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ABSTRACT

Passive Radiative Cooling (PRC) materials can efficiently dissipate thermal energy to outer space through the
atmospheric window (8-14 pm), while reflecting most incident solar radiation, enabling sub-ambient cooling
under direct sunlight. This work presents RAFT (Radiative Ambient-referenced Flux Testbed), a compact device
for accurate outdoor PRC materials characterization. RAFT employs a heat flux meter to directly measure net
heat flux, with the PRC sample mounted on the sensing surface and thermally coupled to an ambient-tracked
reservoir via a compact fan-based convective heat exchanger integrated with heat pipes. Outdoor experiments
demonstrated reliable ambient temperature tracking and accurate net heat flux measurements, which were
further verified using an openly-released numerical model. Compared with conventional resistive heater-based
outdoor setups, RAFT overcomes key limitations: it eliminates the need for feedback-control, shortens the
measurement chain, reduces measurement noise when sample temperature approaches ambient, and enables
quantification of both cooling and heating net fluxes with a total measurement uncertainty of £1.8 Wm—2.
Relative to liquid-flow-based systems, RAFT offers improved portability and avoids the complexities of fluid
handling. The proposed setup provides a robust and practical framework for outdoor evaluation of PRC

materials, addressing the current lack of standardized protocols for direct heat flux measurement.

1. Introduction

The intensification of climate change presents a growing threat to
worldwide energy security [1]. Rising global temperatures are driving
a rapid increase in demand for space cooling, which is projected to
more than double by 2040 [2]. In this context, the development of sus-
tainable and energy-efficient cooling materials is critical, and passive
radiative cooling (PRC) technologies have emerged as a promising solu-
tion [3-5]. PRC materials are capable of efficiently dissipating thermal
radiation through the atmospheric window (8-14 pm), a spectral region
in which the Earth’s atmosphere exhibits high transparency. Through
this mechanism, thermal energy is directly dissipated to outer space,
which acts as an infinite cold sink [6]. When the optical properties of
PRC materials are tuned to also exhibit high reflectivity across the solar
spectrum (0.3-2.5pm), daytime radiative cooling can be achieved,
enabling the material to maintain a sub-ambient temperature even
under direct solar irradiance [7].

Although a large variety of materials exhibiting daytime radiative
cooling properties has been proposed in the literature [8], there are
no established methodologies, configurations or boundary conditions
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to assess their individual performance [9]. This lack of consistency
highlights the need for more accessible experimental testing protocols
and standardized figures of merit.

Because PRC performance depends on highly variable environmen-
tal conditions, several studies have explored indoor experimental plat-
forms aimed at improving repeatability and controllability of testing
conditions [10-16]. Nonetheless, outdoor testing remains uniquely rel-
evant since the radiative cooling effect is inherently coupled to the real
sky dome and its time- and location-dependent state. In particular, the
downwelling longwave radiance depends not only on the atmospheric
transmission spectrum (e.g., the water vapor column) but also on cloud
cover, aerosols, and the angular distribution of sky emission, which
are difficult to reproduce in a test chamber [14,17]. Field performance
is also uniquely affected by wind and buoyancy-driven convection,
transient solar conditions, and practical deployment factors such as
view factor to the sky. As a result, laboratory-based protocols can be
useful as complementary tools, whereas outdoor measurements remain
the only reference for assessing PRC materials under realistic operating
conditions.
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Outdoor experiments therefore play a central role in PRC validation,
despite the relevant volatility of environmental variables which often
require the realization of complex setups and shielding conditions.
Accordingly, recent work has emphasized best-practice guidelines for
outdoor PRC testing, including apparatus geometry, sensor placement,
view-factor control, and the standardized acquisition of atmospheric
context data [9,18-20]. From a practical standpoint, the field experi-
ments need outdoor setups that are not only accurate, but also portable,
repeatable, and accessible to non-specialist users.

In this context, two figures of merit are commonly reported for
PRC materials characterization: the stagnation temperature and the net
cooling flux at thermal equilibrium with the ambient environment [20].
The former quantifies the lowest temperature reached by the sample
under a given set of outdoor boundary conditions and occurs when the
net heat flux vanishes (g,.; = 0). While apparently simple to measure,
stagnation temperature is not an intrinsic property of the coating alone:
it also depends on the thermal mass and non-radiative heat exchange
characteristics of the supporting substrate. Lightweight or weakly cou-
pled substrates can exhibit large sub-ambient temperature drops even
when the actual net cooling power of the coating is limited, making
stagnation temperature a configuration-dependent metric that may not
represent performance under realistic operating conditions.

For practical applications, a more relevant metric is therefore rep-
resented by the net cooling flux (W m—2) evaluated near thermal equi-
librium with the ambient environment, defined as the net flux when
the sample temperature (7,) equals the ambient temperature (7).
By operating near T,,;,, this metric directly quantifies how much heat a
PRC surface can remove from an attached load under realistic boundary
conditions, while reducing sensitivity to temperature-driven parasitic
heat exchange pathways that can strongly bias sub-ambient stagnation
measurements.

Most outdoor experimental setups estimate this quantity indirectly
from electrical heating measurements [7,21-23]. In these configura-
tions, a resistive heater beneath the sample is actively controlled to
maintain 7, ~ T,n,, and the required Joule power is interpreted as
the net cooling power. Besides requiring a power supply and feedback
controller, this approach introduces an extended measurement chain
(electrical power plus multiple temperature measurements), so uncer-
tainty propagation and parasitic heat exchange pathways (e.g., lateral
conduction or imperfect guarding) can bias the inferred flux.

Use of heat-flux sensors, which often incorporate built-in lateral
thermal guarding, remains sporadic and typically integrated within
actively driven heater-based measurement chain [24], rather than en-
abling a passively ambient-referenced net-flux measurement architec-
ture. Additionally, all heater-based implementations inherently cannot
report net heating conditions: when the radiative surface tends to warm
above ambient, the heater simply turns off and the inferred “cooling
power” clamps to zero rather than changing sign.

An alternative approach uses calorimetric rigs in which a heat-
transfer liquid flows beneath the PRC sample [25-28]. In this case,
the net cooling flux is inferred from the measured liquid temperature
rise/drop across the device, the mass flow rate, and the liquid specific
heat capacity, normalized by the sample area. While robust in many
contexts, calorimetric measurements inherently require a finite tem-
perature gradient in the working fluid and typically rely on multiple
sensors (inlet/outlet temperatures and flow rate), so the uncertainty
can be dominated by differential measurements and by variable heat
exchanges to the environment along the temperature gradient.

A practical limitation shared by heater-based and calorimetric ap-
proaches is the reliance on differential temperature measurements
obtained from independent sensors at distinct locations (e.g., T vs.
Tamb» OF inlet vs. outlet temperatures). Given typical temperature sen-
sor uncertainties, this can quickly compound to several Wm~—2 of
uncertainty in inferred cooling power under outdoor convection condi-
tions, even without considering additional contributions from electric
resistance and current uncertainties, or liquid flow rate uncertainties.

Applied Thermal Engineering 303 (2026) 132228

This work introduces an alternative outdoor method to measure
the ambient-referenced net cooling flux of PRC materials, designed
to be simple, accessible, and with low uncertainty. The device pro-
posed, hereafter referred to as RAFT (Radiative Ambient-referenced
Flux Testbed), is a compact and portable platform using a heat-flux
sensor between the PRC emitter and a convective heat exchanger, en-
abling passive ambient-temperature tracking (by natural or low-power
forced convection) without an active thermal feedback controller. Un-
like resistive-heater or liquid-flow approaches, RAFT relies on a direct
measurement of net heat flux, minimizing uncertainty propagation
from multiple auxiliary measurements and enabling seamless capture
of both cooling and heating regimes. Furthermore, by lifting the need
for an actively controlled feedback loop logic, RAFT ensures stable
operation near ambient conditions while maintaining high portability,
thereby overcoming key limitations of other state-of-the-art devices for
outdoor heat-flux measurements of PRC materials.

The remainder of the manuscript is organized as follows. Sec-
tion 2 describes RAFT in detail, including its design, uncertainty anal-
ysis, outdoor testing procedures, and numerical modeling. Section 3
presents the experimental results and model validation, while Section 4
concludes with key findings, limitations, and future directions.

By overcoming key drawbacks of resistive heater- and flowing fluid-
based setups, RAFT provides a practical and reproducible approach
for measuring radiative cooling performance and has the potential to
become a widely adopted, low-uncertainty method for the outdoor
evaluation of PRC materials.

2. Methods
2.1. Experimental setup

The RAFT device, shown in Fig. la-b, consists of (i) heat-flux
and temperature sensors (whose characteristics are summarized in
Table S1), (ii) a fan-cooled heat sink, (iii) the PRC sample under test,
and (iv) a structural frame supporting all components. For outdoor
operation, RAFT is enclosed within a protective casing (Fig. 1bl)
designed to shield the device, enhance thermal insulation, and provide
shading to the heat sink to ensure stable performance.

The heat flow meter (model HFPO1, Hukseflux) is a thermopile-
based sensor with a ceramic-plastic body (80 mm diameter, 5.4 mm
thickness, thermal conductivity 0.76 Wm~—! K—1) and a circular sensing
area of 32mm diameter surrounded by a thermal guarding ring. Its
measurement range spans from —2000Wm~—2 to 2000 Wm—2, fully
compatible with the net heat fluxes associated with PRC materials,
whose thermodynamic limit is approximately 160 Wm—2 [4]. The sen-
sor operates passively and does not require external power. The HFP0O1
measures the temperature difference across its body using an embedded
thermopile. Owing to the low thermal resistance of the sensor body
(Ry, = 71 % 107K m> W~1), the temperature drop across the sensor
remains sub-kelvin over the flux range relevant to PRC, keeping the
emitter side close to the ambient-referenced heat exchanger.

The temperature of the system is measured by a Pt100 (manu-
facturer RS PRO) resistance temperature detector (RTD) positioned
within a small cavity drilled into the aluminum plate. Thermal con-
tact between the Pt100 element and the aluminum plate is ensured
by a thermally conductive paste (RS PRO silicone thermal grease,
3.9Wm~—1K~1), and the sensor is held in place using aluminum tape.
The conductive aluminum plate (100 mmx100 mmx2.5mm) provides
the thermal interface between the heat-flow meter and the fan-cooled
heat sink. The Pt100 sensor is used to monitor the temperature of
the convective heat exchanger assembly (hereafter T,.), which serves
purely a diagnostics role and supports model validation. Importantly,
T,ef is not used to infer the heat flux: the primary measurement of net
heat exchange is obtained directly from the HFPO1 output, independent
of ambient or sample temperature measurement.
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lateral view 50 mm

Fig. 1. (a) Exploded-view schematic of the RAFT apparatus. (b1) Photograph of the RAFT apparatus with its external casing; (b2) lateral view; (b3) top view.

The outputs from the flux meter and temperature sensor are ac-
quired by a 61/2-digit digital multimeter/data-acquisition system (model
2700, Keithley). The instrument records the thermopile voltage of the
heat-flux sensor together with the four-wire resistance measurement of
the Pt100 sensor, time-stamps the data, and stores them in the internal
buffer of the data-acquisition unit. The data stream is then transferred
to a laptop running a LabVIEW interface, where the measurements are
displayed in real time and logged for subsequent analysis. The heat flux
and temperature signals are acquired at a 30 s sampling interval.

The fan-cooled heat sink (90 mmx90 mmx90 mm) is a standard
module commonly employed for central processing unit (CPU) cooling
in personal computers. The unit incorporates a compact fan (12-volt
supply voltage) and 3 copper heat pipes to enhance heat dissipation.
According to the manufacturer’s specifications, the heat sink can dis-
sipate a maximum heat flux of 150 W, which is sufficient to ensure
rapid ambient-temperature tracking. The fan operates in suction mode,
extracting air from within the device; this configuration is more effec-
tive than blowing mode as it prevents the minor heating of the airflow
that occurs when air is forced through the fan blades. The fan airflow
remains confined within the heat exchanger assembly and does not
directly interact with the PRC sample surface.

To test the device, we applied a commercial PRC material sample
supplied as a thin film with an adhesive backing. The sample was cut
into a circular shape with a diameter of 8 cm and adhered directly onto
the heat-flow meter.

The heat flux meter is held in place between two insulating plates
(100 mmx100 mmx2.5mm), each featuring a central circular aperture
matching the heat-flow meter dimensions. The two plates are made of
polylactide (PLA) and fabricated via fused-deposition modeling using a
3D printer (model Ender-6, Creality); they are fastened together using
four nylon bolts.

To ensure effective ambient-temperature tracking, it is essential to
suppress any additional heat gain transferred to the heat sink from the
surrounding environment. For this purpose, during the experimental
campaign, the RAFT apparatus was enclosed within a casing designed
to minimize both radiative and conductive heat gains from the environ-
ment. Two expanded polystyrene (EPS) panels (thermal conductivity
0.035Wm~! K1, thickness 60 mm) were positioned on the two lateral
sides of the device not affected by the forced airflow through the
heat sink (Fig. 1b2). An additional EPS layer (20mm) was placed
on the bottom surface. On the top surface (Fig. 1b3), a polymethyl
methacrylate (PMMA) panel (300 mmx250 mmx1 mm) was installed
to provide shading for the heat sink; an aperture was included to
allow unobstructed exposure of the PRC sample to the sky. All external
surfaces were coated with aluminum tape (manufacturer Tesa), in order
to reduce the absorbed solar radiation.

2.2. Outdoor measurements

To evaluate the outdoor performance of the PRC sample, the RAFT
setup was installed on the roof platform (Fig. 2a) of a building at the
Italian National Institute of Metrological Research (INRiM) in Turin
(45°0’'58" N, 7°38'22" E), Italy. The apparatus was mounted in hori-
zontal position on a parapet at a height of 1.5 m above the roof surface
to minimize the influence of thermal radiation emitted by the ground
while maximizing exposure to the sky. As shown in the fisheye image
in Fig. 2b1, the PRC sample exhibited excellent sky exposure, with a
sky view factor (SVF) estimated at 94 % [29] (Fig. 2b2).

Accurate measurement of outdoor conditions is essential for the
characterization of PRC materials, as their cooling performance is
strongly influenced by atmospheric parameters, primarily air temper-
ature, relative humidity, and cloud cover [17,30]. For this reason, a
weather station (model MAXIMET GMX501, Gill Instruments Ltd) was
installed near the RAFT setup and at the same height (Fig. 2a), moni-
toring air temperature (T,,;,), relative humidity (RH), solar irradiance
(G), and wind speed (v). These atmospheric measurements are used
to document boundary conditions and to parameterize the theoretical
model; they do not contribute to the experimental determination of the
instantaneous heat flux.

An infrared temperature sensor (model CS LT, Optris), operating
in the spectral range 8-14 pm, was also included in the outdoor mea-
surement configuration. The sensor, positioned near both the weather
station and the RAFT setup (Fig. 2a), was oriented toward the sky to
measure the infrared sky temperature (Ty). It operates over a wide
temperature range (—50 °C to 1030 °C) and provides a qualitative indi-
cation of the apparent sky temperature in the spectral range 8-14 pm,
enabling the detection of transient variations in cloud cover, haze or
aerosol that can induce abrupt variations in the net cooling flux of PRC
materials.

Data from the weather station and the infrared temperature sensor
were directly acquired by a laptop and stored locally. The characteris-
tics and uncertainties of all sensors used in this study are reported in
the Supplementary Material (Table S1).

The RAFT setup can be used to test any type of PRC material,
provided that it is directly applied onto the heat-flow meter. During
the outdoor performance test, we adopted a commercial PRC sample
made of a polymer emitter onto a silver reflector, whose emissivity
spectrum, characterized by the Physikalisch-Technische Bundesanstalt
using their reference Emissivity Measurements in Air Facility [31],
is shown in Fig. 2c. The coating exhibits a weighted average solar
reflectivity (0.25-2.5pum) of 90.5% and an infrared emissivity within
the atmospheric window of 91.4 %.
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Fig. 2. (a) Photograph of the outdoor measurement setup, including RAFT, the weather station, and the infrared thermometer. (b1) Fisheye image of the sky
view as seen from the setup position. (b2) Post-processed fisheye image highlighting obstructions (black) and sky region (white). (c) Spectral emissivity in the

0.25-35pm range for the commercial PRC sample considered for this test.

Table 1
Uncertainty budget for heat flux measurement.

Source of uncertainty Value Probability Distribution Sensitivity coefficient Std. uncertainty (Wm~—2)
Digital multimeter 1 mV normal (k =1) 0.0295Wm~—2mV—! 0.030
Heat flux meter uncertainty 60Wm—2 normal (k =1) 3% 0.900
Temperature dependence effect 25°C normal (k =1) 0.10 (W/m?)%/°C 0.013
Combined uncertainty (k=2) 1.8
2.3. Uncertainty analysis is expressed as:
dnet = 9rad ~ 9sol ~ 9atm ~ 9obs ~ 9no.rad (@)

The overall uncertainty budget of the RAFT system was evaluated,
yielding a combined expanded uncertainty of £1.8Wm—2 (k = 2)
for the measured heat flux. The dominant contribution arises from
the intrinsic calibration uncertainty of the heat-flux sensor (~3 %),
while contributions from the data acquisition system and temperature
dependence remain secondary. The temperature dependence term was
conservatively evaluated at a fixed reference temperature of 25°C,
as its variation over the range of ambient temperatures encountered
during the measurements is negligible. Table 1 reports the results of
the uncertainty analysis for the heat flux measurement, together with
the assumptions adopted for the calculation.

Remarkably, this uncertainty is comparable to, or lower than,
that obtained by significantly more complex state-of-the-art calorimet-
ric setups once realistic natural-convection conditions are accounted
for [28]. This uncertainty reduction is achieved by directly measuring
the heat flux, thereby avoiding differential temperature measurements
obtained from sensors at distinct locations. The limited thickness of the
sensor further reduces sensitivity to parasitic heat transfer pathways,
such as lateral conduction. It also removes the need for accurate
determination of the sample area and avoids the degradation of the
signal-to-noise ratio typical of temperature-difference-based methods
near ambient conditions.

2.4. Theoretical model

A numerical model was developed to validate the measurements
obtained with the RAFT setup. Implemented in MATLAB, the model
is openly accessible online and can serve two primary purposes: (i) to
estimate the net cooling power of a generic PRC surface based on its
temperature and meteorological conditions, and (ii) to validate net heat
flux measurement setups analogous to RAFT.

By applying the first principle of thermodynamics to a PRC surface
facing the sky under steady-state conditions, the net cooling flux (g,e)

The net cooling flux is the conductive flux measured by the heat flux
sensor positioned beneath the PRC sample.
The radiative heat flux emitted by the PRC sample, g,.4, is given by:

Grad = ”/ E§(MIL(A, Tg)dA )
0

where £4(4) is the angularly averaged emissivity of the PRC sample
(which exhibits only weak angular dependence [31]), and I;,(4, T) is
the blackbody spectral radiance at the sample temperature Tj.

The absorbed solar heat flux, g, is:

Gsol = 501G 3

where «ay is the weighted average solar absorptivity of the PRC sample
over the solar spectrum (0.3-2.5pm), and G is the horizontal solar
irradiance.

The atmospheric longwave radiation absorbed by the PRC sample,
Gatms 18!

o
Gatm = T SVF/ E(Dequm (A4, RH, Typ) I (4, Tomp) dA. 4
0

Here, e, (4, RH, T,p) is the spectral emissivity of the atmosphere,
computed as described in Supplementary Material, Section S2. The sky
view factor SVF is equal to 94 %, as calculated previously for the test
site.

The thermal radiation from surrounding obstacles absorbed by the
PRC sample, g, is:

Gobs = 7 (1 — SVF) /°° E(D)egps (AL (4, Typs) dA 5)
0

where ¢,,,(4) is the spectral emissivity of the obstacles, and I},(4, Typs)
is their blackbody spectral radiance at temperature T, Since the
obstacles consist mainly of vegetation, a constant broadband emissivity
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(2.5-35pm) of 0.95 was assumed [32], with T, = T, Their
contribution is weighted by the complement of the SVF, as they block
part of the sky. In a typical radiative cooling performance test it is
generally advisable to ensure a wide accessibility to the sky dome. The
impact of any obstacle present on the horizon, however, is generally
quite limited, considering that the emissivity of typical PRC materials
declines steeply at large angles from the normal [31].

Finally, the term ¢, ;.q accounts for non-radiative heat gains arising
from convection and conduction. Owing to the thermal guarding of
the sensor and the absence of significant lateral conduction paths,
conductive contributions other than the measured through-thickness
heat flux are neglected. Convective heat exchange is modeled as a
function of wind speed via an effective heat transfer coefficient

dno.rad = PO Tamp — T5), (6)

where h(v) denotes the convective heat transfer coefficient, calculated
as a function of the measured wind velocity v [26]. The PRC sample
temperature is estimated as Ty = T,et— Ry, dnet» Where Ry, is the thermal
resistance of the sensor and g, is defined in Eq. (1).

Given the low thermal resistance of the sensor and the strong
thermal coupling to the convective heat exchanger, the resulting tem-
perature offset (T,,,;, — T5) remains sub-kelvin over the measured flux
range. As a result, ¢,, ,q constitutes only a second-order contribution
in the model, which does not affect the overall agreement between
measurements and simulations.

3. Results and discussion
3.1. Outdoor measurements

The experimental campaign was conducted for two consecutive days
(6 and 7 September 2025), during which the RAFT setup, the weather
station, and the infrared thermometer acquired data unattended.

Fig. 3a reports the ambient-referenced net heat flux measured by the
heat-flux sensor. Owing to its optical properties, the PRC sample main-
tained a positive (cooling) net flux throughout the daytime, including
during peak solar irradiance (approximately 830 Wm—2). As typically
expected, cooling was more substantial during nighttime hours, with
an average net flux of 64 Wm~—2 and a maximum of 85 Wm—2. Fig. 3b
reports the air temperature measured by the weather station together
with the temperature of the ambient-referenced thermal reservoir,
monitored by the embedded Pt100 sensor in the aluminum interface
plate. The agreement between T,.; and T, is within a mean ab-
solute error (MAE) of 0.38°C (definition in Supplementary Material,
Section S3). Residual differences can be ascribed to the fact that the
two sensors operate under different shielding, radiative view factors,
thermal masses and ventilation conditions. Accordingly, T is repre-
sentative of the local thermal environment experienced by the RAFT
assembly, whereas T, provides a standardized meteorological refer-
ence for context. Furthermore, the net heat flux is measured directly
by the calibrated heat-flux sensor and is therefore independent of
Tambs; consequently, any discrepancies between T, and T,.; do not
propagate into the heat-flux measurement itself. Fig. 3c—d display the
remaining meteorological conditions (solar irradiance, relative humid-
ity, wind speed, and infrared sky temperature). Relative humidity was
quite high during the campaign, particularly at night (59% average
RH; 69 % average nighttime RH), which limited radiative cooling per-
formance. Wind speed was low (average 0.7 ms—1). Irradiance data
indicate clear-sky daytime conditions on both days. At nighttime, scat-
tered clouds were observed during the first night between 0:00 and
3:00, as inferred from infrared sky temperature measurements showing
localized temperature increases during those hours.

The RAFT setup was additionally tested over a month-long exper-
imental campaign under varying meteorological conditions, including
cloudy and fully overcast skies (Figs. S1 and S2). As shown in Supple-
mentary Material Fig. S1, the system maintained accurate and stable
net heat flux measurements together with good agreement between
ambient and heat sink temperatures, confirming the effectiveness of the
temperature tracking system.

Applied Thermal Engineering 303 (2026) 132228
3.2. Validation

The numerical model described in Section 2.4 was employed to vali-
date the outdoor measurements obtained during the two-day campaign.
The model takes as input the measured boundary conditions (ambient
air temperature, relative humidity, solar irradiance, and the sample
emissivity profile) and computes the net radiative cooling flux of the
PRC sample, assuming that the convective heat exchanger defines an
ambient-referenced thermal reservoir at T, = T,,p- The validation
results are presented in Fig. 3a, where both the experimental net heat
flux and the model prediction are shown.

The model reproduces the experimental trend with satisfactory
accuracy, yielding a MAE of 6.6 Wm—2 across the two experimental
days. Discrepancies appear during the first three hours of the first day,
resulting in a MAE of 12.5Wm~2 between 0:00 AM and 3:00 AM
on September 6. These deviations arise from the model assumption
of clear-sky conditions, whereas infrared measurements of apparent
sky temperature indicate the presence of scattered clouds during those
hours. The calculation of the atmospheric heat flux absorbed by the
sample (g,¢y,) does not account for cloud cover. Apart from this lo-
calized deviation, the predicted downwelling atmospheric irradiance is
accurate and is validated against ERAS reanalysis data [33], as shown
in Fig. S3.

In summary, the model performs reliably under clear-sky conditions
and successfully validates the experimental measurements.

3.3. Discussion

The motivation for adopting a self-tracking ambient temperature
setup for the outdoor characterization of PRC materials, such as RAFT,
arises from the need to overcome several limitations associated with
traditional indirect net heat flux measurement approaches reported in
the literature [34]. A qualitative comparison between RAFT and other
experimental methods used for the outdoor measurement of net cooling
power of PRC materials is provided in the Supplementary Material
(Table S2).

The primary advantage of RAFT lies in measuring the ambient-
referenced net heat flux directly with a calibrated heat-flux sensor,
rather than inferring it from an auxiliary energy balance. In resistive-
heater approaches, the reported cooling flux is obtained from electrical
power while a feedback loop uses temperature measurements to main-
tain Ty ~ T,nyp; in calorimetric approaches, the flux is inferred from a
combination of flow rate and differential temperature measurements. In
both cases, the inferred cooling power can be dominated by uncertainty
propagation through multiple sensors and by sensitivity to parasitic
heat exchange pathways in the absence of effective thermal guarding.
By contrast, RAFT reduces the inference chain to a single primary
sensor, improving robustness and achieving a total heat-flux uncer-
tainty of 1.8 Wm—2, which compares favorably with that achieved with
state-of-the-art metrological calorimetry setups [28].

Additionally, the RAFT design does not require an accurate deter-
mination of the sample area, provided that the sample fully covers
the sensitive area of the heat flux sensor. In contrast, especially with
experiments involving small samples, even a small error in the determi-
nation of the exposed sample surface can represent a significant source
of uncertainty in the inferred power density.

The RAFT apparatus is compact and portable, with low power
consumption, as its only active component is a small fan. The sys-
tem is simple to operate and achieves ambient-referenced temperature
tracking without the need for an active thermal feedback controller.
Additionally, it overcomes several limitations of existing net-flux mea-
surement approaches. Unlike resistive heater-based setups, it enables
measurement of both radiative cooling and heating regimes. Because
heat flux is measured directly, the signal-to-noise ratio remains stable
near ambient temperature, unlike temperature-difference methods. Fi-
nally, RAFT provides a local heat-flux density measurement (diameter
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Fig. 3. Outdoor measurements (6-7 September 2025, Turin) and model validation. (a) Experimental (¢,. exp.) and simulated (g, model) PRC net flux. (b)
Thermal reservoir temperature (7,.¢) and air temperature (7,.,;,). (c) Solar irradiance (G) and relative humidity (RH). (d) Infrared sky temperature in the spectral

range 8-14pm (Tsky) and wind speed (v).

of the thermally guarded region: 32 mm), rather than the spatially aver-
aged energy balance obtained with (typically much larger) liquid-flow
calorimetric systems.

Outdoor experimental setups based on direct heat-flux measure-
ments can provide reliable performance metrics for PRC materials when
implemented in accordance with established best practices [9,19,20].
In particular, accurate monitoring of ambient air temperature remains
essential for documenting boundary conditions and enabling mean-
ingful comparison across experiments, as typically achieved using a
professional weather station installed at the same height as the test
setup. In the RAFT configuration, measurements of 7, serve as a
consistency check and as input for model comparison, but do not
enter the computation of the net heat flux. Instead, the flux is directly
referenced passively to the ambient-tracked thermal reservoir defined
by the convective heat exchanger, eliminating the need to close a feed-
back loop on air temperature measured at a nearby but not identical
location, as required by existing net-flux measurement approaches.

Additionally, the use of the infrared sky temperature sensor, despite
its limited adoption in outdoor PRC studies [21,35], provides a use-
ful diagnostic capability within the RAFT setup. It enables detection
of transient cloud passages and provides a qualitative indication of

the effective temperature of the sky heat sink, which helps interpret
deviations between measurements and clear-sky model predictions.
Extending the model to cloud- or aerosol-resolved conditions could
be possible with additional atmospheric inputs, such as cloud optical
properties, cloud altitude, and aerosol-related parameters [17,30,36,
37] provided by ceilometers or other LIDAR instruments capable of
measuring these parameters. Such developments are outside the scope
of the present device-focused study, but the low-uncertainty heat-flux
measurements produced by RAFT may provide useful reference data for
future validation of more advanced atmospheric radiative models.

The present study is primarily focused on the direct measurement
of ambient-referenced net heat-flux density, which we consider the
most transferable performance metric for system integration. As such,
RAFT does not aim to provide stagnation-temperature measurements
within the same apparatus. While temperature-drop metrics are widely
reported, they are strongly configuration-dependent (e.g., influenced by
wind shielding, substrate thermal mass, non-radiative heat exchange,
etc.) and may not be representative of performance when a coating is
coupled to a realistic thermal load. In this sense, RAFT directly targets
ambient-referenced radiative power density in a substrate-independent
manner, since the radiative surface can be applied directly onto the
sensor active area.
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4. Conclusion

In this work, a compact device for outdoor characterization of
radiative cooling materials was introduced, evaluated experimentally
and validated numerically. The proposed setup, referred to as RAFT,
provides an ambient-referenced approach for estimating net cooling
fluxes under outdoor boundary conditions, using a convective heat
exchanger.

The setup employs a heat-flux sensor for direct measurement of net
heat flux, with the radiative cooling sample mounted on its sensing
surface. The thermal reservoir is maintained close to local ambient
temperature by a common heat sink with a low-power fan, enabling
stable operation without a feedback controller. When deployed under
outdoor conditions, RAFT demonstrated effective ambient temperature
tracking and reliable net heat flux measurements, as confirmed by a
dedicated numerical model.

The RAFT configuration addresses several limitations of conven-
tional outdoor radiative cooling setups used for net heat flux mea-
surements. It enables a direct measurement of the net heat flux, elim-
inating the need to infer this quantity from auxiliary measurements
and thereby reducing the overall uncertainty budget to an estimated
1.8 Wm—2. Compared with resistive heater-based systems, RAFT does
not require an active feedback control, exhibits reduced measurement
noise when sample temperature approaches ambient, and enables the
quantification of both cooling and heating net heat fluxes. Relative
to liquid-flow-based setups, RAFT offers enhanced portability, elim-
inates the need for fluid handling, and offers a faster response to
environmental changes due to its lower thermal inertia.

Future directions could investigate whether comparable ambient
tracking performance can be achieved in a fully passive configuration
without forced convection, through appropriate sizing and thermal
design of the heat exchanger. In addition, a metrological intercompar-
ison between RAFT, resistive-heater-based, and liquid-flow calorimet-
ric configurations operated side-by-side under identical meteorological
conditions would enable a systematic assessment of their respective
uncertainties, operational constraints, and measurement capabilities.

Overall, the experimental approach proposed in this work has the
potential to become a widely adopted and low-uncertainty alternative
for the outdoor evaluation of radiative cooling material heat fluxes,
which is particularly significant given the current lack of rigorous and
standardized experimental protocols for outdoor characterization.
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at https://doi.org/10.1016/j.applthermaleng.2026.132228.

Applied Thermal Engineering 303 (2026) 132228

Data availability

The experimental dataset is available in the associated Zenodo
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