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The improvement of energy efficiency in the logistics sector is central to the European Union’s sustainability
goals. To this purpose, the electrification of delivery fleets and the adoption of smart warehouses equipped with
Renewable Energy Sources (RESs) and Battery Energy Storage Systems (BESSs) represent the main solutions.
Current research often treats the logistics and warehouse task scheduling aspects and the energy management
of warehouses and charging infrastructres for Electric Vehicles (EVs) as separate challenges, leaving a gap in
solutions that capture the interdependence of logistics and energy flows. To fill this gap, the present paper
proposes a comprehensive Energy Management System (EMS) that couples logistic task planning with energy
optimization through a Mixed Integer Linear Programming (MILP) model. The proposed EMS coordinates a
warehouse equipped with a Photovoltaic (PV) power plant, a BESS, Vehicle-to-Grid (V2G)-enabled EVs and
a fleet of Automated Forklifts (AFs) minimizing, on the energy side, the electricity costs of the warehouse
and, on the logistics side, the penalties related to unexecuted tasks. Dedicated task scheduling constraints are
included in the EMS. Three operational scenarios are analyzed: (I) both the BESS and V2G-enabled EVs are
in operation, (II) BESS is out of service but EVs still provide V2G support, and (III) BESS is unavailable and
EVs cannot operate in V2G mode. The results demonstrate a 75% reduction in operating costs in Scenario I
compared to Scenario III, while a 42% reduction in operating costs is observed when compared to Scenario
II. Also, self-consumption increases by 15% in Scenario I with respect to Scenario III, while it increases by 6%
in Scenario I with respect to Scenario II. The impact of EV arrival time and transportation demand is assessed
too, showing how costs are negatively affected when considering longer traveled distances or shifted arrivals.

Introduction heavy-duty vehicle electrification remains slow due to range concerns,
underscoring the need for further advances in sustainable transport
Background policies [6]. The deployment of fast charging stations coupled with

The European Union is committed to minimize Greenhouse Gas
(GHG) emissions across sectors [1] such as transportation and energy
production [2]. Member states have to reach a share of 42.5% of
Renewable Energy Sources (RESs) in the final energy consumption
mix [3]. The integration of Battery Energy Storage Systems (BESSs) is
crucial to address the fluctuations in energy production from RESs [4].

Freight transport remains the largest contributor to GHG emissions
related to transport in the EU [5]. Incentives on Electric Vehicles
(EVs) have boosted the share of new electric light commercial vehicles,
reducing emissions from new registrations. However, medium and

RESs for mid-route and destination charging is essential for the adop-
tion of heavy-duty EV fleets in freight transportation, opening pos-
sibilities for Vehicle-to-Grid (V2G) applications to alleviate network
congestion [7].

On the supply chain side, logistic facilities are shifting from con-
ventional material handling equipment to Electric Material Handling
Equipment (EMHE), Automated Guided Vehicles (AGVs), other Au-
tomated Material Handling Equipment (AMHE), or a combination of
all [8]. This transition is driven by companies’ increasing focus on
reducing emissions across the supply chain, including internal logistics
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and freight transport [9]. Additionally, the use of AGVs helps reduce
internal logistics operating costs in warehouses, with studies supporting
this transition [10]. Simulation studies in [11] and [12] primarily
explore green warehousing strategies, focusing on the use of EMHE to
reduce emissions, while the study in [13] explores charging strategies
for AGVs in manufacturing industries. The use of both EMHEs and
AGVs presents scheduling challenges, as they must synchronize with
RES energy availability and warehouse operational shifts to reduce
operating costs, which constitute nearly 20% of logistics expenses [14].

For efficient task assignment and scheduling in smart warehouses,
an advanced management system is essential to seamlessly integrate
RESs, BESSs, EV charging, and AMHE while aligning with operational
shifts. This ensures optimized energy use, reduced operating costs and
emissions, and enhanced coordination within the broader sustainable
transport framework.

Relevant literature

Currently, the research literature is diverse, employing various ap-
proaches to achieve global optimality, with a significant focus on
optimal RES management in smart grids, AMHE scheduling, and fast
charging strategies for EVs. The Mixed Integer Linear Programming
(MILP) model reported in [15] adopts a linear battery degradation
model to schedule BESS operations in a microgrid to minimize op-
erational costs taking into account the uncertainties in RES energy
production. In [16], the MILP based Energy Management System (EMS)
seeks to reduce operational costs by efficiently scheduling RES and
BESS to meet active and reactive power demands while minimizing the
dependency on the diesel generator in a campus microgrid. A multiob-
jective optimization problem utilizing a MILP-based approach to size
and schedule RESs to minimize energy expenditures and greenhouse
gas emissions is presented in [17]. The benefits of Vehicle-to-Building
(V2B) technology are highlighted in [18], where an EMS developed as a
MILP model is used to minimize operating and carbon emission costs in
a ski resort, utilizing visitors’ vehicles in V2B mode to alleviate network
congestion. The MILP optimization model in [19] minimizes total losses
in a microgrid serving industrial, commercial, and residential users
by accounting for uncertainties in RES production. This is achieved
through demand response on shiftable loads and the utilization of EV
bidirectional charging capabilities. In [20], an energy management
strategy is proposed for the grid integration of EVs, incorporating
the Black-Scholes model to account for future carbon emission price
fluctuations over a given time horizon. To address inaccuracies in
load forecasting, [21] introduces a novel pseudo-local reserve market
mechanism that enables distribution system operators to utilize EV
flexibility to compensate for load deviations in competitive electricity
markets. The MILP-based EMS in [22] optimally schedules shiftable
loads and storage systems to coordinate with RESs in a hydrogen-based
energy community, offering operational flexibility to the microgrid.
The profitability of business models for bidirectional charging, applied
to aggregate residential EVs and industrial heavy-duty fleets, is ana-
lyzed in [23], where a MILP model minimizes total costs, including
energy and battery degradation expenses. Refs. [24] and [25] exploit
Deep Reinforcement Learning and learning-based Model Predictive
Control, respectively, in developing energy management strategies to
improve the operational efficiency in fuel cell vehicles. In [26], the EMS
aims to maximize the profits of mobile charging stations combined with
integrated energy systems based on a MILP approach, analyzing daily
operating costs under multiple scenarios. Integration of Energy Storage
Systems (ESSs) in the energy mix is crucial in providing power stability
and improving the flexibility of the utility grid. In [27], the authors
explore the effectiveness of Hybrid Energy Storage Systems (HESS) in
tackling power fluctuations in RESs by adopting two power smoothing
techniques, Moving Average and Ramp Rate, and integrating them
with a real-world HESS setup. The Model Predictive Control approach
in [28] coordinates BESS cycles with Photovoltaic (PV) generation
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and EV charging in residential complexes, reducing energy costs while
ensuring the BESS inverter supports both active energy and reactive
power management. In [29], an EMS for an industrial microgrid, mem-
ber of a renewable energy community is proposed, considering an EV
fleet made of two cars and two trucks, nevertheless without considering
any logistic constraints related to operations within the industrial plant.

Optimizing AGV operating schedules while considering their charg-
ing patterns based on energy consumption is crucial for ensuring a
smooth logistics flow. Various studies investigate the scheduling of
AGVs in logistics facilities such as ports, terminals, etc. For AGVs
used in warehouses, their optimal scheduling is best categorized as
the AGV Scheduling Problem and closely related to the Parallel Ma-
chine Scheduling Problem (PMSP). MILP models are employed in [30—
34] and [35] for the optimal scheduling of AGVs. In particular, [30,
31] introduce an improved MILP formulation of the PMSP applied to
battery-powered AGVs employed in warehouses for joint minimization
of makespan and energy consumption of AGVs. The MILP optimization
models in [32] and [33] examine AGV scheduling in a campus micro-
grid with a PV system, optimizing job assignments based on RES energy
availability and personnel schedules. In [34], a MILP formulation is
introduced for scheduling AGVs, considering partial and full charging.
The MILP formulation in [35] considers conflicts in AGV scheduling to
optimize the unloading time of AGVs working in tandem with quay
cranes in container terminals. In [36], an arc-based Mixed Integer
Programming model is employed to optimize task assignment for auto-
mated guided vehicles, aiming to minimize battery energy consumption
and optimize job scheduling of AGVs in container terminals. In [37],
the MILP approach is utilized to formulate a multi-objective function
to optimize energy consumption and makespan of AGV operations in
warehouses.

Contributions

The research literature separately explores the challenges of
scheduling automated vehicles for logistics and the optimal manage-
ment of RESs and ESSs in microgrids. In order to fill this existing
gap, this study focuses on the combined optimal management of RESs,
BESSs, EVs and AMHESs operating in a warehouse. Although the optimal
management of RESs and ESSs falls under energy management, while
the optimal scheduling of automated means is classified as a job
scheduling problem, both are recognized as day-to-day operational
challenges. The scheduling problem is computationally intensive, as
highlighted by the authors in their previous studies [32,33]. As such,
the combined optimal management of RESs, ESSs, and charging infras-
tructure, alongside the simultaneous scheduling of automated handling
systems in warehouse environments, is inherently complex and com-
putationally demanding. To the best of the authors’ knowledge, the
research theme is scarcely explored, despite its growing significance.
In fact, this study is believed to be the first of its kind to address this
specific integration. Building upon the foundational work in [32] and
[33], this paper proposes a MILP-based EMS for the simultaneous man-
agement of RESs, ESSs, and the optimal task assignment of Automated
Forklifts (AFs) in warehouses, while considering various trade-offs. The
primary contributions of this study are:

+ Integrated energy and task planning: this paper proposes a novel
coupled approach to integrate the energy management of RESs,
BESS, and EV fleets serving a warehouse with the scheduling of
the task to be executed by AFs in the warehouse. Unlike existing
approaches that address energy management and logistics sep-
arately, the proposed MILP-based model integrates both aspects
into a unified optimization framework.

Impact of energy management on AFs scheduling: the present
study optimizes AF task scheduling by providing a linear task
execution model, that fully aligns with the MILP formulation of
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Fig. 1. Graphical representation of the considered system.

the EMS. This ensures that warehouse internal operations adapt
dynamically to RES availability and electricity prices, allowing
the shifting of AFs, thus opening the doors to sustainability and
operational efficiency.

Assessment of V2G benefits on warehouse operations: this study
explores the benefits of the V2G techniques in minimizing en-
ergy costs and minimizing energy curtailments from RESs. More-
over, the present study evaluates the role of V2G technology in
compensating for the unavailability of the BESS.

The remainder of this paper is organized as follows: Section “Math-
ematical model” formulates the MILP model with emphasis on both
the energy and logistics aspects, Section “Results” introduces the case
study and presents the results of the optimization. Finally, Section
“Conclusion” concludes this study, highlighting the main contributions
and introducing the scope for future developments of the proposed
model.

Mathematical model
Problem description

The developed EMS provides the optimal scheduling for the daily
operations of a warehouse. In particular, an ambient-temperature ware-
house is considered, connected to the electricity distribution network
and equipped with a PV power plant and a BESS to address the active
energy demands. AFs are utilized for the handling operations in the
warehouse. Additionally, the facility supports bidirectional charging for
the incoming EV fleet, owned by the company running the warehouse.
The EV fleet is composed of cars, used by warehouse workers to move
between home and workplace, and vans and trucks, used for delivering
goods. The EVs are differentiated depending on the time availability at
the warehouse and on the travel distance (i.e., transportation demand).
A graphical representation of the considered system is illustrated in Fig.
1.

The optimization problem has been modeled as a MILP model with
an optimization horizon subdivided into T time intervals of duration
A. The choice of 4 is critical when simultaneously addressing energy
management and AF scheduling. Longer intervals may be suitable to de-
scribe energy-related dynamics and may lead to shorter computational
times; nevertheless, they are not suitable for detailed AF scheduling.
On the other hand, shorter intervals significantly increase the compu-
tational effort. The proposed mathematical model of the EMS combines
an energy model to efficiently manage the energy technologies of the
warehouse with a task assignment model for optimally planning the
operations of the AFs of the warehouse.

Energy model

This subsection outlines the functioning of the technologies within
the facility to address the active power demand, P¥/, and the reactive
power demand, Qf’ , of the warehouse, with index ¢ denoting the time
interval ¢ =1, ..., T).

PV system

The warehouse is equipped with a rooftop PV system to meet
the active energy demands. The PV powerplant performance closely
follows the relations described in [38,39] and [40]. These relations,
along with the solar irradiance data from the Photovoltaic Geograph-
ical Information System (PVGIS) software [41], provide the available
active power production, P,P V-av from the PV plant. As per the Italian
electrical network specifications, the operating range of the PV inverter
is determined by the CEI 0-16 standard (see “Appendix A”) of the
Comitato Elettrotecnico Italiano [42]. The decision variables regarding
active power are the actual active power production, P, and the
curtailed active power, P,P Vieurt as reported in [32]. The inductive
reactive power supplied or absorbed by the PV inverter, QIP Veini and
Q,P Viabs - are related to PPV as determined by the CEI 0-16 standard.

Network connection

The warehouse is connected to the external public distribution
network through a medium-voltage connection. It serves multiple pur-
poses: active and reactive power demand satisfaction and revenue
generation through sale of surplus production from the PV system.
Relevant decision variables are the active power injected into the
grid or withdrawn from the grid, P,G’”” and P,G’b”y , and the reactive
power injected into the grid or absorbed from the grid, Q,G’i"j and
Q,G"’b" : relevant constraints are reported in [43], defining a circular
operating range related to the rating of the connection transformer (see
“Appendix B”).

BESS model

The BESS offers operational flexibility for the warehouse during
periods of fluctuating energy production from the PV system. The
relevant decision variables are the charging and discharging power,
Pf’”’ and P,B”“h, and consequently, the energy content of the BESS,
EE. These variables are correlated through the energy balance of
the BESS. Relevant constraints are discussed in [43] and [44], along
with constraints ensuring smooth operation of the BESS. The CEI-016
standard allows the BESS inverter to operate within a circular capability
curve, correlating PIB’”" and PIB’dCh to the reactive power absorbed
or injected by the BESS inverter, Q,B’“bs and Q,B “nj that are decision
variables too.
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EV model

The EVs at the warehouse serve both personnel and freight transport
needs, including electric vans for short-distance freight transport, and
electric trucks for long-distance transport. It is assumed that the EVs at
the facility exchange only active power.

EVs for personnel transport and long-distance freight transport
spend a considerable duration of time at the facility: thus, they can
act as mobile storage units, exploiting V2B/V2G mode to satisfy the
active energy demands of the facility. The decision variables are the
charging and discharging power of each EV, PEV <t and PLEtV’dCh
and consequently, the energy content of each EV, EL /> with index v
denoting a generic EV (v = 1,...,V), where V is the total number of
EVs. For relevant constraints involving the energy content of each EV
at the arrival and departure time (9" and t‘f" ), see “Appendix D”.

s

AFs model

AFs are assumed to handle the internal logistics within the facility.
Each AF can be in one of three states: working, idling, or charging. The
energy content of each AF, E .» depends on the energy consumption
rates while working or 1d11ng and on its charging power PF » with
index f denoting a generic AF (f =1, ..., N ), where N¥ reﬁresents
the number of AFs. The energy balance that depends on the state of
operation of each AF is reported below.

E/l":x+l - E}T,t +4- (Pfiir et = AW y/F‘:tW —ant y}:rl)

@
Vf=1,..,NF,

Vi=1,..,T -1

where AF'W and AF! are energy consumption of AFs while working and
idling respectively, while y W and yf o, are binary decision variables
indicating the working or 1d11ng status of each AF f in each time
interval. The constraints that govern the energy balance of the AFs are
analogous to the relations outlined in [33].

The total number of jobs to be performed at the facility, N7/, is
assumed to be allocated across the work shift and distributed among
the total number of AFs. Three distinct binary decision variables are
utilized to schedule the operations of the AFs: wf o which indicates
whether a job j (j = , N7) is initiated by AF f at time interval
t; sz o which indicates whether a job j is performed by AF f at time
interval 1; u , which denotes the non-completion of job j. wf it is set to
1 when an AF f initiates a job j at time 7 while it is 0 otherw1se z,
is set to 1 when an AF f is performing a job j at time interval ¢ and i 1s
set to 0 otherwise. u is equal to O if the job j is completed within the
optimization horlzon and equal to 1 otherwise. The constraints for the
optimal scheduling of AFs are reported in “Appendix C”.

Electric power balances

The facility is modeled as a single-busbar microgrid, comprising the
PV system, BESS, EVs, and AFs, with a dedicated connection to the
external distribution grid. The EMS must ensure that the active power
demand of the warehouse, the active power demand related to the
charging of EVs at the facility along with the active power demand
related to the charging of the AFs and the reactive power demand of
the warehouse must be satisfied at all time intervals. The electric power
balances of the warehouse are reported below.

v N
El G, rell B,ch EV .ch F
PE 4+ P PRt N pEVh 2 28

_PPV +PGbuy+PBdch +2PEVdch

v=1

vi=1,...T
2
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Q{il + Q!G,abs + Q/B.abs + Q!Pl/,abs — QIPV,inj + QlG,inj + Q,B‘W

vi=1,...,T
3)

Objective function

The goal of the proposed EMS is to reduce the operational costs
of the facility, incorporating expenses associated with energy demand
fulfillment and penalties for non-completion of logistic tasks. The ob-
jective function to be minimized is formulated as follows.

T
Obj = Z (CIPV,eurt + C[Grid) +cF (@)
i=1

where cP Vieurt is the cost related to the curtailment of active power

productlon by the PV inverter and ¢ is the cost related to the
exchange (absorption and injection) of active and reactive energy with
the external network. ¢ denotes the penalties incurred on the facility
due to unassigned tasks over the considered time horizon.

Results

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

Input data description

The input data used in the optimization model referred to the
proposed technologies are reported in this subsection.

The optimization horizon is 1 day (" = 96) with a time interval
duration 4 of 15 min. The size of the PV inverter, A""-FV | is 340 [kW]
while the unit cost of PV curtailment, pV-<#_ is 0.128 [€/kWh] [45].
The rated size of the BESS inverter, A"%8 is 250 [kVA]. The BESS has a
rated capacity of 900 [kWh], with charging and discharging efficiencies
both assumed to be 97 [%].

The size of the transformer, A”/-C, connecting the warehouse to
the MV distribution network is 750 [kVA]. The electricity selling price
matches the zonal market clearing price, while the purchase price is
increased using a multiplier coefficient to take into account fixed tariff
components and taxes. Penalties for inductive reactive power absorp-
tion apply during peak hours, while penalties for inductive reactive
power injection are applied in off-peak hours, with rates determined
by the Italian regulatory authority, ARERA.

Nine EV chargers are present at the facility: four of them have a
rated power of 250 [kW], while the other ones have a rated power
of 50 [kW]. The warehouse owns two electric trucks with a rated
battery capacity of 450 [kWh] and an energy consumption rate of
1.1 [kWh/km], two electric vans with a 79 [kWh] battery capacity
and a consumption rate of 0.352 [kWh/km], and five electric cars
with a 40 [kWh] battery capacity. While the electric trucks and vans
are dedicated to transport goods to customers, the electric cars are
assigned to warehouse personnel. The distances traveled by the trucks
and vans are predefined and serve as inputs to the optimization model.
Their energy content at departure must be at least equal to the energy
required for a roundtrip to their destinations and back. For electric
cars, it is assumed that they arrive at the warehouse with a minimum
acceptable energy content and must depart with an energy content
higher than at arrival.

The warehouse is assumed to be equipped with three AFs, each with
a rated battery capacity of 21.12 [kWh] for logistics operations. The
AFs have a rated charging power of 7.4 [kW] and a charging efficiency
of 90 [%]. The warehouse operates on weekdays and remains closed on
weekends. Each functional day consists of a work shift from 8 AM to 6
PM. During each operational shift, the AFs are assigned 30 tasks, with
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each task having a duration of 15 to 45 minutes. A penalty coefficient
is applied to prioritize critical operations.

Optimization results

The model was implemented in Matlab R2022b environment using
the Yalmip toolbox [46] and solved using the Gurobi solver [47] on a
Intel(R) Core(TM) i7-10750H CPU @ 2.60 GHz PC with 16 GB RAM and
with a computational time close to 420 min to achieve a solver gap of
0.02 [%]. The gap is used by Gurobi as stopping criterion. To explore
the effectiveness of the proposed optimization model, three scenarios
are analyzed: 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; in Scenario III
V2G functionality is deactivated, in addition to the BESS being out of
service, in order to analyze how the facility would operate without
any storage technology. For brevity, graphical results for this latter
scenario will not be disclosed, while energy scenarios will be discussed
in Section “Comparison among scenarios”. A single day of operation in
summer is chosen for the study, in which the active and reactive energy
demand of the warehouse is equal for the three scenarios, as well as the
energy availability from the PV system.

Scenario I

Fig. 2(a) presents the active power balance of the warehouse over
the considered day. It can be seen that the active power production
from the PV system is sufficient to cover the active energy demand of
the warehouse, including that of the AFs during the central hours of the
day. Moreover, the surplus production is stored in the BESS for charging
the EVs at the end of the shift when the active energy production from
PV is negligible.

The reactive energy demand is met by the PV inverter, as presented
in Fig. 2(b), thereby preventing any penalties related to reactive power
exchanges with the public grid.

In Fig. 2(a), it can be seen that at certain time intervals the EVs are
discharged to meet the active energy demand of the warehouse. This
trend is also visible in Fig. 3, where most of the charging processes that
require significant amount of active power occur at intervals when the
electricity purchase prices are comparatively lower.

The tasks to be completed within the work shift are allocated
among AFs in an optimized manner to minimize task non-completion
as illustrated in Fig. 4(a): it can be noted that most of the charging
of the AFs is scheduled during the central hours of the day, utilizing
the surplus PV active energy production, thereby minimizing electricity
purchase costs.

Scenario II

In Scenario II, PV energy availability and EVs availability and
transportation demand remain unchanged with respect to Scenario I.
The active power balance in this case is presented in Fig. 5.

Since the BESS is out of service, the EMS either injects the surplus
production into the network or satisfies the active energy demand of the
EVs after meeting the energy requirements of the warehouse including
the AFs. The V2G functionality allows the EVs to discharge at intervals
when the PV production diminishes. The trend of the charging and
discharging cycles of EVs on a weekday and a weekend are reported
in Figs. 6(a) and 6(b).

From Figs. 5 and 6(a), it can be also noted that EVs at higher energy
content discharge to meet the immediate needs of other EVs.

Since the PV inverter satisfies the whole reactive energy demand
by its own, similarly to Scenario I, the relevant figure is omitted for
brevity. Similarly to Scenario I, the operations of the AFs are scheduled
in an effective manner avoiding penalties incurred due to unexecuted
tasks. A heatmap representing the State of Charge (SoC) of the three
AFs in Scenario II is represented in Fig. 4(b). From Fig. 4(b), it is
evident that the charging states of the AFs are centered around the time
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Table 1
Energy and economic quantities of the optimization results.

Scenario

I I 11
EF' [MWh] 9.41 9.41 9.41
EAF [MWh] 0.44 0.44 0.44
E'ruckeh [MWh] 3.33 3.96 2.93
Etruckdeh TNIWh] 0.44 0.83 -
Evench [MWh] 0.59 0.97 0.31
Everdeh [MWh] 0.48 0.78 -
Ecerch [MWh] 0.20 0.62 0.20
[Ecardeh [MWh] - 0.34 -
EB<h [MWh] 3.21 - -
EBd<h [MWh] 3.01 - -
E®Y [MWh] 1.55 2.46 3.70
E® [MWh] 2.24 3.07 4.47
EPY [MWh] 14.06 14.06 14.06
EPV.curt [MWh] 0 0 0
Self Consumption [%] 84.11 78.15 67.2
Total costs [€] 113.50 262.64 450.27

intervals involving high PV production, thus reducing the operating
costs of the facility.

Comparison among scenarios

Although the optimization considered an optimization horizon of
one day, for a better understanding of the effectiveness of the developed
model the weekly active energy and economic quantities from the
optimization results for the three scenarios are presented in Table 1

From Table 1, it is evident that in Scenario II, where only the BESS
is out of service, EVs function as a mobile storage, helping to minimize
the absorption of energy from the network. Due to limitations on the
depth of EV battery discharge and due to the unavailability of some
EVs during periods of excess PV energy production, the warehouse still
relies on the public distribution network to meet active energy demand,
leading to a larger energy exchange with external network if compared
to Scenario I, where the self-consumption is maximized thanks to the
presence of the BESS. In Scenario II, net costs are larger than in Scenario
I. However, these costs remain lower than in Scenario III, where the
V2G functionality is unavailable. Scenario III shows a higher amount
of active energy exchanged with the public distribution network since
no storage forms are available: thus, the non-differable EV charging
demands during periods of minimal PV energy generation are still met
by the public distribution grid, leading to increased operating costs.
This increases energy absorption from the public distribution grid and is
reflected in a reduction of the facility self-consumption rate, calculated
as described in [48], which decreases notably in the absence of storage.
The PV inverter operates within the capability curve, eliminating any
curtailments in production. Compared to Scenario III, a reduction in op-
erating costs equal to 74.8% and 41.7% are reported for Scenarios I & II
respectively. However, the task assignment to AFs remains unaffected,
as all tasks are completed in all scenarios and as the active energy
demand of the AFs is always met, leading to avoidance of penalties
related to unfinished tasks.

Sensitivity analysis

To evaluate the impact of V2G functionality on the operation of
the facility, a sensitivity analysis was performed by varying two key
parameters: the distance traveled by freight vehicles prior to arrival
and their arrival times at the warehouse. Variations in travel distance
affect the battery’s SoC upon arrival, while changes in arrival time
influence the duration of the vehicles’ stay at the facility: both factors
directly influence the dynamics and effectiveness of V2G operations.
The travel distance is incrementally increased by 5%, 10%, 15%, and
20% relatively to the distances traveled by the vehicles in Scenario
II, while the arrival times are shifted forward by 15 to 60 min, in
15-minute intervals. The corresponding results are presented in Table
2.
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Fig. 2. Electric power balances in Scenario I.
Table 2

Sensitivity analysis varying the distance traveled and the arrival time.

Distance Arrival Time

+5% +10% +15% +20% +15 min +30 min +45 min +60 min
Erruckeh +3.4% +7.21% +11% +14.38% +0.04% +0.35% +1.05% +1.62%
[Etruckdeh —0.7% -0.56% -0.22% -1.5% +0.36% +1.54% +4.28% +6.47%
Evanch +2.13% +3.19% +3.93% +7.15% -1.64% -7.85% -14.74% -20.77%
Erandeh +0.08% -1.28% -2.95% -2.14% -1.3% -7.55% —-14.49% —-20.57%
EGP +5.87% +12.07% +18.26% +24.51% —-0.02% +1.68% +3.46% +5.26%
ECs —-0.55% -1.05% -1.55% —-2.05% +0.27% +1.87% +3.46% +5%
Total Costs +14.2% +28.68% +43.21% +59.8% +0.14% +2.28% +4.57% +6.92%

From Table 2, it is evident that variations in travel distance have a
significantly greater impact on operational costs compared to variations
in arrival time. A clear, steady increase in costs is observed as travel
distance increases. This is primarily due to the lower SoC of the freight
vehicles upon arrival, which results in higher energy requirements to

meet departure needs. Consequently, the amount of energy charged to
the trucks and vans increases accordingly. Since the vehicles arrive with
reduced energy content, outside the central hours of RES availability,
and given that the BESS is out of service in Scenario II, the EMS is
forced to rely heavily on the external network. This leads to a consistent
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Fig. 3. Trend of the charging and discharging cycles of EVs at the warehouse.

rise in the amount of active energy absorbed from the utility network,
further contributing to the increase in operating costs. Variations in
arrival times lead to an increase in the energy discharged from the
trucks. However, this change resulted in a noticeable decrease in the
energy discharged from the vans, primarily because their availability
at the warehouse is limited to a much shorter duration compared to
the trucks. To align with overall energy requirements, the EMS reduces
energy discharge from the vans and, owing to shorter availability, they
are not charged to their maximum capacity. This shift increases the
reliance on trucks for active energy discharge, which in turn raises
the amount of energy charged to them. Nonetheless, both the energy
purchased from the grid and the total operating costs remain lower
compared to the scenario where travel distances were varied.

Conclusion

The integration of EVs and RESs is crucial for reducing GHG emis-
sions. Efficient management of AFs powered by local RESs in a ware-
house enhances sustainability in logistics. However, coordinating RESs,
BESSs and EVs to minimize operating costs while optimizing AF task
scheduling remains a complex task, not comprehensively addressed in
the current scientific literature.

To provide an holistic approach, this present study proposes an
EMS for the optimal combined energy and task planning management
of a green sustainable warehouse. The warehouse is equipped with a
PV plant, coupled with a BESS, and hosts charging stations for EVs,
used both for goods and personnel transportation. It also employs AFs
for internal material handling activities. The EMS aims to minimize
the net operating costs of the warehouse, related to the exchange of
electricity with the distribution network, along with the minimization
of the number of unexecuted tasks. Three scenarios have been analyzed,
demonstrating that the application of V2G to EV fleets is beneficial,
significantly reducing net electricity costs, especially when the BESS
is out of service. In fact, the simultaneous availability of BESS and
V2G services reduces the facility’s operating costs by more than 75%,
compared to a configuration without them.

Since a coupled approach for the optimal dispatch of energy re-
sources and task planning is computationally intensive, the simultane-
ous optimization involves various trade-offs and future developments
of the study will focus on a detailed bi-level model of the EMS. In
this structure, the first level will optimize energy flows using a time
resolution aligned with energy profile dynamics, while the second
level will optimize logistics with a time resolution suitable for AF

scheduling. This approach is expected to reduce overall computational
complexity. Furthermore, the bi-level formulation will act as a heuristic
method, and its solution may not be globally optimal. To evaluate
the performance of the bi-level approach, it will be compared against
the results obtained from the single-level EMS model proposed in this
study. Additionally, the bi-level EMS will initially focus on a single
warehouse. However, by introducing additional constraints, it will be
possible to extend the approach to optimize an entire supply chain
through a distributed optimization framework, where each warehouse
is optimized independently. Moreover, different electricity sale strate-
gies and the participation of BESS and EVs in flexibility markets could
be investigated.
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Appendix A. PV system
Constraints (A.1) and (A.2) define the operating limits of the PV

The operating ranges defined by the CEI-016 standard and the inverter and restrict the reactive power output to 0.436 p.u. in com-
relevant relations are reported below. pliance with the CEI standards as detailed in [49]. Constraints (A.4)
PV abs PVin PV.abs and (A.5) define a semicircular portion of the operating range. The arc
5 Sin i — e . . Py .
0<0, <0436-4 Y Vi=1...T (G describing the circular segment is divided into smaller arcs, each one
N N approximated with the chord drawn between the initial and final points
0< QIP Vinj < 0.436 . APV in . yIP Vinj oy =1,...,T (A.2) of the arc and the relevant constraints are reported in [49].
PV.,abs | _PV.inj The costs related to the curtailment of PV active power production,
+ <1 vt=1,...,T (A.3)
Y Yt PV, are calculated as reported below.
(B +@©fV ™ < APV wi=1,..T (A4)
ctPV,curt =A- pPV,curt . P,PV,curr Vi = 1’ o, T (A.G)
(PP + QP MY < APV vi=1,..,T (A5)
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Appendix B. Grid connection and BESS inverter

Grid connection transformer and the BESS inverter are character-
ized by a circular operating range, linking active and reactive power
exchanges. However, these limits introduce nonlinearity in the MILP
model and must be linearized, similarly to that of the PV inverter. The
relevant constraints related to the exchange of inductive reactive power
from the public network are reported in [49].

The net costs related to the exchange of active and reactive energy
with the network at each time interval, ¢, is expressed as reported
below:
ctGrid —4. (cth . P[G,b + c?,abs ) QtG,abs + C’Q,inj . Q,G,inj _ rfs . ,G,s>

(B.1)
vi=1,...,T

In Eq. (B.1), ctP b and rf ¢ are respectively the unitary cost related to the
purchase of active energy from the distribution network in [€/kWh]
and the unitary revenue generated from the sale of active energy to the
distribution network in [€/kWh], while c,Q‘”’” and c,Q“"’j are the unitary
penalties related to the absorption and injection of reactive power from
the distribution network in [€/kVArh].

Appendix C. Autonomous Forklift

The operations of the AFs at the facility need to be synchronized
with two key factors: the presence of warehouse personnel according
to scheduled work shifts and the availability of sufficient energy in its
batteries to ensure task execution. The binary decision variables w’ "
sz, I and uf govern the constraints that ensure optimal scheduliné of
AFs. The associated constraints are presented below.

N/
Dz =W, Vf=L. NF o vi=1..T (A Y]
j=1
N/
szyf,,gl vf=1,...,NF, wvi=1,..,T (c2)
j=1
NF
Nz <l V=1L N, Vi=1,..T (C3)
f=1

Constraints (C.1) ensure that AFs cannot perform a job while charg-
ing or idling, while constraints (C.2) and (C.3) limit each job to a single

AF per shift and prevent multiple AFs from performing the same job
simultaneously.

NI
Ywi <l V=1 N vi=1,..T (C.4)
j=1
N/ t+D;-1
DD wa<M(-w; )
I=1 h=t+1 (C.5)
vf=1,...,N¥, vj=1,...,N/, vi=1,....T
Wifi S Zjfn
Vf=1,...,NF, vj=1,...,N/, (C.6)
Vi=1,..,T-D;+1, Vh=t,...,t+D;—1
NF T
Y Dz +Duy=D;  Vj=1,..,N (€7
f=11=1
NF T
Dwy o tu=1 Vji=1,.., N (C.8)
f=11=1
NJ
cF:ij~uj (C.9)
j=1

Constraints (C.4) ensure that an AF can perform only one job at a
time. Constraints (C.5) ensure that, once an AF f initiates a job j with
a duration of D, it does not start any new job during the subsequent
D, time intervals. Constraints (C.6) enforce that, if a job j is initiated
at time ¢ by the AF f, the AF needs to perform that job for the D;
time intervals. Constraints (C.7) ensure that, once an AF initiates a job,
it must be completed within its specified duration, while constraints
(C.8) allow the AF the flexibility to choose whether to perform a job,
as tasks are not mandatory. In Eq. (C.9), ¢! represents the total penalty
incurred on the facility due to the non-completion of the jobs, where
p; denotes the penalty associated with each job j in [€].

Appendix D. EV model

For the three classes of EVs present at the facility, the energy content
of each EV at the time of departure is defined to be above an acceptable,
minimum energy content, depending on the class of the vehicle as
reported in the constraint below.

EV .min
dep
vt

Ef:;ep > Yo=1,...,V (D.1)
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Fig. 6. Trend of EV charging and discharging cycles in Scenario II.
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For the EVs committed for freight transport, the distances that need to References
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1P

- F v’ D v (D.Z)
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in [kWh/km] while D, represents the distance covered by an EV in
each shift. Given the short optimization horizon, the effects of V2G
functionality on EV battery life and the impact of battery degradation
dynamics have been excluded from the model, as these factors become
significant only over longer time horizons.
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