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ARTICLE INFO ABSTRACT

Keywords: The demand for temporary housing for refugees and displaced communities has led to the
Phase change material development of earthbag buildings. While these structures are affordable and sustainable, they
Earthbag wall often struggle with thermal discomfort in extreme climates. This study aims to examine the
Indoor environment integration of phase change materials (PCM) into earthbag walls to improve thermal perfor-

Temporary housing
EnergyPlus
Climate chamber

mance. The research involved incorporating paraffin wax and microencapsulated PCM into
scaled-down earthbag walls, with their performance evaluated in a controlled environment. The
results were validated against a numerical simulation model developed in EnergyPlus. The study
revealed significant thermal improvements with PCM integration. Wall-2, with paraffin wax A31,
demonstrated a surface temperature reduction of up to 1.9 °C, while Wall-3, with microencap-
sulation Inertek26, showed a decrease of 2.4 °C compared to the reference wall. A parametric
analysis highlighted the importance of PCM layer thickness. Specifically, Wall-2 with a 6 cm
paraffin wax layer achieved a maximum reduction of 4.0 °C compared to the base case. The study
identified the transition temperature of PCM as a critical factor in thermal performance, with
paraffin wax A31 emerging as the optimal choice. Placing the PCM layer on the interior surface of
the wall was more effective than exterior placement. Overall, PCM integration in earthbag walls
offers a promising solution to enhance thermal comfort in temporary housing, addressing the
critical needs of refugees and displaced communities. This research fills existing gaps in thermal
comfort in temporary housing and demonstrates the potential of PCM as an innovative passive
design strategy.

Nomenclature

R Total uncertainty

k Thermal conductivity (W/ mK)

A Area of the wall (m?)

AT Temperature difference between the wall surfaces (°C)
l Wall thickness (m)
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q Rate of heat transfer (W)

he Convective heat transfer coefficient W/m?K
Tp Temperature of the inner surface (°C)

T; Temperature of the indoor air (°C)

Vi Air speed (m /s)

TL Time lag (hr)

T max Maximum inner surface temperature (°C)
To.max Maximum outer surface temperature (°C)

f Decrement factor

T{: Temperature at node i and time step j (°C)
At Time step (min)

AX Finite difference layer thickness (m)

Cp Specific heat of the material (% K)

p Density (Kg)

c Space discretisation constant

(a) thermal diffusivity of the material (m? /s)
Fo Fourier number

h(T) Enthalpy node as a function of temperature (Kj /Kg)
r Correlation coefficient

Abbreviation

P PCM

EP Expanded perlite

G Expanded graphite

PEPG Composite PCM

Wall-1 (baseline) Reference wall

Wall-2 (WA31) Wall with PCM composite

Wall-3 (WInk26) Wall with Inertek26 microencapsulated PCM
Wall-4 (WA28) Wall with microencapsulated PCM
Wall-5 (WInk23) Wall with Inertek23 microencapsulated PCM
PCM-E  PCM-integrated earthbag unit

FAC2 Fraction within a factor of two

FB Fractional bias

NMSE  Normalised mean square error

1. Introduction

Fossil fuels are the most widely used source of energy for housing worldwide [1]. Fossil fuel usage has caused many socioeconomic
and environmental problems, including fossil fuel depletion, greenhouse gas emissions, global warming, air quality deterioration, oil
spills, and acidic rain [2]. The building sector has experienced ongoing and rapid growth, accounting for 30-40 % of the total global
primary resource use [3]. In tropical developing countries with high temperatures and strong solar gains, the main part of the energy
demand related to the cooling of spaces in buildings is exacerbated [4].

Despite the need to provide a healthy and comfortable environment for housing occupants, such goals are yet to be achieved
globally for temporary housing owing to many circumstances, such as fuel poverty [5], forced displacement [6], and high levels of
insecurity [7]. This situation has resulted in a global need for temporary housing to accommodate millions of refugees and displaced
individuals [8]. An estimated 15 million individuals are internally displaced in Nigeria alone [9] due to various causes such as coercive
movements, civil wars, insurgency, and ethnic discrimination by government policies [10]. Such displacement causes great suffering
because internally displaced persons (IDPs) lack access to suitable shelters, food, and healthcare. One of the main concerns for such
housing is their poor indoor environmental conditions, as relocated individuals are often displaced to inhospitable regions that are
barely accessible [11,12].

Earthbag buildings emerged long ago as a practical temporary housing solution because they are inexpensive, quick, and simple to
construct using natural components. Earthbag housing can be easily decomposed, and the materials can be returned to nature with a
minimum human-related environmental footprint [13]. Furthermore, earthbag buildings are more thermally comfortable than burnt
or concrete bricks [14]. However, few studies have focused on the performance of earthbag buildings in hot and dry climates. Rincén
et al. (2019) [15] revealed that a high-inertia earthbag building with solar protection and night ventilation effectively mitigates
thermal discomfort. Additionally, Wesonga et al. (2021) [16] studied and compared the thermal performance and total life cycle costs
(LCC) of earthbag walls and burnt brick walls in Uganda’s hottest region and found that the thermal performance of earthbag housing
was better than that of a brick wall, resulting in a lower annual energy consumption and cost savings of up to 83.2 %. Despite these
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positive results, some studies have argued that earthbag buildings are not thermally comfortable even when another technological
system is incorporated, such as a radiative cooling system [17] and that they have lower insulating effectiveness than dual glasses [18].
A possible solution is to couple the earthbag with other materials, such as straw layers [19]. Traditional building insulation materials
have mainly been applied in thick or multiple layers to achieve greater thermal resistance, creating heavier load bearing and
complexity [20]. To address this, passive strategies such as integrating energy storage are needed, which can enhance thermal
resistance by shifting the energy demand from peak to off-peak periods. This approach buffer temperature fluctuations but also im-
proves the indoor climate, particularly in temporary housing under harsh climatic conditions [21]. As a commonly utilised storage
technology, PCM can potentially reduce thermal discomfort in buildings [22,23]. PCM have strong thermal properties and high latent
heat capacity, making them excellent thermal storage media that can significantly improve energy efficiency [24].

Phase change materials can be incorporated into building components in different ways; one of the simplest methods is direct
incorporation. However, the direct incorporation of PCM in buildings may lead to leakage as the PCM changes from solid to liquid or
vice versa during the charging and discharging periods [25]. To address this limitation, cross-linked polymer matrix, a porous mineral
material or expanded graphite or perlite, which have the virtue of shape stability, have been used to encapsulate PCM [26]. Ram-
akrishnan et al. [27] fabricate a PCM composite made by impregnating paraffin into hydrophobic coated expanded perlite (EPO)
granules using two methods, direct impregnation, and vacuum impregnation. The stability of this composite was compared with that of
a paraffin/uncoated expanded perlite (EPW) phase change composite. Results showed that the paraffin/EPW composite had significant
leakage of PCM, while no PCM leakage was observed for the paraffin/EPO composite. Hasanabadi et al. [28] reports on a leakage test
using the oozing circle method to investigate the leakage condition in the expanded perlite/paraffin composites. The results showed
that no leakage occurred in composites containing 31.5 mass% of paraffin. Lv et al. [29] developed PCM composite using octadecanol
(OC) as PCM and expanded perlite (EP) in addition to graphite using vacuum impregnation method. Leakage-proof properties of the
composites are investigated, and it is found that adding expanded graphite (EG) with a mass fraction of 5 %, 10 %, or 15 % weakens
leakage phenomena.

EnergyPlus, an advanced simulation software, plays a crucial role in evaluating these PCM integration strategies. Researchers have
employed EnergyPlus to assess PCM impact on building thermal performance. Cui et al. (2015) [30] prepared a macro-encapsulated
lauryl lightweight aggregate (LA-LWA) for thermal energy storage concrete (TESC). The experiment was conducted in a TESC room
and validated using an EnergyPlus simulation engine. The results showed that the PCM-integrated walls exhibited the best thermal and
energy performance. Mi et al. [31] studied the energy consumption of a multistory office building with PCM in five Chinese cities using
EnergyPlus. Significant energy savings have been shown in both summer and colder climates. Ramakrishnan et al. (2017) [32]
investigated the thermal enhancement of PCM integrated cementitious composites board (PCMCB) for building walls. The study used
experimental and numerical simulations with EnergyPlus v8.5 software and found that integrating PCM reduced indoor temperatures
by up to 4.4 °C during summer days. Combining PCMCB with night ventilation further reduced peak indoor temperatures by up to
3.4 °C. Many other researchers have used EnergyPlus to conduct simulations of phase change materials for building thermal perfor-
mance [33-35].

The use of PCM in conventional buildings, such as wallboards [36], bricks [37], and concrete [38], has been extensively studied.
However, the use of PCM in vernacular buildings such as adobe rammed earth, cob buildings, and earthbags has not been explored
much in the literature. For example, Serrano et al. (2013) [39] optimised the formulation of stabilized rammed earth with 10 % PCM,
resulting in a 9.3 % increase in heat capacity and a 23.5 % decrease in thermal conductivity. Gounni & Louahlia, (2020) [40]
demonstrated that integrating PCM in a cob house reduced the annual temperature oscillation and heating loads compared to con-
ventional building materials. Zaineb et al. (2020) [41] evaluated the energy saving potential of clay-straw-wall integrated with PCM in
Morocco’s Draa-Tafilalet Region. They found that the peak heat flux of the straw-clay-inner-PCM wall decreases by 31.9 %, while
straw-clay-outer-PCM only drops by 26.5 %. A study conducted by Toufigh and Samadianfard, (2022) [42] showed that using PCM in
rammed earth helped control temperature variations. In another study, "M’hamdi et al. (2022) [43] found that using PCM was more
efficient for cooling in the arid climate and heating in the sub-arid and Mediterranean climates, with the rammed earth envelope
showing a maximum energy reduction of 10.7 %. This study addresses significant research gaps in the field of thermal comfort in
temporary housing and the integration of phase change materials into building practices. Currently, there is limited research available
on thermal comfort considerations specific to temporary housing, especially in hot climates. Additionally, the incorporation of PCM
into building materials, particularly in the context of Nigeria’s climate, has not been adequately explored. Furthermore, the potential
benefits of utilizing modern passive energy storage materials, like PCM, are often overlooked in traditional vernacular building
methods. The thermal properties and characteristics of earth buildings with PCM have also not been extensively studied. In light of
these limitations, this study investigates the incorporation of modern commercial technologies, specifically PCM, into earthbag
building practices to alleviate thermal discomfort in severe climates, particularly for temporary housing such as refugees and internally
displaced individuals. The lack of research on strategies to mitigate thermal discomfort in temporary housing, especially in hot cli-
mates, poses potential risks to vulnerable occupants, particularly children. Thus, the current study proposes a passive strategy
involving PCM as an innovative and sustainable solution for addressing thermal discomfort challenges in temporary earthbag housing.
Previous research has shown promising results, indicating that the integration of PCM into earthbag units can lead to a reduction in
inner surface temperatures by as much as 4.1 °C [44]. To build upon these findings, an experiment involving a 1-zone building with a
PCM-integrated earthbag wall was conducted and subsequently validated through numerical simulations. Various earthbag walls were
manufactured with and without PCM, and their thermal performance was evaluated within an environmental chamber. The experi-
mental results were corroborated using an EnergyPlus simulation model. Consequently, a parametric analysis was undertaken to
identify the optimal PCM characteristics, including transition temperature, thickness, and placement. This comprehensive investi-
gation seeks to contribute valuable insights into enhancing the thermal performance of temporary housing in hot, dry climates by
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leveraging PCM-integrated earthbag construction.

2. Method

The overall work on PCM-Intergrated earthbag unit wall (PCM-E wall) development, thermal performance test, and numerical
validation consisted of four main steps. The first step was the materials and preparation of the earthbag walls. This step involved
selecting and preparing the materials that were used in constructing the earthbag wall. The second step was the experiment conducted
on the earthbag wall in an environmental chamber that measured the thermal performance of the walls. Therefore, the performance of
the wall was monitored within a 1-zone scaled building. The third step was validating the experimental result using developed nu-
merical model of a 1-zone building. Performance evaluation was conducted to verify the validity of the numerical model develop, by
comparing the inner surface temperature of the wall experimentally tested and the one numerically analysed. Finally, a parametric
analysis was conducted to determine the suitable quantity of the PCM required for the PCM-E wall to achieve a better thermal comfort
in their indoor environments.

2.1. Experimental study

2.1.1. Materials and methods

In hot climates like Nigeria, a PCM with a higher transition temperature option is preferable for reducing indoor temperature [45].
In this study, the selection process of PCM considered the comfort zone of the Kano state, the region for the experiment, which was
determined to be between 23 and 32 °C [46]. Four (4) PCMs were utilised as thermal energy storage materials in a PCM-E. These PCMs
included paraffin wax (A31 and A28) purchased from PCM Product Ltd, United Kingdom, and microencapsulated PCMs (Inertek26 and
23) obtained from MCI Technologies Company. For A31, a PCM composite was formed. The optimum amount of expanded perlite used
to accommodate the PCM was determined to be 50 % of the PCM percentage weight. The percentage weight of the PCM for single
earthblock as determined in our previous study was 0.39 Kg per block [44]. The melted A31 PCM was inserted into the pores of the
expanded perlite and 30g of expanded graphite via direct impregnation process, which allowed the PCM to be evenly distributed
throughout the pores of the expanded perlite and graphite. The mixtures were kept in an oven at 50 °C for 3 h and then cooled at room
temperature for 2 h. The PCM-composite (PEPG) was then formed and used for the PCM-E wall formation. The microencapsulation
PCM (Inertek26) was already microencapsulated and thus did not require a supporting material and, therefore, it was directly
incorporated into the PCM-E. However, A28 and Inertek23 were used only for parametric analysis. The phase change temperature and
enthalpy of the A31, A28, Inertek26, and Inertek23 were analysed using differential scanning calorimetry (DSC). Sample of the PCMs
(A31, A28, Inertek26, and Inertek23) weighing between 5 and 10 mg were contained within a closed crucible and placed into a
temperature-controlled DSC cell. A second crucible without sample was used as a reference. The samples were tested under a nitrogen
atmosphere, with a heating temperature range of 10-45 °C, followed by a cooling temperature range of 45-10 °C. The samples were
tested at a ramp rate of 2 °C/min. The thermophysical properties of the selected PCMs from the manufacturer’s data sheet [47-49] are
listed in Table 1.

2.1.2. Preparation of earthbag block

Twenty-four earthbag unit blocks were fabricated to construct earthbag unit test walls with and without PCM. A wooden frame for
the earthbag block fabrication with dimensions of 400 mm x 250 mm x 100 mm (see Fig. A. 1) was prepared to enclose the mixture. The
suggested optimal combination for making an earthbag block is 30 % clay to 70 % well-graded soil, as reported by Santos and Beirao
(2017) [50]. The optimal soil content was determined based on a preliminary test. The mixture was carefully pressed into frame to
prevent air gaps that could reduce the block strength. The quantity of A31 (in expanded perlite and graphite) and Inertek26 were
mixed at 2.2 % of the composition of the entire unit block mixture. Water was added to the mixture up to the point at which 10 %
moisture was achieved, as suggested by Geg, (2018) [51]. The mixture was thoroughly blended in a concrete mixer to achieve
homogeneity.

Additionally, while pouring the mixture into the block mould, several tampings were made to ensure that the mixture in the bag
was fully compacted. It was essential for consolidation that the tamping be moderate to avoid damaging the encapsulated PCM. Sixteen
blocks were formed with PCM, including eight with the PEPG composite and the other eight with the Inertek26. The remaining eight
out of 24 blocks were made without PCM and are referred to as baseline blocks. Fig. 1 shows the graphical criteria for preparing the
mixes and block development.

2.1.3. Wall thermal performance testing
Three identical wall prototypes were built to assess earthbag-building test walls with and without PCM. Wall-1 (baseline) was

Table 1
Technical data for the thermos-physical characteristic of Paraffin wax (A31 and A28) and Microencapsulated (Inertek26 and 23).
Product A31 A28 Intertek26 Intertek23
Melting temperature °C 31 28 26 to 28 23°Cto 27
Phase change enthalpy (kJ /kg) 182 265 175 160
Specific heat capacity (kJ /kg K) 2.22 2.22 2.0 2.0
Density (kg /m®) 790 789 950 940
Thermal conductivity W/ (m.k) 0.21 0.21 0.20 0.20
Wall Parametric analysis Wall Parametric analysis
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shape stablized PCM posit PCM composite + soil + 10% moisture
£ 3 :

Soil +10%moisture (reference blocks)

Microencapsulated PCM

PCM +soil+

Fig. 1. Earthbag block preparation.

constructed without PCM, whereas Wall-2 and Wall-3 were built with PEPG Composite and Inertek26, respectively. The prototype wall
(see Fig. 2 a and Fig. 3 as a picture) was placed inside a controlled climatic chamber to form a 1-zone building. Fig. 2 b shows a
schematic layout of the thermocouples and the heat flux at the outer and inner surfaces of the PCM-integrated earthbag unit test wall
and baseline wall. The tested wall was arranged with the upper portion constructed as a PCM wall and the lower portion constructed as
a non-PCM wall. The tested wall was placed 600 mm from the climate-chamber door. A wooden barrier and expanded polystyrene
board were used to separate the two walls and create an indoor space for testing (Room 1 and Room 2, as shown in Fig. 2a). The
climatic chamber was programmed to simulate summer climatic conditions in Kano, Nigeria (see Section 3.1) to replicate the real
conditions of the wall when tested outdoors. The climate chamber was divided into the outdoor temperature and the indoor space.
Additionally, ten k-type thermocouples with an accuracy of 0.5 °C were installed on the test wall, including five on the inner surface

Test wall (with PCM)
Room 1 (with PCM) limate chamber side set

Insulation (barrier) with outdoor temperature

Test wall (without PCM)

Room 2 without
PCM

Climate chamber side set
as indoor space

600mm
Thermocouple

Hot chamber Cold chamber

Heatflux sensor +——Climate chamber door

Thermocouple for indoor
temperature monitoring

(b) (©

Fig. 2. (a) Test walls prototype in climatic chamber (b) Schematic layout of thermocouples and heat flux at outer and inner surface of walls (c) Top elevation of
experimental arrangement.
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Fig. 3. Tested prototype earthbag wall (with PCM upper and without PCM lower).

and five on the outer surface (refer to Fig. 2b). Moreover, two heat flux sensors with a calibration uncertainty of +3 % (k = 2) were
mounted on the wall to measure the heat flow rates. The relative humidity was set to 50 % throughout the experiments. A thermo-
couple was placed in each indoor space to measure the indoor temperature (refer to Fig. 2¢). All the sensors were connected to an
automatic data acquisition system (DT80 DataTaker Data Logger) with a data recording frequency of 10 min. The data logger had a
voltage-measurement accuracy of 0.1 %. According to the experimental procedure, both the hot and cold chambers were initially
maintained at 20 °C to ensure that the PCM remained in its solid form. The hot side was set with a Kano state profile temperature for
three days. The experiment began once the hot chamber started to warm from the initial temperature to the first profile set temperature
of 32 °C, causing a variable thermal boundary condition on the hot side of the PCM-E wall. The experiment conducted over three days
aimed to observe variations in the behaviour of the PCM-integrated earthbag unit within a climate chamber, simulating typical
summertime conditions in Kano State. This period in April, representative of the region’s summer climatic conditions, was selected to
provide critical insights into weather patterns essential for accurate simulations. Focusing on April’s peak temperatures was integral in
evaluating the performance of the system under extreme conditions, a crucial factor in designing robust environmental systems.

2.1.4. Uncertainty analysis

To determine the accuracy of the experiment, an uncertainty analysis was performed. This study focused on measurements of the
inner wall surface temperature and heat flow through the wall. Therefore, the uncertainties were derived from the random mea-
surement of the errors of the K-type thermocouples and heat flux sensors. For the thermocouples, the accuracy was +0.5 °C, which
means that the actual temperature was within +0.5 °C of the measured value. For the heat flux sensor, the calibration uncertainty was

+3 % (k = 2) according to the manufacturer’s data sheet, which means there is a 95 % chance that the actual heat flux is within +3 %
of the measured value. Then, the uncertainty of the K-type thermocouples is +0.3 °C with an average temperature of 36.1 °C, and the
uncertainty of the heat flux sensors is +£0.68 W/m? with an average heat flux of 24.6 W/m?. Thus, to calculate the percentage un-
certainty of the measurement, we divided the total uncertainty by the measured value and multiplied it by 100 %. Therefore, the
percentage uncertainty of the K-type thermocouple was 0.7 %, and that of the heat flux sensor was 2.8 %. Now that we have individual
uncertainties, we can calculate the combined uncertainty using the root sum of squares (RSS) method, as reported by Tokuc et al.
(2015) [52] using Eqn. (1):

2 2 2 2
wg = aRw aRw + ...+ —waR 1
B o ! ox, ox,
where, wg is the total uncertainty in the result, R is the calculated result based on the uncertainties of the independent variables x7, x3 ,

Hence, the total uncertainty of the experiment is 2.9 %.

2.1.5. Thermal conductivity determination of test walls
To evaluate the thermal conductivity, an experiment was conducted using a controlled thermal chamber to determine heat transfer
through the walls. The calibrated hot-box method was employed for the experiment, as outlined in the British Standard (BS 874-3.2,
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1990). The aim was to establish a temperature difference between the two sides of the wall by placing a heat source (the hot side of the
chamber) on one side and allowing heat to transfer through the wall layer to the other side (the cold side of the chamber refer to
Fig. 2a). The temperatures of both wall surfaces were monitored under steady-state conditions. The temperature range chosen for the
experiment was between 10 °C and 70 °C, which falls within the melting and solidification ranges of the selected PCMs. The data
collected from the data logger through the heat flux sensors under steady-state conditions were used to calculate the thermal con-
ductivities of the walls. The heat-flux sensitivity was 64.6 V/W.m?, where the heat flux (q) was estimated by dividing the voltage by the
sensor’s sensitivity given in Eqn. (2) [53]:

_ voltage x 1000
1= 646

Also, k as the thermal conductivity (W/ mK) is determined by Eqn. (3) as follows:

ql
k= 3
A x AT

where A is the area of the wall (m?), AT is the temperature difference between the wall surfaces (°C), and l is the wall thickness (m).

2.1.6. Heat transfer from surfaces

The convective heat transfer was used to calculate the amount of heat transfer between the inner surface of the wall and indoor air.
Since this temperature difference typically has a low value, the radiative heat exchange between them can be neglected. Thus, the
convective heat exchange can be calculated using Eqn. (4) as follows:

q=h.A (T, — T;) 4

where q is the rate of heat transfer from the inner surface to the interior environment, h, is the convective heat transfer coefficient, T}, is
the temperature of the inner surface, and T; is the temperature of the indoor air. h, can be adapted from the below Eqns 5 and 6 by
applying either a linear or a power regression [54]:

h.=3.3v, +6.5 5
he =9.5/04 6

where v, is the air speed

The airspeed in the Kano state was measured using a National Geographic 256-Colour 5-in-1 Wireless Weather Station, and the
measured values for three days are shown inFig. B. 1. Measurements were taken during the summer period to analyze the impact of
wind speeds on local weather conditions.

2.1.7. Specific heat capacity of earthbag wall
The specific heat capacity of earthbag wall is the amount of heat required to raise the temperature of a unit mass of the material by

one degree Celsius (or 1 K). Below is the formula for calculation of specific heat capacity (c) of an earthbag wall:

_ 0

T mAT 7
Where c is the specific heat capacity of earthbag wall in Joules per kilogram per degree Celsius (J/(kg-°C)), Q is the amount of heat
supplied to the wall in Joules (J), m is the mass of the of the wall in kilograms (kg), and AT is the change in temperature in degrees
Celsius (°C).

2.1.8. Time lag and decrement factor

Time lag (TL) is the time when peak load is shifted to off-load. It can, therefore, be calculated using Eqn. (7) as the difference
between the time at the maximum inner surface temperature ( Tjmq) and the time at maximum average outer surface temperature
( To,mch) [55]:

TL=1Tipax — 1o max 8

where 7T} g and 7T, max T are the times at the maximum inner and outer surface temperatures of the wall, respectively. The decrement
factor (f) represented the ratio of the amplitude of temperature oscillation at the inner wall surface T;mq to that of the sol-air tem-
perature T, max [56]. The decrement factor can be calculated using Eqn. (8) below:

f _ Ti,ma)’

To,max

2.2. Numerical model for validation

2.2.1. PCM modelling
EnergyPlus was employed in this study as building energy simulation software. A finite difference approach is included in Ener-
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gyPlus (EnergyPlus CondFD) to model materials with variable thermal properties using the enthalpy method [57]. As suggested by
Tabares-Velasco et al. (2012) [58], a fully implicit first-order scheme was employed in this study as the solution scheme. The first
change process of the PCM is accounted for by a user-defined enthalpy temperature, as described in Eqn. (9) [59], and the
enthalpy-temperature graph used for the simulation is illustrated in Fig. 7. The simulation was conducted with a time step of 3 min.

(TJ:“ _ T/) (T__'+l _ T/:+l) (]’ﬂ:+1 _ THI)
AX i i) _ k i+1 i k i-1 i 1
Gp At VTAx . T Ax 0
where ky and kg as thermal conductivities can be defined by Eqns. 10 and 11:
k]:+1 k]:+1
kW _ ( i+1 ; i ) 11
K .
e 2

where 'Fl is the temperature at node i and time step j , At is the time step, AX is the finite difference layer thickness, Cp is the specific
heat of the material, and p is the density. Note that k; = k(Ti*') if the thermal conductivity is variable.

In the CondFD algorithm, all elements are divided or discretised automatically using Eqn. (12), which depends on a space dis-
cretisation constant (c), the thermal diffusivity of the material (a), and the time step. Users can leave the default space discretisation
value of 3 (equivalent to a Fourier number (Fo) of 1/3) or input other values [60].

A
Ax=veant— |52 13

Fo
Equation (13) was integrated with the Enthalpy-temperature function (HTF), which was given by:
h=h(T) 14

where h(T) is the enthalpy node as a function of temperature.

The HTF developed an equivalent specific heat as a function of temperature (Cp(T)) at each time step for the PCM contained in the
building as formulated by Eqn (14) [61]:

ot
G =g 15

where C;(T) is the specific heat as a function of temperature.

Moreover, to simplify the heat transfer across the wall model was assumed to be one-dimensional while the effect of convection
within PCM was neglected.

Fig. 4. Developed SketchUp model geometry.
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3. Case study
3.1. Location and climate

Kano State, located in northern Nigeria [62], is an ideal location for studying the thermal performance of PCM-integrated earthbag
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Fig. 7. Enthalpy temperature curves of Inertek26, 23 and A31, 28 PCM

units. The region experiences extreme temperature variations throughout the year, with hot and dry conditions in the summer, and
cool and dry conditions in the winter [63]. Hence, using appropriate building materials and technologies is critical to creating
comfortable living spaces in such environments. In this context, Kano state location meteorological year (RMY) weather data were
employed, which were edited with outdoor measured real climatic conditions for a 1-zone building numerical model simulation that
has been developed.

3.2. Validation

3.2.1. Model geometry and parameters

The developed case study aimed to investigate the effect of PCM-integrated earthbag unit walls to validate the experimental results.
The model geometry (Fig. 4) employed in the simulation was designed to closely resemble the experimental setup (see Fig. 2) per-
formed in an environmental chamber. As there is no code for an earthbag building, the literature was consulted to determine the
dimensions and material characteristics, as shown in Table 2. The model was constructed as a 1:2 scaled single room, two-story, and
dual thermal zone, with a size of 800 mm x 400 mm and a height of 800 mm for each room. In the developed geometry, the top wall
was used as wall with PCM (PCM composites or microencapsulated PCM) and a baseline wall (wall-1) were used as the tested walls.
The tested walls with the PCM are wall-2 with A31 PCM (WA31) and wall-3 with Inertek26 PCM (WInk26).

The first floor, ground floor, and all other walls were assumed to be adiabatic walls made from expanded polystyrene insulation
(EPS) with a thickness of 100 mm. The simulation was performed for earthbag walls with and without PCM during summer. For
validation, this study uses a graphical comparison recommended evaluation indices, as discussed in Section 3.2.1, and the mean error
difference between numerical solutions and experimental data. The validation of the model is contingent on meeting specific criteria,
as outlined in Ref. [64]. These criteria include achieving a less than 10 % validation error between the numerical solutions and
experimental data and meeting acceptable absolute mean errors. Specifically, an absolute mean error of less than 2 °C is recommended
for the inner or outer surface temperatures.

3.3. Parametric analysis

Once the EnergyPlus models was validated with experimental data, the developed model was used for a parametric analysis by
converting the PCM quantity accumulated within a single wall to a layer. The important of this is to determine the optimum PCM

Table 2
Numerical model materials properties [15,65].
System Thickness m Conductivity (W / m.K) Density (kg /m?) Specific heat (J/kg .K)
Earthbag wall 0.25 1.83" 2190 1000
Earthbag wall with A31 composite 0.25 0.74° 1980° 2100"
Earthbag wall with Inertek26 0.25 0.43" 1800° 2050"
Floor (expanded polystyrene insulation (EPS) board) 0.075 0.037 2390 1650
A31 PCM layer 0.01 0.21 790 2.22
Inertek26 PCM layer 0.01 0.20 950 2.00
Slab (expanded polystyrene insulation (EPS) board) 0.075 0.037 2300 1650

2 Calculated from the experiment conducted.
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quantity that can give optimum thermal comfort. The thickness of PCM was found to be 0.001 m for A31 and 0.002 m for Inertek26
PCM. This was found using PCM equivalent method [30] (see Appendix C). The methodological approach for transforming PCM
composites and Microencapsulated PCM into a PCM layer is depicted in Fig. 5. Additionally, Fig. 5 presents a detailed illustration of the
PCM-E wall configuration employed for the parametric analysis conducted in this study. Prior to undertaking the parametric analysis, a
thorough comparative evaluation of the simulated data for both the PCM composite and the resultant PCM layer was performed. This
preliminary step was critical to confirm the validity of the equivalent method application. However, for validation 1 cm layer thickness
was used for both A31 and Inertek26 PCM. To facilitate a comprehensive parametric analysis, additional PCMs, specifically A28 and
Inertek23, were incorporated. The study systematically explores varying thicknesses of PCM layers, ranging from 1 cm to 7 cm, to
ascertain the optimal thickness for effective performance of the PCM. This detailed investigation contributes significantly to our
understanding of PCM behaviour in energy-efficient building design. The thermophysical properties of the PCMs used in the simulation
are tabulated in Table 1.

The PCM enthalpy and DSC curve of the PCMs are experimentally found and presented in this section. The DSC results in this study
provide important information about the thermal properties of four different PCMs: A28 and A31 paraffin wax, Inertek26 and Iner-
tek23 powder. The DSC measurements include enthalpy, peak temperature, and onset temperature. The DSC results are presented in
Figs. 5 and 6. The results reveal that A28 paraffin wax has the highest enthalpy among the four PCMs, indicating that it has the highest
capacity for thermal energy storage. However, A28 paraffin wax also has the lowest peak and onset temperatures, indicating that it
changes phase at lower temperatures than the other PCMs, which may limit its application in regions with higher ambient
temperatures.

In contrast, A31 had the highest peak and onset temperatures among the four PCMs, making it suitable for regions with higher
ambient temperatures. However, A31 has the lowest enthalpy, meaning it has a lower thermal energy storage capacity than the other
PCMs. The DSC results suggest that the choice of PCM depends on the desired thermal performance and the ambient temperature
range. A28 may be preferred for regions with lower ambient temperatures. The A31 may be preferred for regions with higher ambient
temperatures. The enthalpy temperatures curve of the PCMs are shown in Fig. 7. A comparative analysis between the enthalpies
obtained from the manufacturer’s data sheet as tabulated in Table 1 and those derived from experimental measurements shown in
Fig. 6 has been conducted to evaluate the consistency and reliability of the provided data. Upon comparing the manufacturer’s
enthalpy data with the experimentally obtained results, it is evident that the discrepancies between the two sets of data are relatively
small. The minor differences in enthalpy values can be attributed to various factors, including the influence of experimental conditions,
measurement techniques, and potential variations in material properties. Despite these slight deviations, the overall agreement be-
tween the manufacturer’s data and the experimental measurements suggests a reliable representation of the PCM’s enthalpy char-
acteristics. The enthalpies obtained from the DSC are used as the input values in the EnergyPlus simulation.

3.4. Model validation metrics

To compare the experimental data and the simulation results, different metrics shown in Eqns. (15)-(18) are used to evaluate the
validation process, including the below used metrics: Correlation coefficient (r), fractional bias (FB), normalised mean square error
(NMSE), and fraction of predictions within a factor of two (FAC2).

r— n(>oxy; ) — (X)) 16
VX = (%)) —n 7~ (2)?
bl
=T ) 17
NMSE:M 18
(xI]
FAC2:1lvgn,»n,~:lifO.Sgi%SZelsen,»:O 19

where y; and x; are the measured and computed values of a given variable for sample i, respectively. N is the number of data points used
in the calibration process. The ideal value of the validation metrics for a complete agreement between two data series is 1 for r and
FAC2 and O for FB and NMSE.

4. Validation of experimental result

4.1. Comparative evaluation of the experimental and simulated data (embedded PCM (1 cm layer equivalent) and 1 cm PCM layer)

The experimental and EnergyPlus simulation results were compared to validate the PCM-integrated earthbag unit wall of a 1-zone
building. The assessment of the earthbag wall was based on the reduction in the inner surface wall. After using the validation metrics
introduced in Section 3.4, the validation results were quite accurate, as shown in Fig. 8. The temperatures measured experimentally
and numerically showed a similar pattern and corresponded well for all case studies. The temperature profiles of Wall-1 (baseline),
Wall-2 (WA31), and Wall-3 (WInk26) (see Fig. 8) in the modelling results are relatively coherent. However, there are a few
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experimental measurement fluctuations, possibly due to material, experimental, or human error during the experimental setup. Wall-2
(WA31) is a composite phase change material that may cause temperature fluctuations due to uneven distribution and differences in its
thermal conductivity. On the other hand, Wall-3 (WInk26) uses micro-encapsulated phase change materials that result in a more
uniform distribution and less temperature fluctuation while also preventing PCM leakage, which can occur with composite materials.
The differences in average temperature between the inner wall surface temperature with and without PCM for the experiment were
found to be approximately 1.90 °C and 2.40 °C for WA31 and WInk26, respectively, which are close to the simulation results. The
validation and absolute mean error analyses showed that the numerical solutions for all three walls were relatively accurate and
successful, as the mean errors were well within the success criterion of less than 10 %, as presented in Table 3. All maximum tem-
perature differences were also less than 2 °C. The Fractional bias (FB), FAC2, NMSE, and r presented in Table 4 reveal acceptable
ranges of metrics related to the simulation and experimental results when the PCM is integrated into the earthbag building. It can be
stated that the criteria for both the inner and outer surface temperature of Wall-1 (baseline), Wall-2 (WA31), and Wall-3 (WInk26) are
met. The NMSE and FB are nearly zero in all instances, while r ranges from 0.9 to 0.98 for the inner and outer surface temperatures
across all cases.

Furthermore, the FAC2 values were all greater than 0.5, but less than 2, indicating good agreement between the models. Overall, it
can be concluded that the model tested with Wall-3 (WInk26) performed better than all the other case studies. In general, the vali-
dation of the results was successful for both earthbag buildings with and without PCM. The numerical solutions can, therefore, be
relied upon for further analysis and simulations. Consequently, it can be assumed that the PCM-integrated earthbag unit model
developed in this study can be utilised to predict the thermal comfort of future earthbag buildings in different regions.

5. Results and discussion

5.1. Experimental results analysis

5.1.1. Thermal conductivity of earthbag walls

As shown in Fig. 9, the steady-state condition of the wall is reached when the difference between the surface temperatures of the
walls remains constant. The temperature differences between the hot and cold sides for Wall-1 (baseline), Wall-2 (WA31), and Wall-3
(WInk26) at steady state were 5.0 °C, 6.6 °C, and 8.6 °C, respectively. Hence, the heat flux was found to be 23.3 W/ m?, 9.5 W/ m?,
and 7.1 W/ m?, which was obtained from the data logger through the heat flux sensors at the steady state period. Therefore, the
thermal conductivities of earthbag walls with and without PCM were measured in this study using three different test walls: Wall-1
(baseline), Wall-2 (WA31), and Wall-3 (WInk26). The results show that Wall-3 (WInk26) has the lowest thermal conductivity of
0.43 m2K/W compared to Wall-2 (WA31) with a value of 0.74 m?K/W, and Wall-1 (baseline) with values of 1.83 m2K/ W. As ex-
pected, the higher the quantity of PCM, the better the thermal performance [38,66]. The quantity of PCM microencapsulated in volume
was higher and distributed more uniformly than the PCM composite in the block. This is likely the primary contributing factor to the
low thermal conductivity of Wall-3 (WInk26). The presence of PCM in the wall also reduces the heat transfer from the outer wall to the
inner wall surface because the lower thermal conductivity of the PCM slows down the heat transfer rate. In hot climate regions, this
characteristic of PCM is especially beneficial because it can potentially keep the inner surface temperature low [67]. Therefore, the
earthbag wall with microencapsulated PCM demonstrated the best thermal conductivity in the experiment.
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Fig. 8. Temperature profile of Wall-1 (baseline), Wall-2 (WA31) and Wall-3 (WInk26).
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Table 3
Discrepancies between numerical and experimental results.
Wall Maximum Inner temp difference Maximum outer temp difference Inner surface temp Mean Error ~ Outer surface temp Mean Error
Q) (9] (%) (%)
Wall-1 1.0 1.6 0.9 2.3
(baseline)
Wall-2 (WA31) 0.6 1.5 0.7 1.4
Wall-3 0.1 0.3 0.2 0.7
(WInk26)
Table 4
Validation metrics.
Surface temperature Fractional bias (FB) NMSE r FAC2
Inner Wall-2 (WA31) 0.0005 0.0011 0.9540 0.9850
Inner Wall-3 (WInk26) 0.0001 0.0001 0.9803 1.4001
Inner Wall-1 (baseline) 0.0030 0.0061 0.9500 0.9404
Outer Wall-2 (WA31) 0.0009 0.0041 0.9000 0.9100
Outer Wall-3 (WInk26) 0.0003 0.0003 0.9670 1.1100
Outer Wall-1 (baseline) 0.0070 0.0081 0.9211 0.9286
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Fig. 9. Inner and outer surface temperatures of a walls at steady state.

5.1.2. Wall surface temperatures

The inner surface temperatures of the walls are demonstrated over three days in April, as shown in Fig. 10. The Wall-3 (WInk26)
have a more stable inner surface temperature than Wall-2 (WA31) and Wall-1 (baseline). This is due to the lower thermal conductivity
of Wall-3 (WInk26), resulting in slower heat transfer to the inner surface temperature. The same pattern can be observed for the outer
wall surface. In contrast, the wall without the PCM displays a higher temperature due to its higher thermal conductivity. Considering
the melting temperatures of the PCMs used, it can be seen that they are ineffective, as the outdoor temperature during the first day of
the experiment was above the melting temperature of the PCM. This causes an instant release of the stored heat to the inner surface,
resulting in an increase in the inner surface temperature. This was also observed for the second and third days of the experiment.
However, Wall-3 (WInk26) with the Inertek26 PCM, whose melting temperature is 26 °C, has the most stable inner surface temperature
with a temperature variation of not more than 2 °C during the day. This results in a decrease in the maximum temperature amplitude
compared to that of Wall-1 (baseline). The average temperature reduction between Wall-2 (WA31) and Wall-3 (WInk26), and Wall-1
(baseline) is 1.9 °C and 2.40 °C. Fig. 10 shows that all internal surface temperature values were higher than the phase transition
temperature of the PCMs, rendering them ineffective in charging and discharging. This is likely due to the small quantity of PCM used,
as adding a layer does not provide adequate thermal performance. Previous research has shown that if the PCM layer is too thick, it can
act as an insulation layer, whereas if it is too thin, solidification may not occur, resulting in inadequate charging or discharging of the
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Fig. 10. Inner surface temperatures of Wall-1 (baseline), Wall-2 (WA31) and Wall-3 (WInk26).

PCM [68]. Hence, incorporating more quantity of PCM is necessary to ensure the effectiveness of the earthbag unit wall.

5.1.3. Time lag (TL) and decrement factor

The graph in Fig. 11 shows that the time lag of Wall-1 (Baseline) Wall-2 (WA31), and Wall-3 (WInk26) varied throughout the
experimental day. It is evident that the integration of the PCM leads to an increase in the time lag value, which is more pronounced in
the Wall-3 (WInk26). In particular, the first and second days of the experiment showed time lags of 4 and 3 h, respectively. These

=@=\WA31 =@=WInk26 ==@==Baseline wall

.\

18 April 19 April 20 April

-2
Fig. 11. Time lags of Wall-2 (WA31) and Wall-3 (WInk26).
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values illustrate that the PCM integration can decrease the rate of heat penetration through the wall, which is crucial for maintaining
lower temperatures inside the building. In contrast, the baseline wall recorded time lags of 2 h and 1 h for the first and second days,
respectively, while a negative time lag of —1 h was observed on the third day. This lower time lag indicates that in the absence of PCM,
the rate of heat penetration through the wall is increased, leading to higher temperatures within the building. However, on the third
day, a negative time lag was observed in Wall-2 (WA31), likely owing to the high outdoor temperature that caused the PCM within the
wall to melt faster than usual, resulting in a high inner surface temperature and a lower time lag. The Wall-2 sample (WA31) behaved
similarly to Wall-1 (baseline) on this day.

Fig. 12 shows the wall decrement factor for Wall-1 (Baseline), Wall-2 (WA31) and Wall-3 (WInk26) over a three-day experiment.
This factor is essential for mitigating the impact of external temperatures on the interior of earthbag buildings. Wall-2 (WA31) and
Wall-3 (WInk26) had decrement factors of 0.94, 0.96, 0.95, and 0.89, 0.88, and 0.90, respectively, on the experiment’s first, second,
and third day. In comparison, the baseline wall had decrement factors of 0.98, 0.99, and 0.96 over the same period. The lower
decrement factors observed for Wall-2 and Wall-3 suggest that these walls, which contain phase change material (PCM), offer better
thermal performance than the baseline wall which does not contain PCM. The highest decrement factor for the baseline wall on all
three days indicates a lesser ability to mitigate the impact of external temperature fluctuations. This is likely due to the absence of PCM,
which when integrated into walls, can significantly improve the thermal inertia and thus, the overall thermal performance of the
building. The lowest decrement factor for Wall-3 (WInk26) on all three days indicates better thermal performance, demonstrating the
effectiveness of PCM in enhancing the thermal regulation properties of the walls.

5.1.4. Heat flux and heat reduction rate

Monitoring the heat flux at the inner surface of an earthbag wall under the same outdoor climate conditions revealed significant
differences in thermal performance between walls with and without phase change materials (PCMs). As shown in Fig. 13 Wall-1
(baseline) experienced its peak surface heat flux at 18:00, whereas Wall-2 (WA31) and Wall-3 (WInk26) with PCM saw delayed
peaks at 22:00 and 23:00, respectively, on the first day. This delay in heat transfer to the inner surface persisted across the second and
third days, with Wall-2 and Wall-3 delaying heat transfer by four and five hours, respectively, compared to the baseline. The maximum
heat flux for Wall-1 was 29.89 W/m?, significantly higher than 18.21 W/m? for Wall-2 and 10.22 W/m? for Wall-3, showcasing PCM’s
effectiveness in reducing heat flux, with Wall-3 achieving a 63.76 % reduction (see Table 5), the best among the three.

Integrating PCMs into the wall not only reduced the heat gain but also the energy required for cooling or heating spaces. Wall-3
outperformed Wall-2 in heat transfer rates, confirming studies like Saxena et al. (2020) [69] which highlighted the positive im-
pacts of PCM in buildings. As depicted in Fig. 14 the microencapsulated PCM in Wall-3 resulted in lower heat transfer rates from the
outer to inner wall surfaces than Wall-2. Heat transfer values for Wall-1 over three days were 327.33 Wh/m?, 156.96 Wh/ m?, and
196.91 Wh/m?, significantly higher than Wall-2 (81.39 Wh/m?2, 78.08 Wh/m?, and 84.27 Wh/m?) and Wall-3 (58.96 Wh/ m?, 49.65
Wh/m?, and 38.89 Wh/m?). Wall-2 and Wall-3 showed remarkable reductions in heat transfer, with Wall-3 demonstrating superior
performance with reductions of 268.37 Wh/m?, 107.32 Wh/m?, and 112.64 Wh/m? for the respective days, and percentage reductions
in heat gain of 75.1 %, 82.0 %, and 50.3 % for Wall-2, and 68.4 %, 37.5 %, and 57.2 % for Wall-3. These findings underscore the
effectiveness of PCMs, particularly Inertek26, in enhancing the thermal performance of earthbag walls by significantly reducing heat
flux and transfer rates, thereby offering a sustainable solution to improve building energy efficiency. These findings are consistent with
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Fig. 12. Decrement factor of Wall-2 (WA31) and Wall-3 (WInk26).
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Fig. 13. Stored heat flux in the Wall-1 (baseline), Wall-2 (WA31) and Wall-3 (WInk26).

Table 5
Average heat flux reduction between reference, WA31, and WInk26 earthbag walls.
Date Wall-1_(baseline) W/ Wall-2_(WA31) W/ m? Wall-3_(WInk26) W/ m? % Reduction Wall-2_ WA31 % Reduction Wall-3_WInk26
m2
04/18 29.89 18.27 10.22 40.22 68.09
04/19 27.55 16.64 13.01 41.09 54.76
04/20 31.56 20.34 10.65 36.71 68.42
% Average 39.34 63.76
350.0
300.0
250.0
€ 200.0
g}
E
o 150.0
100.0
50.0
0.0 D
04/18 04/19 04/20
Date

mWall-2 (WA31) mWall-3 (WInk26) = Wall-1 (baseline)

Fig. 14. Heat transfer reduction between the Wall-1 (baseline), Wall-2 (WA31) and Wall-3 (WInk26).
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previous studies when PCM was incorporated into block wall (e.g., Refs. [54,69,70]).

5.2. Simulation result

5.2.1. Result for parametric analysis

The parametric results considered four PCMs: paraffin wax (A31 and A28) and microencapsulated PCMs (Intertek 26 and 23). A31
and Intertek26 were used for experimental analysis and validation, while A28 and Intertek23 were not considered previously.
5.2.1.1. The effect of PCM transition temperature. The transition temperature of the PCM is crucial for determining how much it un-
dergoes a phase change, which affects the thermal performance of the walls with the PCM. The PCM will not change the phase or store
thermal energy if the transition temperature is too low or too high. This section introduces various PCMs as layers in an earthbag wall
to evaluate the effect of the PCM transition temperature.

Fig. 15 illustrates the inner surface temperatures of the earthbag building when utilizing various PCMs, including A31 and 28,
Intertek 26 and 23. Table 6 shows a significant surface temperature reduction for both PCMs compared with the baseline building
without PCM. However, the PCM with a high transition temperature A31 exhibited the best temperature reduction, possibly due to
outdoor temperature fluctuations. Even during summer nights, the outdoor temperature can be well below the PCM transition tem-
perature. PCMA31 acts as an insulation material, preventing external heat from entering the indoor space of the earthbag. It also stores
latent heat and releases it to the indoor space when the outside temperature drops. This can be seen in Fig. 15 for days 1, 2, and 3 for
Wall-2 (WA31). For example, on April 19th (day 2), the outside temperature increased from 8:00 a.m. to 5:00 p.m. (10 h). The earthbag
wall receives excess heat energy that passes from the outside wall to the inner surface of the earthbag as conductive heat. The Wall-2
(WA31) accumulated this latent heat, which delayed the peak of the inner surface temperature. The temperature started rising at 11:00
a.m. on April 19th and reached its peak at 1:00 a.m. on April 20th, compared to the earthbag without PCM, which peaked at 9:00 p.m.
The other PCMs (A28, Inertek26, and Inertek23) also reduced the surface temperature compared with the baseline. However, they
were above their PCM transition temperature for all days. This allows them to release the stored energy quickly and pass it to the
indoor space of an earthbag building. Therefore, these PCMs do not work well as phase change material. PCMA31 was selected as the
optimum PCM for the earthbag building model in Kano state and other locations with similar climatic conditions.
5.2.1.2. The effect of PCM layer thickness on inner wall surface temperature. The capacity of PCM is based on the extent to which it can
go through a full-phase cycle in one day. The required thickness was determined by varying the PCM layer thickness from 1 cm to 7 cm.
The temperature variation for the PCM-integrated earthbag unit wall with various PCM thicknesses in April is shown in Figs. 16 and 17.
It is evident that the inner wall temperature shifts drastically when solar radiation is present and when the external air temperature
varies. It was determined that when the PCM layer thickness was increased from 1 to 7 cm, the maximum temperature of the inner wall
decreased significantly. For instance, for Wall-2 (WA31), as shown in Fig. 17, the maximum temperature of the wall with a 1 cm layer
thickness is 35.1 °C, while for a 6 cm layer, it is 31.7 °C, exhibiting a considerable difference of 3.4 °C. Likewise, for Wall-3 (WInk26),
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Fig. 15. Inner surface temperature for PCM A31, A28, Inertek26, and Inertek23.
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Table 6
Inner surface temperature reduction of PCM A31, A28, Inertek26, and Inertek23.
DAYS A31 TEMP °C A28 TEMP °C INERTEK26 TEMP °C INERTEK23 TEMP °C
18™ APRIL 4.8 4.0 3.1 2.3
19™ APRIL 4.0 4.4 3.2 2.0
20™ APRIL 5.3 4.3 3.7 2.5
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as depicted in Fig. 17, the temperature difference between the 1 cm and 7 cm layers is approximately 1.5 °C.

Moreover, the wall with a 6 cm layer of A31 and a 7 cm layer of Inertek26 demonstrates a remarkable thermal performance with an
average maximum peak temperature reduction of 3.1 °C and 1.7 °C, respectively, over the three days compared to the wall reinforced
by a1 cm PCM layer. Moreover, comparing Wall-2 (WA31) and Wall-1 (baseline), the temperature reduction was found to be 4.0 °C.
This is likely because a thicker PCM layer has a greater capacity to store heat energy and shows greater thermal inertia, thus reducing
the variation in the indoor wall surface temperature during the test. However, when the PCM layer was increased to 7 cm for Wall-2
(WA31), the temperature amplitude increased above the values for all other PCM layers. This is because when the PCM layer is too
thick, the PCM may not solidify and thus act as an additional layer to the wall rather than as an energy storage [71].

The impact of the thickness of the PCM layer on PCM charging and discharging capacities is further investigated in this study. By
determining the inner-surface temperature of the earthbag wall, it is possible to estimate whether the phase change material is in a
solid or liquid state. The results of the charging and discharging of the PCM in Wall-2 (WA31) are positive for the 6 cm PCM layer, as
illustrated in the charging and discharging area in Fig. 16. On the first day, the wall surface temperature remained below the melting
temperature of the PCM for 10 h (04:00 to 14:00) and above the melting temperature for 14 h (15:00 to 5:00), giving the PCM time to
charge and discharge, respectively. The results demonstrated that the PCM provided effective thermal regulation, allowing the wall
surface temperature to remain within the desired range, thus providing a comfortable living environment in the building. On the
second and third days, the charging and discharging hours were 9,7, and, 15, and 17 h, respectively. However, on the third day, there
was insufficient time for the PCM to charge, making it ineffective. Wall-’3’s (WInk26) inner surface temperature analysis, shown in
Fig. 17 with different PCM layer thicknesses, demonstrates that the PCM is ineffective as an energy storage technology because the
inner surface temperature is consistently above the melting temperature of the PCM. Therefore, the PCM acts only as an additional
layer to increase the thermal inertia. Hence, based on the analysis above, Wall-2 (WA31) with a 6 cm PCM layer of A31 is more
effective than that of the Wall-3 (WInk26) wall in all layers (1-7 cm).
5.2.1.3. The effect of PCM layer location. This study also examined the impact of the PCMs layer location on the thermal performance
of earthbag-building models. Two scenarios were considered: PCM layers were placed on the exterior and interior surfaces of the
earthbag walls. The results indicate that the performance of the PCM layer varies depending on its location on the wall. When the PCM
layer was placed on the exterior surface of the earthbag wall, there was a temperature reduction on the first day for all walls
considered, with Wall-2 exhibiting the highest reduction of 2.1 °C as shown in Fig. 18. However, on the second and third days, the
temperature reduction decreased for all walls, which even recorded negative temperature reductions, implying that the earthbag wall
without PCM performed better than the wall with the PCM layer.

However, when the PCM layer was placed on the interior surface of the earthbag wall, all walls recorded temperature reductions on
all three days. Wall-2 exhibited the highest temperature reduction of 5.3 °C on the third day. At the same time, wall-2 had the lowest
temperature reduction of 4.0 °C on the second day. Wall-3 and wall-5 had temperature reductions ranging from 2.0 °C to 3.7 °C, as
shown in Fig. 19. The results showed that the location of the PCM layer in the earthbag wall models significantly affected the thermal
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Fig. 18. Inner wall surface temperature of A31 PCM layer in a different layer position.
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Fig. 19. Inner wall surface temperature of Inertek26 PCM layer in a different layer position.

performance. PCM layers placed on the exterior surface of the wall may not be effective in reducing the temperature of the wall. In
contrast, PCM layers placed on the interior surface of the wall can significantly reduce the temperature.

6. Conclusion

The utilisation of thermal energy storage systems using phase change materials in conventional buildings, such as concrete and
steel, has been identified as a reliable and resourceful energy technology for improving the efficiency and sustainability of buildings.
The study presents a novel approach by incorporating PCM into earthbag building practices, addressing a significant gap in research
related to thermal comfort in temporary housing, particularly in hot climates like Nigeria. The limited exploration of PCM in building
materials and the general oversight of its benefits in traditional vernacular building methods highlight the study’s innovative nature.
This research is pivotal in examining the thermal properties and characteristics of earth buildings integrated with PCM, a subject not
extensively studied previously. The study’s experimental component involved incorporating paraffin wax and microencapsulated PCM
into scaled-down earthbag walls, with performance evaluated in a controlled environment. The findings, validated against a numerical
simulation model in EnergyPlus, showed significant thermal improvements with PCM integration. The main conclusions of this study
are as follows.

e The results from the experiment revealed that Wall-3 (WInk26) is an effective wall in terms of heat transfer compared with Wall-2
(WA31) and Wall-1 (baseline). This is evidenced by the average amount of heat transfer from the outer surface to the interior
surface of Wall-1 (baseline), which is found to be 227 Wh/ m? throughout the experiment. This value is substantially higher than
that of Wall-2 (WA31), with a value of 81.24 Wh/ m? and Wall-3 (WInk26) with a value of 49.2 Wh/ m?.

PCM effectively reduced the heat flux penetration with Wall-3 (WInk26), which displayed the highest performance of 63.76 %

compared with Wall-2 (WA31) at 39.34 %. This suggests that the average heat flux reduction varies significantly depending on the

type of PCM, making Inertek26 a suitable choice for achieving a thermal comfort range. However, despite the acceptable per-
formance of Wall-3 (WInk26), Inertek26 did not show a positive result regarding PCM charging and discharging. Hence, parametric
analysis is conducted to determine the best functional PCM.

The simulation model was successfully validated as various performance criteria were aligned within an acceptable range. The

experimentally and numerically measured temperatures displayed similar patterns. The temperature profiles are consistent with

the modelling results, and only minor changes can be observed between the numerical and experimental studies.

e Our findings has established that PCMA31 was found to be optimum for buildings in the Kano state and similar climatic conditions.
Increasing the PCM layer thickness from 1 to 7 cm significantly reduced the maximum temperature of the inner wall surface.
However, when the PCM layer was too thick, it acted as an additional layer to the wall rather than as an energy storage technology.

e Additionally, the parametric study found that incorporating a 6 cm PCM layer into the earthbag wall (Wall-2) is the optimum
thickness for reducing the inner wall temperature. This resulted in a temperature reduction of 4.0 °C compared to the baseline
(Wall-1). In contrast, Wall-3, which had an Inertek26 PCM layer ranging from 1 cm to 7 cm, did not actively charge and discharge
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the PCM, leading to a comparatively lower temperature reduction of 3.1 °C. Overall, the study concluded that PCM integration
effectively reduces indoor wall surface temperature variations and creates a comfortable living environment in buildings.

Overall, in comparison to other literature findings concerning the impact of PCM on thermal discomfort reduction in vernacular
buildings, our research highlights promising outcomes. Incorporating PCM into earthbag walls, such as paraffin wax A31 and
microencapsulation Inertek26, yielded significant surface temperature reductions. This aligns with prior research by Sandra et al.
(2022) [72] on PCM in compacted earth blocks, Serrano et al. (2013) [39] on stabilized rammed earth, and Gounni & Louahlia (2020)
[40] on PCM-integrated cob houses, all indicating enhanced thermal performance. Furthermore, Toufigh and Samadianfard (2022)
[42] demonstrated PCM’s potential in controlling temperature variations in rammed earth, echoing findings in this paper.

7. Limitations and future research

The study has some limitations that need to be addressed in the future. First, the study does not take into consideration of a
hysteresis effect when simulating the surface temperature of earthbag unit. This could be a concern if the variation in surface tem-
perature throughout a year is aimed to be simulated. Future research can address this problem by integrating the hysteresis effect
within the model. Future research should also comprehensively evaluate the technical and economic aspects of the proposed PCM-
integrated earthbag unit model. The social acceptance of PCM-integrated earthbag units should be conducted to prove the sustain-
ability and affordability of this building model. The structural integrity and effectiveness of the PCM-integrated earthbag units should
also be studied. The performance analysis of PCM-integrated earthbag units should be conducted in different climates. Additionally,
limiting the overall analysis to a brief period of three days, emphasizes the need for future studies to expand the temporal scope, to
capture diverse seasonal variations and to enhance understanding of year-round thermal comfort in varying climatic conditions.
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Fig. A. 1. Earthbag block mould.
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Appendix C

In this study, it was determined that the amount of phase change material (PCM) used in each earthbag unit block was 2.2 % of the
total block volume, as outlined in Section 2.1.2. The actual weight of the PCM found in each block was 0.39 kg. To calculate the
thickness of the PCM layer in the block, the density of the PCM from Table 1 was used, along with the dimensions of a single earthbag
block shown in Fig. C. 1 Fig. C. 1.
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Earthbag wall

PCM lining
(1cm, 2cm, and 3cm)

Unit block with
PCM lining

Fig. C. 1. (a) PCM lining thickness on the earthbag wall (b) PCM lining on the earthbag block.
By applying the PCM equivalent method, the thickness of the PCM layer was calculated using A. 1 as below:

Thickness = Mass |/ (length x width x density) Al
Thickness =0.39 kg / (0.1 m x 0.4 m x 860 kg / m*)

Thickness =~ 0.011 m or 11mm
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