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A B S T R A C T

In 2023, total greenhouse gas (GHG) emissions around the globe increased to 41.6 billion metric tons of CO2 
equivalent. Most of this emissions increase came from the use of residential electricity. In this regard, this study 
introduces a new integrated approach to enhancing energy-efficient buildings. This is in the above-mentioned 
context as it explores promising passive cooling strategies for reducing energy consumption and emissions in 
hot climatic conditions of the Middle East regions. The analysis incorporates integrating phase-change material 
(PCMs) with the reflective coating and the shading by solar PV panels not fully considered in other studies. In 
contrast to the conventional usage of PCMs or reflective coatings alone, it is found that their combination 
provides for a far better thermal management system for the building for minimizing heat absorption while 
allowing greater heat redistribution. Using ANSYS FLUENT software, experiments of the designs, the cooling 
loads, and CO2 emissions were validated through experiments conducted in earlier studies. The investigation 
shows that defining PCM integration and reflective coating individually reduces heat gain by 76.57 %,56.70 %, 
respectively; however, due to the greater microclimate efficiency of the building, these configurations do not 
yield the greatest heat gain reduction. Using PV panels as roof shaders show a 92.69 % heat gain reduction, and 
combining the reflective coating with PCM integration produced an 84.12 % reduction. Thus, it was found that 
the mass of CO2 emissions was 5.767 kg, 3.797 kg, 0.671 kg, and 2.114 kg for the respective 4 days for the cases 
of reflective coating, PCM integration, PV-shading and of reflective coating and PCM combined, respectively. 
This gives a direct comparison of several roof systems under hot climates for the first time and will aid in sus
tainable building design and climate resilience engineering.

1. Introduction

Global greenhouse gas emissions totaled 41.6 billion metric tons of 
CO2 equivalent, a 2 % increase from 2024 [1]. Electricity generation, a 
key aspect of human development, continues to be the primary engine of 
climate change [2]. The annual global electricity consumption per 
person was predicted to be 21,394 kW-hours in 2023, being among the 
main sources. In contrast, the average amount of electricity per person is 
19,239 kWh in Asian states. This explicitly shows that the discrepancy in 
consuming electricity is the leading cause that divides these regions 

apart [3]. However, the report says this increased in homes primarily, 
and thus, It is now critical to take decisive steps to reduce electricity 
needs, thereby lowering both those demands and greenhouse gas 
emissions, through rapid adoption of sustainable solutions [4]. Nowa
days one of the most concerning things is that the pollution in the 
Eastern Mediterranean and the Middle East has exacerbated greenhouse 
gas emissions (GHGs) causing the environment to be affected adversely. 
This particular direction, without any doubt, signifies a definite and 
immediate directive to implement actions that can be genuinely revo
lutionary for the region towards ending the climate change crisis [5]. 
Moreover, A report by the U.S. Energy Information Administration (EIA) 
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declares that 35 % of the electrical consumption needed in some areas is 
consumed by residential buildings [6]. Addressing this sector could play 
a pivotal role in improving energy efficiency in residential buildings, 
which can significantly reduce overall emissions [7]. According to J. 
Torres et al. [8], roof insulation is extremely important because 56 % of 
the gain of a building’s solar heat is attributed to the roof. The absence of 
a good insulating material leaves behind surplus heat, thus calling for 
extra air conditioning, which in turn causes more electricity to be used. 
New studies have supported that thermal insulation is instrumental in 
the energy efficiency of buildings [9–11], thus contributing to the 
decrease of GHG emissions. Scientific experiments have proven that 
innovative thermal insulating methods, such as polyurethane wall 
insulation, can reduce the cooling loads by 73 % [12]. A. Husseinet. al 
demonstrates that a 5 cm layer of natural stone on the wall layer acts as 
an insulator and can minimize thermal leakage by 49 % when the 
window-to-wall ratio is under 25 % [13]. These findings demonstrate 
the promise of insulation improvements in the reduction of energy 
consumption. In conjunction with traditional offerings, environmentally 
viable options like the use of chemical-treated wooden insulators have 
come to light. These materials are reported to have a thermal conduc
tivity of 0.038 W/(m⋅K) which is 5 % less than that of the expanded 
polystyrene type and has become more efficient [14]. Furthermore, 
Mahmood et.al. utilized an innovative and very effective technique by 
using locally made insulation material such as reed mat, sawdust, and 
cork grains as a two-layered insulated wall treated chemically. In 
particular, the excitation of these sawdust mats by only energy combines 
50 % of not using the sun and this makes them also environmentally 
friendly. 44 % of the sawdust used for production and 40 % of the cork 
grains used in the process also present the same positive effect [15]. 
Phase-change materials (PCMs) have emerged as another innovative 
solution. By the process of storing and releasing heat in phase transition, 
PCM enhances indoor temperature stabilization and consequently leads 
to lower cooling needs. Integrating PCM with walls, floors, and ceilings 
has been found to be an important method to reduce CO2 emissions, 
even reaching up to 76.57 % in some cases [16–22]. Additionally, using 
a 2 cm air gap, with PCM insulation could result in a decrease of about 
72–75 % heat gain and a reduction of meteorological variability by 4–7 
◦C [23]. Though the problem of less heat loss during the night with more 
PCM layers is faced, it is difficult to eliminate this drawback. To address 
this, PCM insulation and roof ventilation, both when employed together, 
can solve the problem of not good heat dissipation at night. CFD analysis 
displays settings that are projected to work best, for example, a melting 
point of 35–37 ◦C with ventilation speeds of 2.4 m/s can lower the 

maximum temperature by 4.11 ◦C [24]. Also, PCMs as a layer integrated 
inside walls or roofs is not the only form that can be used. For example, 
using cylindrical aluminum capsules containing PCM in the outer row of 
bricks reduced the room temperature by 1.9 ◦C, while placement in the 
inner row reduced the temperature by 2.7 ◦C [25]. Another form of PCM 
in building envelops is capsules, combining them with a metal sheet roof 
results inner room temperature reduction [26]. after 4 types of PCM 
testing, they concluded that the highest melting point (59 ◦C) PCM had 
the highest decrease in the inner room temperature compared with other 
PCMs with lower melting points. However, the selection of the PCM 
melting temperature is highly dependent on the PCM’s position in the 
room i.e., the medium temperature of the PCM. A recent study examined 
various parameters impact on heat loss between floors in apartment 
buildings including different types of PCMs void former shapes, void 
former placement, and combinations of PCMs and insulating layers [27], 
over 48 hour time period, a heat flux reduction of 36.74 % was achieved 
using CT24W PCM type-integrated void formers. Other methods of 
insulation that can be used include shading the building to prevent solar 
radiation from reaching the roof. Shading strategies stabilize the insu
lation methods. For example, during the summer period, shading and 
adding photovoltaics (IES-VE) to a roof would have the effect of 
reducing the heat gain by 10.87 %, while the winter heat loss might 
increase slightly by 3.8 % [28]. In Saudi Arabia, full roof shading has 
revealed a 12.3 % reduction in cooling loads [29]. The systems that act 
as a dual purpose, such as Solar PV panels, as shading devices and energy 
generators, will increase thermal performance and energy efficiency, 
and thus, renewable integrated energy systems will be the result [30]. 
Yang Cai studied the potential of the combination of PCM and PV panels 
on building energy efficiency using TRNSYS software [31], integrating 
PCM and PV panels in building walls. their exergy analysis shows 11.66 
% electrical efficiency enhancement and 1.54 % regarding thermal 
exergy efficiency, however integrating PCM and PV panels with the roof 
could have more potential electrically and thermally, which is investi
gated in the present study, using ANSYS software which is considered as 
the premier tool for this type of work [32]. The uniqueness of the study 
concerns integrated passive cooling mechanisms through PCMs, reflec
tive coatings, and sun-shading technologies using PV-panels to improve 
energy efficiency in any hot region. Unlike previous findings that 
considered using such techniques in isolation, this study investigates 
their interaction using ANSYS Fluent 2024 R1, simulating a full-scale 
room with detailed roof layers for four continuous days, highlighting 
the PCM melting and solidification process during day and nighttime. 
The importance of research is further scaled with experimental 

Nomenclature

A The surface area perpendicular to the layer
Cp Heat capacity
e Internal energy
ΔE Total energy saved
h Enthalpy
hf Melting heat of fusion
hj Enthalpy of species j.
J→

j The diffusion flux of species j.
k Thermal conductivity
keff The effective thermal conductivity
m Mass of PCM
mα Mass of melted PCM
p Pressure
q Heat flow
ql Latent thermal energy stored
qs Sensible thermal energy stored
Rth Thermal resistance

Sh Volumetric heat sources
T Temperature
Tl PCM liquid state temperature
T0 Reference temperature of air
Ts PCM solid-state temperature
t Time
V Velocity vector of air
X Layer thickness

Greek symbols
α Liquid fraction
β Thermal expansion coefficient
μ Dynamic viscosity of air
ρ Density
ρl PCM liquid state density
ρ0 Reference density of air
ρs PCM solid-state density
τeff Effective stress tensor
Ψ Co2 mass
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validation and thus closes the gap between the simulated and real-world 
problems. It is indeed a novel study in building thermal sustainability.

2. Methodology

2.1. Geometry design

Five cases were compared for methods of reducing indoor room 
temperature. In Case A, a basic room without insulation served as the 
reference. In Case B, the outer surface of the roof is shaded using solar 
PV panels, for Case C, acrylic paint coating is applied on the outer roof 
surface. Case D, meanwhile, has incorporated a 3 cm thick PCM layer 
within the roof structure. Finally, Case E is a combination of Case C 
acrylic paint and Case D PCM layer. Table 1 summarizes the 
configurations.

PCM denotes a thermal energy storage material that stores energy 
through latent heat. It absorbs heat from the environment while keeping 
a constant temperature during the charging phase. After that, additional 
heat raises its temperature as sensible heat when it has been completely 
liquefied. In contrast, at the time of discharging, when the environ
mental temperature drops below its melting point, the PCM solidifies 
and releases its stored heat as shown in Fig. 1.

The room sample for this study is a square structure with a floor area 
of 9 m² and a height of 2.8 m, featuring a glass window 1.5 × 1.9 m. The 
roof consists of many stratifications, representative of traditional Iraqi 
roofing: concrete tiles, sand, ferroconcrete, and gypsum. These config
urations apply to all of the cases, as shown in Fig. 2.

In cases (A), (B), and (C) the roof layers consist of, concrete tiles, 
sand, ferroconcrete, and gypsum, which is the Iraqi traditional roof 
configuration. Table 2 summarizes all the material properties being used

2.2. 1-Dimensional (1-D) circuit analogy

This study presents a one-dimensional (1-D) circuit analogy of heat 
transfer within a room, which can be modeled effectively using Fourier’s 
law of heat conduction. As such, it facilitates the computation of heat 
penetration through different roof layers, by treating each layer as a 
plane wall. Thus, heat flow from the outside to the inside of the room can 
be expressed as the relationship between the overall thermal potential 
difference to the total thermal resistances of all layers. It is similar to 
Ohm’s law and forms the basis for calculations regarding heat transfer as 
mathematically depicted in Eqs. (1) to (4) [34]: 

q =
ΔToverall
∑

Rth
(1) 

Here, q is the flow of heat, ΔToverallis the overall temperature difference 

through the layers, and 
∑

Rth is the total thermal resistance. Thus, in 
Case A, we derive the equation for heat flow through a room in a 1-D 
type form: 

q =
T2 − T7
∑

Rth
(2) 

where: T2 is the indoor temperature, T7 is the outdoor temperature.
Additionally, the total thermal resistance is expressed as: 

∑n

i
Rth = Ri + … + Rn i = 1, 2, 3, …, etc. (3) 

Each thermal resistance Ri is defined as: 

Ri =
ΔXi

ki.A
(4) 

Where ΔXi is the thickness of the layer i, ki is the thermal conductivity of 
the layer i, A and is the cross-sectional area. Thus, All the thermal re
sistances from R2 to R6 follow a similar format as Eq. (4) but with their 
specific values for thickness and conductivity as shown in Fig. 3

As previously mentioned phase change materials (PCMs) store heat, 
both sensibly and latently, and thus, for this, some more calculations 
need to be done on sensible and latent heat storage. For sensible heat 
storage qs, and latent heat storage ql, the formulations used are(5) to (7) 
[35]: 

qs = m. Cp. ΔT (5) 

For latent heat storage ql, we apply: 

ql = mα.hf (6) 

Where, m, mα is the total mass and melted portion mass of the PCM 
respectively, Cpis the specific heat capacity, ΔT is the temperature 
change, and hf. is the latent heat of fusion. Noting that the mα can be 
described as: 

mα = m . α,where α isthemeltfraction (7) 

Finally, to quantify energy savings from implementing enhancement 
strategies, we compare energy consumption between basic and 
enhanced rooms. The energy saved can be expressed as [36]: 

ΔE = Ebasic − Eenhanced (8) 

Where, EbasicisThe energy consumed for the basic room, and Eenhancedis 
the energy consumed for the enhanced room.

Fig. 4 shows Iraq’s latest data for 2023, where CO2 emissions come 
out to be approximately 0.689 kgCo2 / kWh across all other countries. 
This can lead us to give the formulation for CO2 emissions for all cases: 

2.3. CFD analysis

2.3.1. Simulation assumptions
The CFD analysis in this study was carried out using ANSYS 2024 R1 

software. In any simulation case, an appropriate assumptions should be 
made in the pre-processing stage of the simulation, to direct the study 
toward a more efficient and clear solution, thus, the following as
sumptions were made in the present study: 

1. The 4 walls and the floor of the room were considered insulated to 
study the effect of the heat gained from the roof only.

Table 1 
Simulated cases.

Case Description

A Basic room with no enhancements
B Shaded roof
C Painted roof
D PCM layer added roof
E PCM layer added roof combined with painted roof

Ψ = Co2 kg/kWh × Eenhanced (9) 
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2. Meteonorm weather database was used as variable solar radiation 
and ambient temperature throughout 4 continuous days (from 16 
August to 19 August).

3. For simplification, a constant value of convection heat transfer co
efficient of 22.7 w/m2 [33]between the roof surface, room window, 
and the ambient, neglecting the ambient wind velocity.

4. Convection and conduction heat transfer are only considered 
through the room’s glass window.

5. The solar irradiance is assumed to be generated inside the concrete 
tiles to make the selection of the convection with the ambient 
boundary condition in the software possible. Converting heat flux to 

Fig. 1. PCM charging and discharging processes.

Fig. 2. Room Roof Layers Configuration: (a) Basic room with no type of insulation (b) Roof layers (c) Roof layers with PCM layer(c) Roof layers with PCM layer.

Table 2 
Roof layers materials properties [33].

Material ρ (kg/m3) K (w/m.k) Cp (j/kg.k)

Cement Tiles 2100 1.1 837
Sand 1520 0.33 837
Ferro Concrete 1200 0.38 1000
Gypsum 1200 0.42 837
Glass 2720 0.7 880

M.A.T. Mahdi et al.                                                                                                                                                                                                                            International Journal of Thermoϩuids 27 (2025) 101189 

4 



heat generations by dividing heat flux values by cement tiles 
thickness.

6. No indoor heat sources.
7. No ventilation is taking place.
8. in case (B), the roof is considered to be fully shaded due to the use of 

an east-west solar panels configuration that covers the entire roof as 
shown in Fig. 5. 8 solar panels with 580 w of power are used to cover 
the area of 9 m2, facing the east direction, and neglecting the back PV 
panel radiation and other surfaces effects on the roof.

9. the thermal resistance of the acrylic paint is neglected due to its very 
thin coating (only the absorption coefficient property is considered).

A grid independence test (GIT) was made to ensure that the simu
lation results are independent of grid cells. Table 3 shows the GIT made 
in this study.

The mesh case 4 was chosen through all the simulation cases, as it 
provides the balance between good accuracy and computation time ef
ficiency, with a maximum skewness value of 0.000827, which means 
how much the grid cells deviate from its ideal shape, with max aspect 
ratio of 15.011, aspect ratio is the ratio of the long side of the mesh cell 
to the shortest side, lower aspect ratio indicating better mesh quality and 
an orthogonal quality of 1 which is a measure of the deviation of cell 
faces from being perpendicular, closer to 1 value indicates a high mesh 
quality, Fig. 6. shows the grid being used. This grid was solved using 
ANSYS Fluent package through the transient approach.

2.3.2. The governing equations and boundary conditions
Multiple mathematical models were used in this study, like energy, 

viscous, and melting solidification (in the cases of incorporating the 
PCM layer in the roof).

For the energy model, the equation used is as follows [38]: 

∂
∂t

(

ρ
(

e+
V2

2

))

+∇.

(

ρV
(

h+
V2

2

))

= ∇.

(

keff∇T −
∑

j
hj J→

j + τeff .V→

)

+ Sh (10) 

However, since there is no spices nor viscous heating effects, then the 
software will solve the equation in the following form: 

∂
∂t

(

ρ
(

e+
V2

2

))

+∇.

(

ρV
(

h+
V2

2

))

= ∇.
(

keff∇T
)

(11) 

And given that there is no ventilation inside the room, the heat 
transfer that is taking place from the gypsum layer in the roof to the 
indoor air will accrue naturally, and hence natural convection is taking 
place and that implies the use of Boussinesq density model to capture the 
flow induced by buoyancy forces, taking into account air density vari
ations due to indoor air temperature changes. As a result of using this 
model, the density of air is described in the following equation: 

ρ = ρ0(1 − β(T − T0)) (12) 

For the cases where the PCM layer is involved, a melting and solid
ification model is used and the use of this model will change the form of 
energy equation described above as shown below: 

∂
∂t
(ρH) + ∇.(ρV→H) = ∇.(k∇T) (13) 

The liquid fraction is then calculated via the equation below: 

α =
T − Ts

Tl − Ts
if Ts < T < Tl (14) 

If T < Ts, then α = 0
If T > Tl, then α = 1
For the viscous model, laminar model is used considering that the 

only motion of the indoor air is a result of natural convection, below are 
the conservation of mass and conservation of momentum respectively: 

∇.V→ = 0 (15) 

ρ(V→.∇)V→ = − ∇p + μ∇2V→ (16) 

However, activating the melting and solidification model will add a 
momentum source term to Eq. (15) that includes a damping effect as 
shown in Eq. (16). 

ρ(V→.∇)V→ = − ∇p + μ∇2V→ −
C

(1 − α)2
+ αo

V (17) 

The added term takes into account the mushy zone in the PCM during 
phase changes, this zone is where liquid and solid phases coexist. The 
software treats the mushy zone as a porous medium, and the value of 
liquid fraction that is calculated based on the enthalpy of PCM repre
sents the porosity of the medium.

An appropriate PCM was chosen according to the range of temper
atures of the sand layer in the roof during the day and night times. It 
should be noted that it’s not possible to use the same PCM type for cases 
(D) & (E) due to the difference in the temperature ranges in the sand 
layer, using a PCM whose melting temperature range is out of the 
environment temperature will not activate the PCMs melting and so
lidification process, hence, it’s very crucial to select a PCM type that its 
melting temperature range within the placed environment temperature. 
Table 4 shows the properties of the PCMs used in the above cases.

RT38 and RT44 PCMs were used in cases (E) and (D) respectively. As 
for the boundary conditions, variable heat flux and ambient 

Fig. 3. Room Circuit Analogy.
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temperatures during the 4 days were implied with a constant value of 
convection heat transfer coefficient. A different set of data was used for 
the heat flux for the cases being studied.

For cases (A) and (D) the solar radiation was assumed to be fully 
absorbed by the outer roof layer (cement tiles), and this was imple
mented as heat generated inside the layer itself with a convection 
boundary condition on both the cement tiles and the glass window 
which is assumed to be fully shaded as shown in Fig. 7.

For case (B), in which the roof is assumed to be fully shaded, only 
convection boundary condition is implemented in the cement tiles sur
face, along with the glass window.

2.3.3. Numerical procedure
No insulation system can be applied without using the right water

proofing approach of the concrete. The critical necessity of cement tiles 
waterproofing arises from water ingress into concrete due to the for
mation of pores during the concrete curing phase. Consequently, cement 
tiles must be protected using various methodologies aimed at reducing 

Fig. 4. World map shows the amount of Co2 per kWh [37].

Fig. 5. East-west configuration of solar panels shading the entire roof.

Table 3 
GIT results.

Mesh 
Case

Number Of 
Cells

Room Indoor Average Temperature Throughout 24 
h (k)

1 115,587 309.77
2 210,584 309.87
3 325,523 309.82
4 478,633 309.55
5 562,541 309.85
6 660,842 309.47
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water penetration, which can cause severe corrosion of reinforcement 
bars, thereby shortening their service life. In cases (C) and (E) the acrylic 
paint is painted on the cement tiles surface, which serves as a waterproof 
and reflective coating with an absorption coefficient of 0.4 [41], i.e., not 
all the solar radiation is absorbed. The acrylic paint prevents heat from 
penetrating the room by reflecting the direct radiation away from the 
room. To ensure an accurate simulation, a time step size of 10 s was 
selected, resulting in >60,000 data points, with a time step number of 
34,560 to obtain a full 4 days (345,600 s). for the pressure-velocity 
coupling, a SIMPLE solution scheme, acquiring faster convergence in 
simple flow cases and a second-order upwind for all the governing 
equations used for more accurate interpolation. The simulation’s initial 
conditions assumed a value of 303.5k for the cement tiles layer and 
glass, 308.15k for the sand and ferroconcrete, and a value of 296.15k for 
the gypsum layer and indoor air.

2.4. Validation

To validate the accuracy of our numerical model, we compared our 
simulation results with experimental data from Al-Yasiri and Szabó [42]. 
Their study examined the thermal performance of a building envelope 
integrating PCM and EPS insulation. The numerical methodology used 
in this validation against the reference room of the experimental study. 
The room envelope of 1m3 in their experiment consisted of a 7 cm thick 
concrete brick wall, a 2 cm thick cement mortar, and a 5 cm thick 
concrete roof covered with a 0.4 cm isogam layer from the outside and a 
0.2 cm gypsum mortar from the inside. We used our numerical model to 
simulate their exact experimental setup, including boundary conditions 

and material properties. Comparing our simulation results with their 
experimental data, we found that our model accurately predicted the 
indoor temperature of the test room, with an average error of 14.74 % 
and a maximum error of 22.31 %. This validation confirms that our 
numerical model is reliable for predicting the thermal performance of 
building envelopes. It can be used to optimize envelope designs for 
various climates and building types. Fig. 8 shows that the numerical 
approach follows the same experimental trend of average indoor refer
ence room temperature. The observed discrepancies between experi
mental and numerical results, can be attributed to inherent numerical 
assumptions such as constant material properties and convection heat 
transfer coefficients, as well as potential experimental measurement 
errors. These factors, while acknowledged, do not undermine the overall 
confirmation of our methodology’s effectiveness.

Therefore, this validation not only confirms the simulation results 
but, more importantly, establishes the validity of our numerical meth
odology for predicting the thermal performance of PCM-integrated 
building envelopes. This validated approach can now be confidently 
applied to optimize envelope designs across diverse climates and 
building types.

3. Results

The current study exposes a holistic simulation of thermal manage
ment strategies for evaluating several techniques’ effectiveness in 
reducing heat flow into the buildings for later energy consumption 
reduction in the Middle Eastern region, specifically in Iraq, from August 
16–19. The above month is generally characterized by desert ambient 

Fig. 6. Multiple views of the generated grid.

Table 4 
PCMs properties.

PCM Type ρs (kg/m3) ρl (kg/m3) K(w/m.k) Cp(j/kg.k) hf (kj/kg) Ts Range(k) Tl Range (k)

RT38 [39] 880 750 0.2 2000 170 307.16 312.16
RT44 [40] 800 700 0.2 2000 250 314.16 317.16
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Fig. 7. Named selections of the boundary conditions.

Fig. 8. Average indoor room temperature for the present study against Al-Yasiri and Szabó.

Table 5 
Thermal performance and emissions across simulated cases.

Case Peak Temperature (K) Minimum Temperature (K) ΔT (K) Standard Deviation (K) Heat Flow Reduction ( %) CO₂ Emissions (kg/4 days)

A 320.45 300.12 20.33 6.25 0 9.151
B 309.96 298.85 11.11 3.68 92.69 0.671
C 314.16 299.47 14.69 4.25 56.70 5.767
D 315.52 300.09 15.43 4.78 73.65 3.797
E 313.66 299.85 13.81 4.11 84.12 2.114
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air conditions, whereby daily temperatures can exceed 45 ◦C and remain 
at night temperatures of over 30 ◦C, especially in July and August. The 
outdoor temperature and solar heat flux data were obtained from 
Metronome software, which has Worldwide irradiation data under 
Typical years and historical time series. The study outlines five cases as 
shown in Table 1. The strategies’ effectiveness was evaluated by heat 
flow reduction, indoor temperature stabilization, and minimized de
mand for cooling energy as summarized in Table 5 summary of all cases.

The findings revealed that the lowest heat flow reduction was ach
ieved under Case A with highest range of instability of indoor peak 
temperature around 320.45 K, a fluctuation range of 20.33 K, and a 
standard deviation of 6.25 K. In contrast, Case B using Full roof shading 
with east-west PV panels achieved 92.69 %, the highest among all cases. 
Peak indoor temperatures dropped to 309.96 K, a fluctuation range of 
11.11 K, and a standard deviation of 3.68 K as given in Fig. 9. They 

effectively block direct solar radiation so that roof surface temperatures 
are reduced significantly. This method will be more successful in regions 
with high solar radiation characteristics since it then directly reduces the 
heat gained at peak hours. in (Case C) our study concentrates on the 
Reflective coatings utilization to reflect solar radiation. The paint 
technique showed moderate improvements with a maximum heat flow 
reduction of 56.70 % and a peak temperature of 314.16 K with a fluc
tuation range of about 14.69 K and a standard deviation of 4.25 K, 
indicating moderate stabilization. The reflective paint absorbs solar 
radiation and reflects a substantial portion of it, thereby inhibiting its 
penetration into space. Although reflective coatings improve conditions 
moderately, they are very poor at peak desert conditions due to pre- 
reflection heat absorption. PCM’s thermal storage capabilities buffered 
temperature swings by absorbing heat during the daytime and then 
releasing it at nighttime. Therefore, PCM integration moderates daytime 

Fig. 9. a) Average value of Heat flow through the room; b) Total amount of energy saved for the 4 cases; c) Amount of Co2 consumed for each case. Measurement 
was conducted for 4 days.

Fig. 10. a) Heat flux trends and ambient temperature, b). Heat flows through the room for all the cases for 4 days; c) Average indoor room temperatures; d) Average 
Mass fraction of PCM layer.
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temperatures and increases nighttime degrees slightly due to the 
discharge effect.

The heat flow was reduced by 73.65 % in Case D, which incorporates 
PCM. The peak temperature was 315.52 K, the ΔT was 15.43 K, and the 
standard deviation was 4.78 K. Case D’s PCM integration effectively 
dampens temperature fluctuations, and thermal regulation has other 
advantages, such as storing heat during the day and releasing it at night 
to maintain precisely cycling indoor temperatures. With a peak tem
perature of 313.66 k, a temperature gradient (ΔT) of 13.81 k, and a 
standard deviation of 4.11 k, Case E was able to reduce heat flow by 
84.12 %. Over the course of four days, the integration of PCM in case E 
considerably stabilized temperatures, revealing glasses with decreased 
interior temperature variation (ΔT) at standard deviation. Case (E) was 
more advantageous than Case (D) because of the synergies that resulted 
from using reflective paint and PCM, which enhanced heat reflection 
and storage simultaneously. If we compare the melting and solidification 
mass fractions of the PCM layer in cases (D) and (E) (Fig. 10d)), we can 
see that Case (E) experiences more activation than Case (D) over the 
course of the four days. This is likely due to the fact that Case (E) makes 
use of PCM with a smaller melting temperature area than Case (D), and 
because applying acrylic paint to the outside of the roof decreases the 
heat flow into the room.

From these cases, it is evident that Case (E) has higher thermal ef
ficiency because when the reflective coating is combined with the PCM, 
the energy savings are maximum and consequently benefit by reduced 
cooling energy demand towards more consistent indoor temperature 
regulation and enhanced indoor thermal comfort. The temperature 
variations, on the one hand, bring energy efficiency results, to such a 
case, for instance, Case E, where reflective paint led to PCM activation 
since it reduced initial heat flow. In that case, combined strategies 
induced maximum energy efficiency because in just four days CO2 
emissions were reduced to 2.114 kg, as against 9.151 kg in Case A (see 
Fig. 9c). However, Case (B) recorded the lowest CO2 consumption over 
four days, and it has 0.671 kg. On the other hand, reflective coating 
alone emitted 5.767 kg (Case C), while PCM-integrated only produced 
3.797 kg (Case D). These results show how lowered temperature vari
ability directly affects energy consumption and greenhouse gas emis
sions. In each case, the highest air temperature indoors is noted to be 
closer to the gypsum layer directly involved by convection heat transfer 
between the gyps and the air as is shown in Fig. 11(a–d). Contours show 
that Case B is observed as cooler than Case A within the peak solar hours. 
Furthermore, Case (E) exhibits the least variable temperature regime.

Hence, hot air accumulates at the top causing even hotter areas 
around that as indicated in Fig. 12(a–d). The integration of passive 

Fig. 11. Mid-plane room temperature counters of all cases (A-E) at a) 12:00 AM, b) 6:00 AM, c) 12:00 PM, d) 6:00 PM for 4 days.
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techniques such as Cases (D) and (E) has succeeded in prolonging the 
point of indoor temperature peak. The analysis of the energy saving and 
indoor temperature reduction in association with the combination of 
PCM with reflective coating, Case (E), indicated significant savings and 
temperature reductions as a result of applying reflective paint together 
with PCM. Certainly, such data will provide building energy efficiency 
improvements in the eastern Mediterranean and Middle Eastern coun
tries. Such strategies may also help in reducing energy consumption for 
conditioning, and greenhouse gas emissions, and improving indoor 
thermal comfort towards the sustainability of buildings in hot desert 
climates.

4. Discussion

The findings of this study demonstrate the effectiveness of inte
grating phase-change materials (PCMs), reflective coatings, and solar 
shading in improving the energy efficiency of buildings in hot climates. 

The results highlight the potential of these passive cooling strategies to 
reduce heat flow, stabilize indoor temperatures, and minimize CO₂ 
emissions. Case (D) aligns with Dardouri et al. evaluated PCM-insulation 
combinations in Tunisian climates, demonstrating energy savings of up 
to 76.46 % with a double PCM layer in double-wall structures as they 
resulted in very stable indoor temperatures and significant energy sav
ings [22]. however, The combination of PCM with reflective coatings 
(Case E) achieved higher heat flow reduction of 84.12 %, indicating a 
7.66 % increase in energy saving compared with Dardouri et al. More on 
Case (D),Al-Yasiri and Szabó [42] researched how to integrate PCM with 
EPS insulation to form a building envelope with improved performance 
given harsh summer conditions, which is analogous to Case (D) in our 
study that in fact, demonstrated benefits from PCM integration for 
improving their results. They reported improvements in thermals inertia 
with an indoor temperature reduction (MITR) of 143 %. There was also a 
time lag increase of 177.2 % when compared with PCM-only configu
rations, giving importance to optimized EPS thickness (1–2 cm). Liu 

Fig. 12. PCM Mass fraction for case (D) during days a) 1, 2; b) 3, 4 every 4 h, and case (E) during days c) 1, 2; d) 3 and 4 every 4 h.
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et al. [43] optimized PCM parameters for lightweight building walls, 
which reduced the peak heat flux up to 66.52 %, making it more 
effective than Case (C), and less effective compared with Cases (B),(D), 
and (E). While our results (Case D: 73.65 %) bridge this gap by tailoring 
PCM melting points to Iraq’s climate. Similarly, Yu et al. [24] published 
CFD simulations to perform analysis over PCM roofs across the climate 
zones with decrement factor reductions of >85 %. While this study 
provides valuable insights, it has some limitations that should be 
addressed in future research. The simulations assumed no ventilation 
and no indoor heat sources, which may not reflect real-world conditions. 
Future studies should incorporate these factors to provide a more ac
curate assessment of thermal performance. The cost of implementing 
PCM, reflective coatings, and solar shading was not considered in this 
study. Future work should evaluate the economic feasibility of these 
strategies, including installation and maintenance costs.

5. Conclusions

This study validates experimental data to simulation results, thus 
rendering the outcomes more credible than models built just with 
numeric simulations. The integrated system of phase change materials 
(PCM), reflective acrylic coatings, and solar panel roof shading all show 
well-increased improvement in thermal performance and energy effi
ciency for residential buildings in hot climates. The experimental vali
dation of (CFD) simulations using real weather data in ANSYS Fluent has 
demonstrated temperature reductions as well as energy savings for all 
cases evaluated. Such cases include roof shading with solar panels (Case 
B), which led to the maximum reduction in indoor temperature, 
reaching a peak of 309.96 K, compared with 320.45 K for the baseline 
(Case A), thus having a difference of 10.49 K. Using reflective paint in 
conjunction with PCM (Case E), the peak indoor temperature was 
reduced down to 313.66 K, leading to a 6.79 K decrease, yet also the 
most stable temperature profile (ΔT = 13.81 K, standard deviation =
4.11 K). This is the first study to assess many passive cooling techniques 
and introduces some new performance metrics for thermal performance 
and the impact on the environment, such as temperature fluctuation 
ranges (ΔT) and CO₂ emissions by case. Thus, it has been proved that 
indoor thermal comfort was improved by combining heat reflection and 
thermal storage, which reduces cooling demands through the integra
tion of reflective coatings with PCM. These findings provide a premise 
for sustainable buildings.
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J. Kośny, L. Hu, Sustainable wood-waste-based thermal insulation foam for 
building energy efficiency, Buildings 13 (2023) 840, https://doi.org/10.3390/ 
buildings13040840.

[15] A. Mahmood, H. Qatta, N. Hussein, Effect of using local insulation materials on the 
indoor temperature of residential buildings at Iraq, ETJ 37 (2019) 37–45, https:// 
doi.org/10.30684/etj.37.2A.1.
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