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We demonstrate a full-scale radiant-capacitive cooling system (RCCS) capable of maintaining continuous thermal
comfort during hot summer conditions without using mechanical refrigeration, thanks to a combination of sky
radiators with water-filled radiant-capacity ceiling panels. Tested in twin full-scale cells under clear-sky condi-
tions, the RCCS maintained operative temperatures within the adaptive comfort limit for 94% of the monitoring
period when uncoated and for 100% when the radiators were coated with a commercial passive daytime radi-
ative cooling (PDRC) material. The experimental cell exhibited temperatures on average 6-7 K cooler than the
control cell, with peak daily reductions in indoor maximum temperature up to 12 K. Sky radiators produced a
median cooling potential of about 56 W m~2 (43-74 W m~2 across the series), while the ceiling panels removed an
average of 2.8-3.2 kWh per day (432-494 Wh/mZeday), depending on configuration. Applying the PDRC ma-
terial extended effective cooling by 2-4 h per day and increased daily delivered cooling energy by more than
10%. Multiple-regression models based on climatic and operational variables explain the observed temperature
reductions and cooling potential of the sky radiators. These results indicate that a low-complexity, water-based
radiative cooling system built from widely available components can significantly improve thermal comfort in
well-insulated buildings during extreme heat without mechanical refrigeration.

has been used in buildings in applications such as ice production [5],
and many systems have been proposed to harness energy-free cooling

1. Introduction

The global rise in greenhouse gas emissions, largely driven by energy
use in buildings, is a critical environmental challenge. Space cooling
currently accounts for around 20% of building electricity demand and
about 10% of global energy use [1]. With cooling demand expected to
increase tenfold by 2050 [2] and heatwaves intensifying due to global
warming and urbanization [3], there is an urgent need for cooling
strategies that reduce energy use and dissipate heat with minimal
environmental impact. In this context, the principle of “cooling without
heating” should guide the development of sustainable solutions for the
built environment.

Passive radiative cooling (PRC) has re-emerged as a promising
strategy by using outer space as a vast heat sink, taking advantage of the
low atmospheric emittance in the 8-13 pm wavelength range, particu-
larly under dry conditions [4]. Historically, nocturnal radiative cooling
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via the atmospheric infrared window, mainly at night [6-11]. The
introduction of selective-surface radiators in the 1970s further improved
performance under clear skies by tailoring their spectral properties to
maximize long-wave emission [12].

Passive radiative cooling systems use the sky dome as a heat sink but
are constrained by low radiative energy and nighttime conditions.
Recent advances include geometric optimization, such as a vertical-fin
radiative sky-cooling method that combines multi-directional cooling
with improved convective heat transfer via vertical profiles [13]. Scaling
these approaches to buildings requires thermodynamic models and
feasibility analyses of deep-space-source heat pumps to determine
boundary conditions and seasonal performance [14]. Advances in
nanotechnology and thermal photonics have produced PRC materials
that strongly reflect solar radiation while emitting in the mid-infrared,
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achieving sub-ambient temperatures under direct sunlight [15]. Since
then, substantial research has focused on PRC materials, radiative
cooling panels, and the design and optimization of ceiling panels for
radiant cooling in buildings. Several reviews summarize the state of the
art in passive daytime radiative cooling (PDRC) technologies and ma-
terials [16-20]. Passive daytime radiative cooling technology is being
integrated into several high-impact sectors, including building enve-
lopes, where its application in rooftop and facade coatings can reduce
air-conditioning energy use by more than 60% [21]. However, despite
promising laboratory results and theoretical developments, significant
gaps remain regarding the real-world applicability and robustness of
PRC-based systems in full-scale buildings, where multiple environ-
mental and operational variables interact. The long-term durability,
optical performance, and energy-saving potential of passive daytime
radiative cooling (PDRC) coatings are critical factors in determining
their practical viability. Although PDRC can cool buildings without
energy consumption, its real-world application depends on the ability of
these coatings to preserve their optical properties after years of outdoor
exposure [22].

RCM
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Complementary full-scale experiments in different climates [23-25],
including some with radiative cooling systems [26], have provided
valuable data for validating numerical models, which are essential for
sensitivity analyses, system optimization and performance assessment in
practice.

In this context, the present research demonstrates a full-scale, water-
based radiant-capacitive cooling system (RCCS) deployed in twin test
cells under hot summer conditions, reconciling component-level ge-
ometry with systemic macro-feasibility without mechanical refrigera-
tion. The system integrates high-capacity modular ceiling panels with
day-and-night radiative sky radiators coated with PDRC materials, as
well as thermal energy storage. This setup builds upon previous dual
radiant-capacitive heating and cooling configurations tested in Curitiba,
Brazil (Koppen-Geiger Cfb climate) [11,27], that lacked daytime PDRC
materials. The current study is conducted at the full-scale experimental
facility of the Eduardo Torroja Institute for Construction Science in
Arganda del Rey, Madrid, Spain [28], characterized by a Csa-Bsk
climate with hot, dry summers and limited rainfall—conditions that are
particularly suitable for assessing PRC-based cooling strategies [29,30].
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Fig. 1. (a) The full-scale experimental facility with two test cells (Experimental and Control) featuring south-facing windows. (b) Interior view of the control cell. (c)
Interior view of the experimental cell. (d) Component diagram of the radiant-capacitive cooling system. The system includes: RCM (8 radiant-capacitive modules);
SRs (5 sky radiators); TES (2 thermal energy storage); S1, S2, S3 and S4 (solenoid valves); 1: Gate valve; 2: Check valve; 3: Water filter; 4: Water pump; 5: Pressure
switch; 6: Pressure tank; 7: Pressure gauge; 8: Pressure control valve; 9: Water flow meter; 10: Needle valve; and 11: Reference sample materials. The measurement

location of variables detailed in Table 3 are indicated.
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The primary objective of this research is to evaluate the feasibility
and effectiveness of PRC materials in enhancing thermal comfort in low-
energy buildings. Specifically, the study aims to: (i) quantify and
compare the cooling potential of sky radiators; (ii) evaluate the thermal
energy extracted by radiant-capacity ceiling modules (RCM); and (iii)
assess system impact on indoor temperatures relative to ambient and
control conditions. Additionally, the study develops a practical meth-
odology for the comparative assessment of sky radiator arrays under
varying climatic and operational conditions, using multiple-regression
models that account for the most influential variables driving the
Cooling Potential of Sky Radiators (CPSR). Furthermore, this work
compiles and openly releases an extensive experimental
database—spanning variations in water flow rate, RCM quantity, and
storage volume—to calibrate simulation models, perform sensitivity
analyses, and inform component sizing for alternative real-world con-
figurations [31].

2. Methodology
2.1. Full-scale experimental facility

The facility (8.95 m x 7.2 m x 4.2 m) is elevated 0.42 m above
ground and hosts two identical test cells with internal dimensions of
5.66 m x 2.68 m x 2.92 m (floor area 15.2 m?, volume 44.3 m?), one
used as control cell (CC) and the other as experimental cell (EC)
(Fig. 1la—c). Walls, roof and floor consist of modular sandwich panels
with 0.60 m of Geopannel Classic insulation (A = 0.034 W/mK), yielding
an overall U-value of 0.055 W/m?K. The highly insulated envelope
minimizes heat transfer and decouples indoor conditions from
short-term outdoor fluctuations. Each cell has a south-facing, double
low-e window (1.87 m?, U = 1.88 W/m?K). Further details on envelope
and partition properties are given in [28] and in the Supplementary
Material, Section S1.

2.2. The radiant-capacitive cooling system (RCCS)

The RCCS builds on the Radiant-Capacitive Heating and Cooling
System developed by Gonzalez and Kriiger [11,27], itself inspired by
earlier roof-pond concepts integrating evaporative and radiative cooling
[32]. In the present work, the concept is implemented as thermally
activated building elements (TABs) for radiant cooling, combined with
nocturnal and daytime radiative cooling via sky radiators and a
water-based thermal storage. This approach is particularly advanta-
geous for both renovation projects and new constructions. Notable
characteristics of the proposed system include very low energy con-
sumption, cooling without heating contribution, use of renewable
source of cooling power, zero water usage, zero greenhouse gas emis-
sions for operation, improved thermal comfort, and enhanced thermal
storage capacity with reduced volume and mass compared to traditional
TAB systems [33-35].

The RCCS consists of three main components (Fig. 1d): (i) sky radi-
ators (SRs), positioned to maximize sky view; (ii) indoor Radiant-Ca-
pacity Modules (RCMs), installed as ceiling panels; and (iii) a thermally
insulated water tank for Thermal Energy Storage (TES). These are con-
nected by a closed-loop hydronic system with controlled flow and three
possible circuits. In this study only Circuit 1 was used: water is pumped
from the TES through the SRs, then through the RCMs in the EC, and
back to the TES. In the radiators, water cools if radiative losses exceed
gains; in the RCMs it absorbs heat from the indoor environment, thereby
cooling the EC. Further information on RCCS is included in the Sup-
plementary Material, Section S2.

2.2.1. The Sky radiators (SRs)

The SRs are five commercially available polypropylene solar panels
[36] (2.0 m x 1.2 m each), with multiple parallel channels connected to
polypropylene manifolds. They are mounted on 0.04 m of XPS insulation
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(A = 0.032 W/m-K) over 0.015 m OSB panels, on a platform 1.60 m
above ground and tilted 8° towards the north (Fig. 2). The panels were
installed this way to allow easier access for testing and maintenance,
although in practical applications they would typically be placed on the
roof to also provide shading from direct solar radiation. Two main
configurations were tested: (i) Series A, with the original black poly-
propylene surface exposed; and (ii) Series B (Fig. 2b), with a
110 pm-thick SpaceCool Silver Film (SSF) [37] adhered to the surface.
The SSF is a PRC material with high solar reflectance and high
long-wave emissivity, enabling daytime radiative cooling. Additional
details concerning the optic characteristics of the sky radiators and the
PRC material are provided in the Supplementary Material, Section S3.

Alongside the sky radiators, four material samples measuring
0.20 m x 0.20 m were installed, with their undersides and sides insu-
lated using rigid polystyrene foam. The surface temperatures of these
samples (Trl, Tr2, Tr3, and Tr4) serve as reference temperatures for
interpreting the cooling performance of the radiators. The samples
include a white-painted metallic sheet (Trl), a polypropylene panel
(Tr2), a polypropylene panel coated with SpaceCool Silver Film (SSF)
(Tr3), and an aluminum sheet coated with SSF (Tr4). Notably, the
maximum temperature depression of water in the radiators, exposed to
the night sky under static conditions (without water flow), correlates
with the surface optical and thermal properties of these materials.
During the night, the temperature depressions for both the poly-
propylene panel and the SSF-coated polypropylene panel (Tr2 and Tr3,
respectively) are nearly identical.

The optical properties (visible and solar reflectance; emissivity) of
the radiator surfaces and reference samples were measured using a
portable spectrophotometer and an ET100 emissometer, following
UNE-EN 410 [38]. Additional details concerning the optical character-
istics of the sky radiators' surfaces and reference samples are provided in
the Supplementary Material, Section S4, while Table S2 summarizes the
spectral properties of the sample materials.

2.2.2. The Radiant-Capacity Modules (RCMs)

Each RCM (Fig. 2c-d) consists of a 1 mm steel box
(0.9 m x 0.9 m x 0.07 m) containing a 3/8" (9.52 mm) copper coil
(9.5 m length) and a water volume of 0.0518 m?. The thermal capacity of
one module is 216.6 kJ/K, about twice that of an equivalent volume of
reinforced concrete. Eight RCMs were installed as ceiling panels in the
EC, covering 6.5 m?* (~43% of ceiling area) with a total water volume of
0.421 m?®. Further details and figures of the RCMs are given in the
Supplementary Material, Section S3.

2.2.3. The Thermal energy storage (TES)

The study features two thermally insulated polyethylene water tanks
for thermal energy storage (see Supplementary Material, Section S7);
TES-1, with a 1000-liter capacity, and TES-2, with a 50-liter capacity.
Water circulation is managed by a hydropneumatic system with three
circuits and four solenoid valves, all controlled by an automatic system,
while the flow rate is regulated by a pressure-regulating valve and a
needle valve to maintain stable operations.

2.3. Data acquisition and control system

A Raspberry Pi 4B manages real-time data acquisition and control,
connected to NTC modules, PT100 RTDs, thermocouples, a flowmeter,
an electric meter, and AC actuators. Variables measured (Fig. 3 and
Table S3 in Supplementary Material Section S8) include: water tem-
peratures at SR in/out, RCM in/out, within TES and RCMs; air and globe
temperatures in EC and CC; ambient temperature; reference sample
temperatures; and water flow rate.

Water and air temperatures at key points were measured with 4-wire
PT100 Class A sensors (IEC 60,751); remaining temperatures with
T-type thermocouples. Water flow was measured with a Zenner
ETWD-M DN15 flowmeter (0-2.5 m3/h, +2% accuracy). Apparent sky
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Fig. 2. (a) Dimensions of the cross and longitudinal sections of the sky radiator, on the insulating material. (b) The five polypropylene sky radiators coated with PRC
material film. (c) Arrangement of the 8 RCMs mounted on their support structure as ceiling panels, along with their connections to the water inlet and outlet
manifolds. (d) Top view of a sealed RCM with inlet, outlet, and water filling connections.
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painted white. Tr2: polypropylene panel sample. Tr3: polypropylene panel sample coated with SSF material. Tr4: 1 mm aluminum sheet coated with SSF material.

temperature, used as a proxy for sky conditions and precipitable water
content [39], was monitored with an Optris CSmicro LT/LTH infrared
thermometer. A Davis Vantage Pro2 Plus weather station provided
outdoor temperature, humidity, wind, precipitation, solar irradiance
and atmospheric pressure.

All temperature sensors were calibrated before installation. Differ-
ences between individual sensors and the ensemble mean remained
within +0.15 °C for PT100 probes and +0.13 °C for thermocouples
(standard deviation ~0.1 °C). Comprehensive information regarding the
data acquisition and control system is provided in the Supplementary
Material, Section S7

2.4. Experimental program

Nine experimental series (ES) were conducted at the full-scale

facility located in Arganda del Rey, Madrid (40°18'50.5"N,
3°28'56.0"W), between late July and late September 2024, a period
characterized by frequent heatwaves and daytime outdoor temperatures
often exceeding 35 °C and occasionally surpassing 40 °C. Operating
conditions were varied systematically to study their influence on system
performance: radiator surface (bare polypropylene vs SSF-coated),
water flow rate, number of active RCMs, TES volume, and daily oper-
ating duration of Circuit 1 (Table 1).

Four series (ES-Al to ES-A4) were carried out with bare poly-
propylene SRs (Series A), followed by five series (ES-B1 to ES-B5) with
SSF-coated SRs (Series B). In Series A, operation beyond 10 h was found
to be counterproductive due to solar absorption of the black panels;
therefore, Circuit 1 was operated from 22:00 to 8:00. In Series B, thanks
to the highly reflective SSF coating, the system was operated for 12 h
(from 21:00 to 9:00) during the first four series, and for 15 h (from 19:00
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Table 1
Summary of operating conditions and dates for each experimental series.

Dates Experimental Circuit-1 TES WEFR (L/h) RCM
Series (h) (0] (#)
01/08 - 08/08 ES-Al 10 1000 183 8
09/08 - 12/08 ES-A2 10 1000 387 8
13/08 - 16/08 ES-A3 10 50 396 8
17/08 - 20/08 ES-A4 10 50 380 4
21/08 - 27/08 ES-B1 12 50 363 8
28/08 - 03/09 ES-B2 12 50 170 8
04/09 - 07/09 ES-B3 12 50 158 4
10/09 - 16/09 ES-B4 12 1000 376 8
17/09 - 24/09 ES-B5 15 1000 376 8

to 10:00) in the final series. The purpose of this extended operation was
to identify the maximum duration during which the system maintained
effective performance, producing water at a temperature suitable for
indoor conditioning.

Two distinct target flow rates were tested: a lower rate of ~180 L/h
(0.05 L/s, 0.264 L/min-m?) and a higher rate of ~380 L/h (0.105 L/s,
0.558 L/min-m?) (actual measured values are reported in Table 1). In
seven series, all eight RCMs were active; in two series, only four RCMs
were activated to assess the impact on EC temperatures and energy
extraction. TES-1 was used in two Series A and two Series B cases, while
TES-2 was used in the remaining series, allowing comparison of
different storage capacities.

2.5. Performance indicators

Two groups of thermal performance indicators are employed in this
study. The first group characterizes the Cooling Potential of the Sky
Radiators (CPSR) and quantifies the Energy removed by the Radiant-
Capacity Modules (ERCM). The second group examines the effective-
ness of internal cooling within the experimental cell by analyzing the
temperature depression in the test cell relative to ambient and control
cell temperatures. Finally, the relationship between internal tempera-
tures in the EC and the adaptive comfort range will be discussed in terms
of the number of hours above the upper limit of the comfort range.

2.5.1. Cooling potential of sky radiators (CPsg, W/m?)

The cooling potential of the radiators corresponds to the energy
dissipated per unit time and per unit area when water is circulated
through them. Radiative heat transfer from a radiator exposed to the
night sky is primarily influenced by atmospheric thermal radiation and
convective exchange with the surrounding air, with a lesser contribution
from conduction through the supporting insulation [19]. When water
flows in contact with the radiator surface, the water temperature drop
between inlet and outlet depends on the inlet fluid temperature, the
mass flow rate, and the radiator’s surface energy balance. Under solar
irradiance, achieving sub-ambient temperatures is more challenging
and requires a surface with high solar reflectivity and high thermal
emissivity; such conditions can enable daytime radiative cooling.

To quantify the net cooling potential of the sky radiators (CPsg) we
calculated an average based on 5-minute records over the entire daily
operating period, utilizing the water temperature difference between the
radiator inlet and outlet (ATwgg) and the water flow rate through it
[40], as follows:

t 1~
CPsg = _— ;m'cp‘(Twu —Tusi) (€8]

Where: CPsg (W/m?) is the net cooling potential of the radiators per
unit area, t (h) is the total measurement period, Agg (m?) is the total
surface area of the SRs, n (every 5 min during t), is the total number of
measurements, m (kg/s) is the mass flow rate of water, ¢, (J/kgeK) is the
specific heat capacity of the water, Tw4,i and Twb5,i (K) are the inlet and
outlet water temperatures at measurement i.
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2.5.2. Thermal energy removed from the radiant-capacity modules (Egrcny)

During operation, water cooled in the SRs Flows to the Radiant-
Capacity Modules, where it passes through copper-coil heat ex-
changers and absorbs heat from the water contained in the modules. The
cooling water thus enters the experimental cell at temperature Tw6 and
leaves at a higher temperature Tw9. The temperature increase of the
cooling water (ATwgcy) is used to calculate the energy effectively
removed from the RCMs, given by:

1.
Erem =t n Z -y (Twei — Twoy) )
i1

where: Egcy (Wh) is the energy removed from the RCMs, t (h) is the total
measurement period, n (every 5 min during t) is the total number of
measurements, 1 (kg/s) is the mass flow rate of water, ¢, (J/kgeK) is the
specific heat capacity of the water, Tw6,i and Tw9,i (K) are the inlet and
outlet water temperatures at measurement i.

2.5.3. Temperature depression in the test cell relative to ambient and
control cell temperatures

The second group of thermal performance indicators assesses the
system's ability to achieve characteristic temperatures—such as daily
mean and maximum temperatures—lower than those in the control cell
and the outdoor environment. These metrics evaluate the system’s
cooling effectiveness in maintaining thermal comfort, aiming for tem-
peratures within the adaptive comfort range. For each day of the
experimental series, we analyze four quantities: (a) the drop in daily
mean temperature of the experimental cell relative to outdoors
(DTavg = Tamb,yg — Tecayg); (b) the drop in daily maximum tempera-
ture relative to outdoors (DTmax = Tamb,x — Tecmax); (c) the drop in
daily mean temperature relative to the control cell (DTcc
Ec = Tccag — Tecayg); and (d) the percentage of hours per day
meeting the comfort criterion (comfort index, CI).

Comfort Index (CI)

The CI represents the Percentage of time (5-min intervals) per day
when the indoor operative temperature in the experimental cell remains
below the upper limit of the adaptive comfort range (ULACR). The
neutral adaptive comfort temperature (Tn) is calculated following
ASHRAE 55 [41]:

Tn=0.31+Tavg+17.8 3

where Tn is the neutral temperature and Tavg is the 10 day prevailing
mean outdoor temperature.

A 90% acceptability band (+2.5 °C) is used; only the upper limit
(Tn + 2.5) °C is considered, as the system is designed for cooling. The
operative temperature is calculated as the average of the indoor air
temperature and the mean radiant temperature in the EC, since the air
velocity is below 0.1 m/s [42]. The mean radiant temperature is ob-
tained as a function of the air temperature, the globe temperature (Tg.
ec) and the diameter of the globe (d = 0.04 m) [42].

2.5.4. The predictive mean vote (PMV)

The Predicted Mean Vote (PMV) is a widely used thermal comfort
index that predicts the average thermal sensation of a large group of
occupants on a seven-point scale, from cold (—3) to hot (+3), based on
air temperature, mean radiant temperature, relative humidity, air ve-
locity, metabolic rate, and clothing insulation. ASHRAE Standard 55
adopts the PMV as the primary method for evaluating indoor thermal
environments, recommending acceptable comfort when the PMV falls
within the range of —0.5 to 0.5 and a specified percentage of occupants
are satisfied. In this study, the PMV model is applied to the monitored
datasets from experimental series A and B to identify the periods during
which the system maintained thermal comfort (PMV between —0.5 and
+0.5). Calculations were performed using the CBE Thermal Comfort
Tool for ASHRAE 55 [43], which ensures consistency with the
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standard’s procedures and facilitates reproducible comfort assessments
throughout the experimental periods.

2.6. Regression models

The multiple linear regression method [44] was used to relate the
temperature drop across the SRs (ATwgg = Tw4 — Tw5) to climatic and
operational variables, and thus to predict CPgg under different config-
urations. After a preliminary correlation analysis and construction of a
correlation matrix, the most influential predictors affecting the radia-
tors’ thermal balance were selected to build the models.

Regression models were developed for Series B1 and B4 (SSF-coated
radiators) and then used to predict ATwgg in Series A3 and A2,
respectively, which share the same operating configurations. This
enabled comparison between measured results with bare radiators and
predicted performance if PRC-coated radiators had been used under
identical conditions.

3. Results
3.1. On the reference temperatures

Night-time temperatures of the four small reference samples
(Tr1-Tr4) are very similar (Fig. 3). The untreated polypropylene panel
(Tr2) systematically reaches the lowest stagnation temperatures,
consistent with its high emissivity (See Table S2 in Section S6 of the
Supplementary Material). Mean offsets with respect to Tr2 are small:
+0.05 °C for Trl, +0.04 °C for Tr4 and +0.17 °C for Tr3, with instan-
taneous deviations typically within +0.5 °C.

After sunrise, surface temperatures diverge according to solar
reflectance. Tr2 warms rapidly, while the white-painted and SSF-coated
samples remain close to their nocturnal values for about one hour. The
polypropylene panel coated with SpaceCool Silver Film (SSF) is the only
sample that maintains sub-ambient temperatures throughout the day
(Fig. 3). This behavior continues as long as the SSF-coated surfaces are
kept free of dust or debris, underscoring the importance of maintaining
clean radiator surfaces to achieve optimal performance. Accordingly,
Tr2 and Tr3 are adopted as reference temperatures for Series A and B,
respectively.

3.1.1. Environmental contamination effects during the monitoring period

The long-term performance of PDRC coatings is influenced by
environmental aging, dust accumulation and optical degradation.
Although long-term reflectance monitoring was not included in the
scope of this study and direct start-vs-end solar-reflectance measure-
ments are therefore not available, the experimental data provide indi-
rect evidence of soiling effects. Over the monitoring period, the
stagnation temperature of the PDRC-treated reference sample (Tr3)
progressively lost its daytime sub-ambient response, and this behaviour
was fully recovered after surface cleaning, indicating that dust accu-
mulation reduced performance and that periodic maintenance is
required to sustain the radiative-cooling effect. Routine visual inspec-
tion and surface-temperature measurements over more than two months
did not reveal signs of intrinsic material degradation. Complementary
accelerated-ageing data for the same coating, report a solar-reflectance
decrease of less than ~4% after thermal-cycling, humid-heat, wet-freeze
and UV-irradiation tests, suggesting modest optical degradation under
standard stress protocols [45]. Overall, these results indicate that soiling
can affect short-term performance, while long-term optical stability and
environmental contamination effects require dedicated studies
involving extended monitoring, controlled soiling tests and periodic
reflectance/emissivity measurements to define degradation rates and
maintenance intervals for real building applications.

Building and Environment 304 (2026) 115136
3.2. Cooling potential of the sky radiators (CPsg)

For each experimental series, CPsg was calculated from 5-min
inlet—outlet water temperatures once Circuit 1 reached steady operation
(about 20 min after start-up). Tables 2 and 3 summarize average and
maximum CPgg and reference temperature depressions (DTr2, DTr3)
together with operating conditions.

Across all series, daily mean CPsg values range from 43.4 W/m?
(ES-B2) to 74.3 W/m? (ES-A3), with peak instantaneous values close to
96 W/m? (ES-A3 and ES-B4). The mean CPsp over all days is 62.0 W/m?
for Series A and 52.1 W/m? for Series B. Part of this difference arises
from the longer operating window in Series B, which includes daytime
hours and periods with less favorable climatic conditions.

For Series A, the mean reference temperature depression DTr2 was
6.5 K (maximum of 8.2 K), while DTr3 averaged 5.2 K with peaks of
7.6 K. These values are consistent with the CPgg results, as larger tem-
perature depressions indicate higher cooling potential. In Series B,
correlations were moderate and positive (Fig. 4b), whereas Series A
exhibited a low and negative correlation (Fig. 4a), suggesting the impact
of additional interacting variables and operating conditions.

Daily mean CPgg values and ambient temperatures (Fig. 5) indicate
that the highest daily mean CPgg values occur on days when the outdoor
minimum temperature drops sharply compared to the previous day. This
is linked to larger reference temperature depressions and reveals a
strong correlation between CPgg and minimum outdoor temperature.
Overall, CPgr consistently increases with lower nighttime minima and
decreases when these minima are higher, across all series and operating
conditions. CPgg is particularly sensitive to the temperature difference
between radiator inlet water and the stagnation temperature of the
radiator material: higher inlet temperatures relative to Tr2/Tr3 yield
larger cooling potentials through increased radiative and convective
heat transfer.

Fig. 6a shows that higher water flow rates systematically increase
CPgr, both when all series are grouped and when comparing ES-B1
(~363 L/h) with ES-B2 (~170 L/h). Fig. 6b indicates that using the
larger TES (1000 L) also leads to higher CPgg than the 50 L tank, because
warmer inlet water enhances net heat dissipation, whereas with a small
TES the tank cools quickly, reducing temperature differences and thus
CPgr.

The analysis shows a strong dependence of CPgg on the temperature
difference between the radiator inlet water and the radiator stagnation
temperature: larger differences yield higher CPgg. This explains the high
peaks in ES-A3 and ES-B4 (84.2 and 84.9 W/m?). Higher initial water
temperatures in the RCMs/TES relative to ambient, together with clear
skies, low precipitable water vapor, and lower air temperatures, all
enhance radiative cooling potential.

Fig. 7, showing four consecutive days of the ES-B1 series, illustrates
the system’s dynamics. The reference temperature Tr3 remains below
ambient even under high solar irradiance (>800 W/m?), demonstrating
its ability to maintain sub-ambient surface temperatures. Despite non-

Table 2

Average and maximum values of CPgg and DTr in the experimental series A (SR
without PRC material). Operating conditions in circuit 1 between 22:00 h and
8:00 h in each series.

Dates Series DTr2 (K) CPsr (W/mz) TES WFR RCM
Avg Max  Avg Max (L) L/ #)
h)
01/08 to 08/ ES- 7.6 10.0 55.1 71.2 1000 183 8
08 Al
09/08 to 12/ ES- 5.9 9.5 63.5 91.1 1000 387 8
08 A2
13/08 to 16/ ES- 6.0 9.9 74.3 95.8 50 396 8
08 A3
17/08 to 20/ ES- 6.6 9.8 55.1 66.2 50 396 4

08 A4
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Table 3

Average and maximum values of CPgg and DTr in the experimental series B (SR
with PRC material). Operating conditions in circuit 1 between 21:00 h and
9:00 h in B1 to B4 series and between 19:00 h and 10:00 h in B5 series.

Dates Series DTr3 (K) CPgsr (W/mz) TES WFR RCM
Avg Max Avg Max L L/ #)
h)

21/08 to 27/ ES-B1 5.4 8.9 51.2 706 50 363 8
08

28/08 to 03/ ES-B2 4.1 9.2 43.4 783 50 170 8
09

04/09 to 07/ ES-B3 5.7 10.7 51.2 695 50 158 4
09

10/09 to 16/ ES-B4 6.4 8.9 67.9 96.2 1000 376 8
09

17/09 to 24/ ES-B5 4.3 7.9 47.5 77.0 1000 376 8
09

ideal atmospheric conditions, DTr3 ranges from 4.3 to 7.6 °C, with peaks
up to 8.9 °C, indicating suitable conditions for radiative cooling. The
continuous cooling of water in the radiators and RCMs causes a pro-
gressive nighttime decrease in the experimental cell (Tec) air tempera-
ture and also enables daytime heat removal. As a result, Tec remains on
average 3 °C below ambient and 6.6 °C below the control cell
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temperature (Tcc), confirming the system’s capacity to reduce indoor
temperature peaks and maintain thermal comfort (Fig. 7).

Fig. 8 shows the evolution of radiator inlet and outlet water tem-
peratures during operation (21:00-09:00) for the night of August 22-23
(ES-B1). At the start of circuit-1, Tamb exceeds 30 °C while TES-2 water
is close to Tr3; temperatures stabilize within 20-30 min with ATwgg ~
1.4 K, increasing to about 1.9 K as Tamb decreases and Tr3 reaches its
maximum depression. The inlet—outlet difference, reflecting net long-
wave radiative losses plus convection, is enhanced under the favorable
conditions of this night (average DTr3 = 7.6 K), especially after 02:00 h
when air temperature falls below the radiator surface temperature.

A quantitative evaluation of the mounting configuration (1.6 m
height, 8° tilt) shows that ground-reflected shortwave and ground-e-
mitted longwave radiation contribute negligibly to the measured CPgg.
For an 8° tilt, the absorbed ground-reflected solar irradiance is <1 W/m?
even under DHI = 1000 W/mz, and <0.05 W/m? under the irradiance
levels encountered during ES-B1-B5. Longwave exchange is similarly
negligible: the ground view factor is ~0.005, yielding ~1 W/m? even for
a 50 °C black-body ground. These results are further reinforced by the
coating’s spectral and angular properties, which strongly suppress both
shortwave and longwave contributions at grazing incidence. Regarding
convection, the small vertical separation between the rooftop
anemometer and the radiators (~3 m), together with the low water-air
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Fig. 4. a. Correlation between the reference temperature depression (DTr2) and the cooling potential in series A (a); b. Correlation between DTr3 and CPgg in

series B.
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Fig. 6. (a) Box plot illustrating the relationship between water flow rates and corresponding PCgg values, comparing all experimental series categorized into two
water flow groups, along with data from series B1 and B2 (B1 = 363 L/h; B2 = 170 L/h). Higher flow rates are associated with a distinct increase in cooling potential.
(b) Boxplot of daily mean CPgg values showing consistently higher CPgg for the 1000 L TES compared to the 50 L TES, for both the complete dataset and for series B1

and B4 (B1 = 50 L; B4 = 1000 L).
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Fig. 7. Measured temperatures in control cell (Tcc), experimental cell (Tec), ambient (Tamb), reference (Tr3), and water in the RCMs (Tw8), along with irradiance
values, over four days of ES-B1 (TES-2, 363 L/h and 8 RCM), from August 12 to August 24, 2024.

temperature differences observed (<3 °C), indicates that uncertainties
from local convective disturbances are minor relative to radiative ef-
fects. Overall, the mounting configuration is not expected to introduce
significant bias in the reported CPgg values.

3.3. Thermal energy removed from the radiant-capacity modules (Egrcpp)

Daily Egrcy values, derived from the 5-min inlet-outlet temperature
difference across the RCMs (ATwgcwm), are shown in Fig. 9, along with
the corresponding maximum, average, and minimum ambient temper-
atures, as well as the mean temperatures of the control and experimental
cells. Statistical analysis of the results indicates that the average Ercm
value for Series B is 3240 Wh/day (494 Wh/m?2.day), approximately
14% higher than the average obtained for Series A (2840 Wh/day
(432 Wh/mz.day)). However, it is important to note that, for the same
values of CPgp, the difference between Series A and B is considerably
greater, as illustrated in Figure 10(a).

The correlation between CPggr and Egrcy (Fig. 10a) highlights the
effect of radiator surface material: for the same CPggr, Series B
(SSF-coated radiators) removes substantially more energy from the
RCMs than Series A. Trend lines indicate that at CPsg = 50 W/m? and 60

W/m?, ERCM in Series B exceeds Series A by ~92% and ~44%,
respectively.

The relative influence of water flow on the energy removed in Series
B is shown in Fig. 10b. At lower flow rates of 0.23-0.25 L/min-m?
(160-180 L/h), Series B2 and B3 exhibit higher Egcy values than those
observed in Series B1, B4, and B5, where the flow rate is 0.55 L/min-m?
(376 L/h).

The effect of water flow rate is clearly observed when comparing the
trend lines for Series B1 and B2 in Fig. 10c. In Series B1, with a flow rate
of 365 L/h, the Egcy at a CPgsg value of 50 W/m? is approximately 69% of
that corresponding to Series B2, which operates at a flow rate of 158 L/h
(0.23 L/min-m?).This observation is consistent with the numerical
simulations of Forte et al. (2025) [31], which—using the experimental
data generated in the present work—indicate that a water flow rate in
the range 0.2-0.3 L/min-m? (with an optimal trade-off near
0.23-0.25 L/min-m?) maximizes the energy removed from the RCMs for
the SR surface and configuration used in this study.

In contrast to CPgp, the results clearly show that lower water flow
rates lead to higher energy removal, highlighting the inverse relation-
ship between water flow rate and effective cooling energy in this
configuration.
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Fig. 8. Radiator inlet (Tw4) and outlet (Tw5) temperatures, along with ambient (Tamb), experimental-cell (Tec), and reference (Tr3) temperatures corresponding to
the night between August 22 and 23, 2024, in ES-B1. The hours with solar irradiance exceeding 0 W/m? are also indicated.
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TES volume also affects Egcy (Fig. 10d). With TES-2 (50 L, ES-B1), a
larger fraction of the available cooling capacity is used to cool the RCMs,
yielding higher Egcy for a given CPgg than with TES-1 (1000 L, ES-B4),
where a much larger water mass must be cooled.

Fig. 10e—f compares configurations with and without SSF under
similar operating conditions. In both cases, SSF-coated radiators (Series
B1 and B4) achieve higher Egcy than bare polypropylene (Series A3 and
A2), confirming the advantage of PRC surfaces when the full day-night
cycle is considered.

The interaction between water flow rate, residence time, and radi-
ative heat dissipation plays a central role in the thermal performance of

the RCCS. For identical climatic conditions and system configuration,
the flow rate determines the temperature evolution of the circulating
water and therefore affects both the instantaneous cooling power of the
sky radiators (CPsg) and the daily extracted cooling energy from the
RCMs (ERCM)'

When the inlet water temperature to the SRs differs—for example,
25 °C in one case and 20 °C in another—the SRs will deliver different
outlet temperatures and consequently different CPgg values. The case
with the higher inlet temperature exhibits a higher instantaneous CPSR
because the radiative heat flux increases with the temperature difference
between the radiator surface and the sky. However, the outlet water
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Fig. 10. Correlations between the cooling potential of the sky radiators and the energy effectively removed in the RCMs. (a) Effect of the radiator surface on the
performance differences between Series A and B. (b) Effect of water flow rate in Series B. (c) Effect of water flow rate between Series B1 and B2. (d) Effect of storage
water volume between Series B1 and B4. (e) Effect of radiator material between Series B4 and A2. (f) Effect of radiator material between Series B1 and A3.

temperature in this case remains higher, which reduces the temperature
gradient available for heat extraction in the RCMs.

If both cases start from the same initial inlet water temperature in the
RCMs, the configuration with the lower outlet temperature from the SRs
(i.e., the lower-temperature inlet case) enables a larger Ercy over the
full cycle, provided that the flow rate is sufficient to maintain continuous
heat removal. This behavior is consistent with the optimal range of
0.2-0.3 L-min"'-m2, as identified by Forte et al. [31].

A similar mechanism appears when comparing two different flow
rates under identical inlet temperatures. Lower flow rates increase the
residence time of water in the SRs, allowing the water to cool more
effectively and reach outlet temperatures that may fall below ambient
air temperature under favorable radiative conditions. In this regime,
convective heat transfer from the ambient air becomes a heat gain rather
than a loss, but the net radiative cooling remains dominant. The
resulting lower outlet temperature enhances the RCMs’ ability to extract
heat, increasing Epcy even though CPgg is reduced.

In contrast, higher flow rates reduce residence time, limiting the
temperature drop in the SRs. The outlet water temperature remains
closer to ambient, which diminishes the RCMs’ cooling capacity but
increases CPgg due to the higher radiator surface temperature.

Overall, the coupled heat-transfer dynamics indicate that lower flow
rates favor daily energy extraction in the RCMs, while higher flow rates
enhance instantaneous radiative cooling in the SRs. The optimal engi-
neering compromise for the prototype studied here lies between 0.2 and
0.3 L/min-m?, where the balance between SR radiative performance and

10

RCM heat extraction is maximized.

3.4. Characteristic temperatures

Table 4 summarizes daily average and maximum temperatures and
swings in the ambient, control and experimental cells, as well as key
performance indicators: DTavg, DTmax and DT¢c_gc.

In the EC, the RCMs installed as ceiling panels maintain lower surface
temperatures than the surrounding enclosure, enabling continuous heat
removal; the water cooled during circuit-1 operation kept the EC’s
average indoor temperature below outdoors for most of the monitoring
period (Table 4, Figs. 11,12), as reflected by DTavg. For Series A, DTavg
ranged from 0.3 to 3.2 K (mean ~ 2.0 K), while for Series B it ranged
from —1.8 to 2.6 K (mean ~ 0.5 K) (Fig. 12a). Due to the high thermal
inertia of both cells, indoor temperatures respond more slowly than
outdoors, so rapid day-to-day drops in ambient temperature can reduce
or even reverse DTavg, whereas sequences with small outdoor variations
reveal the clearest sub-ambient cooling. The daily mean temperature
difference between CC and EC (DT¢c_gc) highlights the system’s effect,
with Series B achieving greater overall cooling than Series A (7.0 K vs.
5.9 K; Fig. 12b). Daily maximum temperature reductions ranged from
7.3 to 12 K in Series A and from 7.6 to 11.2 K in Series B, generally
increasing with higher outdoor maximum temperatures.

3.4.1. On the comparison of RCM surface temperature and dew point
Fig. 13a and 13b show the temperature differences between the RCM
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Table 4
Summary of characteristic temperatures and thermal performance indicators of the cooling system in experimental series A and B.
Series Ambient Control Cell Experimental Cell Performance Indicators
Avg Max Swing Avg Max Swing Avg Max Swing DTavg DTmax DTcc ke
Q) [§9) X) [§9) [§9) ) [§9) [§9) ) ) X) (9]
Al 29.8 39.7 19.9 33.5 33.9 0.9 28.3 29.4 21 1.4 10.3 5.2
A2 31.8 40.2 16.9 33.8 34.4 1.2 28.5 29.4 2.0 3.2 10.8 5.3
A3 25.7 34.4 171 325 33.0 1.0 25.4 27.1 3.0 0.3 7.3 7.1
A4 28.0 37.7 18.9 31.0 31.7 1.3 24.8 25.7 2.0 3.2 12.0 6.2
Bl 28.2 37.7 17.4 32.2 32.9 1.4 25.6 26.5 1.9 2.6 11.2 6.6
B2 249 33.0 14.2 31.6 32.2 1.3 24.6 25.4 1.8 0.3 7.6 6.9
B3 21.0 28.9 14.6 30.0 30.8 1.5 229 24.0 2.3 -1.8 4.9 7.2
B4 21.7 30.5 16.8 28.0 29.1 2.0 21.1 22.0 2.1 0.6 8.6 6.9
B5 19.3 27.7 13.8 26.1 26.9 1.5 18.5 19.2 1.6 0.8 8.5 7.6
45
-m
M
L
40 " .--l. ...-. ..' Sgg®
L) L unt w, um
35 =
L 1 u
) ug
e a ) -
30 ®e ¥ 4 e " ~
) ° CIJoD 0e0® LM
° e ® "
L A 090 099% 9
Q % ® OO ¢ 06e°°
S J
S
- o
© 20 '
(<))
Q
g 15
'—
10
5 System System
ot |+ ES-A1-4 >l ES-B1-5 > VoR
0 August September
™ D ) ™ ™ D ) 3 ™ ) ) D
v v v v v v v v v N v v
\@\% 6\0 \e‘*’\w Q‘b\"/ o‘b\% QQ’Q Q°’\W &\w 0"’\% 0°’Q \\90 \\9\'»
A o N N A AP N N Ny A2 N ®
= Tamb.max Tamb.min Tamb.avg e Tec.avg Tcc.avg

Fig. 11. Daily average temperature in the control and experimental cells for each experimental series, and its relationship with the ambient air maximum, mean, and
minimum temperatures.

16 10
o 14 =
b4 4
; 12 » - o :; 8 oy ® ..... r
N 3 . e K o om0 e f
S ]
o 8 v 6 L o [
g 6 > A L ® % 9
5 4 . © o
© o n °
o 2 - o . [ ..ll.-...- ... . - - o 4
2 0 z o= 2 P 2
c 2 a e, °o2
g 4 ES-Al-4 ES-B1-5 8 ES-A1-4 ES-B1-5
x £ o
= 01/08 08/08 15/08 22/08 29/08 05/09 12/09 19/09 = 01/08 08/08 15/08 22/08 29/08 05/09 12/09 19/09
= DTavg —~+ DTmax @ DT(cc-ec)
(a) (b)
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surface and the dew point for Experimental Series A and B, respectively. occur during Series A.

For Series A (12 monitored days of the four experimental series) the For Series B (37 monitored days), the Tsurf — Tdp difference ranged
temperature difference (Tsurf — Tdp) ranged from 4.9 °C to 22.5 °C, from 0 °C to 22.5 °C, with a mean value of 8.4 °C. Only 1.8% of the Series
with an average of 13.3 °C. These margins are well above saturation B data show differences between 0.02 °C and 1.0 °C, while the remaining
conditions, indicating that condensation on the RCM surfaces did not 98.2% exceed 1.0 °C. We observed a clear relationship with outdoor
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Fig. 13. Temperature difference between the RCM surface and the dew point for the two experimental series: (a) ES-A; (b) ES-B.

relative humidity: higher external RH corresponds to smaller
Tsurf — Tdp differences and occasional values approaching 0 °C. It is
important to emphasize that these results were obtained under
continuous-operation experimental conditions that maximize cooling
availability; in practical applications, the automatic control strategy
would prevent persistent overcooling of the RCMs by adjusting set-
points, so the marginal low-difference instances observed in Series B
would be avoided.

Regarding possible condensation on the radiators’ emissive surface,
[31] report parametric simulation results for the present system applied
to dwellings in Madrid and Rome, stating that “the impact of conden-
sation remains limited... The seasonal occurrence of condensation is
below 0.03% of the total operational time in Madrid, and approximately
0.3% in Rome.”

3.5. Thermal comfort analysis

3.5.1. Adaptive model

Table 5 reports, for each series, the percentage of time during which
the EC operative temperature stays below: (i) the upper limit of the
adaptive comfort range (ULACR, ASHRAE 55), and (ii) a fixed upper
limit of 27 °C (Spanish INSHT criterion). It also includes the corre-
sponding neutral temperature (Tn), ULACR and 10-day running mean
temperature (Tmean).

Using ULACR, Series B maintains comfort 100% of the time across all
monitored days. Series A2, A3 and A4 also show virtually full compli-
ance, while ES-Al falls slightly below 100% due to residual effects
during the first hours. Overall, even with outdoor maxima up to 41.5 °C,
indoor conditions remain within the adaptive comfort range almost
continuously.

Under the fixed 27 °C limit, ES-A1 and ES-A2 only achieve 62.4%
and 0% compliance, respectively, whereas all remaining series reach
100%. This reflects the more stringent nature of the fixed limit

Table 5

Summary of the calculated percentage of time within thermal comfort index (CI)
for each experimental series (A and B), together with the average ambient
(Tamb) and EC (Tec) temperatures. The neutral temperature (Tn), the upper
limit of the adaptive comfort range (ULACR), and the 10-day running mean
temperature are also included (Tmed).

Series CI Tec Tamb Comfort Parameters
ULACR UL 27 Avg Avg Tn ULACR Tmean
(%) (9] (9] (9] (9] (9] (9]
Al 94.3 62.4 28.3 29.8 27.0 29.5 29.7
A2 99.8 0 28.5 31.8 26.9 29.4 29.5
A3 97.8 100 25.4 25.7 27.0 29.5 29.7
A4 100 100 24.8 28.0 26.8 29.3 29.1
Bl 100 100 25.6 28.2 26.4 28.9 27.8
B2 100 100 24.6 24.9 26.5 29.0 28.2
B3 100 100 229 21.0 25.8 28.3 25.8
B4 100 100 21.1 21.7 25.1 27.6 23.6
B5 100 100 18.5 19.3 24.4 26.4 21.2
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compared to the adaptive criterion under very hot conditions, and
highlights the importance of using context-appropriate comfort models.

3.5.2. Predicted mean vote PMV/PPD

The Predicted Mean Vote (PMV) was computed hourly for 12 days of
Experimental Series A and 37 days of Experimental Series B using the
CBE Thermal Comfort Tool for ASHRAE 55 (Tartarini et al., 2020).
Measured inputs were indoor air temperature, indoor relative humidity,
and mean radiant temperature; estimated inputs were air speed (0.1 m/
s), metabolic rate (1.0 met), and clothing insulation (0.5 clo, typical
summer indoor clothing). Note that outdoor peak temperatures during
Series A reached 37-42 °C, whereas in Series B peak outdoor tempera-
tures were 35-40 °C only for the first nine days and then decreased
progressively to about 25 °C for the remainder of the campaign; these
external conditions influenced the cooling demand and observed PMV
distributions.

For Series A (Fig. 14a) the hourly PMV distribution shows 35.2% of
hours within the neutral band (—0.5 to +0.5), 30.6% slightly warm
(+0.5 to +1.0), 1.0% above +1.0, and 33.2% below —0.5 (slightly cool/
cool). Applying the system’s automatic control logic — stopping Circuit
1 to prevent further cooling of the RCMs and switching to Circuit 3 so
SR-cooled water maintains TES temperature — would avoid the lower
excursions; under that control strategy the operative outcome for Series
A is approximately 68.5% neutral and 31.5% slightly warm.

Series B (Fig. 14b) yielded 31.2% neutral hours and 68.8% of hours
with PMV < —0.5, indicating the system often overcools the conditioned
space under the monitored operating schedule. Crucially, observing
PMV values below —0.5 in either series should not be interpreted as a
failure of the cooling system; rather, it demonstrates the system’s ca-
pacity to exceed cooling requirements. In practical application, setpoints
and the automatic control algorithm would be adjusted to prevent
persistent overcooling, thereby ensuring neutral thermal conditions for
essentially 100% of operating time while avoiding unnecessary energy
use.

3.6. Multiple regression models

The development of the multiple regression model for ES-B4 and its
application to the ES-A2 data is presented here. The development of the
multiple regression model for ES-B1 and its application to the ES-A3
data is provided in Supplementary Material, Section 9.

3.6.1. ES-B4 model

To develop the multiple regression model for ES-B4, four indepen-
dent variables have been selected, as previously indicated in Section 2.6.
A correlation matrix was used to analyze the degree of association be-
tween the temperature difference of the water at the radiator inlet and
outlet (ATwgg) and the seven candidate variables: Tamb, Tsky, Tr3,
Tw4, RH, Tw4—Tr3, and Tamb—Tr3. The correlation matrix reveals that
ATwgp is strongly correlated with Tr3 (r = -0.74) and Tsky (r = -0.72),
while its association with Tamb is moderate (r = —0.69). In addition,
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Fig. 14. Predicted Mean Vote (PMV) and Percentage of People Dissatisfied

Tw4-Tw5 shows a strong positive correlation with Tw4-Tr3 (r = 0.83).
Conversely, Tamb and Tr3 are highly correlated (r = 0.86), indicating a
substantial degree of redundancy among these temperature variables.

Despite the strong correlation between Tamb and Tr3, Tamb was
retained in the model because of its interpretative relevance and con-
sistency with the context of the study. Its inclusion contributes to a more
comprehensive understanding of the system’s thermal dynamics,
providing complementary information that may not be fully captured
through Tr3 alone. In this case, the results of the multiple linear
regression also show that the four predictors are highly significant, with
p-values well below 0.001. Their 95% confidence intervals do not
include zero, thus justifying their inclusion in the final model.

It is important to note that certain climatic variables highly relevant
to radiative cooling—specifically atmospheric precipitable water vapor
and conventional cloud-cover indices—were not directly available
during the monitoring period. However, sky infrared temperature (Tsky)
closely reflects atmospheric water content and cloud presence [39], so
using Tsky as a predictor effectively captures much of the radiative
impact of PWV and cloud passages; scalar cloud-cover metrics are often
ambiguous because they omit cloud altitude/type/temperature. Wind
speed was not recorded in the immediate vicinity of the radiators and
therefore was excluded as an explicit predictor; its influence is expected
to be implicit in the stagnation temperatures Tr2 and Tr3. To check this
assumption, we computed the correlation between roof-level wind
speed and ATw4-5 for the first four days of ES-B4 and obtained
R? = 7.62 x 107, confirming that the available wind data provided no
explanatory power for the dependent variable.

The purpose of the multiple linear regression models developed in
this study is not to predict RCCS performance under arbitrary climatic
conditions, but rather to provide a consistent statistical framework for
comparing experimental series conducted at different times, where cli-
matic variability is unavoidable. A model calibrated on one series and
validated internally enables meaningful cross-comparison with another
series in which a specific operational parameter was modified. Broader
generalization to different climatic regimes requires a dedicated simu-
lation approach, which is addressed through the numerical model
developed in Forte et al. [31].

Based on these considerations, a multiple regression model was
developed using on the first four nights of ES-B4. Tr3, Tsky, Tamb, and
Tw4-Tr3 were again selected as predictors because they show the
strongest relationships with ATwgg. The resulting model is expressed as
follows:

ATWSR(B4) = 0.24725 — 0.13482 + Tamb — 0.02919 * Tsky + 0.16729
* Tr3 + 0.15197 * (Tw4 — Tr3)
(©)]

With R? = 0.9446; RMSE = 0.119 °C. This model was validated
against data of the last three nights of the experimental series B4
(Fig. 15), yielding a result of: R? = 0.8893.

1.5
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Fig. 15. ES-B4 model validation. ATwgsg measured vs. predicted.

3.6.2. B4-A2 application model. Comparative analysis of cooling potential
(CPsp)

The regression model developed for ES-B4 was applied to ES-A2, to
estimate CPgsg that would have been obtained if SSF-coated radiators
had been used under identical operating conditions.

ES-B4 and ES-A2 share TES-1 (1000 L) and 8 RCMs, with nearly
identical flow rates (376 vs. 387 L/h). The measured average CPgp is
63.8 W/m? for ES-A2 and 68.1 W/m? for ES-B4. When the ES-B4 model
is applied to ES-A2 data, the predicted CPgp rises to 77.0 W/m?, ~12%
higher than the measured value in ES-B4. This suggests that, under
similar climatic conditions, PRC-coated radiators combined with large
TES would offer improved thermal performance relative to bare poly-
propylene radiators.

Overall, nighttime performance of polypropylene radiators with and
without PRC coating is similar, as both surfaces have comparable
emissivity and yield almost identical nocturnal stagnation temperatures
(Tr2 ~ Tr3). However, the PRC coating clearly extends the effective
cooling period into daytime. Based on the experimental series,
SSF-coated radiators are estimated to provide an additional 2-4 h/day
of useful cooling, depending on weather conditions, thereby increasing
daily heat removal from the system.

4. Discussion

The experimental results demonstrate the effectiveness of the
Radiant-Capacity Cooling System (RCCS) in maintaining sub-ambient
and thermally comfortable indoor conditions under hot summer cli-
mates. The analysis of reference temperatures confirmed that both
polypropylene and SSF-coated radiator materials achieved comparable
nocturnal surface temperatures under stagnation conditions, with the
uncoated polypropylene panel (Tr2) reaching slightly lower tempera-
tures. However, during daytime exposure, the SSF-coated surfaces
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exhibited a stronger capacity to maintain sub-ambient temperatures,
emphasizing the importance of high solar reflectivity and surface
cleanliness for maximizing radiative cooling potential.

The cooling potential of the sky radiators (CPsg) was shown to
depend primarily on the temperature difference between the radiator
inlet water and the radiator surface stagnation temperature. The daily
average CPgg values for each experimental series ranged from 43.4 to
74.3 W/m?, with instantaneous peaks exceeding 95 W/m? The experi-
mental series revealed that higher thermal storage volumes and warmer
inlet water temperatures increased CPgg, as these conditions enhanced
the driving temperature difference between the water and the sky
radiator surface. However, the radiative cooling efficiency was ulti-
mately limited by climatic factors, such as the minimum ambient tem-
perature and the sky emissivity. The strong correlation between CPgg
and daily minimum ambient temperature indicates that the system’s
cooling potential increases under clearer, drier atmospheric conditions.

While higher water flow rates and larger ATwgg increase instanta-
neous cooling power, the outlet water temperature is only useful for
indoor cooling when it falls below a target threshold (e.g. the adaptive
neutral temperature) and below the RCM water temperature. This un-
derlines the interest of operating on stored cold water (TES) for daytime
cooling, for example via Circuit 2, which will be addressed in future
work.

The energy effectively removed from the Radiant-Capacity Modules
(Ercm) confirms the system’s capacity to store and deliver meaningful
cooling energy to the indoor environment. Series B achieved on average
3.24 kWh/day (432 Wh/m?eday), 14% more than Series A, mainly due
to the use of the SSF material coating and extended operating hours.
Lower water flows (0.23-0.25 L/min-m?) increased Ercy, in line with
previous modelling results that indicate an optimal range where resi-
dence time in the RCMs is sufficient for effective heat exchange [31].
Conversely, in Circuit-1 operation, a larger TES volume reduced
instantaneous Ercy, since the cooling capacity must be distributed over
a much greater water mass.

Indoor temperature data confirm that the RCCS mitigates both mean
and peak temperatures in the experimental cell (EC). Mean temperature
differences between control and experimental cells (DT¢c gc) of 5.9 K
(Series A) and 7.0 K (Series B), together with reductions of 7-12 K in
daily maximum temperatures, provide substantial relief during heat
waves and are highly relevant for passive or low-energy cooling
strategies.

From a comfort standpoint, the RCCS kept the operative temperature
below the upper limit of adaptive comfort (ULACR) for almost 100% of
the monitored time, even when outdoor maxima reached 41.5 °C. Under
the more stringent fixed 27 °C limit, all series except the first two
A-series tests also achieved full compliance. These results demonstrate
that the system can maintain indoor comfort without conventional
mechanical cooling under severe summer conditions. The PMV/PPD
results further clarify the comfort implications of the RCCS under the
monitored operating schedule. In both experimental series, the system
maintained indoor conditions generally close to thermal neutrality,
although the fixed circulation timetable led to recurrent slightly-cool
conditions, particularly in Series B as outdoor temperatures declined.
These deviations reflect excess cooling capacity rather than a limitation
of the system, and highlight the sensitivity of PMV to small oper-
ative-temperature reductions. The contrast between Series A and B also
illustrates how varying external loads shape comfort outcomes. Overall,
the PMV/PPD analysis reinforces the need for adaptive control to better
match cooling output to real-time comfort requirements.

Finally, the multiple regression models developed for Series B1 and
B4 (R? =~ 0.88-0.94) proved robust and transferable when applied to
Series A. Under equivalent operating conditions, the SSF-coated
configuration achieved up to 12-19% higher cooling potential than the
uncoated one. Although nocturnal emissivity is similar for both mate-
rials, the PDRC coating extends effective cooling by roughly 2-4 h per
day, thereby increasing the mean daily heat removal by up to 0.4 kWh/
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day during the experimental series studied in this work. This supports
the integration of high-reflectance, high-emissivity PRC materials with
hydronic radiant systems as a promising strategy for resilient, low-e-
nergy cooling in hot climates.

5. Conclusions

This experimental study shows that the Radiant-Capacity Cooling
System (RCCS) can effectively reduce indoor temperatures and maintain
thermal comfort for most of the testing period under hot-summer con-
ditions through passive radiative cooling. The main findings are:

- Radiator surface performance: bare polypropylene and SSF-coated
radiators reach similar nocturnal stagnation temperatures, but the
PRC (SSF) coating provides clearly superior daytime sub-ambient
performance and extends the effective cooling period.

- Cooling potential: the average cooling potential of the sky radiators
ranged from 43.4 to 74.3 W/m?, governed primarily by the inlet
water-radiator surface temperature difference. Highest CPSR values
occurred during clear nights with low minimum ambient
temperatures.

- System energy performance: the RCCS removed between 2.8 and
3.2 kWh/day (432 and 494 Wh/m2eday) through the RCMs. The
SSF-coated configuration (Series B) achieved ~14% higher average
ERCM than the uncoated configuration (Series A), confirming the
added value of advanced radiative materials.

- Influence of Flow Rate and TES Volume: lower water flow rates
enhanced the heat exchange efficiency, while increasing TES volume
diluted instantaneous cooling capacity but improved system
stability.

- Indoor thermal conditions: mean indoor temperatures in the
experimental cell were reduced by up to 7 K relative to the control
cell, and daily maxima by up to 12 K relative to outdoors. These
reductions substantially mitigate heat stress and demonstrate the
strong potential of the RCCS as a passive/low-energy cooling
strategy.

- Thermal comfort: adaptive comfort analysis showed 100%
compliance in most series, even with outdoor maxima above 41 °C,
indicating that the system can maintain operative temperatures
within the adaptive comfort range without conventional mechanical
cooling; the PMV results show that the RCCS consistently maintains
indoor conditions close to thermal neutrality, with episodes of
overcooling arising from the fixed operating schedule rather than
from system limitations. The frequent slightly-cool values demon-
strate that the system can exceed cooling demand under the tested
conditions. Implementing the intended automatic control logic
would align cooling output with comfort needs and stabilize PMV
within the neutral range.

- Predictive models: multiple linear regression models (R* > 0.88)
accurately predicted ATwSR and confirmed the improved perfor-
mance of SSF-coated radiators, including longer effective cooling
durations and higher CPSR under comparable operating conditions.

Overall, the RCCS demonstrates a reliable and energy-efficient
approach to passive cooling based on sky radiative heat rejection and
thermal storage integration. Its ability to maintain thermal comfort
without mechanical cooling makes it a promising solution for low-
energy building design, particularly in hot, dry climates.

System performance could be further improved by installing sky
radiators on the roof, minimizing pipe lengths, and implementing a
smart control system for dynamic management of the water circuits.
Such measures would enable better use of night-time cooling to cover
daytime peaks, shifting from fixed operating schedules to
demand-driven operation.

Future work will address long-term durability of components, opti-
mization and ageing of PRC coatings, and integration of the RCCS with
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hybrid HVAC systems for continuous, climate-adaptive operation.
“Full-scale experimental assessment of a radiant-capacitive cooling
system driven by nocturnal and diurnal radiative cooling”

Glossary of terms

Abbreviations

CC control cell

CI comfort index: percentage of hours under ULACR

CPgR cooling potential of the sky radiators (W/m?)

EC experimental cell

Ercym thermal energy removed in the RCMs (Wh/day, Wh/m?.day)

ES-A experimental series without PRC material

ES-B experimental Series with PRC material

NZEB near-Zero Energy Buildings

PDRC Passive daytime radiative cooling

PRC passive radiative cooling

RCCS radiant-capacitive cooling system

RCHCS radiant-capacitive heating and cooling system

RCM radiant-capacitive module

SR sky radiator

TABs thermally activated building elements

TES thermal energy storage

ULACR upper limit of the adaptive comfort range

Nomenclature

A area (mz)

Cp specific heat capacity (J/kgK)

DTavg mean temperature depression of Tec relative to Tamb (K)

DTcc.gc mean temperature depression of Tec relative to Tcce (K)

DTmax temperature depression of the maximum Tec relative to
Tamb (K)

DTr reference temperature depression relative to Tamb (K)

DTsky temperature depression of Tsky relative to Tamb (K)

ATwgcym temperature drop of water in the RCMs (K)

ATwgg temperature drop of water in the SRs (K) d globe diameter (m)
e thickness (m)

m mass flow rate of water (kg/s)

R thermal resistance (m?K/W)

Tamb ambient or outdoor temperature (°C)

Tcc control cell indoor temperature (°C)

Tec experimental cell indoor temperature (°C)

Tg.ec globe temperature in experimental cell

Tmed 10 days prevailing mean outdoor temperature

Tmr mean radiant temperature (°C)

Tn neutral temperature (°C)

Top operative temperature (°C)

Tr2 surface temperature of polypropylene sample (°C)

Tr3 surface temperature of the polypropylene sample coated with
SpaceCool Silver Film (°C)

Tsky sky temperature (K)

Tw1-9 water temperature (°C) (see Table 3 for description)

U thermal transmittance (W/m?K)

Symbols

& Stefan-Boltzmann constant (5.67 10~8 W/m2K*)

¢ thermal emissivity

p thermal reflectivity

esky emissivity

A thermal conductivity (W/meK)
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