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H I G H L I G H T S

• Validated model for a daytime radia­

tive cooling-based hydronic system for 

buildings.

• DRC materials extend the cooling win­

dow by up to 3 hours over nighttime IR 

emitters.

• The DRC-hydronic system ensures com­

fort levels ~99 % throughout the cooling 

season.

• Such cooling systems achieve seasonal 

EER up to 35x that of conventional AC.
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A B S T R A C T

Daytime Radiative Cooling (DRC) surfaces enable heat rejection by emitting infrared radiation to the sky while re­ 

flecting solar radiation, allowing for sub-ambient cooling even under direct sunlight. This study develops and vali­ 

dates a transient numerical model of a DRC-based hydronic cooling system designed for building applications. The 

system integrates ceiling-mounted radiant capacitive modules (RCMs) with outdoor sky radiators (SRs) that dissi­ 

pate indoor heat to outer space, cooling down a heat transfer fluid. The model is validated using experimental data 

from a full-scale demonstrator using a commercially available DRC emitter and is employed to assess system per­ 

formance for a single-family building during a typical cooling season in the cities of Madrid and Rome. Compared 

to a system limited to nighttime radiative cooling, the DRC-enhanced setup delivers seasonal energy performance 

improvements of +6.2 % with a commercial DRC material and +10.3 % with an ideal broadband emitter. The 

study further investigates the effects of varying the surface area ratio between SRs and RCMs and alternative 

SR placements (rooftop vs. external surface). A fully passive building model with a DRC roof is also considered 

for comparison. Results show that the DRC-hydronic system can consistently maintain indoor thermal comfort 

throughout the cooling season, achieving seasonal energy efficiency ratios (SEER) up to 35 times higher than 

those of conventional air conditioning systems for the case studies analyzed, although the two systems differ in 

controllability and application scenarios. These findings highlight the strong potential of DRC-integrated hydronic 

cooling as a highly energy-efficient and sustainable alternative for the climate control of residential buildings.
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Nomenclature

Abbreviations

AC air conditioning

AM air mass

BB broadband

CC control cell

CI comfort index

DRC daytime radiative cooling 

DWLWAR downwelling longwave atmospheric radiation 

EC experimental cell 

HP heat pump 

heating, ventilation & air conditioning HVAC

IOA index of agreement 

mean absolute percentage error MAPE

RCM radiant capacitive module 

RH relative humidity 

RMSE root mean square error 

rapid radiative transfer model longwave RRTM_LW

SEER seasonal energy efficiency ratio 

SR sky radiator 

SS spectral selective 

typical meteorological yearTMY

Subscripts and superscripts

amb ambient

atm atmosphere

b building

comm commercial

in inlet

max maximum

min minimum

net net, related to the heat transfer fluid

non-rad non-radiative

out outlet

p related to the DRC panel

sol solar

th thermal

tot total

w water

Symbols

𝜀 emissivity (-)

𝜃 polar angle (rad)

𝜆 wavelength (m)

𝐴 surface (m2)

𝑐 speed of light in vacuum (m s−1)

𝑐p specific heat (J kg−1 K−1)

𝐶 thermal capacity (J K−1 

 )

𝐷 spectral downwelling longwave atmospheric irradiance 

(W m−2 

  m−1 

 )

𝐸 energy (J) 

𝐺 solar irradiance (W m−2 

 )

ℎ Planck constant (J s)

ℎ c 

convective heat transfer coefficient (W m−2 

  K−1 

 ) 

𝐼 b 

black body spectral radiance (W m−2 

  sr−1 

  m−1 

 )

𝑘 B 

Boltzmann constant (J K−1 

 ) 

𝑚̇ mass flow rate (kg s−1 

 )

𝑞 thermal power per unit area (W m−2 

 )

𝑄 thermal power (W) 

𝑡 time (s) 

𝑇 temperature (K) 

𝑢 wind velocity (m s−1 

 )

1 . Introduction

Air conditioning (AC) currently accounts for approximately 20 % 

of global electricity consumption in buildings, with demand for space 

cooling increasing at an average annual rate of 4 % since 2000 [1,2]. 

Additionally, AC is already responsible for an estimated 3.9 % of 

global greenhouse gas emissions, stemming from operational energy use, 

embodied emissions, and refrigerant leakage [3]. Enhancing building 

sustainability, improving the efficiency of conventional cooling systems, 

and developing novel, climate-friendly AC technologies are critical mea­ 

sures to mitigate the growing impact of space cooling on climate change 

[2,4–7]. 

Radiative cooling technologies have emerged as promising strate­ 

gies to enhance building energy efficiency, either passively, via radiative 

cooling roofs and walls, or actively, through hydronic systems or inte­ 

gration with conventional AC systems [8,9]. The fundamental principle 

of radiative cooling involves exploiting the atmospheric transparency 

window (8–13 µm) to dissipate thermal energy into outer space, which 

acts as a renewable heat sink [10]. In recent years, Daytime Radiative 

Cooling (DRC) materials have been developed; these materials simulta­ 

neously emit thermal radiation in the infrared spectrum while reflecting 

nearly all incident solar radiation, enabling sub-ambient cooling even 

under high solar irradiance [11]. As a renewable cooling strategy that 

utilizes outer space as a heat sink, DRC offers a promising avenue for 

enhancing the sustainability of building envelopes and AC systems. 

Furthermore, DRC contributes to the mitigation of the urban heat island 

effect through two primary mechanisms. First, when applied to building 

facades and rooftops, DRC materials help lower the temperature within 

urban canyons [12,13]. Second, when integrated with active cooling sys­ 

tems, DRC enables the direct rejection of heat to outer space, rather 

than to the ambient environment, thereby reducing the accumulation of 

waste heat in urban areas.

The integration of passive DRC surfaces into building envelopes 

has been extensively investigated in the scientific literature [14–28]. 

These studies have primarily focused on quantifying the energy savings 

associated with the application of DRC materials, employing both ex­ 

perimental methodologies and building performance simulation tools 

such as EnergyPlus. Several works have examined the impact of DRC 

coatings applied exclusively to the roofs of residential, commercial, and 

prototype buildings [14–19], while others have extended the analysis 

to include both roofs and external walls of commercial and residen­ 

tial structures [21,24], including aesthetic appearance considerations 

[26,29]. Additional studies have focused on smaller-scale implemen­ 

tations, including full-scale prototypes, container-based units, and pre­ 

fabricated buildings [22–25]. While DRC envelopes have demonstrated 

high performance and significant energy savings in favorable climates, 

in heating-dominated regions the cooling benefits during the hot season 

may be partially or entirely offset by the overcooling penalty in the cold 

season [15–17,19,21]. Additionally, standard implementation strategies 

for DRC coatings may be largely ineffective in most modern standard-

insulated building scenarios, because the insulation limits heat transfer 

and reduces infrared emission from the envelope surface to the sky [15].

In active radiative cooling systems, radiative cooling materials are 

employed to reduce the temperature of a heat transfer fluid, typi­ 

cally water or air. These systems are commonly implemented using flat 

parallel-channel or serpentine panel configurations [30–33], although 

in recent years, alternative geometries based on concentrated DRC have 

been proposed [34]. Compared to passive radiative cooling systems, ac­ 

tive ones offer the advantage of being controllable, allowing shutdown 

to prevent overcooling issues, along with the capability to store surplus 

cooling generated during low-demand periods, like nighttime, and re­ 

lease it during periods of high cooling demand. The majority of research 

on active radiative cooling systems has focused on their integration 
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with conventional building AC systems [31,32,34–39]. Among the earli­ 

est hybrid systems investigated were nighttime radiative coolers, which 

have been utilized either to precondition the air supplied to Heating, 

Ventilation, and AC (HVAC) systems, or to generate chilled water during 

nighttime hours to be stored and later used to enhance a heat pump (HP) 

operating in cooling mode [35,36]. Alternatively, DRC panels have been 

applied to improve the cooling capacity of the air condenser in an HP op­ 

erating in cooling mode [31,37,40], or to precondition the return air en­ 

tering the evaporator of an HVAC system [34]. In both scenarios, the sup­ 

plementary cooling is provided via an auxiliary heat exchanger, result­ 

ing in an increase in the energy efficiency ratio of the AC system and cor­ 

responding energy savings. Additionally, during periods of low cooling 

demand from buildings, such as at nighttime, the surplus of DRC-cooled 

heat transfer fluid may be stored and subsequently utilized during peak 

demand periods to either supplement or replace the operation of con­ 

ventional AC systems [32,38,41]. Furthermore, system configurations 

incorporating DRC with ground-source HPs have been proposed, with 

the objective of reducing the thermal load rejected into the ground [39].

Another active application of radiative cooling materials for building 

thermal management involves their integration with hydronic systems 

[42–46]. The underlying principle of these approaches is that radiative 

cooling surfaces can reduce the temperature of a heat transfer fluid 

below that of the conditioned zone, thereby enabling direct cooling 

through wall, ceiling, or floor-integrated heat exchanger surfaces. While 

the application of hydronic systems for indoor cooling is well established 

in the literature [47,48], their integration with radiative cooling sys­ 

tems remains underexplored. González et al. [42] developed an array of 

sky-facing panels designed to provide nighttime radiative cooling dur­ 

ing warm seasons and solar heating during cold seasons and coupled 

them to the building interior via ceiling capacitive hydronic radiators. 

Mokhtari et al. [43] investigated the feasibility of a residential cool­ 

ing system based on DRC panels in conjunction with hydronic wall and 

ceiling elements, while Yuan et al. [44] examined a similar configura­ 

tion incorporating a hydronic floor, designed to displace a conventional 

residential AC system. Additional studies in this area include the devel­ 

opment of a hydronically cooled bus station utilizing DRC panels [45], 

as well as an outdoor cooling structure that enhances the performance of 

hydronic walls through the use of visibly transparent, infrared-reflective 

surfaces [46].

The motivation for the present study is driven by the limited insights 

available on the integration aspects between DRC systems and building 

hydronic cooling, with the objective of achieving an efficient and nearly 

fully passive thermal management solution. Furthermore, to the best of 

the authors’ knowledge, no comprehensive design analyses have been 

conducted to determine the optimal sizing of DRC panels coupled to hy­ 

dronic heat exchangers. The present work develops and experimentally 

validates a numerical model for a residential building cooled by ceiling-

mounted capacitive hydronic modules. These modules are supplied with 

chilled water produced by a field of sky-facing DRC panels. The model 

is employed to perform a sensitivity analysis on several design parame­ 

ters of the system, including the number of operating hours, fluid flow 

rate, and the dimensions of both the DRC panels and hydronic modules, 

in two different locations: Madrid (Spain) and Rome (Italy). The results 

demonstrate that the proposed system can achieve high levels of ther­ 

mal comfort in buildings with moderate surface-to-roof area ratios while 

significantly improving performance, by up to a factor of 35, compared 

to conventional AC systems.

2 . Methods and model implementation 

2.1 . Plant description

The cooling system of the building analyzed and modeled in this 

study is schematically depicted in Fig. 1(a). It comprises four main sub­ 

systems: building, ceiling Radiant Capacitive Modules (RCMs), external 

Sky Radiators (SRs), and water distribution system, which includes a 

buffer tank, circulation pump, and piping network. Unlike conventional 

ceiling cooling systems, the RCMs in this configuration are capacitive, 

featuring a serpentine heat exchanger embedded in a large volume of sta­ 

tionary water. This stationary water mass works as the primary thermal 

storage, as its capacity significantly exceeds that of the buffer tank which 

functions as a pressure and temperature stabilizer. Locating the thermal 

storage within the ceiling, rather than in an externally exposed tank, 

enables direct thermal interaction with the building’s structural masses 

(e.g., walls, floor, ceiling), which begin absorbing and redistributing 

Fig. 1. Scenarios modeled. a) Hydronic cooling system with ceiling-mounted RCMs and external SRs. b) Hydronic cooling system with ceiling-mounted RCMs and 

rooftop SRs. c) Passive DRC material on the roof. Component legend: 1) building, 2) ceiling RCMs, 3) SRs covered with DRC material, 4) buffer tank, 5) circulation 

pump, 6) piping network, 7) roof covered with DRC material. Elements 4, 5 and 6 constitute the water distribution system. d) Full-scale demonstrator of a sky 

cooling-driven radiant-capacitive hydronic system located in Arganda del Rey (Madrid) [49].
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cooling as soon as circulation starts. This configuration enhances the 

dynamic performance of the system, yielding a faster and more effec­ 

tive thermal response. A comprehensive discussion of the system design 

philosophy is provided in a related work [49].

Previous studies have implemented hydronic systems similar to the 

one analyzed here [42]. However, radiative cooling was exploited only 

at night, through simple high-thermal emissivity materials applied to 

the SRs, such as black paints. These systems aimed to cool water during 

the night and store it in tanks for daytime use. However, such configu­ 

rations face two major limitations: (1) cooling is restricted to nighttime 

and (2) conventional nighttime radiative coolers absorb significant solar 

radiation during the day, leading to panel heating and thermal inertia 

effects that degrade nighttime performance. In contrast, this work em­ 

ploys a DRC emitter on the SRs. This approach requires materials with 

high emissivity in the sky window and very low solar absorptivity, as the 

circulating water must often be cooler than the ambient temperature to 

perform effective indoor cooling.

DRC materials offer a significant improvement, enabling continuous 

24-hour cooling even under high solar irradiance. This concept is il­ 

lustrated in Fig. 2(a)–(c), which shows the net cooling flux versus the 

temperature difference between the ambient (𝑇 amb 

) and the panel (𝑇 p) 

for black paint and a commercial DRC material under high, medium, 

and zero solar irradiance, respectively. In Fig. 2(a), the DRC material 

demonstrates its ability to maintain a positive net flux (i.e., the material 

is cooling) under 900 W m 

−2  irradiance, although the effect diminishes 

with increased subcooling. At night (Fig. 2(c)), both materials exhibit 

similar behavior due to their high emissivity. The advantage of DRC ma­ 

terials becomes evident under medium irradiance conditions (Fig. 2(b)), 

where they achieve positive net flux and moderate subcooling, unlike 

black paint.

Therefore, the objective of this work is to adopt DRC-coated SRs to 

extend the available “cooling window” from nighttime hours to peri­ 

ods of low-to-medium solar irradiance. This includes the early hours 

after sunrise and the late hours before sunset, when conventional mate­ 

rials fail to maintain effective cooling. This effect is further illustrated in 

Fig. 2(d) and (e), which show the temperature of the radiative emitter 

as a function of solar irradiance 𝐺. These curves are obtained by solving 

the steady-state thermal balance equation of the radiative cooling panels 

(see Eq. (1)) and validated using experimental data (see Supplementary 

Material, Section S5 for details). The figures demonstrate that a com­ 

mercial DRC material achieves significantly lower temperatures than a 

black emitter under moderate and high solar irradiance.

In this work, the material referred to as commercial DRC material 

is the SpaceCool Film_Silver from SpaceCool. This material exhibits a 

solar reflectivity (0.25–2.5 µm) of 0.905, a broadband infrared emissiv­ 

ity (4–25 µm) of 0.827, and an infrared emissivity in the sky window 

(8–13 µm) of 0.914. Its spectral emissivity profile is shown in Fig. 2(f). 

The same figure also includes the emissivity profile of an ideal broad­ 

band (BB) and an ideal spectrally selective (SS) material. Further 

information about SpaceCool Film_Silver is available in Figure S8 and 

in Ref. [50].

Following the operational rationale outlined above, the hydronic 

cooling system functions in two distinct regimes: high irradiance and 

medium-to-low irradiance. During medium-to-low irradiance condi­ 

tions, including nighttime, the circulation pump is activated, enabling 

water to flow through the hydronic network. Under this working con­ 

dition, the circulating water absorbs heat from the indoor environment, 

resulting in a temperature increase. The warmed water exiting the RCMs 

is subsequently sent to the SRs, where thermal energy is dissipated to 

the sky. The cooled water then flows into the buffer tank before being 

recirculated back to the RCMs. On the other hand, under high irradi­ 

ance conditions, the system is deactivated, as the SRs are unable to 

sufficiently subcool the water. In this regime, cooling is passively pro­ 

vided by the stationary cold water contained within the RCMs, which 

absorbs heat from the indoor space through radiative and convective 

mechanisms.

Fig. 2. Net cooling flux 𝑞 net 

 (W m 

−2 ) as a function of ambient-emitter temperature difference for a black paint and a commercial DRC material under conditions of: a) 

high solar irradiance (900 W m 

−2 ), b) medium solar irradiance (250 W m 

−2 ), and c) no irradiance (0 W m 

−2 ). All simulations are conducted under clear-sky conditions 

with relative humidity (RH) values between 20 % and 80 %, and a fixed panel heat transfer coefficient of 10 W m 

−2  K 

−1 . Panels d)–e) present the steady-state emitter 

temperature as a function of solar irradiance for both a commercial DRC material and a black emitter, with results validated against experimental data reported in 

Ref. [49]. Panel f) shows the emissivity spectra of an ideal broadband emitter (dashed black), an ideal spectrally selective emitter (solid green), and a commercial DRC 

material (solid blue). The shaded light gray region corresponds to the normalized solar emission spectrum at A.M. 1.5 [51], while the light blue region represents the 

normalized atmospheric spectral radiance under clear-sky conditions at 20 ◦ C ambient temperature and 30 % relative humidity (obtained from the model in Ref. [52]).
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2.2 . Model description

The hydronic cooling system and the building are implemented and 

modeled in the MATLAB environment. Subsystems with relatively sim­ 

ple physics, such as building thermal masses and the water distribution 

network, are modeled using Simscape, a MATLAB-based tool used to 

model and simulate physical systems within the Simulink environment 

[53]. The following subsections detail the modeling approaches adopted 

for each subsystem and provide information about meteorological data 

and locations. An overview of the structure of the model is illustrated in 

Figure S1.

2.2.1 . Building

The modeled case study is a modern two-story single-family residen­ 

tial building with a habitable area of 120 m 

2  and a roof area of 67.7 m 

2, 

whose main characteristics are outlined in Tables S1-S3. Owing to the 

favorable roof-to-volume ratio and moderate cooling demand of the 

building, the roof provides adequate space to install enough SRs to meet 

the cooling needs. The thermal properties of the building exceed the min­ 

imum national requirements set by the regulatory frameworks of Spain 

and Italy, as the selected locations in this study are Madrid and Rome. 

All components of the building envelope and internal masses, including 

external and internal walls, ceiling, floor, and windows, are modeled as 

lumped elements. Each element is characterized by a thermal transmit­ 

tance and heat capacity, determined by its stratigraphy. Comprehensive 

information regarding the geometry and stratigraphy of the case study 

building is provided in the Supplementary Material, Section S1. The data 

adopted in this study are sourced from authoritative publications on the 

European building sector [54] and national standards [55,56].

The indoor environment is modeled as a single lumped volume of 

moist air, characterized by its temperature (𝑇 b 

) and relative humidity. 

The thermal model includes all major heat exchange processes: conduc­ 

tion through opaque and transparent surfaces, solar radiation absorbed 

by opaque elements and transmitted through windows, internal heat 

gains, and ventilation-related loads. Ventilation is modeled as a com­ 

bination of infiltration and natural ventilation, with 0.3  air changes per 

hour (h 

−1 ) from 8:00 AM to 10:00 PM, and 1  air change per hour during 

the remaining hours.

2.2.2 . Radiant capacitive modules and water distribution circuit

The ceiling RCMs comprise galvanized steel enclosures containing 

approximately 50 L of stationary water. This stationary water is cooled 

via a copper coil through which the water previously cooled by SRs 

flows. A schematic of the RCMs is provided in Supplementary Material 

Figure S2(a). The RCMs are fully modular units connected in parallel to 

constitute the radiant capacitive ceiling system.

Thermal exchange between the RCMs and the building occurs 

through natural convection with the indoor air on the bottom and lateral 

surfaces, radiative heat transfer with the floor and the four surround­ 

ing vertical walls, and conductive heat transfer through the top surface, 

which is assumed to be in direct contact with the structural ceiling. 

The stationary water inside each RCM is modeled as a lumped mass 

characterized by a temperature 𝑇 RCM 

.

The water distribution circuit comprises a buffer tank, interconnect­ 

ing pipelines, and a circulation pump. The buffer tank is a compact, 

thermally insulated reservoir designed to dampen pressure fluctuations 

in the plant. The pipelines linking the SRs, RCMs, and buffer tank are 

cylindrical, thermally insulated conduits made of multilayer polyethy­ 

lene with raised-temperature resistance, reinforced with an intermediate 

aluminum layer. The circulation pump is a compact centrifugal pump 

operated through a simple on/off control strategy according to a prede­ 

fined “cooling window”.

Given that the primary novelty of this study lies in the integration of 

DRC materials within the hydronic cooling system, a detailed description 

of the RCMs and the water distribution circuit, including geometry, mod­ 

eling assumptions, and parameters, is provided in the Supplementary 

Material, Sections S2 and S4.

2.2.3 . Sky radiators

The DRC sky radiators consist of flat-plate panels with integrated 

parallel channels and a nominal surface area of 2.27 m 

2 . Each panel com­ 

prises a polypropylene plate through which water flows within multiple 

parallel channels. The panel design is based on a commercial module, 

with a schematic shown in Supplementary Material Figure S2(b). A com­ 

mercial DRC film is applied to the sky-facing surface, while the underside 

is insulated with a thick layer of polystyrene to minimize thermal losses. 

All radiators are connected in parallel, consistent with the configuration 

employed in prior studies [31]. Additional details concerning the panel 

geometry and modeling assumptions are provided in the Supplementary 

Material, Section S3.

The thermal behavior of a SR is governed by the following energy 

balance equation: 

𝑄 p 

− 𝑄 sol 

− 𝑄 atm 

− 𝑄 non-rad 

− 𝑄 net = −𝐶 p
d𝑇 p

d𝑡 

. (1)

Here, 𝑇  

p  denotes the panel temperature, and 𝐶 −1
 p (J K 

  

) represents its 

total heat capacity, which accounts for the thermal mass of both the wa­
d𝑇

ter and solid components. The term 𝐶
 p

 p 

 corresponds to the transient d𝑡
thermal storage term and vanishes under steady-state conditions.

The radiative power emitted by the panel toward the sky, 𝑄 p 

, is 

expressed as: 

𝑄 p 

= π𝐴 p ∫

∞

0 ∫

π
2

0
𝜀 p(𝜆, 𝜃)𝐼 b 

(𝜆, 𝑇 p 

) sin(2𝜃)d𝜃d𝜆 (2)

where 𝐴p  is the total radiating surface area, 𝜀 p 

(𝜆, 𝜃) is the spectral-

dependent and angular-dependent emissivity of the panel surface, and 

𝐼 b 

(𝜆, 𝑇 p 

) is the blackbody spectral radiance evaluated at the panel 

temperature. The blackbody spectral radiance is given by Planck’s law: 

𝐼 b(𝜆, 𝑇 ) = 

2 ℎ𝑐 

2

𝜆 

5 

1
e 

ℎ𝑐∕(𝜆𝑘 B𝑇 ) − 1 

. (3)

−23In this expression, 𝑘 B = 1.380649 × 10 −1
 J K  is the Boltzmann 

constant, 𝑐 = 2.99792458 × 10 

8 m 

−1s  

  is the speed of light in a vacuum, 

and ℎ =  

 6.62607015 × 10 

−34 J s is the Planck constant.

The absorbed solar radiation, 𝑄 sol 

, is calculated as: 

𝑄 sol 

= 𝐴 p 

𝐺
∫ ∞
0 𝜀p 

(𝜆)𝐼 AM1.5(𝜆)d𝜆

∫ ∞
0 𝐼 AM1.5(𝜆)d𝜆 

, (4) 

where 𝐺 is the total downwelling solar irradiance at the surface and 

𝐼 AM1.5(𝜆) is the solar spectral radiance at air mass 1.5, as defined in 

Ref. [51]. Since the panels are assumed to be installed horizontally, no 

angular correction for the solar angle of incidence is necessary.

The radiative power absorbed from the atmosphere, 𝑄 atm 

, is 

given by: 

𝑄 atm 

= 𝐴 p ∫

∞

0
𝜀 p 

(𝜆)𝐷(𝜆)d𝜆, (5)

where 𝐷(𝜆) is the spectral hemispherical downwelling longwave atmo­ 

spheric radiation (DWLWAR) at the surface. 𝐷(𝜆) is computed using the 

Longwave Rapid Radiative Transfer Model (RRTM_LW) [57,58], which 

requires vertical atmospheric profiles of temperature, water vapor, O 2 

and trace gases including O 3 

, CO 2 

, N 2 

O, CO, and CH 4 

. The influence 

of cloud cover is incorporated by providing the cloud fraction profile, 

as well as the cloud liquid and ice water content. RRTM_LW outputs 

DWLWAR values integrated over the hemisphere in 16 spectral bands. 

Accordingly, Eq. (5) is reformulated as: 

𝑄 atm 

= 𝐴 p

16
∑ 

𝑗=1
𝜀̄ p,𝑗 ̄ 𝐷 𝑗 Δ𝜆 𝑗 , (6) 

where 𝜀̄ p  

 and 𝐷̄ 

  are the average emissivity and atmospheric irradiance ,𝑗 𝑗
in the 𝑗-th spectral band, respectively.
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The non-radiative heat transfer, 𝑄non-r ad 

, quantifies convective and 

conductive effects on the panel. Due to the effective bottom insulation, 

conductive losses through the bottom surface are neglected. Similarly, 

losses through the lateral surfaces are disregarded, as their area is signif­ 

icantly smaller than that of the sky-facing surface. Thus, non-radiative 

heat transfer is modeled as the wind advection heat exchange over the 

sky-facing surface: 

𝑄 non-rad 

= 𝐴 p 

ℎ c,p 

(𝑇 amb − 𝑇 p 

). (7) 

Here, ℎ c,p 

 is the convective heat transfer coefficient, defined as [32]: 

ℎ c,p 

= 8.3 + 2.5 

𝑢
𝑢 0 

, (8)

where 𝑢 is the wind velocity and 𝑢0 =  

 1 m s 

−1 is a constant. 𝑄 net 

 is the 

heat brought by the thermal fluid to the panel, simply defined as: 

𝑄 net 

= 𝑚̇ w 

𝑐 p,w
(

𝑇w-in 

− 𝑇 w-out
) 

, (9)

where 𝑚̇ w 

 is the water mass flow rate inside the SR, 𝑐p,w 

 

 is the specific 

heat of water (J kg−1 

  K−1 

 ) and 𝑇w-in , 𝑇 

 w-out 

 are the inlet and outlet 

temperatures of water, respectively.

2.3 . Meteorological data

The DRC-driven hydronic cooling system was evaluated during the 

cooling season (June to September) at two locations: Madrid (40.25 

◦ N, 

3.50 

◦ W) and Rome (42.00 

◦ N, 12.50 

◦ E). The four-month period was 

selected based on the Typical Meteorological Year (TMY) reported in 

PVGIS, developed by the European Commission’s Joint Research Centre 

[59], constructed according to ISO 15927–4 standards [60]. 

Following TMY selection, the corresponding hourly meteorological 

variables were obtained from the ERA5 reanalysis [61], specifically:

(1) ambient air temperature at 2 m, used as air temperature;

(2) dew point temperature at 2 m, used to calculate relative

humidity;

(3) soil temperature at 28–100 cm depth, used as ground

temperature;

(4) wind velocity at 10 m;

(5) average surface downwelling shortwave radiation flux, used as 

solar irradiance.

Data for the RRTM_LW model employed in DWLWAR calculations were 

also sourced from ERA5 and from climatology as detailed in Ref. [62].

The locations of Madrid and Rome were selected based on two main 

considerations. First, Spain and Italy are among the most favorable re­ 

gions in Europe for radiative cooling applications [63]. Second, the two 

cities exhibit different climatic conditions, allowing the experimental 

setup to be evaluated under varying weather scenarios. According to 

the updated Köppen–Geiger classification [64], Rome has a hot-summer 

Mediterranean climate, with dry summers and mild winters (Csa climate 

type). Madrid, instead, is situated on the boundary between the Csa cli­ 

mate and the BSh climate type, the latter corresponding to a semi-arid 

climate with hot summers.

3 . Results 

3.1 . Model validation

The model was first successfully validated on a full-scale demon­ 

strator located in Arganda del Rey (40.314 

◦ N, 3.482 

◦ W), shown in 

Fig. 1(d), before being used for extrapolations to a large-scale resi­ 

dential DRC-hydronic cooling system. The demonstrator, experimental 

setup, and acquired data are comprehensively described in a sepa­ 

rate publication [49]. The demonstrator consists of a small building 

(8.8 m × 7.0 m × 2.9 m), divided into three thermal zones: two rooms and 

a lobby. One room, equipped with the RCMs, is designated as the exper­ 

imental cell (EC), while the other is the control cell (CC) and remains 

unconditioned. Externally, the system includes five parallel-connected 

SRs and a thermal storage unit. Additionally, smaller square samples 

(20 cm × 20 cm) of DRC and non-DRC materials, not connected to the 

hydraulic system, were installed and sensorized.

The system layout corresponds to that shown in Fig. 1(a). The 

model validation was conducted using two experimental series, 

each lasting five days: Series 1 (20/08–24/08/2024) and Series 2 

(08/08–12/08/2024). In Series 1, the SRs were coated with a commer­ 

cial DRC material (SpaceCool Film_Silver), while in Series 2, the panels 

were uncoated, exposing the black polypropylene surface to the sky, to 

act as a nighttime-only radiative cooling material. In both cases, the cir­ 

culation pumps operated from 10:00 PM to 8:00 AM. Validation was 

performed over the final four days of each series (21/08–24/08/2024 

for Series 1 and 09/08–12/08/2024 for Series 2), excluding the first 

day to smooth the errors generated from the unknown initial conditions 

of some of the building subsystems.

Detailed design and operational parameters for the experimental se­ 

ries are provided in Tab. S13. Model accuracy was assessed using mean 

absolute percentage error (MAPE), root mean square error (RMSE), and 

index of agreement (IOA), as defined in the Supplementary Material, 

Section S5.

Fig. 3(a) and (b) compare measured and simulated temperatures of 

the EC and CC for Series 1 and 2, respectively. The results demonstrate 

high agreement, with MAPE values of 0.67 % and 0.64 % for the CC and 

0.70 % and 0.86 % for the EC. In both cases, the RMSE remains below 

0.3 ◦ C. Fig. 3(c) and (d) present the RCM temperature comparisons for 

Series 1 and 2, yielding MAPE values of 1.52 % and 1.49 %, respectively.

Fig. 3(e) and (f) report the surface temperatures of the passive 

square samples for Series 1 and 2, featuring the DRC material and black 

polypropylene, respectively. The MAPE values are 5.58 % and 4.19 %, 

with RMSE values of 1.4 ◦ C and 2.2 ◦ C. These results are consistent with 

other studies [65] and validate the DRC material model. The simulations 

also reproduce the expected thermal behavior: the DRC sample remains 

consistently below ambient temperature throughout the day, including 

periods of peak solar irradiance, whereas the black emitter achieves 

sub-ambient temperatures only during nighttime hours (approximately 

between 8:00 PM and 8:00 AM).

Fig. 3(g) and (h) compare simulated net fluxes of the SRs with exper­ 

imentally derived values, including uncertainty. The model predictions 

fall within the uncertainty bounds. MAPE values are approximately 10 % 

for both series, even though the results are largely influenced by the dis­ 

crepancies at the initial peak due to system startup. To provide a more 

comprehensive assessment, IOA is also considered, yielding values of 

0.97 for Series 1 and 0.95 for Series 2.

Overall, the comparison between the numerical model and the ex­ 

perimental series provides full validation of the model and confirms the 

high accuracy achieved in the prediction of the transient behavior of the 

building, the RCMs, and the SRs. Although the lumped-mass approach 

already yields satisfactory performance, higher accuracy could be ob­ 

tained through the inclusion of thermal stratification in the indoor air 

and in the stationary water inside the RCMs.

3.2 . Extension of operation hours

The validated model is employed to assess the impact of a DRC-

driven hydronic cooling system on a full-scale single-family building 

during a TMY cooling season in the Madrid climate. The analysis 

includes a performance comparison with an identical system using a con­ 

ventional nighttime emitter coated with black paint (broadband infrared 

thermal emissivity of 0.9 and solar reflectivity of 0.1). Fig. 4 presents the 

effect of varying the number of charging (pumping) hours on the over­ 

all performance of the hydronic cooling system. Charging hours denote 

the number of hours per day during which water is circulated through 

the closed loop connecting the SRs and RCMs. The minimum number 
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Fig. 3. Model validation against experimental results from the full-scale demonstrator in Ref. [49]. Panels a), c), e), and g) correspond to Series 1 (DRC emitter), while 

panels b), d), f), and h) correspond to Series 2 (black emitter). a–b) Temperature of the EC and CC. c–d) Water temperature in the RCMs. e–f) Surface temperature 

of the 20 cm × 20 cm material samples. g–h) Net flux of the panels.

of charging hours evaluated is 10, which includes all nighttime and 

low-irradiance hours in Madrid, from 10:00 PM to 8:00 AM. The pump­ 

ing period is then progressively extended in 1 h-steps, expanding the 

time window symmetrically by 30 minutes at both ends. For instance, 

11 pumping hours correspond to a window from 9:30 PM to 8:30 AM, 

12 hours from 9:00 PM to 9:00 AM, and so forth. Three DRC materi­ 

als are included in the test: the commercial DRC emitter, an ideal BB 

emitter, and an ideal SS emitter. Their emissivity profiles are shown in 

Fig. 2(f). These simulations are carried out for a constant number of SRs 

and RCMs, set respectively to 25 and 60. These values are chosen be­ 

cause, as will be later demonstrated in Section 3.3.2, they are able to 

ensure a suitable comfort level in the building and lie reasonably close 

to the optimal working conditions of the plant for the building located 

in Madrid.

Fig. 4(a) and (b) display the energy removed by the RCMs over the 

entire cooling season (June-September), with the system operating at 

flow rates of 0.25 and 1 L min 

−1  m 

−2 , respectively. These flow rates are 

normalized by the area of the SRs, which is essential for correctly scaling 

the total flow within the system according to the emitter surface area, 

ensuring effective water cooling in each panel. The energy removed by 

the RCMs is a representative figure of merit for evaluating the effective­ 

ness of the cooling system. When using the black emitter, the system 

achieves its peak seasonal energy removal at 11 and 10 pumping hours 

for the flow rates of 0.25 and 1 L min 

−1  m 

−2 , respectively. In contrast, 

the use of a commercial DRC emitter results in a shift of the optimal 

operating window to 13 and 12 hours, enabling a two-hour extension in 

both cases. This expansion reflects the enhanced radiative performance 

of the emitter, particularly during early morning and late evening hours. 

Ideal BB and SS emitters demonstrate an even greater impact, allowing 

the optimal pumping duration to extend by three hours under both flow 

rate scenarios. In terms of relative performance improvement, the com­ 

mercial DRC emitter increases total seasonal energy removal by +6.2 % 

compared to the black emitter. The ideal BB and SS materials further 

improve energy removal by +10.3 % and +6.3 %, respectively.

The curve corresponding to the black emitter declines as soon as the 

pumping period extends into daytime hours. This behavior is attributed 
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Fig. 4. Analysis of pumping hours in a single-family building in Madrid using a commercial DRC emitter, an ideal BB emitter, an ideal SS emitter, and conventional 

black paint. The number of SRs and RCMs are kept constant, respectively to 25 and 60. a–b) Energy removed by the RCMs operating at flow rates of 0.25 and 1 L 

min 

−1  m 

−2 , respectively. c–d) Average SR flux at flow rates of 0.25 and 1 L min 

−1  m 

−2 , respectively. e–f) Mean, maximum, and minimum indoor air temperatures 

with SR flow rates of 0.25 and 1 L min 

−1  m 

−2 , respectively. Mean values are indicated by the markers, while minimum and maximum temperatures define the extent 

of the bars. g-h) Monthly energy removed by RCMs and average flux, respectively, under optimal conditions (i.e., at the number of pumping hours that maximizes 

energy removal) for flow rates of 0.25 and 1 L min 

−1  m 

−2 . In panels a, b, e and f, the optimal number of pumping hours for each emitter type is marked with an 

asterisk.

to the significant heating of the black surface due to solar irradiance, 

which impairs its radiative cooling capability. Although DRC materials 

can ideally maintain sub-ambient temperatures even under intense solar 

radiation, their performance also deteriorates beyond 13–14 pumping 

hours, depending on the flow rate. During high-irradiance periods, in 

fact, the water inside the SRs may still be cooled, but not sufficiently to 

provide effective indoor cooling when circulated through the RCMs.

As shown in Fig. 4(c) and (d), higher flow rates generally result 

in increased cooling fluxes. This is due to the higher average temper­ 

ature of the SRs, which enhances radiative emission in accordance with 

the Stefan-Boltzmann law. Conversely, lower flow rates promote greater 

subcooling of the thermal fluid. As long as the fluid remains colder than 

the building environment, higher subcooling enables greater thermal 

energy extraction. This trade-off explains why, despite higher cooling 

efficiency at 1 L min 

−1  m 

−2 , the total energy removed and, therefore, 

the actual cooling effect, is lower compared to a flow rate of 0.25 L 

min 

−1  m 

−2 . This highlights the critical importance of selecting an ap­ 

propriate flow rate in systems without active cooling components such 

as heat pumps or HVAC units.

As illustrated in Figure S3, the optimal flow rate maximizing thermal 

energy removal is a function of the design of the hydronic system, specif­ 

ically the surface areas of the SRs and RCMs. However, provided the SR 

surface is not significantly undersized, the optimal flow rate consistently 

lies within the range of 0.2–0.3 L min 

−1  m 

−2 . This finding is corrob­ 

orated by extrapolations on the full-scale experimental setup, which 

also show an optimal flow rate within the same range across different 

meteorological conditions, and by other studies [66].

Fig. 4(e) and (f) present the average, minimum, and maximum in­ 

door temperatures. The DRC materials yield lower average temperatures 

than the black emitter, with performance differences increasing at longer 

pumping durations. Lower flow rates (0.25 L min 

−1  m 

−2 ) result in re­ 

duced mean, minimum, and maximum temperatures compared to 1 L 

min 

−1  m 

−2 . The minimum temperature is reached at 11 and 10 pump­ 

ing hours for the black emitter, 13 and 12 for the commercial DRC, and 

14 and 13 for the ideal BB and SS, respectively.

Fig. 4(g) and (h) show the monthly energy removed by the RCMs 

and the average SR flux, respectively, under optimal pumping dura­ 

tions (maximizing the energy removed by RCMs). DRC materials extend 
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the effective cooling window throughout the season. The ideal BB con­ 

sistently outperforms the commercial DRC and ideal SS. Additionally, 

performance at 0.25 L min 

−1  m 

−2  is superior to 1 L min 

−1  m 

−2  across all 

months. The highest relative improvement over the nighttime emitter 

occurs in June (+6.5 % for the commercial DRC, +10.9 % for the ideal 

BB), and the lowest in September (+5.0 % and +8.6 %, respectively). 

Fig. 4(g) and (h) also demonstrate that, in hydronic cooling systems of 

this type, higher net cooling fluxes do not necessarily indicate a greater 

amount of energy removed from the indoor environment.

3.3 . RCMs and SRs sizing

Having demonstrated the superior performance of the DRC-based hy­ 

dronic cooling system compared to an equivalent configuration utilizing 

only nighttime radiative emitters, a sensitivity analysis is now required 

to determine the optimal sizing of the RCMs and SRs. Designing this 

system primarily involves determining the optimal surface areas for the 

SRs and RCMs. Ideally, both surfaces should be minimized while still 

ensuring continuous thermal comfort within the building.

3.3.1 . Comfort index definition

To quantify thermal comfort, a metric called the comfort index (CI) 

is introduced. This indicator measures the fraction of time during which 

the average indoor air temperature of the building (𝑇 b 

) remains within a 

predefined target range, delimited by a minimum and a maximum target 

temperature 𝑇 

∗
min and 𝑇 

∗
max. It is defined using the indicator function 𝜒 : 

𝜒(𝑡) = 

{

1, if 𝑇 

∗
min ≤ 𝑇 b 

(𝑡) ≤ 𝑇 

∗
max

0, otherwise
(10)

The comfort index is then given by: 

CI = 

1
𝑡 tot ∫ 

𝑡 tot

0
𝜒(𝑡)d𝑡 (11)

where 𝑡t ot is the total simulation time. 

Defining the comfort range for the building under analysis is a 

non-trivial task, as it does not fall strictly under the categories of ei­ 

ther mechanically ventilated or naturally ventilated buildings. However, 

the DRC-based hydronic system more closely resembles a naturally 

ventilated configuration, as it lacks active components for air circu­ 

lation, unlike mechanically ventilated systems. Moreover, while the 

DRC-hydronic system can be actively switched on or off, its performance 

cannot be precisely controlled via a setpoint, as it depends heavily on 

atmospheric conditions.

The ASHRAE-55 standard provides a method for defining comfort 

zones in buildings without mechanical ventilation [67,68]. Applying 

this method using the average ambient temperature for August, the 

hottest month in Madrid according to TMY data, and therefore selected 

for system sizing, yields a comfort range of 23.8 

◦ C to 28.8 

◦ C (see 

Supplementary Material, Section S6). To be conservative, the upper 
∗bound of the comfort range was reduced to 𝑇  = 27 ◦ 

 max   C. The lower 

bound 𝑇 

∗  was not imposed, to assess the natural cooling limits of the min
DRC system and also because the system can simply be switched off in 

case the indoor temperatures become excessively low.

3.3.2 . Optimal SRs and RCMs sizes

To determine the optimal sizing of SRs and RCMs, extensive sim­ 

ulations were conducted for the month of August in Madrid. The 

simulations were performed using the commercial DRC emitter, a flow 

rate of 0.25 L min 

−1  m 

−2 , and 13 pumping hours, identified as optimal 

in previous analyses. Various combinations of RCM and SR areas were 

tested, and results are presented as color maps in Fig. 5, where the areas 

of SRs and RCMs are normalized relative to the floor area of the building.

Fig. 5(a) shows the variation of the comfort index. In general, there 

is no defined configuration maximizing CI; instead, CI increases mono­ 

tonically with both SR and RCM surface areas. A comfort of about 100 % 

is achieved for a minimum SR coverage of 60 % (with 60 % RCM 

coverage). If the acceptable CI is set to 90 %, the configuration that 

minimizes simultaneously the total surface area of RCMs and SRs (i.e., 

the Pareto-optimal point) is found at approximately 47 % RCM and 53 % 

SR coverage. This corresponds to about 70 RCMs (56.7 m 

2 ) and 28 SRs 

(63.6 m 

2 ).

Fig. 5(b) presents the variation of average SR flux. The flux increases 

with RCM area and decreases with SR area. This inverse relationship 

with SR area arises because, at a fixed RCM size, increasing the SR area 

distributes the removed heat over a larger surface. As a result, the tem­ 

perature of each SR decreases, leading to a reduction in radiative flux 

due to the lower surface temperature.

Fig. 5(c) and (d) illustrate the impact of the hydronic cooling system 

on the building. Specifically, panel c) presents the average reduction 

in indoor air temperature achieved in the building relative to the same 

building without the hydronic cooling system (i.e., the cooling effect). 

Panel d) displays the specific energy removed, defined as the daily ther­ 

mal energy dissipated by the RCMs, normalized by the surface area of the 

SRs. The cooling effect increases with both SR and RCM area, similar to 

the trend observed in the comfort index. In contrast, the energy removed 

follows a trend similar to that of average SR flux: it increases with RCM 

area and decreases with SR area. This is because larger RCM coverage 

and smaller SR surfaces result in higher average SR temperatures and, 

consequently, higher radiative fluxes. The absolute energy removed, 

on the other hand, follows a different trend (shown in Figure S4a), 

analogous to that of the cooling effect.

Fig. 5(e) and (f) show the relative improvement in the comfort index 

for hydronic systems using a commercial DRC and an ideal BB emitter, 

respectively, compared to an identical system operating with a nighttime 

emitter (black emitter). In all cases, the systems operate at their respec­ 

tive optimal number of pumping hours. For both cases, the maximum 

improvement is observed at an SR coverage of approximately 30 % (cor­ 

responding to about 15 SRs), with gains of +8.7 % for the commercial 

DRC and +13.2 % for the ideal BB.

It is worth noting that varying the number of RCMs is equivalent 

to varying the total storage water volume of the system. Therefore, the 

results shown in Fig. 5 can also be interpreted in terms of storage water 

volume versus SR area, given that each RCM (with a bottom surface area 

of 0.81 m 

2 ) contains approximately 50 L of stationary water.

3.4 . Effect of plant configuration 

3.4.1 . Configurations analyzed

The analysis is further extended by evaluating the performance of 

the DRC-hydronic cooling system under three scenarios (external SRs, 

rooftop SRs and DRC-roof) and at two selected locations: Madrid and 

Rome.

The initial scenario, adopted in the preceding analysis, involves the 

installation of SRs on surfaces external to the building (Fig. 1(a)). In con­ 

trast, the second scenario considers the installation of SRs directly on the 

building rooftop (Fig. 1(b)). Installing SRs on the rooftop offers several 

advantages. First, it confines the spatial footprint of the plant to the 

footprint of the building itself. Second, it reduces the absorption of solar 

irradiance by the roof during daylight hours, particularly during periods 

of high irradiance when the cooling system is not operating, behaving 

as a fully passive DRC surface. Additionally, in urban environments, 

rooftop installation is likely to provide greater access to the sky dome 

and reduce the screening effect of airborne particulate matter [69]. At 

the same time, however, this configuration also brings some limitations. 

The available surface area is constrained by the roof dimensions, poten­ 

tially reducing the number of SRs that can be installed. Furthermore, 

the rooftop may be subject to competition among other rooftop tech­ 

nologies, such as solar photovoltaic and solar thermal systems, and any 

proposed installation must comply with the structural capacity and con­ 

straints of the roof. Despite these limitations, the potential impact of 

rooftop SR installation is relevant and is therefore analyzed in this work. 
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Fig. 5. SRs and RCMs sizing analysis for a single-family building in Madrid during August (TMY). a) Comfort index. b) Average SR flux. c) Average indoor temperature 

reduction compared to a passive building (no hydronic cooling). d) Specific thermal energy removed by RCMs. e) Comfort index improvement relative to a nighttime 

radiative cooling system. f) Comfort index improvement relative to a nighttime radiative cooling system, using the ideal BB material. All panels, except f), refer to 

the commercial DRC emitter.

In addition to the external and rooftop hydronic cooling system configu­ 

rations, a third scenario is considered in which the building is equipped 

with a DRC-roof. In this case, no active components are employed, and 

the building roof is entirely covered with a passive DRC material, as 

illustrated in Fig. 1(c).

For all the configurations analyzed, the roof is assumed to be per­ 

fectly flat. To ensure consistency and comparability across different 

scenarios, the roof is considered to be entirely covered by the DRC tech­ 

nology, either in the form of SRs or as a continuous passive coating. 

According to the reference description of the two-story building, the 

total available roof area is 67.7 m 

2 , which, in the case of SR deploy­ 

ment, corresponds to approximately 29 SRs. External and rooftop SR 

configurations were tested using the same number of RCMs: 70 units 

(corresponding to a coverage of approximately 48 %).

3.4.2 . Comparison across configurations

Fig. 6(a) and (b) present the average, maximum, and minimum in­ 

door temperatures for the three analyzed configurations (external SRs, 

rooftop SRs, and DRC-roof) for the buildings located in Madrid and 

Rome, respectively. While the buildings in both locations share the 

same habitable surface area, they differ slightly in thermal insulation, 

as detailed in Tab. S1, in accordance with national standards. In both 

locations, the configurations employing SRs exhibit comparable per­ 

formance, with the rooftop SRs demonstrating slightly lower indoor 

temperatures across the cooling season. Specifically, the average sea­ 

sonal indoor temperatures achieved are 23.8 ◦ C and 23.5 ◦ C in Madrid, 

and 23.7 ◦ C and 23.6 ◦ C in Rome, for the external and rooftop SRs, 

respectively. In all cases, these values remain consistently below the 

adopted maximum thermal comfort threshold of 27 ◦ C. In contrast, 

the passive DRC-roof configuration demonstrates limited cooling per­ 

formance, with average seasonal temperatures exceeding the comfort 

limit: 28.1 ◦ C in Madrid and 27.6 ◦ C in Rome.

Fig. 6(c) and (d) show the seasonal comfort index for the three 

configurations, along with the relative improvement over a reference 

fully passive building with a conventional roof. Once again, the rooftop 

SR configuration slightly outperforms the external SRs. In Madrid, the 

seasonal CI values are 92.0 % and 96.4 % for external and rooftop 

SRs, respectively; in Rome, the values are 96.7 % and 97.4 %, respec­ 

tively. The relative CI improvement with respect to the reference case is 

+64.0 % and +68.4 % in Madrid, and +59.1 % and +59.8 % in Rome, 

for external and rooftop SRs, respectively.

The consistently high seasonal CI values, always above 90 % and 

approaching 100 %, demonstrate the effectiveness of the DRC-based hy­ 

dronic cooling system in delivering thermal comfort under the examined 

climatic conditions and building typologies. These results confirm that 

the surface area of SRs was appropriately sized to meet the thermal load 

requirements of both locations. In particular, limiting the extension of 

SRs to the roof area is sufficient to ensure suitable comfort levels.

On the other hand, the DRC-roof configuration alone fails to pro­ 

vide acceptable thermal comfort, with CI values of only 34.2 % in 

Madrid and 40.6 % in Rome. This poor performance can be attributed to 

the considerable roof insulation in both buildings; insulation negatively 

impacts fully passive radiative cooling by hindering heat transmission 

through the roof thickness [15]. While the DRC-roof is inadequate 

as a stand-alone cooling solution, it can contribute to significant re­ 

ductions in electricity demand when integrated with active cooling 

systems [14–21]. As previously observed, the rooftop SRs configuration 

combines the active cooling effect of external SRs with the enhanced 
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Fig. 6. Performance analysis for a single-family building in Madrid and Rome during the cooling season (TMY) under three scenarios: DRC-hydronic system with 

external SRs (blue), DRC-hydronic system with rooftop SRs (green), and a passive DRC roof (red). a–b) Average, maximum, and minimum indoor temperatures for 

Madrid and Rome, respectively. c–d) Comfort index (bars) and relative improvement (markers) with respect to a fully passive building with a conventional roof for 

Madrid and Rome, respectively. e–f) Total energy removed by the RCMs (bars) and system SEER (markers). In all simulations, the roof is assumed to be fully covered 

with commercial DRC material; for the external and rooftop SR configurations, this corresponds to 29 SRs. The DRC-hydronic system operates with the optimal 

number of daily pumping hours, at a flow rate of 0.25 L min 

−1  m 

−2 ; it includes 70 RCMs.

solar reflectivity of a DRC-roof during daytime hours. However, the re­ 

sulting comfort improvement is not a simple superposition of these two 

effects. In fact, the additional benefit of rooftop SRs over external SRs, 

in terms of comfort index, is relatively modest: +4.4 % in Madrid and 

+0.6 % in Rome. The primary reason for this limited improvement lies 

in the thermal insulation characteristics of the roof. Installing SRs di­ 

rectly on the roof introduces an additional insulating layer, mainly due 

to the water contained within the panels, which reduces the inward-

to-outward heat flow, particularly during nighttime. This behavior is 

analogous to the reduced effectiveness of radiative cooling roofs when 

roof thermal insulation is increased. Therefore, the increased albedo ef­ 

fect introduced by rooftop SRs yields only a very limited impact on the 

energy balance of the building during the hot season and, by extension, 

also during the cold season. In line with the CI results, the rooftop and 

external SRs configurations exhibit very similar net cooling fluxes when 

sky access is equivalent. In non-ideal scenarios, however, the external 

SR configuration may experience reduced net fluxes due to limited sky 

access caused by the building itself.

3.4.3 . Considerations on the energy efficiency of the system

To assess the overall energy performance of the hydronic cooling 

system through a single performance indicator, an approach analo­ 

gous to that used for mechanical refrigeration systems can be adopted. 

Specifically, in the case of heat pumps in cooling mode, the Seasonal 

Energy Efficiency Ratio (SEER) is defined as the ratio between the 

useful thermal effect—namely, the energy extracted by the evapora­ 

tor to provide cooling—and the electrical energy consumed by active 

components such as the compressor and fans. A similar concept can 

be introduced for the DRC-hydronic system, where the useful effect 

is represented by the thermal energy removed by the RCMs (𝐸 RCM 

), 

and the energy input corresponds to the electricity consumed by the

circulation pump (𝐸 el,pump 

), which is the only active component of the 

system. Accordingly, an equivalent SEER for the hydronic system is 

defined as: 

SEER = 

𝐸 RCM 

𝐸 el,pump
. (12)

The quantity 𝐸 RCM 

 is determined through a thermal energy balance on 

the RCMs, while 𝐸 el,pump 

 is calculated based on the water flow rate, pres­ 

sure losses in the circuit, pump efficiency and working time. Further 

details on the calculation methods for both terms are provided in the 

Supplementary Material, Section S4.

Fig. 6(e)–(f) present the monthly values of 𝐸 RCM 

 and the correspond­ 

ing SEER for Madrid and Rome, respectively. The resulting SEER values 

are proportional to the values of 𝐸 RCM 

, since the energy consumed by 

the pump is primarily determined by the total pumping time, which is 

roughly constant across all scenarios. Madrid achieves the highest SEER 

values: 152 for external SRs and 149 for rooftop SRs. In Rome, the values 

are slightly lower, at 129 and 127, respectively.

A first observation concerns the magnitude of these SEER values. 

For reference, the average SEER of conventional room air conditioners 

in the European building sector is approximately 5.4 [70]. This means 

that the DRC-based hydronic system can deliver a SEER up to 28 times 

higher than common AC systems in modern standard-insulated single 

family buildings. This remarkable performance is primarily attributed 

to the low electricity demand of the system, with the circulation pump 

being the only active component. These SEER values could be further 

improved by enhancing the thermal insulation of the water distribution 

pipelines. Another point of interest is the slightly lower SEER observed 

for rooftop SR configurations compared to external SRs. This difference 

arises because the rooftop DRC layer reduces solar heat gains, thereby 
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decreasing the overall cooling demand and, in turn, the energy removal 

by the RCMs.

Moreover, SEER can serve as a useful monthly performance met­ 

ric for evaluating radiative cooling effectiveness. In both Rome and 

Madrid, the highest SEER values are recorded in June and September, 

months typically characterized by favorable conditions for radiative 

cooling [63]. By contrast, in July and August, radiative cooling is signifi­ 

cantly hindered by high ambient temperatures and increased convective 

heat gains. However, it is important to clarify that, although the SEER 

has been defined in a manner similar to that of heat pumps, hydronic 

DRC-based cooling systems differ significantly from heat pumps. The 

latter are well-established technologies that enable precise indoor tem­ 

perature control across all climates and, unlike DRC-based systems, are 

less heavily influenced by external weather conditions.

4 . Discussion

In the previous analysis, the DRC-based hydronic cooling system has 

been demonstrated to be an effective, stand-alone and nearly passive so­ 

lution for achieving adequate thermal comfort in single-family buildings 

in the temperate climates of Madrid and Rome. The system provides sub­ 

stantially higher comfort indices compared to a fully passive DRC-roof 

configuration and achieves significantly greater SEER values than con­ 

ventional mechanical cooling systems. Nevertheless, the implementation 

of this technology may encounter certain limitations, the most relevant 

being its strong site-specificity. The performance of DRC-based hydronic 

systems depends significantly on the building typology, the density of 

the surrounding urban environment, and the climatic zone in which the 

system is deployed.

The required surface area of SRs increases with the cooling demand 

and, in some cases, may exceed the area available for a typical residen­ 

tial building. As previously discussed, one potential mitigation strategy 

involves relocating the SRs to the rooftop, thereby taking advantage 

of the additional albedo effect. However, rooftop areas may prove in­ 

sufficient in locations with high cooling demands or in buildings with 

low roof-to-volume ratios. In general, this type of system is best suited 

for single-story buildings with large roof surfaces, such as warehouses, 

while it may be undersized for multi-story buildings. In the case of the 

two-story residential building considered in this study, the required SR 

surface to achieve acceptable comfort levels was approximately equal to 

the total roof area. Furthermore, rooftop SR installation may compete 

with other rooftop technologies, such as photovoltaic or solar thermal 

systems, thereby posing additional constraints.

To address these challenges, minimizing the surface area required 

for the SRs is of primary importance. A straightforward, yet effective, 

strategy involves improving the thermal insulation of the piping net­ 

work, which is otherwise subject to considerable convective heat losses. 

Fig. 7(a) and (b) present the comfort index map and the indoor cooling 

effect, respectively, for varying numbers of SRs and RCMs in Madrid, un­ 

der the assumption of a 90 % reduction in pipe thermal losses compared 

to the previous analyses. This reduction can be achieved by adopting 

approximately 35 mm of standard polyurethane insulation. As before, 

the Pareto-optimal configurations minimizing the combined surface ar­ 

eas of SRs and RCMs were identified. This improvement yields notable 

benefits: in Madrid, the required SR surface is reduced by approximately 

9 % (equivalent to 4–5 fewer SRs).

Fig. 7(c)-(d) present the comfort index map and the indoor cooling 

effect, respectively, for Madrid under the combined effect of improved 

pipe insulation (90 % loss reduction), enhanced window shading and 

improved nighttime ventilation. In the base case, only the shading pro­ 

vided by window recesses was considered, assuming that solar light was 

free to illuminate the inside of the rooms. Here, an improved scenario 

assumes that 80 % of direct solar radiation is blocked throughout the 

entire season through the use of window sun shadings. Additionally, the 

building is assumed to be naturally ventilated, incorporating vents de­ 

signed to enable wind-driven ventilation. This strategy is represented 

in the simulation by a constant nighttime (10:00 PM to 8:00 AM) air 

change rate of 5 air changes per hour (h 

−1 ). Although actual ventila­ 

tion rates in wind-driven systems vary with wind speed and direction 

[71], a constant rate was used here to evaluate the potential benefits of 

effective nighttime ventilation. These improvements, addressing both 

the hydronic system and building physics, result in a drastically re­ 

duced coverage requirement: 17 % for RCMs and 19 % for SRs with 

respect to the base scenario. This demonstrates that the DRC-based hy­ 

dronic system can be particularly effective in modern standard-insulated 

and naturally ventilated residential buildings equipped with solar 

shadings.

Since the performance of the DRC-driven hydronic cooling system 

relies on the thermal exchange between the SRs and the sky dome, the 

deployment of the technology is strongly hindered in locations with 

Fig. 7. SRs and RCMs sizing analysis for a single-family building during August (TMY) in Madrid, using the commercial DRC emitter, a flow rate of 0.25 L min 

−1 

m 

−2  and the optimal number of pumping hours. a) Comfort index with enhanced pipe insulation. b) Average indoor temperature reduction compared to a passive 

building (no hydronic cooling and conventional roof) with enhanced pipe insulation. c) Comfort index with enhanced pipe insulation, sun shadings and nighttime 

ventilation. d) Average indoor temperature reduction compared to a passive building with enhanced pipe insulation, sun shadings and nighttime ventilation.
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Fig. 8. Effect of location on: a) Comfort Index in a fully passive building (red bars) and in a building equipped with the DRC-based hydronic cooling system (blue 

bars), with SEER indicated by markers; b) Indoor building temperatures (where markers indicate average values and bars represent variability). The analysis considers 

a single-family building (same for all locations) during the June-September season (TMY), with full roof coverage of SRs, 70 RCMs, a flow rate of 0.25 L min 

−1 m 

−2, 

and enhanced pipe insulation.

limited sky access or in climates characterized by warm and cloudy 

skies. In dense urban environments, sky access—quantified by the sky 

view factor—can be substantially reduced, with average values falling 

as low as 50–60 % [72]. In such contexts, the thermal energy balance of 

the SRs must be modified to account for infrared emission from neigh­ 

boring obstacles, such as adjacent buildings, and their shading effect 

[73]. Estimates from the present work (see Supplementary Material, 

Section S8 and Figure S7(a)) indicate that a reduction of the sky view fac­ 

tor to approximately 80 %, a reasonable value for rooftop installations, 

may result in significant SEER reductions.

While the DRC-based hydronic cooling system has been demon­ 

strated as a stand-alone solution for building cooling in the temperate 

climates of Madrid and Rome, integration with conventional cooling 

systems, such as HPs or HVAC units, may be required to maintain 

adequate comfort in climates with extremely high cooling demand or 

conditions unfavorable for radiative cooling. To assess this, the same 

building equipped with the DRC-based hydronic system was evaluated 

in multiple locations worldwide, representing different climate condi­ 

tions (according to Köppen-Geiger classification). For comparability, a 

consistent comfort zone was applied across all locations (indoor temper­ 

ature considered comfortable below 27 ◦ C), and the hydronic system was 

switched off whenever the temperature fell below 19 ◦ C. Furthermore, 

a new dynamic feedback control strategy was adopted to replace the 

fixed-schedule approach, as the latter could not accommodate the strong 

variations in daylight hours and meteorological conditions across dif­ 

ferent locations. The new strategy activates the circulation pump only 

when the RCMs–SRs average temperature difference exceeds 0.5 ◦ C, en­ 

suring operation only during periods favorable for radiative cooling (see 

Supplementary Material, Section S10 for details).

Fig. 8(a) presents the results of this analysis in terms of CI and SEER, 

while Fig. 8(b) presents them in terms of indoor temperature. The previ­ 

ously analyzed locations of Madrid (Csa/BSh) and Rome (Csa) confirm 

that the adoption of a stand-alone DRC-based hydronic system is viable 

in temperate climates, achieving high absolute CI values (∼99 %) and 

significant CI improvements compared to the base case. Additionally, 

owing to the improved control strategy, the SEER increases, reaching 

values up to 35  times higher than those of conventional AC systems 

in the Madrid case study and 28  times in Rome. Cooler summer cli­ 

mates, such as Paris (France, Cfb type) and warm dry summer climates, 

such as Denver (USA, BSk type), exhibit high CI values; however, the 

relative improvement compared to the base case is limited. In contrast, 

very hot climates—arid, as in Las Vegas (USA, BWh type), and tropi­ 

cal humid, as in Singapore (Af type)—show insufficient CI values and 

only moderate improvements relative to the base case. These results 

suggest that in such climates, the DRC-based hydronic implementation 

may be insufficient, and configurations including a conventional AC 

backup system should be preferred. Alternatively, other DRC-integrated 

AC configurations could be deployed [31,37,40] to enhance comfort 

under extreme conditions.

While the technical viability of a stand-alone DRC system has been 

widely demonstrated under the climatic conditions of Madrid and Rome, 

its economic viability should also be explored. According to a prelimi­ 

nary economic analysis (see Supplementary Material, Section S11 for 

details) performed for the Madrid and Rome case studies, the capital ex­ 

penditure of the proposed DRC system is significantly higher than that of 

conventional residential heat pumps, primarily due to the high costs of 

the SRs and RCMs. However, the operational expenditure is negligible— 

approximately 25–55 times lower than that of heat pumps, depending 

on the efficiency of the latter. In addition, cooling season carbon dioxide 

emissions can be reduced by approximately 80–150 kg of CO 2 

 compared 

to conventional cooling systems. These results suggest that the very low 

operating costs and emissions may partially offset the higher initial in­ 

vestment, especially in the presence of green incentives. Moreover, the 

potential to extend the DRC-based cooling system to year-round opera­ 

tion using switchable radiative-cooling/solar-heating materials [74,75] 

could further enhance its long-term economic viability.

Another potential limitation of the DRC-based hydronic cooling sys­ 

tem concerns condensation on the hydronic surfaces [47] and on the SRs. 

In the case of SRs, the presence of water can degrade the optical perfor­ 

mance of the DRC material, thereby reducing its radiative performance 

[76,77]. Under conditions of high relative humidity, the surface temper­ 

ature of DRC elements may fall below the ambient dew point, leading to 

condensation of atmospheric moisture. However, for the hydronic DRC-

based system analyzed in this study, the impact of condensation remains 

limited (see Supplementary Material, Section S7 and Figure S6). This is 

primarily due to the moderate cooling of SRs, which typically operate 

only a few degrees below ambient temperature, and avoid the deeper 

subcooling associated with fully passive DRC systems. The seasonal oc­ 

currence of condensation is below 0.03 % of the total operational time 

in Madrid, and approximately 0.3 % in Rome.

In order to favor condensation removal from the surface of SRs, in 

real applications they should be mounted with a slight inclination, en­ 

abling gravity-assisted water drainage. Furthermore, a northward tilt 

may also be beneficial for radiative cooling, as it reduces the overall 

solar exposure [78].

Finally, natural aging and soiling, affecting the optical properties 

of DRC materials, may reduce the cooling efficiency of the DRC-based 

hydronic system [79,80]. Among natural aging phenomena, one of the 

most impactful is ultraviolet-induced degradation, which may compro­ 

mise the solar reflectivity of DRC surfaces over time [81]. Nevertheless, 

the DRC-based hydronic system presented in this work is only marginally 

affected by reductions in solar reflectivity (see Figure S7(b)), since its op­ 

eration occurs primarily at night and during periods of low to moderate 

solar irradiance.
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5 . Conclusion

In this work, a DRC-based hydronic cooling system was presented, 

modeled, and validated using experimental data from a full-scale demon­ 

strator. The system was shown, through dynamic simulations, to achieve 

full thermal comfort in a real-scale single-family residential building un­ 

der TMY conditions for the cooling season in Madrid (Spain) and Rome 

(Italy). The validated model was further used to explore the influence 

of various design parameters, including the number of SRs and RCMs, 

water flow rate and pumping hours. The main findings of this study can 

be summarized as follows:

(1) The DRC-based hydronic system was compared against a system 

employing a conventional nighttime emitter (black paint). Under 

the tested flow conditions, the use of DRC emitters extended the 

operating window of the system by 2–3 hours.

(2) A parametric study of different combinations of RCM and SR sur­

face areas during the cooling season in Madrid showed that a 

comfort index greater than 90 % can be achieved with an RCM/SR 

coverage of 47 %/53 %. By improving the DRC system design and 

control strategy, comfort index values around 99 % are attainable.

(3) The performance of a hydronic system with external SRs was com­

pared to a rooftop SRs configuration, which benefits from the 

increased roof albedo. Both configurations successfully achieved 

thermal comfort under the climates of Madrid and Rome, with 

the rooftop SRs offering slightly improved performance. In con­ 

trast, a fully passive DRC roof failed to maintain acceptable indoor 

comfort levels.

(4) The seasonal energy efficiency ratio of the DRC-based hydronic 

system reached values approximately 35 times higher than those 

typically reported for conventional mechanical air conditioning 

systems in the case of Madrid, although conventional systems 

can maintain a more precise comfort range and offer better 

controllability.

(5) Enhancing the thermal insulation of the distribution piping, incor­

porating effective solar shading for windows and improving the 

nighttime ventilation strategy significantly reduced the required 

surface coverage of both RCMs and SRs. In Madrid, a combined 

coverage as low as 17 % (RCMs) and 19 % (SRs) was sufficient to 

achieve thermal comfort.

These findings underscore the potential of DRC materials in achiev­ 

ing energy-efficient and almost completely passive cooling systems for 

buildings. Such technologies represent a promising avenue for sustain­ 

able building design, particularly in mitigating the urban heat island 

effect and city-wide overheating. However, several barriers must be ad­ 

dressed for large-scale adoption. These include the relatively high initial 

cost of DRC materials, limited applicability in high-rise buildings and 

dense urban environments, and performance degradation due to con­ 

densation, natural aging, and soiling. Ongoing research and innovation 

are critical to overcoming these challenges and facilitating the inte­ 

gration of radiative cooling into mainstream building systems. Future 

studies should also prioritize the development of advanced flow rate 

control strategies to optimize performance under changing weather con­ 

ditions, integration of thermal water storage to decouple the hydronic 

and DRC circuits for improved system flexibility, the use of switch­ 

able radiative-cooling/solar-heating materials for year-round operation, 

and the investigation of the screening effects caused by ceiling-mounted 

radiant capacitive modules.
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