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S1. Building

The single family building analyzed is composed of two con-
ditioned stories and a non-conditioned attic. Floor useful area
(Ab) and building gross volume (V) are equal, respectively, to
174 m2 and 607 m3. The main parts of the building such as
walls, floor, roof, slabs, windows and doors were simulated as
thermal masses (Foundation, Thermal library), while the air in-
side the rooms was simulated as moist air (Foundation, Moist
air library). The values of thermal insulation of the different
surfaces were derived from Tabula database [1]. Two differ-
ent scenarios were considered: a building constructed between
1991 and 2005 (referred as Standard building) and a building
constructed after 2005 (referred as Modern building). The dif-
ferent thermal transmittances of the building parts, in both sce-
narios, are reported in Tab. S1. From these transmittance val-
ues, a proper stratigraphy was constructed, using conventional
materials in the building sector [2]. The detailed stratigraphy
is displayed in Tables S2 and S3 for Standard building and in
Tables S4 and S5 for Modern building. The optical properties
of opaque and transparent surfaces exposed to the external en-
vironment, such as absorptivity in the solar spectrum, thermal
emissivity and g-factor, are reported in Table S6.

Building type U modern U standard
Roof 0.74 2.20
Ext. walls 0.34 0.59
Upper slab 0.30 0.69
Lower slab 0.33 0.77
Windows 2.20 2.80
Doors 1.70 1.70

Table S1: Building thermal transmittance U (W m2 K-1)

The building conditioned volume was modeled as a single
item, neglecting the effect of internal building masses, such as
internal walls, that were not simulated. The non-conditioned
attic are separated from the conditioned space by an upper slab.
The building facades are oriented towards the four cardinal di-
rections, while the roof was assumed to be flat and perfectly
horizontal.

For perimeter surfaces (walls, roof, floor, door, windows), the
heat flow exchanged by conduction and convection was mod-

eled as:
Qext = UextAext (Tamb − Tb) (S1)

where Aext is the opaque surface area, Tb is the air temperature
of the room, Tamb is the external air temperature and Uext is the
surface global heat transfer coefficient, defined as:
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Internal air resistance (1/hint) was assumed equal to
0.13 m2 W K−1 for vertical surfaces and 0.17 m2 W K−1 for
horizontal surfaces except the roof, for which a value of
0.10 m2 W K−1 was assumed [3]. For the external air resistance
(1/hext) a value of 0.04 m2 W K−1 was assumed for all the sur-
faces except the roof, for which hext was estimated as a function
of wind velocity (vw) using the correlation from Ref. [4]. For
the building floor, the external convection was not present since
the floor is assumed in direct contact with the ground and Tamb
was assumed equal to the seasonal average air temperature.

Analogously, for the internal surfaces (lower slab), the heat
flow exchanged by conduction and convection was modeled as:

Qint = UintAint (Tatt − Tb) , (S3)

where Aint is the opaque surface area, Tatt is the attic tempera-
ture and Uint is the surface global heat transfer coefficient, de-
fined as:
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The windows thermal model accounted for the presence of the
glass and the frame (the thermal resistances were considered
in parallel between them). Therefore, the window heat transfer
coefficient can be calculated as:

Uw = fglUgl + (1 − fgl)Ufr (S5)

where Ulg and Ufr are, respectively, the glass and frame global
heat transfer coefficients calculated using equation S2, and fgl
is the glass surface portion with respect to the total window
surface. A value of 80% for fgl was considered.

The incoming solar radiation transmitted through the trans-
parent surfaces (windows) was calculated as:

Qw = fgl SF AwgΨ cos
(
θsol,w
)

(S6)
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Materials A s1 s2 s3 s4

Ext. Walls Hollow bricks (1), Rock wool (2), Air gap (3), Solid bricks (4) 223.33 6.0 4.0 5.0 20.0
Roof Hollow bricks (1), Rock wool (2), Tiles (3) 96.4 4.0 0.8 1.0 -
Lower slab Tiles (1), Rock wool (2), Concrete (3) 96.4 0.1 1.8 5.0 -
Upper slab Hollow bricks (1), Rock wool (2), Concrete (3) 96.4 4.0 1.5 5.0 -
East window Glass (1,4) with multi-Argon gaps 80% (3), Pine wood frame 20% (2) 6.52 0.4 1.2 0.4
South window Glass (1,4) with multi-Argon gaps 80% (3), Pine wood frame 20% (2) 8.69 0.4 1.2 0.4
West window Glass (1,4) with multi-Argon gaps 80% (3), Pine wood frame 20% (2) 6.52 0.4 1.2 0.4
North window Glass (1,4) with multi-Argon gaps 80% (3), Pine wood frame 20% (2) 0 0.4 1.2 0.4
Door Pine wood (1) 2.4 4.7 - - -

Table S2: Standard building stratigraphy - geometry: A (m2) surface area, s (cm) layer thickness.

R1 ρ1 cp,1 R2 ρ2 cp,2 R3 ρ3 cp,3 R4 ρ4 cp,4

Ext. Walls 0.140 1200 840 1.026 100 850 0.140 1.225 1006 0.222 2000 840
Roof 0.093 1200 840 0.197 100 850 0.023 1700 840 - - -
Lower slab 0.001 1700 840 0.462 100 850 0.625 2000 880 - - -
Upper slab 0.093 1200 840 0.385 100 850 0.625 2000 880 - - -
East window 0.003 2500 840 0.102 425 2390 0.235 1.784 523 0.004 2500 840
South window 0.003 2500 840 0.102 425 2390 0.235 1.784 523 0.004 2500 840
West window 0.003 2500 840 0.102 425 2390 0.235 1.784 523 0.004 2500 840
North window 0.003 2500 840 0.102 425 2390 0.235 1.784 523 0.004 2500 840
Door 0.416 425 2390 - - - - - - - - -

Table S3: Standard building stratigraphy - thermal properties: R (m2 K W-1) thermal resistance, ρ (kg m-3) density, cp (J kg-1 K-1) specific heat capacity.

where Aw is the window area, g is the glass g-factor (in Tab. S6),
Ψ is the solar irradiance and SF is the shading factor (a constant
value of 0.9 was assumed for all windows). θsol is the solar
incidence angle, defined as [5]:

cos(θsol,w) = sin(ψ) sin(δ) cos(βw) − cos(ψ) sin(δ) sin(βw) cos (ζw)

+ cos(ψ) cos(δ) cos(ω) cos(βw)
+ sin(ψ) cos(δ) cos(ω) sin(βw) cos (ζw)

+ cos(δ) sin(ω) sin(βw) sin (ζw) .
(S7)

The latitude angle ψ depends on the geographical position of the
building, βw is the window tilt towards the horizontal and ζw is
the window azimuth (or orientation) angle. The definitions of
solar angle δ and hour angle ω can be found in Ref. [5]. The
solar angles were calculated using the Solar Position Algorithm
(SPA) developed by the National Renewable Energy Laboratory
(NREL) [6].

The incoming solar radiation absorbed by the opaque exter-
nal surfaces was defined as:

Qabs = AextαextΨ cos
(
θsol,ext

)
(S8)

where αext is the absorptivity in the solar spectrum of the ex-
ternal surface and θsol,ext is the solar incidence angle on the sur-
faces calculated with equation S7 at the external surfaces tilt
and orientation. The remaining part of the incoming solar ra-
diation on the opaque surfaces is reflected towards the environ-
ment. For the sake of simplicity, the thermal re-radiation ef-
fect of the external surfaces was neglected, except for the roof,
where the phenomenon can be significant due to the high tem-
peratures this surface can potentially reach. The equations used
to model the roof re-radiation phenomenon are the same used to

model the daytime radiative cooling (DRC) panels, as detailed
in the main text.

Heat gains and losses due to ventilation were also taken into
account, as the air within the conditioned environment was con-
tinuously exchanged to maintain good indoor air quality. Ven-
tilation was modeled as an additional thermal flux:

Qvent = zVcp,air(Tamb − Tb), (S9)

where cp,air is the air specific heat and z is the air change rate,
which specifies how many times per hour the air within a room
is replaced with fresh air. The parameter z accounts for air
changes due to both intentional ventilation and infiltration, with
a value of 0.45h−1 adopted [7]. Ventilation effects were not con-
sidered for the attic space, as it lacks windows and is not subject
to regular air exchange.

Lastly, the effect of building internal thermal loads (people
and electronic devices) is simulated as a constant thermal flux:

Qi.l = qi.lAb (S10)

where qi.l is the heat generated per unit surface, for which a
value of 0.4 W m−2 was considered [7].

The building was modeled as a network of thermal resis-
tances. Each internal or external surface consisted of one to
four layers of different materials, each characterized by a ther-
mal heat capacity and thermal conduction properties. Convec-
tion heat transfer was applied to surfaces exposed to the indoor
environment and external air. The radiative heat transfer mech-
anism due to solar absorption was applied to external walls, the
door and the roof, while solar transmission was considered only
for the windows. Thermal re-radiation was accounted for exclu-
sively on the roof surface exposed to the sky. Ventilation and

2



Materials A s1 s2 s3 s4

Ext. Walls Hollow bricks (1), Rock wool (2), Air gap (3), Solid bricks (4) 223.3 8.0 8.5 7.0 20.0
Roof Hollow bricks (1), Rock wool (2), Tiles (3) 96.4 8.0 3.9 1.5 -
Lower slab Tiles (1), Rock wool (2), Concrete (3) 96.4 0.1 7.0 8.0 -
Upper slab Hollow bricks (1), Rock wool (2), Concrete (3) 96.4 8.0 6.3 10.0 -
East window Glass (1,4) with multi-Argon gaps 80% (3), Pine wood frame 20% (2) 6.5 0.4 1.5 0.7
South window Glass (1,4) with multi-Argon gaps 80% (3), Pine wood frame 20% (2) 8.7 0.4 1.5 0.7
West window Glass (1,4) with multi-Argon gaps 80% (3), Pine wood frame (20%) (2) 6.5 0.4 1.5 0.7
North window Glass (1,4) with multi-Argon gaps 80% (3), Pine wood frame (20%) (2) 0.0 0.4 1.5 0.7
Door Pine wood (1) 2.4 4.7 0.0 0.0

Table S4: Modern building stratigraphy - geometry: A (m2) surface area, s (cm) layer thickness.

R1 ρ1 cp,1 R2 ρ2 cp,2 R3 ρ3 cp,3 R4 ρ4 cp,4

Ext. Walls 0.186 1200 840 2.179 100 850 0.180 1.2 2000 0.222 2000 840
Roof 0.186 1200 840 0.987 100 850 - 0.0 1700 0.035 1700 840
Lower slab 0.001 1700 840 1.795 100 850 - 0.0 2000 1.000 2000 880
Upper slab 0.186 1200 840 1.615 100 850 - 0.0 2000 1.250 2000 880
East window 0.004 2500 840 0.131 425 2390 0.400 1.8 2500 0.004 2500 840
South window 0.004 2500 840 0.131 425 2390 0.400 1.8 2500 0.004 2500 840
West window 0.004 2500 840 0.131 425 2390 0.400 1.8 2500 0.004 2500 840
North window 0.004 2500 840 0.131 425 2390 0.400 1.8 2500 0.004 2500 840
Door 0.416 425 2390 - - - - - - - - -

Table S5: Modern building stratigraphy - thermal properties: R (m2 K W-1) thermal resistance, ρ (kg m-3) density, cp (J kg-1 K-1) specific heat capacity.

Standard Modern
α ε g α ε g

Ext. Walls 0.30 0.9 - 0.25 0.94 -
Roof 0.70 0.8 - 0.55 0.85 -
Door 0.30 0.9 - 0.25 0.94 -
Windows - - 0.75 - - 0.67

Table S6: Surfaces optical properties: α absorptivity in the solar spectrum, ϵ
thermal emissivity and g g-factor.

internal loads were modeled as generic fluxes applied directly
to the conditioned environment. A schematic representation of
the building thermal network is shown in Fig. S1. All thermal
masses, including air masses, were set to an initial temperature
of 24 ◦C. In Simscape environment, the whole building system
described before was modeled using Thermal Mass, Conductive
Heat Transfer and Convective Heat Transfer blocks from Foun-
dation, Thermal, Elements; Controlled Temperature Source and
Conductive Heat Flow Rate Source from Foundation, Thermal,
Sources; Constant Volume Chamber from Foundation, Moist
Air, Elements.

S2. AC system

S2.1. Vapor-compression refrigeration system

The building cooling demand is met by an air-water vapor-
compression refrigeration system (VCRS) using R1234yf as re-
frigerant fluid. The design constraints of the refrigerant cycle
are reported in Tab. S7. The condenser temperature was set to
50°C to ensure that the VCRS operated effectively even on very
hot days in locations like Las Vegas and Riyadh. To ensure a
fair comparison between the different scenarios, this analysis

Figure S1: Schematic of the building model developed in Simscape environ-
ment.

assumed the same building structure and cooling system design
across all tested locations. The design cooling demand was set
equal to VCRS evaporator capacity and, knowing the enthalpy
variation of the refrigerant inside the evaporator, it was possible
to calculate the design refrigerant mass flow rate.

Tab. S8 presents the thermodynamic properties of R1234yf
throughout the refrigerant cycle, while the ideal cycle is illus-
trated in Fig. S2. The transformation from state 1 to 2 represents
the compression of the refrigerant, state 2 to 3 is condensation
and subcooling within the condenser, state 3 to 4 is the isen-
thalpic expansion, and state 4 to 1 represents evaporation and
superheating in the evaporator. The additional subcooling pro-
vided by the DRC panels increases the refrigerant cycle area by
shifting state 3 further into the subcooled fluid region at lower
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temperatures. The VCRS was modeled as a thermal system
involving six components: evaporator, compressor, condenser,
lamination valve, subcooler and a small tank for the refrigerant
fluid.

The evaporator was designed as a counter-flow shell-and-
tube heat exchanger, with R1234yf circulating on the tube side
and a water-ethylene glycol (water-EG) mixture from the fan
coil circuit on the shell side. The heat exchanger was prop-
erly sized to meet the cooling requirements, using Logarithmic
Mean Temperature (LMTD) method for heat exchangers where
one fluid undergoes a phase change [8] and the correlations for
boiling fluids [9]. In Simscape environment, the evaporator was
represented by the Evaporator 2P-TL block from the Fluids,
Heat Exchangers, Two Phase Fluid-Moist Air library. The in-
put parameters for this block are detailed in Tab. S9.

The air-cooled condenser was modeled as a cross-flow tube-
fin heat exchanger with R1234yf on the tube side and moist air
on the finned plate side. Air flows perpendicular to the bank
of circular pipes, arranged in an inline configuration, and paral-
lel to the plates. As with the evaporator, the condenser design
is based on the LMTD method for heat exchangers involving
phase change, with appropriate correlations for condensing flu-
ids [9]. In the Simscape environment, the condenser was im-
plemented using the Condenser 2P-TL block from the Fluids,
Heat Exchangers, Two Phase Fluid-Thermal Liquid library. In-
put parameters for this block are provided in Tab. S10. The con-
denser fan was modeled using Fan block from Fluids, Moist air,
Turbomachinery library (configured with an efficiency of 60%
and a nominal speed of 1200 rpm), driven by an Ideal Angular
Velocity Source block, from Foundation, Mechanical, Mechan-
ical Sources library. The electric power consumed by the fan
motor was determined as the product of Torque (T ) and rota-
tional speed (ω):

Pfan = Tω. (S11)

The torque was measured using the Ideal Torque Sensor block
from Foundation, Mechanical, Mechanical Sensor library,
while the rotational velocity was an imposed parameter. The
mechanical efficiency of the fan motor was assumed to be 1.
The power signal was then numerically integrated between the
initial and final time, obtaining the electric energy consumed by
the condenser fan Efan,c.

The VCRS compressor was modeled using the Positive-
Displacement Compressor block from the Fluids, Two Phase
Fluids, Fluid Machines library driven by the already mentioned
Ideal Angular Velocity Source. The compressor operated at
nominal mass flow rate and at a nominal rotational velocity of
1000 rpm, with an isentropic efficiency of 75% and a volumetric
efficiency of 95%. The inlet pipe is characterized by the same
properties as the evaporator pipe, while the outlet pipe has the
properties of the condenser tube. The electric power consumed
by the compressor electric motor was calculated as the product
of torque and rotational velocity:

Pcmp = Tω, (S12)

using the same procedure illustrated for the condenser fan
electric motor. The power signal was then numerically inte-

Figure S2: VCRS reference thermodynamic cycle. The points represent: 1-
evaporator outlet, 2-condenser inlet, 3-condenser outlet in design conditions
(design subcooling of 2°C), 4-evaporator inlet in design conditions. Points 3’,
3” and 3”’ represent the additional subcooling from DRC panels, respectively,
-4 °C, -8 °C, -12 °C.

grated, obtaining the electric energy consumed by the compres-
sor Ecmp.

The thermostatic expansion valve was modeled using Ther-
mostatic Expansion Valve block from the Fluids, Two Phase
Fluids, Valves & Orifices, Flow Control Valves library. It oper-
ates by adjusting the orifice valve area in order to achieve the
design evaporator super-heating. The VCRS is equipped with a
small refrigerant fluid tank (block Receiver Accumulator from
Fluids, Two-Phase Fluids, Tanks & Accumulators), positioned
at the exit of the condenser, with a total volume of 1.9 L.

Parameter
Evaporator temperature 4 °C
Condenser temperature 50 °C
Evaporator superheating 2 °C
Condenser subcooling 2 °C
Compressor isentropic efficiency 75%
Refrigerant flow rate 0.0793 kg s-1

Table S7: VCRS cycle design characteristics.

State p (bar) T (°C) h (kJ kg-1)
1 3.61 6 367.78
2 13.02 55.1 398.38
3 13.02 48 266.68
4 3.61 6 266.68

Table S8: R1234yf thermodynamic properties.

S2.2. Fan-coil unit

The closed loop water-EG mixture circuit connects the
VCRS evaporator to the indoor fan-coil unit (FCU). The cir-
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Parameter
Tube length 19.2 m
Number of tubes 2
Tube inner diameter 0.21 m
Tube side internal surface roughness 0.0675 mm
Tube side fouling factor 0.01 K m2 W-1

Tube conductive resistance 0.0014 K kW-1

Shell side free flow area 0.0021 m2

Shell side heat transfer area 1.448 m2

Shell side fouling factor 0.01 K m2 W-1

Table S9: Evaporator design parameters.

Parameter
Tube length 44.8 m
Number of tubes 1
Tube inner diameter 0.13 m
Tube internal surface roughness 0.0675 mm
Fouling factor 0.01 K m2 W-1

Tube conductive resistance 0.0013 K kW-1

Tube rows along flow direction 4
Tube segments in each tube row 8
Longitudinal tube pitch 0.04 m
Transversal tube pitch 0.03 m
Total fin surface 41.6 m2

Fin efficiency 61.0% m
Air flow-rate 1.4 m3 s-1

Table S10: Condenser design parameters.

cuit contains also a circulation pump and a small tank. The in-
door FCU was modeled as a cross-flow tube-fin heat exchanger
with water-EG mixture flowing on the tube side and moist air
on the finned plate side. Air flows perpendicular to the bank
of circular pipes, arranged in an inline configuration, and par-
allel to the plates. The sizing procedure followed the same ap-
proach used for the air-cooled condenser in Section S2.1, with
the only difference being that the correlations for the tube side
are for a single-phase liquid [10]. In Simscape environment, the
FCU was implemented using the Heat Exchanger TL-MA block
from Fluids, Heat Exchangers, Thermal Liquid-Moist Air li-
brary. Input parameters for this block are provided in Tab. S11.
The FCU fan was modeled analogously to the condenser fan.
The fan electric power consumption was calculated using equa-
tion S11, and the signal was then integrated to obtain the elec-
tric consumption of FCU fan motor Efan,b.

The circulation pump was modeled as an ideal flow rate
source (Flow Rate source block from the Foundation, Thermal
Liquid, Sources library), delivering power isentropically. The
power consumed by the circulation pump electric motor Ppmp
was calculated as the product between the liquid volume flow
rate (V̇) and the pressure drops in the closed circuit (∆p):

Ppmp = V̇∆p. (S13)

The volume flow rate and the pressure drops were measured,
respectively, by a Flow Rate Sensor and Pressure Sensor from
Foundation, Thermal Liquid, Sensors library. For the sake of
simplicity, the mechanical efficiency of the electric motor was

assumed to be 1. The signal of Ppmp over time was numeri-
cally integrated from the initial to the final time to calculate the
energy consumption of the FCU circulation pump Epmp,b.

The liquid tank holds 10% of the total water-EG volume con-
tained in the evaporator and FCU tubes and is set to a working
pressure of 1.2 bar. It was modeled using the block Tank from
the Fluids, Thermal Liquid, Tanks & Accumulators library.

Parameter
Tube length 11.2 m
Number of tubes 4
Tube inner diameter 0.10 m
Tube internal surface roughness 0.0675 mm
Fouling factor 0.05 K m2 W-1

Tube conductive resistance 0.0003 K kW-1

Tube rows along flow direction 1
Tube segments in each tube row 8
Longitudinal tube pitch 0.04 m
Transversal tube pitch 0.03 m
Total fin surface 46.7 m2

Fin efficiency 61.0% m
Air flow-rate 1.17 m3 s-1

Table S11: FCU design parameters.

S2.3. Subcooler

A closed water-EG circuit couples the DRC panels to the
VCRS condenser. This loop includes the subcooler, a circu-
lation pump and a small tank. The sub-cooler was modeled
as countercurrent tube-in-tube heat exchanger, with the water-
EG mixture flowing on the shell side and R1234yf on the tube
side. The heat exchanger size, defined by the design additional
subcooling ∆TD,sc, is a parameter analyzed during the paramet-
ric analysis. The LMTD method and the approach proposed by
Shah& Sekulic [10] were used to calculate the tube-in-tube heat
exchanger length for varying design subcooling. These calcu-
lations need as inputs the refrigerant and panel flow rates, as
well as the condenser design outlet temperature, which are pre-
determined. The subcooler was sized to ensure that the pres-
sure drop in the DRC closed loop remained below 10% of the
nominal operating pressure (1.2 bar), to limit the impact on cir-
culation pump consumption. The results of the sizing process
are reported in Tab. S12.

The circulation pump of the radiative panels circuit was mod-
eled equally to the FCU circuit circulation pump (section S2.2).
The energy consumption of the DRC-circuit circulation pump
Epmp,p was calculated in the same manner as Epmp,b, by integrat-
ing Eq. S13 over the simulation period. The tank holds 10% of
the total water-EG volume in the coupling circuit (including the
panel serpentine and sub-cooler pipes) and helps smooth out
pressure fluctuations. The tank was modeled using the block
Tank from the Fluids, Thermal Liquid, Tanks & Accumulators
library.

All dynamic simulations were carried out in the Simscape
environment using the daessc solver, which is designed for
differential-algebraic systems and supports variable-step inte-
gration. A relative tolerance and an absolute tolerance of 1e-3
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Characteristic
Pipe inner diameter 0.015 m
Shell inner diameter 0.040 m
Tube internal surface roughness 1.5 µm
Shell internal surface roughness 1.5 µm

Table S12: Subcooler design parameters.

were applied. Numerical convergence and physical consistency
were verified for every simulation, and solver performance was
evaluated using the Simulink Solver Profiler to confirm accu-
racy and stability. Each simulation ran smoothly and required
between six to eight hours on a high-performance workstation
with 128 GB of RAM and an Intel Core i7-13700HX CPU (2.1
GHz, 16 cores).

S3. DRC panels

The panel serpentine was sized in order to avoid pressure
drops higher than 10% the nominal operating pressure. The
geometry of a single DRC panel and the thermophysical prop-
erties of its constituent materials are reported, respectively, in
Tables S13 and S14. The panel was modeled using a lumped-
parameter approach, trying to simplify its geometry to achieve
good computational performance. Consequently, the system
was characterized by only two temperatures: the emitter tem-
perature, which serves as the feedback signal for the lookup ta-
ble, and the external pipe temperature. The thermal fluid flow-
ing through the panels is a mixture of water and ethylene glycol
(at 20%), pumped at an entering pressure of 1.2 bar. The panel
thermal masses and the fluid inside the pipes were initialized at
a temperature of 25 ◦C.

The thermal masses of the pipe and plate were modeled us-
ing the Thermal Mass block from the Foundation, Thermal,
Elements library. The serpentine i was modeled by the Pipe
TL block from the Foundation, Thermal Liquid, Elements li-
brary. Convection losses were modeled by connecting a Con-
vective Heat Transfer block, which features a variable convec-
tive heat transfer coefficient (refer to the correlation with wind
velocity described in the main text), between the emitter and
the ambient environment, represented as a Controlled Temper-
ature Source. Other flux components on the emitter were com-
puted as detailed in the Methods section of the main text and
applied to the emitter through a Controlled Heat Flow Rate
source. The conductive heat transfer between the plate and
the serpentine was modeled using a Conductive Heat Trans-
fer block. The model for each DRC panel was constructed as
a one-dimensional lumped model, operating under the assump-
tion that the entire emitter is maintained at a uniform constant
temperature. Multiple DRC panels were connected in series to
form the DRC field. Field-level variables were obtained by av-
eraging over all panels, meaning that the temperature, net flux,
and radiative flux of the DRC field correspond to the average of
the values recorded for each individual panel.

Characteristic
Panel surface 1 m2

Emitter thickness 0.3 cm
Serpentine diameter 3.8 cm
Serpentine thickness 0.1 cm
Serpentine specific length 4.0 m/m2

Internal serpentine roughness 2 µm

Table S13: RC panel design parameters.

Emitter Serpentine
Material aluminum copper
Density 2700 8960 kg m-3

Th. conductivity 240 400 W m-1 K-1

Specific heat 900 385 J kg-1 K-1

Table S14: RC panel thermophysical properties.

S4. Construction of DRC panels characteristic curve

The transient simulation results over the three-month period
modeled were collected with a timestep of 10 seconds. The
characterization of the DRC panels was conducted by consid-
ering the specific net cooling flux (Qnet/Ap) and the emitter
subcooling (expressed as Te − Tamb). Only data points corre-
sponding to the DRC panel in operation (the VCRS compressor
is running) were included in the analysis. Data points associ-
ated with the initial transient phase of the panel, which features
spikes in the net cooling power Qnet due to significant tem-
perature differences in the subcooler during startup, were ex-
cluded from consideration, as they are significantly influenced
by thermal inertia. To implement this exclusion criterion, only
data points occurring at least 10 minutes after the DRC pan-
els started their operation were retained, as the transient spike
duration was observed to range between 1 and 10 minutes.

The dataset was, then, partitioned into 100 equal bins be-
tween the maximum and minimum values of Qnet. The bins B
are mathematically defined as follows:

Bk =
[
Qnet,min/Ap + (k − 1)∆Q, Qnet,min/Ap + k∆Q

]
for k = [1, 100] (S14)

where

∆Q =
(
Qnet,max − Qnet,min

)
/Ap

100
. (S15)

For each bin, the arithmetic mean of the net flux and subcool-
ing was computed:

Q̄net,k/Ap =

∑
i∈Bk

(
Qnet/Ap

)
i

Nk
∆T̄e,k =

∑
i∈Bk
∆Te,i

Nk
. (S16)

Bins containing no data points were subsequently discarded.
Finally, a linear regression was performed on the mean values
of the remaining bins using the least mean square error method.
The results of this data post-processing procedure are presented
in Fig. S3 for the spectral selective with additional far infrared
emissivity (SSFIR), ideal spectral selective (SS), ideal broad-
band (BB), commercial 1 (C1) and commercial 2 (C2) materi-
als.
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Figure S3: In the lower portion of each panel, scatter plots display the operational points of the DRC panels in Qnet/Anet versus Te − Tamb plane for SSFIR, SS,
BB, C1 and C2 emitters. These results are for a system with Ap = 10 m2, Gp/Ap = 1.5 L min−1 m−2, ∆TD,sc = 12 ◦C, located in Las Vegas and simulated with
meteorological data of June-August; the cooling load is for the Standard building. In the upper part of each panel, linear regressions on the mean values of the bins
for SSFIR, SS, BB C1 and C2 are shown, with R2 values of 0.89, 0.84, 0.89, 0.75 and 0.79, respectively.

S5. Model validation

The hybrid cooling system proposed in this study consists
of two main subsystems: a VCRS and an innovative DRC-
driven subcooler. A component-wise validation strategy was
employed, with the objective of validating each subsystem in-
dependently. The DRC-driven subcooler, which constitutes
the primary novelty of this work, necessitates rigorous val-
idation. For this reason, the outputs of the DRC material

model were compared with experimental measurements ob-
tained from a test facility of a partner institute in Madrid, as
detailed in Ref. [11]. The experimental dataset corresponds to
a 20 cm × 20 cm square specimen of DRC material mounted
on a polystyrene support and positioned outdoors, horizontally,
and directly exposed to the sky. The DRC specimen is a sam-
ple of SpaceCool Silver, corresponding to commercial material
1 (C1) described in the main text. Its emissivity spectrum is
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Figure S4: (a) Comparison between the temperature of the DRC sample predicted by the model (blue curve) and the experimental temperature (red curve). (b)
Meteorological data used for the simulation: solar irradiance, relative humidity (RH) and cloud cover (CF).

presented in Fig. 2b. The material consistently exhibited sur-
face temperatures below ambient, even during periods of high
solar irradiance or under fully overcast conditions. The valida-
tion process exploited a continuous experimental record span-
ning over five consecutive days, from 12 to 16 August 2024.
Input variables, including solar irradiance, ambient tempera-
ture, relative humidity, and wind speed, were acquired from
an on-site meteorological station with a temporal resolution
of five minutes. Atmospheric composition and cloud cover
data, required for calculating downwelling atmospheric radia-
tion, were obtained from the ERA5 reanalysis dataset with an
hourly resolution. Validation results are presented in Fig. S4.
The model reproduced the measured surface temperature with
a mean absolute percentage error (MAPE) of 4.9 % and a root
mean square error (RMSE) of 1.5 ◦C. Furthermore, the model
accurately represented the thermal response of the DRC surface
under moderately cloudy and fully overcast conditions, such as
those recorded during midday on 13 August 2024. These find-
ings confirm the validity of the DRC material model, as well
as the suitability of the RRTM LW for calculating the atmo-
spheric radiative flux absorbed by the panel. The remaining
components of the VCRS—namely, the condenser, evaporator,
expansion valve, compressor, and fan coils—were implemented
using pre-configured blocks available in the Simscape environ-
ment. Consequently, detailed validation of their internal ther-
modynamic behavior was considered unnecessary. Moreover,
similar Simscape-based VCRS models have been validated in
previous studies reported in the literature [12–14]. The verifi-
cation process was therefore focused on confirming the correct
sizing of each component. To this end, each subsystem was
tested individually under steady-state boundary conditions rep-
resentative of the design operating point. Following the initial

transient, the steady-state outputs of all components matched
their respective target values, thereby confirming the correct-
ness both of the sizing and the implementation of the model.

Additional plots

A parametric analysis was conducted to evaluate the varia-
tion in energy savings achieved by the DRC system as a func-
tion of cooling demand. The VCRS size and building charac-
teristics were held constant, while the internal generation pa-
rameter qi.l was varied to generate a curve relating energy sav-
ings to the the DRC-enhanced VCRS uptime. Fig. S5 illus-
trates this relationship for the Modern building in Turin climate
with a DRC system featuring 8 m2 of radiative area. The re-
sults indicate a linear increase in energy savings with VCRS
uptime, highlighting the greater effectiveness of the DRC sys-
tem in cooling-dominated climates with significant space cool-
ing demand during the hot season.

Fig. S6 presents the results of a sensitivity analysis investi-
gating the natural aging of DRC materials due to exposure to
atmospheric agents, with particular emphasis on the effects of
ultraviolet (UV) radiation. UV-induced degradation represents
a critical durability concern for DRC materials. From an optical
standpoint, UV radiation is known to deteriorate polymeric con-
stituents, potentially reducing the solar reflectivity of DRC sur-
faces [15] Previous studies indicate that, while longwave emis-
sivity is only marginally affected, shortwave reflectivity can ex-
perience substantial degradation, leading to a relevant reduction
in cooling performance [16]. Based on the findings of this study
and the material database of the Cool Roof Rating Council [17],
the incorporation of aging effects into simulation models can be
reasonably approximated by adjusting only the solar reflectivity

8



Figure S5: Electric energy savings as a function of VCRS uptime. The cooling
demand of the building was modulated by varying the internal heat generation,
as depicted in the plot, expressed in W m−2 of the conditioned building surface
area. These results are for a system with Ap = 8 m2, Gp/Ap = 1.5 L min−1 m−2,
∆TD,sc = 8 ◦C, located in Turin and simulated with meteorological data of June-
August; the cooling load is for the Modern building and the panels are coated
with the SSFIR material.

parameter of DRC materials. A reduction in solar reflectivity
within the range of 1 % to 10 % was considered a representative
estimate of natural aging effects. Fig. S6 illustrates the influ-
ence of solar reflectivity degradation on overall system perfor-
mance, as well as on the net and radiative fluxes of the DRC
panels. The reduction in electrical energy savings is expressed
relative to the baseline case corresponding to an unaged mate-
rial. A monotonic decline in relative energy savings is observed
with decreasing solar reflectivity. Specifically, reductions in re-
flectivity of −3 %, −5 %, and −10 % correspond to decreases in
energy savings of −6.3 %, −8.5 %, and −17.2 %, respectively.
Both net and radiative fluxes display an approximately linear
decrease as solar reflectivity diminishes.

Figure S6: Impact of the decrease in solar reflectivity due to natural aging on
electric energy savings, and net and radiative fluxes. These results are for a
system with Ap = 8 m2, Gp/Ap = 1.5 L min−1 m−2, ∆TD,sc = 12 ◦C, located in
Las Vegas and simulated with meteorological data of June-August; the cooling
load is for the Standard building and the panels are coated with the SSFIR
material.

Fig. S7 illustrates the variation in the DRC circuit pump en-
ergy consumption relative to the total plant energy consumption
(Epmp,p/E) as a function of DRC surface area. The results in-
dicate that the energy consumption of the DRC circuit pump
remains below 1 % of the total plant energy consumption for
DRC surface areas smaller than 10 m2 across all evaluated lo-
cations.

Figure S7: DRC circuit pump energy consumption (normalized over the total
plant energy consumption) against DRC surface area. These results are for a
system with Gp/Ap = 1.5 L min−1 m−2, ∆TD,sc = 12 ◦C, simulated with meteo-
rological data of June-August; the cooling load is for the Standard building and
the panels are coated with the SSFIR material.

Figures S8, S9 and S10 presents results of the radiative trans-
fer simulations carried out with RRTM LW (panel a), together
with the main atmospheric parameters (panel b) for Riyadh,
Madrid and Turin, respectively. A comprehensive description
of the physical quantities depicted is provided in the Main Text.
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Figure S8: a) Time series of the downwelling atmospheric irradiance for Riyadh. (b) Time series for air temperature at 2 m (T2m) above ground, relative humidity
(RH) and cloud cover (CF).

Figure S9: a) Time series of the downwelling atmospheric irradiance for Madrid. (b) Time series for air temperature at 2 m (T2m) above ground, relative humidity
(RH) and cloud cover (CF).
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Figure S10: a) Time series of the downwelling atmospheric irradiance for Turin. (b) Time series for air temperature at 2 m (T2m) above ground, relative humidity
(RH) and cloud cover (CF).
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