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ABSTRACT: Spectrally selective mirrors that simultaneously provide above-bandgap
antireflection and sub-bandgap light rejection are tested for their ability to provide passive
cooling to partially sub-bandgap transparent bifacial photovoltaics. The optical and thermal
benefits of both idealized and real, low-complexity spectrally selective mirrors on single-axis
tracking, bifacial PERC arrays under realistic conditions are tested via rigorous finite element
simulations. Four- and six-layer mirror designs increased carrier generation beyond what
traditional antireflection coatings can provide without the associated cell heating. Idealized
mirrors were found to provide up to 2.4 °C of cooling when included on both air/glass interfaces
of the bifacial module.
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Bifacial photovoltaics (bPVs) are expected to gain a
significant market share over the next several years,

driven by their increased power generation and comparable
cost relative to monofacial photovoltaics (mPVs).1−3 The rear
face of a PERC solar cell can be readily opened to enable the
collection of photons,4 resulting in a 10%−30% increase in
energy yield.5 Placing bPVs in single-axis tracking arrays can
further increase energy production and lower the levelized cost
of energy.3,6,7 Unfortunately, bPVs can also operate at hotter
temperatures than mPVs:8 monofacial Si PVs routinely operate
20−30 °C above ambient temperature,9 and adding high
fractions of rear irradiance can increase the operating
temperature further. Elevated temperatures lead to an
instantaneous efficiency decrease through a −0.3 to −0.4%/
K temperature coefficient and reduce the operating lifetime of
the module.10 Numerous strategies11 have been considered to
provide thermal management for mPVs including water,12

evaporative cooling,13 phase change materials,14 desiccants,15

radiative cooling,16 and selective reflectors.17−20 However,
many of these strategies may not be compatible with bPVs, and
studies on the optical and thermal management of the rear side
photons are needed. In this Letter, we investigate spectrally
selective mirrors for light management in bifacial, single-axis
tracking photovoltaics under realistic operating conditions.
The spectrally selective mirrors were designed to increase

the power output by simultaneously increasing carrier
generation via above-bandgap antireflection (optical benefit)
and decreasing cell temperature via sub-bandgap reflection
(thermal benefit),18 as schematically depicted in Figure 1a.
Much of the elevated operating temperature in Si modules
arises from the parasitic absorption of sub-bandgap light,
frequently in the back-contact of the cell. In monofacial
modules, spectrally selective mirrors prevent sub-bandgap
sunlight from entering the cell and reduce the operating

temperature.11,18,19 In a bifacial module, however, sub-bandgap
light can also be transmitted; the addition of a spectrally
selective mirror to the rear that reflects sub-bandgap light
could also lead to detrimental trapping of infrared radiation.
Therefore, it is unclear if the addition of a spectrally selective
mirror on the rear face will actually decrease the operating
temperature.
The test cell used in this report was a 20.6% efficient

commercial bifacial PERC cell with 46% bifaciality (section S1,
Figures S1−S3). The optical response of the test cell was
modeled by using ray tracing simulations21 that closely
matched experimental reflection and transmission measure-
ments (Figure S4). We used two different methods to calculate
the optical and thermal benefits (sections S2−S4). Briefly,
both methods start with a SMARTS222,23 integrated version of
NREL’s Bifacial View Factor Model24 to generate time,
wavelength, and angle of incidence resolved irradiance data
on both faces of the single-axis tracking array over a typical
meteorological year. These results where then either directly
fed into a finite element model based on NREL’s
TOMCAT11,25 or used in a simplified time-independent
model analogous to a previously published method.19 The
simplified study discussed below and realistic mirror
optimization utilized the time-independent model, while all
other results were obtained with the more rigorous finite
element simulations. The baseline for all optical and thermal
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benefit calculations was an uncoated bifacial PERC module
under identical conditions.
To gain initial insight into the optical and thermal benefit of

this approach for bPVs, idealized spectrally selective mirrors
were modeled on either the front only or both the front and
rear air/glass interfaces of the test module. Ideal mirrors were
defined as having unity transmission at wavelengths shorter
than 1160 nm and unity reflection at longer wavelengths. In
this simplified first test, AM1.5G spectral distributions26 were
normally incident on the front and rear faces of the module.
The 1 sun standard irradiance of 1000 W/m2 was held
constant on the front while the irradiance incident on the rear
face varied from 0 to 1000 W/m2. The 1000 W/m2 rear
irradiance is significantly larger than the 130−140 W/m2

expected under 1 sun test conditions,27 but the simulations
were extended to these high levels of rear irradiance to better
highlight the physics of the system.
Figures 1b and 1c show that the addition of a spectrally

selective mirror enhances the energy yield of the bifacial
module relative to the unmirrored baseline module. The
optical benefit in the case where a mirror is applied only to the
front side decreases rapidly with increasing rear irradiance. The
front mirror only provides antireflection to light incident on
the front face, which becomes an increasingly small percentage
of the overall irradiance incident on the module. The optical

benefit decrease between the 0 and 1000 W/m2 rear irradiance
cases is significant but is notably not a factor of 2. This is due
to the test cell’s low bifaciality (46%), making the acceptance
of rear side incident radiation less impactful than front side
irradiance. When mirrors are applied to both faces, the optical
benefit is better maintained, though a slight decrease is
observed which is also attributed to low bifaciality.
The case of zero rear irradiance is of particular interest,

where the front-only configuration has a larger optical benefit
than the case with mirrors on both faces. This is due to the
optical coupling of the rear mirror to light between 1000 and
1160 nm incident on the front face. At these wavelengths,
sunlight is not completely absorbed in a single pass. Without a
rear mirror, this light may be reflected back into the cell by the
rear air/glass interface, increasing carrier generation. With the
rear mirror, which is an ideal antireflection coating at these
wavelengths, all sunlight that is not trapped by total internal
reflection exits the module, decreasing the possible amount of
carrier generation. This detrimental optical coupling is also
present for 1000−1160 nm light incident on the rear face, but
its effect on optical benefit is small under most operating
conditions (<0.05% absolute).
Including a coating with antireflection properties above the

bandgap typically leads to elevated operating temperatures due
to the additional parasitic and photothermal losses. Here, this
temperature rise is outweighed by the sub-bandgap reflection,
even though the baseline is partially transparent to sub-
bandgap radiation (Figure 1c). The inclusion of an idealized
spectrally selective mirror results in a 1.1% thermal benefit
under front side AM1.5G irradiance, corresponding to a cell
cooling of 2.7 °C. As the rear irradiance increases, including a
mirror at the rear air/glass interface further increases the
thermal benefit due to the increase in total sub-bandgap power
reflected from the module. Omission of this rear mirror results
in a slight decrease in thermal benefit with increasing rear
irradiance. This arises from the optical coupling of the front
mirror to the light incident from the rear face; while the unity
sub-bandgap reflection of the mirror prevents sub-bandgap
parasitic absorption of light incident on the front face, it also
traps sub-bandgap radiation incident from the rear, increasing
the parasitic absorption of light.
To study how realistic mirrors perform under real-world

conditions, four- and six-layer spectrally selective mirrors were
designed for a single-axis tracking system in Golden, CO, over
the standard “light soil” ground coverage defined in the
AM1.5G specifications.26 Mirror compositions can be found in
section S5. These low-complexity designs require significantly
fewer deposition steps than many spectrally selective mirror
designs previously proposed that are tens of layers
thick.17−19,28,29 Notably, the low number of degrees of freedom
in these low-complexity designs forced the front and rear
mirrors to converge to the same solution, even though they
were independently optimized. The mirrors’ reflection spectra
relative to a bare air/glass interface are shown in Figures 2a
and 2b. As expected, both designs exhibit above-bandgap
antireflection and sub-bandgap enhanced reflection. While
some angular dependence of the mirror’s spectral response is
unavoidable in these low-complexity designs, the mirrors
largely maintain the angle of incidence invariance seen for
optimized mirrors designed for fixed axis systems.18,19 A
standard 99 nm thick antireflection coating (ARC)30 was also
simulated as a reference (Figure S7).

Figure 1. (a) Schematic of the bifacial module with spectrally
selective mirrors on both air/glass interfaces. (b) Optical and (c)
thermal benefits of an ideal spectrally selective mirror placed on either
only the front or both air/glass interfaces with varying rear irradiance.
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We then considered the spectral albedo of other ground
coverages by modeling six real ground albedos in the
SMARTS2 library (asphalt, green grass, light soil, concrete,
white sand, and snow)22,23 as well as wavelength-independent
albedos ranging from perfectly absorbing to perfectly reflecting
ground (Figure S8). Figures 2c and 2d display the optical and
thermal mirror benefit for each ground coverage/mirror
combination. The dashed lines represent results from
simulations with wavelength-independent albedo, and the
points represent the results of the simulations with spectral
ground albedos, which were converted to a single value by
using eq 1.

albedo albedo( )AM1.5G( ) d / AM1.5G( ) dWI ∫ ∫λ λ λ λ λ=

(1)

Figure 2c shows that when mirrors are placed only on the front
face, the optical benefit decreases with increasing ground
albedo due to the increasing percentage of rear irradiance
(Figures S9 and S10). This optical benefit can be preserved,
however, with the inclusion of a rear mirror. The added benefit
of the rear mirror also increases due to the increasing amount
of rear irradiance. Finally, Figure 2c highlights the four- and
six-layer mirrors’ superior above-bandgap antireflection
compared to the more traditional ARC, as observed by the
constant 0.2% and 0.6% respective optical benefit increases.
Figure 2d shows the effect of different types of ground cover

on the thermal benefit. The mirrors block ∼20% of sub-
bandgap radiation, which is not enough to generate significant
module cooling but is sufficient to compensate for the
increased heat generation that accompanies above-bandgap
antireflection. Thus, these mirrors act as thermally aware
antireflection coatings, thermally outperforming traditional
ARCs while providing additional optical benefit. In contrast to
the results shown in Figure 1c, the use of imperfect sub-
bandgap reflectors on both faces of the module has an adverse
effect on thermal performance. We attribute this to the

trapping of sub-bandgap light admitted through the front face
of the module. Replacing the rear mirror with a traditional
ARC can eliminate the light trapping effect, resulting in a
reduced thermal penalty at low levels of rear irradiance at the
cost of a reduced optical benefit (Figure S11). These
counteracting effects cause the overall system benefit change
to be within the uncertainty of the calculations when the rear
mirror is replaced with a single layer ARC under most realistic
conditions.
The spectral nature of the ground did not significantly affect

the optical and thermal benefits for any of the mirror/ground
configurations, with the exception of the increased thermal
penalty when the spectrally selective mirrors were placed on
both faces and over snow (albedoWI = 0.74). Snow’s spectral
albedo has high above-bandgap and low sub-bandgap
reflectance and thus acts as a sub-bandgap filter for light
incident on the rear face. The rear spectrally selective mirrors
can still provide above-bandgap antireflection but are no longer
able to compensate for the increases in cell parasitic and
photothermal losses with sub-bandgap reflection, as observed
by the increase in thermal penalty.
To study the effects of changing geographic location, the

single-axis tracking field, originally in Golden, CO, was
modeled in 11 additional US cities with varying climates
ranging from Anchorage, AL, to Honolulu, HI (Table S3). As
the geographic location changes, several important factors
affect the module’s thermal and optical environments (Figure
S12). First, varying location affects the intensity and spectral
distribution of light incident on the solar array. Additionally,
the angular distribution of light received on the front face
varies with latitude. As latitude increases, the single-axis
tracking modules generally receive irradiance at higher angles
of incidence. Lastly, each location has different temperatures
and wind speeds, which affect the radiative and convective heat
transfer of the modules with the surroundings.

Figure 2. Angle-resolved reflection spectra of the (a) four- and (b) six-layer mirrors relative to glass. (c) Optical and (d) thermal benefits of the
spectrally selective mirrors and traditional ARC when placed on either the front only or both air/glass interfaces. Mirror benefits calculated with
spectral albedo are denoted by points while wavelength independent albedo is denoted in dashed lines.
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Figure 3 shows the optical and thermal benefits that are
predicted for ideal mirrors in these different locations. As the
latitude increases, the optical benefit increases because the
ideal above-bandgap antireflection becomes increasingly
beneficial at large angles of incidence. An uncoated air/glass
interface has ∼4% reflectance at normal incidence, placing an
upper limit for optical benefit at normal incidence (see 0 rear
irradiance condition of Figure 1b). As the incident light moves
off normal, air/glass reflection increases as dictated by Fresnel’s
equations, increasing the potential benefit of an omnidirec-
tional antireflection coating.
The thermal benefit in the idealized case is correlated with

the contraharmonic mean irradiance incident on the module,
as sub-bandgap reflection cooling is directly linked to the
amount of incident sub-bandgap radiation. However, there is
some scatter in the relationship, as the thermal benefit is also a
function of ambient temperature and wind speed that affect the
ratio of convective to radiative heat transfer. The contra-
harmonic mean irradiance is defined by eq 2:

t t

t t
Irr

Irr ( , , ) Irr ( , , ) d

Irr ( , , ) Irr ( , , ) d
t

t
mean

Front Rear
2

, Front Rear

{ }∫
∫

θ λ θ λ λ

θ λ θ λ λ
=

∑ ∑ [ + ]

∑ [ + ]
θ

θ

(2)

where IrrFront,Rear(t,θ,λ) is the time, angle, and wavelength
resolved irradiance incident on the front or rear face found by
using our view factor model (section S3). The contraharmonic
mean was used over the more traditional arithmetic mean to
exclude nighttime hours from the averaging. The maximum
thermal benefit of 0.95% occurred in the sunniest location
tested, Phoenix, AZ, with ideal mirrors located at both front
and rear air/glass interfaces. This corresponds to a module
temperature reduction of ∼2.4 °C and provides an
approximate upper limit for sub-bandgap reflective cooling

for bPVs under realistic conditions. Figure S13 shows the
complementary data set.
The additional optical benefit provided by the rear mirror

was found to be directly proportional to the rear/front
irradiance ratio (Figure 4a). The y-axis of Figure 4a refers to
the power increase from to the above-bandgap antireflection
when the rear mirror is added. The rear mirror added thermal
benefit had the opposite trend, linearly deceasing with rear/
front irradiance ratio (Figure S14). To understand these
opposite trends, it is important to consider the differing factors
that lead to optical and thermal mirror benefits. The optical
benefit a mirror provides is proportional to the percentage of
above-bandgap photons that are transmitted into the cell by
the improved antireflection coating. The thermal benefit, on
the other hand, is proportional to the total sub-bandgap power
blocked by the mirror. Even though the percentage
contribution decreases, the magnitude of rear irradiance
increases with total irradiance, resulting in the positive linear
correlation between mean rear irradiance and added thermal
benefit shown in Figure 4b. A similar data set for the four- and
six-layer mirrors is shown in Figure S15.
As increasing numbers of bifacial modules are deployed,

light management strategies are becoming ever more
important. This Letter investigates how spectrally selective
mirrors placed either at the front interface or both the front
and rear air/glass interfaces of a bifacial PERC module can be
used to enhance energy yield. We find that placing mirrors only
at the front interface is sufficient for low rear irradiance
conditions, but the added benefit of a rear spectrally selective
mirror grows as the ground’s albedo increases, with the spectral
nature of the ground albedo only playing a minor role.
Coupling between mirrors for long-wavelength light leads to
detrimental effects such as sub-bandgap light trapping and
above-bandgap light rejection, but these effects are secondary

Figure 3. Location effects on mirror benefit for ideal mirrors. (a) Optical benefit vs site latitude. (b) Thermal benefit as a function of the
contraharmonic mean irradiance incident on the module.

Figure 4. Location effects on rear mirror added benefit for ideal mirrors. (a) Rear mirror added optical benefit vs rear/front irradiance ratio. (b)
Rear mirror added thermal benefit as a function of the contraharmonic mean irradiance incident on the module’s rear face.
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compared to the benefit the mirrors provided for all but the
limiting cases. Lastly, the mirror benefit was also tested as a
function of geographic location. As site latitude moves away
from the equator, the optical benefit potential increases due to
an increase in off-normal front irradiance. The thermal benefit
depends not only on the site’s sunniness and absolute rear
irradiance but also on varying convective cooling due to
differences in wind.
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