
27 June 2026

ISTITUTO NAZIONALE DI RICERCA METROLOGICA
Repository Istituzionale

Open-hardware platform for synchronous performance testing of multiple passive radiative cooling
materials / Werle, J., Concas, R., Pini, E., Wiersma, D.S., Pattelli, L., Lio, G.E.. - In: CELL REPORTS PHYSICAL
SCIENCE. - ISSN 2666-3864. - (2025). [10.1016/j.xcrp.2025.102688]

Original

Open-hardware platform for synchronous performance testing of multiple passive radiative
cooling materials

Publisher:

Published
DOI:10.1016/j.xcrp.2025.102688

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the corresponding bibliographic
description in the repository

Availability:
This version is available at: 11696/86839 since: 2025-07-08T09:22:36Z

Elsevier



Article

Open-hardware platform for synchronous
performance testing of multiple passive radiative
cooling materials

Graphical abstract

Highlights

• FRESCO-board is an open platform for testing passive

radiative cooling materials

• Continuous cooling power and temperature drop

measurements for multiple samples

• Measurements settings and real-time data stored locally and

transmitted to mobile application

• Comprehensive environmental parameter monitoring via

low-cost off-the-shelf components

Authors
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SUMMARY

The growing interest in passive radiative cooling (PRC) poses a pressing need for standardized and acces

sible methods to compare the performance of different material. Here, we report on the development of 

FRESCO-board, a low-cost, open-hardware platform providing continuous monitoring of temperature 

drop (TDrop) and net cooling power (PCool) for multiple PRC materials at the same time. The proposed platform 

is further equipped with multiple sensors monitoring ambient temperature, humidity, solar irradiation, and 

sky temperature, an important and yet rarely measured quantity that is strongly correlated with the instanta

neous radiative cooling performance. An integrated display and Wi-Fi module allow streaming real-time data 

to a web application or a Grafana dashboard linked to the InfluxDB database. The availability of a portable 

and affordable testing platform can streamline access to this multidisciplinary research field, enabling 

research groups to develop and compare new materials, gaining insights into their performance under 

different in-field conditions.

INTRODUCTION

Energy crises and global warming represent significant chal

lenges faced by today’s world, with cooling systems accounting 

for 15% of global electricity consumption and contributing to 

10% of global greenhouse gas emissions.1 Consequently, there 

is a growing demand for energy-efficient cooling solutions, 

driving increased interest in zero-energy technologies to achieve 

carbon neutrality. A major opportunity in this area is provided by 

the spontaneous radiative cooling of emissive surfaces exposed 

to the sky. Due to the presence of an atmospheric transparency 

window in the wavelength range between 8 and 13 μm, a clear 

sky can act as an infinite and renewable heat sink, able to dissi

pate arbitrary amounts of thermal radiation from objects on the 

Earth’s surface emitting within this wavelength range. This pro

cess allows them to potentially reach temperatures at or below 

the ambient level, thus exerting a net cooling power. As a zero- 

energy refrigeration technology, passive radiative cooling 

(PRC) has been known for millennia, but its application was 

mostly limited to nighttime hours until 2014. In their pioneering 

work, Raman et al.2 demonstrated a multilayer photonic struc

ture reaching a sub-ambient stagnation temperature 5◦C below 

ambient temperature under 850 W/m2 direct solar irradiation. 

Since then, significant progress has been made in this field, 

with new materials offering enhanced durability, scalability, 

and sustainability.3,4 This rapid growth, however, poses the 

problem of testing different materials and comparing their cool

ing performances despite the different weather and climatic con

ditions under which they are evaluated.5–8 While some groups 

are working toward the indoor testing of these materials inside 

depressurized and/or cryogenic test chambers,9 in-field testing 

is still essential for assessing the expected cooling effect under 

real-world conditions and represents the vast majority of tests 

reported in the literature. Ideally, such outdoor tests should 

monitor a minimum set of environmental parameters, including 

ambient air temperature and humidity at an appropriate height 

from the ground, properly shielded from solar and thermal radi

ation.10 Additionally, the instantaneous infrared (IR) downwelling 

irradiance from the atmosphere plays a key role in determining 

the radiative heat balance of the PRC emitter. Moreover, envi

ronmental conditions inside the test enclosure holding the sam

ples should also be monitored and compared to the external 

temperature to identify deviations between the two during the 

24-h cycle.11,12 Finally, to be able to compare the cooling perfor

mance of different materials to a common baseline, it is desirable 

to test multiple PRC materials at the same time, thus ensuring 

that the results are obtained under identical environmental con

ditions. As an example, it could be useful to include a reference 

PRC material13,14 or to verify sample reproducibility, substrate 

and/or size-related effects, and different solar/convection 
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shielding configurations, to name a few.15,16 Moreover, for each 

tested configuration, at least two specimens are needed at the 

same time to obtain a more complete overview of their cooling 

performance by evaluating both the stagnation temperature at 

zero cooling power and the cooling power at zero temperature 

difference.10,17

Despite the importance of these combined measurements, 

such comparisons are rarely present in the literature, which 

involve either just one type of measurement or just one type of 

sample at a time. To address these needs,18 we present a fully 

open-source and open-hardware device offering up to 4 + 4 

channels for the testing of different figures of merit of multiple 

PRC materials. The resulting board is compact, lightweight, 

and portable; it is easily assembled, starting from low-cost off- 

the-shelf components (total raw cost of approximately 220 €; 

see Table S2); and can be conveniently configured through a 

web application. Embracing an open hardware philosophy is 

key to fostering innovation and improving this modular device. 

As such, the project is registered with the Open Source Hard

ware Association and available on GitHub and Zenodo with the 

aim of sharing it as an evolving platform open to collaborative 

development. Adoption of open-hardware solutions has the po

tential to harmonize the measurement of the main performance 

indicators of PRC materials, streamlining the simultaneous com

parison of multiple materials, the monitoring of multiple parame

ters related to both external and internal ambient conditions, and 

the apparent sky temperature.19

RESULTS

Electronics: Temperature drop and net cooling power 

modules

The measurement apparatus is driven by a device called 

FRESCO-board (Florence radiative passive cooling open-board) 

consisting of a main control unit (Arduino MEGA Rev3 or equiv

Figure 1. Assembled PCB with electronic 

components and enclosure 

(A) PCB for TDrop board. 

(B) PCB for PCool board. 

(C.1–C.3) The light gray boxes indicate the I/O pins 

used on the Arduino MEGA, while the light green 

boxes indicate the variable name used for the 

measurements. Different views of the fully 

assembled FRESCO-board: (C.1) lateral, (C.2) 

back view of the plug panel, and (C.3) inside with 

the electronic connection.

alent) equipped with an ATMEGA 2560 

microcontroller. This type of board 

features 54 digital input/output (I/O) 

ports, 16 analog signal input ports, 4 uni

versal asynchronous receiver-transmit

ters (UARTs; hardware serial ports), a 

16-MHz crystal oscillator, and an in-cir

cuit serial programming header. The 

board can be programmed via a Univer

sal Serial Bus (USB) port and powered 

either through this port or a standard power supply (up to 12 V, 

1.2 A). It can be connected to a wall power outlet or an external 

battery, such as a power bank, for off-grid operation. The MEGA 

2560 controller has 512- or 256-kB flash memory, capable of 

loading large programs. In the current implementation, the mi

crocontroller drives two shields, called temperature drop (TDrop) 

and net cooling power (PCool), which can be stacked onto the 

main board. The first shield forms the core of the FRESCO-board 

system, handling temperature and environmental measure

ments, secure digital (SD) card data storage, and Wi-Fi commu

nication (Figure 1A). An SD card slot is directly connected to the 

microcontroller’s serial peripheral interface, along with a dedi

cated buffer to log all data streams. This shield also features 

an RTC (real-time clock) DS2331 to keep track of the date and 

time. This board is equipped with various output ports, depend

ing on the type of data transmission protocol. The main output 

ports are A0–4 (5 channels numbered 0–4) for analog signals, 

and D0–3 for I2C (inter-integrated circuit) communication and 

digital signals. The first output port D0 uses the I2C protocol to 

read values from the light meter (BH1750) (converted to W/m2 

via a multiplicative factor), a temperature sensor (DS18B20) 

installed directly on the board, and the IR temperature sensor. 

The latter (MLX90614) is an IR thermometer for non-contact tem

perature measurements, equipped with an IR-sensitive thermo

pile detector chip. Integrated into the MLX90614 are a low noise 

amplifier, a 17-bit analog-to-digital converter, and a digital signal 

processor unit returning apparent temperature values with a 

nominal accuracy of 0.5◦C and a resolution of 0.02◦C for both 

sensor (Tsen) and object (Tsky) temperature,20 which are factory 

calibrated in a wide temperature range from − 40◦C to +125◦C 

for Tsen and from − 70◦C to +380◦C for Tsky. This sensor is 

used to obtain a qualitative reading of the apparent sky temper

ature, which is an important and yet rarely considered factor that 

is strongly correlated with the radiative cooling performance.19

Notably, IR sky temperature readings have been shown to 
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exhibit a very high correlation with the total precipitable water 

content in the atmospheric column, which is a key parameter 

determining the instantaneous atmospheric transparency.21

The sensor is also useful to reveal the passing of clouds during 

the night, which can help explain abrupt variations in the temper

ature of PRC samples that are sometimes observed during night

time hours. The second group of output ports on the TDrop shield 

is used for analog signals (A0–4). These channels have been 

used to connect negative temperature coefficient resistors 

(NTCs) to measure simultaneously up to five temperatures 

(e.g., four samples plus a point of interest inside the sample- 

holding platform). Finally, the third group of output ports com

prises the digital channels (D1–3) dedicated to DHT22 sensors, 

which can be used to monitor both air temperature and humidity 

at three different locations of interest around the measurement 

setup.

Another main component of the TDrop shield (see Figure 1A) is 

the ESP8266 board (we tested both the − 12F version with inte

grated antenna and the − 07 with the u.fl connector for external 

and extended antenna). The Wi-Fi module connects to the 

ATMEGA2560 Serial1 port, enabling it to receive data such as 

configuration parameters input by the user and send measured 

data points to a web application or a web server running an 

InfluxDB instance. InfluxDB can be installed either locally or on 

a third-party server for real-time data plotting of the data streams. 

Figures S1–S3 show the complete electronic schematics, and 

Figure S4 shows the printed circuit board (PCB) layout.

The second module of the FRESCO-board device is the PCool 

shield (Figure 1B), offering four channels to simultaneously mea

sure the net cooling power (PCool) of up to four samples. Each 

output uses one analog channel for the NTCs driving the propor

tional-integral-derivative (PID) controller and another one to 

measure voltage to calculate the current passing through a shunt 

resistor (R = 1 Ω), and hence the heating power dissipated by the 

electric heating element. The PCB shown in Figure 1B illustrates 

the implementation of a PID-controlled temperature manage

ment system using the IRLR014NTRPBF metal-oxide-semicon

ductor field-effect transistor (MOSFET) and the integrated 

AD820 (or AD8651) operational amplifier. Temperature measure

ment is achieved using an NTC thermistor, with signal condition

ing by the AD820. The PID controller adjusts the gate of the 

N-channel MOSFET, modulating the power delivered to the 

heating element through pulse-width modulation. A shunt 

resistor is used to measure the current through the heating 

element, with the AD820 amplifying the voltage drop across 

the shunt for precise current measurement. This setup ensures 

accurate calculation of power dissipation by combining the 

voltage across the MOSFET and the current through the shunt 

resistor. Since the actual amplification gain depends on the 

real characteristics of the hardware components, it is indepen

dently evaluated for each channel at the beginning of every mea

surement to ensure reproducibility. Filtering components and 

feedback resistors in the circuit enhance stability and accuracy 

in temperature regulation, providing a robust solution for precise 

temperature control and power monitoring. Further details 

about the PCool initialization are reported in the methods section, 

while supplemental figures detail the electronic schematics 

(Figures S5–S7) and PCB layout (Figure S8).

The FRESCO-board with the TDrop and PCool modules can be 

assembled into a compact enclosure, which we realized using 

a fused deposition modeling (FDM) three-dimensional (3D) 

printer (Anycubic i3 Mega), based on a 3D drawing, which is 

available on GitHub (see Figure S9). Figure 1C.1 shows a lateral 

view of the final device, while Figure 1C.2 displays the back view 

with the plug panel with labels for all connections. Figure 1C.3 

provides a close-up of the internal wire connections within the 

enclosure. A 3D rendering of the entire device is shown in 

Video S1.

Arduino and ESP code workflow

The steps needed to start up the FRESCO-board are summa

rized in a block diagram in Figure 2. The FRESCO system 

Figure 2. Block diagram for the deployment of a FRESCO-board 

The Arduino MEGA 2560 code workflow handles the measurement sequence and communication with the ESP using dedicated interrupts (depicted as traffic 

lights) and two time managers (depicted as clock icons) to ensure that all tasks are performed at the right time. The ESP8266 (both models − 12F or − 07) firmware 

workflow shows its initialization and the main loop fetching the data via the serial protocol, which is then transferred via Wi-Fi to the external database and 

dashboard, and to the web application for live data plotting.
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was developed as an integrated solution for real-time data 

acquisition, logging, and visualization using Arduino, an organic 

light-emitting diode display (OLED), and an ESP8266 module 

connected via serial channels to control external parameters, 

sharing data through a custom web application, as well as 

through InfluxDB and Grafana. The implementation followed a 

structured approach encompassing hardware setup such as 

collecting all necessary components, including sensors, micro

controllers (Arduino and ESP8266), and peripheral hardware 

such as SD card modules and communication shields, firmware 

development, server integration, and data visualization. The 

firmware-development-required libraries were installed, and 

dedicated ‘‘.ino’’ scripts were developed for each microcontrol

ler. The Arduino code manages serial communication, enabling 

the ESP8266 module and handling various subsystems such 

as sensor calibration, RTC synchronization, SD card logging, 

and Wi-Fi connectivity. The ESP8266 firmware is designed to 

handle network communication, providing a local web interface 

for system configuration via an HTTP server (see methods). It 

further initializes the Wi-Fi connection, synchronizes time via 

the network time protocol (NTP), and manages data transmis

sion to an external database for remote storage and analysis. 

A short guide for these initial steps is summarized in the 

supplemental methods and in Figures S10–S12.

Once operative, the Arduino microcontroller continuously 

gathers sensor readings, processes data, and manages time- 

based control mechanisms. Two time managers (represented 

by clock icons 0 and 1 in Figure 2) coordinate activities: the first 

manages primary measurements such as ambient temperature, 

relative humidity, irradiance levels, and sample and sky temper

atures. The second time manager oversees PID control pro

cesses, organizing and transmitting data to connected modules, 

saving them on local storage, and updating the display. Micro

controller initialization is divided into a setup phase and a main 

loop repeating core tasks. PCool initialization also includes a cali

bration step for the current readout. Measured data are pro

cessed on the fly (conversion and boxcar averaging over multiple 

measurements), saved locally on the SD card, and transmitted to 

the ESP8266 via serial communication to be displayed on the 

FRESCO web application. Details on data storage protocols 

and the web application are discussed in the supplemental 

methods and visible in Figure S13. Furthermore, the ESP8266 

handles data transmission to InfluxDB for visualization using 

Grafana (supplemental methods and Figure S14). Two interrupts 

coordinate tasks between Arduino and the ESP8266, enabling 

real-time communication and synchronized data transmission/ 

reception between Arduino and the ESP via a serial port. The 

high sampling rate set by default on the FRESCO-board (1 s) 

makes it possible to capture the fast dynamic response of the 

samples to external factors such as the rapid passage of clouds 

or morning dew evaporation. Internally, each temperature data 

point is further averaged over a burst of 100 measurements 

taken at 10-ms intervals to reduce measurement noise and 

improve the stability of the PID process.

Finally, after a measurement session, raw data can be down

loaded as comma-separated files from the Grafana dashboard 

or directly in text format from the SD card (see supplemental 

methods). Dedicated scripts (in Python and MATLAB) for 

reading, analyzing, and plotting the data are available on the 

main GitHub repository, as well as for calculating the measure

ment uncertainty of TDrop and PCool measurements performed 

with different types of FRESCO-compatible NTCs (see 

supplemental methods and Figure S15).

Outdoor experiments

To demonstrate the capabilities of the FRESCO-board platform, 

we illustrate its use for testing PRC materials in a typical exper

imental configuration. As discussed previously, due to the vari

able insulation and thermal shielding properties of the testing 

setups realized by different groups, it is crucial to dedicate 

some of the available FRESCO sensors to the monitoring of envi

ronmental conditions and temperatures of the sample-holding 

platform and its surrounding conditions, rather than just the sam

ples. This can help highlight limitations or biases that may be 

inadvertently introduced by the experimental configuration 

used for testing the samples. To this purpose, before performing 

the measurement, it is important to ensure that all sensors give 

consistent readings within the tolerances specified by the 

manufacturers and that the PID is calibrated properly. This can 

be done via preliminary indoor test measurements (see 

Figure S16), ideally by comparison with a reference sensor and 

data logger22,23 using a dedicated PCool operation mode (see 

supplemental methods and Note S1).

For our outdoor experiment, we used an aluminum rack 

measuring 90 cm in length, 40 cm in width, and 120 cm in height. 

The rack is divided into two shelves using wooden panels, with 

the lower section housing the FRESCO-board. This section is 

protected laterally with 3-cm-thick expanded polystyrene 

(EPS) lateral walls to avoid direct sunlight illumination of the elec

tronic board, while the other two sides are left semi-open to allow 

the free passage of ambient air, as shown in Figure 3A (left side). 

A key element for any PRC testing experiment is the accurate 

measurement of ambient temperature. For this purpose, the 

ambient temperature sensor should be placed at an appropriate 

distance from the ground (at least 1.25 m following recommen

dations from the World Meteorological Organization) and prop

erly shielded from solar radiation.24 Figure 3B shows a picture 

of our setup equipped with a commercial radiation shield (SKU 

7714, Davis Instruments, CA, USA) fixed at a height of 1.25 m. 

The irradiance and sky temperature sensors are placed slightly 

higher to avoid obstacles or shadowing during the day, while 

the FRESCO-board is placed underneath the rack shelf. For 

our illustrative experiment, we prepared a configuration to test 

the TDrop and PCool of two samples of different types (specular 

and diffuse) at the same time.

Figure 3A (right side) illustrates the arrangement of the samples 

on an EPS pedestal, showing details of the TDrop slot with the NTC 

sensor and of the PCool slot, which also includes a heating resistor. 

Schematic top view, lateral view, and cross-sections correspond

ing to the colored planes cutting through the EPS pedestal help 

define the positioning of the samples for TDrop and PCool measure

ments (see top view and magnified region a). These views also 

clarify the placement of the NTC sensors in direct contact with 

each sample (S#) and under each sample (U.S#) (see projections 

b-b and c-c), as well as the location of the resistive heater and its 

associated NTC sensor (see projection d-d). The sample holder 
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is made of a 20-cm-high bulk EPS block, providing insulation from 

the ground and table shelf. The block has a total length of 80 cm, 

allowing it to accommodate four 6 × 6-cm slots in a 0.5-cm-thick 

EPS lid. These slots securely hold equally sized samples, with a 

small gap underneath to house the NTC sensors and heating ele

ments. The lateral walls of the block are wrapped in low-emissivity 

aluminum tape to minimize thermal radiation from the ground, 

while the top surface is entirely covered with a highly reflective so

lar diffuser film. The same film is also used as one of the tested 

emitters, which are applied on identical aluminum substrates. 

Finally, a layer of polyethylene film is wrapped around the vertical 

posts of the rack to act as a lateral wind barrier (see Figure 3B), 

with the top left open to allow free air circulation around the sam

ples. This setup prevents overheating of the surrounding environ

ment while promoting natural airflow.

The NTCs used in the experiment (model no. 103JT-025, Sem

itec, Japan) are 10-kΩ thermistors with a β constant of 3,435 K. 

Several other NTC models can be alternatively used with 

FRESCO, some of which have been directly tested in similar exper

iments as detailed in Table S1. For the PCool side, a 100-Ω resistive 

heater (model no. HS25E3 100R F M145, Ohmite, IL, USA) is added 

to keep the samples at ambient temperature. The contact between 

the NTC and the sample is ensured using a thermal paste (thermal 

conductivity >3.5 W/m K) and a layer of adhesive Kapton (3M Poly

imide Film Electrical Tape 92) on its back. The heating resistor is 

directly attached to each sample using a bi-adhesive thermal 

tape (3M Thermally Conductive Interface Tape 8926). Figure 3B 

shows the used NTCs and resistive heater and their position with 

respect to the EPS pedestal. The FRESCO booting loop can be 

seen in Video S2, after which FRESCO starts performing TDrop 

and PCool measurements simultaneously to evaluate the different 

PRC materials under the same weather conditions.

PRC outdoor experiments

For our experimental test, we imagine a typical configuration 

where a material under test is characterized alongside one or 

Figure 3. Experimental setup equipped with FRESCO-board for PRC outdoor measurements 

(A) Schematic view of the apparatus, with a detailed view of the EPS sample holder and the NTCs and heater position. 

(B) Photographs of the experimental apparatus highlighting the light and IR sensors, the TDrop and the PCool slots with a detailed view of the NTCs connections, 

and the heater resistor used in these configurations.
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more reference materials with known properties. Several op

tions have been proposed for this purpose,14 but we resort 

for simplicity to a do-it-yourself example reported in the litera

ture, using a specific type of Scotch Tape over a silver 

reflector.13 This sample, identified as ST (Scotch Tape), is 

tested alongside a pre-commercial PRC sample with a white 

diffuse appearance, identified as S2. Spectral characterization 

of both samples is presented in Note S2 and Figure S17, ac

cording to the relevant standards.24 Both the Scotch Tape 

and the pre-commercial film are applied on 6 × 6 × 0.05-cm 

silvered aluminum reflectors (Almeco VEGA 98) fitting tightly 

in the sample slots carved into the EPS lid. This silvered sub

strate is used as the base layer for both samples to ensure 

that all emitters are applied to equivalent thermal masses and 

to guarantee homogeneous heat distribution across the sample 

surface, which is especially relevant for the PCool measurement. 

Once the samples were properly positioned, the electronic 

device was powered on and left to collect data for 2 days 

between March 19 and 21, 2025, on the rooftop of the LENS 

Institute near Florence, Italy (43◦ 49′ 7.9′′ N, 11◦ 11′ 36.8′′ E, 

altitude 50 m).

The experimental results, reported in Figure 4A, show ambient 

and sample temperatures (ST and S2, under the samples and the 

lid) data during the experiment. Figure 4B displays ambient hu

midity (measured inside the Davis Stevenson shield using a 

DHT22), apparent sky temperature, and solar irradiance. This 

experimental series is representative of a wide range of ambient 

temperatures and sky transparency conditions, as documented 

in the insets of Figure 4B. The abrupt passage from clear to over

cast sky conditions is revealed during the night thanks to the 

sudden increase of the apparent sky temperature and the solar 

irradiance reduction during the following day. Sky temperature 

is directly correlated with the downwelling IR irradiance in a 

wavelength range overlapping with the atmospheric transpar

ency window. Even during apparently clear sky conditions, 

very different sky temperatures can be recorded, depending 

on factors such as the presence of high-altitude clouds or hu

midity or smog that cannot be detected at ground level, showing 

Figure 4. Outdoor experimental measurements 

(A) Temperature measurements reporting ambient, ST, S2, under both samples, and under the lid. 

(B) Relative ambient humidity, solar irradiance, and sky temperature used as a proxy to the presence of clouds, as documented in the photographs taken during 

the experimental series. 

(C) Temperature difference (ΔT) calculated as the difference between samples (ST and S2) and ambient temperatures. 

(D) PCool measured for ST and S2. The second y axis reports the solar irradiance as a reference for the daytime and the nighttime. An abrupt interruption in the 

cooling power exerted by both samples is observed in correspondence with the change in sky conditions.
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excellent correlation with the amount of total precipitable water 

in the atmospheric column.21 Further tests demonstrating the 

fast response time and large measurement range of the MLX 

sensor used for this measurement are presented in Note S3

and Figure S18.

Based on the measured temperatures, Figure 4C displays the 

temperature difference (ΔT) between the two sample tempera

tures and ambient temperature. Temperature differences relative 

to the air pockets below the samples are further shown in 

Figure S19A (see Note S4). Figure 4D shows the cooling power 

of the two samples estimated during the same period using the 

PCool module, measured as the instantaneous power required 

to keep the emitter at ambient temperature under the assumption 

that all heat is dissipated radiatively toward the emitter surface. 

A PCool is measured as expected when the samples go below 

ambient temperature, reaching cooling powers up to 110 W/m2 

during the periods of lower solar irradiation, which is consis

tent with values typically reported in the literature.11,16,25–28

Figure S19B displays the temperatures measured in contact 

with the two temperature-controlled samples for the PCool mea

surement, showing the effectiveness of the PID feedback in 

ensuring that they do not fall below the target set point of ambient 

temperature Tamb. Additional measurements are shown in Note 

S5 (Figures S20 and S21), featuring longer measurement ses

sions during summer conditions with similar qualitative results, 

which confirms the ability of the FRESCO-board system to collect 

and transmit data across several days unattended.

DISCUSSION

FRESCO-board is a modular, open-hardware platform devel

oped for comprehensive monitoring and data logging in experi

ments evaluating the cooling performance of PRC materials. 

As such, it can fill the current literature gap regarding reproduc

ible strategies for in-field cooling performance assessment and 

comparison among different PRC materials. In addition to the 

inherent challenges connected to testing PRC materials out

doors, biases and ‘‘manipulated conditions’’ have also been re

ported in the literature10,17,24,29 (e.g., related to the selection of 

particularly favorable experimental locations, artificial suppres

sion of convective heat exchange, or inappropriate choice of 

ambient temperature references). Informed by these shortcom

ings, FRESCO-board is designed to monitor multiple reference 

temperatures at once, both inside and around the insulated sam

ple holders, thus facilitating the comparison and identification of 

inappropriate sensor positioning or shielding of the reference 

temperature sensor. Additionally, we conducted our experiment 

in a typical application environment at low altitude, without sup

pressing natural convection.

Another relevant design principle that guided the development 

of FRESCO is related to its ability to collect the instantaneous 

temperature and cooling power for the same sample under the 

same environmental conditions. Previous works highlighted the 

importance of such combined measurement, which provides 

both a more comprehensive picture of the overall cooling poten

tial of a PRC material and extremely robust information on the 

non-radiative heat exchange contributions at play during the 

measurement.10

Thanks to its compact design and versatile operation, 

FRESCO-board provides a practical and cost-effective solution 

for standardizing in-field data collection in PRC research. Its 

multi-channel capability enables testing of different materials 

or configurations in parallel, capturing both TDrop and PCool po

wer simultaneously. This approach enhances the reliability and 

comparability of results, addressing a common limitation in pre

vious experimental setups that could record only one type of 

data at a time. The total cost of the proposed system is approx

imately 220€, making it an accessible solution for research 

groups worldwide (complete bill of materials provided in 

Table S2). Pick-and-place files and documentation are available 

in the GitHub repository, enabling fast, low-cost prototyping us

ing standard PCB manufacturing services.

Because of its collaborative development and open-source 

code base, we envision continuing to improve the FRESCO- 

board and overcome some of its current limitations—for 

example, the typical power supply of Arduino MEGA limits the 

maximum power that can be dissipated by the resistive heating 

elements. Assuming a conservative maximum target of 170 

W/m2 dissipated by each sample, this currently limits the 

maximum sample size to about 8 × 8 cm. Future implementa

tions could consider more recent Arduino platforms such as 

the GIGA R1, which can run on a more powerful power supply 

(maximum 24 V), and would additionally include all current func

tionalities (including Wi-Fi connection and an integrated RTC) in 

a single board. When testing samples across extreme tempera

ture ranges, the accuracy of NTC measurements can be 

improved further by deriving Steinhart-Hart parameters replac

ing the current beta law, which is currently under development 

in the FRESCO repository. Additionally, at present, FRESCO 

does not include a wind speed sensor. However, several Ardu

ino-compatible options are readily available and could be inte

grated in future versions. Similarly, the addition of an atmo

spheric pressure sensor would provide another relevant yet 

rarely considered data stream, given its link to weather patterns 

and precipitable water content. Finally, the inclusion of a dedi

cated UV sensor could enable real-time tracking of UV irradi

ance, which may be relevant for evaluating the performance of 

PRC coatings with varying UV reflectance properties.

All in all, this work shows that comprehensive experimental 

studies of the PRC effects can be affordable and deployed 

easily, providing inspiration on how to improve the robustness 

of these measurements and shifting the attention from 

the continuous development of new PRC materials to their com

parable and synchronous testing under identical ambient 

conditions.

METHODS

Firmware upload

To set up both the Arduino and ESP8266 microcontrollers, it is 

recommended to use Arduino IDE version 1.8.18 for compati

bility with all hardware and software libraries, which is available 

from the official Arduino website. After selecting the correct 

board in the IDE, the tested Arduino sketch can be uploaded 

to compatible boards. For the ESP8266, users should wire the 

USB-UART to the microcontroller (see supplemental methods
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and Figure S10) and follow the specific booting sequence 

to enter program mode and upload the firmware (see 

supplemental methods). Additionally, a plotting package is 

required for the web application homepage to display correctly, 

with further instructions and all necessary files available in the 

official GitHub repository. Further details are provided in the 

supplemental methods.

FRESCO-board initialization

Prior to setting up the experiment, NTC sensors should be char

acterized in a controlled environment to verify their compliance 

with the manufacturer’s technical specifications, as discussed 

in Note S1. When compared among themselves or to a reference 

sensor, small systematic deviations are typically observed, with 

some sensors displaying slightly higher and others slightly lower 

readings. To adopt a conservative approach and minimize the 

risk of overestimating the cooling performance of a passive day

time radiative cooling coating, we recommend using slightly 

‘‘hot’’ sensors for sample measurements and slightly ‘‘cold’’ sen

sors for ambient temperature monitoring.

When mounting the NTC sensors and electric heaters, care 

should be taken to ensure good thermal contact with the sample 

substrates. This can be done by attaching the sensors to the 

metal with Kapton tape to further shield the sensors from 

ambient temperature fluctuations. Thermal paste should be 

applied sparingly or be replaced with thin thermal double tape 

to ensure that the adhesion between the substrate and the Kap

ton tape is not weakened.

FRESCO-board PID settings

Once the heating elements are mounted on the PCool channels, 

their voltage drop should be measured and stored in the relative 

PSUPPLY_VOLTAGE variable in the Arduino firmware. With a 

12-V external power supply, typically around 10.8 V are available 

at the heating resistors accounting for the voltage drops intro

duced by the MOSFET and internal diodes. Once this value is 

set, PID parameters can be tuned during a laboratory test ses

sion by setting a constant target temperature above ambient 

conditions and tracking the system time response. To this end, 

FRESCO-board allows setting the PID target temperature to 

track the reading of another sensor (by default, the sensor 

tracking ambient temperature), or to a constant user-defined 

temperature (see supplemental methods).

For our system, we determined values of 225, 0.75, and 10 

for the PID parameters, respectively. These parameters are 

specific to the experimental configuration and may vary depend

ing on the sample size and substrate material used. For tuning 

the PID parameters, the closed-loop Takahashi method is 

recommended.30

NTP synchronization

As a backup storage when a Wi-Fi network is not unreliable or 

not available, FRESCO-board stores recorded data locally on 

an SD card. To ensure logging with the correct time stamp, the 

board can be connected just for a few seconds to a hotspot 

and then rebooted to allow it to sync with one of the available 

NTP servers (see supplemental methods).

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact Diederik S. Wiersma 

(diederik.wiersma@unifi.it).

Materials availability

This study did not generate new unique materials.

Data and code availability

• The data supporting the findings of this study are available within the 

paper and at Zenodo: https://doi.org/10.5281/zenodo.13919077.

• The firmware used for Arduino microcontroller (ATMEGA 2560) and 

ESP8266 control and communication are available at GitHub: https:// 

github.com/GiuseppeELio/FRESCO-Board or at Zenodo: https://doi. 

org/10.5281/zenodo.13919077.
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Please cite this article in press as: Werlé et al., Open-hardware platform for synchronous performance testing of multiple passive radiative cooling 

materials, Cell Reports Physical Science (2025), https://doi.org/10.1016/j.xcrp.2025.102688

Cell Reports Physical Science 6, 102688, July 16, 2025 9 

Article

ll
OPEN ACCESS

https://doi.org/10.1038/nature13883
https://doi.org/10.1002/advs.202305067
https://doi.org/10.1016/j.jechem.2023.11.016
https://doi.org/10.1002/advs.202001577
https://doi.org/10.1002/advs.202001577
https://doi.org/10.1016/j.solener.2021.03.064
https://doi.org/10.1016/j.solener.2021.03.064
https://doi.org/10.1016/j.solener.2023.03.018
https://doi.org/10.1016/j.solener.2023.03.018
https://doi.org/10.1016/j.cej.2023.142095
https://doi.org/10.1016/j.cej.2023.142095
https://doi.org/10.1016/j.xcrp.2022.100986
https://doi.org/10.1016/j.xcrp.2022.100986
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123494
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123494
https://doi.org/10.1021/acsaom.4c00099
https://doi.org/10.1016/j.xcrp.2022.101058
https://doi.org/10.1117/1.JPE.12.012112
https://doi.org/10.1117/1.JPE.12.012112
https://doi.org/10.1007/s10765-025-03532-6
https://doi.org/10.1007/s10765-025-03532-6
https://doi.org/10.1038/s41893-023-01170-0
https://doi.org/10.1038/s41893-023-01170-0
https://doi.org/10.1007/s10765-024-03439-8
https://doi.org/10.1007/s10765-024-03439-8
https://doi.org/10.1021/acsenergylett.4c00909
https://doi.org/10.1016/j.applthermaleng.2022.118744
https://doi.org/10.1016/j.applthermaleng.2022.118744
https://doi.org/10.1016/j.renene.2023.04.142
https://doi.org/10.1109/ICMA52036.2021.9512718
https://doi.org/10.1109/ICMA52036.2021.9512718
https://doi.org/10.1175/2011BAMS3215.1
https://doi.org/10.1175/2011BAMS3215.1
https://doi.org/10.1016/j.enbuild.2010.01.006
https://doi.org/10.1016/j.enbuild.2010.01.006
https://doi.org/10.1016/j.solmat.2019.110013
https://doi.org/10.1002/adfm.202307191
https://doi.org/10.1016/j.solmat.2019.110296
https://doi.org/10.1016/j.solmat.2019.110296
https://doi.org/10.17632/GVXXR8J62W.1
https://doi.org/10.17632/GVXXR8J62W.1
https://doi.org/10.1038/s41467-020-20646-7
https://doi.org/10.1016/j.xcrp.2021.100338
https://doi.org/10.1016/j.xcrp.2021.100338
https://doi.org/10.1016/j.renene.2022.05.037
https://doi.org/10.1016/j.renene.2022.05.037
https://doi.org/10.9746/sicetr.55.324
https://doi.org/10.9746/sicetr.55.324

	XCRP102688_proof.pdf
	Open-hardware platform for synchronous performance testing of multiple passive radiative cooling materials
	Introduction
	Results
	Electronics: Temperature drop and net cooling power modules
	Arduino and ESP code workflow
	Outdoor experiments
	PRC outdoor experiments

	Discussion
	Methods
	Firmware upload
	FRESCO-board initialization
	FRESCO-board PID settings
	NTP synchronization

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References



