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Abstract

The integration of microencapsulated phase change materials (MPCMs) significantly im-
proved the energy storage capacity of wood-based hybrid composites (WBHCs). MPCM
incorporated into the surface coating enabled the composites to store thermal energy from
solar radiation and ambient heat, offering an energy-efficient and sustainable solution
for furniture applications. In this study, the structural, thermal, surface, and mechanical
properties of MPCM/WBHC were comprehensively investigated. The microstructural
features and chemical functionalities of the samples were characterized through scanning
electron microscopy (SEM) and Fourier transform infrared (FTIR) spectroscopy. Thermal
performance and stability were subsequently assessed by means of differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), thermal conductivity evaluation,
and solar-based thermoregulation experiments. The MPCM exhibited onset melting and
freezing temperatures of 25.72 °C and 21.73 °C, respectively, whereas these values ranged
between 22.45 °C and 22.90 °C in MPCM/WBHC, indicating effective thermal integra-
tion. Thermoregulation results clearly demonstrated that MPCM substantially improved
the thermal energy storage capacity of the composites. Overall, the findings highlight
the strong potential of MPCM/WBHC as latent heat thermal energy storage material for
energy-saving furniture and interior applications.

Keywords: biomass; coatings; paint; furniture; thermal energy storage; energy and energy
efficiency

1. Introduction

The world population, which was 3 billion in 1960, exceeded 5 billion in 1987 and
reached approximately 7.9 billion in 2022. The world population increased by approxi-
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mately 30% from 2000 (6144) to 2022 (7950) [1]. Increasing population rate increases the
need for energy. The rise in greenhouse gas emissions [2] that results from this increase in
energy consumption also contributes to global warming [3-5]. Buildings are the largest
end-use energy sector in Europe, accounting for around 40% of all final energy usage, while
transportation is the second largest, with 33% [6].

A substantial surface area is available for interaction with the interior environment
thanks to the furniture and interior thermal mass components. Through convective interac-
tion with indoor air and diffusive transfer across directly adjacent surfaces, such as walls or
floors, these elements enable the exchange of both heat and moisture. They can cover and
obstruct radiant heating or cooling systems. They can also share heat with nearby surfaces
through long wave radiation. They can alter the room’s air flow pattern, which can have
an impact on convective heat transfer and ventilation effectiveness. They could swiftly
release solar radiation or internal gain into the surrounding air after reflecting, diffusing,
and absorbing it [7]. Numerical tests by Corcione et al. [8] revealed a non-negligible drop
in heat transmission from radiant surface systems to the furnished interior area as com-
pared with an empty room scenario. There were additional effects on the mean radiant
temperature and the air. Using a small-scale test setup, Fontana [9] expanded on this work
by conducting experimental examinations to examine the effects of furniture pieces with
varying surface areas, positions, and distances from the floor. The author concluded that
40% of the floor covering combined with various furniture pieces might cut the heat flux
into the room from the radiant floor by 25% to 30%.

A numerical examination of the effects of modeling floor coverings and furniture ele-
ments integrated into thermal building simulations under temperature setpoint modulation
control was conducted by Wolisz et al. [10]. Two large, light-framed buildings with excellent
insulation levels and under-floor heating systems served as research cases. An analogous
horizontal plank made of metal or wood served as the furniture element’s representation.
By connecting inner surfaces to a hypothetical massless blackbody node configured within
a star-network topology, long-wave radiation heat exchanges were modeled [11]. Fifty
percent of one interior wall’s surface was taken up by furnishings. After four hours of
elevated set point, it was discovered that the huge, empty room was 1.2 °C warmer than
the one with flooring and furnishings. Compared with an empty room, a fully furnished
large room can take almost 7 h to warm up by 5 °C. Under periodic set point monitoring,
furnishings and floor coverings can alter cool-down times up to two hours.

The surface area of the furniture used in the house and the calculation of the total
square meter of space they occupy are given in Table 1. This calculation was calculated
by considering the furniture found in a standard house in Tiirkiye. According to Table 1,
furniture surfaces and four doors in the house have a total surface area of 64.5 m?.

Table 1. Furniture use and surface areas in the home.

Living Room Dimensions and Surface Area Material Shape
Console 220 cm (width), 78 cm (height), 51 cm (depth)—42,276 cm? Rectangular prism
Table 60 cm (width), 100 cm (depth)—6000 cm? Rectangular
Display cabinet 110 cm (width), 156 cm (height), 52 cm (depth)—50,544 cm? Rectangular prism
TV unit 200 cm (width), 56 cm (height), 58 cm (depth)—14,448 cm? Rectangular prism
Bedroom
Wardrobe 246 cm (width), 220 cm (height), 66 cm (depth)—137,280 cm? Rectangular prism
Bed frame 200 cm (width), 40 cm (height), 215 cm (length)—33,200 cm? Rectangular prism
Dresser 125 cm (width), 75 cm (height), 50 cm (depth)—26,250 cm? Rectangular prism
Nightstand 110 cm (width), 88 cm (height), 100 cm (depth)—36,960 cm? Rectangular prism
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Table 1. Cont.
Living Room Dimensions and Surface Area Material Shape
Etagere 51 cm (width), 125 cm (height), 47 cm (depth)—12,250 cm? Rectangular prism
Vanity table 126 cm (width), 47 cm (depth)—5922 cm? Rectangular
Kitchen
Table 200 cm (width), 90 cm (depth)—18,000 cm? Rectangular
Cabinets 38,040 cm? Rectangular prism
Children’s room
Wardrobe 180 cm (width), 205 cm (height), 57 cm (depth)—97,170 cm? Rectangular prism
Dresser 90 cm (width), 88 cm (height), 42 cm (depth)—23,232 cm? Rectangular prism
Nightstand 51 cm (width), 52 cm (height), 42 cm (depth)—4836 cm? Rectangular prism
Study desk 115 cm (width), 62 cm (depth)—7130 cm? Rectangular
Bookshelf 90 cm (width), 163 cm (height), 60 cm (depth)—48,900 cm? Rectangular prism
Four Doors 90 cm (width), 120 cm (height)—43,200 cm? Rectangular

The most popular goods on the market are cooling chairs and cooling blankets, which
provide passive cooling through direct contact with the human body. Additionally, “smart
textile” with embedded PCM is marketed. These methods, however, only slightly improve
the thermal comfort of passengers and are not TES systems [7]. There are several publi-
cations that examine or discuss the various PCM applications, but none that specifically
address PCM integration in furniture could be located. The PCM furnishing option is
mentioned in very few papers, and when it is, no specific examples are given [12]. There
was just one article that showcased the initial PCM active use found in furniture. This is
composed of a macro-encapsulated PCM air heat exchanger (electric fan). The mechanism
is hidden behind living room or bedroom box-style furniture. Although the idea was put
out for the 2007 American Solar Decathlon, no more details or paperwork were located [13].
For passive workplace cooling, EPS Ltd. has developed “PlusICE furniture.” The firm only
offers bulk containment or stable form PCM to be positioned under the furnishing compo-
nents; this product is truly not available [14]. For the 2012 “adream” competition, a group
of architects proposed mounting different office furniture items in an aluminum frame
using paraffin. According to a straightforward performance evaluation conducted in office
buildings, energy requirements for heating and cooling may be lowered by up to 34% and
40%, respectively [15]. The engineering firm Egis offered a comparable idea in the French
media in 2015. The PCM is contained and situated behind a wooden desk. To improve the
heat exchange rate, an aluminum corrugated sheet is placed over the furniture’s bottom
face. According to the designers, the PCM-integrated table has the potential to reduce
cooling and heating demands by up to 30% and 60%, respectively [16]. The surface areas of
furniture, walls, floors, and ceilings directly exposed to indoor air were approximated using
a simplified evaluation of typical interior layouts in Danish buildings. Up to 50% of the
interior surface of the space may be made up of the furniture surface, which is suitable for
PCM integration. The ideal daily active PCM thickness, according to optimization research
conducted on a wallboard with 60% microencapsulated paraffin, is 1 cm [17]. The daily
effective thermal capacity of interior walls and furnishings wrapped in a layer of PCM is
estimated simply using this figure. An amount of 180 MJ/m? is selected as the product’s
latent heat. One centimeter of PCM is thought to be completely activated in a 24 h cycle,
or 1.8 MJ/m? [17]. The daily effective heat capacity of each building element and a 4 °C
temperature change is used to compute the sensible heat of the other building elements.

The aim of this study is to develop an environmentally benign and energy-efficient
functional coating approach for wood-based furniture applications. In this context, MPCM
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were incorporated both into particleboard substrates and, more importantly, into surface
coating formulations to impart thermal energy storage capability. The MPCM-containing
coatings enable the absorption, storage, and release of thermal energy derived from solar
radiation and ambient heat sources, thereby enhancing the thermal regulation potential of
furniture surfaces. Overall, the proposed MPCM-containing coating system represents a
promising strategy for advancing sustainable, energy-functional furniture materials within
the scope of modern paint technologies.

2. Materials and Experimental Methods
2.1. Materials

The production of composite materials involves the use of wood chips obtained
from 45% softwood, specifically Pinus nigra, and 55% hardwood, comprising a mixture of
Carpinus betulus, Populus nigra, and Fagus orientalis. The urea-formaldehyde (UF) adhesive
exhibited a viscosity of 255-315 mPa-s at a temperature of 22 °C. Its density varied between
1.275 and 1.295 g/m3, and its solid content was 65% =+ 1%. For the curing process, a 20%
solution of ammonium chloride was introduced to the adhesive at a weight ratio of 1%.

The MPCM produced by Microtek Laboratories, Inc. was used in this study. The
MPCMs have a melting temperature of around 25.72 °C, a latent heat of fusion of about
110]J/g, a particle size range of 15 um to 30 pm, and a density of about 0.9 g/ cm?. Some
features of the MPCM used are given in our previous study [18]. In the study, 032-XXXX
Aqua-Tech water-based MDF filler and 031-XXXX Aqua-Tech Water-Based Interior Topcoat
Y. Matte Paint, obtained from Kubilay Boya/Inegél company (Inegél/Tiirkiye), were used.
The image of the materials used is shown in Figure 1.
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Figure 1. Descriptions of production flow and coding.
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2.2. Methods

The 3-layer composite materials were made using the pre-manufactured surface and
core chips obtained from the particleboard machine. The chip usage rate of the top and
bottom layers was 20%, whereas the core layer exhibited a chip utilization rate of 60%.
Before the application of the adhesive, the chips were subjected to a drying procedure to
get a moisture content that is within the range of 1% to 3%. The top layers were coated with
a 10% adhesive amount, while the core layer was coated with an 8% adhesive quantity. An
adhesive gun was used to coat the chips with adhesive. The coated chips were arranged in
a 250 x 250 mm stacking mold to obtain a three-layer structure. The assembly was then
placed between press plates inside a hot press. After being removed from the press, the
boards were subjected to a cooling procedure and then subjected to conditioning. This
included subjecting them to a controlled environment with a relative humidity of 65% =+ 5%
and a temperature of 20 & 2°C. Test samples were acquired from the boards to analyze
their qualities. The MPCM was introduced into chips and paint in varying amounts, as
further detailed in the following sections. The additional parameters for particleboard
manufacture are given in Table 2.

Table 2. Particleboard manufacturing parameters.

Particleboard Manufacturing Parameters Values
Board dimensions (mm) 250 x 250
Target board density (g/cm?) 0.650
Thickness (mm) 16
Press time (s) 240
Press temperature (°C) 165-175
Specific press pressure (bar) 30-40

In the control group (C1), only chipboard was used. For the first application group of
the experiment (C2), 40 g of MPCM was used in the bottom layer and 40 g in the top layer.
The third group (C3) contained 26.6 g of MPCM in the bottom layer, 26.6 g in the core layer,
and 26.6 g in the top layer. For the fourth group (C4), 40 g of MPCM was used in the bottom
layer and 40 g in the top layer, paint was applied without MPCM. In the fifth group (C5)
there was a structure containing 26.6 g of MPCM in the bottom layer, 26.6 g in the core layer
and 26.6 g in the top layer, paint was applied without MPCM. For the sixth group (C6), the
reference composite that does not contain MPCM in its layers was applied to the surface
of the samples, with 10 g MPCM in first coat filler, 10 g MPCM in second coat filler, 10 g
MPCM in the primary coat paint, and 10 g MPCM in the second coat paint (Figure 1). These
various application amounts were used to determine how the energy storage properties of
particle boards used in furniture would be highest. The MPCM location, MPCM dosage,
coating/filler condition, and whether a paint contains MPCM are given in Table 3.

Table 3. Summary of experimental groups and MPCM applications.

Sample MPCM in Particleboard Layers

Code

MPCM

Coating/Filler MPCM in

Dosage in Particleboard (g) Applied Coating/Paint System

C1 None (Control) 0 No No
C2 Top and bottom layers 40 g (Top) + 40 g (Bottom) =80 g No No
C3 Top, core, and bottom layers 26.6 g (Top) + 26.6 g (Core) + 26.6 g (Bottom) =79.8 g No No
C4 Top and bottom layers 40 g (Top) + 40 g (Bottom) =80 g Yes No
C5 Top, core, and bottom layers 26.6 g (Top) + 26.6 g (Core) + 26.6 g (Bottom) =79.8 g Yes No
Cé6 None in particleboard layers 0 Yes Yes

The surfaces of the composites were cleaned and sanded using 180 grit sandpaper,
and the filler and surface painting were carried out with a brush. Approximately 10 g of
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paint was applied per square meter. Filler and paint were applied in two layers. After the
first coat application, the second coat was applied to the samples that were kept in room
conditions for 24 h. After the first and second coat filler applications, the sample surfaces
were sanded with 180 grit sandpaper to remove any surface roughness and lumps.

2.3. Characterizations of WBHC

Prior to analysis, the composite sheets were milled into a fine powder to ensure
homogeneous measurement conditions (Fritsch, Idar-Oberstein, Germany). The WBHC
powder was ground and passed through a 60-mesh sieve (approximately 0.25 mm) prior to
further analyses. The characterization of composite materials was carried out on the C3
variation, in which MPCM was placed in all three layers during production. Morphological
structural studies were performed using a field emission scanning electron microscope
(SEM) (Zeiss LEO 440 model, Carl LEO, Cardiff, UK). Conversely, a Hitachi-7020 model
(Hitachi High-Tech Corporation, Hitachinaka, Japan) differential scanning calorimetry
(DSC) analyzer was used to examine the TES properties of the WBHCs. DSC analyses were
performed in an environment of nitrogen gas at a rate of 3 °C per minute of heating and
cooling. Fourier transform infrared (FTIR) spectroscopy was employed to elucidate the
chemical characteristics of the WBHC. Infrared spectra were recorded over the wavenumber
range of 4004000 cm ! using a JASCO FTIR-430 spectrometer (ASCO Corporation, Hyogo,
Japan). Thermal stability and degradation behavior of the samples were evaluated by
thermogravimetric analysis (TGA). Measurements were conducted with a PerkinElmer
TGA-7 thermal analyzer (PerkinElmer, Inc., Hopkinton, MA, USA) under an inert argon
atmosphere. The samples were heated from 30 °C to 600 °C at a constant heating rate of
20 °C-min 1.

2.4. Thermal Regulation Performance Tests

In a real-ambient scenario, the thermoregulation qualities of the control particle board
(C1) and MPCM-added boards with different variations (C2, C3, C4, C5, and C6) were
investigated. The experiment was conducted from the roof of the Faculty of Engineering,
Architecture, and Design Office building at Bartin University on 17-18 April 2024, on days
where there was a combination of clouds and sunny weather. Six identical test chambers
were used for the experiment. Figure 2 shows the test cabins’ experimental configuration.
For testing, samples with dimensions of 20 x 20 x 1.6 cm® were placed on the test chamber
floors and temperature readings were taken in four different areas (lower-surface, upper-
surface, near-surface and center) of each chamber. The measurements included the bottom
and top surfaces of the particle boards, a point located 0.01 m from the board surface, and
the volume center of the test chamber. To measure global solar radiation value, an Eco
MS-410 pyranometer (EKO Instruments, Tokyo, Japan) was utilized. The air’s cloudiness
index was used to calculate the solar radiation levels, both diffuse and direct. For two days,
the measurements were conducted continually.

2.5. Contact Angle

Contact angle measurements were conducted using a drop shape analysis system
(DSA100, KRUSS GmbH, Hamburg, Germany; software version 1.92). Distilled water at
20 °C was employed as the test liquid and dispensed onto the sample surfaces through a
dosing unit equipped with a 0.5 mm needle positioned 3 mm above the surface. A droplet
volume of 2 pL. was consistently applied for all measurements. The evolution of droplet
geometry on the surface was monitored over a period of 90 s, with image acquisition
performed at 4 s intervals. For each specimen, contact angle values were obtained from
four distinct surface points, and five replicate samples were evaluated for every treatment
group to ensure statistical reliability.
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Figure 2. Experimental setup and thermocouple positions.

2.6. Surface Roughness

Surface roughness characteristics were evaluated in accordance with ISO 4287 [19]
standards using a Mitutoyo Surftest SJ-310 profilometer (Mitutoyo Corporation, Kawasaki,
Japan). A diamond stylus (R-type) with a tip radius of 2 um was employed during the
measurements. The cutoff length (Ac) was set to 0.8 mm, while the evaluation length was
maintained at 12.5 mm. Scanning was performed perpendicular to the fiber direction at a
traverse speed of 0.5 mm-s~!. The arithmetic mean roughness (Ra) parameter was selected
to quantify surface irregularities. For each sample, roughness measurements were obtained
from ten independent locations to ensure representative surface characterization.

2.7. Mechanical Properties

The internal bond strength (IB) as well as the bending-related properties, namely
modulus of rupture (MOR) and modulus of elasticity (MOE), of the MPCM/WBHC panels
were evaluated in accordance with TS EN 319 and TS EN 310 standards [20,21]. For each
composite formulation, mechanical testing was performed using five replicate specimens.

2.8. Statistical Analysis

A descriptive analysis was developed (mean and standard deviation) for mechanical
properties. ANOVA was applied to verify the MPCM on mechanical properties. Duncan’s test
was set at a 99% confidence level to determine the statistical difference between the means.

3. Results and Discussion
3.1. Characterizations of MPCM/WBHC

Figure 3 illustrates the microstructural features of the MPCM (a), WBHC (b), and
MPCM/WBHC composites observed at magnifications of 500x and 2000x. As shown in
Figure 4a, the microencapsulated PCM particles exhibit a predominantly spherical morphol-
ogy with relatively smooth outer surfaces. The WBHC structure (Figure 3b) is composed
of intertwined wood chip elements with characteristic widths and lengths ranging approx-
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imately from 5 pm to 200 um. The interlaced arrangement of these wood chips creates
interparticle voids, while micro- and nanoscale pores are distributed across the chip surfaces,
providing favorable sites for MPCM retention via physical adsorption mechanisms. Exami-
nation of the MPCM/WBHC composite micrographs (Figure 3c,d) reveals that the MPCM
is effectively distributed both on the wood chip surfaces and within the interstitial spaces
between adjacent strands. In some regions, partial rupture of the MPCM shell structure was
detected, particularly in the upper layers of the composite, which can be attributed to mechan-
ical stresses encountered during the hot-pressing process. The intimate interfacial contact
and uniform dispersion of MPCM within the wood-based matrix indicate good compatibility
between the two phases, which is facilitated by the presence of the urea—formaldehyde
adhesive system. However, it is seen that the microcapsule structure is preserved in the core
layer of the composites (Figure 3d). In a literature study, it was emphasized that the bond
between softwood fibers (WF) and MPCM is provided by starch [22].

: (7% A (e, 3 = L
SEM HV: 10.0 KV 7. WD: 9.06 mm
SEM MAG: 500 x £ SEM MAG: 500 x Det: SE 100 um
. =

SEM HV: 10.0 KV WD: 10.44 mm MAIA3S TESCAN] SEM HV: 10.0 kV WD: 10.37 mm
SEM MAG: 500 x Det: SE 100 pm SEM MAG: 2.00 kx Det: SE

Figure 3. SEM photographs of (a) MCPM, (b) reference composite (C1), (c) MPCM/WBHC (C3)
(500x), and (d) MPCM/WBHC (C3) (2.00 kx).

DSC was used to examine the thermal energy storage capacity and phase change
temperature of composite. Figure 4 displays the melting and freezing DSC curves. The
freezing and melting latent heat of MPCM were 118.75 ] /g at 21.73 °C and 111.67 J /g at
25.72 °C respectively, while the enthalpy of MPCM/WBHC (C3) was reduced to 15.04J/g
at 22.86 °C and 9.33 ] /g at 26.35 °C. This is because wood chips are unable to store thermal
energy and wood plays a role of supporting material without phase transition behavior [23].

As can be observed from Figure 4, C3 nevertheless had an acceptable latent heat that
was only marginally lower than MPCM'’s, and the phase transition temperature, although
showing a large enthalpy loss in comparison to MPCM. Consequently, C3 has a significant
potential for usage as a construction material that saves energy at room temperature when
it has the proper temperature and excellent enthalpy. Depending on the weather, PCMs
with phase transition temperatures ranging from 18 °C to 28 °C are advised [22,24-26]. The
MPCM employed in this study exhibits a melting point of 25 °C. Phase change and heat
storage are efficiently facilitated by this PCM. However, on hot summer days, its phase
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change temperature may induce melting; hence, mid-season and moderately chilly areas
are better suited for its use. Despite this limitation, the MPCM can lower yearly cooling
demands on warm days in addition to offering heating advantages in the winter.

(a) 21.73 — MPCM
= 4 —C3
2 -
=
: 0
2
(@]
e}
= 120- e =T
Q .
m 2 o 26.35
3 80
%Z 60 4
4 3 4
2. 2572
0 T l
MPCM Cc3
76 I T I T I T I T I T
0 10 20 30 40 50

Temperature (°C)

Figure 4. The DSC curves of (a) MCPM and MPCM/WBHC (C3) and (b) the latent heat of MPCM
and C3 composite.

The latent heat retention ratio was calculated in formula 1 to evaluate more accurately
the effect of MPCM incorporation into the wood-based composite. The latent heat reten-
tion ratio was calculated based on the experimentally measured enthalpy value of the
MPCM-containing composite with the theoretical enthalpy contribution expected from the
incorporated amount of MPCM.

AH i
Latent heat retention ratio (%) = composite x 100 (1)

mypcm X AHppem

In the formula, AHcomposite is the measured latent heat capacity of the MPCM-
containing composite (J/g), mypcm is the mass ratio of MPCM in the composite, and
AHppcwm is the latent heat capacity of pure MPCM (J/g).

The latent heat retention ratio was calculated as 42.21% based on the experimental data
of the latent heat value of C3. These results show that a large percentage of the latent heat
storage capacity of MPCM was retained after incorporation in the wood-based composite
structure. The lower latent heat capacity than pure MPCMs might be attributed to the
dilution effect of the wood matrix and limited accessibility of some MPCM particles during
phase transition.

Figure 5 displays the FTIR spectra of MPCM, C1, and C3 wood-based composites.
Peaks at 2914 cm ! and 2849 cm ™! in the FTIR of MPCM were generally found to be linked
to stretching vibration band CH, groups [27,28]. The big peak at 3335 cm ™! represents the
traditional OH group stretching vibrations. The peaks at 1343 cm~! and 1471 cm~! are
associated with the C-H bond bending vibrations [22,25].
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Figure 5. Chemical structures of MCPM and MPCM/WBHC.

The stretching of intermolecularly linked hydroxyl groups in aliphatic or aromatic
alcohols found in lignin is responsible for the broad band observed at 3330 cm ™! in the
wood chips spectrum. Stretching vibrations of C=C bonds in aromatic structure and bending
vibrations of C-H groups in lignin are the characteristics of the 1595 cm~! and 1231 cm~!
bands, respectively. The asymmetrical stretching of C-O-C in cellulose and hemicelluloses
resulted in the formation of the 1027 cm~! band. These wood peaks appear on the C1

composite material. Unlike the wood peaks, peaks arising from glue appear at 2925 cm™!

Land

and 1638 cm ™. These peaks are methylene C-H asymmetric vibrations at 2925 cm™~
C=C band vibrations of the product aromatic ring [22,29].

The outstanding compatibility among the components of the leak-proof composite is
further demonstrated by the presence of the same peaks of both MPCM and wood chips,
devoid of any additional bands, in the FTIR spectrum of C3.

The thermal stability of WBHC and MPCM/WBHC is examined using TGA and
derivative thermogravimetry (DTG), which are valuable tools for understanding the con-
nection between the material’s underlying structure and chemical properties. The TGA
and DTG curves of C1 and C3 are shown in Figure 6. Three separate phases of WBHC
breakdown occur: gradual pyrolysis, significant decomposition, and early degradation.

Substantial mass loss below 100 °C is seen in both the C1 and C3 curves, which is explained
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by moisture evaporation. Hemicellulose breaks down in the C1 group during the first phase
(100 °C to 200 °C), while PCM and hemicellulose break down in the C3 group. C3 samples
lost more weight in the first 200 degrees due to PCM deterioration. Major breakdown takes
place between 200 °C and 380 °C. As the temperature rises, a sharp drop in sample mass is
seen, which can be attributed to the cleavage of lignin ether linkages and the evaporation
of monomeric phenol. The creation of carbon because of the demethylation of lignin and
condensation polymerization of volatile compounds characterizes the slow degradation
phase, which lasts from 400 °C to 600 °C. In this study, C3’s decomposition rate increased
from 200 °C to 380 °C, and its rapid decomposition temperature increased from 250 °C
to 370 °C. This suggests that the addition of MPCM to the WBHC system may contribute
to the improved thermal stability of wood. Additionally, the rate at which C3 retained
carbon rose marginally, presumably as a result of the MPCM stopping the breakdown of
cellulose residues. This demonstrates that adding MPCM to the composite material does
not significantly alter or increase its improved thermal stability.
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Figure 6. TG curves of MPCM/WBHC (C1) and C3.

3.2. Thermal Regulation Performance Tests Results

The data on solar irradiation collected throughout the course of two day-long exper-
iments on 17-18 April 2024, is shown in Figure 7. There were both bright and overcast
weather conditions during these specific days. The significant fluctuations in global, direct,
and diffuse radiation indicate the presence of overcast hours. On the other hand, the
times of maximum direct radiation correspond to periods of clear sky or sunny hours.
The systems can receive solar radiation from 6:00 to 19:20. On 17 April, the weather was
mostly cloudy. Therefore, the solar radiation significantly varied during the experiment. On
18 April, the weather was partly sunny. The partially sunny weather caused changes in
the solar flux during interval times of 11:30-12:00 and 12:30-13:30. At around 13:00, the
highest recorded global radiation level was approximately 850 W/m?. Approximately 85%
of the global radiation consists of direct radiation during the peak solar flux at noon hours
in the second-day experiment. Due to the sharp increase and decrease on the first day
of the experiment, this ratio is not observed clearly. However, the solar flu seems higher
compared with the second day. Its effect may have appeared on temperature measurement.
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Figure 7. Global, direct, and diffuse solar radiation measurement in the actual ambient conditions
(17 April 2024-18 April 2024).

To understand the temperature change and energy conservation, the temperature of the
surface of the specimen and testing chamber was measured using a K-type thermocouple
(TCp) as shown in Figure 2. For each different specimen, the temperatures of the top and
bottom surfaces, the near surfaces (i.e., the medium temperature 0.01 m close to the upper
surfaces), and the temperature of the center of the test room for the C1-6 samples were
measured. The outside temperature was measured with another thermocouple. Figure 8
presents the experimental room lower-surface, upper-surface, near-surface, and room
center temperatures with the C1, C2, C3, C4, C5 and C6 samples. From the data given in
Figure 8, the registered minimum ambient temperature was about 12.5 °C at 05:00. This
was followed by the maximum outside temperature of about 29.5°C at about 11:00 h, with
fluctuations during the afternoon, and a gradual decrease after 14:50 h on 18 April. The
maximum ambient temperature recorded yesterday was 36°C at around 14:45. The weather
was mostly cloudy, but the clearness index was higher so that the solar radiation was
higher. This is clearly seen from the ambient and indoor temperatures of the test cabins.
The lowest temperatures were observed for the C2 sample in all measured positions. Its
effect is mainly seen in the second day experiment with low ambient temperatures. C3
was operated very close to the reference board C1. The best performance was observed in
C2, followed by C6, C5, C4 and C3. Figure 8 shows the temperature difference between
C2, C3, C4, C5, C6 and reference samples (C1) for lower surface, upper surface, near
surface and room center cases. As opposed to the control particle board sample without
PCM, the particle board samples containing PCM exhibit higher temperatures on the top
and bottom surfaces of the PCM from approximately 17:00-19:00 (17 April) until about
04:00-07:00 (18 April) in the early morning. Additionally, the MPCM sample test chamber
temperatures are consistently higher than the chamber with the reference sample at the
center and near-surface temperature. This observation shows that, when compared with
the reference board, the specimen with MPCM gives higher temperatures on its surface,
near surface, and room center during the cooler hours of the day. As for each specific
sample, the temperature difference appears to have a different effect. Although the best
performance for the cooling effect was observed with an order of C2, C6, C5, C4, and
C3, the best heating performance was seen with an order of C2, C3, C4 and C5 between
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21:30 (17 April) and 03:30 (18 April) (Figure 9a). Between 16:15 and 21:00 (17 April), the
best heating performance was observed in C3. After 03:30, the surface temperature of C5
becomes higher than the reference sample. This is followed by C4 at 04:00, C3 at 04:45
and C2 at 07:12. Moreover, the largest differences between the boards with PCM and the
reference boards without PCM during the hot ambient hours were observed in C5 (12.65°C),
C4 (11.37°C), C3 (10.2°C), C2 (9.4°C) and C6 (5.57°C). However, this peak difference value
does not continue the whole time during hot weather. Although C5 provides the coolest
lower surface temperature, C5 provides a longer cooler lower surface temperature.
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Figure 8. Lower-surface (a), upper-surface (b), near-surface (c), and room center (d) temperature in
the experimental room with C1, C2, C3, C4, C5, and C6 samples (17 April 2024-18 April 2024).

The temperature measurements were correlated with the concurrently recorded solar
irradiation profiles to separate the thermal effects caused by MPCM phase change from
those resulting from solar radiation and ambient temperature fluctuations. Any temperature
dampening or plateau seen in MPCM/WBHC relative to the reference board (C1) during
times of stable solar irradiation (such as clear sky conditions between 11:00 and 14:00 on 18
April) can be mainly attributed to the latent heat absorption of the MPCM during melting.
On the other hand, the latent heat release during MPCM solidification is linked to the
temperature differential between MPCM/WBHC and the reference board during cloudy
periods (like 17 April) or after sunset, when solar irradiation approaches zero. The brief
times, such as 11:30-12:00 and 12:30-13:30 on 18 April, when sun irradiation varies quickly,
show competitive interactions between MPCM thermal buffering and external thermal
gains. It is found that AT grows while irradiation drops by cross-correlating the temperature
differential (AT = TPCM — Treference) with the irradiation data. This confirms the thermal
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buffering action of MPCM independent of external variables. This division makes it possible
to evaluate MPCM performance more clearly, irrespective of weather fluctuations.

In Figure 8d, the differences for the room center temperature were illustrated. The
lowest indoor temperature in hot weather was observed for the C2 case, with a difference of
13.6 °C. This is followed by C5 (7.2 °C), C4 (5.8 °C), C6 (5.7 °C) and C3 (3.5 °C), respectively.
During the cold weather conditions, C2 provided 1.75 °C higher room center temperature.
C4 and C3 provided similar maximum temperature differences of 1.07 °C. This is followed
by C5, which recorded 0.87 °C. The effect of C6 is barely seen for a very short time around
18:00 (17 April). The MPCM/WBHC shows very interesting behavior depending on
incident solar radiation and ambient temperature. Moreover, the phase change duration in
the board’s changes were found to be related to the layers with MPCM and the amount of
the MPCM on those layers. Therefore, the cooling-heating time, cooling-heating duration,
and maximum cooling-heating values vary. The results of the outer surface temperature
measured with a thermal camera indicate the cooling effect of the C2 (Figure 9).
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Figure 9. Temperature difference (AT) between C2, C3, C4, C5, C6 and reference samples (C1) for
lower-surface (a), upper-surface (b), near-surface (c), and room center (d) cases (17 April 2024-18
April 2024).

Temperature plateaus in the cooling and heating curves indicated the MPCM’s phase
transition behavior within the boards. In comparison to the reference board, the tempera-
ture rise of MPCM/WBHC samples was delayed during the heating phase (during the day),
and a clear plateau was seen around the MPCM melting temperature range (about 25 °C).
This plateau shows how latent heat is absorbed while melting. A similar plateau was
seen during solidification in the cooling phase (nighttime), when the release of latent heat
momentarily stopped the temperature drop. Because each sample had a distinct MPCM
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content and layer structure, the length of these plateaus differed. C2, for example, showed
the longest plateau duration, which is consistent with its better thermal performance in
both heating and cooling modes. However, there was no similar plateau on the C1, indi-
cating that phase change effects were not present. Overall, the outdoor thermoregulation
tests show three simultaneous factors—solar radiation intensity, ambient temperature, and
PCM phase transition—which control the thermal performance of MPCM/WBHC. MPCM
melting, which absorbs excess heat and lowers surface and indoor temperatures by up
to 13.6 °C (C2), dominates the cooling impact under intense sun radiation (e.g., noon on
18 April). MPCM solidification, which produces latent heat and sustains greater tempera-
tures (up to 1.75 °C for C2) than the reference board, dominates the heating impact under
low solar radiation or at night. The MPCM functions as a thermal buffer to reduce abrupt
temperature swings during periods of varying solar energy, such as partially cloudy situa-
tions. In C2 and C5, which exhibit the most consistent temperature profiles under various
weather situations, this buffering effect is most noticeable. These results demonstrate that
the latent heat storage/release mechanism of MPCM offers a definite and measurable
advantage over the passive effects of ambient temperature and solar radiation alone.

The temperature differential (AT) between each MPCM-containing sample (C2-C6)
and the reference sample without MPCM (C1) was examined as a function of sun irradiation
in order to quantitatively distinguish the MPCM contribution from environmental factors.
Positive AT readings, or MPCM samples that are colder than reference, show the cooling
effect of MPCM melting at times of strong irradiation (>500 W/m?). The heating effect of
MPCM solidification is indicated by positive AT values (i.e., PCM samples warmer than
reference) with low irradiation (<100 W/m?). The MPCM content and layer configuration
were shown to be directly correlated with the magnitude of AT, with C2 exhibiting the
highest AT values in both cooling and heating modes. This method successfully separates
the MPCM phase change contribution from the simultaneous impacts of temperature
fluctuations and solar radiation.

Figure 10 shows the thermal camera image of the test rooms with C1, C2, C3, C4, C5
and C6 and the samples. The surface temperatures of MPCM/WBHC are lower than the
control composite material.

Figure 10. Thermal camera image of the control and test rooms.

3.3. Contact Angle and Surface Roughness

The surface roughness (Ra) of the C1 material was found to be 23.85 um (Figure 11),
though the test samples yielded lower roughness values. This reduction is attributed to the

https://doi.org/10.3390/coatings16070792


https://doi.org/10.3390/coatings16070792

Coatings 2026, 16, 792

16 of 19

addition of MPCM and the filling effect of WBHC on the surface voids. The lowest Ra value
was obtained in C2 composite material with 1.25 um. With the application of paint on the
composite material surfaces (C4, C5, C6), the roughness value increased slightly, but still
approximately 50% less roughness was obtained than with the C1 samples. It is thought
that the absence of MPCM in the paint applied to the surface of C4 and C5 composite
materials caused the surface roughness to be lower when compared with the C6 composite
material. In other words, the increase in surface roughness of the C6 composite material is
due to the MPCM contained in the paint. However, there is no statistical difference between
these three variations in which paint is applied. In terms of surface quality, surface texture
is quite important, especially during finishing procedures [30].
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Figure 11. Contact angle (°) and surface roughness (Ra) of C1, C2, C3, C4, C5 and C6.

A material with a smooth surface can cause liquid drops to spread less on the surface,
creating a higher contact angle. This is because a smooth surface allows liquid drops to
adhere less to the surface at the molecular level, thus creating a higher contact angle. As
seen in Figure 11, the contact angle decreased as the roughness of surface increased. The
contact angle of the control composite material produced was measured as 88.25°, the C2
and C3 samples were measured as 133.75° and 111.48°, respectively, and the contact angles
of the painted surfaces (C4, C5, C6) were measured as 76.69°, 60.77°, and 85.78°, respectively.
The increase in surface roughness resulted in lower contact angle values. This behavior
can be explained by the increased surface roughness, which improves the spreading of the
liquid and therefore decreases the contact angle [31].

3.4. Mechanical Properties Results

Previous studies have indicated that surface treatments applied to wood-based com-
posites generally have a limited influence on their bulk mechanical properties [32]. There-
fore, mechanical testing was focused on C1-C3 to evaluate the effect of MPCM incorpora-
tion within the composite structure. The mechanical properties of composites measured
included density, MOR, MOE, and IB. The results for each test group are given in Table 4.

The densities of the C1, C2 and C3 samples ranged from 0.64 g/cm? to 0.75 g/cm?. The
control group (C1) exhibited the lowest density at 0.64 & 0.06 g/cm?. The highest density was
observed in groups C2 and C3, both at 0.75 g/cm?. The inclusion of MPCM can increase the
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density of the composites. The MOR values varied between 9.73 N/mm? and 10.78 N/mm?.
Group C3 exhibited the highest MOR at 10.78 4 2.38 N/mm?. The addition of MPCM has
a positive impact of bending strength. The C1 had an MOR of 9.93 + 2.55 N/mm?. The
MOE values showed significant variation, ranging from 941 N/mm? to 1373 N/mm?2. Group
C2 exhibited the highest MOE at 1373 N/mm?. The control group (C1) had the lowest
MOE at 941 N/mm?. C2 and C3 with MPCM additions showed MOE values ranging from
1373 N/mm? and 1225 N/mm? respectively, indicating that MPCM contributes to increased
stiffness. The statistical analysis revealed that all variations for density and MOR were in the
same homogeneity class while there were significant differences from the control (p < 0.05).
In the MOE results, C2 and C3 are in the same homogeneity group, while C1, with the
lowest value, is in a different homogeneity group. The absence of a statistically significant
difference between C1 and other variations is considered a significant result. Prior research
revealed similar results, which indicates that an increase in composite density leads to
a drop in the load per unit area and an observed rise in MOR and MOE values [33,34].
Furthermore, Sun et al. [35] state that PCMs in the microstructure improve the interfacial
bonding characteristics by filling up the voids in the composite. Excessive incorporation
of MPCM in composite materials has been shown to cause aggregation within the matrix,
leading to a reduction in both the MOR and MOE values [36].

Table 4. Mechanical test results of composites.

Codes Density (g/cm®)  MOR (N/mm?) MOE (N/mm?)  IB (N/mm?)
C1 0.64 2 +0.06 9.932 4+ 255 9412 £ 237 0.242 +0.05
C2 0.752 + 0.09 10402 +1.54 1373 P + 210 0.252 £0.03
C3 0.752 £ 0.05 10.78 @ £ 2.38 1225 3P 4 423 0242+ 0.01

The letters “a” indicate Duncan’s homogeneity groups in the column.

The IB values were relatively consistent across three groups (C1, C2 and C3), ranging
from 0.24 N/mm? to 0.25 N/mm?. The samples broke out by fracturing through the core
layer after the IB test. The highest IB value of 0.25 N/mm? was observed with C2. The
additions of MPCM enhanced the internal bonding of the composites. The C1 showed
an IB of 0.24 & 0.05 N/mm?, which was comparable to the other groups, indicating 4%
improvement with the addition of MPCM. The IB values of the control group and the
MPCM-containing composites were found to be quite similar. In a study conducted by
Oztiirk et al. [22], it was reported that the IB values of wood fiber—starch composites with
and without MPCM were also similar. It was stated that the use of high amounts of MPCM
in different materials can lead to voids and weak bonds within the matrix, causing a
decrease in IB values [37]. Additionally, the hydrophobic properties of formaldehyde-based
adhesives can reduce the bond strength between the high content of microcapsules and the
surrounding matrix, leading to a decrease in IB strength [38].

4. Conclusions

This study presents results and discussions regarding the integration of MPCM into
composite materials. The microstructure of wood-based composite materials with MPCM
was examined and it was demonstrated through SEM images that MPCM was harmo-
niously integrated with wood particle boards. It has been observed that MPCM increases
the thermal energy storage capacity of composite materials used in furniture and shows
phase change at 26 °C. Additionally, the thermal stability of composite materials was
evaluated by TGA and it was observed that MPCM did not change the flame retardancy
properties of MPCM/WBHC. The effect of MPCM on reducing the surface temperatures of
composite materials has been observed through solar radiation measurements and thermal
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camera imaging. In conclusion, it may be summarized that the C2 sample showed the best
cooling and heating performances due to its more prolonged duration for these effects,
while the C5 board reached maximum difference for a short time in the case of the board
surface. On the other hand, C5 provided the best cooling and heating performances for a
prolonged time and achieved the maximum difference in the room center case, which may
be the most crucial location for deciding the indoor performance of the boards. Finally, the
effect of MPCM on the mechanical properties of composite materials was evaluated and it
was observed that MPCM increased the density and flexural strength of the composites.
However, no statistically significant difference was found. These results highlight the
potential of MPCM for use as an environmentally friendly and energy-efficient solution in
the furniture industry.
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