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ABSTRACT

Multi-junction solar cells are the best technology to achieve high-efficiency photovoltaics. Yet, their thermal
management is crucial to ensure high performance and reliability, particularly in concentrating photovoltaic
systems. Recent studies have proposed radiative cooling as an innovative, passive, cost-effective, and scalable
technique to cool down solar cells. In this study, we analyze its impact on multi-junction solar cells under
different illumination conditions by means of a detailed-balance model. First, we demonstrate that radiative
cooling can provide greater efficiency gain in multi-junction devices than in single-junction ones despite the
fact that the former heat up less than the latter. In fact, in multi-junction cells, the lower heating is more
than compensated for by the stronger efficiency degradation with increasing temperature, due to their wider
radiative recombination spectrum. Then, we explore two possible strategies to effectively use radiative cooling
in low-concentration photovoltaic systems, such as building integrated concentrating photovoltaics. The first
one is to combine the radiative cooler with a nonradiative cooling system, which then has relaxed performance
requirements. The second one is to increase the radiative cooler area relative to that of the solar cell. Both
approaches can provide significant performance benefits, whose magnitude depends on the selected design
and application. For an optimal triple-junction cell under 10-sun concentration, we find that a radiative cooler
having 5x the area of the solar cell reduces by 90% the nonradiative cooling power required to maintain the

cell temperature at 60 °C and achieves +2% absolute efficiency gain over 1-sun operation.

1. Introduction

Multi-junction (MJ) solar cells are the best technology to date to
surpass the Shockley—Queisser efficiency limit [1,2]. Several single-
junction (SJ) sub-cells are stacked one above the other in order of
increasing band gap, to obtain a trade-off between sub-gap photon
transmission and thermalization of photogenerated charge carriers bet-
ter than single-junction devices. In particular, thermalization leads to a
high operating temperature that causes a degradation in performance.
For instance, the relative efficiency of Ing 50Gag 50P/Ing o1 Gag g9As/Ge
solar cells declines by about 0.33%/K [3], while the lifetime of a device
is reduced by approximately two times for every 10 K of tempera-
ture increase [4]. These effects worsen in the case of concentrating
photovoltaic (CPV) systems because of the higher heat loads.

Various passive and active cooling technologies have been devel-
oped over the years to improve the energy yield of solar cells by
reducing their operating temperature [5]. They primarily rely on con-
ductive and convective heat transfer mechanisms, such as heat sinks,
forced airflow, and liquid cooling. However, the negative trade-off
between complexity and performance-to-cost ratio of a commercial
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solar panel coupled with these cooling methods makes them unsuitable
for widespread use beyond CPV systems [6,7].

Radiative heat transfer offers an attractive alternative or even com-
plementary way to reduce the temperature of solar cells. It has been
receiving increasing attention since 2014, when Raman et al. experi-
mentally demonstrated that a body can radiatively cool down below
ambient temperature under direct sunlight without any energy in-
put [8]. This phenomenon is based on the coincidence of two physical
facts that can be visualized with the help of Fig. 1: (1) Earth’s atmo-
sphere has a transparency window (AW) between 8 and 13 pm; (2) black
body (BB) radiation has its peak within the atmospheric window at
terrestrial temperatures. Because of this, a sky-facing body having high
emissivity in the atmospheric window, the so-called radiative cooler
(RQ), is going to expel a large amount of heat into outer space through
electromagnetic waves. Despite the equality between radiative cooler
spectral absorbance and emissivity stated in Kirchhoff’s law [9], this
outgoing energy flux remains uncompensated in isothermal conditions,
because little radiation is supplied by the atmosphere and the Sun
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Fig. 1. Electromagnetic spectra involved in the radiative cooling mechanism. The red
and green curve represents the radiative cooler ideal emissivity for cooling solar cells,
T > T, and for buildings applications, T' < T, respectively. The blue curve and area
correspond to the zero-zenith atmospheric transmission spectrum and the black-body
spectral radiance at 300K. The orange curve is the standard solar spectrum AM1.5g.

that can be re-absorbed by the radiative cooler at atmospheric win-
dow wavelengths. This energy imbalance leads the radiative cooler to
spontaneously reduce its temperature until balance is restored.

As shown in Fig. 1, different optimal emissivity spectra can be
identified to minimize the steady-state temperature, depending on
the reachable temperature regime: (1) selective, with zero emissiv-
ity outside the atmospheric window, if sub-ambient temperature can
be reached, such as in building applications; (2) broadband, if sub-
ambient temperature cannot be reached, such as in photovoltaics. In
the latter case, a radiative cooler with emissivity extended to the entire
wavelength range between 4 and 30 pm and zero elsewhere maximizes
cooling.

The possibility to develop a passive, lightweight, and integrable

cooler for solar cells has attracted a growing interest from researchers.
Several studies have focused on theoretically evaluating the impact of
this technology on the cell performance and defining electromagnetic
and thermal design requirements for an efficient radiative cooler [10-
14]. Meanwhile, various materials with radiative cooling capability
have been proposed and field tested, demonstrating their ability to
reduce the solar cell temperature, although to different degrees de-
pending on whether unencapsulated (bare) or encapsulated cells were
considered [7,15-19]. In fact, encapsulated cells already exploit some
amount of thermal radiation primarily because of the high emissivity
of the cover glass [7,16-18]. Li et al. have estimated a temperature
reduction of 8 + 11 °C in terrestrial environment, by applying an ideal
radiative cooler to different types of encapsulated silicon cells [17],
while smaller temperature reductions of 1 +2 °C have been predicted
by others [7,16,18]. The different results can be mostly attributed to
the use of different data for the wavelength- and angular-dependence
of the emissivity of the photovoltaic device. Overall, even though the
actual gain enabled by optimizing the radiative cooling capability of
current photovoltaic systems needs further scrutiny, there is a general
consensus that a temperature reduction of a few degrees is worth
pursuing, albeit challenging [16], and that higher gains can be expected
in space and CPV applications [11,18,20]. In addition, radiative cooling
emerges as an important aspect to consider in the development of novel
designs and materials for photovoltaic applications where conventional
encapsulation strategies are not suitable.

Most of previous works have studied single-junction solar cells
and unconcentrated systems. In particular, we could find only one
work dealing with the integration of MJ solar cells with a radiative
cooler made of a micro-grating patterned glass [21], and few on the
application of radiative cooling in single-junction cells for CPV [17,20,

22].
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Fig. 2. Graphical representation of energy flows between radiative cooler, solar cell,
Sun, and atmosphere. The schematic of the multi-junction solar cell is depicted on the
right-hand side of the figure. The sub-cells are optically stacked and connected in series.
Selective mirrors are placed between them to avoid electroluminescence coupling, and
a perfect reflector is placed on the back of the device so that it emits only from the

surface.

On the other hand, recent improvements in manufacturing and the
use of Earth-abundant materials are narrowing the gap in performance-
to-cost ratio between MJ and commercial SJ solar cells [23,24]. As
a result, the number of studies on the possible applications of this
technology is growing. For example, low-concentrating photovoltaic
systems for building integration (BICPV) have generated great interest
because of design simplicity, little maintenance needs, and potentially
higher performance-to-cost ratios [25-27].

Therefore, more studies on the application of radiative cooling
to MJ solar cells in concentrating and non-concentrating systems are
needed. Indeed, optimized radiative cooling could further increase their
performance-to-cost ratio by enhancing their efficiency and extending
their lifetime, hence fostering the widespread use of MJ solar cells and
low-concentrating PV systems.

In this work, we explore the impact of ideal radiative cooling on
MJ solar cells, with focus on low-concentrating photovoltaics, and
provide a preliminary assessment of its performance limits. We propose
a simple and general approach that allows us to encompass various
implementations of the radiative cooler and different solar cells.

The system made of the solar cell and the radiative cooler depicted
in Fig. 2 is described by a detailed-balance model, which includes the
Shockley-Queisser (SQ) model for multi-junction solar cells with selec-
tive mirrors [28,29]. The mirrors limit the radiative coupling among
sub-cells, leading to the highest limiting efficiency for any concentra-
tion factor [29]. The SQ model assumption of radiative recombination

only and the use of selective mirrors lead to an underestimation of
the cell heating, thus providing a worst-case scenario to assess the
impact of radiative cooling in terms of temperature reduction and
corresponding efficiency gain of the solar cell [30]. Furthermore, we
focus on the series-connected two-terminal tandem cell, which is the
most successfully implemented and up-scalable architecture to date.

In the following, we analyze the behavior of MJ solar cells integrat-
ing a radiative cooler for different numbers of junctions and operating
conditions, considering unconcentrated and concentrated light with
concentration up to 10-sun, which is a range of interest for BICPV appli-
cations [27]. In particular, we explore the possibility of combining the
radiative cooler with other nonradiative cooling technologies to relax
their design requirements, and investigate the impact of the ratio be-
tween the cooler and cell areas as a route to take advantage of radiative

cooling under concentration and increase the cell efficiency [20,22].
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2. Methods

We consider a structure consisting of a radiative cooler, a bare solar
cell, and a perfect mirror. This system is depicted in Fig. 2, along
with the power exchanges that occur when it is exposed to both solar
and atmospheric radiation. Assuming that the temperature is uniform
throughout the device, the net power density of the structure is given
by:

P

net —

P

rad+P1ec_PSun+P

rad

Patm + Pcon (1)

Pra &> Pelec> Psun correspond to the power density radiated, delivered
to the load, and absorbed from the Sun by the solar cell, respectively.
PRC and P, are the power densities emitted and absorbed from the
atmosphere by the radiative cooler. Finally, P, defines the power den-
sity exchanged between the surrounding environment and the device
through conduction and convection. By solving the equation P, = 0,
the steady-state temperature of the device is obtained. This allows us
to evaluate the impact of the cooler on the solar cell by comparing the
temperature with and without the radiative cooler, that is, with and
without the terms P::lg and P,,. The multi-junction architecture exam-
ined is the electrically constrained two-terminal tandem cell depicted
on the right-hand side of Fig. 2. Its sub-cells are mechanically and
optically stacked on top of each other so that the one facing the Sun has
the widest band gap. We describe it through the detailed-balance model
for multi-junction solar cells proposed in the works of De Vos [28],
Henry [31], Martiand Aratijo [29], and Futscher and Ehrler [32].

We make the following assumptions:

1. According to the SQ model, each sub-cell has unit absorbance
for wavelengths shorter than hc/Eg; and the band gaps are
temperature-independent. In fact, the variation of the temper-
ature coefficient due to the latter assumption is minimal in the
typical temperature range of photovoltaics, as shown by Dupré
et al. [33].

2. Selective mirrors are interposed between the sub-cells. These
mirrors act as low-pass filters, reflecting light with energy higher
than the overlying cell and letting through photons with lower
energy. For instance, the reflectivity of the first mirror starting
from the top of the solar cell is 1 for E > Eg,, 0 other-
wise. Martiand Aratjo have shown that this architecture slightly
increases the radiative efficiency limit of MJ solar cells [29].

3. On the same grounds, an ideal mirror is placed at the back of
the device.

The current-matching configuration determines that the current of
the solar cell is set by the sub-cell producing the smallest current and
that the voltage corresponds to the sum of the voltages of the sub-
cells. Based on these considerations, the first three terms of Eq. (1) are
calculated as follows:

rad

SC helFg BB
P —n/o daLy%, , (AT, Vivpp) +

N he/Eg,; 2

E. .
’ BB
P z / da LB (A.T.V,\wp)
i=2 hC/Eg: 1
Fetec = Jupp - Z i, MPP 3
hc/EgyN
Pon =1 /0 di ESS™ (4) “

LeB]_3Q ; is the generalized Planck law derived by P. Wurfel [34], T
is the temperature of the entire device, y is the concentration factor,
and Esun is the Sun spectral irradiance, for which we take the AM1.5g
and AMl 5d spectra for the unconcentrated and concentrated case,
respectively. Details on the model and the computation of the current

and voltage terms can be found in section S1 of the Supplementary
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Material. Eq. (3) highlights that, by design, all the sub-cells are current-
matched at maximum power point (MPP). Therefore, as the lowermost
sub-cell energy gap changes, the set of band gaps of the MJ solar
cell with the highest efficiency is found imposing that all the sub-cells
operate at MPP with the same current.

The other actor in our device is the radiative cooler. We assume
that it has the ideal emissivity for solar cell applications shown by the
red curve in Fig. 1, that is, equal to 1 for A > 4 pm, and 0 elsewhere.
Furthermore, it is perfectly transparent in the UV-visible range, so
as not to interfere with the absorption of sunlight by the solar cell.
The radiative cooler can be positioned either above or below the solar
cell because the two elements are electromagnetically independent and
only thermally coupled. The atmospheric radiated power absorbed by
the radiative cooler and the power it emits are given by:

atm f A
+oo (5)
/clgcose/0 4™ (4,0) €5 (4,0) L%, (4, Ty, 0)
PRC = fA/d.Qcose/ dieg, (4O LY, (A,T,0) ©6)
_‘}2 ", and eatrjl‘ are the spectral directional emissivities of the ra-

diative cooler and the atmosphere. We obtain the latter according
to the formula si}zt“; =1- gtf‘l/ cosf  \vhere TgtF is the zero-zenith
spectral transmittance calculated from the summer spectrum included
in RadCool [35] from MODTRAN [36]. T, is ambient temperature
and is equal to 293.15K. 6 is the zenith angle associated with the z-
axis normal to the surface of the solar cell. For our computation, we
assume that the radiative cooler emits isotropically and only in the
upper hemisphere due to the presence of the mirror at the back. f,
is the ratio between the radiative cooler and solar cell areas, that is:

fa=Arc/Asc %)

This parameter helps us to investigate how the radiative cooler perfor-
mance varies as its area increases with respect to that of the solar cell.
We use it in the case of concentrated light, envisioning the radiative
cooler placed underneath the solar cell, as in some configurations
reported in literature [14,20,22]. In this case, the solar cell area is
smaller than that of the module, thus the maximum radiative cooler
area is limited only by the size of the concentrator.
Finally, nonradiative heat transfer is modeled as:

con fA h (T amb) (€)]

h. is an effective nonradiative heat transfer coefficient accounting
for possible conductive and convective mechanisms between the system
and the surrounding environment. It is usually obtained experimentally
and depends greatly on the operating conditions, such as wind speed,
mounting configuration, and the shape and material of the device [20].
By varying this coefficient, we could evaluate the impact of the ra-
diative cooler used in conjunction with other cooling technologies,
such as a backside finned heatsink, or under different wind conditions.
To this end, we defined h. as h.y + Ah., where h., is set to the
well-established value of 10.6W m™ K™! for a rectangular flat plate
structure in case of average wind [12], and 4h. corresponds to the
variation from this reference condition. The nonradiative power density
is scaled proportionally to the area of the largest available surface, that
is, the radiative cooler one, according to our assumptions.

It is worth mentioning that the model provides a reasonable esti-
mate of the temperature as long as the isothermal assumption between
and within the radiative cooler and the cell is valid. Factors such as
limited heat diffusion length and thermal contact between the solar cell
and the radiative cooler can become critical for some actual structures.
As the thermal conductivity and geometrical factors come into play,
accurate thermal analysis may require a thermal simulation of the
device based on numerical methods, such as the finite element method,
which is beyond the scope of the present work.
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Band gap (lowermost cell) / eV

Fig. 3. Efficiency of series-connected stacked tandem cells with different numbers of
junctions under unconcentrated (solid lines) and 10-sun concentrated light (dashed line,
4J-SC) as a function of the band gap of the lowermost cell. Calculations assume an
operating temperature of 300 K and AM1.5g (unconcentrated case) and AM1.5d (10-sun)
spectra. Crosses highlight calculated efficiency peaks.

Source: Circles are calculated data from [37].

3. Results and discussion

To support the following discussion, we report in Fig. 3 the cal-
culated efficiency of multi-junction solar cells with different numbers
of junctions as a function of the energy gap of the lowermost cell
(EPottom) The results agree well with previous studies, validating the
model [32,37,38] (blue circles in Fig. 3). As the number of junctions
increases, the thermalization losses are reduced and the MJ solar cell
can exploit a larger portion of the solar spectrum, with a red-shift of
the optimal lowermost band gap, whose corresponding peak in the
efficiency vs lowermost gap plot becomes higher and broader. These
characteristics are emphasized by the colored crosses in Fig. 3, which
mark the local efficiency maxima of the unconcentrated case. Solar cells
under low-concentrated light exhibit the same qualitative behavior. For
instance, the dashed yellow line in Fig. 3 represents the efficiency of
four-junction solar cells designed for a 10-sun application.

3.1. Effect of temperature on MJ-SCs

The detailed-balance model of multi-junction solar cells allows us
to investigate their temperature sensitivity and to develop a basic
understanding of the physics underlying it. To this end, we consider
solar cells with two, three, and four junctions that absorb almost
the same part of the solar spectrum and compare their behavior in
temperature with respect to a single-junction solar cell made of c-Si.
In particular, we choose the optimal configuration of energy gaps with
EDottom get at 093¢V, a value that approximately corresponds to the
local efficiency maximum closest to the silicon band gap, regardless
of the number of junctions (see Table S1 in Supplementary Material).
Fig. 4 depicts the efficiency calculated through the Shockley-Queisser
model for multi-junction solar cells (see Supplementary Material S1).
The efficiency decreases with temperature because of increased radia-
tive recombination, with linear behavior. The absolute temperature
coefficient o;n, which corresponds to the slope of the curve, reveals
that the efficiency reduction is more pronounced for a larger number
of junctions. Such behavior stems from the increased rate of radiative
recombination at higher temperatures and with more junctions, as
described by Eq. (2). Indeed, the power radiated by the solar cell grows
with temperature according to the generalized Planck law, causing
voltage and fill factor losses [39]. This mechanism is amplified in the

d,n=-0.068 %K
50 \x\ |
— 0 = —0.066 %K
245 \
\3 8= —0.063 %K
C
2 4olL|—1-8C
= —2J-SC
w ——3J-SC
4J-SC
35+ 1
\ a,m = —0.050 %KL
30t T 1
300 320 340 360 380 400

Temperature / K

Fig. 4. Temperature dependence of the efficiency of solar cells with different numbers
of junctions under unconcentrated light. The solar cells considered have EE"“““ =
1.12eV for the one-junction case and EE"“"“‘ = 0.93eV for the others (see Table S1 in
Supplementary Material). The absolute temperature coefficients are reported together
with the operating temperature of solar cells (colored crosses). The curves are calculated
using the AM1.5g spectrum.

multi-junction architecture, because the emission losses of each sub-
cell add up, increasing the overall power radiated by the stack, as
shown by Eq. (2). Moreover, this equation implies that the temperature
coefficient increases as the energy gap of the bottom cell decreases. In
other words, solar cells with a broader emissivity spectrum emit more
photons at a given temperature, which makes them more sensitive to
temperature changes.

As the multi-junction architecture reduces self-heating, we would
expect the steady-state temperature of these devices to decrease with
increasing number of junctions. To demonstrate this, we solve Py, =0
without the terms related to the radiative cooler, implying that natural
convection (P.,,) is the only cooling mechanism. The obtained (T, #)
working points for different numbers of junctions are represented as
crosses in Fig. 4. As anticipated, the steady-state temperature shifts
towards lower values by increasing the number of junctions because,
for the chosen bang gap configurations, all solar cells absorb nearly
the same portion of the solar spectrum regardless of the number of
junctions, but those with more junctions convert a larger fraction of
the harvested energy into electrical energy.

Because of the difference between the AM1.5¢ and AM1.5d spec-
tra and of light concentration, the configuration of energy gaps for
maximum efficiency changes in CPV. In particular, the top cells have
smaller band gaps. However, the absolute temperature coefficient as
a function of the number of junctions follows the same trend as in
the unconcentrated case. Fig. 5 illustrates this aspect and shows the
significant dependence of the coefficient on the illumination conditions.
This figure is obtained using the sets of band gaps calculated for a con-
centration of 10-sun and selected according to the same criteria used
previously (see Table S1 in Supplementary Material). Interestingly, the
greater the concentration factor, the less sensitive the solar cell is to
temperature variations. For a solar cell under concentrated light, the
recombination rate at maximum power point significantly increases
due to the larger density of photogenerated carriers. As consequence,
the relative weight of temperature-induced variations of the radiative
recombination rate significantly diminishes compared to the unconcen-
trated case. To put it simply, the higher open-circuit voltage under
concentration reduces temperature-induced efficiency losses. Moreover,
since the increase in open-circuit voltage occurs in every sub-cell of the
stack, the reduction in d;n becomes more significant with increasing
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Fig. 5. Absolute temperature coefficient of efficiency of solar cells with different
numbers of junctions as a function of the concentration factor. The solar cells considered
have EPtom — 112eV for the one-junction case and EP*™ = 0.93eV for the others
(see Table S1 in Supplementary Material). The curves are calculated using the AM1.5d
spectrum.
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Fig. 6. Operating temperature of solar cells without (dashed lines) and with (solid
lines) radiative cooler under unconcentrated light for different numbers of junctions
and as a function of the energy gap of the lowermost cell. The inset shows the increase
in solar cell efficiency achieved thanks to the radiative cooler, that is, AEfficiency =
Efficiencyg ,, rc — Efficiencygc. In particular, the triangles indicate the improvements
obtained in the case of the most efficient MJ and c-Si solar cells (see Fig. 3). The curves
are calculated by solving P, = 0 with A, = 10.6 Wm™2K~!, T, = 293.15K, f, = 1,
and under AM1.5g illumination.

number of junctions for a specific concentration factor (see further
details in Supplementary Material S2).

Based on these considerations, the absolute temperature coefficients
of MJ solar cells have lower values in the concentrated case for a
given number of junctions, as shown by comparing their values in
Figs. 4 and 5. These results are in agreement with both theoretical and
experimental findings reported in the literature [3,40]. Further details
on the effect of temperature on the photovoltaic figures of merit can be
found in section S3 of the Supplementary Material.

3.2. Impact of a radiative cooler on MJ-SCs under unconcentrated light

Fig. 6 compares the steady-state temperature of 1J to 4J solar cells
with and without the radiative cooler, under unconcentrated light,
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calculated as a function of the band gap of the lowermost cell. Equal
cell/cooler areas and standard outdoor conditions, that is, f, = 1
and Ah, = 0, are assumed. The temperature reduction provided by
the radiative cooler is more significant at small band gaps and for
fewer junctions because of the stronger heating of the solar cell and
the associated increase in thermal radiation by the RC. High-efficiency
multi-junction solar cells are located at these band gaps, as shown in
Fig. 3, making the radiative cooler suitable for their thermal man-
agement. The inset of Fig. 6 shows the efficiency improvements as
a function of the energy gap of the bottom cell, resulting from the
RC-driven temperature reduction. The efficiency gain at fixed bottom
gap decreases as the number of junctions increases, despite the more
negative temperature coefficients. However, the colored triangles in
the inset, which correspond to the optimal bottom gap values for each
number of junctions, show that the most efficient multi-junction solar
cells reach comparable or even higher efficiency gains than silicon SJ
ones. For instance, the radiative cooler passively reduces the tempera-
ture of the 4J-SC with maximum efficiency (yellow triangle in Fig. 6)
by 17 K, leading to an increase of about 1.3% in absolute efficiency,
from 52.7% to 54%, and an extension of the lifetime by more than
three times, according to the Arrhenius law. On the other hand, the
temperature reduction of c-Si SJ solar cells (red triangle) is about 19
K, which corresponds to an increase of about 1% in absolute efficiency,
and a slightly higher lifetime extension. These results are in line with
previous theoretical works [10,21] on bare solar cells and confirm that
optimizing radiative cooling is important for the thermal management
of both single-junction and multi-junction solar cells. Outdoor field
tests reported by Heo et al. [21] on 3J solar cells demonstrated a
temperature reduction of 4.7 and 6.1 K for a cell integrating a photonic
radiative cooler, with respect to a conventional glass-mounted cell
and an unencapsulated one, respectively. This corresponds to about
one-third of the reduction calculated by the detailed balance model.
Although this can be partly attributed to non-idealities of the ex-
periment, it might also indicate that the two reference cells were
already somewhat cooled by thermal emission. In fact, recent studies
have pointed out that the thermal emissivity of unencapsulated silicon
cells can be higher than what usually assumed based on the optical
properties of silicon wafers, due to the influence of highly doped layers
and surface texturing [41,42]. In this regard, further studies should
be conducted to elucidate the thermal emissivity of both encapsulated
and unencapsulated solar cells, in order to better quantify the potential
gain offered by optimized radiative cooling in a given photovoltaic
technology.

3.3. Impact of a radiative cooler on MJ-SCs under low-concentrated light

It is worth investigating the application of radiative cooling also
to low-concentrating photovoltaic systems, as they exhibit higher heat
loads and hence require careful thermal management. To this end, we
start by considering the same structure as before, that is, a planar
cell/cooler stack with f4, = 1 (Agc = Agc), but subject to AM1.5d
illumination; we consider concentration factors between 1 and 10 sun.
For the sake of brevity, we only discuss the three-junction case in the
main text and refer the reader to the Supplementary Material S4 for the
other cases.

Fig. 7 shows the three-junction solar cell operating temperature
calculated as a function of its bottom band gap when exposed to
different concentration levels, with the other band gaps optimized
at concentration level y = 10. As expected, the system temperature
dramatically increases under concentration, reaching extremely high
values for y > 2. As consequence, the cooler radiates a large amount of
energy and induces a significant temperature reduction, which becomes
more prominent for fewer junctions (see Supplementary Material S4).
For instance, the temperature reduction in the most efficient 3J-SC is
about 35K and 122K for y = 2 and y = 5, respectively. Despite this
enormous heat removal, the operating temperature of the cell remains
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(dashed lines) and with (solid lines) radiative cooler for different concentration factors
as a function of the increment of the nonradiative heat transfer coefficient, 4h,. For the
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curves are calculated by solving P, = 0 with h, = 10.6 Wm—2K~!, T, = 293.15K,
fa =1, under AM1.5d illumination.

too high, that is, above the acceptable limit of about 110 °C [20].
As consequence, the efficiency is lower than the one under unconcen-
trated light. This is highlighted in the inset of Fig. 7, where we show
the difference between the efficiency, at steady-state temperature, of
the three-junction solar cells coupled with the radiative cooler under
various concentration levels, and the efficiency of the same solar cell
at 1-sun. Under concentrated light, the device becomes slightly more
efficient than in the unconcentrated case only for high band gaps,
which however correspond to low-efficiency devices.
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We consider two possible approaches to further reduce the operat-
ing temperature: (1) combining the radiative cooler with a nonradiative
cooling system, such as a conductive finned aluminum plate [20,43];
(2) increasing the area of the radiative cooler beyond that of the solar
cell, as experimentally done in [20,22] for a single-gap solar cell.
To evaluate the effectiveness of these strategies, we take the three-
junction solar cell that is most efficient under 1-sun (top-to-bottom
gaps: 1.75/1.18/0.70 eV) as benchmark.

Let us start with the first approach. Fig. 8 depicts the operating
temperature decrease of the three-junction solar cell as the strength
of conductive/convective mechanisms increases, for different concen-
tration factors. Ah, is varied from 0 to 90 W m™2K~! because these
are typical values for common cooling mechanisms [44]. The zero on
the horizontal axis corresponds to the normal environmental conditions
considered so far, that is, o, = 10.6 W m~2 K~'. The contribution of
the radiative cooler to the temperature reduction remains significant
despite the nonradiative terms taking over part of the task, especially
for high-concentration factors. For example, the additional temperature
reduction provided by an ideal radiative cooler to the 3J-SC under
5-sun for Ah, = 10 W m~2 K~!, which has been measured by Wang
et al. and corresponds to a finned heat sink and a wind speed of
6 m s~!, is about 30K. This corresponds to a remarkable 2% increase
in absolute efficiency. The smoothing of the temperature curves and
the progressive reduction of the radiative cooler impact stem from the
predominance of nonradiative heat transfer mechanisms for high 4a,
values (see Eq. (8)), for which the solar cell temperature approaches
ambient one. In addition to these results, the inset of Fig. 8 allows to
estimate the nonradiative heat transfer coefficient required to overcome
the efficiency of the unconcentrated case, whose value grows with
concentration factor. It is noteworthy that the temperature reduction
induced by the radiative cooler considerably reduces the 4. needed, re-
laxing the requirements for the cooling system. For example, a 3J solar
cell without radiative cooler under 10-sun needs 4, > 50 W m~— K~!
to surpass its efficiency under 1-sun. This requirement is reduced to
he > 40 Wm™ K~! if the solar cell is coupled to a radiative cooler.
Interestingly, the value of 4. needed to reach the same efficiency as the
1-sun case does not vary significantly if one considers the most efficient
solar cell for each number of junctions (see Supplementary Material
S4).
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The second approach is especially interesting for CPV, as shown in
[20,22], because the solar cell is smaller in size than the concentrator
system. The greater surface area of the radiative cooler favors radiative
and nonradiative heat transfer mechanisms. This results in a reduction
of the operating temperature of the solar cell dependent on the ratio be-
tween the cooler and cell areas (f,), as shown in Fig. 9. Here, we use as
upper limit for f, the concentration factor, considering it as represen-
tative of the concentrating system size. However, in practical systems
the concentrator size is slightly larger than the concentration factor
to compensate for optical and geometrical loss of the concentrating
system.

The inset of Fig. 9 illustrates that the temperature drop induced by
increasing the radiative cooler area enables the solar cell under con-
centration to significantly exceed the efficiency of the unconcentrated
case. For example, under 10-sun, the use of a radiative cooler with
area comparable to that one of the concentrating system allows for
an operating temperature of about 40 °C (i.e. 150 °C of temperature
reduction with respect to the case f, = 1), corresponding to nearly 4%
absolute efficiency gain with respect to operation under 1-sun.

As in the previous approach, the temperature reduction provided by
the radiative cooler is almost independent of the number of junctions
when considering solar cells with optimal band gaps. What varies from
one cell to another is the increase in efficiency, which is strongly influ-
enced by the temperature coefficients (see Supplementary Material S4).
The high temperature reduction enabled by the larger radiative cooler
surface suggests that this approach could be effective at limiting the
solar cell operating temperature at acceptable values even for moderate
concentration levels, provided that the thermal diffusion length of the
radiative cooler is greater than its size.

4. Conclusions

We have presented an assessment of the theoretical performance of
radiatively cooled multi-junction solar cells operating under unconcen-
trated and low-concentrated light. The analysis of the solar cell thermal
behavior, studied using a detailed-balance approach, reveals that their
temperature coefficient of efficiency significantly depends on the solar
cell architecture, materials, and illumination conditions. In particular,
as the number of junctions increases and the optimal energy gap of
the bottom cell decreases, the absolute temperature coefficient of the
efficiency becomes more negative because of the cumulative effect of
emission loss from each sub-cell and the wider emissivity of the device.
For this reason, although multi-junction solar cells heat up less than
their single-junction counterparts, the impact of radiative cooling on
their performance is comparable to, if not greater than, the one found
in single-junction devices, even under unconcentrated light conditions.

In low-concentrating applications (y ranges from 1-sun to 10-sun),
we have shown that the radiative cooler does not provide enough
cooling power to lower the temperature to acceptable values when it
has the same area as the solar cell and is used as the only cooling
mechanism. However, it can offer an attractive approach for thermal
management when combined with other nonradiative cooling mech-
anisms, significantly reducing their design requirements. Moreover,
large temperature reductions can be achieved by increasing the surface
area of the cooler relative to that of the solar cell. Along with its
high integrability, these results suggest that radiative cooling is an
important element in the thermal management of CPV systems from
low to moderate concentration levels.

Finally, the integration of radiative coolers in PV systems not only
improves efficiency, but also extends their lifetime, leading to a higher
overall energy production that can contribute to fostering their large-
scale implementation.

The presented model assumes that the solar cell itself has negligible
thermal emissivity, but has perfect thermal coupling with the radiative
cooler. Therefore, the calculated operating temperature and efficiency
of the integrated system consisting of radiative cooler and solar cell
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are also representative of a solar cell with ideal thermal emissivity.
On the other hand, the specific gain allowed by the integration of a
radiative cooler in the photovoltaic system architecture needs to be
further refined by taking into account realistic thermal emissivities of
the selected system components.
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