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ARTICLE INFO ABSTRACT
Keywords: The application of radiative cooling (RC) is expanding to a diverse research field, with some current studies
Radiative cooling trying to apply RC for natural ventilation. One proposed strategy is to use RC for the enhancement of solar

Solar chimney
Natural ventilation
Passive cooling
Parametric study

chimney (SC) ventilation, and this strategy has been proven in a dry temperate climate. However, geographical
locations and other design parameters may affect the performance of this natural ventilation strategy, and the
conditions in which SC-RC ventilation performs best need to be investigated. This parametric study examines the
performance of a novel SC-RC ventilation with six different parameters. The six parameters are the RC emitter’s
convection cover, building’s thermal mass, RC cavity gap, internal heat gain, climate, and fan usage. Transient
2D computational fluid dynamics (CFD) simulations with Ansys Fluent were conducted to analyse the SC-RC
ventilation’s optimal design and working conditions. A convection cover on the RC emitter, a thermal mass
wall material, a smaller RC gap, and a relatively low internal heat gain help the SC-RC achieve a cooler room and
higher ventilation flow rate. Overall, the novel SC-RC ventilation performance is better than a conventional SC,
except in humid climates. In dry climates, the SC-RC has the potential to create a maximum 2 °C temperature
reduction, with a daily average room temperature of 0.56 °C lower than ambient. This cooling performance of
the passive SC-RC ventilation is better than the fan-assisted SC-RC. Also, the SC-RC can achieve a daily average of
2.1 ACH, which is 0.4 ACH more than the conventional SC.

passive and active cooling strategies [3,4]. For instance, recent studies

1. Introduction tried to use RC to passively cool a building by applying an RC material or
coating on the roof of a building to reduce heat gains to the structure
Radiative sky cooling (or radiative cooling) research has been very [5-7]. One example of RC used in an active system for buildings is an
productive recently. Radiative cooling (RC) emitters exploit the cold RC-enhanced solar absorption chiller [8]. This RC-enhanced chiller is
outer space as a heat sink, with the atmosphere as the window. In a clear significantly more efficient than a conventional chiller [8]. Besides its
sky, the atmosphere has a high transmissivity for radiation at 8-13 pm use for cooling, current research also exploits RC to enhance natural
wavelength, known as the atmospheric window band. Favourably, the ventilation in buildings [9,10]. A colder-than-air RC emitter cools the
emissive power of an RC emitter also peaks in this atmospheric window adjacent air, making it denser than the ambient air, and thus the air
band so that it is possible for the emitter to continuously radiate a sinks. Because this downward flow carries a lower temperature air than
considerable amount of heat to outer space [1,2]. These RC emitters may the surrounding, it also creates a cooling effect. This similar phenome-
easily achieve a sub-ambient temperature at night. However, in the non is employed in ceiling radiant cooling systems to promote thermal
daytime, the emitters must reflect almost all the solar radiations to still comfort in a room [11-13]. A study from Li et al. [14] has even proven
get the intended cooling effect. Research on affordable and readily that this gravity-driven flow is effective for cooling a dual-cavity win-
available RC materials with high solar reflectivity and high thermal dow to reduce heat gain to the building.
emissivity in the atmospheric window band for 24-h cooling is among Architects may have realised the ventilation and cooling benefit of
the objectives of current RC research. this RC-induced natural convection flow at night. The strategy is known
The possible application of RC in various sectors has also been a as nocturnal cooling and has been proposed in many passive design
theme in RC research. In the building sector, RC has been used in both strategies [1,15]. However, the potential for this RC ventilation for the
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Nomenclature

c specific heat capacity (J-kg '-K™1)

E total energy (J)

F inclination angle factor

F external body forces (N)

g gravitational acceleration (m-s~2)

H solar irradiance (W-m~2)

h heat transfer coefficient (W-m 2K 1)
Kefr effective thermal conductivity (W-m™tK™h
P static pressure (Pa)

P, water vapor pressure (mbar)

q heat flux (W-m™2)

T temperature (°C)

t time (s)

U thermal transmittance (W-m~2.K™1)
Y air velocity (m-s™H)

Greek letters

a thermal expansion coefficient of air

AT temperature difference (°C)

emissivity

density (kg-m %)

Stefan-Boltzmann constant (5.67 x 10 8 Wm 2 K™%
transmissivity

stress tensor

A 9 QT ™

Abbreviations

ACH air change per hour

CFD computational fluid dynamics
DO discrete ordinates

PE polyethylene

PT photothermal

RC radiative cooling

RMSD  root mean square deviation
SC solar chimney

™Y typical meteorological year
UDF user-defined function

NV naturally ventilated
Subscript

bs absorber

amb ambient

cond conduction

conv convection

dp dew point

emit RC emitter

env building envelope

ext exterior side

ind indoor

int interior side

rad radiation

sol solar

surf building’s surface

entire day is still under-studied. A high-power passive daytime RC, with
the current maximum achieved in an experiment around 150 W/m?
[16], is still much lower than the cooling power needed to drive the
intended flow during the daytime. Even the heat gain from solar
fenestration in a 3 m by 4 m room could be five times higher than the RC
cooling power during the day [17]. This limitation causes the use of RC
as the main provider of natural ventilation to buildings to be
impractical.

To overcome the previously mentioned issues, this study proposes a
novel use of RC by combining it with solar chimney (SC) ventilation. SC
is a well-known natural ventilation strategy employing a solar absorber
to heat the air inside a chimney. The lighter hot air flows upward,
creating a condition for the ventilation flow inside the building.
Resorting to CFD simulation, many studies have investigated ways to
improve SC ventilation performance by maintaining its effectivity at
night-time, increasing its ventilation rate, and enhancing its cooling
performance. To extend the working time of SC to the night, researchers
commonly incorporated a phase change material (PCM) into the SC
absorber [18-20]. Amori and Mohammed [18] found that the PCM
successfully extends the SC ventilation to night-time. Tiji et al. [19]
further improved the performance of SC-PCM by employing a finned
absorber. They concluded that the flow rate of the finned absorber
SC-PCM increased by 40%.

Various strategies have been proposed for ventilation rate and
cooling performance improvements, and many of them are by
combining SC with other natural ventilation or passive cooling tech-
niques [21,22]. For instance, Rabani et al. [18] showed an improvement
in ventilation rate and daily cooling efficiency by combining SC with a
Trombe wall and water spray. Similarly, Moosavi et al. [22] used water
spray as the pre-cooling mechanism of the inlet air but used a wind
catcher to increase the ventilation rate. They reported improvements in
the ventilation and cooling performance of the SC ventilation. Another
way of pre-cooling the inlet air of the SC ventilation is through an
earth-to-air heat exchanger (EAHE) [23-25]. Long et al. [25] conducted
a parametric study on the SC-EAHE strategy and identified the system’s

optimal design and environmental conditions.

In the SC-RC ventilation strategy proposed in this study, an RC cavity
is devised to improve daytime ventilation and cooling performance. The
RC cavity is also the primary driver of ventilation flow at night. A
parametric study is conducted to find the optimal design parameters and
comprehensively understand the potential of SC-RC ventilation in
different conditions. Similar to most of the studies mentioned above on
SC ventilation, this study also employs CFD to investigate the perfor-
mance of the SC-RC ventilation in various working conditions and pa-
rameters. The CFD simulation is conducted in ANSYS Fluent 2021 [26]
using dynamic analyses to reasonably model the dynamic response of
the ventilation strategy to those different conditions or design
parameters.

2. System design and parameters

The schematic of the proposed SC-RC ventilation is shown in Fig. 1.
The SC is placed on the sun-facing side of a roof, combined with an RC
cavity on the opposite side. During the daytime, the SC is heated by solar
radiation to generate a buoyancy effect that draws air from the room and
the RC cavity. While the air flows through the RC cavity, it gets cooled
by the RC surface and provides chilled air for the room. An insulation
material encloses all the inner ceiling channel walls to minimise con-
duction heat loss from the absorber, SC, and RC cavity to the attic space.

In addition to that, two groups of parameters have been identified to
affect SC and RC performance. The first group is parameters related to
the environment, such as solar irradiance and clear sky index. Those two
parameters affect the RC emitter’s ability to be in a sub-ambient tem-
perature. However, if SC needs higher solar radiation, the RC emitter is
the opposite. Other parameters, such as ambient temperature, humidity,
and wind speed, are also reported to have a significant influence on the
performance of RC [27-29], although their effect is not so straightfor-
ward for SC.

The second group is parameters associated with the SC and RC sys-
tems design. For example, the sky view factor, indicated by inclination



S. Suhendri et al.

Ceiling
diffuser

SC side

RC side

(a)

Building and Environment 225 (2022) 109648

g
_‘.’_ Solar
g radiation

AN

Wind
convection

Atmo:«spheric
radiation

- Surface
- radiation

"~ Additional RC cavity,
providing extra fresh air
with cooler temperature

Conventional SC ventilation,
fresh air in with the same
temperature as ambient air

(b)

Fig. 1. (a) Schematic diagram of roof solar chimney combined with radiative cooling cavity applied in a building and (b) cross-sectional diagram of the transfer

phenomena in the building.

angle, affect both SC and RC performance. The optimal inclination angle
for SC is latitude-related [30]. In contrast, the optimal angle for RC is
horizontal at night [31] or when tilted at a certain inclination angle to
the opposite direction of the sun in daytime [32,33]. Chimney length
and width are also important parameters in SC design [34-36], although
different studies reported different optimal values. It may be said that
the preferred SC length is 1.5 m [34], but it is common for an SC to have
the same length as a building’s wall or roof. The chimney width is more
flexible, ranging from 5 cm to 30 cm, but a 20 cm chimney gap is
considered the best width [34]. For RC emitter, it is also worth
mentioning that RC’s most important parameters are the spectral
emissivity of the emitter [37,38]. To achieve daytime sub-ambient RC,
the emitter must show extremely low absorptivity in the solar spectrum
and very high emissivity in the atmospheric window band [39,40]. Also,
to reduce the convective heat gain and improve RC power, a convection
cover (usually polyethylene (PE) film) that is transparent in that specific
band is commonly employed [41].

There are other design-related parameters, but more to the building
design rather than the SC or RC system design. One of the parameters is
the building’s thermal mass, which may directly or indirectly strengthen
or weaken the ventilation rate of a buoyancy-driven ventilation strategy
[42]. Thermal mass materials are commonly used as wall materials and
cover a substantial part of a building. Hence, the thermal storage ca-
pacity of the thermal mass regulates temperature changes in a room and
affects the air movement to, from, and inside the room. If the thermal
mass wall mainly deals with the external heat gains of the building, the
building’s internal heat gains also matter when using buoyancy-driven
ventilation because it also affects the indoor air temperature [43]. In
some SC research, a fan is also considered to assist the natural ventila-
tion performance when the condition is not desirable [44-46].

3. Methodology
3.1. Case study building

A hypothetical building with a cross-sectional width of 4 m, a length
of 6 m, and a ceiling height of 2.8 m was designed to be the case study
building. The building has a gable roof with a 45° inclination angle, with
the roof sides facing south and north. On the south-facing (sun-facing in
the northern hemisphere) roof, an SC is placed with an air-channel gap
of 20 cm and a 30 cm opening at the top as the outlet (SC opening). An
RC cavity is placed on the opposite north-facing roof with a default gap
of 20 cm. This RC cavity gap is then varied according to values in the
study of the effect of the RC cavity gap on the SC-RC performance. The
RC cavity has its opening (RC opening) as the inlet at the top of the
cavity. On the ceiling, the RC cavity and SC air channels are merged into
a ceiling air channel, with diffuser-like openings on the SC and RC sides.
These openings are joined by another opening at the bottom side of the
SC-side wall (wall opening) that functions as the original inlet opening
of the SC ventilation. The reference case to be compared is the SC
ventilation, where the RC cavity is closed. Fig. 2 helps to illustrate the
geometry and dimension of the case study building.

The default location for the parametric studies was Valencia (39.5°N,
0.4°W), which according to Koppen-Geiger climatic classification, is
classified as a warm temperate, dry, and hot summer climate (Csa) [47].
Hence, the climate is considered suitable for our SC-RC ventilation’s
cooling and ventilation purposes. The hottest day in Valencia, on the
29th of July, based on typical meteorological data (TMY) [48], was
chosen for the simulation. The ambient temperature, wind speed, and
global solar irradiance of Valencia on the hottest day are shown in Fig. 3.

Further, the construction materials of the case study were based on
the common construction materials for buildings. Brick was used for
wall material with 20 cm of thickness and ceramic, timber, and roof tile
for floor, ceiling, and roof materials, respectively [49]. Additionally, the
absorber and emitter in the SC and RC cavity used aluminium with a
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Fig. 2. Geometry and dimension of the case study building.
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Fig. 3. The ambient temperature, wind speed, and global solar irradiance on the 29th of July taken from the TMY of Valencia [48].
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thickness of 1 mm as its base, coated with a heating/cooling coating
suited for its purpose. The solar absorber coating has high absorptivity in
the solar radiation band (0.2-3 pm) and thermal radiation band (3-25
pm). Meanwhile, the RC emitter coating has high emissivity only in the
atmospheric window band (8-13 pm) and low absorptivity in the solar
spectrum (0.2-3 pm) and other thermal bands (3-8 pm and 13-25 pm).
A PE film was used as the convection cover for the RC emitter. The
spectral properties of the construction materials in those wavelengths
and their respective thermal properties are summarised in Table 1.
Except for the absorber and emitter, the emissivity for all materials was
taken from the ECOSTRESS spectral library [50].

The case study building was simulated with various sets of parame-
ters. From all the previously mentioned parameters in Section 2, all the
environment-related parameters can be combined as the effect of cli-
matic conditions or geographical location. Five warmest climates in the
Koppen-Geiger climate classification were selected to be studied,
namely the tropical humid (Af), steppe climate (BSh), desert climate
(BWh), warm temperate and humid climate (Cfa), as well as warm
temperate and dry climate (Csa) [47]. In comparing SC-RC performance
in different climates, the locations were changed accordingly, but the
selected day was still the hottest in the respective climate.

Other parameters relevant to the building or system design were also
studied. The parameters are the RC emitter’s convection cover, the
building’s thermal mass, the RC cavity gap, internal heat gain, and
whether the SC-RC is naturally ventilated (NV) or fan-assisted. In the
study of the effect of thermal mass on the ventilation flow, a comparison
between a heavyweight brick wall and a 5-cm thick lightweight insu-
lation board was made. A summary of the parameters, the variable and
its base SC-RC cases, as well as the related reference SC case, are detailed
in Table 2.

3.2. Governing equations and simulation procedure

The case study building was modelled as a 2D geometry in Ansys
Fluent 2021 [26]. The simplification of the geometry in a 2D study is
acceptable for an unchanging room shape [52]. Note that SC-RC venti-
lation is buoyancy-driven and necessitates the condition of the outdoor
pressure gradient in the vertical direction to be known [52]. Therefore,
the outdoor air is included in the computational domain with di-
mensions and conditions shown in Fig. 4 (a). The top and side bound-
aries of the external domain were set as a pressure field far away, and the
bottom boundary of the external domain was set as the ground. The
initial mesh used for the simulation was hexahedral, starting with a
maximum size of 5 cm for the room (see Fig. 4 (a) and (b)) and later
refining for grid-independence study until the finest size of 1 cm.

After geometry creation and meshing, the model was moved to
simulation and boundary condition settings. For this step, the hourly
solar irradiance and weather conditions were inputted as user-defined
tabular input. Note that the solar irradiance data available in TMY is
for global horizontal only. Hence, to obtain the solar irradiance on every
building surface, an EnergyPlus simulation was conducted and trans-
ferred the solar irradiance data to user-defined tabular data for ANSYS

Table 1
Thermal and spectral properties of the construction materials.

Table 2

Building and Environment 225 (2022) 109648

Description of the studied parameters and their related base and reference cases.

Parameter Variable SC-RC case ~ Base SC-RC case Reference SC case
Convection PE-covered and PE-covered SC-RC SC-only ventilation,
cover uncovered SC-RC natural ventilation, with a 20 c¢m thick
with light wall with a 20 cm thick brick wall, and
material (insulation brick wall, RC cavity ~ other conditions
board) gap of 20 cm, and follow the
Thermal SC-RC with internal heat gain of  respective variable
mass lightweight wall 0 W/m?, located in and base cases of
material (insulation Valencia (Csa) SC-RC.
board)
Gap SC-RC with various
RC cavity gaps:
10 cm, 15 cm, 25
cm, 30 cm
Internal heat ~ SC-RC with various
gain* internal heat gain:
1 W/m? 2 W/m? 3
W/m?, 4 W/m?
Climate SC-RC with various

climate conditions:
Af (Singapore), BSh
(Lahore), BWh
(Riyadh), Cfa
(Shanghai)

SC-RC with various
daily average fan
flow rates:

0.05 m%/s, 0.1 m*/
s, and 0.5 m®/s

Fan-assisted

*The standard value for internal heat gain for a large building area is 2.1 W/m? [51].

Fluent. Near the end of the simulation process, one crucial step was the
time step and grid independence study. Parameters checked for the time
step and grid-independence study were glass, absorber, and emitter
surface temperature, room air temperature, and velocity, as well as the
volumetric and mass flow rate at the building openings. The dis-
cretisation settings that can give mesh and time-step independent results
are used for the parametric studies.

Ansys Fluent then solves the transport equations known as the con-
tinuity, momentum, and energy equations as summarised by Equations
(1)-3) [53]. In Equation (1), p and v represent the air density and ve-
locity respectively, while ¢ is time, and S,, mass addition to the system.
Furthermore, in Equation (2) the letter p is the static pressure, 7 is the
stress tensor, pg is the term for gravitational body force, and F is the
external body forces. Also, in Equation (3) for the energy equation, the
total energy of the air is represented by E, and the effective conductivity
of the air is denoted by ks, and the air temperature is expressed by T.
Any additional energy inputs to the system are included in Sp.

op _
E+V e (pv) =S, (€]
%(pv)-i—V-(pvv):—Vp-i—V-(?)erg-i-F> 2)

Material Thermal properties Absorptivity/emissivity
Thermal conductivity (W-m~1.K™1) Density (kg-m~>) Specific heat capacity (J-kg~1-K™1) 0.2-3 pm 3-8 ym 8-13 pm 13-25 pm

Brick 0.72 1920 840 0.79 0.77 0.93 0.93
Ceramic tile 0.8 1700 850 0.34 0.94 0.93 0.93
Insulation board 0.033 38 1400 0.70 0.90 0.90 0.90
Roof tile 0.8 1890 880 0.87 0.93 0.95 0.95
Timber 0.16 720 1260 0.46 0.9 0.94 0.94
Absorber 202.4 2719 871 0.95 0.95 0.95 0.95
Glass 1.38 2203 703 0.05 0.88 0.88 0.88
Emitter 202.4 2719 871 0.05 0.95 0.95 0.95
PE film 0.45 910 1900 0.05 0.05 0.05 0.05
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Fig. 4. (a) The computational domain of the study and (b) Initial computa-
tional grids with 5 cm maximum size in the room.

%(/’E) +V e (VpE+p)) =V o (ks VT + (terr @ v)) + S, (3)

Moreover, the transport equations were solved along with the
Standard k — ¢ turbulence model [54], which is considered sufficient to
model a buoyancy-driven ventilation flow [55,56]. The incompressible
ideal gas law is used, as the outdoor atmospheric pressure is set as
constant [57]. For the radiation model, the discrete-ordinate (DO) ra-
diation model was employed due to its capability to account for the
non-grey model [57]. We also employed the commonly used SIMPLE
algorithm for pressure-velocity coupling with a first-order discretisation
scheme for both the convection and viscous terms and PRESTO! dis-
cretisation scheme for the pressure terms. Simulation results are judged
as converged when the key parameters, namely hourly indoor air tem-
perature and velocity and flow rate at the building openings, show stable
values. Overall, the general steps for the parametric studies are illus-
trated in Fig. 5.

3.3. Boundary conditions

Heat transfer phenomena on the building’s surface were inputted in
the boundary conditions as user-defined functions (UDF). This UDF was
based on the heat balance equations for the building surfaces described
in the following subsections. A detailed description of the boundary
conditions is available in the Appendix.

3.3.1. Heat balance of the building envelope

For this case study building, the envelope includes the SC’s glass
cover, the RC emitter’s PE cover, the roof, and the wall (see Figs. 1 and
2). Each envelope’s exterior surface receives radiation from the sun
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Fig. 5. Simulation logic flow diagram.

(gs01), exchanges heat via radiation with the atmosphere (q;.4), and via
convection with the outdoor ambient air (gcony_ext)- On the interior side
of the envelope, conduction heat transfer occurs across the envelop
(geona), and another convection also occurs between the envelope to the
interior air (Qconv_int)- The building envelope’s material does not
instantaneously be in a thermal equilibrium state with all those heat
fluxes and may have some capacity to ‘store’ energy (gswred)- Equation
(4) formulates the heat balance for the building envelopes.

Gsol + Graa + Geonv_ext T Geonv—int + Geond = Gstored ()]

The following equations detail each heat flux from Equation (4). In
Equation (5), gy, is modelled as the amount of solar radiation that is
absorbed by the surface, with ay, is the surface’s absorptivity, and H,¢
is the total solar irradiation received by the surface. Thermal radiation,
Gra> accounts for the incoming radiation from the sky (grq_sy) and the
outgoing radiation from the surface (quq o), and the two terms are
combined as in Equation (6). In Equation (6), &y, and &, are emissivity
of the sky and the surface respectively, ¢ is Stefan-Boltzmann constant,
Tyy is the sky temperature, and Ty, is the surface temperature. More-
over, the value of ey, and Ty, are calculated using an empirical

Table 3
Empirical formula used for &gy and Ty,
Climate condition Esky Ty
(Location)
Af (Singapore) Egky = 0.711 + 0.56(T4,/100) + Ty = €y T »
0.73(T4/100)?, [58] [59]

BSh (Lahore)

BWh (Riyadh)
Cfa (Shanghai)
Csa (Valencia)

€xy = 0.56 + 0.08P95 , [60]

ey = 0.754 + 0.0044T,, , [61]
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considering dew point temperature (Ty,)or water vapor pressure (P,) of
the related location as summarised in Table 3. Also, to account for the
effect of envelope surface’s inclination angle, the variable F,,s is
included to Equation (6), which represents percentage of net radiation
reduction with the increase of the inclination angle from the zenith
angle. The value of F,,; is 1 for horizontal surface (top roof), and for 45°
(glass, PE cover, and RC emitter surfaces) and 90° (wall surfaces) are
0.75 and 0.33, respectively [31].

Gsol = Xsurf HW'.'/ )

Grad = Yrad_sky — Grad_surf = F‘Aurf Esky Esurf O (T?ky - Tim_'f) (6)

Furthermore, the q.ony—ex @and Geony—ine follow the same formula with
variation in the heat transfer coefficient calculation and the temperature
involved in the equation, as seen in Equations (7) and (8). For the
exterior side of the envelope, the heat transfer coefficient with the
ambient air, h,,;, in Equation (7), is defined using the empirical formula
shown in Equation (9) [62], while the heat transfer coefficient with the
ambient air, h;, in Equation (8), is internally calculated by Ansys Fluent.
Other parameters in those equations, namely T,,, represents the
ambient temperature, T., represents the exterior surface temperature,
Tina_air is the indoor air temperature adjacent to the surface, and T;, is the
interior surface temperature. Similarly, g..,q in Equation detailed in (10)
used thermal transmittance of the envelope material (U,,,) multiplied by
the difference between T, and T;,. Finally, the amount of stored energy,
Qsoreas 18 Tepresented by Equation (11) with p,, ¢5,.,» Tenv» and de,, are
the density, specific heat capacity, average temperature, and thickness
of the envelope material, and ¢ is time.

Gconv_ext = Pamb (Tamb - Texl) (7)
Geon_int = Pint (Tina—air — Tint) (8)
Ry =2.8 +3.0v ()]
Geond= Ueny (Tim - Text) (10)
aTCnV
stored = Penv € denv 11
Gstored = Penv Cpeny o 1D

3.3.2. Heat balance of the solar absorber and RC emitter

Like Equation (4) for building envelope, the heat balance for the
solar absorber and RC emitter also consists of absorbed solar radiations,
heat exchanges with the sky, convection, and conduction. However,
there are some changes in the detailed equations for those terms, as
shown in Equation (12). The absorber and emitter only receive the
transmitted g, by the glass or PE cover, and thus the term becomes
Qsol_glass and ggo1_pe, Which are detailed in Equation (13) with the intro-
duction of the solar transmissivity of the glass (7gjssso1) and PE cover
(7pE,s01)- The values of 7y 501 and 7pg 501 used in the simulation are 92%
and 90% respectively.

Similarly, the g.,4 term in Equation (4) is modified as guq_us and
Grad_emit for the absorber and emitter with the introduction of 7,6 amand
Tpgam iN Equation (14) as the glass and PE cover transmissivity in the
infrared band (0% for the glass and 90% for the PE cover). It is worth
noting that, for simplicity, the multiple reflections between the glass/PE
film with the absorber/emitter are neglected because of the extremely
small solar reflectivity (5%) of the absorber and PE film. Other terms in
Equation (12) are similar to the previously explained Equations (7)-
(11).

ol _glass + Grad_abs + Geonv_int + Geond = Ystored » for absorber (12)
gs0l_PE + rad_emit + qconv_int + Gcond = Ystored » for emitter

qso]_glass = Tglasa:sol Qabs Habs 7f0r absorber

. 13)
gsol_PE = TPE,sol Xemit Hcmil 7fOl” emitter
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Grad_abs = Tglass,atm Furt €abs Esky O (T‘:k - T:bs) ,fOI’ absorber
- . a4
Grad_emit = TPE,atm Fourt €abs Esky O (Tsky - Temi[) 7fOI' emitter

3.4. Grid and time-step independence study

Results of the simulation parameters from five combinations of grid
and time-step sizes were compared. As shown in Fig. 6, it is clear that the
indoor air temperature and velocity results among the grid and time step
sizes do not vary too much, with average relative variations between the
mesh and time step sizes of 0.2 °C for temperature and 0.02 m/s for
velocity. However, the hourly flow rate results differ largely for coarser
grid sizes, and it only becomes stable from the 1 cm grid size and 450 s
time step size, with relative variations of 0.01 m®/s. Therefore, this grid
and time step size (1 cm and 450 s) were used for the parametric study
simulation.

3.5. Simulation validation

Two features of our simulation need to be validated: the heat transfer
model and the airflow model. For the heat transfer model validation, we
used experimental data from a double-covered photothermal and radi-
ative cooling (PT-RC) module by Hu et al. [63]. The PT-RC module was a
solar collector during the daytime and an RC emitter at night-time,
which is considered appropriate to check our heat transfer models that
also include both solar absorption and thermal radiation. The compar-
ison between the simulation results and the experimental data is shown
in Fig. 7 for the (a) glass temperature and (b) absorber temperature.
Quantitative assessment of the simulation results using the root mean
square deviation (RMSD) [63,64] as in Equation (1), with Xn; as the
simulation data point and X.,; as the experimental data point, shows a
good conformity between the simulation and experiment. The RMSD of
the simulated glass temperature and absorber temperature are 0.8% and
1.7%, respectively.

1 . (Xsim.i - ch .i) 2
RMSD =, |- P LA 1
o 3 ) ®

Moreover, to validate our ventilation flow model, we compared the
simulation results with experimental data from an SC study by Chen
etal. [34]. The SCin Chen et al. experiment was a 1.5 m high SC that was
uniformly heated at one of the surfaces. In one of their tests, they
measured the air temperature, velocity, and flow rate for a 20 cm
channel gap and 45° inclination angle, which is similar to our case study
building. Thus, we compared the data from this specific experimental
setup. Results for the temperature and velocity profiles are summarised
in Fig. 8. Overall, all the parameter profiles resulting from the simula-
tion show close values with the experimental data with RMSD values for
temperature and velocity distributions inside the chimney of 3% and
14%, respectively. Dissimilarities between the simulation and experi-
ment are observed in velocity distribution near the walls (Fig. 8 (b)),
possibly due to the discrepancy from the near-wall treatment model.
Nonetheless, the airflow rate resulting from the simulations still shows a
good agreement with the experiment, including the flow rate (0.037
m3/s compared to 0.035 m>/s from the experiment).

4. Results and discussion

Analysis of the effect of different parameters on the performance of
SC-RC is conducted by comparing two primary variables, i.e., the cool-
ing performance and ventilation performance. The cooling performance
is indicated by the difference between indoor air temperature with
ambient temperature (AToom = Troom — Tamb). Whereas the ventilation
performance is analysed using the flow rate through the RC cavity (m3/
s) and the total ventilation rate in both m3/s and ACH.
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a. Indoor air temperature b. Ventilation rate through the SC opening
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Fig. 6. Comparison of hourly pattern of (a) indoor air temperature, (b) volume flow rate through the SC opening, and (c) indoor air velocity resulting from the
different grid and time step sizes.
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Fig. 7. Comparison of experimental and simulation results of the PT-RC: (a) glass temperature and (b) absorber temperature.
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a. Temperature distribution
across the chimney

b. Velocity distribution
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¢. Temperature distribution
along the chimney
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Fig. 8. Comparison between the SC simulation and the experimental data [34]: (a) temperature and (b) velocity distribution across the solar chimney, and (c)

temperature distribution along with the solar chimney.
4.1. Effect of RC emitter’s convection cover

Incorporating PE cover has a noticeable effect mainly on the RC
emitter temperature. Fig. 9 (a) shows that the PE-covered RC emitter’s
temperature is around 2 °C lower than the uncovered RC emitter. In fact,
the temperature of the PE-covered RC emitter is consistently sub-
ambient throughout the day, whereas the uncovered RC loses its cool-
ing power in the high solar radiation period between 10 a.m. and 5 p.m.
The emitter temperature data also imply that the PE-covered SC-RC can
provide a lower room temperature than the uncovered SC-RC, and Fig. 9
(b) confirms this with AT,y gap of —0.39 °C between the two cases. A
distinctive pattern of hourly AT,.m between PE-covered SC-RC with the
uncovered SC-RC and the reference case SC can also be recognised from
Fig. 9 (b). The PE-covered SC-RC creates a sub-ambient room for a
longer period (3 h longer) than the uncovered SC-RC or the reference
case SC.

For ventilation performance analysis, Fig. 10 reveals that in the
daytime, there is a reversed flow in the RC cavity of the uncovered SC-
RC, indicated by negative flow rate values between 11 a.m. and 6 p.m.
During this period, the cooling effect from the uncovered RC emitter is
not enough to generate a downward flow of natural convection; rather,
the warmer room air due to solar heat gain can force an upward flow in
the RC cavity. Therefore, the uncovered SC-RC has a warmer room on
average than the PE-covered SC-RC. Despite those variations in RC
cavity flow, both the PE-covered and uncovered SC-RC have a compa-
rable ACH value of 2.0 and 2.1, respectively, higher than the SC-only
case with 1.8 ACH. However, the total flow rate data in Fig. 10 shows
that the uncovered SC-RC is more identical to the SC pattern than the PE-
covered SC-RC, especially in the daytime when an upward RC cavity
flow occurs in the uncovered SC-RC. Thus, the PE-covered SC-RC is
preferable because it can provide more ACH and cool air to the room.

4.2. Effect of building’s thermal mass

In real situations, most buildings use heavyweight and long-lasting
materials for their wall, such as brick, stone, or concrete. These mate-
rials are considered thermal mass materials that can absorb heat slowly
and store it for some time before releasing it later and supposedly affect
the performance of the SC-RC ventilation. Figs. 11 and 12 compare the
cooling and ventilation performance of PE-covered SC-RC with a brick
wall (the base case) and a lightweight insulation board wall, as well as
the reference case (SC with a brick wall). As Fig. 11 shows, thermal mass

shifts the starting point of warmer ATy, from 1 p.m. in the lightweight
wall case to 7 p.m. in the base case. This might be beneficial since the
ambient temperature in the afternoon is higher than in the evening, so it
is better not to have a warmer room in the afternoon. Despite the shifting
in the warm AT, period, there is no apparent difference in the daily
average AT,,m Of the base SC-RC and SC-RC with light wall, with the
base case has a slightly better cooling performance (—0.30 °C compared
to —0.29 °C).

In terms of flow rate through the RC cavity, the base case SC-RC can
match the total ACH provided by the SC-RC with light wall materials,
with a <0.1 ACH difference (see Fig. 12). Despite this similar ACH, the
flow pattern from the two cases is distinctive. In the lightweight-walled
SC-RC case, the RC cavity flow rate peaks before noon and plunges early
evening. These maximum and minimum flow rates in the RC cavity are
shifted and reduced in the SC-RC with thermal mass, with the maximum
shifted to 3 h later (at 2 p.m.) and the minimum to 6 h later (at 3 a.m.).
The thermal mass wall’s heat storage capacity makes it release the
daytime heat gain to the night. The released heat creates a warmer room
with a conflicting flow tendency (upward flow) with the cool RC cavity
(downward flow). Therefore, the RC flow rate is lower for the base case
than the light wall case, and consequently, the base case SC-RC with a
heavy wall has a slightly lower daily ACH. Nevertheless, the long-lasting
heavyweight wall with a minuscule difference in ACH and a better
cooling effect is more prevalent in pra