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Abstract: This research addresses the need for enhanced thermal management in building-integrated
photovoltaic systems, specifically focusing on semi-transparent PV panels based on luminescent
solar concentrator (LSC) technology. In pursuit of optimal thermal regulation, the cooling effect of a
paraffin PCM was investigated via finite element simulations developed with COMSOL Multiphysics.
The PCM was thermally coupled with the PV cells situated in the frame of a south-facing window.
Due to the seasonal difference between winter and summer, the PCM latent heat capacity and melting
temperature were optimized to ensure the maximum nominal operating cell temperature (NOCT)
reduction during summer months. PCM latent heat capacities equivalent to 120 k] /kg, 180 k] /kg,
and 240 kJ/kg have been investigated, whereas for the melting temperature a range from 20 °C to
42 °C was spanned. The combination of higher latent heat and 36 °C melting point showed the most
significant thermal benefits, by reducing the NOCT from 42 °C to 36 °C, which led to an 11.80%
increase in power output across the whole PV window. Considering the same latent heat, the other
melting temperature resulted in more moderate benefits, namely an enhancement of 7.88% and 3.94%,
for 38 °C and 40 °C, respectively. The lower latent heat capacities resulted in an NOCT reduction that
ranged between 2.7 °C and 5.3 °C, according to the associated melting point. These results testify
that the presented solution could significantly enhance energy production in semi-transparent PV
applications based on LSC panels.

Keywords: solar windows; building-integrated photovoltaics (BIPVs); energy efficiency; luminescent
solar concentrators (LSCs); phase change materials (PCMs); photovoltaic thermal management

1. Introduction

The achievement of the objectives recommended by the European Union within
2050 is necessarily related to a higher penetration of renewable energy sources in covering
building energy demand. Indeed, the building sector is responsible for almost 40% of global
CO, emissions and energy consumption, considering both commercial and residential
buildings [1]. The evolution of this sector is focused on developing buildings that are highly
energy-efficient, often termed nearly zero-energy buildings. A key factor in achieving this
goal is the integration of photovoltaic (PV) technologies, whose widespread adoption
demonstrates its versatility in applications such as water heating, decontamination, and
electricity generation [2,3]. Solar windows are a great example of this approach. They
combine photovoltaic functionality with the building envelope, directly reducing energy
demand and supporting nearly zero-energy building design goals [4]. Although it is not
the most efficient semi-transparent PV solution, luminescent solar concentrators (LSCs)
have suitable features for building integration, especially in the urban context. The main
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advantage of LSCs lies in their high transparency, which ensures, in several illumination
conditions, an elevated indoor comfort with electricity production at the same time [5,6].

An LSC module consists of a pane, made of plastic or glass that, thanks to the presence
of luminescent species, absorbs a portion of the sunlight impinging on the slab. The
absorbed light is emitted via fluorescence by the luminophores and concentrated onto PV
cells optically coupled to the panel edges, via total internal reflection. The presence of
a waveguiding component between the solar radiation and the PV cells confers unique
properties to LSC panels, such as their ability to convert with the same efficiency both
direct and diffuse radiation, and their high tolerance to shading [7]. While acting as energy
active components, LSC panels present a high architectural flexibility [8]. Therefore, the
realization of PV windows based on LSC panels represents a promising solution to support
further expansion of building-integrated photovoltaic (BIPV) devices, especially if coupled
with high energy density storage technologies [9]. Figure 1 presents a diagram schematizing
the working principles of an LSC panel. Typically, a BIPV fenestration based on LSC panels
consists of two glass windows, and while the solar energy transmission can vary depending
on the fluorophore concentration, the overall heat transfer coefficient remains comparable
to the one of standard double-glazing solutions [10].

incident radiation

— PV cells
_-Glass

Luminophore + PVB

////

transmitted radiation

Figure 1. Schematic of LSC functioning presenting the panel used in this work. (1) Solar irradiance
impinging on the semi-transparent waveguide. (2) Fluorophores absorbing the impinging radiation
and re-emitting it within the waveguide. (3) Fluorescence light guided to the slab edges via total
internal reflection (net of waveguide absorption). (4) Fluorescence light exiting the slab via escape
cone. (5) Transmitted light.

Due to their high transparency, LSC panels are characterized by a modest electrical
efficiency if compared to traditional semi-transparent PV devices [11]. In literature, there
are several examples aiming to investigate the impact of different components on the
LSC panel efficiency [12-14]; however, the utilization of low-cost components plays a
pivotal role for the industrial scalability of these panels. For this reason, in LSC panels
designed for BIPV solutions, organic dyes and Si PV cells are employed instead of more
efficient, but expensive components [15]. An effective approach to improving the overall
efficiency of these devices, without directly modifying their main components, is the
mitigation of parasitic effects impacting device performance [16]. An interesting solution
is the one proposed by Liu et al. [17], who presented a PV window based on an LSC in
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which the escape cone losses were mitigated thanks to the presence of a thermotropic
material in the indoor side. This additional layer significantly increased the module output
power (25%) but decreased the panel transmittance by 43.3%. An alternative solution
to increase the panel performance without influencing its transmittance is the thermal
management of PV cells. The solutions designed to lower the operating temperature
of PV modules are generally categorized into active or passive cooling methods [18].
The former offers consistent cooling potential, but with the added complexity of pumps,
pipelines, as well as the requirement for regular maintenance [19]. The latter improves the
thermal performance of PV modules by leveraging various physical principles without
the need for regular maintenance or external energy input [20]. Phase Change Materials
(PCMs) fall into the second category, and their impact on traditional PV panels has been
extensively studied [21,22], with numerous experiments demonstrating their significant
cooling potential [23,24]. A large body of research highlights how properly selected PCMs
can effectively reduce the operating temperature of photovoltaic modules [25,26]. These
materials have the potential to provide relevant temperature reductions for extended
periods of time [27] and, contrary to other passive methods, they have the advantage of
being independent from the installation layout [28]. The thermal coupling of PCMs with
PV panels not only reduces nominal operating cell temperature (NOCT) but it delays its
increasing rate. Indeed, the PCM thermally manages the PV module, acting as a heat sink,
as the overheating produced by the PV cells is absorbed by the PCM upon reaching its
melting temperature (PCM charging phase). In the discharging phase, the PCM releases
the stored thermal energy, transitioning from liquid back to solid state [29]. As the PCM
discharges, the heat it releases mitigates sharp drops in temperature, preventing excessive
cooling of the PV panels [30]. Considering that when the temperature of crystalline silicon
PV cells exceeds 25 °C, power generation efficiency is affected by a derating factor ranging
from 0.4%/°C to —0.65%/°C [31], the inclusion of PCMs in LSC panels may considerably
increase its performance.

Most studies focusing on the integration of PCMs in windows present double-glazed
structures, in which the PCMs are either inserted in the air chamber between the glasses [32,33],
or incorporated in the blinds and shutter components [34]. While embedding PCMs
within double-glazed units offers considerable energy-saving potential, this approach is
associated with high fabrication and maintenance costs, as well as the risk of material
leakage. Conversely, integrating PCMs in other window components, like the shutters,
provides a cost-effective alternative that avoids structural modifications, and supports
flexible usage, resulting in more practical solutions for widespread applications [35]. The
effect of PCMs on a semi-transparent PV window was studied by Karthick et al. [36,37].
Their measurements revealed that the inclusion of PCM led to instantaneous temperature
reductions of up to 12 °C. Over the year, this cooling effect translated into an 8% relative
increase in electrical yield, highlighting the significant impact of PCM integration on
improving PV module performance. However, the custom-design module was based
on a spaced-type structure integrating traditional crystalline silicon solar cells [38], in
which the PCM was embedded between the two glasses. In these structures, the cells are
typically arranged with spaces between them to allow light to pass through [39]. Their
energy conversion efficiency remains close to conventional opaque PV panels, but the
light transmission is sacrificed, making them less suitable for applications where higher
transparency is needed [40]. Mittal et al. [41] investigated the combination of a specific
PCM and LSC to enhance its electrical efficiency. The PCM thermal regulation increases
LSC efficiency by up to 3%, a significant improvement over the panel standalone efficiency
of 1%. Nevertheless, they performed simulations in which the LSC panel was treated as
a standalone object, without considering the impact of environmental parameters or the
thermal inertia of the building envelope on the NOCT.

In this work, the impact of PCMs on the efficiency of a highly transparent PV window
realized with an LSC panel was evaluated. The presented semi-transparent device has solar
cells coupled only on the slab edges, so as to design a PV panel having a non-patterned
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and continuous optical surface similar to a standard window. The LSC panel device was
integrated on the outer layer of a double-glazing PV window, and the effect of a paraffin
PCM on the NOCT was estimated via thermal simulations developed with the software
“COMSOL Multiphysics” 6.1. The PCM was placed inside the window frame in direct
contact with the PV arrays, thus preventing the problems related to the presence of the
PCM in the double-glazing. Moreover, to ensure a comprehensive correlation between the
NOCT and the thermal inertia of the building envelope, the window frame was simulated
as encased in a two-headed wall. Under these conditions, a parametric study on PCM
physical properties was conducted by varying both its melting temperature and specific
heat, assessing the PCM performance during heating and cooling seasons.

The following section presents the methodology used to perform the simulations.
Section 3 presents the obtained results, displaying the relationship between the cooling
potential provided by the PCM and its effect on the electrical performance of the PV
window. Section 4 elaborates on the outlook for future research, and Section 5 concludes
the work.

2. Material and Methods

COMSOL Multiphysics 6.1 is a software platform designed to simulate complex phys-
ical systems using a hierarchical structure. The simulations were carried out through a 3D
model, where the PV window was represented with boundary conditions that change over
time. The model created in COMSOL enabled the analysis of the temperature distribution
of the PV arrays placed at the four LSC edges. The system thermal behavior has been
simulated thanks to the “Heat transfer in Solid and Fluids” (HT) node, which models the
conduction phenomena. To correctly simulate conduction phenomena, HT requires the
thermal properties of the components inserted in the models, in particular the material ther-
mal conductivity, A, density p, and heat capacity at constant pressure c,. These parameters
have been defined by using COMSOL library, whereas to correlate the NOCT to both the
PCM, latent heat (Ah) and melting temperature (T,);) were used as simulation parameters.
For the former, the values of 120 kJ /kg, 180 k] /kg, and 240 kg/kg were investigated, while
the latter was varied from 20 °C to 42 °C with steps of 2 °C. Lastly, the PCM melting range
was supposed to be equivalent to 3 °C. The summary of the thermal properties attributed
to each component is listed in Table 1.

Table 1. Thermal properties of the material used in the simulations.

P A Cp Ah Trmeit
[kg/m3 ] [W/(m-K)] kJ/(kg-K)] [k)/kgl [°C]
PCM 600 0.2 2000 120 =+ 240 20 +42

Wall 1600 0.5 800 ND ND
Window frame 1300 0.4 1800 ND ND
Glass 2203 1.38 703 ND ND
PVB film 1180 0.19 1466 ND ND
Solar cells 2330 165 677 ND ND

ND = not defined.

The LSC panel was modeled as a glazed waveguide presenting a total thickness of
7 mm, in which the red dye was integrated thanks to a thin layer having the thermal
properties of an ~1 mm polyvinyl butyral (PVB) film laminated between two 3 mm thick
low-iron float glass panes. The film parameters were chosen in order to simulate the
optical properties of a layer functionalized with 300 ppm of Lumogen Red 305 developed
by BASF, Ludwigshafen, Germany. The radiative phenomena between surfaces were
instead modeled using the “Surface-to-surface Radiation” (RAD) interface, being RAD a
physics modeling only surface interactions, the parameters required by COMSOL are the
surface emissivity, transmissivity, and reflectivity. However, it is important to underline
that the definition of the surface properties depends on different simulation aspects such
as the methodology used to model the radiation, the type of surface, and the imposed
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boundary conditions. The surfaces inserted in the RAD interface were modeled following
the COMSOL application presented in [42]. The LSC optical properties were attributed
to the PVB layer by using a boundary material, which was modeled having an emissivity
between 0.7 and 0.9 in the range 0-610 nm, and 0.05 for longer wavelengths. These values
were used to model the LSC high absorption at shorter wavelengths and its transparency
for longer ones. As reported in [43], they were calibrated thanks to a combination of direct
measurements and literature values useful for the proper modeling of the panel optical
properties. For the cell and the glass emissivity, the values reported by Riverola et al. were
used [44], whereas the ambient parameters were measured by an outdoor monitoring
station placed in the Ferrara University campus [45], so as to use boundary conditions
obtained by on-field measurements (e.g., vertical solar radiation, ambient temperature,
convective heat flux). In particular, the simulations were performed by considering a
south-facing vertical window, and comparing the configurations displayed in Figure 2. To
assess the impact of the PCM on the system, the NOCT of the benchmark configuration
having the window frame filled with air was compared to the value obtained for the same
configuration in which the air was substituted with a paraffin PCM.

Air

LSC panel, 0.007 m

— Air channel, 0.012 m —

Glass, 0.004 m -

Frame 0.050 m

Wall, 0.250 m

Figure 2. Configurations modeled. Window area 1.4 x 1 m?.

The optimization of the PCM’s thermal properties was primarily focused on its melting
temperature, with latent heat serving as a secondary variable to evaluate the impact of
different PCM thermal masses on NOCT. Both single-day and multi-day simulations were
performed. Single-day simulations helped in narrowing down the range of optimal melting
temperatures by considering seasonal variations in NOCT between summer and winter.
Multi-day simulations were then used to select melting temperatures that not only reduced
NOCT but also ensured its long-term stability. Indeed, during PCM charging hours, the heat
produced by the PV module is stored by the PCM while undergoing the phase transition
(solid to liquid). However, if this phase change is not fully reversed during the discharging
phase—meaning the PCM does not completely solidify overnight—the material’s capacity
to absorb heat during the following day is progressively diminished. This reduction in
thermal mass results in a gradual decrease in PCM cooling effect, leading to a steady
increase in NOCT over time, as less heat is absorbed and stored with each day—night cycle.
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3. Results and Discussion

The vertical irradiance impinging on the PV window and ambient temperature used as

boundary conditions in the simulations are shown in Figure 3. Figure 3 also reports NOCT
in absence of PCM, which was used as the main parameters to optimize the PCM properties.
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Figure 3. Thermodynamic variables used to optimize PCM properties, including the boundary
conditions imposed to the numerical models, ambient temperature and vertical radiation, and NOCT

in absence of PCM in summer (a), and winter (b).

During the preliminary optimization phase, single-day simulations were conducted
varying the PCM melting temperature between 20 °C and 42 °C and considering three Ah
values. The upper limit of 42 °C was chosen because the maximum temperature reached by
the PV arrays without PCM was ~43 °C, making higher melting temperatures ineffective
for cooling the solar cells. The lower boundary of 20 °C was selected to ensure that the
system could also be optimized for winter conditions. The temperature parametrization
was combined with a variation in PCM latent heat. In Figure 4, the results related to
simulations conducted during summertime are presented. As expected, the increment of
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latent heat increases the system thermal inertia, as materials with higher latent heat absorb
or release more energy during phase changes without significant temperature variation.
This enhances their ability to contain and delay temperature fluctuations, making them
highly effective for stabilizing thermal conditions. Nevertheless, PCMs having a melting
temperature below 32 °C have proven to be inadequate for the reduction in NOCT during
cooling season. Indeed, the liquid fraction of PCMs simulated with a melting temperature
below 32 °C was still above 80% after a whole working day, thus preventing the PCM from
the complete discharge during night hours independently on the selected Ah.

180 ki/kg 240 ki/kg
1 1
0.8 0.8
0.6 0.6
0.4 0.4
/ \ 0.2 / \\ 0.2 —~
0 0
0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
28°C 30°C —20°C—22°C 24°C 26°C 28°C 30°C —20°C—22°C 24°C 26°C 28°C 30°C
40°C—42°C 32°C 34°C 36°C 38°C 40°C—42°C 32°C 34°C 36°C 38°C 40°C—42°C
(b) (c)

(a)

Figure 4. PCM liquid fraction as function of the different melting temperatures, 120 kJ/kg (a),
180 kJ/kg (b), and 240 k] /kg (c) (summer simulations).

Considering the NOCT values reported in Figure 3a, melting temperatures above 30 °C
are hardly compatible with effective exploitation during winter. Analyzing the operating
temperatures reached by the cells across seasons, it is evident that reducing temperatures
in summer results in a greater performance improvement compared to similar reductions
in winter when evaluated against performance under Standard Test Conditions (STC).
During winter, the maximum NOCT is approximately 28 °C, whereas in summer, it reaches
values above 43 °C. This significant difference provides more opportunity for performance
enhancements through temperature control during the summer months; therefore, the
PCM properties were specifically optimized to reduce NOCT during the cooling season.

Furthermore, considering the seasonal variations in vertical irradiation, optimizing
temperature control for summer conditions ensures greater uniformity in the photovoltaic
window’s energy production throughout the year. This uniformity is crucial for the effective
integration of renewable energy generation into the electricity grid [46].

Based on summer boundary conditions, a secondary optimization step was performed,
in which melting temperatures ranging from 32 °C to 42 °C were investigated. This time,
multi-day simulations were performed allowing the PCM to extend its discharge cycle
until dawn the following day, or even further.

From the results reported in Figure 5, it is evident how PCMs having melting tempera-
tures below 34 °C are inadequate for the application presented in this paper, as the PCM
does not completely solidify before the charging cycle of the next day, thus reducing its
heat sink properties. Moreover, for latent heat equal to 240 kJ /kg, the minimum melting
temperature raises up to 36 °C (see Figure 5c), due to the higher thermal inertia of the
material. The melting temperatures from 36 °C to 42 °C were considered optimal for the
application presented in this paper, and their impact on the NOCT was evaluated.
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In Figure 6, a comparison of the various NOCTs as a function of both the PCM
melting temperatures and latent heat capacity is presented. As expected, the integration
of PCM helps controlling NOCT if compared to the scenario where no PCM is used.
Furthermore, materials with higher latent heat capacity provide more effective thermal
regulation ensuring lower cell temperatures during the operational phase of the LSC panel.
The differences in NOCT values are summarized in Table 2. During nighttime, the PCM
releases the heat stored during the day, solidifying and thus leading to higher temperatures
in the PV array if compared to the reference case. However, this is not a concern, as the
cells are inactive during nighttime and the temperatures observed remain well below the
NOCT typically experienced by PV panels in real-world conditions.

The results indicate that PCM effectively reduces the peak temperature and delays the
temperature peak. At 120 k] /kg, the delay is 1 h, 33 min, and this extends to 1 h, 56 min,
for a latent heat of 180 kJ /kg. The corresponding temperature reductions are —4.2 °C and
—5.3 °C, respectively. This clearly shows that increasing the latent heat of the PCM results
in both a longer delay in temperature rise and a greater reduction in temperature compared
to the case without PCM. The PCM with higher latent heat absorbs more thermal energy
before transitioning phases, resulting in better thermal performance, especially for the
36 °C melting temperature. For PCM with a melting temperature of 38 °C, the trend is
similar. The temperature delay at 120 k] /kg is 1 h, 43 min, which increases to 1 h, 49 min at
240 kJ/kg. The corresponding temperature reductions range from —3.9 °C to —5.1 °C. As
with the 36 °C PCM, the increase in latent heat improves the PCM’s ability to both delay the
temperature rise and reduce the overall temperature. Although the increase in delay is less
significant compared to the 36 °C PCM, the general trend of enhanced thermal regulation
with higher latent heat is consistent.

For PCM with a melting temperature of 40 °C, the delay is 1 h, 23 min at 120 kJ /kg,
increasing only slightly to 1 h, 25 min at 240 kJ/kg. The temperature reductions for the
investigated Ah are —3.3 °C, —3.87 °C, and —4.1 °C. While there is a noticeable improve-
ment in cooling performance with increasing latent heat, the temperature delay does not
increase as much as for the lower melting temperatures. This suggests that, although
the 40 °C PCM can still benefit from higher latent heat, its ability to significantly delay
the temperature rise is limited compared to PCMs with lower melting points. The PCM
with a melting temperature of 42 °C shows the smallest delay and temperature reduction
across the three latent heat capacities. The delay starts at 46 min at 120 kJ/kg, increasing
to 1 h, 10 min at 240 kJ/kg. Similarly, the temperature reduction begins at —2.7 °C and
increases to —3.37 °C. The comparatively smaller delay and cooling effect indicate that the
42 °C PCM is less effective overall, even when the latent heat is increased. While higher
latent heat does improve performance to some extent, PCM’s higher melting temperature
inherently limits its ability to provide the same level of thermal regulation as the lower
melting point materials.

To assess how the NOCT reduction impacts the power output of each photovoltaic
branch, an IV curve, a real PV array manufactured for large-area LSC panels, was used
as reference. This IV curve was measured under STC, and the characteristic curves cor-
responding to NOCT in the range 36 °C + 42 °C were simulated by using a two-diode
model [47]. The range was chosen according to the results reported in Table 2, which
proves that the implementation of PCM may reduce the NOCT from a minimum of ~2 °C
to a maximum of ~6 °C. Approximating the maximum temperature reached by the cells
in absence of the PMC at ~42 °C, 36 °C corresponds to the lower working temperature
that appears possible based on the thermal simulations, whereas 40 °C corresponds to the
higher one. Figure 7 presents the electrical performance of the selected PV module having
an NOCT in the selected range.
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Figure 6. NOCT temperature at different PCM melting temperatures and different latent heat, namely

120 kJ/kg (a), 180 k] /kg (b), and 240 k] /kg (c).
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Table 2. Impact of PCM introduction on NOCT.
Temperature Difference
PCM Melting PCM Melting PCM Melting PCM Melting
36 [°Cl] 38[°Cl 40 [°C] 42[°C]
120 kJ/kg —4.2 -3.8 -3.2 -2.7
180 kJ/kg —5.3 —4.6 -39 =31
240 k]/kg —6.0 -5.1 —41 -3.3
(a) 0.08
0.07
0.06
0.05
g 25°C
5004 36°C
3 38°C
0.03 40°C
42°C
0.02
0.01
0.00
0 7 14 21 28
Voltage [V]
(b) 18
1.6
14
1.2
210 25°C
® 36°C
808 38°C
So
40°C
0.6 42°C
0.4
0.2
0.0
0 7 14 21 28
Voltage [V]

Figure 7. Electrical performance of a PV array depending on the NOCT temperature IV curves
(a), and PV curves (b).

The data presented in Table 3 correspond to the power produced by one of the four PV
branches inserted in the PV window, each consisting of 40 monocrystalline silicon PERC
cells [48]. Specifically, the last column of Table 3 presents the increase in the power produced
by the PV array thanks to the lower NOCT having as a reference NOCT 42 °C. Since the
system consists of four identical photovoltaic arrays, the total percentage increase in power
across all systems corresponds to 3.94% at 40 °C, 7.88% at 38 °C, and 11.80% at 36 °C. For
the NOCT of 25 °C, no power variation has been calculated since the related IV curve was



Sustainability 2024, 16, 11148

12 of 15

used to calibrate a simulation based on a two-diode model, allowing for the extraction
of the system’s physical parameters. This analysis highlights how the reduction in cell
temperature leads to a significant increase in power output, with the most pronounced
improvement observed at 36 °C.

Table 3. Electrical parameters of a PV array as a function of the NOCT.

NOCT [°C] Voc [V] Isc [A] Vwmer [V] Inmpp [A] Prviax (W1 Pypax [%]
25 25.73 0.077139 22.33 0.073459 1.64 -
36 24.70 0.077187 21.30 0.073203 1.56 2.95
38 24.53 0.077195 21.08 0.073245 1.54 1.97
40 24.35 0.077204 20.87 0.073286 1.53 0.98
42 24.18 0.077212 20.65 0.073327 1.51 0

4. Future Perspective

The work performed by Lizcano et al. [49] highlights how a reduction between 2 °C
and 3 °C in the operational temperature of a PV module can extend its lifetime by two years
in hot climates and just one year in moderate ones. Therefore, a reduction in the operational
temperature of the PV arrays not only increases the electrical performance of a PV module
but also has important benefits related to their reliability. This is particularly relevant when
considering that the PV arrays of the configuration here presented are encased in window
frames, which limits their ability to passively cool through environmental factors such as
natural convection and wind. Moreover, due to the heat released by the PCM during its
discharge process, the daily thermal gradient experienced by the PV panels is reduced.
This decrease in thermal stress caused by day—night cycles further enhances the reliability
and longevity of the PV modules [50,51].

In future work, it would be interesting to explore the use of a combination of two PCMs
with distinct properties, particularly focusing on materials with a melting temperature
tailored for winter months. This approach could enhance the system efficiency during the
summer months by providing better thermal regulation and ensuring extended cooling
benefits, while offering cooling advantages during winter. This dual-PCM system could
lead to year-round thermal management improvements, while enabling more precise
regulation of cell temperatures across various seasons, climate zones, and locations.

From an economic perspective, the addition of PCM within the frame does not repre-
sent a substantial increase in the overall price of the PV system. Indeed, for the proposed
configuration, the mass of PCM needed is equivalent to ~7 kg, and with a price in the range
of 2 €/kg to 6 €/kg its addition does not represent a substantial increase in the overall price
of the PV window. In any case, the system here presented can be further optimized by
using only two photovoltaic receivers; indeed, the results presented by Bernardoni et al. [7]
show that this design significantly decreases the cost of the LSC panel, and marginally
impacts the PV production.

5. Conclusions

The obtained results testify that the integration of PCMs in PV windows based on LSC
technology can effectively increase their power output. A paraffin PCM was integrated in
the frame of a south-facing vertical window, and its impact on the working cell temperature
was evaluated thanks to finite element simulations. Several melting temperatures and
latent heat capacities were investigated, and a clear relationship between the PCM latent
heat capacity and its thermal performance has been highlighted. PCMs with higher latent
heat can absorb more thermal energy during phase change, leading to longer delays in
temperature rise and greater reductions in cell working temperature. The PCM thermal
properties were optimized to reduce NOCT in summertime of a temperate subcontinental
climate, as considering the environmental and boundary parameters, this approach also
ensures two main advantages. Firstly, it offers greater potential for performance improve-
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ments with respect to the winter season, due to the higher cell working temperatures.
Secondly, it leads to more consistent energy production throughout the year.

The cell temperature reduction ranged from 2.7 °C to 6 °C, with the maximum value
corresponding to a melting temperature of 36 °C and a latent heat equal to 240 kJ/kg.
The cooling effect of PCM with the same melting temperature but a different latent heat
resulted in an NOCT reduction corresponding to 4.2 °C, and 5.3 °C, for values of 120 kJ /kg,
and 180 kJ/kg, respectively. Increasing the melting temperature to 38 °C results in a
more moderate reduction in cell temperature, which, considering the increasing Ah values,
amounts to 3.8 °C, 4.6 °C, and 5.1 °C. When higher melting temperatures are considered
(40 °C and 42 °C), the improvement in performance is less evident, and it is limited to
the maximum values of 3.3 °C and 4.1 °C when the higher latent heat (240 kJ/kg) is
considered. Considering the electrical performance, the 6 °C degree NOCT reduction leads
to an increase in power output of 2.95% for each photovoltaic branch, which translates to
a total increase of approximately 11.80% across the whole PV window. The simulations
having the same latent heat, but a higher melting temperature, 38 °C and 40 °C, led
to a total improvement in electricity production that corresponds to 7.88% and 3.94%,
respectively. The evidence that even the PCM having a 40 °C melting temperature leads to
a contained but not negligible increase in the electricity production of the presented PV
window testifies how the coupling between PCMs and semi-transparent PV panels based
on LSC technologies may represent a crucial aspect to enhance the overall effectiveness of
these systems without impacting on their optical properties.
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