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This study examines the thermal performance and impact on thermal comfort of an innovative
wall combining Transparent Insulation Material (TIM), Phase Change Material (PCM), and an Air
Gap (AG) to reduce building energy consumption. The wall boosts solar energy gains through
TIM, prevents PCM overheating with AG, and utilizes PCM-integrated bricks as thermal mass.
Using Ankara’s climate data, its performance during heating (January, 21) and cooling (July, 21)
was analyzed via numerical and dynamic simulations, focusing on heat transfer (Q), Decrement
Factor (DF), and Time Lag (TL). MATLAB analysis of five organic PCMs with different melting
points identified RT18HC for heating and RT22HC for cooling. The TIM-AG-PCM wall delayed
temperature transmission by 8.33 h in heating and 4.38 h in cooling, with an amplitude reduction
of 0.24. Dynamic simulation in HTflux showed a time shift difference of 33 min for heating and
28 min for cooling compared to MATLAB results, with DF and Q values showing 70 % and 95 %
similarity, respectively. Mean Radiant Temperature (MRT) analysis in a virtual room demon-
strated the wall’s ability to reduce indoor temperature fluctuations and maintain conditions near
thermal comfort. The conclusions confirm that the TIM-AG-PCM wall significantly improves
thermal performance and contributes to energy efficiency in buildings.

Nomenclature
Greek letters

T Temperature [°C] A Thermal conductivity [W/m.K]

Tpem PCM temperature [°C] h Heat transfer coefficient [W/rnz.K]

Tm Melting temperature of PCM [°C] h; Internal heat transfer coefficient by convection [W/
mz.K]

Te,wan(t) Wall external surface temperature [°C] h, External heat transfer coefficient by convection [W/
m2.K]

Ti,wan(t) Wall internal surface temperature [°C] € Emissivity

Ti wan ™™ Maximum internal wall surface temperature c Stefan-Boltzmann constant [W/m?2K*]

T; wan ™™ Minimum internal wall surface temperature p Density [kg/m®]

Tewan™™  Maximum external wall surface temperature ag Absorbtivity

Tewar™™  Minimum external wall surface temperature AT  Phase change transition temperature [°C]

* Corresponding author.
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(continued)

Nomenclature

Tq(t) Changing outside air temperature throughout the day [°C] o Heat diffusion coefficient [m>/s]

Troom Room temperature [°C] Ax Spacial step

Tair Outdoor air temperature [°C]

f(t) The proportion of liquid in the material at the time of phase change

t Time [s]

Q Heat transfer rate [W]

Ly Latent heat [kJ/kg]

Cp Specific heat capacity [J/kg.K]

I Solar radiation [W/m?]

E Energy savings [Wh/m?.day]

E Total amount of energy [Wh/m?.day]

Ewall Total energy per day passing through the wall without phase change material [Wh/
mZ.day]

Epem Total amount of energy per day passing through the wall containing PCM [Wh/m?.
day]

DF, f Decrement Factor

TL,® Time Lag

T Surface temperature of the clothed body

Tr Radiant temperature

Feln Radiation shape factor from the body to the nth surrounding surface

Tdb Dry bulb temperature [°C]

Tsurf Surface temperature [°C]

TIM Transparent insulation material

PCM Phase change material

AG Air gap

CFL Courant-Friedrichs-Lewy

1. Introduction

The increase in energy demand worldwide and the use of fossil fuels in recent years have caused an increase in greenhouse gas
emissions. Global warming, climate change effects, energy crises, and environmental problems pose a danger to the world due to this.
Reducing fossil-based energy consumption and meeting the demand for renewable energy sources is the method to prevent envi-
ronmental disasters from occurring.

According to a study conducted among the countries of the International Energy Agency (IEA), buildings, one of the most energy-
consuming sources, consume 55 % of the total electricity used, 30 % of natural gas, and are responsible for 38 % of the greenhouse
gases generated [1,2]. Heating and cooling needs account for 35 % of world energy consumption in the building sector [2,3].
Approximately 60-80 % of buildings’ total heat loss is heat loss in the building envelope. This reveals how important it is to improve
the thermal performance of the building envelope, especially the outer wall, in terms of energy efficiency [4-6].

Passive solar technologies are capable of reducing energy consumption and increasing the number of near-zero-energy and zero-
energy buildings in building envelopes. The thermal performance of buildings using the application can be significantly affected by the
optical and thermophysical properties of the materials used in the exterior wall. The material’s optical and thermophysical properties
are the factors that determine how much heat is gained and lost from the outer wall unit area, which is affected by outdoor temperature
and solar radiation. Another parameter to be considered in heat storage works where the passive method is used on the outer walls is to
prevent heat losses from the wall surface to the outside. Opaque insulation materials applied to the internal or external surface of the
outer wall prevent heat transfer between the indoor and the outdoor environment, but the sun cannot benefit from the passive method.
Inorganic materials such as glass wool, rock wool, and synthetic-organic foams have environmental impacts, are not recyclable, and
generally use primary energy sources in their production, which has increased studies on innovative materials in sustainable and
energy-efficient architecture [7-11]. In this context, TIM is one of the innovative materials that should be examined in minimizing heat
losses in the building envelope depending on their physical properties and ensuring that the wall works as a thermal mass by trans-
mitting sun rays to the wall in front of the wall applications.

Using thermal storage is another way to decrease energy consumption in buildings. PCM, which can store thermal energy as latent
heat, is recognized by researchers and practitioners as a promising method for integrating it into the exterior walls of buildings
[12-20]. PCM’s higher heat storage capacity per unit volume makes it stand out from conventional building materials. The material
undergoes a phase change when the ambient temperature changes. The process of phase change is endothermic, and it absorbs heat
from the environment. As the ambient temperature decreases, the PCM solidifies and releases heat into the environment. The indoor
temperature fluctuations and heating and cooling loads are minimized by this cycle [21-24]. The application of PCM on the exterior
wall reduces heating and cooling peak loads, improves indoor thermal comfort conditions, and ensures efficient use of passive heating
and cooling loads [15,21,25-27].

It is crucial that materials science developments contribute to the strategies designed to enhance building energy performance.
Innovative materials, which have become more dynamic with the development of technology, attract the attention of researchers and
the building sector with their features, such as responding to environmental conditions, being recyclable, generating energy, storing
energy, and utilizing climate elements such as the sun with passive or active methods. PCM and TIM, innovative building materials,
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offer passive solutions by using solar energy. These innovative materials are used to create new adaptable building envelopes, allowing
an active interaction with the environment to improve building energy performance.

Stritih & Novak [28] investigated a wall system consisting of a transparent insulating material and a transparent insulating material
on the outside and a black paraffin PCM filled in a transparent plastic container made of polycarbonate. Manz et al. [29] proposed a
two-layer passive wall system combining salt hydrate PCM and polymethylmethacrylate (PMMA) TIM. The thermal performance of the
wall system, which is configured as a TIM-PCM wall filled into glass bricks from outside to inside, was investigated in the climatic
conditions of Zurich, Switzerland. Many studies have investigated the performance of similar wall configurations, different transparent
insulation and PCM, and material thicknesses in different climatic zones [30-33]. Unlike the translucent use of a latent heat storage
wall, Heim & Klemm [34] analyzed the thermal performance under winter conditions of a transparent insulated latent heat storage
solid wall consisting of a TIM and a PCM-ceramic composite. As a result of the analysis, it was found that the installed wall system
significantly reduced day and night temperature fluctuations. Heim [35] examined the performance of the wall configuration in both
summer and winter climatic conditions and concluded that it performed better in winter.

According to literature research, the TIM-PCM wall significantly impacts indoor temperature fluctuations, maintains comfortable
temperatures, reduces heating or cooling loads, and results in energy savings. However, previous studies have generally focused on the
translucent TIM-PCM wall. Studies on using TIM-PCM wall as an opaque exterior wall are very limited. PCM was commonly used in
these studies by impregnating it in the wall material. Since the use of PCM by embedding into the building element is easier to apply in
the field and does not require special labor, such as producing a new material before application, studies in this field were investigated.
As a result of the research, the lack of sufficient resources revealed the gap in this field. This study will fill the gap in the literature by
analyzing the thermal performance of the opaque TIM-PCM wall formed by the integrated use of a transparent insulating unit formed
by aerogel filling between two float glass and a brick wall in which the PCM is embedded in the cavity in the clay brick. Furthermore, in
some studies [36-40] where TIM was used in front of the wall, it was found that there was a danger of overheating of the wall surface,
especially during the summer season. In order to prevent overheating, an air gap was used to balance the heat flow generated by
sunlight between the insulation layer and the wall. In this study, the air layer is used as an additional region, and the innovative wall is
named the TIM-AG-PCM wall. In order to prevent overheating by balancing the heat flow generated by sunlight between the insulation
layer and the wall, an air gap was used. In this study, the air layer is used as an additional region and the innovative wall is named as
TIM-AG-PCM wall.

The TIM-AG-PCM wall performance was evaluated in the Ankara province of Tiirkiye, where continental climate characteristics
were observed. The reason for selecting Ankara province, which has a continental climate, is that PCM shows better building energy
performance in regions with high day and night temperature differences [41-43]. The performance of the wall system to be analyzed is
significantly affected by the operation of the PCM. For this purpose, a code was developed in MATLAB using a one-dimensional explicit
finite difference method to select the material suitable for Ankara climate conditions and evaluate the effect of the wall performance on
Q, DF, and TL. In the developed code, Bulut et al. [44] and Bulut et al. [45] were utilized to obtain instantaneous data at the specified
time and location step. The mathematical models developed in these studies enabled adding functions to the MATLAB code from which
climatic data forecasts can be obtained. Analyses were performed for both heating and cooling seasons. The study aims to develop an
exterior facade system that supports the production of high energy performance and low carbon emission buildings in the continental
climate zone where day and night temperature differences are high.

2. Methodology
2.1. Introduction of the TIM-AG-PCM wall

In this study, firstly, previous studies are taken as a reference to determine the location and application details of the materials to be
used in the multilayer wall component, which will determine the optical and thermophysical properties of the building envelope.

Regarding the ordering of the layers of TIM-AG-PCM wall systems, Kienzl [30] argued that ordering the layers according to their
functions would be more efficient in terms of performance. The outer layer has the element that protects the thermal insulation

Table 1
Thermal properties of the materials of the external wall of the building.
X (cm) k [W/m.K] Cp [J/kg.K] Psotia [kg/m?] Priquia [kg/m’]

Tempered Glass 0.4 0.81 800 2225 -
Plaster 2 0.3 1050 1800
Aerogel(Granul) 1.6 0.012 1150 120 -
Glass 0.4 1.05 840 2500 -
Air Gap 2 0.025 1007 1184 -
Brick 12 0.32 840 600 -
XPS 5 0.031 1380 24 -
RT10HC 8,5 0.2 2000 880 770
RT18HC 8,5 0.2 2000 880 770
RT21HC 8,5 0.2 2000 880 770
RT22HC 8,5 0.2 2000 760 700
RT28HC 8,5 0.2 2000 880 770
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material from external factors (usually tempered glass material is used), the TIM to prevent heat loss inside, the air gap to provide a
thermally insulated air cushion between the TIM and the wall, and the PCM in the inner layer as it is exposed to the internal envi-
ronment. For this wall system, it is important to know how the PCM will be integrated. In the literature research on this subject, it has
been observed that PCM is generally used in the wall system by impregnating the wall material [34,35,46]. Another method of using
PCM in the wall system is embedded in the wall material. In the research on this method, studies in which the PCM is embedded in the
brick body have attracted attention [47-50]. Brick was chosen for this study because it is one of the most widely used wall materials in
the construction sector in Tiirkiye and does not require any specialized craft due to its internal cavity.

PCM-brick joint, using encapsulated PCM embedded in perforated brick [50-53], is provided. Lai and Chiang [47] investigated the
outcome of adding PCM to conventionally insulated brick walls. They found that the thermal insulation effect is better during the
daytime and provides more effective indoor heat conservation at night. With the knowledge gained from the literature, it was decided
to investigate a TIM-AG-PCM wall based on a configuration of encapsulated PCM embedded wall, air gap and transparent insulation
material.

For the TIM-AG-PCM wall, whose thermophysical properties are given in Table 1, the layers are determined as 0.4 cm glass, 1.6 cm
granular aerogel, 0.4 cm glass, 2 cm air gap, 8.5 cm R1 capsule PCM (at different melting temperatures) between 12 cm bricks and 2 cm
plaster from outside to inside (Fig. 1).

In the study, RT category materials belonging to Rubitherm brand at different melting temperatures as PCMs. PCMs in the RT
category are organic materials. They store high latent heat in narrow temperature ranges. They are also chemically inert and have an
unlimited lifetime. Compared to conventional RT materials, RTHC products with different melting temperatures in this study store
25-30 % more latent heat [54]. RT18HC (17-19 °C), RT21HC (20-23 °C), RT22HC (20-23 °C), and RT28HC (27-29 °C) materials with
different melting temperature range were selected for the study.

Lumira series granular aerogel of Cabot brand was used as TIM. Lumira aerogel is a translucent material with 93 % light trans-
mission per cm. It provides three times more thermal performance than insulation materials. In addition to its performance, Lumira
aerogel is a material with low environmental impact due to its reusability and low impact on the environment during its production
[55].

2.2. Climatic conditions data

TIM-AG-PCM wall thermal analysis was conducted based on weather data from Ankara, Tiirkiye. The location is between 39.57 N
latitude and 32.53 D longitude and has an elevation of approximately 890 m above sea level. As per the Koppen-Geiger climate
classification system [56], Ankara falls under Bsk (cold semi-arid climate). Fig. 2 displays Ankara’s average monthly meteorological
data from 1927 to 2023.

As per Fig. 2, it is observed that the highest temperature data is collected in July, and the lowest temperature data is collected in
January.

The ASHRAE clear-sky model [58] was used to determine the hourly solar radiation. Since the ASHRAE solar radiation constant,
atmospheric attenuation coefficient, and sky diffusion factor were obtained for the 21st of each month in the Bakirci [59] study,
January 21 for the heating season and July 21 for the cooling season were selected in this study.

2.3. Mathematical analysis

A transient simulation is performed with the MATLAB code developed to analyze the thermal effect of PCM during the day. Bulut

Granul Aerogel

Glass
Glass
Air Gap
PCM

T T
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—
—
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Fig. 1. TIM-AG-PCM wall cross-section.
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Fig. 2. Meteorological data for Ankara [57].

et al. [44] and Bulut et al. [45] were utilized for the instantaneous climate data required for transient mathematical simulation. Bulut
et al. [44] created a mathematical model for daily maximum and minimum Tgp and hourly Ty, to simulate hourly data measured for 15
years for 78 provinces of Tiirkiye. Bulut et al. [45] developed a model to estimate the annual variation of global solar radiation for any
location in Tiirkiye. The mathematical models developed in these studies enabled adding functions to the MATLAB code from which
climatic data forecasts can be obtained.

To examine the thermal performance of the TIM-AG-PCM wall and compare it to the standard external wall, two different scenarios
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Fig. 3. a) TIM-AG-PCM wall cross-section, b) Standard wall cross-section with opaque insulation.
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are examined, as depicted in Fig. 3.
One-dimensional heat transfer through the wall was presumed. Equation (1) illustrates the conduction heat transfer between
building materials and PCM in the solid or liquid phase.

oT T
* % W

The heat transfer during phase change, i.e., during melting/solidification, can be found in Eq. (2).

oT  °T Ly of
E’“ﬁ*cﬁa 2)

f is the proportion of liquid in the material at the time of phase change and depends on the conditions in Eq. (3) [49].

0 if Tpem >Tm— AT
2
1 AT . AT AT
f(t)= ﬁ(Tm +77Tpcm> if T,,,77§Tpcm§"fm+7 @)
1 lf Tpcm S Tm - %T

In the study, the boundary conditions on the external and internal surfaces of the wall are given in Eq. (4) and Eq. (5).

JaT

—k& =ho [Tq(t) — Tewan ()] + a6I(t) + €6 Tay (t)* — Tewan(t)*] 4
0
aT
_k& . = hi [Ti,wall(t) - Troom} (5)

To ensure thermal comfort for the heating and cooling season and to reduce heat loss during the heating season, the space operative
temperature is taken as 21 °C. The symbols h, and h; denote the heat convection coefficient between the external environment and the
internal environment and the wall surface, respectively, and these values are assumed to be 22 W/m?K and 9 W/m?K, respectively
[60].

aG = 0.6, ¢ = 0.4 values were taken in the study [61].

The different temperature profiles obtained in the cross-section of the exterior wall of buildings at any moment of the daily period
depend on the T; wai, Tq, and the thermophysical properties of the wall. During the propagation of this heat wave along the wall, its
amplitude will decrease depending on the thermophysical properties of the wall materials. When this wave reaches the inner surface, it
will have an amplitude significantly smaller than its value at the outer surface. The time it takes for the heat wave to move from the
outer surface to the inner surface is called 'TL’, and the rate of decrease in its amplitude during this process is called 'DF’ [62-65]. The
heat storage capabilities of any material are greatly influenced by the properties of TL and DF. The volume surrounded by the building
element with a low reduction factor shows less oscillating temperature fluctuations in the indoor environment. Thus, a comfortable
and stable indoor environment is obtained [66].

Methods such as analytical [67,68], numerical [69,70,71,72], and experimental [73,74] are often used to measure TL and DF. The
DF (f) is defined as the ratio of the temperature change on the T; wai to the temperature change on the Te wan and is calculated from Eq.
(6) [75].

max min
Ti wall - Ti,wall

f = min (6)

Te.wallrrlax - Te,wall
The TL (®) is defined as the lag between the time when the maximum temperature occurs on the external surface of the wall and the
time when the maximum temperature occurs on the internal surface (Eq. (7)) [75].

tTi.wall_max = U ™ if T ™ > U™
O 24 if tr, ™™ e

wa™ = T,
tr o — tr, e + 24 if tr mx < tr, ™

ewall iwall

The wall material’s thermophysical properties can make it possible to store solar energy and transfer it to the interior space with a
certain time delay. In this case, the TL and DF are determining the building’s thermal energy storage. In regions with large daily
temperature variations, determining TL and DF is essential for reducing the heating and cooling load in energy-efficient building
design [76].

2.4. Simulation

A two-dimensional simulation of the TIM-AG-PCM wall cross-section was performed by HTflux software using the same boundary
conditions and material properties as the mathematical analysis. The instantaneous outdoor temperature data obtained with MATLAB
were transferred to HTflux, and transient thermal simulation was performed.
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The HTflux tool used for thermal simulation is a software certified by EN ISO 10077-2:2007 and EN ISO 10211-2:2012.
Bienvenido-Huertas et al. [77] calculated 2D simulation of five patented slab-to-facade thermal bridges, Purwanto [78] analyzed the
heat transfer of roof constructions with different cladding materials, Alkadri et al. [79] analyzed the dynamic thermal bridges of the
south-facing wall of a café inside a library building in Indonesia with the HTflux simulation tool. In addition to the validation of the
HTflux simulation tool by standards, it has been used as a simulation tool in many scientific studies where mathematical analysis and
experimental studies have been performed, which has been effective in the validation and reliability of this software tool.

The choice of HTflux in the study is based on its user-friendly interface and its ability to efficiently handle transient heat transfer
simulations, which are critical for accurately capturing the phase change behavior of PCM materials. While tools such as EnergyPlus
are widely used for whole-building energy simulations, they are less suited for detailed analysis of localized heat transfer phenomena.
On the other hand, advanced numerical simulation tools like ANSYS Fluent or COMSOL Multiphysics, although highly precise, require
significantly higher computational resources and expertise, making them less practical for this study’s scope. HTflux offers a balanced
approach, providing both computational efficiency and the capability to model phase change processes effectively. Therefore, it was
deemed an appropriate and efficient choice for the objectives of this research.

The 2D transient thermal simulation of the TIM-AG-PCM wall was performed for the heating and cooling season of January 21 and
21 July. The same boundary conditions and material properties were used as in the analysis performed with MATLAB. The simulation
was carried out in three periods with a time step of 10 min. On a broad color scale, the thermal analysis displays the temperature
distribution of the wall layers. The temperature is characterized by a range of —5 °C-35 °C, with the red color indicating the highest
and the blue color indicating the lowest.

Instantaneous temperature distribution and heat flux data were obtained by transient thermal simulation in HTflux, and the TL, DF,
and total amount of heat transferred (Q) of the TIM-AG-PCM wall was calculated. As a result, the TIM-AG-PCM wall was evaluated by
comparing the TL, DF, and E data obtained in MATLAB code.

2.5. MRT analysis

Thermal performance in energy-efficient building design is based on meeting indoor thermal comfort with minimum energy
consumption. The MRT is one of the factors that impact thermal comfort indoors [58,80]. MRT is the temperature used to measure the
radiant heat exchange between the user and the surrounding surfaces. It depends on the position of the user in terms of volume,
posture, and temperature of the neighboring surfaces. These parameters affecting MRT can cause the surface temperatures adjacent to
the volume to vary significantly, complicating the analysis [81].

The effect of the temperature data obtained as a result of mathematical analysis on indoor thermal comfort was evaluated with the
average radiant calculation. For this assessment, a tool developed by researchers at the Center for the Build Environment (CBE) at the
University of Berkeley was used to calculate and display the MRT and the estimated comfort in a space based on room surface tem-
peratures sunlight gain through windows and skylights. An imaginary room (Fig. 4) with dimensions of 3m x 5m x 3m (widthx-
lengthxheight) was added to the online tool. The T; way data of the transparent insulated hidden heat storage wall on the south wall of
the room and the standard wall on the other facades were entered. A seated person was assumed to be located 0.7m x 1m in the
southeast direction and 4m x 1m in the northeast direction of the room.

Mathematical analysis data were used for the instantaneous Tjway of the TIM-AG-PCM wall and the standard wall during the
heating and cooling season. MRT calculation of the position steps was determined by inputting hourly Ti, and wall data was performed

Standard Wall

Standard Wall

PCM - TIM Wall

Fig. 4. Imaginary room for the MRT Analysis.
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on the walls.

3. Results and discussion

3.1. Validation

The code developed in MATLAB was verified with the results obtained by Arici et al. [82] for Case 3, where the latent heat of seven
different scenarios with PCMs at different locations and different melting temperatures in the wall cross-section were analyzed
mathematically. A PCM with a melting temperature of 25 °C, a melting temperature of 2000 (J/kg.K), and a thickness of 30 mm was
used. The results were compared using the daily variation of Ty and solar radiation of Kocaeli province. The indoor temperature was
24 °C, and the indoor convection h was 7.7 (W/m?K). The comparison of the results obtained with the code developed in this study and
the results in the study of Arici et al. [82], is given in Fig. 5. According to the figure, the results obtained agree with the reference study,
with an average deviation of 0.8 %.

The Courant-Friedrichs-Lewy (CFL) condition [83] was employed to ensure the stability and convergence of the numerical model
by maintaining an appropriate relationship between spatial and temporal resolutions. The maximum thermal diffusivity, tqitfmax, Was
determined as 6.3492 x 10”7 m?/s. While determining the spatial step, the layer thicknesses of the wall were considered. A spatial step
divisible by the layer thicknesses was selected to ensure accurate temperature data collection from each layer. Prior to this selection, a
graph of the inner surface temperature of the final layer was generated for different Ax values (0.001, 0.002, 0.004) (Fig. 6).

The analysis conducted for different Ax values revealed no significant variations in the temperature values at the same spatial
locations (Fig. 6). Therefore, for further analyses, a spatial step of 0.004 was selected, and a time step of 1.2 s, determined using the CFL
condition (CFL < Ax), was adopted for this spatial resolution.

3.2. Selection of the PCM

The high thermal performance of the TIM-AG-PCM wall during the heating and cooling season depends on the selection of the
suitable PCM. For this reason, firstly, using the meteorological data of Ankara province dated 21 January and 21 July, the state change
states of PCMs on these dates were examined with the code developed in MATLAB.

The behavior of PCMs with different melting temperatures at the heating climate condition on 21 January is shown in Fig. 7. The
TpcMm curve given in the graph gives the hourly temperature reached by the cavity in the clay brick body.

In these graphs, the line shown in blue represents the temperature change of the cell containing the PCM for one day. In the area
between the melting temperature lines of materials with different melting temperatures and the points where the temperature lines of
the cell coincide, the material shows phase change. In the graphs prepared for the heating season, RT18HC material changes from
liquid phase to solid phase during the night hours when the T, is the lowest, and the Tyoom also decreases and changes from solid
phase to liquid phase around 14.00 when the outdoor temperature and room temperature increase. Therefore, RT18HC material was
selected for the heating season performance analysis.
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Fig. 5. The validation of the MATLAB code model.
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Fig. 7. (a) RT10HC, (b) RT18HC, (c) RT21HC, (d) RT22HC, (e) RT28HC phase change state of PCMs during the heating season.

Fig. 8 depicts the PCMs’ behavior during the cooling season on July 21st.

In the graph (Fig. 8), the blue line represents the temperature fluctuations of the cell containing the PCM during the day as in the
heating season. The working state of the material that changes phase in the face of these temperature fluctuations is given by the area
between the points where the line showing the melting point and the line showing the cell temperature coincide. According to Fig. 8, it
is seen that the RT22HC material with a melting temperature of 22 °C changes state from liquid phase to solid phase near sunrise
(around 6 o’clock) when the outdoor temperature and room temperature decrease and from solid phase to liquid phase around 12.00
when the Ty and Troom increase. For this reason, RT22HC material was selected for the performance analysis to be performed for the
cooling season on 21 July.
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Fig. 8. (a) RT10HC, (b) RT18HC, (c) RT21HC, (d) RT22HC, (e) RT28HC phase change state of PCMs during the cooling season.
3.3. Thermal performance of TIM-AG-PCM wall: heating season

It is known that the combined use of PCM and TIM reduces temperature fluctuations during the day, thus reducing energy con-
sumption by keeping the Tyoom close to the comfort temperature. T; wan graphs of the TIM-AG-PCM wall and the standard external wall
obtained as a result of the mathematical analysis are given in Fig. 9 for the heating condition, respectively.

It was determined that the maximum T;wa of the RT18HC integrated TIM-AG-PCM wall increased by 4.5 °C and the T;wan
amplitude decreased by 1.7 °C compared to the maximum T; yan of the standard wall for the heating conditions. The amplitude of the
T;,wan indicates the difference between the maximum and minimum values of the wall’s T; yay. The TIM-AG-PCM wall has a lower T;,
wall amplitude than the standard wall, which suggests that indoor temperature fluctuations are also reduced.
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Fig. 9. Tjwan in the heating season.
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In addition to heat transfer, the DF and TL parameters were also investigated. The RT18HC integrated TIM-AG-PCM wall’s external
and internal surface temperatures fluctuate in heating conditions during a 24-h season (Fig. 10).

The T;wan amplitude of the RT18HC integrated TIM-AG-PCM wall was determined to be about 0.13 °C and the external surface
temperature amplitude was determined to be 6.05 °C. The DF, defined as the ratio of the amplitude of the T;wan change to the
amplitude of the T a1 change, was determined as 0.02. The phase difference TL, defined as the time difference between the time when
the maximum temperature occurs on the external surface of the wall and the time when the maximum temperature occurs on the
internal surface, was found to be 10.27 h.

For the standard wall, the external and internal Ty, change over 24 h is given in Fig. 11.

For the heating season in Ankara, the DF was determined to be 0.26 and the TL to be 1.54 h for the standard external wall.
Accordingly, it was determined that the DF decreased by 0.24 by using the RTIS8HC integrated TIM-AG-PCM WALL instead of the
standard wall for Ankara heating conditions. It is also seen that there is an additional TL of 8.33 h with the use of the RT18HC in-
tegrated TIM-AG-PCM WALL.

By mathematical analysis, the thermal performance of the TIM-AG-PCM wall was assessed and compared to the standard wall. The
instantaneous temperature data of the TIM-AG-PCM wall taken in MATLAB were transferred into the HTflux simulation tool, and its
dynamic thermal performance was simulated without changing the boundary conditions and material properties. As a result of the
simulation, hourly temperature data and visualizations showing the temperature flow in the wall section were obtained. The images
taken for each 10-min time interval and the images at low and high-temperature periods are shown in Fig. 12.

The hourly temperature data obtained from the transient thermal simulation were exported and graphed (Fig. 13). In the simu-
lation for the heating season of the TIM-AG-PCM wall, it is seen that the T; yan of the wall does not fall below the comfort temperature
during the day. During the night hours when the Ty;; dropped, the T; wai was measured to be close to 20 °C. The fact that the T; wan
curve did not fluctuate revealed that the TIM-AG-PCM wall was successful in thermal efficiency heating conditions.

TL and DF calculations were made from the instantaneous temperature data obtained from the simulation. The T; ay amplitude of
the RT18HC integrated TIM-AG-PCM wall is about 0.15 °C, and the Te way amplitude is 5.9 °C. The DF, defined as the ratio of the
amplitude of the T; wan change to the amplitude of the T wan change, is 0.026. The phase difference TL, defined as the time difference
between the time when the maximum temperature occurs on the external surface of the wall and the time when the maximum
temperature occurs on the internal surface, is 11 h.

The comparison of the mathematical analysis performed in MATLAB program and the transient thermal simulation performed in
HTflux software to evaluate the thermal efficiency of the TIM-AG-PCM wall over TL and DF at 21 January heating condition is given in
Table 2.

When the data obtained from the mathematical analysis and simulation for DF and TL are compared, it is seen that there is a
significant consistency of 70 % in the DF results and a 33-min time shift difference in the TL results. When the amount of heat
transferred from the wall is compared, it is 6.21 W/m? on average according to the mathematical analysis result and 5.89 W/m? on
average according to the transient thermal simulation result. The analysis results are consistent, with a significant rate of approxi-
mately 95 %. This agreement reveals the success of the TIM-AG-PCM wall in terms of thermal performance during the heating season.
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Fig. 10. The internal and external Ty, of the standard wall for Ankara in heating season.

11



C. Bekler et al. Journal of Building Engineering 103 (2025) 112058

0" F——F——— 77— T
15+ R
£~ 4
o ]
o
N’ L 4
v
= 10F o
E L 4
= j
S i
d)
=" Pl S ' 1
N °
E Xr i \.\. 5
) Ve oo 1
= o o o
- o ®-oe
0o 7
~e- o i
ol .—05._.‘_._._._.’./ ]
=S TANDARD WALL INTERNAL TEMP. i
L ——@—STANDARD WALL EXTERNAL TEMP. 1
_5 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 n 1 L 1

0 2 4 6 8 o 12 14 16 18 20 22 24
Time (Hour)

Fig. 11. The internal and external T, condition of the standard wall for Ankara in heating season.

(a) 03:00 08:00 (b)

[ Tonin= 20.3°C I

sjgn-‘ fis0F =113 olie} !20

—15

17:00 ! II B
[ Tmin: 3.40C

Fig. 12. (a) Temperature variation of the TIM-AG-PCM wall on 21 January (b) Extended part of the dynamic thermal simulation result of the TIM-
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Table 2

DF and TL data of TIM-AG-PCM wall heating condition.
TIM-AG-PCM wall DF (°C) TL (Hour)
Matlab Analysis Data 0,02 10.27
HTflux Simulation Data 0,026 11

3.4. Thermal performance of TIM-AG-PCM wall: cooling season

The T;wan graphs of the TIM-AG-PCM wall and the standard external wall obtained as a result of the mathematical analysis are
given in Fig. 14.

It can be observed that in the cooling season, the maximum Tj a1 of the RT22HC integrated TIM-AG-PCM wall is 1.15 °C, and the Tj,
wall amplitude is 3.36 °C less than the maximum T; wan of the standard wall. The fact that the T; wan peak value of the TIM-AG-PCM wall
is lower than the standard wall indicates that it will reduce energy consumption during the cooling season.

Fig. 15 displays the changes in external and internal Ty of the TIM-AG-PCM wall with integrated RT22HC material during the
cooling season in Ankara province.

The DF of the RT22HC integrated TIM-AG-PCM wall was calculated to be 0.021, with an Tj yan amplitude of approximately 0.26 °C
and an Te wan amplitude of 12.03 °C. The TL, defined as the time difference between the time when the maximum temperature occurs
on the external surface of the wall and when the maximum temperature occurs on the internal surface, was found to be 7.08 h.

As shown in Fig. 16, the cooling condition of the standard wall involves a change in the external and internal surface temperature
over 24 h.

The DF was found to be 0.26, and the TL was found to be 2.3 h for the standard exterior wall during the cooling season in Ankara.
According to this, the DF decreased by 0.24, and there was a TL of 4.38 h when using the RT22HC integrated TIM-AG-PCM wall instead
of the standard wall for Ankara under heating season.

The instantaneous temperature data of the TIM-AG-PCM wall for the 21 July cooling season obtained from MATLAB were
transferred into the HTflux simulation tool, and its transient thermal performance was simulated without changing the boundary
conditions and material properties. For each moment of the 10-min time step, the images of the moments when the weather is hot
during the day and when the air temperature drops at night are taken from Fig. 17.

In the instantaneous data (Fig. 18) of the simulation performed for the cooling season of the TIM-AG-PCM wall, it was noted that the
T; wan of the wall did not temperature fluctuate during daytime hours when the air temperature reached 30 °C and at night when the
T,ir decreased, and it was almost constant at the comfort temperature.

TL and DF calculations were performed to measure the thermal efficiency of the TIM-AG-PCM wall under cooling conditions. The T;,
wall amplitude of the RT22HC integrated TIM-AG-PCM wall was determined to be about 0.3 °C, and the external surface temperature
amplitude was determined to be 11.7 °C. The DF of the TIM-AG-PCM wall was determined as 0.027. The TL of the wall was found to be
8.4 h.

The comparison of the mathematical analysis performed in the MATLAB program and the transient thermal simulation performed
in the HTflux software for the evaluation of the thermal efficiency of the TIM-AG-PCM wall over TL and DF in the 21 July cooling
season is given in Table 3.

The data obtained by different analysis methods using the same boundary conditions and the same material properties of the TIM-
AG-PCM wall are compared and analyzed in Table 3. It is observed that there is about 70 % agreement in DF results and a 28-min TL
difference shift in TL results. When the amount of heat transferred through the wall is compared, it is 2.39 W/m? on average according
to the mathematical analysis result and 2.29 W/m? on average according to the transient thermal simulation result. The conclusions of
the two analyses agree by a significant margin of about 95 %. The ratios obtained in the comparative analysis reveal that the TIM-AG-
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Fig. 15. Condition of internal and external T, of RT22HC material for Ankara in the cooling season.

PCM wall will positively affect the building energy performance in the cooling season.

A comparative analysis was conducted to evaluate the thermal performance of the TIM-AG-PCM wall system under Ankara’s
climatic conditions relative to the findings of Bilgin and Aric1 [71]. In their study, Bilgin and Aric1 analyzed a PCM-integrated opaque
insulated wall system and reported thermal load reduction (TL) values of 16.11 and 8.43 for the cooling and heating seasons,
respectively. Their corresponding decrement factor (DF) values were 0.032 and 0.072. In contrast, the TIM-AG-PCM wall system
presented significantly improved thermal performance. For the cooling season, the TIM-AG-PCM system demonstrated a TL value of
7.08 and a DF value of 0.021, indicating a notable reduction in thermal load and improved energy efficiency. Similarly, during the
heating season, the TIM-AG-PCM wall achieved a TL value of 0.02 and a DF value of 10.27. These results reveal the superior

14
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(a) 03:00 07:00

Fig. 17. (a) Temperature variation of the TIM-AG-PCM wall on 21 July (b) Extended part of the transient thermal simulation result of the TIM-AG-
PCM wall (17:00).
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Table 3
DF and TL data of TIM-AG-PCM wall cooling season.
TIM-AG-PCM wall DF (°C) TL (Hour)
Matlab Analysis Data 0,021 7,08
HTflux Simulation Data 0,027 8,4
20 — —— — — 7T
- —O0—TIM-AG-PCM WALLyjp Winter |
G P - — -@- —Standard Wallygp Winter 1
T 19,5¢ -
Py i
| -
= i
u—
= i
5 19r : . —
2, ;/ e . /W
g r ~.0” 1
5] 1
= 18,5+ J
- \ ]
: \ |
. '."_"\.*___._,__ |
T \ / ™
o \ ]
= \ o T~ il
] \ 7 ]
W \ / b
E 17,5+ o_ J
17 I 1 L 1 L 1 1 1 1 1 L 1 1 ! 1 ! 1 ! L 1
8 10 12 14 16 18
Time(Hour)

Fig. 19. MRT values of a room consisting of TIM-AG-PCM wall and standard wall installation for Ankara heating season.
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performance of the TIM-AG-PCM wall system, particularly in reducing thermal load and moderating indoor temperature fluctuations
during both cooling and heating seasons. The integration of transparent insulation material (TIM) alongside PCM contributes to this
enhanced thermal performance by providing additional insulation and leveraging the phase-change properties of the PCM layer. This
comparison underscores the potential of the TIM-AG-PCM wall as a more effective alternative to conventional PCM-insulated wall
systems, especially in regions with climatic conditions similar to Ankara.

3.5. Effect of TIM-AG-PCM wall on thermal comfort

The effect of the transparent insulated latent heat storage wall on indoor thermal comfort is also analyzed through the MRT
parameter. Assuming that there is a transparent insulated latent heat storage wall on the south wall, the T; way value of this wall was
entered into the simulation tool where the analysis was performed, and the T; a1 measurements of the standard wall were entered for
the walls on the other facades. I; values obtained from the MATLAB code are entered. Azimuth and Altitude values calculated
mathematically according to latitude and time of day were entered.

The analysis for heating conditions (Fig. 19) shows that the graph curve at the 0.7 m x 1 m position step where the transparent
insulated latent heat storage wall and the standard wall intersect is close to the indoor thermal comfort temperature of 21 °C. It also
reveals that the fluctuation is less than the graph curve at the 4 m x 1 m location step where the standard wall and the standard wall
intersect. The increase in MRT value before and after 12.00 at the 0.7 m x 1 m location step where the transparent insulated wall is
located is thought to be due to the change of state of the PCM. This reveals that the transparent insulated latent heat storage wall has a
positive effect on indoor thermal comfort during the heating season.

The analysis for the cooling season (Fig. 20) shows that the intraday temperature fluctuations of the 4 m x 1 m location step graph
curve at the intersection of the standard wall, and the standard wall ia steeper than the 0.7 m x 1 m location step graph curve at the
intersection of the transparent insulated latent heat storage wall and the standard wall. Between 12:00 and 14:00, when the outdoor
temperature is the highest, the TIM-AG-PCM wall system shows a curvilinear performance close to the indoor comfort temperature. It
shows a positive effect on the cooling season.

4. Conclusion

In this study, mathematical analysis and transient thermal simulation of Ankara province, which has a continental climate, were
carried out by considering the dates of 21 January with the lowest temperature averages for the heating season and 21 July with the
highest temperature averages for the cooling season. The effect of the TIM-AG-PCM wall on thermal performance through TL, DF, and
the total amount of heat transferred and its effect on thermal comfort through mean radiant temperature analysis were analyzed.

As a result of the study, numerical data and transient simulation data revealed that the TIM-AG-PCM wall positively affects the
passive design by reducing the energy load while providing indoor comfort conditions during the heating and cooling season. The final
evaluation concluded that the wall built with RT18HC and RT22HC embedded bricks in mixed order and the TIM-AG-PCM wall using
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Fig. 20. MRT values of a room consisting of TIM-AG-PCM wall and standard wall installation for Ankara in the cooling season.
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TIM together could be used as a building element that contributes to building energy performance in continental climate conditions.
The wall with this design will significantly reduce indoor heat fluctuations and keep them at the comfort temperature level, which will
increase the energy performance of the building, reduce carbon emissions, and thus reduce the environmental impact level of the
buildings. In addition, by increasing the TL, decreasing the DF, and keeping the MRT temperature close to the comfort temperaturewill
provide indoor comfort conditions for a long time in buildings with frequent use frequency and will make a significant contribution to
passive design.

For future studies, innovative materials with different properties (insulation, energy storage) emerging as a product of developing
technology can be used together to produce building elements of different qualities and constructions that will contribute to building
energy performance. The most optimum building element can be developed for the continental climate region by evaluating these
alternatives in terms of cost-effectiveness and building energy performance.
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