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ARTICLE INFO ABSTRACT
Keywords: Integrating phase change material (PCM) and natural night ventilation (NNV) has notably improved building
Phase change material indoor thermal comfort in hot locations. The current study investigates the role of NNV through a window to

Window-to-wall ratio
Window orientation

Night ventilation

Indoor temperature reduction
Thermal comfort

improve the indoor temperature of a PCM room, considering the window orientation and window-to-wall ratio
(WWR). The NNV was employed through a one-sided window of the PCM room to enumerate the advantages of
passive building technologies in summer. Different window orientations and WWRs (between 8.75% and 20%)
were analysed to improve the indoor environment using an experimentally validated model developed by
EnergyPlus software. Numerical findings exhibited that the window orientation has a minimal effect on the NNV
of the PCM room regardless of wind direction. However, the Northeast orientation was the best case for the
studied location, achieving average indoor temperature reduction by up to 31%, and a thermal load levelling
reduction by 9%-17%. Furthermore, the larger window size exhibited improved thermal comfort, where the
WWR of 20% decreased the average indoor temperature by 1.14 °C more than the reference PCM room of WWR
= 8.75% without ventilation. Besides, the operative temperature at the largest window size was reduced by up to
22% during nighttime. The study concluded that the effectiveness of NNV is limited under severe hot locations,
and alternative cooling means could be advantageous.

by 2050, compared to 2010 [3].

1. Introduction Engineers and architects are working to increase the thermal comfort
standards in modern buildings since occupants spend 80%-90% of their

The energy share in the building sector is drastically increasing year daily hours indoors [4]. To this aim, different passive/active strategies
after year, reaching alarming levels due to fast urbanisation, population are proposed to maintain a better-built environment, implemented in
and increased lifestyle requirements [1]. The UN Environment Program the building design phase or added in the later phases of construction
stated in the latest released report in 2022 that building energy con- [5]. Numerous studies indicated that building envelope advancements
sumption and CO; emissions are increased compared with the 2021 are more remarkable in saving energy and maintaining better indoor
status regardless of the substantial investment on global levels [2]. In thermal comfort [6], especially those associated with building
this regard, it has been quantified that the energy demand and CO,  morphology [7]. For building retrofitting and energy management
emissions augmented by 4% and 5%, respectively, compared with the possibilities, phase change materials (PCMs) have been announced as
status of 2020, indicating the biggest increase in the last ten years [2]. As essential strategies to reduce buildings’ heating and cooling demand [8,
stated by the Intergovernmental Panel on Climate Change, the energy 9]. PCMs are unique materials able to store vast extent of heat energy
consumption on cooling and heating in residential and commercial within a limited volume and discharge it when desired. This exceptional
buildings is increasing globally, reaching 183% and 179%, respectively, property allowed it to be utilised in different energy-related
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Nomenclature

Abbreviations
Aopening  The opening area (window area) [m?]
ACH Air change per hour

AITR Average indoor temperature reduction [%]
CondFD Conduction finite difference algorithm

Cw Opening effectiveness

EA Effective angle [°]

EPW EnergyPlus weather file

Fschedule The fraction of opened window (ranging from 0% to 100%)

IDF Information data file

NNV Natural night ventilation

NV Night ventilation

OTR Operative temperature reduction [%]

oT Operative temperature [°C]

PCM Phase change material

Qw Volume of air flow rate driven by wind [m3/s]

TLL Thermal load levelling

TLLR Thermal load levelling reduction [%]

WD Wind direction

Symbols

(o Specific heat of layer [kJ/kgK]

Hy Heat of fusion [kJ/kg]

h Specific enthalpy of layer [kJ/kg]

h; Combined heat transfer coefficient for the inner envelope
[W/m?K]

h, Combined heat transfer coefficient for the outer envelope
[W/m?K]

Line Solar radiation on inclined surface [W/m?]

i Node under modelling

i+1 Nearby node as to indoor side

i-1 Nearby node as to outdoor side

j+1 Instantaneous time-step

k The thermal conductivity of layer [W/m.K]

kg The thermal conductivity for the edge between i and i-1
nodes [W/m.K]

kw The thermal conductivity for the edge between i and i+1
nodes [W/m.K]

T The temperature of a node under modelling [K]

T; The indoor temperature [K]

Tsol-air Solar-air temperature [K]

Tor The mean radiant temperature [K]

AR The difference between long-wave radiation incident on

the surface (from the sky) and radiation emitted by the
blackbody [Unitless]

At The time-step [s]

AX The layer thickness [m]

Greek symbols

a Absorptivity coefficient [Unitless]

B Hemispherical emittance of outside element surface
[Unitless]

p Density [kg/m?’]

applications, including buildings, for thermal energy management and
energy storage [10,11]. Market reports expect an increment in the PCM
market by up to 889 million USD in 2025, compared with 423 million
USD in 2020 due to notable PCM advantages [12].

Considering building cooling demand, combining PCMs and night
ventilation has recently proven to be a remarkable improvement,
particularly in mild locations [13]. Night ventilation (NV) is employed
actively or passively to improve the building environment and save
energy effectively. In active NV applications, air velocity plays a core
role in accelerating heat removal from PCM elements and improving
indoor thermal comfort. Furthermore, wind speed is the foremost
influencer of PCM utilisation in NNV studies [14]. However, PCM
charging and discharging phases could be improved along with notably
reduced time [15]. Recent literature studies have been extensively
dedicated to investigate the combined effect of PCM and NV on
improving the indoor environment and augmenting energy-saving.
Commonly studied topics were PCM characteristics (PCM transition
temperature and quantity at most), NV time, ventilation flow rate and
speed, ventilation temperature, etc. In addition, most of these studies
have reported maximised benefits for the built environment due to
improved thermal storage potential of PCM during negative behaviour
at nighttime. These studies are generally conducted under moderate
weather conditions, where the NV could work effectively alone without
requiring PCM incorporation [16]. Besides, mechanical NV was exten-
sively investigated due to its superior thermal benefits compared with
natural NV, although it has technical and economic concerns [17].

Given the combined effect of PCM-enhanced building envelopes and
NV in the recently published research work, Kitagawa et al. [18]
numerically explored the effect of NV on a PCM-enhanced floor cooling
system under hot location. The study considered the natural and forced
NV operation schedule, ventilation flow rate, effective underfloor height
space, and thickness of the PCM layer as effective parameters. The
findings showed that the optimal schedule for fan operation was from
19:00 to 7:00 in hot and humid locations. Moreover, the ventilation flow

rate speed was the most effective key parameter, in which 700 CFM
(cubic feet per minute) was sufficient, and the NV with 6 mm PCM
thickness was optimal for the proposed cooling system. Rangel et al.
[19] experimentally researched the effect of naturally ventilated PCM
roofs to quantify a test module’s indoor air temperature reduction, time
lag, and solidification time extension. The study results disclosed a
maximum indoor temperature decrease by 3.94%-7.02%, a peak time
lag of about 10-70 min, and a PCM solidification time extension of 19%-—
41%. Liu et al. [20] investigated the role of PCM-integrated building
envelope coupled with NNV to enhance the thermal comfort inside
buildings in ten Chinese cities. The EnergyPlus tool was adopted to
investigate melting temperatures varying from 23 °C to 29 °C, the
optimal for studied locations. As a general conclusion, the study found
that discomfort hours decreased by at least 16% in all cities when the
PCM/NNV was adopted compared with the use of NV alone. Yu et al.
[21] numerically studied the heat gain reduction for a ventilated
pipe-embedded PCM roof under climate conditions of different Chines
regions. The results generally showed that coupling PCM with ventila-
tion is necessary to utilise PCM heat storage, and the optimal PCM
transition temperature varies in each region. However, the heat gain
decreased by 300.67 kJ/m? in all studied locations. Luo et al. [22]
numerically explored the heat flux reduction, interior surface tempera-
ture fluctuation reduction, and the frequency of thermal discomfort for a
porous brick roof ventilated naturally under different Cities in China. At
the best PCM melting temperature, the study revealed that the roof
reduced heat flux by up to 95.2 kJ/m2 and minimised thermal comfort
frequency by up to 37.2%. Aamodt et al. [23] experimentally investi-
gated the role of NV in overcoming the passive PCM heat storage
behaviour when installed into ventilated ceiling and walls of an office
module in Oslo, Norway. They studied the cooling load reduction and
energy saving under different airflow rates (0.5-5 air changes per hour
(ACH)) and PCM thicknesses (2-4 mm). Study findings showed that the
building cooling load was reduced by 19.5%, 78.2% and 95.5% at 4 mm
PCM thickness employed with 1, 3 and 5 ACH, respectively. The natural
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NV helped to save energy by 56% at 3 ACH and by 69% when 4 mm PCM
thickness was employed. Besides, the hybrid NV showed energy saving
by 38% at the same flow rate and augmented to 50% at 4 mm PCM
thickness. Prabhakar et al. [24] studied the energy efficiency of PCM
walls, partitions and a ceiling integrated with a controlled ventilation
system. The PCM/NV effectiveness for cooling application was quanti-
fied under controlled/non-controlled mode. The study findings revealed
that PCM effectiveness improved from 3.3% to 25.6% by combining
PCM with NNV and increased to 40% with the temperature-controlled
ventilation mode. Hou et al. [25] experimentally studied the thermal
performance of a room-integrated multiple PCM ventilated roof
compared with another priston one without PCM. The study calculated
the indoor air temperature reduction and thermal dissatisfaction rate
while applying natural and forced NV. The findings showed that the
peak indoor air temperature was reduced by 41.1%-44.9% using NNV,
while it was reduced by 43.2%-47.0% under forced NV. Besides, the
study concluded that the thermal dissatisfaction rate was reduced by
15.5% and 40.2% under natural and forced NV, respectively. In a similar
approach, Fan et al. [26] have studied the heat flow reduction, interior
surface temperature difference, and attenuation coefficient of a test
room-integrated PCM-ventilated wall. The outcomes showed that the
modified PCM wall had reduced the maximum heat flow by 78.5% and
the interior temperature by up to 7.4 °C. moreover, the attenuation
coefficient was reduced by 13.5%-25.7%, employing forced NV and
PCM. Zavrl et al. [27] have experimented two units in which PCM
plates-integrated roof and internal wall with air gap were proposed in
one unit and the other left for comparison. The study analysed the in-
door air temperature reduction and optimal PCM solidification re-
quirements during the night period. The indoor temperature was
reduced by up to 5 °C. Study outcomes indicated that the optimal PCM
solidification was attained using the developed ventilated air-gap sys-
tem with 15 °C-16 °C ventilation air temperatures and 500 m>/h flow
rate. Ji et al. [28] proposed a PCM wallboard-attached NV system to
enhance a room module’s indoor temperature and thermal comfort time
in Chongging, China. According to the study outcomes, the indoor air
temperature and west-wall surface temperature were decreased by
94.97% and 67.74%, respectively. Besides, the time of thermal comfort
was extended by 38.42%. Under Danish weather conditions, Hu et al.
[29] studied the annual energy saving of a PCM window with various
control strategies. The control strategy proposed for the summer night
cooling indicated cooling demand reduction by up to 62.3% compared
with the primitive control strategies with NNV. Adopting a different
approach, Hu et al. [30] numerically investigated the energy-saving
potential of a PCM window for a sustainable house in New York City
under a controlled ventilation airflow rate. In the best scenario, the
proposed system indicated building energy saving by 12% at a 300 m%/h
airflow rate compared with a standard window. Furthermore, the
adopted strategy has enhanced the house energy saving by 14.7% over
the constant ventilation airflow rate.

Based on the above literature studies, the combination of PCM with
NV has notable benefits in enhancing building energy and maintaining
indoor thermal comfort under various building applications. However,
there is still a research gap for other PCM incorporation interactions
with the passive architectural building aspects. Besides, most studies
considered the mechanical NV, which has technical complexity and
economic concerns for long-term building service. Hence, this study was
conducted to investigate the role of NNV in improving the indoor
environment of building envelope integrated with PCM under hot
summer considering the window orientation and WWR. The influence of
NNV on indoor thermal comfort under different window orientations is
studied in terms of the reduction of indoor temperature and thermal load
levelling. Besides, the WWR was analysed for different window sizes at
the best window orientation, considering the reduction of indoor and
operative temperatures. This study is believed to enrich the knowledge
with passive booming technologies in the building industry under harsh
weather conditions.
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2. Research methodology and modelling

The flowchart of this research is presented in Fig. 1. Each phase of the
methodology was conducted to be the input to the next phase. More
description of phases is detailed in the following subsections.

2.1. Physical model

A separate room of 1000 mm® was modelled using the Google
SketchUp tool, identical to the experimental room presented in our
earlier study [31]. The numerical simulation was confirmed for six
consecutive months, from May—October 2021, the summer months of Al
Amarah City, Iraq. The room had a composite flat roof comprised of
three main layers: Isogam roofing, concrete, and gypsum mortar clad-
ding. Besides, the room walls were built from concrete bricks covered
with a thin cement mortar layer from the outside. The room was ori-
ented towards the east, in which the east-oriented wall included a small
window of 250 x 350 mm dimensions (WWR of 8.75%). The floor was
assumed insulated using a woody foundation with 50 mm thickness. The
room was incorporated with an organic PCM within the roof and walls.
The PCM with 15 mm thickness was included in the roof between the
roofing and concrete layer, while a 7 mm of the same PCM type was
incorporated in the middle of brick walls. The PCM employed in this
study is a paraffin wax, a petroleum-based product extracted in the
course of the de-waxing of the Iraqi crude oil. This PCM type was
selected due to its adequate thermal properties, including a transition
temperature of about 40 °C-44 °C suitable for the study location and
high latent heat of fusion (around 1900 kJ/kg), not to mention its eco-
nomic competence [32]. The PCM layer position in the roof and the
thickness included in the roof and walls were considered according to
the earlier follow-up preliminarily studies [33-35]. Fig. 2 shows the
PCM room model described above, and Table 1 shows the thermal and
physical features of the PCM and construction materials.

2.2. Simulation tool and procedure

The simulation of the PCM room model was conducted by the
EnergyPlus tool, which was established by DOE-USA and broadly
implemented for building dynamic energy simulations. The EnergyPlus
employs editable information data file and weather file to specify the
construction materials, simulation methodologies, weather information,
and many other inputs and advanced control aspects. The software was
provided with the ability to simulate the PCM-based buildings through a
one-dimensional conduction finite difference algorithm (CondFD) that
can easily solve the phase transition phenomenon along with the con-
struction materials. Accordingly, the PCM layers involved in the PCM
room model were mathematically conveyed using a fully-implicit first-
order scheme. The model equation of this scheme is based on the Adams-
Moulton solution specified in Eq. (1) as follows:

T _ i i _pitt L it
< w( i+l i )+kb( i—1 i ) (1)

VA Ax Ax

A time-step test (At) was conducted, and At = 3 min (20 times/h) was
considered in the present study. This time-step is suitable to simulate the
phase transition phenomenon by EnergyPlus, as recommended by
Tabares-Velasco et al. [38] and others [39-41]. The thermal conduc-
tivities ky and kg are determined using Egs. (2) and (3), as follows:

_ (KK
kw—f (2)
k/:+l +k7_’+l
kE:(l—lz i ) (3)

The C, of each PCM node is updated in each iteration scheme of the
CondFD, resulting in variable Cp, written by Eq. (4) as follows:
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Fig. 1. Flowchart of research methodology.
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The PCM-specific enthalpy h (in kJ/kg) is specified as a temperature-
dependent value, according to Eq. (5) [42].

h=h(T) (5)

The main assumptions considered in the simulation to simplify the
transient heat transfer model by the CondFD algorithm are as follows:

o All materials/layers are assumed isotropic and homogeneous, and no
heat is generated within each material/layer.

e The PCM layer is perfectly contacted with the construction materials,
so the contact resistance is insignificant.

e No hysteresis occurs within the PCM during the melting and solidi-
fication phases.

e The so-called sol-air temperature (Tso)-air) is presented to quantify the
elements’ outer surface temperature, considering the outdoor air
temperature (T,), inclined solar radiation (Ij;.), outdoor convection
heat transfer (h,), and the absorptivity coefficient of the element (),
according to Eq. (6) [43].

al,.  PAR

Toor—air = Ta +
' h,  h,

(6)

The term /%R was assumed equal to 3.9 °C and 0 °C, respectively, for
the horizontal and vertical surfaces [44].

Since the current work focuses on the NNV, the whole ventilation
process is controlled by the wind, according to Eq. (7) [45], as follows:

NNV = 0,, C\,Aopening Fschedute V ()

The Fschedute fraction of open area is defined in the EnergyPlus
schedule as 0 and 1, in which 0 means closed window and 1 refers to
100% open window. Besides, C,, is obtained for each time-step consid-
ering the angle between the wind direction and effective angle, ac-
cording to Eq. (8), as follows:

|[EA — WD
180
The EA and WD difference should range between 0° and 180°, and in
case it is more than 180°, the difference is reset to —180° degrees. This
formulation is a linear interpolation using the recommended values by
the 2009 ASHRAE Handbook- Fundamentals (0.5-0.6 for perpendicular
wind directions and 0.25-0.35 for diagonal directions).

C, =0.55 - *0.25 (8)

2.3. Model validation

Many research works have been implemented to verify the numerical
models of building-related applications simulated using the EnergyPlus
tool compared to experimental/numerical studies [46,47]. The devel-
oped numerical model in this work has been validated against our earlier
experimental data obtained for a room built from the same construction
materials and examined under similar climate conditions on 23
September 2021 [31]. Since enhancing indoor temperature is the core of
this work, the numerical and experimental data were compared con-
cerning the improvement in indoor temperature of the PCM rooms
with/without modification. The validation showed good agreement
between the numerical and experimental data, with an acceptable
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Fig. 2. Physical model of PCM room.

Table 1
Characteristics of construction materials/elements [36,37].
Construction Layer thickness k(W/mK) p (kg/m>) Cp (J/kg.K)
element (cm)
Isogam 0.4 0.35 1400 1100
Concrete 5 1.49 2300 800
Gypsum mortar 0.2 0.23 980 896
Cement mortar 1-2 0.99 2020 1000
Concrete brick 7 1.4 1440 750
PCM 1.5 (roof) 0.48 830 2210
(solid) (solid) (solid)
0.7 (wall) 0.22 878 2300
(liquid) (liquid) (liquid)
Plywood 3 0.18 950 1200
Single glazing 0.6 - - -
pane

deviation of a maximum of 4.3% and 3.5% between the reference and
PCM room indoor temperatures, respectively (Fig. 3). This deviation of
findings could be attributed mainly to the difference between the actual
weather conditions measured on-site and the predicted weather data
delivered in the simulation EPW file. Furthermore, the thermal char-
acteristics of construction layers involved in the simulation IDF file were
not accurately similar to those of the experimental room as they were
taken from the typical construction blog [36]. Moreover, the CondFD
algorithm did not consider the thin encapsulation layer, which is
necessary in the experimental study to avoid PCM leakage, causing a
slight difference between the numerical and experimental outputs.

2.4. Evaluation of indoor improvement

The influence of natural night ventilation (NNV) was investigated,
considering the role of low ambient temperature at night to enhance the
PCM room indoor temperature and improve its negative behaviour

during the heat discharging phase. For this purpose, the numerical
model was applied for two scenarios to show the influence of window
orientation and window-to-wall ratio (WWR) on the PCM room indoor
thermal comfort. These methods could help to highlight possible further
enhancements in the indoor temperature that could be reached along
with the PCM incorporation.

In the first scenario, the window orientation towards the east di-
rection (E) was assumed as the reference case following the design
specifications of the reference study [31]. The other orientations
considered in the numerical simulation were the South (S), Southeast
(SE), Southwest (SW), West (W), North (N), Northeast (NE), and
Northwest (NW).

In the second scenario, the best building orientation obtained in the
first scenario was adopted to explore the effect of WWR varied between
10% and 20% was investigated compared with the base case of WWR =
8.75%. Fig. 4 shows the proposed WWRs in this scenario.

Several parameters are used to evaluate the thermal comfort
improvement in the current scenarios, including the average indoor
temperature reduction, thermal load levelling reduction, and operative
temperature reduction.

The average indoor temperature reduction (AITR) is the average
decrease in the indoor temperature of the modified PCM room with NNV
compared to the PCM room without NNV. This indicator was calculated
in both studied scenarios (i.e., the effect of window orientation and
varied WWRs). Mathematically, the AITR for the PCM room with NNV
compared with the one without NNV in both scenarios was calculated
according to Eq. (9).

Ti withou - Tl Wil
AITR — thout NNV with NNV « 100% )
Ti,withaut NNV
The thermal load levelling index (TLL) quantifies the fluctuations
inside the built environment throughout the day cycle concerning the
indoor maximum and minimum temperatures. In view of that, the low
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TLL of a room designates improved thermal performance of its elements
(i.e., building envelope) to minimise the fluctuation between the high
and low temperatures. The TLL expression for a room was estimated
using Eq. (10) [48], as follows:

Ti,max - Tl min

TLLyyom =7 10
T pax + Ti min (10)

The TLL reduction (termed as TLLR) is adopted in the first scenario of

this work to compare the PCM room thermal performance under NNV
and specific orientation against the one without NNV.

The operative temperature gives a powerful indication of thermal
enhancement in the built environment since it is the temperature the
occupants feel [49]. This indicator considers the average indoor air
temperature and mean radiant temperature of interior building enve-
lope surfaces, according to Eq. (11).
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Tmr

T +
Operative temperature = : an

where T, is the mean radiant temperature calculated each time step by
the simulation tool. Subsequently, the OTR is quantified considering the
average operative temperature of the PCM room-enhanced with NNV
through the reference window (WWR = 8.75%), oriented towards the
best window orientation, compared with the same room with vary
WWRs (presented in Fig. 4). Mathematically, the OTR was calculated
following the same representation to calculate the AITR (i.e., Eq. (9)).

3. Results and discussion
3.1. Location of study

The numerical simulation was verified for six summer months, from
May to October 2021, under Al Amarah city weather conditions (Lat.:
31.84° N and Long.: 47.14° E, see Fig. 5), Iraq. The summer of this
location is harsh and categorised as a desert according to Koppen-Geiger
[50]. The ambient temperature is typically high during diurnal and
night hours, surpassing 45 °C and 30 °C, respectively.

Fig. 6 shows the average outside air temperature and solar radiation
on horizontal surfaces of the study location during July, the hottest day
in summer. The outdoor air temperature and solar radiation rate are
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remarkable in the PCM simulation studies since they determine the outer
surface temperatures of building elements and other heat transfer co-
efficients in the software tool.

The figure shows that the average ambient air temperature is above
45 °C during the daytime, typically exceeding 50 °C in some days, and
above 30 °C in the nighttime. This is meaningful to enhance the building
envelope thermal performance under such locations that rely worryingly
on high-performance cooling machines to secure thermal comfort. The
solar radiation is also high in the location under study, above 900 W/m?
during most summer months. However, solar radiation is lower in
October and the following autumn and winter months.

Although the outdoor air temperature and solar radiation are
essential for the PCM melting phase (heat charging), the wind speed and
wind direction remarkably affect the PCM solidification, especially in
the current work since the heat dissipation occurred passively. Fig. 7
displays the wind speed and wind direction during the study period, as
offered in the EPW file of the software.

Fig. 7 displays that the wind speed is mostly below 10 m/s during the
summer. Besides, the wind often blows from W and NW directions,
except in the second half of October, where the wind blows mostly from
the NE, E and SE.
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Fig. 5. Geographical position of study location within Iraq’s map.
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Table 2
Maximum and minimum PCM room indoor temperature under NNV through different window directions.
N NE E SE S SW w NW
May Tmax 46.59 46.58 46.34 46.35 46.37 46.37 46.21 46.21
Tmin 37.59 37.54 37.42 37.47 37.50 37.48 37.33 37.31
Jun Tmax 50.19 50.19 49.89 49.89 50.04 50.04 49.65 49.65
Tmin 41.26 41.22 41.11 41.19 41.23 41.19 40.95 40.93
Jul Tmax 52.26 52.26 52.02 52.02 52.08 52.08 51.88 51.87
Tmin 42.99 42.97 42.91 42.96 42.97 42.94 42.81 42.80
Aug Tmax 52.32 52.31 51.96 51.96 51.87 51.87 51.84 51.84
Tmin 42.56 42.53 42.42 42.49 42.45 42.42 42.28 42.26
Sep Tmax 48.78 48.78 48.54 48.54 48.31 48.31 48.46 48.46
Tmin 39.42 39.40 39.25 39.28 39.20 39.17 39.23 39.19
Oct Tmax 41.05 41.05 40.73 40.73 40.59 40.59 40.99 40.98
Tmin 27.55 27.53 27.36 27.39 27.30 27.27 27.46 27.45
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3.2. Effect of window orientation

The influence of window orientation on the PCM room under NNV
was studied numerically compared with the reference case (E), consid-
ering the other three wall directions (i.e., S, W and N) for WWR of
8.75%. The other orientations are also studied by rotating the PCM room
45° clockwise (i.e., NE, SE, SW and NW). The daily NNV was applied for
6 h, from 18:00 to 24:00, over the simulation period of six summer
months. The average maximum and minimum PCM room indoor tem-
perature with NNV considering all orientations, are listed in Table 2. The
table displayed remarkable temperature disparity between the diurnal
and night hours throughout the summer months. For instance, May,
June, July, and September showed temperature differences between the
maximum and minimum temperatures by about 9 °C, whereas August
and October were designated about 10 °C and 13 °C, respectively. This
daily temperature variation required successful cooling strategies to
maintain acceptable thermal comfort for occupants in such harsh
locations.

The improvement in the indoor PCM room was studied in view of the
AITR and TLLR in each case to specify the best window direction, as
mentioned earlier.

3.2.1. Analysis of AITR under different window orientations

The AITR was determined for the PCM room with different orienta-
tions during the night period and compared with the one without NNV
(oriented towards the east) to quantify the temperature reduction of the
PCM room at each window orientation. It is worth mentioning that the
AITR during the day was neglected since the NNV showed no influence
on the indoor temperature during sunshine hours in locations of high
ambient temperature throughout the day and nighttime [31]. Fig. 8
shows the AITR of the PCM room enhanced with NNV under all orien-
tations compared with the non-ventilated PCM room during the night
period.

Fig. 8 disclosed that the NNV through a single-sided window did not
reduce the PCM room indoor temperature by more than 1 °C during
May-September, regardless of window orientation. This is recognised
due to the high night air temperature, which was insufficient to
discharge heat from the PCM room considering the wind speed only.
Besides, the figure displayed that the W and NW orientations are the best
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for NNV compared with the others during May—October, whereas the N
and NE were the worst. The trend differed in October, where the S and
SW orientations showed better AITR than the other orientations by more
than 1.2 °C. Considering the wind speed and direction presented in
Fig. 7, it could be observed that the wind direction is mostly from NW
and W at the location under study. This is the main reason behind the
best AITR at these orientations since the NNV depends mainly on the
wind and buoyancy effect to ventilate the simulated room [51].

During hot months (May to September), the non-ventilated PCM
room could be enhanced by an average AITR of about 0.51 °C 0.52 °C,
0.68°C, 0.64°C, 0.65°C, 0.68 °C, 0.88 °C and 0.89 °C at the N, NE, E, SE,
S, SW, W and NW directions, respectively. Besides, compared with the
reference case (i.e., E orientation), only the W and NW orientations
could improve the indoor temperature over the PCM room with an E-
oriented window by 29.3% and 31.1%, respectively.

3.2.2. Analysis of TLLR under different window orientation

Fig. 9 presents the TLLR results of the PCM room under NNV and
different orientations during the simulation period. It was revealed that
the NNV had enhanced the room’s thermal performance with a TLLR
ranging between 9% and 17% during the investigated period. More
precisely, The TLLR ranged between 8.9% and 10.2% in May, 12.4%—
14.7% in June, 13.9%-15.8% in July, 13.3%-16.1% in August, 12.8%—
14.6% in September and 16.5%-17.3% in October. It also was noted that
the TLLR varied each month slightly with no specific trend of a partic-
ular orientation, except that the NE window orientation always achieved
the lowest TLLR. Besides, the TLLR was lowest during May and highest
in October, regardless of the window orientation. The highest summer
months (i.e., June-September) showed a relatively similar TLLR trend,
with a slight difference, in which July recorded the highest TLLR
compared with the other months. This is because the difference between
PCM room maximum and minimum temperatures during July is higher
than in other months. This resulted from high air temperature at night in
July with a slight effect for the NNV on the indoor temperature. It is
worth mentioning that the wind speed was overlooked in this study
since it was relatively similar in all months, reaching a maximum of 15
m/s, referring to Fig. 7.

1.4

Fig. 8. AITR of PCM room with different window orientations.
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Fig. 9. Average TLLR of ventilated PCM room with different window orientations.

3.3. Effect of WWR on the indoor thermal enhancement

The influence of WWR on indoor thermal enhancement was analysed
considering different WWRs, namely WWR10, WWR12, WWRI14,
WWR16, 18 WWR and 20 WWR, compared with the reference case of
8.75 WWR for the PCM room with NW orientation, the best case ob-
tained in subsection 3.2. The effect of WWR on indoor thermal
enhancement was analysed in view of the AITR and operative temper-
ature reduction (OTR) in the PCM room-enhanced NNV at different
WWRs compared with the PCM room with no ventilation.

Limited studies have studied the effect of window orientation on the
indoor temperature improvement of a PCM-enhanced room/building.

However, the selected orientations are mostly reasonable concerning the
location under study and wind direction. Among others, Laasri et al.
[52] numerically analysed the temperature fluctuation reduction of a
light-weight square building integrated with PCM under Moroccan
weather conditions. Considering the effect of window orientation, their
study showed that the ventilation through the southern window has
mostly enhanced the building indoor temperature compared with the N,
E and W directions. Hu et al. [53] showed that the ventilation through
S-oriented window could effectively improve the indoor thermal com-
fort and energy saving of PCM buildings in Denmark. In their experi-
mental work, the authors revealed that the NV is necessary for
precooling in the above location in which the indoor temperature was
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decreased by 1.4 °C for 7 h in the PCM room compared with another
reference room with ventilation only. Durakovic and Halilovic [54]
experimentally investigated the effect of south-oriented window on the
indoor thermal comfort of a solar wall containing PCM under Sarajevo,
Bosnia weather conditions. The test results showed that the NV has
improved the indoor thermal comfort during summer, maintaining the
indoor space within the comfort range between 20 °C and 27 °C for 4
h-7 h daily, especially in the late afternoon and early evening.

3.3.1. Analysis of AITR of PCM room at different WWRs

The AITR of the PCM room-enhanced NNV with various WWRs is
compared to the references PCM room with no ventilation (WWR =
8.75%). The calculation outcomes of the studied cases are displayed in
Fig. 10.

Fig. 10 displayed that the AITR of the PCM room reduced as the
WWR increased during the simulated period, indicating better thermal
comfort. However, the influence of WWR was relatively similar during
all months, except during May and October, which showed better AITR
influenced by the colder nights. Considering all months, the AITR of
PCM room was enhanced by 0.89 °C at WWR = 8.75%, 0.92 °C at WWR
= 10%, 0.97 °C at WWR = 12%, 1.01 °C at WWR = 14%, 1.05 °C at
WWR = 16%, 1.09 °C at WWR = 18% and 1.14 °C at WWR = 20%
compared with the non-ventilated PCM room of WWR = 8.75%. These
AITR values are equivalent to 3.2%, 8.4%, 13.5%, 18.1%, 22.9% and
27.5% at WWR of 10%, 12%, 14%, 16%, 18% and 20%, respectively,
compared with the reference case of WWR = 8.75%.

The above results showed that applying NNV for 6 h at the best
window orientation (NW) and WWR (20%) could decrease the PCM
room temperature by a maximum of 1.14 °C over the case of a non-
ventilated PCM room directed towards NW. This temperature reduc-
tion is too slight compared to the heat dissipated from the PCM at
nighttime. Therefore, applying forced NV is suggested for such harsh
weather locations considering the ventilation time and amount of
ventilated air. Besides, an alternative cooling medium could be pro-
cessed to expedite the PCM solidification phase.

3.3.2. Analysis of OTR in PCM room with different WWRs

The OTR results of the PCM room with different WWRs throughout
the simulated months are presented in Fig. 11.

As designated in Fig. 11, the OTR of PCM was increased as the WWR
increased, showing a notable difference each month. Considering all
simulated months, the OTR ranged from 1.7% to 2.6%, 4.3%-6.8%,
6.9%-10.8%, 9.4%-14.8%, 11.8%-18.7% and 14.3%-22.5% at WWR of
10%, 12%, 14%, 16%, 18% and 20%, respectively compared with
8.75%. However, the OTR was slightly different in the simulated months
at WWR = 10% and started to be sharper as the WWR increased to 20%.
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Fig. 11. OTR of PCM room with different WWRs.
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The OTR was higher in May, followed by September, compared with the
other months, whereas July showed lower OTR than August and Jun.
The OTR in October was the lowest compared with all simulated
months. The main reason behind this OTR fluctuation each month could
be attributed to the varying night temperature each month, which was
relatively low in May compared with the other hot months, like July.
However, the situation differed in October, where the night temperature
was too low, and increased WWR resulted in a slight increase in OTR
compared with the original WWR.

Several literature studies have investigated the role of WWR in
enhancing indoor comfort in different PCM building applications. For
instance, Saber and Hajiah [55] numerically studied six different WWRs
ranging from 10% to 70% with other aspects for buildings with
PCM-drywalls under Kuwait City weather conditions. Considering the
annual loads, the results showed that the WWR of 10% could lower the
loads by 17.6%-20.5% and 4%-7.9% compared to the buildings with no
drywall and PCM drywalls, respectively. Besides, the WWR of 40%
showed the maximum annual total loads. The same PCM-dry wall
application was investigated under different Spanish regions consid-
ering various WWRs, namely 10%, 20%, 30%, 40% and 60% [56]. The
results generally showed improved indoor thermal comfort thanks to the
PCM/WWR combination, in which the indoor temperature swing was
smoothened by up to 60%, and the indoor thermal comfort period was
extended by 1000-1600 h annually. Berardi and Soudian [57] investi-
gated the effect of WWR = 80% combined with PCM high-rise apart-
ments in Canada. The study outcomes showed that the peak indoor
temperature was reduced by up to 6 °C thanks to the effect of high WWR
and PCM integration into the walls and ceiling. Tungbilek et al. [58]
explored the effect of WWR = 25% for an office room with PCM walls in
the Marmara region, Turkey. The study considered thermal comfort
during workdays and off-days to show the contribution of ventilation
through windows to thermal comfort. The proposed system has swing-
ing of indoor temperature was reduced by 0.7 °C-1.4 °C.

4. Conclusion

This numerical study investigated the effect of natural night venti-
lation (NNV) to enhance the PCM room indoor temperature, considering
the window orientation and the window-to-wall ratio (WWR). A nu-
merical room model, validated with experimental data, was used to
analyse several cases considering all window directions, and WWR
varied from 8.75% to 20%. Several conclusions could be drawn from this
study, such as:

e Wind direction significantly influences the window orientation when
the PCM is combined passively with the building elements.

e The NNV has slightly improved the PCM room thermal performance,
regardless of building orientation.

e The best performance was achieved in the Northwest direction in the
studied location in which 1.2 °C diminished the PCM room indoor
night temperature concerning the non-ventilated PCM room.

e Enlarged WWR significantly impacts the PCM room indoor temper-
ature and maximises the effect of NNV. At the best room orientation
(i.e., Northwest), increasing the WWR has diminished the PCM room
average temperature by about 27.5% when enlarging WWR from
8.75% to 20%.

e The PCM room operative temperature reduction (OTR) increased as
the WWR increased, and night temperature significantly influenced
the monthly OTR. However, increased WWR has limited influence on
the OTR of the PCM room in October, and window size has less
impact during cold nights.

The study findings displayed limited effectiveness of NNV, attribut-
able to high outdoor night temperatures. Therefore, using an alternate
cooling medium is suggested for further research to tackle negative PCM
behaviour during the heat discharging phase. Besides, cross ventilation
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could be a better option for such locations considering the reduced PCM
amount incorporated, the size of windows, and their location.
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