Net heat-flux measurement method for passive radiative cooling materials with
ambient self-tracking — SUPPLEMENTARY MATERIAL

Fabio Bertiglia®, Davide Forte?, Giuseppina Lopardo?, Ferruccio Girard?, Matteo Fasano®, Lorenzo Pattelli?

4[stituto Nazionale di Ricerca Metrologica, Strada delle Cacce 91, Torino, 10135, Italy
b Department of Energy, Politecnico di Torino, Corso Duca degli Abruzzi 24, Torino, 10129, Italy

S1. Full experimental campaign data

The RAFT setup was extensively evaluated over a one-month period, from 05/09/2025 to 05/10/2025. Throughout
this campaign, all sensors operated continuously, except for a brief power outage on 22-23/09/2025. Figure [ST]
presents the experimental data collected during the month-long measurement period.
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Figure S1: Experimental data acquired from 05/09/2025 to 05/10/2025: a) convective heat exchanger assembly and ambient temperatures; b) solar
irradiance and relative humidity; and c) infrared sky temperature and wind velocity.



During the experimental campaign, the RAFT system was exposed to a broad range of atmospheric conditions,
including significant variations in relative humidity and wind speed, as well as both clear-sky and overcast conditions.
Fig. [S2] presents violin plots of the principal atmospheric variables—namely air temperature, relative humidity, wind
speed, and infrared sky temperature—together with the temperature of the convective heat exchanger assembly over
the entire duration of the experimental campaign. The distributions and average values of Ty and Ty are closely
comparable as expected, while Ty shows a broad range of atmospheric irradiance conditions, ranging from apparent
temperatures ranging approximately between —50 °C to 20 °C.
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Figure S2: Violin plots of experimental data from RAFT setup 5/09-5/10/2025: convective heat exchanger assembly temperature, air temperature,
infrared sky temperature, relative humidity and wind speed

S2. Downwelling longwave atmospheric irradiance

As reported in the main text, the atmospheric flux absorbed by the sample, gum, is computed using the definition

of atmospheric spectral emissivity &ym(4, RH, Tymp). This quantity is evaluated through a polynomial expression,
according to the model proposed by Das et al. [1]]:

Zam = 1 = exp [ao(d) + ar(Dw + ax(Dw? + az()w’] (S1)

where w is the precipitable water vapor amount (in cm) and ay, a1, a», and az are wavelength-dependent functions

defined over the spectral range 5.25-42.83 um. The precipitable water vapor is estimated using the correlation from
Ref. [2]]:

5 pv(Tamb)
Tamb

with py(Tymp) the vapor pressure at ambient temperature (in hPa). The vapor pressure is obtained from the relative
humidity RH according to the following correlation [3]:

w = 46. (S2)

17.27(T - 273.15)
v = RH|6.1078 S3
b [ eXp( T — 3585 )] ©3)
The downwelling longwave atmospheric irradiance in clear sky conditions Ey, can be modeled as:
Eum = ﬂf Eatm (DI (A, Tymp) dA (S4)
0

where Iy, (A, Tomp) is the blackbody spectral radiance at temperature Typp.
The modeled value of E,;,, calculated from the meteorological data (RH and T,y,) measured during the exper-
imental campaign (6—7 September 2025), was compared with the average downwelling atmospheric radiation from

the ERAS reanalysis database [4]]. As shown in Fig.[S3h, the two signals are in close agreement, with a mean absolute
error of 2.7 %.



For further comparison, E,;, was also calculated using a non-spectral dependent model based on an effective
broadband atmospheric emissivity. For this purpose, a calibrated version of the Brunt correlation was adopted [? ].
As shown in Fig.[S3h, the results obtained with this model are also in close agreement with the other signals.

The effective sky temperature can be expressed as:

Tay = Estm Tamb (S5)

where &, is the effective atmospheric emissivity. When &, is evaluated over the entire infrared spectrum, the
resulting temperature corresponds to the broadband effective sky temperature. Conversely, when it is evaluated only
over the atmospheric window (AW), it represents the apparent sky temperature within the AW. Since the Earth’s
atmosphere is highly transparent within the AW but significantly more emissive outside this range, the apparent sky
temperature in the AW is expected to be substantially lower than the effective broadband sky temperature.

Fig.[S3p compares the temporal evolution of &, evaluated over the entire infrared spectrum (using the calibrated
Brunt and Das models) and over the AW only (using the Das model for 814 pm range). Fig. [S3 compares the broad-
band sky temperature estimated using the calibrated Brunt and Das models with the AW sky temperature predicted by
the Das model. The experimental measurements from the infrared sensor, which operates over the 8—14 wm spectral
range wavelength range, are also reported. The AW sky temperature predicted by the Das model agrees well with the
infrared measurements, except during the early hours of 6 September 2025, when the sky was not completely clear.
This comparison validates the apparent sky temperature measurements obtained with the RAFT setup.
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Figure S3: a) Modeled downwelling longwave atmospheric irradiance vs. data from ERAS reanalysis database. b) Modeled effective atmospheric
emissivity: broadband vs AW. ¢) Modeled sky temperature (broadband and AW) vs. experimental sky temperature measured by the infrared
thermometer (operating in 8—14 um range). All data refer to 67 September 2025, Turin.



S3. Error metric

This study employs the Mean Absolute Error (MAE) as the error metric to evaluate the agreement between exper-
imental measurements and model predictions. The MAE is defined as:

1< R
MAE = ;Zlm—y,w,

(56)

where y; represents the experimental value, y; the corresponding model prediction, and n the total number of data

points.

The metric is also employed to compare experimental data streams, specifically to assess whether the convective
heat exchanger maintains the sample temperature equal to the ambient temperature.

S4. Supplemental Tables

Table S1: List of sensors used in this study

Instrument Type Parameter Uncertainty
Heat-flux sensor Hukseflux HFPO1 Heat flux +3%
RTD RS PRO Pt100 Thermal reservoir temperature  +0.01 °C
Digital multimeter Keithley 2700 Voltage +3.5uV
Air temperature +0.3°C
Weather station MAXIMET GMX501 Re.lative humidity 2%
Wind speed +3 % rms
Solar irradiance 1.8%
Infrared thermometer (8—13 um) Optris CS LT Apparent sky temperature +1.5°C

Table S2: Comparison of setup types for net heat flux measurements

Setup type Cooling flux  Heating flux ~ Measurement sta-  User friend-  Thermal Sample size  Ref.
measurement — measurement  bility near ambi-  liness guarding dependence
ent temperature

Resistive heater Indirect Not possible Low Medium Not present High/Medium [548]
by default

Heater-integrated ~ Direct Not possible Low Medium Embedded Low [9]

heat flux meter

Flowing fluid Indirect Not possible Good Low Not present High [LOH13]
by default

Peltier plate Indirect Indirect Low Medium Not present High/Medium [14]
by default

RAFT Direct Direct Good High Embedded Low This

work
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