE 22. Zoomed in view of the power variation of hybrid system sources on a representative day.

In Phase 4, corresponding to the evening period (between
18:00 and 22:00), the battery becomes the main energy
source, discharging to meet the EV charging demand. During
this period, grid contribution remains negligible or absent,
highlighting the system’s ability to operate autonomously
based on stored energy.

Finally, Phase 5, corresponding to the late evening (22:00
to midnight), battery discharge reaches its operational limits,
which triggers grid intervention. This is evidenced by
the activation of grid purchases (purple curve) and the
corresponding AC/DC converter operation (light-blue curve).
Grid power is used to sustain the EV charging station and may
also contribute to partial battery recharging, potentially taking
advantage of off-peak electricity tariffs.

Overall, this operating scheme highlights a well coor-
dinated hybrid energy system in which solar generation
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ensures daytime supply, the battery provides continuity
during transition periods, and the grid acts solely as a backup
source. This strategy guarantees reliable operation of the EV
charging station, minimizes grid dependency, and maximizes
local energy self consumption.

D. ENVIRONMENTAL IMPACT ANALYSIS

Based on a combination of photovoltaic panels, batteries, and
a bidirectional converter with grid support, the system ensures
a reliable power supply while limiting pollutant emissions.
Although reliance on the electrical grid still generates
CO, (291,868 kgl/year), SO, (1,265 kg/year), and NO,
(619 kg/year), other pollutants such as carbon monoxide,
unburned hydrocarbons, and particulate matter are com-
pletely absent. These results confirm a significant reduction
in the carbon footprint of electric mobility [40].
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TABLE 18. Comparison of optimal system configurations.

Scenario COE NPC Op. Cost Init. Cost PV Cost Aut. Batt. Ren. Frac Emissions (kg/yr)
(€/kWh) (€) (€lyr) € (h)  (units) (%) CO2 SOy NO,
PV+Battery+Grid (optimal)  0.110 2,376,450 133,258 653,753 509,000 4.88 106 724 291,889 1,265 619
PV+Grid 0.109 2,563,729 150,433 619,009 509,000 — — 65.3 398,753 1,729 845
Battery+Grid 0230 3,528,349 266,041 89,104 — 520 113 0 772,876 3,351 1,639
Grid 0.245 3,764,030 282,655 110,009 — — — 0 766,062 3,321 1,624

TABLE 19. Sensitivity analysis of key techno-economic parameters.

Inv. Eff. PV Der. COE NPC Op. Cost Ren. Frac
(%) (%) (€/kWh) ©) (€lyr) (%)
95 75 0.1283 2,559,897 147,667 69.21
95 88 0.1112 2,379,267 131,800 74.60
98 75 0.1274 2,562,942 147,858 69.11
98 88 0.1098 2,376,450 133,258 72.41

E. ECONOMIC EVALUATION OF THE SYSTEM

Economic analysis is essential to assess the viability of hybrid
RE systems, which are often perceived as costly compared
to conventional solutions. A comprehensive financial assess-
ment, based on key indicators, allows evaluating whether the
proposed system can sustainably meet energy needs at an
acceptable cost.

Table 17 presents three major economic indicators:
the NPC, the COE, and the operating costs. The NPC
encompasses initial investments, replacements, operating
costs, and discounted cash flows, reflecting a significant
investment to guarantee reliable energy autonomy. Beyond
environmental benefits, the amount indicated in the table is
highly advantageous compared to the investment required
for establishing a conventional hydrocarbon distribution
station. The COE remains competitive compared to the grid
electricity price, confirming the system’s economic viability.
Operating costs, on the other hand, represent only 1% of
the total amount, reflecting regular expenses for system
maintenance and operation [41].

In addition, the cost breakdown per component summa-
rizes the overall project. The initial investment, or cap-
ital cost, amounts to 653,752.84 €, with an additional
131,932.23 € allocated for equipment replacement over
time. Operating and maintenance costs are estimated at
1,614,609.88 €, covering system upkeep and operational
management. No fuel is used (0.00 €), which is consistent
with a system relying exclusively on renewable sources
without thermal generators.A decommissioning or recycling
cost of -23,845.33 € is considered as the residual value at
the end of the project lifetime. Consequently, the system’s
net cost reaches 2,376,450.0 €, fully consistent with the NPC
previously indicated.

These results demonstrate that, despite a high initial
investment, the proposed hybrid system is highly profitable
and economically viable in the long term, thanks to low cost
energy production and significant operational revenues.

In summary, the hybrid energy system developed in
this study intelligently integrates renewable sources, battery
storage, and grid interaction to effectively meet targeted
demand, particularly for EV charging. Simulations validated
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its capacity to meet energy requirements while ensuring a
continuous and reliable power supply. From an environmental
perspective, the integration of renewable energies contributes
to reducing pollutant emissions and supports a more sus-
tainable approach. Finally, the technoeconomic assessment
confirmed the coherence and feasibility of the project,
showing that it represents a technically efficient, balanced,
and well suited solution for the current requirements of
sustainable energy supply.

This analysis highlights the efficiency of intelligent and
optimized energy management, primarily based on solar self
consumption and the rational use of battery storage. The
occasional and limited use of the grid demonstrates the
performance and appropriate sizing of the hybrid system.
This operational strategy also contributes to cost control by
limiting energy exchanges with the grid. Moreover, this study
provides a reversible vision of the system: it demonstrates its
ability to operate autonomously under favorable conditions
while maintaining the possibility of relying on the grid
in case of exceptional needs or climatic constraints. This
flexibility paves the way for a gradual transition toward a
100% renewable system, notably through increased storage
capacity, ensuring full coverage of demand even in the
absence of solar production.

F. SENSITIVITY ANALYSIS AND COMPARISON OF
ALTERNATIVE CONFIGURATIONS

To validate the robustness of the optimal configuration and
assess the added value of each system component, two
complementary analyses were conducted under identical
simulation conditions using HOMER Pro.

To further strengthen the robustness of the proposed sizing
methodology and to account for different possible system
configurations, a comparative analysis of four alternative
scenarios was conducted. The scenarios differ in their com-
ponent combinations while sharing the same meteorological
dataset, EV demand profile, and optimization framework,
ensuring a fair and consistent basis for comparison. Table 18
summarizes the key technical, economic, and environmental
performance indicators for each scenario.

These results highlight the importance of combining pho-
tovoltaic generation with battery storage to ensure a balanced
system. The proposed PV-battery—grid configuration offers
a more efficient and sustainable solution, improving energy
autonomy while reducing reliance on the grid compared to
the alternative scenarios.

A sensitivity analysis was performed to evaluate the
influence of component performance uncertainties on the
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optimal system design. Two parameters were varied: the
converter efficiency (cony = 95% and 98%) and the PV
derating factor (f; = 75% and 88%). Table 19 summarizes
the results of the four sensitivity scenarios.

The base optimal configuration (Scenarios: ncony = 98%,
fa = 88%) corresponds to the initial HOMER simulation
result. Across all sensitivity scenarios, the COE varies by less
than 3% (0.1098-0.1283 €/kWh), the NPC remains within
2.37-2.56 M€, and the renewable fraction between 72%
and 74%, confirming the robustness of the proposed hybrid
system to realistic component performance uncertainties.

V. CONCLUSION

This paper presented the design and sizing of a hybrid energy
production system combining PV power, battery storage, and
the electrical grid to supply an EV charging station. The
study was conducted in the village of Mesra, located in
the Mostaganem province in western Algeria. The approach
aimed to determine the appropriate, efficient, and optimal
configuration of the station, reflecting the interactions and
complementarities among the different components of the
system. To achieve this, an analysis was performed to
model the daily charging profile of the station. The study
considered three representative EV models (Dacia Spring,
Tesla Model 3, and Renault Zoe) and an infrastructure of five
charging stations. The resulting model simulated the temporal
distribution of residential loads across four different periods.
This approach allowed determining the optimal size of the
hybrid systems and improving their integration according to
real consumption patterns.

The technical analysis demonstrated that photovoltaic
generation covers a large share of the station’s energy
demand, particularly during daytime, thanks to a well dimen-
sioned solar array. The battery ensures supply continuity
during periods without solar irradiation, while the grid
provides occasional backup to secure the power supply.
Simulation curves confirmed that the designed system is
well optimized and energetically synchronized. Although
the system involves multiple operational phases across its
components, it is worth noting that for half of the day the load
is supplied by PV, one quarter by the battery, and one quarter
by the grid. This distribution highlights the improvement such
a structure provides to the central grid.

Beyond technical aspects, the environmental analysis
revealed remarkable ecological performance, with the com-
plete elimination of critical pollutants such as CO, unburned
hydrocarbons, and particulate matter. Although limited
reliance on the electrical grid still results in residual emissions
(291,889 kg COs/year, 1,265 kg SO»/year, and 619 kg
NO,/year), this configuration confirms a significant reduc-
tion in the overall carbon footprint compared to conventional
solutions, thereby demonstrating the environmental relevance
and sustainability of such infrastructures.

From an economic perspective, the evaluation of the
hybrid system demonstrates attractive financial performance,
with a COE of 0.1098 €/kWh and operating expenses
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limited to 133,285.1 €, representing approximately 1% of
the total system cost. Despite a relatively high initial capital
investment of 653,752.84 €and a NPC of 2,376,450 €, the
proposed hybrid architecture remains economically viable
by ensuring reliable long term energy supply and reducing
exposure to fossil fuel price volatility, thus reinforcing the
financial attractiveness of renewable powered EV charging
infrastructures.

Moreover, the results obtained from the energy based
indicators confirm the robustness of the proposed configu-
ration. The system achieved a SS rate of 74.2%, indicating
that a large share of the station’s annual energy demand is
covered by photovoltaic generation and battery storage, while
the grid provides complementary support during periods
of low renewable availability. In parallel, the SC index
reached 59%, showing that more than half of the total
PV generation was directly consumed locally or stored in
the battery. Although a portion of the energy is exported
to the grid, this level of self consumption reflects an
efficient local energy utilization strategy, contributing to
improved system autonomy and reduced grid dependency.
The sensitivity analysis further reinforces these findings,
as the comparison across multiple scenarios consistently
confirms the robustness and optimality of the proposed
configuration under varying techno-economic conditions.
These metrics confirm the technical maturity of the system
and its ability to operate effectively under realistic operating
conditions.

This work provides a modest contribution to the Alge-
rian energy mix program, which has witnessed significant
progress in recent years, aiming to reduce greenhouse gas
emissions and mitigate energy disruptions, while moving
toward a more sustainable environment. For more complex
and dynamic energy systems, a promising perspective
would be the integration of intelligent energy management
mechanisms based on artificial intelligence (AI).
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