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High Albedo Daytime Radiative Cooling for
Enhanced Bifacial PV Performance
Abstract: We present a radiative cooling material ca-
pable of enhancing albedo while reducing surface tem-
perature, specifically tailored for application as an ar-
tificial groundcover placed between rows of bifacial so-
lar panels. Electrospinning a layer of polyacrylonitrile
nanofibers, or nanoPAN, onto a polymer-coated silver
mirror yields a total solar reflectance of 99% (albedo
of 0.96) and a thermal emittance of 0.80. The com-
bination of high albedo and emittance is enabled by
wavelength-selective scattering induced by the hierar-
chical morphology of nanoPAN, which includes both
thin fibers and bead-like structures. During outdoor
testing, the material outperforms the radiative cooling
power of a state-of-the-art control by ∼20W/m2 and
boosts the photocurrent produced by a commercial sili-
con cell by up to 6.4mA/cm2 compared to sand. These
experiments validate essential characteristics of a high
albedo groundcover with promising potential applica-
tions in thermal and light management of fielded bifa-
cial panels.
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1 Introduction

Regulating the temperature and diffuse light lev-
els around fielded solar panels offers an opportunity
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to improve the performance and lifetime of exist-
ing and future photovoltaic (PV) installations. Solar
heating significantly degrades both the efficiency (by
∼0.4% ∘C−1) and lifespan (by ∼7% ∘C−1) of solar
panels [1]. Meanwhile, a large fraction of sunlight that
is incident on the overall area of the solar installation
remains unused. Even minor improvements in the per-
formance of fielded panels can vastly impact the global
energy system, given the expected multi-terawatt de-
ployment of solar PV [2]. Tracking and bifacial PV
technologies, which are being increasingly deployed in
utility-scale solar installations, stand to particularly
benefit from such thermal and light management.

Engineering the optical and thermal properties of
the materials beneath and around the PV panels is
gaining interest as a way to improve illumination and
reduce panel temperatures. Research in agrivoltaics
has shown that crops can reduce the local air tem-
perature at the PV site, thereby reducing panel tem-
peratures by up to 10 ∘C [3]. Meanwhile, simulations
indicate that replacing natural groundcovers with ar-
tifical ground reflectors should substantially improve
power output and energy yield of bifacial PVs [4–6].
Increasing ground albedo from 0.25 (typical for natu-
ral groundcover) to 0.50 can increase average bifacial
electricity yields by 20% (global average) [4]. Reach-
ing the highest bifacial gains requires optimizing the
elevation and orientation of bifacial panels depending
on latitude and albedo. Nonetheless, the promise of
improved yields, easier cleaning (in a vertical orienta-
tion), and compatibility with leading PV technologies
has driven growing interest in bifacial PV. That growth
also motivates efforts to increase ground albedo and
shape the landscape of the solar field [7].

Regarding thermal management, radiative cooling
has emerged as a promising means of passively regu-
lating temperature, with various applications ranging
from energy savings in buildings [8] to atmospheric
dew harvesting [9, 10] and enhancing personal ther-
mal comfort [11, 12]. Daytime radiative cooling has
been achieved by combining very high solar reflec-
tion (>90%) with good thermal emission, specifically
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within the atmospheric transparency windows (8 µm
to 13 µm and 16 µm to 28 µm) [13, 14]. Given that
peak solar irradiation (∼1000W/m2) imparts about
10 times more heat than can be rejected by radiative
cooling alone (∼100W/m2), a 1% increase in solar re-
flectance can lead to a 10W/m2 net gain in cooling
power [15,16]. This insight has made suppressing solar
heating a top priority, with various approaches such
as multilayer emitters [17–20], particle-based coatings
[21–27], and transparent insulating covers [28–34] used
to achieve high solar-weighted reflectance (SR) [35,36].
Nonetheless, few approaches attain very high radia-
tive cooling while providing the high albedo desired
for redirecting sunlight toward bifacial panels. Further-
more, glare is an issue with many existing radiative
coolers which can hinder the adoption of solar tech-
nologies [37–39].

Here, we fabricate and investigate materials with
a combination of high albedo and excellent radiative
cooling performance for potential use as an artificial
groundcover in bifacial solar installations. Figure 1
shows representative images of the structure which was
fabricated by coating a silicon wafer with a thin layer of
silver as the back reflector (mirror), polydimethylsilox-
ane (PDMS) as the thermal emitter layer, and elet-
rospun polyacrylonitrile nanofibers (nanoPAN) as the
high aldebo layer. Though other methods such as phase
separation [32], phase-inversion [28, 33], and sacrificial
particle templating [31] can be used to fabricate porous
polymer films, electrospinning provides excellent con-
trol over the morphology and polydispersity at length
scales relevant to solar radiation [23, 29, 30]. The ap-
plied nanoPAN layer enhances reflectance in the ultra-
violet (UV) and near infrared (IR) regions, resulting
in a total solar-weighted reflectance of 99± 0.5%. Ra-
diative cooling tests under clear sky conditions in Ann
Arbor, MI, show temperature reduction and cooling
power enhancements of ∼3 ∘C and ∼20W/m2, respec-
tively, compared to the polymer-mirror control (with-
out nanoPAN). The control is intentionally similar to
an emitter that achieved state-of-the-art daytime ra-
diative cooling performance under clear sky conditions
in California [20], including cooling to 8 ∘C below am-
bient and a cooling power of ∼127W/m2 at ambient.
Furthermore, replacing sand with the nanoPAN-based
groundcover increases the photocurrent produced by
a ground-facing latitude-tilted commercial silicon cell
up to 6.42mA/cm2. This result corresponds to an es-
timated 18% enhancement relative to the output of
a typical silicon cell. Overall, the results shown here
demonstrate the effectiveness of nanoPAN in enhanc-

Fig. 1: (A) Radiative cooling artificial groundcover featuring
a layer of electrospun beaded nanofibers (nanoPAN) and (B)
polymer-mirror control representing a state-of-the-art specular ra-
diative cooler.

ing radiative cooling and backside illumination. It is
important to note that these functions of the material
are demonstrated separately and at the scale of an indi-
vidual cell in this proof-of-concept study. To evaluate
the effects of the artificial groundcover on the work-
ing temperatures and energy yields of bifacial panels,
future field testing in utility-scale installations is nec-
essary. Specifically, additional field research is needed
to assess the impact of ground-surface temperatures
and albedo on the microclimate at the PV site and the
panel temperatures. There is not enough information
in literature to empirically estimate this effect, partic-
ularly across a broad range of climates and field types.

2 Materials and Methods

2.1 Fabrication

The back reflector (10 nm Ti / 150 nm Ag) is deposited
by electron beam deposition onto a 4 in Si wafer. The
thermal emitter layer (1500 nm polydimethylsiloxane,
Dow Sylgard 184 ) is added by spinning coating and
cured for 15 minutes at 150 ∘C. The nanoPAN layer is
deposited as previously [30] using a home-built elec-
trospinning setup. The fiber morphology is optimized
by controlling spinning parameters and the quantity
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of PAN in solution. PAN powder (Polysciences Inc.)
with an average MW of 200, 000 is if fully dissolved
in dimethylformamide (Sigma) at 6wt% concentration
by mixing overnight at 40 ∘C to 50 ∘C. The solution is
loaded into a syringe with a 25-gauge blunt tip needle
and placed in a syringe pump to ensure a constant flow
rate. The PAN solution is electrospun at a flow rate of
0.4mLh−1 and stage height of 11.5 cm for 80min.

2.2 Radiative cooling measurements

Outdoor radiative cooling performance is evaluated as
previously [30] using a custom rooftop test station in
Ann Arbor (MI, USA). A transparent polyethylene
convective cover is used to shield the samples from
the wind. The variation of the global horizontal ir-
radiance, on-site ambient temperature (measured us-
ing a shaded temperature logger adjacent to the sam-
ples, see [30] for details), and sample temperature is
monitored throughout the tests. The reported cool-
ing power of the nanoPAN sample is determined us-
ing outdoor measurements of its temperature with and
without a constant heat input. The heated setup is
identical to the stagnation temperature measurement
except that a resistive heater is adhered to the sam-
ple with nanoPAN. Constant power is supplied to the
heater and the resulting temperature of the sample is
measured. This temperature along with the stagnation
temperature is used to calculate the heat transfer co-
efficient (HTC) between the sample and the ambient,
which is in turn used to find the cooling power at am-
bient temperature throughout the day. The assump-
tion of a constant HTC is justified by the narrow tem-
perature range (less than 10 ∘C). That HTC valueThe
cooling power of the control is calculated using , along
with its corresponding measured stagnation tempera-
ture. Differences in HTC are neglected because of the
similarity in insulation and thermal emittances of the
sample and control.

2.3 Backside illumination tests

Commercial silicon photovoltaic cells (SunPower,
Me1) are mounted on a sand covered surface with an
albedo value of approximately 30%, which is close to
the Earth’s average albedo. The orientation of the pho-
tovoltaic cells is set to 42∘ tilt angle (local latitude
of Ann Arbor, MI, USA). The distance between the
bottom edge of the PV cell and the edge of the cir-

cular groundcover is 5 cm. The open-circuit voltage,
𝑉OC, generated by the PV cells with and without a
10 cm-diameter circular nanoPAN groundcover is mea-
sured by a multimeter. The photovoltaic cells used in
the tests are monofacial with the front surface (blue)
facing true north (ground). The ground-facing monofa-
cial cell mimics the backside of a bifacial solar cell and
serves to determine a representative measure of the
added photocurrent resulting from the higher ground
albedo, which is the primary goal of this experiment.
The measured voltage is averaged over three 20min

periods, corresponding to 3 hours before solar noon,
solar noon, and 3 hours after solar noon.

Based on the experimentally measured 𝑉OC values,
the 𝐼L is calculated using a single diode approximation
given by:

𝐼L = 𝐼0(𝑒
𝑞𝑉OC
𝑛𝑘𝑇 − 1) (1)

where 𝐼0 is the dark saturation current, 𝑛 is the
ideality factor, 𝑘 is the Boltzmann constant, 𝑇 is tem-
perature of PV cell, and 𝑞 is electron charge. 𝐼0 and 𝑛

are determined by fitting variable-illumination current-
voltage curves using established procedures [40], which
yields 𝑛 = 1.4 and 𝐼0 = 1.118(10−7)A.

3 Results and Discussions

3.1 Radiative properties of nanoPAN

The variation of the total reflectance versus wavelength
for the nanoPAN groundcover (nanoPAN/PDMS/Ag)
and mirrored control (PDMS/Ag) are shown in Figures
2A and 2B. The results for the control show lower re-
flectance starting around 0.5 µm and an overall SR of
97%. The addition of the nanoPAN layer increases the
total solar reflectance to 99%. Substantial increases in
reflectance are observed at wavelengths below 0.5 µm
and between 1.4 µm to 2 µm. In contrast, the nanoPAN
layer has a small effect on the long-wavelength prop-
erties relevant to thermal emission. The atmospheric
weighted thermal emittance (𝜀) decreases only from
83% to 80% with the nanoPAN.

The key to achieving such selective enhancement
in solar reflectance is the well-controlled hierarchical
morphology of the nanofibers, which features cylin-
drical and ellipsoidal (bead-like) geometries. Figures
2C and 2D show images of the fabricated nanoPAN
films and the bimodal size distribution associated with
the fibers and beads obtained from >10 different SEM
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Fig. 2: (A) Measured total reflectance using UV-Vis with and
without the nanoPAN layer. The AM1.5 G solar spectrum is
shown for reference. (B) Measured total emissivity using FTIR.
The atmospheric transmittance is shown for reference [41]. A
6wt% PAN solution was used to fabricate beaded nanoPAN fibers
via electrospinning after experimentally optimizing for high so-
lar reflectance. (C) SEM image of 6wt% electrospun nanoPAN
fibers. (D) Hierarchical size distribution of the interconnecting
fiber and beaded morphologies.

images using image processing software. Due to their
characteristic length scales, the fibers are responsible
for scattering shorter wavelengths and the beads for
scattering longer solar wavelengths, as supported by
simulations [29,30].

Overall, the addition of nanoPAN increases the to-
tal SR by 2% by addressing spectral ranges where
the control is less reflective. Though this improve-
ment may seem small, a 2% improvement in SR (and
negligible change in thermal emittance) is expected
to yield a ∼20W/m2 gain in daytime cooling power.
Furthermore, the nanoPAN layer increases the dif-
fuse reflectance (or albedo) to approximately 95% (SI
Fig. S1), which is key to improving light collection in
bifacial installations and gives the films a soft white
appearance, minimizing unwanted glare. In addition,
applying the nanoPAN layer to a PDMS-coated alu-
minum sheet increases solar reflectance from 76.7% to
93.7% (SI Fig. S2), demonstrating that the approach
can be translated to lower cost substrates.

3.2 Radiative cooling performance

The radiative cooling performance of the nanoPAN
sample (99% SR) and its mirrored control (97% SR)
are assessed under clear sky conditions. Figure 3 shows
the difference between the ambient temperature and
the stagnation temperature (Δ𝑇 = 𝑇amb − 𝑇emit),
which is known as the temperature reduction or sub-
ambient temperature. During the daytime, the tem-
perature of the control hovers around ambient temper-
ature while the nanoPAN sample is consistently be-
low ambient. At night, both materials approach similar
sub-ambient temperatures. The day to night difference
in temperature reduction is approximately 9 ∘C for
the control and 4 ∘C for the nanoPAN sample. These
results show the that temperature of the nanoPAN
groundcover is much less sensitive to variations in solar
irradiance. Similar improvements relative to the con-
trol were observed on other test days with small differ-
ences due to variable weather conditions.

In addition to the stagnation temperature, the
cooling power at ambient (Fig. 3D) is relevant to ther-
mal management in solar fields. The average cooling
power of the nanoPAN sample over the 14-hour pe-
riod is ∼48.2W/m2. Imperfect sky conditions and par-
asitic heating of the enclosure are likely responsible
for a lower cooling power than previously reported for
emitters with comparable radiative properties, includ-
ing the polymer-mirror emitter mentioned above [20].
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Fig. 3: Schematic (A) and images (B) of the outdoor setup used to evaluate radiative cooling performance. (C) Ambient temperature
minus sample temperature (positive indicates better performance) comparing the nanoPAN sample to the control. (D) Corresponding
cooling power at ambient temperature. (A 10-minute moving average is applied to decrease noise.)

Importantly, the afternoon cooling power increases by
∼20W/m2 due to the addition of the nanoPAN layer,
consistent with the 2% gain in absolute SR. One would
expect that additional cooling power to translate to
locations with utility-scale PV installations, most of
which have better sky conditions than Ann Arbor, MI.

3.3 Backside illumination enhancement

In the backside PV illumination tests, we analyzed the
the current and voltage gains mediated by the addition
of the nanoPAN groundcover in a latitude-angle tilted
north-south orientation, common in solar installations.
Images and schematics describing the orientation and
geometry of the field tests are shown in Fig. 4A. Sand is
used as the baseline surface for these comparative tests
because its albedo, shown in Fig. 4B, approximately
matches the Earth’s average. In contrast, the albedo of
the nanoPAN groundcover is comparable to snow [42].

During the testing period, the nanoPAN-based sur-
face consistently enhances the 𝑉OC generated by the
commercial PV cell compared to a sand surface. The
enhancement reaches its highest value at solar noon.
The voltage gain is attributed to additional light col-
lected by the cell. Using the empirical cell model de-

scribed above, we estimate absolute current gains rang-
ing from 3.93mA/cm2 to 6.42mA/cm2 depending on
the specific time of day, with the highest gain observed
at solar noon. To put the current gains in context, a
typical silicon solar cell produces around 35mA/cm2

to 40mA/cm2 under standard test conditions. Thus,
the nanoPAN cover can add a substantial amount of
current, and therefore power, to the output of a cell,
even after accounting for typical bifaciality factors of
0.74 to 0.95 [43–45]. Provided that the relative geom-
etry between the high albedo surface and the backside
of the cells is identical, the backside illumination en-
hancements shown here (with individual cells) should
apply to modules.

The measured current gains illustrate the potential
of using nanoPAN covers to enhance the ground albedo
and increase the efficiency of fielded bifacial PVs. Simu-
lations indicate that increasing the albedo by 0.5, con-
sistent with this work, is expected to improve the power
output by 18% under standard conditions [6] and the
electricity production (annual energy yield) by 30-40%
(global average) [4].
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Fig. 4: (A) Schematics and images of the outdoor backside illumination test. (B) Optical property characterization of the cells and the
sand used in the experiments. (C) The nanoPAN groundcover boosts the open-circuit voltage of the cells. Corresponding current gains,
attributed to the improved light harvesting, are estimated using a cell model.

4 Conclusion

We have experimentally investigated a high albedo
daytime radiative cooling material that is capable
of enhancing the amount of light collected by a
bifacial solar cell. An electrospun layer of beaded
nanofibers (nanoPAN) optimizes solar-specific scatter-
ing, resulting in a ∼20W/m2 gain in daytime ra-
diative cooling power compared a PDMS-coated sil-
ver mirror. Additionally, the nanoPAN-based cover in-
creases the ground albedo compared to sand, result-
ing in 6.42mA/cm2 of additional photocurrent gen-
erated by a commercial silicon solar cell. Expected
energy-yield gains exceed 18% according to simulations
in literature. Future work involves investigating how
the nanophotonic groundcover affects the power out-
put and temperature of fielded biafical solar panels at
the appropriate scale to capture the effects of higher
albedo and lower ground-surface temperatures on the
microclimate at the PV site.
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