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Angle-resolved direct emissivity measurements on
unencapsulated solar cells for passive

thermal control
Iñigo González de Arrieta, Telmo Echániz, Raquel Fuente, and Gabriel A. López

Abstract—The emissivity of two unencapsulated photovoltaic
cells has been measured by a direct radiometric method, between
30 and 50 ◦C, and indirectly at room temperature. The advan-
tages of the angle-resolved direct method for the determination
of the emissivity of the bare cell, and the challenge of using
direct measurements around room temperature, are discussed.
This method allows calculating the total hemispherical emissivity
by incorporating directional data, which are usually lacking.
These data also reveal important differences between the infrared
responses of both cells, despite the similarities in the more
commonly reported normal spectra. These differences stem from
the structure of the cells. A comparison to the integrating-
sphere indirect method illustrates the improved accuracy of the
emissivity values and their potential for evaluating the thermal
performance of the cells and potential radiative cooling gains
in select applications where the emissivity of the bare cell is
not concealed by encapsulation. An estimation of the magnitude
of this effect, obtained using a simplified heat-transfer model,
is significantly less than 1% in absolute efficiency for realistic
parameter values. More work is needed to quantify gains from
encapsulated cells, which are expected to be even lower because
of the higher emissivity of silica glass.

Index Terms—infrared emissivity, thermal management, radia-
tive cooling.

I. INTRODUCTION

EMISSIVITY measurements on solar energy materials
have attracted much attention over the years, especially

in the case of absorbers for concentrated solar power [1]. The
importance of this parameter for photovoltaic applications has
traditionally been lower, given the reduced role of radiative
heat transfer around room temperature. However, recent ad-
vances in radiative cooling have motivated an increase in the
works devoted to this issue [2], [3], [4]. Temperature control
in solar photovoltaic (PV) cells is crucial in order to achieve
efficiencies as close as possible to the intrinsic Shockley-
Queisser limit. Conversion efficiencies are typically linearly
dependent on cell temperature, with temperature coefficients
that can be as high as -0.5%/◦C for crystalline silicon (c-Si)
cells [5]. This leads to important efficiency losses with respect
to the reported values at standard test conditions (STC, 25 ◦C,
1000 W/m2, AM1.5), given that the real operation conditions
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can reach temperatures around 50 ◦C or even higher [6]. Due
to the recent plateauing tendency of the intrinsic efficiencies
of c-Si solar cells, thermal management is gaining attention
as an efficiency-enhancing strategy [7].

Among the techniques available for thermal loss enhance-
ment, radiative cooling has received particular attention due
to its passive nature. This method involves making the emit-
tance/absorptance of the material as high as possible in the
mid-infrared atmospheric window (8-13 µm), and low in
other ranges in order to reflect incident solar or atmospheric
radiation. This cooling approach has been successfully im-
plemented using a variety of methods and materials, even in
daylight [4], [8]. However, one of the key premises of these
methods is to reduce the amount of solar radiation absorbed
by the material, a requirement which solar cells cannot meet.
Thus, radiative cooling strategies can only be partially adopted
in these materials, with spectral selectivity restricted to the
infrared range. Studying the feasibility of this approach for
selective absorbers on solar cells has been the stated goal of
several studies with different cell architectures, with cooling
figures greater than 10 ◦C often being reported [2], [3], [9],
[10]. However, there are also authors who shed doubt on the
capabilities of this strategy, stressing the need for accurate
angle-resolved emissivity values and the effect of convective
heat losses [11]. Other authors have also pointed out that
the emissivities of bare cells, which are often used as the
benchmark value, are often higher than those assumed [12].
Thus, estimating the gains from radiative cooling structures
requires a careful consideration of the emissivities under play.

Not only standard solar cells can benefit from accurate
emissivity characterizations. In addition to the standard single-
junction cell architecture, other solar applications require
thermal control (either for heat gain or loss). For example,
radiative cooling is also being increasingly considered for
concentrated photovoltaics [13] and thermophotovoltaics [14],
[15], for which heat fluxes are much higher than for standard
solar cells. In parallel to the research on high-emissivity struc-
tures for radiative cooling applications, there is also a need
for low-emissivity solar cells for use in hybrid photovoltaic-
thermal (PV-T) systems. This stems from the necessity to
mitigate thermal losses to increase the outlet temperature of
the fluid to the 40−60 ◦C range [16], [17], [18]. Performance
evaluation of more complex setups, like building-integrated
photovoltaics, depends crucially on an accurate characteriza-
tion of the emissivities of all components [19].

All the applications described above require knowledge
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of the emissivity of photovoltaic materials in conditions for
which measurements can be challenging. Radiometric emis-
sivity measurements are typically divided into direct and
indirect methods, both of which have been used for solar cell
research. Traditional indirect methods rely on complementary
techniques, such as reflectivity or ellipsometry measurements,
which can be linked to the emissivity through optical relations.
One of the most common indirect approaches concerns the
use of room-temperature integrating spheres to measure the
normal-hemispherical reflectivity [12], [18], [20]. This tech-
nique is well suited for near-to-mid-infrared characterization
and is widely used at room temperature, but it suffers from
poor accuracy at longer wavelengths (λ > 10 µm) and a
lack of directionality. More complicated setups with direc-
tional and directional-hemispherical capabilities [21], [22], as
well as ellipsometric techniques [18], have been devised to
circumvent some of these limitations. On the contrary, direct
methods, which rely on comparing the radiance emitted by
the sample to that emitted by a blackbody, can compensate
for these deficiencies, given a sufficiently accurate control
of the temperatures [23], [24]. These methods facilitate the
acquisition of directional data, as only sample rotation is
necessary. The importance of accounting for the directionality
of thermal emission is clear in solar thermal applications, as
certain features which can lower or enhance the emissivity
are only observable at oblique angles of incidence [25],
[26]. Although total normal and hemispherical emissivities of
materials are correlated [27], [28], important errors may occur
when extrapolating one from the other. This is especially the
case for multi-layer materials or complex surfaces, for which
the common electromagnetic predictions for bulk materials do
not hold. The main complication of these direct measurements
is that all radiation sources (sample, background, detector) are
of the same order of magnitude [23]. Other non-radiometric
types of emissivity characterization involve calorimetric mea-
surements based on heat flux measurements, which provide
total hemispherical emissivity values directly [29], [30].

In this work, we report direct angular emissivity measure-
ments at sample temperatures in the 30−50 ◦C range, without
any substantial alteration to the measurement method previ-
ously employed for high-temperature measurements [31]. This
equipment has been used for characterization of solar-thermal
collectors in vacuum and air [25], [26]. To our knowledge, this
is the first time that a fully angle-resolved direct emissivity
characterization has been undertaken for unencapsulated solar
cells. Two types of monocrystalline silicon (mono-Si) cells
have been selected, due to the complex dependence of thermal
emission on the structure of solar cells [12].

II. EXPERIMENTAL DETAILS

Samples corresponding to two types of mono-Si solar cells
have been investigated. Sample 1 is a 200 µm thick p-type
aluminum back surface field cell (hereafter, BSF), with a
textured surface and a SiNx anti-reflective coating. Sample
2 is an interdigitated back contact n-type cell (hereafter, IBC)
with a uniform anti-reflective coating and a thickness of 150
µm. In addition to the Si base, the current collectors, and the

anti-reflective coating, two additional regions of highly doped
silicon (n+ and p+) are present in the interfaces.

The emissivity measurements were made with the recently
upgraded high-accuracy HAIRL emissometer of the Univer-
sity of the Basque Country [31]. This FTIR-based setup
allows directional emissivity measurements in a controlled
environment in a wide temperature range. The samples were
measured under an argon atmosphere to avoid degradation
and infrared absorption by atmospheric water and CO2. The
sample temperature was measured by two Type K thermo-
couples spot-welded to an ARMCO iron disk onto which the
cell was glued using carbon paste. The radiation emitted by
the sample enclosed in a colder blackbody environment is
compared to two reference blackbody sources, a standard one
at 800 ◦C and a room-temperature (21 ◦C) one. Crucially,
the latter source is required to make an accurate calibration
of the internal radiation of the emissometer [23]. To improve
their signal-to-noise ratio, radiance measurements have been
performed with the largest aperture possible without incurring
in significant size-of-source effects. Finally, the integrated total
emissivities have been calculated by a Monte Carlo procedure
and extrapolation, by assuming that the observed spectral
dependences of the emissivities continue outside the measured
spectral range [31]. The amount of radiation contained at far-
infrared wavelengths is of particular importance near room
temperature, which makes this extrapolation procedure crucial
for an accurate integration of the results.

The combined standard uncertainty of the emissivities for
both cells at such temperatures increases monotonically from
5% at 5 µm to 11% at 23 µm [31]. This increase is re-
lated to the greater contribution of environmental radiation
at longer wavelengths. The uncertainty increases rapidly at
shorter wavelengths due to the very low signal emitted by the
sample in that range and increased sensitivity to temperature
measurement errors. Due to decreasing emissivity values with
wavelength, the absolute uncertainties remain approximately
constant throughout the measured spectral range.

An indirect method was also used for comparison purposes.
The directional-hemispherical total reflectance (diffuse + spe-
cular components) was measured with an integrating sphere
at an incident angle of 13◦. This type of measurement is
one of the most widely used for the characterization of solar
coatings and solar cells at or near room temperature. This
integrating sphere has a diameter of 75 mm and is equipped
with a DLaTGS detector. The usual comparison measurement
method has been used, by comparing the radiance reflected
by the sample to that reflected by an Infragold R© reference
(Rref = 0.95). The standard uncertainty is taken as the
combination of uncertainties due to signal noise in the sample
and reference reflectance measurements. It is small (2%) in the
λ < 10 µm range, but increases quickly at longer wavelengths
due to the low signal emitted by the source in that range.
An additional source of systematic uncertainty beyond 15 µm
is the increasingly non-Lambertian nature of the Infragold R©

coating [32].

This article has been accepted for publication in IEEE Journal of Photovoltaics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JPHOTOV.2024.3372329

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



IEEE JOURNAL OF PHOTOVOLTAICS 3

III. RESULTS AND DISCUSSION

A. Emissivity measurements

Normal spectral emissivity measurements were performed
in both cells between 30 and 50 ◦C, as shown in Fig. 1.
Even though the low signal makes for noisy measurements
at short wavelengths, it was possible to obtain approximate
values for the emissivity at wavelengths as short as 5 µm and
temperatures as low as 30 ◦C. The low-temperature limit was
conditioned by the nature of the measurement method, which
diverges when the sample temperature approaches that of the
sample enclosure [33]. The repeatability of these measure-
ments suggests not only a very low temperature dependence,
but also that the measurement is reliable and reproducible
in this temperature limit. The most reliably measured range
starts from about 8 µm, which is the one that accounts for
most of the emitted radiation. Both cells show relatively
high emissivities in the 8-14 µm atmospheric transparency
range, with decreasing values at longer wavelengths. This
supports the findings that the emissivities of unencapsulated
silicon cells are not reproducible with data on bare silicon
emissivities alone [12]. The source of high emissivity of solar
cells compared with bare silicon is to be found on the relatively
thin, but strongly absorbing, n+ and p+ doping layers. The use
of bare silicon emissivity data, which is generally lower than
0.25, as representative of the emissivity of real unencapsulated
solar cells (as in Refs. [2], [3]) is thus inaccurate.

Regarding the spectral dependence, both cells show de-
creasing emissivity with increasing wavelength, a behavior
commonly found in metallic materials, although pure metals
present much lower emissivity values [34]. This is consistent
with the dominant optical absorption mechanism in highly
doped silicon layers, which is free-electron based, but at much
lower concentrations than in metals [12]. The emissivity of
the BSF sample shows little temperature dependence in the
9 − 15 µm range, with a somewhat more significant evolu-
tion at longer wavelengths, still barely outside the standard
uncertainty range (depicted as a shaded area in Fig. 1). The
temperature evolution below 9 µm shows no clear sign and is
attributed to random variation. The spectra corresponding to
the IBC cell, on the other hand, do not show any significant
temperature evolution throughout the measured range. Never-
theless, these temperature-dependent measurements show that
the results are reproducible within the standard uncertainty.
This is to be expected, as this uncertainty is dominated by the
systematic inaccuracy in temperature measurement, which is
consistent for all measurements.

Besides, directional emissivity measurements were per-
formed between 10◦ and 80◦ every 10◦ at a representative
working temperature of 50 ◦C. Reported emission angles are
defined relative to the macroscopically flat samples. Thus,
they are defined without ambiguity, even if the texturing
of solar cells is often of the order of magnitude of the
wavelengths under study. This difference between local texture
and macroscopic geometry is taken into account in well-known
theoretical results, such as the Torrance-Sparrow model for
the bidirectional reflectance distribution function (BRDF) [35],
where the directional reflection is defined with respect to

Fig. 1. Normal spectral emissivity of (a) the BSF cell and (b) the IBC cell as
a function of temperature from approximately 30 to 50 ◦C. Shades correspond
to the standard uncertainties (coverage factor k = 1) of the curves at 50 ◦C,
which are very similar at all temperatures.

a coordinate system centered on the plane, but each of the
individual micro-facets of the surface texture has a different
orientation with respect to the plane. Fig. 2 depicts the results
for both cells, which present different angular dependences. On
the one hand, the BSF cell emissivity decreases with angle in
a similar fashion throughout the entire measured spectrum. On
the other hand, the IBC cell presents two different behaviors,
depending on the spectral range. For wavelengths shorter than
10 µm, the IBC cell emissivity decreases continuously with
angle, in a similar but less dramatic way to the BSF one.
However, for longer wavelengths (λ > 12 µm), the emissivity
increases up to 60-70◦ and then rapidly decreases at 80◦.
These behaviors can be appreciated in Fig. 3, where discrete
emissivity values for three different wavelengths are displayed
as a function of polar angle. The emissivity evolution seen
in the BSF cell and in the IBC cell at shorter wavelengths
is typically observed in dielectric materials while the IBC
cell has a long-wavelength dependence similar to the one that
metallic materials present, with an increase until high angles
(around 70-80◦) and a sudden drop-off. This could be due to
the smaller thickness of the IBC cell, which means that the
emission from the bottom metallic layer and back surface field
(which is considered to be the most important factor [12])
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Fig. 2. Directional emissivity spectra at 50 ◦C for (a) the BSF cell and (b)
the IBC cell. The code color in the legend applies to both subfigures.

is more pronounced. This may also be the reason why the
off-normal emissivities remain much higher throughout the
measured spectral range in this cell than in the BSF one.
Nevertheless, it is well known that the emissivity of multilayer
materials can present features that depend in a complex
manner on wavelength and angle, which are not trivially linked
to the optical properties of the main individual components
[36]. More precise statements require an in-depth evaluation
of the structure of each cell and the optical properties of each
of its components, followed by numerical simulations. These
topics are beyond the scope of the present work.

A comparison between the direct and indirect measure-
ments, obtained with an integrating sphere, is shown in Fig. 4.
A temperature of 50 ◦C has been chosen for the direct
measurements in this comparison, as these curves are the
most accurately measured, and no significant temperature
dependence has been observed (Fig. 1). The results show
relatively good agreement between both methods. This is an
encouraging result since it validates the capabilities of direct
emissivity measurements in this temperature range. In fact, the
uncertainties obtained for the integrating sphere increase more
rapidly for longer wavelengths (λ > 18 µm). Together with
the possibility of measuring at working temperature and at
different emission directions, the evidence suggests that direct

Fig. 3. Directional spectral emissivities at 50 ◦C for three discrete wave-
lengths (8, 12 and 16 µm) for the BSF cell (solid lines) and the IBC cell
(dashed lines).

methods are an appropriate alternative for the characterization
of high-emitting materials near room temperature.

Finally, the spectral emissivity curves obtained at 50 ◦C
are integrated in wavelength and solid angle to obtain the
total normal and total hemispherical emissivities (εN , εH ).
To integrate along the entire electromagnetic spectrum, data
outside the reliably measured spectral range (5−23 µm) need
to be extrapolated, as radiation outside that range accounts for
a significant portion of the emitted radiation by a blackbody
at temperatures around 50 ◦C. As the curves decrease mono-
tonically, an upper and a lower limit of the emissivity values
outside the measure range are taken [31]. These limits ensure
an unbiased estimation of the uncertainty calculated for the
total hemispherical emissivity values.

Due to the angular limitation of the indirect method, a com-
parison between total hemispherical emissivity values obtained
by each method is not possible in principle. However, total
hemispherical values may be estimated following the proce-
dure described in Ref. [28]. An optical parameter A = εH/εN
is calculated from the electromagnetic theory, and tabulated
as a function of the total normal emissivity. The correlation
between the total normal and total hemispherical emissivities
has been obtained from Ref. [34] for two limits: a perfect
insulator (extinction index k = 0) and a good conductor
(k = n, the real part of the refractive index). While the former
approximation gives a factor of 0.96 for normal emissivities
around 0.8, the latter gives a factor of 0.9. Because these cells
show an intermediate behavior between these two situations,
each approximation is given as a limit for the possible value
of the total hemispherical emissivity. The results are shown in
Table I for an assumed temperature of 50 ◦C. The temperature
evolution is much lower than the experimental uncertainty, so
it has been neglected. It can be seen that, although there is
a certain agreement between both methods for determining
the total normal emissivity, discrepancies arise when consid-
ering off-normal angles, due to the non-ideal nature of the
material surface and its multi-layered structure. This renders
approximations based on basic theoretical relations inaccurate.
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Fig. 4. Comparison of the normal spectral emissivity measured by the direct
(50 ◦C) and indirect methods for (a) the BSF cell and (b) the IBC cell. Shaded
regions correspond to the standard uncertainties (k = 1).

TABLE I
CALCULATED TOTAL NORMAL AND TOTAL HEMISPHERICAL EMISSIVITIES

AND THEIR STANDARD UNCERTAINTIES (k = 1) FOR BOTH THE DIRECT
AND INDIRECT METHODS, BOTH WEIGHTED BY BLACKBODY RADIATION
CORRESPONDING TO A TEMPERATURE OF 50 ◦C. ∗ : ESTIMATED USING
THE NUMERICAL FACTORS 0.9 AND 0.96, AS DESCRIBED IN THE TEXT.

Sample Direct Indirect
BSF εN 0.711± 0.047 0.772± 0.038

εH 0.622± 0.048 [0.695, 0.741]∗

IBC εN 0.789± 0.050 0.803± 0.044

εH 0.795± 0.052 [0.723, 0.771]∗

Interestingly, the indirect estimations of εH show upward and
downward bias for BSF and IBC, respectively. The role of off-
normal angles is crucial, as they not only control most of the
radiation emitted by the cell, but also most of the absorption
of atmospheric radiation in radiative cooling applications [8].

It is worth noting that the emissivities of unencapsulated
cells do not directly impact standard photovoltaic applications,
given the opacity of the encapsulating glass in the mid-
infrared. However, these reference values can still be useful for
more complex geometries, such as photovoltaic-thermal [17]
or building-integrated systems [19], where the direct emission
from the silicon cell must be taken into account. Moreover,

these measurements serve to illustrate the usefulness of the
direct method for the characterization of materials for near-
room-temperature applications. In the following section, a
brief comment on how to use these values to estimate potential
radiative cooling gains is exposed.

B. Radiative cooling potential

The measured emissivities and absorptances of the cells
can be used to estimate their heat balance in operation,
to determine reference values of temperature and efficiency
which radiative cooling approaches can be compared to. It
has been assumed in the literature that the unencapsulated cell
sets the standard for the hottest configuration, due to the low
emissivity of bare silicon [2], [3]. Nevertheless, the emissivity
of unencapsulated cells has been shown to be much larger
than what is conventionally assumed (due to the influence of
the highly doped layers [12]). Therefore, the availability of
directional values for the emissivities of the cells motivates
an estimation of the potential of radiative cooling for these
materials.

Due to the large thermal conductivities of silicon and
aluminum and the low thicknesses of the unencapsulated
cells, an isothermal approximation can be used. Under such
approximation, the heat balance can be approximated by:

PS + Patm = Pel(T ) + Prad(T ) + Pcon(T ) (1)

where T is the isothermal cell temperature for which the above
balance holds, and each power term P (solar, atmospherical,
electrical, radiative and conductive-convective) is defined as
following:

PS =

∫
(1 −R(λ, 0◦))IS(λ)dλ = αSIS (2)

Patm =

∫
dΩ cos θ

∫
ε(λ, θ)(1 − τ(λ))1/ cos θLb(λ, T )dλ

(3)

Prad =

∫
dΩ cos θ

∫
ε(λ, θ)Lb(λ, T )dλ = εHσT

4 (4)

Pcon = h(T − T0) (5)

where IS is the solar irradiance, R(λ, 0◦) is the normal-
hemispherical reflectivity measured using a UV-Vis-NIR spec-
trophotometer, ε(λ, θ) is the directional emissivity determined
using the FTIR-based HAIRL radiometer, Lb(λ, T ) is the
spectral radiance of a blackbody, and τ(λ) is the normal
transmittance of the atmosphere, as reported in the literature
[37], [38]; while h corresponds to the heat transfer coefficient
of the entire cell, including both the bottom and top surfaces
(h = h1 + h2).

The electrical power, corresponding to the useful absorbed
solar energy, is sometimes estimated from the Shockley-
Queisser limit [9], [39], [15]. In this case, this term is
computed from the efficiency and temperature coefficients of
the cells:

Pel(T ) = η(T )IS = ηSTC [1 − β(T − 298.15)]IS (6)
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where η is the solar cell efficiency, STC denotes Standard
Testing Conditions, β stands for the temperature coefficient,
and T is the absolute temperature.

The directional spectral emissivity of the atmosphere can
be obtained from its tabulated transmittance in the zenith
direction [8]. The Cerro Pachon spectrum corresponding to
the standard AM1.5 air mass and a water column height of
10.0 mm have been assumed as representative [37], [38].
This water vapor content, which is the highest humidity value
available in the reference, is representative of relatively dry
areas [40] and similar to the one assumed in the AM1.5
solar irradiance standard (14.2 mm). For wetter areas, the
secondary transmission window (16-26 µm) will disappear
and the emissivity in the main 8-13 µm transparency window
will also increase, thus significantly affecting radiative cooling
potentials [41]. These situations are neglected in this work for
simplicity.

The equilibrium temperatures are obtained by finding the
root of Eq. 1 using the secant method, for each set of
independent variables and a starting temperature of 30 ◦C.
More sophisticated modeling of these features can be obtained
by several methods, namely those based on the radiative-
transfer equation, electromagnetic simulations, and multiphys-
ical approaches [2], [42]. Nevertheless, simple heat-transfer
models can be useful approximations to understand the effects
of solar cell emissivity.

The equilibrium temperatures are shown in Fig. 5a, while
the absolute gains in temperature and efficiency are repre-
sented in Fig. 5b. A solar irradiance value of 800 W/m2

and an ambient temperature of 27 ◦C were chosen, following
Ref. [2]. All optical and electrical parameters aside from
the emissivity (solar absorptance, conversion efficiency, and
temperature coefficient) are kept constant at realistic values for
all three curves (αS = 0.92, η = 20.0%, β = −0.04 %/◦C).
This is purposefully made to avoid comparisons between the
performances of each cells and to illustrate the effect of
the emissivity on cooling. As expected, the sample with the
lower emissivity (BSF) benefited the most from the addition
of a perfect emitter in terms of both temperature reduction
and efficiency increase. Very significant radiative cooling
figures can be obtained for both cells, but only in the cases
of extremely low non-radiative heat dissipation. For heat-
transfer coefficient values below 10 W/m2◦C, the BSF cell
can reach radiative cooling values greater than 10 ◦C and
absolute efficiency gains reaching 1%, consistent with several
claims based on numerical simulations and the experiment
in Ref. [3], which reaches a maximum cooling value of 13
◦C. It must be noted that the emissivity of the bare cell
used in the latter work only simulates a real solar cell, and
thus its emissivity is much lower than the ones in our study.
This is the reason why such large cooling values are only
found in our model for low heat-transfer coefficient values,
corresponding to conditions that are unlikely to be found in
terrestrial environments. Even considering an already modest
value of h = 10 W/m2◦C, the cooling effect for the BSF
architecture when coated with a perfect infrared emitter is 6.4
◦C, and only 3.8 ◦C for the IBC cell. These values translate
into estimated potential absolute efficiency gains of 0.51% and
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Fig. 5. (a) Estimation of the equilibrium temperatures of the bare cells and
those coated with a perfect diffuse emitter in the infrared. Only the emissivity
of the cells is varied in the simulations, in order to isolate its effect. (b)
Absolute radiative cooling (left, solid lines) and the associated efficiency gain
(right, dashed lines). Solar irradiance and environment temperature are fixed
at representative values (IS = 800 W/m2, T0 =27 ◦C), while the strength
of conductive-convective heat transfer mechanisms is allowed to vary.

0.31%, respectively. These constitute marginal improvements,
particularly considering that for, the vast majority of practical
applications, the cells are encapsulated by silicate glasses,
with much higher emissivities in the mid-infrared. Therefore,
such kinds of analysis starting from bare-cell emissivities lead
intrinsically to overestimated cooling figures. However, for
special cases where unencapsulated solar cells are used and
non-radiative heat losses are limited, this framework provides
a potential efficiency-increasing route.

IV. CONCLUSIONS

This work reports on a comparison and validation of di-
rect emissivity measurements for the study of the radiative
properties of solar photovoltaic cells. The emissivities of both
unencapsulated cells are much higher than that of bare silicon,
because of the presence of highly doped regions. Even though
their spectral dependence in the normal direction is similar, im-
portant differences are observed at higher angles of emission.
The direct measurement method, which is often considered
too unreliable for these applications because of their low
temperatures, is shown to be accurate down to temperatures
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very close to those of the enclosure, the fundamental limit of
this method. These measurements are also intrinsically useful,
as they provide temperature-dependent and angle-resolved data
for all kinds of surfaces, which allows calculating their total
hemispherical emissivity. They can also provide more in-depth
analyses of the infrared properties of these materials, and
how the different components affect the overall emission. This
information is relevant for thermal modeling of select pho-
tovoltaic applications in which the unencapsulated surface is
responsible for thermal emission, as well as to establish more
reliable benchmarks for estimating potential radiative cooling
gains. A simplified heat-transfer model based on these data
allowed estimating the potential degree of radiative cooling
of these cells, which was small but potentially important in
certain applications. To be of greater industry relevance, future
work should focus on the effects of encapsulation, given its
potential of concealing the emissivity of the bare cells, as
well as the long-term reliability of the cells and their optical
properties.
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