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ABSTRACT

Buildings in Libya and other parts of the world are often heavily dependent on mechanical heating,
ventilation, and air conditioning (HVAC) systems to compensate for their poor hygrothermal
performance. This results in higher energy consumption and increased greenhouse emissions
associated with these systems. To reduce energy use, research into the use of passive systems that
can reduce or even eliminate some of the energy demand on active systems has gained global
momentum.

Representing the boundary between internal and external conditions, the building envelope design is
a key factor affecting the building’s energy performance and hygrothermal comfort. The materials
used in the building envelope impact buildings' hygrothermal comfort and energy consumption by
transferring, storing and releasing heat and moisture when the humidity and temperature conditions
vary in the building. This research focuses on building materials' hygrothermal properties and how
they can be used to provide hygrothermal comfort for occupants of Libyan houses.

The research used a methodology that combines energy and hygrothermal performance monitoring
of Case Studies, laboratory-based categorisation of common Libyan building materials and
hygrothermal simulations of building models.

A literature review showed that the building envelope's hygrothermal properties could improve
indoor hygrothermal conditions by creating moisture and thermal buffering. The following materials
representing Libya's traditional and modern building materials were selected for this research;
Limestone, Hollow Concrete, Sandstone, Mud Block, Clay, and Camel's Hair.

There was a lack of data in the published research regarding the hygrothermal properties of some of
the selected building materials in the context of Libya. To obtain the missing data, the following
material properties were experimentally investigated; Moisture Buffer Value (MBV), Water Vapor
Diffusion Resistance Factor (u Value), Sorption Isotherm (u), Water Absorption Coefficient (Aw),
Density (p), Thermal Conductivity (A), Thermal Diffusivity (a), and Specific Heat Capacity (C,). The
Porosity test was not undertaken due to Covid.

The data from the hygrothermal monitoring of Case Studies was used to construct and calibrate three
Case Study computer models in Design-Builder and WUFI Plus. Material testing data was used to
design and construct new walls to study the impact of envelope materials choice on the hygrothermal
performance of the Case Study models

The results of the hygrothermal categorisation showed that Limestone, Mud Block, Clay and Camel's
hair have overall better hygrothermal properties than Hollow Concrete and Sandstone. The results
also showed that some of the building materials from Libya are unique to their climatic and
geographical context, and their hygrothermal properties can differ from published research findings
from a different geo-climatic context.

The results of the hygrothermal simulation in Design-Builder and WUFI Plus showed that some of the
materials could be used to improve hygrothermal conditions. It was found that the introduction of
Camel’s hair insulation helped improve hygrothermal comfort and reduce the energy consumption of
the Case Study Houses.

Keywords; Hygrothermal comfort, Hygrothermal behaviour, Building envelope, Traditional materials,
WUFI Plus, Design-Builder, Hygrothermal simulation, Building models calibration.
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1 Introduction

1.1 Research Background

The Earth Summit set out principles to be implemented according to an action plan (Agenda 21, 1992),
requiring nations to develop strategies to achieve sustainability [1]. Subsequently, the Kyoto Protocol
was agreed on under the United Nations Framework Convention on Climate Change[2]. Collectively,
these developments led to greater global commitment toward meeting sustainable development
objectives. Specific actions have since been recommended, leading to increased legislation and
regulation of sectors with the highest potential of contributing to attaining these objectives. The
construction industry is one of these sectors due to its direct influence on heavy natural resource

consumption and environmental and human impacts.

The hygrothermal performance of building envelopes profoundly affects indoor environmental
conditions and is critical in attaining an energy-efficient design. Choosing appropriate building
envelope materials is one of the most effective ways to manage heat flows, prevent excessive building

energy consumption, and maintain a comfortable temperature for the occupants.

A limited number of studies on energy use and thermal comfort within Libyan houses have been
completed. However, none of those studies was concerned with the construction materials nor the
hygrothermal performance of the construction materials and building envelopes in Libya. Some of

those studies are:

"Thermal Comfort and Building Design Strategies for Low Energy Houses in Libya Lessons from the

vernacular architecture" [3],

"Comparison study of traditional and contemporary housing design with reference to Tripoli, Libya"

(4],

"The Efficient Strategy of Passive Cooling Design in Desert Housing: A Case Study in Ghadames, Libya"
[5].

The studies mentioned above attempted to tackle some issues of contemporary architecture in Libya.

For example:

- Residents' satisfaction relates to the socio-cultural values of Libyan society.

- Evaluating the sustainability of Libyan houses in terms of suitability to the needs of residents
and cultural and climatic conditions.

- The application of passive cooling techniques to improve indoor thermal environment

conditions of Libyan houses.



Those studies' findings have shown residents' dissatisfaction with the modern Libyan houses' social,

cultural, and environmental aspects.

By investigating the thermal and hygrothermal performance of the common construction materials of
Libya, the current study will mainly look at the potential of combining traditional and modern
construction materials to introduce novel and hybrid envelope systems that can plausibly help

improve the hygrothermal conditions in contemporary domestic buildings in Libya.

1.1.1 Libya’s Climate and Topography

Libya is a Mediterranean country located on the Northern Coast of Africa. The population of Libya is
6.4 million as of 2011, mainly occupying the northern coastal area [6]. Libya has a Mediterranean
climate categorised by long, warm and dry, often hot and sunny summers with occasional showers
and thunderstorms, cool variable winters with dry and cloudy periods, and occasional rain and sunny
days [7]. Based on the Koppen climate classification chart [8], the Mediterranean climate is referred
to as “Cs” (C= mild temperate, s= Dry summer), as shown in Fig 1.1. In the Mediterranean climate,
cooling and heating are required during summer and winter, respectively. Thus, during the design
phase, special attention should be given to the following parameters: exposure to the sun, openings

size and position, roof and building envelope [9].
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Figure 1-1 Climate Classifications [8]

+ Topography
Libya is a country located in North Africa, with a total land area of approximately 1.76 million square
kilometres. The country's topography can be broadly divided into three main regions: the coastal plain,
the highlands (mountains), and the Sahara Desert (see Fig 1-2), [6].
The coastal plain is a narrow strip of land that extends along the Mediterranean Sea for approximately
1,100 kilometres. It is characterized by low-lying hills and mountains, with elevations ranging from sea
level to approximately 600 meters above sea level. The plain is relatively flat and sandy, with fertile

soil in some areas.



The highlands are located in the north-eastern part of Libya and are part of the larger Atlas Mountain
range. This region is characterized by rugged terrain, deep valleys, and steep cliffs. The highlands are
composed of sedimentary and metamorphic rocks, including limestone, sandstone, and shale.

The Sahara Desert covers approximately 90% of Libya's land area and is characterized by vast expanses
of sand dunes, rocky plateaus, and gravel plains. The desert region is relatively flat, with occasional
mountains and hills. The Libyan Desert, which is part of the Sahara, is known for its vast expanses of
sand dunes and rocky outcroppings. The desert region is also home to several oases, including the
Kufra Oasis, which is located in the south-eastern part of the country.

In summary, Libya's topography is diverse and ranges from the flat coastal plain to the rugged
highlands and vast Sahara Desert. The country's topography has played a significant role in shaping its

history, culture, and economy [6].

‘C = Coastal Region ‘

’C = Mountain Region|

‘D: Desert Region ‘

Figure 1-2 Topography of Libya [6]

1.2 Research Scope

The research scope primarily focuses on establishing how traditional and modern Libyan building
materials may be used to address sustainable building challenges focused on achieving comfort. The
materials research will deal with the hygroscopic and thermal properties of some of the more common
traditional and modern building materials used in Libya. The specific challenges that will be addressed
are the hygrothermal performance of the building fabric and how it might affect thermal comfort. The
variation in hygrothermal comfort performance achieved using traditional and modern construction
materials will be addressed through modelling and monitoring. However, the availability of resources,

craftsmanship, and applicability of the building materials will not be considered in this study.

1.3 Research Problem, Questions and Hypothesis
The hygrothermal performance of building envelopes in Libya can be improved by developing new

and hybrid envelope systems incorporating traditional and modern construction materials. These

3



improvements in the envelope will improve the thermal comfort and energy performance of modern

domestic buildings in Libya.

1.4 Research Aim

In many places around the world, including Libya, buildings rely heavily on mechanical heating,
ventilation, and air conditioning (HVAC) systems due to their poor performance in regulating
temperature and humidity. This leads to higher energy consumption and greenhouse gas emissions.
To address this issue, there has been a growing global interest in researching and implementing
passive systems that can reduce or eliminate the need for active systems, thereby reducing energy
usage and carbon emissions.

The hygrothermal conditions in Libyan houses can be challenging due to the hot and arid climate,
which can have significant impacts on building materials and the indoor environment. By investigating
the hygrothermal properties of Libyan building materials and their impact on comfort and energy use,
this study can provide insights into the design and operation of buildings that are suitable for the local

climate conditions

The hygrothermal performance of building envelopes has a profound effect on maintaining indoor
environmental conditions. Choosing appropriate building envelope materials is one of the most
effective ways to manage heat flows, prevent excessive building energy consumption, and maintain a
comfortable temperature and relative humidity for the occupants.

The current study will establish how traditional and modern building materials can enhance
hygrothermal comfort within the Libyan context. In other words, and in line with the above, this thesis
aims to investigate how traditional and modern building materials might be used to improve
hygrothermal comfort in Libyan domestic buildings. This will be explored through a combination of
Case Study monitoring, testing of construction materials and hygrothermal simulations.

In order to reduce the number of parameters and variable in the study, this research is restricted to

one-storey, single-family domestic buildings with limited modelling and variation.
1.5 Objectives
The aim will be achieved by completing the following objectives:

1) To measure and compare the hygrothermal properties of traditional and modern building
materials used in Libya via laboratory measurements.

2) Use the outputs of objective one to assess new wall constructions which combine traditional
and modern materials and to optimise these constructions in the hygrothermal simulation

software WUFI Plus.



3) To investigate the variation in hygrothermal comfort performance of three Case Study
domestic buildings in Libya through the various wall constructions, with reference to current

wall constructions.
1.6 Proposed Methods
This thesis uses the following methods to achieve its aim and objectives

1) Literature Studies: To investigate the hygrothermal performance, sustainability aspects and
the construction materials of Libya's traditional and modern domestic buildings. (Apply to all
objectives).

2) Laboratory Measurements; To investigate the hygrothermal properties of some of Libya's
most common traditional and modern construction materials (Objective 1).

3) Onsite Monitoring; To monitor the indoor and outdoor hygrothermal conditions and electricity
consumption of the three Case Study Houses (Objective 3).

4) Calibration of Building Models; To use the data from step 3 to construct and calibrate the Case
Study models in Design-Builder and WUFI Plus (Objective 3).

5) Building Performance Simulation: Using the calibrated models from step 4 and the material
data from step 2, the hygrothermal performance of the new walls will be evaluated (Objective
2). The impact of changing the wall on the hygrothermal comfort of the Case Study houses will

be analysed and reported in Design-Builder and WUFI Plus software (Objective 3).
1.7 Contribution To the Body of Knowledge

At the start of this research, the following was intended; a survey of occupants' thermal comfort, a
survey of energy use, and an occupant's behaviour survey. However, due to the time limit and the
breakout of COVID-19, these were not completed. The initial results of the survey, along with the
ethical approval application (for monitoring the Case Study Houses and conducting the survey) can be

found in the Appendices.

This research on the hygrothermal performance of building materials and their impact on energy
efficiency and occupant comfort in Libyan domestic buildings has made significant and valuable
contributions to the field. By producing a comprehensive database for Libya, this study fills a
significant gap in knowledge regarding the hygrothermal properties of Libyan building materials,
providing architects and engineers with accurate and representative data that can lead to improved

building simulations and design strategies for enhanced occupant comfort and energy efficiency.

Furthermore, the investigation of different wall configurations and materials has revealed insights that

can inform professionals and decision-makers in Libya on the selection of appropriate building



materials to reduce dependence on mechanical services, lower energy consumption, and reduce
carbon emissions while ensuring occupant comfort. The potential impact of these findings goes

beyond Libya and can inform sustainable building practices globally.

In conclusion, this research has paved the way for future studies exploring the impact of other building
components on hygrothermal performance and the use of traditional and modern building materials
in combination for optimal hygrothermal and energy performance, further contributing to the

advancement of sustainable building practices.

1.8 Thesis Structure

This research consists of seven chapters (Figure 1-3).

Chapter One, Introduction: covers the introduction, background of the research, hypothesis, aim and
objectives, outline of the research methods, research boundaries, and the contribution of the results

to the body of knowledge.

Chapter Two, Literature Review: reviews the occupant's thermal comfort, theories related to heat
and moisture transfer in buildings, literature on construction materials' hygrothermal and physical

properties, and computer models' simulation and calibration.

Chapter Three, Methodology: outlines the research methods, equipment, and data types for this
research.

Chapter Four, Construction Materials Testing: testing the physical and hygrothermal properties of
Libya's modern and traditional construction materials. This chapter will describe the equipment and
methods. It will present the results of testing the Moisture Buffer Value ((MBV), (g/m? RH%)), Water
Vapor Diffusion Resistance Factor ((u Value), (-)), Sorption Isotherm ((u), (Kg/Kg)), Water Absorption
Coefficient ((Aw), (Kg/(m?Vt)) of the selected construction materials. The following properties are also
included: Density ((p), (Kg/m3)), Thermal Conductivity ((A), (W/m. K)), Thermal Diffusivity ((a), (m?/s)),
Specific Heat Capacity ((Cp), (KJ/kg. K)).

Chapter Five, Numerical Simulations: this chapter presents the results of calibrating the Case Study
models in Design-Builder and WUFI Plus using the data collected from the monitoring. It will also show
the results of assessing the impact of the new wall system (using the data from chapter 4) on the

hygrothermal performance of the calibrated Case Study models.

Chapter Six, Discussion: is a discussion of the overall results of this thesis against its aim and

objectives.

Chapter Seven, Conclusion: the conclusion, recommendation, and future work are presented in this

chapter.
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2 Literature Review

The thesis focuses on how material choices in building design affect the hygrothermal performance of
the building in use and hence the hygrothermal comfort conditions experienced by the occupants.
This literature review chapter presents the latest research in these areas to enable the thesis research

findings to be presented in context.
This chapter reviews the following;

- Occupants thermal comfort

- Hygrothermal behaviour of building envelope

- Theories related to heat and moisture transfer and storage in buildings and building materials.
- Hygrothermal properties of common Libyan construction materials

- Simulation and calibration of computer models.

2.1 Thermal Comfort

In ASHRAE 55-2013, thermal comfort, also known as “hygrothermal comfort” [10], is "that condition
of mind which expresses satisfaction with the thermal environment and is assessed by subjective
evaluation". Hence, thermal comfort is a socially determined notion defined by norms and

expectations [11].

According to the U.K. Health and Safety Executive (2018), there are the following six environmental

and personal factors that affect thermal comfort:

e Air temperature: the temperature of the air that surrounds the body.

e Radiant temperature: the heat radiant from a warm object (i.e. the sun, fire, or electrical
heating device).

e Air velocity: the speed of the air movement within the environment.

e Relative humidity: is "the ratio between the actual amount of water vapour in the air and the
maximum amount of water vapour that the air can hold at that air temperature" (Hse.gov.uk,
2018).

e (Clothing level: the level of clothes the person wears that can provide protection from the
environment and significantly affect thermal comfort.

o Metabolic Heat: the amount of physical movement a person performs results in more Heat

produced by the body.

The human body is constantly subject to the influence of the first four parameters with the utilisation

of the remaining two parameters (Clothing level and Metabolic heat generation) to achieve thermal



comfort. For the human body to regulate itself at a constant temperature, there is a biological
thermoregulation process that the body uses against the factors affecting thermal comfort. These
include "evaporation of sweat, respiratory evaporation, conduction, convection via the blood,
radiation and metabolic storage" [12]. The heat balance equations may be representative of this

thermoregulation process [13]:
CapM — W = qsp + Qres + S (2.1)

Where:

M= metabolic heat production rate (W/m3).
W= rate of mechanical work (W/m3).
qsk=heat loss from the skin (W/m?).
Qres=respiratory heat loss (W/m?2).

S= heat storage (W/m?).

2.1.1 Measuring Thermal Comfort
Thermal comfort is subjective; therefore, its measurement is more complicated than measuring the
environmental and personal factors affecting it. However, there are two measures for thermal

comfort analysis [12]:

e Environmental and subjective measures (how the person feels, i.e., hot or cold).

e Tolerance and/or acceptance of thermal conditions.

The British standard BS EN I1SO 7730 (2005) [14] specifies a method for calculating the PMV (Predicted
Mean Vote) and PPD (Percentage of People Dissatisfaction), two indicators for measuring people's

response to the thermal environment.

PMV: is a seven-points (from -3 to +3) thermal sensation scale used to predict the mean value vote for

a group of occupants (Table 2-1).

PPD: is an index used to predict the percentage of thermally dissatisfied occupants (i.e., too cold or

too warm) and is calculated from the PMV (Figure 2-1).

Thus, occupants' thermal comfort is met when the PMV is between -0.5 and +0.5. (the corresponding

PPD is or below 10% - Figure 2-1).

Table 2-1 Seven-Points Thermal Sensation Scale (ISO 7730, 2005)

Thermal Sensation Vote
+3 Hot
+2 Warm
+1 Slightly Warm
0 Neutral
-1 Slightly Cool
-2 Cool

10
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Figure 2-1 Predicted Percentage Dissatisfied (PPD) As a Function of Predicted Mean Vote (PMV)
[15]

The research in this thesis addresses factors that impact the air temperature, radiant temperature,

and relative humidity aspects of these comfort parameters.

Due to the absence of local thermal model for Libya, The present study rigorously followed established
procedures to justify the adoption of the Predicted Mean Vote (PMV) and Predicted Percentage of
Dissatisfied (PPD) models for assessing thermal comfort in Libya. Specifically, a comprehensive
literature review was conducted to identify previous successful applications of the models in similar
Mediterranean climates and cultures (Egypt [16], [17] and Morocco [18]), as well as to inform any
necessary adjustments to the models' inputs to account for local climate conditions. Additionally,
empirical validation was performed through surveys of building occupants to assess the accuracy of
the models in predicting thermal comfort in the local context. These efforts ensure the sound

application of PPD and PMV models as reliable tools for assessing thermal comfort in Libya [19].

2.2 Hygrothermal Behaviour

Hygrothermal behaviour of material refers to the changes in the physical properties of the material as
a result of repeated exposure to absorption, storage and desorption of both heat and moisture [12].
This subsection is therefore, aims to investigate heat and moisture movement and storage in building
materials and envelops.

The building envelope is subjected to internal and external environmental loads that include [12]:

t:,

Heat transfer from and to the envelope material through long-wave and short-wave radiation
and sensible/ latent heat gains.

Material heat storage.

Moisture (liquid and vapour) transfers from and to the material

t:, t:,
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«* Material's moisture storage.
The indoor hygrothermal loads include:

%* Sensible and heat latent gains from the occupants
%* Moisture vapour from the occupants
+* Heat and moisture generated from mechanical devices

The outdoor hygrothermal loads include:

%* Solar radiation,
% Groundwater
%* And wind-driven rain and moisture generation.

The interaction of the hygrothermal loads with the building envelope is shown in Figure 2-2 below.

Building Envelope

Air pressure difference

Solar radiation
o (direct & diffuse) - o
= ®
a4 Heat exchange with ﬁ‘ ﬁ Heat exchange with =~
E outdoor environment indoor environment E
e
2 =

Wind driven rain =_—0

Vapour exchange with “ H Vapourexchange with

outdoor environment indoor environment

Groundwater I

Figure 2-2 Interaction of Hygrothermal Loads with the Building Envelope [12]

The hygrothermal performance of the envelope is determined by the hygrothermal properties of its
material [20], mainly the following properties:
+* Dry and moisture dependant thermal Conductivity (W/m. K); The thermal conductivity of a
material determines how easily heat can transfer through it. Materials with high thermal
conductivity allow heat to move more easily through them, which can result in higher energy
costs to maintain comfortable indoor temperatures. Moisture-dependent thermal conductivity
is important because the presence of moisture can significantly change a material's thermal
conductivity. For example, wet insulation will have a lower thermal conductivity than dry
insulation, which can lead to reduced energy efficiency and increased risk of mould growth[21],
[22].
+* Specific heat capacity and moisture-dependent specific heat capacity (J/ (kg. K); Specific heat
capacity refers to the amount of heat energy required to raise the temperature of a material

by a certain amount. This property is important because it affects how much heat a material
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‘:,

‘:‘

‘:‘

t:,

‘:,

can absorb and store before it starts to transfer heat to other materials. Moisture-dependent
specific heat capacity is important because the presence of moisture can significantly change
a material's specific heat capacity. For example, wet materials typically have a higher specific
heat capacity than dry materials, which means they can absorb more heat energy before they
start to transfer heat to other materials [21], [22].

Porosity (m3/m?3); Porosity refers to the amount of empty space within a material. This
property is important because it affects how much moisture a material can absorb and how
easily it can dry out. Materials with high porosity can absorb more moisture, which can lead to
increased risk of mould growth and degradation of the material. Materials with low porosity
may be more resistant to moisture damage, but they may also be less breathable, which can
lead to issues with indoor air quality [23].

Bulk density (kg/m3); Bulk density refers to the mass of a material per unit volume. This
property is important because it affects the weight and structural integrity of a building
envelope. Heavier materials may be more structurally sound, but they may also require more
energy to transport and install. Lighter materials may be easier to transport and install, but
they may be less durable and have lower thermal performance [24].

Sorption isotherm (kg/m3); Sorption isotherm refers to the relationship between a material's
moisture content and its water potential at a given temperature and relative humidity. This
property is important because it affects how much moisture a material can absorb and how
easily it can dry out. Materials with high sorption isotherms can absorb more moisture, which
can lead to increased risk of mould growth and degradation of the material. Materials with low
sorption isotherms may be more resistant to moisture damage, but they may also be less
breathable [25], [26].

Liquid water absorption (kg/m?2. s°.5); Liquid water absorption refers to the amount of water
a material can absorb when itis in contact with liquid water. This property isimportant because
it affects how quickly a material can dry out after it has become wet. Materials with high liquid
water absorption may take longer to dry out, which can lead to increased risk of mold growth
and degradation of the material [25]-[27].

Water vapour permeability (m2. s P.A.); Water vapor permeability refers to how easily water
vapor can pass through a material. This property is important because it affects how much
moisture can enter and exit a building envelope. Materials with high water vapor permeability
may allow too much moisture to enter the building envelope, which can lead to moisture

damage and poor indoor air quality. Materials with low water vapor permeability may be too

13



resistant to moisture, which can lead to poor breathability and increased risk of moisture
damage [25]-[27].
This subsection explores the hygrothermal behaviour of building materials and envelopes by
examining the movement and storage of heat and moisture. It considers various environmental loads
that affect the building envelope, such as heat transfer to and from the envelope material, material
heat storage, moisture transfers, and material moisture storage. In addition, it identifies indoor and
outdoor hygrothermal loads, including heat and moisture generated by occupants and mechanical

devices, solar radiation, groundwater, and wind-driven rain and moisture generation.

The importance of envelope materials' hygrothermal properties in determining the envelope's
performance is also emphasized. The discussion covers several key properties, including dry and
moisture-dependent thermal conductivity, specific heat capacity, porosity, bulk density, sorption

isotherm, liquid water absorption, and water vapor permeability.

Overall, the information presented in this subsection is essential for understanding the hygrothermal

behaviour of building envelopes and can be used as a foundation for further discussion.

2.2.1 Heat, Air and Moisture Transfer in Buildings

Understanding heat and moisture transfer and distribution through buildings and building materials
are essential in evaluating thermal comfort, thermal movement, energy use and avoiding potential
moisture problems. In this sub-section, heat and moisture transfer in buildings will be briefly
discussed, as those processes are directly involved in building thermal and energy performance

assessment [28].

2.2.2 Introduction to Heat Transfer
Heat transfer is the exchange of thermal energy between two systems by heat-dissipating and is the
main form of energy transfer in buildings [29]. Naturally, heat energy will flow from the warmer body
to the cold medium if there is a temperature difference. However, this is governed by several factors
[30]:

Heat will be transferred from the hot medium to the cold medium

There must be a temperature difference between the two mediums

Heat gained by the cold medium is equal to the Heat lost by the hot medium, except for

the Heat lost to the surroundings.
Thermal Conductivity (A), Specific Heat Capacity (C,) and Thermal Diffusivity (a) are among the
functional properties that contribute to the thermal performance of the material [11], as will be

discussed later. There are two main types of heat exchange, direct and indirect [16]. Direct heat

exchange happens when both mediums are in direct contact. An example of direct heat exchange is a
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cooling tower, where the water is cooled via direct contact with the air. On the other hand, the indirect
heat exchanger accrues when the two mediums are separated by a wall where the Heat is transferred

[16].

2.2.2.1 Heat Transfer Process

Heat transfer is the main form of energy transfer in buildings [31]. In general, heat transfers from one
body to another in three mechanisms: radiation, conduction and convection [32]. Heat transfer via
radiation and convection are considered during the numerical simulation; however, it was not
necessary to experimentally investigate these properties. In the context of this thesis, heat transfer

by conduction is of interest.

Conduction heat transfer can be defined as the "transfer of energy between neighbouring molecules

due to a temperature gradient" [12]. The first law of thermodynamics can be stated [31]:
Ein +Ey = Egy + Es (2.2)
Where:

E;,= rate of heat flow in the system
E'g=rate of energy generation in the system
E = rate of heat flow out of the system

E= rate of energy storage

For the three-dimensional Cartesian coordinate system, Equation (2.2) can be transferred into [31]:

92T = 92T . 92T oT
NS+ 555+ 55) 96 = PGy 5t (2.3)

where:

A= thermal Conductivity (W/m. k)

X, Y, Z= Distance in three-dimensional Cartesian coordinate system (m)
T=temperature (K)

gi= internal heat gain generation (W/m?3)

p= density (kg/m3)

Cp= specific heat capacity (J/kg. K).

t=time (s).

Heat transfer can be a steady or transient process. in the transient state, the heat flow varies with
time. In the steady-state, heat flow happens when the temperature and heat flow reach a stable

equilibrium condition that does not change with time [33]. For the steady-state heat transfer, and if

the internal heat generation is neglected, Equation (2.3) can be transformed to [31]:

2 2 2
9°T . 0°T 67‘= 0 (2.4)

0x2 = 0vy?  09z2
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As the actual heat transfer is mostly not steady-state, Equation (2.3) is usually more often utilized to

describe the heat transfer through the building envelope components [31].

2.2.2.2 Moisture Transfer Process
Moisture flow through the building envelope can be divided into vapour flow and liquid flow [34].

Equation (4.2) describes the moisture transfer in buildings [31].

Im = Gv + 9i (2.5)

Where:
9m= moisture flow (kg/m?s)
g»=Vvapour flow (kg/m?s)

gi=liquid water flow (kg/m?Zs)
The vapour flow (g,,) can be expressed by the following Equation [35]:

gy = (—5p)|7p + 1V, (2.6)

Where:

8,=Water vapour permeability (kg/m-s-Pa)
p=Pressure (Pa)

r,=density of airflow rate (m3/m?Zs)

U, =The humidity by volume of air (kg/m3).

The density of airflow rate (r,) can be calculated by: [36], [37] and [38].
Tg = =K V(Py —Pa92U,) (2.7)

Where:

K, = air permeance (s)

P,= overall air pressure

pq= density of air (kg/m?3)

g= acceleration because of gravity (m/s?)
z= height above Datum level (m)

Uz= unit vector in the vertical direction.

. aT . : .
V= gradient operator VT:E in one dimension.

The following Equation is for the liquid water flow (gi), which is:
gi =KVP,,. (2.8)
Where:

K= Coefficient of liquid permeability (kg/m- s- Pa)
P, .= Capillary suction stress (Pa).
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2.2.2.3 Heat and Moisture Balance Equation
By integrating the equations (1-6), the Heat, moisture and air transfer can be described as follow [39],

[40].

0H oT

o oc = VAVT) + hyV[8,V (9Psac] (2.9)
ow a
o Se = VIDVg + 8V(pPsar)] (2.10)
Where:
Z—I; Z—:= Heat storage capacity (J/m?3. K)
T= Temperature (K)
t=Time (s)

A= Thermal conductivity (W/m. K)

h,= Evaporative enthalpy of water (J/kg)
8,= Water vapour permeability (kg/m. s. Pa)
= Relative humidity (-)

Pg,+= Saturated pressure of water vapour (Pa)

a—: = Moisture storage capacity of building material (kg/m3)

a
D;= Liquid water diffusivity (m?/s).

The main properties that influence the hygric behaviour of material include bulk density (p), Porosity
(), sorption isotherm, water permeability (6) and water absorption (Aw). The following subsections
will review some of the key input parameters of construction materials related to heat and moisture

transfer and storage functions.

2.2.3 Hygrothermal Properties of Construction Materials
This section discusses the following materials' properties:
e Thermal Conductivity (A), (W/m. K).
e Specific Heat Capacity (Cp), (K.J./kg. K).
e Thermal Diffusivity (a), (m?/s).
e Dry Density (p), (Kg/m3).
e Moisture Buffer Value (MBV), (g/m? RH%)
e Water Vapor Diffusion Resistance Factor (u Value), (-)

e Sorption Isotherm (u), (Kg/Kg)
e  Water Absorption Coefficient (Aw), ((Kg/(m3Vt))

2.2.3.1 Thermal Conductivity (A)
In the international standard [41], Thermal Conductivity (A) is defined as the "total amount of heat
transferred from one side of the specimen to the other for a given temperature difference in defined

testing conditions". The unit of thermal Conductivity is (w/m-k) and is given by the following Equation:
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A(W/m/K) = — o (2.11)

where:

Q=is the amount of conducted Heat

F= area through which Heat is conducted

t=time of Heat conducting

AT= temperature difference

h= material thickness.

Several factors can affect the Thermal Conductivity of a material [42]. Depending on the material, the
main factors include the density of the material, moisture content, and ambient temperature. Other

factors such as air velocity, material ageing, the material's thickness, and pressure can also impact the

Thermal Conductivity of materials [43].

Each of the factors mentioned above can affect the thermal Conductivity of materials differently. It
was found that the Thermal Conductivity of materials increases with increasing the temperature,
moisture content, air velocity across the surface and ageing of the material [44], [45], [43], [46] and
[47]. The research also showed that Thermal Conductivity could be reduced by increasing the Density
[48], [49]. Although thermal Conductivity is not dependent on the thickness of the material, it was

found that increasing material thickness can increase its thermal resistance [50].

Thermal Conductivity is the ability of a material to conduct Heat and is one of the critical parameters
used to assess the thermal insulation properties of building materials; the lower the Thermal
Conductivity, the lower the heat transfer through the building envelope [51]. In their research, [43]

presented four classifications of materials based on their Thermal Conductivity:

e Materials with thermal Conductivity from 0.1 w/(w. K) and lower than 0.3 w/(w. K) are
classed as "very good".

e Materials with thermal Conductivity from 0.3 w/(w. K)- 0.5 w/(w. K) are "moderate"

e Materials with thermal Conductivity of 0.7 w/(w. K) and higher are "less effective".

e Materials with a thermal conductivity lower than 0.1 w/ (w. K) can be classed as "thermal

insulation materials".

2.2.3.1.1 Measuring Thermal Conductivity
Generally, there are two methods for measuring the Thermal Conductivity of bulk materials: the
steady-state method and the transient method. The principle of the steady-state method is that it
measures thermal Conductivity by establishing a temperature difference that does not change with
time. On the other hand, the transient method measures the time-dependent process [52]. Each of

the methods mentioned above has it is own advantages and disadvantages and is valid for a limited
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range of materials, depending on the thermal properties, sample configurations, and measurement temperature.

2.2.3.1.1.1 STEADY-STATE METHODS

Thermal Conductivity can be measured in the steady-state method by measuring the thermal difference AT under the steady-state heat flow Q through

sample A. There are four approaches under the steady-state method [44]. These are the absolute, comparative cut bar, radial heat flow, and parallel

thermal conductance. Table 2-2 below is a comparison between the different methods.

Table 2-2 Steady-state Methods for Measuring Thermal Conductivity

Method Principle Calculations Notes Ref.
Absolute o A test specimen with knowing (length) is k=2 e Used for samples that have ASTM C177
technique placed between a heat source and heat sink Q ZA;T_ Qloss rectangular or cylindrical shapes  EN 12667
e The sample is then heated by a heat source Where: Q= heat flow through the sample e Control parasitic heat losses to I1SO 8302
with a steady-state knowing power A= Cross-sectional area of the sample less than %2
e Temperature drop across the length of the L= distance between the temp sensors
specimen is then measured with a A= temp difference
temperature sensor P= applied heating power at the heat source side
* Thermal Conductivity can be measured using  Q Joss= parasitic heat losses due to radiation,
equations (20.2) and (21.2). conduction, and conviction of the ambient
Comparative e Measurement configurations are like the ki=k, 4247314 o Efforts to ensure equal heat flow  ASTM E1225
cut bar absolute technique 44Tl between the standard material ~ For the heat
technique, *At least two temp sensors are to be Where subscripts 1 and 2 are associated with the and the test specimen. flow method:
deployed on each bar sample and the standard material, respectively. *No need to measure heat flow ASTM €518
e Standard material with known thermal ’ which eliminates Errors ASTM E1530
Conductivity is mounted in series with the associated with heat flow EN 12667
test sample. measurement
e Once the amount of heat flow through the o The other type of comparative
standard materials equals the heat flow technique is the heat flow meter
through the test sample, thermal method, which is used for
Conductivity is given by equation (22.2). testing materials with low
Thermal Conductivity, such as
insulation materials.
Radial heat e The cylinder-shaped specimen is internally — QinGrz/ry) o Cylindrical sample ASTM C335
flow method ~ heated at the axis 2m HAT 1SO 8497
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e As heat flow outwards, a steady-state where: r1 and r2 = radius where the two temp
gradient in the radial direction is established  sensors are located
e Thermal Conductivity can be calculated from  H=sample hight
Equation (23.2) The AT= temperature difference between the
temperature sensors
Parallel e A specimen holder is used between the heat Thermal conductance can be obtained from the Used for measuring the thermal
thermal source and the heat sink difference in the measurement of the thermal Conductivity of small needle-like
conductance  eThe thermal Conductivity of the specimen Conductivity of the specimen and the specimen samples
technique holder is measured first to identify heat losses  holder
through the specimen holder Thermal Conductivity is then calculated from
e The test specimen is then attached to the thermal conductance by multiplying the specimen
holder, and the thermal Conductivity of the length and dividing by the sample cross area
sample is measured again section.

e Used for measurement at very
high-temperature cylindrical s
(e.g.>1000K)

2.2.3.1.1.2 TRANSIENT TECHNIQUE

In the transient technique, the Heat is supplied either regularly, resulting in periodic (phase signal output) temperature change, or as a pulse, which results
in transient (amplitude signal output) change in the sample's temperature [53]. The four standard transient techniques are pulsed power, hot-wire, transient

plane source, and laser flash thermal diffusivity [53]. Table 2-3 below is a comparison of the four methods.

Table 2-3 Transient Methods for Measuring Thermal Conductivity

Method Principle Calculations Notes Standards

Pulsed e The tests specimen is held between a heat The heat balance is given as follows: e Samples are usually
power source and a heat sink Q= C(Ty) dd% = R, (T,)I2(t) — K (@) AT(Y) cylinder or rectangular-
technique e A period of 2T periodic electric current is Where: shaped.

applied to the heat source.

e The heat current is then supplied as either a
square wave of constant-amplitude current
or a sinusoid wave

e The temperature of the heat sink changes
slowly during the experiment resulting in a
slight temperature gradient between the
heat source and the heat sink

Re (Th) is the electrical resistance of the heater, which

changes with the temperature

e Can measure wide ranges
of temperatures, ranging
from 1.9-390k

e For thermal Conductivity, it
Can measure as low as
0.004 W/m.K for Zriv208
at a temperature of 2K.

e The uncertainty is reported
as less than 3%.
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e A calibrated Au-Fe chromel thermocouple
can then measure the temperature gradient

Hot-wire  eThe linear heat source (i.e. hot wire) is e Transit temperature: e The method can be usedto ASTM C1113,
method embodied in a specimen with knowing T(r,t) = 2 [In s - y] measure the Thermal ISO 8894
dimensions. MIRLL T . . Conductivity of solids and

e Temperature rise will occur in the test * Temperature rise form in the test specimen from time t1-t2: powders and can be used For the

P t
specimen as a result of the electric current AT =T(ty) =T(ty) = MI n (Z) for liquids, and has been needle prop
passing through the hot wire e Thermal Conductivity can be obtained from the following: commonly used to method:

e The Thermal Conductivity can then be k=—_P In(t_z) measure low thermal ASTM D5930,
obtained from the temperature change at a HIT(E)=TEDIL conductivity materials ASTM D5334
known distance over known time intervals. o If appropriately applied,

the method can achieve an
uncertainty of less than 1%
Transient e A thin metal strip or disk is used as both the  Fitting the temperature curves by equations (28.2) and (6) to e Thin slap-shaped ASTM D7984
plane heat source and temperature sensor the measured A7 renders the inverse of thermal Conductivity specimens 1SO 22007-2
source e The disk is then placed between two /% e Measures materials with
method identical test specimens AT(0) = % D(0) thermal Conductivity of
(TPS) e The remaining surfaces of the test po” mrk 0.005-500 W/m.K
specimens should be thermally insulated 0= 7z

e The metal disk is then heated up by applying  \where: r= sensor radiation
a small constant current D (@)=dimensionless theoretical expression of the time-

* The thermal properties of the test specimen  dependent increase describes heat conduction of the sensor
can be determined from the temperature
change for a short period (generally for a
few seconds)

Laser o The test specimen is usually sprayed with a Temperature increases on the rare side: e The method can achieve ASTM E1461
flash layer of graphite T(t) = - [1 + 235 (1)  exp (-"2”2 at)] remarkable accuracy 1SO 22007-4
method ¢ On the front side, the graphite works as an pepd ] ) a2 e Usually, for thermal

for absorber; at the back, the graphite layer Where: d= l’hIC'kHBS'S ,Of the test specimen Conductivity, the material

thermal acts as an emitter. a =.ther{'n al diff usivity is solid planar shaped

Diffusivity e The front side of the sample is equally To simplify Equation (31.2): W(t) = T(t)/Tax (322,1= " 7hermal Conductivity can

heated using an instantaneous heat source

e A detector is used to measure the time-
dependent temperature change at the rare
side of the specimen

m%at/d?

Tmax = max temperature at the rare side of the specimen
when combining equations 32.2 and 33.2:
W=1+2%7,(-1)"exp(-n*1n)

Where: W=0.5, n

be measured for a wide
range of temperatures (-
120°C-2800°C) with an
error of less than 3%
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Thermal Diffusivity is calculated from: e Results can be obtained
_ 138d? within 1-2 seconds for

m2ti/2 most solids.
Where ty ,=time required for heating the specimen to one-

half maximum temperature at the rare side
Thermal Conductivity can be obtained from: k = apc,

In this research, the transient test method, using “ISOMET 2114 Thermal Properties Analyser” is used to obtain the thermal conductivity, thermal diffusivity

and heat capacity of the selected material samples.

2.2.3.2 Specific Heat Capacity (C,)
Specific heat capacity is a physical property defined as the "quantity of heat necessary to raise the temperature of a unit mass of material by 1K at constant
pressure". [54]. Specific heat capacity is also one of the critical input parameters in the mathematical simulation of heat transfer [31] and is given by the

following Equation:
C, =m~'Cp =m~(dQ/dT)p (2.12)

Where:

- m=mass of the material,
- C, =the heat capacity,
- dQ=the quantity of Heat necessary to raise the temperature of the material by dT, subscript
- p=indicates an isobaric process,
- Cpisexpressed in (kJ-kg™"-K™) or (J-g7"K™).
2.2.3.3 Thermal Diffusivity (o)
Thermal Diffusivity is one of the physical properties of materials which can be defined as the ratio of the thermal Conductivity to the specific heat capacity of

the material [31]. Thermal Diffusivity is an essential input in the transient heat conduction equation [31]. The higher the Thermal Diffusivity of the material,

the quicker that material reaches a new equilibrium condition [31].
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The following equations give thermal Diffusivity:

2p _ 0T
alV?T = — (2.13)

a=— (2.14)

Where: a= thermal diffusivity (m?/s), T= temperature (K), t= time (s), K= thermal conductivity (W/m.

K), p= density (kg/m?), C,= specific heat capacity (J/kg. K).

2.2.3.4 Density (p)
In addition to being a physical property, density is essential in defining and analysing objects'
mechanical and thermal properties [31]. Density is a fundamental material property defined as mass

divided by volume [55].

Although the definition of density is straightforward, accurate density determination for some
materials can be challenging to attain in some occurrences [56]. This is due to several factors, such as
volume irregularities, moisture content of the sample, Porosity, and material permeability [57]. The
definition of density itself brought more complications to the process by the number of definitions of
density. This can be seen in the British standards, which have fourteen different definitions of density
[58]. For this research, the density of the selected construction material samples will be measured

according to the British standard BS EN ISO 12570 [59].

2.2.3.5 Moisture Buffering

Relative humidity significantly impacts the indoor climate and can affect indoor air quality, thermal
comfort, working efficiency and the health of the occupants [60],[61]. When the indoor relative
humidity (RH) is below 40%, there is a risk of increasing concentration of toxic pollution in the air,
which can cause and increase the chances of health issues. In contrast, humidity higher than 60% can
cause thermal discomfort and provides conditions for mould growth and other issues [62]. To
minimise these risks and to keep the temperature and humidity levels under control, mechanical
equipment and energy-consuming air conditioning systems are often used. It is possible to improve,
to some degree, indoor thermal conditions and likely reduce energy consumption by passively
controlling indoor humidity [63]. Building materials and furniture in contact with the indoor air of
occupied buildings can positively impact moderating the fluctuations of the indoor humidity levels
[64]. Vapour-responsive materials, such as Clay and timber, can be used to provide some degree of
control of indoor humidity levels due to their ability to absorb and desorb moisture [62]. This ability is
called moisture buffering and is sometimes referred to as humidity buffering [65], which can be

defined as "the ability of surface materials in the indoor environment to moderate the indoor humidity
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variations through adsorption or desorption” [60]. The interior surfaces of the building envelope
(walls, ceiling, and floor) and the furniture will both impact the moisture and humidity levels in the
room, not only the moisture conditions of the indoor air but also moisture conditions in the material

acting as moisture buffers [65].

It was also found that moisture buffering affects energy consumption during heating and cooling
seasons [62]. In winter, hygroscopic materials can generate latent Heat as they absorb moisture from
the air, reducing heating energy consumption. During the summer, hygroscopic materials can keep
the humidity levels low and decrease the room enthalpy, reducing the cooling energy consumption

[62].

For these reasons and more, it is essential to study, categorise and define the moisture-transmitting

and buffering properties of absorbent porous materials, which is the objective of this sub-section.

2.2.3.5.1 Definition of Moisture Buffering Value (MBV)
According to [66], Moisture Buffering Value (MBV) represents the amount of moisture absorbed or
desorbed by a material when subjected to repeated daily changes in relative humidity between two
given levels. The unit for MBV is kg/ (m?2. % R.H.). Moisture Buffer Value (MBV) can be used to describe
the ability of building materials and systems to exchange moisture with the indoor environment" [64].
MBYV is a measure of the amount of moisture transported to and from a material at a given exposure,
and thus, is mainly but not only a material property [64]. MBV is determined by several factors, such
as the outdoor climate, ventilation, moisture buffering of the surface materials and furniture within
the room, the possibility of condensation on the cold surfaces and finally, the variation of these factors
with time [65]. In short, the MBV concept can be used when assessing the material and systems' ability

to regulate humidity variation in their surrounding environment [64].

2.2.3.5.2 Different Levels of Moisture Buffering
"The moisture buffering performance of a room is the ability of the materials within the room to
moderate variation in the relative humidity" [64]. The variations in the relative humidity can be time-
related, as they vary between day and night and from season to season, and can also be for different
spatial levels [65]. Regarding spatial variation, the moisture buffering capacity is divided into three

levels [64] (Figure 2-3): material, system, and room.

At the material level, the MBV is based on the material properties obtained under a steady-state and
equilibrium condition without considering the influence of the surrounding environment [67]. At the
system level, MBV should be dealt with as a parameter that describes the behaviour of different

components. These components can be the interior surfaces of the materials with the surface coating.
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[68]. At the system level, the period for the moisture variation must be considered, which is not the
case at the material level since the properties are acquired from a steady state [68]. Similarly, external
influences, such as air velocity, would significantly impact the results [68]. The parameters included
are considered at the room level, such as the heating and cooling, ventilation and building materials

and interior surfaces.

Moisture Buffer Performance

Room level
Moisture buffering in the entire room related to, among
other things, exposure areas of the surface materials
present, moisture load, ventilation rate and indoor
climate.
Moisture Buffer Capacity
System level
Practical Moisture Buffer Value,
MBVpractic.al
Moisture Effusivity, Ideal Moisture Buffer Value,
bm MBVi:leal
. . . . Material level
Material Properties for stationary conditions
8 "
= ||z || 28| &%
2 g g2e| | g8 :
o & 28| | 88 £
Figure 2-3 Levels of Moisture Buffering Capacity [69]

2.2.3.5.3 Moisture Effusivity (bm)
Moisture effusivity (bm) is used to describe the material's capability to exchange moisture with it is
surrounding when the surface of that material is subjected to a sudden change in the relative humidity

[64] and is given by the following Equation:

(2.15)

Where:

8p= water vapour permeability [kg/(m.s.Pa)]
po= the dry density of the material [kg/m?]
U= moisture content [kg/kg]

= relative humidity [-]

ps= saturated vapour pressure [Pa].

Apart from the saturated pressure pg, Given the test condition, all the other parameters in the

moisture effusivity are standard material properties [64].
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2.2.3.6 Ideal Moisture Buffer Value ( MBV 1400:1)
Ideal moisture buffer value is defined as "the theoretical determination of moisture buffer value
(MBV) based on its moisture effusivity, period of moisture uptake and saturation vapour pressure"

[69] and is given by the following Equation:

G(t) = [ g(t)dt = by. Ap. h(a) \/% (2.16)
Where:
h(@) = 2557, 25080 < 2 252(a(1 - @)]°5 (2.17)

a [-] = the fraction of the time for the high humidity level period, for the case of 8 and 16 hours a=

1/3, and therefore, the h(a)= 1.007. hence, a more straightforward form of Equation (2.17) is:
G(t) = 0.568.bn. Ap,[t, (2.18)

From the above, the ideal moisture buffer value can be expressed as:
G(t)
MBVigeqr = 1 = 0.568. bm-Ps. \[tp (2.19)

MBV can be either pure material property or a practical performance property. The pure material
property is only valid for a homogenous material. It can only be measured under ideal conditions
where the moisture flows, in or out of the material, and face no resistance from the convective
moisture transfer process [64]. However, when testing the material's properties in practice, either in
the typical indoor environment or in the climate chamber, there is some convective surface resistance
at the material surfaces [64]. Furthermore, many building products are not homogenous and most

likely to contain some surface treatment.

2.2.3.6.1 Practical Moisture Buffer Value (MBV Practical)
MBVpqcticar (The practical Moisture Buffer Value) indicates the amount of water absorption or
desorption per open surface area of material with respect to time when it is exposed to variations in

surrounding air’s relative humidity. The unit for MBVp,4cticar is kg/(m?-% RH) [64].

The practical moisture buffer value categorises materials based on the experimental method, where
the test specimen is exposed to cycle change in relative humidity [64]. The sample is first exposed to

75% R.H. for 8 hours and then to 33% R.H. for 16 hours (see section 3.4.2.1.).

2.2.3.6.2 Moisture Penetration Depth
The penetration depth is defined as "the depth where the amplitude of moisture content variations is

only 1% of the variation on the material surface” [64].
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An approximation of the penetration depth is given in the following Equation:
,D t
0fy = WP
dp1% = 4.6 - (2.20)

Dw= moisture effusivity of the material
ty= cycle time
d,1%= is the thickness of the material at %1 penetration depth.

Where:

2.2.3.6.3 Measuring Moisture Buffer of Materials
Several methods and standards have been developed to measure and quantify the dynamic sorption
capacity of materials. Some of these methods are the NORDTEST protocol [64], the British standard
(BS ISO 24353, 2008) [70], and the Japanese standard (JIS A 1470-1, 2014) [71].

The tests are conducted in a controlled environment under a constant temperature and cyclic relative
humidity (RH). The basic and common principle of these standards is to constantly monitor the change
in the mass of a test sample undergoing a cyclic relative humidity fluctuation [48]. Water adsorption
and desorption are indicated through the change in the mass of the test specimen during the humidity
cycles. Even though these methods' principles are the same, there are a few differences in the
boundaries and test conditions. Table 2-4 below presents and compares some differences between

the test protocols of moisture buffering [63].

Table 2-4 Main Differences Between Moisture Buffering Protocols

Protocol RH level Time cycles(h)

NORDTEST protocol 75%-33% 8h of high R.H., followed by 16h of low R.H.
[64]

BS ISO 24353, 2008 [72] 55%-33% 12-12

75%-53%
95%-75%
JIS A 1470-1,2014 [73]  55%-33% 24-24
75%-53%
93%-75%

2.2.3.7 Water Vapour Resistance Factor (p value)
The Water Vapour Diffusion Resistance Factor (u-value) measures the material's ability to let water

vapour pass through and is measured in compression to the properties of air [74].

The p value can be expressed as follows;
8a
n= ? (221)

where: §,= water permeability in air, = Vapour permeability of porous system in the material.
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The equivalent air layer (sd) is expressed by:
Sqg=ud (2.22)
Where: d represents that material's thickness.

From the above, the p-value can be defined as the amount of water vapour passing through a unit

area of material per unit of vapour pressure per unit of time [75].
The u-value of material is dependent on the following [35]:

- The open-pore area of each unit surface of a material.

- The thickness of the material

- The relative humidity levels

2.2.3.7.1 Measuring Water Vapour Resistance Factor (u-value)

The Water Vapour Resistance Factor (u-value) can be measured by following the British standard [76].
The basic principle is based on the climate chamber method, where the specimen is sealed to an open
side of a test cup containing either saturated salt solution (for the Wet Cup test) or desiccant (for the
Dry Cup test). The assembly is then placed inside a temperature and relative humidity-controlled test
chamber; because of the difference in the partial vapour pressure between the chamber and the test
cup, the vapour flow through the specimen. The rate of transmitted water vapour can be determined

by periodic weighing of the test assembly.

2.2.3.8 Sorption Isotherm

Materials tend to approach equilibrium with the temperature and vapour pressure of the surrounding
environment, and to reach this equilibrium; the material will either gain or lose moisture to the
environment, depending on whether the vapour pressure of the surrounding environment is higher
or lower than the vapour pressure of the material. [77] the process of gaining moisture is called

adsorption, and the process of losing moisture is called desorption.

Sorption Isotherm describes the thermodynamic relation between the water activity and the
equilibrium of the moisture content of the material at constant temperature and pressure [78].
Sorption Isotherm is essential for understanding the moisture transfer mechanism of construction
materials. Furthermore, Sorption Isotherm is necessary for analysing water vapour transport between

the indoor air and the interior surfaces of buildings [79].

2.2.3.8.1 Sorption Isotherm Shapes
Sorption Isotherm represents the relation between moisture uptake and the external psychrometric
conditions (relative humidity and temperature) [12]. In K. Kielsgaard Hansen (1986) [80], sorption

isotherm was groped into six different classes (Figure 2-4):
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Figure 2-4 Different Types of Isotherm [81]
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- Type 1: indicates a microporous adsorbent with a relatively small external surface. In Type 1,
The moisture uptake value is determined by the accessible micropore volume rather than the
internal surface area [81], [80].

- Type 2: Shows a non-porous or microporous adsorbent with adsorbent-adsorbate interaction.
The point on the isotherm in Type 2 indicates the completion of monolayer adsorption and the
begging of multilayer adsorption [81], [80].

- Type 3: Indicates a microporous system with a weak adsorbent-adsorbate interaction [81],
[80].

- Type 4: Result of capillary condensation in a mesoporous adsorbent [81], [80].

- Type 5: Indicates a porous adsorbent with weak adsorbent-adsorbate interaction [81], [80].

- Type 6: Stepwise multilayer adsorption on a uniform non-porous adsorbate [81], [80].

2.2.3.8.2 Hysteresis
Hysteresis occurs when there is a difference between sorption and desorption [35]. As the equilibrium
water content in a material depends not only on the R.H. of the ambient air but also on its
temperature, the desorption isotherm will always lay above the adsorption isotherm at the same
ambient temperature [80]. If there were a temperature difference, the higher temperature would

result in a more accessible release of water molecules, causing the warmer isotherm to lay under the

cold one [80].

It is crucial to study and understand Hysteresis, as its presence in the material might imply that
capillary condensation has happened in the voids of the material during adsorption. This might have

implications for the Thermal Conductivity and the moisture buffering capacity of the material,
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assuming that the condensed water will increase Thermal Conductivity and that moisture will not be

released under normal ambient temperature during desorption [35].

Few theories were developed explaining the cause of Hysteresis in material [82]. These are gathered

in detail in Latif, (2013) and are mentioned briefly here:

a) The incomplete wetting theory: Hysteresis occurs when there is a difference in the value of the
contact angle between the liquid's surface and the capillary's walls.

b) The Inkbottle theory: according to this theory, Hysteresis accrues because of the bottleneck
shape of the material's pores. Hysteresis happens when the pore geometry has a large body
and small opening, causing slower moisture release than a geometry with a small body and large
opening.

c) The open-pore theory: in the case of the material's pores being open at both ends, the meniscus

formation is delayed during the adsorption causing Hysteresis.

2.2.3.8.3 Measuring Sorption Isotherm
Sorption Isotherm can be measured according to the British standard [83]. This standard specifies a
method based on a climatic chamber, where the specimens are placed in a controlled temperature
and relative humidity chamber. The Sorption Isotherm can be determined by periodical weightings of
the test specimen (usually every 24h) until a constant mass is reached. While the temperature remains
constant, the R.H. inside the chamber is either increased in steps (usually from 0%-95%) for the

adsorption or decreased (from 95%-0%) for the desorption isotherm.

2.2.3.9 Water Absorption Coefficient
When the material comes into direct contact with liquid water, the surface of the materials will absorb
the water by capillary action [35]. If the gravity effect is neglected, the movement of liquid water can

be described by the Equation below [31]:

K =D, ai“; (2.23)

Where: K= Coefficient of liquid water permeability (kg/m.s.pa), D,= Diffusivity of liquid water (m?/s)

and 0P, = Capillary suction stress.

The absorption coefficient measures the "mass of water absorbed by a test specimen per face area

and per square root of time" [84].

The water absorption coefficient is an important material property. Materials with a high water
absorption coefficient can manage liquid water situations, such as driving rain, more effectively and

hence can be more durable than materials with a low water absorption coefficient [85], [35].
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2.2.3.9.1 Measuring Water Absorption Coefficient
The Water Absorption Coefficient can be measured according to the British standard [86]. The samples
are placed in a water tank, resting on-point support so that the bottom of the specimen does not

touch the surface of the tank (Figure 2-5).

The test duration is usually 24h, during which the specimen is weighted from the bigging of the test

over specific time intervals as specified in the British standard [86].

/\ /\

Key

—

Grid to weigh down buoyant specimens (if required)
2 Specimen
3 Water level

Figure 2-5 Experiment Setup For Measuring Water Absorption Coefficient [87]

2.2.4 Common Construction Material of Libya

This subsection provides an overview of the common traditional and modern building materials used
in Libya that will be further examined in this thesis. The hygrothermal properties of the selected
construction materials are gathered from various sources, such as published research, manufacturers'
construction websites, software databases (such as WUFI Plus and Design-Builder), and online building
materials databases (such as the Online Materials Information Resource (MatWeb) [88], the National

Institute of Standards and Technology (NIST) [89], and Materials Data Repository) [90].

While the aforementioned sources provide valuable information on the hygrothermal properties of
construction materials, there is currently no direct information related to the key materials used in
Libyan houses. Therefore, in chapter 4, this research will experimentally measure these properties for

the Libyan context.

Table 2-5 presents some thermal and physical properties of selected building materials, and the

experimental procedures for testing those properties, taken from published research. In contrast,

31



Table 2-6 at the end of this section presents the hygrothermal properties of the selected materials as

found in online databases.

For the context of this research, the term "traditional" refers to materials used over many centuries,
while "modern" refers to those specified for houses built using modern construction techniques. It is

worth noting that some materials, such as limestone, can be both traditional and modern.

The reviewed materials include Clay (a traditional building material), Limestone (a traditional/modern
building material), Hollow Concrete (a modern building material), Sandstone (a traditional/modern
building material), Mud Block (a traditional building material), and Camel's Hair (a traditional building
material). These materials were selected based on their common use in Libyan construction, and their

hygrothermal properties will be further analysed in this thesis.

2.2.4.1 Clay

Clay is a natural material that, along with other materials such as wood and stone, has been
traditionally used as construction material in many countries worldwide [91]. As a construction
material, Clay is usually baked into bricks and roof tiles and, in many cases, is used as plaster material

to cover mostly the interior sides of the envelope [6], [92].

Earth plaster has been used for years to cover exterior and interior surfaces [6]. However, it is argued
that Clay plaster is more suitable for interior surfaces as it creates more comfortable and healthy
spaces with a minimum environmental impact [93]. Furthermore, Clay plaster outperforms
conventional industrial plaster, as the production of unbaked Clay and sand requires a small amount
of energy compared to that needed to produce conventional plasters, such as lime or cement plaster,

which require a very high temperature to process [93].

In the context of Libya, Clay is considered a traditional local building material and is available in most
parts of the country. Therefore, the extraction and production of Clay will require a small amount of
embodied energy and is a sustainable building material [6]. The hygrothermal performance of Clay

remains unexplored in the context of Libya.

2.2.4.2 Sandstone

Sandstone is a natural stone that is locally available and traditionally used, especially in the mountain
region of Libya [6]. Due to its strength and durability, Sandstone is usually used to construct walls of
some traditional houses in Libya and could be used as a modern building material. There is a need to
explore the hygrothermal properties of Libyan Sandstone, as there was no information found in the

published research.

2.2.4.3 Limestone
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Limestone is both a traditional and modern building material. It was traditionally used to construct
houses in Libya [6]. Limestone is extracted from the coastal regions of Libya and is supplied to the rest
of the country to be used for building construction. No available data regarding the hygrothermal

properties of Libyan Limestone was found in the published research.

2.2.4.4 Hollow Concrete
A modern building material that is widely used in the walls of the contemporary houses of Libya.
Rectangular-shaped blocks are made of cement, sand and aggregate. No available data regarding the

hygrothermal properties of Libyan Hollow Concrete was found in the published literature.

2.2.4.5 Mud Blocks

Mud Block is a traditional building material used mainly in Libya's desert region. In addition to being
natural, locally available, and cost-effective, Mud blocks can be considered eco-friendly and
sustainable [12]. Earthen materials, such as Mud and Clay, claim to have better moisture performance
than conventional building materials [12]. The relatively easy process of sourcing and producing Mud
Block can lead to a site-to-service application, which can significantly reduce the costs of sourcing,
production, and transportation. There is no available data regarding the hygrothermal properties of

Mud blocks in the context of Libya.

2.2.4.6 Camel's Hair
Camel hair tents might be considered one of the oldest forms of houses in Libya, and despite being
used as shelters for many years, the hygrothermal performance of Camel's hair was not found in the

published research.

2.2.5 Thermal and Hygrothermal Values of Construction Materials
Table 2-5 below are the hygrothermal properties of some of the selected construction materials in the

published research.
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Table 2-5 Test Procedures and Hygrothermal Properties of the Selected Construction Materials as Found in Published Research

Material Ref Test procedure Results Notes
Limestone [94] Thermal properties Conductivity (W/mK) = Before testing:
Thermal Conductivity, thermal Diffusivity, and specific 0.70, - All materials were cut to a uniform shape
heat capacity) were measured using ISOMET 2114, a Specific heat (ki/kg K) = - The specimens were dried in an 80°C oven
Transient plane source device, and a surface prop IPS 0.82, for a week, then left in a climate-controlled
1105. Bulk density (m?/g) = 1.71. room at 20+2 °C and 50+2% RH
Sample Size: at least 60mm of flat surface diameter and a - The results showed that Limestone has
minimum thickness of 20mm. better thermal properties than the
Number of samples: To overcome the non-homogeneity Sandstone
and anisotropy, 3 samples were tested, and 10 repeats for
thermal conductivity measurement.
Water vapour resistance (BS EN ISO 12572:2016) both dry Wet cup =6.20 - To investigate the appropriateness of the
cup and wet cup methods. ISO 12571 for the selected climate (desert
. . . Drycup=13.99 .
Water vapour sorption (BS EN ISP 12571:2013) climatic region of Egypt, where the peak
chamber method. temperature in summer was 38.8 °Cand the
- Three samples of each material were tested max that can reach 44 °C), the full R.H. cycle
- For the dry cup, Silica gel was used to provide 0% RH (0-95%) was applied at 23 °C (as in ISO
- For the wet cup, potassium nitrate was used to provide 12571) and 38 °C (as in the peak
94% R.H. temperature) for the three materials.
- All samples were left in a climate chamber at 23 °C and - To reflect the real R.H., each material was
50% RH until the constant mass was reached. tested for 25-65% at 23 °C, 38 °C and 48 °C
- OHAUS scale (0.01g accuracy) was used to take the daily over 5 cycles.
weightings. - Limestone has a lower capacity for moisture
regulation compared to Sandstone
[94]  Moisture buffering value (MBV) using the standard NORD ~ MBV=2.30 (g/m? RH%) - All materials were cut to a uniform shape

test

- Due to their irregular shape, the stones were cut to
provide the maximum surface area.

- The samples were sealed with aluminium tape on 5 out
of 6 faces

- The samples were then exposed to 75% R.H. for 8 h and
33% R.H. for 16 h at 23 °C

- A screen was placed around the mass balance to
minimise the influence of air movement.

- Anemometer was used to measure the wind speed,
which was found to have an average of 0.1m/s

- All samples were constantly weighted during the test.
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Sandstone

[94]

Thermal Conductivity, thermal Diffusivity, and specific
heat capacity) were measured using ISOMET 2114, a
Transient plane source device, and a surface prop IPS
1105.

Sample Size: at least 60mm of flat surface diameter and a
minimum thickness of 20mm.

Number of samples: To overcome the non-homogeneity
and anisotropy, 3 samples were tested, and 10 repeats
for thermal conductivity measurement.

Conductivity (W/mK) =
1.11

Specific heat capacity
(ki/kg K) = 0.75

Bulk density (m?/g) = 1.82

- All materials were cut to a uniform shape

- The specimens were dried in an 80°C oven
for a week, then left in a climate-controlled
room at 20+2 °C and 50+2% RH

Water vapour resistance (BS EN ISO 12572:2016) both dry

cup and wet cup methods.

Water vapour sorption (BS EN ISP 12571:2013) climatic

chamber method.

- Sample mass range 45-80 mg.

- To ensure 0% moisture content, the specimens were
dried in an oven at 105 °C until a constant mass

- The specimens were held at 0% R.H. for 360 min at the
set temperature.

Wet cup =13.81
Dry cup =22.81

- All materials were cut to a uniform shape

- The specimens were dried in an 80°C oven
for a week, then left in a climate-controlled
room at 20£2 °C and 50+2% RH

Vapour diffusion: cup method (NF EN I1SO 12572)

- Three samples were tested for each condition

- The sample is sealed above the test cup that contains a
salt solution. The test cup can be either a dry or wet cup

- The whole system is then placed in a climate chamber, so
the material was between two environments with
different vapour partial pressure

- A layer of air is presented inside the cup

- The mass of the cup will vary (mass uptake with the dry
cup and mass loss for the wet cup) due to the partial
vapour pressure gradient between the inner part of the
cup and the climate chamber
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Mud [95].
Block

Adsorption-desorption isotherms using saturated salt

solution method (GB/T 20312-2006)

- All samples were oven-dried at 105 °C till constant mass
was reached

- Six relative humidities were used for the test and
obtained using different salt solution

- The samples were then placed in airtight containers
containing the different salt solutions representing high
and low humidities

- The airtight containers were then placed inside a climate
chamber at 20 °C and 60%RH

- The samples were then periodically weighted until the
weighting of two consecutive results 25=4h apart was
less than 0.1%

- Once the samples reached equilibrium at 97.3+0.3% R.H.,
they were transferred to lower R.H. to measure the
desorption branch.

Earthen block reaches moisture equilibrium
within 4 days

The material has a large adsorption
capability

[96]

Sorption—desorption isotherms using two methods:

saturated salt solution and Dynamic Vapour Sorption

- Specimen size 60x40x20mm?3

- The specimen was dried to constant weight in a drying
oven at 50°C

- The saturated salt solution was used to produce five
different RH%: 7%, 33%, 50%, 76%, and 97%.

- The samples with the salt solution were placed in airtight
boxes and placed in a controlled climate chamber at 21
°C

-The samples were weighted periodically till the
difference between two measurements 24h apart was
less than 0.1%

Dynamic vapour sorption method:

- The samples were dried using dry N2 gas

- Five samples (approx. 1x1x0.5cm) were placed on one
side of the microbalance (DVS2)

- The samples were measured at regular time intervals

- The temperature was kept constant at 20 °C, and the R.H.
changed in successive steps from 0-95%.
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- Five earthen bricks were tested, and the
results showed:

- Earth bricks absorb a significant amount of
water vapour, indicating their capacity to
regulate the indoor R.H.

- The results of the heat capacity confirm the
data found in the literature

- The dry thermal Conductivity, however, is
much lower than those found in the
literature (half the average value).



[97] Thermal conductivity (ISO/DIS 2008-2:2015) Conductivity (W/mK) = eUsing hot disk apparatus (TPS-2500 S)

- Before the testing, the equipment was calibrated withan 0.5228 to 0.9308 The findings showed that the thermal
expanded polystyrene board Conductivity of the compressed earthen

- The specimens were oven-dried at 105 °C for 24h block linearly increases with increasing the

- Each measurement was repeated 3 times, and the mean bulk density

value was reported.

Sorption—desorption isotherms using two methods:
saturated salt solution and Dynamic Vapour Sorption-

Method of saturated salt solution (NF EN ISO 12571):

- Specimen size 60x40x20mm?3

- The specimen was dried to constant weight in a drying
oven at 50 °C

- The saturated salt solution was used to produce five
different RH%: 7%, 33%, 50%, 76%, and 97%.

- The samples with the salt solution were placed in airtight
boxes and placed in a controlled climate chamber at 21
°C

-The samples were weighted periodically till the
difference between two measurements 24h apart was
less than 0.1%

- Dynamic vapour sorption method:

- The samples were dried using dry N2 gas

- Five samples (approx. 1x1x0.5cm) were placed on one
side of the microbalance (DVS2)

- The samples were measured at regular time intervals

- The temperature was kept constant at 20 °C, and the R.H.
changed in successive steps from 0-95%
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Clay

[98] True Density, Thermal Conductivity Ture density clay (kg/m?3) - Four different mixtures of Clay with olive
- Sample preparation: = 2859 waste
- For thermal tests (UNI EN 1015-19), three specimens Ture density olive waste - Properties vary according to the different
with surfaces of 15x15x4cm were prepared (kg/m?3) =1251 mixtures:
- For the water vapour permeability, three different Bulk density (clay + olive) - Before the test, all specimens were oven-
cylindrical specimens, 15cm in diameter and 1 cm in  (kg/m3) = 1409-1669. dried at 105C till constant mass
thickness, were prepared. - Adding olive fibres to the Clay resulted in a
linear increase in its Porosity and a
reduction in its density.

- The addition of olive fibre also resulted in a
reduction of thermal Conductivity, meaning
better insulating properties

- The mixture also showed a good moisture
buffer capacity

[98] Water vapour permeability using the cup method (UNIEN Dry cup = 22.1-25.0

101-19) And Moisture Buffering Value

- Cylindrical shaped specimen

- A saturated salt solution of Potassium Nitrate (KNO3)
was used for the wet cup test to provide 93.2% R.H.

- For the dry cup test, a salt solution of Lithium Chloride
(LiCl) was used to provide 12.4% R.H.

- Each specimen was wax sealed on the top of a PVC vessel
containing the salt solution

- 1cm of the air layer between the water and the internal
face of the specimen

- The system was then placed in a climate chamber
providing 20 °C and 50% RH

- Mettler Toledo PB3002 balance, with an accuracy of
+0.01g, was used to