
Advanced energy management strategy for microgrids with
integrated battery storage and renewable generation
Ouafae El Ganaoui Mourlan1,*, El Hadj Miliani1, Meryem Moussadeq2, and Bilal Kabalan3

1 IFP Energies Nouvelles, 1–4 Avenue de Bois-Préau, 92852 Rueil-Malmaison, France
2 IFP School, 228–232 Avenue Napoléon Bonaparte, 92852 Rueil-Malmaison Cedex, France
3Université Gustave EIFFEL, Laboratoire LICIT-Eco7, Campus de Lyon, Cité des mobilités, 25, avenue François Mitterrand,
Case24, 69675 Bron Cedex, France

Received: 31 May 2024 / Accepted: 28 December 2024

Abstract. As electric mobility gains popularity, Electric Vehicles (EVs) and their batteries are becoming more
attractive due to their size and energy density advantages. However, the electric grid has not undergone similar
improvements, potentially impacting power stability and affecting EV energy usage and availability. The key
challenge lies in managing increasing power demands from a fully EV fleet. To address this, efforts are needed to
analyze the integration of EVs into the grid and optimize power distribution. In this paper, an innovative En-
ergy Management Strategy (EMS) is proposed to effectively control energy loads, energy sources, and EVs,
incorporating Vehicle-to-Grid (V2G) capability. The EMS optimizes energy flow and storage based on time
of day, potential energy production, and the cost of grid electricity. The integration of this EMS results in sig-
nificant benefits, with approximately 12% savings in electricity bills compared to a reference strategy.

Keywords: Electric vehicles, Renewable energy sources, Vehicle-to-grid, Smart grid, Microgrid, Energy man-
agement strategy, Optimization.

1 Introduction

Global actions are taken to reduce CO2 emissions in
response to the threats of climate change. The Paris Agree-
ment [1] signed by 196 countries during COP21 in 2015 sets
forth action plans to reduce emissions, with the aim of lim-
iting the global average temperature increase. This commit-
ment has spurred two major trends in the energy and
transportation sectors. On one hand, there has been a sig-
nificant increase in the adoption of Renewable Energy
Sources (RESS), such as wind and PhotoVoltaic (PV),
which, being intermittent, necessitate energy storage sys-
tems. On the other hand, vehicle electrification is experienc-
ing remarkable growth, with Electric Vehicle (EV) batteries
becoming more efficient and affordable. Notably, EV sales
doubled between 2020 and 2021 [2]. While the development
of EVs is no longer a challenge, attention has shifted to the
grid’s capacity to meet the surging demand for energy.
Recent studies, such as one conducted in India [3], reveal
that peak energy demand exceeds double the off-peak
demand, highlighting the need for large-scale storage
systems. In response, smart grid technology has emerged
as a viable solution to enhance reliability, reduce peak
power demand, and minimize overall energy consumption.

Initially, the concept of a smart grid was relatively abstract,
with limited theoretical studies and practical applications.
However, ongoing efforts in the literature have sought to
clarify the concept and delineate its characteristics and
limitations. For instance, a review of smart grid visions
was conducted in [4] to achieve a comprehensive global
understanding. A smart grid combines power systems with
information and communication technologies to efficiently
generate, transport, distribute, and consume electricity. It
has the capacity to accommodate diverse power sources,
including renewables, in a decentralized manner, allowing
two-way energy flows (V2G), and operates with predictive
and adaptive capabilities, incorporating self-monitoring and
self-restoration features [5]. The integration of smart grid
and electric vehicles (V2G) is extensively reviewed in [4],
encompassing infrastructure, communication, and control
aspects. V2G technology enables the storage of excess
energy using EVs as storage systems, thereby mitigating
the fluctuating and inconsistent power delivery associated
with renewable energy sources. V2G services span various
applications, including ancillary services, spinning reserves,
load following, bulk storage, distributed storage, bulk sup-
ply, frequency regulation, and demand-side management
and load shedding [6]. Notably, DC fast charging plays a
pivotal role in achieving efficient V2G, though concerns
arise due to potential battery aging and relay failures, as* Corresponding author: ouafae.el-ganaoui-mourlan@ifpen.fr
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batteries constitute a significant portion of an EV’s cost [4].
Additionally, V2G technology has some drawbacks, such as
infrastructure investment costs [3]. To address the battery
aging issue of V2G, new Lithium-ion-phosphate batteries
capable of sustaining frequent charging and discharging
cycles have been developed. Moreover, the additional infras-
tructure costs can be offset by the revenue generated by
selling energy back to the grid. Adopting smart charging
schemes can also minimize the negative impacts of uncon-
trolled EV charging on the grid and reduce costs [4, 7, 8].
A comparison between V2G smart charging and zero-intel-
ligence charging, considering accurate pricing schemes,
empirical driving profiles, and EV specifications, demon-
strated impressive cost savings, reaching up to 44.8% [9].
While previous studies have focused on microgrid modeling
rather than the entire grid, this paper presents an innova-
tive approach to assess the economic and energy consump-
tion benefits of integrating V2G technology in a smart
microgrid, taking into account component efficiencies and
using renewable energies as electricity sources. Further-
more, this research uniquely explores a realistic application
in the city of Lyon, France. The concept of energy manage-
ment in microgrids has been a subject of significant research
interest, with various studies exploring energy management
strategies involving renewable energy sources, batteries,
and other storage technologies. Pascual et al. [10] examined
the energy management strategy (EMS) of a residential
microgrid incorporating renewable generation and demand
forecasting, considering the power delivery by batteries and
generators within the microgrid. García Vera et al. [11] con-
ducted a literature review on energy management in micro-
grids utilizing renewable energy sources, discussing various
strategies, including those involving battery energy storage.
Kafetzis et al. [12] proposed energy management strategies
based on hybrid automata for islanded microgrids, aiming
to reduce dependence on fossil fuel generators in remote
areas by integrating renewable sources, batteries, and
hydrogen. Murty and Kumar [13] focused on multi-objec-
tive energy management in microgrids with hybrid energy
sources and battery energy storage systems, optimizing
the energy storage system by considering factors such as
battery configuration and back-up period. Pascual et al.
[14] presented an EMS for an electro-thermal residential
microgrid using renewable-based generation, incorporating
weather forecasting for renewable generation and
demand-side management techniques. Xiang et al. [15]
addressed robust energy management in microgrids with
uncertain renewable generation and load, choosing high-
rate discharge batteries as storage devices for the microgrid.
Li et al. [16] optimized the energy management system of an
industrial microgrid with high-penetration renewables, uti-
lizing an energy management system to allocate the dis-
patch of generation sources in the microgrid. Lin et al.
[17] proposed an EMS for microgrids using enhanced bee
colony optimization, considering renewable energy and bat-
tery storage to optimize the microgrid schedule. Zhang et al.
[18] emphasized the significance of robust energy manage-
ment in smart grids, particularly in microgrids with high-
penetration renewables and distributed generation. Wang
et al. [19] developed an EMS for a microgrid integrated with

hybrid energy storage, including lithium batteries, to opti-
mize the energy management of the distributed generation
system. These studies collectively contribute to advancing
energy management strategies for microgrids, offering valu-
able insights into the integration of renewable sources, bat-
teries, and other energy storage technologies. Moreover, on
the industry side, companies like Schneider Electric have
introduced cloud-based platforms (ecostruxure Microgrid
Advisor) for dynamic monitoring and control of microgrids
[9]. Electricity of France (EDF) has developed a V2G solu-
tion primarily targeting industries and government fleets
[20]. Renault Group is also actively working on tools to pro-
vide smart charging schemes for Renault Zoe owners across
Europe [21]. In conclusion, this paper aims to assess the
benefits of integrating V2G technology in a smart microgrid
in terms of economy and energy consumption, considering
component efficiencies and the utilization of renewable
energy sources. The study’s innovative aspect lies in its
application to the city of Lyon-France, it is a simulation
study grounded in real-world data and conditions to predict
and optimize energy management in Lyon’s microgrid sys-
tem. The integration of V2G and smart grid technology
holds immense promise for advancing sustainable energy
practices and meeting the challenges of increasing energy
demands.

While rule-based EMSs offer a pragmatic and straight-
forward approach, recent literature has demonstrated the
advantages of advanced methodologies like optimization-
based EMS, Model Predictive Control (MPC), and decen-
tralized control approaches. These methods provide
dynamic adaptability to fluctuating energy demand and
the intermittent nature of renewables, significantly improv-
ing efficiency and scalability [22–24]. Future work will aim
to integrate these insights to enhance system performance.

2 Methodology

2.1 Model

As illustrated in Figure 1, a Simulink model of a smart grid
was developed based on components found in MATLAB-
Simulink [25]. The components were sized based on a real
system currently being implemented in Lyon, France by
Université Gustave Eiffel.

The smart grid model has renewable energy sources
including a PV and wind farm. To be as close to reality

Fig. 1. Proposed system architecture.
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as possible irradiance and wind profile variation throughout
the day are considered, additionally some parameters can
be varied to get differences between seasons and localiza-
tion. The system also includes an accumulator, storing
the excess renewable energy and using it whenever possible
to support the load demand coming from the vehicles and
the residence. Moreover, a number of vehicle batteries are
considered to model the vehicles charging and V2G
exchange. The Nissan Leaf battery characteristics were con-
sidered, as it is a vehicle that supports V2G and is already
available in the market [26].

This model includes physical connections as well as con-
trolling commands for the energy distribution. The electric
network is connected to the rest of the components and acts
as an infinite source of energy that balances the flow of
power at every time step.

Efficiencies of the different elements used in the system
are considered to simulate a model as close as possible to
reality. For instance, the batteries are modeled with the
apparent and reactive powers.

2.2 Strategy and scenario

A rule-based EMS is also implemented to decide the energy
flow and storage between the different components. This
EMS considers the price variation throughout the day in
Lyon, illustrated in Figure 2 [27].

The EMS controls the residential load demand accord-
ing to statistics done in the city of Lyon that displays the
electricity consumption profile. It also manages the EV load
but this time according to the electricity price scheme as
well as the users’ demands.

2.2.1 Scenarios

Several scenarios can be considered to model a variety of
behaviors, which validate and assess the benefits of the
model. In this paper, the scenarios considered are illustrated
in Figure 3. The first scenario corresponds to the weekly
vehicle usage, where the owners leave to work. While in
the weekend scenario, half of the owners and vehicles leave
their place for the weekend and the rest of the vehicles are
always plugged in.

2.3 System sizing and energy loads

The system sizing and characteristics, as well as energy con-
sumption are illustrated in Table 1 and 2, respectively.

2.3.1 Loads in the model

In the model, the following simplifications of the loads take
place:

� For the residential load

Figure 4 represents the profile describing the residential
Load demand. On this graph, we have the power demand
factor that is multiplied by the nominal power, which is
1 � 0.6 [Mw].

In our analysis, we have taken into consideration a pre-
sumed peak demand period during the nighttime hours,
extending until 8 am. As the sun rises and residents depart
from their homes, the energy demand diminishes to its min-
imum level. Following this, around 5 pm, as residents return
with the sunset, we anticipate another peak in energy
demand.

� For the EV load

The load from EVs is influenced by both the State-of-
Charge (SOC) of the vehicle’s battery and the availability
of the vehicle in the household. We have considered that
the vehicle is absent between 8 am and 5 pm. The SOC tar-
get is calculated according to the distance traveled. More
details are provided in Section 3.

Fig. 2. Electricity price profile.

(a)

(b)

Fig. 3. Scenario considered – (a) weekdays; (b) weekend.

Table 1. System characteristics and sizing.

Location Lyon

PV panels 1 MW
Wind plant 0.5 MW
Residential community 33 Buildings, 571 Households

Table 2. Energy consumption.

Loads Residential Vehicle

Number 571 250
Consumption for one 3.5 kw 4 kw
Total consumption 2 MW 1 MW

The Author(s): Science and Technology for Energy Transition 80, 14 (2025) 3



� For the solar energy and wind energy loads

These two loads are calculated based on the wind profile
and the sun’s irradiance.

3 Energy management strategy

This part treats the logic followed to obtain an optimal
energy path. The EMS currently within the model follows
a rule-based type of logic. This rule-based logic follows a
hierarchy of needs related to SOC and the direction of
energy flow.

The EMS’s rule-based logic can be divided into three
main different decision tree sections: The EV Command
decision tree, The SOC decision tree, and The ACC Load
Management decision tree. Decision trees allow a logical
path to initiate and terminate charging. They also allow
the possibility to use the EV as a source of energy for which-
ever energy needs may arise. These three subsystems are
simplified and shown below.

The model includes two EMS. One with a reference
V2G charging and the other with an enhanced V2G. The
reference EMS does not take into consideration the electric-
ity price profile throughout the day. Instead, the vehicle
charges whenever there is a demand. The two EMS are then
compared to assess their benefits. Solar energy and wind
energy are the renewable sources in the studied smart grid.
Again, and in the aim of being close to reality, solar and
wind profile variation throughout the day are considered
as well as the differences between seasons and localization.
The system also includes an accumulator, storing the excess
of renewable energy and using it whenever possible to sup-
port the load demand coming from the vehicles and the res-
idence. Energy flow is decided based on renewable energy
availability and current energy costs supplied by the electric
grid (Fig. 5). The load profile includes the SOC of the bat-
tery and availability of the vehicle in the household. The
target SOC is calculated according to the travelled
distance.

3.1 Initialization subsystem

When an owner plugs their vehicle into the charger, the
user interface shown in Figure 6.

With this interface, the user can select if they want to
charge the vehicle without the help of the EMS, give an
expected departure time, the distance that they will travel,
and the emergency distance. The latter is the minimum dis-
tance needed to get to the nearest hospital.

Based on user-inputted variables, the system calculates
the target and emergency SOCs. Starting from equation (1)
that calculates the force of traction needed for the vehicle to
move forward according to its acceleration speed, the slope
if any, the tires properties and the aerodynamics of the
vehicle.

The traction power is then calculated according to equa-
tion (2) and finally the energy needed to reach the destina-
tion indicated in the user interface is therefore computed.
Finally, the SOC is determined based on the battery prop-
erties [26].

F traction ¼ Faero þ F rolling þ F slope þ Facceleration: ð1Þ
Ftraction: Traction force;
Faero: Aerodynamic force calculated according the vehi-

cle’s properties SCx;
Frolling: Rolling force calculated according the wheels

rolling coefficient;
Facceleration: Acceleration force.

Ptraction ¼ F traction � V : ð2Þ
Ptraction: Traction power;
V: Vehicle speed.
Finally, the interface allows the driver to override the

entire system and charge the vehicle.

Fig. 4. Residential load.

Fig. 5. EV command decision tree.
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3.2 EV command decision tree

The EV command tree, shown in Figure 5, is fundamental
and its main purpose is to decide whether the vehicle should
be charged or discharged.

In this decision tree, the battery’s SOC is controlled by
monitoring the current SOC and user demand. Vehicle
charging is then initiated or terminated based on these fac-
tors. If initiated, energy flow is decided based on renewable
energy availability and current energy costs supplied by the
electric grid.

3.3 SOC and accumulator command decision trees

Figures 7 and 8 present the secondary decision trees consist-
ing of the SOC and Accumulator load.

These two subsystems calculate and monitor the needed
time to charge based on the current SOC and the available
energy, which has been accumulated up until that timestep
within the accumulator. The SOC target subsystem is fun-
damental to the charging of the EV in relation to a user’s
needs. The accumulator load management subsystem will
check and dictate if the energy needed for charging an
EV will be directed from the accumulator or from the
renewable energy sources.

For more clarity, Table 3 summarizes the role of the sev-
eral decision trees described in Figures 5–8.

4 Results and discussion

4.1 Power distribution

Based on the previously defined scenarios and following the
EMS logic, the obtained power distribution curves are illus-
trated in Figures 9 and 10. As discussed earlier, the main
objective is to satisfy the load demand while minimizing
as much as possible the use of the grid.

The weekday curve can be divided into three main
parts. The first part shows a high load demand from both
the vehicle and the residential loads. It is mostly satisfied
by the grid, since starting from time 0 there is no stored
energy in the accumulator and the power provided by the
renewable energy sources is insufficient. As a result, there
is no excess power to be stored in the accumulator. For
the second section, the load demand is significantly lower,
while the renewable energy production reaches its peak,
so the grid power is not needed. Excess renewable energy
is stored in the accumulator. Moving on to the final section,
the load demand increases again and exceeds the renewable

energy power generation, resulting in the complete use of
the accumulated energy until its depletion, where the grid
takes over.

The weekend scenario showed similar results, except for
the third section where there was almost no need for the
grid, as the accumulated energy was enough to satisfy the
demand.

It is also worth noting that the utility grid pricing effect
can be seen by the increase in grid usage at late hours, from
21:00 to 05:00, due to its lower price point, resulting in addi-
tional savings and explaining the peaks in the grid usage.
This effect is evident, especially during the weekday sce-
nario where grid usage is more at use.

4.2 Cost and energy savings and frequency regulation

Based on the smart grid model and EMS developed, the
enhanced EMS is compared to a reference one to assess
the benefits induced by implementing a smart charging
V2G. Compared to the enhanced EMS, the reference one
charges the vehicle without considering the electricity price.

As indicated in Figure 11, cost and energy savings are
achieved when implementing the enhanced EMS. In fact,
it showed a 12.24% reduction in the electricity bill and an
11.26% reduction in the energy consumption, compared
to the reference one.

Fig. 6. User interface.

Fig. 7. SOC target decision tree.

Fig. 8. Accumulator load management decision tree.
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The enhanced EMS takes into consideration the elec-
tricity demand peaks where it is mostly costly. Therefore,
the enhanced EMS avoids these peaks and supplies power
then. The percentages are calculated according to the elec-
tricity costs taken from the reference [27]. And for the
power results on the same figure are calculated according
to the simulation.

Another major achievement is the stabilization of the
grid’s frequency. This regulation could ensure a balanced
electricity supply. In fact, the frequency varies depending
on the difference between the supply and demand of power.
As a result, the proposed EMS would regulate it, allowing a
quasi-stable power delivery.

It is important to note that this frequency regulation
induces additional cost savings for the user, as the grid will
have to pay for it, and this was not included in the cost cal-
culation of the study.

5 Conclusions and perspectives

An EMS is proposed for a microgrid with battery storage
and renewable generation. The usage of this EMS results
in the optimization of energy usage and cost savings. This
is done by prioritizing the usage of renewable energy and
the usage of the electric grid at lower price points/low-
demand timeframes.

The proposed EMS finds a better path to distribute
energy with the use of a rule-based logic concept. Checking
a hierarchy of needs, the EMS will choose whether the EV
charges or not based on the current SOC. By simply plug-
ging in their vehicle, a user benefits from 12.24% of cost
savings.

Although the proposed EMS has shown promising
results in terms of cost and energy savings, future work will
focus on integrating advanced methodologies such as MPC
and hierarchical optimization. These approaches, as demon-

Table 3. Summary of the several decision trees.

Decision tree Description

EV command decision tree – Monitors the current SOC of EV batteries.Considers user input (departure time,
travel distance).Selects energy source: prioritizes renewables, switches to grid if
needed.

– Includes an emergency override option for urgent charging needs.

SOC target decision tree – Calculates the target SOC based on travel distance and emergency needs.
– Estimates the time required to reach target SOC considering available energy.
– Prioritizes renewable energy and low-cost grid periods.
– Dynamically adjusts SOC based on real-time conditions.

Accumulator load management
decision tree

– Manages excess renewable energy by storing it in the accumulator.
– Uses the accumulator to support loads before switching to the grid.
– Optimizes costs by using stored energy during peak grid pricing.
– Stabilizes the grid by balancing energy flow between sources.

Fig. 10. Power Distribution – weekend scenario.

Fig. 11. Cost and energy savings between the reference EMS
and the enhanced EMS.

Fig. 9. Power distribution – weekday scenario.
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strated in the studies conducted by [22, 24], provide
dynamic and decentralized control capabilities, enabling
more robust and efficient management of renewable energy
and demand-side variations.

Future perspectives include the further optimization of
the EMS itself. Currently, a rule-based logic is being used,
but an exact method such as dynamic programming logic
or PMP would further optimize the model. The addition
of differentiating scenarios with various other conditions
and parameters will lead to a more encompassing result.
Such conditions can include different EV usage profiles,
additional renewable energy sources, and the addition of
extra loads on the smart grid such as an industrial/commer-
cial complex. These additions will lead to a more “real-life”
simulation of the smart grid. EV-related parameters such as
battery aging and charging/discharging losses will also fine-
tune the model for a more accurate result.
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