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Abstract

High or low indoor relative humidity (RH) levels may have negative effects on people’s
health and well-being. To regulate the humidity, air conditioning systems can be used,
requiring energy and increasing the environmental emissions. However, some materials,
like clay and gypsum, which are described as hygroscopic, can passively regulate the
indoor climate, reducing peaks of internal relative humidity, when applied on exposed
surfaces to the room air. Their capacity to moderate indoor humidity fluctuations is
due to their ability to adsorb and desorb moisture, a process referred to as moisture
buffering. This property is evaluated through the Moisture Buffering Value (MBV),
which allows for a simplistic calculation of the potential of materials by considering the
material properties and humidity regulation. Due to the simplified interpretation of
moisture buffering, the testing methods are not representative of the material behaviour
in a real building. Furthermore, moisture buffering can be measured, following various
standards that are not directly comparable. Alternative experimental studies have
attempted to investigate the actual performance of materials in real buildings, but
there is no standard methodology yet and no established relationship between moisture

buffering and building performances.

This PhD aimed to understand the moisture buffering effects in the indoor
environment, by establishing a method to measure this property in full-scale
experimentation and laboratory testing. The research was initially developed, by
considering three independent approaches: laboratory testing, field work and
simulations. In the laboratory testing, clay, gypsum, lime and plasterboard’s
hygrothermal properties were tested, to observe and compare their moisture buffering
behaviour and investigate the correlation between material properties and moisture
buffering potential. Successively, the testing protocol boundary conditions and test
protocol were investigated. The effect of temperature, RH fluctuation and air velocity

on moisture buffering capacity of plasters was investigated.

Field work aimed to study the response of real size rooms to humidity fluctuations, to
evaluate the impact of moisture buffering, when buildings are exposed to external
climate variations, ventilation and indoor temperature variations. Two hygroscopic
rooms were compared to a reference room (non-hygroscopic). The testing
methodology and equipment were designed to observe the moisture exchange through
ventilation, building infiltration and wall moisture buffering capacity. The

investigation showed the important impact of hygroscopic materials on the regulation
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of the indoor moisture content. When the humidity increases, the walls store
moisture from the indoor reducing the amount of moisture removed through
ventilation. When the absolute humidity is low, the cold air that moves into the
building through ventilation constantly replaces the indoor moist air. Therefore, the
outdoor air over-dries the indoor environment. In this case walls release moisture in

the room to counterbalance the moisture removed by ventilation.

Based on the rooms tested in field work, simulations were used to analyse the
contribution of sub-layers and wall design on the moisture buffering performance of
plasters. Materials in direct contact with the environment are responsible for the
regulation of the indoor moisture. Materials exposed to the indoor stored and
released most of the moisture and depending on the humidity level and moisture load,

those materials regulate the amount of moisture that moves into the sub-layers.

The culmination of this investigation converged the three research approaches in
order to compare and investigate the behaviour of indoor materials in laboratory and
in a real building. By merging the three approaches, significant differences between
simulations and experimental in-situ testing were found. In simulations, walls buffer
more moisture than in the experimental cells. On the other hand, simulations showed
a good agreement with the experimental laboratory testing that demonstrates
numerical models are based on laboratory measured properties, which are not always
representative of the real moisture buffering behaviour of a material when applied to

a building.

The ability to test the moisture buffering performance of buildings is the key for
material performance assessment.  This thesis provides guidelines that reduce
uncertainty to assess moisture buffering. It investigated and introduced different
approaches to evaluate the materials performances from the material development to
their application on buildings. The impact of this research is to push the development
of new moisture control materials at a laboratory scale, with new confidence in their
larger scale performance. This will result in an indoor environment that is healthier
and more comfortable, by maintaining of the optimal indoor RH level, whilst reducing

the risk of condensation and decay of construction materials.
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1. Introduction

The building sector is responsible for 19% of Green House Gas (GHG) emissions, 32%
of the world’s total energy consumption and 51% of global electricity consumption
(on Climate Change, 2015). Overall, carbon emission of buildings rose to over 35%, of
which on average 20% is produced during construction works and 80% due to the use
of buildings (included heating and air conditioning usage) (Eurostat and européenne.

Commission européenne, 2016).

By putting legal targets to reduce the impact of human activity on climate change,
policy makers have taken the first steps. Through the Kyoto Protocol and the
"Climate and Energy Package' (Morlot et al., 1999), the United Nations and in
particular the European Union are pushing individual nations towards a limited
consumption of non-renewable resources and energies, and towards the development
of environmentally sustainable technologies. In this regard, the European Parliament
Directive 2010/31/EU (amended in 2018/844/EU) on the energy performance of
buildings (2010) has been launched, with the main target for new buildings to
guarantee energy self-sufficiency through the decarbonisation of electricity supply
after 31 December 2020, while existing ones will be converted into net zero energy
Building (NZEB).

It is clear that the main focus for the construction industry is to reduce energy demand
in the use of buildings, which implies high standards in the design of technological
systems and passive solutions, such as photovoltaic systems and passive ventilation
strategies. This approach to low impact buildings takes into account the design of wall
assemblies and, in particular, the capacity of the enclosure to reduce heat losses. The
improvement in air tightness of building envelopes, by heavily insulating walls and by
applying air tight barriers and sealants, leads to an increase of energy efficiency of
buildings. However, as Mahdavi and Kumar (1996), and Crump, Dengel and Swainson
(2009) state, the consequences of this approach has led to the reduction of the indoor

air quality, occupant’s hygrothermal comfort and wall durability.

The definition of comfort includes multiple aspects of people’s well being in enclosed
spaces. It embraces both physical and psychological conditions, which all aim to create

a comfortable environment. Spending prolonged time in enclosed spaces may cause an



increase of occupant stress level, but it can also be the cause of several health problems,
such as asthma, allergies and sick building syndrome (SBS) (Veitch, 2008), due to
people’s high exposure to indoor pollutants and mould. For these reasons, designers
and researchers have been trying to optimise different aspects of the indoor environment
quality. In particular, the hygrothermal comfort aims to achieve the highest possible
percentage of people, occupying that particular space, to reach thermal neutrality. The
thermal neutrality is reached when a person would not prefer either a warmer or cooler
surrounding. Together with the thermal comfort, another important objective is also to

minimise pollutants and contaminants indoors, in order not to effect occupants health.

The most important variables that influence hygrothermal comfort can be classified in
environmental and human factors (Table 1.1). As Fanger et al. (1970) demonstrate,
among the ambient variables, air temperature and radiant temperature play a more
important role, and therefore, more accurate measurement of these two variables are
necessary. On the other end, RH is not recognised as a key factor. Fanger et al.
(1970) considers RH as spatially uniform. Consequently, only an approximate spot
measurement of the humidity level is necessary for the thermal comfort assessment.
ASHRAE-55 (2017) does not specify RH limits, but only prescribes to not reach a
humidity ratio (mass of water vapour per unit mass of dry air) lower than 0.012, which
corresponded to a dew-point of 16.8°C indoor. ASHRAE-55 (2017) only mentions that
a lower humidity limit might be considered, if low humidity levels produce discomfort.
Other standards, such as the BS EN 1SO 13788 (2002), only require the RH to be low

enough to avoid surface condensation.

Table 1.1. Main hygrothermal comfort variables (Fanger et al., 1970)

Environmental Factors Human Factors
Air Temperature Metabolic Rate
Radiant Temperature Clothing Insulation
Air Velocity
Humidity

More accurate strategies to measure and control RH are, however, necessary. High
levels of indoor humidity could lead to condensation formation, decay of materials,
mould proliferation and an increase of indoor pollutants, released by solvents, building
materials and furnishings (Arundel et al., 1986). Regulating RH levels in buildings can
potentially reduce health issues and improve people’s perception and satisfaction with
the indoor environment (Arundel et al., 1986; Wyon et al., 2006; Tsutsumi et al., 2007).
If RH is ideally maintained between 40% and 60%, the indoor air quality is optimised
(Arundel et al., 1986). Outside this range, low RH levels increase concentration of
noxious chemicals in the air, which exposes people to respiratory infections and skin
diseases. High RH levels alter the temperature perception in the room, increase the
emission of Volatile Organic Compounds from materials and provide conditions for the

proliferation of viruses and mould spores (Fig. 1-1).
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Fig. 1-1. The impact of humidity on human health (Arundel et al., 1986)

Energy consuming mechanical devices, such as air conditioning (AC) systems, are
commonly used to cool an environment and maintain optimal RH levels (Di Giuseppe
and D’Orazio, 2014; Besant and Simonson, 2000). However, these systems demand
regular maintenance, which is not often systematically done, and a good
understanding of their functioning and optimal use. There are also concerns about
installation costs, other than the significant energy consumption during the usage
(Isetti, Laurenti and Ponticiello, 1988; Osanyintola and Simonson, 2006; Crump,
Dengel and Swainson, 2009).

Low energy design strategies aim to provide comfortable and healthy indoor climates,
whilst minimising overall mechanical ventilation and AC energy consumption. One
potential solution is the wider use of hygroscopic materials on building indoor surfaces,
which have the ability to moderate indoor humidity fluctuations through exposure
to the room air. This can be achieved by using specific building materials, which
reduce the peaks of internal RH due to their ability to adsorb and desorb moisture, a
process referred to as moisture buffering (Padfield, 1998). This property can reduce
condensation risks and the decay of materials sensitive to moisture, but it may also
reduce AC operational energy use, due to the air conditioning latent load reduction by
porous materials during the exchange of moisture with the indoor air (Isetti, Laurenti
and Ponticiello, 1988).

Experimental tests (Rode et al., 2005; Padfield, 1998; Yang et al., 2014) and
theoretical models (Woods, Winkler and Christensen, 2013; Abadie and Mendongca,
2009; Zhang et al., 2017) were developed to characterise the moisture buffering
properties of materials. It is not clear how these methods can represent the real
moisture buffering behaviour of finishing materials. Laboratory tests are run in
controlled environments and different tests lead to different results, whilst theoretical

models are based on simplifications and on laboratory tested material properties.



Therefore, there is not an agreed interpretation of moisture buffering, due to the

complexity of moisture exchange between materials and the environment.

1.1 Aims and Objectives

The overall aim of this thesis is to develop a method that can assess the ability of
hygroscopic materials to regulate the indoor RH in a real environment. To pursue
this, moisture buffering mechanisms at the material level and at the system level were
investigated, by analysing the interconnected influence between materials and the
indoor environment. The impact of environmental factors on the moisture buffering
capacity of materials was observed in laboratory testing, whilst the influence of
hygroscopic materials to moderate the indoor humidity together with ventilation
strategies was investigated in the full-scale testing and hygrothermal simulations.
Through the combination of these three levels, and, in particular, through the
full-scale work, the foundation for developing a laboratory protocol that can predict
the impact of the materials on the environment, can be laid. This will lead to develop
a classification system, which will guide designer to select a material depending on

the desired indoor environmental conditions.
The specific objectives of this PhD are to:

Analyse the moisture buffering response of materials to variations of different
parameters in laboratory testing, such as air velocity, temperature and humidity
functions. By using as baseline existing protocols, each factor was individually
varied to investigate its impact on the dynamic sorption capacity of materials.
Temperature was considered for the first time as a variable factor in moisture
buffering investigation, whilst sinusoidal RH signals were applied to materials,

rather than the standard square wave signal in existing protocols.

Devise and conduct experimental testing to define a method to quantify moisture
buffering in real-scale buildings. An affordable and easily reproducible testing
set-up was planned to monitor and investigate the moisture buffering capacity of

hygroscopic walls in three testing facilities at the Building Research Park (BRP).

Analyse the sensitivity of the moisture buffering capacity of walls to boundary

conditions and environmental factors by using a hygrothermal simulation model.

Analyse through simulations the behaviour of different coatings and the

involvement of sub-layers in the walls to moderate the indoor humidity.

Investigate and compare full-scale and existing laboratory scale testing.



1.2 Scope

The focus of this study is the moisture buffering capacity of materials to moderate
the internal humidity fluctuations. The energy related aspect of the moisture buffering
capacity of the materials was not investigated, as literature review presented contrasting
results in terms of the impact of moisture buffering on the energy performance of
the buildings (Chapter 2). The ability of hygroscopic materials to buffer moisture
has been widely demonstrated, so therefore the aim of this work is to understand the
environmental factors affecting the moisture buffering capacity of hygroscopic materials
applied on indoor surfaces. Through the systematic measurement of the joint impact
of hygroscopic materials and ventilation in the humidity moderation in full-scale rooms
and the analysis of a variety of parameters that influence the dynamic sorption capacity
of materials, this work provides the tools to accurately evaluate the moisture buffering
capacity of materials. Coatings such as clay, gypsum, lime and plasterboard were used
for the study as widely used on indoor surfaces and commercially available. There
is a variety of other materials that have similar or better moisture buffering capacity
(such as wood or novel plasters). However, the use of widely used materials allows
a direct focus on the impact of environmental factors on materials rather than on
their characterisation and composition. As Ramos, Delgado and de Freitas (2010)
indicated, plasters are usually covered by paints and wall paper, which reduce the
moisture buffering capacity of materials. In this study, materials were not coated, to
better evaluate the moisture exchange mechanisms between hygroscopic materials and
indoor environment. It is not in the scope of this thesis to analysis the impact of

coatings on the moisture buffering performances of the walls.

The main experimental work for this study involved acquiring reliable moisture
buffering data either in the laboratory and full-scale testing. For the laboratory scale
testing the NORDTEST (Rode et al., 2005) protocol was used as baseline instead of
other methods (1SO-24353, 2008; JIS A 1470-1, 2002), as it is widely used and it
could be carried out during working hours. The use of other protocols would have
given a wider analysis into the impact of different time interval and different RH
ranges. Therefore, this study did not focus on this specific aspect, but on the shape of
the RH signal, temperature and air velocity, as time intervals and RH levels have
been widely investigated elsewhere. The NORDTEST protocol was also applied in
test rooms, to directly compare the laboratory testing with the full-scale tests. In

full-scale testing three test-rooms located in Wroughton, UK were used.

As this study was limited to few cases and carried out in a West of England specific
climate zone, further studies on different constructions and climate are necessary in
future for validation. Weekly tests were run on the test rooms to reproduce the six
cycles of the laboratory moisture buffering test. One year test were not feasible due to

time restriction and technical limitation of the equipment, as explained in Chapter 4.



In the full scale testing plasterboard was tested, as it had been applied in previous tests
in the test-cells (Latif et al., 2016) and tests were performed, when outdoor temperature
were low (winter-spring), as the rooms did not have a cooling system that would have
permitted testing during warmer periods. Tests were not carried out in inhabited
buildings, as it required building users to apply hygroscopic materials to the interior
surfaces. Moreover, it is necessary to monitor participants’ behaviour to accurately

estimate people’s impact on the moisture regulation of the building.

The use of alternative coatings were analysed through hygrothermal simulations.
WUFIM Plus software was preferred as it is a commercially available, and it is widely
used both in academia and in practice. The software has got some limitations as
explained in Chapter 5. However, past studies (Barclay, Holcroft and Shea, 2014) and
a comparison between simulation and full scale in this thesis gave confidence to the
reliability of the software. Moreover, the use of simulation software also provided the
opportunity to discuss about the suitability of hygrothermal models to predict

moisture buffering.

1.3 Structure of the thesis

The PhD was divided in three interlinked phases:
Laboratory-scale experimentation;

Full-scale testing at the University of Bath’s BRP, at the the Science Museum,
Wroughton, UK;

Hygrothermal simulation analysis.

The outcome of the three phases were then combined into the final phase of the research
project, where full-scale data were combined with the laboratory test to investigate

possible improvements on the evaluation of moisture buffering.

Following the same scheme, this thesis is comprised of six chapters. Each chapter,
excluding the literature review, developed individually each phase of the research work
then combined in the last two chapters (Chapter 4 and Chapter 5). For this reason

each chapter is provided with a methodology, results, discussion and conclusion.

Chapter 2 reviews the moisture buffering background by explaining its theoretical
fundamental and the development of experimental testing. A detailed review of
studies on this subject was reported, where different approaches to moisture buffering
were summarised and classified to criticise and identity aspects of moisture buffering
that needs to be further investigated or introduced. The definition of moisture

buffering is also presented, followed by the impact of this property on the indoor



humidity moderation and the consequent improvement of the health and comfort of

people indoors.

Chapter 3 collates all the work focused on the materials characterisation and laboratory
testing. Samples of plasters were analysed and their hygrothermal properties were
experimentally determined and discussed with reference to the literature. This allows
for a better understanding of their moisture buffering performances. Moisture buffering
performances of the samples were then investigated, first following the existing protocols
and successively by modifying some factors to reproduce similar behaviour as in real

buildings.

Chapter 4 focuses on the full-scale experimental analysis, where the impact of
hygroscopic materials on the indoor moisture moderation is analysed in existing
testing facilities. The testing rooms were set up to control and monitor the indoor
RH, which allowed analysis on the wall’s response to the increase and reduction of
humidity indoors. Ventilation and infiltration were also controlled and monitored to
understand the influence of these factors on the moisture balance and moisture

buffering capacity of the walls.

Chapter 5 continues the full scale analysis but with the support of simulations. This
allows investigations into the impact of all the wall components on moisture buffering.
Moreover, it was possible to vary elements of the testing, such as variation of the
ventilation rate, moisture load and plasters applied on the indoor surfaces, so it was
possible to look at moisture buffering from different points of view than the one analysed
in Chapter 4. Chapter 5 also merges elements of Chapter 3 and 4. The experimental and
simulated full-scale data were compared and divergences and similarity were observed

and analysed.

Finally, Chapter 6 concludes the thesis and outline recommendation for future works.
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2. Literature Review

2.1 Introduction

Vapour responsive materials, defined as hygroscopic, have generally good moisture
buffering capacity (Padfield, 1998). Indoor air quality and hygrothermal comfort
significantly improve, when timber (Hameury, 2005), clay (McGregor et al., 2016) and
other novel materials, such as zeolite (Sagae et al., 1994) and mineral based plasters
(Stahl, Vonbank and Holzer, 2013), are applied indoors. Simonson, Salonvaara and
Ojanen (2004) demonstrated that when the internal surfaces of a building were
hygroscopic, the maximum RH in the room was lower compared to case with
"non-breathable" surfaces, and overall, RH dropped by 20%. Salonvaara et al. (2004)
showed that materials such as wood maintain the mean RH at around 40% in the 24h
tests, which is within the optimal RH range for the health and comfort of building
occupants (Rode et al., 2005).

As Osanyintola and Simonson (2006) indicated that moisture buffering may also
directly and indirectly effects the energy use in buildings. As direct effect, in winter it
may reduce heating energy consumption, due to the latent heat generated by
hygroscopic materials, when moisture is adsorbed from the air (Kraniotis et al.,
2016). In the cooling season hygroscopic materials reduce the use of energy to cool
the room, as they keep humidity lower and decrease the room entalphy (Osanyintola
and Simonson, 2006). Indirect energy saving are also possible, thanks to the indoor
air quality and hygrothermal comfort improvement. With lower ventilation rate or
lower and higher indoor temperature in winter and summer, respectively, it is still
possible to guarantee a good air quality and comfort. This allows to reduce
heating/cooling energy waste, by turning down total energy consumption in buildings
(Zhang et al., 2017; Nore et al., 2017). However, there are uncertainty on the impact
of moisture buffering on the energy usage. Osanyintola and Simonson (2006); Nore
et al. (2017); Woloszyn et al. (2009) highlighted that good temperature and
ventilation control strategies are mainly responsible to improve the energy

performance of buildings, while moisture buffering has a marginal impact.

Even though the energy aspect of moisture buffering is of interest, the primary role of



hygroscopic materials is the moderation of the indoor humidity level. Other than a
positive impact of people’s thermal comfort and health moisture buffering also
improves the durability of building components and reduces the decay of construction
materials (Wu et al., 2015; Padfield and Jensen, 2010). The reduction of the highs
and lows of humidity can significantly reduce condensation risk and can avoid "drying
cracks" on mortar materials (Lombardi, 2005). Moisture accumulation can produce
ornamental damages, such as formation of stains on surfaces, but also structural
problems through the corrosion of steel and weakening of bricks (Lombardi, 2005).
Moreover, the thermal conductivity of materials is increased with higher moisture
content, reducing the insulation value of the building envelope (Budaiwi and Abdou,
2013). Moisture buffering can help to prevent high accumulation of moisture in the
inner layers that can prevent damage and reduce the risk of the losses of the

enclosures thermal performances.

Even though an increased interest in the moisture buffering capacity of hygroscopic
materials has been showed, as yet there is not an agreed interpretation of this
property, due to the complexity of moisture exchange between materials and the
environment, and because of its definition itself. Moisture buffering is a physical
quantity that refers simultaneously to a material property and building space
characteristic at the same time. Moisture transport through walls has been always
related to the temperature, vapour pressure and RH differential between the indoor
and outdoor (Ojanen, Kohonen and Kumaran, 1994). However, in 1960 Kiinzel (1960)
started considering the exclusive time-dependant moisture sorption process between
finishing materials and indoor RH regulation. This property involves only indoor
surfaces and it is not directly linked to outdoor/indoor humidity and temperature
correlation. Kiinzel (1960) defined this property as moisture adsorption, which refers
exclusively to a material property. Forty years later Padfield (1998) used the word
moisture buffering, to describe the consequent effect of porosity and adsorption on the
indoor moisture balance. The dynamic adsorption capacity has been consequentially
gained interest and it has been studied in terms of theory, experiments and numerical
simulation (Zhang et al., 2017; Woods, Winkler and Christensen, 2013; Allinson and
Hall, 2010), looking for a connection between moisture transport mechanism in

hygroscopic materials and the effects on the indoor hygrothermal comfort.

The term hygrothermal is used in building physics as the reference to heat and
moisture transmission of materials. Even though heat and moisture transmission are
interlinked, they are usually approached independently. The heat is transferred
through conduction, convention and irradiation. Conduction is a characteristic of
solid bodies. The heat propagates from a body to an adjacent one, due to a
temperature differential. Convention happens between a solid and fluid, when the
fluid is subjected to a temperature variation that moves the fluid away from the solid

surface at a different temperature. This movement produces the transport of energy
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in the form of enthalpy. The irradiation exchanges heat as electromagnetic heat
radiation between surfaces. These three heat exchange mechanisms, when applied to

buildings, are then combined in the heat flux equation:

w

= UM To)l ] (2.1.1)

Where is the heat flux (W/mK), Tj and T, are respectively the internal and external
temperature (K), U is the thermal transmittance (W=m?K) that is defined as:

1 S 1
U=(—+-+—) " 2.1.2
ot 2+p) 2.12)
Where hj and he represent the heat exchange for convention and irradiation (W=m?K),
while and s represent the thermal conductivity (W=m?K) and thickens (m) of the

body.

The moisture is exchanged between a solid and a gas, while it diffuses through a solid,
when a moisture differential between the indoor and outdoor is present. The moisture

exchange between solid and gas can be described as:

o= p(pi De)[m2=S] (2.1.3)

Where gy is the moisture flux, p;j and pe are respectively the internal and external
vapour pressure (Pa), is the moisture exchange between a solid body and a fluid
(s=m). The moisture transport through a solid can be distinguished between the water
vapour diffusion and liquid transport. In the water vapour diffusion, moisture transport
mainly happened in dry pores at low humidity level. In the vapour diffusion, water
molecules transfer is represented, similarly to the heat transfer, as proportional to a

vapour pressure differential and the water vapour permeability of the material ( p).

The liquid transport can be further distinguished between surface diffusion and
capillary transport. The surface diffusion and capillary transport happen in smaller
pores and capillaries at higher humidity levels. In the surface transport the water
molecules stack on the pores surface and start to layer up forming hydrogen bonds
until the pore saturates. The capillary transport is generated by the surface tension
between the capillary surface and water molecules that contributes to the moisture
distribution into the material. These two phenomena are more complex to determine
than the vapour diffusion, and, consequently, different mathematical representations

were developed, as described in Section 2.3.2.

Heat and moisture transfer happens simultaneously, influencing each other. By
increasing the moisture content in the material, the thermal conductivity

proportionally increases (Kiinzel, 1995). On the contrary, it is more complex to
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determine the influence of the temperature on the moisture transfer (Feng and
Janssen, 2016).

2.2 Theoretical Models

According to the definition given by the NORDTEST (Rode et al., 2005), moisture
buffering can be evaluated by the MBV, which can be estimated by direct experimental
measures or by an approximate model, based on Fick’s principle on the diffusion of
water vapour in a porous material (Alvarez, 1998). The theoretical Moisture Buffering
Value (M BV theoretical) is defined as the amount of water adsorbed and desorbed from
materials through 1 m? surface exposed to certain RH variations, over a defined period

of time:

P_
MBYV theoretical ~ 0:00568psbm L (2.2.1)

MBYV theoretical is a function of the saturation vapour pressure ps [Pa], time period tp|s]
and moisture effusivity, bm thr [Kg=(m? Pa s'7?)]:

s

Bmthr = p_W (2.2.2)
s

Where p is the water vapour permeability and  is the moisture capacity [kg=m?].

MBYV theoretical does not represent the real capacity of materials, because it mixes
steady-state properties, defined under steady state and equilibrium conditions with
the dynamic buffering behaviour. Water vapour permeability and sorption isotherm
are an example of steady-state properties. These properties are measured at a specific
temperature and RH and are mostly considered invariable in different environmental
conditions, which is not always realistic as Reuge et al. (2020) demonstrated.
Peuhkuri and Rode (2005) demonstrated the dissimilarity of MBV, when by is
calculated through Eq. 2.2.2 and when it is experimentally determined from
adsorption and desoprtion cycles, based on 8/16 h square wave humidity steps
between 33% and 75% RH (Fig. 2-1). The measured effusivity (bm exp) is determined
from the measured MBV and derived from Eq. 2.2.1. As shown in Table 2.1, by exp
for Autoclaved Cellular Concrete (AAC) is lower than the theoretical (bm thr), as
bm thr does not consider the dynamic rate and amount of moisture exchanged between
materials and the environment. It is clear that bm thr indicates only the specific
moisture capacity for equilibrium conditions. However, also experimental results may
be not representative of the real dynamic behaviour of materials, because they are

only related to a specific humidity variation function.
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Table 2.1. Determination of Moisture Effussivity for AAC (Peuhkuri and Rode, 2005)
Method bm [kg=(m? Pa s%9

Theoretical 2:66 10 7
Experimental 1:96 10 '
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Fig. 2-1. Square wave humidity cycle and sinusoidal humidity variation

Similarly, the theoretical definition of penetration depth is also based on steady-state
properties. The penetration depth is an essential property to determine the thickness
of hygroscopic materials to make the most of moisture buffering potential (Rode
et al., 2005). It defines how deep moisture infiltrates from the indoor air into the
material for a given time period. Maskell et al. (2018) underlined the theoretical
models overestimate the moisture penetration depth, as these methods are also based

on numerical approximations.

In the calculation of the true moisture penetration depth (TMPD) (Equation 2.2.3),

the moisture diffusivity is considered constant (Arfvidsson, 1999).

S

Dw t
Xt 461 —~ P (2.2.3)

Where Xtp, is the true penetration depth [mm], Dy is the vapour diffusivity [m?=s], t,
is the time period [s]. Even though Abadie and Mendonca (2009) stated Dw can be
assumed constant, as material’s hygric properties within the RH interval 30%-70% are
almost unvaried, Kreiger and Srubar III (2019) highlighted the importance to consider
the diffusivity as variable value, as it depends on the moisture concentration and on

the chemical and physical structure of materials.

Interestingly, Equation 2.2.3 was developed considering a semi-infinite body in contact
with an environmental subjected to sinusoidal variation. The penetration depth of
materials exposed to non-symmetrical square wave variation may be different. For all

these reasons, Maskell et al. (2018) pointed out the necessity to quantify the penetration
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depth through direct measurement.

Maskell et al. (2018) results on clay plasters showed the moisture buffering capacity
is limited only to the first few millimetres of the material in tests with short cycles.
It means that thickness of materials above their penetration depth do not improve
the moisture buffering capacity, as the MBV stays constant. However, tests were
performed only with earthen materials. The use of other materials, like hemp lime and
rape straw lime, showed a continuous increase of the MBV with the thickness (Rahim
et al., 2016), which indicates the difficulty to measure experimentally the penetration
depth, when materials have a significant dynamic sorption capacity. At the same time,
the quantification of the penetration depth becomes more complex, when multi-layer
wall assemblies are taken into consideration. As Kaczorek (2019) demonstrated, the
moisture moves into the wall depending on the single materials properties and their

location in the stratification.

To reduce the gap between the theoretical models and experimental tests, Zhang
et al. (2017) developed a new mathematical expression for MBV. The basic Moisture
Buffering Value (MBV pasic) is applicable either with harmonic or square waves
function of humidity (Fig. 2-1). The MBV pgsic function is dependant not only of the
time period, but also of time variation of the indoor condition, when high humidity is
kept for tp hours and low humidity is maintained to (1 )ty hours, as shown in the
Eq. 2.2.4:

e d——p_
MBV pasic = 1:27] (1 )" uptp (2.2.4)
Where: | is water vapour permeability [kg=m s Pal,  is moisture capacity [kg=kg]
and is density [kg=m3]. Eq. 2.2.4 is applicable only for square wave moisture variation.
However, it can be indirectly used for harmonic function of humidity, if multiplied by a

correction factor , which is derived from quasi-harmonic humidity variation equations.

Roels and Janssen (2006) highlighted that there are other discrepancies between the
theoretical model and experimental results, as the effect of the moisture surface
resistance, Zp, in the moisture exchange process with the air is not considered. The
MBV theoretical Supposes the moisture exchange happens on the material surface, but
in reality it takes place on a thin air layer above the surface, where either convective
moisture flows in the air and the intrinsic materials resistance are present. As Rode
et al. (2007) showed, MBVineoretical is comparable to the practical verification only if
Zp is zero, materials are homogeneous and their thickness is at least equal to their

penetration depth.
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2.3 Simulation models

Simulation models evolved quickly to systematise the global analysis of building
hygrothermal performances, by taking into account heat and moisture transfer in
buildings.  Climate, location, building geometry and enclosure’s structure are
necessary input data to model the hygrothermal behaviour of an enclosure. In
particular, to have accurate predictions of indoor temperature trends, the capacity of
the enclosure to transport and store heat is assessed through wall’s components
properties, such as thermal conductivity, specific heat capacity, density, and their
dependency on the moisture content in the enclosure. As an example, if the moisture
content increases, the thermal conductivity increases too. Instead, to obtain a
detailed evaluation of the indoor relative humidity in a variable regime (variable
vapour production, ventilation and outdoor vapour pressure), the influence of porous
materials needs to be included in the models. However, it is necessary to introduce
various simplifications, to reduce computer Random-Access Memory (RAM) usage
and calculation time. Each numerical model provided different simplifications, and for
this reason they need to be first classified, in order to understand the reason of such

simplifications.

As Kreiger and Srubar IIT (2019) explained, hygrothermal simulations can be initially

divided into three groups:
Empirical,
Semi-Empirical,
Physics Based.

This classification divided the models depending on the the use of experimental data in
the development of the tools. The empirical models use experimental data as foundation
of the tool, while physics based methods use physics fundamental equations to develop
a model, which is later validated with experimental analysis. Semi-empirical models
are in between the previous two cases, where physics based methods are improved by
introducing inputs from experimental testings. In general, this classification can be
further simplified, dividing the models to simplified simulations (empirical and semi-

empirical) and heat, air and moisture transfer (HAMT) models (physics based).

2.3.1 Simplified Methods

Simplified mathematical models have been developed, usually by introducing correction
factors from experimental data. The uncertainty of this method is the assumption

that the correction coefficients can be applied to any building, when they are usually
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obtained from experimental rooms or few full-scale testing (representative of a small

climate zone) (Section 2.5).

For example, Tsuchiya (1980) model is based on factors measured experimentally, which
makes his model only suitable for a specific tested room. However, Tsuchiya (1980)
is one of the first to introduce moisture buffering in the mass balance equation as
average moisture content of a thin indoor surface layer, which instantaneously reaches
equilibrium. The storage capacity is limited to a few millimetres of the surface and

calculated only as a function of the dry mass of the surface material.

The effective capacitance (EC) model (Stehno, 1982) links both the capacity of the
finishing material and the room air to store moisture: moisture buffering is considered
as an increment of the air capacitance of the room. The EC is a highly simplified
model, which does not require many input data, because it assumes the air in the
room is well-mixed and with uniform properties. Moreover, it does consider the wall
moisture content always in equilibrium with the room air humidity, while the wall
humidity increment is assumed as a qualitative multiplier factor (m), which is not well
defined (Woods, Winkler and Christensen, 2013).

Later Woods et al. (2014) developed the effective moisture penetration depth (EMPD)
model (Cunningham, 1992). This method considered the moisture capacitance of the
wall as the combined work of a surface layer, which is responsible of the short term
fluctuation and a deep layer for long term fluctuation. These two nodes represent the
moisture buffering as a combination of the mass transfer resistance between the air and
the surface, and the diffusion resistance into the material, respectively. The thickness

of these layers is defined by the effective moisture penetration depth (Equation 2.3.1).

S

t
xepp = 2 Ps o (2.3.1)

w

Where |, is the water vapour permeability [kg=m s Pa], ps is the saturation pressure
[Pal, tp is the time interval, is the dry density of the material [kg=m®] and y is the
specific moisture capacity [kg/kg]. The EMPD is a semi empirical model, as it perfected
the moisture capacitance model with inputs taken from experimental measurement in
one single building. The experimental inputs (Surface area S, specific moisture capacity
w, moisture permeability p, effective penetration depth Xgff) could be extracted
through a moisture balance equation, by forcing humidity square wave fluctuation in
the analysed building. Clearly, a specific equipment and set-up was necessary, such as
that explained in §2.6. Successively, the model was improved and validated with more
buildings (Woods and Winkler, 2016, 2018), showing a small sensitivity of the model
to inputs variations. However, this model does not consider the moisture transport
through walls and moisture buffering potential of furniture, as well as it needs further

verification of the influence of location and square metering of buildings.
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Other developments of this method were possible, by introducing computational fluid
dynamics (CFD) in the EMPD model. As the EMPD model assumed the temperature
and water vapour in the room are well-mixed and homogeneous, Steeman et al. (2009)
highlighted that CFD allows to predict local distribution of temperature and humidity.
In this way, it was possible to improve results obtained, but increasing significantly
the simulation time. Consequently, it was so stated that the well-mixed air model give
good prediction of the average RH in a room. Therefore, the CFD-EMPD should be

applied only for the prediction of local hygrothermal behaviour or damage control.

The EMPD was also used by Abadie and Mendonca (2009), who looked for a method
to apply the MBVpractical in building simulations. Abadie and Mendonga (2009) found
a way to convert experimental data, obtained in a certain experimental condition into
the desired environmental condition to use in a lumped model, by looking into the
correlation between M BVineoretical, M BVpractical, RH and surface resistance (Zp). Even
though this model was based on several simplifications (constant moisture diffusivity,
constant temperature, materials’ thickness bigger than the penetration depth), it is a
good starting point for looking into the correlation between theory, small scale testing

methods and full-scale analysis.

2.3.2 HAMT Models

HAMT models are considered the most theoretically correct method for building
simulations, as they analyse the simultaneous impact of temperature, humidity and
barometric pressure on a simulated building. Consequently, HAMT give a better
interpretation of the moisture storage capability of walls than the simplified methods.
Due to the link between simultaneous heat, air and moisture transport through the
building envelopes and the simulated hygrothermal condition in the room model,
moisture buffering can be considered as part of the heat and moisture transfer

between the surface and the indoors.

All the models are based on Fick’s law for moisture. The main differences between
each method are the level of complexity in the theoretical description of physical
phenomenon, as well as the spatial and time discretization. The application of
different strategies to describe physical mechanisms leads to divergent results. A clear
example is the difference between Delphin® (Nicolai, 2017) and WUFI (Antretter

et al., 2015). Both software described the water vapour diffusion as follow:

gw = p S rpy (2.3.2)

Where gyy is the water vapour transport flux density [kg=m?s], p is the liquid
diffusivity coefficient [kg=m s Pa], S is the surface area [m?] and py is the water

vapour pressure [Pa]. However, there are significant differences in the materials’
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liquid transport description. WUFI" assumes the liquid water moves in the pores,
following the water concentration gradient. The liquid transport is consequently

described as in equation Equation 2.3.3.

gw = Dwrwnp (2.3.3)

Where gy is the liquid transport flux density [kg=m?s], Dw is the liquid diffusivity
coefficient [m?=s] and wp, is the water content [kg=m?].

On the other hand, Delphin® considers the capillary vapour pressure as driving force
(Equation 2.3.4).

ow = Kirp (2.3.4)

Where gy is the liquid transport flux density [kg=mzs], K is the liquid conductivity
coefficient [S] and pp, is the capillary pressure [Pal. The main difference in the results
can be seen in the moisture content of the layers. Generally, Wufi" presents higher

moisture content values compared to Delphin®, as showed by Hagentoft (2002).

Considering the discretization, depending on the granularity of both air volume and
enclosure of buildings, it is possible to focus simulations on the energy performances or
on the enclosure properties. Enclosure focused simulation models (WUFIT, Delphinﬂ)
usually have intermediate to fine discretization for the walls, and a coarse indoor air
granularity (Janssen and Roels, 2009). The coarseness leads to the assumption of
perfectly mixed air and equal temperature and RH in all rooms, while intermediate-
fine grained models generate 1-D models and 2D-models, respectively. Even though
there is not an updated list of currently existing simulation models, more details on
the main HAMT programs and their differences until 2010 can be seen in Straube and
Burnett (2001); Woloszyn and Rode (2007); Delgado et al. (2010).

Although bands of acceptance for simulations were introduced (Hagentoft, 2002), to
assure the reliability of simulation models, it was shown that numerical results still
presented differences, due to different numerical techniques and levels of complexity
(Hagentoft, 2002). Delgado et al. (2010) also highlighted, there is not yet a clear link
between theory and the real dynamic sorption processes. Calculation methods may
not represent moisture buffering in real buildings, because they are only based on a
few case studies and very specific full-scale test set-up. Due to the complexity of the
moisture transport mechanisms, a standard experimental validation technique does not

exist and consequently it leads to different simulation results and evaluations.

In the last ten years existing software have been updated and improved, but new
challenges have been undertaken. New models have been introduced, which stand out
from the traditional HAMT (Van Belleghem et al., 2014; Dubois et al., 2014; Tijskens,
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Roels and Janssen, 2019). Dubois et al. (2014) introduced an inverse modelling
approach, which applied the HAMT and the experimental MBV, to estimate the
hygric parameters of building materials. Contrary to the previous studies, this
method aimed to use the MBV as a data source, allowing the prediction of materials

properties, which are usually measured through time-consuming, steady state tests.

Another important challenge is the introduction of probabilistic evaluation in
hygrothermal simulation. As deterministic simulation models become more
computationally demanding and more targeted to highly specialised users, the
application of this new approach aims to reduce the uncertainty, due to unknown
materials and environmental properties, and at the same time reduce calculation
time. Tijskens, Roels and Janssen (2019) applied an artificial neural networks (ANN)
model to building physics. The ANN is an information-processing system, composed
of small processing nodes and weighted interlinked connection between units. This
system took inspiration from biological brain, which needs to be "trained" using an
existing data set. In this way, the model learns how to predict the correct output.
This method shows good agreement with experimental data, but it is at the
beginning of its development for building physics applications, and needs more

experimental data for its development.

2.4 Laboratory Scale Experimentation

This section presents some laboratory methods used to characterise the dynamic
water sorption properties of building materials. There have been various laboratory
protocols to determine moisture buffering (Kiinzel, 1965; Padfield, 1998; Rode et al.,
2005), and these can be generally divided into two groups: tests performed through
the step-response method and the ones performed in a flux chamber. The main
difference between the two is the humidity variation function (square waves and
harmonic). However, this simple distinction may prove to be restrictive, as some

experimentation are a combination of the two.

2.4.1 Step-Response Method

The simplest laboratory-based experimental method for the moisture buffering capacity
is the step-response method, developed by Kiinzel (1965). It measures the weight
variation of samples, when they are subjected to an adsorption phase for a set time,

followed by a desorption step (Fig. 2-2).
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Fig. 2-2. Cyclical moisture uptake and release of hygroscopic materials as function of
RH in isothermal conditions (Rode et al., 2005)

Moisture buffering was defined by Kiinzel (1965) as function of time through an
adsorption coefficient A [kg=m?" h], which links the moisture uptake (kg=m?) and
the square root of time (' h). However, as Svennberg et al. (2007) discussed, in this
first configuration of the step-response, air movement, sample size and experiment
set-up were not standardised and the humidity generation interval to define RH-steps
were always variable. RH interval length is strictly dependent on the vapour diffusion
resistance of materials, size of the chamber and the way to determine the moisture
equilibrium. In particular, equilibrium was considered to have been reached, either
after a predetermined time frame or if the weight variation was small (Svennberg
et al., 2007). Both methods might deviate from the true equilibrium and led to errors
(Wadso, 1994). Furthermore, the method supposed that the material reached again
the hygric equilibrium in the chamber before another cycle started, which never
happens in reality. As a consequence, the test results were not comparable to each

other and did not represent a realistic situation in a whole building.

The NORDTEST project (Rode et al., 2005) improved and standardised step-response
test introducing the Practical Moisture Buffering Value (MBVpractical), described as
[kg=m? %RH]. Tt is based on the Kiinzel’s method as it varies cyclically the RH from
33% to 75%. This method tries to supposedly replicate periodically the daily humidity
exposure in a building of Nordic countries, assuming 8 h of high humidity and 16 h of
low RH in an ambient with air velocity around 0.1 m/s and constant temperature. This
is generally not representative of indoor daily humidity fluctuations, as it is unrealistic
to have for a prolonged time extremely high humidity levels and than drop it to really
low RH levels (Saito, n.d.). Rode et al. (2005) stated that 75%RH was chosen as
threshold, above which the risk of condensation and corrosion is high. It is, however,
not specified the reason of the 33%RH. The difference with the previous methods is

also in the definition of moisture buffering, which is not a function of the square root
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of time but a function of RH variation, and it requires a controlled environment for

precise test performances.

Together with NORDTEST (Rode et al., 2005), other standards were introduced,
such as the JIS A 1470-1 (2002), DIN 18947 (2013) and 1SO-24353 (2008), which
present similar experimental procedure but use different time-steps and propose three
RH levels. McGregor et al. (2014a) and Roels and Janssen (2006) highlighted how
those differences influence the adsorption curves, as shown in Fig. 2-3. Janssen and
Roels (2007) recognised that the NORTEST does not fully characterised moisture
buffering in real buildings, due to the single time-steps interval. So Janssen and Roels
proposed the Production-Adapted MBV (MBV*), which introduces another
time-interval other than the one presented by the NORDTEST (Janssen and Roels,
2007):

MBV = MBVg +(1 )MBVi, (2.4.1)

where is a weighting factor and 1h and 8h are the moisture generation time.
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Fig. 2-3. Comparisons between different moisture buffering tests:a) ISO and
NORDTEST (McGregor et al., 2014a); b) JPN and NORDTEST (Roels and Janssen,

2006)

Further development were introduced by Wu et al. (2015), who transformed the MBV
in the Ultimate Moisture Buffering Value (UMBV). It is defined as:

B
UMBV = iMBV (2.4.2)
k=1

Where j is the time coefficient defined as tj=24 and I, II and III are the time intervals
of the test. Each phase simulates respectively sample pre-conditioning (23 C, 50% RH)
summer (40 C, 98% RH) and extreme winter (18 , 3% RH) conditions. This method
measures the behaviour of a material not on daily basis, but yearly because it considers

only seasonal outdoor weather variations.
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All these methods are quasi steady state, which means materials need to achieve a quasi
equilibrium state. The methods prescribed preconditioning before testing and that the
change in mass between adsorption and desorption is within a predefined threshold (the
NORDTEST prescribes the weight amplitude between three consecutive cycles should
not deviate to more than 5%). In addition, in real buildings RH varies together with the
temperature, which is still not clear how it might influence moisture buffering. Rode
et al. (2005) explained that temperature affects the water vapour transport, due to its
influence on vapour pressure and other unknown transitory effects during temperature
variation. Therefore, it is important to better understand the role of temperature in the

dynamic vapour sorption, as temperature in indoor environments is always variable.

Even though a lot of improvement has been given to the test-response method, air
movement, air speed, temperature and the surface resistance coefficient inside the
climatic chamber are assumed constant. For this reason, Gémez et al. (2011) built
another test facility that reproduced the effect of air movement for natural and forced
convection on a surface. A test specimen was placed in an air tunnel (Fig. 2-4), which
had an adjustable speed fan. The air flow passed first through a stagnation chamber
and a flow guide, before reaching specimens, in order to obtain a laminar flow. The
instrumentation was placed in a sealed box, where humidity was controlled by salt
solutions. Following the NORDTEST protocol, Gémez et al. (2011) checked the
influence of the coefficient of surface resistance on the sorption process through
Lewis’s correlation (Rode et al., 2005) and air speed, revealing a strong correlation
between convective moisture flows and MBV. Allinson and Hall (2012) also
highlighted that MBYV increases, when air speed increases and vice-versa. The
developed testing facility brought an effective improvement of the step-response
method, as it demonstrated the importance of accurately measure the air velocity.
Gomez et al. (2011) found an effective solution to this problem, but the instrument is
a very precise apparatus, which might not be easy to replicate and it does not
consider the effects on results of different time period and humidity levels, together
with the air velocity. Furthermore, Gémez et al. (2011) apparatus controlled the air
speed in a laminar environment, while common environmental chambers cannot
control the air velocity and the air distribution. Consequently, different results may
be obtained within the same chamber depending on the location of the sample inside
the unit (Holcroft, 2016b).

Recently Zu et al. (2020) investigated an innovative method to consider accurately the
surface resistance, which consisted in curve fitting the moisture buffering experimental
data. The measured soprtion curve was compared with a theoretical curve. By varying
the vapour permeability, the theoretical curve was varied until it matched with the
measured one. The variable parameter, referred as to lumped vapour permeability,

contains intrinsically the surface resistance factor at the test environmental conditions.
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Fig. 2-4. Test configuration of Gémez et al. (2011) and 126 x 58 x 4 mm sample

2.4.2 Flux Chamber

Step-response tests are carried out by varying humidity from high level to low,
following a square-wave function. However, in real buildings RH changes are more
complex (Simonson, Salaonvaara and Ojanen, 2004). Padfield (1998) developed a
different experimental facility, which recreated human moisture production through a
"harmonically changing RH’. The so-called flux chamber’ did not measure directly the
moisture adsorption capacity of materials but it measured the RH variation in the cell
and calculates the difference between a known amount of water introduced in the cell
through humidification and the moisture recollected in a water tank during the
de-humidification. This method is more suited to the comparison of the influence of
materials on the indoor environment, but it does not allow analysis of the impact of
moisture on the material sorption process. For a complete understanding of moisture
buffering, either the moisture storage capacity and their impact in the environment

should be considered

Ramos and de Freitas (2004) developed a similar equipment in which the room
ventilation is replicable. Their facility is placed in a climatic chamber, where it is
possible to control the temperature and RH of the air injected in the flux chamber
and the humidity generation is strictly controlled. Ramos and de Freitas (2004) test
was based on the step-response method but they also looked for correlation between
the daily RH variation and the hygroscopicity level of the room. Those two factors
are represented respectively by relative daily average amplitude of a RH variation and

Hygroscopic Inertia Ip g, defined as:

P P
Cri MBVi Si+ Crj MBVpjj
[ k= k=i
hd = NV TG
Where: MBVj is the moisture buffer value of element i (g=m? %RH), S; is the surface

of element i (M?), MBV gy j is the moisture buffer value of complex element j (g=%RH),

(2.4.3)
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Cy is imperfect mixing reduction coefficient (-). N, V and TG are respectively the air
exchange rate (h 1), the room volume (m?®) and the vapour production period (h).
MBYV is measured through the NORDTEST protocol ((Rode et al., 2005)) and it is
applied also to complex interior finishes or objects (MBVp; ).

Overall, the flux chamber reproduces a small scale room condition (0.40 m3), but needs
more verification with full-scale testing, because there are other factors of influence in a
room which are not considered or are assumed constant, such as the moisture transport
through the wall, the outdoor weather condition and air speed. In Table 2.2 laboratory

scale methods have been summarised.
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Table 2.2. Comparison of laboratory methods

Author Definition Unit Facility Temperature
Kiinzel (1965) adsorption coefficient [kg=m3" h| Climatic chamber and jar 20 C
Rode et al. (2005) MBV [kg=m? %RH] Climatic chamber 23 C
Janssen and Roels (2007) Production-Adapted MBV [kg=m? %RH] Climatic chamber 23 C
Wu et al. (2015) Ultimate MBV [9=m2%RH@12=8=4h)] Climatic chamber variable
Padfield (1998) Water vapour in the air [g=m?3] Flux chamber 20 C
Ramos and de Freitas (2004) Hygroscopic Inertia [g=m3 %RH] Flux Chamber 23 C




2.5 Full-Scale Testing

Full-scale investigations are necessary for experimental validation of hygrothermal
simulations and laboratory scale tests. There are no standard methods for moisture
buffering verification testing, but several test configuration and test facilities for the
moisture buffering validation process have been developed. Mitamura et al. (2004);
Yang et al. (2009); Meissner et al. (2010) replicated a full-size room in a climatic
chamber, which ensures a better control of the boundary environmental conditions.
Rode, Sgrensen and Mitamura (2001); Kiinzel, Zirkelbach and Sedlbauer (2003);
Simonson, Salaonvaara and Ojanen (2004) built experimental spaces in direct contact
with the outdoor environment or tested existing dwellings, to gain a more complete
picture of all phenomena that may influence the moisture buffering.  These

approaches are reviewed below.

2.5.1 Room in a Climatic Chamber

Mitamura et al. (2004) placed a 4.62 m® scale model room in an environmental chamber,
in which temperature and RH were kept constant. The purpose of the test was to
measure the RH variation, by changing the ventilation rate through a forced ventilation
system and changing the location of the tested hygroscopic materials on the surrounding
walls. At the same time a small sample of the surface material was weighed on a scale
inside the room, to compare the mass change of the material and RH fluctuation in
the room. Although it is not clear if infiltration and moisture gain/losses through the
ventilation system were considered, Mitamura et al. (2004) were among the first to

design this kind of facility.

Yang et al. (2009) built a two storey structure placed in a climatic chamber, which
simulated typical Canadian outdoor conditions. They calculated the accumulated
moisture value into the surface (Mmat) through the moisture balance equation
(Eq. 2.5.1), where not only moisture diffusion through the envelope, but also the

moisture removal through ventilation were evaluated.

Mmat(t) :( Ma(t) Mdiff(t) Myent inf(t) +G(t)) (2'5-1)

Where Mj is the moisture change in the room, Mgjff is the vapour diffusion through
the walls, Myent inf is the water mass removed by ventilation and infiltration and G

is the moisture source.

The accumulated moisture removal (M yent-inf) is defined through the Condensed Water
Method:
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Where C is the condensed water, ACH is the infiltration rate calculated through T and
RH sensors and wp and w; are respectively humidity ratio injected by the air handling
unit (AHU) and the one in the environmental chamber. This method is dependent
on the design of AHU (Fig. 2-5), which weighs the condensed water and controls all

psychrometric parameters.

Supply Air
- 8 Heater
Test Room e
] Water Collector
Return Air Dehumidifier
Ty ] and Cooling
Load cell

Fig. 2-5. Test configuration of Yang et al. (2007)

Later on, Li, Fazio and Rao (2012) refined the test procedure in the same facility
measuring directly the moisture dissipation through moisture decay in the air after
humidity generation stops and the room is not ventilated. They also developed another

moisture buffering index, the effective damped relative humidity (EDRH):

Pt Wmax

EDRH =
Ps(0:622 +  Wmax)

(2.5.3)

Where Pt is the barometric pressure, Pg is the saturation pressure at 21 C, Wmax
is the difference of average humidity ratio increases, comparing the RH level during
the test with the one measured with the same experimental condition but in a non
hygroscopic room. Eq. 2.5.3 also introduced a numerical factors to the moisture losses

through building leakages, which includes measurement uncertainty.

Meissner et al. (2010) developed another set-up to apply the same principles of
NORDTEST to a full scale facility. This is comprised of a timber structure mounted
on four load cells, which measured the weight variation of the specimen, supported by
a wood frame. The 8 m® ’built-in test-cell’ was supplied with an air tunnel (Fig. 2-6),
which provided specific hygrothermal conditions inside the structure. However,
problems related to the step-response test are not solved and infiltration rates and
mass transfer through the structure are not measured. Table 2.3 compared the room

in a climatic chamber methods.
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Fig. 2-6. Test configuration of Meissner et al. (2007)
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Table 2.3. Comparison of methods for test facilities in climatic chambers

Moisture exchange

Method Infiltration Ventilation Chamber T and RH  Room T
Mitamura et al. (2004) RH variation Not measured Not measured 20 C,50 % RH 20 C
Yang et al. (2009) Moisture balance  Not specified  Condensed water -10 C, 45 %RH 20-21 C
Li, Fazio and Rao (2012) Moisture balance Moisture decay ~Condensed water -5 C, 68 %RH 20 C
Meissner et al. (2010) NORDTEST Not measured Not measured outdoor condition 23 C




2.5.2 Experimental Rooms in the Outdoors

Another typology of test facility is the one in direct contact with the outdoor
environment. An example is Rode, Sgrensen and Mitamura (2001), who used an
insulated steel box equipped with a condensation/evaporation supply, inspired by
Padfield (1998) (Fig. 2-7), which simulated the effect of ventilation in the mass
balance. They measured the RH variation inside the room, comparing the mass
change of specimen boards placed on a scale and RH variation. This method does not
consider the influence of the mass transfer through the wall and the effects of
infiltration and ventilation on the mass balance and transfer surface resistance, due to

the absence of a ventilation system.

Dehumidifier

Load cell

Condensation [ | §
water is
g? i dropped. [ HF Fan
- % Water level
A v
'%a h - 4 =
R ¥

Fig. 2-7. Test humidifier/dehumidifier developed by Rode, Sgrensen and Mitamura
(2001)

Kiinzel et al. (2004) set up a test room, where samples were directly applied on the wall
but separated by an aluminium foil from the enclosure, to exclude any mass transfer
from or to the outdoor. Infiltration are measured through Blower Door test (Keefe,
2010) and a ventilation system is designed to control the air flow. Inside the test room
the temperature is kept constant and the RH is free to vary, depending on the moisture
buffering effects and the influence of moisture injected from the humidifier and the
ventilation system. Kiinzel et al. (2004) consider the dynamic weather conditions an
important factor for moisture buffering determination, due to the influence of outdoor

temperature and RH through ventilation in the indoor mass balance.

Recently Nghana and Tariku (2018) conducted a similar study, where two 17.8 m?
test cells were used. Two different materials were tested in each room, which was
provided of heating, ventilation, and air conditioning (HVAC) system and humidifier
that simulated human moisture production. Differently from Kiinzel et al. (2004),

their facilities were provided of an HVAC system, which allows a better control of the
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ventilation rate and RH. However, Nghana and Tariku (2018) focused on the correlation
between RH variation in the indoor, moisture production and ventilation rate without
considering the moisture exchange through ventilation, building infiltration and walls

moisture diffusion.

2.5.3 Existing Building Testing

The evaluation of moisture buffering potential on existing building gives a better
comparison for empirical models and more information about the real behaviour of
hygroscopic materials, but it is more complex to isolate moisture buffering effects
from all phenomena in inhabited buildings, and to evaluate results with higher levels
of uncertainty. Due to the complexity of the moisture exchange in buildings,
Kalamees et al. (2009a) pointed out that moisture buffering effects in inhabited
houses is negligible because it depends on occupant behaviour, ventilation rate and

the hygroscopicity of the enclosures.

In contrast, Simomnson, Salaonvaara and Ojanen (2004) demonstrated that a
well-designed hygroscopic wall improves air quality and thermal comfort. Simonson,
Salaonvaara and Ojanen (2004) focused not only on the moisture buffering properties
of the enclosure but also on the water vapour transfer through walls. They compared
building reaction to moisture, testing a house, first covering walls with plastic, and
then removing it. It was demonstrated that the permeability of the envelope reduced
the humidity peaks. However, there are uncertainties and discrepancy in the study
due to measurement errors when outdoor RH became higher than the indoors, and
due to solar radiation, mass transfer unknown effects on moisture buffering and air

distribution.

Zhang et al. (2017) also highlighted the role of hygroscopic material in a real building.
They compared moisture buffering in a test room inside a climatic chamber and in an
existing building. They also compared the humidity ratio between a non-hygroscopic
reference room and an hygroscopic one. From this comparison Zhang et al. (2017)
proposed the Moisture Buffering Effect, a new evaluation method expressed as Moisture
Adsorption/Desorption Effect (MBEa/MBEq), where:

P W wot)dt
MBE, = kng (2.5.4)
(Wi(t)  wo(0))
k=0
 wo®)  wi(t)dt
MBEg = kzl:g (2.5.5)
" wo0) i)
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where W? and w are respectively the indoor humidity ratio when there is moisture
buffering and when there are no hygroscopic materials in the room. The moisture
concentration is obtained by a simplified moisture balance equation, where the
contribution of ventilation and moisture diffusion through walls are not included.
Zhang et al. (2017) demonstrated that by increasing the hygroscopic surface ratio in
houses and decreasing the ventilation rate, moisture buffering has an important
impact in the humidity moderation of buildings, but it is, however, hard to quantify

the effects of such materials.

Altogether, full-scale testing does not have a standard procedure, which ensures
comparable results and the isolation of moisture buffering from other moisture
exchange processes. Testing in a climatic chamber simplifies moisture buffering
evaluation, but it does not consider secondary effects, such moisture transfer through
walls and variable climatic conditions, on the dynamic adsorption process of finishing
materials. On the contrary, testing in real buildings have too many variables to
consider and there still not a complete understanding of all factors, which may

influence moisture balance and transport.

2.6 Scaling from Laboratory to In-Situ Experiments

It is clear that moisture buffering still needs to be explored and explained at all
scales. It is important to understand the correlation between material characteristics
and the indoor environment. Sagae et al. (1994); Hameury (2005); Vereecken, Roels
and Janssen (2010); Woods et al. (2014) have stated the importance to combine and
compare laboratory scale and full-scale tests results in order to better understand the
physical principles that regulate the connection between material properties and their

influence in a building.

Sagae et al. (1994) analysed zeolite panels at three test scales: in a climatic chamber; in
a steel box placed in the outdoors and in a storage room of a museum. Their research
considered each test scale independent of each other, in order to evaluate different
properties, such as the maximum water amount adsorbed in 24 hours, the damping
effects and the humidity control ability of the material. These parameters correlated but
were not complementary in the definition of the moisture buffering effects at different

scales, as not performed by following a common testing procedures.

Hameury and Sterley (2006) linked directly moisture distribution in materials, observed
through the Magnetic Resonance Imaging (MRI), to step-response humidity cycles,
developing an alternative method to NORDEST. The cyclically adsorbed and desorbed
moisture was estimated, but it is limited to few millimetres of the surface and it is
applicable only to small specimens. Hameury and Sterley (2006) also tried to quantify

the moisture buffering capacity of walls in a real building, recording the moisture
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content with  0:5% accuracy pin-type moisture meters, applied in the first 3 mm
of the surface. Difficulty to apply sensors at the same width and the impossibility
to insert them deeper make it impossible to measure the direct quantification of the
moisture buffering process. Recently, a new technique was developed to measure the
moisture content in wood (Bylund Melin et al., 2016), in which RH and temperature
were measured inside the material at different depths, and then the data were converted
in moisture content, by taking into account the material’s hysteresis and dependency of
the sorption isotherm to the temperature, as described by Bylund Melin et al. (2016).
Even though this method gave a good fit with the Fickian moisture transport equation
Equation 2.6.1, it requires an elevated number of properties for the conversion of RH
into moisture content, and it is probably not applicable to plasters, as those materials

are too fragile to drill.

2
@@th — Dy, @@‘)’("Zf" (2.6.1)

where Wy, is the moisture content [kg/kg] and Dy is the diffusion coefficient [-].

Vereecken, Roels and Janssen (2010) verified the applicability of a new definition of
moisture buffering (HIR*), which combine the MBV* (Eq. 2.4.1) to the Hygroscopic
Inertia (Eq. 2.4.3) , to full-scale simulation. The HIR* value is measured in a laboratory
and then implemented in the EMPD.

P P
_(Si MBV i) —+ ) MBV obj,j
HIR = Z | (2.6.2)

The methodology validation is carried out either in a test room or in a real building,
where NORDTEST protocol is followed. There is a good agreement with the
empirical model, but the validation is limited only to a single case where ventilation
and infiltration moisture moisture exchange is not measured and infiltration rate and

indoor humidity are assumed constant.

Similarly to Vereecken et al., Woods et al. (2014) and later Woods and Winkler
(2018) verified the applicability of the existing EMPD simulation model, to predict
the moisture buffering capacity of hygroscopic materials in a house. They also
developed a new experimental set-up, which is applicable both in the laboratory and
in real buildings. The main component is the HVAC system, which controls the
moisture removal and addition to a water tank placed on a mass balance and keeps

the temperature constant in the house (Fig. 2-8).
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Fig. 2-8. HVAC system developed by Woods et al. (2014)

Moisture buffering is calculated from the mass balance equation, which includes
measured moisture gains and losses through infiltration and the HVAC system, and
compare results with the classical step-response method. The good agreement
between the two methods in a climatic chamber led Woods and Winkler (2018) to
conduct their new method in an existing building. From the results obtained by their
experimental set-up they derived inputs for building simulations from house testing,
and improve the correlation between properties materials and the indoor humidity

variation in the dwelling. In Table 2.4 all previous methods are summarised.

Overall, in full-scale testing there are still some aspects to improve and consider as the
moisture diffusion through the walls, the effects on the model of less accurate HVAC
and ventilation systems, the influence of temperature fluctuation, the effect of different

weather conditions and different enclosures.
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Table 2.4. Comparison of outdoor test facilities

Moisture exchange

Author Method Infiltration Ventilation Wall assembly Room T Location
Rode, Sgrensen and Mitamura (2001) RH/Weight variation Gas decay No ventilation Insulated steel 20 C Denmark
Kiinzel et al. (2004) RH variation Not specified Not specified Bricks 20 C Germany
Nghana and Tariku (2018) RH variation Not measured  Not measured Steel frame 21 C Canada
Kalamees et al. (2009a) RH variation Not measured  Not measured 170 assembly variable Netherlands
Simonson, Salonvaara and Ojanen (2004) RH variation Gas decay Condensed water  Timber frame Variable Finland
Zhang et al. (2017) RH variation Not measured  Not measured Timber frame 20 C Not specified
Sagae et al. (1994) RH variation Not measured Not measured Not specified ~ Not specified Japan
(Hameury, 2005) Water content Not measured  Not measured Massive Wood Variable Sweden
Vereecken, Roels and Janssen (2010) RH variation Not specified No ventilation AAC Not specified Belgium
Woods et al. (2014) Moisture Balance Gas decay ~ Condensed water ~ Tmber frame 21-25 C USA




2.7 Summary

From the review of the existing research the lack of a globally agreed method to measure
transient moisture transport and accumulation properties of hygroscopic materials is
evident. Laboratory scale investigations are performed with different test conditions
and test arrangements, making direct comparisons between different experimentation
not possible. Consequently, moisture buffering measurements vary depending on the
test set-up and the different interpretations of moisture exchange phenomenon. Those
tests were also mainly developed as a relative indicator of the performances of the
materials, rater then to be applied in building simulations. For this reason, simulation
tools were developed from steady-state material properties, such as vapour permeability

and sorption isotherm, which do not sufficiently represent dynamic material behaviour.

There are also uncertainties on the full-scale experimentation, which are essential to
validate material scale testing and simulation. Moisture buffering in real building is
influenced by other moisture transport mechanisms, which make it more difficult to
isolate the dynamic water sorption process and quantify its impact on the environment.
For this reason, it is necessary to have more full scale testing and develop a standard
procedure to evaluate moisture buffering performance of a building, to allow systematic

and replicable verification methods.

Overall, there is a need to better understand the impact of hygroscopic materials on
the indoor climate control and how they may play an important role in ventilation
and conditioning design. It is important to help designers estimate and quantify the
influence of exposed surfaces in the indoor on the RH, by using full-scale testing. The
development of a method for testing the impact of materials on the environment will
improve simulation and laboratory experimental testing. This will stimulate
development and improvement of new moisture control materials and promote their
use to improve indoor hygrothermal comfort and reduce air conditioning energy

consumption.
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3. Laboratory Testing

As already highlighted in Section 2.4, existing moisture buffering tests in laboratory
are usually performed at constant temperature, specific air velocity and following RH
square wave functions. The outcome of these laboratory tests may not be representative
of the materials behaviour in a real building, as environmental conditions are more
complex and not under steady boundary conditions. Moreover, the use of steady-state
hygric properties, such as water vapour and sortpion capacity, in moisture buffering
theoretical definition may not be representative of the dynamic response of materials

to variable environmental conditions.

In this chapter, materials were first tested by applying the NORDTEST protocol and
a correlation between steady-state measured hygrothermal properties and the
dynamic sorption capacity was investigated. Successively, temperature, air velocity
and RH signal were investigated, in order to analyse the response of coatings to
different boundary conditions. The aim of this chapter is to reproduce similar
environmental conditions of a real building to analyse the response of materials. In
this way, the moisture exchange mechanisms between the environment and the
materials could be explored. This will lead to a modification or introduction of new
testing protocols that can quantify the impact of materials to regulate the indoor RH.
All testing in this chapter were repeated three times, using three specimens of each

sample. Table 3.1, a summary of the test performed in this chapter is provided.
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Table 3.1. Summary of all tests performed in this chapter

Tests Aim Expectation

Evaluate the influencing properties Find strong pattern between moisture buffering
Materials on moisture buffering and material properties
properties Identification of more influencing Better comprehension of moisture transfer

material characteristics

in materials

Air Velocity

Evaluate the impact of air velocity
on moisture buffering
to predict materials behaviour in

buildings

Find an increase of moisture buffering

with increase of air velocity

Climatic Chamber monitoring

Investigate the reliability of the
climatic chamber to maintain

programmed conditions

Find a good agreement between programmed
and measured environmental conditions
If a disagreement is found, calibrate or consider

impact on experiments

Moisture buffering at different temperatures

Verify the impact of temperature

on moisture buffering

Significant variations of moisture buffering

performances with temperature

Temperature fluctuations at constant RH

Verify the impact of temperature
variations on the materials
moisture storage capacity

at different humidity levels

Observe variations in the moisture storage capacity
of materials due to temperature fluctuations.

Isolate the influence of temperature on materials

Simultaneous temperature and RH variations

Verify the impact of simultaneous
temperature and RH variations
on moisture exchange

to investigate response of

material in a dynamic environment

Demonstrate the significant impact of dynamic
environmental conditions on materials moisture
buffering capacity that needs to be considered

in real buildings, in which temperature does vary

Sinusoidal temperature and RH variations

Investigate the impact of sinusoidal

environmental conditions on materials

Find differences with square wave signal in the NORDTEST
Better understand the correlation between environment

and material moisture transfer

Modelling of the response of materials

to variable temperature and RH variations

Investigate the weight of temperature

and RH variation on moisture storage capacity

Mathematically quantify the impact of

environmental conditions on the moisture buffering




3.1 Materials

Coatings were used for this study, due to their good moisture buffering capacity and
their wide use to finish indoor surfaces. Samples of commercially available clay, gypsum
and natural hydraulic lime (NHL) were cast and tested (Fig. 3-1). Plasterboard was
also tested (Fig. 3-1d), as it is a conventional surface layer and used within the full
scale wall constructions a the BRP (Chapter 4).

The clay plaster (manufactured by Claytec) was composed of 69% sand, 25% silt and
5% clay (Maskell et al., 2018), while gypsum (manufactured by British Gypsum) was
a calcium sulphate hemihydrate. Lime (manufactured by Blue Circle) was a natural
moderately hydraulic lime (NHL 3.5). Plasterboard was composed of a core of aerated
calcium sulphate di-hydrate and 0.67 mm of paper, bonded with starch with an overall
thickness 12.5 mm. The clay, gypsum and lime plasters, in a dry powdered form, were
prepared by mechanical mixing in the laboratory. The mixing water amount was set
according to the workability of the plasters. To the air dry clay plaster a further 20%
mass of water was added. The lime plaster was mixed with fine aggregate sand (sieved
to remove particles bigger than 1 mm and mixed in a ratio of 1.2:5 mass of lime:sand)
and 30% mass of water. Gypsum was mix with 60% mass of water. Specimens were
cast in 150x150x20 mm moulds made with phenolic-faced plywood. Thereafter, the
specimens were stored for 28 days before testing in an environmental chamber at 20°C
and 60% RH. Plasterboard specimens were cut from a 1.2 x 2.4 m panel, but the

original thickness was preserved (12.5 mm).

All the specimens were tested to analyse their hygrothrmal properties in Section 3.2
and their response to the NORDTEST protocol (Section 3.3). Successively, clay and
gypsum were selected to be further tested when the NORDTEST environmental
conditions were varied in Section 3.4, Section 3.5 and Section 3.6. The choice not to
focus on lime was due to the break of most of the lime specimens after the material
characterisation. Plasterboard was not investigated due to later discussed
considerations on the limited thickness and consequent limited moisture buffering

potential of the material (Section 3.3).

In this chapter further materials were introduced to complete the investigation on the
impact of air velocity and temperature on coatings. Hemp-lime was tested together
with clay to have a wider understanding of the effect of air velocity on the moisture
buffering of materials that have significantly different moisture buffering capacities
(Section 3.4). In Section 3.5 high density specimens of clay and gypsum were cast by
reducing the mixing water in order to double the density of the coatings. Variations
on the material properties allowed to better understand the effect of temperature on
the dynamic sorption capacity of materials. Description of the hemp-lime and the high

density clay and gypsum can be found in Section 3.4 and Section 3.5, respectively
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(c) Gypsum (d) Gypsum plasterboard

Fig. 3-1. Moisture buffering specimens

3.2 Materials Characterisation

Dry density, porosity, sorption isotherm, water vapour permeability and thermal
conductivity were measured as primary material properties necessary to better
understand the moisture buffering behaviour of the materials (Section 3.3), as well as

necessary for simulations (Chapter 5).

3.2.1 Density and Porosity

Materials density and porosity were measured, as important properties in the
theoretical calculation of moisture buffering and because these factors are likely to
influence moisture transport into materials. The bulk density was measured after
drying the materials in the oven at 105°C, until the weight stabilised. Results are
shown in Table 3.2 with the coefficient of variation (CoV). The CoV represents the

variation from the mean of the results obtained from the repetition of a test.

Porosity was determined by the Mercury Intrusion Porosimetry (MIP), using Pascal
140/440. The MIP set up data are shown in Table 3.3. The specimens were obtained
by breaking into small peaces the original 15x15 mm samples. Porosity of clay,
gypsum and lime was respectively 43.37%, 61.91% and 34.05%, while the porosity of
plasterboard without paper was 75.55%. The MIP also provided skeleton density,
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pore diameter, pore volume, surface area (Table 3.4) and pore size distribution, which
is shown in Fig. 3-2 and Fig. 3-3. The skeleton density differs from the bulk density,
as it is determined by dividing the dry mass by the solid volume of the materials,
which excludes the pores, whilst bulk density was measured by measuring the dry
mass of the specimen by the measured volume. It means that the volume includes the
pores and solid components of the materials. However, the MIP cannot accurately
obtain data on the skeletal density, when pores are smaller than the minimum pore
size into which mercury can intrude. The reported data on the skeletal density are,

consequently, not accurate.

Clay and lime presented mainly macro-pores, which have an average diameter of around
125 nm. Gypsum also had macro-pores of a significant bigger size (365 nm average),
but it also presented micro-pores, as shown in Fig. 3-2b. Gypsum plasterboard had a
more accentuate micro-pores presence and a significantly higher average pore diameter
(631 nm) than standard gypsum. Overall, the gypsum and plasterboard showed a
significant higher pore volume than clay and lime. Due to the more complex pore
structure of gypsum and plasterboard, both vapour and liquid transport take place
into the materials, when exposed to a RH and vapour pressure gradient, while in clay
and lime only vapour transport occurs. Water vapour transport can take place in
the macro-pores and its driving potential is the water vapour pressure, whilst liquid
transport takes place in the micro pores, where the driving force can either be the

relative humidity and the capillary pressure.

Table 3.2. Measured hygrothermal properties of four plasters

Material dary(kg=m3) CoV (%) () CoV (%)
Clay 1258 2.32 12.86 6.11
Lime 1576 1.69 9.65 2.60
Gypsum 856 0.95 8.84 9.66
Plasterboard 520 1.23 8.83 8.21

Table 3.3. MIP Information

Properties Unit  Value

Mercury Surface Tension N=m  0.48
Mercury Contact Angle 140
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Table 3.4. MIP data

Properties Unit Clay Gypsum Lime Plasterboard
Skeleton Density kg=m?® 1360 950 1720 590
Inaccessible porosity % -12.03 -8.61 -19.95 -5.45
Total Pore Volume mm3=g 320.16 650.11  197.30 1263.61
Total Pore Surface Area  m?=g 9.16 7.86 4.44 4.98
Average Pore Diameter nm 141.21  338.59  212.89 1015.19

Fig. 3-2. Pore size distribution for (a) clay and gypsum (b)
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