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Abstract

The development of thermal insulation materials derived from natural fiber resources
used in buildings and constructions has been currently solving the global energy consumption
and preservation. The Ph.D. research works mainly focus on the following problems: the main
factors influencing the thermal conductivity coefficient of building insulation materials; the
fabrication of binderless insulation materials made of natural fiber and their thermal
conductivity under the effect of temperature and relative humidity; the water absorption of
natural fiber-based insulation materials regarding the variations of relative humidity; the
relationship between thermal conductivity value and their influencing factors; numerical
simulations of the heat and moisture transfer in multi-layered insulation materials used as an
exterior wall for building envelopes.

The findings from the Ph.D. research works can be figured out as follows: firstly, the
novel thermal insulation material made from sugarcane bagasse fiber produced without any
binders or additives showing a potentiality for building insulation applications due to their low
thermal conductivity coefficients which were found of 0.04-0.055 W/(m-K). Secondly, the
thermal conductivity values of natural fiber-based insulation materials were measured at
different operating temperatures range from -10 to 50 °C using the heat flow meter method.
Accordingly, the thermal conductivity values of binderless coir fiber insulation boards were
recorded from 0.037 to 0.066 W/(m-K) while the values found for binderless bagasse fiber
insulation boards were in the range of 0.041-0.057 W/(m-K). In addition, the percentage rate
of changes in the thermal conductivity values of binderless bagasse fiberboards was recorded
from 16 to 20% demonstrating that these boards had a lower heat consumption according to the
European-certified reference materials for thermal conductivity measurement. Thirdly, the
practical examination of relative humidity dependence of thermal conductivity demonstrated
the great influence of this factor on thermal performance. The thermal conductivity values of
three samples of binderless coir fiber insulation boards were recorded in the range of
0.049-0.066 W/(m-K), 0.058-0.094 W/(m'K), and 0.069-0.107 W/(m-K) regarding the
humidity range of 16.5-90%, whereas the values of thermal conductivity of three specimens of
binderless bagasse fiber insulation boards were found of 0.044-0.049 W/(m-K), 0.046-0.052
W/(m-K), 0.058-0.069 W/(m-K) when the relative humidity increased from 33 to 96%. As a
result, the obtained thermal conductivity values provided a better thermal insulated quality than
that of other bio-based products and composites. On the other hand, the water absorption of

natural fiber insulation materials related to relative humidity was also investigated using the
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climatic chamber and the desiccator method. Results showed a similar sorption behaviour for
all tested specimens in that they exhibited a typical behaviour of natural fibrous materials with
a high increase of water absorption above 75% relative humidity. The water uptake of binderless
bagasse insulation boards in regards to the saturated level of 75% relative humidity was carried
out to examine the minimum time for the equilibrium state to be obtained. These results have
contributed to the investigation of improving the hygrothermal and durability performance of
natural fibrous insulation materials over time. Last but not least, numerical simulations of the
effect of heat and moisture on the effective thermal conductivity of the multi-layered insulation
materials and the moisture storage capacity related to the variations of ambient relative humidity
also contribute to further experimental investigation in the thermal efficacy of the next

generation of building insulation materials.
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CHAPTER I: INTRODUCTION

1.1 Problem statement, Potentiality, Gaps

Solving the matter of traditional energy consumption and searching the proper alternative
resources are vital keys to a sustainable development policy. In recent years, many different
thermal insulation materials have been developed for better energy efficiency and less
environment damage. These products have proved their efficiacy in buildings due to their
benefits such as low density, high thermal resistance, biodegradability, and low-cost
effectiveness. Many previous studies have been carried out to study the thermal performance of
building insulation materials from open-cell foam and inorganic fibrous materials. On the other
hand, the practical investigation on polymer composites made of natural fibers derived from
plant-based resources used in buildings has also shown a better thermal properties than that of
those from conventional resources. Most of the experimental works notably figured out the
mechanical properties, thermal conductivity coefficient and thermophysical analysis, however,
the influence of some factors such as the ambient temperature effect, the variations of moisture
absorption related to the relative humidity levels, or the effect of airflow velocity on the heat
convective conductance has not been experimentally considered.

Some research gaps can be identified from existing literature and published studies.
Firstly, there has been no detailed overview of the main factors influencing in the thermal
properties of building insulation materials. Secondly, almost empirical data evaluates the
coefficient of thermal conductivity of insulation materials and lessen attention to the thermal
effect depending on relative humidity. Besides, most natural fibrous insulating materials are
produced as polymer composites reinforced with fiber and synthetic adhesive resin. The
advantages of these products are high strength, high durability, and contributing significantly
to sustainable industrial applications. However, there may be safety risks when recycling
composites containing formaldehyde-based adhesives that emit volatile organic compounds.
Thus, binderless thermal insulation materials show more interested and being considered as one

of the research objectives in the Ph.D. works.

1.2 Energy consumption in the building sector

The global energy expenditure in industrial and residential construction has become one
of the most important concerns in the third decade of the 21% century. Building construction,
raw material processing, and product manufacturing are the largest sources of greenhouse gas

emissions. Carbon dioxide compounds are the main by-products of fossil fuel consumption, and
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since buildings are among the biggest consumers of energy, they are also major contributors to
global warming which is accelerating climate change and threatening the survival of millions
of people, plants, and animals. According to Directive 2010/31/EU of the European Parliament
and of the Council of 19 May 2010, on the energy performance of buildings, new construction
will have to consume nearly zero energy and that energy will be to a very large extent from
renewable resources, because the construction sector has been identified as the largest energy
consumer, generating up to 1/3 of global annual greenhouse gas emissions (GHG), contributing
up to 40% of global energy, and consuming of 25% of global water worldwide [1]. Global
energy consumption is predicted to grow by 64% until the year 2040 from the considerable
increase in residential, industrial, commercial, and urban construction due to the industrial
development and growth of population, according to the Energy Information Association in
2018 [2]. As a result, environmental disasters and climate change are becoming more apparent.
For instance, global warming from the greenhouse effect (45% carbon dioxide emissions in
which buildings and construction industry are major contributors, [3]) is predicted to raise the
Earth’s average surface temperature from 1.1 °C to 6.4 °C by the end of 2100 [4,5]. The
increased consumption of natural resources for lighting, refrigeration, ventilation, recycling,
heating, and cooling system in commercial buildings due to the acceleration of urbanization,
causes an enormous expenditure for energy. Therefore, it is necessary to use renewable
resources for the purpose of energy conservation and to enhance sustainable energy strategies

in the construction sector at the building level.

1.3 The use of thermal insulation materials

As the energy becomes more precious, the use of insulation materials is being enforced
in buildings. Thermal insulation is a material or combination of materials that retard the rate of
heat flow by conduction, convection, and radiation when properly applied [6]. Using thermal
insulation products helps in reducing the dependence on heating, ventilation, and air
conditioning (HVAC) systems to manage buildings comfortably. Therefore, it conserves energy
and decreases the dependence on traditional resources (coal, natural gas, petroleum, and other
liquids). Other advantages are profits, environmentally friendly materials, extending the periods
of indoor thermal comfort, reducing noise levels, fire protection, and so on [7]. These materials
will enable systems to achieve energy efficiency. They also have many applications in food
cold storage, refrigeration, petroleum and liquefied natural gas pipelines [8]. Sustainable
insulation products with lower embodied energy and reduced environmental emissions are also

increasing in popularity and a large number of innovative types of insulation are constantly
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entering the market [9]. Most of the available thermal insulation materials can be classified in
four general groups including inorganic, organic, combined, and advanced materials as shown
in Fig. 1.1. They are created in several forms including porous, blanket or batt form, rigid,
natural form, and a reflective structure [10]. Inorganic materials (glass wool and rock wool)
account for 60% of the market, whereas organic insulation materials are 27%. Conventional
materials such as polyurethane (PUR), polyisocyanurate (PIR), extruded polystyrene (XPS),
expanded polystyrene (EPS) are preferred in many buildings and thermal energy storage

applications due to their low thermal conductivity and low cost [11].

INSULATION MATERIALS
Inorganic | Organic | | Combined l New
Fib | techonology
101 —
(glassgtl,s Foamed Boards
rockwool min,eral ] (EPS, XPS, PUR, PIR) (Gysum, Wood wool, Vacuum —|
wo;)l) 0.025 - 0.04 W/(m.K) Wood fiberboard) Insul tl #i
0.03 - 0.045 0.04 - 0.09 W/(m.K) Sulatio
W/(m.K) Foam Panels
Expanded — 0.002 - 0.008
(Melamine,Phenolic, W/(m.K)
Polyethylene)
Cellular 0.02 - 0.04 W/(m.K)

(lca101um,cglllll!ar Aerogels
glass,vermiculite, —— |
ceramic) Fibrous 1 0.01:/’3 -0.015
0.035-0.06 (Fiberglass, Cotton, Hemp, Flax, Rice W/(m.K)

W/(m.K) straw, Coconut, Jute, Sheep Wool)

0.03 - 0.09 W/(m.K)

Figure 1.1 Classification of common insulation materials used in buildings.

Mineral wool includes a variety of inorganic insulation materials such as rock wool, glass
wool, and slag wool. The average range of thermal conductivity for mineral wool is between
0.03 and 0.04 W/(m-K) and the typical A-values of glass wool and rock wool are 0.03—0.046
W/(m-K) and 0.033-0.046 W/(m-K), respectively. These materials have the low thermal
conductivity value, are non-flammable, and highly resistant to moisture damage. However, it
can affect health problems, for example, skin and lung irritation [12]. Organic insulation
materials are derived from natural resources which are currently used in buildings due to their
attractiveness, renewable, high thermal resistance, environmentally friendly and required
energy to manufacture is less than that of traditional materials [10]. New advanced materials
such as vacuum insulation panels (VIPs), gas-filled panels (GFPs), aerogels, or phase changed
material (PCM) also showed their outstanding benefits in heat retardant capacity. Among them,
VIPs exhibit one of the lowest thermal conductivity values, from 0.002-0.004 W/(m-K) at the
pressure of 20-300 Pa or reaching approximately 0.008-0.014. W/(m-K) because the vacuum
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cannot be fully maintained permanently. This super-insulated material is created inside the
panel which decreases the thickness of the thermal insulation materials, but the thermal
conductivity will increase irreversible over time due to diffusion of water vapor and air through
the envelope [12]. Aerogels are also considered as one of the state-of-the-art thermal insulators
with the range of thermal conductivity values from 0.013 to 0.014 W/(m-K) and the density for
buildings is usually 70-150 kg/m> [13]. However, its commercial availability is very limited
due to the high-cost production [14]. GFPs and PCM are the thermal insulation materials of
tomorrow due to their low thermal conductivity values, 0.013 W/(m-K) and 0.004 W/(m-K),
respectively. While GFPs are made of a reflective structure containing a gas insulated from the
external environment by an envelope impermeable as possible, PCM stores and releases heat as
the surrounding change by transforming from a solid state to liquid when heated and turning
into a solid state when the ambient temperature drops [10,13,14]. Table 1.1 shows the detailed
thermal properties of some common insulation materials, the data are collected and synthesized

according to the literature and practical experiments.

Table 1.1 Classification of the commonly used insulation materials and uncertainty about

their thermal conductivity.

Main Subgroup Insulation Maximum Density Thermal Ref.
group Material  Temperature (kg/m’)  conductivity
Long-term (W/(m-K))
0
Inorganic  Fibrous Glass wool 500 13-100  0.03-0.045 [12,13
,15]
Rock wool 750 30-180  0.033-0.045 [7,12,
13,15,
16]
Cellular Calcium 300 115-300 0.045-0.065  [16]
silicate
Cellular 430 115-220 0.04-0.06 [16]
glass
Vermiculit 1600 70-160  0.046-0.07 [7,16,
e 17]

Ceramic N.A. 120-560  0.03-0.07 [16]
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Organic Foamed EPS 80 15-35 0.035-0.04 [7,13-
16]
XPS 75 25-45 0.03-0.04 [7,11,
13-
16,18]
PUR 120 30-100  0.024-0.03 [13-
16,19]
PIR 100 3045 0.018-0.028  [13,20
]
Foamed, Cork 110-120 110-170  0.037-0.050  [13,14
expanded ,16]
Melamine N.A. 8-11 0.035 [16]
foam
Phenolic 150 40-160  0.022-0.04 [13,16
foam ]
Polyethyle 105 25-45 0.033 [16]
ne foam
Fibrous Fiberglass 350 24-112  0.033-0.04 [7,18]
Sheep 130 - 150 25-30 0.04-0.045 [16]
wool
Cotton 100 20-60 0.035-0.06 [16]
Cellulose 60 30-80 0.04-0.045 [7,13,
fibers 14,16]
Jute N.A. 35-100  0.038-0.055  [13]
Rice straw 24 154-168 0.046-0.056  [13]
Hemp 120 20-68 0.04-0.05 [16]
Bagasse 200 70-350  0.046-0.055  [13,21
]
Coconut 220 70-125  0.04-0.05 [13,16
21]
Flax N.A. 20-80 0.03-0.045 [16]
Combined Boards Gypsum N.A. N.A. 0.045 [16]

foam
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Wood 180 350-600 0.09 [16]
wool
Wood 110 30270  0.04-0.09 [16]
fibers
Advanced VIPs N.A. 150-300 0.002-0.008  [13,16
materials ]
Aerogel N.A. 60-80 0.013-0.014  [13,14
,16,22

]

There is uncertainty about the thermal conductivity values for inorganic, organic, and
advanced materials which are 0.03-0.07 W/(m.K), 0.02-0.055 W/(m.K), and lower than 0.01
W/(m.K), respectively. Generally, the nominal thermal conductivity of porous materials range
from 0.02 to 0.08 W/(m.K), while the thermal conductivity values of alternative insulation
materials made from natural fibers vary from 0.04 to 0.06 W/(mK) according to the Table 1.1.
Conventional materials such as mineral wool, foamed polystyrene are mainly used in thermal
energy storage systems due to long term usage, and low cost. Natural fibers-based insulation
materials derived from agricultural waste such as coconut, rice straw, bagasse, etc., currently
applied in some building applications due to the environmentally friendly properties [23,24].
However, the main disadvantage is their relatively high-water absorption, resulting in high
thermal conductivity. Another new development material is aerogel and VIPs with a low
thermal conductivity of approximately 0.017-0.021 W/(m.K) and 0.002-0.008 W/(m.K),
respectively, which exhibits excellent thermal insulation properties. In fibrous insulating
materials, the fineness of the fibers and their orientation play a main role. In foam insulating
materials, the thermal conductivity is determined by the fineness and distribution of the cells
and particularly by the gases in those cells. Insulating materials made from wood fibers or wood
wool, the density factor is critical for the insulating capacity. The range of temperature shows
the minimum and maximum service temperatures based on manufacturers information.
Insulating materials can react very differently to hot and cold environment and there is no

uniform test method that enables a direct comparison between insulating materials [16].

1.4 Natural fibrous insulation materials
In recent days, researchers, engineers and scientists are attracted towards the use of
natural fibrous materials in the manufacturing of composites because of their eco-friendly

features, low cost, lightweight, abundant, renewable, better formability. Fig. 1.2 shows some



10.13147/SOE.2023.022

Le Duong Hung Anh — PhD Dissertation | 9

natural fibrous materials from plant-based resources commonly used in reinforcement polymer
biocomposites. Natural fibers have good mechanical strength; lesser weight leads to demand
for applications in engineering field. Based on the sustainability benefits, natural fibers are now
being rapidly replacing synthetic fibers in composites and also finds wide applications ranging
from automotive applications to textile manufacturers who are focusing utilizing natural fibers
as raw materials to improve their arts and skills in their industries [25]. The growing interest in
employing natural fibres as reinforcement in polymer-based composites is mostly because of
the availability of natural fibers from natural resources, meeting high specific strength and
modulus. However, some drawbacks were found since the natural fibers used to fabricate the
composites, such as the mechanical properties were reduced because the low interfacial bonding
between the natural fiber and matrix or the void has turned into a stress concentration [26].
Another disadvantage is the hydrophilicity of natural fibers resulting in the incompatible with
hydrophobic polymers, thus, leading to a drop in mechanical, thermophysical properties of the

composites due to the fiber swelling at the fiber matrix interphase [27].

Natural fibers

Plant

| | | | | |

Bast Seed Fruit Leef Wood Stalk Grass
Flax Cotton Coir Sisal Hard Rice Bamboo
Hemp Kapok  (j] palm  Pineapple Soft Wheat  Bagasse
Kenaf Luffa Sugar Abaca Oat Corn
Jute palm Banana

Roselle

Figure 1.2 Common natural fibers used in reinforcement polymer composites.

1.5 Thermal conductivity coefficient

Insulation materials are supposed to conduct heat badly in order to prevent large heat
losses. The lower the heat conduction in a material, the less heat flows through it. The thermal
performance of a building envelope depends to a great extent on the thermal effectiveness of
the insulation layer which is mainly determined by its thermal conductivity value (A-value).

Thermal conductivity is the time rate of steady-state heat flow through a unit area of a
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homogeneous material in a direction perpendicular to its isothermal planes, induced by a unit
temperature difference across the sample [28]. At the microscopic level, the apparent thermal
conductivity depends on numerous factors such as cell size, diameter and arrangement of fibers
or particles, transparency to thermal radiation, type and pressure of the gas, bonding materials,
etc. A specific combination of these factors produces the minimum thermal conductivity. At the
macroscopic level, the apparent thermal conductivity largely depends on various factors,
namely mean temperature, moisture content, density, and aging. Therefore, thermal
conductivity coefficient is always a primary parameter measuring in every thermal calculation.

Thermal conductivity values are usually tested which covered by standards such as EN
12664:2001 (low thermal resistance) [29], EN 12667:2001 (high thermal resistance) [30], EN
12939:2000 (thick materials) [31], ASTM C518 (heat flow meter apparatus) [32], and ASTM
C177 (guarded hot plate apparatus) [33]. Nevertheless, as a result of the wide range of thermal
properties of insulation materials, there is no single measurement method for all thermal
conductivity measurements [34]. A good thermal insulating material can reduce the energy
losses as well as minimize the emissions of the greenhouse gases from buildings. The choice of
insulation material can have a great effect on energy efficiency in both cooling and heating, and
on health problems. Heat transfer in thermal insulation materials is generally divided into heat
conduction through the solid material, conduction through its gas molecules and radiation
through its pores. Convection is mostly insignificant because of the small size of the air bubbles.
To develop insulation materials in an environmentally friendly manner, it is important to know
their apparent thermal conductivity [35]. According to the DIN 4108, “Thermal insulation and
energy economy in buildings”, materials with a A-value lower 0.1 W/(m-K) are generally named
as thermal insulating materials. Materials with thermal conductivity values lower 0.03 W/(m-K)
can be regarded as very good, whereas values from 0.03 to 0.05 W/(m-K) are only moderate,
innovative nanotechnology materials have a A-value between 0.01 and 0.015 W/(m-K) , and
higher than 0.07 W/(m-K) are less effective [14,16,36,37]. The published thermal conductivity
of insulation materials are usually specified by manufactures and normally investigated under
standard laboratory conditions [38-41], for example, a standardized mean temperature around
23.8 °C and relative humidity of 50+10% [42]. Published thermal conductivity values evaluated
at standard laboratory conditions allow a comparative evaluation of the thermal performance of
different materials. However, when placed in the building envelope of each specific building,
thermal insulating materials are exposed to temperature and humidity levels and their actual
thermal performance differs from that predicted under standard laboratory conditions. This may

result in major deviations when predicting the thermal performance of the building. Therefore,
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the dependence of thermal conductivity values on the operating temperature and moisture
content regarding the changes of actual ambient conditions is numerically and experimentally

investigated in this study.

1.6 Factors influencing thermal conductivity of insulation materials

It is essential to examine the thermal properties of any insulation materials due to its
important role affecting the heat transfer in building envelopes. Thermal properties are mainly
defined by thermal conductivity, specific heat, thermal diffusivity, thermal expansion, and mass
loss [43]. Among them, the thermal conductivity coefficient is the main key to measure the
ability of a material to transfer or restrain heat flows through building insulation materials. At
the macroscopic level, thermal conductivity largely depends on three main factors including

operating temperature, moisture content, and density [23,36,41].

1.6.1. Temperature
1.6.1.1.  Inorganic materials

Abdou and Budaiwi elucidated the dependence of thermal conductivity of inorganic
materials under mean temperatures ranging from 4 °C to 43 °C. Their first study was conducted
for rock wool and fiberglass with different densities [44]. Their results showed an increase in
thermal conductivity values as a linear relation with mean temperatures. The variation was
clearer with less density materials. A respective analysis of rock wool, mineral wool, and
fiberglass in their next study indicated that higher operating temperatures are associated with
higher A-value, and the relationship is presented by a linear regression with temperature for
most insulation materials [41]. Experiments with fiberglass and rock wool were observed in
their third article in accordance with the impact of moisture content [45]. They assessed the
changes in thermal conductivity with different densities not only the variation of operating
temperatures ranging from 14 °C to 34 °C but also the effect of moisture content. Examination
of their results continues to confirm that a higher operating temperature is always associated
with higher thermal conductivity. The effective thermal conductivity of some conventional
materials such as mineral wool and foam glass as a linearly increasing function at mean
temperatures varying from 0 °C to 100 °C was studied with a protected heating plate device
[46]. The A-value of these insulation materials were 0.04 W/(m-K), 0.045 W/(m-K), and 0.05
W/(m-K) at a mean temperature of 10 °C. Occasionally, inorganic open-cell materials, such as
fiberglass or rock wool, have been proposed the linear temperature-dependent law that displays

a decreased thermal conductivity at low temperatures [47].
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1.6.1.2.  Organic materials

The change of thermal conductivity of polystyrene (PS) and polyethylene (PE) regarding
mean temperatures was evaluated [41,44]. The rate of heat exchanges of PE was the most
sensitive to temperature, while PS insulation was the least affected, approximately of 0.000384
(W/(m-C)/°C) and 0.0001 (W/(m-C)/°C), respectively. According to the statistical data of
expanded polystyrene (EPS) material in determining the impact of the temperature on thermal
conductivity, Gnip et al. [48] calculated the A-value at any point in a range temperature from 0
°C to 50 °C by using a calculated value of thermal conductivity at 10 °C. The relationships
presented a slight increase with a rise of temperature demonstrating that the changes in
temperature have always been ascribed to the variation of thermal conductivity. Khoukhi et al.
[49] showed that higher temperatures increase thermal conductivity for three types of
polystyrene materials. Their next study demonstrated a linear rise in thermal conductivity with
increasing temperatures in four PE insulation specimens with densities from low to super high
[50]. Testing the effect of temperature on thermal conductivity on EPS and polyurethane (PUR)
materials by using the hot wire method, Song et al. [56] revealed that at the same density, the
thermal conductivity coefficient increases with increasing ambient temperature.

A series of empirical observations of EPS, extruded polystyrene (XPS), PUR have shown
the influence of temperature on their effective thermal conductivity [46]. The data shows the
relationship between A-value and temperatures is a linear function. An evaluation of alternative
insulation materials based on sheep wool has also shown the linear increase with increasing
temperature from 10 °C to 40 °C [51]. Koru studied the effects of temperature on thermal
conductivity closed-cell thermal insulation materials using a heat flow meter according to the
standards EN 12664, 12667, and ASTM C518 [36]. The results revealed that thermal
conductivity increases with the rise of the range temperature between -10 °C and 50 °C. Based
on the empirical data, the author expressed the relationships among the A-value and the
temperature as linear equation. A similar assertion also comes from the experimental
investigation of Berardi et al. [18]. Zhang et al. [8] investigated the change of thermal
conductivity of five PUR foams occurs at temperatures varying from -40 °C to 70 °C.
Resembling the previous publication, Khoukhi also affirmed the incremental increases of
thermal conductivity of polystyrene expanded insulation materials as the operating temperature
increases when studying the combined impact of heat and moisture transfer on building energy
performance [38]. Next, he continued to investigate the dynamic thermal effect of thermal
conductivity at different temperatures of the same insulation materials. The experimental data

showed that thermal conductivity increases linearly with temperature [52].
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Besides the studies on temperature-dependent thermal conductivity of various traditional
materials, there is an interesting in manufacturing natural fiber-based insulation materials with
high thermal resistance. These insulators are derived from natural materials such as hemp,
cotton, rice straw, or wood waste products. Manohar et al. [53] tested the apparent thermal
conductivity of coconut and sugarcane fiber at a mean temperature of 24 °C with different
densities, and found that the A-value of the biodegradable materials increased with an increase
in temperature. The minimum thermal conductivity of coconut and sugarcane ranged from
0.048 to 0.049 W/(m-K) and 0.046 to 0.049 W/(m-K) showing low values when compared to
some conventional insulation materials. Wood-based fiberboards are also used as thermal
insulation materials due to their low density, and high thermal resistance, etc. However, they
are sensitive to changes in environmental conditions because of their porous internal structures.
Hence, the thermal conductivity will increase by approximately 50% as the temperature goes

up from -10 °C to 60 °C [54].

1.6.1.3.  Combined materials

Bio-based materials can be used as an effective alternative product in buildings which
reduce energy consumption and optimize the utilization of fossil fuels for the sake of sustainable
development. The thermal conductivity of bio-based materials rose slightly with increasing
temperature from 10 °C to 40 °C and the relationship is a linear function according to the study
of Rahim et al. [55]. The same trend was demonstrated in the work of Srivaro et al. [56], with
empirical tests of some rubberwood specimens which had a linear change between their thermal
conductivity and the varying temperatures. The thermal conductivity of three different samples
sheep wool, goat wool, and horse mane increases significantly by approximately 55% with an

increase in temperature [57].

1.6.1.4.  New technology materials

The combination of technical development and advanced materials produced state-of-the-
art thermal building insulation including vacuum insulation panels (VIPs), aerogels, gas-filled
panels (GFPs), phase changed material (PCM), and closed-cell foam [10]. Among them, VIPs
exhibit the lowest thermal conductivity, approximately 2—4 mW/(m-K) with the pressure of
20-300 Pa. Its main benefit is the reduction of the required thickness of the insulation layers
compared to conventional materials in buildings [58]. Fantucci et. al. [59] investigated the
temperature dependence of thermal conductivity in fumed silica-based VIPs. Experimental
analyses showed an increase up to 45% when the temperature increases from 2 °C to 50 °C.

The next study revealed that a 53% increase in thermal conductivity of the raw VIPs from
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0.0049 to 0.0075 W/(m-K), and from 0.0021 to 0.0028 W/(m-K) in fumed silica over the range
of temperatures between -7.5 °C and 55 °C [60].

Aerogel is one of the potential thermal insulation materials for the future building
applications due to its low density, high porosity, small average pore size, and very low thermal
conductivity. They have found potential practical applications for thermal insulation systems
including energy storage, construction and building [61]. Several studies have investigated the
effect of temperature on thermal models of aerogel composite insulation materials [62-64]. The
data of Liu et. al. [65] showed a low effective thermal conductivity of silica aerogels from 0.014
to 0.044 W/(m-K) and a nonlinear increasing correlation with increasing temperature from 280
to 1080 °K. There was the same result of three samples of silica aerogel but different densities
with temperature ranges from 300 to 700 °K [64]. Thermal conductivity of aerogel blankets
increased from 0.0135 to 0.0175 W/(m-K) at mean temperatures varying from -20 °C to 80 °C
and the relationship was almost linear [22]. Same conclusions with increasing slightly were also

shown in the study of Nosrati et. al. [66].

1.6.1.5.  Influence of mean temperature in thermal conductivity values
Table 1.2 shows practical equations to illustrate the temperature-dependent thermal
conductivity of different insulation materials according to data collected from published

articles.

Table 1.2 Linear relationship between thermal conductivity and mean temperature of

some commonly used insulation materials.

PIR 2x10747-0.027 7-27

Main Insulation A-T relationship Mean temperature  Ref.
group Materials °O)

Inorganic  Rock wool 1.91x1074T + 0.034 4-43 [41]

materials  Fiberglass 3.01x1077+ 0.028 14-39 [51]

3.37x1074T + 0.041 4-43 [41]

Organic EPS 1.48x107*T + 0.0356 0-50 [48]

materials 5x107*T + 0.035 1043 [52]

6x107T+ 0.033 1043 [38]

XPS 1.04x10747 + 0.028 1043 [41]

EVA 8.46X107*T+ 0.038 -10-50 [36]

PE 3.19%1074T + 0.046 -10-50 [36]

[67]
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PUR 1.71x1074T + 0.027 0-100 [68]
Hemp 2x107* T+ 0.047 1040 [55]
Sheep wool ~ 2x107*T+ 0.035 1040 [51]
Coconut 2.84x107*T + 0.049 10-40 [53]
Bagasse 2.38x1074T + 0.046 10-40 [53]
Rubberwood  4Xx107*7+0.125 -10-40 [56]
Combined Wood wool  3.06x107*T+ 0.0607 4-43 [41]
materials
New VIPs 4x107*T + 0.0049 -15-63 [60]
materials  Aerogel 5%107*T+0.0166 -10-50 [66]
blanket

Figure 1.3 shows the relationship between thermal conductivity values of four groups of
insulation materials and mean temperature increases from -10 °C to 50 °C as a linear increase
[18,36,41,51,53,55,60,66]. Fibrous insulation materials such as fiberglass, hemp fibers, flax
fibers, cellulose fibers, sheep wool are more affected by temperature than other insulation
materials. Besides, thermal conductivity of samples having lower densities increased faster in
relation to the increase in temperature. In other words, low density implies large pore volume
and much more air content which causes a greater effect of operating temperature on A-value.
Additionally, the starting thermal conductivity of the open cell materials (fiberglass, rockwool)
is much higher than that of the closed-cell materials (XPS, EPS, PUR) because of the high initial
moisture content caused by the water penetration. Also, the thermal conductivity of aerogel and
VIPs may be up to ten times lower than that of conventional insulating materials. The increase
in the thermal conductivity of new advanced materials is subjected to high levels of temperature,
moisture content, and aging effect. Combined insulation materials (wood wool, wood fibers)
also exhibit temperature-dependence due to the high density and water absorption from

surroundings.
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Figure 1.3 Effect of mean temperature on thermal conductivity of various building insulation
materials: (a) inorganic materials; (b) organic materials; (¢) advanced materials; (d) combined

materials.

In general, a higher operating temperature is always associated with higher thermal
conductivity for most insulation materials. As the temperature rises, the rate of heat conduction
increases, then increasing the A-value but within the limited temperature range, usually from -
10 °C to 50 °C and typically up to 20-30 %. This is the case with inorganic fiber insulation and

some petrochemical insulating materials which show lower thermal conductivity at lower
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temperatures [47]. Additionally, the relationship between thermal conductivity and temperature
is almost linear due to the measurements are focused separately on the effect of these
influencing factors and the experimental conditions are set up in a steady-state condition.
According to the American Society for Testing and Materials (ASTM) C518 standard, thermal
conductivity is only given for standardized conditions and most of the published thermal
conductivity values from experimental investigations as well as from manufacturers from
laboratory work [36]. However, weather conditions, exterior temperature, and moisture values
vary over the course of a day. Therefore, it is important to determine the thermal conductivity

of insulation materials and their dependence on temperature.

1.6.2. Moisture content

In the normal environmental conditions around buildings, all these three stages of
moisture (solid, liquid, gas) can be detrimental for building materials. Excessive moisture
causes the following five problems: deteriorated habitation quality, reduced thermal resistance,
additional mechanical stresses, salt transport, and material decay. This phenomenon is due to
both obvious as well as more inconspicuous causes: moisture intrusion into building interior
due to contact with liquid water, moisture deposition on the building surface due to contact with
water vapor, moisture intrusion into the building due to contact with water vapor and built-in
moisture [69]. For building envelopes, insulated walls, and roofs, moisture can diminish their
effective thermal properties. Additionally, moisture migrating through building envelopes can
also lead to poor interior air quality as high ambient moisture levels cause microbial growth,
which may seriously affect human health and be a cause of allergies and respiratory symptoms
[70]. As the thermal conductivity of water is about 20 times greater than that of stationary air,

water absorption is always connected with an increase in thermal conductivity [16].

1.6.2.1.  Conventional materials

Some experimental investigations in building insulation materials including mineral
wool, fiberglass, and polystyrene have found that an increase of thermal conductivity is always
associated with rising moisture content [54,71-73]. Lakatos observed a slight increase of up to
0.2 W/(m-K) for mineral wool and fiberglass samples with varying of moisture content from 0
to 100% [73]. His previous study with extruded polystyrene (XPS) confirmed the influence of
moisture content on thermal conductivity [74]. Jerman et al. [72] concluded that thermal
conductivity of mineral wool rises quickly from 0.041 W/(m-K) to approximately 0.9 W/(m-K)
with rising moisture content. Another investigation was concluded, in which the thermal

conductivity of mineral wool increased from 0.037 to 0.055 W/(m-K) with increasing moisture
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content from 0% to 10% by volume [14]. Conversely, expanded polystyrene (EPS) was only
slightly affected by an increase of moisture content. Its value was 0.037 W/(m-K) in a dry state
and 0.051 W/(m-K) in saturated conditions. Another study investigated thermal performance
by cooling polystyrene (PE) insulation materials documented the rise of thermal conductivity
due to the increases in moisture content [38]. An increase of thermal conductivity of mineral
wool can reach a maximum of 446% with increasing moisture content of 15% [45], compared
to the thermal conductivity of rock wool which can increase 312.8% with an increase in
moisture content of 13.6% in the latest study of Gusyachkin et al. [71]. It can be explained by
the initial moisture content. Samples with higher initial moisture content always show higher
percentage change of thermal conductivity.

Most of building insulation materials are normally porous and the coefficient of thermal
conductivity usually ranges from 0.02 to 0.08 W/(m-K) [75]. Due to the high porosity, porous
materials can absorb large amounts of moisture under high humidity conditions resulting in an
increase in the thermal conductivity coefficient [76]. A study of Liu et al. [77] showed that
thermal conductivity of foam concrete rose rapidly in the low volumetric fraction of moisture
content and slowly increased with increased moisture. The authors later measured the influence
of water content on the thermo-acoustic performance of building insulation materials [78].
Samples of high porosity insulation materials were treated by heat treatment through some steps
before measuring with the transient plane method to assess how thermal conductivity was
influenced by water content. This showed a linear increase for four types of specimens including
mineral wool, melamine foam, polyurethane, and cork. When the building materials are
moistened, wet insulation can increase to the maximum ratio of thermal conductivity between
the dry and wet samples by 3.51 times with a maximum moisture content of 15.1% in the
ambient temperature ranged from 24.9 °C to 38.6 °C after 55 days [79]. Thermal conductivity
increases by approximately 200% when the moisture content reaches 10% in foam concrete. In
contrast to the above conclusions, another study with wood frame insulation walls made of
spruce-pine-fir concluded that there was no obvious effect on thermal conductivity since
moisture content was less than 19% [80]. A study carried out by Gawin et al. [81] measured the
impact of the initial moisture content on the thermal conductivity of wood-concrete and EPS-
concrete materials using a heat flow meter. The results showed an increase of thermal
conductivity with increasing the water content in the range of 70-85% of relative humidity.
Using the same lightweight specimens but with different densities, Taoukil et al. [82] also
confirmed the influence of relative humidity on thermal properties. Thermal conductivity rose

rapidly with water content and was presented as an exponential equation.
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1.6.2.2.  Alternative materials

The natural insulators have shown a low value of thermal conductivity and better thermal
characteristics than other conventional materials. However, a major drawback is their high
wettability and absorbability due to an open structure of natural fiber, which can negatively
affect the mechanical and thermal properties, therefore, it is necessary to evaluate their thermal
performance regarding the changes in humidity. The moisture dependence of thermal
conductivity values of different insulating materials made from hemp, jute, and flax was
investigated [83]. Results showed a high increase of thermal conductivity with increasing
moisture content. Data for the effect of water content in thermal conductivity of three bio-based
concretes derived from hemp, jute, flax noted that there is a linear increase in A-value as the
moisture content increases and its effect is more crucial due to the increase of thermal
conductivity of air and water at high temperature [55]. An experimental study on the effect of
humidity on thermal conductivity of binderless board made from date palm fibers was
investigated in a study of Boukhattem et al. [84]. It showed a significant increase with
volumetric water content ranges from 0% to 40% and the relationship was expressed as a
polynomial function. As a result, date palm fiberboard can be used as insulation materials in
buildings due to its low thermal conductivity of 0.033 W/(m-K) at a dry state. The effect of
moisture content due to the changes of relative humidity on thermal performance of wood-based
fiberboards was evaluated. Thermal conductivity increased almost linearly with increasing
moisture content [54]. The tests carried out on twenty-four soft fiberboards made from wood
fibers also showed that thermal conductivity increases linearly with increasing moisture content
[85]. Abdou and Budaiwi [45] investigated the thermal performance of eleven different fibrous
materials at different percentages of moisture content. The results showed that higher moisture
content is always associated with higher thermal conductivity for different densities. The data
fit a linear relationship for almost all the specimens except for mineral wool which was

expressed by a non-linear function.

1.6.2.3.  Influence of moisture content in thermal conductivity values
The most beneficial conclusion from numerous studies mentioned above, is to elucidate
the crucial impact of moisture content on thermal conductivity. As a result, thermal conductivity
increases with increasing moisture content due to the presence of liquid phase. Moisture content
is related to thermal conductivity in accordance with a linear law for most insulation materials.
However, some experimental investigations of mineral wool and foamed insulation materials
showed non-linear equations [51,57]. It could be caused by an increase in the quantity of air

from the increasing the number and size of cells. Another reason could be the accuracy of
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experimental measurements and variable laboratory conditions or the imperfections of the
materials. Supposing that higher moisture content increases thermal conductivity, table 1.3
presents the increased linear between the A-value and the moisture content of building insulation

materials.

Table 1.3 Linear relationship between thermal conductivity and moisture content of some

traditional, alternative, and advanced materials.

Main group Insulation A-w relationship Moisture range  Ref.
Materials (%)
Conventional Fiberglass 4.6x107w + 0.037 0-50 [45]
materials 1.02x1073w + 0.032 0-35 [86]
Rock wool 107w + 0.039 0-50 [45]
EPS 7%x107w + 0.035 0-80 [74]
0.017w + 0.039 0-40 [52]
PUR 0.0018w + 0.039 0-80 [87]
Fiberboard 2.31x10™*w +0.038 0-14 [85]
Alternative Bagasse 7.2%x107*w + 0.088 5-30 [88]
materials Hemp 0.298w +0.118 0-80 [55]
Flax 0.365w +0.157 0-80 [55]
Straw 0.239w +0.088 0-80 [55]
Advanced Aerogel 0.2w +0.002 0-6 [89]
materials

Changes in thermal conductivity due to moisture variations can be explained by a shift in
the division of the thermal and humidity distribution in the structure, which alters the sorption
properties of the material. Fig. 1.4 illustrates the changes in thermal conductivity as the moisture
content increases [45,51,66,88,90]. The thermal conductivity of natural fibrous insulating
materials rises more sharply than that of foam materials for the same increased moisture content
at the same temperature of 24 °C. Since the fibrous materials are naturally hygroscopic and
have a porous structure, they can accumulate moisture by adsorption from the air. The ability
of moisture to penetrate the internal open pore system at increased relative humidity
significantly affects the temperature distribution as well as the thermal conductivity.
Examination of results revealed that higher moisture content is always related to higher thermal
conductivity for all densities. In addition, samples with higher density generally exhibit larger

changes in A-value at the same moisture content. Materials having similar density but
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conditioned at different initial moisture content exhibit different relationships between the
thermal conductivity and moisture content. The rate of change in thermal conductivity with

moisture content is higher at higher initial moisture content. The lower the density of open-cell

insulation materials, the higher the effect of moisture content on the thermal conductivity.
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Figure 1.4 Effect of moisture content on thermal conductivity of various building insulation

materials: (a) fiberglass; (b) rockwool; (¢) natural fibrous materials; (d) aerogel.
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1.6.3. Density

A comparison of minimum and maximum values of thermal conductivity regarding the
respective minimum and maximum density of common building insulating materials collected
from published studies is shown in Fig. 1.5. Materials having low thermal conductivity (below
0.05 W/(m-K)) and low density (below 100 kg/m?) are placed in the first group. These are the
most commonly used insulation materials in buildings today. The second group (aerogel and
vacuum insulation panels (VIPs)) also has low thermal conductivity (lower than 0.015
W/(m-K)), but higher density (in the range 100-300 kg/m?®) than that those in the first group
while the third group shows a moderate range of A-value (between 0.04 W/(m-K) and 0.05
W/(m-K)) at low density as the first group. The last group shows materials with the highest A~
value (0.04-0.09 W/(m-K)) and the highest density (they are mostly polymer composites
reinforced with cellulose fiber materials or wood-based products, for instance, wood wool or

wood fiber).
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Figure 1.5 Comparison of thermal conductivity regarding the density of common insulating

materials ([8,12,18,22,36,41,45,46,48,49,51,57,60,67,71,86,91-98]).

The density dependence of thermal conductivity of polystyrene, fiberglass, and mineral
wool was investigated at various mean temperatures [41]. The thermal conductivity of expanded
polystyrene (EPS) decreased from 0.043 W/(m-K) and reached the minimum value of 0.032
W/(m-K) with rising density from 14 kg/m? to 38 kg/m® at a mean temperature of 10 °C [48].

There was no discussion for this behavior in the article, however, it may be explained by the air
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bubble sizes of porous materials in case of low density which are bigger than in the higher
density foam materials. The larger bubbles provide more intense heat transfer through the
material. As the density increases the air bubbles will be smaller and the frame structure become
more complex. In the smaller bubble the heat transfer is lower, and additionally the more
complex solid matrix system has a higher thermal resistance. By increasing the density, the
solid content of the system will be higher consequently the thermal conductivity of solid parts
become more dominant. These three phenomena (bubble size, complexity of the frame, amount
of solid content) result an effective thermal conductivity which can reach a minimum value.
Another study also found that the thermal conductivity of EPS decreases with increasing density
in the range of 10 kg/m® and 25 kg/m® and the relationship was expressed by a linear function
[99]. It is known that increasing density of the foam materials led to decreasing air content and
size of the air inclusions. In this case, the convection of air and gas conduction are insignificant,
and the heat flow is directed by the conduction of the solid particles resulting the decreased
thermal conductivity. The experimental data of Khoukhi and Tahat contributed to the
assumption that higher density produces lower thermal conductivity. In their first study [49],
they measured thermal conductivity of three polystyrene samples with different densities at four
different temperatures varying from 10 °C to 43 °C using the guarded hot plate method. The
result showed that lower material density leads to higher thermal conductivity values. A
respective experiment was conducted to support this hypothesis in their next studies [50,100] .
When testing four heat-insulated EPS and polyurethane (PU) samples at the same temperature,
the thermal conductivity first went down and then increased with an increase in density and
reached its minimum value at 0.029 W/(m-K) and 0.026 W/(m-K) in the range of 17 kg/m? to
18 kg/m> and 30 kg/m? to 45 kg/m>, respectively [101]. Experimental studies of 17 different
inorganic samples were investigated with changing densities from 8.9 kg/m? to 60 kg/m® [36].
It is seen that the thermal conductivity decreased with increasing density for the same types of
materials. Furthermore, the thermal conductivity of specimens having lower densities increased
faster than the others.

Although conventional materials are mainly used in buildings, alternative materials
derived from natural sources also show the same performance requirements in heating. A study
with open-cell insulation materials which are made from hemp fibers found that a reduction of
thermal conductivity with an increase of density due to the condensation inside the sample
[102]. Whereas the thermal conductivity of concrete-based hemp fibers increased by about 54%
when the density increased by 2/3 [103]. The test of sheep wool showed the thermal
conductivity decreased by up to 21% at 40 °C when the bulk density increased from 20 kg/m?
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to 40 kg/m® [51]. However, Sekino concluded the opposite trend in his experiment with
cellulose fibers [104]. The A-value increase slightly by approximately 5% with increasing
density from 20 kg/m® to 110 kg/m>. To explain this conclusion, a parameter named “the
apparent thermal conductivity” was created to elucidate how density affects A-value. The
number of heat bridges formed by cellulose fibers increases with rising material density which
causes increased thermal conductivity. The same result in investigating the effect of moisture
on thermal conductivity at various of densities was obtained experimentally with three bio-
based materials: hemp concrete, flax concrete, and rape straw concrete. It is showed that dry
thermal conductivity was expressed as a linearly increasing function of the dry density [55].
Another study of G. Bal¢itinas et al. [105] demonstrated that the thermal conductivity of hemp
shives composites depends on 97% of density and the relationship shown as a multiple
regression equation. Also, this specimen had low thermal conductivity from 0.055 W/(m-K) to
0.076 W/(m-K) within the range of 210 kg/m® to 410 kg/m® due to the low density of the
sapropel binder addictive. Among the different types of natural fibers, coconut fiber has been
used as the potential lightweight material when using as reinforcement in a composite. A study
of three types of coconut samples exhibited that thermal conductivity decreased from 0.052
W/(m-K) to 0.024 W/(m-K) with an increase in density from 30 kg/m® to 120 kg/m> [106].

Table 1.4 shows the increased linear of some fibrous insulation materials.

Table 1.4 Linear relationship between thermal conductivity and density of some natural

fibrous insulation materials.

Insulation materials A-p relationship Density Ref.
(kg/m’)

Cellulose fiber 1.73%107p +0.0262  20-110 [104]

Hemp concrete 2.37x107p +0.0196  200-600 [55]

Flax concrete 2.48x107p +0.0192  200-600 [55]

Straw concrete 1.61x10™p +0.0221  200-600 [55]

Straw bale 1.90x107p +0.0450 50-130 [107]

A model consisting of aerogel, calcium silicate and xonotlite-acrogel composite
insulation materials was built to determine the effect of their densities on their thermal
conductivity [64]. In the range of optimal density from 110 kg/m? to 160 kg/m?, the thermal
conductivity of aerogel reached the minimum value of approximately 0.016 W/(m-K) and the

density of calcium silicate was the key factor to affect the A-value of the aerogel composite.
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Moreover, with an increase of the density of the silicate up to 250 kg/m?, the thermal
conductivity of the aerogel composite increased by 200%. The relation between thermal
conductivity and density is nonlinear, the limiting low value of thermal conductivity is 0.012
W/(m-K) which is denoted for density as 150 kg/m> [108]. Investigation of vacuum insulation
panels (VIPs) with wood fiber core materials noted that their thermal conductivity increases
slowly with increasing density less than 240 kg/m® and rapidly increases since the density

reaches 260 kg/m> [109].

Influence of density in thermal conductivity values

Fig. 1.6 illustrates the variation in thermal conductivity at mean temperature of 24 °C
with density of conventional insulation materials (Figure 1.6a) and natural fibrous insulating
materials (Figure 1.6b). Generally, the most favourable densities range for practical

investigation falls between 20 kg/m> and 140 kg/m?.
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Figure 1.6 Effect of density on thermal conductivity of various building insulation materials:

(a) conventional insulation materials; (b) natural fibrous insulation materials.

For closed-cell materials, it can be stated that high density shows low thermal
conductivity. At densities range from 20 kg/m® to 40 kg/m’, the thermal conductivity of
expanded polystyrene (EPS), extruded polystyrene (XPS), and polyurethane (PUR) showed the
trend that decreased as density increased as shown in Fig. 1.6a [36,41,45]. It is because higher
density means smaller pores and less air volume, resulting in the heat flow through the materials
is mainly governed by the thermal conduction of the solid particles, while the effect of the heat

transfer by convection and radiation becomes insignificant. This causes a decrease in A-value.
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Besides, the variation in thermal conductivity values of EPS and PUR can be explained by the
difference of microstructure, porosity, and pore dimensions of the foam insulation materials.
The thermal conductivity of open-cell materials also shows the linear decrease as the density
increases in the range of 40 kg/m? and 140 kg/m® and the changes in thermal conductivity values
of mineral wool and fiberglass can be explained by the air bubbles present in the porous
structures. Besides, the effect of density on thermal conductivity of open-cell materials is
generally lesser than that of closed-cell materials. It is because the diffusion of gas in the foam
materials; the higher the apparent density the lower the proportional of gas filling up the cells,
and thus the lower the impact of other influencing factors like mean temperature, moisture
content, or aging. On the other hand, fibrous materials such as bagasse, palm, coconut fibers
showed the variation in which the thermal conductivity decreased to a minimum and then
increased as density increased from the minimum possible value upwards [51,96,106]. This
behavior shows the same reaction with the result in article [48], therefore, it can be explained
by three phenomenon include bubble size, complexity of the frame, and the amount of solid
particles. Besides, the non-linear decrease may come from the reduction of wettability and
absorbability due to a reduction of the voids in open structure of the natural fiber since increased
density. The decreased thermal conductivity may be explained by the heat conduction
mechanism, if fibrous materials are high density, thermal conductance through the solid
particles is more important than both radiation and convection. In this conduction, the thermal
conductivity is decreased while the density increases. Additionally, it is also shown that an
increase in solid fiber density reflected an increase in thermal conductivity values of the fibrous
batt after reaching the minimum value and it is consistent with loose fill materials having higher

thermal conductivity than closed-cell insulation materials.

1.6.4. Thickness

It is a common understanding that the thicker the insulation, the lower the heat transfer
through it [110]. However, thermal conductivity is not dependent on the thickness of insulation,
which instead affects its thermal resistance value (R-value) [111]. Lakatos et al. investigated
the dependence of the thermal conductivity on the thickness of the expanded materials [99].
They proved that thermal conductivity does not depend on the thickness of the specimens,
contrary to the R-value. The thermal resistance increased regarding to the calculated data from
the measurement. In another study with sheep wool, the thermal resistance showed an increase
with increasing thickness of samples from 40-80 mm at varying of mean temperature [51].
Mahlia et. al. evaluated the correlation between the thickness and the thermal resistance of

fiberglass, urethane, expanded polystyrene (EPS) through the thermal conductivity values
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[112]. The main objective of the research was to point out the optimum thickness to reduce the
heat flow rate through building wall. The impact of thickness on the thermal transmittance of
EPS, glass wool, and wood cement board for the external wall structure has been investigated
[113]. For construction, the thermal transmittance and its thermal resistance have a reciprocal
relationship; the lower the thermal transmittance, the higher the thermal resistance; and
consequently, the higher thermal insulation of wall structure. The results indicated that the
thermal resistance increased for all three types of insulation material as the thickness increased
up to 0.2 m. In addition, there is a critical thickness for the thermal insulation of the external
wall. One of the popular ways to improve thermal performance is to use an enclosed air layer
in exterior building envelopes since the air has low thermal conductivity. Zhang et al. found
that the thermal resistance increased by 14.77% when the thickness of the air layer increased
from 10 to 20 mm, but the effect was limited when the thickness exceeded 20 mm [114].
Insulation thickness with material costs, energy saving, and energy consumption was

investigated in some studies whose data is shown in Table 1.5.

Table 1.5 Material cost, energy saving, and energy consumption regarding insulation

thickness of various thermal insulation materials.

Insulation Thermal Thickness Material Energy Energy Ref.
Materials conductivity (mm) cost Saving Consumption
(W/(m-K)) ($/m?) ($/m)  (MJ/fu. kg)

Rock wool  0.04 50 95 6.2 53.09 [111,115,
116]

Glass wool  0.038 50 155 5.6 229.02 [11,116]

Fiberglass  0.05 50 350 25.6 - [116,117]

XPS 0.035 50 224 27.2 127.31 [36,111,1
16]

EPS 0.035 50 155 28.4 80.8-127 [11,20,36
,116]

PUR 0.022 50 156 - 99.63 [11,116,1
17]

PIR 0.025 25 152 - 69.8 [11,116]

VIPs 0.008 5 247 - 149-226 [11,116]

Aerogels 0.015 20 547 - 53.9 [11,116]
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1.7 Research rationale and objectives

The advent of natural fibrous insulation materials derived from plant-based resources has
proved a potentiality for the new thermal insulation materials used in buildings, in order to meet
the demands of energy preservation worldwide. The comprehensive review has been conducted
to figure out the factors influencing the thermal conductivity of insulation materials and their
possible relationships. Understanding the quantitative relationship between the effective
thermal conductivity and actual influencing factors is essential in determining the thermal
performance and energy consumption in buildings. On the other hand, lignocellulose insulation
materials can be manufactured without using synthetic resin resulting in a reduction in cost, the
hazardous effects on human health, and the environmental burden imposed by disposal or
recycling of the bio-based fiberboards [118].

In the light of the comprehensive review, the following research objectives were
proposed:

. Development of binderless thermal insulation materials from natural fiber
resources.

. Determination of the thermal conductivity coefficient of natural fiber insulation
materials and their values regarding the variations of temperature and relative humidity.

. Experimental examination of the water absorption regarding the variations of
relative humidity.

. Experimental examination of the influence of temperature and humidity in the
thermal conductivity of binderless insulation materials.

. Characterization of natural fiber insulation materials using advanced analytic
techniques (SEM, FTIR, TGA).

. Numerical simulation of the heat and moisture transfer in the multi-layered

insulation materials used as an exterior wall for building envelope.

1.8 Dissertation outline

This dissertation has been structured into four chapters as follows:

Chapter I — outlines the problem statement and the research outcomes. It presents the
comprehensive review on the factors influencing the coefficient of thermal conductivity of
insulation materials. It also discusses the relationship between the thermal conducitivity values
and mean temperature, moisture content, density. Overall, the chapter provides the following
insights for current and future research to examine the dependence of thermodynamic

parameters on unavoidable influencing factors.
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Chapter II — works with the materials, sample preparation, instrumentation and empirical
methods employed for thermal conductivity measurement, the water absorption test, and the
changes in thermal conductivity values under influence of temperature and relative humidity
have been discussed. Other practical analyses are also presented.

Chapter III — presents and discusses the thermal conductivity of samples made from
natural fiber including coconut fiber, rice straw fiber, energy reed fiber, and sugarcane bagasse
fiber. The empirical results can be used for comparison or reference with other commonly used
insulation materials in buildings and constructions. This chapter also examines the dependence
of thermal conductivity of insulation fiberboard on temperature and humidity. Their
relationship is also explored using the linear regression technique. The numerical simulations
of the heat and moisture transfer in the multi-layered insulation materials have been investigated
to evaluate the potentiality of the next generation thermal insulation materials used in building
envelopes.

Chapter IV — presents the conclusions of the research work and recommendations for

future research.

1.9 Summary

This chapter presents a comprehensive review for a better fundamental understanding of
different building insulation materials and their thermal conductivity coefficient. The main
research questions are: the factors influencing thermal conductivity coefficient of insulation
materials used in building envelopes; the possible relationship between mean temperature,
moisture content, density and thermal conductivity. This chapter also reports the A-value of
some common traditional and new technology insulating materials used in building and
construction.

Lignocellulose is an attractive material owing to its huge abundance, easy availability,
low-cost, biocompatibility, non-toxicity, while cellulose-based insulation materials are
promising for sustainable building applications due to their eco-friendliness, lightweight,
durability, high strength, and good heat retardant capacity. The development of natural fiber-
based insulation materials, their thermal characteristics, and the relationship between thermal
conductivity coefficient of insulation materials and temperature, humidity have stated general
research for the Ph.D. works.

The research objectives have been formulated bearing in mind the needs of the current
use of natural resources in the context of reducing the energy consumption from traditional

sources and enhancing the energy efficiency in construction sector at a building level.
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CHAPTER II: MATERIALS AND METHODS

2.1 Materials

2.1.1. Coir fiber

Coir fiber were extracted from raw coconut husk (Cocos nucifera L.) which were

collected in Vietnam. The fibers were washed with water in order to eliminate the pollutant

particles until the water is clean, they are then dried: firstly, being sun dried for two days and

then further oven dried at 70 °C in 24 hours (Fig. 2.1). Chemical compositions of coir fiber are

shown in Table 2.1.

Figure 2.1 Coir fiber extracted from coconut husk resources.

Table 2.1 Chemical compositions, physical properties of coir fiber.

Compositions and Properties Unit Value Ref.
Cellulose % 36-43

Hemicellulose % 20

Lignin % 41-45 [106,119-
Density g/cm’ 1.25-1.5 121]
Tensile strength MPa 105-175

Young’s modulus GPa 4-6

Moisture content % 13.68 [122]
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Fiber extraction process

Bagasse fiber

Figure 2.2 Bagasse fiber extracted from sugarcane waste resources.

Bagasse fiber is bioproduct of sugar cane plant (Saccharum officinarum L.) which is

basically the residual cane stalk left after crushing and squeezing to extract their juice. The

sugarcane waste was oven-dried for 24 hours at 70 °C to remove the leftover juice, then were

defibrated using a grinding machine to extract the bagasse fiber. The collected materials were

notably long stems and particles as seen in Fig. 2.2. To achieve the homogeneous finest fiber,

all the defibrated materials were sieved using a Sieve analyzer having different dimensions from

0.1 to 2 mm. Chemical compositions, physical properties are presented in Table 2.2.

Table 2.2 Chemical compositions, physical properties of bagasse fiber.

Compositions and Properties Unit Value Ref.
Cellulose % 40-50
Hemicellulose % 25-30 [123,124]
Lignin % 20-25
Ash % 24 [123]
Density g/cm’ 1.25 [125]
Tensile strength MPa 20-50

[126]
Young’s modulus GPa 2.7
Moisture content % 6.95 [127]
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2.2 Sample preparation
2.2.1 Binderless coir fiber insulation boards

The binderless coir fiber insulation boards (BCIB) were produced in a Laboratory of
Department of Timber Architecture at the University of Sopron. They were manufactured by
placing the same number of mats in the forming box size of 250 mm % 250 mm and hand-
formed into homogeneous single layer. After forming, the mats were pressed to compact the
materials into the expected thicknesses of 30, 40, and 50 mm. The tested samples were
surrounded by the polystyrene specimen holder to ensure the one-dimensional heat flow over

the metered area (see Fig. 2.3).

20 (b)

50 mm

Polystyrene
holder

Figure 2.3 (a) Tested sample; (b) Schematic of polystyrene specimen holder.

2.2.2 Binderless bagasse fiber insulation boards

For binderless bagasse insulation fiberboard, the wet-forming process was applied for the
low-density fiberboard without using binders. It is because the lignocellulose boards can be
manufactured by the activation of the element’s self-bonding feature due to the hydrogen bond
formation and adhesive behaviour of lignin and cellulose which occur during heating and drying
process [128]. After the extraction process, the bagasse fibers were soaked in tap water and
defibrated again by adjusting the grain and grinders distance. The distance of the discs was
changed from 5 to 0.1 mm to achieve a consistency of 3-9%. The mixture was then poured into
a round-shaped mold with diameter of 50 cm and the dewatering was done by gravitational
force for overnight, then the disc shape mats (Fig. 2.4b) was placed into the oven to dry at 70
°C until reaching a constant weight. All the dry specimens (Fig. 2.4c) were sanded flatly and
left in the ambient laboratory condition until further processing. The tested specimens for
thermal conductivity measurement were cut from the dry samples into the dimension of 250x
250x20 mm?®, 250x250x25 mm?®, and 250x250x30 mm’ for the thermal conductivity

measurement.
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(a)

Disc refiner

—

Hydrodynamically

treated bagasse Wet mats Dry sample

Figure 2.4 Fabrication of binderless bagasse insulation materials: (a) hydrodynamically

treated fiber; (b) disc shape wet mats; (c) dry sample.

2.2.3  Biocomposites and other samples

Some natural fiber-based polymer biocomposites used for thermal conductivity
measurement were fabricated from the colleagues at Faculty of Wood Engineering and Creative
Industry (University of Sopron) including three samples of rice straw and reed fiber reinforced
phenol formaldehyde (PF) biocomposites (REPC) with the dimension of 400x400x12 mm?
(Fig. 2.5a), three samples of coir fiber reinforced phenol formaldehyde polymeric
biocomposites (CFPC) with the dimension of 400x400x8 mm?® (Fig. 2.5b). These
biocomposites were produced using the hot-pressing technology and the experimental design
for each biocomposites are shown in Table 2.3 and Table 2.4. Besides, four specimens of cross-
laminated made with coconut wood panels (CTCP) with the dimension of 200x200x60 mm?
were supported from Center of Excellence in Wood and Biomaterials, Walailak University,
Thailand (Fig. 2.5¢). Each specimen was formed by binding three panels with the dimensions
of 200x200x20 mm?® using the glue melamine formaldehyde spreading on the surface to layup
a CTCP specimen.
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Figure 2.5 (a) Rice straw and energy reed fiber reinforced PF biocomposites (REPC) ([129]);

(b) Coir fiber reinforced PF biocomposites (CFPC) ([130]); (¢) Cross-laminated made with
coconut wood insulation panels (CTCP) ([131]).

Table 2.3 Experimental design for rice straw and reed fiber reinforced PF

biocomposites, [129].

Composite Rice straw Energy reed PF Density
(%) (%) (%) (kg/m’)
REPC-a 54 36 10 725.00
REPC-b 36 54 10 742.79
REPC-c 0 90 10 764.49

Table 2.4 Experimental design for long and short coir fiber reinforced PF

biocomposites, [130].

Composite Short coir fiber Long coir fiber PF Density
(%) (%) (%) (kg/m?)
CFPC-a 80 10 10 453.30
CFPC-b 80 10 10 648.03
CFPC-c 80 10 10 894.48

2.3 Methods
2.3.1 Determination of thermal conductivity coefficient

The coefficient of thermal conductivity was measured in accordance with standard test
for steady-state heat transfer using heat flow meter (HFM) method according to standards EN
12667:2002 — Thermal performance of building materials and product [132] and ISO
8301:1991/Amd 1:2002 Thermal insulation — Determination of steady-state thermal resistance
and related properties — Heat flow meter apparatus — Amendment 1 [40]. Heat flux was
determined with sensors (size = 120 mm x 120 mm, an accuracy of 0.1 W/m?) which were
inserted at the middle of the heating plate. For any mean temperature tested, the temperature
difference between the cold and hot sides of the specimen was set to be constant at 10 °C.

Thermal conductivity (noted as L) was calculated using Eq. (2.1)

Thermal conductivity (W/(mK)), 1 =— 4 2.1
dT / dx

where ¢ is the heat flow rate (W/m) and d7/dx is temperature gradient (K/m).
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Hot plate

Temperature
Sensors

Figure 2.6 Transversal cut of a typical single heat flow meter apparatus.

2.3.2 Examination of temperature-dependent thermal conductivity coefficient

Based on the actual ambient temperature varies at different regions and throughout the
days and seasons, the influence of temperature in thermal conductivity was examined by
measuring A-value at 11 different mean temperatures incremented by 5 °C from -10 °C to 50
°C according to European certified reference materials for lambda measurement with the
temperature difference was remained at 10 °C, as shown in Table 2.5. The thermal conductivity

values were conducted using the heat flow meter method.

Table 2.5 Temperature variation between cold and hot sides.

Mean temperature (°C) S0 5 10 15 20 25 30 35 40 45

Cold plate (°C) -10 -5 0 5 10 15 20 25 30 35 40
Hot plate (°C) 0 5 10 15 20 25 30 35 40 45 50
Temperature difference 10 in all cases

°O

2.3.3 Investigation of water absorption of natural fiber based insulation material

The water absorption of binderless fiberboard was conducted by measuring the total mass
change of a sample that is exposed to a specified environment using the climatic chamber and
the desiccator according to according to the ISO 12574:2021(en) standard — Hygrothermal
performance of building materials and products — Determination of hygroscopic sorption
properties.

Water absorption of binderless coir fiberboard

The binderless coir fiberboard specimens were first dried to record the dry weight and
then put in the climatic chamber to expose to humid air with the relative humidity (RH) was set

at five levels (15%, 40%, 60%, 80%, 95%). The weight of the samples was constantly measured
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until reaching the constant value in the equilibrium state and the moisture content was calculated
by using the following equation:

m(t)—m,

Water absorption (%), WA= x100% (2.2)

m,

where m(?) is the weight as a function of time (g), mq is the dry weight (g).

Water absorption of binderless bagasse fiberboard

The binderless bagasse fiberboard samples were conditioned in different humidity levels
in a sealed desiccator containing saturated salt solutions. Table 2.6 presents the relative
humidity levels selected for measuring the absorption at room temperature and the respectively
used salt solutions. The sorption test was implemented with the saturated solutions prepared by
mixing salt and distilled water. The solution was poured into a glass plate, then this plate was
put to the bottom of desiccator to maintain the expected relative humidity. A ceramic mesh was
placed at 5cm above the plate to hold the samples (see Fig. 2.7). Before placing the samples in
the desiccator, they were constantly dried in an oven at 70 °C to record the initial weight (my).
The vacuum oil was used for sealing to prevent the air leakage. Finally, the entire installation
was stored in a room condition. The weight of samples was periodically measured until they
reached the equilibrium state (the state that the change of mass between three consecutive
weighing became less than 0.1% of the total weight). The water absorption was calculated using

following Eq. (2.2).

Table 2.6 Solutions used for water absorption test and respective relative humidity.

Salt Chemical Density  Saturated Solubility
formula (g/ml) RH at 20 °C
(%) (g/g)
Magnesium chloride =~ MgCl,.6H,O 1.569 33 54.57
Magnesium nitrate Mg(NO3)2.6H20  1.464 53 70.07
Sodium chloride NaCl 2.165 75 36.00

Potassium nitrate KNO3 2.11 96 38.30
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“Salt solution

Figure 2.7 Photograph of water absorption test using a desiccator.

The moisture percentages present in the cross-laminated panels made of coconut wood
(CTCP) was measured using the Hydromette M4050 device as shown in Fig. 2.8. It is a
multifunctional measuring meter with data storage for wood moisture, structural moisture,

humidity and temperature.

Figure 2.8 Photograph of testing the moisture content percentage of CTCP specimen.

2.3.4 Determination of moisture-dependent thermal conductivity coefficient

As natural fibrous materials are naturally hygroscopic and have a porous structure, they
can accumulate moisture by adsorption from the air. The capabilities of penetrating moisture
into the internal open pore system at increased relative humidity significantly affect the

temperature distribution and thermal conductivity as well.
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For the moisture-dependent thermal conductivity of binderless coir fiber insulation
boards, three samples with the dimension of 250x250x30 mm?, 250x250x40 mm?>, and 250x
250x50 mm? were placed into the climitic chamber to expose to five different humidity levels
(15%, 40%, 60%, 80%, and 90%) until reaching the equilibrium state. Their thermal
conductivity values were measured at a mean temperature of 20 °C using the heat flow method.

For the moisture-dependent thermal conductivity of binderless bagasse fiber insulation
boards, three samples with the dimension of 200x200x20 mm?, 200x200x25 mm?, and 200x
200%30 mm?® were tested. The samples were put in the desiccator which was pre-prepared with
the respective solutions (four solutions were used to generate the humidity levels of 33%, 57%,
75%, and 96%). The thermal conductivity values regarding the different humidity levels were
conducted at a mean temperature of 20 °C after reaching the saturated state in the desiccator

using the heat flow meter method.

2.3.5 Surface morphology and morphological analysis of binderless bagasse fiber insulation
boards

The surface morphology of binderless bagasse fiber insulation boards was analyzed using
the digital microscope model Tagarno FHD Prestige (Fig. 2.9) and the morphological
examination was conducted through the scanning electron microscopy (SEM) equipment
(Hitachi S-3400N, Tokyo, Japan) at two times of magnifications (100 and 450) and at 20kV for
the bagasse particles, and the tested binderless bagasse samples (Fig. 2.10). These techniques
provide finer details on the surface morphology, composition, crystallography, and topography

of the samples.
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Figure 2.9 Photograph of digital microscope Targano FHD equipment.
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Figure 2.10 Photograph of SEM Hitachi S-3400N equipment.

2.3.6 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a spectroscopic technique based on the
absorption of infrared radiations by molecules to detect the functional groups and bonding
patterns in the specimen. A change in the dipole moment of IR active molecules leads to
stretching or bending molecular vibrations [133]. In this reserach work, FTIR was used for
investigating the structural composition of the binderless bagasse fiberboard throught the
transmission mode. The FTIR spectra were collected using a Jasco FT/IR-6300 (Fig. 2.11). Full
scan spectra were recorded in the mid-IR region of 4000-400 cm™' at ambient conditions. The

spectra were then analyzed using OriginPro 2018 software.

Figure 2.11 Photograph of FT/IR-6300 equipment.
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2.3.7 Thermogravimetric analysis and the first derivative thermogravimetric

The thermogravimetric analysis (TGA) and the first derivative thermogravimetric (DTG)
were obtained by using Labsys evo STA 1150 (Setaram, France) according to standard ASTM
D3850 (Fig. 2.12). About 17-21 mg of fibers and specimens was heated from ambient

temperature to 800 °C at 20 °C/min under nitrogen atmosphere (50 mL/min flowrate).

Figure 2.12 Photograph of TGA equipment.

2.3.8 Numerical simulations of heat and moisture transfer in the multi-layered insulation
materials

Study I — Heat and moisture transfer in the multi-layered insulation materials in the static
boundary conditions

Fig. 2.13 shows the geometrical model of a multi-layered insulated wall using for building

envelopes. The wall consists of threes layer in order oriented-strand board, cellulose fiber board,
and oriented-strand board (OSB-CFB-OSB). As cellulose fiber-based board is used as an
insulation layer, it is essential to investigate their thermal performance due to the sensitivity of
natural fibrous insulation materials to temperature and humidity when the wall is exposed to

the actual environmental conditions.
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Figure 2.13 Modelled image of multi-layered insulation materials with three layers (Oriented

strand board-Cellulose fiber board-Oriented strand board).

The heat and moisture transfer in the multi-layered insulation materials used as an exterior
wall for building envelopes are coupled to each other. The conduction of heat causes
evaporation or condensation of water, and similarly, the moisture also causes changes by latent
heat when the phase change occurs. Some assumptions are made in order to eliminate some
unnecessary factors and make the simulation more specific:

e  The wall is a continuous and homogeneous medium, and isotropic. The wall will not
undergo compression deformation during heat and moisture transfer, thus, the porosity of the
wall does not change.

e  The effect of radiation and capillary hysteresis during moisture absorption and
desorption on heat transfer is not considered.

e The thermal properties of the wall matrix such as density and heat capacity do not
change when temperature and moisture content change.

e  There is no dissolution of chemical substances during the process of moisture
transfer.

e Since the thickness of the wall is smaller than the height and weight of the wall
(50—200 mm thickness compared to 500X500 mm), the model of the heat and moisture transfer
is simplified to the one-dimensional problem.

Based on the above assumptions, the governing equations of the dynamic modeling of
heat transfer and moisture transport of the wall are defined in the Norm EN 15026:2007 [134]:

oT

(PCp)ey 5=V (A VT + 1,6,V ($p)) = O (23)
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§%+ V. (EDN$+SV($p.))=G (2.4)

where:
Q is the heat source (W/m?-s)
G is the moisture source (kg/m?)
(pCp)ep 1s the effective volumetric heat capacity at constant pressure (J/K)
T is the thermodynamic temperature (K)
Aefris the effective thermal conductivity (W/(m-K))
L, is the latent heat for evaporation (J/kg)
dp 1s the vapor permeability coefficient of material (s)
¢ is the relative humidity
Psat1s the partial pressure of saturated vaporation (Pa)

The stationary problem investigates the influence of thickness of insulation layer in the
effective thermal conductivity of the wall, the heat flux, the moisture content at different
operating temperature and relative humidity as shown in Table 2.7. Convective heat and
moisture flux condition are applied on both sides to model the outdoor and indoor air flows
surrounding the wall. The exterior and interior heat transfer coefficients are set as 4. = 25
W/m?-K and h; = 8 W/m?-K. The outer and inner moisture transfer coefficient are set to . =
25x10® s/m and f; = 8x10® s/m, according to the heat and mass transfer boundary layers
analogy.

The thermal transmittance value (noted as U-value), also called the overall heat transfer
coefficient refers to how well an element conducts heat from one side to another side. For a
multilayer wall due to layers of different materials with different physical and thermal
proprieties (thickness and thermal conductivity), it is often used the overall heat transfer
coefficient, given as Eq. (2.5)

1 1
The overall heat transfer coefficient (W/ m*-K), U = R = R, +R_+R (2.5)

mns conv,o0

where Rconv,i/Reonv,e 1s the thermal resistance of internal heat convection/external heat

convection on the surface of wall, and R, is the thermal resistance of insulation materials.

Table 2.7 Boundary conditions for stationary study of the influence of temperature,
relative humidity in thermal characterization of multi-layered insulators at different thicknesses

of insulation layer.

Thickness Temperature (°C) Relative humidity (%)
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(mm) External Internal Inside Outside
50 0 10 50 33
0 10 50 57
0 10 50 75
120 0 10 50 33
0 10 50 57
0 10 50 75
150 0 10 50 33
0 10 50 57
0 10 50 75
200 0 10 50 33
0 10 50 57
0 10 50 75
50 5 15 50 33
5 15 50 57
5 15 50 75
120 5 15 50 33
5 15 50 57
5 15 50 75
150 5 15 50 33
5 15 50 57
5 15 50 75
200 5 15 50 33
5 15 50 57
5 15 50 75
50 10 20 50 33
10 20 50 57
10 20 50 75
120 10 20 50 33
10 20 50 57
10 20 50 75
150 10 20 50 33
10 20 50 57
10 20 50 75
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200 10 20 50
10 20 50
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Study Il — Heat and moisture transfer in the multi-layered insulation materials in the

dynamic boundary conditions

This study investigates the moisture content, the changes of the effective thermal

conductivity, and the heat flux under the effect of the diurnal variation of outside temperature

and relative humidity in Sopron from 1 to 3™ of June and 1% to 3" of December. The simulation

is run over two days with the temperature and relative humidity conditions shown on the graphs

of Fig. 2.14 (data from the ASHARE 2017 database).
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Figure 2.14 Ambient data for temperature and relative humidity used on the exterior side of

the wall: (a) summertime; (b) wintertime.

2.4 Summary

This chapter presents the details on the extraction of fiber from raw plant material
resources. The fabrication of binderless fiberboard insulation materials and bio-based polymer
composites derived from natural plant-based resources is briefly introduced. The methods for
experimental investigation on thermal conductivity test, temperature and moisture content
dependence of thermal conductivity coefficient, water absorption, moisture content percentage
related to humidity level, thermogravimetric analysis, morphological analysis are also
discussed.

Insulation materials derived from plant-based resources or biocomposites reinforced with
natural fiber are currently being used in building and construction as a potential solution to
significantly reduce thermal load and energy consumption. For binderless insulation materials,
they have proved a good heat retardant capacity due to their low thermal conductivity and low
effect on human health. When natural fiber insulating materials are used as an additional layer
in multi-layered installation, they have also exhibited better thermal performance and have met
the requirements of the low-energy building. As expected, natural fibrous materials have shown
an effective resource used as raw materials in reinforcement polymeric biocomposites and has

been valued as an effective replacement for traditional resources in the future.
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The numerical simulation of the heat and moisture transfer of the multi-layered insulation
materials used for building envelopes has been investigated to evaluate the thermal performance
regarding the variations of temperature and humidity levels, and the risk of condensation inside
the natural fibrous insulation materials regarding the diurnal variation of outdoor environmental

conditions.
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CHAPTER III: RESULTS AND DISCUSSION

3.1 Determination of thermal conductivity coefficient of insulation materials

The thermal conductivity plays an important role in determining the thermal performance
and energy efficiency of insulation materials, especially when they are used for building and
construction. The lower the A-value, the more effective the thermal insulator, or the higher the
thermal resistance, the high heat-retardant capacity. As insulation materials are exposed to
surroundings, under the influence of actual temperatures and humidity levels change over the
days and seasons, the thermal performance can be greatly reduced. According to existing
knowledge, the thermal conductivity of cellulose fiber-based insulation materials generally
measured in the dry state at room temperature according to ASTM standards ranging from 0.03

to 0.06 W/(m-K) [16], and may reach to 0.2 W/(m-K) [135,136].

3.1.1. Thermal conductivity of natural fiber reinforced polymer biocomposites

The thermal conductivity values of coir fiber reinforced phenol formaldehyde (PF)
biocomposites (CFPC) and rice straw/reed fiber reinforced PF biocomposites (REPC) measured
at a mean temperature of 20 °C in the steady state using the heat flow meter method are shown
in Table 3.1. As is seen on the table, the thermal conductivity values of CFPC showed a superior
insulation quality than the REPC as their values were recorded at around 0.06 W/(m-K) while
the A-value of REPC were recorded at around 0.1 W/(m-K). However, the obtained thermal
conductivity values are found to indicate the high-insulated property and demonstrate the
produced biocomposite panels could perform as prominent building insulation material.

Generally, the thermal conductivity of natural fiber reinforced polymer composites was
normally governed by the thermal conductivity of raw fibrous materials which usually ranged
from 0.03 to 0.06 W/(m-K) [137], and and the thermal conductivity of the resin is often
insulated according to Bavan and Kumar [138]. As the heat conduction of an insulating material
is heavily influenced by the raw materials used, the temperature and moisture content, the
density, the nature and microstructure of solid component, and the cell gases. Therefore, the
low value of thermal conductivity of CFPC and REPC possibly came from the low thermal
conductivity of coir fiber which is 0.04-0.05 W/(m-K) while the thermal conductivity of rice
straw and reed fiber are 0.038-0.072 W/(m-K) and 0.055-0.09 W/(m-K) [16]. On the other
hand, the rice straw has a higher thermal capacity as it is reported at 1600 J/(kg-K) [97] when
compared to coir fiber which is 1300 J/(kg-K) [16]. Besides, the phenolic resin also contributed
on the heat conductivity due to its thermal conductivity coefficient is from 0.29 to 0.32 W/(m-K)

and its moisture content was nearly 34% [139]. Moreover, the high A-value of REPC also might
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come from the initial moisture content of the mats which was found at approximately 12%,

while the moisture content of the CFPC was about 3.08-3.18%.

Table 3.1 Thermal conductivity and thermal resistance values of coir fiber reinforced
phenolic resin biocomposites (CFPC) and rice straw/reed fiber reinforced phenolic resin

biocomposites (REPC).

Samples Apparent Density  A-value R-value
(kg/m?) W/(m-K) (m?-K)/W
CFPC-a 894.48 0.0615 (+£0.0050) 0.130
CFPC-b 648.03 0.0620 (£0.0067) 0.129
CFPC-c 453.30 0.0624 (£0.0011) 0.128
REPC-a 725.00 0.1038 (+0.0061) 0.116
REPC-b 742.79 0.1045 (+£0.0069) 0.115
REPC-c 764.49 0.1048 (+0.0057) 0.115

The thermal resistance of these polymer biocomposites was calculated from the respective
thickness and their measured thermal conductivity. It is found that the values were quite low
and less than 0.15 (m?-K)/W possibly due to the relative thinness of the tested specimens. As
the heat flow is indirectly proportional to the thickness of material, therefore, the lower
thickness means more heat flow and so does a higher conductivity. However, the CFPC samples
demonstrated superior heat resistant capacity because of their low thermal conductivity varied
from 0.0615 to 0.0624 W/(m-K) which were considered as a good building insulation material.
While their R-value was low, it could improve the heat insulated quality when they were
employed as an additional insulation layer in the multi-layered installation used as building
exterior structure. For example, Yuan investigated the impact on insulation type and thickness
on the thermal performance of a multi-layered wall structure. The total R-value was calculated
as 1.26 (m?-K)/W in case of non-insulated layer [113]. Supposing that the CFPC and REPC
were used as an additional insulation layer, the total thermal resistance showed a slight increase,
specifically, 1.4 (m?-K)/W and 1.395 (m*K)/W, respectively. As a result, the heat-retardant

capacity of the wall was improved.

3.1.2. Thermal conductivity of cross-laminated coconut wood insulation panels

The thermal conductivity values of four cross-laminated coconut wood insulation panels
(CTCP) measured at a mean temperature of 20 °C are shown in Table 3.2. It is found that CTCP-
a displayed lowest value of thermal conductivity, whereas the highest value found for CTCP-d.
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The high conductivity possibly came from the contribution of the high conductance of wood at
higher densities and the relatively high thermal conductivity of the used adhesive (the thermal
conductivity of melamine formaldehyde was reported as 0.27-0.42 W/(m-K), [140]). In
addition, the difference between these values might come from the different densities due to the
interaction with the wood laminations during hot pressing. Generally, thermal conductivity of
wood was within the range of 0.1-0.2 W/(m-K) perpendicular to the grain, for instance, the A-
value of kiri wood was found to be 0.117 W/(m-K) for the density of 357 kg/m? [141] However,
thermal conductivity of CTCP was relatively low compared with that of structural concrete (i.e.,
foamed concrete) used in building construction (~ 0.40-0.57 W/(m-K), [142]). Although the
thermal resistance values of CTCP were lower than 0.5 (m?-K)/W, however, they showed a
higher value than the result of cross-laminated timber made with pinus oocarpa and coffea
arabica waste at the same density (0.115 (m?-K)/W) [143]. In general, the obtained thermal
conductivity values showed that these coconut wood panels have a potentiality to be used in an

exterior wall system from the energy and structural perspectives.

Table 3.2 Thermal conductivity and thermal resistance values of cross-laminated coconut

wood insulation panels (CTCP).

Samples Apparent Density  A-value R-value
(kg/m?) W/(m-K) (m?-K)/W
CTCP-a 624.87 0.1644 (+0.00013)  0.365
CTCP-b 752.07 0.1928 (+0.00023)  0.311
CTCP-c 828.69 0.2195 (+0.00035)  0.273
CTCP-d 989.41 0.2468 (£0.00029)  0.243
3.1.3. Thermal conductivity of binderless natural fiber-based insulation boards

Table 3.3 Thermal conductivity and thermal resistance values of binderless coir fiber

insulation boards (BCIB) and binderless bagasse fiber insulation boards (BBIB).

Samples Apparent Density A-value R-value
(kg/m?) W/(m-K) (m>-K)/'W
BCIB-a 56.0 0.0405 (+0.00101)  0.740
BCIB-b 42.0 0.0490 (+0.00015)  0.810
BCIB-c 33.6 0.0545 (+0.00125)  0.920
BBIB-a 85.7 0.0429 (£0.0004) 0.466

BBIB-b 101.8 0.0435 (£0.0005) 0.575
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BBIB-c 131.4 0.0530 (£0.0008) 0.566

The thermal conductivity values of three binderless coir fiber insulation boards (BCIB)
and three binderless bagasse fiber insulation boards (BBIB) measured at mean temperature of
20 °C using heat flow meter method were found in the range of 0.04-0.055 W/(m-K) as shown
in Table 3.3. It is seen that BCIB-a and BBIB-a displayed lowest values of thermal conductivity
(0.0405 W/(m-K) and 0.0429 W/(m-K), respectively), while the highest values found for BCIB-
¢ (0.0545 W/(m-'K)) and BBIB-¢c (0.053 W/(m-K)). For binderless fiber-based insulation
materials, the heat transfer mainly comprises of heat through the solid fiber and void
components present in the matrix structure. While the thermal conductivity value of coir and
bagasse fiber usually varies from 0.04 W/(m-K) to 0.05 W/(m-K) or lower than 0.04 W/(m-K)
(i.e., the thermal conducitivity values of bagasse solid fiber were found ranging from 0.0322 to
0.0348 [146]), and the air presents in the void or open pores of the matrix has low heat
conductance, therefore, resulting in the low value of thermal conductivity of the tested
specimens. Some published articles were reported the similar values of thermal insulation made
of coir and bagasse fiber without the addition of any synthetic binders, for instance, the thermal
conductivity of binderless coir insulation boards in the density range of 250-350 kg/m?
increased from 0.046 to 0.068 W/(m-K) measuring according to ISO 8301 [21] or from 0.048
to 0.056 W/(m-K) in the density range of 40-90 kg/m® measuring according to ASTM C518
[53]. Another article also found that the binderless board made from cotton stalk fibers had the
thermal conductivity ranging from 0.0585 to 0.0815 W/(m-K) at a density of 150-450 kg/m?
[144]. Interestingly, the A-value of BBIB showed a similar result with the A-value of binderless
wood waste fiberboard which were found ranging from 0.048 to 0.055 W/(m-K) [91]. Other
bagasse fiber-based composites were also found having the low range of the A-value such as
bagasse fiber reinforced with polyvinyl composites ranged between 0.034 and 0.042 W/(m-K)
in the density range of 100-200 kg/m?® [145]. For the reinforcement composites, their A-value
normally recorded at a higher value due to the large heat conductance of the mixture and the
adhesive resin, for exapmle, thermal conductivity value of hybrid composites made of bagasse
and bamboo charcoal were found in the range of 0.12-0.13 W/(m-K) [147], or the thermal
conductivity of REPC and CFPC was found in the present research. As a result, the obtained
thermal conductivity values of the binderless fiber insulation boards manufactured in this study
showed a better thermal performance than other bio-based polymeric composites measured in
this research demonstrating that these produced binderless fiber based insulation boards could

be performed as a prominent insulation material.



10.13147/SOE.2023.022

Le Duong Hung Anh — PhD Dissertation | 51

3.2 Examination of temperature-dependent thermal conductivity coefficient

3.2.1. Temperature-dependent thermal conductivity of cross-laminated coconut wood panels
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Figure 3.1 Thermal conductivitiy values of CTCP regarding the increase of mean

temperatures.

The thermal conductivity values of four produced cross-laminated coconut wood
insulation panels (CTCP) regarding the temperatures incremented by 5 °C from -10 to 50 °C
with the temperature difference was remained at 10 °C is shown in Fig. 3.1. It is noticed that
thermal conductivity showing an increasing trends with the increased mean temperatures due
to the basic heat transfer law, as the temperature increases, the heat molecules vibrate faster,
allowing for larger heat movements through conductance. Accordingly, the CTCP-d displayed
highest values of thermal conductivity (increased from 0.23 W/(m-K) to 0.26 W/(m-K)) while
the lowest values found for CTCP-a (from 0.16 W/(m-K) to 0.2 W/(m-K)). The values of CTCP-
b and CTCP-c increased at approximately from 0.2 W/(m-K) to 0.22 W/(m-K)). This result was
similar with the values of thermal conductivity of coconut palm trunk in the study [149]. As is
also seen in the figure, the A-value tended to increase from 5 °C and being remained this trend
at a higher temperature level. Notably, the changes in thermal conductivity of the CTCP-a over
the mean temperature ranges were relatively high, especially after 35 °C at a rate of 0.0008
W/m-K/°C, while the others ranged from 0.0004 to 0.0006 W/m-K/°C. This might be because

its initial moisture content at the measuring time was high (~15.1%) since compared with other
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samples (about 10.5-14.8%). In addition, the high A-value also caused by the specific heat
capacity of the coconut wood since it increased from 1360 J/(kg-K) to 1900 J/(kg-K) from the
dry state to the moisture level of 15% [150]. As the thermal conductivity was measured in the
steady-state condition and solely considered the heat conductance, the positive linear
relationships were found between the A-value and the mean temperature which were similar to

that of oven-dry solid softwoods and hardwoods [56].

Thermal conductivity values of CTCP regarding the increase of density
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Figure 3.2 Thermal conductivitiy values of CTCP regarding the increase of density at

different mean temperatures.

The A-value of CTCP regarding the increase of density at five different mean temperatures
is shown in Fig. 3.2. It is seen that the thermal conductivity of the produced CTCP appeared to
increase with the increase of the panel’s density at five mean temperatures. This is because the
high-density wood conducts more heat than low-density wood due to the high heat conduction
at a higher solid substance [151], and the decrease of porosity at high densities [23]. The lowest
values were recorded at the density of 624.87 kg/m> while the highest values found for the
density of 989.41 kg/m®. However, it is also shown that the A-value is always higher at a higher
mean temperature for the same density. The linear functions could effectively describe the

relationship between A-value and bulk density of CTCP at any mean temperature with a high
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coefficient of determination (see in the figure). Interestingly, the increasing rate of thermal
conductivity (the slope) resulting from the increased density seemed to be similar and steadily
increased regarding the increase of mean temperature, possibly due to the amount of coconut
wood and the adhesive type used in the panels. Moreover, the values of thermal conductivity of
CTCP (0.1581-0.26 W/(m-K)) and the increasing rate resulting from the increased density
(624.87-989.41 kg/m?) were lower than that of engineered bamboo products of similar density
ranges (626-960 kg/m*) which were reported of 0.2 to 0.35 W/(m-K) [152], showing that the

produced cross-laminated coconut wood insulation panels had a superior heat insulated quality.

3.2.2. Temperature-dependent thermal conductivity of binderless coir fiber insulation boards
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Figure 3.3 Thermal conductivity of BCIB regarding the increase of mean temperatures.

Fig. 3.3 presents the thermal conductivity values of three binderless coir fiber insulation
boards regarding the increase of operating temperatures from -10 to 50 °C and the temperature
difference remained constant at 10 °C. At it can be observed from the graph, the BCIB-c showed
a maximum thermal conductivity value (0.0665 (£0.00106) W/(m-K)) at the higest mean
temperature (45 °C) while the BCIB-a revealed a lower value (0.0467 (£0.00205) W/(m-K))
and the A-value of BCIB-b was 0.0567 (£0.00151) W/(m-K) at the same mean temperature. For
natural fiber based insulation materials, the thermal conductivity values mainly comprise of the

contribution of pure fiber solid material (for coir fiber, the thermal conductivity is 0.04-0.05
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according to approval, [16]), the water present, and the air. The higher values of the BCIB-c
sample were possibly due to its initial moisture content at approximately 9.77% and because of
the lower density (33.6 kg/m?). At a higher density, due to the reduction of the internal voids
and the closed pores, thereby decreasing the effect of moisture diffusivity from the water uptake.
As a result, heat conductivity was mainly from the fiber and air conduction. This had explained
the low thermal conductivity values of the BCIB-a sample. It is also observed that higher
temperature levels always revealed higher thermal conductivity values, especially in the mean
temperature range of 35-45 °C as is seen from the figure. The percentage changes in the thermal
conductivity values were found of approximately 25%-45%. The incerasing linear relationships
between the values of thermal conductivity and mean temperatures were found according to the
experimental values and the linear regression technique, which are similar to that of coir fiber
[53], or concrete insulation materials made of hemp, flax, and straw bale [55] demonstrating
that the changes in temperature have always been ascribed to the variation of thermal
conductivity. As the thermal conductivity values of the BCIB samples ranged from 0.0375 to
0.0665 W/(m-K) and even higher than that of closed-cell foam materials but these binderless

coir fiberboards could be performed as prominent thermal insulation materials.

Thermal conductivity values of BCIB regarding the increase of density

Fig. 3.4 presents the influence of density in the thermal conductivity values of BCIB at
five levels of mean temperatures (0, 10, 20, 30, and 40 °C). According to some existing studies,
natural fibrous materials such as sugarcane, palm, coconut fibers were reported the non-linear
decreased variation in which the thermal conductivity decreased to a minimum and then
increased slightly as density increased from the minimum possible value upwards [96,106].
This can be explained by three phenomena include bubble size, complexity of the matrix
structure, and the number of solid fibers. As shown in the figure, the thermal conductivity
decreased with the increased density, and higher values of thermal conductivity are associated
with higher mean temperatures for the same densities. Generally, a decrease in thermal
conductivity values as the density increases was due to the reduction of the voids in the fiber
matrix resulting in a decrease in heat convective conductance as well as a restriction of water
uptake into the cell walls of the fibers leading to a low effect of moisture absorption, thus,
decreasing the apparent thermal conductivity. In addition, in the low range of density (lower
than 120 kg/m?), conductivity decreased as density increased due to the low effect of long-wave

radiant exchange inside the pores as it was reported in the study [23].
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Figure 3.4 Thermal conductivity values of BCIB regarding the increase of density at different

mean temperatures.

3.2.3. Temperature-dependent thermal conductivity of binderless bagasse fiber insulation
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Fig. 3.5 performs the thermal conductivity values of three binderless bagasse fiber
insulation boards regarding the increase of operating temperatures from -10 to 50 °C with the
temperature difference remained constant at 10 °C. As is seen from the graph, the increasing
tendency is recorded for all tested samples, and higher values of thermal conductivity are always
associated with higher temperatures. This is explained by the basic heat transfer law, as the
temperature increases, the heat molecules vibrate faster, allowing for larger heat movements
through conductance. Besides, the thermal conductivity of bagasse fiber was found to range
between 0.03 and 0.04 W/(m-K) and the thermal conductivity of the air existing in the fiber
matrix was around 0.0259 W/(m-K), resulting in the low value of thermal conductivity of the
specimens. On the other hand, the low thermal conductivity values of the present binderless
bagasse insulation boards were also from the low moisture content existence in the tested
samples at the measuring time (as it was found at around 7.5%). Specifically, the BBIC-a and
BBIC-b increased from around 0.04-0.042 W/(m-K) to around 0.046-0.048 W/(m-K) while
the BBIC-c started from 0.049 W/(m-K) to the highest value of 0.057 W/(m-K). Accordingly,
the percentage changes in the thermal conductivity values were found to increase approximately
from 15 to 20%. These A-value of BBIB in the present study were similar to the thermal
conductivity of sugarcane bagasse samples in the study of Manohar et. al. [53], which were
found to increase from 0.049 to 0.051 W/(m-K) since the mean temperature increased from 18
to 32 °C for the density range of 110-120 kg/m?, or the polyester composites made of hem and
flax, which were also found that the A-value increased from 15.13 to 18.62% when the
temperature increased in the range of 0-40 °C [90]. Another study on the thermal conductivity
of binderless insulation panels made of spruce bark fiber also reported the similar increase since
the temperature increased from 10 to 40 °C [153]. According to previous studies, the thermal
conductivity values of binderless fiber insulation boards which were produced by the heating
method measured at room temperature using a heat flow meter in the steady-state and one-
dimensional condition ranged from 0.046 to 0.068 W/(m-K) [21,53], or reported as lower than
0.045 W/(m-K) [145]. Therefore, the obtained thermal conductivity values of the tested
binderless bagasse boards are found to provide comparatively better results demonstrating that
these binderless bagasse fiber insulation boards could perform as prominent building insulation
materials. The relationships between the A-value and mean temperature levels were found and
expressed as linear functions based on the experimental data with the high coefficient of
determination demonstrating the strong influence of temperature in the thermal conductivity of

insulation materials.
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3.3 Investigation of water absorption of natural fiber insulation boards
3.3.1. Water absorption of binderless coir fiber insulation boards

Moisture effect plays an important role in investigating the thermal resistant quality of
insulation materials derived from natural fiber used in building envelopes. Water uptake tests
of binderless coir fiber insulation boards (BCIB) were conducted using the controlled climatic
chamber method. Three samples of BCIB were placed in the climatic chamber and exposed to
five expected levels of humidity (15, 40, 60, 80, and 95%). The lowest level of humidity
(15%RH) was generated by using the silica gel to absorb the water presents in the humid air
inside the chamber. After reaching the equilibrium state, the samples were weighted to calculate
the water absorption, and the actual humidity level in the chamber was recorded.

The curves in Fig. 3.6 reflect the changes in water absorption percentages of three
binderless coir fiber insulation boards (BCIB) in regard to five actual levels of relative humidity
were recorded from the climatic chamber. The actual humidity levels were found of 16.5%
(£0.57), 40.1% (£0.78), 59.8% (£0.8), 76.2% (+2.35), and 90.5% (£1.54). As is seen in the
graph, the samples showed a similar sorption behaviour, and they exhibited a typical behaviour
of natural fibers with a high increase of moisture absorption above 76.2% relative humidity.
The lowest values of moisture content was recorded at approximately 7.66% and slightly
increased to around 9.7% when the humidity increased from 16.5% to around 40%. This is
because there is a small amount of water vapour in the air at low level of humidity (usually
below 40%RH). As humidity increases, water vapour starts to condense on the cell walls of the
fibers. This condensation phenomenon contributes a significant amount to the water absorption
of fibers in high humidity levels. More specifically, the moisture content showed a significant
increase at the higher levels of humidity due to the high absorption of water molecules in the
fiber and matrix interfaces through the capillary transport and via microcracks in the matrix
which resulted from the swelling of natural fiber. Especially, the BCIB-c highlighted a high
absorbency at around 23.54% (respective to 90.5%RH) compared to BCIB-a and BCIB-b
reached about 14.38% and 18.55%, respectively. The similar trend is found to be similar with

composites made of hemp, flax, and cotton fiber from the articles [154,155].
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Figure 3.6 Moisture content of BCIB regarding the increase of relative humidity levels.

3.3.2. Water absorption of binderless bagasse fiber insulation boards

Fig. 3.7 illustrates the water absorption percentages of bagasse fiberboards in regard to
the absorbent time. The tested samples were conditioned in the desiccator containing saturated
sodium chloride solution to generate the 75% relative humidity. This experiment aims to
investigate the duration for the water absorption of natural fiber-based samples reaching the
equilibrium saturation level. Results showed that samples followed typical Fickian diffusion
behaviours. Water absorption occurs rapidly at the beginning of exposure with water, however,
after time, the absorption rate slows down until reaching the point of equilibrium. As it is seen
from the graph, the moisture uptake was relatively high for the first stage of 7-14d, possibly
due to a large number of water molecules diffusing through the material starting from the dry
state of the absorbency process. From 14 to 28 days, it seems that the pores and capillaries of
bagasse fiber which were initially filled with air were steadily replaced by absorbed water
leading to a minor change in the mass and almost stable after 30 days. As a result, the saturated

level of binderless bagasse fiberboard specimens took approximately 28-35d to be obtained.
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Figure 3.7 Water absorption percentages of bagasse fiberboard regarding the absorbent time.

A series of equilibrium moisture content of binderless bagasse insulation boards (BBIB)
at room temperature regarding the increased humidity levels from 33 to 96% is shown in Fig.
3.8. The BBIB samples were conditioned in different humidity levels in the sealed desiccator
containing four saturated salt solutions (see Table 2.6). The use of salt solutions for determining
the water absorption of natural fibrous materials was also found in the study [97]. As it is
observed from the graph, the tested samples also showed a similar sorption behaviour in that
higher relative humidity levels always displayed higher moisture content percentages.
Accordingly, BBIB-c displayed higher values of moisture uptake than BBIB-a and BBIB-b.
Their values increased from 12.1 to 17.33% while the values of BBIB-a and BBIB-b increased
from 10.5 to 14.68% and 10.89 to 15.77%, respectively. In addtion, they also exhibited a high
increase of moisture content above 75% relative humidity. In the range of 75-96% relative
humidity, the percentage rate of change in the moisture uptake was found of 15-17%, compared
to other ranges were around 8.2 to 12%. For lower relative humidity values, the cell walls that
compose the fibers absorb moisture from the environment in single and multiple layers. As
relative humidity increases, water vapour starts to penetrate into the fiber and matrix interfaces
through capillary transport and via microcracks in the matrix which result from natural fiber

swelling. The cause of higher water absorption is also due to the presence of some hydrophilic
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compounds in the natural fibrous structures which were detected in terms of transmittance of
FT/IR spectra measurement (section 3.6). Although these samples had a similar moisture
behaviour during the absorption phase, these samples showed a larger difference, possibly due
to the intrinsic heterogeneity of the samples during the manufacturing process. In conclusion,
the high moisture absorption of natural fibrous insulation materials is always related to high

relative humidity due to their complex organic structure as well as their own hydrophilicity.
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Figure 3.8 Moisture content of BBIB regarding the increase of relative humidity levels.

3.4 Examination of relative humidity dependence of thermal conductivity
3.4.1. Relative humidity dependence of thermal conductivity of binderless coir fiber insulation
boards

Since the thermal conductivity of bio-based insulation materials depends on their
moisture content, the thermal conductivity values of the specimens at different moisture states
related to the humidity levels were examined after reaching the equilibrium state from exposure
to the humid environment conditions.

The thermal conductivity values of binderless coir fiber insulation boards (BCIB)
respective to moisture content percentages related to five levels of humidity are shown in Fig.

3.9. A similar increasing trend was observed for all tested specimens in that increased relative
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humidity led to an increase in thermal conductivity values. The A-value of BCIB-a, BCIB-b,
and BCIB-c at the dry state were found of 0.041 W/(m-K), 0.049 W/(m-K), and 0.057 W/(m-K),
respectively. It is shown that BCIB-c recorded higher values of thermal conductivity (increased
from 0.069 to 0.107 W/(m-K)) while the values of BCIB-a and BCIB-b increased from 0.049
to 0.066 W/(m-K) and from 0.058 to 0.094 W/(m-K), respectively. This is because of the higher
water absorption of BCIB-c than BCIB-a and BCIB-b as is presented in the previous section.
In addition, an increase in A-value came from the penetration of water molecules into the cell
walls of the fibers and the open structures of the samples. The large heat conductance also
caused by the high thermal conductivity of water at approximately of 0.6 W/(m-K) compared
to the stationary air (0.0259 W/(m-K)). The possible relationship was found as linear functions
between the thermal conductivity values and moisture content percentages with a high
coefficient of determination demonstrating the strong influence of relative humidity in the
thermal conductivity, which was similar to that of fiberglass insulation materials at the same
range of moisture content [45]. On the other hand, the bulk density of the tested samples may
contribute to the water absorption regarding the increase of humidity, therefore, influencing the
whole heat conductance. Accordingly, as the density increased, the number of voids and open
pores in the fibers structure decreased markedly resulting in a reduction of water penetration
into the cell walls of the fibers, therefore, decreasing the moisture effect on thermal resistant

quality [106].
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Figure 3.9 Thermal conductivity values of BCIB regarding the relative humidity levels.
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3.4.2. Relative humidity dependence of thermal conductivity of binderless bagasse fiber
insulation boards

The influence of relative humidity levels in the thermal conductivity values of binderless
bagasse insulation boards (BBIB) is shown in Fig. 3.10. The moisture uptake test was conducted
on three samples conditioned in the humidity levels of 33, 57, 75, and 96% which were
generated in the sealed desiccator using the saturated salt solutions. After reaching the
equilibrium state, the thermal conductivity was measured using the heat flow meter method at
a mean temperature of 20 °C for all tested specimens.

It is seen that the specimens showed a similar increasing tendency in that higher values
of thermal conductivity are associated with higher relative humidity levels. The A-values of
BBIB-a, BBIB-b, and BBIB-c at the dry condition were found of 0.043 W/(m-K), 0.044
W/(m-K), and 0.049 W/(m-K), respectively. The BBIB-c displayed higher values of thermal
conductivity than the values of BBIB-a and BBIB-b. Their values increased from 0.058 to 0.069
W/(m-K), whereas the values of BBIB-a and BBIB-b increased from 0.044 to 0.049 W/(m-K)
and from 0.046 to 0.052 W/(m-K), respectively. This is because the moisture absorption of
BBIB-c is higher than the other BBIB samples. The similar results of hemp composite and
binderless flax boards were found in the study [90] and the study of rice straw bale [156]. The
thermal conductivity values of fiber-based insulation materials came from the contribution of
pure fiber solid material, water, and air. Air remains trapped in the closed pores while they are
steadily replaced, as the water content increases, by the water in the open pores. At the saturated
state, water occupies the open pores leading to high heat transfer, therefore, increasing the
thermal conductivity. Moreover, at higher densities, there is more bagasse fiber available to
absorb moisture and the moisture uptake changes appear to have a greater influence on the
results. The relationships between thermal conductivity values and the humidity levels were
expressed as linear functions with high coefficient of determination proving the significant
effect of relative humidity on the thermal conductance of natural fiber based insulation

materials.
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Figure 3.10 Thermal conductivity values of BBIB regarding the relative humidity levels.

As the cellulose fibers are the main components of the fiberboards, the water transport
mechanisms in fiber insulation materials caused by the penetration of water molecules via the
microcracks in the fiber matrix, diffusion of water molecules in the gaps between fibers, and
also capillary transport at the interfaces of fibers matrix [157]. It causes difficulty in maintaining
a good adhesion between fiber/matrix and contributes to higher moisture absorption which
reduces the heat insulated performance. Numerous works have been reported the similar
relationship between the thermal conductivity values of some building insulation materials and
moisture content factor, such as, the thermal conductivity of date palm fiber composites
increased from 0.033 W/(m-K) at a dry state to its maximum value of 0.147 W/(m-K) at
saturated state [84], or Mahapatra et. al. also reported that thermal conductivity of bagasse
ranged from 0.0921 to 0.1096 W/(m-K) and increased linearly with an increase in moisture
content in the range of 8.52-28.62% [158]. Generally, the high thermal conductivity of natural
fiber based insulation materials are notably caused by the presence of large amount of water in
the fiber base, however, the bagasse fiber insulation boards manufactured in this research work

provided a potentiality to be used as a good insulation material in buildings.
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3.5 Surface morphology and morphological analysis of binderless bagasse fiber
insulation boards

The surface morphology of binderless bagasse insulation board (BBIB) was examined
using the digital microscope is shown in Fig. 3.11. As is seen from the image, the fiberboards
were manufactured by the activation of the element’s self-bonding feature due to the hydrogen
bonds formation and adhesive behaviour of lignin and cellulose which occur during the drying
process. However, it also showed a weak bonding between the fiber and the matrix interfaces
as well as the existence of gaps between fibers on the surface resulting in high water penetration

into the structures leading to the reduction of water resistance and dimensional stability.

- g 3
< " L |

Figure 3.11 Surface morphology of binderless bagasse insulation boards.

Fig. 3.12 shows the surface micrographs of the bagasse materials before disc refining
process to achieve the finer particles. After grinding process, the bagasse particles show the
presence of a large number of lignin and hemicellulose which provides the fiber a continuous
enveloping layer for the cellulosic materials. This is common morphological structures of the
untreated fiber as reported in some recent studies [161,162]. Fig. 3.12(a) shows one or a group
of vascular bundle and elongated cells from the sheat can be identified while Fig. 3.12(b) shows

the same but closer, and small pores can be also observed from this magnification.
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Figure 3.12 SEM micrographs of bagasse particles: (a) 100x; (b) 450x (magnification bars

with scale in pm are given on the photographs).

After disc refining process, the vascular bundles were broken into smaller pieces. The
tightly fitting, thick-walled cells of the vascular bundles are also exposed to the twisting effect
in the machine. In such cases, the cells and the bundles are torn apart by the force. Fig. 3.13
shows the existence of small pores and high roughness of the surface of the fibers. As the boards
were manufactured without using adhesive resin, it is easy to create the fiber damage. However,
as is reported in the study [145], the grooved and rough surfaces of the fibers lead to the
formation of microscopic pockets of air on the fiber surface, leading to high thermal insulation

properties.

20.0kV x450

Figure 3.13 SEM micrographs of binderless bagasse fiber insulation boards: (a) 450x%; (b)

100x (magnification bars with scale in pm are given on the photographs).
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3.6 Fourier transform infrared spectroscopic study
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Figure 3.14 FTIR spectrum measurement of binderless bagasse insulation board.

Fig. 3.14 shows the spectrum of transmittance mode detected from the Fourier transform
infrared (FTIR) spectrum measurement of the bagasse fiber insulation board. As the main
components of the fiberboard are cellulose fiber, their functional groups can be detected further
in terms of FTIR spectra. Firstly, the spectra revealed the presence of the hydrogen bonded
stretching bands of ~OH groups in the region of 3430 cm™! and within 1080-1500 cm™, the
absorptions can be attributed mainly to the carbohydrates (cellulose and lignin), including
C-0O-C and C-O stretch. Secondly, the bands in the region 1725 cm™! can be contributed to
unconjugated C=0 stretching, and that near 1600 cm™! can be assigned to conjugate carbonyl
present in typical lignin groups. In addtion, the presence of moisture may be contributing to the
deformation of water molecules near 1600 cm™' and also the contribution for the intensity of
the broad band in the region of 3430 cm™!. These results showed a similar to the spectra study

of the bagasse fiber [163].
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3.7 Thermogravimetric analysis (TGA)
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Figure 3.15 (a) Thermogravimetric analysis (TGA) curve, (b) The first derivative (DTG) of

raw bagasse, bagasse particle, and long bagasse fiber.
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The thermal degradation behavior of fiber and binderless bagasse fiber insulation board
was analyzed by thermo-gravimetric analysis (TGA) and derivative thermo-gravimetric (DTG)
at the temperature range 0-800 °C in nitrogen atmosphere. Generally, the TGA curves present
three main phases of degradation in which the first phase is for the removal of moisture
presence, followed by the destruction of cellulosic components and non-cellulosic compositions
in the remaining two phases while the maximum of temperature in DTG related to the breaking
of chemical bond of the lignin [164].

As observed from thermograms in Fig. 3.15, the first stage ranges from 30 to 100 °C
which represents the water loss associated with moisture present in the fibers and the boards.
Although the samples were dried before the analysis, total elimination of water was quite
difficult due to the hydrophilic nature of the fibers base. The range of 150-400 °C represents
the destruction of cellulosic components and the next stage from 400 to 800 °C indicates the
degradation of non-cellulosic components. These results are similar with results from previous
studies on bagasse fiber [163,165]. Regarding DTG graphs, the peak of 365 °C figures out the

debonding of chemical bond of the protolignin (lignin present in the fibers).

115
0
100 110
15
Ago_ ~
3 i L
2 E g
2 v 3
= 60 > 15 2
o0 S =
> = H-10 8
3 %] :
40 =)
415
1-1 420
20
4-25

T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 3.16 Thermogravimetric analysis curve and the first derivative of the TGA curve

thermograms of bagasse fiber insulation board.
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The TGA and DTG of binderless bagasse fiber insulation board are shown in Fig. 3.16
and the maximum temperature is valued in Table 3.4. It is observed that the portion of weight
loss at first stage was reached at 93 °C, which could be related to the existence of moisture in
the boards . The second phase of weight loss occurred at around 319.2 °C due to the destruction
of cellulosic components and the last phase of weight loss completed at 372.5 °C. Compared to
existing studies, the thermal behavior depicted a similar response to a bagasse fiber epoxy
composite [166], or bagasse fiber reinforced cardanol polymer composites [167]. However, the
heat stimulation was quite lower because of the absence of adhesive compounds in the
insulation board. Overall, experimental results of TGA and DTA can contribute to the
evaluation of the thermal stability of neat bagasse fiber and bagasse fiber reinforced polymer

composites without treatment or the non-adhesive bagasse-based insulation boards.

Table 3.4 TG and DTA results for raw bagasse, long bagasse chip, bagasse particle, and

binderless bagasse insulation board.

Portion of weight loss, % DTG peak (Tmax)
Stage 1 Stage 2 Stage 3 Total °C

Raw sugarcane 5.5 60.8 11.5 77.8 365.78

materials 4.8 64.1 8.5 77.4 365.83
4.3 62.8 10.7 77.8 366.01

BBIB 59 64.8 9.7 80.4 372.85

3.8  Numerical simulations

Both operating temperature and relative humidity have a significant effect on the thermal
energy performance of insulation materials. Employing experimental analyses, most of the
studies have focused on determining the influencing temperature and moisture content in
thermal conductivity in a steady-state condition in which its value can be determined
independently at a specified mean temperature and relative humidity. In reality, it is essential
to examine a simultaneous effect of temperature and moisture in thermal conductivity due to
the heat transport transient process. Many scholars focused on the combined effect of heat and
moisture transfer simultaneously on the insulation A-value of materials, based on numerical

simulation and experimental investigation [54,70,74,168-172].



10.13147/SOE.2023.022
Le Duong Hung Anh — PhD Dissertation | 70

3.8.1. Heat and moisture transfer through the multi-layered building insulation materials in
stationary boundary conditions
According to the standard ISO 10456:2007 — Building materials and products —
Hygrothermal properties, the effects of temperature and relative humidity are independent.
However, when employing the insulation materials in the building applications, they will
undergo the influence of the variations of temperature and relative humidity in the same time.
In this simulation study, the thermal performance of the multi-layered insulation materials
(OSB-CFB-OSB as described in section 2.3.8) including the effective thermal conductivity
(Aefr), the effective thermal resistance (Refr), the thermal transmittance value (U-value) as well
as the moisture content (MC) related to the ambient relative humidity were numerically

investigated under the variations of temperature and relative humidity which were imported as
the static boundary conditions.
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Figure 3.17 Influence of mean temperature and relative humidity in the effective thermal

conductivity values of the multi-layered insulation materials at different thicknesses.

Fig. 3.17 shows the changes in the effective thermal conductivity of multi-layered

insulation materials at different thicknesses of the cellulose fiberboard layer regarding the

variations of temperature (from 5 °C to 15 °C) and relative humidity (33%-75%). The values



10.13147/SOE.2023.022

Le Duong Hung Anh — PhD Dissertation | 71

of effective thermal conductivity were calculated comprising of heat conduction in the
structural layers due to the temperature difference between both sides and the heat convection
between the surface and the indoor/outdoor environments. As it is observed from the graph, the
Aefr increased slightly with the increase of mean temperature from 5 to 15 °C and the increase
of relative humidity from 33 to 75% for all cases. Obviously, the highest temperature (15 °C)
and highest relative humidity (75%RH) showed a highest thermal conductivity value (0.0691
W/(m-K)) demonstrating that higher temperature and higher relative humidity are always
associated with higher heat conductance. This is similar with the conclusions reported in a
numerical problem was modeled to study four stages of heat and moisture transfer in porous
insulation materials [173].

In fact, heat transfer mainly comprises of heat through the solid fiber and void
components present in the matrix structure. The temperature dependency of the thermal
conductivity is explained by the basic heat transfer law, as the temperature increases, the gas
molecules vibrate faster, allowing for larger heat movements through conductance and
convection. Similarly, the water vapor diffusion increases the Aer and at higher temperatures as
well as relative humidity, the larger capacity to hold moisture, then, increases the Acfreven more.
Besides, the increasing rate of the effective thermal conductivity (the slope) resulting from the
increased temperature and relative humidity was similar, possibly due to the density and the
specific heat capacity did not change. Although the A.frincreased with the increased relative
humidity, this growth was not significant meaning that no significant reduction in thermal
insulation performance occured, which was similar to the report [145]. Despite the simulation
revealed an increase in the Aerr rose to 0.0691 W/(m-K), still the proposed multi-layered
insulation materials can be considered as a good model for building application. The possible
linear relationships between the effective thermal conductivity values and mean temperature,
relative humidity are shown in Table 3.5 and Table 3.6. On the other hand, the figures also
showed that the thickness of the insulation medium does not have a statistically significant
effect on the Aesr. This is due to the fact that Aesris the intrinsic property of a material and it does
not change with the material thickness, but the bulk density does. As is simulated, the effective
thermal conductivity showed an increase with increased bulk density at the same mean
temperature levels and relative humidity percentages and these results were similar with the
practical investigation [104,145]. However, as it assumed that the density did not change during
the variation of temperature and relative humidity, therefore, it is needed to consider for

improving the simulated results.
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Table 3.5 Relationship between the Aeff and mean temperature at different relative

humidity levels expressed as a linear function.

Thickness A-T relationship

(mm) 33%RH R?  57%RH R?  75%RH R?
50 10T+ 0.065 1 10T+ 0.066 1 10T+ 0.0671 1
120 2x10*T+0.053 1 2X104T + 0.054 1 2x104T+ 0.054 1
150 2x10*7+0.051 1 2x10%7T+0.052 1  2x10*T+0.052 1
200 2X10T +0.049 1 2X10*T +0.049 1 2Xx104T+0.049 1

Table 3.6 Relationship between the Aefr and relative humidity at different mean

temperatures expressed as a linear function.

Thickness A-¢ relationship

(mm) 5°C R? 10°C R? 15°C R?
50 4x10°¢ +0.064  0.99 4x10°¢+0.065 0.99 4x10°¢+0.066 0.99
120 2X10°¢ +0.054  0.99 2x10°¢+0.054  0.99 2x10°¢ +0.055 0.99
150 2x10%¢ +0.052  0.99 2x10°¢+0.053  0.99 2x107¢+0.053 0.99
200 104 +0.049 0.95 10%¢ +0.050 0.99 10°¢ +0.051 0.98

The next figures depict the values of the effective thermal resistance (Refr) calculated from

the respective thickness and the effective thermal conductivity regarding the variation of

temperature (Fig. 3.18) and relative humidity (Fig. 3.19). At the same relative humidity, the Refr

decreased slightly since the temperature increased from 5 to 10 °C due to the slight increase in

the effective thermal conductivity. For instance, the Refr decreased from approximately 0.75
(m?-K)/W to around 0.72 (m?-K)/W at the 50 mm thickness and from 4 (m?-K)/W to around
3.89 (m?-K)/W at the 200 mm thickness for all humidity levels. In a contrast, the higher relative

humidity levels scored a significant decrease in the thermal resistance for all thicknesses, due

to the increase of the thermal diffusivity at a higher temperature level resulting in an increase

in the water diffusion and because the high thermal conductivity of water.
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Figure 3.18 Changes in the values of the effective thermal resistance regarding the variations

of mean temperature and thickness at different relative humidity levels: (a) 33%RH; (b)
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Figure 3.19 Changes in the values of the effective thermal resistance regarding the variations
of relative humidity and temperature at different thicknesses: (a) 50 mm; (b) 120 mm; (c) 150
mm; (d) 200 mm.

For a multi-layered insulation material, thermal properties are expressed by thermal
transmittance coefficient (U-value) which is the heat flow that passes through a unit area of a
complex component or inhomogeneous material due to a temperature gradient equal to 1K and
this value refers to how well an element conducts heat from one sdie to another side. As it
defined, the low U-value indicates a high level of insulation capacity. Fig. 3.20 illustrates the
thermal transmittance values at different thicknesses of the cellulose fiberboard insulation layer
regarding the variations of temperature and relative humidity levels. As seen in the graph, the
U-value decreased when the thickness increased from 50 to 200 mm. The high U-value was
found of 1.38 W/(m?-K) at the thickness of 50 mm due to the high transferred heat caused by
the significant influence of heat and moisture flux at high temperature (15 °C) and high relative
humidity (75%RH), followed by the U-value at approximately 1.36 W/(m*K) and 1.34
W/(m?-K) at the same thickness and the same mean temperature but lower relative humidity
levels (57% and 33%RH, respectively). The lowest U-value was around 0.26 W/(m?-K) at the
thickness of 200 mm resulting from the low effect of temperature and relative humidity (at a

mean temperature of 5 °C and 33%RH). However, the U-value was still higher at higher relative



10.13147/SOE.2023.022

Le Duong Hung Anh — PhD Dissertation | 75

humidity. Besides, the U-value showed a slight increase as the relative humidity increased from
33 to 75% for all temperatures and thicknesses demonstrating the strong impact of the moisture
flux caused by the water vapor pressure from the outdoor air in the heat transfer through the
insulation materials. An experimental result was found having the similar changes in the U-
value related to the thickness. In this study, the multi-layered wall solution had the similar layers
but the rice straw bale material was used as the core insulation layer in order oriented strand
board, rice straw bale board, oriented strand board and the thickness of straw bale insulator
increased from 200 to 500 mm [156]. According to the results, the total U-value decreased to
lower than 0.1 W/m?-K when the thickness increased to 500 mm and the value at the thickness
of 200 mm was similar to the results attained from the present simulation. Accordingly, the
defined model in this simulation has shown an appropriate approach to numerically solve the

dependence of thermal performance on the thickness of insulation materials.
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Figure 3.20 Changes in the thermal transmittance coefficient regarding the increase in

thickness of insulation layer and variations of temperature and relative humidity.
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The next figure illustrates the moisture content and the moisture storage capacity of the
multi-layered insulation materials regarding the variations of mean temperature and relative
humidity in the range of 33-75% at the 50 mm thickness of cellulose fiberboard insulation
layer. The moisture content characterizes the relationship between the amount of accumulated
water and the relative humidity in the material while the moisture storage capacity refers to the
maximum water absorption when exposed to humid air and it is defined as the ratio of the
weight of water absorbed by a material in the saturated state over the weight of the dry material
[174]. There was an increase in the moisture content levels and the moisture storage capacity
as the relative humidity increased at the same mean temperature. However, a slight decrease in
the moisture content was found when the temperature increased from 5 to 15 °C for all levels
of ralative humidity. Specifically, the percentages of moisture content at 33%RH decreased
from 14.39% to 14.32% and from 21.76% to 21.64% at 57%RH while the decreased values at
75%RH were from 29.53% to 29.39% as the mean temperature increased from 5 °C to 15 °C.
This result was in contradiction with the fact that the higher the temperature, the higher the
holding moisture capactiy. It might come from the assumption that the density and specific heat
capacity did not change when the temperature and relative humidity changed, thereby
influencing the actual thermal diffusivity and water diffusion. This could be an improvement

that needs to be considered to modify the model in the future work.
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Figure 3.21 Changes in moisture content and moisture storage capacity regarding the

variations of temperature, relative humidity at the 50 mm thickness of cellulose fiberboard.

3.8.2. Heat and moisture transfer through the multi-layered insulation materials in dynamic
boundary conditions

As described in the section 2.3.8, the multi-layered insulation materials was performed as
three layers in order OSB-CFB-OSB and their materials properties were imported from the
library of the COMSOL Multiphysics program. The research conditions used for analyzing the
effective thermal conductivities (Acsr) and the moisture content of the insulation materials caused
by temperature and moisture migration are as follows: the temperature and the relative humidity
of the indoor air are remained at the most favorable levels which were 20 °C and 50%,
respectively. The temperature and the relative humidity of the outdoor air change dynamically

and data was imported from the ASHARE 2017 (from the library of the COMSOL).
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Figure 3.22 The effective thermal conductivity variations regarding the ambient temperature

and relative humidity for 2 days in summertime and wintertime and their fitting by LSM.
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The changes in the effective thermal conductivity of the multi-layered insulation materials
at the 50 mm thickness of the cellulose fiberboard layer under the variations of ambient
temperature and ambient relative humidity in the summertime and wintertime for 2 days are
shown in Fig. 3.22. The average values of the effective thermal conductivity were 0.0732
W/(m-K) and 0.0722 W/(m-K) for summertime and wintertime, respectively. As is seen from
the graph, the variations of the Aefr in summer conditions showed a larger difference than the
variations of the Aefr in winter conditions. It can be explained by the great influence of the heat
and moisture flux caused by the large difference between the indoor and the ambient
temperature as well as relative humidity of the outdoors (see Fig. 3.23 and 3.24). Especially,
the high amplitude of moisture flux caused by moisture migration in the summer season had a
significant effect on heat flux fluctuation, which was totally reflected in the value and phase
change of the heat flux in the summer season compared to the results in the winter season which
had no change in the phase of heat flux. In addition, the high temperature in summertime was
always related to the more water vapor a volume of air is capable of holding, and the thermal
conductivity of water was higher than that of the dry air. As a result, the ETCs in the
summertime had been remarkably influenced by the heat and moisture flux while there was
only the moisture flux contributed to the increase of ETCs in the wintertime. On the other hand,
when the temperature and humidity of the indoor air were constant, it can be concluded that the
water vapor pressure of the outdoor air had a significant effect on the amplitude of the moisture
flux through the external surface, while the amplitude of the moisture flux through the internal
surface was mainly affected by the outdoor air temperature, as it was reported in the study [175].
A similar investigation on the thermal conductivity as a variable of the coupled heat and
moisture transfer on the multi-layered wall structure was done [176]. In this study, five types
of insulation materials including EPS, XPS, glass wool, phenolic resin, and rock wool used as
the middle layer and their thermal conductivity was also evaluated regarding the changes of
ambient temperature and humidity in the summer and winter conditions by numerical
simulation.

The simulation results indicated the general trend of the effective thermal conductivity
was associated with the variations of ambient temperature and relative humidity. That is, as
outdoor temperature and relative humidity increase or decrease, they will affect the heat and
moisture flux across the insulation materials leading to respective changes in the effective
thermal conductivity. Therefore, the Aefr variation may satisfy the general empirical relationship
as given in Eq. (3.1)

A=a+bT +c¢ (3.1)
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Using the Method of Least Squares, the constants were determined and the resulting

equations are as follows (the fitting curves were presented in Fig. 3.19):

In the summer condition: A2 =0.071604—0.0001117 —0.001634¢

In the winter condition: 4 =0.071304+0.0001117 +0.000694¢

In general, the influence of ambient temperature and humidity on the thermal conductivity

of fiber insulation materials should not be underestimated. Whether the material has a tight

structure or open/closed pores, it will be affected by the humidity of surroundings. It can be

concluded that setting the fixed value of the thermal conductivity causes large errors in the

calculation of the cooling and heating load and the estimation of energy consumption of the

actual building, especially in areas with high humidity.
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Moisture has effects on several factors used indoor environments, for example, on mean
radiant temperature by changing the effective thermal conductivity of the multi-layered
insulation structure, or on the indoor humidity by changing the indoor air quality. If moisture
diffuses from the structures, it may result in surface condensation in case the temperature of the
surface is below the dew point temperature of humidity. Thus, the following results can be
beneficial for investigating the risk of condensation occuring in the cellulose fiber insulation
materials. Fig. 3.25 reveals the changes in the moisture content of multi-layered insulation
materials at the 50 mm thickness of the cellulose fiberboard regarding the variations of ambient
relative humidity in the summer and winter seasons simulated for 2 days. The aim of this study
is to study the hygroscopic behaviour of cellulose fiber-based materials and to obtain a better
understanding of the thermal performance of the multi-layered insulation materials during the
moisture absorption process and different temperature distribution. As the moisture content
represents the amount of water accumulated in insulation materials and their significant
influence on the thermal characteristics, therefore, these results help to determine the risk of
condensation caused by the moisture migration on the cellulose fiber of insulation materials. It
is observed that the changes in moisture content percentages were notably dependent on the
moisture flux through the surfaces of insulation materials and showed a similar trend for both
summertime and wintertime (see Fig. 3.23 and 3.24). Resembling with the variations of the
effective thermal conductivity, the moisture content was significantly influenced by both heat
and moisture transfer in the summertime, whereas, the variations in the wintertime were mainly

from the contribution of moisture flux.
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Some scholars have studied the effect of thermal conductivity of temperature varied
insulation materials on building energy consumption by taking into account only heat transfer
[100]. However, building envelopes are exposed to the temperature and humidity changes of
the external environment for a long time in actual engineering applications, especially in
extremely hot and humid areas. When studying the heat flow of building envelopes in extremely
hot and humid areas, the thermal conductivity of insulation materials should be considered on
the basis of changes in temperature and humidity, and the coupled heat and moisture transfer
process of the wall should be considered to restore the actual heat flow of building walls to a
greater extent. This has guiding significance for the selection of building wall insulation
materials and the analysis of actual wall heat flow in extreme hot and humid areas. At present,
there are little few studies on the influence effect of the coupled heat and moisture transfer on
the multi-layered insulation materials when the thermal properties change with ambient
temperature and ambient relative humidity. Therefore, these numerical simulations could be an
effective approach for the further experimental investigation in the thermal performance of the

multi-layered insulation materials used in buildings.

3.9 Summary

In this chapter, the thermal conductivity values of insulation materials based on natural
fiber were measured and discussed. The thermal conductivity values of binderless fiber
insulation boards were found ranging from 0.04 to 0.055 W/(m-K) demonstrating the
potentiality to be used as a prominent insulaton material for building applications. Besides, the
thermal conductivity values of polymer composites reinforced with coir fiber, rice straw and
energy reed fiber were also examined and despite the values were relatively high (from 0.06 to
0.1 W/(m-K)) but they also showed a better thermal insulation property. The influence of
temperature and relative humidity in the thermal conductivity values was also examined and
their relationship was fitted by possible function with a high coefficient of determination
showing a strong impact of the factors on the thermal characteristics of insulation materials
meaning that these factors could not be negelected in any experimental investigation of thermal
properties of insulation materials. In addition, the water absorption of natural fiber based
insulation boards was also explored to examine the changes in moisture content regarding the
variations of relative humidity levels. This study was found to give a better understanding of
the hygroscopic behaviour of natural fibrous insulation materials.

The heat and moisture transfer through the multi-layered insulation materials under the

variations of ambient temperature and relative humidity in the static and dynamic boundary
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conditions were also numerically calculated to investigate the thermal effectiveness, the
moisture content, and the risk of condensation caused by the moisture migration. Accordingly,
the proposed model has shown the appropriate results compared to some published practical
study. Therefore, the numerical simulation could be a good combination with the practical
investigation of the thermal performance of the multi-layered insulation materials made of

cellulose fiber.
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CHAPTER I1V: CONCLUSIONS AND FUTURE WORKS

The research work has been summarized in the following points that indicate the
achievements as well as implications.

e  The new insulation materials made from sugarcane bagasse fiber were manufactured
without the addition of binders. The binderless bagasse insulation boards recorded a low value
of density and thermal conductivity demonstrating that they can be used as a prominent thermal
insulation material for sustainable building applications.

e The coefficient of thermal conductivity of natural fibrous insulation materials and
composites made of plant-based materials was examined regarding temperature and relative
humidity variations. According to the experimental results, thermal conductivity values were
reported at approximately 0.04 to 0.1 W/(m-K) proving a better thermal insulation quality
compared to other bio-based composites made of synthetic fiber.

e For the water absorption test, the methods of using the climatic chamber and the
desiccator were conducted. It is highlighted that higher relative humidity levels always reported
higher water absorption. The water absorption isotherm was found to give a better
understanding of the hygroscopic behaviour contributing to the improvement of hygrothermal
and durability performance of natural fibrous insulation materials over time.

e The dependence of the thermal conductivity coefficient on temperature and moisture
content was investigated practically. The relationship was analyzed by fitting an appropriate
regression with a high coefficient of determination. As a result, the highest values of thermal
conductivity were always recorded at the highest temperature and humidity demonstrating that
higher temperature and relative humidity are always associated with higher heat conductance.

e Heat and moisture transfer in multi-layered insulation materials under the ambient
temperature and relative humidity variations in static and dynamic boundary conditions were
numerically investigated. Based on the results, the proposed model, assumptions, and boundary
conditions showed high reliability so that it can be used for future work in the case of different
insulation materials and properties. However, as concluded in the discussion, it is needed to
modify the density and specific heat capacity since they are also influenced by the temperature
and relative humidity changes.

e Overall, this research work figured out a potentiality for the directions of future
research for binderless thermal insulation materials made of plant-based resources and multi-
layered insulation materials for building applications.

The present research work demonstrated a successful investigation of the thermal

insulation materials made of natural fiber, their thermal conductivity values, and the
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relationship between the thermal conductivity coefficient and temperature, moisture content,
and apparent density. This methodology could be extended in various sectors as follows:

e The influence of airflow velocity in heat transfer through insulation materials as well
as the calculation includes the heat convective conductance using the differential thermal
chamber.

e The binderless thermal insulation materials made of other natural fibers, their
mechanical properties and thermal insulation quality.

e Practical investigation on heat and moisture transfer in multi-layered insulation

materials as proposed model in the simulation study.
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CHAPTER V: NOVEL FINDINGS OF THE RESEARCH

Theses 1: Factors influencing thermal conductivity of insulation materials

The comprehensive review presents general findings on the factors influencing the
thermal conductivity of insulation materials commonly used for buildings. The main factors
including temperature, moisture content, and density affecting thermal conductivity values were
presented and their relationships were interpreted in detail for each type of insulation material.
Other factors affecting the thermal performance were also reported, namely thickness, airflow
velocity, pressure and aging time. This literature review has contributed to the general research

on the thermal conductivity of insulation materials in the construction sector at a building level.

Theses 2: Developing a new thermal insulation material from sugarcane bagasse

The new thermal insulation material was developed from sugarcane bagasse fiber without
using binders or additives. By not using synthetic adhesive, the resin coating process and curing
period can be omitted, which leads to reduction in cost and energy, hazardous eftects on human
health and the environmental burden imposed by disposal or recycling of the fiberboard. Novel
finding is that the binderless bagasse fiberboards displayed low values of density (85-135
kg/m?) and thermal conductivity (from 0.0435 W/(m-K) to 0.0530 W/(m-K)). As a result, these
novel insulation materials showed better thermal insulation qualities compared to other polymer

biocomposites.

Theses 3: Water absorption of natural fiber insulation materials regarding the absorbent
time

The aim of this research was to examine the minimum time for the equilibrium state of
binderless bagasse insulation materials to be obtained. According to the practical examination
of water absorption of the binderless bagasse fiber insulation board at a thickness of 25 mm, the
equilibrium state using the desiccator method needed a duration of 28-35 days to be achieved.
It is also showed that samples followed typical Fickian diffusion behaviours in that water
absorption occurs rapidly at the beginning time of exposure with water (7-14d), then, after time,
the absorption rate slows down until reaching the point of equilibirum. The cause of higher
water absorption was due to the presence of some hydrophilic compounds in the natural fibrous
structures which were detected in terms of transmittance of FTIR spectra measurement and
because of the weak bonding of the fiber and matrix interfaces as well as the gaps on the surface

leading to the high absorption of water.
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Theses 4: Water absorption of binderless natural fiber-based insulation material related
to relative humidity levels

Due to the hydrophilic nature of cellulose fiber, it is essential to investigate water
absorption depending on relative humidity. The water absorption percentages of the binderless
coir fiber insulation board (BCIB) and binderless bagasse fiber insulation board (BBIB) were
conducted at different humidity levels. As a result, the tested samples showed a similar sorption
behaviour, and they exhibited a typical behaviour of natural fibers with a high increase of
moisture content above the relative humidity of 75%. The values of water absorbency for the
BCIB were from 7.66% at 16%RH to the maximum value of 23.54% at 90%RH and the values
of BBIB were found of 10.5-17.33% in the range of 33-96%RH. Consequently, higher water
absorption is always associated with higher relative humidity levels, and the moisture sorption
isotherm expressed from the experimental data has proved the efficacy of the methods used in

this study.

Theses 5: Temperature dependence of thermal conductivity

The temperature-dependent thermal conductivity of natural fiber insulation materials was
experimentally examined. It is shown that higher teamperatures always recorded higher thermal
conductivity values for all tested specimens. The thermal conductivity of the binderless bagasse
fiber insulation boards (BBIB) increased markedly from 0.041 W/(m-K) to 0.057 W/(m-K)
while the thermal conductivity of the binderless coir fiber insulation boards increased from
0.037 W/(m-K) to 0.066 W/(m-K) as the operating temperature increased from -10 °C to 50 °C.
The percentage rate of changes in the values of thermal conductivity of BBIB was found of
16-20% demonstrating a lower heat consumption than that of other bio-based products (usually
in the range of 20-30%) or wood-based fiberboards (typically up to 50%). The linear functions
were found to express the strong influence of temperature in the changes in the thermal
conductivity coefficient with a high value of the coefficient of determination. According to the
results, the obtained thermal conductivity values at different temperatures are found to provide
comparatively better thermal insulation capacity showing that these binderless insulation boards

coulde perform as prominent building insulation materials.

Theses 6: Relative humidity dependence of thermal conductivity
Based on the practical examination of the influence of relative humidity in the thermal
conductivity values of binderless coir fiber insulation boards (BCIB) and binderless bagasse

fiber insulation boards (BBIB), an increasing tendency was reported for all tested specimens in
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that increased relative humidity led to the increase in thermal conductance. Accordingly, the
thermal conductivity values of three samples of BCIB were recorded in the range of
0.049-0.066 W/(m-K), 0.058-0.094 W/(m-K), and 0.069-0.107 W/(m-K) regarding the
humidity range of 16.5-90%. Whereas, the values of thermal conductivity of three tested
specimens of BBIB were found of 0.044-0.049 W/(m-K), 0.046-0.052 W/(m-K), 0.058-0.069
W/(m-K) when the relative humidity increased from 33 to 96%. The high thermal conductivity
of natural fibrous insulation materials is mainly caused by the presence of a high number of

water absorbed in the cellulose fiber base structure.

Theses 7: Numerical simulation of heat and moisture transfer in multi-layered insulation
material

Based on the numerical calculation from the simulation study of heat and moisture
transfer in multi-layered insulation materials using the cellulose fiberboard as a core layer, the
values of effective thermal conductivity (ETCs) recorded a slight increase in the range of
0.0499-0.0691 W/(m'K) since the temperature ranged from 5 to 15 °C and the humidity
increased from 33 to 75%. The higher temperature and higher humidity always revealed a
higher value of thermal conductivity, and a similar increasing trend was found for all simulated
cases. Results also showed that changes in the thermal transmittance coefficient are always
ascribed to the thickness of the cellulose fiberboard. Accordingly, the U-value decreased from
1.38 W/(m?-K) at the thickness of 50 mm to 0.26 W/(m?-K) at the 200 mm thickness showing
that the 50-200 mm thickness could be considered as the critical thickness in designing the
multi-layered insulation materials to meet the requirements of nearly zero-energy building. For
the simulation study in the dynamic boundary conditions in that the outside temperature and
relative humidity change dynamically for 2 days, the effective thermal conductivity in summer
conditions showed a higher value than that in winter conditions due to the great influence of the
heat and moisture flux caused by the large difference between the indoor and the ambient
temperature as well as the relative humidity of the outdoors. As a result, the ETCs in the
summertime have been remarkably influenced by the heat and moisture flux while there was
only the moisture flux contributed to the increase of ETCs in the wintertime. The relative
humidity-dependent moisture content over time also showed similar behaviour with the ETCs
in that it was significantly influenced by both heat and moisture transfer in the summertime

while the variations in the wintertime were mainly from the contribution of moisture flux.
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