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Abstract 

This study analyzes the energy consumption, operating costs, and associated CO2 emis-
sions of electric vehicle (EV) charging under different residential photovoltaic system 
(RPVS) configurations using a Hardware-in-the-Loop (HIL) platform. Three charging sce-
narios were evaluated: (i) EV charging supplied exclusively by the main grid (MG); (ii) 
EV charging supplied by an off-grid RPVS; and (iii) EV charging supplied by an intercon-
nected RPVS supported by the MG. To perform the experimental evaluation, an HIL plat-
form integrating a microgrid (µG) and an EV emulator was developed. The EV emulator 
was configured using the parameters of a Tesla Model S battery pack based on 18,650 
lithium-ion cells. The embedded µG architecture was reprogrammed to include an RPVS, 
a battery bank (BB), an AC bus, and the capability to operate either autonomously or in-
terconnected with the MG. Energy balance within the µG was managed through an En-
ergy Management System (EMS) designed to maximize the utilization of photovoltaic en-
ergy. The experimental results showed that Scenario 1 Level 1 required 100.344 kWh , 
while Scenario 1 Level 2 required 105.982 kWh. In Scenario 2, energy consumption was 101.856 kWh , and Scenario 3 required 104.4 kWh . Based on these data, the estimated 
monthly energy consumption, COଶ emissions, and costs were as follows: for Scenario 1, 251.23 kWh , 111.54 kg COଶ , and 1692.25 MXN ; for Scenario 2, 251.23   kWh , 12.53 kg COଶ, and 262.28 MXN; and for Scenario 3, an exportation of 1007.45 kWh to 
the MG, 174.36 kg COଶ, and 1340.81 MXN. These results provide technical and environ-
mental evidence supporting the feasibility of RPVS for EV charging and highlight the im-
portance of renewable energy-based solutions for sustainable electric mobility. The pro-
posed HIL-based methodology offers a reliable framework for assessing the technical, 
economic, and environmental impact of RPVS integrated with EV charging infrastructure. 
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1. Introduction 
Greenhouse gas (GHG) emissions represent one of the most critical global challenges, 

contributing significantly to climate change and global warming. In response, interna-
tional regulatory frameworks such as the Kyoto Protocol have required industrialized 
countries to limit, monitor, and periodically report their GHG emissions [1]. Subse-
quently, the Paris Agreement was adopted under the framework of the United Nations 
Climate Change Conference (COP), establishing ambitious long-term objectives to sub-
stantially reduce GHG emissions and maintain the increase in global average temperature 
well below 2 °C above pre-industrial levels, while pursuing efforts to limit it to 1.5 °C [2]. 
Furthermore, the agreement promotes the periodic review of national commitments every 
five years and encourages financial support for developing countries to strengthen climate 
adaptation and resilience capabilities [2]. 

Globally, the contribution of GHG emissions varies across regions; however, electric-
ity generation, heating, and transportation remain the major emission sources within the 
energy sector [3,4]. In Mexico, approximately 85% of the energy consumed by the indus-
trial and transportation sectors is still derived from fossil fuels. In response to this chal-
lenge, four energy scenarios have been projected through 2050. While the Business-as-
Usual (BAU) scenario maintains the current energy structure, the Green Growth, Energy 
for a Decent Life, and Just and Sustainable Transition scenarios seek to satisfy national 
energy demand while significantly reducing GHG emissions. These alternative pathways 
converge on the urgent need to decrease dependence on fossil fuels and accelerate the 
decarbonization of the transportation sector through the adoption of cleaner and more 
sustainable energy sources [5]. 

Electric vehicles (EVs) have emerged as a key technology for mitigating GHG emis-
sions in the transportation sector. However, their large-scale adoption may become coun-
terproductive if the electricity used for charging is primarily generated from fossil fuels 
or if the increased charging demand compromises the stability of the main grid (MG) [6]. 
Currently, conductive (wired) charging remains the dominant method for EV battery re-
plenishment, either through dedicated charging stations or residential charging equip-
ment. Nevertheless, the charging process requires considerable amounts of electrical en-
ergy and may extend from several minutes to several hours depending on the charging 
level and battery capacity. 

To address these challenges, advanced energy management strategies based on bidi-
rectional power converters have been developed, enabling EV integration with different 
energy systems. These technologies include Vehicle-to-Grid (V2G), where EV batteries 
operate as distributed energy storage systems (ESSs) capable of supplying energy back to 
the grid; Vehicle-to-Home (V2H), in which EVs provide electricity to residential loads; 
Vehicle-to-Vehicle (V2V), which facilitates energy or information exchange between vehi-
cles; and the broader Vehicle-to-Everything (V2X) paradigm, integrating bidirectional en-
ergy transfer and real-time data exchange among interconnected systems [7]. 

Within this framework, the integration of distributed energy resources (DERs) plays 
a fundamental role in reducing the environmental impact of EV charging. Among the 
available renewable energy technologies, solar photovoltaic (PV) systems have gained 
particular attention due to their widespread availability, decreasing installation costs, 
technological maturity, and suitability for residential applications [8,9]. 

Several studies have investigated the integration of renewable energy sources (RESs) 
for EV charging, with particular emphasis on PV energy systems [10]. For example, com-
prehensive simulation frameworks have been developed to analyze the entire energy 
flow, from electricity generation by PV modules to energy consumption by the vehicle 
powertrain. In the field of extended-range EVs, the integration of solar modules into ve-
hicle structures has been proposed to increase driving autonomy through advanced 
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energy management and power-balancing strategies [11]. These approaches typically em-
ploy solar irradiance models for estimating the energy harvested from vehicle-mounted 
PV modules and use standardized driving cycles, such as the New European Driving Cy-
cle (NEDC), the Worldwide Harmonized Light Vehicles Test Procedure (WLTP), and the 
Environmental Protection Agency (EPA) cycle, to evaluate energy consumption and ve-
hicle performance. Previous studies, such as that reported in Ref. [12], have demonstrated 
that optimizing the PV design integrated into EVs can increase the driving range by up to 
20%, even under variable shading conditions encountered during real-world operation. 

Research on EV charging stations has addressed a wide range of technological chal-
lenges, including power electronics, energy management, system sizing, and techno-eco-
nomic assessment. In the field of power electronics, several studies have investigated the 
implementation of Maximum Power Point Tracking (MPPT) algorithms integrated with 
power electronic converters (PECs) to optimize the charging process of different EV mod-
els and maximize the utilization of PV energy resources [13]. 

The feasibility of residential photovoltaic systems (RPVSs) for EV charging has also 
been evaluated through the analysis of energy generation and consumption under real 
operating conditions. For example, studies involving 4.48 kW PV installations have 
demonstrated the importance of aligning solar generation profiles with EV charging de-
mand to improve energy utilization and reduce MG dependency [14]. 

Furthermore, techno-economic and environmental assessments have shown that the 
performance of charging infrastructures based on hybrid microgrids (µGs), integrating 
solar, wind, and diesel generation sources, strongly depends on the optimal sizing of both 
generation and ESS [15]. Parameters such as battery technology, charging duration, and 
projected demand have been identified as key factors influencing system reliability, oper-
ational stability, and economic viability [16]. 

The optimal sizing of standalone µGs has also been investigated using specialized 
simulation tools. For instance, the study presented in Ref. [17] proposes an 8.1 kW PV 
system integrated with an ESS capable of supporting the annual charging demand of up 
to 414 EVs with 30 kWh battery capacity. Beyond component sizing, the implementation 
of advanced Energy Management Systems (EMSs) has been recognized as a critical re-
quirement for efficient system operation. As reported in Ref. [18], an effective EMS can 
reduce dependence on the MG by prioritizing PV generation and coordinating the use of 
EV batteries as distributed energy resources. Such strategies enable multiple operating 
modes, including renewable-only charging, MG-assisted charging, energy export to the 
MG, and battery discharging. 

Similarly, studies focused on direct-current (DC) µGs for fast EV charging have high-
lighted the importance of considering charging demand patterns, baseline infrastructure 
consumption, and PEC efficiency when performing energy balance analyses and evaluat-
ing overall system performance [19]. 

The potential of EVs as distributed energy assets has also been analyzed at a national 
scale. For example, the study presented in Ref. [20] highlights that EVs remain parked for 
approximately 95% of their lifetime, representing a significant source of flexibility that can 
support power system operation and facilitate the large-scale integration of renewable 
energy sources, particularly solar generation. 

To maximize this potential, smart charging strategies based on Grid-to-Vehicle 
(G2V), V2G, and V2V concepts have been proposed. These approaches commonly employ 
constant-current (CC) and constant-voltage (CV) charging techniques to improve charg-
ing efficiency and MG interaction. For instance, Ref. [21] analyzes a charging infrastruc-
ture composed of 200 charging stations rated at 22 kW and supplied by a 500 kW PV gen-
eration system. 
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In parallel, the development of scaled experimental prototypes has enabled the vali-
dation of standalone charging systems powered exclusively by PV generation and battery 
banks (BBs) [22]. These studies focus on the design and implementation of PECs capable 
of operating under variable solar irradiance conditions while maintaining stable output 
power and ensuring charging reliability. 

Furthermore, comparative analyses have evaluated different EV charging architec-
tures, including conventional MG-fed charging, extended-range EVs equipped with inte-
grated PV modules, and solar-powered charging stations. These investigations have 
demonstrated that the integration of PV energy can reduce MG dependency and associ-
ated carbon emissions while improving the sustainability of electric mobility systems. 

In Ref. [23], simulation-based analyses conducted for the cities of Berlin and Los An-
geles demonstrated that although EVs equipped with integrated PV modules can extend 
driving range, solar-powered charging stations achieve superior performance in terms of 
energy efficiency and GHG emission reduction. Nevertheless, the reliance on purely nu-
merical simulations underscores the need for experimental and real-time validation ap-
proaches capable of capturing the dynamic interactions among hardware components 
and energy management strategies. 

Hardware-in-the-Loop (HIL) techniques have emerged as an effective alternative for 
the development and validation of EV-related technologies. For example, Ref. [24] pre-
sents the implementation of an EMS for the operation of an EV DC bus, integrating fuel 
cells and a BB to ensure power balance under varying generation conditions. Similarly, 
the development of model-free controllers for EV charging is evaluated in Ref. [25], 
demonstrating their capability to manage charging demand from multiple EVs. 

Furthermore, the impact of EV integration on electrical distribution systems has been 
extensively investigated. The study reported in Ref. [26] analyzes key power quality indi-
cators, including voltage profiles, power losses, and power factor variations at different 
points of the distribution network. Likewise, Ref. [27] highlights the importance of as-
sessing distribution losses and harmonic distortion associated with V2G operation, em-
phasizing their influence on MG performance and reliability. 

This paper presents an analysis of the dynamic interaction between a residential µG 
and an EV using a validation platform based on the HIL technique. The proposed µG is 
designed to maximize the utilization of PV energy while satisfying residential demand 
and considering the EV as an adaptive load. Both systems were modeled based on their 
power-flow dynamics and implemented on NI myRIO-1900 embedded controllers using 
the LabVIEW programming environment. 

The developed HIL platform offers a high degree of reconfigurability, enabling the 
modification of key parameters such as the number of PV modules, ESS capacity, solar 
irradiance profiles, and MG interconnection voltage levels (120/240 V). Regarding the EV 
subsystem, the analysis focuses on battery energy behavior. An equivalent circuit model 
based on 18,650 lithium-ion cells, representative of the Tesla Model S BB, was imple-
mented using parameters validated in literature [13]. 

The experimental evaluation is conducted under three operating scenarios: (1) EV 
charging supplied exclusively by the MG, (2) EV charging supplied by an isolated µG, 
and (3) EV charging supplied by a MG-connected µG. In Table 1 present a comparison 
with similar systems applied to EV charging process. 
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Table 1. Similar HIL platforms. 

Reference Contributions HIL Platform Reconfigurability 
Process of 
Validation 

Focus on 

[9] 
Uses continuous irradiance val-
ues to estimate SFR production 

dSPACE MicroLabBox At model level Simulation 
Design and control of 
PECs under simulated 

driving 

[10] 

The MATLAB Simulink soft-
ware was used to evaluate the 

performance of MPPT algo-
rithms, employing constant ir-
radiance values while modify-
ing the properties of the PEC 

used. 

- 

Allows for modification of 
the PV arrangement using 
the CEP elements and the 

values of the BB employed. 

Simulation 
and compara-
tion with da-

tabases 

MPPT Control algo-
rithm 

[11] 

They use PVWatts and repre-
sentative irradiance estimates 
for different locations to esti-

mate energy production. 

- 

It allows for an estimation 
of the energy that would be 
produced along a specific 

route. 

Simulation 
Transport and energy 
infrastructure plan-

ning 

[14] 

Presents the sizing for an off-
grid (MG) load without inter-
ruptions, using data for a spe-
cific case of energy production 

and EV consumption. 

PIC18F4550 No mentioned 
Scale system 
and simula-

tion 
Controllers of PECs 

[21] 

Uses Modelica to compare the 
performance of an SFR under 

different climatic and irradiance 
conditions, as well as to com-
pare different types of EVs. 

- 
Allows modification of the 

components used 
Simulation 

Comparison of energy 
demand versus pro-
duction, considering 

different types of EVs 

[24] 
Use a rule-based EMS for the 
operation of PECs and fuel 

cells. 
dSPACE MicroLabBox No mentioned 

Emulation in 
real time and 

theoretical 
data 

Fuel cell vehicles and 
hybrid power systems 

[25] 
A J1772 protocol emulator is 

used for EV charging. 
dSPACE MicroLabBox 

EV with the same charging 
protocol 

Emulation 
and real-

world testing 

Focused on reducing 
the effects on the dis-

tribution network 

[27] 
It uses confidential data in the 
experiments conducted and fo-

cuses on the MG model. 

Global Real-Time Su-
perlab (G-RTSLAB) 

Modify the number and 
power level of the con-

nected chargers 
Emulation 

Impact of the V2G and 
G2V paradigms on a 

Low Voltage MG 

Our pro-
posal 

Interaction of µG (conformed 
by ESS, PV system and inter-

connection with MG) with BB of 
an EV to analyze energy ex-

change and EMS strategy based 
on utilization of PV generation 

to charge EV 

NI MyRIO 1900 

Define the components and 
properties of the µG ele-

ments, as well as the prop-
erties of the EV BB being 

used. 

Emulation 
and model 
verification 
against pub-
lished data 

Energy exchange be-
tween uG and EV, al-
lowing different EV 

BB configurations, PV 
systems and ESS, in-
teraction is managed 

though EMS that 
could be modified or 
replace assuming cor-
rect design od differ-

ent PECs used 

The remainder of this paper is organized as follows. Section 2 describes the load emu-
lation framework and the main system components, including the solar PV system, the 
µG, the MG, and the EV model. The operating conditions, charging protocols, and simu-
lation parameters for the proposed scenarios are also presented. Section 3 details the 
mathematical models of the implemented systems and the procedures used to estimate 
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EV charging requirements and equivalent CO2 emissions. Section 4 presents the experi-
mental results obtained using the HIL platform. Section 5 provides a comparative analysis 
of energy consumption, operating costs, and environmental impact in terms of CO2 emis-
sions. Finally, Section 6 summarizes the main conclusions and contributions of this work. 

The main contributions of this work are summarized as follows: 
Development of a reconfigurable HIL platform: An HIL platform was designed and 

validated to emulate, in real time, the dynamic interaction between a residential µG and 
an EV. The proposed platform overcomes the limitations of purely numerical simulations 
by enabling the integration of realistic operating conditions and bidirectional energy flows 
between the system components. 

High versatility for experimental analysis: The developed HIL platform allows real-
time modification of critical variables, including solar irradiance profiles, ESS capacity, 
charging demand, and load profiles. This flexibility facilitates the evaluation of different 
operating scenarios and control strategies while avoiding the risks and costs associated 
with full-scale physical implementations. 

Adaptability for energy management and charging strategies: The platform supports 
the implementation and validation of various EMS algorithms and EV charging method-
ologies. This capability enables the assessment of different control approaches according 
to the operational requirements of the µG and the charging demand of users. 

Experimental validation of residential EV charging scenarios: The proposed system 
was experimentally evaluated under three operating conditions: MG-only charging, 
standalone PV charging, and MG-connected PV charging. This validation provides a com-
prehensive assessment of the technical and environmental performance of RPVS for EV 
charging. 

Assessment of system scalability: Experimental tests were conducted using a RPVS 
originally sized for Level 1 EV charging. The system performance and operational stability 
were evaluated when higher charging-power demands were introduced, enabling the 
analysis of scalability and the feasibility of residential charging solutions under increased 
energy requirements. 

The proposed system focuses on studying energy exchange between µG and EV, 
without considering other loads through the evaluation of an balance of energy equation; 
the developed HIL platform allows implementing domestic loads, but we are focusing on 
the energetic behavior of the charging process. 

2. Description of the System 
The main objective of this study is to evaluate the energy consumption, operating 

costs, and associated CO2 emissions of EV charging under three different electrical supply 
architectures. To achieve this objective, a RPVS is integrated as a RES into the proposed 
charging schemes. Two PV operating configurations are considered: an isolated (off-MG) 
system and an MG-connected system interfaced with the MG. Both configurations are de-
signed to represent residential AC applications and to assess the technical and environ-
mental performance of EV charging under realistic operating conditions. 

2.1. Microred 

The proposed AC µG operates at nominal voltage levels commonly available in the 
MG, namely 120 V and 240 V. The DER consists of an RPVS configured using monocrys-
talline PV modules rated at 350 W. These modules were selected due to their high conver-
sion efficiency. The ESS is composed of lithium-ion batteries with configurable charging 
and discharging profiles. PECs are employed to interconnect the different components of 
the µG, with their topology selected according to the characteristics of each component 
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and the required power flow. Figure 1 illustrates the architecture of the proposed µG and 
the interaction among its principal elements. 

 

Figure 1. Architecture of the proposed microgrid. 

The EMS supervises the operation of the µG and determines its operating mode. De-
pending on the conditions defined by the user, the EMS allows the µG to operate either in 
MG-connected mode or as an islanded system. The EMS is also responsible for coordinat-
ing power exchanges among the RPVS, ESS, loads, and the MG in order to maintain en-
ergy balance and ensure system stability. 

Within the proposed µG, a sign convention is adopted for power flow analysis. Pos-
itive power values indicate that a component is supplying energy to the AC bus, whereas 
negative values indicate that the component is consuming energy from the AC bus. Con-
sequently, the PV power (𝑃௉௏) is always positive because the RPVS only injects energy 
into the system. Conversely, the load power (𝑃௅) is always negative since residential loads 
and EV chargers consume energy from the AC bus. 

The power associated with the MG 𝑃  and the ESS 𝑃஻ may be either positive or neg-
ative depending on the operating mode. The value of 𝑃  is positive when energy is im-
ported from the MG to supply the AC bus and negative when excess energy generated by 
the RPVS is exported to the MG. Similarly, 𝑃஻ is positive when the BB discharge energy 
to the AC bus and negative when the ESS is being charged. An energy monitoring module 
is incorporated into the µG to quantify power exchanges among components and evaluate 
the environmental impact of the different operating scenarios. 

For modeling purposes, the losses associated with MG are neglected. The RPVS em-
ploys a DC-DC PEC operating under a MPPT algorithm to maximize PV energy extrac-
tion. In addition, a proportional-integral (PI) controller regulates the operating voltage of 
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the PV subsystem. A DC-AC PEC is used to transfer energy from the RPVS to the AC bus. 
The ESS is interfaced through a bidirectional AC-DC PEC (rectifier/inverter), which ena-
bles both battery charging and discharging while facilitating bidirectional energy ex-
change between the BB and the AC bus. 

Energy Management System 

The primary objective of the EMS is to maintain the stability of the AC bus while 
maximizing the utilization of the energy generated by the RPVS. Figure 2 presents the 
EMS control algorithm, which is based on the following operating strategies: 

Maintaining AC bus voltage stability. 
Maximizing the utilization of RESs. 
Keeping the battery State of Charge (SoC) within safe operating limits. 
Minimizing the operating cost associated with energy consumption. 
To accomplish these objectives, the centralized EMS [28] determines the operating 

mode of each subsystem within the µG by coordinating the local controllers associated 
with the PECs. The decision-making process is based on the EV charging demand and the 
energy availability from the RPVS, the ESS, and the MG. 

The EMS establishes an energy dispatch hierarchy in which PV generation is priori-
tized as the primary energy source due to its renewable nature and negligible operating 
cost. When the available PV power is insufficient to satisfy the demand, the required en-
ergy is supplied by the MG. The ESS is used as a complementary energy source to support 
system operation and maintain power balance. Since the stored energy involves addi-
tional costs associated with battery charging, storage, and degradation, its utilization is 
prioritized after the RPVS and the MG. 

Based on the operating principles described above, the EMS defines the following 
operating cases: 

Case 1. PV generation matches the load demand. 
When the available PV power 𝑃௉௏ is equal to the total load demand 𝑃௅, the RPVS 

operates as the sole energy source supplying the AC bus. 
Case 2. PV generation is insufficient to satisfy the load demand 
When 𝑃௉௏ < 𝑃௅, the power deficit must be supplied either by the MG or by the ESS. 
(a) If the MG is available, the required additional power is imported from the MG to 

satisfy the load demand 𝑃 = 𝑃௅ − 𝑃௉௏. 
(b) If the MG is unavailable, the energy supply depends on the battery SoC: 
(i) If the SoC is greater than 30%, the ESS supplies the remaining power required by 

the load 𝑃஻ = 𝑃௅ − 𝑃௉௏. 
(ii) If the SoC is less than or equal to 30%, the ESS is disconnected to prevent excessive 

battery discharge. Under this condition, the load demand cannot be satisfied, and the sys-
tem operation is interrupted 𝑃 = 𝑃஻ = 𝑃௉௏ = 0. 

Case 3. Excess PV generation 
When 𝑃௉௏ > 𝑃௅, excess energy is available and must be directed either to the ESS or 

to the MG. 
(a) If the ESS SoC is below 80%, the excess PV energy is used to charge the ESS 𝑃஻ =𝑃௉௏ −  𝑃௅. 
(b) If the ESS SoC is greater than or equal to 80% and the MG is available, the excess 

energy is exported to the MG 𝑃 = 𝑃௉௏ −  𝑃௅. 
(c) If the ESS SoC is greater than or equal to 80% and the MG is unavailable, the PV 

controller limits the generated power by switching from MPPT mode to voltage-control 
mode, thereby regulating the energy delivered to the load and maintaining system stabil-
ity 𝑃௉௏ =  𝑃௅. 
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Figure 2. Flowchart of the proposed Energy Management System. 

2.2. Electric Vehicle 

The EV considered in this study is composed of a BB as ESS, PECs, and electric trac-
tion motors operating under either AC or DC architectures. Currently, EV battery tech-
nologies are not fully standardized, resulting in significant variations in battery chemistry, 
capacity, and operating characteristics [7,29]. Among the available technologies, lithium-
ion batteries have become the preferred choice due to their high energy density, long cycle 
life, and superior charge/discharge performance. In this work, the analysis focuses exclu-
sively on the EV charging process. Therefore, only the EV battery system and its charging 
interface are considered, while the traction system and vehicle dynamics are excluded 
from the study. The experimental platform is based on the battery characteristics of the 
Tesla Model S, which employs battery packs composed of 18,650 lithium-ion cells. Since 
the objective is to evaluate the energy exchange between the µG and the EV during charg-
ing, it is necessary to model the electrical behavior of both the battery pack and the charg-
ing system. Accordingly, the charger operating characteristics and charging demand pro-
file were implemented according to the specifications reported in the literature 
[11,18,30,31]. 

Electric Vehicle Charging Standards 

The charging process of EV batteries can vary considerably depending on the charger 
technology, power level, and electrical architecture employed. International organiza-
tions, such as the Society of Automotive Engineers (SAE) and the International Electro-
technical Commission (IEC), have established standards to classify EV charging systems 
according to the voltage, current, and charging method used in both AC and DC applica-
tions. The SAE standard classifies charging infrastructure into different charging levels 
according to the supplied power and charging requirements, whereas the IEC standard 
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defines charging modes based on the electrical connection and safety features imple-
mented during the charging process. A summary of the most common charging standards 
and their characteristics is presented in Table 2 [23]. 

Table 2. Electric vehicle charging standards. 

Standard Voltage (V) Current (A) Mode/Level Fase 

IEC62196 

120 16 Mode 1 AC 240 32 Mode 2 
250 32–250 Mode 3 DC 600 400 Mode 4 

 120 16 Mode 1 AC 
IEC62196 240 80 Mode 2 

 240–450 80 Mode 4 DC 

SAEJ1772 

120 16 Level 1 AC 
240 32–80 Level 2 

200–450 80 Level 1 DC 
200 Level 2 

According to these standards, portable chargers operating at 120 V AC are generally 
classified as Level 1 chargers under the SAE J1772 [32]standard and as Mode 1 chargers 
under the IEC 62196 [33]framework. Chargers connected to dedicated 240 V residential 
circuits are commonly classified as Level 2 or Mode 2 charging systems, depending on the 
standard being applied [34]. Furthermore, dedicated charging stations support higher-
power charging configurations, including AC charging modes and DC fast-charging tech-
nologies associated with IEC Modes 3 and 4. The EV considered in this investigation, a 
Tesla Model S, can be charged using either a portable charging cable or a wall-mounted 
charging connector. When a portable charger is used, the EV can be connected to either 
120 V or 240 V AC supplies, enabling Level 1 or Level 2 charging operation depending on 
the available voltage. In contrast, wall-mounted charging equipment typically requires a 
dedicated 240 V AC installation, allowing higher charging power and reduced charging 
times. Several charging methods have been proposed for lithium-ion batteries, including 
CC charging, CV charging, the combined Constant Current–Constant Voltage (CC-CV) 
method, and pulse-charging techniques [35]. In the present study, the charging process is 
implemented using the CC method, since this approach is consistent with the charging 
characteristics reported for the Tesla Model S battery pack and facilitates the evaluation 
of energy consumption under controlled operating conditions. 

2.3. Proposed Emulation System 

The developed HIL platform was implemented using two NI myRIO-1900 embedded 
controllers Manufactured by National Instruments (NI), based in Austin, Texas, United 
States. One controller executes the residential µG model, while the second controller em-
ulates the EV. The proposed charging emulation system is illustrated in Figure 3. Each 
myRIO-1900 controller executes an independent Virtual Instrument (VI) developed in the 
LabVIEW environment, enabling the real-time emulation of both the µG and EV subsys-
tems. The two VIs communicate with a supervisory VI executed on a host computer, 
which provides the graphical user interface (GUI) for user interaction. Through this inter-
face, the user can configure the operating conditions and define the electrical and opera-
tional parameters of both the µG and the EV. In addition, the two myRIO controllers ex-
change information through analog signals that represent the electrical variables required 
for the EV charging process, enabling real-time interaction between the emulated systems. 
The developed LabVIEW interface allows the user to modify the number of PV modules 
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integrated into the RPVS, each with a nominal generation capacity of 350 W. The PV gen-
eration depends on the solar irradiance (𝐺்) applied to the PV modules. Irradiance profiles 
are introduced as time-series vectors and can be imported directly from Microsoft Excel 
files. For the ESS, the user can define the number of batteries connected in series and spec-
ify the initial SoC. The operating condition of the MG interconnection and the nominal 
voltage of the AC bus are also configured through the user interface. A MG voltage of 0 V 
represents a MG outage or disconnection event, whereas voltage levels of 120 V and 240 
V correspond to the standard residential AC operating conditions considered in this 
study. 

 

Figure 3. Proposed electric vehicle charging emulation system. 

Most of the parameters associated with the proposed Charging Emulation System 
(CES) are configured through the VI executed on the host computer. However, certain 
parameters must be defined locally within the VIs implemented on each embedded sys-
tem. In the case of the EV model, it is necessary to specify the number of battery cells 
connected in series and parallel in order to define the battery pack configuration. The CES 
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requires 𝐺்  and load demand profiles 𝑃௅  as input variables. The irradiance data em-
ployed in this study correspond to a typical sunny summer day in the city of Celaya, Mex-
ico. These irradiance profiles were estimated from the energy production data of an in-
stalled RPVS with known nominal power, allowing the reconstruction of the correspond-
ing solar resource profile. The load demand profile 𝑃௅ can be defined in two different 
ways: 

Residential load profile: The demand is established using previously recorded resi-
dential consumption data. 

EV charging load profile: The demand is determined by the connection and charging 
process of the EV, according to the selected charging conditions and battery parameters. 

Due to the purpose of this work being analyzing the energetic behavior of EV charg-
ing using RPVS, residential load profiles are excluded because considering a residential 
load involves energy consumption separate from that generated by the EV charging pro-
cess, which is the subject of this study. 

To validate the operation of the proposed CES, three different charging scenarios 
were evaluated. 

Scenario 1. EV charging supplied exclusively by the MG. In this scenario, the EV is 
charged using only the energy supplied by the MG, separate in two cases (Level 1 and 
Level 2): Scenario 1 Level 1 operating at a nominal voltage of 120 V AC and Scenario 1 
Level 2 operating at nominal voltage of 240 V AC. The RPVS generation is set to zero, 
while the ESS remains inactive due to the availability of MG power. The EV charging pro-
cess is performed according to Level: Level 1 charging requirements, allowing a maxi-
mum charging power of up to 1.9 kW and Level 2 charging requirements, allowing a max-
imum charging power of up to 11 kW. 

Scenario 2. EV charging supplied by an isolated µG. In this case, the µG operates in 
stand-alone mode without connection to the MG. The ESS is initialized with an SoC of 
80%, while the RPVS is configured with a maximum generation capacity of 10 kW. The 
EV charging process is performed under Level 2 charging conditions, allowing a maxi-
mum charging power of up to 11 kW. 

Scenario 3. EV charging supplied by an MG-connected µG. In this scenario, the µG 
operates interconnected with the MG, which is configured at 240 V AC. The ESS is initial-
ized with a SoC of 80%, and the RPVS is configured with a maximum generation capacity 
of 10 kW. Similar to Scenario 2, the EV charging process follows Level 2 charging require-
ments, with a maximum charging power of up to 11 kW. 

For all three scenarios, the residential load is assumed to be zero. Therefore, the µG 
is dedicated exclusively to supplying the power required for the EV charging process, 
allowing the analysis to focus on the interaction between the EV, the RPVS, the ESS, and 
the MG. 

This methodology was selected because we do not have the infrastructure to compare 
results against real values with EV chargers and PV systems. The HIL technique allows 
us to realize experiments using mathematic models executed in hardware under con-
trolled conditions. 

To design platform models and assumptions of related works where used, the veri-
fication process considers data available in databases and published works. Particularly 
for EV, results of emulations are compared with published works. 

The developed platform can be accessed via [36]; the repository contains the require-
ments data and instructions. 

3. Modeling of the Charging Emulation System 
To implement the different subsystems within the proposed CES, it is necessary to 

develop their corresponding mathematical models and subsequently discretize them for 
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real-time execution in the HIL platform. The resulting models enable the emulation of the 
dynamic interactions among the µG, the EV, and the EMS. For modeling purposes, the 
PECs included in the CES are represented through their conversion efficiencies. Therefore, 
it is assumed that the converters and their associated local control systems are properly 
designed and operate within their nominal conditions, such that their dynamic effects do 
not significantly influence the overall performance of the proposed system. This simplifi-
cation allows the analysis to focus on the energy exchange among the principal compo-
nents of the µG and the EV charging process. 

3.1. Microgrid Modeling 

The proposed µG consists of an RPVS, an ESS, an interconnection with the MG, elec-
trical loads, and an EMS. The interaction among these components enables the coordina-
tion of energy generation, storage, and consumption while maintaining the power balance 
of the µG. The EMS supervises the operation of the µG and manages the power exchange 
between the RPVS, ESS, MG, and connected loads. Depending on the operating condi-
tions, the µG can operate either in MG-connected mode or in islanded mode, ensuring the 
continuity of supply and maximizing the utilization of RERs. 

3.1.1. Residential Photovoltaic System 

The power generated by a RPVS can be estimated using different modeling ap-
proaches. One of the most widely used methods is based on simulation tools such as PV-
Watts, which require the definition of environmental conditions, PV module characteris-
tics, and PEC efficiencies. Alternatively, the output power of a RPVS can be estimated 
using mathematical models that relate the incident solar irradiance to the electrical power 
generated by the PV array. In this work, the power produced by the RPVS is determined 
using a simplified irradiance-based model, in which the generated power is proportional 
to the solar irradiance incident on the PV modules. This relationship can be expressed as 
follows [9,13,17,18]: 𝑃𝑃𝑉|஽஼ = 𝐶𝑃𝑉𝑓𝑃𝑉 ቆ 𝐺𝑇𝐺𝑇,𝑆𝑇𝐶ቇ × [1 +∝𝑃 (𝑇𝐶 − 𝑇𝐶,𝑆𝑇𝐶)] (1) 

where 𝐶௉௏: nominal power of the RPVS (W). 𝐺்: solar irradiance incident on the PV array (W/m2). 𝐺்,ௌ்஼: solar irradiance under STC, equal to 1000 W/m2. ∝௉: temperature coefficient of power (%/°C). 𝑇஼: PV cell temperature (°C). 𝑇஼,ௌ்஼: PV cell temperature under STC, equal to 25 °C. 𝑓௉௏: aging factor. 
Equation (1) allows the estimation of the electrical power generated by a photovoltaic 

(PV) module. Therefore, when multiple PV modules are connected in series, parallel, or 
series-parallel configurations, the total generated power depends on the number of mod-
ules installed and their electrical arrangement. In this study, thermal losses and efficiency 
degradation effects are neglected. Furthermore, it is assumed that the solar irradiance is 
uniformly distributed across all PV modules. Under these assumptions, the mathematical 
model adopted for the RPVS is represented by Equation (2). 𝑃𝑃𝑉 = 𝜂𝑃𝑁𝑃𝑉𝐶𝑃𝑉𝑓𝑃𝑉 ቆ 𝐺𝑇𝐺𝑇,𝑆𝑇𝐶ቇ (2) 

For the operation of the RPVS, either in Voltage Control Mode (VCM) or MPPT mode, 
it is necessary to consider the PECs and their corresponding efficiencies. One PEC is 
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responsible for extracting the maximum available power from the PV array, while another 
PEC transfers the generated energy to the AC bus. The RPVS is assumed to operate in 
MPPT mode under normal conditions in order to maximize energy harvesting from the 
PV modules [10,37]. However, when the generated PV power exceeds the load demand 
and no additional energy sink is available, the controller switches to VCM to regulate the 
power delivered by the RPVS and maintain system stability. To establish the PEC effi-
ciency values used in this investigation, the data reported in [38] were adopted. According 
to this reference, the DC-DC PEC efficiency is assumed to be 0.80, while the DC-AC in-
verter efficiency is assumed to be 0.85. These values are used to determine the overall 
efficiency of the PV generation subsystem 𝜂௉ = 0.8 × 0.85 = 0.68. 

3.1.2. Energy Storage System 

The ESS is composed of lithium-ion batteries due to their advantages over other bat-
tery technologies, including high energy density, long cycle life, and superior charge–dis-
charge performance [7,39]. To model the ESS, it is necessary to estimate the battery State 
of Charge (SoC), which represents the amount of energy stored relative to the battery’s 
nominal capacity. Several methods for SoC estimation have been reported in the literature 
[40–42]. 

To estimate the SoC, the coulomb-counting method was adopted, as expressed in 
Equation (3). The SoC is calculated from an initial state of charge (𝑆𝑜𝐶଴), considering the 
battery charge/discharge efficiency 𝜂஼஽ and the nominal battery capacity 𝑄 (Ah). In ad-
dition, it is necessary to determine the battery current 𝑖௕ , which is obtained from the 
charging or discharging power exchanged by the battery [43]. The open-circuit voltage of 
the battery, 𝑉𝑜𝑐, is subsequently determined using Equation (4). To construct the ESS em-
ployed in this study, four battery modules were considered as the base configuration. Each 
module is composed of series-connected cells and provides a nominal voltage of 12 V, a 
rated capacity of 115 Ah, and a charge/discharge efficiency of 0.9 [40]. The total number 
of battery modules incorporated into the ESS is represented by 𝑁𝐵: SoC = 𝑆𝑜𝐶଴ + 𝜂஼஽𝑄 න 𝑖௕௧௧బ 𝑑𝑡 (3) 

𝑉𝑜𝑐 = 3.3 + 0.6 × (SoC − 0.08 × SoC × (1 − SoC))) (4) 

For the charging and discharging operation of the ESS, two bidirectional PECs are 
considered. The first PEC operates as a rectifier/inverter, enabling the conversion between 
AC and DC power, while the second PEC functions as a bidirectional DC-DC PEC respon-
sible for regulating the charging and discharging processes of the ESS. For the experiments 
presented in this work, an efficiency of 0.96 is assumed for each PEC. Since the PECs are 
connected in cascade, the overall conversion efficiency is determined by the product of 
the individual PEC efficiencies obtaining 𝜂(𝑏) = 0.9216. The ESS, 𝑃஻, is calculated from 
the µG power balance. Based on the SoC of the ESS, the stored energy can be determined 
and subsequently used to estimate the battery current. This current is then employed to 
calculate the variation of the SoC according to Equation (5) where a value 𝑓 is used. The 
value of 𝑃஻ depends on the direction of the power flow. During the charging process, 𝑃஻ 
is negative because energy is absorbed by the ESS, and 𝑓 takes the value of 𝜂(𝑏). Con-
versely, during the discharging process, 𝑃஻ is positive because energy is supplied by the 
ESS to the AC bus; in this case, 𝑓 takes the value of ଵఎ(௕). 𝑖௕ = 𝑃𝐵𝑉𝑜𝑐 × 𝑓 (5) 
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3.1.3. Energy Management System 

To coordinate the operation of the components that constitute the µG, a centralized 
EMS is implemented. The EMS operation is based on the power balance equation given 
in Equation (6), which represents the energy equilibrium of the system according to the 
sign convention described in Section 2. Based on this power balance, the EMS determines 
the operating state of each subsystem and selects the appropriate control actions for the 
RPVS, the ESS, and the MG. The corresponding operating modes and decision rules were 
previously described in Section Energy Management System. 𝑃𝐺 + 𝑃𝐿 + 𝑃𝑃𝑉 + 𝑃𝐵 = 0 (6) 

3.2. Electric Vehicle Modeling 

The battery model used for the EV emulation in this study is based on 18,650 lithium-
ion cells, a technology commonly employed in Tesla EV. Using the parameters reported 
in Ref. [44], the information available in Ref. [45], and the specifications provided by the 
manufacturer, the battery pack of a Tesla Model S Plaid was selected as the reference sys-
tem. The battery pack operates at a nominal voltage of 407 V and a nominal capacity of 
246 Ah, comprising a total of 7920 cells arranged in a configuration of 110 cells connected 
in series and 72 cells connected in parallel, resulting in a nominal energy capacity of ap-
proximately 100 kWh. Figure 4 presents the equivalent RC circuit used to model an indi-
vidual battery cell. Similar to the ESS model described previously, the SoC of each cell is 
estimated using the coulomb-counting method. The corresponding mathematical formu-
lation is given in Equation (7). The output voltage of the cell is determined from the volt-
age drops across the elements of the equivalent circuit model and is represented by Equa-
tions (8)–(10) [44]. In these equations, 𝑅ଵ and 𝐶ଵ represent the resistor and capacitor as-
sociated with the polarization branch 𝑅𝐶ଵ  with voltage 𝑉ோ஼భ , 𝑅ଶ  and 𝐶ଶ  represent the 
resistor and capacitor associated with the polarization branch 𝑅𝐶ଶ with voltage 𝑉ோ஼మ re-
spectively, Ro represents the internal resistance of the cell, 𝑉𝑜𝑐 denotes the open-circuit 
voltage, and 𝑉𝐿 corresponds to the terminal voltage of the battery cell. 

 

Figure 4. Equivalent RC circuit model of the EV battery cell. 

𝑉ை஼ = 12.2581 × 𝑆𝑜𝐶଺ − 28.8126 × 𝑆𝑜𝐶ହ + 20.7236 × 𝑆𝑜𝐶ସ − 2.6045 × 𝑆𝑜𝐶ଷ− 1.9103 × 𝑆𝑜𝐶ଶ + 1.0889 × 𝑆𝑜𝐶 + 3.4444 
(7) 

𝑉ோ஼భሶ = − 𝑉ோ஼భ𝑅ଵ𝐶ଵ + 𝐼௕𝐶ଵ (8) 
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𝑉ோ஼మሶ = − 𝑉ோ஼మ𝑅ଶ𝐶ଶ + 𝐼௕𝐶ଶ (9) 

𝑉𝐿 = 𝑉ை஼ − 𝑉ோ஼భ − 𝑉ோ஼మ − 𝐼௕ × 𝑅𝑜 (10) 

The battery cell model described previously was used as the basis for constructing 
the battery pack of the Tesla Model S. For this purpose, it was necessary to define the 
number of cells connected in series and parallel, allowing the battery capacity and voltage 
configuration described in Section 3.2 to be obtained. The resulting battery-pack charac-
teristics are determined according to Equations (11) and (12). Q் = 𝑁𝑃 × 𝑄 (11) 𝑉 = 𝑁ௌ × 𝑉𝑂𝐶 (12) 

3.3. Energy Consumption, Cost, and Emissions Analysis 

In Mexico, the Federal Electricity Commission (CFE) is the entity responsible for the 
supply and billing of electrical energy. The nominal voltage for residences is 120 V AC; if 
an SFR is present, a 240 V AC installation is required. For residential users, CFE applies 
different tariff schemes depending on the level of electricity consumption and the average 
minimum summer temperature corresponding to each geographical region. Residential 
electricity tariffs are classified as 1, 1A, 1B, 1C, 1D, 1E, and 1F. Electricity costs are calcu-
lated according to a block-rate structure composed of basic consumption ($1.11/kWh), in-
termediate consumption ($1.349/kWh), and excess consumption ($3.944/kWh). The con-
sumption limits associated with each block depend on the assigned tariff category and the 
corresponding two-month billing period. When the average electricity consumption ex-
ceeds the limit established for the applicable tariff, the customer is reclassified under the 
High Consumption Domestic (DAC) tariff. Under this scheme, billing includes a base con-
sumption equivalent to the first 25 kWh defined in Tariff 1, as well as a fixed monthly 
charge and a variable charge proportional to the energy consumed. Both charges depend 
on the tariff region assigned by CFE. In the case of Celaya, Guanajuato, which belongs to 
the South-Central tariff region, the fixed monthly charge is 142.41 MXN, while the cost of 
electricity consumption is 6.169 MXN/kWh. Consequently, exceeding the consumption 
limits established under conventional residential tariffs can significantly increase the total 
electricity cost [46]. 

When an SFR is in place, the billing rate remains the same as that of a standard resi-
dential system, that is, the rate structure does not change. In this scenario, the number of 
kWh consumed is based on the net consumption from MG; in other words, it is the differ-
ence between the energy imported from MG and the energy exported to MG in the corre-
sponding period; if this value is less than zero, it is considered zero. 

To quantify the environmental impact associated with EV charging, the equivalent 
CO2 emissions are estimated using Equation (13) [47]. The emissions are calculated as a 
function of the electrical energy consumed and the national electricity generation emission 
factor 𝐹ா. For the year 2024, the Mexican national MG emission factor was considered as 
0.444 tCO2/MWh, equivalent to 0.444 kgCO2/kWh. Therefore, the total CO2 emissions as-
sociated with energy consumption can be determined as follows: 𝐸஼ைమ = 𝐸𝑃 × 𝐹𝐸 (13) 

where 𝐸஼ைమ : equivalent carbon dioxide emissions (kgCO2). 𝐸௉: electrical energy consumption (kWh). 
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𝐹ா: grid emission factor (kgCO2/kWh). 

3.4. Electric Vehicle Charging Calculation 

The charging power of the EV depends on the selected charging mode and charging 
level. Since a CC charging strategy was adopted in this study, the electrical power deliv-
ered to the battery is determined as a function of its nominal capacity 𝑄 × %𝐶 and must 
be consistent with the rated output power of the charger. Accordingly, if the required 
charging current is represented by 𝐼ோ௘௤, the charging power and the current drawn from 
the AC bus 𝐼ா௫௧ can be calculated using Equations (14) and (15), respectively. The charg-
ing process is constrained by both the charger specifications and the operating limits of 
the EV battery pack, ensuring safe operation and compliance with the selected charging 
standard. 𝐼ோ௘௤ = 𝑄 × %𝐶 (14) 𝐼ா௫௧ = 𝐼ோ௘௤/𝜂஼஽(𝑏) (15) 

The power import from the MG depends on the operating voltage of the MG. For 
these calculations, it is assumed that the EV battery voltage remains constant at its nomi-
nal value throughout the charging process. In Scenario 1, the EV charging process is car-
ried out under Level 1 and Level 2 charging conditions, requiring a charging power of 1.9 
kW and 11 kW. Based on this charging power and the nominal battery voltage, the corre-
sponding charging current 𝐼ோ௘௤ = 1900/407 = 4.66 A  and the charging rate %𝐶 =4.66/246 =  0.018 are obtained, resulting in a charging rate of approximately 0.018 C for 
Level 1. For Scenarios with Level 2, the EV charging process is performed under Level 2 
charging conditions with a maximum charging power of 11 kW, resulting in a charging 
rate of approximately 0.1098 C. 

The proposed µG must supply the power required by the EV charging process. This 
value is calculated from the power delivered to the EV battery 𝑃𝐿 and the efficiencies of 
the PECs involved in the charging process. In this work, the charger efficiency 𝜂஼஽(𝑏) is 
assumed to be 0.92. Knowing the energy delivered to the battery and the battery terminal 
voltage 𝑉𝐿, the EV charging power 𝑃ா௏ can be determined. Consequently, the power de-
mand imposed by the EV charging system is calculated according to Equation (16). 𝑃௅ = 𝑃ா௏/𝜂஼஽(𝑏)  (16) 

4. Results 
4.1. Validation of the Charging Emulation System 

To validate the performance of the developed HIL platform, two validation experi-
ments were conducted. The first experiment was based on the charging characteristics of 
a Tesla Model S reported in Ref. [10], while the second employed the charging data of a 
Škoda CITIGOe iV EV reported in Ref. [12]. For both validation cases, ideal operating 
conditions were assumed, considering the same efficiency for both the PECs and the EV 
charger as in the rest of the paper. Table 3 indicates the models used and where values of 
efficiency used in this work were found. 

Table 3. Summary of models and considerations in the development of this HIL platform. 

Component Modeled As Taked From 
RPVS Equation of generated power based on measured irradiance [9,13,17,18] 

BB used as ESS in µG Power exchange and coulomb counting method [40–42] 
PECs Efficiencies [38,40] 
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EV BB Equivalent circuit model of two RC branches [43] 
EV Charger PECs Efficiencies Datasheet of chargers 

In the first validation experiment, the charging process of the Tesla Model S battery 
was simulated using a CC charging strategy. The battery SoC was increased from 0% to 
100% using an average charging power of 10.8 kW supplied by a Level 2 charging station. 
Figure 5 shows the evolution of the battery SoC, represented by the red curve. The devel-
oped HIL platform predicts a charging time of 11.2 h to increase the SoC from 0% to 100%, 
whereas the charging time reported in Ref. [10] is 10.5 h. Therefore, the relative error be-
tween the simulated and reported results is 6.7%, indicating good agreement between the 
proposed emulation platform and the reference data. The obtained results demonstrate 
that the developed HIL platform accurately reproduces the charging behavior of the Tesla 
Model S battery and is suitable for evaluating EV charging scenarios under different mi-
crogrid operating conditions. 

Figure 5 also presents the power exchange among the components of the proposed 
µG during the EV charging process. The yellow curve represents the power generated by 
the RPVS, the blue curve corresponds to the power imported by the MG, the purple curve 
indicates the power exported to MG, and the black curve represents the charging power 
delivered to the EV battery. Once the EV is connected, two operating conditions are ob-
served: 

Case 1: During periods of high PV generation, the power produced by the RPVS ex-
ceeds the EV charging demand. Consequently, the excess energy is exported to the MG. 

Case 2: When the EV charging demand exceeds the power generated by the RPVS, 
the deficit is supplied by the MG, thereby ensuring uninterrupted charging operation. 

 

Figure 5. Charging emulation results for the Tesla Model S. 

During the second validation experiment, the charging process reported in Ref. [12] 
was reproduced using the proposed HIL platform. The referenced study employed a res-
idential charger specifically designed for the Škoda CITIGOe iV, increasing the battery 
SoC from 15.2% to 95.6% for a battery pack with a nominal capacity of 36.8 kWh over a 
charging period of 16 h using a CC charging strategy. During the charging process, the 
battery voltage varied from 296.25 V to 351.75 V. Since the battery cell specifications were 
not provided in Ref. [12], a battery configuration was designed to closely match the re-
ported voltage and energy capacity. The resulting battery pack consists of 86 cells con-
nected in series and 33 branches connected in parallel, yielding a nominal voltage of 326.8 
V, a capacity of 112.2 Ah, and a total energy capacity of 36.67 kWh. These values closely 
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approximate those reported for the Škoda CITIGOe iV battery pack. Figure 6 presents the 
evolution of the battery SoC during the emulation process, represented by the red curve. 
The developed model successfully reproduced the charging behavior reported in Ref. [12], 
achieving a relative error of only 0.625% with respect to the reported battery energy ca-
pacity of 36.8 kWh. This result confirms the accuracy of the proposed HIL platform for EV 
charging emulation. 

Figure 6 also illustrates the power exchange among the components of the proposed 
µG during the charging process. The purple curve represents the power exported to the 
MG, the blue curve corresponds to the power imported from the MG, the yellow curve 
indicates the power generated by the RPVS, the red curve represents the power supplied 
by the ESS, and the black curve denotes the charging power delivered to the EV battery. 
At the beginning of the experiment, the EV is disconnected from the µG. Once PV gener-
ation becomes available, the generated energy is initially directed toward charging the 
ESS because the battery SoC is below 80%. When the EV is connected to the µG, four op-
erating conditions can be identified: 

Case 1. The power generated by the RPVS exceeds the EV charging demand. There-
fore, the excess energy is used to charge the ESS. 

Case 2. The power generated by the RPVS exceeds the EV charging demand and the 
ESS reaches an SoC of 80%. Consequently, the excess PV energy is exported to the MG. 

Case 3. The EV charging demand exceeds the power generated by the RPVS. Under 
these conditions, the power deficit is supplied by the MG to ensure uninterrupted charg-
ing operation. 

Case 4. When PV generation is unavailable, the entire EV charging demand is sup-
plied by the MG. 

 

Figure 6. Charging emulation results for the Škoda CITIGOe iV. 

4.2. Scenario 1 

Before executing the emulations, the user configured the operating parameters of 
both the µG and the EV through the developed HIL platform. For the µG, the efficiencies 
of the PECs associated with the RPVS 𝜂௉ = 0.68 and the ESS 𝜂(஻) = 0.9216 were defined, 
together with the battery charge-discharge efficiency 𝜂஼஽ = 0.9. The ESS was configured 
using batteries with a nominal voltage of 12 V and a rated capacity of 115 Ah. Further-
more, the residential load demand was set to zero, meaning that the EV represented the 
only load connected to the µG during all evaluated scenarios. For the EV model, the bat-
tery pack of the Tesla Model S was configured using 110 cells connected in series (Ns) and 
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72 cell strings connected in parallel (Np). The operation of the CES depends on the inter-
action among the simulated subsystems and the availability of the input data. In all sce-
narios, the emulation was performed using a sampling interval of 360 s, which was se-
lected according to the available measurement resolution and the time scale of the irradi-
ance and charging datasets. 

Figure 7 presents the evolution of the battery SoC and battery voltage during the 
charging process. The results indicate a total charging time of 88.8 h for charge at Level 1 
and 9.5 h for charge at Level 2. Figure 8 illustrates the battery charging power and the 
power supplied by the MG during the charging process. As expected from the CC charg-
ing strategy, the charging power remains approximately constant throughout the charg-
ing cycle, resulting in an average power demand of 1.13 kW from the MG for charger 
Level 1 and 11.156 kWh for charge Level 2. The results show that under CC charging con-
ditions, the EV battery voltage starts at a relatively low value corresponding to an initial 
SoC of 0%. As the charging process progresses and energy is stored in the battery, the 
voltage gradually increases until the battery reaches full charge. At the end of the charging 
process, a slight decrease in the battery voltage can be observed. This behavior is at-
tributed to the equivalent RC battery model employed in the simulation, where part of the 
stored energy is dissipated through the resistive-capacitive branches that represent polar-
ization effects. The amount of energy stored in these branches depends on the charging 
current and the dynamic characteristics of the battery model. 

 
(a) 
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(b) 

Figure 7. EV battery State of Charge (SoC) and voltage profiles during Scenario 1: (a) Charging at 
Level 1, (b) Charging at Level 2. 

(a) 
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(b) 

Figure 8. EV charging power and current demand during Scenario 1: (a) Charging at Level 1, (b) 
Charging at Level 2. 

4.3. Scenarios 2 and 3 

Based on the results obtained from the emulation of Scenario 1, the total energy re-
quired to fully charge the EV was 103.198 kWh on average for Scenario 1 Level 1 and Level 
2. This value was used as the reference energy demand for the sizing of the RPVS consid-
ered in Scenarios 2 and 3. To determine the required size of the RPVS, the daily energy 
demand of the EV, the Peak Sun Hours (PSH) corresponding to the city of Celaya, Mexico, 
and a system loss factor were considered. Using these parameters, the required PV gener-
ation capacity (𝑊𝑝), the battery bank capacity (𝑄), and the required autonomy period in 
dais (D) were determined using Equations (17) and (18). The resulting sizing methodology 
ensures that the proposed RPVS is capable of supplying the energy required by the EV 
charging process while maintaining the operational requirements established for the 
standalone and MG-connected µG configurations. 𝑊𝑝 = 𝐷𝑎𝑖𝑙𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (kWh) × 𝑙𝑜𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 ÷ 𝑃𝑆𝐻 (17) 

𝑄 = (𝐷𝑎𝑖𝑙𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (kWh) × 𝐷)𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 𝑏𝑎𝑛𝑘 (18) 

The RPVS was sized to support EV charging using a Level 2 charger under residential 
operating conditions. For this purpose, the representative daily energy consumption was 
estimated using the average charging power obtained in Scenario 1. Based on this value, 
a daily energy demand of 27.12 kWh/day was considered for the sizing process. By con-
sidering a system loss factor of 1.17 and 6.17 PSH corresponding to the city of Celaya, 
Mexico, the required PV generation capacity was calculated as 10 kW. Consequently, the 
RPVS was configured using 28 PV modules. For the ESS, an autonomy period of two days 
and a nominal voltage of 96 V were considered. Substituting the corresponding values 
into Equation (19), a required capacity of 575 Ah was obtained. Since the selected batteries 
have a rated capacity of 115 Ah, the ESS was configured using five parallel branches, each 
composed of eight batteries connected in series, thereby meeting the required voltage and 
capacity specifications. Therefore, the configurations evaluated in Scenarios 2 and 3 
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consisted of 28 PV modules (Npv), a BB with a nominal capacity of 575 Ah, eight batteries 
connected in series per branch (NB = 8), and an initial SoC of 80%. 

Figure 9 illustrates the power exchange among the components of the proposed CES 
during the execution of Scenario 2. The green curve represents the power supplied by the 
ESS, the yellow curve corresponds to the power generated by the RPVS, the red curve 
indicates the charging power delivered to the ESS, and the black curve represents the EV 
charging power. When the EV is connected to the µG, four operating conditions can be 
identified: 

Case 1. The energy supplied to the EV is provided exclusively by the ESS of the µG. 
Case 2. The energy supplied to the EV is provided jointly by the RPVS and the ESS 

of the µG. 
Case 3. The EV charging demand exceeds the power generated by the RPVS, and 

neither the ESS nor the system configuration can provide the additional energy required. 
Therefore, the EMS disconnects the charging process because the ESS does not contain 
sufficient energy to maintain the requested charging level. 

Case 4. Once the EV reaches full charge and the ESS SoC is below 80%, the PV energy 
generated by the RPVS is redirected to charge the ESS. 

 

Figure 9. EV charging process in Scenario 2. 

Figure 10 shows the evolution of the EV battery SoC and terminal voltage during the 
emulation process. During the EV charging cycle, several intervals can be observed in 
which the EMS disconnects the loads and the components of the µG, as described in Case 
3. These interruptions affect the overall charging duration. The total charging time was 
10.4 h, of which 0.8 h corresponded to system disconnection periods. Therefore, the effec-
tive charging time was 9.6 h. The average power required to complete the charging pro-
cess, considering the entire emulation period, was 9.15 kW. When the disconnection in-
tervals are excluded, the average charging power increases to 10.61 kW. These results 
demonstrate the influence of energy availability within the isolated µG on the EV charging 
process. Periods of insufficient energy generation and storage capacity lead to temporary 
charging interruptions, thereby increasing the total charging time compared to the effec-
tive charging period. 
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Figure 10. EV battery State of Charge (SoC) and voltage profiles during Scenario 2. 

Finally, for the emulation of Scenario 3, the only modification with respect to Scenario 
2 was the interconnection of the µG with the MG, while the initial SoC of the ESS was 
maintained at 80%. Figure 11 illustrates the power exchange among the components of 
the proposed µG during the EV charging process. The blue curve represents the power 
supplied by the MG, the purple curve indicates the power exported to the MG, the yellow 
curve corresponds to the power generated by the RPVS, and the black curve represents 
the EV charging power. 

When the EV is connected to the microgrid, the following operating cases can be 
identified: 

Case 1. The energy supplied to the EV is provided exclusively by the MG. 
Case 2. The energy supplied to the EV is jointly provided by the RPVS and the MG. 
Case 3. The EV is fully charged, and the SoC of the ESS is greater than or equal to 

80%. Therefore, the excess energy generated by the RPVS is exported to the MG. 
In this scenario, the EV charging process required a total charging time of 9 h, with 

an average charging power of 11.6 kW. Figure 12 presents the evolution of the EV battery 
voltage and SoC during the charging process. 

 

Figure 11. Power exchange between the main grid (MG) and the residential photovoltaic system 
(RPVS) during Scenario 3. 
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Figure 12. EV battery State of Charge (SoC) and voltage profiles during Scenario 3. 

5. Discussion 
Based on the results obtained, a comparison was conducted among the three scenar-

ios in terms of energy consumption, average charging power, and charging duration. The 
corresponding results are summarized in Table 4 where the results from a set of reported 
experiments are used; it is also worth noting that, for Scenario 2, the values employed 
correspond to the active time of the charging process and the power delivered during that 
same period due to disconnection intervals in Scenario 2. The measured energy consump-
tion across the evaluated scenarios was approximately 103.1455 kWh, averaged across the 
experiments conducted, with a standard deviation of 2.5252 kWh. The observed differ-
ences are mainly attributed to the efficiencies considered in each configuration. In Scenario 
1, the MG is assumed to supply the required energy without considering transmission 
and distribution losses between the generation facilities and the residential installation. In 
contrast, Scenarios 2 and 3 incorporate the efficiencies associated with the RPVS, the PECs, 
and the ESS, which increase the total energy required to complete the EV charging pro-
cess. 

The charging times obtained in the scenarios with the Level 2 charger differ signifi-
cantly from those observed in Scenario 1 with the Level 1 charger due to the charging 
power level employed. Scenario 1 uses a Level 1 charging configuration characterized by 
a relatively low charging power, resulting in a substantially longer charging time. Con-
versely, Scenarios that employ Level 2 charging allow significantly higher charging power 
and consequently reduce the charging duration. Regarding overall performance, Scenario 
3 achieved the best results, followed by Scenario 1 with Level 2. Scenario 2 presented the 
most time spent in scenarios with a Level 2 charger, and, finally, Scenario 1 with a Level 
1 charger came last. The superior performance of Scenario 3 is mainly attributed to the 
combined use of the RPVS and the MG, which provides greater energy availability, re-
duces charging interruptions, and shortens the total charging time. Although Scenario 2 
benefits from the integration of renewable energy, the isolated operation of the µG can 
lead to temporary charging interruptions when the available PV generation and stored 
energy are insufficient to satisfy the EV charging demand. 
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Table 4. Results of the experiments. 

Experiment 
Energy Consumed 

(kWh) 
Average Charging 

Power (kW) 
Charging Duration 

(0–100%) (h) 
Scenario 1 (Level 1) 100.344 1.13 88.8 
Scenario 1 (Level 2) 105.982 11.15 9.5 

Scenario 2 101.856 10.61 9.6 
Scenario 3 104.4 11.6 9 

It is important to note that all evaluated scenarios considered a CC charging strategy. 
Although Constant Current–Constant Voltage (CC-CV) charging is generally recom-
mended for lithium-ion batteries, the threshold values required for the transition between 
CC and CV modes may vary depending on battery specifications and battery management 
strategies. Furthermore, the available reference data does not explicitly indicate whether 
a CC-CV charging method was employed during the reported charging processes. Con-
sequently, the CC charging strategy was adopted throughout this work to ensure con-
sistency between the reference data and the developed HIL models. 

Additionally, the documented charging power corresponds to the power drawn from 
the AC bus, 𝑃௅ (see Figure 1), which is supplied to the charger with an assumed efficiency 
of 0.92, as expressed in Equation (16). 

From the perspective of renewable energy utilization, Scenario 2 achieved the highest 
level of independence from the MG because the EV charging process was supplied exclu-
sively by the RPVS and the ESS. However, the results also demonstrated that the perfor-
mance of an isolated µG is highly sensitive to the sizing of both the RPVS and the ESS. 
Although the EV charging process was successfully completed under Level 2 charging 
conditions, temporary charging interruptions occurred due to periods with insufficient 
energy availability. These results indicate that maximizing the utilization of PV energy 
requires an adequate balance among installed PV capacity, ESS energy storage capacity, 
initial SoC, and local solar resource availability. 

To compare the economic and environmental performance of the proposed scenarios, 
the monthly energy demand associated with EV operation was estimated. According to 
[48], the average daily distance traveled by passenger vehicles is approximately 49.26 km. 
Considering that the Tesla Model S Plaid analyzed in this study has a manufacturer-re-
ported energy consumption of 170 Wh/km, a monthly energy requirement of approxi-
mately 251.23 kWh was obtained. Under these operating conditions, charging the EV ex-
clusively from the MG may cause the residential user to exceed the limits established by 
conventional residential tariffs, potentially resulting in reclassification under the DAC tar-
iff. Therefore, a comparative analysis was performed considering the monthly cost of elec-
tricity consumption and the associated CO2 emissions for each charging scenario. 

For Scenarios 2 and 3, the energy generated by the RPVS was estimated using the 
available solar irradiance profile. Environmental effects such as temperature variations, 
humidity, dust accumulation, and wind speed were not considered. In addition, the irra-
diance profile was assumed to remain constant throughout the month. Based on the PSH 
corresponding to Celaya, the installed RPVS capacity, and the efficiencies of the PECs, an 
average daily PV generation of 41.96 kWh was obtained. Assuming a 30-day month, the 
resulting monthly PV energy production was estimated as 1258.68 kWh. According to 
[49], ESSs do not generate direct carbon emissions during charge–discharge operation. 
Therefore, a specific emission factor of 0 gCO2/kWh was considered for the ESS operation. 
For the RPVS, an emission factor of 49.91 gCO2/kWh was adopted from [50]. This factor 
includes the life-cycle emissions associated with the manufacture, installation, and oper-
ation of the PV generation system and the associated energy storage infrastructure. 
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From an economic perspective, the Levelized Cost of Energy (LCOE) reported for PV 
systems with battery storage is approximately $1.044 MXN/kWh [51]. Using this value, 
the monthly operating costs associated with each charging scenario were estimated. 

For Scenario 3, a conservative operating condition was assumed in which the EV is 
charged primarily during nighttime hours when the RPVS is unable to generate energy. 
Under this assumption, EV charging is supplied by the MG, whereas the PV energy pro-
duced during daytime hours is injected into the MG because the ESS remains fully 
charged. This represents a less favorable operating condition and provides a conservative 
estimate of the economic and environmental benefits associated with the proposed sys-
tem. Based on the estimated monthly energy demand of the EV and the average energy 
required per charging cycle, approximately 2.43 charging cycles per month would be re-
quired. The economic and environmental comparison of the evaluated scenarios is sum-
marized in Table 5; to calculate the cost of MG, Equation 19 based on data presented in 
Section 3.3 was used, a LCOE of $1.044 MXN/kWh was used to calculate the cost of RPVS, 
and Equation 13 was used to calculate emissions with corresponding emission factors for 
MG and RPVS. 𝐷𝐴𝐶்௢௧௔௟ = 𝑀𝐶 + 𝐷𝐴𝐶்௔௥௜௙ × 𝐸𝑛𝑒𝑟𝑔𝑦஼௢௡௦௨௠௘ௗ  (19) 

where 𝐷𝐴𝐶்௢௧௔௟: MG cost 𝑀𝐶: monthly charge ($142.41 MXN for analyzed zone and period) 𝐷𝐴𝐶்௔௥௜௙: cost per kWh ($6.169MXN for analyzed zone and period) 
The cost for a residence under a standard tariff is the same as that presented in Equa-

tion (19); for the MC case study, this amounts to $27.75 MXN. The tariffs, which are pre-
sented in Section 3.3, are based on net consumption (if this value is less than zero, it is 
zero). 

Table 5. Economic and environmental comparison of the evaluated charging scenarios. 

Scenario 

Energy 
Import 

from MG 
(kWh) 

Energy Ex-
port to MG 

(kWh) 

Net En-
ergy from 

MG 
(kWh) 

MG Cost 
($ MXN) 

Energy 
from 

RPVS 
(kWh) 

RPVS 
Cost ($ 
MXN) 

Emissions 
from MG 
(kg C𝐎𝟐) 

Emissions 
from RPVS 

(kg C𝐎𝟐) 

Net Emissions 
(kg C𝐎𝟐) 

Total Costs ($ 
MXN) 

1 251.23 - 251.23 1692.25 - - 111.54 - 111.54 1692.25 
2 - - - - 251.23 262.28 - 12.53 12.53 262.28 
3 251.23 1258.68 −1007.45 27.75 1258.68 1314.06 111.54 62.82 174.36 1340.81 

Based on the estimated costs and equivalent CO2 emissions, the monthly operating 
cost associated with EV charging reaches approximately $1692.25 MXN in Scenario 1. Sce-
nario 3 presents a lower monthly cost of $1340.81 MXN, while Scenario 2 represents the 
most economical alternative with an estimated monthly cost of only $262.28 MXN. 

From an environmental perspective, Scenario 2 produced the lowest level of emis-
sions, with only 12.53 kgCO2. Scenario 1 generated 111.54 kgCO2, whereas Scenario 3 re-
sulted in a total of 174.36 kgCO2 under the assumptions adopted for the analysis. This 
result is primarily associated with the consideration of life-cycle emissions attributed to 
the RPVS and its ESS, as well as the simultaneous use of energy supplied by the MG. 

Therefore, Scenario 1 represents the most expensive charging alternative and gener-
ates a significant amount of associated emissions. Scenario 2 exhibits the best overall eco-
nomic and environmental performance, achieving the lowest operating cost and the low-
est CO2 emissions. Scenario 3 reduces the operating cost compared with conventional MG-
based charging; however, under the assumptions considered in this study, it exhibits 
higher equivalent emissions than Scenario 1 due to the adopted life-cycle emission factors. 
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6. Conclusions 
This paper presented the analysis of EV charging using RPVSs through a reconfigu-

rable HIL platform. The proposed platform enabled the real-time evaluation of the dy-
namic interaction among the residential µG, the ESS, the MG, and the EV under different 
operating conditions. 

The experimental results demonstrated that the developed HIL platform is an effec-
tive tool for validating energy management strategies and assessing the technical, eco-
nomic, and environmental performance of EV charging systems. The platform provided 
sufficient flexibility to modify PV generation capacity, battery storage capacity, irradiance 
profiles, and charging conditions, allowing the evaluation of multiple operating scenarios. 

A comparative analysis of three charging scenarios was performed. Scenario 1 Level 
1, based exclusively on the MG, presented the longest charging time and the highest op-
erating cost. Scenario 2, corresponding to an isolated µG supplied by an RPVS and an ESS, 
achieved the lowest operating cost and the lowest associated CO2 emissions. However, its 
performance was strongly influenced by the availability of solar energy and the stored 
energy within the ESS. Scenario 3, which combined PV generation with grid support, pro-
vided the best operational balance by ensuring charging continuity while increasing the 
utilization of renewable energy resources. 

The results also confirmed the importance of proper sizing of the RPVS and ESS. In-
sufficient PV generation or storage capacity may lead to charging interruptions and re-
duced system performance, particularly under isolated operating conditions. Conse-
quently, the sizing of the generation and storage subsystems plays a critical role in guar-
anteeing reliable EV charging. 

The developed HIL platform enables the testing of various EV charging strategies, 
without being restricted to specific charging protocols or connectors (such as J1772). Fur-
thermore, it allows for specialized testing using actual irradiance data, which can be 
sourced from environmental monitoring stations to emulate real-world power generation 
conditions over timeframes ranging from seconds to hours, days, months, or even years. 

Additionally, due to the nature of the proposed EMS, the management of the ESS is 
independent of the specific battery bank technology used, as the system accounts for op-
erational SoC limits tailored to the particular ESS in place. Parameters such as capacity 
(Q) and nominal voltage can be adjusted within the platform. The integration of the EV’s 
battery bank also facilitates testing with residential loads based on real world data. While 
the current setup is limited to lithium-ion batteries, it can serve as a benchmark for com-
paring charging performance against other types of EV battery technologies. 

These results may be affected by variations in the timing of the EV charging connec-
tion. Furthermore, since inverters are not modeled, the scope is limited to determining the 
system’s energy exchange; analyzing the effects on the MG would require the inclusion of 
models for each type of charging equipment used. 

The validation results were compared against data reported in the literature. Specif-
ically, better performance was achieved for the CITIGOe iV EV, as the charging process 
reported in [12] was replicated. In contrast, while the theoretical charging time and power 
capacity for the Tesla Model S are known, no actual data were available for comparison. 

From an environmental perspective, the integration of PV generation into residential 
EV charging infrastructure contributes to reducing dependence on conventional MG elec-
tricity and supports the decarbonization of the transportation sector. Furthermore, the 
proposed energy management strategy successfully prioritized the utilization of renewa-
ble energy while maintaining the operational stability of the µG. 

Future work will focus on the optimal sizing of PV and ESS, the implementation of 
advanced intelligent charging, energy management algorithms, and the incorporation of 
real residential consumption profiles into the HIL platform. Additionally, future 
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developments will include V2H and V2G operating modes, allowing the evaluation of 
bidirectional power flow, EV battery utilization, and their impact on µG operation and 
energy sustainability. In addition, it includes the discharging process to complement the 
charging behavior by accounting for the power demand generated by the discharging of 
this type of EV. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

GHG Greenhouse gas 
COP Climate Change Conference 
BAU Business-as-Usual 
MG Main grid 
V2G Vehicle-to-Grid 
ESSs Energy storage systems 
V2H Vehicle-to-Home 
V2V Vehicle-to-Vehicle 
V2X Vehicle-to-Everything 
DERs Distributed energy resources 
EVs Electric vehicles 
RESs Renewable energy sources 
PV Photovoltaic 
NEDC New European Driving Cycle 
WLTP Worldwide Harmonized Light Vehicles Test Procedure 
EPA Environmental Protection Agency 
MPPT Maximum Power Point Tracking 
PECs Power electronic converters 
RPVSs Residential photovoltaic systems 
µGs Hybrid microgrids 
ESSs Energy storage systems 
EMSs Energy Management Systems 
DC Direct current 
G2V Grid-to-Vehicle 
CC Constant current 
CV Constant voltage 
BBs Battery Banks 
HIL Hardware-in-the-Loop 
PI Proportional-integral 
SAE Society of Automotive Engineers 
IEC International Electrotechnical Commission 
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CC-CV Constant Current–Constant Voltage 
VI Virtual Instrument 
GUI Graphical user interface 
G Irradiance 
CES Charging Emulation System 
VCM Voltage Control Mode 
SoC State of Charge 
CFE Federal Electricity Commission 
PSH Peak Sun Hours 𝑃௉௏|஽஼  Photovoltaic power generated in DC 𝐶௉௏ Nominal power of the RPVS (W) 𝑓௉௏ Aging factor 𝐺் Solar irradiance incident on the PV array (W/m2). 𝐺்,ௌ்஼  Solar irradiance under STC, equal to 1000 W/m2. ∝௉ Temperature coefficient of power (%/°C) 𝑇஼  PV cell temperature (°C). 𝑇஼,ௌ்஼  PV cell temperature under STC, equal to 25 °C 𝑃௉௏  Photovoltaic power in AC bus 𝜂௉ Efficiency of PECs used to PV conversion 𝑁௉௏  Quantity of PV modules used 𝑆𝑜𝐶଴ Initial State of Charge 𝜂஼஽  Charge/discharge efficiency of BB 𝑖௕  Current of BB 𝑄 Battery capacity (Ah) 𝑉𝑜𝑐 Open circuit voltage 𝜂(𝑏) Efficiency of BB PECs 𝑓 Representation of BB efficiency for charge/discharge 𝑃  Main grid power 𝑃௅ Load power 𝑃஻  Battery bank power 𝑉𝐿 Terminal voltage of battery cells 𝑅ଵ Resistor of branch RC 1 𝐶ଵ Capacitance of branch RC 1 𝑅𝐶ଵ Branch RC 1 𝑉ோ஼భ  Voltage of branch RC 1 𝑅ଶ Resistor of branch RC 2 𝐶ଶ Capacitance of branch RC 2 𝑅𝐶ଶ Branch RC 2 𝑉ோ஼మ  Voltage of branch RC 2 Q்  Total capacity of battery bank 𝑁௉ Number in parallel 𝑁ௌ Number in series 𝑉  Total voltage 
CFE Comision federal de electricidad 𝐹ா  Emission factor 𝐸஼ைమ  Emissions of CO2 (kg CO2) 𝐸௉ Electrical energy consumption (kWh) 𝐼ோ௘௤  Required current to charge vehicle %𝐶 Fraction of total capacity 𝐼ா௫௧  Extracted current 𝑃ா௏  Power consumption of electric vehicle 𝜂஼஽(𝑏) Charger efficiency 𝑊𝑝 PV generation capacity 
D Days of autonomy 
LCOE Levelized cost of energy 



J. Low Power Electron. Appl. 2026, 16, 55 31 of 33 
 

https://doi.org/10.3390/jlpea16040055 

Npv Number of photovoltaic modules 
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