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Introduction: The integration of electric vehicles (EVs) into the power network
challenges the 1) grid capacity, 2) stability, and 3) management. This is due to the
1) increased peak demand, 2) infrastructure strain, and 3) intermittent charging
patterns. Previous studies lack comprehensive integration of renewable energy
and battery storage with EV charging.

Methods: To address these challenges, this study explores the effectiveness of
incorporating renewable energy resources (RERs) and battery energy storage
systems (BESS) alongside the traditional grid. The proposed study utilizes the
HOMER Grid

®
and conducted a comprehensive analysis.

Results: The proposed study compares two grid integrated scenarios: 1) Case-1
(grid and photovoltaic (PV) systems), and 2) Case-2 (grid, PV systems, and BESS).
Both these scenarios are compared against a Base case relying solely on grid
power. The evaluation employed techno-economic analysis while focusing on 1)
net present cost (NPC), 2) cost of energy, and 3) annualized savings. Additionally,
the proposed study analyzed 4) seasonal variations in EV charging demand, 5) grid
interactions, 6) PV production, and 7) the operation of BESS in both summer and
winter. The comparative analysis reveals that the Base case incurs a net present
cost (NPC) of $546,977 and a cost of energy (COE) of $0.354 per kWh. In contrast,
Case-1, which integrates a 100 kW PV system, shows a significantly lower NPC of
-$122,962 and a reduced COE of -$0.043 per kWh, with annualized savings of
$61,492. Case-2, incorporating both the 100 kW PV system and a BESS with a
capacity of 9.8 kWh, has a higher NPC of $309,667 but a COE of $0.112 per kWh
and provides annual savings of $51,233 compared to the Base case.

Discussion: Seasonal analysis highlights that Case-2 achieves the lowest carbon
emissions in summer, ranging from2.0 to 2.5 tons, while Case-1 shows the lowest
emissions in winter, ranging from 3.2 to 3.4 tons. This model 1) reduces
operational costs, 2) minimizes carbon emissions, while 3) making it
compelling for future energy systems in increasing EV adoption.

KEYWORDS

ancillary services, charging station, electrical vehicles, energy management,
environmental impact, renewable energy integration, renewable energy resources,
smart grid

OPEN ACCESS

EDITED BY

Lei Chen,
Wuhan University, China

REVIEWED BY

Tong Ding,
Anhui University, China
Pan Hu,
State Grid Hubei Electrical Power Research
Institute, China

*CORRESPONDENCE

Haris M. Khalid,
harism.khalid@yahoo.com,
mkhalid@ud.ac.ae

RECEIVED 20 March 2024
ACCEPTED 30 August 2024
PUBLISHED 17 September 2024

CITATION

Rehman Au, Khalid HM and Muyeen SM (2024)
Grid-integrated solutions for sustainable EV
charging: a comparative study of renewable
energy and battery storage systems.
Front. Energy Res. 12:1403883.
doi: 10.3389/fenrg.2024.1403883

COPYRIGHT

© 2024 Rehman, Khalid and Muyeen. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Energy Research frontiersin.org01

TYPE Original Research
PUBLISHED 17 September 2024
DOI 10.3389/fenrg.2024.1403883

https://www.frontiersin.org/articles/10.3389/fenrg.2024.1403883/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1403883/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1403883/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1403883/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1403883/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2024.1403883&domain=pdf&date_stamp=2024-09-17
mailto:harism.khalid@yahoo.com
mailto:harism.khalid@yahoo.com
mailto:mkhalid@ud.ac.ae
mailto:mkhalid@ud.ac.ae
https://doi.org/10.3389/fenrg.2024.1403883
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2024.1403883


1 Introduction

1.1 The global shift towards electrical
vehicles and their impact – motivation of
the research

Presently, there is a remarkable global transition towards more
ecologically responsible modes of transportation and EVs are
leading this transformative movement (Patel et al., 2023; Zhang
et al., 2023). This shift is largely driven by increased worldwide
consciousness about the adverse effects of climate change (Mishra
et al., 2021; Su et al., 2022). Moreover, it is amplified by solid and
progressive governmental policies that increasingly favor renewable
and clean energy sources (Babaki et al., 2019; Ziyat et al., 2023). The
collection of concrete benefits offered by EVs also significantly
contributes to their rising appeal. EVs present a notable leap
forward in tackling greenhouse gas (GHG) emissions which are a
principal cause of global warming (Liu et al., 2018; Chaurasiya and
Singh, 2022). They operate on electric power while eliminating the
requirement for fossil fuel combustion and subsequently lowering
the emission of harmful pollutants into the environment (Mishra
et al., 2023; Kumar et al., 2023). Furthermore, the prospect of fuel
cost savings is an additional major benefit of EVs (Wang and
Dorrell, 2014; Theodoropoulos et al., 2016). With the price of
fossil fuels persistently subject to fluctuation and often trending
upwards, the steady and generally lower cost of electricity serves as
an economic motivator (Vithayasrichareon et al., 2015; Ebrahimi
and Rastegar, 2023). The propagation of EVs has produced an
upsurge in demand for charging. This imposes a considerable
burden on the current power grid infrastructure (Lu et al., 2023;
Haddoun et al., 2008). The existing grid which is based on fossil fuel-
based generation faces challenges in accommodating the escalated
power demands necessitated by the widespread adoption of EVs (Hu
et al., 2011; Iqbal et al., 2022). It’s vital to quickly find and adopt
alternative energy solutions to reduce grid strain and integrate EV
charging effectively (Ullah et al., 2023; Rehman et al., 2023a).

1.2 The potential of RERs for EVs charging
and challenges – focus of the research

The RERs comprises of 1) solar, 2) wind, 3) hydro, and 4) other
resources. It presents a promising alternative to the longstanding
dependency on fossil fuels (Haegel and Kurtz, 2021; Du et al., 2018).
Specifically, in the context of EV charging infrastructure, these RERs
possess the potential to generate electricity in a 1) sustainable, 2)
economically efficient, and 3) environmentally beneficial manner
(Huang et al., 2024; Lenka et al., 2024; Mouhy-Ud-Din et al., 2024;
Varone et al., 2024; Yin and Ji, 2024; Du et al., 2019; Celik et al.,
2018). RERs include various advantages that render them an
appealing alternative to conventional power sources. One of the
most significant benefits is their infinite nature. This offers an
unlimited supply of energy that contrasts with the finite reserves
of fossil fuels (Elavarasan et al., 2020; Ogunrinde et al., 2018).
Moreover, RERs do not emit harmful pollutants during
operation. Economically, while initial setup costs for RERs are
high, their long-term operational and maintenance expenses are
significantly lower than fossil fuels (Akhtar et al., 2021; Zsiborács

et al., 2023). These costs are further offset by their durability and the
relative stability of renewable energy prices in comparison to the
often-volatile fossil fuel markets (Rehman et al., 2020; Rehman
et al., 2022).

Despite the numerous advantages, RERs come with their own set
of challenges which are 1) their intermittent nature, 2) the need for
large-scale storage, and 3) issues related to grid connectivity require
strategic planning and management (Shafiq et al., 2022; Shafiq et al.,
2023). The numerous advantages play a major role towards 1)
effective EV load management, 2) efficient charging and
discharging of battery energy storage systems (BESS), and 3)
optimal use of RERs. EV load management refers to managing
the time and rate at which EVs are charged (Rehman et al., 2023b;
Gogoi et al., 2024). This aligns the charging process with the
availability of renewable energy, thus ensuring optimal utilization
of RERs. Energy storage systems are a crucial component of the
RERs-EV ecosystem (Abubakr et al., 2022; Mohamed et al., 2020).
Their efficient charging and discharging play a significant role in
energy management. This helps to balance supply and demand,
especially considering the intermittent nature of many RERs which
is the focus of this research.

1.3 Literature review

Numerous research studies have been presented in scholarly
literature about EVs and RERs (Table 1). The study (Jaganath et al.,
2023) investigates the techno-economic aspects of optimal energy
configurations for EV charging station infrastructures. It highlights
the environmental benefits of 100% renewable generation and
provides insights into component degradation costs, battery state
of charge (SoC), and cybersecurity considerations in EVs. The
research (Attaianese et al., 2023) focuses on ultra-fast charging
stations for EVs. It proposes an online scheduling algorithm that
considers power and energy constraints related to the infrastructure
and EVs. The study focuses on efficiency, power loss estimation, and
the influence of battery SoC on EV charging rates. Sridharan et al.
(2023) discusses an efficient hybrid technique to boost energy
resilience in buildings against natural disasters. Paper utilizes an
innovative combination of chicken search optimization and the
spike neural network learning algorithm. It considers buildings with
shared EV parking stations and employing a variety of power
management strategies. The study seeks to minimize energy costs
and increase resilience without necessitating additional components
for building energy management. The study (Lamedica et al., 2023)
proposes a novel methodology, employing custom-developed
MATLAB software, to optimize the power unit architecture of
ultra-fast charging stations for EVs. The study focuses on
enhancing system efficiency and energy savings. The validation of
the chosen configuration, based on efficiency-power curves of
available power modules, is conducted through Simulink software.

Liu et al. (2023a) investigates the growing EV industry in China
and highlighting a prevalent demand-supply gap in EV charging
stations. By employing a grey correlation and long-and-short-term
memory-based prediction model, the paper forecasts a significant
increase in EV numbers by 2030. The article (Liu Y. et al., 2023)
introduces a novel EV classification approach within a smart grid
context to effectively manage energy transactions and minimize
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costs. It proposes charging price schemes and use chance-
constrained and probabilistic methods to handle PV generation
uncertainty. The research also showcases significant cost savings for
green charging stations and vehicle-to-grid EVs. The research study
(Rochd et al., 2023) offers an in-depth analysis of EVs supply
equipment (EVSE) usage. The study aims to understand real-
world urban charging patterns by utilizing a 2-year historical
dataset from a public EVSE in Rabat. The extensive evaluation of
over 2,800 events not only reveals average energy deliveries and
charging durations but also leads to recommendations for various
stakeholders. The research (Li et al., 2022) explores the technical and
economic feasibility of hybrid solar PV and WT systems for green
EV charging stations in five Chinese locations using HOMER Pro
software. The findings favor hybrid PV/WT/battery solutions with
varying degrees of economy across the locations. Furthermore, the
study illuminates the inverse relationship between load or EV
number and station reliability. It underscores the need for
balancing EV numbers for optimal economic and
reliability outcomes.

The study (Beyazıt and Taşcıkaraoğlu, 2023) proposes a novel
energy management strategy for mobile charging to alleviate

challenges in fixed charging station (FXCS) infrastructure for
EVs. The optimization algorithm presented minimizes total
operational costs for microgrid control systems (MCSs). It
considers battery degradation costs and ensures fairness with
FXCS using time-of-use tariff prices. The paper addresses both
system operator and EV user perspectives. The research study
(Qiao et al., 2023) introduces a two-phase approach to tackle the
fast-charging station location problem in urban areas. It
combines data processing with model optimization to
minimize total social cost. The study utilizes a spatiotemporal
mathematical program with equilibrium constraints. It also used
a modified genetic algorithm to capture the charging choice
behavior of EVs. The article (Huang et al., 2023) explores the
potential impact of rapidly increasing EVs on power grids. The
study proposes a combined scheduling of pricing and power
management for EV charging stations. It applies a bilevel
optimization framework to the Markov decision process
model. The study illustrates the operational benefits and
enhancements of this method through a comparative analysis.
The article also highlights its potential to mitigate negative
impacts on EV charging stations. The research (Wang et al.,

TABLE 1 Comparative analysis of studies on EVs, renewable energy systems, and BESS integration.

Study Focus Key contributions Limitations

Jaganath et al. (2023) Techno-economic aspects of
EV charging stations

Highlights environmental benefits of 100% renewable
generation, insights into component degradation costs, battery
SoC, and cybersecurity considerations

Does not address real-time power management,
limited to static analysis

Attaianese et al.
(2023)

Ultra-fast charging stations
for EVs

Proposes an online scheduling algorithm, efficiency, power loss
estimation, influence of battery SoC on charging rates

Focuses only on charging efficiency, lacks
integration with renewable energy sources

Sridharan et al. (2023) Energy resilience in buildings Combination of chicken search optimization and spike neural
network learning, minimizes energy costs, increases resilience
without additional components

Primarily focuses on building energy management,
not specific to EVs

Lamedica et al. (2023) Power unit architecture for
ultra-fast charging stations

Custom-developed MATLAB software, focuses on system
efficiency and energy savings, validated through Simulink

Limited to specific hardware configurations, lacks
integration with broader grid or renewable sources

Liu et al. (2023a) EV industry in China Addresses demand-supply gap in EV charging stations,
forecasts increase in EV numbers, uses grey correlation and
LSTM-based prediction model

Geographically limited to China, prediction model
does not incorporate dynamic power management

Liu et al. (2023b) EV classification in smart
grids

Introduces novel EV classification, charging price schemes,
handles PV generation uncertainty

Focuses on cost savings and energy transactions,
lacks practical implementation details

Rochd et al. (2023) EV supply equipment usage Analysis of urban charging patterns, recommendations for
stakeholders

Based on historical data, may not account for
future variations in charging behavior

Li et al. (2022) Hybrid solar PV and WT
systems for EV charging

Techno-economic feasibility study using HOMER Pro, hybrid
pV/WT/battery solutions, economic and reliability analysis

Limited to five Chinese locations, results may not
be generalizable

Beyazıt and
Taşcıkaraoğlu (2023)

Mobile charging for EVs Novel energy management strategy, minimizes total
operational costs, considers battery degradation costs

Primarily focuses on mobile charging, may not
address fixed infrastructure issues
comprehensively

Qiao et al. (2023) Fast-charging station location
problem

Two-phase approach combining data processing with model
optimization, spatiotemporal mathematical program with
equilibrium constraints

Focuses on location optimization, not on dynamic
energy management or integration with
renewables

Huang et al. (2023) Impact of EVs on power grids Combined scheduling of pricing and power management,
bilevel optimization framework, Markov decision process
model

Limited to theoretical analysis, lacks practical
implementation and real-world data

Wang et al. (2023) Planning EV charging
facilities in urban areas

Optimization model for EV charging demand, case study in
Yizhuang, Beijing, links charging demand with population
density and regional functionality

Case study limited to one urban area, may not be
applicable to other regions
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2023) presents an optimization model for planning EV charging
facilities in new urban areas. The study explores characteristics of
EV charging demand to minimize costs while meeting supplier
and driver constraints. The research implements a case study in
Yizhuang, Beijing, showcases the model effectiveness in
optimizing charging facilities according to traffic conditions. It
also highlights the link between charging demand, population
density, and regional functionality.

1.4 Main contribution of this work

This research introduces a optimization strategy for integrating
EVs, PV systems, and BESS within power distribution networks.
Our study offers a detailed techno-economic analysis, balancing
power distribution among grid, PV, and BESS to reduce costs. It
optimizes BESS operations based on real-time demand and supply,
and assesses environmental impacts to minimize emissions from EV
charging. Additionally, it presents an innovative EV load
management strategy that uses peak PV production to cut energy
costs and lessen grid reliance. These contributions set a new
standard for achieving both economic efficiency and
environmental sustainability in energy systems. Figure 1 shows a
graphical abstract illustrating the comprehensive analysis of EV
charging infrastructure.

2 Problem formulation and
methodology

This section presents a comprehensive problem formulation and
methodology aimed to address multiple critical aspects: 1) techno-
economic factors, 2) environmental impact, 3) optimal power-
sharing, 4) effective use of BESS, and 4) optimize EV load on
charging station.

2.1 Techno-economic analysis

The techno-economic analysis involves determining the financial
feasibility of the proposed system by considering various costs over its
lifetime. Initially, the system needs to calculate the capital cost, which
represents the initial expenditure for purchasing and installing the
system’s components. The capital cost is given by Equation 1.

Ccap � Cgrid + Cpv + Cbess (1)

where Cgrid, Cpv, andCbess are the costs of the grid connection, the
PV system, and the BESS, respectively.

Once the system is in operation, the system has annual O&M
costs which include expenditures on system operation, maintenance,
and repairs. The O&M cost in year t is represented with Equation 2.
Where Cop,t is O&M cost of the system, Cop

grid,t is O&M cost of grid,
Cop
pv,t cost of grid and Cop

bess,t is the O&M cost of BESS.

Cop,t � Cop
grid,t + Cop

pv,t + Cop
bess,t (2)

Components of the system may need to be replaced over the
project’s lifetime. The costs associated with this are considered
replacement costs, denoted as Crep,t.

The proposed study then computes the NPC which represents
the present value of all the costs (capital cost, O&M costs, and
replacement costs) incurred over the project’s lifetime. The NPC is
given by Equation 3.

NPC � Ccap +∑
n

t�1

Cop,t + Crep,t

1 + r( )t (3)

where, r is the discount rate, and n is the project life.
Finally, it calculates the COE which represents the cost per unit

of electricity produced by the system. The COE is defined through
Equation 4 as.

COE � NPC

∑n
t�1Et

(4)

FIGURE 1
Grid-integrated solutions for sustainable EV charging with RERs and BESS. RER and BESS are the acronyms of renewable energy resources and
battery energy storage system, respectively.
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2.2 Optimal power sharing between grid, PV
and BESS

The optimal power-sharing strategy seeks to distribute the
power demand among the grid, PV, and BESS in a way that
minimizes the overall cost. This strategy must adhere to a power
balance constraint ensuring that the total power supplied equals the
power demand. Moreover, the power supplied by each source should
not exceed its available capacity. The power balance constraint for
each EV is represented by Equation 5.

Pev
i,t � Pgrid

i,t + Ppv
i,t + Pbess

i,t , ∀i ∈ N,∀t ∈ T (5)

The power limit constraints for the grid, PV, and BESS are
represented through Equation 6.

Pgrid
i,t ≤Pgrid

max, Ppv
i,t ≤Ppv

max, Pbess
i,t ≤Pbess

max, ∀i ∈ N,∀t ∈ T (6)

2.3 Optimal charging/discharging of BESS

The optimization of BESS charging and discharging seeks to
control the amount of power flowing into and out of the BESS.
This is based on the system demand and supply. This needs
consideration of the BESS’s energy capacity and efficiency. The
energy balance constraint of the BESS is represented by
Equation 7.

Ebess
t+1 � Ebess

t + ηch · Pch
t − 1

ηdis
· Pdis

t , ∀t ∈ T (7)

Here, Ebess
t is the energy in the BESS at time t, ηch and is the charging

and discharging efficiencies of the BESS, Pdis
t and Pch

t are the power
charged into and discharged from the BESS at time t. The energy
capacity constraint of the BESS is represented by Equation 8.

Ebess
min ≤Ebess

t ≤Ebess
max, ∀t ∈ T (8)

2.4 Environmental analysis

The main focus of environmental analysis is to evaluate and
minimize the emission of pollutant gases from the electricity
used to charge EVs. For each unit of power drawn from the grid,
a specific amount of gas emissions is produced. These emissions
have detrimental effects on the environment. This contributes to
problems like 1) air pollution, and 2) climate change. Therefore,
it is important to consider these emissions in the optimization
model. The environmental analysis involves quantifying the
pollutant gas emissions from the system and working
towards minimizing them. The total emissions are given by
Equation 9.

Etotal � ∑
N

i�1
∑
T

t�1
Egrid · Pgrid

i,t + Epv · Ppv
i,t + Ebess · Pbess

i,t( ) (9)

Here, Egrid, Epv, and Ebess represent the emission factors for the grid,
PV, and BESS, respectively, Pgrid

i,t , Ppv
i,t and Pbess

i,t , and are the power
drawn from the grid, PV, and BESS to charge EV i at time t.

2.5 Efficient load management of EVs

Optimal scheduling of EVs is an essential part of proposed
research. It aims to reduce energy costs and increase the
consumption of cleaner energy from PV systems. The objective is
to determine the best charging schedule for each EV to minimize the
overall cost while ensuring that all EVs’ energy demands are met. In
an ideal scenario, EVs should be charged when the PV system is
producing maximum power. This not only reduces the dependency
on the grid but also decreases the cost associated with
charging the EVs.

ThePev
i,t is the power drawn to charge EV i at time t. The goal is to

optimize Pev
i,t for all EVs and all time slots. The optimization problem

can be formulated as follows:
Objective Function: Minimize the total cost of charging all EVs as

given by Equation 10.

min∑
N

i�1
∑
T

t�1
Cgrid · Pgrid

i,t + Cpv · Ppv
i,t + Cbess · Pbess

i,t( ) (10)

Here, Pgrid
i,t , Ppv

i,t , and Pbess
i,t represent the power drawn from the grid,

PV, and BESS to charge EV i at time t.
Constraints: The total power used to charge each EV must equal

the EV’s power demand (See Equation 11):

Pev
i,t � Pgrid

i,t + Ppv
i,t + Pbess

i,t , ∀i ∈ N,∀t ∈ T (11)

The power drawn from the PV system for charging EVs should
not exceed the PV system’s available power (See Equation 12):

Ppv
i,t ≤Ppv

max, ∀i ∈ N,∀t ∈ T (12)

These optimization problems can be solved using
appropriate optimization software, like HOMER Grid®, to
find the optimal charging schedule for EVs. The schedule
should prioritize the use of power from the PV system to
minimize energy cost.

2.6 Proposed model for the integration of
RERs and BESS for EVs charging

The research presents a comprehensive model designed to
address the integration of EV charging stations. The model
evaluates two main scenarios:

• Case 1: Integrates a 100 kW PV system with the grid.
• Case 2: Combines a 100 kW PV system, a BESS with a capacity
of 9.8 kWh (LG Chem), and the grid.

• Base Case: Grid only.

Both cases are compared with a base case (grid only) to
demonstrate potential improvements. The network topology
includes the PV system connected to the grid and, in Case 2, the
addition of BESS to enhance energy management. The topology of
the network involves the following parameters:

• PV System: 100 kW capacity
• BESS: LG Chem 9.8 kWh
• Grid: Standard power grid integration
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FIGURE 2
Comparative schematic of EV charging models.

FIGURE 3
Flowchart representing the sequential operations of the proposed study.
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The model is flexible and adaptive, using HOMER Grid®
software for simulations and optimization. Figure 2 illustrates the
network topology for both scenarios: Case 1 shows the PV system
connected directly to the grid, while Case 2 includes the additional
BESS. The integration of the BESS in Case 2 supports improved
energy management and optimized EV charging practices.

2.7 Flowchart of proposed study

In the methodology of the research, the process begins with the
input parameters stage. Essential data like EV numbers, charging
needs, power sources (grid, PV), BESS capacity, costs, and emission

factors are collected. The scenario definition stage then outlines two
cases: one combining PV and grid power, and the other adding BESS
to this mix. Next, in the techno-economic analysis stage, various cost
factors like capital, O&M, and replacement costs are calculated for
each scenario, along with the NPC and COE. This is followed by the
optimal power sharing stage. In that power distribution among the
grid, PV, and BESS is optimized for efficiency and cost-effectiveness.
The optimal BESS management stage then adjusts the charging and
discharging schedules of the BESS to support the grid and PV system
in meeting EV power demands. In the environmental analysis stage,
total system emissions are calculated, aiming to minimize the
environmental impact.

The optimal EV load management stage devises charging
schedules for EVs, focusing on maximizing renewable energy use.
Finally, the result analysis and comparison stage evaluate the
outcomes against a base case to determine the most cost-effective
and environmentally friendly strategy. This methodology is visually
summarized in Figure 3 of the study.

3 Results and discussion

In the results and discussion section, two test cases have been
utilized for the analysis. Case – 1 comprises of combining grid and
PV systems whereas Case – 2 has the integrating grid, PV
systems, and BESS.

3.1 Techno-economic analysis

In this techno-economic study, two alternative scenarios, Case-1
(combining grid and PV systems) and Case-2 (integrating grid, PV
systems, and BESS) are evaluated against a traditional Base case that

FIGURE 4
Economic comparison of EV charging scenarios.

FIGURE 5
Annualized savings analysis.
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relies solely on grid power for EV charging. Financial analyses focus
on NPC, COE, and annualized savings. Findings reveal that the Base
case incurs an NPC of $546,977. In contrast, Case-1 exhibits a
significant economic advantage with an NPC at -$122,962,
indicating a net financial gain. Case-2, while showing an
increased NPC of $309,667 compared to Case-1, still represents a
substantial improvement over the Base case. The COE also follows a
similar pattern: the Base case stands at $0.354/kWh, Case-1
dramatically lowers this to -$0.043/kWh, and Case-2 maintains a
competitive rate at $0.112/kWh. Additionally, annualized savings
are notable in both cases, with Case-1 achieving $61,492 and Case-2
securing $51,233 in savings per year. These results highlight the
financial efficacy of incorporating RERs and BESS into existing grid
structures for EV charging, with Case-1 offering the most significant
economic benefits. For a detailed visual representation of these
financial comparisons, refer to Figures 4, 5.

3.2 Seasonal analysis of EVs charging, grid
interactions and PV production

The winter and summer details in Figures 6, 7 reveal distinct
seasonal patterns in EV charging, grid transactions, and PV
production in Case-1. In a day of January, the EV load peaks at
24.17 kW around 11 a.m., primarily met by grid purchases
(21.95 kW). PV production contributes modestly, peaking at
12.15 kW at 10 a.m., enabling a small grid sale of 0.71 kW.
Notably, during evening hours (7–9 p.m.), the EV load again
increases, reaching 17.5%, with no PV support. In contrast,
summer exhibits robust PV production, significantly influencing
grid transactions. PV output peaks at 69.22 kW at 2 p.m., while the

highest EV load, 22.5%, occurs at 4 p.m. and 6 p.m. Notably, during
morning hours (6–9 a.m.), grid sales are substantial due to high PV
output and low EV load, reaching 24.59 kW at 9 a.m. In the evening
(6–7 p.m.), grid purchase is required (3.5 kW at 6 p.m.) as PV
production drops and the EV load remains significant (16.67% at
6 p.m.). These observations underscore the variability in energy
dynamics across seasons, with PV production playing a critical role
in managing grid interactions and EV charging demands.

As depicted in Figures 8, 9, the battery’s SoC remains steady at
10.2% during the early hours, reaching 100% by noon, maintaining
this level until evening in Case-2. Notably, the peak PV production
occurs at noon with 81.66 kW. During this period, grid sales are
evident, and there’s a grid purchase at 11 p.m., indicating active
management. In contrast, the summer data displays a dynamic
pattern in Figure 9. The battery charge starts at 10.2%, increases
steadily, and experiences a grid purchase at 6 a.m., coinciding with
the onset of significant PV production. A notable drop in battery
state to 11.7% at noon aligns with high grid sales and substantial PV
output. The battery’s state fluctuates in the afternoon, reflecting
dynamic interactions between PV generation, grid transactions, and
battery usage. Evening grid sales are prominent, and the battery
stabilizes at 11.7% overnight. These figures illustrate the intricate
relationship between PV production, grid interactions, and battery
management in both winter and summer scenarios.

Figures 10, 11 provide insights into the operation of a BESS across
different seasons, specifically summer and winter. During summer, the
BESS primarily discharges power in the morning and evening hours
(7 a.m., and between 12 p.m. and 9 p.m.), with the maximum discharge
occurring at 3 p.m. (14.11 kW) and 4 p.m. (11.35 kW). The battery’s
SoC is mostly maintained at or near 100% during the early hours
(1 a.m.–6 a.m.) and starts varying from 10 a.m. onwards, dropping to a

FIGURE 6
Winter energy dynamics in Case-1.
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minimum of 72.13% by midnight. This suggests efficient
energy management, balancing energy storage and usage
throughout the day.

In contrast, the winter data show a different pattern. The battery
starts at a lower SoC (42.85% at 1 a.m.), indicating higher energy
usage or lower energy storage capacity due to seasonal changes.

FIGURE 7
Summer season energy dynamics in Case-1.

FIGURE 8
Battery SoC dynamics in winter in Case-2.

Frontiers in Energy Research frontiersin.org09

Rehman et al. 10.3389/fenrg.2024.1403883

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1403883


Notable charging activities occur from 8 a.m. to 2 p.m., peaking at
1 p.m. (61.81 kW) and 2 p.m. (56.90 kW). The battery discharges in
the evening, particularly from 6 p.m. to 10 p.m., with the highest
discharge at 7 p.m. (32.39 kW). The SoC decreases throughout the
evening, reaching 16.88% by midnight. Overall, these Fig. highlight

the dynamic operation of BESS in response to seasonal variations,
with different charging and discharging patterns observed in
summer and winter. This reflects the system’s adaptation to
changing energy demands and availability of renewable energy
sources like solar power, which is likely more abundant in summer.

FIGURE 9
Battery SoC dynamics in summer in Case-2.

FIGURE 10
BESS operational characteristics in winter in Case-2.
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3.3 Alignment of EVs load distribution with
PV production

The presented Figures 12, 13 illustrate a strategic alignment
between EV load distribution and PV production, particularly in
summer. During this season, EV load commences at 1 a.m. and
peaks at 11 a.m. and 6 p.m., closely paralleling the onset and zenith
of PV production, which starts at 6 a.m. and peaks at 11 a.m. This
synchronization suggests a harmonious integration, potentially
minimizing costs by leveraging renewable energy during peak EV
demand periods. In contrast, the winter data exhibits a less

synchronized pattern, emphasizing the need for further
exploration of storage or load management strategies to optimize
the cost-effectiveness of the integrated system.

3.4 Monthly carbon emission analysis

Figure 14 depict the monthly carbon emissions (in tons) for
three cases: Base Case (solely grid-powered), Case-1 (utilizing PV
and grid), and Case-2 (employing BESS, PV, and grid). In the
summer months (June, July, and August), Case-2 consistently
exhibits the lowest carbon emissions, ranging from 2.0 to

FIGURE 11
BESS operational characteristics in summer in Case-2.

FIGURE 12
Strategic alignment of EV load and PV production in winter.

FIGURE 13
Strategic alignment of EV load and PV production in summer.
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2.5 tons, indicating the effectiveness of incorporating Battery Energy
Storage Systems (BESS) alongside PV and grid sources in reducing
carbon output during peak demand periods. Conversely, in the
winter months (December, January, and February), Case-1
consistently demonstrates the lowest emissions, ranging from
3.2 to 3.4 tons, showcasing the efficacy of the PV and grid
combination in minimizing carbon impact during low-sunlight
periods. The Base Case consistently shows higher emissions
across all months, emphasizing the environmental benefits of

integrating renewable energy sources and BESS for overall carbon
reduction throughout the year.

3.5 Comparative analysis of studies on EV
charging and renewable energy integration

Table 2 presents a comprehensive overview of six research
studies of EV charging and renewable energy integration. Each
study has distinct objectives ranging from optimizing EV
charging loss prediction to managing energy fluxes in solar-
powered parking lots. These studies utilize a variety of methods,
such as advanced algorithms, software platforms, and control
systems. This leads to significant findings and innovations like
improved prediction precision for EV charging loads, balanced
power distribution among various energy sources, and enhanced
grid power quality. Notably, the innovations include self-adaptive
hyper-parameter adjustment, multi-step charging methods, and
smart energy management techniques. However, the proposed
study stands out as the most comprehensive and potentially
impactful. It aims to explore the integration of EVs with
renewable energy and battery storage for grid management,
employing tools like HOMER Grid® and techno-economic
analysis. This study promises not only to demonstrate the
economical superiority of integrating RERs and BESS but also to
reduce operational costs significantly. Its comprehensive seasonal
analysis and alignment of EV load with PV production represent a
pioneering approach. It offers a cost-efficient and environmentally
sustainable solution for the future of EV charging and renewable
energy utilization.

FIGURE 14
Monthly carbon emissions (tons) - Base (Grid), Case-1 (PV/Grid),
Case-2 (BESS/PV/Grid).

TABLE 2 Comparative overview of EV charging innovations: from predictivemodels and solar-powered stations to gridmanagement and renewable energy
integration.a

Aspect Objective Methods Findings Innovations Novelty and impact

Patel et al.
(2023)

Optimize EV charging loss
prediction

PLSR, Light GBM,
Bayesian optimization

High prediction accuracy in
EV charging load, optimal
dispatching scheme

Fusion prediction model, self-
adaptive hyper-parameter
adjustment

Improved prediction precision
for EV charging load

Zhang et al.
(2023)

Design a solar-powered EV
charging station with energy
management

DC bus voltage design,
energy management
algorithm

Balance power among
various sources, multi-step
charging method for EVs

Sharing coefficient-based
power sharing, multi-step
constant current charging

Integrated use of PV system and
grid power, reduced battery
stress

Mishra et al.
(2021)

Assess home and fast charging
impacts in developing
countries

Survey, Monte Carlo
simulation, HOMER
Grid software

Impact of charging choices
on load profile, role of
Solar PV

Comprehensive demographic
analysis for charging
preferences

Policy recommendations for
weak grid support in developing
countries

Su et al.
(2022)

Develop a multifunctional EV
charging infrastructure with
power quality improvement

Self-tuning filter,
control algorithms, AC/
DC and DC/DC
converters

Effective compensation of
grid current distortions,
multifunctional operations

Active-filtering-mode
operation, self-tuning filter-
based control

Improved grid power quality,
simultaneous multifunctional
charger operations

Babaki et al.
(2019)

Identify typical charging load
profiles for EVs

CLARA algorithm,
Monte Carlo simulation

17 typical CLPs identified,
seasonal differences in CLPs

Comprehensive similarity
metric for better clustering,
seasonal analysis of CLPs

Effective clustering of large-scale
charging session data

Ziyat et al.
(2023)

Manage energy fluxes in a
solar-powered parking lot
for EVs

Software platform for
real-time energy
management

Maximization of renewable
energy self-consumption,
favorable economics

Smart charging algorithm,
IoT platform for real-time
management

Real-time management of
energy in solar parking lots,
economic validation

Proposed
Study

Explore integrating EVs with
renewable energy and battery
storage for grid management

HOMER Grid®, techno-
economic analysis

Economical superiority of
integrating RERs and BESS,
reduced operational costs

Comprehensive seasonal
analysis, alignment of EV
load with PV production

Cost-efficient, environmentally
sustainable integration of EVs
with renewable energy and BESS

aIn this table: PLSR, CLP, IoT, RERs, BESS, andHOMER, are the acronyms of partial least squares regression, charging load profile, internet of things, renewable energy resources, battery energy

storage system, and grid for hybrid optimization model for electric renewables grid, respectively.
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4 Conclusion

This study analyzed the integration of renewable energy and battery
storage in EV charging infrastructure across three scenarios: a grid-only
base case, a grid plus PV system (Case 1), and a grid, PV, and BESS
combination (Case 2). The techno-economic analysis revealed that Case
1 was the most cost-effective, with a net present cost (NPC) of
-$122,962, a cost of energy (COE) of -$0.043/kWh, and annual
savings of $61,492. Case 2 also outperformed the base case, showing
an NPC of $309,667, a COE of $0.112/kWh, and annual savings of
$51,233. Seasonal analyses indicated that Case 2 had the lowest carbon
emissions in summer (2.0–2.5 tons), while Case 1 was more efficient in
winter (3.2–3.4 tons). The study underscores the economic and
environmental benefits of integrating renewable energy, especially
PV systems, with or without BESS, into EV charging infrastructure,
offering a sustainable solution for EV charging needs and reducing
carbon emissions.
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Glossary

Acronyms

BESS Battery Energy Storage System

CCS Capital Costs

CLP Charging Load Profile

COE Cost of Energy

EVs Electric Vehicles

FXCS Fixed Charging Station

GHG Greenhouse Gas

HOMER Grid Hybrid Optimization Model for Electric Renewables Grid

IoT Internet of Things

MCSs Microgrid Control Systems

NPC Net Present Cost

O&M Operation and Maintenance

PV Photovoltaic

PLSR Partial Least Squares Regression

RERs Renewable Energy Resources

SoC State of Charge

Mathematical Symbols

BESSi BESS for EV i

BESSt Power drawn from the BESS at time t

CC Capital Cost

COE Cost of Energy

Emissionst Total emissions at time t

EVi Electric Vehicle i

EVLoadBESS,i,t Power drawn from the BESS to charge EV i at time t

EVLoaddemand,I Power demand of EV i

EVLoadgrid,i,t Power drawn from the grid to charge EV i at time t

EVLoadi,t Power used to charge EV i at time t

EVLoadPV,i,t Power drawn from the PV system to charge EV i at time t

Gridt Power drawn from the grid at time t

N Project life

NPC Net present cost

O&Mt Operation and maintenance cost in year t

PVt Power drawn from the PV system at time t

R Discount rate

SoCt SoC of the BESS at time t
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