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Radiative cooling for vertical solar panels

Huangyu Fang,’?> Lyu Zhou,®® Lujia Xu,'* Saichao Dang,’ Stefaan De Wolf,"* and Qiaogiang Gan'246*

SUMMARY

Radiative cooling presents a method for reducing the operational temperature of solar panels without
additional energy consumption. However, its applicability to PV modules has been limited by the thermal
properties of existing materials. To overcome these challenges, we introduce a V-shaped design that en-
hances cooling in vertical PV modules by effectively harnessing thermal radiation from both the front and
rear sides, resulting in a substantial temperature reduction of 10.6°C under 1 sun illumination in controlled
laboratory conditions. Field tests conducted in warm and humid conditions, specifically in Thuwal, Saudi
Arabia, demonstrate a remarkable 15% increase in efficiency while maintaining an operating temperature
0.2°C lower than that of conventional horizontal PV modules, corresponding to a significant 16.8% in-
crease in power output. Our innovative V-shaped design offers a promising thermal strategy suitable
for diverse climates, contributing to improved performance and reduced module temperatures, thereby
supporting the global pursuit of carbon neutrality.

INTRODUCTION

The development and implementation of renewable energy technologies emerged as a global mission aimed at tackling energy-related chal-
lenges such as global warming."? In 2022, 240 gigawatts (GW) of photovoltaic (PV) system was installed and commissioned during that year,
constituting approximately two-thirds of the total global increase in renewable energy capacity.® The widespread implementation of renew-
able energy technologies can be partially attributed to the significant reduction in the cost of PV modules, which has decreased by a factor of
ten over the past twenty years.” Further development of the global PV market is driven by the levelized cost of energy (LCOE), which is closely
related to the cost of material selection, device design, and thermal management.” In particular, due to the intense solar irradiance and
intrinsic limitations of semiconductor materials, heat generation in PV modules during their operation is inevitable,’ leading to a reduced po-
wer conversion efficiency (PCE), as expressed by the temperature coefficient. Therefore, thermal management in PV modules is one of the
most challenging and rewarding tasks.” In the case of a crystalline silicon PV module, every 1°C increase in its operating temperature can
lead to a decrease in its relative efficiency by approximately 0.25-0.45%, depending on the specific device architecture.®” Moreover, higher
operating temperatures can greatly accelerate the failure rate of PV modules due to thermally activated degradation mechanisms, which can
further impact the LCOE significantly.'® Hence, integrating cooling components into PV modules is highly desirable to mitigate these effects.
Over the past decade, several promising approaches have been reported, including advanced heat sink architectures,'’ forced convective
cooling,'? water cooling,'® heat-pipe systems,'"'® and more recently, hydrogel-based evaporative cooling strategies.'® However, many of
these approaches require additional resources such as electricity and water, leading to increased operational costs. Therefore, exploring
cost-effective thermal management techniques has become an essential task, particularly for emerging organic and perovskite solar cells
that are more susceptible to thermal degradations.'”'®

Radiative cooling has been recognized as a promising and eco-friendly cooling mechanism for terrestrial objects. This technique facilitates
the dissipation of heat from a terrestrial body to outer space and the ambient environment through thermal radiation, thereby obviating the
need for electricity consumption.'”? This cooling strategy is particularly suitable for hot PV panels'”? as they can fully utilize the atmospheric
transparency window within the 8-13 um range, and even beyond, due to their operating temperatures being significantly higher than the
ambient temperature. Prior studies have discussed the development of advanced thermal emitters by utilizing photonic structures,”’*?
porous polymers,”>~*® and metasurfaces” that exhibit engineered spectral selectivity for radiative cooling. However, most of these materials
process a high scattering tendency in the solar spectrum range, rendering them unsuitable for solar energy harvesting. For effective thermal
management of PV panels, a radiative cooler must fulfill two major criteria: (1) high transparency in the wavelength range above the bandgap
of the semiconductor material, and (2) strong emissivity in the broadband mid-infrared (MIR) range. Based on these criteria, a silica photonic
crystal structure was proposed for use onto a silicon PV absorber, which was able to achieve a temperature reduction of 13°C.?” Another
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Figure 1. Radiative cooling design for vertical solar panels

(A) Schematic of a PV module with V-shape architecture for efficient radiative cooling.

(B) Left: Photo and infrared image of PV modules operating in the field. Right: schematic of heat transfer in an operating PV module.

(C) Characterized absorptivity/emissivity spectra of PV module components: a bare c-Si PV panel (blue curve), a glass plate (red curve) and an ethylene vinyl
acetate (EVA) film (cyan curve).

(D) The estimated radiative cooling power of each component shown in Figure 1C.

(E) The spectral irradiance of a PV module at 323 K (yellow region), ground heat sink at 300K (orange region), and sky heat sink at 300 K (cyan region).

(F) The estimated heat flux of a blackbody with two different heat sinks: the sky heat sink (cyan curve) and the ground heat sink at 300 K (orange curve).

pioneering effort utilized an inverted design featuring a radiative cooler, which successfully reduced the operating temperature of a concen-
trated PV system by 36°C.?® In addition, pyramid structures made of silica or polydimethylsiloxane (PDMS) have been reported to significantly
improve the cooling efficiency of PV panels by enhancing the broadband thermal emission.””*' However, due to the strong MIR absorbance
of the encapsulation materials of commercial PV modules (i.e., glass), the actual enhancement of a single-layered radiative cooling coating for
commercial modules is not as significant as it is for bare solar cells.**** Furthermore, many planar radiative emitters for sub-ambient cooling
show a compromised efficiency in humid areas due to the limited sky transparency in the desired wavelength range, which limits the feasibility
of this strategy in outdoor environments.>* Therefore, a more practical and universally applicable implementation of radiative cooling tech-
nologies in PV modules requires a comprehensive exploration that considers cooling materials, optical architectures, and actual environ-
mental conditions simultaneously.

In this study, we introduce a PV module design with V-shaped mirror tailored for proficient thermal management of PV modules (Fig-
ure TA). Our modeling results indicate that by exploiting thermal radiation from both sides of a PV module via the use of a V-shaped
design (v-PV), one can achieve multiple benefits of double-sided radiative cooling, beaming effect and convective cooling, hence reducing
the PV operating temperature. A comprehensive analytical examination was conducted to investigate the balance between solar irradiance
collection efficiency and radiative cooling performance in several different PV configurations. Experiment validations were conducted un-
der different conditions including laboratory environments, high-latitude area, and low-latitude area, and we demonstrated that a modified
v-PV system can both reduce the operating temperature and improve the overall PV output. This research presents a pragmatic radiative
cooling design that improves the thermal management for future PV modules (e.g., bifacial glass/glass PV modules and new architectures
for vertically installed PV modules®®) by accommodating the actual environmental conditions. It underscores a promising methodology for
implementing sustainable thermal management for emerging PV modules that will play a pivotal role in achieving the global carbon
neutrality goal.

RESULTS

General design principles

Commercial PV panels are typically installed at specific angles (which are a function of the latitude) or furnished with single axis tracking system
to maximize the solar irradiance collection efficiency. However, this approach inevitably results in a heightened solar heating effect, as illus-
trated by the infrared photograph shown in Figure 1B. For instance, in arid and semi-arid regions, the operating temperature of PV panels can
escalate to 50-70C (e.g., [10, 32]). Consequently, the PV panels’ lifespan in these areas can be drastically reduced in comparison to those
installed in more moderate regions.* Implementing cooling mechanisms is crucial for optimizing solar panel operation. In this context,
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we first assess the heat flux balance of a PV panel to highlight its potential for radiative cooling. As illustrated in the right panel of Figure 1B,
the heat flux in a PV module can be described by:

qun —heat + Qatm = Orad —front + Orad— rear + Qnonrad (EquatiOﬂ 1)

where Qg _ heat represents the converted heat from absorbed sunlight due to sub-bandgap absorption, thermalization losses and recom-
bination and resistance related heat losses; Qum represents the absorbed thermal radiation from atmosphere; Q,.q_ friont and Qrad - rear IS
the emitted thermal radiation from the front side and rear side of the PV panel; Qponaq describes the non-radiative heat flux (mainly intro-
duced by convection of air flow). Most initial studies on PV thermal regulation primarily focused on augmenting non-radiative heat transfer
(i.e., Qnonrad) Via heat exchangers.my Meanwhile, the significance of radiative heat transfer (Q,q _ front & Qrad — rear) received less attention until
recently.*® Despite the usage of various semiconductor materials with different emissivity & in PV modules (such as crystalline silicon, a variety
of organic semiconductors, and perovskites), the choice of encapsulation layers on the front side of PV modules tends to be universal (e.g.,
glass and a polymeric encapsulant such as ethylene vinyl acetate (EVA)).*” Therefore, here we first analyzed the radiative cooling power on the
front side (Qrag _ front)- We conducted measurements on the absorption spectrum of a bare crystalline silicon (c-Si) PV panel, a glass plate, and
an EVA sheet (as seen in —ure 1C). Based on the measured data, we estimated their corresponding radiative cooling power (Figure 1D) using
the following equation:

Qrad— front(T) = A/dQ cos (0) /d/\IBB(T,ad,/l)e,ad(A) (Equation 2)
where [dQ is the angular integral of the emitting surface over the hemisphere, Igg(T,2) = 2?—52 + is the spectral radiance of a
exp <7 -
AkBT>

blackbody at a temperature T, where his Planck’s constant, kg is the Boltzmann constant, cis the speed of light in vacuum, A is the wavelength,
and A is the area of the emitter. ¢,,4 is the spectral emissivity of each component shown in Figure 1C. One can see that both glass and EVA
exhibit broadband absorptivity/emissivity over the wavelength range from 2 um to 16 um, endowing the panel with efficient radiative heat
transfer. When the emitter's temperature is 323 K, their corresponding radiative cooling power Qray _ front is 282 W/m? (see the blue curve
for a bare c-Si PV panel), 276 W/m? (red curve for glass), and 257 W/m? (cyan curve for EVA). This cooling power can be enhanced by applying
an additional transparent coating with a cooling power up to 314 W/m? (i.e., the blackbody limit at 323 K, see the black curve).

In contrast, in the case of most monofacial PV modules, the radiative cooling power on the rear side (Q24_ rear) has limited impact due to
the relatively small temperature difference between the PV module (Tpy = 323K) and the ground heat sink (Tepviron = 300K). This is illustrated
in the yellow area of Figure 1E. However, in the proposed v-PV design, the thermal radiation emitted from the rear side of the PV module is
effectively coupled to the sky, taking advantage of the cold outer space accessible through the atmospheric window. As a result, a significantly
larger heat flux is achieved, encompassing both the yellow and orange areas in Figure 1E. To further elucidate the potential for this cooling
improvement, we estimated the radiation heat flux from the rear side of the PV module (assuming it to be a blackbody) toward two distinct
heat sinks (i.e., the ground and the sky). As depicted in Figure 1F, when the PV module temperature (Tpy) is 323K, the net radiation heat flux
with a ground heatsink at 300K is estimated to be 137.9 W/m?, which is notably lower compared to the net radiation heat flux achieved with a
sky heatsink (228.6 W/m?). Notably, as the temperature of PV module continues to increase, such as in low latitude tropical regions, this
disparity will further amplify, resulting in a more pronounced net cooling power. In the subsequent section, we will provide laboratory vali-
dation to substantiate this enhancement of radiative cooling.

DISCUSSIONS
Laboratory validation of V-shape design

To validate the enhanced radiative cooling in the v-PV system, we conducted experiments following our previously reported indoor radiative
cooling settings (Figure 2A, see details in Figure S1). We studied a v-PV configuration (Figure 2B) using a commercial PV module (Heyiarbeit,
18V polycrystalline Mini Solar Panel Module) and investigated its surface temperature and output under five different radiative cooling con-
ditions, as illustrated in Figure 2C: Conditions | and V are the base to show the temperature of the solar panel when the radiative cooling
channel is completely blocked by the plate. Conditions Il and VI show the single-sided cooling situation when a half of the plate was removed.
In this situation, the thermal radiation from one side of the PV panel can be transferred to the cold source. Ultimately, condition Ill shows the
double-sided cooling situation: i.e., thermal radiation from both sides of the PV panel can be transferred to the cold source. To switch be-
tween the radiative cooling settings and perform consecutive tests, we alternated between blocking and unblocking thermal radiation
from the PV module surfaces every 30 min using an opaque aluminum plate. The first experimental results are shown in Figure 2D, where
the PV module was characterized at open-circuit status (R = «), and the results are summarized in Table 1. As depicted by the blue curve,
the PV surface temperature decreased from 53.5 + 0.1°C (condition I) to 47.9 £+ 0.1°C (condition Il) and further dropped to 42.7 + 0.1°C
(condition Ill) with the transition in cooling conditions. Simultaneously, the open-circuit voltage (V,o) measurements showed a corresponding
increase from 17.66 V (condition |) to 18.12 V (condition ) and subsequently to 18.50 V (condition IlI) (see details in Figure S2). Similar results
were observed when transitioning from conditions Il back to IV and V. Additionally, we conducted a similar examination with the PV module
connected to a 1000 Q resistor to simulate a realistic PV operational scenario. The results are depicted in Figure 2E, and the summarized re-
sults can be found in Table 1. Here, the operating temperature of the module decreased from 53.0 + 0.2°C (condition I) to 47.5 + 0.1°C
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Figure 2. Indoor experimental validation of the radiative cooling channel

(A-C) Schematic of (A) the indoor radiative cooling test setup, (B) the tested v-PV design, and (C) the different cooling conditions throughout the test.

(D and E) The temperature profile and the output of the PV module (D) at open-circuit condition and (E) when connected to a resistor of 1000 Q as a load. Empty
circles represent the output voltage of the PV panel.

(condition Il) and subsequently to 42.7 + 0.1°C (condition ll). Correspondingly, the output voltage also changed from 16.60 V (condition I) to
16.98V (condition Il) and then increased further to 17.40 V (condition Ill). These findings suggest that double-sided radiative cooling can signif-
icantly reduce the operating temperature of a PV module by as much as 10.6°C, leading to an increase in the output voltage by 0.80 V. The
results validate the efficacy of the v-PV design for proficient thermal management, offering promising implications for improving PV module
performance.

Enhanced cooling performance

The laboratory experiments provided compelling evidence for the efficacy of double-sided radiative cooling, showcasing its potential to
maintain lower temperatures for PV modules. When implemented in practical outdoor environments, the v-PV design offers additional ad-
vantages, such as the beaming effect’® and enhanced convective cooling, as discussed below. It is important to note that radiative cooling
is influenced by weather conditions, in particular humidity.”" Higher humidity levels can diminish the radiative cooling power due to reduced
atmospheric transmittance. To comprehensively assess this impact, we conducted modeling of the atmospheric spectral transmissivity under
three distinct humidity conditions, represented by atmospheric water columns (AWC) of 1000 atm-cm, 3000 atm-cm, and 5000 atm-cm,
respectively (the standard atmosphere, atm, is a unit of pressure defined as 101325 Pascals). Figure 3A presents the graphical representation
of these modeled atmospheric spectral transmissivity conditions. As humidity levels rise, we can observe a clear decrease in atmospheric
transmittance. For example, the average atmospheric transmissivity within wavelength range of 8-13 um at a zenith angle of 0° is 0.79

Table 1. PV performance under different cooling conditions and circuits

Condition | Condition Il Condition IlI Condition VI Condition V
R=o
Surface temperature 53.5 + 0.1°C 47.9 + 0.1°C 42.7 + 0.1°C 47.4 + 0.1°C 52.5 + 0.1°C
Output voltage 17.66V 18.12V 18.50V 18.09V 17.62V
R = 1000 Q
Surface temperature 533 £ 0.2°C 47.5 £ 0.1°C 42.7 £ 0.1°C 47.6 £ 0.1°C 52.9 £ 0.1°C
Output voltage 16.60V 16.98V 17.40V 16.98V 16.54V
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Figure 3. Angle dependence of the radiative cooling effect

(A) Modeled atmospheric spectral transmittance as a function of zenith angle with atmospheric water column of 1000 atm-cm, 3000 atm-cm and 5000 atm-cm,
respectively.

(B) Extracted atmospheric transmittance at 10 um in different humid condition. The blue solid curve represents AWC = 1000 atm-cm, the red solid curve
represents AWC = 3000 atm-cm, and the black solid curve corresponds to AWC = 5000 atm-cm.

(C) Estimated heat flux between a PV module and atmosphere under different atmospheric transmittances.

(D) Estimated heat flux between a PV module and atmosphere at different zenith angles.

(E) Estimated convective cooling power of a PV module with two vented surfaces (solid curve) and unvented backside (dash curve) under different non-radiative
heat transfer coefficient.

(F) Estimated cooling of a v-PV (blue curve), an h-PV with beaming mirror and unvented backside (red curve) and an h-PV with unvented backside (black curve) as a
function of temperature difference between the emitter and ambient. In this modeling, the operational temperature of the PV panels is set at 323K.

with an AWC of 1000 atm-cm, which drops to 0.42 as the AWC reaches 5000 atm-cm. Another significant aspect is that atmospheric trans-
mittance is strongly influenced by the zenith angle. For example, as illustrated by the red curve in Figure 3B, with an AWC of 3000 atm-
cm, the atmospheric transmittance at a wavelength of 10 um is 0.68 at a zenith angle of 0° (T ,(0°)=0.68), which drops to 0.47 as the zenith
angle increases to 60°(T,;m(0°)=0.47).

To further explore the influence of varying atmospheric transmittance on PV radiative cooling, we conducted an analysis of the heat flux be-
tween the atmosphere (at 300 K) and a PV module as a function of the PV surface temperature. Figure 3C illustrates the results for the three
different atmospheric transmittance levels corresponding to distinct humidity conditions: for a PV surface temperature of 323 K (represented
by the vertical dashed line), the heat flux between the atmosphere and the PV module was found to be 288.2 W/m? with an atmospheric water
column (AWC) of 1000 atm-cm, 243.2 W/m? with an AWC of 3000 atm-cm, and 212.2 W/m? with an AWC of 5000 atm-cm. These values clearly
demonstrate the impact of varying humidity levels on the heat flux and highlight the importance of considering atmospheric transmittance in
the context of PV radiative cooling. We also investigated the heat flux between the atmosphere (AWC_5000 atm-cm) and the PV module by
considering the atmospheric transmittance at different zenith angles, as illustrated in Figure 3D. It is evident that the heat flux increases as the
zenith angle decreases, which can be attributed to the decrement in atmospheric transmittance at varying zenith angles, as depictedin Figure 3B.
When the zenith angle is small (e.g., 0°), the thermal radiation emitted by the PV module can access the colder outer space (at 3 K) through the
atmospheric transparency window. However, at high zenith angles (e.g., larger than 80°), it can only exchange heat with the atmosphere (at 300 K).
Consequently, the heat flux between the atmosphere and the PV module is 174.2 W/m? at a zenith angle of 90°, while it rises to 258.9 W/m? ata
zenith angle close to 0°. By focusing the beaming of thermal radiation into a narrower range of zenith angles, one can significantly increase the
transmitted thermal radiation through the atmosphere and enhance the performance of radiative cooling, particularly in humid environments.

Furthermore, the vertical design of v-PV system also ensures sufficient natural convective cooling by exposing both sides of the PV module
to free airflow, which further promotes the thermal management of PV modules when combined with the improved radiative cooling. In
contrast to those PV panels mounted on rooftops with unvented backside, the convective cooling power originating from the rear side of
the module can reduce its temperature up to 13.2°C.*” As shown in Figure 3E, we estimated the convective cooling power of PV panel
with two exposing surfaces (solid curve) and single exposing surface (dashed curve) using Equation 3
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Figure 4. Location dependency of the radiative cooling effect and the outdoor validation

(A) Schematic illustration of the location dependency of the PV module in solar receiving.

(B and C) Modeled received solar irradiation and surface temperature as a function of latitude and time.

(D) Photos of outdoor tests.

(E) The measured temperature of PV modules in h-PV (orange curve), sv-PV (yellow curve) and v-PV (blue curve).
(F) The temperature difference between two v-PV modules and h-PV module.

(G) Measured open-circuit voltage of PV modules in three different setups.

Ononrad = Ah(TPV - Tamb) (Equation 3)

For instance, at a non-radiative heat transfer coefficient (h) value of 4 W/m?, the v-PV system with two vented surfaces demonstrates a su-
perior non-radiative cooling power of 184.0 W/m?2. By incorporating the advantages of double-sided radiative cooling (Figure 2), the beaming
effect (Figures 3B-3D), and convective cooling (Figure 3E), the proposed v-PV system offers a significantly enhanced cooling effect compared
to h-PV. To illustrate this overall improvement, we modeled the radiative cooling powers of three different scenarios (Figure 3F): a bare h-PV
with unvented backside (the bottom inset, represented by the black curve), an h-PV with a beaming mirror and unvented backside (the middle
inset, shown by the red curve), and a v-PV (the top inset, depicted by the blue curve). These cooling powers were evaluated as a function of the
temperature difference (47) between the PV panel and the environment, assuming a surface temperature of the PV panels at 323 K and vary-
ing ambient temperatures. As depicted in Figure 3F, the v-PV design (blue curve) demonstrates a cooling power of 606 W/m? when 4 Tis 20K,
corresponding to an environmental temperature of 300 K. In contrast, the other two h-PV systems exhibit lower cooling powers, with 295 W/m?
for h-PV without a beaming mirror (red curve) and 337 W/m? for h-PV with a beaming mirror (black curve). The modeling results clearly indicate
the significant cooling improvement achieved by the v-PV system. However, when considering practical PV operation, it is essential to eval-
uate the overall PV output of the v-PV system, as the vertical alignment of PV panels can greatly impact solar irradiance collection efficiency,
depending on the installation location. Therefore, in the following section, we will explore the comprehensive benefits of the v-PV design by
considering both radiative cooling and solar irradiance collection efficiency.

Overall benefits of the v-PV design

The output of a PV panel is closely tied to its solar irradiance collection efficiency, which is influenced by the panel’s orientation and the local
environment, as illustrated in Figure 4A. To comprehensively evaluate the advantages of the v-PV design, we conducted modeling studies on
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Table 2. PV performance in Buffalo outdoor tests (average value between 12:00 pm and 1:00 pm)

Surface temperature Voc lse
h-PV 69.6 £ 0.4°C 17.88 + 0.05V 52.4 + 0.8 mA
v-PV 59.5 £ 0.6°C 18.49 +£ 0.04V 31.2 £ 0.6 mA
sv-PV 63.9 £ 0.7°C 18.29 + 0.06 V 32.8 £ 0.9 mA

the received solarirradiance (Pgn) and PV temperature (Tpy) for both v-PV and h-PV configurations across different latitudes (30°~50°) and time
intervals (8:00 to 19:00 on March 23, 2021, with results for September 23, 2021 shown in Figure S3). The solar trajectory was determined using

meteorological data from the ASHRAE weather data center,*”**

while the radiative cooling effect was modeled concurrently based on a
COMSOL library model.** The schematic of the two designs under investigation is also depicted in Figure 4A, with the PV panel oriented
toward the equator in a north-south direction. The modeling results are presented in Figures 4B and 4C, showcasing the differences in
received solar irradiance (4P=Py_py - P,.p\) and surface temperature (4T=T}_p\-T,.p,) between the two designs, respectively. To aid clarity,
the boundary where AP equals zero is highlighted by the red curves in Figure 4B. Notably, v-PV receives higher solar irradiance than h-PV
(i.e., AP <0) at latitudes above 46°, primarily due to its vertical orientation and V-shaped beaming mirror. Moreover, as illustrated by the black
dashed curve (the boundary where 4T equals zero) in Figure 4C, v-PV also maintains lower temperatures than h-PV (i.e., 4T > 0) within the
latitude range of 30°-47.5°, mainly attributable to the reduced solar irradiance absorption. Interestingly, within the latitude range bounded
by the red and black dashed curves in Figure 4C (i.e., 4T > 0 and 4P < 0), v-PV receives higher solar irradiance while maintaining lower tem-
peratures compared to h-PV, highlighting the stronger radiative cooling power of the v-PV design. These findings indicate that the v-PV
design can achieve significantly higher output in high latitude regions such as Europe and Canada.

To validate this enhanced PV output achieved through the proposed v-PV design, we conducted an outdoor test on May 15, 2021, in Buf-
falo, NY (latitude 42°54’, blue dashed curve shown in Figures 4B and 4C). The v-PV modeled above and a vertically installed PV module without
the spectral selective mirror on the rear side (i.e., the single-sided vertical PV, denoted as sv-PV) were tested, as well as an h-PV reference
module, as shown in Figure 4D. To minimize the influence of strong convective cooling brought by the local windy environment, we enclosed
all three systems within a polyethylene windshield. The ambient temperature was measured inside the windshield away from the PV modules.
Throughout the test from 9:00 to 18:00, the relative humidity remained predominantly below 20%, while the solar irradiance averaged around
850 W/m? and peaked at 920 W/m? at 12:40 (Figure S4). To better visualize the temperature differences among these designs, we plotted the
measured PV surface temperature as well as the temperature difference between two v-PV modules and the reference module (h-PV), as
shown in Figures 4E and 4F (i.e., AT=T,.py-Tp.py for the blue curve and A4T=T,.py-Th_py for the orange curve), respectively. One can see
that the v-PV (blue curve) exhibited the lowest surface temperature throughout the entire testing period: it reached minimum value at
9:38 (4T = —22.2°C). At 12:40, when solar irradiance peaked, v-PV recorded a temperature of 59.6°C, which was still 9°C lower than the
h-PV system (68.6°C) and 4.7°C lower than the sv-PV module (64.3°C). These different operating temperatures affected the output of the
PV modules, as indicated by the measured open-circuit voltage (V0. As shown in Figure 4G, v-PV exhibited the highest V,. due to its lower
operating temperature.’® At 12:40, the v-PV achieved a V.. of 18.49 V, surpassing h-PV by 0.59 V (17.9 V) and sv-PV system by 0.20 V (18.29 V).
However, it is important to note that the modified v-PV system may experience a significantly smaller short-circuit current (Iso), as indicated in
Table 2, primarily due to the reduced received solar irradiance. This limitation becomes more pronounced in the low latitude range, as sup-
ported by our modeling results in Figures 4B and 4C. Consequently, for a more effective implementation of the v-PV system, it is essential to
carefully design the architecture, taking into account both the double-sided radiative cooling and the optimal PV orientation. In the following
section, we will investigate a modified v-PV system specifically tailored for low-latitude areas and elucidate its overall advantages.

Daytime radiative cooling field test in low latitude areas

The power output of a PV module is influenced by both solar irradiance collection efficiency and operating temperature. While the v-PV
design demonstrates superior cooling performance in high-latitude regions, its practical implementation is limited by the reduced solar irra-
diance collection efficiency resulting from the vertical PV alignment. To adapt the v-PV design for low-latitude areas and achieve substantial
PV output and cooling performance, we adjusted the v-PV orientation to face the incident sunlight. In this context, the modified h-PV will
receive more solar irradiance compared to the unmodified h-PV in Figure 4, which maximizes the solar energy harvesting effect. We modeled
three different modified v-PV designs to compare their surface temperature and solar irradiance collection efficiency: a modified h-PV module
(bare PV module), a modified sv-PV module (PV module with front mirror only), and a modified v-PV module (PV module with a front mirror and
a rear spectrally selective mirror), as depicted in Figure 5A. Using COMSOL Multiphysics, we simulated the surface temperature (TPV) and
received solar irradiance (Ps,,) following the same procedures as in Figure 3. The modeling results are presented in Figures 5B and 5C: At
12:00 p.m., a comparison between the green curve (modified sv-PV) and the orange curve (modified h-PV) in Figure 5B clearly shows that
the modified sv-PV collects more solar irradiance due to the solar reflection from the front mirror. Correspondingly, in Figure 5C, the surface
temperature of the modified sv-PV is approximately 5.6°C higher than that of the modified h-PV. On the other hand, when comparing the
modified sv-PV to the modified v-PV, both systems receive the same amount of solar irradiation (indicated by the overlapping orange and
blue curves in Figure 5B). However, the modified v-PV exhibits a surface temperature that is 3.2°C lower than the modified sv-PV due to
the higher radiative cooling power from the rear side of the modified v-PV. Therefore, with this modified v-PV design, it is possible to achieve
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Figure 5. Long term outdoor tests

(A) lllustration that shows the three modified PV systems studied in this section.

(B and C) Simulated result of received solar irradiation (B) and temperature (C) on the front surface of each PV modules.

(D) The photo of the outdoor test in Thuwal, Saudi Arabia.

(E) The measured rear-side PV temperatures of three PV systems (green curve: modified h-PV, orange curve: modified sv-PV, blue curve: modified v-PV, gray
curve: ambient) and (F) the temperature difference between modified sv-PV and modified v-PV.

(G) The maximum power of three PV systems.

(H) Temperature profiles of the three PV systems in a continuous outdoor cooling test.

a lower operating temperature while maintaining the maximum solar irradiance collection efficiency in low-latitude areas, making it more
practical for real-world PV applications.

To validate the practical benefits of the modified v-PV design in terms of PV output, we conducted outdoor experiments in Thuwal, Saudi
Arabia (latitude 22°18'N) on Nov. 13, 2022. Similar to Figure 4, two modified v-PV systems described in Figure 5A were tested and their per-
formance were compared to a modified h-PV reference as depicted in Figure 5D. To minimize experimental errors arising from the modules
and environmental factors, we used a larger commercial solar panel (ALLPOWERS, 5V Solar Cell) and each set included three identical sys-
tems. The temperature profiles of each system were measured and presented in the upper panel of Figure 5E, and the results are summarized
in Table 3. Additionally, the temperature difference between the modified sv-PV and modified v-PV is illustrated in Figure 5F. The measured
temperature results align closely with the modeling results presented in Figure 5B, indicating the following: (1) the modified h-PV consistently
exhibited the lowest temperature among the three groups due to the lowest received solar irradiance, (2) the modified sv-PV consistently
maintained a temperature slightly higher than the modified v-PV by approximately 0.5°C-2°C, primarily attributed to the enhanced cooling
power conferred by the v-PV design. As summarized in Table 3, between 10:00 to 14:00, the average solar irradiance on modified v-PV is
1065 W/m?, which is 136 W/m? (15% of the solar irradiance on modified h-PV) higher than the modified h-PV due to the aluminum mirror
on the front side. In the meantime, the average surface temperature was 54.5°C for the modified v-PV, slightly lower than the 54.7°C for
the modified h-PV and 55.7°C for the modified sv-PV. Correspondingly, the measured open-circuit voltage was 5.59 V for the modified
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Table 3. PV performance in Thuwal outdoor tests between 10:00 to 14:00 on November 13, 2022

Surface Solar Conversion  Degradation
temperature (°C) Vo (V) lsc (A) irradiance (W/m?) P, (W) efficiency (%) rate (%/year) LCOE (USD/kWh)
Modified 54.7 + 0.65 5.55 + 0.02 1.47 + 0.08 929 4.94 +£0.22 10.31 0.943 0.3919
h-PV
Modified 54.5 + 0.78 5.59 £ 0.02 1.60 + 0.11 1065 5.77 £ 0.27 10.53 0.900 0.3419
v-PV
Modified 55.7 + 0.74 5.56 + 0.02 1.65 £+ 0.10 1055 5.67 + 0.30 10.41 1.042 0.3667
sv-PV

v-PV, slightly higher than the 5.55V for the modified h-PV and 5.56 V for the modified sv-PV. These findings align with the surface temperatures
depicted in both the modeling results of Figure 5C and the measured outcomes of Figure 5E. They collectively affirm the efficacy of the modi-
fied v-PV design in achieving improved cooling performance while sustaining PV output when compared to the modified h-PV. In essence, this
design enhances solar irradiance collection efficiency by 15% without compromising the maintenance of a similar operating temperature.

Furthermore, the modified v-PV also exhibited a short-circuit current of 5.77 A, which was close to the 5.67 A of the modified sv-PV and
significantly higher than the 4.94 A of the modified h-PV. These observations align well with the modeling results of received solar irradiance
shown in Figure 5B and the measured solar irradiance on the PV module indicated in Table 3. These findings suggest that the modified v-PV
design can both reduce the surface temperature and maintain appreciable output power. As illustrated in Figure 5G, between 12:00 to 14:00,
the average measured maximum power output of the modified sv-PV was 5.67 W, which is 14.7% higher than the modified h-PV (4.94 W) (i.e.,
(5.67-4.94)/4.94 x 100%). Meanwhile, the modified v-PV was 5.77 W, which is 16.8% higher [i.e., (5.77-4.94)/4.94 x 100%). Consequently, the
proposed v-PV design not only leads to improved conversion efficiency (from 10.31% to 10.53%) but also a decreased degradation rate
(reduction of 0.043%/year), as summarized in Table 3. Considering the economic analysis presented in Table 3, the modified v-PV is projected
to exhibit a lower LCOE of 0.3411 USD/kWh, representing a 13.0% decrease compared to the modified h-PV. These results highlight the prac-
tical advantages of the modified v-PV design, making it a promising solution for achieving both enhanced cooling performance and improved
PV output in real-world applications.

To demonstrate the stability of the modified v-PV design, we conducted a 15-day continuous test in Thuwal from October 31 to November
14,2022, as shown in Figure 5H and Table S1. While it is apparent that the modified v-PV consistently maintained a slightly higher temperature
throughout the test period when compared to the modified h-PV (depicted by the blue and green curves, respectively), it is noteworthy that
the modified v-PV consistently outperformed with a noteworthy average power output difference of 0.7 W. This superior performance is attrib-
uted to the heightened solar irradiance collection efficiency and the more robust cooling capabilities of the modified v-PV in contrast to the
modified h-PV. Notably, even when compared to a modified sv-PV, which received a similar solar irradiance, the modified v-PV exhibited a
higher output and only a slightly lower temperature. Implementing this modified v-PV design in tropical regions like Saudi Arabia can reliably
reduce the operating temperature of PV modules, thereby enhancing the conversion efficiency and extending the module’s lifetime. This
advancement contributes to the global energy transition from fossil-based sectors to renewable energy sources.”®

Conclusion

Our study introduces a pioneering V-shaped architecture for the enhanced thermal management of PV modules. By integrating a V-shaped
reflective structure with the PV module, we successfully augment PV cooling by capitalizing on the benefits of double-sided radiative cooling,
the beaming effect, and intensified convective cooling. Our indoor cooling tests showcased a substantial reduction of 10.6°C in operating
temperature within controlled laboratory conditions. Additionally, the calculated cooling power across various atmospheric scenarios corrob-
orated its effectiveness. Through a comprehensive analysis that integrates solar irradiance collection efficiency and radiative cooling perfor-
mance, we underscored the holistic advantages of the v-PV approach for PV operations, bridging simulation and experimental outcomes.
Meticulously aligned, the v-PV system exhibited superior performance in both power output and operating temperature. Remarkably,
when solar irradiance collection efficiency of the solar panel was enhanced by 15% compared to an aligned, horizontal PV module, the pro-
posed v-PV system maintained a slightly lowered operating temperature of 0.2°C, corresponding to an increase in the maximum power
output by 16.8%. This dual-sided cooling strategy seamlessly lends itself to integration with bifacial PV modules, which are more susceptible
to heat-induced degradation (e.g.,*’**%). Moreover, coupling the V-shaped design with an additional radiative cooling coating holds the po-
tential to further optimize radiative cooling effects on emerging vertical bifacial PV modules (e.g.,*>*"*%). Additionally, there is a growing need
for a more comprehensive array design that takes into account the impact of row spacing and height. This renders it a highly promising
approach for future PV thermal management endeavors and will yield invaluable insights into amplifying PV module efficiency and durability,
contributing significantly to the advancement of sustainable solar energy solutions.

Limitations of the study

The efficiency of radiative cooling is dependent on environmental factors like humidity and cloud cover. In humid or cloudy conditions, the
effectiveness of radiative cooling might decrease because of the impediment of heat transfer between emitter and outer space. Additionally,
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the impact of radiation angles on the cooling effect is notable, implying that these cooling systems will vary across different latitudes. Further-
more, add-ons or materials introduced for radiative cooling may require periodic maintenance, such as removal of surface deposits of sand
and dust, to ensure their long-term durability in a variety of weather conditions.

STARX*METHODS

Detailed methods are provided in the online version of this paper and include the following:
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB MathWorks https://www.mathworks.com

Radiative Cooling Modeling COMSOL Multiphysics https://www.comsol.com/model/radiative-cooling-75021

Sun’s Radiation Effect on Two Coolers COMSOL Multiphysics https://www.comsol.com/model/sun-s-radiation-effect-

Placed Under a Parasol Modeling on-two-coolers-placed-under-a-parasol-12825

Other

13ecm*15cm 5V 2.5W solar panel ALLPOWERS https://www.amazon.com/dp/BOBJVLTINN/ref=twister_
BOBMK8K14G?_encoding=UTF8&th=1

10cm*10cm 18V 1.2W solar panel Heyiarbeit https://www.amazon.com/gp/product/B09879571G/
ref=ox_sc_act_title_2?smid=A28DZI5I4PJFY4&psc=1

Aluminum mirror Fujian Summit Metallic Materials https://www.alibaba.com/product-detail/0-3mm-aluminum-

Science & Technology Co., Ltd. mirror-high-reflective_1600493452196.htm|?spm=

a2700.shop_plgr.41413.10.5a2974adNxiw8R

Selective reflective mirror Fujian Summit Metallic Materials https://www.alibaba.com/product-detail/0-3mm-High-

Science & Technology Co., Ltd. Selective-Solar-Absorber_62166869600.htmI?spm=

a2700.shop_plgr.41413.28.5a2974adNxiw8R

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Qiaogiang Gan
(giaogiang.gan@kaust.edu.sa).

Materials availability

This study did not generate new materials.

Data and code availability

(1) All data reported in this paper will be shared by the lead contact upon request.
(2) No original code was used.
(3) Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS
Estimation of heat flux between a blackbody and a heat sink at different temperatures

The heat flux between a blackbody (Tpy at 323 K) and a heat sink (Theat — sink) can be estimated using Stefan-Boltzmann law:

heat — sink

Orad—rear = EG(TS‘, - T4 ) (Equation 4)

Here ¢ is the emissivity of the blackbody (equals to 1), ¢ is the Stefan-Boltzmann constant. When the backside of a PV module faces
the ground, the temperature of heat sink, i.e., ground, is considered at 300 K. Therefore, the obtained Q,,4 under this circumstance is
137.9 W/m?. When the backside of a PV module faces the sky, the heat flux is transferring between the PV module and the sky. However,
the effective sky temperature Ty, normally is different from the ambient temperature T,mp. Therefore, here we followed the previous study
and estimated Ty, using the equation below

Toy = flk/;Tamb (Equation 5)

Here e is the effective atmospheric emissivity. Under clear sky conditions, e, can be estimated using the model developed by Berhahl
and Martin,”" as shown below
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_ Ty T4\’ .
€y = 0.711 + 0.56 (m) +0.711 (m) . (Equation 6)

Here Ty is the ambient dewpoint temperature, which is estimated using the Magnus-Tetens Approximation shown below’

237.7r

Ta =727 -

(Equation 7)

1727 (T, — 273)

= 9377:T,, — 273 MRA). (Equation 8)

In this estimation, we assumed the relative humidity RH at 30% and ambient temperature T, at 300K. Following the procedure above, the
calculated heat flux between the blackbody and the atmosphere Q,q_ pack is 228.6 W/m?.

Experiments design: indoor test

We followed our previous work and designed an indoor radiative cooling test. The setup is mainly composed of two parts: a sunlight directing
optic path and a radiative cooling channel, as shown in Figure S1.

Sunlight illumination

To direct light to the v-PV, we employed an aluminum mirror with the size of 20 cm X 20 cm to reflect sunlight from an intensity-tunable solar
simulator (Newport®, Solar simulator model 92190) to the PV module. The incline angle and the position of the mirror were adjusted to ensure
that the entire PV module was illuminated by the light.

Radiative cooling

In the radiative cooling part, we followed our previous work and designed a liquid-nitrogen based heat sink. In this design, the heat sink is
composed of a black aluminum foil immersed in liquid nitrogen, which can be considered as a blackbody at 77 K. Additionally, an aluminum
waveguide was installed between the heat sink and the PV module to ensure the maximized thermal radiation coupling efficiency.

V-PV system

In the v-PV system, we employed two mirrors on the two sides of a PV module, both of them inclined at 45°. On the front side of the PV module,
an aluminum mirror was employed (see Figure S5 for the measured reflection spectrum). In this case, the incident sunlight can be reflected to
the PV module, while the thermal radiation from the front-side of PV module can be directed to the sky. On the backside of the PV module, a
spectral selective reflector was employed (see Figure S5A for the measured reflection spectrum). In this case, the thermal radiation from the
backside of PV module can be directed to the sky, while it also can prevent the backside of PV module being heated up by the scattered
sunlight. We also measured the reflectivity of the PV module using integrating sphere with FTIR, as shown in Figure S5B. One can see that
both sides of the PV module show <5% average reflectivity within the wavelength range from 2 to 16 pm, indicating the strong thermal emis-
sivity of the PV module.

Estimation of atmospheric spectral transmissivity under three distinct humidity

The atmospheric spectral transmittance with different atmospheric water columns is estimated by the MODTRAN Demo of Spectral Sciences,
Inc.”” The emissivity/absorptivity of the atmosphere at the zenith angle, §, can be described by’

y(0,0) = 1 — [1 — €g(0, A)]UCOSG (Equation 9)

where [1 — €4, (0,2)] is equal to the modeled atmospheric transmission spectrum from MODTRAN. Using this equation, we plot the angle-
dependent atmospheric spectral transmittance in Figure 3A and the angle-dependent transmittance at the wavelength of 12 um in Figure 3B.

COMSOL modeling of corresponding modified PV system designs

To simulate the working conditions of our design in Saudi Arabia, we set the module parameters according to our outdoor experimental
design following the model from COMSOL Application Gallery: Radiative Cooling®* and Sun’s Radiation Effect on Two Coolers Placed Under
a Parasol.”

By considering the dominant heat transfer phenomenon when a PV module is subjected to ambient environement, we introduced Heat
Transfer in Solid (ht) and Surface-to-Surface Radiation (rad) in the Physics section in the COMSOL modeling to simulate the transfer of heat in
solids and solar illumination and heat exchange based on radiation. In our simulations, the dimensions of the solar panels and reflectors were
determined based on the measured assemblies for outdoor experiments. The position of the sun over time comes from the statistic of
ASHRAE 2021 provided by COMSOL and our modeling date is set to Nov. 13, 2022. Considering the local latitude, the tilt angle of solar

panels was set at 22° facing south for the maximized solar irradiance collection efficiency, while the front mirror was defined as an aluminum
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mirror with an incline angle of 45° to ensure minimum shadow effect.”® The rear-side mirror was defined as a spectral selective mirror (unit
emissivity in 0~2.5 um and zero emissivity within infrared range). The front and rear surface of PV modules and the rear surface of reflectors
was set as Diffuse Surface. Figure S6 illustrates the temperature profile in Celsius of the modified v-PV system, where the temperature and
received solar irradiance was calculated by averaging the value across the entire PV module surface.

Experiments design: Outdoor test

In the outdoor experiment in Figure 4, two sets of PV modules were fixed perpendicular to the ground, while the front and rear-side mirrors
were fixed at 45°. The temperature of the PV module was measured automatically using K-type thermocouples attached to the center of the
back of the solar panel. The open-circuit voltage and short-circuit current were measured using digital multimeters. The humidity and solar
intensity were measured manually using a hygrometer and a power meter simultaneously. Three sets of solar modules were placed in a wind-
shield cover by PE film to ensure the minimized convective cooling introduced by the strong local wind.

In the subsequent outdoor experiment shown in Figure 5, to estimate the cooling performance and output enhancement in a real appli-
cation, we adjusted the installation angles of the solar panels to 22°C and selective reflectors on rear-side to 0°C. The front mirror is still
installed at 45°C, which will not block any solar radiation even in winter. In this measurement, the output of the PV module was measured
using an PV analyzer (PCE ins., PVA 100 Photovoltaic Moduler Analyzer). To minimize the experimental error introduced by the modules,
we tested three identical setup for each designs and calculated the average values. Humidity, wind speed, and solar intensity are measured
using a weather station near the ground.

Estimation of the benefits of radiative cooling on PV modules

Based on ref. */, Time-to-failure (TTF) of PV modules is the length of time that PV modules are expected to last. The threshold of Py, loss for
TTF we used for calculation here is 20%. TTF data was subjected to the damp heat tests of different temperature and relative humidity con-
ditions, which was estimated using the equation below:

TTF = Ax &7 x (RH)" (Equation 10)

Here Ais a pre-exponential factor (6.4 x 1070 for 20% Pax l0ss); E. is the activation energy of Si PV module (in this calculation, we refers to
ref.” and assume E, to be 0.89 eV; kg is a Boltzmann constant; Tis the operating temperature of the PV module in Kelvin and RH is the relative
humidity of environment, both of which are extracted from the experimental results from Figure 5; the value of n is used as —2.2. All param-
eters except T and RH are chosen based on the SunEdison and literature reports, as summarized in Table S2. The degradation rate is calcu-
lated based on the threshold of P,y loss (i.e., 20%):

Degradation rate = Pyreshoid/TTF. (Equation 11)

As shown in Table S2, the TTF of a modified v-PV (22.22 years) is extended by 4.7% compared to a modified h-PV (21.22 years), correspond-
ing to a reduced degradation rate of 0.043%/year. Using a similar estimation process, the TTF of a modified v-PV is also estimated to be
extended by 15.7% compared to a modified sv-PV (19.20 years), corresponding to a reduced degradation rate of 0.142%/year.

By further implementing these estimation results into a LCOE comparative calculator developed by NREL,*® we also calculated the LCOE
of different PV designs, as shown in Table S3. The performance and reliability are determined based on our results. Energy yield is calculated
based on the P,.x of each module (P,,./working area x 24 x 365). The value of extra component cost of modified v-PV and sv-PV comes from
the spectral selective mirror and aluminum mirror in the V-shaped design, which is set to be 15.6 and 7.1 USD/m? respectively,””*° and the cell
cost was set to be 287 USD/m?.°! The parameters used for LCOE calculation are listed in Table S3.

As one can see, the LCOE of a modified v-PV module is reduced by 0.0508 USD/kWh compared to a modified h-PV, revealing the benefits
introduced by this radiative cooling strategy in modified v-PV modules.
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