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Abstract: Sawdust and coconut coir dust are agro-wastes/by-products which are suitable for use as
raw materials to manufacture unfired clay blocks due to their excellent physical and mechanical
properties. A limited number of studies have been conducted on the utilisation of these agro-wastes
in clay block production, and they have mostly been devoted to investigating the physicomechani-
cal properties, with less attention given to the thermal properties. Moreover, the majority of the
studies have used chemical binders (cement and lime) in combination with agro-waste, thus increas-
ing the carbon footprint and embodied energy of the samples. Furthermore, no research has been
performed on the thermal performance of these agro-wastes when incorporated into clay blocks at
the wall scale. Therefore, to address these limitations, the present study developed unfired clay
blocks incorporating sawdust and coconut coir dust (0, 2.5, 5, and 7.5% by weight), without the use
of chemical binders, and evaluated their thermal performance, both at the individual and wall
scales. The experiments were divided into two phases. In the first phase, individual sample blocks
was tested for basic thermal properties. Based on the results of the first phase, small walls with
dimensions of 310 mm x 215 mm x 100 mm were built in the second phase, using the best performing
mixture from each waste type, and these were assessed for thermal performance using an adapted
hot box method. The thermal performance of the walls was evaluated by measuring the heat trans-
fer rate from hot to cold environments and comparing the results to the reference wall. The results
showed that thermal conductivity decreased from 0.36 W/mK for the reference sample, to 0.19
W/mK for the 7.5% coconut coir dust sample, and 0.21 W/mK for the 7.5% sawdust sample, indicat-
ing an improvement in thermal insulation. Furthermore, the coconut coir dust and sawdust sample
walls showed a thermal resistance improvement of around 48% and 35%, respectively, over the
reference sample wall. Consequently, the findings of this study will provide additional essential
information that will help in assessing the prospective applications of sawdust and coconut coir
dust as the insulating material for manufacturing unfired clay blocks.

Keywords: agro-wastes; clay blocks; thermal; unfired; wall

1. Introduction

The tropics survey report [1] states that over half of the world’s population will be
residing in tropical regions by 2050, resulting in a considerable rise in demand for indoor
thermal comfort. The high temperatures and high humidity features of tropical climates
necessitate the development of high thermal resistance building technologies to improve
thermal comfort in residential housing. Since the Intergovernmental Panel on Climate
Change [2] predicts an increase in global mean surface air temperature of +1.3 to +4.5 °C
by the end of the twenty-first century, thermal comfort improvement in this region is now
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a key concern [3]. Therefore, researchers have been attempting to alleviate the conse-
quences of global warming by developing novel materials to improve thermal comfort
and energy savings in tropical dwellings [4-13]. Earth-based materials have been used for
building construction for centuries and are still used in most developing countries [14].
The popularity of these materials is attributed to their easy availability, workability, as
well as advantageous hygro-thermal properties [15,16]. Earthen construction generally
has a massive thickness, which is responsible for its higher thermal inertia. This feature
improves the thermal efficiency of buildings in certain climates by lowering heating and
cooling energy demands, resulting in lower operating costs [17,18]. However, in addition
to the lack of strength and durability, earthen materials require regular maintenance
[15,19,20]. Therefore, there has been growing concern in recent decades about addressing
these issues in earthen construction, and different types of stabilisers have been employed
to enhance the properties of the earthen materials. Among the various stabilisers, calcium-
based materials, such as cement and lime, are widely used due to their easy adaptability
and robustness [21,22]. Though such conventional chemical stabilisers can improve sev-
eral properties of earthen materials, they have certain drawbacks, such as high CO2 emis-
sions, energy consumption, and cost [23]. Consequently, the development of new stabilis-
ers for earthen material construction with lower environmental impact and processing
costs seems to be of great interest among researchers.

The statistics reveal that global agro-waste generation is around 998 million tonnes
each year [24,25], and the processing of these wastes is a major issue in developing coun-
tries, as most of these wastes are dumped in landfills or burned, which causes serious
environmental pollution [26,27]. A number of studies have presented that agro-wastes can
be transformed into low-energy and sustainable construction materials, solving a major
problem in waste management [28,29]. Sawdust and coconut coir are agro-wastes/by-
products which are abundant in tropical countries [30-32]. According to several studies
[32-35], these agro-wastes can be used as raw materials in the construction industry due
to their excellent physical and mechanical properties. However, a limited number of stud-
ies have been carried out using these two agro-wastes in the production of unfired bricks.
Khedari et al. [36], Thanushan et al. [37], and Thanushan and Sathiparan [38] produced
soil-cement blocks utilising coconut coir fibre and reported that bulk density and com-
pressive strength decreased with the increase in fibre percentage. Moreover, fibre inclu-
sion resulted in a decrease in thermal conductivity [36] and an increase in water absorp-
tion rate [38]. On the other hand, the study by Danso et al. [39] revealed that the incorpo-
ration of coconut coir fibre into soil blocks remarkably improved mechanical strength and
durability. Additionally, the study showed that higher fibre content decreased the linear
shrinkage and density, but increased the water absorption rate of the blocks. Sangma et
al. [40] assessed the physicomechanical properties of the unfired earth blocks by varying
the coconut coir fibre length from 20 mm to 80 mm. The test results demonstrated that the
compressive and tensile strength of the samples improved when the fibre length was in-
creased up to 40 mm. Purnomo and Arini [41] developed unfired bricks using lime in
combination with treated coconut coir fibre and examined their physicomechanical prop-
erties under various humidity conditions. It was observed that better properties were
achieved in a high humid environment. Demir [42], Ouattara et al. [43], Vilane [44], and
Jokhio et al. [45] investigated the compressive strength of sawdust-incorporated unfired
clay bricks and found that the presence of sawdust enhanced the compressive strength.
However, according to Ganga et al. [46], Tatane et al. [47], and De Castrillo et al. [48], the
compressive strength of the samples decreased with the addition of sawdust. Further-
more, the density and thermal conductivity of the samples declined, whereas capillary
water absorption increased with increasing sawdust content [47,48]. Charai et al. [49] also
studied the thermal properties of sawdust—clay composites and concluded that sawdust
had a positive effect on improving the thermal properties of the samples. The findings of
previous studies show that sawdust and coconut coir have the potential to enhance the
characteristics of earthen materials.
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Research Significance

The literature review presented in the previous section reveals that most of the stud-
ies have focused mainly on the investigation of the physicomechanical properties, and
limited research is available regarding thermal properties tests. Moreover, the majority of
the studies have used chemical binders, such as cement and lime, with agro-wastes to
produce the samples. These chemical binders are responsible for environmental degrada-
tion, with a high carbon footprint and embodied energy [50]. Hence, the production of
agro-wastes incorporated into unfired earth blocks without these binders provides the
greatest advantages in terms of sustainability. This study, therefore, investigated the ther-
mophysical properties of the sawdust- and coconut coir dust-blended unfired earth
blocks, without any chemical binders.

The literature also shows that studies which measured the thermal properties of the
sawdust- and coconut coir dust-incorporated brick are at the individual sample scale. No
research has been performed on the thermal performance of these agro-wastes-incorpo-
rated clay blocks at the wall scale. The examination of heat transfer rates through building
wall materials is important for determining building energy efficiency. Consequently, this
study not only measured the thermal properties of individual samples, but also evaluated
the thermal performance of the constructed walls in the laboratory using an adapted hot
box method. Finally, the test results were compared to the reference sample to reach a
conclusion.

The outcomes of this study will support the assessment of the potential application
of sawdust and coconut coir dust as insulating materials in the manufacturing of unfired
clay blocks.

2. Materials and Methods
2.1. Materials

The materials used to produce the samples were red clay, coconut coir dust, sawdust,
and tap water. Square mesh sieves were used to sieve the raw materials to obtain particle
sizes between 2 mm-1.18 mm, 1.18 mm-300 pm, and 600 pm-425 pum for red clay, coconut
coir dust, and sawdust, respectively (Figure 1). The maximum dry density (2320 kg/m?)
and optimum moisture content (15.50%) of the clay were determined by the standard
Proctor compaction test [51], while the Atterberg limit (liquid limit: 31.61%, plastic limit:
19.25, plasticity index: 12.36%) was established following the BS 1377-2:1990 standard [52].
Scanning electron microscopy (SEM) with a conductive coating was used to study the
morphology of the raw materials. Moreover, X-ray fluorescence (XRF) and X-ray diffrac-
tion (XRD) analysis were used, respectively, for the evaluation of chemical composition
and mineralogical phases of raw materials. Furthermore, the thermal characteristics of the
raw materials were determined by ISOMET 2114 equipment using a needle probe (Figure
2). The thermophysical properties and chemical compositions of the raw materials are
given in Tables 1 and 2, respectively. SEM micrographs revealed that sawdust particles
vary in size and form, with heterogeneous fibres and rough surfaces (Figure 3b). On the
other hand, the spongy structure of coconut coir dust particles contains numerous pores
(Figure 3c). The XRD analysis showed that red clay mainly contains quartz (5iO2), kaolin-
ite (Al2(51205)(OH)4), and haematite (Fe:0s) (Figure 4a), which was also supported by the
XRF results presented in Table 2. Coconut coir dust and sawdust were amorphous in form,
as observed by the disordered XRD patterns (Figure 4b).
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Figure 1. Photographs of raw materials: (a) red clay; (b) sawdust; (c) coconut coir dust.
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Figure 3. SEM micrographs of raw materials: (a) red clay; (b) sawdust; (c) coconut coir dust.
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Figure 4. XRD spectra of raw materials: (a) red clay; (b) sawdust and coconut coir dust.
Table 1. Thermophysical properties of raw materials.
Properties Red Clay Sawdust Coconut Coir Dust
Density (kg/m?) 1430 230 130
Specific gravity 2.32 1.14 0.61
Thermal conductivity (W/mK) 0.30 0.06 0.05
Volumetric heat capacity (x106 J/m3K) 1.29 0.24 0.21
Specific heat capacity (J/kgK) 902.80 1040.43 1583.08
Porosity 0.38 5.09 7.65
Natural moisture content (%) 6.47 5.02 5.62
Water absorption after 24 h under water (%) 27.57 127.66 195.16
Colour Red Light brown Brown
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Table 2. XRF analysis of the raw materials.

Elements Weight (%)

Red Clay Sawdust Coconut Coir Dust
5i02 41.454 0.348 4.059
AlOs 15.214 0.390 1.206
K20 1.636 0.340 3.942
MgO 5.114 0.408 0.767
Fe:0s 8.104 0.186 1.184
Na:0 1.027 0.926 1.183
TiO2 1.411 0.171 0.596
CaO 0.633 1.681 2.782
SOs 0.047 0.049 0.275
BaO 0.216 0.074 0.089
MnO 0.040 0.026 0.013
ZrO:2 0.035 0.002 0.011
P20s 0.250 0.021 0.094
SrO 0.011 0.000 0.005
CuO 0.006 0.003 0.002
ZnO 0.007 0.004 0.006
Y205 0.006 0.001 0.001
F 0.050 0.050 0.050
Cl 0.040 0.040 0.040
C020s3 0.007 0.002 0.001
Rb20 0.004 - -
NiO 0.003 - -
BaO 0.097 - -
Cr20s 0.016 - -
Br - - 0.001
CHO 24.572 95.278 83.693

In this study, sample preparation was executed by hand compaction, since most
earthen material building projects in practice employ manual compaction. Table 3 lists the
proportions in which the waste materials were added to the clay during sample prepara-
tion. The reference case consisted of the sample without waste material. First, dry clay and
waste material were thoroughly combined using a mechanical mixer. Then, normal tap
water was added and the mixture was blended until it became homogeneous. The pro-
portion of water was adjusted for each series of the mixture to retain the same consistency
for moulding. The standardised mould sizes of 100 mm x 100 mm x 100 mm and 100 mm
x 100 mm x 215 mm were used for casting the samples. The wet mixture was poured into
the mould in two equal layers, and manual compaction was conducted using a square flat
section steel rod with 25 blows. A plastic membrane was used to cover the samples for 24
h to avoid rapid loss of moisture. The samples were kept in the moulds for 7 days at a
room temperature of 23 °C to 26 °C and a relative humidity of 30% to 34% achieve firmness
suitable for demoulding. Before the tests, the demoulded samples were stored for another
21 days in the same environment to dry naturally.
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Table 3. Mix composition.

Mix Designation of Waste (%) Waste (g)

Samples Red Clay (g) Sawdust Co‘conut Sawdust C0?0nut
Coir Dust Coir Dust

R 550 0 0 0 0

5-2.5 550 2.5 0 13.75 0

S-5 550 5 0 27.50 0

S-7.5 550 7.5 0 41.25 0

C-2.5 550 0 2.5 0 13.75

C-5 550 0 5 0 27.50

C-7.5 550 0 7.5 0 41.25

2.2. Testing Methods
2.2.1. Thermophysical Properties of Individual Samples

The density of the samples was determined from the mass and volume of the samples
according to BS EN 771-1 [53] using the following Equation (1):

p=M/V 1)

where p (kg/m?) is the density, Vis the volume (m?), and M (kg) is the mass of the samples.

The thermal properties (thermal conductivity and volumetric heat capacity) of each
mixture were measured using a portable apparatus, ISOMET 2114 model, that directly
measures the value via a surface probe attached to a temperature sensor (Figure 5). The
experiment was conducted in a laboratory room environment with a temperature of 25 +
1 °C and a relative humidity of 32 + 2%. Prior to the test, each sample was cleaned with a
cloth to remove dust or any interferents. During the experiment, the samples were posi-
tioned on a polyurethane block of 50 mm thickness to avoid any potential interference
from the adjacent apparatus. For each mix design, two measurements were taken, and the
mean was calculated. Knowing the volumetric heat capacity and density of the sample,
specific heat capacity was calculated by dividing the volumetric heat capacity by the den-
sity value. Furthermore, thermal diffusivity and thermal effusivity were determined by
the following Equations (2) and (3) [54]:

a=21/pC, )

t= [ApC, 3)

where a (m?¥/s) is the thermal diffusivity, T (Ws2/m?K) is the thermal effusivity, A (W/mK)
is the thermal conductivity, p (kg/md) is the density, and C» (J/kgK) is the specific heat
capacity.

(b)

Figure 5. Thermal tests: (a) 100 mm x 100 mm x 100 mm sample; (b) 100 mm x 100 mm x 215 mm
sample.
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2.2.2. Thermal Properties of Wall Samples

Based on the thermophysical properties of individual samples, the optimal percent-
age of each waste was chosen to construct small walls to evaluate thermal transmittance.
The walls were constructed using two 100 mm x 100 mm x 215 mm blocks and two 100
mm x 100 mm x 100 mm blocks joined together with earth mortar similar to each sample
composition. Each wall had a vertical surface area of around 310 mm x 215 mm and a
thickness of 100 mm.

Thermal transmittance, also known as the U-value (W/m?2K), is one of the key param-
eters used to assess the thermal performance of a building envelope, and it can be deter-
mined theoretically or experimentally. The theoretical method for calculating the U-value
is described in the BS EN ISO 6946 standard [55]. The results obtained from the theoretical
method often differ from the in situ U-values [56-58]. The in situ U-value is widely meas-
ured following the heat flow meter method specified in the BS ISO 9869-1 standard [59].
In this method, the U-value is calculated by measuring the heat flux through a wall and
the temperature difference between the two surfaces (inside and outside) of the wall, since
heat is transferred from the warmer to the colder side when there is a temperature differ-
ence between two surfaces of a wall. The standard recommends the minimum duration
for the test is three days, if the temperature around the heat flux meter is kept steady, but
it should be at least seven days to obtain consistent results. Gaspar et al. [60] showed that
temperature differences of more than 19 °C require a 72 h test length for low U-value
facades, whereas lower temperature differences necessitate a 144 h test time. However,
since the temperatures of the hot and cold boxes are controlled in the laboratory, the test
duration can be adapted, considering the temperature stability [61].

This study followed the adapted hot box technique [59] (Figure 6), which is a reliable
and accurate method for measuring thermal transmittance in laboratory experiments [62-
65]. In this method, heat flux between hot and cold chambers was estimated using heat
flux sensors. The hot chamber (800 mm x 600 mm x 650 mm) was made of commercially
available 50 mm thick polyisocyanurate insulation boards (PIR, A = 0.022 W/mK, R =2.25
m?K/W), which have a thin aluminium foil covering on both sides to keep them isolated
from the outside environment. The A value of this insulation material is comparable to
polystyrene foam (0.035 W/mK) [62], expanded polystyrene (0.034 W/mK) [63], and foam
polyurethane (0.0245 W/mK) [66], which were used in previous studies to build the hot
chamber. Two thermostatic tubular heaters (DIMPLEX ECOT1FT 40 W, 230-240 V) were
placed inside the hot chamber as an internal heat source. On the other hand, the cold
chamber (450 mm x 600 mm x 750 mm) was a refrigerator used to cool the inside air. The
temperatures of the hot and cold chambers were controlled by the EMKO ESM-3711-H
temperature controller. The sample wall was positioned between the hot and cold cham-
bers in a sample holder made of double insulation boards (100 mm). Additionally, any
gaps between the wall and the sample holder were filled with insulation material (polyi-
socyanurate insulation, A =0.022 W/mK, R =2.25 m?K/W) and then sealed with aluminium
foil tape to ensure that heat propagation could only occur through the exposed wall sur-
faces. Furthermore, inside both chambers, a small fan was placed to prevent any thermal
stratification and to ensure uniform heating and cooling [63].

The surface temperature of the sample wall was measured using thermocouple K-
type sensors attached to the sample wall. On either side of each block of the sample wall,
two thermocouple K sensors were installed. In addition, two heat-flux sensors (gSKIN-XB
26 9C) were installed on the sample wall facing the cold room (Figure 7). In order to pre-
vent any influence of air gaps, sandpaper was used to smooth the wall surfaces where the
sensors were installed, and adhesive tape was used to fix the sensors to the wall, ensuring
that all sensors had good thermal contact with the wall surface. All the sensors were con-
nected to a data logger (Pico USB TC-08) to record the continuous readings for 3 days (72
h), with a sampling period of 5 min. A temperature and relative humidity data logger was
also installed inside both chambers to monitor the temperature and relative humidity of
the chambers. Table 4 lists the main materials and equipment used in this experiment.
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BS ISO 9869-1-2014 [59] specifies the average progressive method to determine the
U-value in steady-state conditions. This method is popular, since it simplifies the calcu-
lating procedure, despite the longer test period. The reliability of this method depends on
the temperature difference between the two chambers. The higher the temperature differ-
ence, the more reliable the results. Meng et al. [67] revealed that raising the temperature
difference on both sides of walls reduces the maximum system error (measurement error)
and recommended maintaining a temperature difference of over 20 °C on both sides of
the wall to decrease the maximum system error. Hence, in this study, throughout the test
period, the average air temperatures of the hot and cold chambers were maintained at 40
°C and 10 °C, respectively. The heat flux was measured at two locations on the sample
wall over a period of at least 3 days (72 h), fulfilling the minimum duration requirement
stipulated by the standard. Using Equation (4) from the standard, the U-value of the sam-
ple wall was derived by dividing the heat flux data through the wall by the temperature
difference between the two surfaces (hot and cold) of the wall.

q
U= 4
(Th - Tc) ( )
where g is the density of heat flow rate (W/m?), Tx is the hot side temperature (°C), and T
is the cold side temperature (°C) of the sample.
The thermal resistance or R-value (m2K/W) of the wall can be obtained by inverting
the total thermal transmittance determined (R = 1/U).

Table 4. Equipment used for thermal transmittance test setup and measurement.

Equipment Parameters Values
Temperature sensor K-type thermocouple Accuracy (°C) £1.5
Range (kW/m?) -150 to +150
itivi V/(W/m? 1.
Heat flux sensor  gSKIN-XB 26 9C Sensitivity [LV/(W/m’)] >
Calibration accuracy (%) +3
Resolution (W/m?2) 0.41
Empemmre controlpy 1Ko ESM-3711-H Accuracy (%) +1
Voltage input range (mV) +70
T t ° -270 to +182
Data logger Pico USB TC-08 emperature range (°C) 0 to +1820

Temperature accuracy (°C) Sum of +0.2% of reading and +0.5

Sum of +0.2% of reading and +10

Voltage accuracy (1V)

Temperature and rel-
ative humidity data EL-USB-2 RH/TEMP

Temperature range (°C) -35 to +80
Relative humidity range (%) 0 to 100

logger Temperature accuracy (°C) 0.5
Relative humidity accuracy (%) +2.25
Heating source DIMPLEX ECOT1FT ther- Heat output (W) 40
mostatic tubular heater Capacity (V) 230-240
Fan 4" portable USB fan Capacity (V) 5
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Figure 6. Test setup of thermal transmittance measurement.
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Figure 7. Configuration of the sample wall and position of the sensors.

3. Results and Discussions
3.1. Thermophysical Properties of Individual Samples

Table 5 presents the results of the thermophysical properties of different agro-waste-
blended samples. As shown in the table, the bulk density decreased as the waste content
increased. Similar results were observed in several previous studies, where the inclusion
of natural fibres or aggregates into the formulation of unfired earthen blocks resulted in a
gradual decrease in bulk density [68—-70]. This can be explained by the fact that when com-
paratively lighter sawdust and coconut coir dust particles (see Table 1) were incorporated
into the mixture, they displaced the heavier clay particles, which eventually decreased the
density. Moreover, during sample preparation, the hydrophilic sawdust and coconut coir
dust (see water absorption values in Table 1) swelled by absorbing water. After drying,
they returned almost to their former size, leaving very small air voids between their outer
periphery and the clay particles. Consequently, the more sawdust and coconut coir dust
were added to the mixture, the more air voids were created [71]. The samples with saw-
dust had densities ranging from 1837.05 kg/m? to 1638.64 kg/m3 for 2.5% to 7.5% content,
while for the same coconut coir dust content, the density declined from 1725.44 kg/m? to
1552.52 kg/m? corresponding to a decrease of up to 22% and 26%, respectively, for saw-
dust and coconut coir dust in comparison to the waste-free clay sample.

Table 5. Average values and coefficient of variation (% in parenthesis) of thermophysical properties
of the sample blocks.

Density,

Sample ID p

(kg/m3)

Thermal
Conductivity,
A

(W/mK)

Volumetric Heat
Capacity,

pCr

(x106J/m3K)

Specific Heat Thermal

Capacity,
Cr
(J/kgK)

Thermal
Diffusivity, Effusivity,
o T
(x10¢m?2/s) (Ws2/m2K)

R

2090.96 + 2.55 (0.32)

0.36 +0.02 (0.14)

1.66 +0.25 (0.33)

794.75

0.217 774.70

5-2.5

1837.05 + 2.36 (0.08)

0.26 +0.01 (0.22)

151 +0.23 (0.31)

824.12

0.173 629.44

S-5

1735.85 + 2.35 (0.13)

0.24 +0.01 (0.30)

1.47 £0.22 (0.33)

849.41

0.161 591.14

5-7.5

1638.64 + 2.34 (0.09)

0.21+0.01 (0.41)

1.42 +0.21 (0.43)

865.39

0.145 539.96

C-25

172544 + 2.54 (0.24)

0.25 +0.01 (0.23)

1.46 +0.22 (0.41)

848.68

0.168 600.19

C-5

1638.79 + 2.56 (0.25)

0.22 +0.01 (0.32)

1.41+0.21 (0.39)

859.45

0.159 561.19

C-7.5

1552.52 +2.59 (0.27)

0.19 + 0.01 (0.47)

1.38 +0.21 (0.47)

886.20

0.142 517.77
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The thermal conductivity of building materials is an important factor for evaluating
thermal performance, since it has a direct influence on heat losses and energy consump-
tion in the building [72-74]. The thermal conductivity of a material is affected by various
variables, including its morphology, density, and homogeneity [75,76]. The results in Ta-
ble 5 indicate a gradual decrease in thermal conductivity values with the increase in waste
percentages. This drop can be attributed to both the lower thermal conductivity of the
agro-waste materials employed (see Table 1) and an increase in the amount of air in the
sample combination. The thermal conductivity of a material is inversely proportional to
its porosity [77]. The addition of agro-wastes reduces the density of the samples, resulting
in a higher void volume, which is usually filled with air. Due to the low conductivity of
air (0.024-0.026 W/mK), the thermal conductivity of the samples decreases as the volume
of air in the void increases [78-80].

In Figure 8, the thermal conductivity values of the samples tested are plotted against
their density. There is a linear connection between sample density and thermal conduc-
tivity, with lower density samples having lower thermal conductivity than higher density
samples. The findings are consistent with the conclusions reached in previous investiga-
tions [68,72,81,82]. Moreover, the microscopic examination of the raw materials (Figure 3)
revealed that sawdust and coconut coir dust particles exhibited cellular porous structures
that may contain air, explaining their low thermal conductivity values. Furthermore, it
appears that the use of coconut coir dust leads to marginally better insulation (i.e., lower
thermal conductivity values) than sawdust. This may be due to the lower bulk density
and spongy structure of coconut coir dust particles, containing more air voids than saw-
dust. The lowest thermal conductivity values for the coconut coir dust and sawdust sam-
ples was achieved at a 7.5% content, which was about a 46% and 43% decrease compared
to the reference sample.

— ao— Sawdust —e— Coconut coir dust

o 2
[N
s g
o o

0.230 +
0220 +

0210 +

Thermal conductivity (W/mK)

0.200 +

0190 F e e B B B B S e B e e T e R
1500 1550 1600 1650 1700 1750 1800 1850

Density (kg/m?3)

Figure 8. Correlation between thermal conductivity and density.

The volumetric heat capacity of the agro-waste-incorporated samples dropped be-
cause of the considerable decrease in the samples’ density (see Table 5). However, the
specific heat capacity of the samples increased with the increasing waste percentage, since
the agro-wastes, which have a lower mass content than clay, had greater specific heat ca-
pacity values [68]. The experimental results revealed that a 7.5% coconut coir dust and
7.5% sawdust addition raised the specific heat capacity from 848.68 J/kgK to 886.20 J/kgK
and 824.12 J/kgK to 865.39 J/kgK, resulting in an increase of about 12% and 9%, respec-
tively, over the reference sample. Moreover, the coconut coir dust samples had a slightly
higher specific heat capacity than the sawdust samples. The higher porosity in coconut
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coir dust samples than in sawdust samples might be responsible for this, as the pores are
primarily filled with air, which has a specific heat capacity of 1005 J/kgK [83].

The thermal inertia of buildings contributes to both thermal comfort and a reduction
in energy consumption by keeping the indoor air temperature stable. There are two forms
of inertia: transmission and absorption. Transmission inertia is defined by thermal diffu-
sivity, whereas absorption inertia is described by thermal effusivity. In buildings, materi-
als with low diffusivity and high effusivity should be used to improve thermal inertia
[84,85]. In areas where cooling is a major issue, using low thermal diffusivity materials
can delay heat transfer from the outside of the building to the inside, decreasing the in-
door temperature of the building and reducing the demand for air conditioning during
the summer. Materials with high thermal effusivity can also help to keep the indoor tem-
perature of a building stable in the summer by storing and releasing heat. When the inter-
nal temperature of a building rises above the comfort level, the walls absorb heat until a
steady temperature is attained. This heat is released when the building’s internal temper-
ature falls below a comfortable level. Similarly, in the winter, these high effusive materials
can also aid in the reduction in heating demand [86,87]. As a result, it is recommended
that two distinct materials be used to improve indoor thermal comfort: one with low dif-
fusivity on the exterior side as an insulating material and the other with high effusivity
on the interior side of the building wall as a structural material [84].

Table 5 also shows that the thermal diffusivity and thermal effusivity of the samples
decreased when the percentage of agro-wastes increased in the mixture. Laborel-Préneron
et al. [68] also observed a similar trend in results using hemp shiv, corn cob, and barley
straw in unfired earthen bricks. The thermal diffusivity decreased from 0.178 x 106 m?/s
t0 0.142 x 104 m?/s and 0.173 x 10-¢ m?/s to 0.145 x 10-6 m?¥/s, respectively, when the coconut
coir dust and sawdust content increased from 0.25% to 7.5%, indicating a positive influ-
ence of agro-wastes on dampening the thermal diffusion in the produced clay blocks [88].
It was also found that the thermal effusivity values declined from 600.19 Ws'2/m?K to
517.77 Ws'2/m?K and 629.44 Ws'2/m?K to 539.96 Ws'2/m?K, respectively, for increasing
the same amount of coconut coir dust and sawdust. According to the results, the addition
of agro-wastes to the unfired clay block increases the transmission inertia, while decreas-
ing the absorption inertia. These types of materials would be better suited to the construc-
tion of exterior walls to delay the transmission of heat from the outside to the inside [68].

3.2. Thermal Properties of Wall Samples

According to the results of the thermophysical properties of the individual samples,
the 5-7.5 and C-7.5 samples had the lowest density, thermal conductivity, and diffusivity,
as well as the highest specific heat capacity values. Hence, the 5-7.5 and C-7.5 samples
were used to make small walls to evaluate their thermal transmittance and resistance. In-
stead of collecting data immediately, data was collected for at least 24 h after the system
attained a thermal steady-state condition. Thermography analysis was performed on both
sides of the walls to check for any irregularities introduced by the heating and cooling
sources. According to Figure 9, the wall surface areas are not affected by any probable
source of error.
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Hot side Cold side

Hot side Cold side

Cold side

(c)

Figure 9. Thermographs of different wall surfaces: (a) reference wall; (b) sawdust wall; (c) coconut
coir dust wall.

The temperature profiles of the two sides (hot and cold) of the wall surfaces (72 h)
are shown in Figure 10. The figure shows that all the walls have nearly similar tempera-
tures on both surfaces, indicating that wall surface temperatures are unaffected by the
material properties, which was also confirmed by the experimental results of Bruno et al.
[89]. The slight temperature difference is due to the position of the temperature sensors
on the surface of the sample block. Despite the sensors being attached as near to the sur-
face as feasible, a gap between the sensor and the surface may be created, leading it to
record the temperature of the surrounding air at some point.

Figure 11 illustrates the monitored relative humidity inside the hot and cold cham-
bers during the test period. The recorded average relative humidity during the last 24 h
test period in the hot chamber varied between 14.62% and 15.35%, while it varied between
39.09% and 41.29% in the cold chamber.
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Figure 10. Wall surface temperature profiles (72 h): (a) hot side; (b) cold side.
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Figure 11. Relative humidity (72 h): (a) hot chamber; (b) cold chamber.

Table 6 lists the results of the last 24 h of the different wall sample test. The heat flux
measured through the walls exhibited a similar pattern (Figure 12), but with different
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magnitudes. The reference wall had the highest heat flux value of 548.17 W/m?, followed
by the heat flux in the sawdust wall, with a value of 407.53 W/m?, while the heat flux of
the coconut coir dust wall showed the lowest value of 369.96 W/m2. The lower thermal
conductivity and density of the coconut coir dust sample may contribute to the lower heat
flux. Materials with a higher thermal transmittance, or U-value, lose more heat, whereas
those with a lower U-value lose less heat. The results show that the coconut coir dust
sample had the lowest U-value, indicating the highest thermal resistance, as thermal re-
sistance is inversely proportional to the thermal transmittance. The thermal resistance of
the coconut coir dust and sawdust sample walls increased by around 48% and 35%, re-
spectively, as compared to the reference sample wall.

Table 6. Average results of last 24 h of the wall test.

M ¢ Wall ID
easurements R 575 C75
Thickness (mm) 100 100 100
Surface Temperature (hot side) (°C) 37.32 37.40 36.46
Surface Temperature (cold side) (°C) 13.44 13.32 13.42
Average values (Last 24 h) Temperature Difference (°C) 23.88 23.08 23.04
Heat Flux (W/m?) 548.17 407.53 369.96
U-value (W/m2K) 1.85 1.37 1.24
R-value (m2K/W) 0.54 0.73 0.80
650 -+
600
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550

52 I
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Figure 12. Heat fluxes across the walls (72 h).

In Figure 13, the experimental U-value results of different wall constructions are com-
pared to the findings of several studies in the literature [90-94]. Due to the different thick-
nesses of the experimented walls and since the U-value is highly dependent on the thick-
ness of the wall, the apparent thermal conductivity values of the walls are calculated by
multiplying the U-value by the thickness of the wall to obtain a better comparison of their
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thermal efficiency [95]. However, it should be noted that the literature thus far reflects
very few conducted and published tests.
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Figure 13. Comparison of U-values of different walls with literature results [90-94].

Ojerinde [90] observed that a 10% to 30% rice husk ash addition as a partial replace-
ment for Portland cement in compressed earth brick production decreased the U-value
from 1.076 W/m?K to 1.086 W/m?K. In another study, Teixeira et al. [94] found a U-value
of 2.66 W/m2K using 7% lime in the compressed earth brick wall. Krsti¢ et al. [91] used
two methods (heat flow and temperature based) to measure the in situ U-value of a hollow
concrete masonry block wall made with recycled crushed brick waste and ground poly-
styrene. According to the study, the U-values for the wall without any insulation ranged
from 1.740 W/m?K to 1.782 W/m?K for the heat flow method, while for the temperature
based method, the U-value was 1.363 W/m?2K. In the case of a burnt clay brick wall with
cement plaster, using the guarded hot box method, Chowdhury and Neogi [92] reported
that the U-value ranged from 2.326 W/m2K to 2.488 W/m?2K. Callejas et al. [93] also used
an adapted hot box method to determine the thermal properties of concrete block with
recycled construction and demolition waste. Based on the results obtained, the block was
found to have a U-value of between 2.439 W/m?2K and 3.030 W/m2K in the solid area. After
reviewing the experimental results described in the literature, it can be concluded that
coconut coir dust and sawdust have great potential for improving the thermal properties
of unfired clay brick.

4. Conclusions

This study aimed to experimentally investigate the thermophysical properties of the
produced unfired clay blocks utilising sawdust and coconut coir dust wastes. The prop-
erties measured include density, thermal conductivity, volumetric heat capacity, specific
heat capacity, thermal diffusivity, and thermal effusivity. Furthermore, the thermal effi-
ciency of the constructed walls with dimensions of 310 mm x 215 mm x 100 mm was eval-
uated using an adapted hot box method in which two surfaces of the wall were exposed
to hot and cold temperatures, and heat flow across the wall was measured concurrently.

The test findings lead to the following conclusions:
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e  The presence of more waste content in the mixture decreased the density and conse-
quently lowered the thermal conductivity of the samples. Based on the fact that co-
conut coir dust particles are lighter than sawdust particles, samples reinforced with
coconut coir dust provided better thermal insulation than those reinforced with saw-
dust. When compared to the reference sample, the addition of coconut coir dust and
sawdust resulted in a decrease of about 26% and 22% in density, as well as 46% and
43% in thermal conductivity, respectively.

e  Moreover, waste inclusion contributed to lowering the volumetric heat capacity,
thermal diffusivity, and thermal effusivity, while increasing the specific heat capacity
of the samples.

e  Furthermore, the wall made of 7.5% coconut coir dust had the best thermal perfor-
mance, which may be attributed to the lightweight nature of the samples. Light-
weight samples contain more air voids, which reduces the amount of heat transfer
from hot to cold environments. The coconut coir dust and sawdust sample walls out-
performed the reference sample wall in terms of thermal resistance, with an improve-
ment of around 48% and 35%, respectively.

e  Considering the thermal performance, it can be concluded that both types of agro-
waste incorporation enhanced the overall thermal properties of the produced unfired
clay blocks.

The findings of this study will contribute to the literature by adding information re-
lated to the thermal performance of agro-wastes incorporated into unfired clay blocks.
Moreover, this study will be beneficial for building material manufacturers, as it proposes
a methodology for developing environmentally friendly unfired clay blocks. Further-
more, the production of clay blocks with agro-wastes will provide a sustainable solution
to the waste disposal problem.

In this study, small walls were tested in the laboratory to determine the thermal char-
acteristics of agro-waste-incorporated unfired clay blocks, in which the findings are not
fully conclusive. Therefore, future research might employ in situ performance measure-
ment of the wall materials to arrive at a more realistic conclusion. Future research can also
investigate the properties of agro-waste-incorporated clay blocks using different types of
clay/soil.
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