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EDITOR’S WORD
Dear readers,
It is my great pleasure to present the new issue of the Engineering Power journal, edited by Prof. Neven Duić, PhD. 
The papers in this issue are related to the SDEWES conference, held under the auspices of the Croatian Academy 
of Engineering. In this issue, you will have the opportunity to read about the use of vortex generators on the blades 
of a vertical-axis current turbine, a smart charging strategy for electric vehicles used in Italy, and the comprehensive 
remediation of polluted waters using a compact composite layered material. I hope you enjoy reading this issue.

Editor
Bruno Zelić, Vice-President of the Croatian Academy of Engineering

FOREWORD
With a broad vision of integrating various systems for long-term sustainability, the international conference series 
on the sustainable development of energy, water, and environmental frameworks was launched at the beginning of 
the 21st century. Now in its third decade since the first gathering in Dubrovnik, Croatia, which set the foundation for 
the series in 2002, the need for this integrated perspective has never been more pressing. Utilizing surplus from one 
system as a resource for another at the right moment is one of the most crucial challenges in preserving the Earth's 
essential support systems. Enhancing the efficiency of interconnected systems, spanning electricity, heating, cool-

ing, transportation, water management, waste treatment, industrial operations, construction, forestry, and agriculture, serves as a key 
strategy for reducing environmental impact while allowing development to progress. This holistic approach to sustainability offers 
significant opportunities for accelerating efforts toward reducing carbon emissions and tackling climate change.
The field of engineering is well-positioned to address sustainability challenges, but it must move beyond rigid disciplinary boundaries 
and embrace the need for equipping future professionals with diverse competencies. The technical solutions required to lower environ-
mental impact while retaining the conveniences of modern life are inherently interdisciplinary, drawing from electrical, mechanical, in-
formation, civil, chemical, food-related, and other engineering disciplines, as well as architecture, economics, agriculture, and forestry.
This edition presents three forward-looking innovations in technology and methodology for assessing sustainability that could 
contribute to a more environmentally responsible way of life.
Rahuna et al. show, through CFD simulations, that rectangular vortex generators on NACA 0021 turbine blades delay stall, reduce 
drag, and improve lift-to-drag performance [1]. The optimal design increased the predicted power output of a vertical-axis marine 
current turbine by about 7.5%, demonstrating a simple method for improving turbine efficiency.
Aleotti et al. propose a real-time, forecast-free charging strategy for electric vehicles in Italian Renewable Energy Communities [2]. 
By coordinating charging with local photovoltaic generation, the approach increased shared energy by about 47% and community 
incentive revenues by about 50%, while maintaining normal vehicle availability.
The third paper presents a clay-birnessite/buserite composite capable of simultaneously removing heavy metals and organic pol-
lutants from water. The study highlights its high adsorption capacity, low cost, and potential as a scalable and sustainable solution 
for advanced water treatment [3].
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Abstract
The common phenomena in vertical-axis turbines arise from the continuously changing angle of attack (AoA), which re-
sults in; flow separation, dynamic stall, unsteady hydrodynamics, complex wake and vortex structures, and Cyclic struc-
tural loading. Devices such as vortex generators (VGs) are used to mitigate flow separation and dynamic stall, thereby 
significantly improving turbine performance. Numerical simulations investigate the effect of VG addition on turbine 
performance in general, specifically the NACA 0021 blades in the H-type Darrieus turbine. The single-blade model was 
equipped with rectangular VGs of specific dimensions, arranged in a single row and contra rotating. Computational 
Fluid Dynamics (CFD) simulation using ANSYS-FLUENT was employed as the numerical approach to compare the 
performance of an NACA 0021 blade with and without rectangular VGs. The VGs were placed at chordwise positions 
of 20%c, 25%C, and 30%c. The simulation results show that the most effective VG placement is at 25%c, where the 
drag coefficient is reduced by up to 38.0% at an AoA of 15°, and by 17.3% at AoA = 20°, compared to the clean airfoil 
without VGs. This study shows that the addition of VGs reduces drag and enhances turbine performance. The reduction 
in drag influences the flow separation behavior, thereby delaying stall.

Keywords: Vortex Generator, Drag Reduction, Stall Delay, airfoil NACA 0021, Vertical Axis Ocean Current Turbine (VACT)

1.	 Introduction

Flow control approaches can be utilized to prevent bound-
ary layer (BL) separation and stalling. Vortex generators 
(VGs) were originally proposed by Taylor in 1947 [1], to 
increase lift and decrease drag by delaying stall at an air-
craft’s wing, in aviation [2]. When VG is on the upper 
surface of the wing, it helps maintain airflow attachment 
to the wing at high angles of attack, reducing stall speed 
and/or making the control surfaces more effective. The 
Boeing 737 utilizes VG devices not only on the wings but 
also on the horizontal stabilizer and the forward fuselage. 
The addition of VGs serves to stabilize airflow over the 
vertical and horizontal stabilizers, help control airflow at 
high speeds, and reduce hydrodynamic noise that could 
disturb the pilot [3].

In the energy sector, VGs are the best choice to im-
prove the performance of horizontal axis wind turbines 

(HAWTs), due to their good enhancement effect, low cost, 
and easy application [4]. VGs transfer momentum from 
the outside free-stream flow to the wall area, then increase 
the near-wall momentum, when the flow is separated from 
the blade surface in a smooth blade case [5]. The condi-
tion known as dynamic stall is a dynamic and unstable 
phenomenon. In addition, VGs can minimize vibration, 
noise, and fatigue stresses caused by stalls on the blades, 
to improve performance and energy production, thus at-
tracting much research interest [6][7].

In general, vertical axis current turbines (VACTs) have 
disadvantages, especially in low turbine performance effi-
ciency, poor self-starting, cavitation, and vibration [8] [9]. 
However, VACTs have advantages including, accepting 
flow from all directions, easy maintenance, low cost and 
simple construction. Therefore, this has driven researchers 
to develop VACT. Many studies have developed VACT, 
aiming to improve turbine performance in recent decades.
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Extensive research has been conducted to improve the self-
starting capability of VACTs, including modifications to 
turbine geometry and flow control approaches. The geomet-
ric modifications involve variable pitch control [10][11], in-
clined blades [12], changes in blade angle [13], the addition 
of auxiliary rotors [14], the use of winglets [15][16][17], 
and helical blades [18]. Meanwhile, augmentation devices 
are used to alter the fluid flow behaviour around VACTs, 
such as flow disruption [19] [20], flow deflectors [21], tu-
bercles [22][23], and VGs, which are the focus of this study. 

Several recent VG studies have been developed to gain more 
details on the flow mechanism and the best VG shape de-
sign methodology to produce optimal VG performance on 
aerofoil types. The best VG design is often based on vortex 
peaks, vorticity trajectories, dimensions, and steady flow 
velocity. Dimensions, placement location and configura-
tion play an important role in accelerating vortex formation, 
thereby improving aerofoil performance [24][25]. These 
studies suggest that no single VG model has proven superior 
to others in representing the impact of VGs on flow using 
body forces [5][26]. Mueller-Vahl et al. observed that a small 
VG distance not only resulted in a stall delay of up to 12.5° 
from the stall AoA, and a 31% increase in the maximum lift 
coefficient (Cl,max.), but also reduced the drag coefficient. Re-
ducing the distance causes increased interaction of the sur-
rounding vortices so that the vortices move further from the 
airfoil surface [27]. A study on the DU97-W-300 airfoil with 
added VGs showed that the chordwise position of the VGs 
and the blade height were the most important factors for air-
foil performance, but blade length, pitch angle, blade shape, 
and stacking density proved to be secondary factors [28]. In 
another study, the influence of rectangular VGs arranged in 
a dual-row configuration on the flow around the NREL S809 
airfoil was investigated through numerical simulation. The 
findings revealed that the second row of VGs contributed to 
a greater suppression of flow separation, leading to a Cl,max.. 
increase of 0.27 compared to the single-row configuration 
positioned near the leading edge [29]. The study conducted 
by Binbin Wei et al. investigated the use of VGs as a pas-
sive flow control method to reduce dynamic stall on wind 
turbine and helicopter rotor airfoils. Using a NACA 0012 
airfoil and wind tunnel experiments, the study showed that 
VG installation could delay flow separation, reduce dynamic 
stall vortices, and improve aerodynamic stability at high an-
gles of attack. The research also found that the position and 
configuration of the VG greatly affect its effectiveness in im-
proving aerodynamic performance [30]. 

The purpose of this study is to explore the stall delay, lift 
force and drag force to maximize turbine performance by 
obtaining the highest lift and lowest drag and to assess the 
flow pattern affected by the addition of VG. The profile 
used as a benchmark is NACA 0021, a 21% thick airfoil 
with a chord of 0.14 m and a span of 0.28 m, at a Reyn-
olds number of 1.917x105. Furthermore, we add VG to the 
surface of both rectangular profiles, adjusting their place-
ment and dimensions accordingly. The approach uses 
numerical simulation to analyze the effect of VG on the 
NACA 0021 airfoil of VACT with the Reynolds-averaged 
Navier-Stokes (RANS), based Computational Fluid Dy-
namics (CFD) approach using the k-w SST (shear stress 
transport) of turbulence model.

1.1	 State of the art

This study differs from previous research by placing the 
VG below the hydrofoil profile in the CFD analysis. The 
investigation covers an angle of attack range from 0° to 
45° in the turbine rotation direction, whereas previous 
studies commonly installed VGs on the upper profile. It is 
like the aeroplane wings concept.

The main difference of this study compared to previ-
ous ones is associated with the designation of the posi-
tive azimuthal angle (θ⁺). While rotating from θ = 0°, the 
azimuthal angle is designated as positive (θ⁺), while the 
projected angle of attack is named as the positive angle of 
attack (α⁺). If blade rotation is happening towards θ = 0°, 
the azimuthal angle is named negative (θ⁻), while the pro-
jected angle of attack is called the negative angle of attack 
(α⁻). Much research has been done with profiles incorpo-
rating VG at moderate negative angles of attack, whereas 
there is very little data for positive angles of attack.

This arrangement is especially crucial since the turbine 
blade meets the incoming stream at the highest velocity 
relative to each other in this case. Therefore, the blade 
experiences the greatest hydrodynamic force that is nec-
essary for creating rotation, which improves the efficien-
cy of the turbine.

2.	 Methodology 
In this paper, the numerical simulation approach used is on 
a single blade, where a single blade is a blade that does not 
cover the entire turbine, while in general, the turbine con-
sists of several blades (more than one). The model used in 
the numerical simulation includes the original blade in the 
form of a symmetrical NACA-0021 foil without and with 
the addition of VGs, where the VG is rectangular with dif-
ferences in placement on the foil surface. The purpose of 
this numerical simulation is to provide initial insight into 
the effects of adding VGs to the blades compared to no 
VGs, as well as the effects of VG shape and placement on 
stall delay, lift coefficient (Cl), and drag coefficient (Cd).

This section explains the flowchart that clearly and con-
cisely outlines the step-by-step process of the research, 
serving as a focused framework for evaluating the effec-
tiveness of adding VGs to improve the performance of the 
NACA 0021 foil used as a blade in a VACT system. The 
main procedural steps are illustrated in Fig. 1. The ini-
tial step involves defining the geometry and preparing the 
computational domain, which is described in detail. The 
next steps include mesh generation, a grid independence 
study, boundary condition configuration, and solver setup. 
The validation process involves evaluating solver settings 
and remeshing if the results deviate from the expected 
validation trends. The implementation of rectangular VGs 
in the simulation will proceed only once the validation 
criteria are met. The results section presents findings for 
three key parameters: Cl and Cd. It also includes contour 
analysis of the flow behavior around the blade, both with 
and without VGs. The final part of the study provides a 
performance prediction of VG implementation on VACT, 
specifically assessing the application of VGs on the 
NACA 0021 foil within a VACT configuration.
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2.1	 CFD Modelling

The computational domain was developed using ANSYS 
Design Modeler, with mesh generation conducted in AN-
SYS Meshing. To ensure fully developed flow and mini-
mize boundary-induced effects, the domain was sized at 
30c, consistent with best practices established in prior 
hydrodynamic studies [6]. The domain configuration is 
optimized to facilitate AoA (α) parameterization through 
the manipulation of inlet velocity components, thereby 
enabling the simulation of varying α without altering the 
hydrofoil’s geometric orientation or creating multiple 
model instances [31].

The computational domain is cylindrical with the hydrofoil 
located at the center of the cylinder. The diameter of the do-
main is 30c to ensure that the fluid flow is fully developed 
[32]. It is easier to implement the inlet α parameterization. 
By changing the inlet velocity components to simulate 
different α, there is no need to create another model with 
varying orientations of hydrofoil [25]. The simulations are 
performed in the α range of 0°-45° with an increment of 5°. 
However, it is important to note that the angle between 0°-
40° is considered as the critical α, so the analysis is focused 
on the hydrofoil performance. Therefore, the increment is 
increased to 2° in the range to produce a smoother curve 
shape and capture the phenomenon in detail [25].

The domain geometry is generated using ANSYS Design 
Modeler. A hybrid O-topology grid is employed for the 

clean profile, with the domain’s radius set to 15 of the 
chord lengths. A hybrid O-topology grid is employed for 
the clean profile, with the domain’s radius set to 15 of the 
chord lengths. The boundary conditions used during the 
numerical simulation, which were adjusted to match the 
test conditions conducted by holst, 2019. The test condi-
tions used air as the working fluid, on a Reynolds number 
(Re.) of 1.917x105, a velocity of inlet 20 m/s, a turbulence 
intensity of 1%, and a viscosity ratio of 6 [6]. Boundary 
conditions in the numerical simulation are adjusted to 
test conditions. Side boundaries were set as symmetry to 
replicate the extended range used in further research. Hy-
drofoil surface and VG were set as no-slip wall boundary 
conditions. The low Reynolds number indicates that the 
hydrofoil may have difficulty in self-starting due to the 
lower fluid velocity.

2.2	 Geometry Modeling

This modeling strategy enhances computational efficien-
cy while ensuring consistent boundary conditions across 
all cases. It further allows for a continuous sweep of α 
values, typically ranging from 0° to 180°, which is essen-
tial for accurately capturing the hydrodynamic response 
of the hydrofoil, particularly in the critical stall region. 
Such an approach is highly advantageous for evaluating 
unsteady flow phenomena and performance degradation 
due to flow separation.

Fig. 1. CFD methodology

Fig. 2. VGs Schematic on the blade.
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The numerical approach is done with a turbine model with 
and without VG addition. The shape of the VG rectangle, 
with VG placement location, varies between 10%-30% of 
chord length (c) with 5% interval, and single row contra-
rotating configuration The dimensions of the VG and the 
shape of the VG consisting of a rectangle are shown in 

Table 1. The dimensions of VGs based on data obtained 
from researchers who have conducted previous research 
include height, h, (h/c), length, p, (l/h), angle (β), the dis-
tance between VG (p/h), front distance (f/h), and rear dis-
tance (r/h), as represented in Fig. 2.

Table 1. Turbine and VG specifications for numerical simulation.

Part Name/parameter Specification/value
VACT Blade Hydrofoil type NACA 0021

Number of blade (N) 3
Chord length (c) 0.14 m

Span (S) 0.28 m
Sudut pitch 0O

Angle of attack, AoA (α) 0 – 45o

Vortex generator VG Shape rectangular
Location Position 20%c, 25%c, 30%c

Configuration single-row, contra-rotating

Height (h/c) Small VG parameters, as 
seen in Table 2

Length (l/h) 3
Angle (β) 18o

Pair distance (p/h) 7
Rear distance (r/h) 3.5
Front distance (f/h) 1.65

In the numerical simulation of a foil with the addition of 
VGs, several variations are considered, including the di-
mensions and placement of the VGs, as shown in Table 2. 
The height of the VG changes for each difference in VG 
position relative to the chord length. This is because the 
VG height equals the boundary layer (BL) thickness at 
each placement location on the foil surface [33]. The rela-
tive height of VGs is typically represented by the variable 
h/δ, where h denotes the VG height and δ represents the 
boundary layer thickness. Based on their height, VGs are 
categorized into two types: conventional VGs (h/δ ≥ 1) and 
submerged VGs (0.1 < h/δ < 0.5), also known as “micro” or 
“low-profile” VGs [34]. Every change in VG height always 
affects other VG dimensions, such as length (l), spacing be-
tween VG pairs (p), and the total number of VGs along the 
span for each variation of placement location (x/c). 

Table 2. Main parameters of the small VGs simulated in this study. 

x/c h (mm) l (mm) p (mm) r (mm) f (mm)
20% 0.60 1.80 4.20 2.10 0.99
25% 0.72 2.16 5.04 2.52 1.19
30% 0.87 2.61 6.09 3.05 1.44

2.3	 Validation 

The grid was generated using ANSYS Meshing software. 
The mesh comprises three distinct regions: a structured, 

multi-block section in the boundary layer, an unstruc-
tured region surrounding the airfoil to maintain an ap-
proximately constant cell size, and another structured 
region encompassing the outer domain. For the clean 
profile configuration, a hybrid O-type topology is em-
ployed with a domain radius of 15c to minimize far-field 
boundary effects. The mesh consists of three zones: a 
structured multi-block region for accurate boundary 
layer resolution, an unstructured region around the hy-
drofoil for flexibility and uniform cell distribution, and 
an outer structured region extending to the far field to 
improve numerical stability and overall grid quality.The 
computational domain is defined as a circular region 
with a diameter sufficiently large to minimize bound-
ary interference effects on the flow around the hydro-
foil, as represented in Fig.3a. A velocity inlet boundary 
condition is applied at the upstream region to prescribe 
a uniform incoming flow. The downstream boundary is 
treated as an outlet, allowing the flow to exit the domain 
without reflection.

The lateral boundaries are defined as symmetry condi-
tions, which imply zero normal velocity and zero nor-
mal gradients for all flow variables. This assumption 
reduces computational cost while maintaining physical 
accuracy for external hydrodynamic flow. The profile 
surface itself is modeled as a no-slip wall, enforcing 
zero velocity at the surface to capture boundary layer 
development. 
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(a)

(b)

(c)

Fig. 3. Computational mesh for clean foil NACA 0021

In this study, the mesh for the original NACA 0021 foil 
consists of 1,467,950 elements and 407,450 nodes. The 
finest mesh resolution is concentrated around the foil, 
with a growth rate of 1.2. The overall mesh distribution 
within the computational domain is illustrated in Fig. 
3b, while the refined mesh structure surrounding the foil 
is also depicted Fig. 3c. An inflation layer technique is 
employed along the foil surface to accurately capture the 
boundary layer effects, with the first layer thickness set to 
0.00007636 m. 

A target y+ value of 0.85 is used to ensure adequate near-wall 
resolution and improve boundary layer accuracy. Keeping 
y+<1 allows proper resolution of the viscous sublayer, con-
sistent with the requirements of the k–ω SST turbulence 
model, and enables wall-resolved simulations without wall 
functions. This improves the prediction of shear stress and 
pressure distribution along the hydrofoil surface.

Table 3. Mesh Quality

Quality Foil NACA-0021

skewness  0.2168

orthogonal quality 0.7813

aspect ratio 5.7708

To achieve this, the mesh near the wall is refined using a 
first inflation layer height of 1.298x10-5m, with 9 infla-
tion layers and a growth rate of 1.2. This configuration 
ensures accurate capture of boundary layer development, 
separation, and reattachment, which is essential for evalu-
ating the hydrodynamic performance of the hydrofoil 
with micro-VGs.

As summarized in Table 3, the generated mesh demon-
strates satisfactory quality. The skewness values remain 
below 0.25, indicating well-shaped elements with mini-
mal distortion. The orthogonal quality is consistently 
above acceptable thresholds (approaching unity), reflect-
ing good alignment between cell faces and flow gradi-
ents. Additionally, the aspect ratio ranges between 0.5 
and 0.8, suggesting balanced element proportions with-
out excessive stretching.

Secondly, a mesh was generated for the NACA 0021 air-
foil model incorporating VGs, with the height of each VG 
matched to the local boundary layer thickness, as shown 
Fig. 4. This thickness varies along the chordwise position 
(x/c), being thinner near the leading edge and gradually 
increasing toward the trailing edge, as detailed in Table 
1. To ensure consistency, the same meshing strategy ap-
plied to the original airfoil was also used for the airfoil 
equipped with VGs.

Fig. 4. Mesh generation for the foil with integrated VGs

A mesh independence study was carried out on the hy-
drofoil model without VG at an α of 10°. The resulting Cl 
and Cd  from the simulation were validated against the ex-
perimental data of [6].  A grid independence test was per-
formed using the coupled second-order upwind method 
to evaluate the grid independence (GI) values for Cl and 
Cd across varying element counts: The 365,782-element 
mesh is now explicitly described in the grid independ-
ence section as a preliminary mesh sensitivity check. This 
mesh level was initially employed to obtain a first-order 
assessment of solution behavior and to identify a suitable 
range for subsequent systematic refinement. The formal 
convergence study, therefore, focuses on the three pro-
gressively refined meshes—coarse (733,522 elements), 
medium (1,467,736 elements), and fine (2,935,503 ele-
ments), as these satisfy the requirements for consistent 
refinement ratio and reliable estimation of numerical un-
certainty. The findings of this study elucidate the influ-
ence of element count variations on the measured values 
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of Cl and Cd. As shown in Table 4, The grid independence 
test (GIT) conducted between the medium and fine grids 
yielded results of 0.019 for Cd and 0.043 for Cl.

Table 4. Verification outcomes were obtained through the 
application of the GI method.

Elements 
Number Cd GI Cl GI

365,782 0.0356408
-

0.5978161
-

733,522 0.0351602
0.032

0.6026012
0.022

1,467,736 0.0354005
0.019

0.6118848
0.043

2,935,503 0.0356692
0.060

0.6145331
0.013

The order of convergence (p) estimates how fast the 
numerical solution improves with grid refinement. It is 
computed from solutions at successive grid levels and 
indicates how effectively discretization error is reduced. 
A p value close to the method’s formal accuracy shows 
consistent convergence, while deviations may indicate 
nonlinear effects or remaining numerical errors.
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Richardson extrapolation is used to estimate the solution 
on an infinitely fine grid: 
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The GCI is calculated using the difference between 
solutions on refined grids, the grid refinement ratio, and 
the estimated order of convergence. A safety factor (Fs) is 
applied to provide a conservative estimate of numerical 
uncertainty, which is expressed as a percentage and used 
to assess the sensitivity of the solution to grid resolution. 
Fs = 1.25 is the safety factor recommended by Roache. A 
small GCI value indicates weak dependence of the 
numerical solution on grid resolution, whereas a large GCI 
value reflects significant sensitivity to grid refinement and 
non-negligible discretization errors. Formula of the GCI: 
For the medium 2 - coarse 1 grid pair: 

GCI21 = 𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠
∣𝜙𝜙𝜙𝜙1−𝜙𝜙𝜙𝜙2∣

∣𝜙𝜙𝜙𝜙1∣(𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1)
× 100% (3) 

For the fine 3 - medium 2 grid pair: 

GCI32 = 𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠
∣𝜙𝜙𝜙𝜙2−𝜙𝜙𝜙𝜙3∣

∣𝜙𝜙𝜙𝜙2∣(𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1)
× 100% (4) 

Table 5. Verification outcomes were obtained through the 
application of the GCI method. 

Elements 
Number Cd GCI Cl GCI 

365,782* 0.03564  0.59781  
733,522 0.03516 0.013 0.60260 0.011 

1,467,736 0.03540 0.009 0.61188 0.011 
2,935,503 0.03566  0.61453  
* preliminary mesh sensitivity check 

 
Verification of the asymptotic range confirms that the 
solution converges consistently with grid refinement. The 

GCI and refinement ratio indicate the solution lies within 
this range, so the associated numerical uncertainty is 
considered valid. 

GCI32
GCI21

≈ 𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 (5) 

In addition to the GI, it is also essential to assess the error 
ratio between two different grid resolutions, as the Grid 
Convergence Index (GCI) method serves as a valuable tool 
for understanding how errors decrease with increasing grid 
resolution. As shown in Table 5, In this verification 
process, numerical uncertainty is quantified using GCI 
method, which is based on the Generalized Richardson 
Extrapolation [35]. 

 
3 Result and Discussion 
3.1 Lift and Drag Coefficients  

The numerical simulation results were compared with 
experimental data using scale-resolving methods. Fig. 5 
illustrates the relationship between the lift coefficient and 
the variation of angle of attack (AoA), ranging from 0° to 
45°, with 5° intervals. The numerical simulations were 
conducted for a NACA 0021 airfoil equipped with 
rectangular VGs, arranged in a single row at various 
chordwise positions (20%c, 25%c, and 30%c). The height 
of each VG (h) was matched to the local boundary layer 
thickness (δ) at each corresponding placement position. 
The simulation results indicate that the addition of VGs 
leads to an increase in lift coefficient compared to the 
baseline configuration without VGs, particularly at α = 
15°. The most significant lift enhancement occurred at the 
30%c position, where the peak lift coefficient reached 
6.7%, followed by the 20%c position with a peak lift 
coefficient of 5.7%, and the 25%c position with 2.0%, all 
relative to the airfoil without VGs. At an angle of attack of 
20°, the greatest increase in lift coefficient 7.4% was 
achieved with the VGs positioned at 25% chord. 
Positioning them at 30%c yielded a 5.4% increase in lift 
coefficient, while placement at 20%c produced a 3.7% 
increase. 

The implementation of VGs on the airfoil led to a 
considerable reduction in the drag coefficient. The most 
significant reduction was recorded at the 25%c location, 
reaching 38.0%, followed by reductions at the 30%c and 
20%c positions, which achieved 37.4% and 27.3%, 
respectively, in comparison to the baseline configuration 
without VGs, as shown in Fig. 6. At α = 20°, the highest 
drag reduction was again recorded with the VG positioned 
at 25%c, achieving a 17.3% decrease in drag coefficient. 
This was followed by reductions of 10.3% and 8.3% for 
VG placements at 20% and 30% chord, respectively. The 
simulation outcomes demonstrate that positioning the VG 
at 25%c on the symmetric NACA 0021 airfoil yields a 
marked decrease in drag coefficient, accompanied by a 
significant improvement in lift performance, thereby 
contributing to stall delay. 

(1)

 
Richardson extrapolation is used to estimate the solution 
on an infinitely fine grid:
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Table 4. Verification outcomes were obtained through the 
application of the GI method. 

Elements 
Number Cd GI Cl GI 

365,782 0.0356408 - 0.5978161 - 
733,522 0.0351602 0.032 0.6026012 0.022 

1,467,736 0.0354005 0.019 0.6118848 0.043 
2,935,503 0.0356692 0.060 0.6145331 0.013 

 
The order of convergence (p) estimates how fast the 
numerical solution improves with grid refinement. It is 
computed from solutions at successive grid levels and 
indicates how effectively discretization error is reduced. A 
p value close to the method’s formal accuracy shows 
consistent convergence, while deviations may indicate 
nonlinear effects or remaining numerical errors. 

𝑝𝑝𝑝𝑝 =
ln�𝜀𝜀𝜀𝜀32𝜀𝜀𝜀𝜀21

�

ln(𝑟𝑟𝑟𝑟)
 (1) 

Richardson extrapolation is used to estimate the solution 
on an infinitely fine grid: 

𝜙𝜙𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜙𝜙𝜙𝜙1 + 𝜙𝜙𝜙𝜙1−𝜙𝜙𝜙𝜙2
𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1

 (2) 

The GCI is calculated using the difference between 
solutions on refined grids, the grid refinement ratio, and 
the estimated order of convergence. A safety factor (Fs) is 
applied to provide a conservative estimate of numerical 
uncertainty, which is expressed as a percentage and used 
to assess the sensitivity of the solution to grid resolution. 
Fs = 1.25 is the safety factor recommended by Roache. A 
small GCI value indicates weak dependence of the 
numerical solution on grid resolution, whereas a large GCI 
value reflects significant sensitivity to grid refinement and 
non-negligible discretization errors. Formula of the GCI: 
For the medium 2 - coarse 1 grid pair: 

GCI21 = 𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠
∣𝜙𝜙𝜙𝜙1−𝜙𝜙𝜙𝜙2∣

∣𝜙𝜙𝜙𝜙1∣(𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1)
× 100% (3) 

For the fine 3 - medium 2 grid pair: 

GCI32 = 𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠
∣𝜙𝜙𝜙𝜙2−𝜙𝜙𝜙𝜙3∣

∣𝜙𝜙𝜙𝜙2∣(𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1)
× 100% (4) 

Table 5. Verification outcomes were obtained through the 
application of the GCI method. 

Elements 
Number Cd GCI Cl GCI 

365,782* 0.03564  0.59781  
733,522 0.03516 0.013 0.60260 0.011 

1,467,736 0.03540 0.009 0.61188 0.011 
2,935,503 0.03566  0.61453  
* preliminary mesh sensitivity check 

 
Verification of the asymptotic range confirms that the 
solution converges consistently with grid refinement. The 

GCI and refinement ratio indicate the solution lies within 
this range, so the associated numerical uncertainty is 
considered valid. 

GCI32
GCI21

≈ 𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 (5) 

In addition to the GI, it is also essential to assess the error 
ratio between two different grid resolutions, as the Grid 
Convergence Index (GCI) method serves as a valuable tool 
for understanding how errors decrease with increasing grid 
resolution. As shown in Table 5, In this verification 
process, numerical uncertainty is quantified using GCI 
method, which is based on the Generalized Richardson 
Extrapolation [35]. 

 
3 Result and Discussion 
3.1 Lift and Drag Coefficients  

The numerical simulation results were compared with 
experimental data using scale-resolving methods. Fig. 5 
illustrates the relationship between the lift coefficient and 
the variation of angle of attack (AoA), ranging from 0° to 
45°, with 5° intervals. The numerical simulations were 
conducted for a NACA 0021 airfoil equipped with 
rectangular VGs, arranged in a single row at various 
chordwise positions (20%c, 25%c, and 30%c). The height 
of each VG (h) was matched to the local boundary layer 
thickness (δ) at each corresponding placement position. 
The simulation results indicate that the addition of VGs 
leads to an increase in lift coefficient compared to the 
baseline configuration without VGs, particularly at α = 
15°. The most significant lift enhancement occurred at the 
30%c position, where the peak lift coefficient reached 
6.7%, followed by the 20%c position with a peak lift 
coefficient of 5.7%, and the 25%c position with 2.0%, all 
relative to the airfoil without VGs. At an angle of attack of 
20°, the greatest increase in lift coefficient 7.4% was 
achieved with the VGs positioned at 25% chord. 
Positioning them at 30%c yielded a 5.4% increase in lift 
coefficient, while placement at 20%c produced a 3.7% 
increase. 

The implementation of VGs on the airfoil led to a 
considerable reduction in the drag coefficient. The most 
significant reduction was recorded at the 25%c location, 
reaching 38.0%, followed by reductions at the 30%c and 
20%c positions, which achieved 37.4% and 27.3%, 
respectively, in comparison to the baseline configuration 
without VGs, as shown in Fig. 6. At α = 20°, the highest 
drag reduction was again recorded with the VG positioned 
at 25%c, achieving a 17.3% decrease in drag coefficient. 
This was followed by reductions of 10.3% and 8.3% for 
VG placements at 20% and 30% chord, respectively. The 
simulation outcomes demonstrate that positioning the VG 
at 25%c on the symmetric NACA 0021 airfoil yields a 
marked decrease in drag coefficient, accompanied by a 
significant improvement in lift performance, thereby 
contributing to stall delay. 

(2)

The GCI is calculated using the difference between solu-
tions on refined grids, the grid refinement ratio, and the 
estimated order of convergence. A safety factor (Fs) is 
applied to provide a conservative estimate of numerical 
uncertainty, which is expressed as a percentage and used 
to assess the sensitivity of the solution to grid resolution. 
Fs = 1.25 is the safety factor recommended by Roache. 
A small GCI value indicates weak dependence of the nu-
merical solution on grid resolution, whereas a large GCI 
value reflects significant sensitivity to grid refinement and 
non-negligible discretization errors. Formula of the GCI:

For the medium 2 - coarse 1 grid pair:
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Table 4. Verification outcomes were obtained through the 
application of the GI method. 

Elements 
Number Cd GI Cl GI 

365,782 0.0356408 - 0.5978161 - 
733,522 0.0351602 0.032 0.6026012 0.022 

1,467,736 0.0354005 0.019 0.6118848 0.043 
2,935,503 0.0356692 0.060 0.6145331 0.013 

 
The order of convergence (p) estimates how fast the 
numerical solution improves with grid refinement. It is 
computed from solutions at successive grid levels and 
indicates how effectively discretization error is reduced. A 
p value close to the method’s formal accuracy shows 
consistent convergence, while deviations may indicate 
nonlinear effects or remaining numerical errors. 

𝑝𝑝𝑝𝑝 =
ln�𝜀𝜀𝜀𝜀32𝜀𝜀𝜀𝜀21

�

ln(𝑟𝑟𝑟𝑟)
 (1) 

Richardson extrapolation is used to estimate the solution 
on an infinitely fine grid: 

𝜙𝜙𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜙𝜙𝜙𝜙1 + 𝜙𝜙𝜙𝜙1−𝜙𝜙𝜙𝜙2
𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1

 (2) 

The GCI is calculated using the difference between 
solutions on refined grids, the grid refinement ratio, and 
the estimated order of convergence. A safety factor (Fs) is 
applied to provide a conservative estimate of numerical 
uncertainty, which is expressed as a percentage and used 
to assess the sensitivity of the solution to grid resolution. 
Fs = 1.25 is the safety factor recommended by Roache. A 
small GCI value indicates weak dependence of the 
numerical solution on grid resolution, whereas a large GCI 
value reflects significant sensitivity to grid refinement and 
non-negligible discretization errors. Formula of the GCI: 
For the medium 2 - coarse 1 grid pair: 

GCI21 = 𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠
∣𝜙𝜙𝜙𝜙1−𝜙𝜙𝜙𝜙2∣

∣𝜙𝜙𝜙𝜙1∣(𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1)
× 100% (3) 

For the fine 3 - medium 2 grid pair: 

GCI32 = 𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠
∣𝜙𝜙𝜙𝜙2−𝜙𝜙𝜙𝜙3∣

∣𝜙𝜙𝜙𝜙2∣(𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1)
× 100% (4) 

Table 5. Verification outcomes were obtained through the 
application of the GCI method. 

Elements 
Number Cd GCI Cl GCI 

365,782* 0.03564  0.59781  
733,522 0.03516 0.013 0.60260 0.011 

1,467,736 0.03540 0.009 0.61188 0.011 
2,935,503 0.03566  0.61453  
* preliminary mesh sensitivity check 

 
Verification of the asymptotic range confirms that the 
solution converges consistently with grid refinement. The 

GCI and refinement ratio indicate the solution lies within 
this range, so the associated numerical uncertainty is 
considered valid. 

GCI32
GCI21

≈ 𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 (5) 

In addition to the GI, it is also essential to assess the error 
ratio between two different grid resolutions, as the Grid 
Convergence Index (GCI) method serves as a valuable tool 
for understanding how errors decrease with increasing grid 
resolution. As shown in Table 5, In this verification 
process, numerical uncertainty is quantified using GCI 
method, which is based on the Generalized Richardson 
Extrapolation [35]. 

 
3 Result and Discussion 
3.1 Lift and Drag Coefficients  

The numerical simulation results were compared with 
experimental data using scale-resolving methods. Fig. 5 
illustrates the relationship between the lift coefficient and 
the variation of angle of attack (AoA), ranging from 0° to 
45°, with 5° intervals. The numerical simulations were 
conducted for a NACA 0021 airfoil equipped with 
rectangular VGs, arranged in a single row at various 
chordwise positions (20%c, 25%c, and 30%c). The height 
of each VG (h) was matched to the local boundary layer 
thickness (δ) at each corresponding placement position. 
The simulation results indicate that the addition of VGs 
leads to an increase in lift coefficient compared to the 
baseline configuration without VGs, particularly at α = 
15°. The most significant lift enhancement occurred at the 
30%c position, where the peak lift coefficient reached 
6.7%, followed by the 20%c position with a peak lift 
coefficient of 5.7%, and the 25%c position with 2.0%, all 
relative to the airfoil without VGs. At an angle of attack of 
20°, the greatest increase in lift coefficient 7.4% was 
achieved with the VGs positioned at 25% chord. 
Positioning them at 30%c yielded a 5.4% increase in lift 
coefficient, while placement at 20%c produced a 3.7% 
increase. 

The implementation of VGs on the airfoil led to a 
considerable reduction in the drag coefficient. The most 
significant reduction was recorded at the 25%c location, 
reaching 38.0%, followed by reductions at the 30%c and 
20%c positions, which achieved 37.4% and 27.3%, 
respectively, in comparison to the baseline configuration 
without VGs, as shown in Fig. 6. At α = 20°, the highest 
drag reduction was again recorded with the VG positioned 
at 25%c, achieving a 17.3% decrease in drag coefficient. 
This was followed by reductions of 10.3% and 8.3% for 
VG placements at 20% and 30% chord, respectively. The 
simulation outcomes demonstrate that positioning the VG 
at 25%c on the symmetric NACA 0021 airfoil yields a 
marked decrease in drag coefficient, accompanied by a 
significant improvement in lift performance, thereby 
contributing to stall delay. 

(3)

For the fine 3 - medium 2 grid pair:
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Table 4. Verification outcomes were obtained through the 
application of the GI method. 

Elements 
Number Cd GI Cl GI 

365,782 0.0356408 - 0.5978161 - 
733,522 0.0351602 0.032 0.6026012 0.022 

1,467,736 0.0354005 0.019 0.6118848 0.043 
2,935,503 0.0356692 0.060 0.6145331 0.013 

 
The order of convergence (p) estimates how fast the 
numerical solution improves with grid refinement. It is 
computed from solutions at successive grid levels and 
indicates how effectively discretization error is reduced. A 
p value close to the method’s formal accuracy shows 
consistent convergence, while deviations may indicate 
nonlinear effects or remaining numerical errors. 

𝑝𝑝𝑝𝑝 =
ln�𝜀𝜀𝜀𝜀32𝜀𝜀𝜀𝜀21

�

ln(𝑟𝑟𝑟𝑟)
 (1) 

Richardson extrapolation is used to estimate the solution 
on an infinitely fine grid: 

𝜙𝜙𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜙𝜙𝜙𝜙1 + 𝜙𝜙𝜙𝜙1−𝜙𝜙𝜙𝜙2
𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1

 (2) 

The GCI is calculated using the difference between 
solutions on refined grids, the grid refinement ratio, and 
the estimated order of convergence. A safety factor (Fs) is 
applied to provide a conservative estimate of numerical 
uncertainty, which is expressed as a percentage and used 
to assess the sensitivity of the solution to grid resolution. 
Fs = 1.25 is the safety factor recommended by Roache. A 
small GCI value indicates weak dependence of the 
numerical solution on grid resolution, whereas a large GCI 
value reflects significant sensitivity to grid refinement and 
non-negligible discretization errors. Formula of the GCI: 
For the medium 2 - coarse 1 grid pair: 

GCI21 = 𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠
∣𝜙𝜙𝜙𝜙1−𝜙𝜙𝜙𝜙2∣

∣𝜙𝜙𝜙𝜙1∣(𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1)
× 100% (3) 

For the fine 3 - medium 2 grid pair: 

GCI32 = 𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠
∣𝜙𝜙𝜙𝜙2−𝜙𝜙𝜙𝜙3∣

∣𝜙𝜙𝜙𝜙2∣(𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1)
× 100% (4) 

Table 5. Verification outcomes were obtained through the 
application of the GCI method. 

Elements 
Number Cd GCI Cl GCI 

365,782* 0.03564  0.59781  
733,522 0.03516 0.013 0.60260 0.011 

1,467,736 0.03540 0.009 0.61188 0.011 
2,935,503 0.03566  0.61453  
* preliminary mesh sensitivity check 

 
Verification of the asymptotic range confirms that the 
solution converges consistently with grid refinement. The 

GCI and refinement ratio indicate the solution lies within 
this range, so the associated numerical uncertainty is 
considered valid. 

GCI32
GCI21

≈ 𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 (5) 

In addition to the GI, it is also essential to assess the error 
ratio between two different grid resolutions, as the Grid 
Convergence Index (GCI) method serves as a valuable tool 
for understanding how errors decrease with increasing grid 
resolution. As shown in Table 5, In this verification 
process, numerical uncertainty is quantified using GCI 
method, which is based on the Generalized Richardson 
Extrapolation [35]. 

 
3 Result and Discussion 
3.1 Lift and Drag Coefficients  

The numerical simulation results were compared with 
experimental data using scale-resolving methods. Fig. 5 
illustrates the relationship between the lift coefficient and 
the variation of angle of attack (AoA), ranging from 0° to 
45°, with 5° intervals. The numerical simulations were 
conducted for a NACA 0021 airfoil equipped with 
rectangular VGs, arranged in a single row at various 
chordwise positions (20%c, 25%c, and 30%c). The height 
of each VG (h) was matched to the local boundary layer 
thickness (δ) at each corresponding placement position. 
The simulation results indicate that the addition of VGs 
leads to an increase in lift coefficient compared to the 
baseline configuration without VGs, particularly at α = 
15°. The most significant lift enhancement occurred at the 
30%c position, where the peak lift coefficient reached 
6.7%, followed by the 20%c position with a peak lift 
coefficient of 5.7%, and the 25%c position with 2.0%, all 
relative to the airfoil without VGs. At an angle of attack of 
20°, the greatest increase in lift coefficient 7.4% was 
achieved with the VGs positioned at 25% chord. 
Positioning them at 30%c yielded a 5.4% increase in lift 
coefficient, while placement at 20%c produced a 3.7% 
increase. 

The implementation of VGs on the airfoil led to a 
considerable reduction in the drag coefficient. The most 
significant reduction was recorded at the 25%c location, 
reaching 38.0%, followed by reductions at the 30%c and 
20%c positions, which achieved 37.4% and 27.3%, 
respectively, in comparison to the baseline configuration 
without VGs, as shown in Fig. 6. At α = 20°, the highest 
drag reduction was again recorded with the VG positioned 
at 25%c, achieving a 17.3% decrease in drag coefficient. 
This was followed by reductions of 10.3% and 8.3% for 
VG placements at 20% and 30% chord, respectively. The 
simulation outcomes demonstrate that positioning the VG 
at 25%c on the symmetric NACA 0021 airfoil yields a 
marked decrease in drag coefficient, accompanied by a 
significant improvement in lift performance, thereby 
contributing to stall delay. 

(4)

Table 5. Verification outcomes were obtained through the 
application of the GCI method.

Elements 
Number Cd GCI Cl GCI

365,782* 0.03564 0.59781

733,522 0.03516 0.013 0.60260 0.011

1,467,736 0.03540 0.009 0.61188 0.011

2,935,503 0.03566 0.61453

* preliminary mesh sensitivity check

Verification of the asymptotic range confirms that the so-
lution converges consistently with grid refinement. The 
GCI and refinement ratio indicate the solution lies within 
this range, so the associated numerical uncertainty is con-
sidered valid.
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Table 4. Verification outcomes were obtained through the 
application of the GI method. 

Elements 
Number Cd GI Cl GI 

365,782 0.0356408 - 0.5978161 - 
733,522 0.0351602 0.032 0.6026012 0.022 

1,467,736 0.0354005 0.019 0.6118848 0.043 
2,935,503 0.0356692 0.060 0.6145331 0.013 

 
The order of convergence (p) estimates how fast the 
numerical solution improves with grid refinement. It is 
computed from solutions at successive grid levels and 
indicates how effectively discretization error is reduced. A 
p value close to the method’s formal accuracy shows 
consistent convergence, while deviations may indicate 
nonlinear effects or remaining numerical errors. 

𝑝𝑝𝑝𝑝 =
ln�𝜀𝜀𝜀𝜀32𝜀𝜀𝜀𝜀21

�

ln(𝑟𝑟𝑟𝑟)
 (1) 

Richardson extrapolation is used to estimate the solution 
on an infinitely fine grid: 

𝜙𝜙𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜙𝜙𝜙𝜙1 + 𝜙𝜙𝜙𝜙1−𝜙𝜙𝜙𝜙2
𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1

 (2) 

The GCI is calculated using the difference between 
solutions on refined grids, the grid refinement ratio, and 
the estimated order of convergence. A safety factor (Fs) is 
applied to provide a conservative estimate of numerical 
uncertainty, which is expressed as a percentage and used 
to assess the sensitivity of the solution to grid resolution. 
Fs = 1.25 is the safety factor recommended by Roache. A 
small GCI value indicates weak dependence of the 
numerical solution on grid resolution, whereas a large GCI 
value reflects significant sensitivity to grid refinement and 
non-negligible discretization errors. Formula of the GCI: 
For the medium 2 - coarse 1 grid pair: 

GCI21 = 𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠
∣𝜙𝜙𝜙𝜙1−𝜙𝜙𝜙𝜙2∣

∣𝜙𝜙𝜙𝜙1∣(𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1)
× 100% (3) 

For the fine 3 - medium 2 grid pair: 

GCI32 = 𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠
∣𝜙𝜙𝜙𝜙2−𝜙𝜙𝜙𝜙3∣

∣𝜙𝜙𝜙𝜙2∣(𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝−1)
× 100% (4) 

Table 5. Verification outcomes were obtained through the 
application of the GCI method. 

Elements 
Number Cd GCI Cl GCI 

365,782* 0.03564  0.59781  
733,522 0.03516 0.013 0.60260 0.011 

1,467,736 0.03540 0.009 0.61188 0.011 
2,935,503 0.03566  0.61453  
* preliminary mesh sensitivity check 

 
Verification of the asymptotic range confirms that the 
solution converges consistently with grid refinement. The 

GCI and refinement ratio indicate the solution lies within 
this range, so the associated numerical uncertainty is 
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cant reduction was recorded at the 25%c location, reach-
ing 38.0%, followed by reductions at the 30%c and 20%c 
positions, which achieved 37.4% and 27.3%, respective-
ly, in comparison to the baseline configuration without 
VGs, as shown in Fig. 6. At α = 20°, the highest drag 
reduction was again recorded with the VG positioned at 
25%c, achieving a 17.3% decrease in drag coefficient. 

This was followed by reductions of 10.3% and 8.3% for 
VG placements at 20% and 30% chord, respectively. The 
simulation outcomes demonstrate that positioning the VG 
at 25%c on the symmetric NACA 0021 airfoil yields a 
marked decrease in drag coefficient, accompanied by a 
significant improvement in lift performance, thereby con-
tributing to stall delay.

Fig. 5. Lift Coefficient of the NACA 0021 foil Fig. 6. Drag Coefficient of the NACA 0021 foil

3.2	 The lift-to-drag (CL/CD) ratio

The CL/CD ratio is basically used to understand the shape 
when interacting with fluid. The coefficient of the CL/CD ra-
tio significantly influences the energy efficiency of wind tur-
bines by determining the optimal power coefficient. A higher 
CL/CD ratio allows for better hydrodynamic performance, 
leading to increased power output. CL represents how much 
useful force is generated, like the upward force on a wing or 
the driving force on a turbine blade. Meanwhile, CD repre-
sents the resistance that tries to slow everything down.

The CL/CD ratio tells us how efficiently a shape converts flu-
id flow into useful force compared to how much energy is 
lost to drag. A high CL/CD ratio means the design generates 
a lot of lift with little drag. This is what engineers prefer, as 
it means better performance and less wasted energy. On the 
other hand, a low ratio means the profile performs poorly. 

Fig. 7. Ratio CL/CD

This Fig. 7 compares the hydrodynamic efficiency (CL/
CD) of a standard wing profile against those equipped with 
VGs at various angles of attack (α). Overall, the addition 
of VGs consistently enhances the wing’s performance 
across all angles, with peak efficiency for every configura-
tion occurring at a 10°. Among the tested variations, plac-
ing the VG at the 30% position yields the most optimal 
results, achieving the highest lift-to-drag ratio compared 
to the baseline profile and other VG placements.

The CL/CD ratio improves when VGs are added to the 
original profile. The most noticeable improvement occurs 
when the VGs are placed at 30%c, resulting in a 21.4% 
increase. When positioned at 25%c, the ratio increases by 
16.5%, while placement at 20%c leads to a 14.2% im-
provement. Overall, these results show that the position 
of the VGs plays an important role in enhancing hydrody-
namic efficiency, with the 30%c position giving the best 
performance among the cases studied.

3.3	 Velocity field 

Fig. 8 illustrates the velocity magnitude contours around 
the airfoil for angles of attack ranging from α = 0° to 45°, 
comparing the profile with and without VG. The contour 
levels represent the local flow velocity, where low-veloc-
ity regions (blue) indicate flow deceleration and potential 
separation, while higher velocities (green to yellow) cor-
respond to accelerated flow regions.

At low angles of attack (α ≤ 10°), the flow remains pre-
dominantly attached over the airfoil surface for both con-
figurations. The velocity distribution is nearly identical, 
indicating that the inclusion of VG does not significantly 
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influence the flow field in the pre-separation regime. This 
is expected, as the boundary layer retains sufficient mo-
mentum to resist adverse pressure gradients.

As the angle of attack increases to moderate values (15° 
≤ α ≤ 25°), the onset of flow separation becomes evident 
in the baseline configuration. This is characterized by the 
emergence and downstream growth of a low-velocity re-
gion on the suction side. In contrast, the VG-equipped 
airfoil exhibits a noticeably reduced separated region. 
The presence of VG enhances momentum exchange 
within the boundary layer, thereby delaying separation 
and maintaining a more attached flow.

At higher angles of attack (α ≥ 30°), the disparity be-
tween the two configurations becomes substantial. The 

baseline airfoil develops a large separated flow region 
accompanied by an extensive low-velocity wake, indi-
cating significant flow detachment and degraded aero-
dynamic performance. Conversely, the VG configura-
tion demonstrates a more confined separation zone and 
a comparatively narrower wake. Although separation is 
not entirely suppressed, its spatial extent and intensity are 
clearly mitigated.

Overall, the results confirm that VGs are effective in de-
laying flow separation and reducing wake development 
under high-angle-of-attack conditions. This flow control 
mechanism contributes to improved aerodynamic char-
acteristics, particularly in sustaining lift and limiting drag 
increase in the near-stall and post-stall regimes.

Original foil witout VG Foil with VG Original foil witout VG Foil with VG

a = 0° a = 0° a = 25° a = 25°

a = 5° a = 5° a = 30° a = 30°

a = 10° a = 10° a = 35° a = 35°

a = 15° a = 15° a = 40° a = 40°

a = 20° a = 20° a = 45° a = 45°

Fig. 8. Velocity magnitude at different AoA for both, profile without and with VGs at 25%c.
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At higher angles of attack (α ≥ 30°), the baseline airfoil 
experiences extensive flow detachment, resulting in a 
large wake region and significant aerodynamic degrada-
tion. This is typically associated with a sharp decline in 
CL/CD. Conversely, the VG-equipped airfoil maintains a 
relatively more attached flow, with a smaller separation 
region and a more confined wake. This explains the abil-
ity of the VG configurations to sustain higher CL/CD val-
ues even in near-stall and post-stall conditions.

Overall, the contour visualization provides clear physical 
insight into the aerodynamic performance trends. The re-
duction in separation and wake size induced by VG leads 
to improved flow attachment, which directly translates 
into higher CL/CD. Therefore, the observed performance 
gains are not only quantitative but also strongly supported 
by the underlying flow physics.

When intermediate angles of attack (15° ≤ α ≤ 25°) are 
reached, the airfoil not using VG starts developing flow 
separation on the intake side, which can be seen from 
the emergence of a low-speed zone. On the other hand, 
the VG case demonstrates separation delay along with a 
smaller size. This effect is tightly related to the rise of 
CL/CD ratio values, since it is evident that the case with 
VG provides an increment in CL/CD equal to about 14.2% 
(20%c), 16.5% (25%c), and 21.4% (30%c) relative to the 
case without VG.

For a steady, incompressible, and frictionless flow along 
a streamline, Bernoulli’s principle holds that the sum of 
the fluid’s static pressure, its velocity‐dependent (dy-
namic) pressure, and its elevation (hydrostatic) pressure 
remains invariant:

p+0.5 ρv²+ρgh=constant (6)

In this expression, p represents the static pressure, ρ the 
density, ν the flow speed, g the acceleration due to gravity, 
and h the height above a chosen reference. Thus, regions 
of higher flow velocity correspond to lower static pressure 
(and vice versa), reflecting the fluid’s mechanical energy 
conservation. 

Along an airfoil, the flow speeds up over the curved upper 
surface and slows down along the lower surface. By Ber-
noulli’s principle, wherever the fluid velocity, v increases, 
the static pressure, p decrease so that constant along a 
given streamline. If it compares two streamlines-one just 
above the airfoil (speed, νtop) and one just below (speed, 
νbottom). Since νtop>νbottom, the pressure on the upper surface 
is lower than that on the lower surface. This net pressure 
difference integrated over the foil’s planform produces 
lift, which is the fundamental mechanism by which an 
airfoil generates the force. This result underpins devices 
and phenomena such as airfoil lift.

This is attributed to the vortices generated by the VGs, 
which follow a curved or helical trajectory downstream 
along the surface while transporting high-energy fluid 
from the free stream into the near-wall region. This mo-
mentum exchange helps delay separation by energizing 
the boundary layer. However, as the vortex convects 

downstream, it gradually decays due to viscous diffusion 
and interaction with surrounding flow structures. The rate 
of decay depends on factors such as the VG geometry, 
Reynolds number, and boundary layer characteristics 
[36]. A well-designed VG ensures that the vortex remains 
coherent over a sufficient length to maintain flow attach-
ment in critical regions of the airfoil.

3.4	 VG integration increases turbine power with a theo-
retical approach.

The integration of VGs into a (VACT) based on simula-
tion data and simplified calculations requires several as-
sumptions. This approach is intended solely to obtain a 
preliminary prediction of the impact of VG integration on 
the VACT’s performance. In general, achieving more ac-
curate predictions requires further simulations involving 
the entire rotating turbine to comprehensively explore its 
overall behavior.

Fig. 9 shows the change in a single blade’s speed vector 
over a single rotation. Even with constant rotating speed 
and wind speed, the resultant velocity and AoA vary in both 
direction and amplitude with azimuth angle. The upstream 
half-cycle (0° < θ < 180°) of the bar is positive, whereas the 
downstream half-cycle (180° < θ < 360°) is negative.

Fig. 9. Force and velocity vectors of a VAT [39]

Fig. 10. Velocity vectors at different azimuth angles [43]

The hydrodynamic performance of vertical-axis turbines 
is characterized by complex flow phenomena, including 



Vol. 21(1) 2026 11

cyclic variations in the angle of attack, dynamic stall ef-
fects, and strong flow interference between the upwind and 
downwind passes of the blades (Fig. 10). To address these 
challenges and to provide a computationally efficient pre-
dictive tool, Paraschivoiu, (2002) developed the Double-
Multiple Stream Tube (DMST) theory, an extension of the 
classical momentum and blade element theories, specifi-
cally tailored for Darrieus-type vertical axis turbines [37].

The fundamental principle of the DMST model is based 
on dividing the turbine’s swept area into several inde-
pendent stream tubes, each representing a discrete section 
of the flow field. Within each stream tube, the conserva-
tion of momentum is applied separately to the upwind and 
downwind regions of the turbine, hence the term double 
stream tube. This dual treatment allows for distinct in-
duced velocity distributions in both regions, reflecting the 
fact that the downstream flow has already been influenced 
by the energy extraction occurring in the upwind half.

Each stream tube is analyzed independently, and the inter-
action between the hydrodynamic forces generated by the 
blades and the local flow conditions is evaluated using a 
blade element approach. The local induced velocities are 
iteratively updated until the momentum balance between 
the air stream and the blade forces is satisfied. Through 
this iterative process, the model predicts the distribution 
of hydrodynamic loads, torque, and power coefficients 
across the turbine’s azimuthal positions.

The logical flow of the analysis is as follows: L and D 
forces are first transformed into normal (CN) and tangen-
tial (CT) force components, which are then used to com-
pute the elemental torque (Q). The elemental torque is in-
tegrated to obtain the total rotor torque (Qtotal), from which 
the mechanical power (P) and the power coefficient (CP) 
are subsequently determined.
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Since W, CT, and δ are functions of the blade azimuthal 
angle (θ), the torque produced by the blade varies over one 
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VACTs type-H usually uses a symmetrical profile as a 
turbine blade part because of its ability to maintain lift 
performance on both sides of the blade when the turbine 
rotates. NACA 0021 is a symmetrical blade profile with a 
maximum thickness of 21% chord at 30% chord from the 
leading edge. This profile also has a peak Cl value of 0.98 
[6]. In this study, VGs are applied to foils to investigate 
their functional effects between foils without and with VGs. 
The applied VGs are rectangular single-row VG arrays and 
counter-rotating configurations. 

 

Fig. 11. Vertical axis current ocean turbine, H-darrieus type with 
VGs 

Meanwhile, augmentation devices are used to alter the fluid 
flow behaviour around VACTs type-H by VG, where the 
VG is positioned on the blade surface in a configuration of 
a pair of VGs along the blade span, as represented in Fig. 
11. The dimensions, positions, configurations, and types of 
airfoils determine the success of adding a VG in producing 
vortex flow with stall delay, increasing lift, and reducing 
drag. The Darrieus turbine, which drives the VACT, is a 
lift-driven device. Increasing lift performance is expected 
to improve turbine efficiency and self-starting capability. 
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Meanwhile, augmentation devices are used to alter the fluid 
flow behaviour around VACTs type-H by VG, where the 
VG is positioned on the blade surface in a configuration of 
a pair of VGs along the blade span, as represented in Fig. 
11. The dimensions, positions, configurations, and types of 
airfoils determine the success of adding a VG in producing 
vortex flow with stall delay, increasing lift, and reducing 
drag. The Darrieus turbine, which drives the VACT, is a 
lift-driven device. Increasing lift performance is expected 
to improve turbine efficiency and self-starting capability. 
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Meanwhile, augmentation devices are used to alter the fluid 
flow behaviour around VACTs type-H by VG, where the 
VG is positioned on the blade surface in a configuration of 
a pair of VGs along the blade span, as represented in Fig. 
11. The dimensions, positions, configurations, and types of 
airfoils determine the success of adding a VG in producing 
vortex flow with stall delay, increasing lift, and reducing 
drag. The Darrieus turbine, which drives the VACT, is a 
lift-driven device. Increasing lift performance is expected 
to improve turbine efficiency and self-starting capability. 
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a pair of VGs along the blade span, as represented in Fig. 
11. The dimensions, positions, configurations, and types of 
airfoils determine the success of adding a VG in producing 
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drag. The Darrieus turbine, which drives the VACT, is a 
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Mechanical power (Pm) produced by the rotor is subse-
quently determined by the product of total torque and an-
gular velocity (ω):
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a pair of VGs along the blade span, as represented in Fig. 
11. The dimensions, positions, configurations, and types of 
airfoils determine the success of adding a VG in producing 
vortex flow with stall delay, increasing lift, and reducing 
drag. The Darrieus turbine, which drives the VACT, is a 
lift-driven device. Increasing lift performance is expected 
to improve turbine efficiency and self-starting capability.

Fig. 12. BRIN vertical-axis ocean current turbine prototype 
conducted in 2014 (BRIN-documents, 2014)

This section investigates the impact of VG installation on 
the variation of energy extracted by the VACT, which is 
assumed to harness hydrokinetic energy from ocean cur-
rents. Fig. 12 illustrates the preparation activities for the 
field trial of the BRIN vertical-axis ocean current turbine 
prototype conducted in 2014. In this study, the turbine 
prototype corresponds to the BRIN marine current tur-
bine previously tested in the Madura Strait, Indonesia. 
The turbine, equipped with NACA 0021 blades, has a 
diameter (D) of 3.6 m, a span (s) of 2.18 m, and a chord 
length (c) of 0.18 m. During field testing, the turbine op-
erated under ocean current velocities (v) ranging from 
0.6 to 1.10 m/s, with a cut-in speed of 0.6 m/s and a total 
power coefficient of 37% by Kasharjanto and Rahuna, 
(2017). Based on the field test conducted in the Madura 
Strait, Indonesia, the turbine generated 480 W of power 
at an ocean current velocity of 1.10 m/s [38].

In this study, it is demonstrated that integrating VGs with 
the turbine blades improves the flow characteristics around 
the blades, thereby increasing lift and reducing drag. The 
enhancement of lift contributes to stall delay and an increase 
in turbine torque, which ultimately leads to an improvement 
in the power performance of the vertical-axis marine cur-
rent turbine. Based on the predicted power enhancement, 
the addition of square-type VGs results in a 7.5% increase 
in power output, yielding 518 W. The simulation outcomes 
demonstrate that positioning the VG at 25% chord on the 
symmetric NACA 0021 airfoil yields a marked decrease in 
drag coefficient, accompanied by a significant improvement 
in lift performance, thereby contributing to stall delay.

4.	 Conclusion
This study investigated the effect of rectangular VGs on 
the hydrodynamic performance of the NACA 0021 hy-
drofoil used in a Vertical Axis Current Turbine (VACT) 
through CFD simulation using the k–ω SST turbulence 
model at a Re. 1.917 × 10⁵. The results show that the ad-
dition of VGs was able to improve the lift coefficient, re-

duce drag, delay flow separation, and enhance the overall 
hydrodynamic efficiency of the hydrofoil, especially at 
moderate to high angles of attack.

Among the tested configurations, the VG placed at 30%c 
produced the highest improvement in the lift-to-drag ra-
tio (CL/CD), reaching 21.4% compared to the clean hy-
drofoil. Meanwhile, the VG located at 25%c provided the 
most significant drag reduction and demonstrated strong 
capability in delaying stall. Flow visualization also con-
firmed that the VGs helped maintain flow attachment and 
reduced wake formation behind the hydrofoil, particularly 
in near-stall and post-stall conditions.

The improved aerodynamic characteristics directly con-
tributed to better turbine performance. Based on the theo-
retical prediction using the DMST approach, the integra-
tion of VGs on the VACT blade increased the estimated 
turbine power output from 480 W to 518 W, correspond-
ing to a power enhancement of approximately 7.5%. 
These findings indicate that VGs are a promising and 
practical passive flow-control device for improving the 
performance and self-starting capability of vertical-axis 
marine current turbines.

Although the present work was limited to steady-state 
simulations on a single blade, the study provides impor-
tant initial insights into the influence of VG placement on 
VACT performance. Future studies are recommended to 
include full rotating turbine simulations and unsteady flow 
analysis to better capture dynamic stall behavior and blade 
interaction effects under realistic operating conditions.
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Abstract

The aim of this study is to evaluate the energy and economic benefits of different Electric Vehicles (EV) charging strate-
gies within Renewable Energy Communities (REC) in Italy. The electrification process for mobility purposes will lead 
to increased and concentrated electricity demand that may lead to network congestion and other issues.  Distributed 
self-consumption combined with RECs and optimal control of EVs’ charging profiles may reduce the network stress and 
improve the economic benefits of stakeholders. A simulated case study is used to explore three cases in which 20 EVs 
(domestic and commercial): (i) are charged independently using a “standard” charging strategy, (ii) join a REC with 
other users and there aren’t modifications of EV charging profiles, (iii) implement smart charging strategies to inte-
grate with the REC via real-time control infrastructure. In this last case, EV charging power is controlled by a remote 
controller that monitors the production and consumption of all REC members and controls the EV charge to maximize 
energy sharing while respecting infrastructure and users’ constraints (e.g., guarantees of minimum SOC, EV maximum 
charging power, etc.). The developed algorithm firstly simulates all EV trips in a year starting from probability distribu-
tions for different parameters, recreating their location and availability for charging on a 15min timestep granularity; 
secondly, it computes the REC energy flows and assigns the charging power to all vehicles, based on the charging logic 
which changes across the cases. In conclusion, the paper shows how the EV smart charging and load shift can generate 
additional value in the form of incentives (+50%) to the REC, without creating disruptions in terms of mobility. 

Keywords: Renewable Energy Community (REC), Electric Vehicles, Load Shifting, Smart Charging, Shared Energy, 
Italian Policy

1.	 Introduction
The European Union has set the objective of achieving 
climate neutrality by 2050. To enable this energy tran-
sition, the European Green Deal proposes a series of 
legislative reforms. Its key objectives include reducing 
greenhouse gas emissions, increasing the share of renew-
able energy, promoting electrification, and enhancing 
energy efficiency. The central element of this strategy is 
empowerment and consumer engagement; the aim is to 
raise end-user awareness, facilitate access to information, 
and encourage active participation. For this purpose, new 

consumption models such as Energy Communities have 
been introduced at European level thanks to the Clean En-
ergy for All Europeans Package. This package includes 
the RED II Directive (2018/2001) [1], which introduced 
the concept of Renewable Energy Communities (REC), 
and Directive 2019/944 [2], which established Citizens’ 
Energy Communities (CEC). According to the RED II 
Directive, a REC is a legal entity based on open and vol-
untary participation by individuals, small and medium-
sized enterprises (SMEs), or local authorities located in 
proximity to renewable energy plants. Its primary purpose 
is not the financial profit, but the generation of environ-
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mental, economic, and social benefits for its members and 
the local community. In Italy, the RED II Directive was 
implemented in two phases: an experimental phase with 
Legislative Decree 162/2019 [3] and an operative phase 
with Decree-Law 199/2021 [4] with the full transposition 
of the RED II. The key aspects such as the incentive tariff 
for shared energy, the funds of the National Recovery and 
Resilience Plan (PNRR), and the requirements for access-
ing the incentives are defined in the Integrated Text for 
Diffused Self-Consumption (TIAD) published by the Reg-
ulatory Authority for Energy, Networks and the Environ-
ment [5], the Ministry Decree 414/2023 which regulates 
the incentives [6] and the Operating Rules issued by the 
Gestore Servizi Energetici (GSE) [7]. The legislation was 
subsequently updated to clarify certain provisions and to 
broaden access to PNRR funding. Italian legislation has 
introduced three specific configurations for renewable en-
ergy sharing, known as Self-Consumption Configurations 
for Renewable Energy Sharing (CACER):
•	 Renewable Energy Communities (REC): members 

share energy “virtually” through the national distribu-
tion grid.

•	 Group of Renewable Energy Self-Consumers Act-
ing Collectively: all members and systems are located 
within the same building or condominium.

•	 Individual Remote Self-Consumers of Renewable 
Energy: a single end customer produces renewable 
energy for their own consumption using systems that 
are not physically connected to their point of delivery.

The GSE incentivizes virtually shared energy in these 
configurations for 20 years, with a premium tariff that var-
ies between approximately €80 and €130/MWh, depend-
ing on plants’ capacities.

The empowerment of end consumers through these new 
consumption models aims to promote a more intelligent 
use of electricity and a more efficient use of the grid. In 
recent decades there has been a growing diffusion of dis-
tributed generation systems, and the electricity sector has 
undergone a deep transformation, moving from a cen-
tralized generation model (with a few large-scale power 
plants located “upstream” of the grid) to a decentralized 
generation model (with many small-scale plants distrib-
uted across the grid) [8]. These “distributed” generation 
plants mainly exploit renewable sources, in particular pho-
tovoltaic systems [9]. Photovoltaic generation plants have 
a “bell-shaped” production curve where the production is 
concentrated in the central hours of the day. However, the 
electricity consumption follows an inverse trend, peak-
ing in the late afternoon and evening hours. This temporal 
mismatch between generation and consumption can lead 
to several problems, such as difficulty in managing new bi-
directional power flows, voltage and frequency variations, 
overheating and consequent cable deterioration, and the 
well-known “Duck Curve” effect [10]. These phenomena 
can lead to greater grid instability, progressive deterioration 
of cables and protection devices, lower quality of service, 
etc. To ensure proper functioning of the electrical system, it 
is therefore necessary to invest in modernizing the national 
grid by developing the smart grid paradigm [11] and, at 
the same time, encourage more conscious electricity use by 
end consumers. Load management techniques such as load 

shifting allow part of consumption to be shifted to photo-
voltaic generation peak hours with consequent benefits for 
the electrical system. These load management techniques 
should be applied in sectors with a minimum level of con-
sumption flexibility, such as domestic sector (in this case, 
flexible loads are, for example, washing machines and dish-
washers). The effects on the electricity system caused by 
load shifting of flexible household appliances have already 
been studied [12]. That research highlighted the impacts 
on the grid promoted through different load management 
methodologies within a REC, in particular: (i) Demand 
Side Engagement, which involves spontaneous shifting of 
consumption by household users; and (ii) Optimal Demand 
Side Management, which involves optimized shifting of 
flexible loads to maximize the shared energy within the 
configuration. The impact of load shifting was analysed 
from both an energetic and economic prospective. The 
results highlighted how load management techniques can 
favour greater revenues deriving from incentives and from 
greater direct self-consumption of the energy produced by 
the systems. Within this study, however, the potential of 
storage systems and electric vehicles (EVs) to generate 
greater flexibility of final consumption was not evaluated. 
Several researchers have attempted to quantify the benefits 
generated by smart management of EV charging. Karam-
eros et al. [13] analysed the environmental and economic 
impacts promoted by applying a “hybrid” optimization 
algorithm based on a Hierarchical Analytical Process and 
a genetic algorithm in a microgrid. An optimization algo-
rithm is proposed, where buildings, photovoltaic plants, 
storage systems, and EVs (utilization of Vehicle to Grid 
technology, V2G) can efficiently meet the energy require-
ments and peak-hour energy demand, in both economic 
and sustainability terms. Moura et al. [14] investigated the 
increase in shared self-consumption and the reduction in 
electricity costs enabled by smart management of EVs in a 
case study located in Portugal. In this study, an optimiza-
tion methodology was applied to correctly schedule EVs 
charging with vehicles managed at a “community” level. 
The results show a significant reduction in costs and in-
creased local self-consumption of renewable energy under 
a “community based” EV management strategy compared 
to an “individual” management strategy for each building. 
Marcolin et al. [15] analysed various smart charging strate-
gies for EV charging profile scheduling based on data from 
a real workplace infrastructure. By applying a MILP–based 
control algorithm, they demonstrated the potential to sig-
nificantly mitigate system-level impact of EV charging, 
achieving a 40% reduction of total energy consumption 
from the grid and a 70% decrease in peak demand, without 
causing any incomplete charging events for end users and 
while generating operating cost savings ranging between 
33% and 70% depending on the considered case.

The international literature on EV smart charging main-
ly frames charging control as an optimization problem 
aimed at reducing costs, limiting grid impacts, or increas-
ing renewable self-consumption, often using forecasts of 
PV generation, demand, prices, or vehicle availability. 
However, real-time approaches have also been proposed 
to control EV charging directly from currently observed 
system conditions. Shern et al. [16] are one example of 
real-time EV smart control based on AI-based demand re-
sponse relying on load and generation forecasting.
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Despite this progress, existing research still pays lim-
ited attention to approaches that reduce reliance on AI, 
forecasting algorithms, and historical data. An example 
is represented by Wang et al. [17], which proposed a 
carbon-aware EV charging flexibility model which uses a 
Lyapunov prediction-free optimization responsive to grid 
carbon intensity. Forecasting-free approaches are relevant 
for REC applications too, where heterogeneous users, un-
certain mobility patterns, and limited observability can 
make forecast-based scheduling difficult or expensive to 
implement. Accordingly, this paper evaluates a transpar-
ent real-time rule-based methodology for distributed self-
consumption within a REC, in which the activation logic 
relies only on real-time consumption and generation. In-
stead of scheduling EV charging in advance or solving a 
forecast-based objective function, the controller estimates 
the current shared energy potential of the community and 
allocates charging power among connected EVs accord-
ing to SOC, charging-station limits, contractual power 
constraints, and user-comfort thresholds. The novelty of 
the study therefore lies in assessing whether a forecast-
free and objective-function-free control logic can still 
provide measurable energy and economic benefits, bridg-
ing the gap between highly optimized scheduling models 
and implementable REC-level control architectures.

2.	 CASE STUDY
The objective of this analysis is to assess the energy and 
economic benefits achievable through smart control of 
EV charging within a REC located in Italy, while proving 
whether a low technology and prediction-free algorithm 
can meet the users’ needs in terms of EV charge availabil-
ity for mobility demand. Accordingly, the calculation of 
revenues refers to the current Italian regulatory framework, 
considering the incentive to the amount of energy shared 
within the Energy Community [5]. The analysis highlights 
variation in energy self-consumption levels, both in terms 
of energy directly self-consumed at the user’s point of de-
livery (i.e., directly self-consumed energy) and in terms of 
energy “virtually” shared within the Energy Community 
(i.e., shared energy). Increased direct self-consumption of 
electricity from photovoltaic systems results in electricity 
bill savings, while increased shared energy generates ad-
ditional revenues for the REC due to higher incentive. 

It is observed that in the domestic sector, users who own an 
EV tend to recharge frequently outside the generation hours 
of photovoltaic systems [18]. In fact, these users often use 
their cars for commuting, meaning that during the central 

hours of the day the EV is not connected to the charging 
station (CS). Conversely, a company with a fleet of EVs 
that does not operate on weekends has greater charging 
flexibility [15]. In fact, on holidays the EVs are connected 
to the CSs but since there is no need to complete the charg-
ing quickly, the charging power can be controlled to maxi-
mize the energy shared within the Energy Community. This 
paper proposes a control algorithm which reduces the EV 
fast charging in favor of more flexible, incentive-driven, 
forecast-free and low-power recharge without occurring in 
service disruptions. Further details will be provided later 
regarding the modelling of the state of charge (SOC) of 
EVs, patterns of vehicle use, and the methodology adopted 
to control charging power with the aim of increasing shared 
energy within the Community. Based on these consid-
erations, an Energy Community was modelled in which a 
company equipped with a PV system for self-consumption 
and a fleet of Commercial Electric Vehicles (CEVs) par-
ticipates alongside various domestic users with different 
characteristics, who also own Domestic Electric Vehicles 
(DEVs). The following case studies have been identified:

•	 Reference Case (i.e. Ref Case): This scenario assesses 
the energy expenditure and energy flows of the config-
uration in its current state without the establishment of 
a REC (therefore, there are no revenues related to the 
incentive) and without the smart control of EV charg-
ing. Photovoltaic generation systems and EVs are still 
considered in this configuration. Table 1 summarizes 
the number of users by type, the capacity of the genera-
tion systems, the capacity of the storage systems and 
the number of EVs. The reported values for the various 
parameters refer to individual users. Therefore, there 
are users (domestic and commercial) who self-consume 
energy from generation plants (prosumers) and users 
who own an electric vehicle. The latter typically charge 
their vehicles based on their needs, always maintain-
ing a minimum charging rates and without any smart 
charging control. Since there is no REC, there are no 
revenues linked to the incentives applied to the shared 
energy. It is assumed that the commercial user has two 
points of delivery: a main point of delivery (i.e., main 
POD) to which all loads and the photovoltaic genera-
tion plant are connected, and a secondary point of de-
livery dedicated solely to the charging infrastructure 
(i.e., CSs POD). It is assumed that the number of CSs 
equals the number of cars in the company fleet (a total 
of 10 CSs). Domestic users who own generation plants 
are also equipped with electric storage systems.

ID Typology user Number Contractual 
power [kW] PV PV capacity 

[kW]
Storage capacity 

[kWh] EV EV 
Number

Prosumer Commercial 1 100 Yes 300 0 No -
Charging stations Commercial 1 500 No - - Yes 10

 HH Domestic 5 6 No - - No -
HH_PV Domestic 5 6 Yes 6* 10* No -
HH_EV Domestic 5 6 No - - Yes 1*

HH_PV_EV Domestic 5 6 Yes 6* 10* Yes 1*

*For each user

Table 1. Characteristics of the analyzed configuration.



Vol. 21(1) 2026 17

•	 Renewable Energy Community Case (i.e. REC Case): 
Compared to the Reference Case, there are no changes to 
the configuration, the same characteristics and number 
of users are reported in Table 1. However, in this case, 
users participate in a REC and benefit from the revenues 
associated with the incentive on energy virtually shared 
through the electricity grid. Consequently, revenues and 
thus energy expenditure for each individual user change. 
No modifications are applied to EV charging strategies, 
and the charging profiles remain unchanged compared to 
the Reference Case The only variations occur in econom-
ic flows: the REC introduces a new revenue stream and 
additional cost items for both the initial investment and 
operating costs, while energy flows remain unchanged. 
All assumptions regarding the systems and the commer-
cial user’s points of delivery also remain the same. All 
assumptions regarding the systems and the commercial 
user points of delivery also remain unchanged.

•	 Renewable Energy Community and Smart Charg-
ing Case (i.e. REC – SC Case): Once again, there 

are no changes to the configuration; the same char-
acteristics and number of users are reported in Table 
1. In this case, users also participate in REC and ben-
efit from the revenues associated with shared energy 
incentives. However, the charging profiles of EVs 
differ, and a “smart” charging strategy is applied to 
maximize the energy shared by the REC at any given 
time. Further details on the smart charging strategy 
are provided in the following sections. Smart control 
of EVs entails higher initial investment costs as well 
as higher operating costs related to measurement in-
struments, control tools, management platform, and 
so on. However, these extra costs and details on hard-
ware and software of the controlling equipment are 
not in the scope of this study.

The assumptions made for the various cases analyzed are 
summarized in Table 2.

The characteristics of the EVs and charging infrastructure 
simulated in this study are summarized in Table 3.

Cases Photovoltaic 
plants

Vehicles 
electric

Energy 
Community

Smart charging 
for EVs

Reference Case (Ref Case) Yes Yes No No

Renewable Energy Community Case (REC Case) Yes Yes Yes No

Renewable Energy Community and Smart Charging Case 
(REC - SC Case) Yes Yes Yes Yes

Table 2. Summary of the hypothesis for the different cases.

Table 3. Characteristics of EVs and charging stations.

Variable Domestic EV – DEV Commercial EV - CEV

Vehicle type Multi-purpose car Delivery Van

Battery capacity [kWh] 42 80

Battery Roundtrip efficiency [%] 90%

Dept of Discharge [%] 80%

Battery derating factor [%/cycle] 0.00635 (hypothesis SOH = 80% @ 3500 cycles)

EV max charging power [kW] 11 22

Charging station capacity [kW] 3.7 22

EV efficiency [kWh / 100km] 18.9 [19] 

Yearly distance covered [km] (approximate) 10,000 [20] 15,000 [20] 

The main parameters influencing the simulation of EVs 
are battery capacity, maximum charging power, and effi-
ciency (i.e. average electricity consumption per 100 km).

3.	 METHODOLOGY
The various case studies are compared from both an eco-
nomic and energy perspective. Specifically, the following 
KPIs are evaluated:

•	 Total annual energy shared by the REC: as shared 
energy increases, revenues from incentives rise, thereby 
improving the benefits for users within the configuration.

•	 Total annual incentive generated by the REC: as 
the incentive grows, the benefits for users of the con-
figuration increase accordingly.

•	 Charging power (PC) of EVs: charging power pro-
files of EVs are extracted, and average profiles are 
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determined for each typical day. Comparing these 
profiles across the different cases, it is possible to un-
derstand how charging power varies with the chosen 
charging strategy.

•	 State of Charge (SOC) of EVs: SOC profiles of EVs 
are extracted, and average profiles are determined for 
each typical day. Comparing these profiles across the 
different cases, allows an understanding of how SOC 
varies depending on the charging strategy. Further-
more, additional statistical insights can be obtained 
from box plots generated for each individual vehicle.

All these KPIs make it possible to evaluate how the eco-
nomic benefits vary and to assess how users’ “comfort” 
conditions change under different charging strategies.

To simulate the energy and economic flows of various us-
ers in the configuration and to model the operation of an 
Energy Community, the open-source Python library de-
veloped by RSE [21] was employed. The modelling of 
the EV charging with a “standard” strategy (StC logic) 
and with a “smart” strategy (SC logic) required the de-

velopment of a dedicated simulation module; the corre-
sponding implemented logic is described in the follow-
ing sections. All the functions used to model EV charging 
profiles (with different control strategies), along with the 
related documentation, are available in the open-source 
repository [21]. The following paragraphs briefly intro-
duce the key concepts underlying the methodology for 
simulating individual users’ energy and economic flows, 
the REC simulation framework, and the methodology for 
simulating EV charging profiles with different control 
strategies. More detailed information is available in the 
documentation attached to the online repository.

4.	 Energy Community Simulator
Figure 1 shows the operating scheme of the REC simula-
tor. While the electric vehicle model can be generalized, 
the energy shared and incentives calculations are tailored 
on the Italian context and regulatory framework, which 
play a relevant role in determining the EV smart charging 
control logics.

Fig. 1. Simulator workflow.

The simulator is composed of three different modules:
1.	 Electric Vehicle Model (EVM), This module 

determines the consumption profiles of elec-
tric vehicles (kWh/15min) and their presence 
at the charging infrastructure. EV consumption 
profiles represent the vehicles’ electricity use 

during different trips, while presence indicates 
whether the vehicle is connected to the charging 
station. To calculate these parameters, it is nec-
essary to know the EV characteristics (particu-
larly its efficiency), the traffic conditions affect-
ing vehicle speed, the type of trip (local road, 
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connecting road, or arterial road), the number 
of annual trips, and the departure time of each 
individual trip. More detailed information on 
the electric vehicle simulation methodology is 
provided later.

2.	 Energy Model (EM) simulates the electricity 
consumption of each individual user (both do-
mestic and commercial) as well as the produc-
tion of photovoltaic systems. In addition, EM 
calculates the net exchange profiles with the 
electricity grid for each user. Specifically, at 
each timestep it evaluates:
a.	 Electricity consumption for charging 

EVs, which depends on the state of charge 
of the vehicles when connected to the CS.

b.	 Energy consumed, i.e., the energy con-
sumed by the user for each instant of time, 
including the EVs consumption.

c.	 Energy produced, i.e. the energy generated 
by production plants at each instant of time.

d.	 Direct Energy self-consumption, i.e. the 
amount of energy produced by the genera-
tion plants that is immediately consumed 
by user loads.

e.	 Energy injected into the grid, i.e. surplus 
energy produced that is not directly con-
sumed by the user.

f.	 Energy drawn from the grid, i.e. the en-
ergy consumed by the user net of direct 
self-consumption.

Shared energy, defined by Italian law as the minimum be-
tween the total withdrawn energy by users participating in 
the REC and the total injected energy by users participat-
ing in the REC on an hourly basis [5]. Shared energy is 
calculated using Equation 1.
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Here N represents the number of members of the REC 
(consuming and/or producing) and t represents the 
specific hour.  
 Shared Energy Potential, defined as the difference 
between the total energy injected by users participating in 
the REC and the total energy withdrawn by those users on 
an hourly basis. Only positive values are considered, 
while negative values are set to zero. This metric 
evaluates the REC's hourly potential for shared energy. It 

indicates the additional amount of user withdrawals 
required in each hour to maximize shared energy and, 
consequently, incentive revenues. In this study, higher 
consumption is achieved by adjusting the charging power 
of EVs. The "smart" charging strategy is described in 
more detail in the following sections. The shared energy 
potential is calculated using Equation 2. 
 

 

𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 ���𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡

𝑀𝑀𝑀𝑀

𝑘𝑘𝑘𝑘

− 𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑡𝑡𝑡𝑡)� ; 0� (2) 

 
3. Financial Model (FM): these modules calculate 
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calculated using Equation 1, while the 
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through Equation 3, again calculated on an 
hourly basis. 
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8760

𝑡𝑡𝑡𝑡=1

 (3) 

Where 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡) is the hourly premium tariff, which 
depends on the power of the generation plants (𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) and 
the hourly zonal price of electricity (𝑍𝑍𝑍𝑍𝐹𝐹𝐹𝐹). The hourly FIP 

is calculated using Equation 4. 
 

 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = �
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤[100; 60 + max(0; 180 − 𝑍𝑍𝑍𝑍𝐹𝐹𝐹𝐹)] 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 �𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 > 600 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘�
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤[110; 70 + max(0; 180− 𝑍𝑍𝑍𝑍𝐹𝐹𝐹𝐹)] 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 �200 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 < 𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 < 600 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘�
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤[120; 80 + max(0; 180− 𝑍𝑍𝑍𝑍𝐹𝐹𝐹𝐹)] 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 �𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ≤ 200 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘�

 (4) 

The FIP also includes a correction factor based on the 
location of the systems, which accounts for the different 
levels of solar radiation across Italian territory (providing 
additional financial support for region with lower 
irradiation levels). 
In addition to the FIP, a bill tariff component is refunded, 
corresponding to the reduced network losses resulting 
from increased local self-consumption (valorization). 
This incentive is less significant than the FIP, but it is 
nevertheless calculated by the simulator. Further details 

on the calculation of this revenue component are provided 
in the Integrated Text for Diffused Self-Consumption [5]. 

 
5. Electric Vehicle Simulator 
The module was developed from the perspective of the 
individual user's mobility demand, following a bottom-up 
approach. The algorithm is divided into two sections: the 
first defines the mobility demand of EVs and their 
presence at the charging station (purple section in Figure 
1), while the second defines their charging strategy (green 

(1)
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b. Energy consumed, i.e., the energy 
consumed by the user for each instant of 
time, including the EVs consumption. 

c. Energy produced, i.e. the energy 
generated by production plants at each 
instant of time. 

d. Direct Energy self-consumption, i.e. 
the amount of energy produced by the 
generation plants that is immediately 
consumed by user loads. 

e. Energy injected into the grid, i.e. 

surplus energy produced that is not 
directly consumed by the user. 

f. Energy drawn from the grid, i.e. the 
energy consumed by the user net of 
direct self-consumption. 

 Shared energy, defined by Italian law as the minimum 
between the total withdrawn energy by users participating 
in the REC and the total injected energy by users 
participating in the REC on an hourly basis [5]. Shared 
energy is calculated using Equation 1. 
  

𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑡𝑡𝑡𝑡) = min��𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑡𝑡𝑡𝑡ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖,𝑡𝑡𝑡𝑡

𝑁𝑁𝑁𝑁

𝑖𝑖𝑖𝑖

;�𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖,𝑡𝑡𝑡𝑡

𝑁𝑁𝑁𝑁

𝑖𝑖𝑖𝑖

� (1) 

Here N represents the number of members of the REC 
(consuming and/or producing) and t represents the 
specific hour.  
 Shared Energy Potential, defined as the difference 
between the total energy injected by users participating in 
the REC and the total energy withdrawn by those users on 
an hourly basis. Only positive values are considered, 
while negative values are set to zero. This metric 
evaluates the REC's hourly potential for shared energy. It 

indicates the additional amount of user withdrawals 
required in each hour to maximize shared energy and, 
consequently, incentive revenues. In this study, higher 
consumption is achieved by adjusting the charging power 
of EVs. The "smart" charging strategy is described in 
more detail in the following sections. The shared energy 
potential is calculated using Equation 2. 
 

 

𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 ���𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡

𝑀𝑀𝑀𝑀

𝑘𝑘𝑘𝑘

− 𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑡𝑡𝑡𝑡)� ; 0� (2) 

 
3. Financial Model (FM): these modules calculate 

the revenues obtained by participation in the 
REC. According to Italian legislation [5] an 
incentive is granted on the amount of energy 
shared within the configuration. Shared energy is 

calculated using Equation 1, while the 
corresponding incentive revenues are obtained 
through Equation 3, again calculated on an 
hourly basis. 

 
 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = � 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡) × 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑡𝑡𝑡𝑡)
8760

𝑡𝑡𝑡𝑡=1

 (3) 

Where 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡) is the hourly premium tariff, which 
depends on the power of the generation plants (𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) and 
the hourly zonal price of electricity (𝑍𝑍𝑍𝑍𝐹𝐹𝐹𝐹). The hourly FIP 

is calculated using Equation 4. 
 

 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = �
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤[100; 60 + max(0; 180 − 𝑍𝑍𝑍𝑍𝐹𝐹𝐹𝐹)] 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 �𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 > 600 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘�
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤[110; 70 + max(0; 180− 𝑍𝑍𝑍𝑍𝐹𝐹𝐹𝐹)] 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 �200 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 < 𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 < 600 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘�
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤[120; 80 + max(0; 180− 𝑍𝑍𝑍𝑍𝐹𝐹𝐹𝐹)] 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 �𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ≤ 200 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘�

 (4) 

The FIP also includes a correction factor based on the 
location of the systems, which accounts for the different 
levels of solar radiation across Italian territory (providing 
additional financial support for region with lower 
irradiation levels). 
In addition to the FIP, a bill tariff component is refunded, 
corresponding to the reduced network losses resulting 
from increased local self-consumption (valorization). 
This incentive is less significant than the FIP, but it is 
nevertheless calculated by the simulator. Further details 

on the calculation of this revenue component are provided 
in the Integrated Text for Diffused Self-Consumption [5]. 

 
5. Electric Vehicle Simulator 
The module was developed from the perspective of the 
individual user's mobility demand, following a bottom-up 
approach. The algorithm is divided into two sections: the 
first defines the mobility demand of EVs and their 
presence at the charging station (purple section in Figure 
1), while the second defines their charging strategy (green 

(3)
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b. Energy consumed, i.e., the energy 
consumed by the user for each instant of 
time, including the EVs consumption. 

c. Energy produced, i.e. the energy 
generated by production plants at each 
instant of time. 

d. Direct Energy self-consumption, i.e. 
the amount of energy produced by the 
generation plants that is immediately 
consumed by user loads. 

e. Energy injected into the grid, i.e. 

surplus energy produced that is not 
directly consumed by the user. 

f. Energy drawn from the grid, i.e. the 
energy consumed by the user net of 
direct self-consumption. 

 Shared energy, defined by Italian law as the minimum 
between the total withdrawn energy by users participating 
in the REC and the total injected energy by users 
participating in the REC on an hourly basis [5]. Shared 
energy is calculated using Equation 1. 
  

𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑡𝑡𝑡𝑡) = min��𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑡𝑡𝑡𝑡ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖,𝑡𝑡𝑡𝑡

𝑁𝑁𝑁𝑁

𝑖𝑖𝑖𝑖

;�𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖,𝑡𝑡𝑡𝑡

𝑁𝑁𝑁𝑁

𝑖𝑖𝑖𝑖

� (1) 

Here N represents the number of members of the REC 
(consuming and/or producing) and t represents the 
specific hour.  
 Shared Energy Potential, defined as the difference 
between the total energy injected by users participating in 
the REC and the total energy withdrawn by those users on 
an hourly basis. Only positive values are considered, 
while negative values are set to zero. This metric 
evaluates the REC's hourly potential for shared energy. It 

indicates the additional amount of user withdrawals 
required in each hour to maximize shared energy and, 
consequently, incentive revenues. In this study, higher 
consumption is achieved by adjusting the charging power 
of EVs. The "smart" charging strategy is described in 
more detail in the following sections. The shared energy 
potential is calculated using Equation 2. 
 

 

𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 ���𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡

𝑀𝑀𝑀𝑀

𝑘𝑘𝑘𝑘

− 𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑡𝑡𝑡𝑡)� ; 0� (2) 

 
3. Financial Model (FM): these modules calculate 

the revenues obtained by participation in the 
REC. According to Italian legislation [5] an 
incentive is granted on the amount of energy 
shared within the configuration. Shared energy is 

calculated using Equation 1, while the 
corresponding incentive revenues are obtained 
through Equation 3, again calculated on an 
hourly basis. 
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 (3) 

Where 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡) is the hourly premium tariff, which 
depends on the power of the generation plants (𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) and 
the hourly zonal price of electricity (𝑍𝑍𝑍𝑍𝐹𝐹𝐹𝐹). The hourly FIP 

is calculated using Equation 4. 
 

 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = �
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 (4) 

The FIP also includes a correction factor based on the 
location of the systems, which accounts for the different 
levels of solar radiation across Italian territory (providing 
additional financial support for region with lower 
irradiation levels). 
In addition to the FIP, a bill tariff component is refunded, 
corresponding to the reduced network losses resulting 
from increased local self-consumption (valorization). 
This incentive is less significant than the FIP, but it is 
nevertheless calculated by the simulator. Further details 

on the calculation of this revenue component are provided 
in the Integrated Text for Diffused Self-Consumption [5]. 

 
5. Electric Vehicle Simulator 
The module was developed from the perspective of the 
individual user's mobility demand, following a bottom-up 
approach. The algorithm is divided into two sections: the 
first defines the mobility demand of EVs and their 
presence at the charging station (purple section in Figure 
1), while the second defines their charging strategy (green 

(4)
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b. Energy consumed, i.e., the energy 
consumed by the user for each instant of 
time, including the EVs consumption. 

c. Energy produced, i.e. the energy 
generated by production plants at each 
instant of time. 

d. Direct Energy self-consumption, i.e. 
the amount of energy produced by the 
generation plants that is immediately 
consumed by user loads. 

e. Energy injected into the grid, i.e. 

surplus energy produced that is not 
directly consumed by the user. 

f. Energy drawn from the grid, i.e. the 
energy consumed by the user net of 
direct self-consumption. 

 Shared energy, defined by Italian law as the minimum 
between the total withdrawn energy by users participating 
in the REC and the total injected energy by users 
participating in the REC on an hourly basis [5]. Shared 
energy is calculated using Equation 1. 
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𝑖𝑖𝑖𝑖
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� (1) 

Here N represents the number of members of the REC 
(consuming and/or producing) and t represents the 
specific hour.  
 Shared Energy Potential, defined as the difference 
between the total energy injected by users participating in 
the REC and the total energy withdrawn by those users on 
an hourly basis. Only positive values are considered, 
while negative values are set to zero. This metric 
evaluates the REC's hourly potential for shared energy. It 

indicates the additional amount of user withdrawals 
required in each hour to maximize shared energy and, 
consequently, incentive revenues. In this study, higher 
consumption is achieved by adjusting the charging power 
of EVs. The "smart" charging strategy is described in 
more detail in the following sections. The shared energy 
potential is calculated using Equation 2. 
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3. Financial Model (FM): these modules calculate 

the revenues obtained by participation in the 
REC. According to Italian legislation [5] an 
incentive is granted on the amount of energy 
shared within the configuration. Shared energy is 

calculated using Equation 1, while the 
corresponding incentive revenues are obtained 
through Equation 3, again calculated on an 
hourly basis. 

 
 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = � 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡) × 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑡𝑡𝑡𝑡)
8760

𝑡𝑡𝑡𝑡=1

 (3) 

Where 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡) is the hourly premium tariff, which 
depends on the power of the generation plants (𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) and 
the hourly zonal price of electricity (𝑍𝑍𝑍𝑍𝐹𝐹𝐹𝐹). The hourly FIP 

is calculated using Equation 4. 
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The FIP also includes a correction factor based on the 
location of the systems, which accounts for the different 
levels of solar radiation across Italian territory (providing 
additional financial support for region with lower 
irradiation levels). 
In addition to the FIP, a bill tariff component is refunded, 
corresponding to the reduced network losses resulting 
from increased local self-consumption (valorization). 
This incentive is less significant than the FIP, but it is 
nevertheless calculated by the simulator. Further details 

on the calculation of this revenue component are provided 
in the Integrated Text for Diffused Self-Consumption [5]. 

 
5. Electric Vehicle Simulator 
The module was developed from the perspective of the 
individual user's mobility demand, following a bottom-up 
approach. The algorithm is divided into two sections: the 
first defines the mobility demand of EVs and their 
presence at the charging station (purple section in Figure 
1), while the second defines their charging strategy (green 

(2)

Here N represents the number of members of the REC (con-
suming and/or producing) and t represents the specific hour. 

Shared Energy Potential, defined as the difference be-
tween the total energy injected by users participating in 
the REC and the total energy withdrawn by those users 
on an hourly basis. Only positive values are considered, 
while negative values are set to zero. This metric evalu-

ates the REC’s hourly potential for shared energy. It indi-
cates the additional amount of user withdrawals required 
in each hour to maximize shared energy and, consequent-
ly, incentive revenues. In this study, higher consumption 
is achieved by adjusting the charging power of EVs. The 
“smart” charging strategy is described in more detail in 
the following sections. The shared energy potential is cal-
culated using Equation 2.

3.	 Financial Model (FM): these modules calcu-
late the revenues obtained by participation in the 
REC. According to Italian legislation [5] an in-
centive is granted on the amount of energy shared 

within the configuration. Shared energy is calcu-
lated using Equation 1, while the corresponding 
incentive revenues are obtained through Equation 
3, again calculated on an hourly basis.

Where  is the hourly premium tariff, which depends on 
the power of the generation plants () and the hourly zonal 

price of electricity (). The hourly FIP is calculated using 
Equation 4.

The FIP also includes a correction factor based on the loca-
tion of the systems, which accounts for the different levels of 
solar radiation across Italian territory (providing additional 
financial support for region with lower irradiation levels).

In addition to the FIP, a bill tariff component is refund-

ed, corresponding to the reduced network losses result-
ing from increased local self-consumption (valorization). 
This incentive is less significant than the FIP, but it is nev-
ertheless calculated by the simulator. Further details on 
the calculation of this revenue component are provided 
in the Integrated Text for Diffused Self-Consumption [5].
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5.	 Electric Vehicle Simulator
The module was developed from the perspective of the 
individual user’s mobility demand, following a bottom-
up approach. The algorithm is divided into two sections: 
the first defines the mobility demand of EVs and their 
presence at the charging station (purple section in Fig-
ure 1), while the second defines their charging strategy 
(green box in Figure 1). The first section of the algorithm 
therefore characterizes each individual trip of the differ-
ent vehicles using a probabilistic approach, as described 
in the following steps:

1.	 The parameters of each vehicle, the characteris-
tics of the charging infrastructure, and the usage 
habits of different user types (e.g. annual mile-
age, number of trips, etc.) are specified.

2.	 Daily probability distributions of vehicle move-
ments are provided on a quarter-hourly basis and 
for typical days (workdays, Saturdays, and Sun-
days). In addition, weekly correction factors are 
applied to simulate different usage patterns across 
seasons. User-defined quarter-hourly departure 
probability profiles are then generated for the en-
tire simulation period (1 year, 20 years, etc.), for 
each type of vehicle use (e.g., family use, com-
muting, commercial vehicle, heavy transport, 
forklift, etc.). Figure 2 shows the departure prob-
ability distributions for different day types and 
uses (Commercial EVs and Domestic EVs).

3.	 Depending on the specified type of use, an arbi-
trary value is assigned to the shape factor of the 
Weibull function, which defines the distribution 

of trip distances. This factor describes the shape 
of the distribution and affects both the standard 
deviation and the proximity of the mean value to 
zero. Based on the shape factor and the number 
of trips provided by the user, a function then cal-
culates the scaling factor of the Weibull function 
to match the desired annual distance travelled 
(within a tolerance of a few hundred km).

4.	 Once these values are defined, a function itera-
tively simulates vehicle’s movements, based on:
a.	 Departure time derived from the prob-

ability of distribution of trip departures.
b.	 Distance generated using the Weibull 

function.
c.	 Vehicle destinations are defined as either 

a charging point (e.g., a wall box at home) 
or a generic destination without charging. 
Public charging stations are not considered 
in this study, as they are irrelevant to the 
current research.

Given the departure time and destination, each trip is 
divided into 15-minute intervals, considering the aver-
age vehicle speed according to the road type assumed for 
that segment (Local or “L”, Connection or “C”, Arterial 
or “A”) and the estimated traffic conditions based on the 
time of day and day of the week. Table 4 summarizes the 
average speeds and distances travelled for the different 
road types.

Figure 3 shows the speed correction factors as a function 
of the time and type of day.

Table 4. Average travel speed and average distance 
traveled for different types of roads.

Functional Road Class Section Average speed [km/h] Distance from departure/
arrival venue [km]

Local Roads L 15 2

Connector Roads C 30 5

Arterial Roads A 100 n.a.

Fig. 2. Probability of electric vehicle departure for different days of the week and for different vehicle types  
(commercial on the left and domestic on the right).

(a) (b)
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The average speed of the vehicle, the distance travelled, 
and the arrival time at the destination are then calculated. 
Once at its destination, the vehicle remains idle until the 
next trip. This procedure is repeated for each trip and each 
vehicle over the entire simulation horizon, resulting in a 
mobility demand matrix expressed in km per 15 min.

5.	 From the mobility demand matrix, the travel-re-
lated electricity consumption matrix is derived, 
converting km per 15 min into kWh per 15 min 
by applying an appropriate conversion factor. 
This factor may depend on the average speed at 
that moment, the outside temperature (and thus 
the season), and the characteristics of the indi-
vidual vehicle (different make and model with 
varying performance). At present, a fixed con-
version factor is applied.

6.	 For each trip, the vehicle’s position relative to its 
reference charging point is tracked at each mo-
ment in time. A function determines whether the 
user, upon arriving at the charging point, connects 
the vehicle to the CS or not. This makes it possible 
to simulate different behaviors among users with 
varying charging habits, including those who may 
choose not to connect their EV to the CS.

This entire section of the algorithm is used to determine 
mobility demand (expressed in kWh per 15 minutes) and 
the presence of the electric vehicle at the CS. 

At this point, as the energy demand for mobility is ob-
tained, the EV charging and discharging algorithm steps 
in governing the battery energy flows. For each simulation 
timestep t, the model receives a theoretical energy flow 
at the battery terminals (positive if the charging power, 
negative if requested by the EV engine) and determines 
the actual battery behavior by considering charging/dis-
charging efficiencies and SOC operational constraints. 
The model considers also losses for roundtrip efficiency, 
battery derating from aging effect. Starting from the SOC 
from the t-1 interval (here considered in kWh) and the 
theoretical energy flows at time t, the model computes the 

Fig. 3. Average speed correction factors due to traffic on different days of the week.

real flows by checking the battery constraints and apply-
ing the losses (gross and net are before and after applying 
the conversion efficiency). The model replicates the cal-
culation iteratively. The model provides a computation-
ally efficient representation suitable for large-scale energy 
simulations while neglecting voltage dynamics, thermal 
behavior, and power-dependent battery characteristics.

Describing the process with the equations, at each timestep, 
the theoretical energy exchanged at the battery terminals is 
partitioned into charging and discharging components:
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The average speed of the vehicle, the distance 
travelled, and the arrival time at the destination 
are then calculated. Once at its destination, the 
vehicle remains idle until the next trip. This 
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where d is the battery derating factor to include loss of 
capacity due to aging (for single cycle, assumed constant 
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time t since commissioning, C is the battery rated capacity 
and DoD is the Dept od Discharge.  
The SOC evolution is obtained by applying the 
corresponding efficiency-adjusted energy variation and 
enforcing minimum and maximum SOC constraints that 
represent the allowable operating range of the battery. 

(5)
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Conversion losses are represented through a half-cycle ef-
ficiency parameter, assumed identical for charge and dis-
charge processes:
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𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡 =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡 ∗ (1− 𝐷𝐷𝐷𝐷𝑝𝑝𝑝𝑝𝐷𝐷𝐷𝐷) (9) 

 
where d is the battery derating factor to include loss of 
capacity due to aging (for single cycle, assumed constant 
during the battery lifetime), N the number of cycles at 
time t since commissioning, C is the battery rated capacity 
and DoD is the Dept od Discharge.  
The SOC evolution is obtained by applying the 
corresponding efficiency-adjusted energy variation and 
enforcing minimum and maximum SOC constraints that 
represent the allowable operating range of the battery. 

(7)

where ε denotes the efficiency. The upper and lower 
charge boundaries (SOC, indicated in kWh) are computed 
based on the cycling historical information of the battery: 
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The average speed of the vehicle, the distance 
travelled, and the arrival time at the destination 
are then calculated. Once at its destination, the 
vehicle remains idle until the next trip. This 
procedure is repeated for each trip and each 
vehicle over the entire simulation horizon, 
resulting in a mobility demand matrix expressed 
in km per 15 min. 

5. From the mobility demand matrix, the travel-
related electricity consumption matrix is derived, 
converting km per 15 min into kWh per 15 min 
by applying an appropriate conversion factor. 
This factor may depend on the average speed at 
that moment, the outside temperature (and thus 
the season), and the characteristics of the 
individual vehicle (different make and model 
with varying performance). At present, a fixed 
conversion factor is applied. 

6. For each trip, the vehicle's position relative to its 
reference charging point is tracked at each 
moment in time. A function determines whether 
the user, upon arriving at the charging point, 
connects the vehicle to the CS or not. This makes 
it possible to simulate different behaviors among 
users with varying charging habits, including 
those who may choose not to connect their EV to 
the CS. 

This entire section of the algorithm is used to determine 
mobility demand (expressed in kWh per 15 minutes) and 
the presence of the electric vehicle at the CS.  
At this point, as the energy demand for mobility is 
obtained, the EV charging and discharging algorithm 
steps in governing the battery energy flows. For each 
simulation timestep t, the model receives a theoretical 
energy flow at the battery terminals (positive if the 
charging power, negative if requested by the EV engine) 
and determines the actual battery behavior by considering 
charging/discharging efficiencies and SOC operational 
constraints. The model considers also losses for roundtrip 
efficiency, battery derating from aging effect. Starting 
from the SOC from the t-1 interval (here considered in 
kWh) and the theoretical energy flows at time t, the model 
computes the real flows by checking the battery 

constraints and applying the losses (gross and net are 
before and after applying the conversion efficiency). The 
model replicates the calculation iteratively. The model 
provides a computationally efficient representation 
suitable for large-scale energy simulations while 
neglecting voltage dynamics, thermal behavior, and 
power-dependent battery characteristics. 
Describing the process with the equations, at each 
timestep, the theoretical energy exchanged at the battery 
terminals is partitioned into charging and discharging 
components: 
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𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤�0; 𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 � (6) 

 
Conversion losses are represented through a half-cycle 
efficiency parameter, assumed identical for charge and 
discharge processes: 
 

𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  �𝜀𝜀𝜀𝜀𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟  (7) 

 
where ε denotes the efficiency. The upper and lower 
charge boundaries (SOC, indicated in kWh) are computed 
based on the cycling historical information of the battery:  
 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡 =  (1− 𝑎𝑎𝑎𝑎)𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡 ∗ 𝐶𝐶𝐶𝐶 (8) 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡 =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡 ∗ (1− 𝐷𝐷𝐷𝐷𝑝𝑝𝑝𝑝𝐷𝐷𝐷𝐷) (9) 

 
where d is the battery derating factor to include loss of 
capacity due to aging (for single cycle, assumed constant 
during the battery lifetime), N the number of cycles at 
time t since commissioning, C is the battery rated capacity 
and DoD is the Dept od Discharge.  
The SOC evolution is obtained by applying the 
corresponding efficiency-adjusted energy variation and 
enforcing minimum and maximum SOC constraints that 
represent the allowable operating range of the battery. 

(8)
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The average speed of the vehicle, the distance 
travelled, and the arrival time at the destination 
are then calculated. Once at its destination, the 
vehicle remains idle until the next trip. This 
procedure is repeated for each trip and each 
vehicle over the entire simulation horizon, 
resulting in a mobility demand matrix expressed 
in km per 15 min. 

5. From the mobility demand matrix, the travel-
related electricity consumption matrix is derived, 
converting km per 15 min into kWh per 15 min 
by applying an appropriate conversion factor. 
This factor may depend on the average speed at 
that moment, the outside temperature (and thus 
the season), and the characteristics of the 
individual vehicle (different make and model 
with varying performance). At present, a fixed 
conversion factor is applied. 

6. For each trip, the vehicle's position relative to its 
reference charging point is tracked at each 
moment in time. A function determines whether 
the user, upon arriving at the charging point, 
connects the vehicle to the CS or not. This makes 
it possible to simulate different behaviors among 
users with varying charging habits, including 
those who may choose not to connect their EV to 
the CS. 

This entire section of the algorithm is used to determine 
mobility demand (expressed in kWh per 15 minutes) and 
the presence of the electric vehicle at the CS.  
At this point, as the energy demand for mobility is 
obtained, the EV charging and discharging algorithm 
steps in governing the battery energy flows. For each 
simulation timestep t, the model receives a theoretical 
energy flow at the battery terminals (positive if the 
charging power, negative if requested by the EV engine) 
and determines the actual battery behavior by considering 
charging/discharging efficiencies and SOC operational 
constraints. The model considers also losses for roundtrip 
efficiency, battery derating from aging effect. Starting 
from the SOC from the t-1 interval (here considered in 
kWh) and the theoretical energy flows at time t, the model 
computes the real flows by checking the battery 

constraints and applying the losses (gross and net are 
before and after applying the conversion efficiency). The 
model replicates the calculation iteratively. The model 
provides a computationally efficient representation 
suitable for large-scale energy simulations while 
neglecting voltage dynamics, thermal behavior, and 
power-dependent battery characteristics. 
Describing the process with the equations, at each 
timestep, the theoretical energy exchanged at the battery 
terminals is partitioned into charging and discharging 
components: 
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Conversion losses are represented through a half-cycle 
efficiency parameter, assumed identical for charge and 
discharge processes: 
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where ε denotes the efficiency. The upper and lower 
charge boundaries (SOC, indicated in kWh) are computed 
based on the cycling historical information of the battery:  
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where d is the battery derating factor to include loss of 
capacity due to aging (for single cycle, assumed constant 
during the battery lifetime), N the number of cycles at 
time t since commissioning, C is the battery rated capacity 
and DoD is the Dept od Discharge.  
The SOC evolution is obtained by applying the 
corresponding efficiency-adjusted energy variation and 
enforcing minimum and maximum SOC constraints that 
represent the allowable operating range of the battery. 

(9)

where d is the battery derating factor to include loss of 
capacity due to aging (for single cycle, assumed constant 
during the battery lifetime), N the number of cycles at 
time t since commissioning, C is the battery rated capac-
ity and DoD is the Dept od Discharge. 



22 Engineering Power

The SOC evolution is obtained by applying the corre-
sponding efficiency-adjusted energy variation and en-
forcing minimum and maximum SOC constraints that 
represent the allowable operating range of the battery. 
Whenever the unconstrained SOC exceeds these limits, 
the stored energy is saturated accordingly:

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– Engineering Power 
 

Whenever the unconstrained SOC exceeds these limits, 
the stored energy is saturated accordingly: 
 

�
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶max,t; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 > 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡
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 (10) 
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 (11) 

 
Conversion losses are represented through a half-cycle 
efficiency parameter, assumed identical for charge and 
discharge processes. The actual terminal energy exchange 
and the associated energy losses are subsequently 
recalculated from the constrained SOC variation, 
ensuring consistency between battery operation, 
efficiency effects, and capacity limitations: 
 

𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 (12) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (13) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 (14) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (15) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  ∗  𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (16) 
 

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡  =  |𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  −  𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 |  
+ �𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  
−  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � 

(17) 

 
The outputs of the module are the updated SOC and the 
corrected charging/discharging energy flows at the 
terminals for timestep t. 
 
At this stage, the EVs charging strategy can be defined, 
which determines the user's electricity consumption due 
to charging. Two charging strategies are modelled: 

• Standard charging strategy (StC logic), in this 
case EVs, once connected to the CS, are charged 
at the maximum available charging power. This 
maximum charging power depends on the 
contractual power of the delivery point, the user's 
concurrent consumption, the maximum power 
deliverable by 𝑡𝑡𝑡𝑡 the CS and the EV maximum 
charging power. The maximum charging power 
is calculated using Equation 18. 

 
 

𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ��𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 −�𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)
𝑖𝑖𝑖𝑖

� ;  𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚;𝐹𝐹𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚� (18) 

Where 𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the contractual power of the delivery 
point, reported in Table 1, 𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) is the power of the 
i-th load at time 𝑡𝑡𝑡𝑡, 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the CS, and 𝐹𝐹𝐹𝐹 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the electric vehicle. It was assumed that the 
commercial user’s EV charging point includes a 
contractual power limiter, even though Italian legislation 
allows the installation of delivery points without a limiter 
and thus without any contractual power restriction. 

• “Smart” charging strategy (SC logic), This 
charging strategy is applied to both Commercial 
and Domestic EVs). Charging is prevented if no 
shared energy potential is available, and it can be 
partially limited or even suspended when 
necessary. Charging power is modulated by 
adjusting the variation ranges as the SOC 
changes. Specifically, a minimum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) and a maximum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚) are defined as a function of 
the EV’s SOC (Figure 4). The charging 
measurement, management, and control system 
checks whether shared energy potential is 
available in the configuration and adjusts 
charging power accordingly within the power 
ranges described below. On working days 
(except for Friday, Figure 4a), vehicles always 
charge at maximum power up to a SOC equal to 
40%. Between 40% and 70% of the SOC, 
partial power can be achieved up to 40% of 

𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚. Beyond 70%, charging can be further 
reduced without limits, even to the point of 
cancellation. On Fridays (Figure 4b), vehicles 
charge at the maximum power when SOC is less 
than 40%, while SOC values above 40% 
charging can be reduced to 0%, since rapid 
completion of charging is not required. On 
Saturdays and Sundays (Figures 4c and 4d 
respectively), charging power ranges are wider, 
allowing for greater flexibility. After Sunday 
midnight, however, a stricter limit is reinstated as 
the weekday strategy applies again. The 40% 
SOC threshold ensures a minimum level of 
charge, reducing the risk of EVs not having 
sufficient energy for travel. The specific 
different distribution adopted for Fridays was 
designed to avoid full charging and to preserve 
flexibility that can be exploited during the 
weekend, when EVs are generally unused. 
Summarizing, part of the charging is prioritized 
for workdays and during the production period of 
the generation plants. 

(10)
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Whenever the unconstrained SOC exceeds these limits, 
the stored energy is saturated accordingly: 
 

�
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶max,t; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 > 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   ; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1  + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ;   𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 (10) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶%,𝑡𝑡𝑡𝑡 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡
 (11) 

 
Conversion losses are represented through a half-cycle 
efficiency parameter, assumed identical for charge and 
discharge processes. The actual terminal energy exchange 
and the associated energy losses are subsequently 
recalculated from the constrained SOC variation, 
ensuring consistency between battery operation, 
efficiency effects, and capacity limitations: 
 

𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 (12) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (13) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 (14) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (15) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  ∗  𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (16) 
 

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡  =  |𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  −  𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 |  
+ �𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  
−  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � 

(17) 

 
The outputs of the module are the updated SOC and the 
corrected charging/discharging energy flows at the 
terminals for timestep t. 
 
At this stage, the EVs charging strategy can be defined, 
which determines the user's electricity consumption due 
to charging. Two charging strategies are modelled: 

• Standard charging strategy (StC logic), in this 
case EVs, once connected to the CS, are charged 
at the maximum available charging power. This 
maximum charging power depends on the 
contractual power of the delivery point, the user's 
concurrent consumption, the maximum power 
deliverable by 𝑡𝑡𝑡𝑡 the CS and the EV maximum 
charging power. The maximum charging power 
is calculated using Equation 18. 

 
 

𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ��𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 −�𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)
𝑖𝑖𝑖𝑖

� ;  𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚;𝐹𝐹𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚� (18) 

Where 𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the contractual power of the delivery 
point, reported in Table 1, 𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) is the power of the 
i-th load at time 𝑡𝑡𝑡𝑡, 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the CS, and 𝐹𝐹𝐹𝐹 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the electric vehicle. It was assumed that the 
commercial user’s EV charging point includes a 
contractual power limiter, even though Italian legislation 
allows the installation of delivery points without a limiter 
and thus without any contractual power restriction. 

• “Smart” charging strategy (SC logic), This 
charging strategy is applied to both Commercial 
and Domestic EVs). Charging is prevented if no 
shared energy potential is available, and it can be 
partially limited or even suspended when 
necessary. Charging power is modulated by 
adjusting the variation ranges as the SOC 
changes. Specifically, a minimum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) and a maximum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚) are defined as a function of 
the EV’s SOC (Figure 4). The charging 
measurement, management, and control system 
checks whether shared energy potential is 
available in the configuration and adjusts 
charging power accordingly within the power 
ranges described below. On working days 
(except for Friday, Figure 4a), vehicles always 
charge at maximum power up to a SOC equal to 
40%. Between 40% and 70% of the SOC, 
partial power can be achieved up to 40% of 

𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚. Beyond 70%, charging can be further 
reduced without limits, even to the point of 
cancellation. On Fridays (Figure 4b), vehicles 
charge at the maximum power when SOC is less 
than 40%, while SOC values above 40% 
charging can be reduced to 0%, since rapid 
completion of charging is not required. On 
Saturdays and Sundays (Figures 4c and 4d 
respectively), charging power ranges are wider, 
allowing for greater flexibility. After Sunday 
midnight, however, a stricter limit is reinstated as 
the weekday strategy applies again. The 40% 
SOC threshold ensures a minimum level of 
charge, reducing the risk of EVs not having 
sufficient energy for travel. The specific 
different distribution adopted for Fridays was 
designed to avoid full charging and to preserve 
flexibility that can be exploited during the 
weekend, when EVs are generally unused. 
Summarizing, part of the charging is prioritized 
for workdays and during the production period of 
the generation plants. 

(11)

Conversion losses are represented through a half-cycle 
efficiency parameter, assumed identical for charge and 
discharge processes. The actual terminal energy ex-
change and the associated energy losses are subsequently 
recalculated from the constrained SOC variation, ensur-
ing consistency between battery operation, efficiency ef-
fects, and capacity limitations:
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Whenever the unconstrained SOC exceeds these limits, 
the stored energy is saturated accordingly: 
 

�
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶max,t; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 > 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   ; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1  + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ;   𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 (10) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶%,𝑡𝑡𝑡𝑡 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡
 (11) 

 
Conversion losses are represented through a half-cycle 
efficiency parameter, assumed identical for charge and 
discharge processes. The actual terminal energy exchange 
and the associated energy losses are subsequently 
recalculated from the constrained SOC variation, 
ensuring consistency between battery operation, 
efficiency effects, and capacity limitations: 
 

𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 (12) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (13) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 (14) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (15) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  ∗  𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (16) 
 

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡  =  |𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  −  𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 |  
+ �𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  
−  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � 

(17) 

 
The outputs of the module are the updated SOC and the 
corrected charging/discharging energy flows at the 
terminals for timestep t. 
 
At this stage, the EVs charging strategy can be defined, 
which determines the user's electricity consumption due 
to charging. Two charging strategies are modelled: 

• Standard charging strategy (StC logic), in this 
case EVs, once connected to the CS, are charged 
at the maximum available charging power. This 
maximum charging power depends on the 
contractual power of the delivery point, the user's 
concurrent consumption, the maximum power 
deliverable by 𝑡𝑡𝑡𝑡 the CS and the EV maximum 
charging power. The maximum charging power 
is calculated using Equation 18. 

 
 

𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ��𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 −�𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)
𝑖𝑖𝑖𝑖

� ;  𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚;𝐹𝐹𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚� (18) 

Where 𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the contractual power of the delivery 
point, reported in Table 1, 𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) is the power of the 
i-th load at time 𝑡𝑡𝑡𝑡, 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the CS, and 𝐹𝐹𝐹𝐹 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the electric vehicle. It was assumed that the 
commercial user’s EV charging point includes a 
contractual power limiter, even though Italian legislation 
allows the installation of delivery points without a limiter 
and thus without any contractual power restriction. 

• “Smart” charging strategy (SC logic), This 
charging strategy is applied to both Commercial 
and Domestic EVs). Charging is prevented if no 
shared energy potential is available, and it can be 
partially limited or even suspended when 
necessary. Charging power is modulated by 
adjusting the variation ranges as the SOC 
changes. Specifically, a minimum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) and a maximum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚) are defined as a function of 
the EV’s SOC (Figure 4). The charging 
measurement, management, and control system 
checks whether shared energy potential is 
available in the configuration and adjusts 
charging power accordingly within the power 
ranges described below. On working days 
(except for Friday, Figure 4a), vehicles always 
charge at maximum power up to a SOC equal to 
40%. Between 40% and 70% of the SOC, 
partial power can be achieved up to 40% of 

𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚. Beyond 70%, charging can be further 
reduced without limits, even to the point of 
cancellation. On Fridays (Figure 4b), vehicles 
charge at the maximum power when SOC is less 
than 40%, while SOC values above 40% 
charging can be reduced to 0%, since rapid 
completion of charging is not required. On 
Saturdays and Sundays (Figures 4c and 4d 
respectively), charging power ranges are wider, 
allowing for greater flexibility. After Sunday 
midnight, however, a stricter limit is reinstated as 
the weekday strategy applies again. The 40% 
SOC threshold ensures a minimum level of 
charge, reducing the risk of EVs not having 
sufficient energy for travel. The specific 
different distribution adopted for Fridays was 
designed to avoid full charging and to preserve 
flexibility that can be exploited during the 
weekend, when EVs are generally unused. 
Summarizing, part of the charging is prioritized 
for workdays and during the production period of 
the generation plants. 

(12)
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Whenever the unconstrained SOC exceeds these limits, 
the stored energy is saturated accordingly: 
 

�
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶max,t; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 > 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   ; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1  + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ;   𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 (10) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶%,𝑡𝑡𝑡𝑡 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡
 (11) 

 
Conversion losses are represented through a half-cycle 
efficiency parameter, assumed identical for charge and 
discharge processes. The actual terminal energy exchange 
and the associated energy losses are subsequently 
recalculated from the constrained SOC variation, 
ensuring consistency between battery operation, 
efficiency effects, and capacity limitations: 
 

𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 (12) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (13) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 (14) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (15) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  ∗  𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (16) 
 

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡  =  |𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  −  𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 |  
+ �𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  
−  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � 

(17) 

 
The outputs of the module are the updated SOC and the 
corrected charging/discharging energy flows at the 
terminals for timestep t. 
 
At this stage, the EVs charging strategy can be defined, 
which determines the user's electricity consumption due 
to charging. Two charging strategies are modelled: 

• Standard charging strategy (StC logic), in this 
case EVs, once connected to the CS, are charged 
at the maximum available charging power. This 
maximum charging power depends on the 
contractual power of the delivery point, the user's 
concurrent consumption, the maximum power 
deliverable by 𝑡𝑡𝑡𝑡 the CS and the EV maximum 
charging power. The maximum charging power 
is calculated using Equation 18. 

 
 

𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ��𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 −�𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)
𝑖𝑖𝑖𝑖

� ;  𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚;𝐹𝐹𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚� (18) 

Where 𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the contractual power of the delivery 
point, reported in Table 1, 𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) is the power of the 
i-th load at time 𝑡𝑡𝑡𝑡, 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the CS, and 𝐹𝐹𝐹𝐹 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the electric vehicle. It was assumed that the 
commercial user’s EV charging point includes a 
contractual power limiter, even though Italian legislation 
allows the installation of delivery points without a limiter 
and thus without any contractual power restriction. 

• “Smart” charging strategy (SC logic), This 
charging strategy is applied to both Commercial 
and Domestic EVs). Charging is prevented if no 
shared energy potential is available, and it can be 
partially limited or even suspended when 
necessary. Charging power is modulated by 
adjusting the variation ranges as the SOC 
changes. Specifically, a minimum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) and a maximum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚) are defined as a function of 
the EV’s SOC (Figure 4). The charging 
measurement, management, and control system 
checks whether shared energy potential is 
available in the configuration and adjusts 
charging power accordingly within the power 
ranges described below. On working days 
(except for Friday, Figure 4a), vehicles always 
charge at maximum power up to a SOC equal to 
40%. Between 40% and 70% of the SOC, 
partial power can be achieved up to 40% of 

𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚. Beyond 70%, charging can be further 
reduced without limits, even to the point of 
cancellation. On Fridays (Figure 4b), vehicles 
charge at the maximum power when SOC is less 
than 40%, while SOC values above 40% 
charging can be reduced to 0%, since rapid 
completion of charging is not required. On 
Saturdays and Sundays (Figures 4c and 4d 
respectively), charging power ranges are wider, 
allowing for greater flexibility. After Sunday 
midnight, however, a stricter limit is reinstated as 
the weekday strategy applies again. The 40% 
SOC threshold ensures a minimum level of 
charge, reducing the risk of EVs not having 
sufficient energy for travel. The specific 
different distribution adopted for Fridays was 
designed to avoid full charging and to preserve 
flexibility that can be exploited during the 
weekend, when EVs are generally unused. 
Summarizing, part of the charging is prioritized 
for workdays and during the production period of 
the generation plants. 

(13)
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Whenever the unconstrained SOC exceeds these limits, 
the stored energy is saturated accordingly: 
 

�
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶max,t; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 > 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   ; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1  + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ;   𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 (10) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶%,𝑡𝑡𝑡𝑡 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡
 (11) 

 
Conversion losses are represented through a half-cycle 
efficiency parameter, assumed identical for charge and 
discharge processes. The actual terminal energy exchange 
and the associated energy losses are subsequently 
recalculated from the constrained SOC variation, 
ensuring consistency between battery operation, 
efficiency effects, and capacity limitations: 
 

𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 (12) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (13) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 (14) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (15) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  ∗  𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (16) 
 

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡  =  |𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  −  𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 |  
+ �𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  
−  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � 

(17) 

 
The outputs of the module are the updated SOC and the 
corrected charging/discharging energy flows at the 
terminals for timestep t. 
 
At this stage, the EVs charging strategy can be defined, 
which determines the user's electricity consumption due 
to charging. Two charging strategies are modelled: 

• Standard charging strategy (StC logic), in this 
case EVs, once connected to the CS, are charged 
at the maximum available charging power. This 
maximum charging power depends on the 
contractual power of the delivery point, the user's 
concurrent consumption, the maximum power 
deliverable by 𝑡𝑡𝑡𝑡 the CS and the EV maximum 
charging power. The maximum charging power 
is calculated using Equation 18. 

 
 

𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ��𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 −�𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)
𝑖𝑖𝑖𝑖

� ;  𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚;𝐹𝐹𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚� (18) 

Where 𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the contractual power of the delivery 
point, reported in Table 1, 𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) is the power of the 
i-th load at time 𝑡𝑡𝑡𝑡, 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the CS, and 𝐹𝐹𝐹𝐹 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the electric vehicle. It was assumed that the 
commercial user’s EV charging point includes a 
contractual power limiter, even though Italian legislation 
allows the installation of delivery points without a limiter 
and thus without any contractual power restriction. 

• “Smart” charging strategy (SC logic), This 
charging strategy is applied to both Commercial 
and Domestic EVs). Charging is prevented if no 
shared energy potential is available, and it can be 
partially limited or even suspended when 
necessary. Charging power is modulated by 
adjusting the variation ranges as the SOC 
changes. Specifically, a minimum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) and a maximum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚) are defined as a function of 
the EV’s SOC (Figure 4). The charging 
measurement, management, and control system 
checks whether shared energy potential is 
available in the configuration and adjusts 
charging power accordingly within the power 
ranges described below. On working days 
(except for Friday, Figure 4a), vehicles always 
charge at maximum power up to a SOC equal to 
40%. Between 40% and 70% of the SOC, 
partial power can be achieved up to 40% of 

𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚. Beyond 70%, charging can be further 
reduced without limits, even to the point of 
cancellation. On Fridays (Figure 4b), vehicles 
charge at the maximum power when SOC is less 
than 40%, while SOC values above 40% 
charging can be reduced to 0%, since rapid 
completion of charging is not required. On 
Saturdays and Sundays (Figures 4c and 4d 
respectively), charging power ranges are wider, 
allowing for greater flexibility. After Sunday 
midnight, however, a stricter limit is reinstated as 
the weekday strategy applies again. The 40% 
SOC threshold ensures a minimum level of 
charge, reducing the risk of EVs not having 
sufficient energy for travel. The specific 
different distribution adopted for Fridays was 
designed to avoid full charging and to preserve 
flexibility that can be exploited during the 
weekend, when EVs are generally unused. 
Summarizing, part of the charging is prioritized 
for workdays and during the production period of 
the generation plants. 

(14)
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Whenever the unconstrained SOC exceeds these limits, 
the stored energy is saturated accordingly: 
 

�
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶max,t; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 > 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   ; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1  + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ;   𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 (10) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶%,𝑡𝑡𝑡𝑡 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡
 (11) 

 
Conversion losses are represented through a half-cycle 
efficiency parameter, assumed identical for charge and 
discharge processes. The actual terminal energy exchange 
and the associated energy losses are subsequently 
recalculated from the constrained SOC variation, 
ensuring consistency between battery operation, 
efficiency effects, and capacity limitations: 
 

𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 (12) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (13) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 (14) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (15) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  ∗  𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (16) 
 

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡  =  |𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  −  𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 |  
+ �𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  
−  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � 

(17) 

 
The outputs of the module are the updated SOC and the 
corrected charging/discharging energy flows at the 
terminals for timestep t. 
 
At this stage, the EVs charging strategy can be defined, 
which determines the user's electricity consumption due 
to charging. Two charging strategies are modelled: 

• Standard charging strategy (StC logic), in this 
case EVs, once connected to the CS, are charged 
at the maximum available charging power. This 
maximum charging power depends on the 
contractual power of the delivery point, the user's 
concurrent consumption, the maximum power 
deliverable by 𝑡𝑡𝑡𝑡 the CS and the EV maximum 
charging power. The maximum charging power 
is calculated using Equation 18. 

 
 

𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ��𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 −�𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)
𝑖𝑖𝑖𝑖

� ;  𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚;𝐹𝐹𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚� (18) 

Where 𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the contractual power of the delivery 
point, reported in Table 1, 𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) is the power of the 
i-th load at time 𝑡𝑡𝑡𝑡, 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the CS, and 𝐹𝐹𝐹𝐹 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the electric vehicle. It was assumed that the 
commercial user’s EV charging point includes a 
contractual power limiter, even though Italian legislation 
allows the installation of delivery points without a limiter 
and thus without any contractual power restriction. 

• “Smart” charging strategy (SC logic), This 
charging strategy is applied to both Commercial 
and Domestic EVs). Charging is prevented if no 
shared energy potential is available, and it can be 
partially limited or even suspended when 
necessary. Charging power is modulated by 
adjusting the variation ranges as the SOC 
changes. Specifically, a minimum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) and a maximum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚) are defined as a function of 
the EV’s SOC (Figure 4). The charging 
measurement, management, and control system 
checks whether shared energy potential is 
available in the configuration and adjusts 
charging power accordingly within the power 
ranges described below. On working days 
(except for Friday, Figure 4a), vehicles always 
charge at maximum power up to a SOC equal to 
40%. Between 40% and 70% of the SOC, 
partial power can be achieved up to 40% of 

𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚. Beyond 70%, charging can be further 
reduced without limits, even to the point of 
cancellation. On Fridays (Figure 4b), vehicles 
charge at the maximum power when SOC is less 
than 40%, while SOC values above 40% 
charging can be reduced to 0%, since rapid 
completion of charging is not required. On 
Saturdays and Sundays (Figures 4c and 4d 
respectively), charging power ranges are wider, 
allowing for greater flexibility. After Sunday 
midnight, however, a stricter limit is reinstated as 
the weekday strategy applies again. The 40% 
SOC threshold ensures a minimum level of 
charge, reducing the risk of EVs not having 
sufficient energy for travel. The specific 
different distribution adopted for Fridays was 
designed to avoid full charging and to preserve 
flexibility that can be exploited during the 
weekend, when EVs are generally unused. 
Summarizing, part of the charging is prioritized 
for workdays and during the production period of 
the generation plants. 
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Whenever the unconstrained SOC exceeds these limits, 
the stored energy is saturated accordingly: 
 

�
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶max,t; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 > 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   ; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1  + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ;   𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 (10) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶%,𝑡𝑡𝑡𝑡 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡
 (11) 

 
Conversion losses are represented through a half-cycle 
efficiency parameter, assumed identical for charge and 
discharge processes. The actual terminal energy exchange 
and the associated energy losses are subsequently 
recalculated from the constrained SOC variation, 
ensuring consistency between battery operation, 
efficiency effects, and capacity limitations: 
 

𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 (12) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (13) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 (14) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (15) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  ∗  𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (16) 
 

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡  =  |𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  −  𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 |  
+ �𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  
−  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � 

(17) 

 
The outputs of the module are the updated SOC and the 
corrected charging/discharging energy flows at the 
terminals for timestep t. 
 
At this stage, the EVs charging strategy can be defined, 
which determines the user's electricity consumption due 
to charging. Two charging strategies are modelled: 

• Standard charging strategy (StC logic), in this 
case EVs, once connected to the CS, are charged 
at the maximum available charging power. This 
maximum charging power depends on the 
contractual power of the delivery point, the user's 
concurrent consumption, the maximum power 
deliverable by 𝑡𝑡𝑡𝑡 the CS and the EV maximum 
charging power. The maximum charging power 
is calculated using Equation 18. 

 
 

𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ��𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 −�𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)
𝑖𝑖𝑖𝑖

� ;  𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚;𝐹𝐹𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚� (18) 

Where 𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the contractual power of the delivery 
point, reported in Table 1, 𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) is the power of the 
i-th load at time 𝑡𝑡𝑡𝑡, 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the CS, and 𝐹𝐹𝐹𝐹 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the electric vehicle. It was assumed that the 
commercial user’s EV charging point includes a 
contractual power limiter, even though Italian legislation 
allows the installation of delivery points without a limiter 
and thus without any contractual power restriction. 

• “Smart” charging strategy (SC logic), This 
charging strategy is applied to both Commercial 
and Domestic EVs). Charging is prevented if no 
shared energy potential is available, and it can be 
partially limited or even suspended when 
necessary. Charging power is modulated by 
adjusting the variation ranges as the SOC 
changes. Specifically, a minimum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) and a maximum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚) are defined as a function of 
the EV’s SOC (Figure 4). The charging 
measurement, management, and control system 
checks whether shared energy potential is 
available in the configuration and adjusts 
charging power accordingly within the power 
ranges described below. On working days 
(except for Friday, Figure 4a), vehicles always 
charge at maximum power up to a SOC equal to 
40%. Between 40% and 70% of the SOC, 
partial power can be achieved up to 40% of 

𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚. Beyond 70%, charging can be further 
reduced without limits, even to the point of 
cancellation. On Fridays (Figure 4b), vehicles 
charge at the maximum power when SOC is less 
than 40%, while SOC values above 40% 
charging can be reduced to 0%, since rapid 
completion of charging is not required. On 
Saturdays and Sundays (Figures 4c and 4d 
respectively), charging power ranges are wider, 
allowing for greater flexibility. After Sunday 
midnight, however, a stricter limit is reinstated as 
the weekday strategy applies again. The 40% 
SOC threshold ensures a minimum level of 
charge, reducing the risk of EVs not having 
sufficient energy for travel. The specific 
different distribution adopted for Fridays was 
designed to avoid full charging and to preserve 
flexibility that can be exploited during the 
weekend, when EVs are generally unused. 
Summarizing, part of the charging is prioritized 
for workdays and during the production period of 
the generation plants. 

(16)
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Whenever the unconstrained SOC exceeds these limits, 
the stored energy is saturated accordingly: 
 

�
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶max,t; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 > 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   ; 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡   

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1  + 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ;   𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 (10) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶%,𝑡𝑡𝑡𝑡 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡
 (11) 

 
Conversion losses are represented through a half-cycle 
efficiency parameter, assumed identical for charge and 
discharge processes. The actual terminal energy exchange 
and the associated energy losses are subsequently 
recalculated from the constrained SOC variation, 
ensuring consistency between battery operation, 
efficiency effects, and capacity limitations: 
 

𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡  −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡−1 (12) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  = 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (13) 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 (14) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤�0; 𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � (15) 

𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  ∗  𝜀𝜀𝜀𝜀ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (16) 
 

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡  =  |𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  −  𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 |  
+ �𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  
−  𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � 

(17) 

 
The outputs of the module are the updated SOC and the 
corrected charging/discharging energy flows at the 
terminals for timestep t. 
 
At this stage, the EVs charging strategy can be defined, 
which determines the user's electricity consumption due 
to charging. Two charging strategies are modelled: 

• Standard charging strategy (StC logic), in this 
case EVs, once connected to the CS, are charged 
at the maximum available charging power. This 
maximum charging power depends on the 
contractual power of the delivery point, the user's 
concurrent consumption, the maximum power 
deliverable by 𝑡𝑡𝑡𝑡 the CS and the EV maximum 
charging power. The maximum charging power 
is calculated using Equation 18. 

 
 

𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ��𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 −�𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)
𝑖𝑖𝑖𝑖

� ;  𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚;𝐹𝐹𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚� (18) 

Where 𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the contractual power of the delivery 
point, reported in Table 1, 𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) is the power of the 
i-th load at time 𝑡𝑡𝑡𝑡, 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the CS, and 𝐹𝐹𝐹𝐹 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the electric vehicle. It was assumed that the 
commercial user’s EV charging point includes a 
contractual power limiter, even though Italian legislation 
allows the installation of delivery points without a limiter 
and thus without any contractual power restriction. 

• “Smart” charging strategy (SC logic), This 
charging strategy is applied to both Commercial 
and Domestic EVs). Charging is prevented if no 
shared energy potential is available, and it can be 
partially limited or even suspended when 
necessary. Charging power is modulated by 
adjusting the variation ranges as the SOC 
changes. Specifically, a minimum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) and a maximum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚) are defined as a function of 
the EV’s SOC (Figure 4). The charging 
measurement, management, and control system 
checks whether shared energy potential is 
available in the configuration and adjusts 
charging power accordingly within the power 
ranges described below. On working days 
(except for Friday, Figure 4a), vehicles always 
charge at maximum power up to a SOC equal to 
40%. Between 40% and 70% of the SOC, 
partial power can be achieved up to 40% of 

𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚. Beyond 70%, charging can be further 
reduced without limits, even to the point of 
cancellation. On Fridays (Figure 4b), vehicles 
charge at the maximum power when SOC is less 
than 40%, while SOC values above 40% 
charging can be reduced to 0%, since rapid 
completion of charging is not required. On 
Saturdays and Sundays (Figures 4c and 4d 
respectively), charging power ranges are wider, 
allowing for greater flexibility. After Sunday 
midnight, however, a stricter limit is reinstated as 
the weekday strategy applies again. The 40% 
SOC threshold ensures a minimum level of 
charge, reducing the risk of EVs not having 
sufficient energy for travel. The specific 
different distribution adopted for Fridays was 
designed to avoid full charging and to preserve 
flexibility that can be exploited during the 
weekend, when EVs are generally unused. 
Summarizing, part of the charging is prioritized 
for workdays and during the production period of 
the generation plants. 

(17)

The outputs of the module are the updated SOC and the 
corrected charging/discharging energy flows at the termi-
nals for timestep t.

At this stage, the EVs charging strategy can be defined, 
which determines the user’s electricity consumption due 
to charging. Two charging strategies are modelled:

•	 Standard charging strategy (StC logic), in this case 
EVs, once connected to the CS, are charged at the 
maximum available charging power. This maximum 
charging power depends on the contractual power of 
the delivery point, the user’s concurrent consumption, 
the maximum power deliverable by  the CS and the 
EV maximum charging power. The maximum charg-
ing power is calculated using Equation 18.

Where is the contractual power of the delivery point, re-
ported in Table 1, is the power of the i-th load at time 
,  is the maximum charging power of the CS, and  is the 
maximum charging power of the electric vehicle. It was 
assumed that the commercial user’s EV charging point 
includes a contractual power limiter, even though Ital-
ian legislation allows the installation of delivery points 
without a limiter and thus without any contractual power 
restriction.

•	 “Smart” charging strategy (SC logic), This charging 
strategy is applied to both Commercial and Domestic 
EVs). Charging is prevented if no shared energy poten-
tial is available, and it can be partially limited or even 
suspended when necessary. Charging power is modulat-
ed by adjusting the variation ranges as the SOC chang-
es. Specifically, a minimum charging power () and a 
maximum charging power () are defined as a function 
of the EV’s SOC (Figure 4). The charging measure-
ment, management, and control system checks whether 
shared energy potential is available in the configura-
tion and adjusts charging power accordingly within the 
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Whenever the unconstrained SOC exceeds these limits, 
the stored energy is saturated accordingly: 
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Conversion losses are represented through a half-cycle 
efficiency parameter, assumed identical for charge and 
discharge processes. The actual terminal energy exchange 
and the associated energy losses are subsequently 
recalculated from the constrained SOC variation, 
ensuring consistency between battery operation, 
efficiency effects, and capacity limitations: 
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The outputs of the module are the updated SOC and the 
corrected charging/discharging energy flows at the 
terminals for timestep t. 
 
At this stage, the EVs charging strategy can be defined, 
which determines the user's electricity consumption due 
to charging. Two charging strategies are modelled: 

• Standard charging strategy (StC logic), in this 
case EVs, once connected to the CS, are charged 
at the maximum available charging power. This 
maximum charging power depends on the 
contractual power of the delivery point, the user's 
concurrent consumption, the maximum power 
deliverable by 𝑡𝑡𝑡𝑡 the CS and the EV maximum 
charging power. The maximum charging power 
is calculated using Equation 18. 

 
 

𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ��𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 −�𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)
𝑖𝑖𝑖𝑖

� ;  𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚;𝐹𝐹𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚� (18) 

Where 𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the contractual power of the delivery 
point, reported in Table 1, 𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) is the power of the 
i-th load at time 𝑡𝑡𝑡𝑡, 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the CS, and 𝐹𝐹𝐹𝐹 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 is the maximum charging 
power of the electric vehicle. It was assumed that the 
commercial user’s EV charging point includes a 
contractual power limiter, even though Italian legislation 
allows the installation of delivery points without a limiter 
and thus without any contractual power restriction. 

• “Smart” charging strategy (SC logic), This 
charging strategy is applied to both Commercial 
and Domestic EVs). Charging is prevented if no 
shared energy potential is available, and it can be 
partially limited or even suspended when 
necessary. Charging power is modulated by 
adjusting the variation ranges as the SOC 
changes. Specifically, a minimum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) and a maximum charging 
power (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚) are defined as a function of 
the EV’s SOC (Figure 4). The charging 
measurement, management, and control system 
checks whether shared energy potential is 
available in the configuration and adjusts 
charging power accordingly within the power 
ranges described below. On working days 
(except for Friday, Figure 4a), vehicles always 
charge at maximum power up to a SOC equal to 
40%. Between 40% and 70% of the SOC, 
partial power can be achieved up to 40% of 

𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚. Beyond 70%, charging can be further 
reduced without limits, even to the point of 
cancellation. On Fridays (Figure 4b), vehicles 
charge at the maximum power when SOC is less 
than 40%, while SOC values above 40% 
charging can be reduced to 0%, since rapid 
completion of charging is not required. On 
Saturdays and Sundays (Figures 4c and 4d 
respectively), charging power ranges are wider, 
allowing for greater flexibility. After Sunday 
midnight, however, a stricter limit is reinstated as 
the weekday strategy applies again. The 40% 
SOC threshold ensures a minimum level of 
charge, reducing the risk of EVs not having 
sufficient energy for travel. The specific 
different distribution adopted for Fridays was 
designed to avoid full charging and to preserve 
flexibility that can be exploited during the 
weekend, when EVs are generally unused. 
Summarizing, part of the charging is prioritized 
for workdays and during the production period of 
the generation plants. 

(18)

power ranges described below. On working days (ex-
cept for Friday, Figure 4a), vehicles always charge at 
maximum power up to a SOC equal to . Between and 
of the SOC, partial power can be achieved up to of . 
Beyond , charging can be further reduced without lim-
its, even to the point of cancellation. On Fridays (Fig-
ure 4b), vehicles charge at the maximum power when 
SOC is less than , while SOC values above charging 
can be reduced to , since rapid completion of charging 
is not required. On Saturdays and Sundays (Figures 4c 
and 4d respectively), charging power ranges are wider, 
allowing for greater flexibility. After Sunday midnight, 
however, a stricter limit is reinstated as the weekday 
strategy applies again. The  SOC threshold ensures a 
minimum level of charge, reducing the risk of EVs not 
having sufficient energy for travel. The specific differ-
ent distribution adopted for Fridays was designed to 
avoid full charging and to preserve flexibility that can 
be exploited during the weekend, when EVs are gener-
ally unused. Summarizing, part of the charging is pri-
oritized for workdays and during the production period 
of the generation plants.
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(a)

(b)

(c)

(d)

Fig. 4. Minimum and maximum power limits (nominal values compared to the maximum charging power Pmax) as function  
of SOC, for different days of the week: (a) - Working day but Friday; (b) - Friday; (c) - Saturday; (d) - Sunday.

At each timestep t, the shared energy potential is calculat-
ed and allocated among the EVs according to their avail-
ability (Figure 5). Specifically, the shared energy potential 
is divided into equal portions for all available vehicles, 
so the controller makes the power injection request and 
checks whether each vehicle can absorb it. In the example 
shown in Figure 5, during the iteration n, vehicle EV4 
cannot retrieve the allocated share and is therefore ex-
cluded from the calculation, while vehicle EV3 can only 
partially. This energy that is left out becomes the input 
of the second iteration and thus redistributed into equal 
shares between updated list of vehicles EV1 and EV2 (as 
EV3 and EV4 are no longer available). The power alloca-

tion request is again checked at vehicles level, and it is 
found that vehicle EV2 can only partially absorb it (itera-
tion ). Finally, the remaining excess is absorbed by vehi-
cle EV1, which still had available capacity in this example 
(iteration ). At certain timesteps, it may also happen that 
the vehicles do not have sufficient availability to meet the 
controller’s requests, meaning that not all the potential is 
converted into shared energy. The availability of EVs de-
pends on the vehicle’s SOC, infrastructure constraints and 
the power available at the point of delivery at given time, 
given by the difference between the contracted power and 
the user’s current electricity consumption ().

Fig. 5. Logic for allocating shared energy potential to different EVs (example for 4 EVs).
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6.	 RESULTS
Figure 6 shows the average charging powers of the dif-
ferent EVs on various types of days (working day, Friday, 
Saturday, and Sunday), under different charging strategies 
(6-a for StC logic and 6-b for SC logic). 

As expected, SC logic shifts EV charging from nighttime 
to daytime, thereby increasing the energy shared within 
the community. In the SC case, charging is significantly 
reduced since it only occurs when the SOC falls below the 
thresholds of 40% or 70%, as described in Figure 4.

Simulation results indicate that under StC logic, vehicles 
generally reach full charge by Friday night. Consequent-
ly, little charging is required over the weekend, except 
for domestic users who use their cars on Saturday, while 
commercial vehicles remain parked. Using the SC logic, 
EVs do not fully recover SOC during workdays due to 
power limitations, but they compensate over the week-
end, when abundant solar energy is available and indus-
trial loads are low. 

Figure 7 shows the average weekly SOC using StC (Fig-
ure 7-a) and SC logics (Figure 7-b). In general, SOC lev-
els are lower in the SC case, reaching a minimum between 
Friday and Saturday, while remains relatively high and 
stable in the StC case. As expected, the SOC patterns re-
flect the combination of mobility demand (SOC decreas-
es when EV is in use), charging events described above 
(SOC increases when EV is plugged and charging), and 
idle conditions when the vehicle is parked but not charg-

Fig. 6. Average weekly charging power profiles for all EVs (domestic in blue and commercial in orange)  
on different days of the week, for (6a) StC logic and (6b) for SC logic.

(a)

(b)

ing (SOC remains stable, typically at night, in the early 
morning, or during weekends). 

By adopting SC logic, SOC becomes more stable during 
evening and nighttime hours, as consequence of the con-
troller’s charging limitations. Conversely in the SC case, 
SOC increases in the morning as solar irradiance and PV 
production rise and then stabilizes when users begin driv-
ing their vehicles.
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Fig. 7. Average SOC profiles for different EVs (domestic in blue and commercial in orange)  
on different days of the week, for (7a) StC logic and (7b) SC logic.

(a)

(b)

As shown in the previous graphs, the average SOC of 
EVs decreases when SC logic is applied. This trend is 
also evident in the boxplots shown in Figure 8, which 
illustrates the SOC distributions for different vehicles. 
Using the StC logic (REC and reference cases), SOC val-
ues are generally very high, with the 5th percentile typi-
cally above . In contrast, using SC logic (REC – SC case), 
SOC values are considerably lower, with the 5th percen-
tile around  for commercial EVs and  for domestic EVs. 
This occurs because SC logic imposes several charging 
limitations based on PV production and real-time SOC, 
forcing EVs to wait for optimal charging conditions. Re-
garding the lowest recorded values, represented by outli-
ers (dots), they never fall below . This means that vehi-
cles always maintain a state of charge sufficient to meet 

user’s mobility needs. Using the SC logic, however, SOC 
values exhibit a wider distribution, highlighting the vari-
ability introduced by this charging strategy. Even in this 
case, SOC levels generally remain high, although outli-
ers may drop to low value without ever reaching zero. 
Consequently, the “smart” charging strategy reduces 
user comfort but does not cause service disruptions. It 
is worth noting that the SOC levels are determined by 
the charging power constraints imposed according to the 
SOC thresholds (40% and 70%) illustrated in Figure 4. 
An increase in these thresholds would lead to higher al-
lowable charging power and, consequently, higher SOC 
levels; however, this would occur at the expense of re-
duced charging flexibility, thereby diminishing the po-
tential for additional incentives.
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Fig. 8. Boxplot of the SOC for different EVs - commercial EVs in Figure 8-a and domestic  
EVs in Figure 8-b - using StC logic (REC case) and SC logic (REC-SC case).

(a)

(b)

To investigate a real behavior rather than averaged values, 
Figure 9 shows the energy flows results for the REC and 
REC-SC scenarios during a specific week in March. Non-
shiftable REC base load is shown in yellow (household 
and commercial user consumption), while EV charging is 
highlighted in blue. In the REC scenario, charging is dis-
tributed between day and night and depends solely on the 
vehicles’ SOC and their presence at the charging station. 

In the REC-SC scenario, however, the “smart” charging 
strategy concentrates charging during PV system produc-
tion hours (the production curve is represented by the red 
line). Moreover, on days with low PV generation and in-
sufficient shared energy potential (as on Monday in the 
figure), vehicles charge only to meet minimum SOC re-
quirements (hence the small blue lines on Monday and 
Tuesday evenings in Figure 9-b).
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(a)

(b)

Fig. 9. Aggregate production profiles of photovoltaic systems (red line), aggregate base load of the configuration (yellow area), and 
aggregate load of EVs (blue area) for a specific week under consideration. Figure 9-a uses StC logic and Figure 9-b uses SC logic.

To conclude, Table 5 reports the results for the REC’s an-
nual shared energy and the annual incentive-related rev-
enues obtained in the different case studies. Aggregating 
all users within a REC generates approximately  thousand 
in incentives, without requiring any changes in energy 
generation and consumption (including EV charging) 
compared to the reference case. 

Moreover, adopting a smart charging system increases 
shared energy by , raising incentive revenues to  thousand 
(), all without causing any disruptions to users’ mobility 
services. These results highlight the relevant benefits that 
can be achieved by participating in an energy community 
and by additionally adopting the “smart” charging strat-
egy proposed in this study. 

Table 5. Annual shared energy and annual incentive revenues in different cases.

Case study Yearly Shared Energy [MWh] Yearly Incentive Revenues [€]

Ref case n.a. n.a.

REC case 56.3 € 5,684.86

REC – SC case 82.8 € 8,527.83

When results are normalized to the average vehicle of the 
REC fleet, each smartly controlled generates an additional  

of shared energy and  in incentives per year, with the po-
tential to be maintained over a 20-year period.
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7.	 CONCLUSIONS
The simulations and output data show that the REC can 
leverage these storage resources to generate approximately 
47% increase in energy sharing and 50% additional incen-
tives, by adopting a centralized smart charging for the 20 
EV without disruptions in services. In other words, EV us-
ers do not experience any shortage of charge availability for 
their mobility needs over the 1-year simulation. Although 
the smart charging strategy leads to greater variability in the 
state of charge during the week, no vehicle ever suffers from 
insufficient charge. This was demonstrated by investigating 
the 15-min SOC distributions, which show that none of the 
EVs’ bottom outliers ever reach critical states. The smart 
charging logic proposed in this study has the advantage of 
avoiding the need to forecast the configuration’s consump-
tion and production data. Specifically, EV charging power is 
regulated based on the shared energy potential of the Energy 
Community, while maximum and minimum charging limits 
are defined as function of the EVs state of charge. Naturally, 
implementing this charging strategy in a real-world context 
requires investment in measurement, control, and manage-
ment systems for both EVs and the Energy Community, 
which architecture and costs were not the scope of this study. 
Furthermore, EV charging load shifting was demonstrated 
to increase local self-consumption, with simulations report-
ing still high SOCs which may leave room for other applica-
tions, such as V2G or other flexibility purposes. In conclu-
sion, smart load shifting in electric mobility applications can 
generate relevant additional value to energy communities 
with relatively simple optimization solutions.

8.	 Nomenclature

Parameter 
notation Parameter definition Unit

REC Renewable Energy Community -
EV Electric Vehicle -

CEV Commercial Electric Vehicle 
(EVs of the commercial user) -

DEV Domestic Electric Vehicle -
CS Charging Station -
FIP Premium Feed-in €/kWh
ZP Zonal Price €/kWh

Installed capacity of the 
generators kW

SOC State of Charge %
Maximum charging power 

(Equation 3)
kW

Contractual power kW

Power absorbed by the load kW
Maximum charging power of 

the Charging Station
kW

Maximum charging power of 
the Electric Vehicle

kW

Minimum charging power of 
the Electric Vehicle

kW
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Abstract

This study proposes and conceptally develops a compact composite layered material for simultaneous removal of or-
ganic pollutants and heavy metals from contaminated waters. The objective is the evaluation of the adsorption per-
formance of natural and modified clay minerals toward selected pesticides (atrazine, chlorpyrifos, glyphosate) and 
pharmaceuticals (azithromycin, paracetamol, ibuprofen), and to assess the heavy-metal uptake capacity of layered 
manganese oxides (birnessites and buserites), with the aim of integrating them into a multifunctional composite adsor-
bent. The methodology combines previously obtained experimental results on Albanian natural and activated clays and 
synthetic manganese oxides with an extensive quantitative literature analysis. Adsorption capacities were compared, 
and mechanisms were interpreted using well-known isotherm models.
Natural clays exhibit adsorption capacities up to 200 mg/g for atrazine, 150 mg/g for chlorpyrifos, 130 mg/g for glypho-
sate, 150 mg/g for azithromycin, 200 mg/g for paracetamol, and 100 mg/g for ibuprofen. After activation, capacities 
increased by approximately 40–60%, exceeding 300 mg/g for selected compounds. Layered manganese oxides demon-
strated heavy-metal adsorption up to 400 mg/g in natural forms and above 600 mg/g in synthetic variants, particularly 
for Pb²⁺ and Hg²⁺. Based on these findings, a compact clay - birnessite/buserite composite is proposed as a universal 
adsorbent capable of addressing complex pollutant mixtures. Preliminary energy and sustainability analysis indicates 
that thermal regeneration requires approximately 150-200 kWh per ton of exhausted composite, which could be feasibly 
supplied by a small wind turbine of 10 kW capacity running at 30% capacity or small-scale solar installations. The pro-
posed material offers a scalable, low-cost and environmentally compatible solution for integrated water remediation.
Keywords: Clays, birnessites/buserites, composite material, pollutants, water remediation

1.	 Introduction
Water pollution constitutes one of the most pressing envi-
ronmental and societal challenges worldwide, exacerbat-
ed by industrial growth, intensive agricultural practices, 
urbanization, and climate-change-driven water scarcity 
[1, 2]. Surface waters and groundwater resources are in-
creasingly contaminated by complex mixtures of organic 
and inorganic pollutants, among which pesticides, phar-
maceuticals, dyes, and heavy metals are particularly prob-
lematic due to their persistence, toxicity, and potential for 

bioaccumulation [3, 4]. Pesticides remain indispensable 
in modern agriculture, yet their extensive and often un-
controlled application has resulted in widespread con-
tamination of soils and water bodies. Compounds such as 
atrazine, glyphosate, chlorpyrifos, metribuzin, methomyl, 
diuron, carbaryl, and alachlor are frequently detected in 
surface waters and aquifers. Their presence is often at lo-
cations distant from their application sites due to leach-
ing, runoff, and atmospheric transport [5, 6, 7]. This 
widespread distribution poses significant risks to aquatic 
ecosystems and human health, including endocrine dis-
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ruption, neurotoxicity, and carcinogenic effects. Similarly, 
pharmaceutical compounds have become ubiquitous en-
vironmental contaminants due to their extensive use and 
incomplete removal in conventional wastewater treatment 
plants. Substances such as the antibiotic azithromycin and 
the common analgesics paracetamol and ibuprofen are 
frequently detected in aquatic systems, raising concerns 
about antibiotic resistance and chronic ecological effects. 
Adsorption onto clay minerals has emerged as a promis-
ing mechanism for the removal of these pharmaceuticals 
from water, leveraging the charged surfaces and modifi-
able interlayer spaces of clays to capture a variety of or-
ganic molecules [8, 9, 10, 11, 12].

Conventional water treatment technologies like coagu-
lation, flocculation, membrane filtration, and advanced 
oxidation processes are often inadequate or economically 
prohibitive for the removal of such micropollutants, par-
ticularly when present at low concentrations and in com-
plex mixtures [13, 14]. In this context, adsorption-based 
remediation has emerged as a technically simple, cost-
effective, and scalable alternative, capable of addressing a 
wide range of contaminants simultaneously [15].

Clay minerals represent one of the most extensively stud-
ied classes of natural adsorbents for organic pollutant re-
moval. Their abundance, low cost, high specific surface 
area, and permanent negative charge make them particu-
larly attractive for environmental applications [16]. Nu-
merous studies have demonstrated the ability of natural 
and modified clays to adsorb pesticides and pharmaceu-
ticals through mechanisms such as cation exchange, hy-
drogen bonding, and hydrophobic interactions [5, 6, 17]. 
Recent reviews focusing on diuron, carbaryl, and alachlor 
adsorption have highlighted the critical role of clay type, 
surface modification, and solution chemistry in control-
ling adsorption efficiency [7]. Parallel to organic contami-
nation, heavy metal pollution represents another major 
threat to water quality. 

Metals such as Pb²⁺, Cd²⁺, Cu²⁺, Zn²⁺, and Hg²⁺ originate 
from industrial discharges, mining activities, and natural 
geochemical processes. Unlike organic pollutants, heavy 
metals are non-degradable and require immobilization or 
removal from the aqueous phase [18, 19]. Layered man-
ganese oxides, particularly birnessite and its hydrated 
analogue buserite, have been identified as highly efficient 
adsorbents for heavy metals due to their ion-exchange ca-
pacity, redox activity, and structural flexibility [20, 21]. 
Previous research conducted by us and collaborators has 
demonstrated the effectiveness of Albanian natural and 
activated clays for the removal of metribuzin and metho-
myl from contaminated waters [22, 23, 24]. Complemen-
tary studies have shown that synthetic birnessites and 
buserites act as powerful traps for heavy metal cations, 
with adsorption capacities exceeding those of many con-
ventional adsorbents [25].

Beyond these broad pollutant classes, this study specifically 
sheds light on the role of natural and modified clay minerals 
in adsorbing both widely used pesticides, such as atrazine, 
chlorpyrifos, and glyphosate, and a group of emerging phar-
maceutical contaminants, including azithromycin, paraceta-
mol, and ibuprofen. The co-occurrence of these substances 

in water bodies necessitates remediation strategies capable 
of addressing such diverse chemical groups simultaneously. 
This underpins the relevance of investigating clay-based 
adsorbents for this combined purpose. As a follow up of 
these findings and based on the extensive literature con-
cerning pesticide adsorption on clays and metal uptake by 
manganese oxides, the present paper aims to propose and 
conceptually develop a compact composite layered mate-
rial combining clays with birnessites/buserites. Such a 
composite is designed to function as a universal adsorbent, 
capable of simultaneously removing organic pollutants and 
heavy metals from polluted waters. This study integrates 
experimental insights from previous studies with enriched 
discussion based on recent literature, particularly focusing 
on pesticide, pharmaceutical-clay interactions, heavy met-
al-layered manganese oxides adsorption mechanisms, and 
environmental remediation strategies.

2.	 Study methodology
The present work is based on a synthesis of experimental 
data obtained in earlier investigations carried by us, com-
plemented by an in-depth analysis of recent literature on 
adsorption-based water remediation. Particular attention 
was given to studies addressing the adsorption of pesticides 
(including atrazine, chlorpyrifos, glyphosate, azithromy-
cin, paracetamol and ibuprofen) on natural and modified 
clays, as well as the uptake of heavy metal cations by lay-
ered manganese oxides such as birnessites and buserites. 

The data presented in Figures 2, 3, and 5 were compiled 
from a comprehensive review of peer-reviewed literature. 
For figures 2 and 3, the adsorption capacities (mg/g) for 
each pollutant-clay combination were extracted from stud-
ies reporting equilibrium batch adsorption experiments. 
literature-reported values and experimental adsorption data 
obtained under the following representative laboratory 
conditions: Initial pollutant concentration: 50–200 mg/L, 
adsorbent dosage: 0.5–2 g/L, pH range: 5–7 for pesticides 
and pharmaceuticals, contact time: 24 h equilibrium, tem-
perature: 298 ± 2 K, agitation speed: 150 rpm. The adsorp-
tion capacity (qe) was calculated using the equation (1)
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particularly focusing on pesticide, pharmaceutical-clay 
interactions, heavy metal-layered manganese oxides 
adsorption mechanisms, and environmental remediation 
strategies. 

 

2. Study methodology 

The present work is based on a synthesis of experimental 
data obtained in earlier investigations carried by us, 
complemented by an in-depth analysis of recent literature 
on adsorption-based water remediation. Particular 
attention was given to studies addressing the adsorption 
of pesticides (including atrazine, chlorpyrifos, 
glyphosate, azithromycin, paracetamol and ibuprofen) on 
natural and modified clays, as well as the uptake of heavy 
metal cations by layered manganese oxides such as 
birnessites and buserites.  

 

The data presented in Figures 2, 3, and 5 were compiled 
from a comprehensive review of peer-reviewed literature. 
For figures 2 and 3, the adsorption capacities (mg/g) for each 
pollutant-clay combination were extracted from studies 
reporting equilibrium batch adsorption experiments. 
literature-reported values and experimental adsorption data 
obtained under the following representative laboratory 
conditions: Initial pollutant concentration: 50–200 mg/L, 
adsorbent dosage: 0.5–2 g/L, pH range: 5–7 for pesticides 
and pharmaceuticals, contact time: 24 h equilibrium, 
temperature: 298 ± 2 K, agitation speed: 150 rpm. The 
adsorption capacity (qe) was calculated using the equation 
(1) 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
(𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)𝑉𝑉𝑉𝑉

𝑚𝑚𝑚𝑚  

where C0 and Ce are initial and equilibrium concentrations 
(mg/L), V is solution volume (L), and m is adsorbent mass 
(g). 

Heavy-metal adsorption data presented in Figure 5 were 
obtained from both prior experimental work and literature 
under comparable equilibrium conditions, typically within 
pH 5–6 to prevent metal precipitation. Isotherm fitting was 
performed using Langmuir and Freundlich models. The 
values represent maximum adsorption capacities derived 
from Langmuir isotherm model fits. Where multiple values 
existed for a similar clay-pollutant pair, a representative 
range or maximum value was selected to illustrate the 
potential of the material.  

Natural Albanian clays, previously characterized by X-ray 
diffraction, scanning electron microscopy, and chemical 
analysis, served as representative clay materials. 
Activation procedures reported in the literature include 
acid treatment, thermal activation, and cation exchange, all 
aimed at enhancing surface area, porosity, and adsorption 
capacity [26]. Birnessites and buserites were considered in 
both natural and synthetic forms, with emphasis on 
sodium-exchanged and hydrated variants known for their 
high ion-exchange capacity [20, 25]. Adsorption data 
reported in the literature were analyzed in terms of 
equilibrium capacities, kinetics, and controlling 
mechanisms. Where applicable, adsorption behavior was 
interpreted using classical isotherm models such as 
Langmuir and Freundlich, which remain widely employed 
for describing pollutant uptake on heterogeneous surfaces 
[27, 28]. 

 

3. Clays in organic pollutant removal 

Clays are natural minerals made of thin layers. These layers 
consist of tetrahedral silica and octahedral alumina or 
magnesia sheets, stacked together and held by cations like 
sodium or calcium [16, 29]. This structure creates spaces 
between the layers that can expand to store water or capture 
pollutant molecules (Fig. 1). The most effective clays for 
adsorption have a 2:1 layer structure, which allows them to 
swell and host various molecules [5, 16]. These interlayer 
spaces and surfaces act as active sites where organic 
pollutants can be trapped. Pesticides, pharmaceuticals, and 
dyes can attach to clay surfaces through different forces, 
such as cation exchange,  

 

where C0 and Ce are initial and equilibrium concentra-
tions (mg/L), V is solution volume (L), and m is adsor-
bent mass (g).

Heavy-metal adsorption data presented in Figure 5 were 
obtained from both prior experimental work and literature 
under comparable equilibrium conditions, typically with-
in pH 5–6 to prevent metal precipitation. Isotherm fitting 
was performed using Langmuir and Freundlich models. 
The values represent maximum adsorption capacities de-
rived from Langmuir isotherm model fits. Where multiple 
values existed for a similar clay-pollutant pair, a repre-
sentative range or maximum value was selected to illus-
trate the potential of the material. 

Natural Albanian clays, previously characterized by X-
ray diffraction, scanning electron microscopy, and chemi-



Vol. 21(1) 2026 31

cal analysis, served as representative clay materials. Ac-
tivation procedures reported in the literature include acid 
treatment, thermal activation, and cation exchange, all 
aimed at enhancing surface area, porosity, and adsorption 
capacity [26]. Birnessites and buserites were considered 
in both natural and synthetic forms, with emphasis on 
sodium-exchanged and hydrated variants known for their 
high ion-exchange capacity [20, 25]. Adsorption data re-
ported in the literature were analyzed in terms of equi-
librium capacities, kinetics, and controlling mechanisms. 
Where applicable, adsorption behavior was interpreted 
using classical isotherm models such as Langmuir and 
Freundlich, which remain widely employed for describ-
ing pollutant uptake on heterogeneous surfaces [27, 28].

3.	 Clays in organic pollutant removal
Clays are natural minerals made of thin layers. These lay-
ers consist of tetrahedral silica and octahedral alumina or 
magnesia sheets, stacked together and held by cations like 
sodium or calcium [16, 29]. This structure creates spaces 
between the layers that can expand to store water or cap-
ture pollutant molecules (Fig. 1). The most effective clays 
for adsorption have a 2:1 layer structure, which allows 
them to swell and host various molecules [5, 16]. These 
interlayer spaces and surfaces act as active sites where 
organic pollutants can be trapped. Pesticides, pharmaceu-
ticals, and dyes can attach to clay surfaces through differ-
ent forces, such as cation exchange, hydrogen bonding, or 
van der Waals interactions [5, 30]. The natural negative 
charge of clays attracts positively charged organic mol-
ecules. Furthermore, clays can be modified with surfac-
tants or acid to improve their ability to capture neutral or 
hydrophobic pollutants [14, 26].

Fig. 1. Pollutant molecules trapped within clay nanopores 
 and interlayer spaces [31].

The research in this area has shown the value of clays in 
cleaning water. Studies on Albanian clays demonstrated 
their effectiveness in removing pesticides like metribuzin 
and methomyl [22, 23]. Further work confirmed that these 
natural and activated clays can significantly reduce con-
centrations of various pesticides and antibiotics in water 
[32], as illustrated in Fig. 2. The adsorption process typi-

cally follows well-known scientific models, with a rapid 
initial uptake of pollutants that slows down as the clay sur-
faces become full [27]. In swelling clays such as smectites 
(e.g., montmorillonite), the typical interlayer spacing (ba-
sal spacing) is about 1.0-1.5 nm when dry. When water or 
organic molecules enter the interlayer space, this distance 
can expand significantly, often reaching 1.8-2.0 nm for 
small polar organics and up to 2.5-3.5 nm or more when 
larger organic pollutants (e.g., phenols, pesticides, hydro-
carbons) are intercalated. In practice, clays can accom-
modate a wide range of organic pollutants within these 
nanometer-scale interlayer galleries. There are several 
factors which influence the adsorption capacity of organic 
pollutants onto clays, mainly related to the properties of 
the clay, the pollutant, and the solution environment. 

Fig. 2. Adsorption capacity versus clay type for different natural 
clays toward three pesticides and three pharmaceuticals.

Figure 2 shows the adsorption capacities of some natu-
ral clays toward three pesticides: Atrazine, Chlorpyrifos, 
Glyphosate and three pharmaceuticals mostly used dur-
ing Covid 19 pandemic times, such as Azithromycin, 
Paracetamol, Ibuprofen. Natural clays such as montmo-
rillonite, kaolinite, and bentonite have been reported to 
show adsorption capacities ranging up to 200 mg/g for 
atrazine, 150 mg/g for chlorpyrifos and approximately 
130 mg/g for glyphosate [33, 34, 35, 36, 37]. Meanwhile, 
the adsorption capacities of azithromycin ranging up to 
150 mg/g are reported for montmorillonite and kaolinite, 
200 mg/g for paracetamol on bentonite, illite, and kao-
linite and 100 mg/g for ibuprofen by bentonite, illite, and 
palygorskite [8, 9, 10,11,12].

Reviews of clay adsorption confirm its broad usefulness 
against a range of common pesticides [7]. A major advan-
tage of clays is their global availability and low cost. They 
are found worldwide and can be processed inexpensively, 
making them ideal for large-scale water cleaning strate-
gies [16, 22]. In order to increase the adsorbing capacities 
of natural clays, clay activation is performed. Clay activa-
tion refers to the physical, chemical, or thermal treatments 
applied to natural clays in order to improve their surface 
area, porosity, cation exchange capacity, and adsorption 
or catalytic properties. Since raw clays often have limited 
surface activity due to impurities, compact structure, or 
low reactivity, activation makes them more effective for 
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applications in adsorption, catalysis, and environmental 
remediation. Fig. 3 shows the influence of the adsorption 
capacity of three pesticides and three pharmaceuticals for 
the natural and activated clays. The increase of the ad-
sorption capacities of all clays toward the selected organ-
ic pollutants with the clay activation has been observed. 
Activated clays have demonstrated maximal adsorption 
capacities exceeding 300 mg/g for atrazine and glypho-
sate; 200 mg/g for chlorpyrifos; 200 mg/g [38, 42] for 
azithromycin and ibuprofen and 300 mg/g for paraceta-
mol [43, 44, 45, 46, 47. 48, 49]. These values are almost 
50% higher compared to the adsorption capacities of the 
natural clays for the same analytes. 

Modifying them with organic compounds can further en-
hance their selectivity and ability to capture specific pollut-
ants like dyes [50, 51]. While clays are a powerful first step 
for removing organic pollutants, they are not sufficient on 
their own when the water is also contaminated with heavy 
metals. This is why they need to be combined with other 
materials, like manganese oxides, in composites.

Fig. 3. The influence of the adsorption capacity of three pesticides 
and three pharmaceuticals for the natural and activated clays.

4.	 Birnessites, buserites, and heavy  
	 metal removal
While clays are excellent for organic pollutants, man-
ganese oxides like birnessite (δ-MnO₂) and its hydrated 
form, buserite, are particularly effective for removing 
heavy metals [20, 19]. These minerals have a layered 
structure built from manganese-oxygen octahedra, with 
a high capacity for ion exchange and redox reactions 
[20, 18]. The layers in birnessite carry a negative charge, 
which is balanced by positively charged ions (e.g., Na⁺, 
Ca²⁺) and water molecules located between the layers 
[52]. The standard distance between these layers is about 
7 Å. When water molecules enter this space, it expands to 
about 10 Å, transforming the material into buserite (Fig. 
4). This hydration process is reversible and makes the 
material flexible, allowing it to accommodate large, hy-
drated metal ions [20].

Fig. 4. Schematic structure of birnessite and buserite, showing  
the MnO₆ sheets, interlayer cations, and the expansion  

of the interlayer spacing upon hydration [53].

Heavy metals are captured through several mechanisms. 
These include ion exchange, where metal cations swap 
places with the ions in the interlayer space; surface com-
plexation, where metals bind to oxygen atoms on the min-
eral surface; and sometimes redox reactions, where man-
ganese changes oxidation state to trap the metal [19, 54]. 
Studies show that birnessite and buserite can effectively 
uptake toxic metals like lead, cadmium, copper, zinc, and 
mercury [21, 55, 56]. The hydration that creates buserite 
is especially important as it opens up the structure, im-
proving the capture of these hydrated metal cations [20]. 
The adsorption capacity tends to be stronger for metals 
with larger hydrated ionic radii, such as lead and mercury, 
compared to smaller ones like cobalt [54] (Fig. 5). 

Fig. 5. Relationship between the adsorption capacity (left) of 
birnessites and the hydrated ionic radius (right) of various cations.

Early work on synthetic birnessites and buserites demon-
strated their potential as remedies for environmental met-
al contamination [25]. Later research confirmed that the 
key to their effectiveness lies in the structural flexibility 
and mixed oxidation states of manganese, which control 
their selectivity and efficiency [57, 58]. This unique abil-
ity to change and adapt through hydration makes birnes-
sites and buserites ideal partners for clays. Together, they 
can target the complex mixture of pollutants found in real-
world water sources.

Regarding the ribbon graph of Fig. 5 the adsorption ca-
pacity of Birnessites increases with the increase of the 
hydrated ionic radii. Thus Co2+ is less adsorbed compared 
to Cu2+, Zn2+, Cd2+, Hg2+ and Pb2+. This trend highlights 
the role of interlayer hydration and structural flexibility 
of Birnessites, where larger hydrated ions interact more 
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strongly with the layered MnO₆ structure, leading to en-
hanced ion-exchange and adsorption efficiency.

5.	 Composite materials for universal water  
	 purification
In reality, polluted water rarely contains just one type of 
contaminant. It is often a complex mix of organic and 
inorganic substances. Combining clays and manganese 
oxides into a single composite material creates a multi-
functional adsorbent that can handle this complexity [59]. 
In such a composite, the clays trap organic molecules 
through their interlayer spaces and surface interactions, 
while the manganese oxides remove toxic heavy metals 
through ion exchange and redox reactions [60, 61, 62]. 
The goal of this research is to propose a universal purifi-
cation material, made of both, clays that birnessites/buse-
rites as compact and efficient. Scientific models indicate 
that adsorption on these composites follows predictable 
patterns, with a fast initial removal rate that gradually 
slows as the material reaches its capacity [28, 27]. These 
composites can be manufactured into practical forms. For 
static applications, they can be shaped into spherical pel-
lets or beads. This forms provide mechanical stability and 
a high surface area for contact [63]. This allows them to 
be used in fixed filters, packed columns, or simply dis-
persed directly into contaminated water bodies. For ex-
ample, composites of montmorillonite clay and birnessite 
have been shown to simultaneously remove dyes and lead 
more effectively than either material alone [59]. Similarly, 
clay beads coated with manganese oxides have been used 
successfully in continuous-flow filter systems [30, 64].

The main advantage of these composites is their univer-
sality. A single material can target multiple classes of pol-
lutants, simplifying the purification process and reducing 
the need for complex, multi-stage treatment plants. Their 
low cost, natural abundance and adaptability make them 
excellent candidates for a wide range of applications, 
from small household filters to large industrial wastewater 
treatment systems.

6.	 Static and dynamic remediation approaches
Two main approaches can be used to apply these com-
posite materials for water purification: static and dynamic 
systems [65].

	In the static approach, the composite material is 
formed into spherical pellets or beads. These beads 
are then immersed directly into the polluted water 
body, where they remain stationary (Fig. 6).

Pollutants are removed through diffusion as the water 
moves around the beads. This spherical shape provides 
good mechanical stability, resistance to erosion, and 
a high surface area for contact with the water. The ad-
sorption process follows a predictable pattern, with rapid 
initial clean-up that slows over time. This method is best 
suited for treating stagnant or slow-moving water, such as 
ponds, lakes, or reservoirs, though the clean-up speed can 
be limited by the rate of diffusion.

Fig. 6. Example of static composite spheres immersed  
in water, adsorbing pollutants.

	In the dynamic approach (Fig. 7), the composite ma-
terial is packed into a filter system. Polluted water is 
pumped or flows through a compact bed of the mate-
rial. The filter is often designed in layers.

Fig. 7. Dynamic composite filter, showing a three-layer system 
with inflow of polluted water, a central composite layer for 

retention, and outflow of purified water.

A front layer might remove dirt and suspended particles, 
a central layer of the clay-manganese oxide composite 
adsorbs organic pollutants and heavy metals, and a fi-
nal porous support layer ensures the filter remains stable 
and allows clean water to flow out steadily. This system 
is highly efficient for continuous-flow applications, like 
home water filters or industrial effluent treatment. 

The main requirement is that the filter material must be 
replaced or regenerated once its adsorption sites are full.

7.	 Adsorbent management and sustainability
A critical aspect of any adsorption-based clean-up tech-
nology is managing the material after it has captured the 
pollutants. If not handled properly, used adsorbents can 
become a new source of contamination. For clay-birnes-
site composites, three main strategies are considered: (a) 
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chemical regeneration and (b) thermal treatment [66], (c) 
integration with bioelectrochemical systems.

a) Chemical regeneration involves treating the saturated 
composite with specific aqueous solutions under controlled 
pH and temperature. Acidic or basic conditions can help to 
release (desorb) the organic pollutants and exchange the 
heavy metals back into the solution [65]. This process can 
restore some of the material’s adsorption capacity, allow-
ing it to be reused. However, it has drawbacks: it can be 
costly, and it generates a secondary stream of liquid waste 
that itself requires careful treatment to avoid causing fur-
ther pollution [67]. Additionally, the regeneration process 
can slowly damage the structure of the adsorbent, reducing 
its efficiency over multiple cycles [66].

b) Thermal treatment offers a more straightforward and 
often more sustainable solution, especially at a large scale. 
In this method, the exhausted composites are heated to 
a high temperature (typically 400-600°C). This process, 
known as calcination, burns off and destroys the organic 
pollutants through combustion. The heavy metals remain 
within the resulting ash, where they are converted into 
stable oxides or other mineral phases. To prevent these 
metals from leaching out, the metal-laden ash is typi-
cally mixed into a cementitious matrix, creating concrete 
blocks that can be safely stored in controlled facilities or 
even used in construction [68]. This method safely im-
mobilizes the pollutants for the long term. The energy re-
quired for heating is a significant operational cost. For a 
large-scale water treatment plant treating millions of liters 
per day, the thermal treatment of spent adsorbent could 
require a significant energy input. A preliminary estimate 
suggests that heating 1 ton of composite to 500°C could 
require approximately 150-200 kWh of energy. If pow-
ered by a dedicated renewable source, this would require, 
a small wind turbine (e.g., 10 kW capacity running at 30% 
capacity factor) to treat about 10-15 tons of spent material 
per month. While this is an additional cost, it avoids the 
creation of a secondary liquid waste stream and provides 
a permanently stabilized final product. The sustainability 
of this approach is maximized when the required heat is 
sourced from renewable energy, such as solar thermal or 
biogas, aligning with circular economy principles.

c) Integration with Bioelectrochemical Systems (BES), an 
innovative and sustainable approach to manage the sec-
ondary waste stream from chemical regeneration is to treat 
it using bioelectrochemical systems, such as microbial fuel 
cells (MFCs). The concentrated eluate from chemical re-
generation, containing both desorbed organic pollutants 
and heavy metals, is often toxic and difficult to treat with 
conventional methods. BES offer a unique solution. In an 
MFC, electroactive bacteria oxidize the organic pollutants 
(e.g., pesticides, pharmaceuticals) at the anode, releasing 
electrons and protons. The heavy metals in the eluate can 
be simultaneously reduced and deposited at the cathode, 
achieving their removal and recovery [69, 70]. This inte-
gration is particularly synergistic with the materials dis-
cussed in this paper. Many advanced MFCs utilize clay-
based separators and membranes due to their low cost, 
ion-exchange properties, and structural stability [71, 72]. 
Furthermore, manganese oxides have been explored as 

low-cost cathode catalysts to enhance oxygen reduction or 
direct metal reduction reactions [73]. Therefore, the very 
materials that form the core of our composite adsorbent 
(clays and birnessites) could be repurposed to build the 
BES reactor that treats its own waste stream. This creates a 
closed-loop or integrated system where the secondary pol-
lution problem is solved by a technology built from the 
same abundant, low-cost materials, simultaneously recov-
ering energy (as electricity) and valuable metals.

From a sustainability perspective, thermal immobilization 
provides long-term stability and avoids creating liquid 
waste streams. Its main drawback is the energy required 
for heating, which should ideally come from renewable 
sources to minimize the environmental footprint. Chemi-
cal regeneration is less energy-intensive but is more prac-
tical for small-scale or decentralized systems where the 
secondary waste can be managed locally. The choice be-
tween methods depends on the scale of the operation and 
the types of pollutants involved. Worth to mention here is 
that the sustainability of these composites is especially re-
lated to their abundance and the low cost. Clays are widely 
available and inexpensive [16, 22], and manganese oxides 
can be synthesized from common precursors. This makes 
the composite technology an accessible and scalable solu-
tion, particularly valuable for regions that lack advanced 
water treatment infrastructure. Recent research has shown 
that local clays can be successfully shaped into pellets for 
pesticide removal, demonstrating the strong potential for 
integrating them into these kinds of composite systems 
[7, 17, 22, 23]. The availability of both static and dynamic 
methods makes these composites highly adaptable to dif-
ferent environmental needs and scales of operation.

8.	 Cost considerations for deployment
The proposed clay-birnessite composite offers several in-
herent cost advantages. The raw materials, natural clays 
and manganese precursors are abundant and inexpensive. 
Clay minerals are globally available and can often be 
sourced locally, significantly reducing transportation costs. 
Manganese is also a common element, and birnessites can 
be synthesized using relatively simple and low-energy wet 
chemistry methods [20, 25]. The manufacturing of the 
composite into pellets or beads, while adding a processing 
step, utilizes standard equipment from the ceramics and 
materials industry, keeping production costs moderate. 
When comparing the cost to conventional adsorbents like 
granular activated carbon (GAC), which can cost 1,500-
2,500 USD/ton, the clay-based composite is projected to be 
significantly cheaper, potentially in the range of 300-500 
USD/ton, together with an estimation of potential water 
treatment capacity per ton of adsorbent. This is calculated 
considering the following approximations: natural clays 
~30-100 USD/ton, acid-activated clays ~150-300 USD/
ton, and synthetic birnessite ~400-800 USD/ton at labora-
tory scale. Since GAC is primarily effective for organic 
compounds and requires thermal regeneration, the clay-
birnessite composite targets both organics and inorganics. 
Its potential for low-cost chemical regeneration or its abil-
ity to be thermally treated and safely immobilized with-
out the need for complex reactivation processes can offer 
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long-term operational savings. The integration with BES 
for waste stream treatment, while requiring initial capital 
investment, offers the potential for energy recovery and 
metal recuperation, offsetting operational costs over the 
system’s lifetime. A detailed life-cycle cost analysis, in-
cluding raw material extraction, manufacturing, transpor-
tation, operation, and end-of-life management, would be 
the next step to fully quantify the economic benefits and 
optimize the design for specific applications.

9.	 Conclusions
This study sheds light on the strong potential of clay min-
erals, layered manganese oxides, and their composites as 
effective, low-cost materials for water remediation in the 
context of increasing global water pollution and scarcity. 
The synthesis of experimental evidence from previous 
work and an extensive review of the literature clearly 
demonstrates that natural clays, particularly montmoril-
lonite, kaolinite, bentonite, illite, and palygorskite, are 
highly efficient adsorbents for a wide range of organic 
pollutants. Selected pesticides such as atrazine, chlorpy-
rifos, and glyphosate, as well as pharmaceutical contami-
nants including azithromycin, paracetamol, and ibupro-
fen, show substantial adsorption onto clay surfaces and 
interlayer spaces. Natural clays already exhibit significant 
uptake capacities, while activated and chemically modi-
fied clays display markedly enhanced adsorption, often 
reaching or exceeding 200-300 mg/g, confirming the cru-
cial role of surface modification and interlayer chemistry 
in optimizing performance. In parallel, the study under-
lines the exceptional capacity of layered manganese ox-
ides, such as birnessites and their hydrated form, buserites 
for the removal of toxic heavy metal cations from water. 
These materials efficiently capture metals such as Pb²⁺, 
Cd²⁺, Cu²⁺, Zn²⁺, and Hg²⁺ through ion exchange, surface 
complexation, and redox-driven mechanisms. Natural 
birnessites and buserites show adsorption capacities up to 
about 400 mg/g, while synthetic and sodium-exchanged 
variants can exceed 600 mg/g, with adsorption strength 
closely linked to interlayer hydration and the hydrated 
ionic radius of the metal cations.

The main conclusion of this study is that combining clays 
and birnessites/buserites into a single composite mate-
rial represents a highly promising strategy for universal 
water purification. Such composites can simultaneously 
target organic pollutants and heavy metals, reflecting the 
complex mixtures typically present in real contaminated 
waters. Conceptual designs involving compact spherical 
pellets or filter-packed systems offer practical routes for 
both static and dynamic remediation applications. 

Importantly, the abundance, low cost, and environmen-
tal compatibility of clays and manganese oxides make 
these composites particularly suitable for large-scale 
deployment, including in regions with limited access to 
advanced water treatment technologies. The long-term 
sustainability of this technology depends not just on ad-
sorption performance, but also on the responsible man-
agement of the employed material. Both chemical regen-
eration and thermal immobilization offer viable pathways 

to ensure that the composites do not become secondary 
pollutants. Thermal treatment, in particular, which incor-
porates the metal-laden residue into concrete, aligns well 
with circular economy principles by creating a stable, safe 
end product. Furthermore, the innovative integration of 
chemical regeneration with bioelectrochemical systems 
presents a forward-thinking solution to manage secondary 
waste streams, potentially recovering energy and metals 
while utilizing the same family of low-cost clay and man-
ganese materials. A preliminary cost analysis suggests the 
composite is economically competitive with conventional 
adsorbents, reinforcing its potential for widespread adop-
tion. A follow up of this study should focus on pilot-scale 
testing of these composites in dynamic flow systems, opti-
mizing the composite ratio for specific pollutant mixtures, 
and conducting a full life-cycle assessment to validate the 
sustainability and economic benefits outlined here.
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