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The commercialization of perovskite solar cells (PSCs) has been restricted so far due to their short life time,
which is partly attributed to their instability at high operating temperatures. The current paper studies the
performance of the cells under Peltier cooling. The experimental setup includes a perovskite solar cell and a
Peltier cooler beneath, where the latter is connected to an external power supply. The temperature on the surface
of the solar cell spans over the range ca. 5 °C to 50 °C under 1 sun illumination, depending on the power input of
the Peltier cooler. The J-V measurements indicate a non-linear temperature dependence of the power conversion
efficiency (PCE), which reaches a maximum of 18.1 % at 27 °C, whereas at temperatures close to 50 °C the PCE
drops significantly. The experimental results are combined with more generic theoretical simulations for scaling
up the PSC unit, which provides electrical power to the Peltier unit. The simulations examine the ability of
different system configurations to maintain the solar cell temperature below 50 °C without significant deterio-
ration of the electrical performance of the hybrid PSC — Peltier device. Overall, the results show that a large-scale
PSC - Peltier device is feasible for both roof-integrated and rooftop installation types, in order to protect the solar
cell from overheating and degradation.

1. Introduction cell. The second approach of utilizing thermoelectric cooling (TEC) (also

known as Peltier cooling) for active thermal management of photovol-

Despite that the PCE of PSCs currently exceeds 25 % [1], their
instability for long-term use in ambient conditions remains unsolved
[2]. Many researchers focus on the effect of elevated temperatures on
performance of PSCs [3-9], One approach to resolve their overheating
issue is via the thermoelectric effect. This, in principle, splits into two
directions: a) the Seebeck effect, where a thermoelectric material
beneath the solar cell dissipates heat, thus reducing the solar cell tem-
perature and generating electricity from wasted heat and b) the Peltier
effect, where an external electric current is applied to the thermoelectric
module to cool down the solar cell. The first approach of photovoltaic —
thermoelectric generator (PV — TEG) for combined electrical energy
conversion from light and heat, respectively [10-16] has been well
studied not just for PSCs but also for silicon-based photovoltaics. It re-
sults in moderate heat dissipation from the solar cell to the thermo-
electric unit and low energy efficiency of the latter compared to the solar
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taic modules (and in particular PSCs that are much more sensitive to
high temperatures than silicon-based solar cells) has been recently
investigated. Theoretical simulations have proved that the operation of
PV-TEC hybrid systems is viable [17-19] as it may drop significantly the
operating temperature of the solar cell. To our knowledge, their PSC-
TEC counterparts have not been experimentally studied so far.

In this work, the performance of a small-scale hybrid PSC-TEC sys-
tem is experimentally evaluated under different temperatures. The
findings of this innovative process are then used to identify optimum
operating configurations for large-scale PSC-TEC hybrids through an
analytical modeling approach for a given set of ambient conditions.
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2. Materials and methods
2.1. Perovskite solar cell fabrication

The reagents titanium diisopropoxide, lead iodide (Pbl,), lead bro-
mide (PbBry), methylammonium bromide (MABr), formamidinium io-
dide (FAI), dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
acetonitrile, anhydrous ethanol (EtOH), anhydrous chlorobenzene and
4-tert-butylpyridine (TBP), were obtained from Sigma-Aldrich. Lithium
bis(trifluoromethylsulphonyl)imide (Li-TFSI) was purchased from
Acros, tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III)-tris(bis
(trifluoromethylsulfonyl)imide)) FK209 from Sigma-Aldrich and TiOy
18NRT paste from Dyesol. Fluorine-doped tin oxide (FTO) transparent
and conductive glass electrodes (7 Q/sq) were cleaned in ultrasounds
with Hellmanex III, deionized water, acetone, and isopropanol for 15
min each step and dried using Ny flow. Then the cleaned glasses were
treated with UV-ozone for 20 min. On the FTO electrodes, the TiO,
blocking layer was spin-coated at 4000 rpm for 30 s and sintered at
450 °C for 30 min. The mesoporous TiO layer was deposited by spin-
coating 6000 rpm for 30 s of a precursor solution of 150 mg TiOs
paste diluted in EtOH (1:12 w/w). The substrates were immediately
dried at 125 °C for 5 min, and then sintered at 325 °C, 375 °C, 450 °C for
5 min, 5 min and 30 min, respectively. The triple perovskite film of the
nominal composition Csg o0g(FAg.83MAg.17)0.92Pb(Io.9Bro.1)3 was depos-
ited in an Ar-filled glovebox by spin-coating upon the TiO; substrates.
The perovskite precursor solution was prepared using 1.1 mol L~ Pbl,,
0.2 mol L™! PbBry, 1 mol L™! FAI and 0.2 mol L™* MABr in 850 pL of
mixed DMSO: DMF (1: 4 volume ratio) solvent. 42.5 pL of 2 mol L1 csl
in DMSO were added to the perovskite solution. The combined solution
was spin-coated in two steps at 1000 rpm for 10 s and, then at 6000 rpm
for 20 s. For an antisolvent treatment, 5 s before the end of the second
step, 150 pL of anhydrous chlorobenzene were poured on the film which
was post-annealed at 100 °C for 60 min. After cooling down to room
temperature, 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9"-spi-
robifluorene (spiroMeOTAD) was spin-coated at 4000 rpm for 15 s. This
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solution was prepared by dissolving 73.5 mg of Spiro-OMeTAD in 1 mL
of anhydrous chlorobenzene, then adding 29 pL of tert-butyl pyridine
(tBP), 17 pL of Li-TFSI salt (540 mg/1 mL acetonitrile), and 8 pL of
FK209 (375.8 mg/1 mL acetonitrile). At the end, counter electrodes of
100 nm thick Ag were thermally evaporated. Overall, the devices
(Fig. 1a) consisted of FTO/ compact TiOy (c-TiO2)/ mesoporous TiOs
(m-TiO3)/ (FA/MA/Cs)Pbl; «Bry /Spiro-MeOTAD /Ag layers. TiO5 and
Spiro-MeOTAD act as the electron and hole transporting layers,
respectively. Current density - voltage (J-V) characteristics were ob-
tained under 1 sun illumination conditions (A.M. 1.5G) with an Autolab
potentiostat (PGSTAT-302 N) at a scan rate of 150 mV sec” ! with active
(illuminated) area of 0.097 cm?.

2.2. Peltier module and heat exchange with the perovskite solar cell

For the purpose of the Peltier cooling, a Wakefield-Vette TEMA-AP-
40-12 Thermoelectric Assembly (Direct-Air to Plate, 12 VDC, 40 W, 3.9
A, 120 x 102 x 80 mm unit) [20] was used (Fig. 1b). A custom-made
aluminum-tin plate was screwed to its surface in order to achieve
direct contact and therefore high heat transfer to the PSC unit that sat
directly on the plate with an interface of ca. 5 x 15 mm. The Peltier
cooler was powered by a TTi CPX400D unit, whose output was manually
adjusted from 0 W (no cooling) to 40 W (maximum cooling). The tem-
perature on the top surface of the perovskite solar cell inside the Ossilla
platform (Fig. 1c) was monitored via a Flir One thermal camera. The
area around the PV-TE system was purged with argon throughout the
experiment in order to avoid the condensation of ice on the solar cell
under intensive Peltier cooling. For reference, the surface of the Peltier
module, when free, reaches ca. -15 °C at maximum power input. In
contrast, the surface of the PSC in the Ossila platform and on the Peltier
cooler reaches temperatures of ca. 3 °C (Fig. 1d), under maximum
output power, due to the inevitable heat losses. It is also worth
mentioning that other Peltier modules of smaller size (e.g. 5 x 5 mm)
could be attached directly via thermal paste to the PSC, but they did not
provide adequate cooling of the latter even with high input power.

Fig. 1. a) Architecture of the PSC and the Peltier cooler underneath it, b) photograph of the Peltier cooler with modified surface for efficient heat exchange with the
PSC, ¢) photograph of the full experimental setup of the Peltier cooler and the PSC on the Ossila platform under 1 sun illumination, d) thermal camera image of the
PSC and the Peltier cooler at maximum input power. The value on the cross refers to the temperature on the solar cell surface in the dark, namely 3.6 °C.
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2.3. Theoretical simulations

2.3.1. Analytical model

For the purpose of assessing the performance of the proposed hybrid
system, an analytical modeling approach has been employed. The model
describes the steady-state energy balance established for a PSC module
with TECs incorporated on the back (not limited to partial cover of the
PSC surface as in the small-scale experimental setup above), taking into
account the electrical parameters of interest as well as all incoming and
outgoing heat flux mechanisms (module's power output, TEC power
consumption, solar irradiance input, heat transfer through inner layers,
radiation and convection heat exchange between the system and the
environment). Calculation of the main electrical performance parame-
ters and the temperature established in the different layers of the hybrid
structure becomes possible in this manner (details on the mathematical
formulation can be found in [17] and [21]). In principle, the model is
identical to simulation approaches previously developed for the case of
conventional PV module installations [22]. Nevertheless, an additional
term must be accounted for the energy balance established between the
PSC backside and the environment, in order for the cooling effect
induced by the thermoelectric subsystem to be considered (see Sup-
porting Information).

2.3.2. PV installation types

Naturally, when examining the hybridization of TEC devices and
PSCs (or any PV cell type in general), the main focus is on the installation
types operating under elevated temperatures. Apart from the ambient
conditions, the other critical factor to define cell temperature is the type
of installation, as it greatly affects the ability of the system to effectively
exchange heat with the environment [23]. A rational classification of the
various types of PV installations according to their operating tempera-
ture is provided in [24], distinguishing between four different groups.
Despite that the particular classification refers to crystalline Si-based
solar cells, extending its applicability to other PV technologies
(including PSCs) can be justified. The electrical efficiency, which defines
the internally generated heat available to raise the temperature of each
cell, differs through the various cell types. The heat exchange mecha-
nisms acting on any PV module, however, can be considered identical, if
all installation-related parameters are equal.

In this respect, the two PSC-TEC hybrid groups of main interest
would be roof-integrated and rooftop installations with limited distance
(< 10 cm) between the module and the building block beneath. In this
case, heat exchange between the module and the environment becomes
inherently more restricted, resulting in elevated operating temperatures.
In more detail, operating temperatures approaching 80 °C and 60 °C
should be expected for the case of stand-alone PSCs for the particular
two groups for the same ambient conditions as assumed here [17].
Having in mind the 50 °C threshold identified through the experimental
process for the PSC that undergoes an efficiency drop or even an irre-
versible decomposition, the reasoning behind focusing the theoretical
assessment to those particular installations classes becomes evident.

2.3.3. PSC parameters

The aim of this study is to simulate as closely as possible the actual
performance of a PSC module in stand-alone as well as hybrid mode. To
investigate the performance of the tandem PSC-TEC hybrid via the
proposed modeling approach, various parameters relevant to the elec-
trical efficiency as well as the structural characteristics of the perovskite
module have to be inserted into the analytical model. It must be kept in
mind, however, that the commercialization status of PSCs is currently at
an early stage. While a reasonable amount of data on their electrical
performance can be found in the relevant literature [3], not all the in-
formation relevant to the construction of an actual PSC module is
currently readily available. Inevitably, certain assumptions had to be
made on the basis of the most recent advancements in the field of
perovskite solar cells technology. The main performance and
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construction parameters of the PSC necessary to develop the simulation
process are summarized in Table S1, along with references for the
values.

2.3.4. Peltier parameters

With regard to the Peltier cooler and for the purposes of the simu-
lation process, BiyTes-based thermoelectric coolers have been consid-
ered. BisTeg exhibits superior thermoelectric performance for operating
conditions ranging from room temperature up to approximately 200 °C
[25]. Taking into account the temperature ranges involved, the material
of choice becomes well justified. Regarding the geometrical parameters,
the TEC device is assumed to include 127 TE legs with cross section
equal to 1.0 x 1.0 mm? Since previous studies on PV-TEC hybrids
indicated improved overall performance for TEC units of shorter leg
length [17], this parameter has been set to 13 mm, which corresponds to
the lower end of leg lengths commonly addressed in commercially
available devices.

When it comes to the individual properties of the p- and n-type
semiconducting materials assumed for the construction of the leg,
temperature-dependent properties have been assigned. Publicly avail-
able information provided by manufacturers of thermoelectric coolers
have been taken into account for this purpose [26]. Seebeck coefficient,
thermal conductivity and electrical conductivity parameters for the p-
and n- semiconducting materials respectively are provided in the form of
the coefficients of their 2nd order polynomial expressions in Table S2.
The calculated dimensionless thermoelectric figure of merit ZT at room
temperature for the below stated parameters equals 0.88 and 0.84 for
the p- and n-type materials respectively. These values are within the
range expected for commercially available thermoelectric materials,
such as BisTes [25].

To identify optimal configurations, a sensitivity study has been
performed by varying the number of thermoelectric coolers attached on
the back of the PSC (Ngc) within the range of 15-75 TECs/m? and the
voltage input fed to each individual TEC (V1gc) between 0.1 Vand 1.0 V.
One additional parameter affecting the performance of the system refers
to the heat exchange conditions on the hot side of the TEC, where heat is
released to the ambient environment. A fin-type air cooled heat sink of
constant thermal resistance equal to 2 K/W has been assumed for the
purposes of the simulation process. The assumed value is in good
agreement to the range of the thermal resistances provided by heat sink
manufacturers for fin type air cooled heat sinks under natural convec-
tion mode and having size similar to the thermoelectric units considered
here [27].

2.3.5. Ambient parameters

With regard to ambient conditions and the heat exchange mecha-
nisms assumed, since steady-state performance is of interest, constant
values have been regarded for both solar irradiance and ambient tem-
perature inputs to the model (1000 W/m? and 30 °C respectively). The
main heat exchange mechanisms to be considered refer to radiation and
convection for both the frontal and the backsheet area of the PSC
module. For the module frontal, emissivity has been set in accordance to
values commonly addressed in the literature for transparent glass (see
Table S2). For the module backsheet, radiation heat exchange has been
completely neglected, assuming rear module temperature approxi-
mately equal to the temperature of the building element beneath. This
approach is reasonable for the installation types examined here due to
the relatively small distance between the module and the building's roof
[28].

The definition of the convection coefficients has been developed in a
different manner, partially distinguishing between the two installation
types examined. For module frontal area, the same formula (as proposed
in [29]) has been used to define convection coefficient (hf) for both
roof-integrated and rooftop classes:

hy = 2.8+ 3.0V,
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where V,, stands for the wind speed and also depends on the type of
installation. For the purposes of the simulation process executed here,
Vy has been set equal to 0.5 m/s and 1.2 m/s for roof-integrated and
rooftop systems respectively, which is in agreement to the findings of
[30]. The same formula has been used to define convection coefficient
for module rear (h.,) when considering rooftop installations. On the
other hand, a constant coefficient equal to 0.5 W m~2 K~! has been
assumed for the case of roof-integrated installations [31].

3. Results and discussion
3.1. Effect of temperature on perovskite solar cell performance

PSCs exhibit temperature-dependent behavior that significantly in-
fluences their photovoltaic performance, including short-circuit current
density (Jsc), open-circuit voltage (Vo.), fill factor (FF), the current
density at maximum power (Jppp), voltage at maximum power (Vipp)
and overall PCE. Table 1 and Fig. 2 present the performance metrics of
PSCs under different operating temperatures ranging from 45 °C (no
cooling) to 18 °C (maximum cooling), allowing for an analysis of pho-
tothermal effects on device efficiency. The temperatures refer to the
values recorded by the thermal camera, immediately after the comple-
tion of the J-V measurement. The results indicate that J. increases with
rising temperature up to 24.356 mA/cm?, compared to 20.371 mA/cm?
at low temperatures. This trend is attributed to enhanced carrier gen-
eration and increased charge carrier mobility at elevated temperatures.
However, V,. exhibits an inverse relationship with temperature,
decreasing from 1.078 V at 18 °C to 0.967 V at 45 °C. A similar trend was
also observed for Jmpp and Vipp. This decline is primarily due to an
increase in recombination rates and a reduction in the built-in potential
of the cell, which weakens the driving force for charge separation.

However, PCE shows a non-linear temperature dependence, with a
maximum of 18.16 % at 27 °C and decreasing at both higher (15.79 % at
45 °C) and lower (16.07 % at 18 °C) temperatures. This behavior sug-
gests that moderate operating temperatures optimize carrier transport
and reduce resistive losses. In contrast, excessive heating accelerates
degradation mechanisms such as ion migration and phase instability in
the perovskite layer. A similar behavior was observed in the reported
thermal stability of mesoporous triple-cation PSCs over a wide temper-
ature range (—5 °C to 80 °C), demonstrating that elevated temperatures
induce irreversible performance losses, primarily due to the evaporation
of additives in the hole extraction layers (HELs) and increased recom-
bination rates [3]. This finding further confirms the inverse relationship
between temperature and open-circuit voltage (V,.), as observed in our
study. Additionally, both studies show that while short-circuit current
density (Js) tends to increase with temperature due to enhanced carrier
mobility, the overall PCE exhibits a non-linear trend, peaking at an
optimal temperature before declining at higher temperatures, due to
increased resistive losses and degradation mechanisms. These effects
highlight the critical role of thermal management strategies in main-
taining PSC stability and efficiency under real-world operating
conditions.

In addition, the correlation matrix provides insights into how tem-
perature affects the photovoltaic parameters and resistances in perov-
skite solar cells as shown in Fig. 2b. A strong negative correlation
(—0.98) indicates that as temperature increases, Vo and FF significantly

Table 1

PSC efficiency at various temperatures.
T Jee (MA/ Voe FF PCE Jmpp (MA/ Vinpp
Q) m? W) (%) em®) W)
45 22.958 0.967 0.711 15.786 20.893 0.756
36 24.356 1.011 0.717 17.656 22.070 0.800
27 23.325 1.067 0.730 18.161 21.227 0.856
18 20.371 1.078 0.732 16.065 18.536 0.867
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decrease. This is expected, as higher temperatures increase recombina-
tion losses, and reduce the built-in potential, thereby lowering V,. and
FF as well. In contrast, Jg. increases with increasing temperature. This
suggests that higher temperatures enhance charge-carrier generation
and mobility, likely due to increased thermal energy aiding carrier
transport and a decline in overall performance. Overall, these findings
underscore the importance of thermal management strategies, such as
passive or active cooling techniques, to stabilize PSC efficiency and
longevity in real-world applications. Moreover, it proves higher sensi-
tivity of PSCs compared to Si-based and dye-sensitized solar cells which
exhibit a reversible drop in PCE above 40 °C due to the increased
recombination rates [32].

3.2. Theoretical simulations

In the following sections, the results of the performance assessment
of the PSC-TEC hybrid system are presented. The overall aim of this
investigation would be to identify configurations able to maintain the
temperature of the cells below the threshold of 50 °C identified through
the experimental process. At the same time, it is equally important for
any proposed hybrid configuration to achieve the required operating
temperature without any deterioration in electrical performance. For
this reason, the analysis provided below is primarily focused on both of
these aspects. To distinguish between the two installation cases
considered here (roof-integrated and rooftop with restricted distance
between module and roof element), the results are provided for each
case separately.

3.2.1. Roof-integrated installations

An illustration of PSC temperature variation vs. the number of TEC
units employed per m? (Nrpc) as well as the voltage fed to each TEC
(Vrge) is provided below. The resulting temperature of the cells is
plotted for two selected values of Vrgc and Nrgc respectively. It should
be noted that for the case of roof-integrated stand-alone PSC (without
TEC integration on the back side) the operating temperature of the
perovskite cell reaches 77.8 °C.

As expected, the temperature of the cells decreases while more TEC
units are attached and more power is fed to the TEC array by raising the
voltage input Vygc. Increasing Nygc or/and Vygc parameters enhances
the cooling effect induced by the TEC subsystem, naturally resulting in
further reduction of the operating temperature of the PSCs.

It can be observed, however, that not all hybrid configurations
examined are able to maintain the temperature of the cells below 50 °C.
Fig. 3a reveals that the operating temperature is sufficiently reduced
only for the upper limit of Nrgc examined here (75 TECs/m?). The
importance of increasing the size of the TEC array is also highlighted by
the results of Fig. 3b, where again reduction below the 50 °C threshold
can be achieved only for Nyg¢ equal to 75 TECs/m?>. This is, however, a
quite remarkable temperature reduction when compared to the case of a
stand-alone PSC. Even for the minimum value of Vygc examined for the
purposes of this study (0.1 V), the temperature reduction achieved ex-
ceeds 29 °C for roof-integrated installations (77.8 °C for the stand-alone
PSC vs. 48.6 °C for the PSC-TEC hybrid), assuming Nygc equal to 75
TECs/m>.

While the outcome of employing a TEC array of increased size in
order to reduce operating temperature is straightforward, the optimi-
zation process should also address the optimum operating point in terms
of the voltage input Vg fed to each TEC unit. Fig. S1 highlights that
TEC power consumption Prpc exponentially increases while raising
Vtec. While any increase in Vrgc would obviously enhance the cooling
effect induced, it could compromise at the same time the electrical
performance of the system. As mentioned before, the critical parameter
to provide insight on the electrical performance of the system is hy-
bridization power output gain AP. The hybridization concept becomes
favorable only as long as AP remains positive.

To obtain a clearer view on this aspect, in Fig. 4 the variation in AP
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Fig. 4. Hybridization power output gain AP vs. Vygc for roof-integrated
installations.

while varying parameter Vg is illustrated for two different settings of
Nrgc (30 and 75 TECs/m?, respectively). It can be observed that for both
settings, hybridization would prove favorable only for lower values of
Vrge. A threshold can also be identified above which AP becomes
negative. This threshold, however, clearly depends on the Nyg¢ param-
eter. It is interesting to note that the overall optimum operating point is
achieved for the lowest value of Vrgc examined (0.1 V).

Having in mind the results of this analysis, it can be concluded that
for roof-integrated PSC-TEC hybrids, an optimal configuration would
dictate the utilization of a large TEC array operating under a low power
consumption mode. Although feeding more power to the TECs would
result in decreased operating temperature for the cells, Fig. S2 indicates
that this would come at the expense of the system's overall electrical
performance. Taking also into account the results of Fig. 2, it should be

highlighted that a temperature reduction of more than 29 °C (bringing
the cell below the detrimental limit 50 °C) becomes possible, while still
achieving improved electrical performance for the hybrid system vs. a
stand-alone PSC (AP reaches a maximum of 5.6 %).

3.2.2. Rooftop installations

In Fig. 5, the resulting temperature of the cells coming from the
sensitivity analysis is plotted for selected values of V1gc and Ntgc for the
case of rooftop PSC-TEC hybrids. It should be noted that for the
particular installation case the temperature of the perovskite cell rea-
ches 59.1 °C when in stand-alone mode.

The temperature of the cells decreases again while increasing pa-
rameters Ntgc and Vrgc due to the enhanced cooling effect introduced.
In this case, however, it can be observed that even TEC arrays of smaller
size would be able to achieve operating temperatures below 50 °C. This
should be attributed to the lower operating temperature of the rooftop
stand-alone PSC when compared to the roof-integrated case. As the
stand-alone cell operates at 59.1 °C, any reduction of more than 9 °C
would be considered sufficient to avoid irreversible decomposition. For
the same reason, however, the cooling effect cannot be as effective for
rooftop systems as for roof-integrated hybrids. For the lowest Vg value
of 0.1 V, the resulting temperature reduction reaches 7.9 °C and 14 °C
for Ntgc equal to 30 and 75 TECs/m? respectively. While obviously it is
still possible to maintain the temperature of the cell below the limit of
50 °C, the temperature reduction achieved is well below the improve-
ment identified for roof-integrated systems.

When it comes to the optimal operating point in terms of Vigc
setting, Fig. S2 indicates that similar considerations as for the case of
roof-integrated hybrids should apply. Prgc again demonstrates an
exponential increase while raising Vygc, indicating that an optimum
operating point should exist. In Fig. 6 the variation in AP vs. Vrgc is
plotted for two different values of Ntgc (30 and 75 TECs/m>
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respectively). Although the maximum improvement in power output is
obviously restricted for rooftop PSC-TEC hybrids reaching 2.3 %, the
trend identified is very similar to the case of roof-integrated systems.
Lower values of Vg provide improved overall electrical performance,
while any improvement is practically eliminated for Vygc exceeding 0.3
V.

It can be therefore concluded that an optimal configuration for
rooftop PSC-TEC hybrids would also foresee the employment of a TEC
array of increased size operating under a low power consumption mode.
Even though the improvement achieved does not reach the levels
addressed for roof-integrated systems, the stand-alone rooftop PSC also
exceeds the 50 °C limit for the set of ambient conditions examined here.
Planning for some means of cooling mechanism becomes, in this sense,
important also for the case of rooftop PSC installations, at least when the
system is installed in areas of increased levels of solar irradiance and
where high ambient temperatures are common for an extensive period
of time through the year.

4. Conclusions

In this work, the characteristics of a hybrid PSC-TEC system have
been evaluated. The experimental setup based on an externally-powered
TEC indicate that the PCE of the PSCs varies with the temperature and it
drops significantly over 50 °C. In contrast to the experimental setup
where the power consumption of the TEC is much larger than the power
output of the PSC, the theoretical simulations involve a self-powered
system, where the power on the TEC is supplied by the PSC unit. This
seems appealing for large-scale systems, and it offers an alternative to
passive cooling mechanisms for PV devices. The balance between power
output and efficient cooling of the solar cells depends largely on the
sensitivity of the latter to high temperatures. These findings of our
simulations could prove useful for the industrilization of perovskite solar
cells by taking into account their thermal management constraints and
the available cooling mechanisms.
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