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Abstract: This study focuses on Vehicle-Integrated Photovoltaic (VIPV) strategy adopted as
an energy supply vector in disaster scenarios. As a matter of fact, energy supply may be a
very critical issue in a disaster context, when grid networks may be damaged. Emergency
vehicles, including ambulances and trucks, as well as mobile units such as containers and
operating rooms, can be equipped with photovoltaic modules and can serve as mobile
emergency energy sources, supporting both vehicle operations and disaster relief efforts. A
methodology was developed to estimate energy production under unpredictable disaster
conditions, by adapting existing VIPV simulation approaches. Obtained results show
that VIPV strategy, even under minimal daily energy generation, can be a useful aid for
disaster resilience and emergency prompt response. Ambulance performance, analyzed
for worst-case scenarios (e.g., December), shows that they can power medical devices for
1 to 15 h daily. Additionally, the ambulance can generate up to 2 MWh annually, reducing
CO;, emissions by up to 0.5 tons. In optimal configurations, mobile operating rooms can
generate up to 120 times the daily energy demand for medical devices.

Keywords: vehicle-integrated photovoltaic; VIPV; disaster; moveable energy sources; ambulance

1. Introduction

Disasters, whether natural or human-made, may severely disrupt critical infrastruc-
ture, with power outages being one of the most significant consequences [1]. The loss
of electricity affects not only homes and businesses but also emergency response efforts,
where uninterrupted power is essential for medical services, rescue operations, and com-
munication systems [2]. Restoring power can take hours or even days, making energy
resilience a crucial aspect of disaster management [3]. Ensuring a stable power supply
in such scenarios requires an efficient prioritization of energy demands, optimal use of
available resources, and the integration of renewable energy technologies to reduce reliance
on conventional fuel-based systems [4,5].

Several studies have explored strategies to enhance energy resilience in disaster situa-
tions. For example, Candan et al. [6] proposed an algorithm that improves grid resilience
by classifying household appliances based on priority levels and integrating electric vehi-
cles (EVs) and localized PV generation. Their work demonstrated that EV batteries could
serve as mobile energy storage units, ensuring continuous power for critical loads while
optimizing overall energy use. Vaziri Rad et al. [7] investigated standalone renewable
energy solutions for post-disaster environments, identifying optimal configurations of PV
systems, battery storage, and hybrid generators to supply electricity for residential units
and healthcare facilities. Their methodology incorporated a multi-criteria decision-making
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framework to balance reliability, cost-effectiveness, and sustainability, emphasizing the
necessity of hybrid solutions to compensate for intermittent solar and wind energy. Ad-
ditionally, Saboori [8] introduced a mobile battery storage approach, where transportable
energy storage systems were strategically deployed using trucks and trains to supply
power to affected areas. Their optimization model considered transport logistics, charging
station placement, and energy transfer efficiency, demonstrating that mobile storage could
significantly enhance grid flexibility and resilience in disaster-stricken locations.

While these studies provide valuable solutions, they also present challenges. Station-
ary PV systems may become damaged in disasters such as earthquakes, reducing their
effectiveness [9]. Mobile battery storage, while flexible, is constrained by transport logistics
and limited capacity [10,11]. These limitations highlight the need for an alternative energy
solution that is both mobile and self-sufficient [12]. A promising approach may be a Vehicle-
Integrated Photovoltaic (VIPV) strategy, which integrates PV cells directly into vehicles,
allowing them to generate and store renewable energy while maintaining mobility [13].
Unlike conventional battery electric vehicles (BEVs) or stationary energy storage systems,
VIPV-equipped vehicles can act, even if in a limited range of energy production due to a
limited extension of available surfaces, as self-sustaining electric power sources, providing
energy for critical applications such as emergency medical equipment, communication
systems, and temporary shelters, without relying on external infrastructure [14,15].

Some existing studies have explored the use of PV-equipped vehicles in disaster scenar-
ios or emergency response. The FIVE project [16] demonstrated how integrating PV panels
into emergency medical vehicles could reduce dependence on fossil fuels and enhance op-
erational efficiency. Hasan et al. [17] proposed a specialized ‘water ambulance’ for remote
areas, incorporating an intelligent energy management unit to ensure continuous power
supply for onboard medical equipment. Araki et al. [18] used Monte Carlo simulations to
assess the effectiveness of PV-equipped vehicles in supplying power to temporary disaster
stations, although their focus remained on stationary applications rather than the mobile
nature of emergency vehicles.

So, the authors find that research on the potential of VIPV in disaster scenarios remains
limited. Additionally, many studies that propose energy solutions for disaster response
overlook the role of VIPV. This omission is particularly significant because while some
studies suggest using EVs as mobile energy storage units, they neglect the fact that VIPV-
equipped vehicles can serve both as mobile storage and as self-sustaining energy generation
sources [19,20]. Furthermore, there is a lack of methodologies specifically designed to assess
the potential of VIPV in disaster scenarios. Although various approaches exist for eval-
uating VIPV system performance, they often fail to account for the unpredictable nature
of disasters, where vehicle routes and operational conditions vary significantly [21-25].
This makes simulation and energy estimation challenging. To address these gaps, this
study adapts existing methodologies to incorporate the dynamic and uncertain condi-
tions of disaster response. Additionally, we conduct a sensitivity analysis to evaluate the
impact of key factors such as geographic location and vehicle movement on VIPV perfor-
mance, providing a more comprehensive understanding of its potential applications in an
emergency scenario.

We focus on integrating solar cells into emergency vehicles to supply their required
energy or to power vital medical devices within mobile care units. Two types of emergency
vehicles are investigated: ambulances and trucks, each evaluated under different opera-
tional scenarios. Ambulances are analyzed in both mobile and stationary conditions to
determine their ability to supply power for medical equipment while transporting patients
or providing on-site care. Similarly, trucks are examined under multiple-use cases, includ-
ing their role in transporting aid to disaster zones and their potential to serve as mobile
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medical units or containerized operating rooms. In stationary mode, the possibility of
enhancing energy production through solar tracking systems [26], evaluating the benefits
of one-axis and two-axis tracking mechanisms, has been also investigated. Furthermore,
this study includes a geographical analysis by evaluating the performance of VIPV systems
across three Italian cities, Palermo, Rome, and Milan, representing different latitudes and
solar radiation levels.

Critical loads for essential systems, such as medical equipment, have been identified
and their energy demands are compared with the energy generated by the VIPV systems
to ensure the uninterrupted functionality of critical systems. Additionally, we assume
that trucks and ambulances utilize their existing onboard batteries to support both vehicle
operations and the VIPV system. To assess their feasibility, the impact of various working
conditions, including operational energy demands and standby charging losses, have
been analyzed to determine the energy produced and stored under different scenarios. In
contrast, for case studies such as container and mobile operating rooms, which operate
in stationary mode, existing methodologies and equations have been adapted for battery
sizing to meet their specific energy requirements.

Beyond ensuring energy resilience in disaster response, this study also considers the
environmental impact of VIPV adoption. Using grid power emission data [27], the potential
CO;, reductions achieved through VIPV-generated electricity compared to conventional
grid power and fuel-based generators have been estimated. Although reducing emissions
is a secondary concern in emergency scenarios, it underscores the broader sustainability
advantages of integrating solar energy into mobile applications.

By addressing energy resilience, operational optimization, and environmental impact,
this research contributes to the practical implementation of VIPV technology in emergency
response applications. Our findings may offer valuable insights into how VIPV-equipped
vehicles can improve disaster management by providing a sustainable, autonomous, and
mobile, even if limited, energy solution.

The rest of this paper is organized as follows: First, in Section 2, the fundamental
equations for the methodology are presented, focusing on solar radiation and performance
ratio using general and basic equations. Then, in Section 3, the case studies are intro-
duced, and the governing equations are adapted to the specific conditions of each case
study. Finally, in Section 4, the results are analyzed, starting with the obtained energy
production and its potential to extend the range of each vehicle. Based on these results,
battery sizing for each case study is approached, along with the evaluation of the poten-
tial emissions reduction. Additionally, the required energy for vital medical devices is
compared with the produced electrical energy to assess the feasibility of sustaining critical
healthcare operations.

2. Methodology

Generally, the amount of power produced by a fixed photovoltaic system Wpy, can be
calculated using Equation (1) [28]:

Wpy = -H-A-PR (1)

where 7 represents the efficiency of PV system, H (W-m~2) is irradiance, A (m?) is area,
and PR is the performance ratio. In VIPV systems, due to the curvature and complex shape
of the vehicle body, PV cells may not entirely cover it. Therefore, by applying a coverage
ratio to A in Equation (1), the amount of power produced by a VIPV system Wy py can be
calculated using Equation (2) [29,30]:

Wyipv = n-H-Sr-PR )
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West

where Sr represents the PV coverage area (m?) and is defined by the following:
Sr=ua-A 3)

In Equation (3), a represents the percentage of the vehicle’s surface area that is covered
by PV cells, while A refers to the area of the specific section of the vehicle (e.g., roof, sides)
where PV is installed.

2.1. Solar Irradiance

Solar radiation that reaches the Earth’s surface consists of direct (beam), diffuse, and
reflected components. In this study, reflected radiation is neglected, and only direct and
diffuse irradiance are considered [31].

180 — B

H = DHI-(—

)+ DNI-cos (6) 4)

cost) = sindsincosP — sindcosBsinPcosy 4 cosdcosBcosPcosw

©)
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where DHI is diffuse horizontal irradiance, DNI is direct normal irradiance, f is inclination
of PV panel, 6 is angle of incidence of beam radiation on a surface, and v is azimuth

angle (Figure 1).

Direct Irradiation

Diffuse Irradiation

North

Figure 1. Schematic of solar angles definition.

All irradiance calculations were performed using Meteonorm software [32] and the
computed results were used for subsequent analysis. By defining specific conditions, such
as zero inclination, single-axis tracking, or dual-axis tracking, the software generated hourly
irradiance data for three different Italian cities: Palermo, Rome, and Milan. These cities
were selected to represent different geographical locations and latitudes, influencing solar
radiation levels. Palermo, located in the south, has a Mediterranean climate characterized
by hot, dry summers and mild, wet winters, offering high solar potential. Rome, in central
Italy, experiences a temperate climate with balanced seasonal variations, while Milan, in the
north, has a humid subtropical climate with colder winters and moderate summers, leading
to lower overall irradiance. The monthly average direct normal irradiance (DNI), diffuse
horizontal irradiance (DHI), and global horizontal irradiance (GHI) values for Palermo,
Rome, and Milan in 2020 [33] are illustrated in Figure 2.
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Figure 2. Monthly average values of (a) global horizontal irradiance (GHI), (b) direct normal
irradiance (DNI), and (c) diffuse horizontal irradiance (DHI) for Palermo, Rome, and Milan in 2020.

Shading is a critical factor influencing the performance of PV systems, particularly
in VIPV applications. In fixed PV systems, shading is typically more manageable, as it
can be reduced through careful system design and installation in locations with minimal
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obstructions. However, in VIPV systems, shading evaluation becomes more complex due
to the vehicle’s movement [34]. The shading level varies dynamically, depending on factors
such as the vehicle’s mode (e.g., parking or driving), the surrounding environment, and the
specific routes taken. In disaster situations, the unpredictability of shading becomes even
more pronounced because both the timing and location of the disaster are unknown. While
GIS-based methods can estimate shading effects in some cases [35], using them is chal-
lenging in disaster scenarios where the environment is highly variable and unpredictable.
In these scenarios, shading can result from both typical obstructions (e.g., buildings or
trees) and also temporary obstacles, such as debris or damaged infrastructure. Additionally,
atmospheric factors such as smoke or dust may further reduce the direct irradiance received
by the vehicle’s PV system.

By considering shading as a dynamic loss factor, this work highlights the ability of
VIPV systems to provide reliable energy in unpredictable and challenging conditions, em-
phasizing their relevance for emergency response and disaster recovery applications. The
impact of different shading levels (0% to 80%) on energy generation has been investigated.
Similar to previous studies [36-39], shading was modeled as a ratio to account for its impact
on direct irradiance. For instance, a shading level of 40% means that the vehicle receives
only 60% of the direct irradiance during each hour. This reduction is applied uniformly
across all hours, allowing us to evaluate the average effect of shading on energy generation
over time.

To maximize solar energy utilization, it is assumed that PV modules operate at their
maximum power point (MPP). Although tracking the MPP under partial shading can be
challenging, the shading ratio is expected to inherently account for any associated losses.
With this assumption, the analysis focuses on modeling peak power output rather than the
detailed behavior of the entire PV module, simplifying the evaluation while still providing
a reasonable estimation of system performance [36].

2.2. Performance Ratio

Generally, each photovoltaic system comprises two main parts: energy production
and conversion which are shown in Figure 3. However, each part of this diagram can
be extended and may have more components based on the system application. This
figure illustrates the basic structure where energy production involves receiving solar
radiation and converting it into electrical energy through photovoltaic cells. The conversion
part includes the electrical components that regulate, store, and distribute the generated
electricity to power various applications [40].

1
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Figure 3. Specific yields of a photovoltaic system.
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The overall performance ratio of the PV system is calculated by multiplying the perfor-
mance ratios of the energy production and conversion sectors. According to Equation (1),
the performance ratio of a photovoltaic system can be defined as Equation (6) [40].

Yr

PR = PRgeneration* PRconversion = Yo (6)
PRGunetion =1~ Le = 12 %
PRconversion =1 —Ls = % 8)

&= Hch ®)
Ya= 52 (10)

By dividing the radiation energy G (kWh-m~2 per Year) by Hsrc = 1000 W-m~2 [41],
the obtained Yy represents the reference yield, which is the number of sun full load hours at the
generator level per year. Y4 (kWh-Wj ! per Year) is array yield and Yr (kWh-W, ! per Year)
is final yield, representing the number of plant full load hours per year. By dividing the PV
energy generation Epc (kWh per Year) and the energy fed into the grid E4¢ (kWh per Year)
by the power of PV panels Wsrc (Wp), Y4 and Yr are obtained, respectively.

Generator losses L¢ can arise from several factors. These include the actual power
output of the modules being lower than the values specified in their datasheets, higher
module temperatures exceeding 25 °C, and the presence of soiling or partial shading on
the modules. Additional causes of losses are mismatches between modules in a string,
operating conditions where modules are not functioning at their MPP, and ohmic losses
occurring in the direct current (DC) lines. System losses Lg are primarily attributed to the
inverter, with several factors contributing to these losses. One key factor is the inverter’s
efficiency, which is typically less than 100%, leading to energy being dissipated as heat
during the conversion process [40].

3. Case Studies

In this study, we analyze four case studies: the WAS E 500 (ambulance), the Tesla Semi
(truck), a mobile operating room, and a container that can also be transported by a truck.
The dimensions and specifications of these case studies are provided in Table 1 [42-45]. It is
important to note that solar cells are integrated solely into the roofs of all the case studies.

Table 1. Dimensions and specifications of vehicles.

Type Model Roof Area (m?) Area Usage (%)
Ambulance WAS E 500 8.17 79
Truck Tesla Semi 34.00 96
Container Dry Cargo 28.30 95
Mobile Operating Room Expandable 66.12 94

Ambulances are analyzed in both mobile and stationary conditions to assess their
ability to supply power for medical equipment while transporting patients or providing on-
site care. Trucks are considered under various use cases, including their role in transporting
aid to disaster zones. While the truck is modeled in both driving and parking conditions, the
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mobile operating room and container are modeled in stationary conditions after unloading.
This distinction allows us to explore different strategies to enhance energy output, such as
the potential use of solar trackers to optimize energy generation.

3.1. Ambulance and Truck

Solar cells were integrated into the roofs of ambulances and trucks with § = 0, and
the elevation was assumed to be constant (the road pitch angle was set to zero). The
vehicles were considered in both driving and parking operating conditions. In contrast,
the container and mobile operating room were positioned in a fixed location, and  was
not constant. To calculate energy generation during both driving and standby modes,
Equation (2) is adapted as follows [23]:

1 8784
Evipv, Driving = Tog5 Y #-Hy-Sr-PR-R (kWh per Year) (12)
h=1
8784
Evipy, stanaty = 7500 Y #:Hy-Sr-PR-(1—R) — Lcy (kWh per Year) (13)
h=1
E = Evipv, Standby + EVIPV, Driving (14)

where Lcy (W) represents standby charging losses, Hj, (W-m~2) is hourly irradiance, and
R is driving-to-park ratio.

To obtain the system’s performance ratio, as described in Section 2.2, the performance
ratios for both the generation and conversion components have to be computed. The
performance ratio for the generation component can be calculated as follows [40,41]:

PR _Ya _ Wec _ PVour (15
Generation — Y. _G GTlopta )
R Hgrc Hgsre

where PV oyt (kWh-kWp ! per Year) is specific photovoltaic power output and GTlopta
(kWh-m~2 per Year) is global tilted irradiance at optimum angle. These parameters for each
region are available on Global Solar Atlas [46]. In this method, the PV o is considered as
the array yield (Y,) for the respective city, while the GT Iy, is used to represent the yearly
radiation energy (G) for that city. Due to Equation (6), to calculate PRcoypersion, the Lg value
is set to 2% [23]. The calculated PR values for Palermo, Rome, and Milan are presented
in Table 2.

Table 2. Performance ratio values for different Italian cities.

Palermo Rome Milan

PVour (kWh-kW 1 per Year) 1564.20 1520.30 1382.80

GTlopta (kWh-m—2 per Year) 1943.10 1870.70 1681.50
PRGeneration (%) 80.50 81.27 82.24
PRconversion (%) 98.00 98.00 98.00
PR (%) 78.89 79.64 80.60

Temperature significantly impacts PV performance, with higher temperatures typically
reducing the efficiency of solar cells [47,48]. In contrast, cooler climates result in a higher PR
due to reduced thermal losses. Although Palermo experiences higher irradiance compared
to Milan, the PR in Milan remains slightly higher.

In critical emergency response situations, such as those requiring ambulances, it is
difficult to apply standard values for operational parameters due to the highly variable
nature of the scenarios. Therefore, various driving-to-standby ratios (R) were considered
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_O_
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Generator
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to assess their impact on energy production for the WAS E 500 ambulance. The driving-
to-standby ratio ranging from 40% to 80% to capture potential operating conditions that
ambulances may encounter. For example, when R = 0.4, this indicates that during each
hour, the ambulance is in driving mode for 40% of the time and in standby mode for the
remaining 60%. In standby mode, the ambulance is either providing on-site healthcare
services or transporting patients to the vehicle.

For the Tesla Semi, R was defined as shown in Figure 4, following the guidelines
in [49]. Due to these standards, drivers must take a break (45 min) after each 4.5 hours of
driving during the working day.

1
0.
0.
0.
0.

12 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour [h]

Driving to Standby Ratio
vOx o

(=]

Figure 4. Driving-to-standby ratio in different hours of weekdays for Tesla Semi.

When an electric vehicle is parked with the ignition turned off, the circuit contactors
in the drivetrain battery typically remain open, preventing any charging. To enable solar
charging, the vehicle must be placed in an operational state that allows high-voltage battery
charging. In this state, the circuit contactors close, activating essential safety monitoring
systems such as the Battery Management System (BMS) and Vehicle Management System
(VMS). However, this activation introduces standby operational losses, denoted as Lcy.
Based on the literature review and calculated values of Lcy for similar trucks or case
studies [23,50], Lcy was analyzed through a sensitivity analysis using values of 0, 25, 100,
and 700 W. If the vehicle is in standby mode and Lcp exceeds the energy generated by
the VIPV system in standby mode (Eypy | standby), the system is assumed to shut down to
prevent battery discharge, leading to Eyipy |, standry = 0. The specific yields of the VIPV
system, considering Lcp, are presented in Figure 5.

1
1
; O/O Batt
— A~ attery
= —0 - 00—
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: Circuit
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Figure 5. Specific yields of VIPV system which is integrated into ambulance and truck.
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The solar range of the vehicle can be calculated as follows:
Solar Range = E-Capergge (km) (16)

The average consumption Cgyerage for the Tesla Semi is assumed to be 1.25 kWh-km ™.
Additionally, based on the available data for battery capacity and the range of the WAS E
500 ambulance, C yerage was determined to be 0.58 KWh-km ™! [42,43].

3.2. Container and Mobile Operating Room

To determine the generated energy by solar cells integrated into the container and
mobile operating room, Equation (2) is rewritten as follows:

1 8784
E= mh; 1-Hy,-Sr-PR (kWh per Year) (17)

Due to the stationary nature of these systems, similar to other fixed PV installations,
various factors such as temperature, maximum power point tracking (MPPT) losses, storage
system losses, and converter losses can impact the system’s overall performance ratio.
Therefore, rather than using a general performance ratio for the energy generation and
conversion segments of the system, specific values for each of these losses, as recommended
in [38,39], are detailed in Table 3.

Table 3. Losses values of different sections of the VIPV system.

Value (%)

Temperature Losses 9
MPPT Losses 5
DC/DC Conversion Losses 5
Battery Charging Losses 2

This leads to a DC charging/discharging loss of 2%. Additionally, the DC/DC con-
verter contributes an extra loss of 5%. There is a 5% energy loss due to the lack of MPP
tracking. A performance loss of 9% is also likely, attributed to increased temperatures and
suboptimal irradiance conditions. By accounting for these losses and calculating the perfor-
mance ratio for each component, the overall system performance ratio can be determined
by multiplying all individual ratios. Notably, based on these values, the performance ratio
for the integrated PV system in the container and mobile operating room is estimated to be
approximately 81%.

3.3. Solar Module

For various reasons, such as the complex shape of the vehicle body, the impact of the
additional weight of the panel on fuel consumption, aerodynamics, etc., the choice of solar
panels for VIPV systems requires careful consideration of multiple standards [51]. These
considerations necessitate adherence to multiple standards to ensure optimal performance
under varying operational conditions. Given the dynamic nature of vehicle use and
mobility, the chosen solar panels must demonstrate durability and resilience against diverse
weather and climate conditions. Therefore, the type of solar cell selected significantly
influences the overall performance and efficiency of the system [52].

Various types of solar cells, including multi-junction, silicon, perovskite, flexible, etc.,
have been employed in VIPV systems [53]. Due to the impact of environmental factors
such as strong winds and aerodynamics, especially in this application, these elements have
been carefully considered in selecting an appropriate solar cell. In this study, PV cells from
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the LE series of SunGold company were selected [54]. The specifications of the chosen solar
cell are outlined in Table 4.

Table 4. Specifications of selected solar cells.

Model Power (W)

Cell Efficiency (%) Number of Cells Cell Dimension (mm) Module Size (mm)

LE-M2

270

227 4.18 182-91 1755-780-4

These cells incorporate Ethylene Tetrafluoroethylene (ETFE) instead of glass which
reduces their weight [55]. Moreover, the 22.7% efficiency of this solar cell type makes
it a suitable choice for this application. Solar cells using ETFE can reduce the weight
from the typical 10-15 kg-m~2 seen in glass-structured cells to approximately 6 kg-m 2
or even less [56]. Removing glass does not affect their strength or ability to endure harsh
conditions. For instance, according to company datasheets, the 100 W solar panel flex is
engineered to withstand extreme winds up to 2400 Pa and snow loads up to 5400 Pa [54].
This design ensures that the panels maintain structural integrity and continue to perform
efficiently even under severe environmental stress. Existing literature also corroborates
these findings, highlighting the panels’ effectiveness and resilience in various adverse
conditions [55,57]. Thus, the selection of these specific solar cells addresses the concerns
about environmental impact, ensuring that the system remains lightweight, durable, and
efficient, even in challenging local conditions.

4. Results

The energy production potential of solar cells integrated into emergency response
vehicles has been evaluated by using solar radiation data from 2020.

4.1. Energy Production and Solar Range

Due to their mobile solar energy generation capabilities, the WAS E 500 ambulance
and the Tesla Semi truck were specifically analyzed for their potential application in the
disaster response. Additionally, based on available data regarding the average energy
consumption of these vehicles, this study evaluated the feasibility of using solar-generated
energy to meet their operational demands. Table 5 presents the results of the sensitivity
analysis conducted on various parameters for the WAS E 500 and Tesla Semi. The table
contains values obtained for the maximum and minimum of each parameter, providing
insights into the variability of energy efficiency under different conditions.

Table 5. Energy obtained with a sensitivity analysis conducted on various parameters.

Parameters
Value

E (MWh-Year 1) Solar Range (km-Year 1)

WAS E 500 Tesla Semi WAS E 500 Tesla Semi

PA RO MI PA RO MI PA RO MI PA RO MI

Ler (W)

1.89 1.79 1.34 9.54 9.05 6.75 3253 3085 2302 7633 7238 5402

700

1.13 1.07 0.80 8.79 8.28 6.09 1952 1851 1381 7030 6628 4873

40

1.51 1.42 1 - - - 2611 2451 1730 - - -

R (%)

80

1.60 1.51 1.11 - - - 2757 2607 1917 - - -

1.79 1.69 1.24 9.50 9.01 6.71 3078 2911 2136 7603 7207 5371

Shading (%)

80

0.92 0.86 0.76 5.13 4.81 4.30 1588 1481 1315 4104 3849 3444

Among the three analyzed cities, Palermo exhibited the highest annual energy pro-
duction due to its greater solar irradiance. However, the impact of standby charging losses
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(Lcp) was significant. When Ley = 700 W was considered, it meant that during each
hour in standby mode, any generated energy below 700 W was disregarded to prevent
battery discharge. The difference in total annual energy generation between Lcy = 0 W
and Lcy = 700 W represents the energy lost due to standby consumption. This energy loss
varied based on both the vehicle’s operational pattern (driving-to-standby ratio, R) and the
available solar radiation in each city. For the ambulance, increasing Lcy from 0 to 700 W
resulted in an approximately 40% reduction in total energy production. However, for the
truck, this reduction has a limited variation across cities: approximately 8% in Palermo,
9% in Rome, and 10% in Milan. These differences can be attributed to variations in solar
radiation levels and the vehicle’s operational profile. The truck, with a larger PV surface
area and different R values, spent more time in driving mode, reducing the overall impact
of Lcy on energy production. It is important to note that for this analysis, R was set to
0.6 for the ambulance, while for the truck, it followed the values in Figure 4. To further
analyze the impact of R variations, R was adjusted between 0.4 and 0.8 for the ambulance.
In this analysis, Lcy was set to 100 W to evaluate the effect of the driving-to-standby ratio
under average conditions and compare it with other obtained results. The findings indicate
that increasing R from 0.4 to 0.8 led to an increase in E by approximately 6% in Palermo
and Rome, and 11% in Milan.

The effect of shadowing was examined by varying it from 0% to 80% while keeping
Lcg = 25 W and R = 0.6 for the ambulance. Since shading was applied only to direct
radiation, its impact was more pronounced in cities where direct radiation constituted a
significant portion of total irradiance. As a result, Palermo and Rome experienced greater
reductions in energy generation compared to Milan, where diffuse radiation played a more
substantial role. For example, for the truck, an 80% shading level resulted in an energy loss
of approximately 36% in Milan, while the losses are similar in Rome (47%) and Palermo
(46%). Finally, based on the obtained energy values and the average energy consumption
of each vehicle, the solar range for each case study under the specified conditions has
been calculated.

Additionally, the distribution of daily energy generation across different months
is presented to highlight seasonal variations. The ambulance and truck were analyzed
under average conditions for Rome in Figure 6, which exhibited a relatively typical energy
generation profile based on the obtained results. Figure 6a illustrates the results for the
ambulance with R = 0.6. It is important to note that for both the truck and ambulance, the
presented results correspond to Lcy = 100 W.

To better understand the effects of Loy and R on the energy produced by the ambu-
lance under different operational scenarios, two different conditions have been investigated:
L1 =100W, L2 =700 W and R1 = 0.4, R2 = 0.8, with a fixed shading ratio of 20%. These
scenarios were chosen to reflect different ambulance roles. In the first one, the ambulance
is primarily engaged in providing local healthcare services, meaning it operates within a
limited area and spends most of its time in standby mode. This reflects situations where the
ambulance remains near a medical facility or within a community, delivering healthcare
services on-site with minimal driving. Therefore, R1 = 0.4 was considered to represent this
operational pattern. In contrast, the second scenario assumes the ambulance is mainly used
for patient transportation, meaning it spends more time in driving mode. For this reason,
R1 = 0.8 was selected. Additionally, to analyze the combined impact of Ly and R, each
scenario was further examined by varying Lcy between 100 W and 700 W (denoted as L1
and L2, respectively). The previous results indicated that daily energy generation reached
its peak in July and its lowest point in December. Therefore, to better understand seasonal
variations, we analyzed the distribution of daily generated energy in these two months
across the three cities, as illustrated in Figure 7. Based on these results and considering
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the average consumption of the ambulance, the VIPV system can extend the ambulance’s
range by up to 4 km-Day ! in December and up to 13 km-Day ! in July.

[ 1]
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(b)

Figure 6. Distribution of daily energy generation across different months for (a) ambulance and

(b) truck in Rome.

The energy production and solar range of each vehicle fluctuate daily and monthly
due to variations in the amount of solar radiation received throughout the year. Figure 8
presents the number of days in each month where the solar range of the Tesla Semi falls
within defined ranges, for different locations. For instance, in May, the Tesla Semi exceeded
a solar range of 30 km-Day ! on 22 days in Palermo, 19 days in Rome, and 9 days in Milan.
It is important to note that the values shown in this figure are based on the condition where
Lcy = 0 W, representing the scenario with no standby charging losses.
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Figure 7. Distribution of daily energy production from ambulance considering different L and R

values across various cities in (a) July and (b) December.

Regarding the container, it is supposed to be detached from the truck and positioned
in a fixed location. The focus is on evaluating how advanced technologies, such as solar
trackers, can enhance energy production compared to keeping the container mounted
on the truck without any further adjustments. The daily energy output of the solar cells
integrated into the container roof was analyzed under different configurations: a fixed
installation with a tilt angle of B = 0, as well as installations equipped with one-axis and
two-axis solar trackers, as illustrated in Figure 9.
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Figure 8. Number of days that the solar range of Tesla Semi is in defined ranges for (a) Palermo,
(b) Rome, (c) Milan when Lcy = 0 W.



World Electr. Veh. ]. 2025, 16, 190 16 of 25

—_ 1 N O —_ —_ —_ N [N N N w
[\S] — [\ N W o] —_ A ~ o 2
[\ W w &~ (%} (% (o) (o)}
----B=0 — 1 Axis Tracker - 2 Axis Tracker
(@)
70
60
50
=40
=
i~
= 30
20
10 .
0
— o o)) \O — — = \S] [\ [\S] O 14
[\S] — [\ N W o] —_ A ~ S 2
(N b & IS O v =N =N
----B=0 — 1 Axis Tracker - 2 Axis Tracker
(b)
70 i
“ L
= 40 & | 18 ;
2 T RNL R
< i i ‘ Wt i
= 30 R l|' \:‘ " .‘
20 ‘| ' ‘ \ P ! | %
10
0 o
—_ 1 N O —_ —_ —_ N [N N N 1953
[\S] — [\ N W o] —_ P ~ =4 )
N bt S IS O v =N =N
----B=0 — 1 Axis Tracker - 2 Axis Tracker

(©)

Figure 9. Daily net energy production from solar cells integrated into the roof of the container for
(a) Palermo, (b) Rome, (c) Milan.
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In Figure 9, the energy consumption of tracking systems is also considered [58-60]. While
solar trackers generally enhance energy production by optimizing the panel’s orientation to
capture more solar radiation, their effectiveness varies depending on seasonal changes and
local weather conditions. In some cases, the total received irradiance with a fixed panel (8 = 0)
can be higher than with tracking systems. This occurs particularly on cloudy days when most
of the solar radiation is diffuse. Since diffuse irradiance is uniformly distributed across the
sky, tilting the panels does not significantly improve energy capture, making a fixed-angle
configuration more effective in such conditions. Additionally, there are some days when the
increase in energy production from tracking systems is relatively small. As shown in Figure 9,
when factoring in the energy consumption of the tracking mechanism itself, the net energy
gain may be negligible compared to a fixed-tilt system. This highlights the importance of
evaluating whether the additional energy yield from solar tracking justifies its own energy
consumption under different environmental conditions.

As already underlined, the potential of integrating photovoltaic cells into the roof of a
mobile operating room has been also investigated. In fact, sometimes, mobile operating
rooms may be necessary during disasters, because the primary focus is on preserving the
health of the injured. To examine the variation in daily energy production across different
months, Figure 10 presents the distribution of daily generated energy from the integrated
solar cells for July and December.
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Figure 10. Distribution of daily energy produced by the solar cells integrated into the mobile operating
room in (a) July and (b) December for Palermo (PA), Rome (RO), and Milan (MI).
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The results demonstrate significant differences influenced by weather conditions and
seasonal changes. Also notably, daily energy generation can vary within a month due to
factors such as weather patterns and cloud cover. Such insights are crucial for effective
energy management, particularly in disaster scenarios, as they enable better utilization of
renewable resources to meet energy demands across varying time frames.

4.2. Battery Sizing

As discussed in the previous section, trucks and ambulances utilized their existing
onboard batteries to support both vehicle operations and the PV system. The impact of
various work conditions and standby charging losses (Lcp) was also analyzed to quantify
the energy produced and stored under different scenarios. In this section, the focus shifts to
containers and mobile operating rooms, which may serve as examples of off-grid systems.

In traditional off-grid PV systems, the design process begins with identifying the
energy loads and determining the required daily energy consumption [40,61]. Based on
this, usually, the necessary PV panel capacity and battery size are then calculated to meet
the energy demand. However, in our system, the approach is reversed. Instead of designing
the system based on energy demand, we first assess the energy production potential of the
PV modules integrated into the available roof space of each case study. Since the installation
area is limited, the PV system can only generate a fixed amount of energy, as determined in
the previous section. For this reason, the battery size is determined based on the available
PV energy production rather than the required energy demand. Battery capacity (kWh)
was calculated as follows:

E.
Battery Capacity = D(Z)\IS (18)

where E represents the daily energy production, N4 denotes the number of autonomy days,

and DoD is the depth of discharge of the battery. In this study, DoD was considered as
0.75 and N4 was set to 3 [40]. The results obtained for calculating the required battery size
across different cities and case studies are presented in Table 6.

Table 6. A summary of the results obtained from the sensitivity analysis conducted on various parameters.

E (kWh-Day™1) Required Battery (kWh)
Palermo Rome Milan Palermo Rome Milan
=0 2191 20.58 15.18 87.64 82.32 60.72
Container 1 Axis Tracker 27.71 26.11 18.42 110.82 104.45 73.67
2 Axis Tracker 32.28 31.15 21.46 129.13 124.62 85.84
B=0 50.66 47.58 35.09 202.64 190.32 140.36
Mobile Operating Room 1 Axis Tracker 64.1 60.45 42.66 256.4 241.8 170.64
2 Axis Tracker 75.3 72.69 50.27 301.2 290.76 201.08

The mentioned results for battery sizing in Table 6 are based on the obtained energy
production data, and suitable battery capacities can be rounded up to ensure reliable
operation and availability.

4.3. Load Analysis of Critical Healthcare Equipment

In disaster scenarios, the energy required to power critical medical equipment takes
precedence over other needs. Ensuring the health and survival of individuals is paramount,
and as such, energy for operating vital devices has been prioritized as the primary re-
quirement. This prioritization allows for a clear understanding of the energy production
potential and its ability to support critical healthcare equipment before addressing sec-
ondary energy demands.
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Data on the energy requirements for operating medical equipment in an Intensive
Care Unit (ICU) were gathered through a comprehensive literature review [17,62-64], as
illustrated in Figure 11.

100 200 300 400 500 600
Required Energy (Wh - Day 1)

Figure 11. Daily energy requirements for various medical equipment in an ICU.

These data were adapted to address disaster scenarios where a reliable and consistent
energy supply is essential. To align with these critical situations, the operational hours of
each piece of equipment were analyzed based on their importance. For example, essential
devices such as monitors and ventilators, which play a crucial role in sustaining life or
checking vital signs, were identified as requiring uninterrupted operation (24/7). This
ensures continuous patient care and highlights the capability of the energy produced
in each case study to support these critical devices. It should be noted that the total
daily energy requirement, based on the values presented in Figure 11, is approximately
1.12 kWh-Day~!. Additionally, if all the mentioned medical devices are used continuously
for one hour, the required energy amounts to 0.09 kWh. However, under the considered
operational scenario, where these devices are utilized throughout the day, the average
hourly energy demand is approximately 0.05 kWh.

By understanding how long the generated energy can sustain such equipment, this
study underscores the vital role of energy production in maintaining healthcare services
during emergencies. Hence, to evaluate whether the generated energy can reliably supply
the critical energy requirements for healthcare devices under worst-case conditions, we
compared the obtained energy production with the essential loads. For each case study and
location, we selected July and December as representative months for summer and winter,
respectively, since they exhibit the highest and lowest levels of energy production. The
minimum daily energy generated in these months was determined and compared with the
daily energy demand of vital devices. The results of this analysis are presented in Figure 12,
where the line graphs represent December, and the bar charts correspond to July.
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Figure 12. The minimum daily energy production in July and December for different case studies,
parameters, and cities for (a) ambulance, (b) truck, and (c) container and mobile operating room.
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For both the ambulance and the truck, the terms “Max” and “Min” in the figures
represent the energy production corresponding to the maximum and minimum values of a
given parameter. For instance, in the case of standby charging losses (Lcp), the maximum
and minimum values were set at 700 W and 0 W, respectively. All other conditions and
parameters were kept consistent with those outlined for obtaining the values in Table 5.
Although the VIPV system may not always provide sufficient energy to power all medical
devices for an entire day, it can still supply energy for durations ranging from 1 to 15 h,
even under the lowest production conditions. Additionally, the average energy production
across the analyzed months was significantly higher than these minimum values. For
instance, in July, although daily energy production in Milan and Rome sometimes fell
below the required energy at certain times, the average generated energy consistently
exceeded the required amount.

For the container and mobile operating room, the minimum daily energy production
in July and December is shown in Figure 12¢, considering three different configurations: a
fixed installation with zero inclination and systems with solar tracking. In July, the results
indicated that these case studies could fully meet their energy demands, with production
ranging from 3 to 60 times the required energy. However, in December, accounting for the
energy consumption of tracking systems, some cases in Milan and Rome showed instances
where net energy production was close to zero when two-axis trackers were used. On other
days, when a two-axis tracker was used, the average energy produced by the container in
Milan and Rome was 9.3 and 14.11 kWh, respectively.

4.4. CO, Emissions

Based on the results in Table 5 and the emissions factors from the power sector, the
amount of reduced emissions due to using the VIPV system and its energy production
instead of using grid power can be calculated (Table 7) [65]:

CO, reduction = Energy generation-Emission intensity (19)

Table 7. CO, emissions reduced values for WAS E 500 and Tesla Semi.

WAS E 500 Tesla Semi
Parameters Value Reduced Emissions (TonCO,-Year 1)
Palermo Rome Milan Palermo Rome Milan
0 0.49 0.47 0.35 248 2.35 1.75
Ley (W)
700 0.29 0.28 0.21 2.28 2.15 1.58
40 0.45 0.43 0.30 - - -
R (%)
80 0.48 0.45 0.33 - - -
0 0.46 0.44 0.32 2.47 2.34 1.74
Shading (%)
80 0.24 0.22 0.20 1.33 1.25 1.19

To assess the quantity of CO, emissions saved, we rely on available data, utilizing
emission factors from the power sector in 2020 [27], which were 259.8 gCOz-kthl.

As already underlined, although reducing emissions is a secondary concern in emer-
gency scenarios, it underscores the broader sustainability advantages of integrating solar
energy into mobile applications.

5. Conclusions

Ensuring a reliable energy supply in disaster scenarios is a critical challenge, particu-
larly when grid networks are compromised. This study proposes the evaluation of the the
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potential of VIPV systems to support emergency response efforts by generating energy for
both vehicle mobility and essential medical devices. By adapting existing methodologies
to account for the unpredictable nature of disasters, energy production under various
operational conditions and environmental factors has been assessed.

While this study primarily focuses on emergency scenarios, long-term energy pro-
duction results highlight the broader potential of integrating PV systems into emergency
vehicles. The results indicate that integrating photovoltaic systems into ambulances can
generate, depending on location, between 0.76 and 1.89 MWh-Year !, also leading to
carbon dioxide savings of 0.2 to 0.549 tons, also underlining the broader sustainability
advantages of integrating solar energy into mobile applications. Additionally, the truck’s
solar range exceeded 30 km-Day ! for 38 to 99 days of the year, depending on the city.
These PV-equipped vehicles can serve dual purposes, functioning under normal conditions
while also offering a resilient energy source during emergencies. By considering these
results, different cities can proactively equip emergency vehicles with VIPV technology,
ensuring they are prepared for rapid deployment in disaster zones.

Considering the energy demand for vital medical devices, where the total daily re-
quirement was 1.12 kWh, the hourly consumption varies between 0.05 kWh in the defined
scenario and 0.09 kWh when all devices operate simultaneously. Even under the most
challenging conditions, the ambulance’s VIPV system could supply medical devices for
one to fifteen hours per day. This study also examined the role of solar tracking systems
in enhancing energy production for a container and a mobile operating room in fixed
installations. While tracking generally increases energy yield, its own energy consumption
can sometimes reduce net energy output. In some cases, such as during the winter in
Milan, the energy consumed by dual-axis tracking resulted in zero net energy production.
Additionally, in cloudy conditions where diffuse radiation dominates, fixed installations
with zero inclination sometimes performed better than tracking systems. In extreme wind
conditions (more than 35 m-s~!), which are common in disaster scenarios, keeping panels
at zero inclination is also a safer and more stable option. However, the mobile operating
room, under optimal conditions in July, produced more than 120 times the required energy.

Although this study focused on specific vehicles and case studies, the proposed
methodology can be extended to other emergency and utility vehicles. While energy
production from a single VIPV-equipped vehicle may sometimes be limited, energy losses
can be minimized by integrating additional storage solutions, such as portable batteries, or
by enabling vehicles to share power. This approach could enhance the overall efficiency
and reliability of VIPV systems in disaster response. To further improve resilience, future
studies may explore how data from past disasters could be used to predict access routes for
emergency vehicles, ensuring more efficient deployment of energy resources.
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