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Abstract: The residential sector in Egypt is one of the largest energy consumers, exacerbating the energy crisis due to reliance on fossil
fuels and the growing gap between supply and demand. This study aims to enhance energy efficiency in the integration of Phase Change
Materials (PCMs) into residential buildings for thermal energy storage. The impact of PCM was analyzed using Energy Plus, the simulation
engine for Design Builder, focusing on five major Egyptian cities representing different climate conditions. The CondFD algorithm was
applied to simulate heat transfer and assess Reinforced building components with PCMs to lower energy use while maintaining indoor
thermal comfort. Initially, three potential PCM options are assessed for a baseline residential unit, with M91/Q23 featuring a melting point
of 23°C and a thickness of 37 mm was determined to be the most effective configuration when applied to the exterior layers of the building
envelope. This PCM is subsequently incorporated into a standard single-story, multi zone residential buildings for further analysis.
The average energy savings per month of 17.55% is achieved in Assiut, 16.28% in South Sinai, 16% in Alexandria, 15.68% in Ismailia, and
14.8% in Aswan. It was found that the use of PCMs to improve energy efficiency in residential buildings depends on different types
of PCMs and how to select the best type with the best thickness based on their physical properties.
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1. INTRODUCTION

The global demand for energy continues to rise due to rapid
population growth and industrial expansion. Over time, the signifi-
cant increase in residential and commercial buildings has widened
the gap between energy production and consumption, particularly
in developing nations. As reported by the International Energy
Agency (IEA), the real estate and construction sector accounted for
approximately 35% of the world’s total energy consumption in 2024,
with residential buildings representing the largest share at 22% of
total energy usage. Egypt relies heavily on imported fossil fuels for
energy production. However, the continuous rise in global fossil fuel
prices has rendered it increasingly challenging for the country to
meet the energy demands of its residential sector. To enhance en-
ergy efficiency in buildings, Egypt introduced building codes in
2013, incorporating various strategies. However, most of these
strategies primarily focus on traditional thermal insulation methods
for building envelopes. Despite their widespread use, traditional in-
sulation materials come with significant limitations. Organic insula-
tion materials are highly flammable and produce toxic fumes, while
inorganic insulation materials are costly and dense, which reduces
their suitability for conserving energy in buildings [1]. Moreover, in-
creasing the thickness of insulation is often suggested as a method
to enhance energy savings. However, this approach is not always
practical due to space limitations, particularly in lightweight build-
ings [2]. As a result, achieving a balance between reducing cooling
and heating loads while maintaining indoor thermal comfort

becomes challenging when relying solely on traditional thermal in-
sulation materials.

In this context, Phase Change Materials (PCMs) offer a solution
for enhancing the energy efficiency of buildings. These materials
have the ability to store a significant amount of latent heat, which
helps regulate indoor temperatures. During the phase change pro-
cess, phase change materials (PCMs) store and discharge thermal
energy by absorbing heat during melting and releasing it upon so-
lidification while maintaining a nearly constant temperature. This
characteristic provides high energy density and contributes to sta-
bilizing indoor thermal conditions, thereby lowering dependence on
traditional heating and cooling systems [3]. As a result, PCMs can
significantly contribute to building energy efficiency by shifting ther-
mal demand during peak periods, thus decreasing the energy us-
age of heating and cooling system while improving indoor thermal
comfort for the building's occupants [4]. These materials can be in-
tegrated into building envelopes using various techniques, catego-
rized into active and passive methods [5,6]. Active methods rely on
external energy sources, such as mechanical or electrical systems,
to control energy storage utilizing PCMs units installed within build-
ings [7]. In passive strategies, PCMs are integrated within the build-
ing's structure by embedding them within construction materials for
instance, concrete, gypsum board, plaster, wall panels and under-
floor layers [8]. These methods are widely preferred since they do
not require external energy sources and require minimal upkeep.
Habib et al. [9] investigated the use of PCMs for thermal energy
storage (TES) in buildings, analyzing various integration strategies.
Their study explored the incorporation of PCMs into walls, floors,

121


mailto:prof.dr.said@hotmail.com
https://orcid.org/0000-0001-8558-0021
https://orcid.org/0009-0008-9502-8140%20

Said M. A. Ibrahim, Abdelrahman A. Shaheen

Thermal Performance Enhancement for Buildings using Phase Change Materials (PCMs)

ceilings, and ventilation systems, as well as the potential of smart
PCM technologies for future advancements in energy-efficient
building design. Han et al. [10] examined the effectiveness of bio-
based PCMs in reducing energy consumption when integrated into
wallls, ceilings, and floors. Their study focused on how these mate-
rials absorb and release heat, contributing to indoor temperature
stabilization. Similarly, Kazanci et al. [11] developed fire-resistant
PCMs by incorporating halogen-free flame retardants, such as pen-
taerythritol and ortho-phosphoric acid, into the microencapsulation
process to enhance their safety and durability. Additionally, the im-
pact of PCMs on the thermal behavior of building exterior was ex-
amined through experimental testing assessed through a series of
thermal cycle experiments [12]. These experiments provided valu-
able insights into how PCMs influence heat transfer and contribute
to improving energy efficiency in buildings. Research findings re-
vealed that placing the PCM layer nearer to the internal environ-
ment yields the most effective thermal regulation. Li et al. [13] car-
ried out an experimental investigation Where PCM was integrated
into a glazed roof, demonstrating approximately 47.5% energy sav-
ings with Achieving cost recovery within 3.3 years. Additionally, an
experimental study utilizing a weather simulation system was con-
ducted to test PCM layers in walls showed a significant impact on
indoor thermal stability, with a 10°C reduction in reduction in daily
variations of indoor air temperature and a 40% reduction in the peak
heating demand [14]. Castell et al. [15] evaluated the performance
of PCMs in five experimental room’s constructed using standard
building techniques. The study was conducted under the specific
environmental conditions of a Mediterranean climate, which is char-
acterized by hot, dry summers and mild, wet winters. Their findings
revealed a 15% decrease in electrical energy usage due to better
thermal regulation and reduced reliance on mechanical cooling. Ad-
ditionally, the improved energy performance contributed to a de-
crease in carbon dioxide emissions, estimated between 1 and 1.5
kilograms annually per cubicle, highlighting the environmental ben-
efits of PCM integration in building design. Moreover, Pipes con-
taining encapsulated PCMs in two different diameters at various
depths were integrated within building walls to experimentally eval-
uate their capability in minimizing heat transfer through the building
envelope [16]. A reduction in heat flux of 22.5% was observed when
the phase change material was positioned near the interior wall sur-
face, while relocating the PCM to the wall's midpoint resulted in a
greater reduction of 36.5%. Furthermore, Experimental and com-
putational studies were conducted to assess the influence of phase
change materials (PCMs) on the thermal behavior of building walls
and roofs [17].

Conducting experimental studies to integrate PCMs into real
building exteriors under real-world climatic conditions presents sig-
nificant cost and time challenges. As a result, many experimental
studies either focus on unrealistic building envelope designs or are
limited to specific locations. To overcome these limitations, building
simulation platforms such as Energy Plus provide an efficient and
accurate way to perform complex and realistic building energy anal-
yses. Energy Plus is a highly recognized and commonly used dy-
namic simulation tool for building energy analysis, it is known for its
ability to model the energy and environmental performance of build-
ings in detail, offering advanced capabilities for modeling PCMs
within building envelopes [18]. Sovetova et al. [19] analyzed how
the integration of PCMs influenced the heating and cooling de-
mands in these buildings, and conducted a study to evaluate the
impact of PCMs on the energy consumption of residential buildings
in eight cities around the world, Using Energy Plus for detailed
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simulations. Their study analyzed thirteen different PCMs, with the
optimal selection leading to reductions in energy consumption rang-
ing from 17% to 34%. Similarly, Alam et al. [20] explored the im-
pacts of five different PCMs on the energy performance of residen-
tial buildings in six cities across Australia through numerical simu-
lations conducted in Energy Plus. Their findings demonstrated an-
nual energy savings of 17% to 23% in heating and cooling con-
sumption, highlighting the effectiveness of PCMs in improving build-
ing energy efficiency. Lei et al. [21] analyzed the impact of PCMs
on cooling load by simulating their integration into building enve-
lopes in the tropical climate of Singapore using Energy Plus. Their
findings revealed that incorporating PCMs could achieve a cooling
load reduction of 21% to 32%. Similarly, a numerical study con-
ducted in Nanjing, China, Explored the optimal placement of PCMs
layers within building walls [22]. The results indicated that position-
ing the PCM layer near the exterior surface of the wall was the most
effective strategy for enhancing thermal performance.

Various optimization methods have been employed by re-
searchers to refine the characteristics of PCMs, including their
thickness, placement, and cost, through building simulations. Ban-
iassadi et al. [23] applied an evolutionary optimization technique to
determine the optimal phase change material type and its corre-
sponding thickness. when applied to a two-story building simulated
in Energy Plus. Additionally, a multi-functional optimization ap-
proach was implemented to determine the optimal melting temper-
atures of PCMs, with the objective of reducing heating and cooling
loads in five Iranian cities. The study, which examined five distinct
types of bio-based PCMs, highlighted the critical role of melting
temperature in PCM performance. The findings demonstrated that
a PCM with a melting point of 25°C was most effective in reducing
cooling loads, whereas a PCM with a melting point of 21°C was
better suited for enhancing heating efficiency. These results under-
score examined the potential of integrating PCMs in buildings to
substantially lower energy consumption and improve indoor ther-
mal comfort [24].

Numerous factors influence the effectiveness of PCM in achiev-
ing energy savings in buildings, with climate conditions being one
of the most critical. Thiele et al. [25] conducted an assessment of
the potential energy and financial benefits resulting from the inte-
gration of phase change materials (PCMs) into single-family resi-
dential buildings located in San Francisco and Los Angeles over
the course of a year. Auzeby et al. [26] examined the application of
PCM to reduce overheating issues in residential buildings in the UK.
In France, Omari et al. [27] examined the seasonal performance of
PCM boards when incorporated into building walls. Similarly, re-
search in China has gained momentum over the past few years.
Cui et al. [28] explored how the positioning of PCMs within a simu-
lated room in Changsha impacts performance, whereas Jin et al.
[29] focused on identifying the most effective integration points for
PCM layers within wall assemblies in buildings located in Nanjing.
Insights drawn from the aforementioned works indicate that is evi-
dent that most research focuses on the impact of PCM on energy
savings across different climate zones and the influence of its loca-
tion within building structures. However, fewer studies have ex-
plored the detailed effects of PCM parameters and the underlying
energy-saving mechanisms, leaving a gap for further investigation.

Although significant research has explored the use of PCMs in
building envelopes, key gaps remain. Most studies focus on single
locations, limiting understanding of PCM behavior across diverse
climatic zones within the same country. Additionally, previous work
often investigates multiple or theoretical PCMs rather than
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assessing the consistent performance of a single commercial PCM
across different climates. The optimal placement of PCMs within
walls and roofs is also insufficiently evaluated, and only few studies
quantify the physical mechanisms that drive energy savings. To ad-
dress these gaps, the present study evaluates three commercial
PCMs across five contrasting Egyptian climates using a unified
building model, examines the effects of PCM placement in both
walls and roofs, and provides a comparative framework that iso-
lates the influence of climate, PCM type, and layer configuration.

2. METHODOLOGY

A detailed 3D model of the base case house is constructed, with
specific attention given to the construction details and internal
loads, such as lighting, appliances, and HVAC systems. This model
is then simulated using Energy Plus, which takes into account the
local climate's weather data, ensuring accurate performance eval-
uation under real conditions. PCM is incorporated into the model,
and its impact on energy savings is analyzed by comparing it to the
base case. A parametric analysis is conducted to assess various
PCM types, including their thickness and placement within the
building structure. This analysis helps identify the most effective
PCM solutions for different climatic zones. Afterward, dynamic en-
ergy simulations for multi zone residential buildings are carried out
to assess how PCM integration influences energy consumption and
overall efficiency. The results of these simulations provide insights
into the potential for reducing energy use while maintaining indoor
thermal comfort. A detailed breakdown of the methodology mod-
ules, such as building geometry, climate data selection, PCM inte-
gration strategies, and energy simulation procedures, is provided in
the following sections. This comprehensive approach ensures that
all relevant factors are accounted for in determining the best PCM
applications for energy efficient building designs.

No experimental runs were performed due to the high cost and
complexity of setting up multi-climate testing facilities. Instead, val-
idated simulation tools (Design Builder/Energy Plus) were used,
which implement an experimentally verified enthalpy based PCM
model. This approach enables accurate assessment of PCM per-
formance across five climatic regions.

2.1. Modeling and construction details

Energy Plus uses three main methods to simulate heat transfer
in opaque building elements: the Conduction Transfer Function
(CTF), and the advanced heat and moisture transfer algorithm
(HAMT). It is aimed to investigate the effect of using PCM on the
thermal comfort of a house located in five different cities in Egypt
with different weather conditions. To evaluate this impact, the sim-
ulated building is a single-story house with a total floor area of 399.7
m?. It includes a fagade-type structural design, wall height of 3.5
meters, and features a window-to-wall ratio of 40%, allowing for bal-
anced daylight and. A standard door measuring 0.8 x 2 meters is
also part of the building envelope. Energy Plus was utilized to as-
sess how integrating phase change materials (PCM) into building
components impacts thermal performance and energy efficiency.

This study simulates the energy performance of a typical Egyp-
tian house, focusing on the impact of construction materials and
phase change materials (PCMs) to optimize energy use and com-
fort. Tab. 1 illustrates the thermal properties of the simulated build-
ing's envelope elements. The construction layers are presented
from the exterior to the interior to reflect the actual exposure
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conditions. Thermal transmittance (U-value) for each element was
determined and compared to the reference limits specified by BCP-
2011 where applicable, which forms the basis for the design of the
base case house in this study. The thermal and physical properties
of all these materials are presented in Tab. 2 and are defined within
Open Studio, an open-source software platform designed to work
with Energy Plus simulations. This allows for accurate modeling of
the building's energy performance.

The house is modeled as a one-story, multi-zone structure,
providing a clear representation of typical residential construction.
The 3D model of the house, designed using Google Sketch Up, as
shown in Fig. 1. The floor plan of the house, which includes one
bedroom, an attached kitchen, and a reception area, is illustrated
in Fig. 2. This layout reflects the typical living space configuration
for a residential unit.

Tab. 1. Construction layers

Construction Thermal BCP-2011
Building Composition (Ex- Transmittance | Standard U-
Flement terio': to Interior) (U-value) value
(W/m*K) (W/m>K)
External External Plaster —
Brick Masonry — 1.867 1.867
Walls
Internal Plaster
External Plaster —
Roof Reinforced Con-
crete Slab — Bitu- 2.88 2.88
Structure
men Layer — Inter-
nal Plaster
Soil — Sand —
Floor As- Aggregate Fill —
2.19
sembly Concrete Layer —
Cement Mortar
Windows Single Glazing 5.78
Doors Plywood Panel 25

In terms of construction details, the walls, roof, and floor of the
house follow the same specifications as the base case house, as
outlined in Tab. 1. These materials and design choices ensure that
the simulation results are based on a realistic and representative
model of residential housing in Egypt, allowing for accurate analysis
of energy performance and the impact of phase change materials
(PCMs) on energy efficiency.

Tab. 2. Physical and thermal properties of construction materials used in
the simulation

Material N.ommal Conductivity Bull.( Specific
Component | Thickness (Wim-K) Density Heat
(m) (kg/m?) | (JkgK)
Plaster
1150 - 840 -
(Walls & 0.0095 0.38-043 1950 1088
Roof)
Brick Ma- 0.2286 0.711 2000 | 836
sonry
Bituminous 0.0095 05 1700 | 1000
Coating
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Reinforced
Concrete 0.1016 0.735 2300 665
(RCC)
tcafme”t Mor- 14,0095 072 1650 | 920
Concrete 0.0508 0.753 2000 656
Sub-Layer
Aggregates 0.0762 18 2240 840
Layer
Earth (Sol 0.2286 0.837 1300 | 1046
Layer)
Single
Glazed Glass |  0.0063 1.046 - .
Panel
Plywood 0.0508 0.13 410 840
Door Panel

The material properties presented in this table were adapted
and generalized based on the data reported by Khan et al [30], to
align with the simulation scenarios of the current study.

=D

Fig. 1. 3D Building with and without PCM

[ comemon circutation ares

Fig. 2. Floor plan of multi zone

2. 2. Simulation Configuration and Parameters

The simulation sets PCM properties and uses an ideal HVAC
system to regulate indoor temperature. Occupancy, internal loads,
and local climate data are also considered to model energy usage.
The base case house is modeled with exterior walls and a roof
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directly exposed to outdoor environmental conditions, while the
floor is in contact with the ground. Occupant presence and internal
heat gains were incorporated using standard occupancy schedules
and ASHRAE-based internal load data, and an air infiltration rate of
0.598 air changes per hour (ACH) is applied, as detailed in Tab. 3.
This approach allows the model to reflect typical daily human activ-
ities and their contribution to indoor thermal conditions. Although
dynamic variations in actual occupant behavior were not explicitly
modeled, the applied occupancy profiles provide a reasonable rep-
resentation of internal heat gains, ensuring realistic simulation of
the building’s thermal performance and energy consumption. Fu-
ture studies could investigate the effects of varying occupant be-
havior on PCM effectiveness and overall energy savings.

The thermostat set points and operational schedules applied in
the simulation, during the occupied periods (7:00 AM to 10:00 PM),
the heating system maintains an indoor temperature of 18°C, while
the cooling system is set to 25°C to ensure thermal comfort. For
unoccupied periods (10:00 PM to 7:00 AM), setback temperatures
of 12°C for heating and 28°C for cooling are applied to reduce en-
ergy consumption by allowing indoor temperatures to drift within ac-
ceptable limits. These control strategies aim to simulate realistic oc-
cupant behavior and optimize the building's energy performance
under different operational scenarios.

A zone based control schedule is implemented: heating is ena-
bled during winter, cooling during summer, and both systems oper-
ate during transitional seasons such as spring and autumn.

Tab. 3. Internal Heat Gains Parameters and Schedules

Internal | Density .Opera- Activity Metabolic
Source (W/mz) tional Pe- Type rate (W/per-
riod son)
6:00 PM - Reading,
00625 | 4000PM | wriing 108
12:00PM - | Cleaning,
Occupants | %% | 4:00 i Cooking, 171
8:00 PM - ,
0.0625 | fgpopm | Relaxing 108
Lighting o5 | 600AM- ] ]
Systems ' 10:00 PM
Electrical 6:00 AM -
Equipment 1875 1 9:00 PM ) -

For the one story, multi zone configuration, specific schedules
for occupants, lighting, and equipment usage across various
rooms. Similar to the base case, the HVAC system in this setup
also automatically modulates airflow to achieve the required ther-
mal balance and maintain target indoor conditions throughout the
building.

2.3. Climates in the studied five cities of Egypt

This study focuses exclusively on Egyptian climatic zones be-
cause the objective is to evaluate PCM performance under the
country’s diverse climates using a single, unified building model.
Egypt's five distinct climates provide sufficient temperature and hu-
midity variation to assess the behavior of M91/Q23 PCM without
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altering building configuration or occupancy patterns. Expanding
the model outside Egypt would introduce unnecessary variables
and reduce the ability to isolate climate effects. Future studies may
extend this analysis to international climates.

Egypt is situated between latitudes 22° and 32° north of the
equator and longitudes 24° and 37° east of the Greenwich Merid-
ian. The Kdppen-Geiger climate classification system, which di-
vides climates into five primary groups based on temperature and
rainfall patterns, is used in this study to categorize the climates of
the selected cities.

2.3.1 Temperate climate

Ismailia is located in northeastern Egypt, near the midpoint of
the Suez Canal, and on the northwestern shore of Lake Timsah.
The Ismailia region extends between latitude 30 degrees north and
longitude 32 degrees east. It has a cold winter climate that tends
to be warm for long periods and is transitional and variable with light
rain. The summer is moderate and tends to be humid.

2.3.2. Humid subtropical climate

Alexandria is up on the north Mediterranean coastline, with
more pleasant temperatures and High rainfall, although slightly wet-
ter than inland Egypt. Sea breezes make it more comfortable than
the south.

2.3.3. Warm semi-arid climate

Assiut occupies the southwestern region of Egypt. It is situated
between latitudes 22°00' and 32°03' north, and longitudes 25°00'
and 32°03' east. The climate is characterized by high temperatures
during summer to their maximum limits and much lower in winter.
North winds prevail in most parts. It is characterized by relative dry-
ness, and the rainfall rate ranges between 0.01 and 16.2 mmly.

2.3.4. Hot semi-arid climate

Aswan has a hot desert climate, being the hottest in Egypt in
summer. Humidity rises no higher than 42% in winter. Winter is
short and warm. Rainfall is less than 1 mm in an entire year, and
some years with no rainfall.

2.3.5. Cold semi-arid climate

Saint Catherine (south Sinai) is located in the heart of South
Sinai on a plateau 1600 meters above sea level in a mountainous
area. The weather is always cold due to its height above sea level,
as temperatures drop at night to about 10.5 °C, and drops below
zero with snow fall in winter.

2.4. Common insulation materials

This study aims to assess the energy-saving potential of phase
change materials (PCMs) by comparing their effectiveness with that
of four commonly used conventional insulation types, as recom-
mended by building codes for modern residential buildings. The
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thermal properties of the selected insulation materials, including
thermal conductivity, density, specific heat capacity, and melting
point, are provided in Tab. 4. These properties are critical in deter-
mining the insulation’s effectiveness in reducing heat transfer
through building envelopes, thus contributing to energy conserva-
tion in residential buildings. The analysis considers various factors
such as the material's performance in different climate conditions,
its impact on heating and cooling loads, and its ability to optimize
building energy consumption throughout the year.

Tab. 4. Outlines the key properties of the insulation materials

Thermal . Specific
. . Density R-value
Insulations | Conductivity (kg/m?) Heat meKIW
(Wim K) 9 (Ukgk) | | )
Mineral 2.85 (for
0.035 40-100 800 100 mm
Wool :
thickness)
Expanded 1.3-15
polystyrene | 0.032-0038 | 10-35 | 1300 | (ford0
EPS mm thick-
(EPS) ness)
2.5 (for
Hemparete | 045070 | 390~ 1200 | 100 mm
Insulation 500 ;
thickness)
Extruded 14-17
polystyrene | 0.029-0035 | 25-45 | 1400 | (ford0
mm thick-
(XPS) ness)
. 11-15
Fiber glass | o30_o.045 | 10-100 | soo | (rs0
Insulation mm thick-
ness)
45-77
120 - 120 - (for 50
Aerogel 0.013-0.020 180 180 mm thick-
ness)
1.8-23
Polyure- |, 090 _0.008 | 30-60 | 1400 | (r50
thane foam mm thick-
ness)
3.5 (for
Cellulose 0.035-0.045 | 40-120 1600 100 mm
thickness)

2.5. Phase change materials

From a thermodynamic point of view, phase change materials
absorb or release thermal energy or heat due to the change in en-
tropy. This part of the heat corresponds to the material's unit mass
and is referred to as its latent heat. The material absorbs latent heat
during melting, and releases it during freezing. When the solid ma-
terial is heated to its melting temperature, the molecules begin to
absorb thermal energy. This energy facilitates the disruption of mo-
lecular bonds or reduces the attractive forces between atoms, al-
lowing the molecules to move more freely. The temperature re-
mains constant during the melting process until it is complete and
turns into a liquid state. When the liquid material is cooled to its
freezing temperature, the molecules begin to lose the thermal en-
ergy stored in the material to the surrounding environment. As en-
ergy is lost, the molecules return to form strong bonds or enhance
the attractive forces between atoms while the temperature remains
constant until the process is complete and they return to their solid
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state .Among the factors affecting the transformation process are
temperature, environmental pressure, material composition and the
presence of impurities. Tab. 5 presents the thermos physical prop-
erties of the selected PCMs.

Inideal phase change materials, the melting and freezing points
are often equal or very close. This is due to the thermodynamic na-
ture of the material. Among the reasons for this are: (1) the dynamic
equilibrium between the two phases, i.e. the transition process be-
tween the solid and liquid phases occurs at the same temperature
under balanced conditions (such as constant atmospheric pres-
sure), (2) the purity of the material, as the temperature of the phase
transition is approximately constant, because all molecules behave
in the same way, and (3) the isothermal nature of thermal change,
i.e. during melting, energy is absorbed to convert the material from
solid to liquid and during freezing, the same amount of energy is
released to convert the material back to solid. The advantages of
this are to enhance the performance of the material in thermal ap-
plications. It ensures efficient energy storage and release, high

Tab. 5. Thermophysical Properties of Phase Change Materials (PCMs)
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thermal stability, and long life of the material without deterioration
in properties.

Among the properties and thermal advantages of PCM are high
thermal energy storage capacity, constant phase transition temper-
ature, variety of temperature range and thermal stability. Among the
environmental advantages are reduced energy consumption, re-
duced carbon emissions, environmental friendliness and long-term
economics. To choose the best material for a specific application,
there are several properties that must be taken into consideration
based on the required use. These are: the freezing and melting
temperatures must be near to the temperature required in the ap-
plication, accelerate heat transfer during charging and discharging,
and the ability of the material to maintain its properties after many
melting and freezing cycles. It is preferable to use materials with
high density and high heat capacity, and to be easy to package to
avoid leakage.

PCM Melting temp Freezing Latent heat | Thermal conductivity Density Specific heat

(°C) temp (°C) (kJ/kg) (W/m K) (kg/m3) (kJ/kg °C)

Paraffin RT18 18.5 18.0 175 0.22 (L) /0.25(S) 770 (L) / 800 (S) 2.00(L)/1.90(S)
Paraffin RT21 21.7 21.0 185 0.20/0.22 760/ 790 2.05/2.00
Paraffin RT25 25.0 245 195 0.21/0.23 780/810 1.98/1.85
Capric Acid 314 30.0 152 0.21/0.24 880/900 2.10/2.00
Lauric Acid 43.2 42.5 211 0.19/0.21 870/910 1.90/1.82
Erythritol 177 114.0 340 0.73/0.88 1480/ 1510 1.75/1.55
PEG 1000 37.0 36.0 180 0.20/0.22 1200/ 1250 2.30/2.10
Paraffin (M27/Q21) 21 21 195 0.2/0.2 770/860 1.62/1.62
Paraffin (M91/ Q27) 27 27 190 0.2/0.2 860/860 1.62/1.62
Paraffin (M51/ Q23) 23 23 190-200 0.22/0.22 830/910 1.99/1.84

Paraffin (M51/ Q29) 29 29 200-220 02/04 750/ 800 25/2
2.6. Methodology and plan of study oCp Z_: -k ZZTTZ (1)

In this study, Design Builder (user-friendly building energy sim-
ulation software) was used to assess the energy consumption of a
residential structure consisting of three rooms. The tool enables de-
tailed analysis by combining Energy Plus as its simulation engine
with a graphical interface to model and evaluate building perfor-
mance under various conditions. The plan of work contains: (1) An
overview of strategies for optimizing building envelopes with PCMs
across the five selected cities, (2) reviewing the different types of
PCMs and how to choose the best type with the best thickness
based on their physical properties, (3) study the placement of PCMs
within building envelopes with and without insulation materials, and
(4) comparison of results with published research.

2.7. Mathematical modeling

The rate of temperature change through building materials can
be described using Fourier's law of heat conduction, which states
that the heat flux is proportional to the negative gradient of temper-
ature and the material’s thermal conductivity. Mathematically, it is
expressed as:
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aT . .
where: Pl represents the rate of temperature change over time,

% is denotes the spatial temperature gradient, and p, Cp, k are

the material’'s density (kg/m?), specific heat capacity (J/kg-K) and

thermal conductivity (W/m-K) of the element material, respectively
w

()

In the Conduction Finite Difference (CondFD) model, building
elements are divided into discrete layers or nodes, and heat trans-
feris simulated by solving the transient conduction equation at each
node. This method accounts for the material’'s thermal properties,
boundary conditions, and any internal heat sources or sinks. It is
particularly effective for modeling complex shapes and layered as-
semblies. A key advantage is its ability to provide detailed temper-
ature profiles, aiding in moisture risk assessment and thermal per-
formance optimization for improved energy efficiency.

The study applies the one-dimensional finite difference conduc-
tivity (CondFD) algorithm in Energy Plus to model heat transfer in
building components with phase change materials (PCM). It em-
ploys the fully implicit scheme, which applies the Adams-Moulton
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method for stable and accurate time-dependent heat transfer sim-
ulations within building component as given by

j+1_Tj 7,_j+1_Tj+1
i i i+1 i
pCpr At - kint Ax + kext

j+1_ . j+1
Tiea 7T

(2)

In this model, p is the material density, C,, is the specific heat
capacity, k is thermal conductivity, T is the node temperature, and
At represents the time step. The spatial thickness between finite-
difference nodes is denoted by x. The time indices j+1 and j corre-
spond to the current and previous time steps, respectively, while i,
i—1,and i+ 1 represent the current, inner, and outer nodes.
This formulation calculates heat transfer across building elements
using numerical methods. (%)

In the CondFD algorithm, the heat transfer equation is discre-
tized, which is expressed as a Fourier number function (F_0). This
function plays a key role in the numerical solution, helping to calcu-
late the heat transfer and temperature variations within building
components over time, including PCM. By utilizing this Fourier num-
ber, the algorithm effectively approximates heat conduction, ac-
counting for both spatial and temporal changes in the material's
properties.

Ax = vcaAt = OL—M (3)

0

Ax

In the CondFD algorithm, layer thickness (Ax) depends on the
Fourier number (F,), thermal diffusivity («), time step (At), and spa-
tial dispersion constant (c).

In Energy Plus, the relationship between the enthalpy (h) and
thermal conductivity (k) of Phase Change Materials (PCM) is gov-
erned by temperature, where these properties change dynamically
with temperature variations during the phase change process.

h; = h(T;;) (4)
ki = k(T;;) (5)

The CondFD algorithm in Energy Plus calculates PCM'’s spe-
cific heat capacity over time using an enthalpy-temperature func-
tion. This function updates each node's enthalpy in iterations, which
is crucial for accurately modeling PCM behavior. Properly defining
this function ensures precise predictions of building component per-
formance, particularly for optimizing thermal efficiency and energy

usage in buildings. (ﬁ)

1
C, = M (6)
P it

L v

3. VALIDATION OF THE NUMERICAL METHODOLOGY

To verify the accuracy of the present simulation approach, a
comparison was made with the numerical results reported by Ji et
al. [1]. In their study, the annual energy use of a simplified, window-
less concrete test cabin (3 x 3 x 2.8 m) in Guangzhou, China, was
simulated using Energy Plus and IWEC weather data. Internal heat
sources such as occupants, lighting, and equipment were intention-
ally excluded to isolate the thermal behavior of the envelope. Three
models were assessed: Model A# (benchmark) featured 150 mm
thick concrete walls, roof, and floor; Model B# introduced a solid
PCM layer (10 mm) on the external surfaces of walls and roof; and
Model C# used an idealized PCM layer in the same locations. The
floor temperature was fixed at 18 °C, while the remaining surfaces
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interacted with outdoor conditions. The current numerical approach
replicated these models under identical boundary and environmen-
tal conditions to validate its predictive capability.

Fig. 3 presents the outcomes of the dynamic energy simulations
conducted in this study. A notable reduction in annual energy con-
sumption was observed in Models B and C following PCM integra-
tion, with values dropping from 728.25 MJ/m? to 638.69 MJ/m? and
576.5 MJ/m?, respectively, as detailed in Tab. 6. The simulation re-
sults closely align with those reported by Ji et al., with a deviation
of less than 2%, confirming the reliability of the present model.

Tab.6. Comparison between present annual energy consumption and
that of Ji et al. [1]

Annual energy consumption (MJ/m?)
nTzldb‘:r Jietal Present
#A 713.75 728.25
#B 625.98 638.69
#C 564.17 576.5

In this study, a mesh size analysis and mesh independence test
were conducted to ensure the accuracy simulations. The different
grid sizes are presented in Tab. 7. The objective was to determine
whether further mesh refinement would significantly affect the re-
sults, thereby optimizing computational resources without compro-
mising accuracy.

Tab. 7. Different grid Sizes

Mesh Element Element Expected Effect
Size Width (m) Height (m)
Coarse 1.0 1.0 Faster but less accu-
Mesh rate
Medium 0.5 0.5 More accurate, mod-
Mesh erate time
Fine 0.25 0.25 Very accurate,
Mesh longer time
800
_ 700
£
g 600
é 500 —
g
g o " W Numerical study of Jiet . 2019)
3w | W Present Study
(<5}
i
200 —
100 —
0
A B C
Annual energy consumption

Fig. 3. Comparison of annual energy consumption between the current
study and the findings of Ji et al.
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The study monitored key parameters, including residuals of
mass, X-velocity, and temperature, alongside temperature values
at a fixed central location. The simulations were run until conver-
gence was achieved, ensuring stable residual values close to zero.
The results indicated that for both mesh sizes, the mass, velocity,
and temperature residuals fully converged after 2000 iterations,
confirming numerical stability. Additionally, the recorded tempera-
ture values at the center of the computational domain were 19.080
°C for the 1 m grid, 19.096 °C for the 0.5 m grid and 19.103 °C for
the 0.25 m grid. The final temperature difference between the 0.5
m and 0.25 m grids is negligible (~0.0366%), confirming mesh in-
dependence, which suggests that refining the mesh further does
not significantly change the results and supports the selection of
the 0.5 m grid as the optimal mesh resolution. This relative error is
calculated using equation (7) in which @_medium is the value from
0.5m grid and @_fine is from 0.25m grid.

Dcoarse— Q)fine

Relative error (%) = x 100 (7

Q)fine

The Residual graphs presented in Fig. 4 illustrate the conver-
gence behavior of residuals and temperature stabilization across
different mesh sizes (1.0, 0.5, and 0.25 m). It provides insight into
the numerical stability and accuracy of the simulations. The residu-
als graphs show how different residuals (mass, velocity, and tem-
perature) decrease over iterations, indicating the convergence of
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the solution. The temperature at center vs. iterations graph tracks
the temperature at a specific point in the domain over iterations,
showing how the solution stabilizes over time.

For the 1.0 m grid as shown in Fig. 4a, the residuals initially
decrease but stabilize at relatively higher values compared to finer
meshes, and some fluctuations are present, indicating that the so-
lution has not fully converged, while the mass and velocity residuals
do not approach near-zero as efficiently as in finer grids. The tem-
perature fluctuates more before stabilizing, and the final stabilized
temperature is different from the finer grids, indicating that the
coarse grid lacks accuracy.

The 0.5 m grid in Fig. 4b demonstrates a faster decrease in re-
siduals and reaches lower values compared to the 1.0 m grid,
showing improved convergence stability with reduced oscillations,
meaning the results are more reliable. The temperature stabilizes
faster and reaches a final value closer to the 0.25 m grid, demon-
strating improved accuracy.

The 0.25 m grid in Fig. 4c follows a similar trend as the 0.5 m
grid but with marginal improvements, as the mass, velocity, and
temperature residuals reach near-zero values, confirming strong
convergence, and since the 0.5 m and 0.25 m grids produce nearly
identical convergence behavior, it confirms that the solution has
reached mesh independence at 0.5 m.

Residuals and Cell Monitor
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Fig. 4a. Residuals graph of 1m grid
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4. RESULTS AND DISCUSSION
4.1. Impact of PCM Incorporation on Energy Performance

A 37 mm layer of PCM M91/Q23 was applied to the interior sur-
faces of the walls and roof in the base case house. In walls, PCM
is placed between the brick masonry and internal plaster as shown
in Fig. 5. In the roof, PCM is located beneath the reinforced con-
crete slab and above the internal plaster, with a bitumen layer in-
cluded for moisture protection as shown in Fig. 6. Intermediate floor
ceilings follow the same internal configuration. These descriptions
and figures clarify the exact PCM placement in all building ele-
ments. Energy Plus simulations, conducted for five cities, revealed
a reduction in annual heating and cooling energy consumption in all
cases as presented in Tab. 8. Among the cities, Aswan recorded
the highest energy use at 230.56 kWh/m? annually, while Alexan-
dria had the lowest at 132.93 kWh/m?. Ismailia, Assiut, and Saint
Catherine showed energy consumptions of 171.63, 191.53, and
166.20 kWh/m? respectively. Incorporating PCM led to energy sav-
ings of 15.68% in Ismailia, 16% in Alexandria, 17.55% in Assiut,
14.8% in Aswan, and 16.28% in Saint Catherine, as calculated us-
ing equation (8).

Qtotal (With PCM)
n= 1- (thal (Without PCM)

) x 100 (8)

Outer surface

TR T T e ol T )
a7 Omm EioPCM¥Mal/ges |-

Inner surface

Fig. 5. Cross-section diagram of the wall structures illustrating PCM layer
integration

Outer surface

107, 80mm BCC Slab

Inner surface

Fig. 6. Cross section diagram of the roof structures illustrating PCM
layer integration
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The results indicate that PCM contributed to reducing energy
consumption by 14.8% to 17.55%, demonstrating its positive im-
pact on improving building energy efficiency. However, PCM effi-
ciency varies with climate, necessitating the selection of PCM ma-
terials with appropriate melting points for each region to achieve
optimal performance. The highest energy savings were observed
in Assiut (17.55%), this is because it is located in a semi-desert
climate, in areas where there are large differences between day
time and night time temperatures, phase change materials work
more efficiently by storing thermal energy during the day by absorb-
ing heat and releasing it at night. And the lowest energy savings
were in Aswan (14.8%), where extremely high temperatures may
cause PCM to saturate quickly, reducing its effectiveness. Alexan-
dria and Saint Catherine showed similar savings (~16%), with Al-
exandria benefiting from moderate temperature fluctuations and
high humidity, which makes PCM effective but not as much as de-
sert areas. and St. Catherine has a relatively cool climate, which
helps PCM achieve good heating savings.

Tab 8. Effect of PCM (M91/Q23) on reducing annual energy consumption
(Without insulation)

Annual energy consumption Energy
Cities (kWh/m?2) reduction
Without PCM With PCM (37 m)
mm layer)
Ismailia 171.63 144.71 15.68%
AIZ;(i:n- 132.93 11.67 16%
Assiut 191.53 157.91 17.55%
Aswan 230.56 196.34 14.8%
Saint
Cathe- 166.20 139.14 16.28%
rine

4.2. Optimal PCM selection

Bio PCMs offer a broad range of melting points that contribute
to indoor comfort and energy efficiency. To optimize human com-
fort, a melting range of 20-25 °C is ideal. They are non-toxic, recy-
clable, and compatible with other building materials. However, chal-
lenges such as low thermal conductivity and flammability remain.
Despite these drawbacks, Bio PCMs present a promising solution
for sustainable and energy efficient building design.

To evaluate the performance of different PCMs, dynamic simu-
lations were conducted by integrating three types of PCM into the
internal surfaces of the base case house across five cities. Results
in Fig. 7 show that all PCMs achieved annual energy savings rang-
ing from 5% to 19%. M91/Q23 exhibited the highest savings, with
reductions of 17.55% in Assiut, 16.28% in Saint Catherine, 16% in
Alexandria, 15.68% in Ismailia, and 14.8% in Aswan. In contrast,
M27/Q21 resulted in the lowest savings, between 5% and 9%
across all climates as presented in the Tab. 9. M51/Q23 showed
moderate reductions, from 9.85% to 13.58%, depending on location
as presented in the Tab. 10. The data also indicate that PCMs with
melting points at or above 24°C are more effective, likely due to
better alignment with indoor cooling set temperatures.
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Tab. 9. Effect of PCM (M27/Q21) on reducing annual energy consump-
tion (Without insulation)

Annual energy consumption Energy re-
Cities (kWh/m?2) duction
Without PCM | With PCM (11.2 m
mm layer)

Ismailia 171.63 155.8 9.22%
Alexandria 132.93 123.74 6.91%

Assiut 191.53 177.24 7.46%

Aswan 230.56 216.76 5.99%

Saint 166.20 15477 6.88%

Catherine

Tab. 10. Effect of PCM (M51/Q23) on reducing annual energy
consumption (Without insulation)

Annual energy consumption Energy
Cities (kWh/m2) reduc-
Without PCM | With PCM (20.88 tion
mm layer) m
Ismailia 171.63 148.33 13.58%
Alexandria 132.93 117.97 11.25%
Assiut 191.53 168.31 12.12%
Aswan 230.56 207.85 9.85%
Saint
Catherine 166.2 147.46 11.28%
2000%

Wlsmailz

B Nexandria
Assiut
W hswan

1St Catherine

Energy reduction (n)

MaLjan M7 M51023
Phase Change Material (PCM)

Fig. 7. Comparison of three PCM types based on energy saving
percentage for optimal selection

Among the tested bio based PCMs, M91/Q23 and M51/Q23
demonstrated the highest reductions in annual energy consump-
tion. However, M91/Q23 showed the most consistent performance
across all selected cities as presented in Tab. 8, making it the opti-
mal choice. The PCM type (M91/Q23) was selected due to its melt-
ing temperature (~23°C), which aligns with indoor thermal comfort
ranges in Egyptian residential buildings. The material provides high
latent heat capacity, stable thermal conductivity, and strong cycling
performance under hot climatic conditions. Its commercial availabil-
ity and compatibility with wall and roof construction materials further
justified its selection for this study.

4.3. Comparison between PCM and Conventional Insulation

The energy consumption reductions of various insulation types
were evaluated through dynamic energy simulations. Among the
four options, polyurethane foam demonstrated the highest reduc-
tion in annual energy consumption at 31.19% presented in Fig. 8,
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followed by fiberglass results in a 25.38% reduction as shown in
Tab. 11. Polyurethane foam was chosen as the optimal insulation
for comparison with the PCM layer. The performance of M91/Q23
PCM was then simulated, using the same thickness as expanded
polystyrene insulation for comparison.

The reduction in yearly heating and cooling energy use was
evaluated by comparing the base model to versions incorporating
either optimal PCM or insulation. The results indicate a 36% reduc-
tion with PCM and a 31% reduction with polyurethane foam as
shown in Fig. 9. Although PCM offers a 5% greater saving, it
achieves this with less material volume. Additionally, PCM perfor-
mance can be further optimized through better placement and ap-
propriate thickness selection.

Tab. 11. Comparison of annual energy consumption of insulation types

Insulation Annual energy consumption Energy re-
type (kWhi/m?2) duction
Without Insu- | With Insulation m)
lation (30 mm)
Expanded 17163 126.73 26.16%
polystyrene
Extruded 17163 125.95 26.62%
polystyrene
Fiber glass 171.63 128.07 25.38%
Polyure- 17163 118.10 31.19%
thane foam
m

35.00%

30.00%

25.00%

B Expanded polystyrene

20.00%
M Extruded polystyrene

15.00% Fiber glass
B Polyurethane foam

10.00%

5.00%

0.00%

Insulation type

Fig. 8. Annual energy consumption comparison between different
insulation types (30 mm Thickness)

M

37.00%

36.00%

35.00%

34.00%

B Insulation type

33.00% (Palyurethane foam)

32.00%

BPCM type

(M91/023)
3100%
3000%

29.00%

28.00%

Material Building Envelope

Fig.9. Comparison of annual energy use: PCM Integration vs.
Traditional Insulation
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4.4, Impact of Climatic Conditions on PCM Integration

To investigate the effect of Phase Change Materials (PCMs) on
energy performance, simulations were conducted for residential
buildings in five representative Egyptian cities with different climatic
conditions. A 37 mm layer of M91/Q23 PCM was applied to the in-
ternal surfaces of the walls and roof. The aim is to assess how PCM
integration influences both heating and cooling energy consump-
tion across varying climates, and to quantify the potential energy
savings. The following sections present the simulation results for
each city, highlighting the impact of PCMs on reducing energy de-
mands.

The dynamic simulation results for Ismailia show a clear reduc-
tion in energy use after PCM integration. Cooling demand in July
decreased from 1058.89 Wh/m? to 923.28 Wh/m?, and heating de-
mand in January dropped from 180.15 Wh/m? to 125.55 Wh/mZ,
Overall, the monthly energy use declined from 14.3 to 12kWh/m?,
corresponding to a total energy saving of 15.68%, as shown in Fig.
10a.
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Fig. 10a. Energy Consumption per Month in Ismailia

A simulation was conducted for Alexandria to assess the impact
of PCM on energy consumption. The results showed in Fig. 10b a
notable reduction in total building energy use throughout the year.
In February, the highest heating energy consumption was 142.8241
Wh/m?, which decreased to 100.0663 Wh/m? with the integration of
PCM, resulting in a 30% energy saving, while cooling energy con-
sumption in August was reduced by 12%. Although heating require-
ments slightly increased in January and February, the overall en-
ergy consumption decreased from 11kWh/m? to 9.3kWh/m?, result-
ing in an average energy saving of 16%.
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Fig. 10b. Energy Consumption per Month in Alexandria

The simulation results for Assiut demonstrate a consistent re-
duction in heating and cooling energy demands throughout the year
with the integration of PCM M91/Q23 as shown in Fig. 10c. Cooling
energy notably decreased in peak summer months in August from
924.4266 Wh/m? to 786.9055 Wh/m? when PCM is installed and
heating demand also dropped from 213.4894 Wh/m? to 147.9765
Wh/m? despite the city's warm climate. Overall, the average
monthly energy consumption declined from 15.9 kWh/m? to 13.15
kWh/m2, resulting in a 17.5% energy saving.
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Fig. 10c. Energy Consumption per Month in Assiut
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The results in Aswan indicate a reduction in overall energy con-
sumption for both heating and cooling. Cooling energy consumption
is reduced by 15% in July as indicated in Fig. 10d, and in Assiut,
heating energy consumption decreases by 30% in January with
PCM integration. Additionally, in Ismailia, the average monthly en-
ergy use drops from 14.5kWh/m? to 12kWh/m?, resulting in an an-
nual energy saving of 15.68%.
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Fig. 10d. Energy consumption per month in Aswan
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Fig. 10e. Energy consumption per month in South Sinai

The simulation for South Sinai, which experiences a colder cli-
mate among the five selected cities, shows that incorporating PCM

acta mechanica et automatica, vol. 20 no.1 (2026)

leads to notable energy savings. Heating energy demand in De-
cember and January is reduced by 39.3 Wh/m? and 49 Wh/m? re-
spectively, while cooling energy consumption in July drops by 141.7
Wh/m? as shown in Fig. 10e. Overall, the average monthly energy
use decreases from 13.85kWh/m? to 11.595kWh/m?, resulting in a
16.28% reduction in energy consumption.

4.5. Impact of PCM Placement on Energy Performance

To evaluate how the positioning of PCMs within building enve-
lopes affects energy performance, various installation scenarios
were tested in the base case house. The PCM layers were strate-
gically placed at different depths within the wall and roof assemblies
to determine their impact on annual energy savings and identify the
most effective configuration. Four wall setups were simulated: in
Wall A, PCM was installed on the innermost layer; in Wall B, it fol-
lowed the plaster layer; in Wall C, it was positioned after the brick
layer; and in Wall D, it was placed on the exterior surface, as illus-
trated in Fig. 11(a). Each configuration was analyzed using dynamic
energy simulations to assess energy reduction potential.

. =

Brick  CementPlaster  PCM

Tnsid

WallA  WallB Wall C WallD

Roof A Roof B Roof C Roof D

Fig. 11. Optimal PCM placement (a) Different Wall configuration
(b) Different roof configuration

In this study, various configurations for placing the PCM layer
within the roof structure were explored to assess their influence on
annual energy savings. In the first configuration (Roof A), the PCM
was installed at the innermost layer of the roof. In Roof B, it was
positioned after the bitumen layer, while in Roof C, the PCM was
placed after the RCC slab. Lastly, Roof D featured the PCM on the
external surface of the roof, as shown in Fig. 11(b). For all setups,
the PCM layer thickness was kept constant at 37 mm. Dynamic
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energy simulations were conducted to compare the performance of
these configurations. According to the results presented in Fig. 12
and Tab. 12, the most significant energy savings (approximately
29.77% annually) occurred when PCM was placed on the exterior
side of both the walls and roof (configuration D). In contrast, the
least reduction, around 15.6%, was observed when PCM was po-
sitioned on the innermost side (configuration A), which is most ex-
posed to indoor conditions. These findings clearly indicate that the
external placement of PCM is the most effective for maximizing en-
ergy efficiency, and that the location of PCM within the building en-
velope plays a crucial role in determining its energy saving poten-
tial.

Tab. 12. Comparison of annual energy consumption with different wall and

roof configuration
Annual ener: Annual ener: Annual
Wall and ti thh ti 9y energy
Roof type consumption wi consumption | o s
PCM without PCM (%)

Wall and

Roof A 144.2 171.63 15.98
Wall and

Roof B 144.71 171.63 15.68
Wall and

Roof C 141.52 171.63 17.54
Wall and

Roof D 120.52 171.63 29.77
m
35
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B Wall and Roof A
mWall and Roof B

20
Wall and Roof C
15 + EWall and Roof D
10
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Wall and Roof type

Fig. 12. Comparison of annual energy consumption with Different Wall
and Roof configuration

The study, conducted annually, found that adding a PCM layer
to a building reduces energy consumption for both heating and
cooling. Bio PCM M91/Q23 showed the lowest energy usage, with
262.3 Wh/m? for heating and 3753.8 Wh/m? for cooling. The PCM’s
high heat storage capacity reduced peak loads, leading to a signif-
icant decrease in overall energy consumption for both heating and
cooling. This resulted in lower energy demand, contributing to bet-
ter energy efficiency in buildings.

The differences in PCM performance across the five Egyptian
cities can be clearly explained by the interaction between climate
conditions, PCM melting—freezing cycling efficiency, and the ther-
mal behavior of the building envelope. The observed energy sav-
ings (14.8-17.55%) align well with previous findings by Sovetova et
al. [19], who demonstrated that climates combining high solar
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intensity with moderate night cooling maximize the effectiveness of
PCM charging and discharging. In cities such as Assiut and Alex-
andria, the PCM melting point of 23°C closely matches typical in-
door comfort set points, leading to more frequent full melt freeze
cycles and therefore superior thermal stabilization, consistent with
the conclusions of Alam et al. [20] regarding the critical importance
of melting temperature optimization. Conversely, Aswan exhibited
slightly lower savings due to extreme daytime temperatures that
saturate the PCM early, reducing the available latent storage win-
dow, a trend also reported by Auzeby et al. [26] for overheating-
prone climates. Furthermore, the enhanced performance observed
when PCM is positioned nearer to exterior envelope layers supports
the findings of Lei et al. [21] and Jin et al. [29], who emphasized
that PCM exposure to larger diurnal temperature gradients signifi-
cantly improves charging—discharging efficiency. Overall, the shift
of thermal load from daytime to nighttime induced by the PCM in all
climates corroborates mechanisms widely described in the litera-
ture [19, 20, 22], confirming the consistency and validity of the pre-
sent simulation outcomes.

4.6. Energy Efficiency Based on PCM Thickness

The amount of thermal energy that phase change materials
(PCMs) can store is directly influenced by the volume used. As the
volume of PCM increases, its ability to store latent heat also rises.
However, this increase is not indefinite; beyond a certain volume,
the material reaches its energy absorption capacity, and any further
addition yields diminishing returns. Moreover, incorporating large
quantities of PCM in building envelopes may significantly raise ma-
terial and installation costs, reducing economic feasibility.

To identify an efficient configuration, this study explores how
varying the PCM layer thickness (from 10 mm to 100 mm) affects
annual energy savings. The PCM is applied internally on walls and
roofs in separate simulations, Results from dynamic thermal mod-
eling show that energy savings improve with greater PCM thick-
ness, but the benefit plateaus beyond a certain point. For instance,
reductions in annual energy usage reached 11.28% with a 20 mm
layer, 16.68% with 40 mm, 20.32% with 60 mm, and 23% with 80
mm as displayed in Fig. 13.

30

2
15
10 I
0
0 20 a0 &0 80 100

Thickness (mm)

Energy Reduction (%0)
w

Fig. 13. Optimal PCM thickness integrated within the building envelope
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Based on these results, a 37 mm PCM layer is identified as the
optimal thickness, offering approximately 16% energy savings with-
out excessive material use. Thicker layers beyond this threshold
offer only marginal improvements, making them less practical for
widespread use in cost-conscious construction.

5. CONCLUSIONS

The research aims to explore how incorporating phase change
materials (PCMs) into building envelopes can enhance energy effi-
ciency in residential buildings by improving thermal regulation and
reducing energy consumption. This relies on conducting a thermal
simulation using the Energy Plus program via Design Builder to an-
alyze the effect of PCM on energy consumption and thermal perfor-
mance efficiency in five Egyptian cities with different climates in-
cluding Ismailia, Alexandria, Assiut, Aswan, and South Sinai. A 3D
model of a residential building consisting of one floor with three
rooms was developed, and structural details and internal energy
loads were added. The CondFD algorithm was also used in Energy
Plus to calculate the heat transfer inside walls and ceilings. This
method relies on dividing structural elements into a network of
nodes and solving heat transfer equations for each of them, which
allows for higher accuracy in predicting PCM behavior inside build-
ing materials.

Three types of PCM were tested to choose the best in terms of
reducing energy consumption, taking into account the effect of the
layer location in walls and ceilings, whether placed on the interior
or exterior side. An analysis was also conducted for the optimal
PCM layer thickness to determine the maximum energy savings
without unnecessary cost increases. The annual energy consump-
tion without PCM was 171.63 kWh/m? in Ismailia, 132.93 kWh/m?
in Alexandria, 191.53 kWh/m? in Assiut, 230.56 kWh/m? in Aswan,
and 166.20 kWh/m? in South Sinai, The results showed that after
incorporating PCM type M91/Q23 with a melting point of 23°C and
a thickness of 37 mm, it achieved the best performance, as it was
able to reduce energy consumption by 17.55% in Assiut, which is
characterized by a semi-arid climate with a significant temperature
differences between day and night, while the savings in other cities
ranged between 14.8% and 16.28%, with Alexandria recording
16%, Ismailia 15.68%, South Sinai 16.28%, and the lowest savings
were in Aswan at 14.8%. The M27/Q21 with a thickness of 11.2 mm
provided the lowest energy reduction, achieving 9.22% in Ismailia,
6.91% in Alexandria, 7.46% in Assiut, 5.99% in Aswan, and 6.88%
in South Sinai.

When analyzing the effect of PCM location inside ceilings and
wallls, it was found that placing PCM in the outer layer provides the
best performance, achieving a reduction in energy consumption of
29.77%, while when placing PCM in the inner side, the savings de-
creased to 15.6%, which is attributed to the fact that placing PCM
in the outer layer allows it to capture thermal energy throughout the
day and discharge it during the night, which reduces the thermal
load on air conditioning systems. When comparing PCM with tradi-
tional insulation materials, it was found that using PCM with a thick-
ness of 37 mm resulted in a reduction in energy consumption by
36% compared to the reference building, while the best traditional
insulation material (polyurethane) provided only 31%, indicating the
superiority of PCM in reducing thermal loads while achieving a
more efficient dynamic response. The effect of PCM layer thickness
on thermal performance was also analyzed, and the results showed
that increasing the thickness of PCM leads to increased energy
savings, so 37 mm was determined as the best thickness that
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achieves a balance between effectiveness and cost. When analyz-
ing the monthly energy consumption, it was observed that PCM re-
duced heating consumption in Assiut by 30% in January, cooling
consumption in Aswan decreased by 15% in July, while in Alexan-
dria PCM led to a decrease in cooling consumption.

This study confirms that phase change materials (PCMs) are
highly effective in enhancing energy efficiency, thermal comfort and
can be applied anywhere using the weather data of each country.
So, Future research should explore how different PCM properties
such as phase transition temperature and thermal conductivity im-
pact building energy use. Additionally, investigating effective en-
capsulation methods is essential to ensure reliable integration of
PCMs in building envelopes like walls and roofs.

Nomenclature

Latin Symbols
Symbol Description Unit
T Temperature °C,K
T Melting temperature of PCM °C
k Thermal conductivity Wim-K
p Density kg/m?
Gy Specific heat capacity Jkg-K
h Heat transfer coefficient Wim2K
L Latent heat of fusion kJ/kg
Qrotal Annual energy consumption kWh/m?
n Energy saving efficiency %
A Surface area m?
t Time S
AT Temperature difference °C
m Mass kg
|4 Volume m?
Spatial coordinate / layer thickness m
Ax Spatial step size m
At Time step S
Fo Fourier Number -
Greek Symbols
Symbol Description Unit
a Thermal diffusivity m?/s
B Thermal expansion coefficient 1K
£ Emissivity -
o Stefan Boltzmann constant W/m?2-K*
PCM Properties
Symbol Description Unit
Tt Freezing temperature °C
ks, K Thermal conductivity (solid/liquid) Wim-K
Cos) Cpi Specific heat (solid/liquid) Jikg'K
Ds, P1 Density (solid/liquid) kg/m?
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Simulation / Building Parameters

Symbol Description Unit
ACH Air changes per hour 1/h
U Thermal transmittance (U-value) Wim2K
HVAC !-Ieatlng, Ventilation, Air Condition- _
ing
Subscripts
Symbol Description
in Indoor
out Outdoor
pcm Phase change material
wall Wall component
roof Roof component
i,j Node indices
max Maximum value
min Minimum value
ref Reference case (without PCM)
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