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HIGHLIGHTS

« Energy management system for an electric vehicle charging hub fed by a large-scale wind farm.

« Assessment of the role of BESS in minimizing operating cost and CO, emissions.

« Assessment of the impact of smart charging and Vehicle-to-Grid (V2G) on the operation of the hub under different operating conditions, especially during BESS
faults.

« Accurate implementation of inverter capability curves to model reactive power sharing.

« Application to a real electric vehicle charging hub located in Vado Ligure, Italy.

ARTICLE INFO ABSTRACT

Keywords: The transportation sector is a major contributor to greenhouse gas emissions. To address this, the European Union
Electric trucks is promoting the integration of Electric Vehicle (EV) charging infrastructures with Renewable Energy Sources
Electric vehicle charging hub (RESs). The intermittency of RESs can be mitigated through the use of Battery Energy Storage Systems (BESSs)
Vehicle-to-grid and advanced EV charging strategies such as Vehicle-to-Grid (V2G), which require effective energy management.
Capability curves Accurate implementation of RES inverter capability curves is essential to minimize discrepancies between the-

Energy management system

Wind farm oretical models and real-world performance. This study presents an Energy Management System (EMS) based

on a Mixed Integer Linear Programming (MILP) model to optimize overnight charging of electric trucks at an
Electric Vehicle Charging Hub (EVCH) powered by RESs. The EMS is developed in Matlab/Yalmip and solved
using Gurobi. The model is applied to a real EVCH connected to a large-scale wind farm in Liguria, Italy, with
integration of Photovoltaic (PV) and BESS units. Validation is performed through comparison with HOMER Grid
simulations. Several sensitivity analyses are conducted, varying RES availability, truck presence, and electricity
prices, to assess EVCH performance. Results show that V2G enables a 13.3 % cost reduction compared to constant-
power charging. If the BESS is out of service, the increase in facility net costs is limited to 3.6 %. However, if trucks
are available during the day, the V2G benefit is nullified due to overlap with RES production peaks. Conversely,
higher electricity prices lead to a 6.7 % increase in the V2G contribution.

1. Introduction The outcomes are the promotion of the use of Zero Emission Vehicles
(ZEVs), especially Electric Vehicles (EVs), and significant increase in the

1.1. Motivation and background use of Renewable Energy Sources (RESs) in the transportation sector.

The reduction of CO, and other Greenhouse Gas (GHG) emissions Heavy duty vehicles contribute to a quarter of the emissions from the
from the transportation sector, which accounts for almost 26 % of the road transportation sector [3], with trucks representing 85 % of the to-
GHG emissions at European level, has been one of the major goals of tal emissions followed by passenger transport vehicles [2]. Goals have
the “Fit for 55” package, announced by the European Union (EU) [1,2]. been defined for the complete reduction of GHG emissions from new
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cars, buses, vans and trucks [4]. Policy proposals are being developed
by the member states of the EU to encourage the use of Heavy Electric
Vehicles (HEVs) for goods transport [5]. Studies reveal that the use of
electric trucks in the reduction of GHG emissions is effective in the long
run when coupled with long term electrification of road transport scenar-
ios [6]. Although the growth of electric truck and bus sales in the EU has
seen a surge, they account for only less than 1 % of the total sales of the
EVs [7] as the evolving technology, the limited charging infrastructure
and the high battery costs can be held responsible for the hesitation in
the use of electric trucks for freight movement [8]. Consequently, an in-
crease in the development of EV fast-charging infrastructure represents
a crucial challenge to sustain the energy transition.

The use of RESs to power HEVs is crucial in preventing the shift of
the emissions from the transportation sector towards the power genera-
tion sector. Inclusion of RESs for power generation falls in line with the
sustainable development and climate goals of the EU. Photovoltaic (PV)
and Wind Turbines (WTs) power plants represent the most common so-
lutions exploited both at small and utility scales [9]. These plants are
connected to local facilities through inverters, to maximize primary self
consumption: nevertheless, inverters are unable to ensure the same per-
formance in frequency and voltage regulation as static generators on
their own, due to their inherent characteristics (being static generators,
overloading capability, etc.), therefore, the use of smart inverters with
dedicated controllers enables RES power plants to exchange reactive en-
ergy with loads in microgrids [10] as well as with the public network,
which is crucial in maintaining control over voltage [11,12]. In fact, dur-
ing peak production periods, RESs could induce overvoltage transients
that may result in issues for the stable operation of the local distribution
network [13].

Within this framework, Energy Storage Systems (ESSs), particularly
Battery Energy Storage Systems (BESSs) provide crucial system flexibil-
ity for RES integration [14]. Besides enhancing energy security [15],
BESSs can participate in peak shaving [16] and offer the advantage of
providing ancillary services [17,18]. Moreover, BESSs are useful to en-
sure safe operations of microgrids, as reported in [19]. Calendar and
cycling aging processes are detrimental to the operating life of BESSs
with the latter related to the number of charging and discharging cycles,
contributing the most towards reducing the operational life of storage
systems as reported in the studies [20], and [21], which developed ag-
ing models for BESSs. The impact of Vehicle-to-Grid (V2G) technique on
battery degradation is also explored in [22] and [23].

The complete transition to ZEVs is imminent in the urban freight and
passenger transport sector, as the emission standards are tightened by
the EU [24]. EVs can be considered as mobile BESSs, therefore providing
further flexibility services [25]. Nevertheless, similar to RES generators,
massive penetration of EV fleets could induce problems in terms of volt-
age stability, in case of large peaks of charging demand [26]. In addition,
HEV battery capacities typically range between 350 kWh and 550 kWh
and require higher charging powers when compared to light EVs, further
worsening possible voltage issues: in fact, fast charging of these EVs is ex-
pected to add additional peaks in the load demand profile while creating
congestion problems for the distribution system operators. Exploiting
V2G and Vehicle-to-Building (V2B) functionalities, using the battery ca-
pacities of HEV fleets, can help mitigate demand peaks in the utility
grid and can provide economic and environmental benefits. While [27]
discusses smart charging strategies for HEVs, [28] and [29] explore the
profitability of the V2G charging strategies of heavy electric vehicles
and [30] optimizes the production process in a facility by integrating
electric trucks, exploiting their V2G functionality. Moreover, EVs can be
integrated into energy communities [31], providing further flexibility to
the system in terms of avoided transmission losses.

1.2. Literature review

Effective energy management is significant when RESs are inte-
grated with electric mobility systems. Examples of Energy Management
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Systems (EMSs) based on the Mixed Integer Linear Programming (MILP)
approach for the optimal operation of electric mobility facilities are
available in the literature. Reference [32] provides an optimal schedul-
ing approach for a charging station of both electric and hydrogen-fed
vehicles, with local hydrogen production through the use of electrolyz-
ers: nevertheless, electricity comes from the distribution network and
RESs are not considered to be installed at the facility, therefore not as-
sessing their impact in an electric vehicle charging station. In [33] the
impact of PV installation in an EV charging station close to a retail store
is discussed, showing great potential in terms of satisfaction of EV charg-
ing demand: however, the possibility of applying V2G technology is not
assessed. V2G functionality is instead explored in [34], where a park-
ing lot equipped with a PV system along with a BESS aims to minimize
the operating costs by reducing the dependence on the utility grid. The
household EMS presented in [35] exploits the V2B functionalities of EVs
to minimize the net costs related to the purchase and sale of energy
from/to the public network by scheduling the charging and discharg-
ing operations of EVs and the operations of shiftable electrical loads
connected to the grid. In [36], the scheduling of electricity-intensive
household appliances is optimized to align with the power generation
from distributed energy sources during periods of higher electricity tar-
iffs, effectively minimizing the CO, emissions associated with power
absorbed from the public grid. The MILP model in [37] provides a struc-
tured framework to integrate renewable energy into the public network
and optimize the BESS operations and the scheduling of diesel genera-
tors in a microgrid, targeting cost minimization in both grid-connected
and islanded modes. The MILP model in [38] proposes optimal dispatch
solution for the operation of BESS in a nanogrid while simultaneously
optimizing the size of the BESS. In [39], the MILP-based EMS effectively
manages the operations in a hydrogen-based renewable energy commu-
nity and performs effective scheduling of electrolyzers, hydrogen tanks,
and fuel cells with the aim of minimizing the total operating costs.

A comparison of the impact of MILP and Markov’s decision process
approaches on the effectiveness of EMS in maximizing the profits in an
EV charging station is presented in [40], with the MILP approach provid-
ing better results. A battery usage cost is added to the objective function
of the EMS in [41] to optimize the operations of BESS for a longer oper-
ating life while maximizing the profits in an EV charging station coupled
with a PV system. In [42] and [43], linearized constraints for RES in-
verters that allow the exchange of both active and reactive power are
presented so that the EMS reduces the dependence on the grid for the op-
timal operation of a prosumer building integrated with RES and charging
points for an EV fleet. A cost-effective management strategy is presented
in [44] where a MILP model optimizes the operations of a combined
cooling, heat, and power system supplying the power and cooling de-
mand of data centers. In [45], the EMS optimizes the interaction of the
utility grid, PV system, electrolyser and BESS to schedule the charging
of ZEVs within an all-in-one EV charging station with hydrogen filling
and battery swapping. An EMS designed to optimize the operations of a
community-based prosumer microgrid is described in [46] where the EV
availability is modeled using the Markov chain model. An approach for
the optimal operation of an industrial microgrid with a centralized BESS,
PV plants and EV charging points is discussed in [47], considering two
EV cars and two EV trucks for freight delivery. The considered indus-
trial user is supposed to be a member of a renewable energy community
located in Italy: therefore, the member has to modulate the exchange of
active power with the network in accordance with a reference profile
provided by the community aggregator to maximize the shared energy
within the community and the relevant incentive. In [48], a multi-
objective optimization model is presented where the V2G capability of
EVs is utilized in reducing the CO, emissions from the utility grid re-
lated to the production of electricity from fossil fuels. A taxonomy table
highlighting the research gaps in the relevant literature is presented in
Table 1. The table categorizes the aforementioned sources according to
the considered generation resources (PV, WT, BESS), types of EVs (EV
cars, EV trucks), possible penalties regarding the unsatisfied charging
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Table 1
Summary of the literature review.
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Ref. PV WT BESS EVCars EVTrucks Penalty on departure SOC unsatisfaction =~ V2G Reactive power  Application scale

[32] - v v - - - - Charging hub — Few MW

[33] v - - v - - - - Supermarket - <1 MW

[34] v - v v - v v - Parking station — <1 MW

[35] v - v v - v v - House — some kW

[40] v v v v - - v - Parking station — <1 MW

[41] v - v v - - - - Charging station - <1 MW
[42,43] v v - v - - v Charging station for postal building - <1 MW
[45] v - - v - 4 - Charging station - <1 MW
[46] v - v v - - v - Microgrid - Few kW

[47]1 v - v v v - v - Industrial Microgrid - <1 MW
This study v v v v v v v v Charging station — ~ 10 MW

*Battery swapping technique used

demand (i.e., the EV leaves the EVCH with a SOC lower than the de-
sired one), application of V2G, modeling of reactive power exchanges
and application scale.

1.3. Problem overview and contributions

While existing studies primarily focus on small-scale charging sta-
tions with no local RES generation or powered by small RES power
plants, they often fail to provide substantial environmental benefits or
scalable solutions for heavy-duty EVs. Moreover, few studies explore the
integration of fast-charging infrastructure for electric trucks with V2G
capabilities, assessing the impact of this service on economic and energy
performance of charging stations. In addition, reactive power manage-
ment is usually neglected in literature. Finally, to the best of the authors’
knowledge, very few studies rely on real-world data derived from an ex-
isting charging hub. Within this state of the art, the present study aims
to develop a MILP-based EMS to be applied to optimize the operation
of an Electric Vehicle Charging Hub (EVCH) located in Vado Ligure, a
city in the Northern Italian region of Liguria. The hub, capable of host-
ing both private electric cars and electric trucks, is owned by Ricarica
s.r.l. (from now on, “Ricarica”), a subsidiary of Fera s.r.l. (from now on,
“Fera”). The EVCH is equipped with three charging stations (2 x 350 kW
+ 1 x 75 kW), able to provide fast charging, directly under the owner-
ship of Ricarica, being able to satisfy the charging demand of both cars
and trucks, while another twelve charging stations (12 x 250 kW) are
installed at the facility under the ownership of another operator. The
EVCH is directly connected, through a dedicated connection, to a WT
farm, composed of 4 large-scale WTs, under the ownership of Fera, in-
stalled in the nearby hills with a total rated power of 9.4 MW. This direct
connection between the wind farm and the EVCH makes the facility a
unique case study at the European level. The EVCH is also connected to
the utility grid through a Medium Voltage (MV) connection. The hub is
being upgraded to host a commercial building along with a PV power
plant and a BESS.

The proposed EMS model is validated by comparing its results with
those of an optimization model developed in HOMER Grid. Moreover,
a comparison of cost performances in case of application of traditional
constant-power charging, smart charging and V2G is performed. Two
base scenarios are considered, assuming that an EV truck is parked at the
facility for overnight charging: in the first scenario, V2G is considered
(although not currently implemented at the EVCH), in order to assess
the impact of advanced charging techniques on the operations of the
facility, while a second scenario considers the BESS to be out of service,
in order to assess how the operation of the EVCH changes without the
flexibility provided by the storage system. The second scenario is further
analysed through several sensitivity analyses that assess the impact that
high/low wind and solar energy availability, daytime/nighttime electric
truck availability and high/low electricity prices have on the operation
of the facility.

The objective of the EMS is to effectively manage the RES power
plants to minimize the net operating costs of the hub, which include
the costs related to the exchange of active and reactive energy with the
utility grid, the costs related to peak power absorption from the grid,
the possible penalty due to unsatisfaction of the charging demand of the
electric truck and the costs related to BESS operation.

This study extends the results of the previous research [49] and its
contributions are:

Definition of a day-ahead EMS for the optimal operation of an EVCH
directly connected to a large scale wind farm, participating to day-
ahead market.

Application of the EMS to a real-world case, exploiting actual data
from the EVCH in Vado Ligure. In fact, data about EV presence and
EV charging demand at the EVCH for each time interval of the time
horizon have been derived by the data provided to the authors by
Fera and Ricarica, along with the production of the 4 WTs.
Analysis of the impact of V2G applied to electric trucks. To this pur-
pose, two scenarios are considered, one with the BESS in operation
and one with the BESS out of service, to identify potential advantages
of exploiting V2G in different operating conditions.

Comparison of economic performance of the EVCH considering the
application of different charging techniques (traditional constant-
power charging, smart charging and V2G) and charging power levels
(quick charging vs. fast charging) for the electric truck.

Set up of sensitivity analyses performed considering high/low RES
production, daytime/nighttime electric truck presence at the EVCH
and high/low electricity prices, to further assess the impact of V2G
under different operating conditions.

Evaluation of the impact of the EVCH on the economic performance
of the wind farm, given the presence of multiple EV operators.

A comprehensive approach accounting for both active and reactive
power, presenting an innovative and accurate approach to linearize
the capability curves of BESS and inverters, to ensure the global
optimality of the solution.

Indeed, to the best of the author’s knowledge, the present study is one
of the first regarding EVCHs allowing the fast charging of electric trucks,
with the possibility of applying V2G technique. In fact, other studies
in literature either consider small-scale EV charging stations fed by the
local distribution grid, therefore not providing environmental benefits,
or by small-scale local RES generators with limited potential: instead,
the present paper provides a case study of an EVCH directly connected
to a large-scale WT power plant, through a dedicated connection.

The remainder of the paper is organized as follows: Section 2 de-
scribes the charging hub; Section 3 presents the mathematical model of
the EMS; the results are discussed in Section 4, while Section 5 draws
the main conclusions of the study.
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Fig. 1. The Fera Windfarm and the Ricarica EV chargers.

2. Facility description

A brief description of the EVCH under study along with the proposed
technological upgrades is presented in the following sections.

2.1. Vado ligure EVCH

The EVCH under study is located in the town of Vado Ligure, which
falls under the province of Savona of the Ligurian region of Italy. The
“Rocche Bianche” hills in Vado Ligure host a 9.4 MW wind farm, com-
missioned by Fera in April 2020. The EVCH launched in June 2023
by Ricarica, a division of Fera, is directly connected to the wind farm:
the facility represents the first example in Italy of an EVCH directly
connected to a large-size RES power plant. The hub is located in an
industrial area, close to a highway exit and is connected to the pub-
lic distribution network through a MV/LV substation. It currently hosts
EV charging stations managed by two operators — Ricarica and another
EV charging service provider (hereinafter referred to as “Operator 27).
EV charging stations of both operators support fast charging of vehi-
cles. Ricarica hosts chargers of two types, “type a” and “type b”. The
“type a” Direct Current (DC) ultra-fast chargers have a rated capacity
of 350 kW and support Combined Charging System (CCS) with Combo2
(CCS2) connectors. The “type b” DC fast chargers have a rated capac-
ity of 75 kW and support a CHAdeMo connector along with the CCS2
plug. Two “type a” and one “type b” chargers are present at the facil-
ity. Both types of chargers can be used for the fast charging of electric
trucks, vans as well as light EVs. A visitors’ lounge for the users of
the facility is located in the old office building present at the hub.
The EV chargers of Ricarica and the WTs owned by Fera are shown
in Fig. 1.

2.2. Planned upgrades of the facility

The facility is to be renovated in the near future and the improved
hub would host a multi-storeyed energy efficient building with offices
of Fera and Ricarica along with commercial outlets, a restaurant and
a modern museum of EVs. Heat pumps will be designed to satisfy the
hot water, heating and cooling demands of the building. A PV power
plant will be installed on the rooftop; a BESS will be installed too, in
order to increase the self-consumption of RESs, as well as to provide
flexibility of supply. The electrical loads of the building are assumed
to be inductive while the EVs are supposed not to exchange reactive
power with the facility. Additionally, given its specific location in an
industrial area, the hub provides overnight charging for electric trucks
parked at the facility, with the willingness to increase the number of
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Active Power Reactive Power

Fig. 2. Simplified layout of the proposed hub.

chargers for trucks. These additions to the existing hub infrastructure
call for effective management of the technologies to minimize the daily
operating costs of the hub. A simplified layout of the EVCH is presented
in Fig. 2.

3. Mathematical model

The present section fully details and discusses the mathematical
model of the optimization problem. The objective of the EMS is to man-
age the RES power plants to minimize the daily operating costs of the
EVCH, while ensuring that the energy demand of the building and of
the EVs is satisfied and guaranteeing that the electric trucks present
overnight at the facility are smartly charged and reach the desired State
of Charge (SoC) at the time of departure. The optimization horizon is
divided into T intervals of duration A and t indicates the generic time
interval of the optimization problem. The constraints describing the
behaviour of the technologies present at the EVCH and the objective
function are discussed in the sections below.

3.1. BESS and Grid model

3.1.1. BESS

The active power charged to the BESS, P,B’Ch and the active power
discharged by the BESS, P,B’dCh, are continuous decision variables and
are limited by the size of the BESS inverter, A”-8, which is an input data,
as described in the constraints below.

0< PtB,ch < Ain,B . xtB,ch vi=1,..,T (1)
0< PRI < AInB (Bl Ty =, T 2

xtB,ch+xtB,dch Sl

vi=1,..,T 3

In (1) and (2), xtB’“" and xf’d”h are binary decision variables that
are equal to 1 when the BESS is charging or discharging respectively
and set to 0 otherwise. Thus, the occurrence of simultaneous charge and
discharge cycles is forbidden, as in constraints (3).

The continuous decision variables EZ, which represent the energy
content of BESS, are governed by a discrete time-dependent energy bal-
ance, which takes into account the self-discharge rate, A, along with the
charging and discharging efficiencies, ngl and "fch respectively, which
are inputs to the model. The constraints related to the energy content of
the BESS are reported below.

,,IB,dch

PB,dch
B _ B Bch pBch t
E7+1_(1—A)-Et+A~<nC~PI‘ - > @

vi=1,...,T -1
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Soc™n . CB < EB < SoC™>*.CB Vt=1,...,T 5)

EF = soC™ . CB (6)

To prolong the operational life of the BESS, the energy content must
be maintained between a specified minimum and maximum SoC, SoC™"
and SoC™*, as outlined in constraints (5), where C® represents the rated
capacity of the BESS. The EMS assigns an initial SoC, SoC™", at the start
of the optimization horizon as specified in constraint (6). Cycling ag-
ing is limited by minimizing the number of cycles, as reported in the
constraints below.

Bch _ xB,ch < xtB,ch,Sl‘r _ xrB,th,end Vi = 1’ L T—1 (7)

Xerl =

Tliclich _ tB,dch < xlB,dch,str _ xtB,dch,end Vi = L ,T _1 (8)

xSt g Behend <1 yr=1,...T ©

xtB,dch,str + x’B,dch,end <1 V= 1’ ,T (10)

ctB,cyc - pB,cyL' . (xtB,ch,str + x[B,dch,.wr) Vi=1,....T an
. B.ch,str B.ch,end . P .

In constraints (7), x, and x, are binary decision variables

that are set to 1 at the start and end of a charging sequence respectively
or 0 otherwise, while in constraints (8), xf dehsir and xB4mend are binary
decision variables that are set to 1 at the start and end of a discharging
sequence, respectively. Constraints (9) and (10) ensure that the start and
end of a charging or a discharging sequence cannot happen simultane-
ously. To minimize the number of charging and discharging cycles, a
cycling cost c,B‘CyC is calculated, as reported in constraint (11), where
pB<¥ indicates the unit cycling cost.

The relation between the active and reactive power output for BESS
inverter and the size of the BESS inverter, A”8 provides an operating
range with a circular capability curve. The CEI 0-16 standard of the
Comitato Elettrotecnico Italiano (the Italian non-profit association, re-
sponsible for the technical standardization in the electrical, electronic
and telecommunications fields) [50] defines the operating region of
BESS inverters connected to the MV network with a capability curve
as shown in Fig. 3. The relevant constraints related to the exchange of
inductive reactive power are reported below.

0< QBabs < ginB . yBabs g —q T 12
0< QP < AmB . BN yr =1, T 13)
yBabs p yBI <1 vi=1,...,T a4
(BB £ QP < (A wi=1,..,T as
(PP 4 (@PMY < (ABY Vi=1,...T (16
(PRAM? 1 (B < (A™BY Vi=1,...T a7
(PP 4 QP! < (AMBY i=1,..,T (s

In constraints (12) and (13), Q,B’“b“ and Q?’W are decision vari-
ables that correspond to the inductive reactive power absorbed and
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B.ch
P

AinB

AinB

Babs B,inj
Q 0 AinB &

AinB

B.dch
P

Fig. 3. Capability curve of bidirectional inverters connected to MV network.

supplied by the BESS inverter, respectively, while yf’“'” and th I are

binary decision variables that are set to 1 when the BESS inverter is
absorbing or supplying reactive power, respectively, or 0 otherwise.
Constraint (14) prevents the simultaneous exchange of inductive and
capacitive reactive power by the BESS inverter. Constraints (15)—(18)
introduce nonlinearity as they describe a circular operating range. To
linearize these constraints, a regular polygon is assumed to be inscribed
within the circular capability curve to obtain a linearized polygonal op-
erating range. It is assumed that the polygon has an equal number of
sides H in each quadrant and the linearized constraints are reported
below.

PB,ch —jp- AinB — 5y - (QlB,abx —ip - Ain,B)

! 19
Vi=1,...,T Vh=1,...,H

PfB,ch _jh . Ain,B — 5}1 . (QtB,inj _ ih . Ain,B)

vt=1,..., T Vh=1,....H

(20)

P’B,dch —jp- Ain,B — éh . (QIB,abs —ip,- Ain,B) 1)
vi=1,...,T Vh=1,....,.H

B.dch . in,B _ Bi,inj . in,
P; c _Jh'AmB_éh'(Q, mj_lh_AmB)

(22)
Vi=1,...,T Yh=1,...H

- 1
i — AInB . (h—l .E._) Vh=1,... H+1 23
iy cos ( ( ) T (23)
jh=Ai"’B-sin((h—1)~£~i) Vh=1,.. H+1 24)

2 H
= I gy H 25)

tht1 = 1tn

In constraints (19)-(25), i;, and jj, are the coordinates of the starting
point of the h-th side of the polygon in the quadrant, while §, is the
slope of the side with respect to the Cartesian plane. For a tetracontagon
inscribed within the circular capability curve, it has been verified that
the approximation error is less than 0.41 %.

3.1.2. Grid connection

The active power absorbed from the utility grid Pf"b and the active
power supplied to the utility grid PIG‘S are continuous decision variables
limited by the size of the transformer A”/-¢ that connects the hub to the
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MV network. The relevant relations related to the exchange of active
power with the grid are reported in constraints (26)—(28).

0< POP < AMIG . XE yr=1,..,T (26)
0< PO < AMC X5 wr=1,...T @7
XX <l =1, T (28)

In constraints (26) and (27), x,G’b and x,G’S are binary decision vari-
ables that are set to 1 when the EVCH absorbs or supplies active power
from/to the utility grid respectively or O otherwise, while constraints
(28) prevent the simultaneous sale and purchase of active energy.

Constraints relating active and reactive power exchanges with the
distribution network follow relations similar to the ones employed for
the BESS inverter: therefore, reference is made to constraints (19)-(25).

The purchase of active energy from the public network incurs costs
for the EVCH while the sale of active energy to the public network
generates revenues. In order to maintain control over voltage, the injec-
tion/absorption of inductive reactive energy to/from the public network
at specific time intervals attracts penalties, according to the provisions
of ARERA (The Italian Regulatory Authority for Energy, Networks and
Environment) [51].

ctGrid —A. (cth . P’G,b 4 ch,ubs 'Q’G,abs + CtQ,inj . QtG,inj _ rtPs . P}G;)
(29)

vi=1,...,T
In constraints (29), the continuous decision variables c,G’id represent

the net costs related to the exchange of active and reactive energy with
the network at time interval ¢. ¢/ and r/* are respectively the unitary
cost related to the purchase of active energy from the network and the
unitary revenue generated from the sale of active energy to the network,

while c[Q"“b“ and ctQ “"] are the unitary penalties related to the absorption

and injection of inductive reactive power 0** and Q,G”"’ .

3.2. RES model

3.2.1. PV power plant

The available active power from the PV power plant at each time
interval, Pf V:av can be obtained using the relations presented in [37,52,
53], knowing the hourly incident solar irradiance data, available for the
given location using the Photovoltaic Geographical Information System
(PVGIS) software [54]. Constraints describing the operation of the PV
plant are listed below:

0 < I)tPV,cltrt < PIPV,uU Vit = 1, ,T (30)
PZP[/ — PfPV,aU _ PIPV’CWt vi=1,...,T (31)
PV.,curt _ PV curt PV curt =

A A A T ) =

If for some reason, the active power production of the PV PF¥ has to
be reduced with respect to the available power PIP V.av | curtailed power
appears P,P V.eurt The power that is curtailed can be at most the whole
available one, as stated in (30). The actual power production of the PV is
defined as in (31). The curtailment of PV active power production incurs
a cost c,P Vieurt a5 indicated in constraints (32), where p,P Vieurt is the unit
cost for PV curtailment.

PPV, PIP Veeurt and ctP Vieurt are continuous decision variables, while
PPV% and pPV-<" are inputs to the model.

The relationship between the active and reactive power from the PV
inverter and the size of the PV inverter provides an operating range with

a semi-circular capability curve. However, the CEI 0-16 standard limits
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Fig. 4. Capability curve of PV inverters with rated active power output below
400 kw.

the operating region of PV inverters connected to the MV network with
rated active power output below 400 kW to the blue-shaded region in
Fig. 4.

The capability curve is described by the set of constraints (33)-(34),
(36)—(37), where APV is the rating of the PV inverter.

0< QPVb <0436 APV . yPVabs oy T (33)
0< Q"M <0436 APV Vi i1 T (34
yPVabs g PV | =T (35)
(BPVY +(@7V Y < (AmPYY wi=1,..T 0)
(BPVY @) < (AP =1, T 7

In constraints (33) and (34), Q[P V.abs and Q,P Vinj are continuous de-
cision variables that indicate the inductive reactive power absorbed and
inductive reactive power injected by the PV inverter respectively, while
y:D V.abs and y:D V-inj are binary decision variables that are respectively set
to 1 when the inverter is absorbing or injecting inductive reactive power
and are set to 0 otherwise. Constraints (35) prohibit the simultaneous
absorption and injection of inductive reactive power by the PV inverter.
Constraints (36) and (37) describe the circular segment of the capabil-
ity curve: they intrinsically introduce nonlinearity in the model, which
needs to be linearized to be included in the MILP model in a similar way
as carried out for the BESS capability curve.

3.2.2. Wind farm

The actual active power production for an entire year of operation
of the plant is available and is used as input to the optimization model.
WTs are connected to the public distribution network through full-power
converters that allow the exchange of both active and reactive power.
In the proposed model, a single equivalent inverter is considered for the
WTs. The CEI 0-16 standard specifically limits the operation of WTs con-
nected to the MV network with the rectangular capability curve shown
in Fig. 5.

The maximum reactive power that the WT inverter can exchange is
limited to 0.312 p.u. on a base power equal to the size of the WT inverter,
AmWT The relevant constraints are described below.

0< QWb <0312 AMWT . yWTabs yr =, T (38)
0< 0™ <0312 AMWT YWTM yr =1, .., T (39)

yVTabs WIS < =1, T (40)
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Fig. 5. Capability curve of WTs with full converters connected to MV network.

PYT >03205- Q" vi=1,...T (41)

PYT >0.3205- Q"™ Vt=1,...T (42)

In constraints (38) and (39), limiting the reactive power exchange,
QrW Tabs and Q,W T.inj are decision variables that respectively correspond
to the inductive reactive power absorbed and supplied by the WT in-
verter. The simultaneous absorption and injection of inductive reactive
power by the WT inverter is avoided, as reported in constraint (40), by
the use of binary decision variables yWT abs and yWT i which are set
to 1 when the inverter is absorbing or injecting reactive power, respec-
tively, and are set to O otherwise. In constraints (41) and (42), P,WT
is the active power supplied by the WT inverter: these constraints en-
sure that the reactive power exchanges of the WT inverter are within
the operational limits, when the active power production from the WT
generator is less than 0.1 p.u.

3.3. EV model

The data regarding the total active energy absorbed by the light EVs
(i.e., EV cars or EV vans) utilizing the facility for an entire year of op-
eration (EEV-amual) has been provided by Ricarica, based on historical
series, and used to forecast the EV demand for the following years, taking
into account the projected increase in the sale of EVs, through a coeffi-
cient (a*) dependent on the considered year. Besides, Ricarica provided
the authors with the hourly hub usage factor of EVs (y,), indicating the
share of the annual demand in time interval ¢. y, is based on the historical
datasets of facility occupation levels, considering arrival and departure
times and EV charging demands. Therefore, through Eq. (43), the total
forecasted EV active power demand for each time interval P,E V-J¢ can
be determined.

The forecasted active power demand P, can be split into three
contributions, which are considered as input data for the optimization
problem, derived on the basis of historical data provided by Ricarica, as
shown in (44):

EV.fc

+ The forecasted contribution related to the EV chargers of Operator
2 P;ifz’f ¢, where w denotes the w-th charger (w=1... N°%), with
NOr2 indicating the number of chargers of “Operator 27;

» The forecasted contribution related to “type a” EV chargers of
Ricarica P, Ro-/¢ where a represents the a-th charger (a =1...NR),
with NRa 1nd1cat1ng the number of chargers of “type a”

» The forecasted contribution related to “type »” EV chargers of

Ricarica PbRt”’f ¢, where b represents the b-th charger (b=1... NR),
with N® indicating the number of chargers of “type b”.
) as - . EEV,annual
pEV :<7f—> Vi=1,...T (43)
A
NRa NOP
pEVIe = Zpﬁa’fC+ZPRbfc+ Z POPIC =1, (44)

w=1
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The actual charging demand is supposed to be equal to the fore-
casted one for “type a” chargers and for the chargers of Operator 2. On
the other hand, since “type b” chargers are supposed to be available for
the charging of electric trucks possibly parked at the facility during the
night, their actual power demand may differ from the forecasted one
(which took into account only light EVs), depending on the presence
of electric trucks. Therefore, the actual charging demand at the charg-
ers of “type b” becomes a decision variable, P, ’, that depends on the
charging/discharging pattern of the truck.

PRb _ (Prruek,ch

_ ptruckdch)  truck Rb,fc. _ ruck
bt bt Py, )yb,r +P, I-y

bt (45)

vi=1,...,T

In constraints (45), y’”“k is an input data that is equal to 1 when the
b-th EV truck is parked at the b-th charger at time ¢ and 0 otherwise,
supposing that each EV truck has its own dedicated charger. When EV
trucks are not connected at the EVCH, the actual charging demand PR"

corresponds to the forecasted one P, ” /¢ since possible light EVs are
supposed to be charging in place of trucks When the trucks are present,
the charging demand is given by the difference of two continuous de-
cision variables, P, ’”‘“k h and P’”‘Ck dch  representing the charging and
discharging active power of the truck connected at charger b; obviously,
P;;“”" “deh js applicable only for trucks able to perform V2G.

Finally, constraints (46) define the actual total EV net demand of the
hub, PEV, which is also a decision variable.

NRa NRb NOP
PEV = Y ple fC+ZPR”+ > PO vi=1,. (46)
a=1 w=1

The constraints related to the charging and discharging of the electric
trucks are discussed below.

ch, max truck,ch

P, Xyt
if Etruck <0.75- Crruck
bt — 7 b
0 S Pbt,rIUCk’Ch S E!ruck_o 75_Crrm:k

Pch, max 1— bt . b . xtruck,ch (47)

b 0.25.Clruck byt

if Eirek > 0.75 - Ciruck
d
Vb=1,...,Nf,  ve=e7 0%

0

H truck truck
if E{k <020 Cpree

truck _ ptruck
b 0.30-C1ruck X
: b

if 0.20 - CJreek

truck,dch
truck,dch bt
0< Pb,t <

< Elrek <0.50 - Cirek

truck,dch
byt

H truck truck
if E{rek > 0.50 - Ciree

Pdch, max

Vo=1,.. . NR  wr=r . (0
(48)
truck,ch truck,dch truck _ Ry __ arr dep
Xy +x,, Sy Vb=1.. N%  Vi=nT 1 (49)
truck,ch

Main decision variables, besides of P"“Ck " and P""c" deh

and xl”:d‘ dch which are set to 1 when the truck is charged or dis-

charge&l and O otherwise, and the energy content of the electric truck
battery, E,’)’;"k. Input data are the truck battery capacity C[’)”“'k, the max-

, are xb

imum charging and discharging powers of the electric truck P"h'max and
P:"h’ma" and the arrival and departure time of the trucks, 7y and tdep

P;h'max and P:”h’max are evaluated as the minimum between the rated
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power of the charging station and the rated power of the EV truck equip-
ment. Constraints (47) limit the charging power of the truck, depending
on its energy content: when E;’ ;‘C" exceeds a threshold (75 %), the charg-
ing power is not at its maximum but is decreased with respect to it. The
same approach is followed in (48) for the discharging phase, limiting the
discharging power below a certain value of E’”’"‘ (50 %). Constraints
(49) forbid the simultaneous charging and dlscharglng of the EV trucks
and make power exchanges possible only when trucks are present at the
EVCH. Truck battery energy content constraints are presented below.

truck

0.1-Cy* <E e <02 ek vb=1,...,N® (50)
E’”j,‘g’; >08-Cyvk vh=1,.. N® (51)
truck,dch
k,ch k,ch bt
E[t)rtu_:‘llc Etruck A- Pb)‘;uc C .rltruc ch _

b r];ruck,dch (52)

Vi= 00

vb=1,...,N® )

truck,min truck truck truck,max truck
SoC} Cpreck < Bk < SoC) yei 53

Vb=1,...,NR vr=e . 0

b

In constraints (50), the energy content of the electric truck at its
time of arrival is assumed to be within an interval close to the minimum
energy content. Constraints (51) state that the energy content of the elec-
tric truck has to be above or equal to 80 % of the rated capacity at its time
of departure. The energy balance of the truck is expressed by (52), where
n;’”k’”’ and n;”‘““*“" are the charging and discharging efficiencies. The
energy content of the truck has to be limited between a minimum and a
maximum value as stated by (53), where SoC,’”“k’mi" and SoCt’”‘c"’m‘”‘
are the minimum and maximum SoCs for the truck connected to
charger b.

A penalty, Penal ty””c" is levied on the EVCH if the EMS can’t ensure

that the truck battery i 1s charged to the maximum allowable SoC at the
time of departure. Penalty’”“k is a decision variable function of the en-

ergy content of the EV truck at the time of departure: indeed, it increases
as the difference (Dif f ’”‘”‘) between the maximum energy content of

the truck battery and the ﬁnal energy content of the truck at departure
time, as described in (54).

Di fftruck = So Ctruck max Crruck Erruck

e e vb=1,..,NR (54)

Although the overnight charging of trucks attracts revenues to the
hub, the discharging of the electric truck batteries leads to additional
costs for the EVCH, since V2G service has to be remunerated to the own-
ers of the trucks. The net costs c”“c" related to the charging of the b-th
electric truck are expressed in (55)

ctruck — A <ptruck,dch . PI;"IuCkdeh _ plruckch P”'“Ckv"h)

bt (55)

Vb=1,..,NR wr=rm .

seeesly

where p'"ckdch is the unitary remuneration for the provision of V2G
service, paid to the owner of the truck by Ricarica, and r'™ck< is the
charging fee, paid by the truck owner to Ricarica.

3.4. Electric power balances

The active power demand of the building and of the EVs charging
at the facility and the reactive power demand of the building need to
be satisfied at all time intervals. The constraints related to the electric
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active and reactive power balances of the hub are reported in (56) and
(57).

El EV Bych G.s _ pGb Bdch w PV
PE 4 PEV 4 pPeh 4 pOs = pOP 4 pBAch L pW 4 P

vi=1,...,T

(56)

QIE] + QtG,inj + QtB,abs +QtPV,abs +Q:4/T,abs

. - - (57)
— QtG,abs + QtB,mj + QtWT,mj + QtPV,II‘l_]

vi=1,...,T

where PE! and QF' are the active and reactive power demands of the
building.

3.5. Objective function

The objective of the EMS is to minimize the net daily operating costs
of the hub to be sustained by Ricarica. They include:

« the net costs related to the exchange of active and reactive power
with the distribution grid;

the costs related to the curtailment of PV;

the cycling costs of the BESS;

the net costs incurred due to the overnight charging of electric trucks
at the facility, related to smart charging and V2G services;

the penalty incurred due to the unsatisfied charging demand of
electric trucks;

the penalty related to peak power absorption from the utility grid.

The objective function is formulated as described in (58).

T NRb
. PV curt Bc c Grid k
Obj = 3| efV 4 ¢ 4 cOrid 4 N e
=1 b=1
(58)
NRb

+ Z Penalty'””k + Penalty®m
b=1

G,max

where Penalty is the penalty incurred by the EVCH regarding the
absorption of active power from the utility grid: it is given by the product
of a unit tariff, defined by the distribution system operator, and of the
maximum absorption of active power from the grid in the examined
period. This penalty is applied according to Italian grid codes in order
to reduce grid congestion.

4, Results

The results of optimization are discussed in this section after a brief
description about the input data used in the optimization model.

4.1. Input data

The input data used in the optimization model are presented in the
sections below and they mainly refer to the proposed technologies (PV,
WT, BESS and EV chargers).

4.1.1. General input data
The optimization horizon is 1 week (T =168) with a time interval
duration A of 1 hour.

4.1.2. PV model

The size of the PV inverter (A"F") is 0.39 [MVA] while the unit
cost of PV curtailment is 0.128 [€/kWh] [55]. The PV plant is made up
of 588 modules, installed on the building rooftop, with three different
orientations and tilt angles, in order to exploit all the available surface.

4.1.3. Wind farm

The size of the WT inverter (A™"T) is 9.4 [MVA] and the peak active
power production from the WT farm from yearly measured data is 8.78
[MW].
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4.1.4. BESS

The size of the BESS inverter (A™8) has been optimally designed
to 0.335 [MVA]. The BESS has a rated capacity of 1.488 [MWh] with
charging and discharging efficiencies assumed respectively equal to 97
[%]. The minimum, maximum and initial SoCs are respectively equal to
20 [%], 100 [%] and 20 [%], while the self-discharge rate is assumed to
be 0 [-].

4.1.5. MV distribution network

The size of the transformer A”/-¢ which connects the EVCH to the
MV distribution network is 12 [MVA]. The electricity purchase price
¢P? is set equal to the zonal market clearing price, with an addition of
0.08 [€/kWh] while the electricity selling price r/* is set at the zonal
market clearing price. The unit penalty for the absorption and injec-
tion of reactive power from the utility grid, ctQ’“’” and c,Q’i"j , are set to
0.00606 [€/kVArh] and 0.00456 [€/kVArh]. The penalty for inductive
reactive power absorption is only applicable during F1 and F2 time slots
while the penalty on the inductive reactive power injection is applicable
during the F3 time slot, as defined by ARERA.

4.1.6. EV

The total number of “fype a” EV chargers is 2, with a rated power of
350 [kW] for each charger, while the total number of “type b” EV charg-
ers is 1, with a rated power of 75 [kW]. The number of EV chargers of
Operator 2 is 12, each one characterized by a rated power of 250 [kW].
Only one electric truck is considered. It is present at the EVCH overnight,
from 8 pm until 8 am, from Monday evening to Saturday morning. It is
not present on weekends. The electric truck has a rated battery capacity
of 450 [kWh]. The electric truck battery is to be maintained between a
minimum SoC of 10 % and a maximum SoC of 98 %. Considering quick
charging, the maximum active power that can be charged to the truck,
pehmax s 75 [kW], while the maximum active power that can be dis-
charged by the truck, P4¢»™m2x is 50 [kW]. These values are increased
up to 250 [kW] in case of fast charging. The values of the charging fee
riruckeh and of the V2G service remuneration p"“ck-d¢h are set equal to
0.58 [€/kWh] and 0.35 [€/kWh] respectively. The former has been set
equal to the average EV quick/fast charging fee and the latter has been
defined in accordance with the one proposed in [56].

4.2. Optimization results

The model was implemented in Matlab R2022b environment with
the help of Yalmip [57] and solved using the Gurobi solver [58]. To
explore the effectiveness of the EMS, two base scenarios are analysed:
in the first one (Scenario I), V2G is considered along with the BESS, while
the second one (Scenario II) considers the provision of V2G services with
the BESS being out of service. For both scenarios, a unique summer week
of operation is studied. Further scenarios will be analysed through the
sensitivity analyses described in Section 4.2.4.

The active and reactive energy demand of the EVCH is equal for both
Scenario 1 and Scenario 2: the same applies to the active energy produc-
tion from the PV and WT plants. Fig. 6 presents the total electric demand
at the EVCH split into active power demand of the building, forecasted
EV active power demand and reactive power demand of the building. In
these plots, as well as in the following ones, the first considered day is
Friday.

Similarly, the active power production from the PV power plant and
the WT farm for the considered week of operation are presented in Fig. 7.

The hourly unit cost and revenue related to the purchase and sale of
active energy are presented in Fig. 8.

4.2.1. Scenario I: EVCH operation with electric truck in V2G mode

In this scenario, the electric truck parked at the facility is also al-
lowed to discharge its battery by exploiting the V2G functionality. Fig. 9
presents the BESS discharging power and the power withdrawn from the
distribution network, while Fig. 10 shows the BESS charging power and
the power injected into the distribution network.
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Fig. 6. Electric load demands at the EVCH.
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Fig. 7. Active power production from the WT farm and PV system.

During the considered week, no active energy is purchased from the
utility grid, since the RES power plants along with the BESS are able to
satisfy the energy demand of the hub on their own. Besides, BESS is used
to absorb possible excess RES production (thus avoiding curtailment
of PV) and to perform peak shaving, reducing the peak power with-
drawn from the network and the relevant penalty. During days of large
WT production, the active energy sold to the network reaches relevant
values.

The operation of the EMS can be studied in detail by considering
the active power balance on a day with low active energy output from
the WT farm. The active power balance for such a day is presented in
Fig. 11.

It can be seen that the BESS is charged when the active power output
from the WT farm and the PV system is in excess with respect to the load;
BESS is later discharged when the selling price for active energy reaches
a daily peak, to reduce the net costs of the EVCH.

In addition, the BESS is used to satisfy the load demand when there
is no active energy output from the RESs. Moreover, it can be noted that
there are no unnecessary charge and discharge half-cycles, thanks to the
inclusion of the constraints related to the cycling of the BESS.
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Fig. 8. Unit cost and revenue related to exchange of active energy with the
distribution network.
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Fig. 9. BESS discharging power and power withdrawn from the distribution
network in Scenario I.

The operation of the BESS in this scenario is presented in Fig. 12,
showing that BESS is well exploited throughout the week to perform
peak shaving and increase revenues.

The operation of the electric truck is shown in Fig. 13. It is charged
overnight at the hub and the charging rate varies according to the SoC
of its battery. At times of low active power output from the WTs, V2G
is exploited, with the truck battery being discharged. Since the BESS is
in operation, the truck battery is not used continuously and V2G is only
exploited at certain time intervals when the active energy output from
the WT farm is null.

The reactive energy balance for the hub is presented in Fig. 14, show-
ing that the PV and WT inverters oversee satisfying the relevant demand.
One inverter, at a time, is able to satisfy the demand, due to the lim-
ited reactive power load. Moreover, to avoid any penalties, no inductive
reactive power is absorbed from or injected into the utility grid. The op-
erating points of the PV and WT inverters within their capability curves
are presented in Figs. 15 and 16 respectively. All the points lay within
the portion of curves prescribed by CEI 0-16 standard.

10
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Fig. 10. BESS charging power and power injected into the distribution network
in Scenario I.
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Fig. 11. Active power balance on a day with low active power production from
WT farm in Scenario I.

4.2.2. Scenario II: EVCH operation with electric truck in V2G mode and
BESS out of service

In this scenario, the BESS is assumed to be out of service for the
whole week. The active power exchanges with the external network are
presented in Figs. 17 and 18. Since the BESS is not in service, the active
energy absorption from the utility grid has increased to satisfy the load
demand. The maximum peak absorption has increased too, incurring in
higher penalties.

The active power balance on a day with low active power produc-
tion from the WT farm is shown in Fig. 19. It can be seen that at times
when the WT farm is unable to satisfy the load demand, active energy is
absorbed from the utility grid, along with the discharging of the electric
truck battery to satisfy the load demand. Excess active energy output is
almost always injected into the network due to lack of BESS. A portion
is stored in the electric truck to be then exploited through V2G.

The charging and discharging of the electric truck over the whole
week are shown in Fig. 20. Due to the unavailability of the BESS, the
presence of the truck is more beneficial in this scenario than in the first
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Fig. 13. Charge and discharge patterns for the electric truck in Scenario I.
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Fig. 14. Reactive power balance in Scenario I.
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Fig. 17. Active power withdrawn from the distribution network in Scenario IL
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Fig. 18. Active power injected into the distribution network in Scenario II.
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Fig. 19. Active power balance on a day with low active power production from
WT farm in Scenario II.
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Fig. 20. Charging and discharging patterns for the electric truck in Scenario II.

one, since V2G is exploited for longer periods of time in order to avoid
the withdrawal of power from the external network.

The charging and discharging patterns of the EV truck from
Wednesday evening to Thursday morning are reported in Fig. 21, which
also shows the SoC trend of the truck battery. In order to avoid penal-
ties, the SoC at the departure time is the desired one, i.e., the maximum.
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Fig. 21. Charging and discharging patterns and SoC trend for EV truck, from
Wednesday evening to Thursday morning.

Table 2

Optimal values of active energy quantities.
[MWh] Scenario

I I

EELP 9.28 9.28
EEY 6.21 6.21
EPV-P 12.98 12.98
EWTP 131.68 131.68
ECGbP 0 3.52
EGsP 126.25 130.59
EB.dch 9.60 —
EBch 10.42 -
E'ruckdch 0.30 0.75
Em«rk,ch 2.20 2.83

Charging and discharging phases are defined by the need to minimize
the net operating costs of the EVCH.

The reactive energy balance for the hub in Scenario II is similar
to that of Scenario I, presented in Fig. 14, where the RES inverters
completely satisfy the reactive power demand to avoid incurring any
penalties. The same applies to the capability curve plots.

4.2.3. Comparative analysis

The active energy quantities of the optimization results for Scenario
I and Scenario II are presented in Table 2. EF-F and EFY respectively
represent the weekly active energy demand of the building and of the
EVs. For both Scenario I and II, the share of active energy output from the
PV plant and the WT farm (E*Y-? and EW'7-* respectively) are constant.
Since the two scenarios differ in the use of the BESS, Scenario II has a
larger amount of active energy purchased from the public grid (E®>P)
and also overcomes Scenario I in the sale of excess active energy (E%*)
to the public grid, due to the fact that excess production cannot be stored
when the truck is not available but has to be sold. The BESS charged
(EB<M) and discharged (EB-“<") active energy quantities are applicable
only to Scenario I. Scenario II utilizes the V2G capability efficiently as
the active energy charged to the electric truck battery, E"“¥<" has a
higher value in scenario II as the active energy discharged by the electric
truck battery E"“<k4ch increases. To further examine the impact of BESS
availability, the facility’s normalized operating costs reported in Table 3
are analysed. In Table 3, to normalize the quantities, the corresponding
operating costs in Scenario I have been used as the base value.

From Table 3, it can be seen that the absence of the BESS impacts the
operating costs due to the additional energy purchased from the public
network at intervals when the wind farm is not in operation. Therein,

cf “¥ represents the BESS cycling cost in Scenario T and ¢" represents
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Table 3
Optimal values of economic quantities.
Scenario
I I
PV curt 0 0
cye B.ye
B }y cBer -
Grid cf”d +3.6 %
Penalty'™* 0 0
Penalty®m 0 Pe?;m‘“
Table 4

Comparison of EVCH cost performance when applying VOG, V1G and
V2G to the electric truck.

Scenario

1I-V2G 1I-ViG 1I-VOG
c PV curt 0 0 0
ctrid +3.6 % +6.2 % +13.3%
Penalty'™ 0 0 0
Penalty®max Pe,G)"“‘X +2.1% +3.4%

the total net costs related to active and reactive power exchange with
the external network in Scenario . Since in Scenario I no active power is
purchased from the network, the penalty on the peak absorption is equal
to 0, thus the “base” quantity for the sensitivity analyses carried out in
the following is the peak penalty absorption in Scenario II, Pelcl’ma‘

To further demonstrate the effectiveness of the proposed charging
strategy, the normalized economic results from Scenario II are compared
with those that would be obtained by implementing smart charging
(V1G) and traditional charging (VOG) for the electric truck. In smart
charging, the charging process is optimized to minimize operating costs
by varying the charging power, whereas in traditional charging, the
truck is charged continuously from arrival to departure at the minimum
power required to meet its energy demand. The comparison results are
presented in Table 4.

From Table 4, it is evident that the application of V2G to the electric
truck yields higher revenues compared to other charging approaches:
indeed, since in the Scenario II the BESS is out of service, V2G-enabled
truck allows to store RES production and to exploit possible electricity
price fluctuations, leading to a reduction in the EVCH operating costs.
Moreover, V2G-enabled truck also enhances the independence of the
EVCH from the external distribution grid.

4.2.4. Sensitivity analysis

Key factors influencing the operation of the EMS include truck avail-
ability and the purchase price of electricity. To analyze their impact,
Scenario II is optimized under different operating conditions to provide
an insight into their impact on the facility’s operating costs. The differ-
ent cases are as follows: Scenario II-A: operation with high electricity
purchase prices; Scenario II-B: operation with truck present at the facil-
ity during the day; Scenario II-C: operation with both high electricity
prices and truck at the facility during the day. In the aforementioned
scenarios, the RES production is kept constant with respect to Scenario I
and Scenario II. As in Scenario II, the BESS is considered out of service.
Moreover, quick charging is considered (i.e., P;h‘ma" equal to 75 [kW]
and Pbd ch,max equal to 50 [kW]. The optimal results of these simulations
are summarized in Table 5.

From Table 5, it can be noted that as the electricity purchase prices
increase, the amount of active energy purchased from the network is
reduced drastically. Also, with the increase in electricity purchase prices,
an increase in the active energy discharged by the truck can be noted:
indeed, V2G is exploited to supply power to the local loads. However,
with the truck present during the central hours of the day, the need for
the V2G capability of the truck is minimal, given that the WTs and the
peak PV production meet the active energy demand.
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Table 5
Optimal energy results for Scenario II subcases -High RES production.
[MWh] Scenario
I II-A 1II-B 1I-C
EFLP 9.28 9.28 9.28 9.28
EEV 6.21 6.21 6.21 6.21
EPV-P 12.98 12.98 12.98 12.98
EWT-P 131.68 131.68 131.68 131.68
ECOP 3.52 3.43 2.75 2.78
EGsP 130.59 130.59 129.67 129.71
Etruckdeh 0.75 0.80 0.00 0.01
Etruckch 2.83 2.80 2.27 2.28
Table 6
Optimal energy results for Scenario II subcases - Low RES production.
[MWh] Scenario
1I-D II-E II-F II-G
EELP 9.23 9.23 9.23 9.23
EEV 3.83 3.83 3.83 3.83
EPV:P 9.95 9.95 9.95 9.95
EWTP 32.98 32.98 32.98 32.98
EGbP 3.14 3.13 2.83 2.83
EOsP 30.94 30.93 30.46 30.46
Etruck.deh 0.35 0.35 0 0
E'rucksch 2.42 2.42 2.27 2.27

Another important aspect of the EMS to be explored is the facility’s
operation during periods of low active energy output from WTs. To in-
vestigate this, an additional set of simulations is conducted to analyze
the facility’s performance with the BESS out of service during a week
of reduced wind energy generation. The case studies that examine the
facility’s performance under these conditions are as follows: Scenario II-
D: operation under low active energy production (same electricity prices
as Scenario II and nighttime truck availability); Scenario II-E: operation
under low active energy production and high electricity purchase prices;
Scenario II-F: operation under low active energy production and truck
present during the day; Scenario II-G: operation under low active energy
production with both high electricity prices and daytime truck availabil-
ity. In all the aforementioned Scenario II subcases, quick charging for the
electric truck is considered. The results of these analyses are summarized
in Table 6.

In Table 6, it can be noted that an increase in the electricity prices
does not correspond to a significant reduction in the energy purchased
from the network. Indeed, given the reduced RES availability, it hap-
pens that the load must necessarily be met by withdrawing electricity
from the distribution network. In Scenarios II-D and II-E, the energy ex-
changed between truck and EVCH is reduced with respect to Scenarios II
and II-A, due again to the low availability of RES energy. As for Scenarios
II-B and II-C, also in Scenarios II-F and II-G the V2G capability of the
electric truck remains unused when the truck is present at the facility
during the central hours of the day, as RES generation is sufficient to
meet the active energy demand. Thus, in case of reduced RES produc-
tion, increased electricity prices do not have a significant impact on the
power exchange with the external network: on the other hand, this im-
pact is visible when varying the presence of the truck at the EVCH. A
summary of the total costs and total revenues for all the Scenario II
simulation studies is presented in Table 7.

From Table 7, in all the scenarios, the effect of varying the param-
eters has an impact on the EVCH’s operating costs. The largest net cost
increase is evident in the subcases when the RES production is reduced,
reaching percentages around + 80 %. The impact of the time of presence
of the truck at the facility is more limited than the impact of the RES pro-
duction: nevertheless, daytime availability of the truck nullifies the V2G
contribution, thus contributing to an increase in the overall costs. For
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Table 7
Operating costs of Scenario II subcases under quick charging.
Scenario
i I-A II-B I-C I-D I-E ILF -G
cPVeurt 0 0 0 0 0 0 0 0
cGrid +3.6% +5.9% +31% +5.2% +78 % +80 % +78 % +80 %
Penalty'™ek 0 0 0 0 0 0 0 0
Penaltydmx Pl +22% +1.7 % +27% +0.7 % +0.9% +1.1% +1.4%
Table 8
Optimal energy results for Scenario II subcases.
[MWh] Scenario
i I-A II-B 11-C I-D I-E II-F -G
EFLP 9.28 9.28 9.28 9.28 9.23 9.23 9.23 9.23
EEY 6.21 6.21 6.21 6.21 3.83 3.83 3.83 3.83
EPV-P 12.98 12.98 12.98 12.98 9.95 9.95 9.95 9.95
EWT.P 131.68 131.68 131.68 131.68 32.98 32.98 32.98 32.98
E%bP 2.63 2.63 2.68 2.68 3.18 3.18 2.81 2.81
EGsP 129.61 129.61 129.73 129.73 30.95 30.95 30.51 30.51
[Etruckdch 0.79 0.79 0 0 1.58 1.58 0 0
Etruckch 2.97 2.97 2.27 2.27 3.72 3.72 2.27 2.27
Table 9
Operating costs of Scenario II under fast charging.
Scenario
I I-A II-B II-C II-D II-E II-F -G
cPVeurt 0 0 0 0 0 0 0 0
c0rid +31% +51% +2.9% +4.9% +77.5% +79.4 % +77.8% +79.7 %
Penalty™<k 0 0 0 0 0 0 0 0
PenaltySma +1.2% +2.1% +1.57 % +2.43 % +0.65 % +0.79 % +1.46 % +1.27 %
confidentiality reasons, the economic results are normalized on the ba- Table 10
sis of the corresponding ones obtained for Scenario I, with the exception Comparison between EMS and HOMER grid.
of the increase in the penalty for peak power absorption tléat.is com- EMS HOMER grid
pared with the one incurred by the EVCH in Scenario II, Pe”"™* since
. 01 th 1 1 . 11 hd EGHP 96.240 MWh 100.76 MWh
in Scenarlg I . at value was equa to 0, since no power was withdrawn FGsP 19.116 MWh 19,108 MWh
from the distribution network. Etruck.ch 145.44 MWh 64.343 MWh
To provide a further insight, the operation of the facility under crid cGrid +6.35 %

Scenario II is further explored by utilizing the fast charger to be used
for overnight charging of the electric truck (i.e., maximum rated charg-
ing and discharging power set at 350 [kW]). The optimal results of this
analysis are presented in Table 8.

In Table 8, the EVCH’s operation resembles that of the analyses in-
volving quick charging; however, a noticeable reduction in active energy
absorbed from the external network is observed.

The normalized operating costs for fast charging cases are presented
in Table 9. The increase in the penalty for peak absorption is provided
with respect to Pef}m“.

From Table 9, in the fast charging cases, the operating costs of the
EVCH are slightly improved compared to those of the quick charging
simulation studies due to fewer charging intervals.

4.3. Validation

In order to further validate the effectiveness of the model, an
optimization was performed in HOMER Grid [59] implementing the
technologies present at the EVCH. The same input data has been used for
the analysis. HOMER Grid does not allow to implement V2G technology,
thus only smart charging is applied. The scenario that has been imple-
mented is Scenario II, as described in Section 4.2.2. The proposed EMS
has been run over one year, to be able to compare the results with the
ones obtained by HOMER Grid. The main results are shown in Table 10.

From Table 10, it can be noted that results of the EMS model pre-
sented in this paper and the results of HOMER Grid are similar, thus
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further validating the effectiveness of the proposed model. Since the
proposed EMS is able to exploit the V2G capability of the electric truck,
the energy costs incurred by EVCH in HOMER Grid optimization are
increased by 6.35 % with respect to the one obtained by the authors.
Indeed, it is evident that the energy that is charged into the electric
truck is much larger in the case of the proposed EMS, since it is used not
only to satisfy the transportation demand but also for V2G. Moreover,
a reduction in the energy that is withdrawn from the network and an
increase in the energy injection into the network are evident from the
optimal results of the proposed EMS, compared to those of HOMER Grid.

5. Conclusions

The coupling of electric mobility and RESs will represent a key solu-
tion in reducing GHG emissions. Effective management of EVCHs with
locally produced renewable energy will play a significant role, due to the
complexity of integrated EV-RES systems: the adoption of BESSs and the
implementation of smart charging strategies thanks to their flexibility
present a solution to smooth RES fluctuations and to reduce distribution
network congestion.

To foster the aforesaid considerations, the present study has de-
scribed an EMS for a real EVCH, owned by Ricarica company (a division
of Fera group), located in Italy, able to host also electric trucks. The
EVCH is coupled to large-scale RES power plants (a PV plant on the
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rooftop of a building and a WT farm, connected to the EVCH through
a dedicated line), in addition to a BESS. The EMS has to minimize the
net operating costs of the facility, related to the exchange of active and
reactive power with the distribution network, as well as to the provision
of charging services through the EV charging infrastructure, like V2G ap-
plied to electric trucks. Cycling aging of BESS has also been considered.
Real data about EV charging demand and WT production have been pro-
vided by Fera and Ricarica to the authors. A smart management of the
EVCH allows the facility to be almost independent from the network,
thus reducing emissions and providing a sustainable charging service to
EV owners.

The validation of the EMS with respect to HOMER Grid has been
successful, highlighting the better performance of the proposed model,
thanks to the application of V2G. The profitability of V2G with respect
to VOG and V1G has been proved, showing that in the absence of the
BESS, V1G and VOG would induce a +6.2 % or +13.3 % increase in the
net costs with respect to the net costs incurred by the EVCH in case of
V2G-enabled truck.

Nine scenarios have been analysed, to evaluate the impact of V2G
under different operating conditions (i.e., high/low energy availabil-
ity by WTs and PV, daytime/nighttime availability of the truck at the
EVCH, high/low electricity prices): the sensitivity analyses proved that
V2G is beneficial, especially in situations where the BESS is out of ser-
vice. Indeed, considering a high RES production, V2G allows to keep the
cost increase limited to + 3.6 % in case of BESS failure. Under the same
RES production scenario, high electricity prices increase the overall net
operating costs of the facility by +5.9 % but induce a larger exploita-
tion of V2G (+0.05 MWh over the considered week). Finally, daytime
availability of the truck limits the possibility of exploiting V2G, since the
availability of the truck would coincide with the peak production by WT
and PV plants. Scenarios with low RES production are characterized by
a limited use of V2G, compared to scenarios with high RES availability,
since a smaller excess of production with respect to the load is available.
Again, daytime availability prevents the exploitation of V2G.

Regarding possible limitations of the study, battery degradation is
one of the areas of possible improvement of the model: indeed, due
to the reduced considered time horizon, truck battery degradation has
been ignored, while BESS degradation was accounted for through a cost
term in the objective function penalizing the overall number of cycles.
Moreover, the impact of a single truck on the facility operation is limited
(e.g., around 2 % of the energy demand in Scenario II), while the im-
pact of a fleet of electric trucks should be investigated: indeed, a larger
truck fleet might involve a higher exploitation of V2G, counterbalanced
by higher battery degradation costs. Consequently, the future develop-
ments of the study could involve the consideration of a fleet of EV trucks,
available at the facility at different time slots, in order to assess the im-
pact of V2G on a larger scale. This analysis will be coupled with the
integration within the optimization problem of a MILP formulation of
electric trucks’ battery degradation cost function, to be included in the
objective function. Indeed, the proposed MILP EMS model is general and
it could be easily extended to larger facilities, considering different tech-
nologies and different units’ sizes. Moreover, the participation of EVs in
flexibility and ancillary services markets could be investigated, given
also the presence of a large wind farm and of a large BESS at the EVCH.
The participation in flexibility markets will provide further revenues to
the company. Again, the model could be extended with dedicated con-
straints to manage several EVCHs, participating in flexibility markets in
a joint way. Finally, reactive power sharing among the inverters will
be a further point of discussion in future studies, in order to ensure a
reliable reactive power supply and voltage control for the EVCH.
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