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Abstract 
 
 
 
An improvement in energy efficiency of buildings is urgent if CO2 emissions associated 
with the built environment are to be lowered. There are considerable energy and carbon 
savings to be made in the operational energy of buildings. Widespread retrofitting of the 
current building stock is essential if we are to realise CO2 emission reductions and create 
energy efficient homes whilst reducing the levels of fuel poverty. Poorly designed 
retrofitting interventions have been shown to have negative ‘unintended consequences’ 
relating to the poor management of moisture within the building envelope, and this 
appears to be due to increasing thermal resistivity and airtightness of building fabric. This 
can lead to degradation of the building, unhealthy living environments, and occupant 
health issues. The use of hygroscopic, moisture buffering materials as internal linings are 
passive ways in which the fluctuating moisture regime can be stabilised, reducing the 
likelihood of adverse effects, whilst demonstrating possible energy savings (Osanyintola 
and Simonson, 2006; Hall et al, 2013). 
 
This study carries out comparative research into an innovative bio-composite containing 
hemp and clay; the underpinning concept being to use this composite as a hygroscopic, 
thermally insulating internal lining panel, as an alternative to plasterboard. The research 
specifically investigates the increasing inclusion of fine hemp shiv with clay binder and 
two different lining materials. Hygrothermal performance indicators are quantified for six 
different composites through controlled comparative laboratory experiments and results 
obtained are compared to existing research to be verified. Main findings suggest that 
increased hemp inclusion makes a difference in hygroscopic ability and thermal 
performance. Hygrothermal results of the innovative bio-composites have been assessed 
in contrast to existing products and thermally outperform them. In fact all HC composites 
have a considerably higher level of hygroscopic action than that of plasterboard. These 
thermal performance values were used to indicate energy savings for two typical wall 
constructions in a retrofit scenario. Initial calculations suggest that energy savings are 
made when replacing plasterboard with a novel, hemp-clay panel. 
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Glossary of Terms 

  
Absorption Soaking of water vapour or liquid into the material due to the 

concentration gradient.  
Additive An extra material that is added, usually in small amounts to 

alter or stabilise a composite. 
Binder A component that acts as the cohesive element of a 

composite. 
Building envelope The external walls of a building, not including internal walls. 
Capillarity Movement of water due to the forces of suction induced by 

surface tension within the porous structure of a material. 
Also called ‘capillary action’ 

Clay (unfired) Clay is the product of erosion of feldspars. Clay minerals 
vary widely, depending on the local geology. Particle size 
<0.02mm. Used as an ‘unfired’ binder in this study (not 
subject to heat to cure).  

Clay slip The combination of water and clay (60%:40%) to form a 
viscous liquid. 

Climate chamber A enclosed chamber where the RH and temperature can be 
controlled and samples tested within. 

Coarse hemp shiv Hemp shiv > 3mm 
Condensation The formation of liquid water when the air reaches water 

vapour saturation (100%) for a given temperature. 
Density Mass per unit dry volume 
Desorption Opposite of absorption. The release of water vapour or 

liquid water from a high concentration to a low 
concentration. 

Diffusivity (a) The rate at which heat energy is propagated through a 
material from one point to another.  

Embodied Energy The amount of energy requirement for a product or material, 
generally up until to the point of use. 

Equilibrium 
Moisture Content 
(EMC) 

The moisture content of a material at a given Relative 
Humidity, having reached steady state. 

Fine hemp shiv Hemp shiv with particle size< 3mm. Produced from the 
woody core part of the hemp plant. 

Friability/friable The compromise of a materials structural integrity, leading 
to crumbling and fragmentation of composite. Fragility. 

Fuel Poverty Households spending over 10% of income on energy. Also 
‘Low-income High Cost’ measure (see appendix 1.1) 

Gypsum 
plasterboard 

Internal lining panel made mainly out of gypsums. 
Conventionally used in UK for internal lining of buildings. 

Hemp shiv The woody core part of the hemp (Cannabis Sativa) plant. 
Hemp-clay 
composite 

The combination (in this study) of fine hemp shiv and clay 
slip. 

Hessian Strong, open weave fabric from the jute plant. 
Hygric Concerning water vapour 
Hygroscopicity The ability of a material to absorb and desorb water vapour, 

typically between 0 and 95% relative humidity. Beyond 95%, 



Tom Robinson           
MSc Arch: Advanced Environmental and Energy Studies: Thesis, Jan 2014 

 
15 

the process capillarity take over 
Hygrothermal Involving moisture and thermal parameters.  
Hysterisis The difference between absorption and desorption 

isotherms for the sorption isotherm. 
Lime A product of burning limestone (CaCO3) 
Lining material The material used on the external surface of the composite 

to increase rigidity. In this study hessian and recycled paper 
are used. 

Moisture-Buffering 
materials 

Materials that have the ability to absorb water vapour at 
times of high relative humidity and desorb water vapour at 
times of low relative humidity. 

Porosity (%) The ratio of the volume of pores to the volume of dry 
material. 

Relative Humidity 
(%) 

Percentage of water vapour held in the air at a specific 
temperature. Expressed as a percentage of total vapour that 
is possibly held in the air at saturation point for that 
temperature. If the relative humidity goes over 100% 
(saturation) then condensation occurs. 

Retrofitting  Typically means the increase in insulation and airtighness of 
a dwelling. Varying levels of retrofitting can be taken out but 
essentially insinuates a increase in the efficiency of the 
buildings fabric in order to make the building more energy 
efficient. 

Sequestration The removal of carbon dioxide from the atmosphere by 
incorporating and ‘locking’ it up into a stable form, in this 
case, into the fabric of the building. 

Sorption Relating to absorption and desorption.  (see individual 
terms) 

Sorption isotherm Relationship between relative humidity and water content of 
a material at Equilibrium Moisture Content (see term) at a 
constant temperature. The difference between absorption 
and desorption isotherms is called hysteresis. 

Thermal 

Conductivity () 

The rate of heat energy (watts) through a thickness of a 
material (metre) over a temperature difference of 1 Kelvin. 
[W/m2.K] 

Thermal 
resistance (R-
value) 

The opposition to , in that it is the amount of resistance to 
heat flow for a thickness of material. [m2.K/W] 

Vapour 
permeability (VP) 

Is the movement of water vapour through a material.  This is 

indicated by the water vapour resistance factor () which is 
dimensionless and is the ratio between the vapour 
permeability of stagnant air, and the vapour permeability of  
the material in question under thermodynamic conditions 
(Trechsel, 2001) 

Volumetric Heat 
Capacity 

The amount of ‘sensible heat’ energy that can be stored in a 
material. It is the measurement of required energy in joules, 
to raise 1m3 of material by 1o Kelvin. [kJ/m3.K] 

Water absorption 
Coefficient (Aw) 

This is the rate of f liquid water uptake into a building 
material  due to absorption when only its surface is in 
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contact with water. It measures the amount of water (kg) per 
surface area (m2) for a unit of the root of time (sec1/2). 
[kg/m2.sec1/2] 

WUFI Computer modelling software for assessing hygrothermal 
dynamics in buildings. 
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1. Introduction 
 

1.1. Context 
 
This motivation for this study is predicated on the desire to investigate ways to improve 
energy efficiency and health of buildings and occupants. The motivation for this reduction 
in energy use is due to findings in the latest Intergovernmental Panel on Climate Change 
(IPCC) report; warming of the climate system is unequivocal with the concentrations of 
CO2, methane and nitrous oxide increasing to levels that are unprecedented over the last 
800,000 years. CO2 concentrations have increased 40% since pre-industrial times and 
this is primarily attributed to fossil fuel emissions and land use change emissions 
undoubtedly due to anthropogenic effects (IPCC, 2013).   
 
The construction industry has huge potential to minimise the emission of Greenhouse 
Gasses (GHG’s) and CO2 as it is accountable for 43% of the UK’s total annual emissions 
(DCLG, 2013). The sector of the built environment with greatest potential reductions is 
the ‘in-use’ operating costs (total potential influence = 83%) (Department for Business, 
Innovation and Skills, 2010). 
 
The improved energy efficiency of buildings is not only imperative to the reduction of 
noxious gases causing climate change, but also to prevent the ill health of our buildings, 
and ocupants. With rising energy prices (Department for Trade and industry, no date) the 
average homeowner in the UK is finding it increasingly difficult to create a healthy, 
thermally comfortable internal environment. The proportion of the population 
experiencing fuel poverty is increasing, with 10% of homes suffering with damp in 2011  
(PSE, 2013). 
 
Furthermore, in an attempt to make buildings more energy efficient, interventions can 
result in negative unintended consequences in terms of dampness, Indoor Air Quality 
(IAQ), and consequently, the health of occupants (Howieson et al, 2003). Therefore, 
energy efficiency in buildings needs to be considered holistically to prevent dangerous 
mal-adaptation in a ‘knee-jerk’ response to the serious threat of climate change.  
 
The two most common approaches to retrofitting existing housing stock is to increase air 
tightness, and to increase thermal resistivity (higher level of insulation) of building 
envelope. These methods can lead to increased condensation and hence cause mould. 
As a result, moisture must be effectively managed in retrofit interventions; this can either 
be achieved through mechanical means, or, as described more fully in this study, through 
passive processes. 
 
The use of natural, passive, moisture-buffering materials in construction, and particularly 
retrofitting has been widely documented to have beneficial effects on the internal 
environment and is attracting increasing research attention. Specifically the inclusion of 
hemp in building fabric has been shown to improve thermal performance of building 
materials, whilst sequestering carbon into the fabric of the building, and effectively 
managing the internal Relative Humidity (RH) regime (Bevan and Woolley, 2008; 
Busbridge, 2009; Wilkinson, 2010; Lewis, 2010; Soliman, 2013; Rhydwyn, 2006.) This 
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study builds on this work and investigates the potential use of hemp and clay (HC) as an 
innovative precast, internal lining material in panel form with hygrothermal benefits. 
 
Plasterboard is the conventional internal lining material used in construction and 270 
million m2 is produced and installed annually in the UK (DEFRA, 2013). It has a very poor 
hygroscopic ability1 and is not thermally insulating2.  Links have been made between 
plasterboard and mould (Murtoniemi, 2013) and there are further issues surrounding the 
security of natural resources of the main constituent – gypsum (see appendix 3.1) 
 
The focus of this study is to investigate the hygrothermal performance of 6 HC bio-
composites to indicate their effectiveness in dealing with the issues highlighted above. Of 
specific interest is the effect increasing amounts of fine hemp shiv to binder has on 
hygrothermal performance. This research aims to continue work already completed at the 
Centre for Alternative Technology (CAT, Soliman, 2013; Marieke, 2013), with an eventual 
aim to use the materials to produce an internal lining panel that hygrothermally 
outperforms plasterboard. As a natural material alternative, it may aid in the 
decarbonisation of the built environment, and contribute to minimising the level of fuel 
poverty in the UK.  
 

1.2. Motivation of study 
 
It has been observed that mould growth is becoming an increasing issue within the built 
environment, as 10% of households now experience issues with damp (PSE, 2013). The 
occurrence of this will likely grow with the expected increase in air-tightness of houses, 
and is chiefly due to a poor understanding of moisture management within buildings. 
 
After identifying the problem of increasing dampness in homes and the limitations of 
plasterboard with respect to this (see Section 3.2), the existing market was examined. 
There has been extensive research into ‘wet application’ (plastering/tamping and sprayed 
hempcrete3) methods involving hemp and binder, but there are numerous barriers to its 
mainstream application due to extended drying times (and hence negative effects on 
timescale of projects), lack of application/method knowledge, and limited availability of 
products. 
 
It was considered essential that the method of installation was effectively the same as 
current methods of plasterboard installation, in order to reduce potential barriers for 
architects, designers and those installing the product. The only natural-material panel 
alternatives in the existing market are either disproportionately heavy and impractical to 
install, or are approximately 5 times the price of a sheet of plasterboard, posing 
significant barriers to mainstream uptake. 
 
 

                                                        
1
 Hygroscopic materials have the ability to absorb and desorb water vapour in order to regulate the internal 

RH.  
2
 Unless petrochemical based insulation is adhered to the back of the boards. For the purpose of this 

investigation, boards with insulation on the back will be omitted, and industry-standard 12.5 mm 
plasterboard will be the focus. 
3
 Hempcrete is a composite containing hemp shiv and binder, typically lime. 
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It was suggested by Marieke (2013) that a pre-fabricated panel with fine hemp shiv 
(woody core of the hemp plant stalk) as part of the composite could be an appropriate 
area for development of the internal lining of buildings. This is supported by Steulova et 
al. (2013) who conclude that a fine hemp shiv bio-composite could provide a carbon 
negative, non-load bearing interior panel with thermal insulating properties. The specific 
research aims are to address this identified, but previously unstudied application of fine 
hemp shiv and clay composites. 
 
Hence, this research will conduct preliminary investigation in the main hygrothermal 
properties of various HC composites with a vision of the use in panel form. Assessment 
will be carried out into: 
 

 Thermal properties of various hemp proportions 

 Hygric performance of various composites in comparison to plasterboard  

 Moisture-buffering potential of these innovative composites 

 Potential energy savings and health benefits associated with the measured 
hygrothermal performance indicators. 

 
In addition to this, but not covered in this study the panel may have the following benefits: 
 

 Only uses natural materials that will not cause direct or indirect land-use issues 

 Can be manufactured in the UK from crops grown here and clay sensitively 
extracted from the local environs 

 The composite’s hygrothermal performance may have a reducing effect on fuel 
poverty  

 Addresses increasing concerns regarding poor IAQ  

 Sequesters carbon into the fabric of the building 

 When the useful lifecycle of the product is finished in its primary use, it will 
o Be easily broken down and reused or recycled 
o Not leave a long term waste legacy 

 Must be installed in a similar way to current conventional internal plasterboard. 
 

1.3. Aim 
 
To continue research into clay and fine hemp shiv composites and assess their use in a 
natural material panel product that potentially addresses the points highlighted in section 
1.2.  
 
More specifically, investigations into varying quantities of clay:fine hemp shiv will be 
explored to assess hygrothermal properties. Thermal variables measured are: 

 Thermal conductivity () 

 Diffusivity 

 Volumetric Heat Capacity (VHC) 
Hygric variables measured are: 

 Vapour permeability  

 Capillarity  

 Hygroscopic action indicated by sorption isotherms. 
Qualitative assessment of handling and friability will be made throughout the research. 
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The measured performances of various composites will then be compared to existing 
products such as plasterboard, existing natural material panels and existing research to 
assess relative performance in relation to dealing with the relevant issues highlighted in 
section 1.2. 
 
The viability of such a composite to be used in panel form as part of a retrofit scenario in 
the future will be discussed. 
 

1.4. Structure of Report 
 
Chapter 2 considers why there is a need for a natural-material, hygroscopically efficient 
panel. It attempts to link macro-scale issues of climate change and the reduction of CO2 
emissions from the built environment, to how this relates to the issues of fuel poverty and 
the unintended ill-health effects on building occupants.  
 
Chapter 3 focuses on building physical properties and the relationships between thermal 
properties and the behaviour of moisture within the built environment. The adverse 
effects of moisture will be discussed, as will the role of moisture-buffering materials to 
combat this. Various properties that influence hygroscopicity will be examined.  
 
Chapter 4 discusses the properties of the materials used in this research and the 
rationale for their use, whilst evaluating the availability of the associated resources in the 
UK. 
 
Chapter 5 provides explanation of the methodology of experiments and why these 
specific experiments are used in relation to the research. Methodology of the fabrication 
process is also included. 
 
Results are presented and analysed in chapter 6, and these findings are then discussed 
in chapter 7.. 
 
In chapter 7 conclusions and implications of the study, together with limitations and future 
research will be suggested. 
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2. Context  
 
This chapter examines at a high-level, the linkages between carbon emissions, energy 
use and the built-environment within a UK context. How these factors then relate to fuel 
poverty within UK housing and the resultant negative health issues are discussed. 
Following this, a review of current building retrofitting practices and how they produce 
unintended consequences is provided at the end of this chapter. 
 

2.1. Environmental context 
 

Human activity has undoubtedly affected the forcing agents in the atmosphere, and on 
land surface with Greenhouse Gases (GHG) significantly increasing since the industrial 
era. The atmospheric concentrations of CO2, methane and nitrous oxide are currently at 
the highest levels in 800,000 years, with CO2 increasing 40% since pre-industrial times. 
(IPCC, 2013.) 
 
The IPCC report (2013) states: 
 
“It is extremely likely that human influence has been the dominant cause of the observed 
warming since the mid-20th century” 

IPCC, (2013) 
 
The precise extent of this forcing is difficult to quantify, as the earth’s climate system is 
highly non-linear in nature, with many chaotic processes. What is clear, is that the 
changing climate is one of the most pressing challenges of current time. As the IPCC has 
reported, the continuation of GHG emissions will cause cataclysmic changes in the 
climate system to the detriment of the human race. 
 
“Limiting climate change will require substantial and sustained reductions of greenhouse 
gas emissions” 

IPCC, (2013) 
 
Recognising the urgency that is needed to attenuate the threat of climate change, the UK 
Government created the Climate Change Act 2008 in order to reduce GHG emissions, 
make provision for adaptation to climate change and to address energy and resource 
security for the future. The target is to reduce the UK’s carbon emissions by at least 80% 
lower than the 1990 baseline, by 2050. (Climate Change Act, 2008) 
 

2.2. The role of Buildings in energy and carbon emission reductions 
 
“Buildings offer the largest share of cost-effective opportunities for GHG mitigation 
among the sectors examined, achieving a lower carbon future will require very significant 
efforts to enhance programmes and policies for energy efficiency in buildings and low 
carbon energy sources well beyond what is happening today” 

Levine et al. in: IPCC report, (2007) 
 
As the above statement demonstrates, buildings have a significant role to play in future 
energy and carbon reductions. 
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In 2009, buildings accounted for approximately 43% of all UK carbon emissions (DCLG, 
2013), which highlights the scale of the potential carbon and energy savings possible in 
the built environment.  
 

2.2.1. Energy/carbon in fabric of building 
 
Since the Industrial Revolution, the materials with which we build have largely been part 
of an open system, with little thought to where the material will be thrown ‘away’ at the 
end of its operational life (Allwood, 2011.) As Diamond (2006) documents, an expanding 
population existing on a finite number of resources, is inevitably in danger of consuming 
all, possibly leading to the collapse of that civilisation, as has been seen in the past. 
 
This adds a deeper consideration to the reduction of carbon emissions and induces the 
notion of ‘closing the loop’ in relation to the life cycle of building products. In order to 
minimise carbon emissions and conserve the finite resources, materials must be both: 
efficient in terms of embodied and operational energy; and effective in terms of energy 
and resources it takes to make them. 
 
Cabeza et al. (2013) posit that use of low-energy building materials may result in 
approximately 50% reduction of embodied energy in the whole building system. This is a 
simplified result but demonstrates intelligent use of low embodied-energy materials. 
 
 

2.2.2. Operational energy 
 
A report published by the Department for Business Innovation and Skills  (2010) showed 
that the estimated amount of CO2 the construction industry has the ability to influence is 
considerable. The study analysed the MtCO2

4 associated with the different elements of a 
building’s life cycle and highlights the amount of CO2 emissions that each sector has the 
ability to control5. 
 

                                                        
4
 MtCO2 – Millions of tones of CO2 

5
 This is not to be mistaken for the amount it is accountable for. 
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Table 2-1 – Demonstrating the sub-sectors of the construction industry and the associated Mt of CO2 the 
sector has the ability to influence. (Source: Department for Business Innovation and Skills, 2010) 

 
Table 2-1 shows the largest amount of potential savings in the construction industry is 
associated with the ‘in use’ sector (83%). ‘In use’ savings depend on energy efficiency of 
the building and how people use it and could also be called ‘operational energy’. 
 
The study proclaims itself as first attempt to approximate the potential savings of CO2 

within each sub-sector of the construction industry and states that the estimates are 
“broadly consistent with those from a similar exercise by the UKGBC (UK Green Building 
Council)” (Department for Business Innovation and Skills, 2010.)  
 
Considering that figure 2-1 shows that 66% of the energy consumed by the domestic 
sector was for space heating, it is evident that this is an area that deserves concentrated 
focus in order to maximise potential energy and CO2 savings. Figure 2-1 also shows that 
energy demand for space heating has been steadily increasing since 1970. 
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Figure 2-1 – Domestic sector energy use by end use for periods 1970 – 2012. (Source: DECC, 2013a) 

 
Note, the steady increase in space heating energy consumption may be due to 
occupants increasing levels of thermal comfort, requiring a warmer ambient temperature 
in the house with time. However, this is expressed as a percentage of total energy use. 
Total energy use is examined in figure 2-2 demonstrating an increase, thus the total 
amount of energy for space heating has increased more than figure 2-1 indicates. 

 
Figure 2-2 – Total energy use in UK from 1970 to 2000 in million tonnes of oil equivalent (Source: 
Department for Trade and Industry, (no date)) 
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2.3. Fuel poverty in UK housing stock 
 
Fuel poverty is defined in 2 ways by DECC (2013b.) 
 

1) The ten per cent measure – if a household spends more than 10% its total income 
on fuel in order to maintain thermal comfort. This is considered to be 21oC for 
living areas and 18oC for other rooms (Boardman, 1991.) This method of 
measurement is strongly determined by space heating and neglects the ability to 
heat water, run appliances etc. 

2) Low-income high cost measure (LIHC) – this measurement categorises the 
household to be in fuel poverty if the required fuel costs are above the national 
average. If they were to spend that amount, it would leave them with an income 
(after fuel costs) below the official poverty line. 

 
Figure 2-3 shows the disparity between the two methods of measurement. Clearly, both 
measurements are dependant on household income. It is also worthy to note that neither 
method takes location or climatic factors into account. Analysis of different 
measurements of fuel poverty and the possible drivers is included in Appendix 1.1. 
 
 

 
Figure 2-3 – Graphical representation of the 2 methods of measurement of fuel poverty. Figures are for 
England only. (Source of data: DECC, 2013b) 

 
It is evident that fuel poverty is a situation that is likely to get worse with the predicted rise 
in fuel prices and this has significant societal and health issues for the UK population. 
Health issues associated with unhealthy buildings are investigated in appendix 1.2. 
 
One of the ways to decrease levels of fuel poverty is by increasing the energy efficiency 
of buildings. It is well documented in the literature that the UK building stock is of poor 
quality. In order to assess the energy performance of dwellings, the government uses the 
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Standard Assessment Procedure (SAP.)  Band A denotes the most energy efficient and 
band G; the least energy efficient. When the cross section of the UK is considered in 
terms of SAP ratings in the DECC report (2012b), it demonstrates that the vast majority 
of households are in band D or below. Only 12% in 2010 and 14% in 2011 were 
categorised as being in band A, B or C. This can be seen in figure 2-4. 

 
Figure 2-4 – SAP ratings for UK housing stock for years 2010 and 2011 (DECC, 2012b) 

 
Given the information presented, buildings have a significant potential in reducing CO2 
emissions. To realise this, wide spread retrofitting of current housing stock is needed and 
disused in the nest section. 
 

2.4. Retrofitting current housing stock 
 
In order to address the poor energy efficiency of the current housing stock, retrofitting is 
imperative. The enormity of the task is apparent when studies suggest that 75 - 80% of 
the UK’s 23.4 million households (Office for National Statistics, 2012) will still be in use in 
2050 (Power, 2008.) Of these 23 million households, it is estimated that 34% of them are 
considered ‘hard-to-heat’ or ‘hard-to-treat’ homes (Hall et al., 2013,) and many of these 
dwellings are heritage buildings (pre- 1919). 
 
If 75% of existing dwellings are to be retrofitted to increase their energy efficiency, which 
means that 487,500 homes a year need to be retrofitted, starting from now.  
 
Widespread logistical frameworks are needed in order to facilitate this: sufficient, 
effective materials; large, skilled workforce; conscientious and knowledgeable designers; 
training of both practitioners and occupants of dwellings; effective assessment methods, 
to name a few areas that need concentrated focus to mechanise this transformative scale 
of change.  
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This could, and should be viewed as one of the largest national commercial opportunities 
we have seen in decades in order to provide thousands of jobs, training and up-skilling 
opportunities; community coalescence, whilst importantly, decreasing carbon emissions, 
encouraging enterprise and innovation, improving energy efficiency; and addressing the 
health of the buildings and the nation that lives within them. 
 
However, in order not to experience a mal-adaptation, deep thought, research and 
planning is needed to consider the best approach and policies for retrofit and this is 
highlighted in the statement below from the Retrofit for the Future report (2012.) 
 
“The interactions between the different components (heating and ventilation systems, 
solar thermal etc) and the physical envelope of the dwelling, and with the people who 
retrofit and inhabit it, form a complex system whose behaviours cannot always be 
predicted, particularly during times of rapid change.” 

Institute for Sustainability (2012) 
 
Hall et al. (2013) carried out a simulation based on a ‘retrofit research house’ on the 
Nottingham University campus. It represents a 1930’s – 1960’s semi detached house 
which this type of housing is thought to account for ~60% of UK housing stock. Using 
WUFI v.2.1.1.73 and WUFI Bio they modelled a phased approach to retrofit with 6 
stages. Their findings highlighted that a basic retrofit (double glazing, draught-proofing, 
internal wall insulation) produced large relative savings in energy consumption and a 
significant improvement in occupant comfort. They concluded that low-energy retrofits 
primarily depend on wall and ceiling insulation and followed by reduction in Air Changes 
per Hour (ACH.) Pelsmakers (p.229, 2012) agrees with this, stating that 40% carbon 
reductions can be made by increasing insulation and airtightness standards, thus 
reducing operational energy to heat homes by 80%. 
 
A limitation of these findings in Hall et al. (2013) is that there was no realistic 
hygrothermal regime included as part of modeling in stage 1-5. This limits the ‘real world 
implications from stages 1-5. A realistic hygrothermal regime was added in phase 6 to 
simulate occupancy behaviour. The main conclusion was that there is a clear need to 
consider moisture-buffering materials as an essential part of retrofitting strategies in the 
UK in order to avoid ‘unintended consequences.’ Furthermore, the study highlights the 
clear need for passive approaches to humidity buffering materials and technological 
selection.  
 
The major challenge is, retrofitting on a large scale requires widespread adaptation and 
transformation. The urgent changes that are needed are undeniable and an operation at 
this scale, if not designed, researched and implemented in the correct manner may result 
in mal-adaptation with un-intended consequences (Davies and Orezczyn, 2012). 
 
This chapter has come from the macro-scale of climate change, through the built 
environment’s contribution to energy consumption and carbon emissions, to which areas 
the UK housing stock can start to address to reduce these emissions through minimising 
energy demand.  
 
The next chapter moves from the macro-scale and examines the micro-scale 
hygrothermal processes and phenomena that need to be understood in order to produce 
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environmentally sensitive materials to be used in widespread retrofitting of the UK 
building stock. 
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3. Hygrothermal properties of materials commonly utilised in buildings 
 
As discussed in the last chapter, a large-scale retrofit strategy could improve the energy 
efficiency of the UK housing stock and help to mitigate against climate change. To do this 
effectively and to avoid unintended consequences, it is imperative that an understanding 
of the hygrothermal (moisture and thermal) processes and properties of the materials of 
which they are made is attained.  
 

3.1. Thermal dynamics in buildings  
 
“The maintenance of thermal equilibrium between the human body and its environment is 
one of the primary requirements for health, well-being and comfort.” 

Givoni, B (1976) 
 
In the above statement, Givoni (1976) highlights the inseparable relationship between 
man, architecture and thermal comfort. This section is an explanation of the thermal 
physics that are at the foundation of this relationship. 
 
Thermal dynamics in buildings and materials are based on heat. Heat is a form of energy 
that is associated with the internal vibrations of molecules in a material. This can also be 
described as ‘thermal energy.’ Heat is transferred through the building envelope primarily 
by conduction (Childs et al., 1983.) The SI unit for heat is Joule (J.)  
 
Temperature is the condition of an object determining whether heat will flow from it. Heat 
has a natural disposition to flow from objects at high temperatures to objects with low 
temperatures (McMullan, 2012.) Temperature is expressed as Degrees Celsius (0C) or 
Kelvin (K.) 
 

3.1.1. Conductivity and resistance 
 
To assess a material’s ability to insulate a house, one of the parameters used is thermal 

conductivity (k or ). This is the amount of heat  conducted through 1 m of material per 
1K change in temperature.  
 
The SI unit for conductivity in W/m K  
Where: W = Power in Watts, m is distance in metres and K is Kelvin. 
 
The thermal conductivity of water is considerably higher than building materials therefore, 
when moisture levels are increased in a material or a wall, the conductivity increases.  
 
Another way of assessing a material’s thermal properties is by its resistance (R) to the 
flow of heat. The greater the resistance, the less heat will propagate through the material.  
 

Resistance (R) = thickness of material / . = m2K/W                    (Equation 1) 
 
Total resistance for wall construction = R1 + R2 + R3 +….. = Rt            (Equation 2) 
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Resistance provides a more representative parameter by which to think about movement 
of heat in a material and means that the resistances for different layers within a wall can 
be added together to give the overall resistance of the whole wall construction. This is 
commonly known as an R-value and is the standard for measuring the thermal 
effectiveness for walls in North America. 
 
In the UK, the U – value is used to measure the amount of heat lost through a given 
thickness of any specific material, including conduction, convention and radiation. 
(Energy Saving Trust, 2010) It is related to the R-value by following equation. 
 
U-value = 1/R = W/m2.K                   (Equation 3) 
 

3.1.2. Volumetric heat capacity 
 
Volumetric heat capacity (VHC) is the amount of energy it takes to raise a given unit 
volume of a material by 1 degree Kelvin (or 10C.) To determine this parameter for a given 
material, the following equation is used: 
 
VHC = Specific Heat Capacity x density = J/m3.K                       (Equation 4)
     
VHC is used to understand the amount of heat a material may be able to hold in order to 
realise the effects of thermal mass as a passive mode of heating internal space. The 
higher the heat capacity, the more energy can be stored. 
 

3.1.3. Diffusivity 
 
Diffusivity is a measurement of how fast heat energy is propagated through a material 
and thus, how far through a material a wave of heat can travel. It can be derived using 
the following formula. 
 

Diffusivity (a) =  / VHC = m2/s                  (Equation 5) 
 

3.1.4. Thermal performance of materials. 
 
As is demonstrated by the above parameters, thermal performance of a material 
depends of many variables. Below is a table of some thermal properties of various 
building materials for comparison 

 
Table 3-1 – Thermal properties of various building materials. (Evrard, 2003) Note:  = density, Cv 

= VHC. Also, measurement of Cv and  are in different units. 

 
Table 3-1 shows a positive relationship between density and thermal conductivity. This 
was observed in the preliminary study (Appendix 2.1) and is commonly verified by 
existing data.  



Tom Robinson           
MSc Arch: Advanced Environmental and Energy Studies: Thesis, Jan 2014 

 
31 

 

 
 
Figure 3-1 – Graphs to show relationship between thermal conductivity and density.  
 

The left-hand graph  is from Arnaud (2009) demonstrating the differences in relationship 
for a hemp-lime matrix for experiment and modeled values at different RH. The right-
hand graph shows results from a preliminary study (appendix 2.1) on clay-hemp and 
earth-hemp boards conducted to inform this research (Note: R2 value is 0.96 indicating a 
very close relationship).  
 
Due to this relationship between density and thermal conductivity, it follows that a 
composite should be tested with as low a density as possible to decrease the 
conductivity through it. This was achieved by including increasing proportions of fine 
hemp shiv to assess the influence on thermal performance. For the purposes of 

comparison, plaster board’s  value of 0.19 W/m.K is consider the current benchmark for 
performance and the aim of this research is to eventually facilitate the production of a 
panel that would have a higher insulating factor than normal 12.5mm plasterboard. 
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3.2. Moisture in buildings 

 
Moisture affects everything in a building from the decay of the materials that make up the 
fabric of the building, to the health of the occupants. May (2005) denotes that 75% of 
building failures are due to water. Thus, it is an increasingly important consideration 
when thinking about retrofitting; especially as one of the first interventions of retrofit is to 
increase air tightness of the building envelope. This decreases incidental ventilation6. 
Accordingly the moisture that is created in the indoor environment is contained, with 
reduced ventilation to take it away. This has to be managed to avoid negative adverse 
effects on health and building fabric. Howieson et al (2003) documented some of the 
factors contributing to increased moisture in UK homes, shown in figure 3-2. 
 

 
Figure 3-2 – Factors resulting in increase of moisture in UK dwellings (Source: Howieson 2003) 

 
One way to manage the increase in moisture is by mechanical ventilation, however this 
increases energy demand. The HC composite aims to ‘passively’ regulate and manage 
the increased levels of trapped moisture within the building envelope. This section 
examines relevant moisture dynamics in relation to internal linings. 
 

3.2.1. Moisture and its sources 
 
Moisture is produced in many ways in the built environment.  

 By occupants (see table 3-2) 

 By the drying out of building fabric in new build scenarios (up to 8,000 litres of 
moisture over a year can be released by the buildings fabric (Olivier, 1997)) 

 From the outside environment. 
 

                                                        
6
 Unintended ventilation that occurs due to air leakage in the building fabric. 
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Table 3-2 – Sources of moisture and rate of production from a variety of typical sources. (Source: 
Olivier, A., 1997) 

 
As air tightness increases, moisture ingress and ventilation from the external 
environment is likely to decrease and as Howieson et al. (2003) highlight; ventilation 
rates have an important role in dispersion of water vapour. This ‘sealing’ of the building 
envelope results in moisture build up in the internal environment, increasing RH and 
eventually resulting in the air becoming saturated (not able to hold any more water 
vapour at any given temperature). At this point condensation occurs. It is the passive 
regulation of RH that is of interest to reduce the occurrence of condensation and the 
adverse effects it causes. Furthermore, these ‘passive’ methods can decrease the 
amount of energy needed to maintain comfortable psychometric conditions the internal 
environment.  
 
The adverse effects of moisture on the building and its occupants are found in appendix 
2.2. 
 
 

3.2.2. Moisture buffering materials 
 
There is increased research into materials’ ability to passively manage moisture build up 
associated with extreme fluctuations in RH. The materials are called ‘moisture buffering 
materials’ and possess properties to absorb water vapour into its porous structure when 
RH is high, and release it when the RH is falling. This has a stabilising effect on the 
internal RH regime and reduces the occurrence of condensation, mould and damp. 
(Padfield, 1999; Osanyintola and Simonson, 2006; Rode, 2005; May, 2005; Minke, 2006) 
This effect can bee seen in a comparative field test carried out at the Fraunhofer Insititute 
of Building Physics (IBP), Germany. 
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Figure 3-3 – Demonstration of a RH profile of a moisture buffering material (wood fibreboard) in 
comparison to a non-buffering material (painted plaster) whilst being subject to fluctuating RH. (Kunzel et 
al, 2004) 

 
It is shown that the moisture buffering material (wood fibreboard in light blue) reduces the 
fluctuation of the RH regime in comparison to painted plaster finish. From the Figure 3-3, 
it is evident that the proportion of time that the internal environment maintains optimum 
comfort for occupancy, increases. This provides a graphical representation of the 
moisture buffering effect. This ‘buffering’ effect is demonstrated for clay finishes in figure 
3-4 and is taken from a study by Padfield (1999).  
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Figure 3-4 – Graph to represent Moisture buffering over 24 hours of light clay (Padfield, 1999.) 
The red line denotes the RH in the test chamber, purple line denotes the RH dampening within 
the chamber when light clay is present and the purple and green lines are to denote the RH at the 
stated depth of the material respectively. The blue line illustrates temperature. 

 
Moisture buffering becomes important in retrofit scenarios where ventilation is decreased 
due to increased airtightness of building envelope. This exaggerates the fluctuations in 
RH, driven by occupant activity (bathing/ washing etc). Figures 3-3 and 3-4 and 
associated studies suggest that moisture buffering materials reduce fluctuations of RH 
and therefore will reduce the likelihood of dampness and condensation. 
 
This could have potential impacts on the health of both buildings and occupants, and 
energy savings as mechanical ventilation will be less necessary (Hall et al., 2013.) 
Lawrence et al. (2012) confirm similar findings after a real life construction of a hemp and 
lime ‘pod’ (HemPod) was constructed at Bath University for constant monitoring. They 
determined that the internal RH and temperature were maintained at a “remarkably 
stable level” which was within the comfort levels required for occupants. 
 
A material’s ability to buffer fluctuating levels of moisture on a diurnal basis depends on 
active thickness, vapour permeability and moisture storage capacity (Osanyintola and 
Simonson, 2006; Padfield, 1999). This is highlighted in this comparative performance of 
various building materials from Padfield (1999.) and illustrated in figure 3-5. 
 
Hall et al (2013) discovered through modeling of various retrofit scenarios (section 2.4) 
that with increased moisture loading in the dwelling after retrofit interventions, the 
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moisture buffering material (mesoporous silica) provided 100% of the RH buffering 
needed to maintain ASHRAE defined thermal comfort levels throughout the year7.  
 
These findings motivate research into such moisture buffering materials. Due to the 
reasons presented above, hemp and clay have been combined with the intention to 
create a moisture buffering material such as the ones discussed in this section. The 
composite aims to not only provide superior thermal performance as discussed in the 
previous section, but also manage moisture within the building. This is  an attempt to 
lower energy use, whilst dealing with increased moisture contained in the home due to 
increasing air tightness of the building envelope. 
 

                                                        
7
 It must be noted that whilst the moisture buffering material in the Hall et al (2013) study is not the same as 

the material under investigation in this thesis, it has similar hygrothermal performance (examined in further 
detail in later chapter.) Another point to note is that there is no mention of interstitial moisture in this study. 
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Figure 3-5 – Comparative relationship between of 4 hygric parameters for a range of building 

materials. “The water capacity is shown in the top left column as weight gain per unit volume of dry 
material when the RH changes from 0% to 100% (the value marked on the column is, however, based on 
the water absorption between 40% and 65% RH). The column below is the water vapour diffusion 
coefficient. The middle column is the active depth in which moisture exchange occurs during a daily 
cycle (on the left) and an annual cycle (on the right). The final column on the right shows the water 
available to buffer the daily cycle and is an index of the effectiveness of the material in buffering RH 
change when there is a considerable air exchange in the room. The arrows show how the fundamental 
material properties are combined to predict the water available for buffering from the various 
materials. 'Celcon' stands for cellular concrete. wood:: is end grain wood,wood|| is wood planks.” 
(Source: Padfield, 1999) 
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3.2.3. Hygric properties of moisture buffering materials 

 
To understand the movement of moisture within buildings and materials it is imperative to 
understand 3 main parameters: 

 Hygroscopicity 

 Vapour permeability 

 Capillarity 
 
All three parameters have been measured for the innovative panels in this study and this 
section aims to highlight what each parameter indicates in the built environment and for 
these potential novel materials. 
 
 

3.2.3.1. Hygroscopicity 
 
Hygroscopicity is the ability to absorb and release water vapour from and to the 
surrounding air. Most building materials are hygroscopic, however to what degree varies 
widely. Hygroscopic materials “pick up water molecules at the inner surfaces of their pore 
system until they reach a water content at equilibrium with the water content of the 
ambient air (EMC)” (Kunzel, 1995.) To do this they rely on water vapour diffusion from a 
high concentration to a low concentration (high RH to low RH.) This process is driven by 
a difference in vapour pressure. 
 
They also have the ability to release moisture from the material into the air when RH is 
low, constantly striving to equilibrate. The desorption process may happen at a different 
rate to absorption and this difference is known as ‘hysteresis.’ This ‘moisture buffering’ 
phenomena stabilises internal RH and reduces condensation of surfaces as discussed 
above. 
 
Hygroscopic ability is related to the materials Equilibrium Moisture Content (EMC) which 
is the amount of moisture a material can hold at a given temperature and RH and is 
determined only when the material has reached steady state. Above 95% it is thought 
that hygroscopicity ceases, and capillarity is the predominant process as liquid water is 
present. This is illustrated in the graph below. 
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Figure 3-6 – Sorption isotherms for 3 materials (wood, concrete and brick) of varying 
hygroscopicity. Blue zone indicates capillary action, which is transport of liquid water. (Fraunhofer 
Institute for Building Physics, 2001) 

 
The rate at which a material reaches EMC for a specific RH indicates the rate of 
hygroscopic ability, and the % moisture gain in relation to its volume determines its 
hygroscopic capacity. This capacity is also related to thickness of material. The 
comparison between the hygroscopic performances of the 3 materials in figure 3-6 is 
clear with wood being the most hygroscopic and brick the least. Findings are concurrent 
with Padfield’s (1999) relationship diagram. 
 
There are many different ways of measuring moisture-buffering performance and 
Osanyintola and Simonson (2006) declare that a standard test is needed to facilitate the 
direct comparison of moisture buffering properties of materials. Sorption isotherms are 
used in this study to indicate hygroscopic action and a description of this is in appendix 
2.3. 
 
 

3.2.3.2. Vapour permeability 
 
Vapour permeability is the transport coefficient for vapour diffusion in a porous material. 
[SI unit = ng/sec.metre.Pa] (Trechsel, 2001.) Essentially it measures the materials ability 
to let water pass through it. It is a material property and not dependant on size or 
thickness (May, 2005)  
 
The more common parameter used in the building industry is the Vapour Resistance 

Factor (VRF) [] and this will be used determined in this study. This is a dimensionless 
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factor and is the ratio between the vapour permeability of stagnant air and the vapour 

permeability of that of the material in question under isothermal conditions.  - value is 
determined through equation 6. 
 

           (Equation 6) 
 
Where: 

a = water vapour permeability with respect to partial vapour pressure (see appendix 5.5) 

 = water vapour permeability. 
 

A higher  value indicates a less vapour permeable material and a lower  value signifies 
higher vapour permeability. This indicates the ease at which water vapour will adsorb and 
desorb from the material. 
 
It is worthy to note that a building can be ‘airtight’ at the same time as having a high 
vapour permeability. This is due to the size of the water molecule in comparison to the air 
molecule or CO2 molecule 
 

3.2.3.3. Capillarity 
 
Capillary action of a material is the rate of transport of liquid water (above 95% RH) due 
to forces of surface tension within the porous structure of a material. (Minke, 2006.) It is 
dependant on porosity and structure of the material (Trechsel, 2001.) A capillary–active 
material will absorb water until it attains free water saturation (wf) (Kunzel, 1995.)  
 
Capillarity is quantified by the water absorption coefficient (Aw.) Typically materials 
experience hygroscopicity from 0-95% RH and are permeable to water vapour. Above 
this RH level8, materials start to experience capillary absorption of liquid water as figure 
3-7 depicts. This process can take place in the micro pore structure of the material as 
explained in detail in section 3.2.3.1. and appendix 6.1 

                                                        
8
 This could be at events such as showering, cooking  and bathing. 
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Figure 3-7 – Illustration from Evrard (2008) to demonstrate the progression of water movement 
from dry state through hygroscopic adsorption to capillarity and finally saturation. 
 

However, if the moisture is trapped in the material, interstitial moisture can become an 
issue. Thus, materials with good capillarity will absorb moisture at times of high RH. 
When the RH in the internal environment ceases to rise and begins to decrease, stored 
moisture within the material will be drawn out from capillaries (a high concentration) to 
the surface (a low concentration). The concentration gradient is always intending to 
equalise.  
 
In summary, if these hygroscopic parameters are apparent in the HC composite, then this 
can be scaled up for use as an internal panel to cover the internal walls of a retrofitted 
building. Plasterboard is not thought not to have the hygrothermal properties discussed in 
this section. Therefore the replacement of gypsum plasterboard as an internal lining with 
the alternative HC panel could help in reducing the ‘unintended consequences’ of 
dampness and unhealthy environments associated with retrofitting (Howieson et al., 
2003). Section 4 examines the materials used in this study. 
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4. Material properties 
 
There is an increasing amount of research into hygroscopic building materials confirming 
the many potential benefits. This section will highlight the main materials of the hemp-
clay bio-composite and their associated benefits and rationale for use, based on previous 
research. 
 

4.1. Fine hemp shiv 
 
Hemp (Cannabis Sativa. L,) also known as industrial hemp and non-narcotic hemp, is a 
strain of Cannabis sativa with a low level of tetrahydrocannaboids (THC.) It is one of the 
oldest cultivated crops man has grown and has historically been used for its fibres for 
maritime purposes (ropes and sails) and for clothes. Of recent, it has been replaced by 
synthetic fibres and cotton (Finnan and Styles, 2013.) 
 
Hemp shiv (hurds) consist of 19-21% lignin, 31 -27% hemicellulose and 36-41% cellulose 
(Balčiūnas et al. 2013.) The micro pore structure of hemp shiv and a cross section of the 
hemp shiv is pictured below. It is the woody core part of the plant stem. 

 
Figure 4-1 – Cross-section of hemp stem demonstrating the porous layers. (Balčiūnas et al, 2013) 
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Figure 4-2 - Magnified view of Hemp shiv. Length view on left and cross section on right. (Collet et al., 
2013) 

 
The multiple benefits of using hemp in the building industry is now well documented in 
the literature, however barriers still remain on the pathway to hemp becoming a 
mainstream building material. Its agro-benefits are well acknowledged (Rhydwen, 2006; 
Finnan and Styles, 2013 ;), building benefits with regard to embodied energy and carbon: 
(Miskin, 2010; Arnaud 2010; Wilkinson, 2009 and Busbridge, 2009) and the advantage of 
use in construction with lime as a binder is well précised in BRE published ‘Hemp Lime 
Construction’ by Bevan and Woolley (2008). 
 
For this reason, an extensive review of the literature with regard to physical properties 
will be omitted from this thesis, however, a review of the progressive hygrothermal 
properties of hemp and clay shall be discussed. 
 

4.1.1. Material properties 
Hemp has been chosen as a material for this investigation for a number of reasons. 
Balciunas et al (2013) denote that hemp shiv (hurds) are  suitable for insulation 
composites due to their porous structure and strength. However, hemp shiv can be a 
variety of sizes and there has been a predominance of  research into shiv with a average 
size of ~10 - 20 mm used in hempcrete and other such composites (Wilkinson, 2010; 
Collet et al., 2013; Evrard and De Herde, 2006; Lawrence et al, 2012 etc.)   
 
Comparatively, there is very little research done on ‘fine’ hemp shiv which has a particle 
size of ~ 3mm. Marieke (2013) conducted a comparative laboratory study into the effects 
of hemp shiv in clay plasters and found that the presence of fine hemp shiv reduced the 
conductivity of the composite). It was noted that sand-free matrices would allow for the 
inclusion of more hemp (and decreased density) and thus a further reduction of thermal 
conductivity. It should be noted that none of the experimental matrices reached the 
thermal performance of plasterboard but promoted the idea of increased proportions of 
fine hemp shiv. 
 

Marieike (2013) states that the addition of fine hemp shiv to the matrix “will be key to the 
development of these new insulating plasters.” Findings also imply fine shiv will decrease 
the µ- value of the matrix allowing moisture to move with increased ease, thus increasing 
the potential moisture buffering effect.  
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Critically, on this point Minke (2006) suggests that materials with high resistivity to water 
vapour may limit the likelihood of interstitial moisture as the vapour would be prevented 
from entering the wall. However, this is reducing the potential for moisture buffering. The 
buffering phenomenon relies of effective absorption and desorption of moisture and can 
be indicated by sorption isotherms.  
 
Soliman’s (2013) findings from a comparative laboratory study of fine shiv and lime 
plasters concur with findings from Marieke (2013) and deepened understanding as to the 
inclusion of fine hemp. It was found that increased proportions of fine hemp reduced 
density as expected and in turn reduced conductivity and VHC whilst increasing 
percentage moisture content at a given RH. Soliman states that the relationship between 
hemp content and conductivity is more significant than the effect hemp shiv has on 
density.  
 
After energy efficiency modeling for the duration of a year in IES, it was found that energy 
savings of up to 30% (with 50 mm of hemp rich plaster) could be achieved when applied 
to a double brick skin building with no plaster or insulation. This modeling does not 
include the effect of moisture within the building fabric or consider interstitial dew points 
created by interventions. 
 
Balciunas et al (2013) carried out a comparative laboratory trial to assess the effect size 
of hemp particles and binders had on the composite. They determined that hemp shiv of 
2.5mm fraction had superior thermal properties in comparison to particles with a larger 

size (= 0.074 W/m.k and 260kg/m3 for a starch binder and 0.075 W/m.k and 351 kg/m3 
for a cement binder.)  
 
The highest compressive strength was with hemp shiv of the 2.5 mm fraction due to the 
formation of highest area of contact zones. Although these binders are not of direct 
interest to this study, it suggestss the level of thermal performance possible from fine shiv 
and binder. 
 
Due to the above evidence and some initial trial testing by the author, it was decided that 
fine hemp shiv was to be used in this research in order to lower density and conductivity, 
whilst providing a porous structure in an attempt to promote moisture buffering. It is 
inferred from the literature that fine hemp shiv may have superior hygrothermal properties 
to a larger particle size of hemp and this is of direct interest. In addition, hemp use in 
building materials is widely thought to sequester carbon in to the fabric of the building. 
Thus the main rationale for using fine hemp shiv in this study is: 

 Considered a carbon negative material (to what degree is increased with low 
embodied energy binders) 

 Has high performance with relation to thermal properties 

 Effectively buffers the RH regime within enclosed spaces 

 Is an excellent crop to be grown, that limits the amount of food crop displacement 
and can be grown as a ‘break crop’ (Rhydwyn, 2006) 

 Can be used as a substitute in many mainstream construction methods and 
products. 

 
 



Tom Robinson           
MSc Arch: Advanced Environmental and Energy Studies: Thesis, Jan 2014 

 
46 

4.2. Clay 
 
Clay will act as the binder for the hemp filler in the composites under research. Clay’s 
properties are briefly discussed here. 
 

4.2.1. Hygrothermal properties of clay 
 
Clay has been used in building for millennia (Minke, 2006,) and the main barrier that 
currently faces its entrance in the mainstream methods of building is due to its antiquated 
perception. However, many studies have shown that unfired clay has huge potential to 
provide a low embodied energy, passive RH buffering internal finish (Liuzzi et al., 2013; 
Padfield, 1999; 1998; Minke, 2006; Busbridge, 2009, Wilkinson, 2009; Marieke, 2013; 
Soliman, 2013; Miskin, 2010; Sadler, 2011;) 
 
Clay has localised electrostatic charges that attract the polar H2O molecule. When water 
enters the space between the sheet silicate structures, the clay swells (Minke, 2006.) In 
an applied scenario, this process is thought to prevent moisture from travelling too far 
into the wall, causing interstitial moisture (Weisman and Bryce, 2008.) Padfield (1998) 
states that clay is completely impermeable to water and thus need to be combined with 
filler for it to be effective. This is one of the roles of the fine hemp shiv in this composite. 
 
 

  
 
Figure 4-3– Figure on left (a) shows water interaction with clay lamellar layers (Nelson, 2010) and 
figure on left (b) is an illustration by author of electrostatic interaction of water onto unfired clay 
surface. 

 
Different clay minerals have varying abilities to deal with moisture. Bentonite (containing 
70% montmorillonite) has a EMC of 13% at 50% RH, when kaolinte under the same 
conditions has a EMC of 0.7% (Minke, 2006) This indicates the importance of the 
mineralogy of the clay binder in relation to its effectiveness as a moisture buffering 
material. However, this effect may not be as important as initially thought as the 
composite is mixed with hemp shiv, which, as identified is highly hygroscopic. The clay is 
primarily used as a binder, and secondly exhibits hydrophilic (moisture loving) properties. 
 
This micro-porous structure is altered when lime is added. Minke (2006) found that the 
addition of lime as a stabiliser created an ionic exchange to take place, and so 
strengthening the bonds between fine particles and hindering the penetration of water. 
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Liuzzi et al (2013) disagree with this finding. Results from a comparative laboratory test 
using X-ray Diffraction (XRD) analysis of 3 different clays indicated that bulk porosity 
(volume of pores per volume of material) increased with the addition of 5% (by weight) of 

lime. This in turn decreased the  value by ~30% for all stabilised samples. It was found 
that the bentonite lime stabilised clay, displayed high isothermal vapour sorption activity 
in comparison to kaolinite clays. It was also found that the same clay had the highest 
Moisture Buffering Value (MBV) value when assessed by the NORDTEST moisture 
buffering protocol (Rode et al, 2005.) 
 

Liuzzi et al., (2013) then took the best performing clay ( = 0.892 W/m.k  = 1843 kg/m3  

= 9.30) and modeled its hygrothermal performance against gypsum plaster ( = 0.430 

W/m.k  = 1273 kg/m3  = 7.5) in WUFI Plus v2.1 for a Mediterranean climate. The clay 
finish greatly reduced fluctuations in RH in comparison to the other 2 finishes both 
absorbing and desorbing a greater amount of moisture. They concluded that clay 
composites as internal linings have significant benefits both for indoor comfort and 
operational energy savings for the Mediterranean climate9. This supports the HC 
composites under investigation in this thesis. 
 
The addition of additives is omitted from the scope of this thesis intentionally, however it 
is important to note the possible effects to micro-porous and mineralogy associated with 
different clays and additives. This is proposed as an area of further research and great 
interest to the progression of this nascent panel. 
 
With regard to active depth of moisture buffering potential of clay, Padfield (1999) states 
that the active depth to buffer the moisture on a diurnal basis is as little as 5 mm and that 
a 3cm thick surface is “more than enough” for daily buffering. However it is voiced that 
the theoretical performance is not as good as the measured performance of clay walls. 
Padfield (1999) concludes the paper by stating with confidence that absorbent walls and 
ceilings will “significantly improve” the stability of the indoor climate of spaces that are 
ventilated at 1 Air Change per Hour (ACH). 
 

4.2.2. Embodied energy of unfired clay binder. 
 
Lime and hemp are widely written about in relation to progressive building materials. 
There is little research however, on using clay as a binder in substitute for lime. Clay has 
been documented in research at the Centre for Alternative Technology as a low 
embodied energy binder as a substitute to lime and cement (Wilkinson, 2009; Busbridge, 
2009; Maireke, 2013; Soliman, 2013.) This research draws on findings from a meta study 
at Bath University (Hammond and Jones, 2008) to record the embodied energy and 
carbon for an extensive range of building materials: Inventory of Carbon and Energy 
(ICE.)  
 
A summary of the embodied energy of lime and clay binders is displayed below in table 
4-2. 
 

                                                        
9
 It should be noted that the clays used in this study included silty quarry fines, <2mm quartzite grit sand 

and 2-4mm quartzite grit gravel with this constituent making up 93% wt of the samples. This larger particle 
size will undoubtedly affect the micro and macro porous structure of the clay and is a very different matrix 
to the clay that is used in this research (~<0.002 mm particle size.) 
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Source 
 

Hemp lime (kgCO2/m
3) Hemp clay (kgCO2/m

3) 

Rhydwen (2013) -118 - +35 -~180 

Bevan and Woolley 
(2008) 

-108 - 

Busbridge (2009) -35 -196 

Wilkinson (2009) -177 - -18 -167 

 
Table 4-2 – Results from research into EE of lime and clay. (Source Miskin, 2010) 

 
There is clearly a wide range of EE estimates for hemp-lime mixes among existing 
research; however, the 3 results for hemp-clay are very similar. Both of these studies 
highlight that more conclusive research is needed to verify this finding. This is because 
the raw data is taken from the ICE which is based on the premise that the embodied 
energy for unfired clay would be similar to that of sand and aggregate. This may be a fair 
assumption, but a definitive figure for unfired clay binder would conclusively add validity 
to both table 4-2 above and table 4-3. 
 

 
Table 4-3 – Comparison of EE and EC of various binders in the construction industry (Source: Busbridge, 
2009) 
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4.2.3. Resources of clay and gypsum 

 
Clay is a product of the erosion of feldspar and other minerals (Minke, 2006). The 
resources are discussed as it is important when developing a novel material to 
understand the future security of the resource in question.  Gypsum reserves are 
investigated due to it being the main constituent in plasterboard. A detailed analysis of 
gypsum and clay mineral resources is conducted in appendix 3.1. 
 
 

 
Table 4-4 – Figures to show longevity of permitted gypsum reserves without imports and with 
50% decrease in DSG production due to cessation of coal fired power stations. (Source of data: 
BGS, 2006) 
 

It is conceivable that the use of coal-fired power stations is likely to decrease in the future 
due to the reduction of energy produced from fossil fuels. DesulphoGypsum (DSG) is a 
waste-product from coal power stations and is used extensively as synthetic gypsum in 
plasterboard. If the production of DSG reduces due to reduction in use of coal power 
stations, then higher demand is placed on natural gypsum reserves. Table 4-4 makes the 
assumption that the coal power station output is decreased by 50%. The fragility of the 
reserves becomes apparent. 
 

Appendix 3.1 shows that clay is a widespread resource in the UK and is readily available. 
Nonetheless, an increase in demand would need careful resource planning and 
sensitivity with regards to environmental designations. In addition, clay may be re-used 
(Minke, 2006). When it has come to the end of its useful life it can be committed back to 

Demand of gypsum 
for plasterboard  

Demand [Million 
tonnes/year] 

Demand on 
permitted natural 

reserves of 
Gypsum (without 
imports and with 
50% decrease in 
DSG production) 

[Mt/year] 

How long reserves 
would last [years] 

Current demand 3.9 2.4 20.83 

Doubled demand 7.8 6.3 7.9 

25% increase 4.9 3.4 14.8 

50% increase 5.9 4.4 11.5 

75% increase 6.8 5.3 9.4 

120% increase 8.6 7.1 7.1 

    

25% decrease 2.9 1.4 34.9 

50% decrease 1.95 0.45 111.1 
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the ground without a long-term waste legacy or being reconstituted into other 
composites. 
 
This research aims to investigate these historical materials, and to combine them with 
both modern approaches and material science thinking.  It aims to create a novel 
composite with the potential to insulate and buffer moisture within the built environment, 
whilst considering its environmental impact. 
 
The next chapter will explore methods employed in this study and their methodology. 
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5. Methods and Methodology 

 
5.1. Introduction to research methodology 

 
 
This study is a comparative controlled trial and investigates 6 different types of innovative 
hemp-clay composites with an intention of using these composites as an internal lining 
panel. Experiments will be conducted to assess hygrothermal performance properties 
and understand what effect, if any, 2 different lining materials and percentage of hemp 
make to the hygrothermal performance of these composites. In addition to these 
performance indicators, the general friability and ease of handling will be qualitatively 
assessed throughout the research. 
 
The hemp-clay samples will be compared to conventional gypsum plasterboard within the 
tests. This chapter will explain the methodology adopted to carry out this comparative 
trial and additional, supporting information is included in the appendices. 
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Conceptual thinking of Research 

question 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

What 

How 

Why 

= Direction of thinking 

Why research this question? 
To research a composite that has the 
potential to  

– Improve indoor air quality 
– Improve health of the occupants 
– Reduce energy demand of UK 

built environment, addressing fuel 
poverty 

– Create a potential product that 
has low embodied energy and is 
‘cradle to cradle.’ 

– Provide research, which may 
potentially support an alternative, 
superior product into the market, 
which has the same installation 
process, as exiting products, 
there fore minimising potential 
barriers to use. 

 

How will it be researched?  
- Hygrothermal properties of the 

innovative panels will be determined 
through laboratory experiments to 
determine 

o Thermal conductivity 
o Volumetric heat capacity 
o Thermal resistance  
o Vapour permeability 
o Hygroscopicity (sorption 

isotherm) 
o A – value (Capillarity) 

- This will facilitate assessment of the 
effect of different lining materials and 
percentage hemp in the composite to 
provide knowledge of which composite 
will be more hygroscopic and thermally 
insulating, 

- These findings will be compares against 
existing products and orthodoxy. 

- This will assess the potential implications 
of such products into the building 
industry. 

 

What are the possible implications? 
- Scientific evidence supporting a 

new, innovative product may be 
produced. 

- Apply findings to existing 
orthodoxy and industry 

- The implications may have direct 
effects on: 

o Health of building 
occupants 

o Dampness of buildings 
o Energy efficiency of built 

environment 
o Fuel poverty for UK 

domestic houses. 
o Systems of products used 

in retrofitting ‘hard to treat’ 
buildings. 
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5.2. Hypotheses and aim of research 

 
The over arching aim of this project is to conduct research into the innovative use of clay 
and fine hemp shiv to assess the difference increased hemp shiv and lining material 
makes to hygrothermal properties of the composite. Testing shall be carried out under 
controlled laboratory conditions and will enable comparative analysis of results to the 
control; plasterboard. Throughout the research, qualitative observations will be made with 
regard to the ease of handling and friability of the different composites. 
 
The methodology has been designed in order to test the following hypotheses: 
 
 

1. As the proportion of hemp is increased in the composite,  
1.1. Density will decrease. 
1.2. Thermal conductivity will decrease. 
1.3. Vapour permeability will increase 
1.4. Capillarity will increase 
1.5. Hygroscopic activity will also increase 

2. Hessian-lined composites in comparison with paper-lined composites will 
exhibit increased 
2.1. Hygroscopicity  
2.2. Vapour permeability  
2.3. Capillary action 

3. Hemp and clay composites will display greater hygroscopicity than 
plasterboard. 

 
 
Figure 5-1 – Hypotheses. 

 
5.3. Material properties 

 
Materials were procured from a variety of sources and these are explored individually 
below. The following materials are the constituents of the hemp-clay samples that are 
being investigated in this study. 
 

5.3.1. Clay properties 
 
The location of the source of clay used in this investigation is not known, however X-ray 
Diffraction (XRD) analyses have been carried out using a Bruker D8 XRD  from the 
University of Leeds (University of Leeds, 2013). The findings from the XRD analysis is 
found in Appendix 4.1. The clay was found in a plastic state (part water/part clay, pliable 
to touch) and was consistent in particle size, colour and consistency. Water was 
subsequently added to it to make a clay slip and water content of slip was determined to 
be 63% ±1%.  
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5.3.2. Hemp properties 

 
Hemp shiv was sourced from K.J Voase Farms, Yorkshire. The shiv was classified as 
‘fine hemp shiv’ with the largest particle size being approximately 3 mm in diameter. 
There was a small presence of hemp fibre in the hemp shiv but this was considered 
negligible. 
 

5.3.3. Lining properties 
 
Different liners are investigated in the research to ascertain if there would be hygroscopic 
differences between lining the panel with paper or hessian. The rationale for investigating 
these possible differences is that paper is currently used on conventional plasterboard. 
However, if clay or lime plasters are to be applied to a paper finish, it will need priming 
with a gritty mixture to provide a ‘key’ for which the plaster can adhere to (Wiesmann, A, 
2013). This adds financial and time implications to the installation. Henceforth, research 
was carried out into a natural material substitute and hessian was chosen for its strength 
and natural fibres. 
 

5.3.3.1. Paper 
 
Recycled paper was sourced from the chain 

store - Homebase. It is recognised that this 
is not the same paper that is used on 
plasterboards, however it is considered to 
closely replicate the behaviour of the paper 
lining found on many panel products. 
 

5.3.3.2. Hessian 
 
Hessian, or Burlap in the US, was procured 
from a local builders merchant. It is a coarse, 
woven, natural fabric made from the jute 
plant. It was selected for its strength and 
natural fibres, but also to provide the panel 
with a finish that would provide a good ‘key’ 
for the plaster to adhere to. 
 
 
Figure 5-2 – Hessian and paper linings on samples. 
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5.4. Preliminary informative study  
 
A preliminary study was carried out in order to investigate the hygrothermal properties of 
hemp-clay, and hemp-earth (with 5% lime) and their effectiveness to form a panel. The 
study was carried out during the ‘Fabrication and experimentation’ module in July at the 
Centre for Alternative Technology. Experimental panels were made in May and left to dry 
for 2 months before testing. A comparative study between earth and hemp and hemp-
clay boards were carried out and synopsis of the study can be found in appendix 2.1. 
 

5.5. Mix ratios, linings and rationale 
 
The preliminary study informed the decision to investigate the different proportions of clay 
and hemp in a panel form. Of particular interest was the difference in hygrothermal 
properties of the panels with the increased levels of hemp in the mixture. Learning was 
also taken from Soliman (2013) where the 75% hemp:25% lime plaster showed good 
hygrothermal performance. Thus, the samples were devised to assess the various ratios 
of clay:hemp (see hypothesis 1.)   
 
1 clay slip : 2 fine shiv ratio (table 5-1, below) was the composite with least hemp due to 
the findings in the preliminary study and in Busbridge (2009). This mixture was found to 
be ‘workable’ and of a consistency that ensured the total covering of the hemp particles 
with clay binder, whilst not promoting the growth of mould on the surface of the sample. It 
was considered that with the given viscosity of the clay (see appendix 4.3) that the 
highest clay:hemp ratio achievable would be 1:3 (75%). 
 
Gypsum plasterboard has a paper lining and typical method of cutting is to score a line 
with a sharp knife on the panel at the desired length, snap the board along the cut line, 
bend, and then cut the backside of the paper lining. This current method of cutting and 
shaping was considered fast and effective. However, a conversation with Adam 
Weismann of Clayworks Ltd (Weismann, 2013) highlighted that paper surfaces need 
priming with an additional product to provide a ‘key’ for the plaster. This creates 
additional time and financial externalities. 
 
The hessian liner was a concept in order to irradiate this step of having to prime the 
surface of the paper-lined panel, so the plaster can be directly applied.  
 
Additionally, there has been an association with microbial activity and spore growth on 
paper linings of plasterboard (Murtoniemi, 2003.) Part of the aim of this study was to 
investigate any differences in hygrothermal performance between the 2 linings (see 
hypothesis 2). 
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Thus, for the main investigation, 10 samples of the following composites were made: 
 

Liner Ratio (Clay:Fine 
hemp shiv) 
[by volume] 

% Clay  
(by volume) 

% Fine hemp 
shiv  
(by volume) 

Hessian 1:2 33% 66% 

 1:2.5 29% 71% 

 1:3 25% 75% 

    

Paper 1:2 33% 66% 

 1:2.5 29% 71% 

 1:3 25% 75% 

 
Table 5-1: Ratios of samples. 

 
5.6. Fabrication of the samples 

 
Details of fabrication are found in Appendix 4.2 and 4.3. 
 

5.6.1. Sample number and rationale 
 
20 samples of each ratio were made; 10 with hessian lining and 10 with paper lining. 10 
samples of each board type was considered satisfactory to ensure intra sample variation; 
in order to be able to determine a measured mean value. This mean and its range for any 
composite can then be compared to different samples mean values. This provides 
increased precision of values presented so that differences between composites can be 
said with more confidence.  
 
Some tests only use 3 of the 10 samples due to time and logistical constraints. This is the 
minimum number of samples in a data set from which a mean value can be determined10.   
 
 

5.6.2. Learning from fabrication process 
 
In further testing, increased diligence must be paid to the pressure that is applied to the 
mixture when fabricating (Evrard and De Herde, 2008). This must be the same for all 
samples as density affects hygrothermal performance (see section 7.2). In addition, 
fabricating by weight of material may improve the density accuracy. More work has to be 
done on the accuracy of fabrication.  
 
The drying process needs to be refined as Morgan (2011) observed that regulating the 
temperature between 20-30oC and RH between 40-50 % negated the growth of mould on 
the samples. If this were to be fabricated on a larger scale, drying time vs. energy input to 
dry would need to be investigated in order to produce them. If this were to be scaled up 
to production level, considerable work would need to be done on the fabrication process 
as this would have financial, time and embodied energy implications. 

                                                        
10 In the case for P1:2.5 sample in the Aw test,  where only 3 samples for each composite were tested, 

sample P1:2.5 (1) had disintegrated due to a poor seal, and thus produced spurious results. 
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5.7. Tests 

 
Controlled tests were carried out in the laboratory to measure hygrothermal performance 
and properties. This section describes the methodology and rationale for the tests 
performed as part of this study. The Experiment methodology was designed in order to 
test the hypotheses in figure 5-1. 
 

5.7.1. Dry conductivity  
 

5.7.1.1. Rationale 
Dry conductivity provides an indication of the amount of energy that passes through the 
material per m2 per 1o kelvin difference. It is measured to give a thermal performance 
indicator, to provide comparative analysis between the composites in this study, and to 
compare the findings to other building products available. This test is carried out to test 
hypothesis 1.2. 
 

5.7.1.2. Test procedure 
 
4 samples for each composite were placed in an oven at 1000C for 2 hours to drive off all 
moisture. They were then left to cool for 2 hours in order to return to a steady thermal 
state.  
 
To ascertain the conductivity, volumetric heat capacity (VHC) and diffusivity, an ISOMET 
Heat Transfer Analyser  (model 2104) was used in conjunction with a flat ISOMET probe 
with a measurement range of 0.04 – 0.30 W/m.K. (Accuracy 5% of reading + 0.001 
W/m.K.)The ISOMET analyser and flat probe can be seen in figure 5-3.  
 
 

  
 
Figure 5-3 – Flat ISOMET probe and ISOMET Heat Transfer Analyser. 

 
The probe is placed on top of the sample (assumed to be at 0% moisture content after 
drying) and each reading takes 20 minutes. Conductivity paste is used on the underside 
of the probe in order to create good contact with the sample if the surface is excessively 
uneven. After approximately 20 minutes; conductivity, VHC and diffusivity readings are 
recorded. 
 
Calibration was done with a sample of polystyrene with a known conductivity value of 
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0.035 W/m.K. 5 readings were taken and the accuracy was within 0.001 W/m.K of the 
actual mean. This was considered a satisfactory level of accuracy. 
 

5.7.1.3. Limitations 
 
Samples need to be left to cool for a period of 2 hours after drying in the oven. During 
cooling it was thought that the sample may absorb moisture from the environs of the 
room, thus affecting accuracy of experiment. Maybe a conductivity reading at a more 
stable 50% - 60% RH would be more appropriate. In addition, the flat probe started to 
experience wiring issues towards the end of the tests and started to produce some 
spurious results. However, the raw data was analysed and anomalous results omitted 
(appendix 5.2) before presentation and analysis of data. 
 
Increased number of readings would have been preferable to improve accuracy of data, 
however, due to the wiring issue of the probe this was not possible. This would be 
imperative in further study of the panels. 
 

5.7.2. Dry density 
 

5.7.2.1. Rationale  
 
It is essential to know the density of any material as this is closely related to its 
hygrothermal performance. It is a useful parameter to know when comparing materials 
within the built environment.  
 
This test is used to test hypothesis 1.1 and methodology is found in appendix 4.4. 
 
 

5.7.3. Sorption Isotherms 
 

5.7.3.1. Rationale 
 
Sorption isotherms assess material’s ability to absorb and desorb water vapour with 
varying RH at a fixed temperature. It is used in order to investigate the hygroscopicity of 
a material. This experiment is adopted for this research in order to test hypotheses 1.5, 
2.1 and 3.  
 
After an assessment of various methods of measuring hygric activity in an attempt to 
investigate moisture-buffering potential of hemp and binder, Sadler (2011) concluded that 
the gravimetric method in combination with an electronic climate chamber was the most 
accurate and accessible. This is adopted in this study. 
 

5.7.3.2. Test procedure 
 
Samples 1-6 were used for this test. The same scales as for dry density were used. 
Firstly the time for which it takes to reach Equilibrium Moisture Content (EMC) was 
determined. This is to understand how long it would take the samples to reach ‘steady 
state’ at a given RH. It is important to determine this for these samples as all materials 
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have a different EMC. Findings can be seen in appendix 5.3. EMC was determined to be 
within 24 hours, and this time interval was used in this test. 
 
For the test, all labeled samples were placed in the 
climate chamber on shelving as seen in figure 5-4. The 
climate chamber was set at 230C for the whole of the 
test. The samples were weighed at 20%, 40%, 60%, 
80% and 95% RH to observe weight gain due to 
absorbed water vapour. Samples were weighed at the 
same RH values (but in reverse) to observe desorption. 
The sequence in which the samples were weighed was 
the same for every weighing.  
 
 

5.7.3.3. Limitations 
 
To limit the amount of moisture taken on by the sample 
through the side profile, the sides could have been 
taped and sealed. This may have been more 
representative of a ‘real world’ scenario where moisture 

travels only through the face. This approach was used 
by Holcroft (2013a). This is noted, however the 
anticipated effect would be negligible due to the small 
surface area of the side in comparison to the face of the 
sample. In addition, it would have been interesting to 
know the conductivity at differing RH levels, however by this stage the probe was 
experiencing a wiring malfunction and was out of use. Sadler (2011) concludes after a 
review of a variety of moisture-buffering assessment methods, that the gravimetric 
method (employed in this study) provides the most accessible and accurate, particularly 
in laboratory conditions.  
 

5.7.4. Capillarity 
 

5.7.4.1. Rationale 
 
For this experiment, British Standard BS EN ISO 15148 (2002) was followed. This 
experiment is to measure the rate at which the material absorbs water when partially 
immerged.  This gives an indication of the liquid water transport performance due to 
capillary action. This test not only provides data on how a material behaves above the 
hygroscopic range (RH above 95%), but also indicates how materials may behave if 
stored on damp/wet ground or in continuous driving rain. This hygrothermal test is 
adopted to test hypothesis 1.4 and 2.3. 
 

5.7.4.2. Test procedure 
 
As previously stated, British Standard BS EN ISO 15148:2002 (British Standard, 2002) 
was followed diligently. 3 samples for each composite were tested and the mean from 
this was analysed. Sides of the samples were foil taped and sealed with wax to ensure 

Figure 5-4– labelled sample 1-6 
in climate chamber for sorption 
isotherm test. 
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only the face of the sample was effective at absorbing moisture: specified by the British 
Standard. The test was carried out for the duration of 24 hours where the samples were 
immerged in 5 mm of water. Weights were taken at predetermined times. Calibrated 
scales with a 0.01 g accuracy were used. No type 1 error was found after calibration. 
Figure 6-10 shows a brief pictorial account of the procedure.  
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 5-5 – Demonstrating capillarity test – Image A showing depth of water to be 5 mm; Image B 
demonstrating apparatus and Image C showing the foil tape and wax seal around sample. (Source: Author) 

 
 
Samples were weighed in the same sequence for every weighing event and the start of 
the test was staggered by 30 seconds between the immersions of each sample. This is to 
allow enough time for each sample to be brought out of the water, weighed and returned 
before weighing the next one, ensuring each sample has exactly the same amount of 
time in the water. 
 
The British Standard states that the experiment should be stopped when signs of water 
are visible on the top of the sample. This was followed and time recorded. After this point, 
the sample was turned over and taken to total saturation.  
 

5.7.4.3. Limitations 
 
Some samples experienced a break in the wax seal resulting in moisture transfer 
between the foil and the sample. This was especially a problem for the paper samples 
and this weakened the bond between the paper and the mixture. This may have effected 
results and it is therefore hard to determine from the weight and how much liquid water 
was absorbed through the face of the sample. These events were noted in the results 
and error analysis was performed for such spurious results and omitted before data 
analysis. 

C A 

B 
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5.7.5. Vapour permeability 

 
5.7.5.1. Rationale 

 
In order for a material to manage fluctuating RH, it needs to be permeable to water 
vapour. To assess the potential for vapour permeability, the British Standard EN ISO 
12572:2001 (British Standard, 2001) was utilised. This experiment assesses the vapour 
permeability of building materials maintaining isothermal conditions. The standard 
specifies a ‘wet cup test’ for high RH and a ‘dry cup test’ for lower RH. For this 
experiment, the dry cup test was employed as it is most widely used. This experiment is 
employed to test hypotheses 1.3, 1.5, 2.1, 2.2 and 3. 
 

5.7.5.2. Test procedure  
 
The British Standard BS ISO 12572 (2001) was followed diligently with 2 measures made 
to improve accuracy (appendix 5.5). The test is based on creating a difference in RH 
across the sample in question. A lower RH is created underneath the sample using salts 
(in this case Calcium Chloride [CaCl2].) These are placed in a cup and sit 15 mm from the 
underside of the surface of the sample. The sample is sealed to the cup and placed in a 
climate chamber at 85% RH and temperature is kept constantly at 23oC. 5 samples of 
each composite were tested for this experiment as recommended by the British Standard 
(British Standard, 2001). 
 
Samples were weighed every 24 hours for 6 days. Weighing continued until the samples 
are a constant weight +/- 5% of the mean value for this sample. The same scales as 
used for dry density were used in this experiment (accuracy to 0.001 g.)  
 

5.8 Accuracy of gravimetric measurements 
 
Calibration of the measurement apparatus was conducted to ensure accuracy and 
precision. Experiments conducted in this research predominantly use gravimetric 
methods to determine values (density, water uptake for isotherms, vapour permeability 
and capillarity.) 
 
2 scales were used with accuracies of 0.001g and 0.01g, the latter only used for 
capillarity (determining the Aw-value.) Calibration and error analysis of scale is found in 
Appendix 4.5 
 



Tom Robinson           
MSc Arch: Advanced Environmental and Energy Studies: Thesis, Jan 2014 

 
63 



Tom Robinson           
MSc Arch: Advanced Environmental and Energy Studies: Thesis, Jan 2014 

 
64 

 
6. Results and Analysis  
 
This section presents the key results from the experiments conducted in this study and 
parameters calculated from the measured values. Comparison to hypotheses will follow. 
For all tests, error analysis of the raw data is conducted before presentation to omit any 
spurious results. Unless otherwise stated, the arithmetic mean is taken from the results. 
Discussion of the implications of the results and comparison to other findings and 
products will be conducted in the discussion section following. 
 

6.1. Physical properties of composites 
 

6.1.1. Weight 
 
It is important to quantify the actual weight of the composites to indicate weights of the 
hypothetical novel panels. This provides values for comparison to existing panels on the 
market. The graph below shows a comparison of the experimental panels if they were to 
be made into 1200mm x 2400mm (2.8 m2) panels11 (building industry standard). The 
figures in the graph below are the means of 10 samples. 

 
 
Figure 6-1 – Comparison of weights of composites if they were to be scaled up into 2.8m2 panels. 
 

The hessian-lined panels are slightly heavier than the paper panels by 5.6%, 9.7% and 
8.6% respectively. This may be due to hessian being covered in more clay in fabrication 
and the hessian material weighting more than the paper material. Weights decrease from 
1:2 ratios to 1:2.5, but 1:3 samples marginally increase in weight for both linings. 

                                                        
11

 Note that the panels in this research are ~20mm in thickness and the existing panels on the market vary 
from 12.5 mm – 25mm. 
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Figure 6-2 – Weight comparison of panels developed by this study to existing panel products. 
(NB: All weights are in Kg/m2) [Source of data for existing panel products; British Gypsum, 2014; 
Greenspec. 2014; Fermacell, 2012; Eco Building Boards, 2013 respectively.) 
 

The composites tested in this study demonstrate lower weights per m2 than existing panel 
products (apart from H1:2.) It is noted that the existing products are varying thicknesses 
and may be produced and installed in varying dimensions, hence the unit of kg/m2. There 
is little difference in weight between the composites tested in this research with P1:2.5 
being the lightest/m2.  
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6.1.2. Density 

 
The effect of increased hemp content on the density for the composites was investigated. 
Density is strongly related to many hygrothermal parameters as discussed in section 3.1. 
The results presented are to discuss hypothesis 1.1: 
 

 
Figure 6-3 – Comparison of mean densities for hessian and paper-lined samples. (NB – Y-axis 
scale starts at 200 Kg/m3. Hessian samples on left and paper samples on right. Error bars = ± 
95%CI) 

 
Hypothesis 1.1 - As the proportion of hemp is increased in the composite, density 
will decrease. 

 
 
The mean values from a data series of 10 readings for each composite is illustrated 
above with ±95% CI error bars. Hessian samples seem to have a slightly higher density 
than the paper samples, following the trend seen in figure 6-2 above. With increased 
hemp in the composite, the density decreases. This is most significant between ratios 1:2 

and 1:2.5 for both hessian and paper ( density (H) = 67.7kg/m3 and (P) = 71.9 Kg/m3), 

and less of a decrease from 1:2.5 to 1:3 ratios for hessian-lined panels ( density (H) = 
15.14 Kg/m3). The density was observed to increase from 1:2.5 to 1:3 ratios for paper-

lined panels ( density = 5.5 Kg/m3). This may be due to inconsistency in compaction 
during fabrication, producing measurement artifact. Qualitative observations during 
testing indicated that levels of hemp over 71% (1:2.5) would be unlikely to withstand 
handling in a construction site scenario. 
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This indicates that hypothesis 1.1 could be accepted for hessian-lined samples but not 
for paper-lined samples, however, statistical analysis was conducted and is presented 
below. 

 
Figure 6-4 – Mean density for all hessian samples (NB- y-axis starts at 200 kg/m3) 

 
Figure 6-4 demonstrates error bars displaying ±95% confidence interval (CI). This is to 
demonstrate the 95% confidence that the true mean measured will fall within this range. 
As is illustrated, it can be said with confidence that the mean for H1:2 and H1:2.5 are 
significantly different as the error bars do not overlap. However, there is no significant 
difference between 1:2.5 and 1:3 ratios for hessian-lined panels.  
 

 
Figure 6-5 – Mean density for paper-lined samples (Same axis as figure 6-4) 

 
If the same data is analysed for paper samples it is evident that the same finding is true. 
However the range of 95% CI is larger for paper-lined samples indicating less intra-
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sample precision of density. An independent t-test was carried out to statistically analyse 
the difference between the ratios 1:2.5 and 1:3 for both hessian and paper-lined samples, 
using the equation below. (The workings for these can be found in appendix 5.1.)  
 

 
The findings from the two–tailed independent t-test, assuming equal variances, indicated 
that hessian 1:2.5 has a statistically higher density (mean = 336.03 kg/m3) than the 
hessian 1:3 samples (mean = 320.88 kg/m3), t (18). p=0.039. 
 
However no statistical difference was found for the paper samples (p > 0.05.) 
 
In summary after statistical analysis, hypothesis 1.1 can be accepted. All samples 
experience a significant decrease from 1:2 to 1:2.5. The point at which hemp reaches it 
most effect is around 75% due to it having a density of 44 – 80 kg/m3 (Balciunas et al, 
2013).  
 

6.2. Thermal properties of composites 
 

6.2.1. Thermal conductivity 
 

Dry thermal conductivity () was measured using a flat ISOMET probe with accuracy ± 
5% of reading. The results presented here are to analyse hypothesis 1.2: 
 

Hypothesis 1.2 - As the proportion of hemp is increased in the composite, thermal 
conductivity will decrease. 

 
Error analysis was performed before results were presented and is found in appendix 
5.2. 
 

Equation 7 
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The mean dry  for each ratio is demonstrated below with error bars demonstrating 5% 
accuracy of the probe. 
 

 
Figure 6-6 – Mean Thermal conductivities for all samples (NB – Y-axis starts at 0.06 W/m.k to 
accentuate error bars). 

 
The measured means do show a reduction in dry thermal conductivity as the hemp 
content increases, with a stronger relationship demonstrated by the hessian-lined 

samples. The lowest  values are for the 1:3 ratio for paper and hessian; the least dense 
samples. 
 

 
Figure 6-7 – Relationship between density and conductivity  - R2 value = 0.79 = medium – strong 
relationship. 
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Figure 6-7 depicts the dependency relationship of conductivity on density. It shows a R2 
value of 0.79, which is high therefore indicating the relationship to be an authentic one. 
 
These findings indicate that hypothesis 1.2 may be accepted, however, further testing 
would need to be carried out with a greater sample size than 4, as was the case in this 
study. Some data sets only had 3 results due to omissions. This would be a worthwhile 

study to determine with a high level of confidence the  value of the various hemp-clay 
composites (possibly, with and without additives.)  
 

6.2.2. Thermal resistance 
 
Thermal resistance has been calculated using equation 1 in section 3.1.1. as an indicator 
of thermal performance of the innovative hemp-clay composite. The reason for 
presenting R-values here is for comparison between existing products as the resistance 
takes into account the thickness of the product. 
 

 
Figure 6-8 – R-value indication of hemp-clay samples and existing panel products.12 (Source of 
data for existing panel products: British Gypsum, 2014; Greenspec. 2014; Fermacell, 2012; Eco 
Building Boards, 2013.) 
 

Firstly it should be noted that the R-value is relative to the material’s thickness. All values 
in figure 6-8 for existing panel products are calculated using manufacturers specifications 

for thickness and . It demonstrates that the hemp-clay composites tested in this study 
demonstrate higher R-values than any of the existing panels. Materials with a higher R-
value have more resistance to heat transfer thus, these materials would be better 
insulators.  

                                                        
12 Note that the values for hemp-clay panels (left of dotted line) in figure 6-8 are determined from mean  

values (±5% accuracy) with a sample size of 3 or 4, therefore only provide a preliminary indictor of the 
thermal performance. 
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6.2.3. Volumetric heat capacity 

 
The second thermal performance parameter measured in this research using the flat 
ISOMET probe is the VHC (kJ/m3.K) in order to gain an understanding of the heat 
capacity of these experimental composites.  

 
Figure 6-9 – VHC for hessian-lined samples – (NB – VHC is in kJ/m3.K and error bars signify 
15% measurement accuracy [stated by manufacturer]) 
 

The figure above suggests there may be a positive relationship between VHC and hemp 
content for hessian panels. However if the error bars are examined it is seen that they 
are overlapping, suggesting the positive relationship cannot be stated with confidence. 
Realistically, 15% accuracy of measurement is not a high level of accuracy needed to 
draw firm conclusions.  
 
The findings presented here suggest that the VHC increases with hemp content in the 
composite. This is counterintuitive due to the relationship of VHC = Specific Heat 
Capacity (SHC) x density.  
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Figure 6-10 – Relationship between density and VHC (with 15% error bars for measurement 
error.) 

 
Figure 6-10 shows the distribution of all data for the samples in this experiment. The 
measured VHC values seem to have a low relationship to density (R2 = 0.077). There 
appears to be a small trend, but it is not significant with this level of error in the 
measurement. This could be due to random errors as a positive relationship would be 
expected. These spurious findings may be due to the malfunction experienced with the 
probe during testing, or the small sample size.  
 

6.2.4. Diffusivity 
 
Diffusivity is the third thermal performance parameter to be measured in this experiment; 
using the flat ISOMET probe. The manufacturer provides no level of accuracy of 
measurement for this reading but it is expected to be around 15% due to the relationship 

Diffusivity = /VHC.  
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Figure 6-11– mean diffusivity of samples;  
 
Figure 6-11 shows that as the hemp content increases, the diffusivity decreases whilst 
the VHC appears to remain reasonably constant. This is true for hessian-lined samples 
and not true for paper-lined samples as the diffusivity rises fromP1:2.5 to P1:3. This 
indicates that for hessian-lined samples the increased levels of hemp in the composite, 
decreases the rate of heat transfer. This is congruent with the conductivity-density 
relationship. It can also be seen that hessian-lined panels seem to have higher diffusivity 
than paper-lined panels except for 1:3 ratio where the diffusivities are almost the same.  
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Figure 6-12 – relationship between diffusivity and density for all samples. 

 
Figure 6-12 demonstrates that increasing density of composite increases the diffusivity. 
This is a medium strength correlation according to the square of Pearson’s correlation 
(R2 = 0.5.) The same remarks can be said as for the closing remarks of the VHC results, 
that further testing would be necessary with more accurate measurement devices to 
confidently determine this relationship, however a similar relationship to conductivity   

and density exists here, due to the diffusivity being derived from .  
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A summary of values determined from this research along with figures from existing 
panel products can be found below.  
 
Composite Weight/m2 Density 

(Kg/m3) 
 (W/m.K) 
 

R-value 
(m2.K/W) 
 

VHC 
(KJ/m3.K) 
 

Diffusivity [a] 
(m2/sec x 10-6)  

H1:2 8.05 403.45 0.095 ±5% 0.21 309 ±10% 0.326 ±~15% 

H1:2.5 7.17 336.03 0.089 ±5% 0.22 349 ±10% 0.255 ±~15% 

H1:3 7.22 320.88 0.081 ±5% 0.25 381 ±10% 0.215 ±~15% 

P1:2 7.60 379.39 0.099 ±5% 0.20 387 ±10% 0.259 ±~15% 

P1:2.5 6.47 307.45 0.085 ±5% 0.24 394 ±10% 0.211 ±~15% 

P1:3 6.59 313.02 0.083 ±5% 0.24 383 ±10% 0.227 ±~15% 

Plasterboard 
(12.5mm) 

8 640 0.19 0.07   

Fermacell 
(12.5mm) 

12.5 1150 0.32 0.04   

Claytec 
board 
(25mm) 

15 500 0.14 0.18   

EBB 
(22mm) 

28.8  0.47 0.05   

Table 6-1 – Summary of thermal and physical findings
13

 (Source of data for existing panel products: British 
Gypsum, 2014; Greenspec. 2014; Fermacell, 2012; Eco Building Boards, 2013) 

 
6.3. Hygric properties of composites 

 
This section presents the results for the comparative hygric experiments conducted in 
this research against the control; 12.5 mm gypsum plasterboard. 
 

6.3.1. Sorption isotherms 
 
The results presented here relate to hypotheses 1.5 and 2.1 and 3 as follows.  
 

Hypothesis 1.5  - As the proportion of hemp is increased in the composite 
hygroscopic activity will also increase 

 
Hypothesis 2.1 - Hessian-lined composites in comparison with paper-lined 
composites will exhibit increased hygroscopicity  
 
Hypothesis 3 - Hemp and clay composites will display greater hygroscopicity than 
plasterboard. 
 

 
Sorption isotherms results show a mean value determined from 6 samples.  
 

                                                        
13

 Please note that there is varying level of statistical confidence and accuracy for the results of the 
innovative panels as discussed above, however the table serves as a preliminary indicator of the thermal 
performance of the innovative hemp-clay panels in comparison to one another and existing products. 
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It was essential to determine the period of time it took for the samples to reach 
Equilibrium Moisture Content (EMC). This was done by setting the samples into the 
climate chamber for 48 hours and measuring the difference in weight between weight at 
24 hours and 48 hours. There was 0.0048% change in weight between 24 hours and 48 
hours, therefore it was accepted that Equilibrium Moisture Content for these samples was 
reached within 24 hrs. Time intervals for weighing samples and changing RH would be in 
24-hour increments. Full data set for EMC determination can be viewed in Appendix 5.3. 
 

 
Figure 6-13 – Sorption isotherm for H1:2 and P1:2 samples with plasterboard for comparison 
 

Figure 6-13 illustrates the P1:2 sample in orange and the H1:2 sample in blue. The solid 
lines are for absorption and the dotted lines are for desorption. The isotherm for 
plasterboard has been included to provide comparative analysis and is indicated by the 
red squares. 
 
The first and most obvious finding is that the hemp-clay composites are far more active in 
terms of water vapour diffusion when compared to plasterboard. The slight weight 
change of plasterboard was thought to be due to the paper lining holding the moisture 
with no vapour diffusion into the material, thus displaying little to no hygroscopicity14. It 
must be noted that plasterboard results are determined from only 1 sample and a more 
extensive sample size is needed to confirm this, however there is a significant disparity 
between the HC composites and plasterboard. 
 
When the HC composites for 1:2 ratio are examined, it can be seen that hysteresis is 
evident for both composites. It is observed that the P1:2 composites absorb more 
moisture per dry weight at any given RH than the H1:2 composites. However this may 
not mean that the actual amount of water is higher, due to H1:2 having a heavier weight. 
The shape of the absorption and desorption curves are near identical.  

                                                        
14 The slight negative values for plasterboard are thought to be small bits of material being lost in transfer 
from climate chamber to scale and back. 
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If a real life scenario is envisaged where these composites form the internal lining of a 
room with fluctuating RH, the hysteresis observed here indicates that the moisture held in 
the composite after absorption requires a ‘mechanism’ to desorb from the porous 
structure of the composite and back into the internal environment. This ‘mechanism’ is 
provided by a reverse in the concentration gradient, induced by a falling RH in the room.  
 
It is evident from the sorption isotherms that the HC composites are hygroscopically 
active and have the potential to provide moisture-buffering in the internal environment. 
This is in-keeping with other research carried out into clay and hemp composites. The 
actual amount of water these materials buffer may be very similar as these results are 
percentage of weight and H1:2 is a little heavier than P1:2. This is examined later in this 
section. 
 
 

 
 

  
Figure 6-14 – Sorption Isotherm for H1:2.5 and P1:2.5 samples and plasterboard. (Note: y-axis is 
the same as for figure 6-13) 
 

Figure 6-14 shows similar trends as figure 6-13, however there is less of a difference 
between the hessian and paper-lined samples. This implies that the shiv is dominating 
the hygroscopic action. Both samples remain superior in terms of rate and capacity of 
vapour diffusion in comparison to plasterboard and both display hysteresis between 
absorption and desorption. The hysteresis effect is slightly smaller for these samples in 
comparison to the 1:2 ratios. However 1:2.5 ratios display greater water capacity in 
relation to dry weight at any given RH, than the 1:2 ratio composites. It may be inferred 
that they have an increased ability to deal with prolonged peaks in RH.  
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The reason for P1:2.5 having a slightly higher water capacity at any given RH may be 
due to water vapour collecting and possibly condensing on the interface between the 
underside of the paper and the hemp-clay composite. In turn this may create a capillarity 
effect in this macro-porous space. This however is not proven and is only a suggested 
reason for this higher % moisture capacity demonstrated by paper-lined samples. 
 

 
Figure 6-15 – Sorption isotherm for H1:3 and P1:3 samples (Y- axis same as previous 2 figures.) 
 

The sorption isotherms for 1:3 ratios are almost identical. They maintain hysteresis 
between absorption and desorption of equal amounts with P1:3 demonstrating a 
marginally higher capacity for water vapour at 95% RH where capillary action may have 
begun. The capacity to hold water at 95% RH shows values very similar to their 1:2.5 
ratio samples. It would appear that the shiv is the main hygroscopic agent here. 
 
In order to provide comparative analysis and demonstrate the ‘moisture retention curve’ 
as used in WUFI and other studies (Evrard and De Herd; 2010) the line at the mid point 
between the absorption and desorption lines was calculated and presented in figure 6-16. 
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Figure 6-16 – Comparative ‘moisture retention curves’ for all samples. 
 

It is assumed that the greater the moisture retention curve in relation to % moisture, the 
higher the hygroscopic action of the composite at any given RH through the hygroscopic 
region. If this is the case, it is clear that P1:2.5 is the most active below 95% RH. All 
curves have very similar shapes apart from H1:3, which appears to reduce in % moisture 
capacity at 95% in comparison to the other composites.  There is ~ 2% difference 
between the most hygroscopic (P1:2.5) and the least hygroscopic (H1:2) and the order of 
the curves can be seen in figure 6-16. Paper samples do appear to be slightly more 
hygroscopic in terms of % of dry weight gain. 
 
A method of demonstrating the rate hygroscopic action is by examining the rate of vapour 
diffusion between 40 and 80%. This is presented in Appendix 5.4.  
 
To assess hygroscopic action in a more ‘real-life scenario’ the absorption of water vapour 
has been assessed between 60% and 95%. This is in an attempt to create a scenario 
where the average RH of the internal environment (60%) is increased to 95% through 
occupant activity such as showering. Table 6-2 demonstrates the composites ability to 
absorb water vapour between this change in RH. A number of assumptions have been 
made to calculate the values presented. Firstly, the amount of water vapour created from 
a 3 minute shower (0.2 litres) was taken from IEA annex 14 (1991.) Secondly, 1 gram of 
water in the composite is assumed to be 1 ml of liquid water. Thirdly, the response of a 
sample of an approximate area of 0.017 m2 has been scaled up to 12 m2 to represent a 
typical area of a bathroom ceiling (3m x 4m bathroom). These figures assume that only 
the ceiling in a bathroom was covered in the hypothetical panel made of each given 
composite. This effect could be amplified by covering walls and increasing the surface 
area of hygroscopic material. It has also been assumed that EMC was reached in 
24hours to give a temporal element to the uptake of moisture15.  

                                                        
15 24 hours is considered more than sufficient time for the sample to reach EMC and this is shown in 

appendix 6.3. In fact it would be considered that the time to deal with the moisture would be less. 

Order of curves 
 
P1:2.5 
P1:3 
H1:3 
H1:2.5 
P1:2 
H1:2 
Plasterboard 
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In table 6-2 porosity was calculated using the formula: 
 
Porosity = (total pore volume / total volume.) x 100              (Equation 8) 
 
Where total pore volume was assumed to be the volume of water in the composite after 
24hours of standing in 5mm of water (capillarity test). It is appreciated that some 
composites may have not reached full saturation at this point and thus, the figures 
provide only an indication of porosity.  
 

Composite Moisture 
uptake from 

60% to 
95%RH 

(g/m2/hour) 

Water uptake for 
12m2 of ceiling 

from 60% to 95% 
RH 

(g/m2/hour) 
 

How long for 12m2 
to absorb 0.2 litres 

of water vapour 
from 3 min shower 

(mins) 

Porosity 
(% vol) 

 

H1:2 22.28 267 45 47 

H1:2.5 19.75 237 51 49 

H1:3 19.77 237 51 58 

P1:2 21.96 264 46 29 

P1:2.5 18.57 223 54 48 

P1:3 19.39 232 53 63 

Plasterboard 0.21 2.5 79 hours 23 

 
Table 6-2 –Approximate hygric properties for samples. [Note: Kg/m2 also equates to litres/m2 due 
to 1kg water = 1 litre of water.] 

 
Assumptions accepted, laboratory testing implies all hemp-clay composites have the 
potential to deal with the high level of moisture produced by periods of showering (and 
other sources of moisture; see figure 3-2 in section 3.2.1.) within an hour. Interestingly, 
despite lower % weight gain for hessian-lined samples in sorption isotherms, they appear 
to absorb the moisture faster than the paper-lined samples in table 6-2. This is due to 
their slightly higher weight, therefore their actual water capacity may be larger per unit of 
time. This table indicates that hessian-lined samples may have a faster buffering of high 
RH levels in reality. Dynamic testing would need to prove this. 
 
These figures assume no ventilation and provide only an estimate and it is thought that 
the time indicated could actually be faster in dynamic testing. Counter-intuitively, the 1:2 
ratios take less time to absorb the moisture produced by a 3 minute shower than the 
1:2.5 and 1:3 ratios. Indicating that the level of hemp above 66% may not make much of 
a difference to moisture capacity and buffering. This needs to be verified by dynamic 
laboratory test or field experiments. 
 
It is recognized that latent heat as a result of the hysteresis is not covered and its is 
considered out of the scope of this study, however, future research may find an additional 
energy saving implications with regard to this. It is also recognized that the hygroscopic 
effect of these materials could be limited by finishing materials, e.g. paints and plasters 
etc. This was found to be an important consideration in a study by Holcroft and Shea in to 
finishing materials for natural fibre materials (Holcroft and Shea, 2013). Paper lining as a 
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finish seems to make little to no effect on hygroscopicity and this could support its use in 
decoration. 
 
Combined with qualitative observations during testing, it was observed that there was no 
loss of structural integrity of any of the samples within this hygroscopic range. It is noted 
and accepted that wall coverings and finishes would be expected to alter this potential for 
hygroscopic action (Collet et al., 2013; Holcroft and Shea, 2013) and should be an area 
of future work. 
 
Table 6-2 indicated that there is potentially large porosity in these composites, however 
the figures presented in table 6-2 are only an indication as there was not a test to 
specifically calculate saturate weight for samples. It would be expected that figures from 
further testing would be higher. 
 
In summary and analysis of the hypotheses: 
 

Hypothesis 1.5  - As the proportion of hemp is increased in the composite 
hygroscopic activity will also increase. 
 
Results presented here for sorption isotherms indicate that the increase of hemp 
in the composite does increase the hygroscopicity. The greater the hemp 
proportion in the mix, the more similar the hygroscopic action for paper and 
hessian samples, indicating it is the main driver. This effect is significant between 
1:2 and 1:2.5 ratios for both hessian and paper-lined samples. However there 
seems to be less difference in %weight gain by increasing the ratio of hemp 
further to 1:3. 

 
Hypothesis 2.1 - Hessian-lined composites in comparison with paper-lined 
composites will exhibit increased hygroscopicity. 
 
The results presented indicate that the % weight gain for paper samples is higher 
(for 1:2 and 1:2.5 ratios) than hessian-lined sample. However, where absorption 
rate between 60% and 95% is explored, the hessian samples appear to deal with 
the moisture faster. The 1:3 samples were almost identical. 
 
Therefore the results presented here indicate that the hypothesis is inconclusive 
and thus the null hypothesis is accepted. 
 
Hypothesis 3 - Hemp and clay composites will display greater hygroscopicity than 
plasterboard. 
 
This was demonstrated clearly by the isotherms with plasterboard exhibiting little 
to no hygric activity.  
 
This hypothesis is accepted with confidence. 
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6.3.2. Vapour permeability 

 
Vapour permeability (VP) results in accordance to BS EN ISO 12572:2001 are presented 
here. This experiment was conducted to test the following hypothesis: 
 
Hypothesis 1.3 As the proportion of hemp is increased in the composite, vapour 
permeability will increase. 
 
Hypothesis 2.2 - Hessian-lined composites in comparison with paper-lined composites 
will exhibit increased vapour permeance. 
 
It is also related to, but does not directly test hypothesis 2.1 and 3, which state: 
 
Hypothesis 2.1 Hessian-lined composites in comparison with paper-lined composites 
will exhibit increased hygroscopicity. 
 
And 
 
Hypothesis 3 Hemp and clay composites will display a greater hygroscopicity than 
plasterboard 
 
Firstly, accuracy of figures is important to discuss. As explained previously, the BS EN 
ISO 12572:2001 was followed rigorously and many measures were taken to improve the 
accuracy of the measurements taken. This is discussed in appendix 5.5, however, the 
steps taken to improve the level of accuracy in the results should be recognized here.

 
Figure 6-17 -  - values for hessian-lined samples. Error bars denote ±1% accuracy of readings. 
% hemp by volume. 
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Figure 6-17 shows that there is an increase in -value between 66% hemp [by vol] (H1:2) 
and 71% (H1:2.5) however, according to the BS EN ISO 12572:2001 the results for H1:2 

cannot be accepted. An increase in  value signifies a decrease in VP, thus more 

resistance to the diffusion of water vapour. There is a slight decrease in -value observed 
from H1:2.5 to H1:3. These findings are rather inconclusive and an experiment that deals 
with high vapour permeance materials is needed to test the hypothesis further.  

 
Figure 6-18 -  - values for paper-lined samples. Error bars denote ±1% accuracy of readings. % 

hemp by volume. Note: not identical scale range to figure xx. 
 

The opposite relationship to figure 6-17 is shown in the figure above, with -value 
decreasing, thus increasing VP between 66% (P1:2) and 71% (P1:2.5.) This indicates 
that vapour will move more easily through the composite. However, there is a slight 
increase in VP between P1:2.5 and P1:3, thus supporting the evidence in figure 6-17, 
indicating that hypothesis 1.3 cannot be accepted. 
 
If these data series are compared against one another the inconsistency of the 
relationship between hemp content, lining material and VP becomes apparent. 
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Figure 6-19 – Comparison of VP for Hessian and paper-lined samples. X denotes value for 
plasterboard (Source: ISO TC 163/SC 2, 2007) 
  

Figure 6-19 highlights the lower -values of hemp-clay composite in comparison to 
plasterboard (~10) thus HC composites allowing vapour and air to move through them 

with greater ease. The graph also illustrates that the -value is consistently higher for 
paper-lined samples in comparison to hessian samples. This indicates that the VP of the 
hessian samples is greater, assisting their hygroscopic activity. Error bars are still shown, 
however are so small they are difficult to register due to the y-axis scale being elongated 

to accommodate the value for plasterboard. However when a paired t-test was carried 
out, the statistical confidence in the difference between hessian and paper-lined samples 
was not maintained (t(6) p=0.091.) 
 
The same two tailed independent t- test was carried out to determine the statistical 
difference between H1:3 and P1:3 and the results concluded there was a statistical 
difference between samples (t(6) p=0.017) with paper-lined sample having a mean of 
0.59 higher than the hessian sample, although in reality, this is thought to have little 
difference. 
 
This graph would indicate that hypothesis 2.2 could be accepted, however, statistical 
analysis through a two-tailed independent t-test negates this observation. Comparison to 
existing research in the discussion will validate or disprove individual results, but a 
greater sample size and a more sensitive method of testing these high permeance 
samples would be necessary in further testing to determine a statistical difference 
between hessian and paper-lined samples. 
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In summary of the evidence presented in this section in relation to the hypotheses: 
 
Hypothesis 1.3 As the proportion of hemp is increased in the composite, vapour 
permeability will increase. 
 
This is inconclusive given the findings presented here. This is mainly due to non-linear 
relationships between hemp content and VP for both paper and hessian-lined samples.  
 
Hypothesis 2.2 - Hessian-lined composites in comparison with paper-lined composites 
will exhibit increased vapour permeability. 
 
The results indicate that this hypothesis inconclusive, due to statistical analysis, 
indicating an insignificant difference between 1:2.5 and 1:3 samples for both linings.  
 
Hypothesis 2.1 Hessian-lined composites in comparison with paper-lined composites 
will exhibit increased hygroscopicity. 
 
Findings do provide evidence in support of this hypothesis. 
 
Hypothesis 3 Hemp and clay composites will display a greater hygroscopicity than 
plasterboard. 
 

This is unequivocally shown in terms of a significantly lower -value for hemp-clay 
composites by the findings in this section and provides support for acceptance of this 
hypothesis. 
 

6.3.3. Capillarity 
 
Results as a product of experimentation in accordance with BS EN ISO 15148:2002 are 
presented here. This is to test hypotheses 1.4 and 2.3 
 
Hypothesis 1.4 As the proportion of hemp is increased in the composite, capillarity will 
increase. 
 
 
Hypothesis 2.3 Hessian-lined composites in comparison with paper-lined composites 
and plasterboard will exhibit increased capillarity action. 
 
The BS (2002) suggests a 5% error due to handling. The error bars in the following 
figures illustrate ± 95% confidence interval16. Values for hessian and paper samples are 
the mean of 3 samples (unless otherwise stated) and the value for plasterboard is taken 
from only one sample. This is noted as a limitation. 
 
 

                                                        
16 Error bars may appear to have a large range for some values as only 3 samples for each composite 

were measured and for sample P1:2.5, only 2 samples were used for mean value as the third sample 
disintegrated due to a poor seal. This is noted as a limitation. 
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Figure 6-20 - Aw – values for hessian-lined samples . (Note: x-axis starts at 65% and error bars 
depict ± 95% confidence interval) 

 
Figure 6-20 depicts mean Aw values for hessian-lined samples and indicates that there 
was no linear relationship between amount of hemp in composite and water absorption. 
In fact all the samples demonstrate very similar values of water absorption. All samples 
presented here were ‘type A graphs’ (linear in trend) according to the BS ISO 15148 
(2002.) The low range of 95% CI for H1:2 measurement is observed. 
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Figure 6-21 – Aw values for paper-lined samples (Same axis and error bars as figure 6-21)  

 
There is more of a linear relationship with regard to hemp content and Aw  value. There is 
a small increase (0.005 kg/m2s0.5) from 66% (P1:2) to 71% (P1:2.5) however the mean of 
the 71% samples were taken from 2 readings, therefore the actual mean is likely to be in 
this region, but has to be interpreted with caution. The Aw value doubles from 66% to 
75%. It should be noted that P1:3 (75%) has a ‘type B graph’  whilst the 1:2 and 1:2.5 
indicated they were ‘type A graphs’ (BS ISO, 2002.)  
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Figure 6-22 – Aw values for all samples.  

 
When all samples are compared, mean results indicate little difference between hessian 
and paper-lined samples, except for P1:3 which is about twice the rate of absorption in 
comparison to its 1:2 counterpart. Overall this test needs repeating with larger samples 
size to further investigate this relationship and clarify findings from this research. More 
care, or an alternative method for sealing the sides of the samples should be considered 
to increase accuracy, as capillary action was observed around the sides on many 
samples, thus affecting the data collected. NMR methodologies would provide results 
with better accuracies. 
 
There are few conclusions to be drawn from these findings, apart from the indication that 
fine hemp shiv and clay composite with hemp inclusion around 70% has a Aw value of 
approximately 0.023 kg/m2s0.5 which will prove useful in comparison to other research. 
The highest level of confidence of the mean value is demonstrated by H1:2.  
 
In summary;  
 
Hypothesis 1.4 As the proportion of hemp is increased in the composite, capillarity will 
increase. 
 
This cannot be accepted for hessian samples as no linear relationship was observed but 
findings suggest that the hypothesis could be accepted for paper linings with H1:3 
showed the highest rate of absorption with the other samples demonstrating very similar 
values. 
 
Hypothesis 2.3 Hessian-lined composites in comparison with paper-lined composites 
will exhibit increased capillarity action. 
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This hypothesis is inconclusive based on the results presented here as paper samples 
had a higher rate of absorption (except for 1:2 samples.) however this could not be 
accepted with statistical confidence due to small sample size and necessary 
improvements to method. Both these hypotheses warrant further testing with a more 
refined testing procedure. 
 
Table 6-3 provides a summary of results presented in this section and provides relative 
performance to each other. 
 
The next section will verify findings presented in this section against existing research, 
drawing on this to indicate the composite with the best hygrothermal performance. With 
this understood, implications and benefits of a panel made of a HC composite will be 
explored. 
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Table 6-3 – Summary of values determined in this study. (Figures for thermal values of existing products were collected from 
following sources: British Gypsum, 2014; Greenspec. 2014; Fermacell, 2012; Eco Building Boards, 2013) [Moisture values for plasterboard 

were determined during experiments in this research.] 

 
 
 
 
 

Composite 
Weight/

m
2
 

Dry 
Density 
(Kg/m

3
) 

 (W/m.K) 
 

R-
value 
(m

2
.K/

W) 

VHC 
(KJ/m

3
.K) 

Diffusivity 
[a] (m

2
/sec 

x 10
-6

) 

 
value 
(±1%) 

Aw value 
(Kg/m

2
.s

1/2
) 

[±5%] 

Water 
content 
80%RH 
(kg/m

3
) 

Water 
content 
at 95% 

RH 
(kg/m

3
) 

Porosity 
(%vol) 

H1:2 0.8 403.45 0.095 ±5% 0.21 309 ± 10% 0.326 4.51 0.023 24.77 43.59 47 

H1:2.5 0.72 336.03 0.089 ±5% 0.22 349 ± 10% 0.255 4.92 0.023 26.87 42.35 49 

H1:3 0.72 320.88 0.081 ±5% 0.25 381 ± 10% 0.215 4.86 0.025 28.26 41.37 58 

P1:2 0.76 379.39 0.099 ±5% 0.20 387 ± 10% 0.259 5.99 0.020 28.94 46.37 29 

P1:2.5 0.65 307.45 0.085 ±5% 0.24 394 ± 10% 0.211 5.25 0.025 26.68 43.59 48 

P1:3 0.66 313.02 0.083 ±5% 0.24 383 ± 10% 0.227 5.45 0.040 27.39 43.59 63 

            

Existing 
Products 

           

Plasterboard 
(12.5mm) 

8 640 0.19 0.07    0.05  0.19 23 

Fermacell 
(12.5mm) 

12.5 1150 0.32 0.04        

Claytec 
board 

(25mm) 

15 500 0.14 0.18   10     

EBB (22mm) 28.8  0.47 0.05        
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7. Discussion 
 
 
This study has examined the hygrothermal properties of a novel natural material 
composite that is proposed as an internal lining panel. Intra-sample comparative analysis 
of the results obtained in this study has been conducted, and this section looks at 
synthesising the data collected. The possible implications of these innovative composites 
may have on energy efficiency, fuel poverty, the health of buildings and its occupants if 
they were to be realised are discussed. 
 

7.1. Comparison of results against existing literature and panel products 
 
Due to the innovative nature of this study into fine hemp shiv and clay composite, there 
are few direct comparisons that can be drawn to compare and analyse the results 
against.  However, this section attempts to draw on relevant research and existing panel 
products to compare and verify the results attained.  
 

7.1.1. Physical properties 
 

It appears to be widely accepted that the increased levels of hemp shiv in the composite 
reduces density. This was found to be the case by Soliman (2013), Marieke (2013) (and 
Busbridge (2009) to a certain extent) and results collected in this study are in 
congruence. Marieke (2013) specifically states that the exclusion of sand and silt will 
increase capacity for hemp in the composite. Learning was taken from this, hence the 
composition of samples. However, composites in both Marieke (2013) and Soliman’s 
(2013) research demonstrated densities higher than the densities presented here.  
 
Furthermore, work by Morgan (2011) demonstrates that hemp-clay blocks of low 
densities proved to be extremely friable. Wilkinson (2009) also comments on the difficulty 
of cutting of such mixes. This would have a negative impact on installation time and 
amount of on-site waste of the product if these composites were made into panels.  
 
A qualitative observation made during testing, was that panels with highest hemp content  
(1:3 ratio) made the panels noticeably more friable when handling.  
 
As density is thought to be the main affecting factor for many hygrothermal parameters, it 
is essential to get the balance right between hemp content, friability and hygrothermal 
performance. Evrard (2008) presents findings highlighting the effect varying fabrication 
conditions can have on the density of the composite, as seen in figure 7-1 below. This is 
to be considered for future fabrication processes, to attain increased precision of density 
values in composites to ensure hygrothermal properties are also consistent. In figure 7-1 
there is a difference in 150 kg/m3 in density for the same composite. 
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Figure 7-1 – How different fabrication conditions can affect lime and hemp density. (Source 
Evrard, 2008) 

 
 

 
Figure 7-2 – Weight comparison of panels developed by this study to existing panel products. 
(NB: All weights are in Kg/m2) [Source of data for existing panel products: British Gypsum, 2014; 
Greenspec. 2014; Fermacell, 2012; Eco Building Boards, 2013 respectively.) 

 
As seen above, the hemp-clay composites all (except H1:2) have a lower weight/m2 than 
existing products and this will have potential impacts on efficiency of installation; and 
health and safety of the installer. A document prepared for the Health and Safety 
Executive (HSE, 2010) states that plasterers have one of the highest levels of 
musculoskeletal disorders (MSD) in the construction industry. This is thought to be due to 
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bending, stretching and twisting whilst carrying awkward and heavy panels17. In addition 
to this, cutting them requires awkward and un-natural body movement in tight spaces. 
 
The HSE report recommends that to reduce the incidence of MSD in construction 
workers, the weight and dimensions of the boards must be reduced. This formed a major 
part in the initial concept of these hemp-clay panels as the author has experienced 
extreme back pain due to installation of cumbersome panels in confined spaces.  
 
The results presented here for hemp-clay composites could theoretically reduce the 
weight of a panel in comparison to 12.5 mm plasterboard, whilst providing many 
hygrothermal benefits. The weight savings in comparison to other natural material panel 
alternatives are potentially massive (~4kg/m2 in comparison to claytec board.)  The 
author’s concept of these innovative panels was to make them slightly smaller in 
dimensions, to enable ease of transport and installation in small confined spaces, thus 
potentially reducing the risk of MSD. Further research could confirm this. The panel 
would still need  to be divisible by 400mm or 600mm; common practice for internal 
‘studwork.’ This would minimise potential barriers to entry in industry. 
 

7.1.2. Thermal performance 
 

Marieke (2013) Busbridge, (2009) and Soliman (2013) all found that  decreased with 
increased hemp (and reduced density) composites. Marieke (2013) and Soliman (were 
both using fine hemp shiv, as in this study. Findings in this study (R2 for relationship 
between density and conductivity = 0.75) are congruent with Marieke, (2013) and 
Soliman (2013). It is thought that the strength of this relationship in this study could have 
been compromised due a suspected fault with the ISOMET probe.   
 
The relationship between the increase in density and the increase in thermal conductivity 
of heat through a material could be explained by the fact that increase in density gives 
rise to increase in contact zones and thus heat energy flows with greater ease through 
the medium (Balciunas et al 2013).  
 
Balciunas et al. (2013) obtained results of thermal conductivity for fine hemp shiv 
combined with starch and cement binders. Results recorded were 0.074 W/m.k (density 
260 kg/m3) and 0.075 W/m.k (density = 351 kg/m3) respectively. These are similar to 
results obtained for HC composites, though a little lower (~0.006 W/m.K). 
 

                                                        
17

 This can be verified through the author’s personal, on-site experience. 
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Figure 7-3 – Relationship between density and conductivity and diffusivity for all HC 
samples. 
 
There is a moderate correlation between diffusivity and density for the HC composites 
(R2 value = 0.5.) There was a similar relationship between the same parameters in 
Marieke’s (2013) clay, sand and hemp samples (R2 value = 0.54.) This implies that with 
decreasing density (by the addition of hemp shiv), there will be a reduction in the 
propagation of heat through the material, therefore maximising effectiveness as thermal 
insulation.  The strength of the correlation in this study may be compromised due to the 
suspected fault with the ISOMET probe so results would need to be validated with 
greater sample size of the same density.   
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Figure 7-4 – Relationship between density and VHC. 
 
Conversely, there was a very weak relationship between density and VHC in this study 
(R2 value =0.08). Marieke recorded a medium strength correlation co-efficient of R2 = 0.5 
for the relationship between the two variables. Furthermore, the relationship between 
VHC and density would be expected to be positive as they are directly related through 
equation 4. This finding needs explanation by further research. 
 
Below is a table of various findings across the literature for various hemp and binder 
composites, as well as some existing products on the market. 
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Table 7-1 – Comparison of thermal parameters for hemp-clay composites, existing products and vales from existing research into hemp-
binder composites. Red writing indicates the composites with highest congruence with hemp-clay composites. 

Composite Weight 
(kg/m

2
) 

Dry Density 
(Kg/m

3
) 

 (W/m.K) 
 

R-value 
(m

2
.K/W) 

VHC  
(KJ/m

3
.K) 

Diffusivity [a] 
(m

2
/sec x 10

-6
) 

Porosity 
(%vol) 

H1:2 0.8 403.45 0.095 ±5% 0.21 309 ±10% 0.326 47 

H1:2.5 0.72 336.03 0.089 ±5% 0.22 349 ±10% 0.255 49 

H1:3 0.72 320.88 0.081 ±5% 0.25 381 ±10% 0.215 58 

P1:2 0.76 379.39 0.099 ±5% 0.20 387 ±10% 0.259 29 

P1:2.5 0.65 307.45 0.085 ±5% 0.24 394 ±10% 0.211 48 

P1:3 0.66 313.02 0.083 ±5% 0.24 383 ±10% 0.227 63 
Existing products 

 
       

Plasterboard (12.5mm) 8 640 0.19 0.07   23 

Fermacell (12.5mm) 12.5 1150 0.32 0.04    

Claytec board (25mm) 15 500 0.14 0.18    

EBB (22mm) 28.8  0.47 0.05    

Existing research 
 

       

Soliman (2013) 25% lime: 75% fine hemp shiv. 497 0.09  432 0.21  

Soliman (2013) 33% lime: 67% fine hemp shiv. 651 0.10  303 0.31  

Busbridge (2009) Hemp-clay, no lime 416 0.12  720 1.7  

Busbridge, (2009) Hemp-clay with 1.5% lime (by wt) 318 0.10  517 1.9  

Marieke (2013) 1 clay:1 fine 
hemp shiv 

1095 0.32   0.15  

Evrard and De Herd, (2006) precast hemp-lime crete. 480 0.12    71 

Liuzzi et al (2013) Kaolinite clay without lime (with 5% 
lime by weight) 

2046 (1863) 0.97 (0.81)    25 
(31) 

Liuzzi et al (2013) bentonite clay without lime (with 5% 
lime by weight) 

1992 
(1843) 

1.2 
(0.88) 

   24.5 
(31.5) 
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It is difficult to draw comparisons to existing orthodoxy, as there is little research that 
includes the unique combination of clay and fine hemp shiv, thus supporting the notion 
that this research is indeed nascent and innovative. Yet, table 7-1 aims to draw on some 
comparable composites to verify the thermal parameters measured18.  
 
HC composites have lower thermal conductivity than all other existing panels and other 
hemp-binder composites. Soliman developed a hemp-lime plaster mixture with 25% clay 
and 75% hemp (similar to 1:3 composite) that demonstrates a similar, but higher 
conductivity (0.09 W/m.k) to HC composites with higher density (497 kg/m3) in 
comparison to H1:3 and P1:3 (75% hemp) composites (320 and 313 kg/m3 respectively). 
 
This supports thinking that if these composites where made into boards they could be 
very effective at increasing the thermal resistance of wall constructions, especially in 
retrofit and heritage sectors where maintaining maximum internal space is imperative. 
Thickness could be increased to provide improved thermal resistance, and so potentially 
increasing energy savings (see section 7.3). 
 
Liuzzi et al, (2013) found that the addition of lime by 5% weight would reduce the density 
and have a 5-6% increasing effect of total porosity of the composite, thus a decreasing 
effect on conductivity. It was also shown that different clays (in this case kaolinte and 
bentonite) have slight differences in density, however this didn’t have significant effect on 
conductivity as the less dense bentonite had a higher conductivity.  
 
Conversely, Minke (2006) found that the inclusion of lime in percentages less than 5% 
may affect strength of the composite and this should be considered in experimental trials. 
McGregor et al (2013) determined from investigations into the MBV (moisture buffering 
value (Rode et al, 2005)) of different clays, both stabilized and unstabilised, that different 
clay minerals and manufacturing method have a larger effect on MBV than the additions 
of small amounts of stabilizer (lime and cement). This is confirmed by Evrard (2008) seen 
in figure 7-1. 
 
Studies by Arnaud (2009), Busbridge (2009) Palmar (2010) and to a lesser extent; 
Soliman (2013) have shown that the thermal conductivity of hemp-binder increases with 
moisture content. Palmar (2010) found this relationship to be stronger with denser 
materials. This needs investigating in further research. 
 
Liuzzi et al (2013) concur that conductivity increases with moisture for dense clay 
composites. There was less of an effect with bentonite clay minerals in comparison to 
kaolinte clay mineral samples. The addition of lime in these composites provided little 
difference in the relationship. McGregor et al (2013) explain that mineralogy of clay 
minerals also affects dynamic moisture capacity.  
 
Thermal performance results presented in this study have been validated against results 
from existing research into similar composites and other panel products. The key finding 

                                                        
18 Note, that the data presented for % porosity for HC samples is extrapolated from the capillarity  test and 

not all samples may have reached ‘saturation’ therefore these results provide indication only and figures 
would be considered to be higher than those presented here. 
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is that there is no product on the existing market that has as high performing thermal 
properties as the HC composites have displayed through this research and therefore 
indicates that there is potential for these panels to have an effect on the thermal 
efficiency of buildings, thus helping to alleviate fuel poverty and unhealthy homes. This is 
examined later in section 7.3. 
 

7.1.3. Hygric performance 
 
The table below draws together hygric performance parameters for existing products and 
from existing studies to compare against the results obtained during this research. 
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Composite Dry Density 
(Kg/m

3
) 

 (W/m.K) 
[±5%] 

-value 
(Dimensionless) 

Aw value 
(kg/m

2
.s

1/2
) 

Water content 
at 80% RH 

(kg/m
3
) 

Water 
content at 
95% RH 
(kg/m

3
) 

Porosity 
(%vol) 

H1:2 403.45 0.095 4.5 0.023 24.77 43.59 47 

H1:2.5 336.03 0.089 4.9 0.023 26.87 42.35 49 

H1:3 320.88 0.081 4.9 0.025 28.26 41.37 58 

P1:2 379.39 0.099 6 0.020 28.94 46.37 29 

P1:2.5 307.45 0.085 5.2 0.025 26.68 43.59 48 

P1:3 313.02 0.083 5.5 0.04 27.39 43.59 63 

Existing products        

Plasterboard (12.5mm) 640 0.19  0.05 
(as measured in 

experiment) 

  23 

Fermacell (12.5mm) 1150 0.32 13     

Claytec board (25mm) 500 0.14 10 “To be advised”    

Existing research        

Soliman (2013) 25% lime: 75% fine 
hemp shiv. 

497 0.09 2 
(wet cup test) 

    

Soliman (2013) 33% lime: 67% fine 
hemp shiv. 

651 0.10 2 
(wet cup test) 

    

Marieke (2013) 1 clay:1 fine 
hemp shiv 

1095 0.32 16.9 
(Dry cup test) 

    

Evrard and De Herd, (2006) 
precast hemp-lime crete. 

480 0.12  0.075 36 
 

45 
(measured at 

93% RH) 

71 

Liuzzi et al (2013) Kaolinite clay 
without lime (with 5% lime by 

weight) 

2046 (1863) 0.97 (0.81) 11.1 
(9.4) 

   25 
(31) 

Liuzzi et al (2013) bentonite clay 
without lime (with 5% lime by 

weight) 

1992 
(1843) 

1.2 
(0.88) 

8.8 
(9.3) 

(0.18) 
Value for sample 

with lime 

(39.70) 
Value for sample 

with lime 

 24.5 
(31.5) 

 
Table 7-2 – Comparison of hygric performance parameters of existing products and research. 
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It can bee seen that -values obtained by Soliman (2013) for fine hemp shiv and lime 
samples are ~ 50% lower than the results obtained in this study19, however, Soliman 
used the wet cup method and also stated lack of confidence in the results due to 
methodological limitations of the wet salt solutions coming into contact with the sample. It 

was also noted that wet cup tests often produce a lower  value than dry cup test as they 
create a higher humidity, thus filling the pores of the composite with liquid water and 
creating a higher transport of moisture through the sample (Soliman, 2013). 
 
Marieke (2013) found that the 1 clay : 1 fine hemp shiv sample had a high density and a 

high  value using the dry cup test. If the HC composites of this study are compared to 

existing panels it is clear that the HC composites have a lower  value, indicating 
increased vapour diffusion through the material, influencing their hygroscopic activity. 
McGregor et al. (2012) found that higher density clay soils have reduces the volume of 
larger pores, which are accountable for rapid vapour transfer, thus reducing moisture-
buffering. 
 

Of interest; Liuzzi et al (2013) found the addition of lime by 5% weight lowered the  
value for both bentonite and kaolinite, with a significant difference experienced by the 
later clay mineral. This is thought to be due to the lime increasing the % porosity and 
reducing the density. This further supports that the need for further investigation into 
additives to quantify the effect this has on hygrothermal performance.  
 
If Aw values are examined it is seen that the values presented in this study (0.02 – 0.04 
kg/m2 s 0.5) are lower than values recorded by Evrard and De Herde (2006) and Liuzzi et 
al (2013.) Minke (2006) includes some figures for lightweight mineral loam (density = 470 
kg/m3) with a Aw value = 0.021 kg/m2.s 0.5 which is the same as the figures obtained in 
this study. This verifies that findings presented by this research are demonstrating 
realistic figures in terms of Aw values, however should be validated with a larger sample 
size. Krus et al (1999) investigated the effect of different capillaries on absorption and 
desorption and findings from this can be found in Appendix 6.1.  
 
Evrard and De Herde (2006) used medium hemp shiv (coarser and larger particle size) 
and reported similar water content at 93% RH (45kg/m3) to the HC composites at 95% 
(41 – 46kg/m3). However the % porosity in Evrard and De Herde (2006) appears to be 
higher (71%) than the HC composites in this study (29-63%). This may be due to limes 
inherent micro porosity. It is evident that the porous structure is integral to the moisture-
buffering performance of the composite as highlighted in figure 7-5 (and appendix 6.1). 
This is an area of great interest for further research. 

                                                        
19

 Indicating increasing ease by which water vapour passes though it. 
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Figure 7-5 – Relationship between capillary radius (pore size) and water content at varying RH. Note 
similarity of curve to sorption isotherms presented in section 7.4. (Rhydwyn, 2013a) 

 
Findings from this study indicate that macro-pore capacity may be slightly reduced for 
fine hemp shiv in comparison to the medium hemp shiv used in the majority of hemp-
composite studies. This suggests a blend of hemp shiv sizes may be beneficial to 
hygrothermal performance and would be an intriguing area of further research. The 
porous capacity may be essential to the process of cleaning VOC’s and other pollutants 
from the air that may be combined in the water vapour. The larger the surface area of the 
porous structure within the composite, the greater the potential for cleaning these 
pollutants from the air, thus having a positive effect on IAQ and health of occupants. 
 
Stevulova et al, (2013) conclude their investigation into lightweight hemp shiv composites 
by voicing that the smaller the mean particle size of hemp the higher the compressive 
strength. It is concluded by Stevulova et al, (2013) that hemp shiv (with binder) of  
particle size ~ 2.5 mm could be applied as non-load bearing material for interior panel 
walls with thermal insulating properties. This finding along with findings presented and 
referenced in this study should provide sufficient impetus for the development of fine 
hemp shiv and binder composites, especially internal lining panels.   
 
After comparison and validation of the hygrothermal parameters presented by this study, 
it can be concluded that VHC values should be re-recorded in further testing. % Porosity 
should be determined with a specific test instead of being extrapolated from data from the 
capillary test. It is imperative to carry out further testing with a larger sample size, and 
with greater precision with regards to density at the fabrication stage.  
 
It is deduced, based on these findings and existing research that these HC composites 
show great potential when considering the development of an insulating, hygroscopic 
internal panel in order to assist in the alleviation of fuel poverty, increase of energy 
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efficiency in buildings and improve the health of occupants, whilst decarbonising the UK’s 
built environment. 
 
 

7.2. Synthesis of hygrothermal results. 
 
In this section, the results obtained throughout this study will be discussed and 
relationships investigated. The aim of this section is to suggest the best performing 
composite(s) in the test in terms of hygrothermal performance.  
 
Firstly, qualitative observations into friability and ease of handling carried out during 
experimentation should be discussed. Of the ratios that were examined, the 1:2 and 1:2.5 
ratios were easily handled throughout the test without loss of material. However, H1:3 
samples for both hessian and paper-lined composites were observed to loose material 
during handling and were considered a little friable. This will have implications on 
handling and installation of the boards with possible difficulties of snapping of panels, 
difficulties with screwing/fixing, cutting and transporting. Currently, the 1:3 ratio 
composites are considered too friable and this is though impractical for on-site scenarios. 
Work into inclusion of additives to improve structural integrity of this composite is 
essential if the hygrothermal benefits associated with it are to be realised. 
 
The paper finish of the panels may provide practical problems. Firstly, the paper lining on 
plasterboard, and its core materials have been shown to harbor mould growth 
(Murtoniemi, 2003) and this may similarly manifest itself on the paper lining of the clay 
board. Further investigation would have to be carried out and would be a critical barrier in 
the HC panel concepts’ development.  
 
Secondly, after conversations with Adam Weisman of Clayworks (Pers. Comm., 2013), 
combined with the authors personal experience, paper finishes have to be ‘primed’ with a 
gritty paint mixture to provide a ‘key’ for the finishing plaster to stick to. This may be 
avoided by a thin ‘skim coat’ of plaster (~3mm) over the panel, as is the case with 
gypsum plaster on plasterboard. If this gritty finish was determined necessary for the 
adhesion of plaster to the paper lining of the panel, then this could be part of the 
fabrication process. Evidently, further thinking and testing is needed in this area, 
however, the issues discussed above indicate that paper lining would have possible time 
and/or cost implications associated with it and this should be considered when comparing 
to hessian-lined samples. 
  
To analyse the moisture performance of the composites, a schematic diagram has been 
drawn up to allow direct comparison and investigate relationships. 
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Figure 7-6 – Combination of hygric performance indicators 
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From figure 7-6, it can be seen that there are few obvious relationships with regard 
specific composites and variables that occur in the data that has been obtained during 

this testing. It is obvious that the paper-lined samples have a higher  value than the 
hessian samples and thus vapour diffusion through paper-lined composites is less, 
compromising the hygroscopic activity. The 1:3 ratios for both hessian and paper-lined 
have the highest porosity and this is thought to be due to the higher amounts of hemp. It 
is postulated, that by adding large hemp shiv in combination with fine hemp shiv, that 
macro-porosity may be increased. Minke (2006) suggests that the larger the porosity, the 
higher the vapour diffusion, however the dimensions of the pores are a more important 
consideration (figure 7-5 and appendix 6.1) 
 
The values of water content for all samples nearly doubles from 80% to 95% RH20. This 
indicates that vapour diffusion is giving way to capillary action in the porous structure of 
the hemp, combined with the clay minerals swelling with water due to the electrostatic 
bond within the mineral structure of the clays (Minke, 2006). It is postulated that thermal 
conductivity will increase with this phenomena, reducing thermal resistance. Further 
experimentation is needed. 
 
As May (2005) describes, the hygroscopic capacity of materials is largely related to the 
porous structure of the composite and is mainly related to the micro-porous structure. 
Figure 7-6 highlights the complexity of these relationships through its lack of obvious 
dependencies in this investigative research. However, it does denote clearly that when 
fine hemp shiv of a mean particle size of ~3 mm is combined with clay, it has significant 
potential as a hygroscopic, moisture-buffering internal lining material.  
 

 
 
Figure 7-7 – range of densities for samples in this study. Error bars are ± 95% confidence interval. 

 
The lack of observed dependencies and relationships may be due to lack of precision at 
fabrication stage. As Evrard and De Herde (2008) demonstrated, fabrication conditions 
can have a large impact on density and thus porous structure. If the error bars are 
observed (±95% confidence interval) for the samples made in this study (figure 7-7), the 
precision of densities for each sample set is quite wide, especially for paper-lined 

                                                        
20 It should be noted that this water content at given RH was calculated after 24 hours at the given RH and 

therefore indicates ‘medium term’ hygroscopicity. It would be of interest to assess the shorter term, more 
dynamic scenarios associated with occupant activity in a house such as a NORDTEST (Rode et al, 2005). 
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samples. Norval (2012) achieved a good level of precision for density in a comparative 
study into friability of hempcrete. This should be noted for further studies and may result 
in the increase of observed relationships between variables. 
 
When thermal performance is considered (figure 7-8), all HC composites show superior 
thermal resistance when compared to existing products. This value is preferred over 
conductivity as it takes into account the thickness of the material. However the effect of 
moisture on thermal resistance or conductivity was not considered in this study and 
would be an important relationship to consider with such large water capacity and 
hygroscopic ability. There may be a balance to be found between hygroscopic activity 
and thermal resistance. 
 
It must be noted that the possible benefits of thermal mass of HC composites has been 
omitted from the scope of this project, but could have an additional effect on the thermal 
performance of such HC composites.  
  

 
 
Figure 7-8 – R – values for all composites in comparison to existing products.  

 
Sorption isotherms demonstrated potentially large buffering of internal moisture at higher 
humidity. There was also a hysteresis observed between absorption and desorption 
arms. It is thought that this would aid in stabilising the internal RH and decreasing the 
amount of condensation that can cause adverse health effects for both occupants and 
fabric of the building. Hessian lined samples demonstrated that they would absorb the 
moisture increase from a rise in RH from 60% to 95% faster than paper-lined ones. This 
further supports the posited superiority of hessian-lined composites. The hygroscopic 
nature of these composites demonstrated in this study indicates there may be energy 
savings to be made with regards to minimising the need for ventilation. If the moisture 
management is as effective in field experiments as it has shown in this research, this 
passive regulation of RH decreases the need for mechanical ventilation to maintain a 
healthy indoor environment. This in turn reduces energy demand needed to ventilate the 
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internal environment to take away excessive moisture. This is not examined here, but 
could provide additional energy savings. 
 
Another finding of interest in terms of hygroscopicity is that there is little disparity between 
the hygroscopicity of hessian-lined panels and paper-lined panels. Although Holcroft 
(2013) identifies the important consideration of finishing materials in limiting the moisture 
buffering effect, the recycled paper lining seems to have little limiting factor and could be 
hypothetically used in conjunction with a breathable paint as a decorative finish. 
 
The research carried out and the findings from studies cited, support the notion that if HC 
composites were used in a panel type internal lining, there could be numerous potential 
benefits to the built environment and its occupants. The main benefit of these HC 
composites, is their ability to manage fluctuations in RH regimes. In addition they are 
good insulators, however they do not perform to the same levels as products such as 

mineral wool ( = 0.036 W/m.k). They are not intended to take the role of ‘insulation’ as 
such, however they can provide a superior thermal resistance in comparison to 
plasterboard and other panel products. Potential energy savings will be determined in the 
next section. 
 
In terms of the superior composite in this study, it would appear, to some extent, in 
conclusive. This section commenced by denoting that practically, paper-lined panels may 
incur additional costs, both temporal and financial. In addition, they may have microbial 
concerns in terms of mould growth. Furthermore, the 1:3 ratios were too friable for 
handling and installing and this research would recommend that 75% by volume is about 
the threshold of the positive effect of hemp in such a composite for this application. 
However, addition of additives may stabilise this, but this in turn may weaken 
hygrothermal performance.  
 
In summary, all hessian-lined composites should be considered in further research and 
the addition of additives should be of great interest, particularly into the stabilisation of 1:3 
ratio and the decreasing effect this may have on thermal conductivity, as observed in 
Luizzi et al, (2013). However, additives may hinder the recyclability of the product at the 
end of its first life.  
 
What is apparent is that further research and specific testing into this novel combination 
of fine hemp shiv and clay (with or without additives) warrants some focused research 
attention to realise the potentially significant benefits that this composite could provide.  
 
Although these composites appear to be ‘passive’ moisture-buffering materials, they are 
in many ways more ‘active’ in their buffering activity and moisture management. 
Indications suggest they may be ‘passive’ in terms of reducing energy demand, whilst 
having little to no energy or carbon emissions associated with them. Bio-composites such 
as these could potentially play a key role in the urgent de-carbonation of the built 
environment, whilst providing superior hygrothermal benefits that in turn could reduce fuel 
poverty and improve energy efficiency of the UK’s hard to treat dwellings. 
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7.3. Potential practical implications and applications of hemp-clay panel.  

 
The potential positive implications of these composites, if they were to be up-scaled into 
internal lining panels are multiple, as indicated in the previous sections. This section aims 
to draw together the findings from experimentation and suggest how the benefits of these 
hypothetical panels may be applicable in a ‘real world scenario’. 
 
It could be posited that the most effective use of such a panel would be in retrofit 
scenarios or historical buildings; where internal space is at a premium, and sensitive use 
of materials is paramount. Clearly these boards would not only offer increased thermal 
resistance to heat loss through the wall, but could also provide moisture-buffering to 
passively regulate the internal RH.  
 
In an attempt to quantify the potential energy savings that these panels may have in a 
retrofit scenario, two different wall constructions have been assessed: Solid wall and 
cavity wall. In 2008, solid wall construction dwellings accounted for 27% of total houses 
and 65% were cavity wall (DCLG, 2010) where external walls are load bearing and the 
cavity has approximately 50mm of insulation. These two wall constructions alone make 
up 92% of the UK housing stock. Details of the wall constructions are in figure 7-10. 
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Figure 7-9 Solid wall and cavity wall construction as used for calculations in energy savings calculations. 
(Source: Author) 

 
A theoretical retrofit scenario was created where a solid wall with no insulation and 
plasterboard internal lining was stripped back to bare wall with hypothetical HC panels 
put in their place. This was repeated for a cavity wall construction. The difference in U-
values was calculated with varying thicknesses of HC panels installed to investigate the 
possible energy savings with increasing thickness of panel. A series of assumptions were 
made and they are found in figure 7-10. 
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Figure 7-10 – Assumptions made for calculating energy savings associated with HC boards in comparison 
to plasterboard. 

 
It is recognised that this model is not to a high level of precision, however, the 
assumptions have been made in an attempt to provide an estimation of possible savings 
if a panel of HC composite was installed in a retrofit scenario. Workings are in appendix 
6.2. 

Assumptions for energy saving predictions 
 

 Average energy bill in the UK is £1267 per year. (DECC, 2013a) 

 Space heating accounts for 66% of total domestic energy use. (DECC, 2013a) 

 Of this 66% for space heating, it is assumed that 35% of this is lost through the walls. 
(Haringey Council, 2014) 

 Heat loss is not considered through the ceilings (25%) but it is intended that the panel 
would be effective as a ceiling covering to deal with high RH during bathing and 
cooking etc. 

 Ventilation and moisture have not been considered in these calculations and this 
limitation is noted. More complex modeling software would be employed in future 
research (WUFI and IES). 

 Boards are assumed to be affixed with a 5mm gap between wall and board (R value 
= 0.11 m2K/W). Method of fixing is not taken into consideration, but could be 
mechanical (screwing) or environmentally sensitive adhesive.  

 Internal and external resistances of air are accounted for and values have been 
estimated at 0.12 and 0.060 m2K/W (McMullan, 2012).  

 ‘Low’ and ‘high’ values for savings are calculated  using the lowest mean conductivity 
recorded in this study (H1:3 = 0.081W/m.K) and the highest mean conductivity (P1:2 
= 0.099 W/m.K). Clearly the highest savings will be associated with the lowest 
conductivity and vice versa for lowest savings values. 

 Assumed starting U-values for walls are 
o Solid wall = 1.41 W/m2.K (Adapted from McMullan, 2012) 
o Cavity Wall = 0.31 W/m2 .K (Adapted from McMullan, 2012) 

 Surface finishes are not considered but would have an impact and this is noted. 
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Figure 7-11 – Percentage decrease in U-value of wall if plasterboard were to be replaced with the 
associated thickness (x-axis) of HC panel. 

 
It is evident that the difference in U-value increases with increasing thickness due to the 
relationship of  
 
U value = 1/R-value             (Equation 3) 
 
and  
 

R-value = thickness/             (Equation 1) 
 

The lower dotted line is the difference made with the composite with the highest  (P1:2) 

and the solid line is the calculation using the  of the composite with the lowest  (H1:3). 
With 20 mm panel as researched in this study, there is an 18-20% decrease in the U-
value for the solid wall after the HC panel intervention. If it is then considered that 35% of 
total heat loss is through the walls (see figure 7-1), then the associated energy savings 
can be deduced. If the thickness of the panel was increased to 40mm, then a potential 
reduction in U-value of the wall by 30% could be achieved.  
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Figure 7-12 – Total energy savings and space heating savings as a result of replacing plasterboards with 
HC panels in a solid wall retrofit. 

 
For workings and process of how energy savings were determined see appendix 6.2. In 
figure 7-12, the red line shows space heating energy savings and the blue line shows the 
savings as a percentage of the total average energy bill. The dotted lines are values 

calculated with the highest  value (P1:2), and the solid lines calculated using the lowest 

 value (H1:3) determined by this research. What is evident here is that there are direct 
energy savings to be made with replacing plasterboard with HC composite panels. 20mm 
boards such as the one researched in this study reduces the space-heating bill by 6-8%. 
Assumptions made were very rudimentary and excluded the use of the panel on ceilings 
and under roofs, where an additional 25% of space heating energy is lost.  
 
Increased savings could be realised as Soliman (2013) found savings of ~31% using a 
50mm coat of the 75% hemp plaster (properties of which are found in table 6-3). This 
was determined using IES modeling software and investigated a similar solid brick wall 
construction. Figure 7-13 indicates that an ~10% total energy saving (~£127/year) would 
be made if 50mm of HC composite in precast panel form was retrofitted to the solid wall. 
It should be noted that plasterboard typically used for retrofitting has polyurethane 
insulation backing and can often be up to 50mm in thickness21 (but with no hygric 
activity). 
 
The figure above also indicates that there is a 2-3% increase in savings if the panels are 
made to be 25mm in thickness in comparison to 20mm and this could be an interesting 
area of further research.  
 

                                                        
21

 This is not the plasterboard that is specified throughout this study. A 9 -12.5 mm plasterboard with 
polyurethane insulation backing is typically used in scenarios where more thermal resistance is needed. 
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Figure 7-13 – Total energy savings and space heating energy savings for a cavity wall retrofit with HC 
composite 

 
There are proportionally less savings to be made with a cavity wall construction, as there 
is often insulation already present in the cavity, thus giving the construction a lower total 
U-value to start, however there are still energy savings to be made.  
 
If these total energy savings for solid wall and cavity wall retrofit scenarios are combined 
and viewed in relation to the total domestic energy landscape of the UK, the potential 
impact of small interventions become apparent. Again, these calculations make a series 
of assumptions and the workings are found in appendix 6.2. The graph below assumes 
that all solid wall and cavity wall dwellings in the UK are retrofitted with HC composite 
panels. Solid wall construction accounts for 27% of total UK domestic dwellings and 
cavity wall 65% (DCLG, 2010). 
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Figure 7-14 – Estimated total energy savings for UK domestic energy demand. 

 
These estimations are based on total energy savings (7-12 and 7-13) for the relevant 
percentages of the 2 wall construction types (i.e x% saving for  solid wall dwellings [27%] 
and x% saving for cavity wall dwellings [65%]). If the data is extrapolated to provide a 
picture for the total ‘in-use’ domestic energy demand for the UK, then it is clear, based on 
some pretty generalized assumptions and estimations, that a widespread, small change 
in terms of lining materials of houses, can have a reasonable impact on the nationwide 
domestic energy usage. These figures are understood to be ‘wildly’ indicative, but an 
estimated ~2% saving in domestic energy use as a result of the adoption of a low-
embodied energy, moisture-buffering, insulating 20mm panel instead of the conventional 
plasterboard, seems worthy of further investigation. 
  
It is prudent to recognise, it is not only these direct thermal energy savings that can be 
made with the use of these conceptual panels. Indirect energy savings associated with 
the passive management of the RH regime leads to a reduction in the demand for 
mechanical ventilation needed to cope with high levels of condensation and moisture. 
Hall et al. (2013) concluded that low-energy retrofit approaches should consider passive 
thermal and hygric buffering by the building fabric in the case of internal wall insulation. 
This will aid in the control of the RH fluctuations, provides better IAQ, reduces mould 
growth risk and increases occupant comfort. The same study suggests that RH buffering 
materials are an essential component of retrofit strategies in the UK climate in an attempt 
to minimise ‘unintended consequences’. This is supported by May22 (2005) and Collet 
(2013).  

                                                        
22

 It should be noted that May, N (2005) is the MD  of a company that provide and install natural material 
solutions for retrofit. 
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Both Hall et al. (2013) and Padfield (1999a) suggest that moisture-buffering materials are 
at their most effective when air changes per hour (ACH) are low. (Padfield suggests 0.1 
ACH or below for clay in museums). This implies; that internal insulation, combined with 
increase in air tightness of the building fabric, and moisture-buffering materials could 
provide the basis of an effective, low energy, healthy retrofit strategy for the extensive 
retrofitting that is needed in the UK if carbon emission target are to be reached. Evrard 
and De Herde (2006) are “convinced” that the development of hemp composites23 will 
have a contribution in defining the future generations of sustainable architecture. 
 
These materials may be viewed as antiquated in their uses, however, they should not be 
considered from a historical viewpoint. Conversely, this research has indicated that their 
combination as part of a bio-composite has the potential to provide a modern, effective 
and low-carbon, alternative to conventional non-hygroscopic internal linings. It is evident 
that HC composite has the potential to provide solutions for some of the most urgent 21st 
century issues in the built environment.  

                                                        
23

 Lime was used as a binder for this experiment but the material properties were very similar to those 
obtained in this research for HC composites. 
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8. Conclusions  
 

8.1. Summary of main findings 
 
Buildings account for approximately 43% of all UK carbon emissions (DCLG, 2013) and 
the Department for Business Innovation and Skills (2010) suggest there is a potential 
83% CO2 reduction associated with the ‘in-use’ sector of the built environment. When it is 
considered that space-heating typically accounts for ~66% of this ‘in-use’ energy demand 
(DECC, 2013a), it should be an area of urgent, concentrated focus. Further more, with 
the rise in energy prices and the increase in fuel poverty, thermal comfort and health of 
occupant is fast becoming an increasing concern. 
 
It has also been identified that the UK housing stock demonstrates a poor level of energy 
performance with 86% of dwellings in band D and below in the EPC ratings (DECC, 
2012b). To address this wide-scale poor performance, retrofitting to increase thermal 
resistance and increase air tightness is needed (Hall et al., (2013). However the scale of 
the task becomes apparent when the Office for National Statistics (2012) state that 75-
80% of the current 23.4 million homes in the UK will still be in use in 2050. To achieve the 
legally binding carbon reductions needed by 2050 and to improve the state and health of 
the UK’s housing stock and occupants, extensive, considered retrofitting is needed. 
 
Many negative ‘unintended consequences’ have been highlighted and energy efficient 
interventions made in homes can often be to the detriment of house and occupant health. 
Thus the relationships between increasing thermal insulation, increasing airtightness, 
managing moisture and people, have to be considered holistically and thoroughly.  
 
12.5mm Gypsum plasterboard has been conventionally used for decades and has little to 
no hygroscopic ability, nor does it demonstrate good insulating performance. This 
research has proposed an innovate bio-composite that could provided an alternative 
internal lining panel that has superior insulative and hygric properties, and could be used 
in a retrofit scenario.  
 
Varying percentage of hemp were combined with clay binder and two different lining 
materials were investigated under laboratory conditions to ascertain hygrothermal 
performance and properties. 12.5 mm gypsum plasterboard was used as a control, with 
measured results also compared to existing panel products and research.  
 
Main findings from experimental research suggest that all of the HC composites tested 
displayed superior thermal properties in comparison to any existing products. When 
obtained values were compared to other hemp composites from existing research, results 
were verified.  
 
The increased inclusion of hemp into the composite appears to bring with it many 
benefits. Weight savings per m2 of material indicate potential health and safety interests 
for installers of hypothetical panels.  
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Hemp inclusion makes a difference to thermal properties and the inclusion of additives 
should be seriously considered to realise the hygrothermal potential of the higher hemp 
content composites. It is suggested by this study that hemp inclusion above 71% (1:2.5) 
would make the panel too friable to handle in an on-site scenario. All composites 
demonstrated good levels of hygroscopic performance, with hessian-lined samples being 
favoured due to practical considerations as discussed in section 7.2. Additionally, there 
seems to be little limiting factor of paper finishes on hygroscopic activity, thus supporting 
their use as a decorative finish with breathable paint. 
 
Energy savings have been conservatively determined for varying thicknesses of 
composite and wall constructions, and the use of a 20-50mm panel on only the walls of a 
solid wall retrofit demonstrates space heating energy savings from 5-15%. These savings 
did not take into consideration the indirect energy savings associated with moisture-
buffering, or the application to ceilings and under roofs. These composites could be made 
into thicker ‘panels’ for scenarios where internal space was not at such a premium. 
 
The main findings are: 
 

 The decrease in density due to the increased proportion of fine hemp shiv results 
in lower thermal conductivity. This has implications on health of 
occupants/building fabric and domestic energy demand when used as an internal 
lining panel in dwellings experiencing fuel poverty, damp or extreme fluctuations 
in RH.   

 A good hygroscopic ability to high levels of RH has been demonstrated by fine 
hemp shiv and clay composite. This is thought to lead to moisture-buffering of the 
internal environment, reducing dampness and condensation, however this is 
harder to prove conclusively at this stage. 

 These 2 main findings have many possible benefits associated with them and are 
summarised in figure 8.1. The most noteworthy single finding; is that the 
replacement of plasterboard in a retrofitting scenario of a solid wall house, with a 
25 mm HC composite panel is estimated to have ~8% saving on space heating 
energy use, and ~6% saving on total energy demand. This appears to be a 
profound finding when considered in the wider context. 
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The following table illustrates the findings after testing of the hypotheses: 
 

Hypothesis Accepted/ not accepted. 

As the proportion of hemp is increased in the composite: 
 

 

1.1 Density will decrease. 
 

Hessian-lined – Accepted  
Paper-lined – Accepted 

1.2 Thermal conductivity will decrease. 
 

Hessian-lined – Accepted 
Paper-lined - Accepted 

1.3 Vapour permeability will increase 
 

Inconclusive 

1.4 Capillarity will increase 
 

Hessian-lined – Not accepted 
Paper-lined - Accepted 

1.5 Hygroscopic activity will also increase 
 

Accepted 

  

Hessian-lined composites in comparison with paper-
lined composites will exhibit increased: 

 

2.1 Hygroscopicity Evidence in support of this 

2.2 Vapour permeability Inconclusive 

2.3 Capillarity Inconclusive 

  

3. Hemp and clay composites will display greater 
hygroscopicity than plasterboard 

Accepted 

 
Table 8-1 – Assessment of hypotheses after testing.  

 
8.2. Implications 

 
The potential implications of this innovative hemp-clay composite if it were to formed into 
a panel for internal lining are multi-faceted and numerous. There appears to be 3 main 
areas of benefits: thermal, hygric and social. These are underpinned by environmental 
implications, due to the overarching vision to decarbonise the built environment, reduce 
UK CO2 emissions, and ensure a long-term resource legacy for future generations. The 
relationships between these 4 elements are illustrated below in the schematic diagram. 
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Figure 8-1 – Main benefits of the 
HC composite as a internal lining 
panel. 
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8.3. Limitations 

 
Limitations have been highlighted in detail throughout the methodology, results and 
discussion. The main limitations of this study are as follows. 
 
Consistency of fabrication proved an issue as there was a considerable intra-sample 
range in densities. This may have reduced observed trends in data and this should be 
noted for future work. It would be recommended to fabricate by weight of different 
materials and control the amount of composite in each sample. In addition, attention 
should be paid to standardising the pressure of compaction at fabrication stage. 
 
No data was collected for drying and this would be of interest in further work. 
 

A fault with the ISOMET probe for measuring , VHC and diffusivity may have affected 
results and this should be noted. VHC values may be spurious. However, when thermal 
conductivity results were compared to other composites from previous research, 
measured means from this research seem realistic, if not conservative.  
 
Conductivity was not measured with increasing RH due to the fault with the probe. This 
would have been desirable, as all thermal values are ‘dry’ values. Energy savings are 
also calculated using these values. However if the moisture-buffering observed in the 
laboratory experiments is realised in a real world scenario, the panels would hold 
approximately 10% of their dry weight in water at high RH and this may effect the heat 
transfer thought the material.  
 
In general, the scope of this work was broad to provide an indication as to the viability of 
these composites in panel form. Results indicate that there is potential for this composite 
as a thermal insulating, hygroscopic internal panel and the parameters measured should 
provide an indication of performance. Properties need to be quantified with greater 
accuracy in future testing if the development of this concept is to continue. 
 

8.4. Further research 
 
Due to the nature of this innovative research idea, there are plentiful research avenues 
for exploration. Firstly it should be mentioned that future results will benefit from precision 
of densities for the same composite. An increase in trends between the variable may 
emerge as a consequence of this. 
 
Areas of continued interest are mentioned throughout the study in relation to the 
associated idea. However the main areas that are considered of immediate interest are 
highlighted here. 
 
Firstly, in relation to the composite, the effect of additives should be investigated to 
determine the structural and hygrothermal affects this may have. This will be of particular 
interest for the higher hemp composites (1:3) as they are currently quite friable, however 

have the lowest . The addition of a low environmental impact additive may increase their 
structural integrity whilst possibly having an effect on the porosity (Liuzzi et al., 2013).  
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Investigations in to combinations of different sized hemp shiv particles may provide 
interesting hygrothermal results, especially in increasing porosity. 
 
Research that investigates practical considerations such as quantifying friability (as seen 
in Norval (2012) study), growth of mould and fire resistance may provide useful data. 
 
Further attempts to quantify the embodied energy of clay binder may add weight to the 
rationale for its use in this composite. Investigations into different clay minerals would be 
of great significance to the development of the idea. 
 
The use of computer modeling software to simulate energy savings and the effect of 
moisture in the composite as part of a retrofitting system will provide a better informed 
idea as to the effectiveness of hemp-clay panels in application. However, limitations of 
this must be noted as Evrard and De Herde (2009) observed that theoretical performance 
may not match real life performance in that the field observations were using far less 
energy than predicted by theoretical modeling. 

 
 
 
 
 
 
 
 
In final summary, if the bio-composites investigated in this thesis were scaled up into 
internal panels, they would thermally and hygrically out perform similar products currently 
available on the market and convincingly outperform conventional 12.5 mm gypsum 
plasterboard. Its use in place of plasterboard could reduce homeowners energy bills, 
whilst maintaining a healthy indoor environment. Financial savings aside - it also appears 
to be carbon neutral, at the very least and shows promise in forming an innovative bio-
composite for widespread use in retrofitting existing dwellings. 
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Appendices 

 
Appendix 1 – Supporting material for Context  
 
Appendix 1.1 
 
DECC, (2013b) data suggested that under the 10 per cent measure, 17% of UK 
households (~ 4.5 million) were experiencing fuel poverty in 2011. This was an 
approximate 8% reduction on the year before, however 2011 was warmer on average 
(DECC, 2013a.) More over there is a strong relationship between fuel poverty and 
vulnerable occupants: the elderly, children or the disabled, seen in figure A1-1. 
 
 

 

 
Figure A1-1 – Relationship between fuel poor and vulnerable occupants. (Source: DECC, 2012b) 

 
 
In contrast to figures in the DECC (2013b) study, the figure for fuel poor households in 
Waddams-Price et al. (2012) was 28% of households according to the 10 per cent 
measure, however only 16% subjectively felt that they actually were energy insufficient. 
This highlights the subjectivity associated with fuel poverty and the difficulty in quantifying 
levels and methods in which to address it.  
 
If data for fuel prices is considered in figure A1-2 below, it can be seen that fuel prices 
appear to be the main driver of fuel poverty. Figure A1-2 takes data for fuel poverty from 
the 10 per cent measurement and demonstrates a strong correlation. As energy prices 
are continuing to rise it could be assumed that the numbers of households that will 
experience fuel poverty will rise (Waddams-Price et al, 2012.) 
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Figure A1-2 – Showing relationship between 10 per cent measure of fuel poverty and energy price. 
(Source: DECC, 2013b) 

 
The discourse surrounding ‘how to measure fuel poverty?’ is ongoing and has strong 
political connotations. A clear definition is obviously pertinent with ongoing insecurities in 
energy prices and average income. The LIHC method seems to start to address the 
issue of a ‘relative’ fuel poverty definition (Moore, R., 2012) and is a more holistic 
representation than the ten per cent measurement, where only space heating is 
considered. None the less, it does not alter the inextricable link between energy use and 
carbon emissions, which is a relationship that urgently needs progressive action if the UK 
are to reach their carbon emissions reductions by 2050. 
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Appendix 1.2 Health issues associated with buildings. 
 
Retrofitting typically includes increasing the thermal resistivity and airtightness of the 
building fabric, thus increasing the temperature within the home and decreasing ACH 
respectively. This means that the thermal regime within the house is on average, higher, 
but also can result in the ‘trapping’ of moisture, VOC’s, and ozone due to reduced 
ventilation.  
 
This combination of events creates a perfect hygrothermal regime for dust mites to 
proliferate (250C and 80% RH.) The dust mite is thought to be the main causal factor in 
the development of asthma (Howieson et al., 2003.) 
 
Howieson et al. (2003) conclude that the changes in design (increasing thermal resistivity 
and decreasing ACH) are highly likely to be the main driver in the increase of the asthma 
pandemic in Britain due to creating hygrothermal scenarios that promote the growth of 
dustmites (and mould spores) 
 
May (2005) explains that the relationship between moisture, Volatile Organic Compounds 
(VOC’s) and odours; with VOC’s becoming more dangerous with humidity levels outside 
the comfort range of 40-60%. He continues to say that if the internal RH is maintained at 
approximately 50% then this would mitigate against most issues with IAQ.  
 
Lamble et al. (2011) carried out comparative, quantitative laboratory analysis of ‘green’ 
building materials and their ability to passively remove ozone from the indoor air. A 
standard chamber experiment was performed for 31.5 hours and the following data was 
recorded: deposition velocity (mass-transfer co-efficient relating to the bulk-air 
concentration to the flux of the ozone surface [m h-1]); Reaction probability (probability of 
a reaction when a ozone molecule collides with the surface, this is surface specific and 
measures surface reactivity); Yield (the emission rate of carbonyl compounds produced 
when ozone reacts with surface.) A summary of findings is found in figure A1-3 below. 
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Figure A1-3 – Summary of findings from Lamble et al. (2011.) Note: Of particular interest to this study is the 
clay wall plaster which is denoted by WCP-1. 

 
It can be seen that the clay plaster wall covering exhibits good depositional velocity whilst 
having a higher reaction probability. It performs similar to other materials in this sense, 
however where it appears to become superior is in the yields of ozone it produces as a 
result of the reactions of ozone with the surface. This is the lowest yields for wall 
coverings (excluding paints). It must be noted that the clay plaster was applied to a 
plasterboard backing for testing. 
  
Lamble et al. (2011) promote the benefits of clay as a high uptaker of ozone and that the 
high aluminium and iron content may promote this. In addition, the roughness increases 
the surface area and porosity and this may aid in its effectiveness as a ozone scavenging 
material. It is stated that the clay plaster is “the most promising material in this study” and 
it is implied that it would “substantially reduce indoor ozone concentrations without 
generating by-products. This is supported by Kunkel et al. (2010), and Minke (2006) 
supports these findings by stating that earth walls absorb pollutants dissolved in water, 
however, this has yet to be proven scientifically. 
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Appendix 2 – Supporting material for Hygrothermal properties in buildings 
 
Appendix 2.1 Synopsis of preliminary study. 
 

Preliminary testing of hygrothermal performance of 
four natural material alternatives to conventional plasterboard. 

 
Matt Dale, Lee Harper, Tom Robinson, Scott Simpson. 

 
Centre for Alternative Technology, Machynlleth, Wales 

 

Abstract 
 

Preliminary testing of four innovative, natural material boards is carried out in this study 
and the hygro-thermal performance is assessed.  The concept behind the study is to 
investigate the viability of such natural material internal lining boards as an alternative to 
gypsum plasterboard. Two hemp and clay boards with differing ratios of clay:hemp and 
two light earth boards with 5 and 10% of lime were investigated. Various hygro-thermal 
experiments were carried out including thermal conductivity, density, moisture-buffering 
capacity (nordtest) and capillarity test. These results were then compared to the existing 
products: conventional gypsum plasterboard and the existing natural material board 
‘Claytec clayboard.’ Findings from this study will be used to inform the direction of 
research for the author’s thesis. 
 
Results showed that hemp and clay boards have better hygro-thermal performance than 
light earth boards and gypsum plasterboard. Thus, experimentation on light earth boards 
will not be continued. Furthermore, a complex relationship between the ratio of clay:hemp 
and hygro-thermal performance is discussed with preliminary findings from this study 
indicating that further research into the various hemp clay matrices is warranted. 
Potential future testing also features in the discourse. 
 
Keywords: Hemp, clay, Light earth, hygro-thermal performance, innovative building 
materials, plasterboard alternative. 
 

‘ Light-earth blocks and possibly panels could be easily manufactured in a factory, 

though transportation would increase their embodied energy. Prefabricated modules 

that guarantee consistency and reproducibility would be more likely to be adopted by 

the mainstream construction industry if they can be proven to be effective and 

reliable. 

 

(Busbridge, R, 2009)
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Test samples 
 
 
The samples were fabricated on the 15th May 2013 and testing was carried out from 17th 
-20th July 2013.  4 different matrices were investigated; all lined both sides with standard 
hessian cloth. Approximate thickness of all samples was 20mm.  
 
4 matrices tested were: 

   
 
Figure A2-1 – Experimental composites tested in preliminary research 

 
Main findings  
 
Conductivity was measured using an ISOMET probe (±5% accuracy). Results are 
depicted below. 
 

 
 
Figure A2-2 – Conductivity for test panels.  

 
It can be seen here that the hemp clay panels indicated lower conductivities than 
plasterboard, light earth boards and board 2 (HC) indicated lower conductivity than the 

2 hemp/clay (HC) boards 
 Board 1 – Clay 1 : 2 fine hemp shiv 
 Board 2 – Clay 1 : 2.5 fine hemp shiv 
 
2 light earth (LE) boards 
 Board 3 – Light earth 1 : 1.5 fine hemp shiv with 5% 
quicklime 
 Board 4 - Light earth 1 : 1.5 fine hemp shiv with 10% 
quicklime. 
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claytec board. This indicated the potential for hemp inclusion into the matrix and 
promoted use in this thesis. 
 

 
 
Figure A2-3- basic sorption isotherm for test panels.  

 
The basic sorption isotherms show that the HC panels have a considerable potential for 
water capacity at high RH (~10% of total weight.) This was considered superior in 
comparison to the light earth samples, which didn’t absorb even half the water vapour 
that the HC sample did during the test. It was also discovered during these experiments 
that the light earth panels were incredibly friable and these composites could not be used 
for panels. 
 
Conclusion 
 
Preliminary hygrothermal tests were carried out on 4 innovative natural material lining 
boards as an alternative to gypsum plasterboards. These were compared to the existing 
‘clayboard’ that is on the market and the widely used gypsum plasterboard. In summary 
the study has indicated lower conductivities for the HC boards in comparison to the LE 
boards. The HC board with higher hemp content demonstrates lower conductivities than 
all materials compared in this study. Capillarity tests have confirmed findings from 
Busbridge (2009) that neither HC nor LE boards are suitable for outdoor use without a 
weatherproof finish and effective detailing.  
 
Thermal isotherm tests indicate that hygrosopicity of the HC boards are better than LE 
boards. HC superior hygroscopic performance is in concurrence with Wilkinson’s (2009) 
findings. Results also indicate, in agreement with Minke (2006) that hygrosopicity could 
be effected by the clay content, with board 1C (higher clay, lower hemp content) 
displaying greater absorption of moisture. However, board 2C (lower clay, higher hemp 
content) displays lower conductivity with rising RH. 
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LE boards don’t seem a viable alternative to gypsum plasterboard due to poor 
hygrothermal performance in this comparative test. 
 
Further work needs to be carried out into the composition of the HC boards and the 
benefits of various clay:hemp ratios. In addition to the capillarity test vapour permeability 
testingneeds to be carried out to further understand the hygroscopic properties of various 
matrices. Various clays and particle sizes of hemp could also be investigated.  Data 
could be modeled in WUFI or IES to further quantify hygrothermal behaviour and energy 
savings. 
 
Limitations in this study are plentiful with the most significant being the lack of data form 
the Nordtest due to an oversight in the methodology. However, this has been a valuable 
learning process in itself and lessons shall be carried forward into thesis testing by all 
members of the group. Further development and refining of nordtest methodology shall 
be carried out in preparation of thesis testing.  
 
Time constraints limited the amount of data for the thermal isotherm, however it provided 
indicative insights to be confirmed by further study.  
 
Overall, this study provides evidence to warrant further research and suggests that a 
focus should be on clay:hemp ratios and their relative hygro-thermal performance.  
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Appendix 2.2 - Adverse effects of moisture. 
 
Moisture, whether condensation or water 
vapour causes serious defects in the building 
fabric and can seriously effect occupants 
health (Howieson, 2003; May, 2005; Olivier, 
1997.) Mould growth can be seen in figure xx, 
manifesting itself behind the plasterboard. 
However, Howieson et al (2003) state from 
their review of the relevant literature that 
increasing the RH to above 85% may be 
detrimental to the populations of dust mites as 
mould growth inhibits their survival due to the 
production of toxins. However the internal 
environment has increased levels of mould at 
these levels of RH, making it unhealthy also. 
 
Figure A2-4 – Mould behind plasterboard in a solid wall 
constructed dwelling. (Source: Author) 

 

 
 
 

Excess surface and interstitial condensation causes saturation of building fabric and this 
can cause structural decay of the materials as well as mould and microbial bacteria 
(biodeteriation) (Viitanen, et al, 2010). The presence of water in building materials also 
increases the thermal conductivity and therefore decreases thermal efficiency (Olivier, A, 
1997.) 
 
Both of these factors are well documented in the literature to cause negative health 
implications for occupants due to airborne spores effecting respiratory health issues 
(Johansson, P, 2012.) Further more, Olivier (1997) states that mould will grow on suitable 
surfaces if the RH is above 70%. Murtoniemi, (2003) specifies further that microbial 
growths occur on all building materials if there is enough moisture present due to the 
deposition of dust and dirt, acting as nutrients for microbial growth. Assimilating all this 
information, Nielsen (2002) conducted a review of relevant literature and summarised 
health implications associated with damp and mouldy buildings. 
 

 
Figure A2-5 – Adverse health problems associated with mouldy and damp buildings. (Nielsen, 
2002) 
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However, it is not only excessive moisture that causes poor health, low humidity can 
cause dry eyes and throats and over active mucus membranes (Howieson et al, 2003). 
 

 
Figure A2-6 – The optimum RH zone to avoid adverse health in the home. The optimum zone is 
between 40-60% (Arundel et al, 1986) 

 
Arundel et al (1986) specify that the optimum zone to maintain RH for a healthy internal 
environment is between 40-60%. Considering the level of moisture produced by various 
sources during periods of occupation (figure xx), and the increase in airtightness of the 
building envelope, it is evident that managing the RH regime on a diurnal basis is 
increasingly difficult and is of utmost concern when considering the wide-spread retrofit 
needed to realise the carbon targets by 2050.  
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Appendix 2.3 Sorption isotherms as an indication of hygroscopic action. 
 
 
For this study, sorption isotherms were used to investigate and compare the hygroscopicity 
of the innovative hemp-clay matrices. Sorption isotherms enable the analysis of adsorption 
and desorption curves. When these curves are not identical, this is called an adsorption 
hysteresis (Tolkovsky, 2010.) Trechsel (2001) states that the difference between absorption 
and desorption is not usually very pronounced and Rode (1990 cited in: in Trechsel, 2001) 
eludes that most models use the average of isotherm of absorption and desorption. In 
addition, little difference in sorption isotherms for the same material (cotton) was observed 
by Padfield (1999) at different temperatures (Figure A2-7). 

 
Figure A2-7 – Sorption isotherm for cotton at different temperatures (Padfield, 1999) 

 
The sorption isotherm seems suitable to indicate and provide comparative analysis for 
this investigation. Limitation of this method is that it is not ‘dynamic,’ meaning that the RH 
increases (absorption) and decreases (desorption) at incremental, steady periods with 
time. This is not representative of sporadic loading of moisture produced by occupants as 
is typical in the real life scenario of a dwelling. 
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Appendix 3 – Supporting material for Material properties 
 
Appendix 3.1 – Evaluation of clay resources in comparison to gypsum resources. 
 
Alwood’s thinking in the report ‘Material Efficiency’ (2011) states that the demand for 
resources is likely to double by 2050 alongside the legally binding carbon emissions 
reduction that the UK Government has signed. To facilitate this happening will require a 
massive transformation in the way in which we use resources and manufacture materials 
and products. Resource efficiency is absolutely essential to achieving resource security 
in the future with predicted increase in demand. 
 
When thinking about transformation as part of adaptation of the building industry and 
products (or any industry for that matter) the critical pathway has to be considered on 
many levels. EE considerations have been discussed, however, if there is limited 
reserves of a resource in a proposed novel material, it would be considered a mal-
adaptation from an environmental legacy and ‘sustainability’ stand point. This section 
conducts a comparison of clay and gypsum (the later being the main constituent of 
plasterboard) with regards to available resources in the UK to investigate the potential 
impacts of a shift in resource use would have. 
 
Gypsum is a naturally occurring rock, which is crushed and heated at about 150o – 165o 
to produce calcium sulphate hemihydrate (CaSO4.2H2O) (Borer and Harris, 1998.) It 
occurs as beds or nodular masses up to a few meters thick and is the product of the 
evaporation of seawater. The main demand is for building products (plaster, 
plasterboards and cement) and the demand is principally driven by activity in the 
construction industry (British Geological Survey [BGS], 2006.) 
 
Synthetic gypsum is also widely used and is the product of the flue gasses from coal-fired 
power stations. This is known as desulphogypsum (DSG) and is a supplement to natural 
gypsum in the UK and elsewhere (BGS, 2006.)  
 
If the supply of DSG is stopped, which is conceivable due to the decreasing dependency 
on coal-fired power stations in the UK, the demand for natural gypsum (without 
increasing imports) could be increased to 3.1 Mt/year. No coal-fired power plants have 
been built in the last 30 years and power from coal remains a contentious issue in the 
energy security discourse. 
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Figure A3-1 – Supply chain of gypsum in the UK in 2004 (BGS, 2006) 

 

Berge (2000) also states that gypsum is not well suited for recycling and re-use, however 
can be recycled through the addition of 5-15% waste gypsum to new products. This is 
difficult to implement due to the centralization of the gypsum industry. 
 
The BGS (2006) believe the total permitted reserves of gypsum are in excess of 50Mt, 
however gypsum is soluble and dissolves rapidly near the surface and its occurrence is 
unpredictable. BGS (2006) also state that increasing emphasis is being placed on the 
production of higher purity gypsum placing a higher pressure on reserves. 
 
Demand for natural gypsum could rise to 7.8 Mt/year given Allwood et al’s (2011) thinking 
and using the figures from figure A3-1 (BGS, 2006.) The tables below provide some 
indication of how long the reserves would last given different scenarios. It does not 
include an increase in imports to the UK intentionally due to increasing fuel prices, 
inflating the price of the material to a point where it is too expensive, let alone the 
embodied energy considerations involved with the transport of the material across the 
world.  
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Table A3-1 – Figures to show longevity of permitted gypsum reserves without imports (Source of data: 
BGS, 2006) 
 

Demand scenario Demand [Mt/year] 

Demand on permitted 
natural reserves of 
Gypsum (without 
imports and with 50% 
decrease in DSG 
production) 
[Mt/year] 

How long reserves 
would last [years] 

Current demand 3.9 2.4 20.83 

Doubled demand 7.8 6.3 7.9 

25% increase 4.9 3.4 14.8 

50% increase 5.9 4.4 11.5 

75% increase 6.8 5.3 9.4 

120% increase 8.6 7.1 7.1 

    

25% decrease 2.9 1.4 34.9 

50% decrease 1.95 0.45 111.1 

Table A3-2 – Figures to show longevity of permitted gypsum reserves without imports and with 50% 
decrease in DSG production due to cessation of coal fired power stations. (Source of data: BGS, 2006) 

Demand scenario Demand [Mt/year] 

Demand on permitted 
natural reserves of 
Gypsum (without 
imports) 
[Mt/year] 

How long reserves 
would last [years] 

Current demand 3.9 3.1 16.1 

Doubled demand 7.8 7 7.1 

25% increase 4.9 4.1 12.3 

50% increase 5.9 5.1 9.9 

75% increase 6.8 6 8.3 

120% increase 8.6 7.8 6.4 

    

25% decrease 2.9 2.1 23.5 

50% decrease 1.95 1.15 43.5 
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Table A3-1 and A3-2 highlight the sensitivity with regard to gypsum resources in the UK. 
Even at current demand, without imports, and the likely reduction of DSG from coal 
power stations, the longevity is ~ 21 years. If we double demand for the same scenario, 
as Allwood (2010) suggests gypsum resources would last for only 8 years. It is clear form 
these tables that the use of gypsum from permitted reserves is a sensitive issue and 
requires a reduction in demand. As the main demand for gypsum is from the building 
industry, a substitute or alternative would appear to be imperative to ensure the longevity 
of this natural resource. 
 
The concept behind this innovative panel research is to decrease the use of gypsum and 
utilise a different natural resource as a binder: clay. Firstly, as it is used as a binder as 
part of a composite, there is proportionally far less of the material used, thus reducing 
demand on resources. 
 
Further more, unfired clay can be reused indefinitely with the addition of water (Minke, 
2006) therefore reducing the long-term waste legacy issues. The panels are intentionally 
a ‘basic composite’ material and only consist of 3 -4 different materials that are easily 
separated and reused of, or de-composed. 
 

For the majority of construction sites, clay will be locally abundant in the earth and is 
often a ‘waste’ material from excavation of foundations. Unfired clay considered in this 
essay, hardens through evaporation alone, resulting in low embodied energy and minimal 
processing. The percentage of clay in earth varies dramatically depending on local 
geology. 
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Type of 
clay 

Current uses 
and demands 

Current 
level of 
demand 

Extent of reserves 
(longevity of reserves 
given current usage) 

Other comments 

Kaolin clay 

(BGS, 

2009) 

Paper (approx 
50%), ceramics 
(30%), 
pharmaceuticals, 
fillers in paint, 
rubber and 
plastics. 

1.36 million 
dry tonnes in 
2008 

Limited to the South-west of 
England in Devon and 
Cornwall.  
 
Figures of total reserves are not 
available due to commercial 
reasons. 
 
(Using existing technology and 
sustaining current rates of 
extraction – permitted reserves 
will last at least 50 years.) 

There are several SSSI in 
the area making it 
increasingly difficult to 
increase permitted 
reserves. 
 
Each tonne of marketable  
kaolin produces 9 tonnes of 
other material (sand, rock, 
overburden and micaceous 
residues- approx 10 
Mt/year) 

Brick clay  

(BGS, 

2007) 

Structural clay 
products such as 
bricks (90%), 
pavers, roofing 
tiles and pipes. 

7.7 Mt in 2005 
(decreased 
from 16 Mt in 
1974) 

Clays occur extensively in 
Britain and resources are 
potentially ‘very large’ however 
due to commercial 
confidentiality there are no 
published results of reserves. 
 
An estimated area of reserves 
is 8,430 ha however this area 
will have impurities and various 
types of clay within it. 

Clay reserves also show 
close relationship with 
environmental designation 
such as AONB. 
 
Figure 5 shows the 
geographical location of 
brick clay in the UK. 

Fire clay 

(BGS, 

2006) 

Structural facing 
bricks and 
historically as 
refractory raw 
materials. 

500 – 600 000 
tonnes/year 

Usually found in close proximity 
to coal measures and is a 
primary by-product of coal 
mining. 
 
No definitive information on 
actual reserves. Between 3 and 
4 Mt in permitted reserves 
however planning permission 
for reserves is a contentious 
issue.  
 
(At current consumption of 
current permitted reserves 
there is sufficient for approx 10 
years.) 

Maximize strength and 
minimize porosity. Low 
quality clays, usually used 
in specialized building 
products (chimney pots, 
liners and firebricks) 
 
Contain many impurities. 
 
Due to the association with 
coal there are many 
planning issues around the 
extraction of fire clay.  
 
Fireclay does not tend to 
coincide with environmental 
designations. 

Ball clay 

(BGS, 

2011) 

Ceramic raw 
materials 

1.1 Mt in 2008 Confined to 3 basins in UK in 
SW England. Occur due to a 
rare geological phenomenon 
therefore are of national and 
international importance. 
 
454Mt of permitted reserves 
and 60Mt of unpermitted 
reserves estimated. 
 
(163 years at current use for 
permitted reserves and 217 
years with unpermitted 
reserves included.) 
 
 
 

Associated with numerous 
environmental designations 
– 75% can be found in 
AONB 
 
Clay to waste ratio 1 : 1.5 

Table A3-3 - Summary of different clays in UK (BGS, 2006, 2007, 2009, 2011) 
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As can be seen in table A3-3 and supported by Harris and Borer (1998) there is an 
abundance of clay in the UK of varying types, qualities and properties. Borer and Harris 
(1998) highlight that over 70% of the Earth’s landmass is either pure clay or laterite (clay 
with iron content.) This makes it one of the most proximate materials for building for 
many locations in the UK. 
 

Clay is a widespread resource in the UK and is readily available, however the increased 
demand from the hypothetical change would need careful resource planning and 
sensitivity with regards to environmental designations. In addition, clay may be re-used 
(Minke, 2006) and when it has come to the end of its useful life can be committed back to 
the ground without long-term waste legacy. 
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Appendix 4 – Supporting material for Methodology 
 
Appendix 4.1 – X-ray Diffraction Analysis. 
 
X-ray Diffraction (XRD) analysis assesses the distances between atomic planes. It takes 
a powdered form of the clay composite and illuminates it with x-ray of a fixed wave-
length. The intensity of the reflected radiation is recorded. The angle at which this is 
diffracted is used to calculate the inter-atomic spacing (Webmineral, 2014). 
 
The complexity of the figure shall not be discussed, however it is deduced from the figure 
below that there are well-defined peaks of kaolinite (dark blue) at reasonably regular 
intervals. The small spread of the peaks indicates there is little deformation of the lattice. 
There is also a presence of mica (possibly illite) and chlorite minerals. Quartz is often 
predominant due to its strong signal (Mcgregor, pers. Comm, 2013.) 
 
 

 
Figure A4-1 XRD analysis of clay used in this study. 
 

Further mineralogical analysis was considered out of the scope of the study, however 
continued interest will remain to further examine the role of mineralogy on the 
performance of the HC composites. 
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Appendix 4.2 – Fabrication of samples. 
 
It was decided to mix by volume for the purpose of the fabrication process. Learning 
taken from the preliminary research and used in other studies (Soliman, 2013; Marieke, 
2013.)  
 
As previously stated, the clay was in a plastic state and in order to mix it with the hemp 
shive, it was necessary to create a clay slip. The clay was chopped into fist sized chunks 
and left to sit in clean water for a week to soften. A paddle mixer, as used to mix plaster 
in the building industry, was then used to break the clay up and create a clay slip as seen 
in Busbridge (2009) and illustrated in the figure below.  
 

    
 
 
Figure A4-2 – Making of clay slip (Source: Author) 

 
 

1.1. Viscosity test 
 
Gaia Architects (2003) have devised a viscosity test in order to get the right viscosity to 
bind the hemp together. This has been successfully used in Marieke (2013) and 
Busbridge (2009.)  
 
The decision not to include lime as an additive was due to the findings in Busbridge 
(2009) that it did not improve thermal properties. Morgan (2011) found that the addition of 
1-2% lime improved handling, but reduced structural performance. These findings 
support work done by Minke (2006) whereby including lime as an additive in percentages 
less than 5% actually decreased compressive strength due to the interference in binding 
forces between the clay minerals. Percentages above this would effect the ionic 
exchange and particular structure, hindering the penetration of water, and thus potentially 
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hygroscopicity. Lime as an additive would be considered as further research if the 
structural integrity of the testing panels were poor. 
 

1.2. Fabrication process  
 
During the fabrication process, consistency was imperative to ensure continuity between 
samples of the same type. The aim was to achieve as low a density as possible in order 
to improve thermal insulating properties, whilst making them dense enough to bind 
together and be strong enough to handle. Morgan (2011) observed that with increasing 
density handling was also improved. However it was observed in the preliminary study 
(and other studies) that density was positively related with conductivity. 
 

1.2.1. Circular samples 
 
Circular samples were created in order to fit on top of the jars procured to carry out the 
vapour permeability test and Aw value test to create a good seal all the way around the 
sample. This was informed by learning from Soliman (2013) where square samples were 
used to poor effect for the specified experiments. 
 
Details of the fabrication process is found below. All samples were made on the same 
day. A brief pictorial account of making the hessian samples is below in figure A4-3. 
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Inserting the lining material into the circular 
formwork. The lining material has a coating of 
clay slip to bond it to the hemp-clay mixture. 

 

Hemp-clay mixture (pre-mixed in a bucket) is 
inserted paying particular attention to get the 
mix in to all the ‘corners.’ Moderate 
compaction needed to ensure material is 
bound together. 

 

Smoothing of the mixture with plasterer’s 
trowel to ensure a flat surface. Again 
moderate pressure is applied (however not 
measured.) After this, a coating of clay slip is 
painted on to the surface to bond to the lining 
material. 

 

The lining material is covered in clay slip and 
pressed on to the top of the sample with the 
plasterer’s trowel. The surface is then 
‘painted’ with clay slip to ensure a good bond 
between the lining material and the hemp-
clay mixture. 

 
Figure A4-3 – brief pictorial detail of fabrication process. (Source: Author) 

 
1.2.2. Drying  

 
Drying of samples was sub-optimum as space was limited. However they were left to dry 
for 6 weeks in a room around 160C with good ventilation and devoid of damp. In addition, 
to negate the hygroscopic nature of the wooden shelves accelerating the drying, foil was 
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placed over them to create an impermeable surface on which to dry the samples. A 
picture of the drying system is below. 
 

 
 
 
 
 
 
 
Figure A4-5 – Drying system for samples. (Source: Author) 

 
 
During drying the samples were turned over 
every week to ensure drying all round. A slight 
discolouring was observed on the paper 
samples, which was assumed to be mould. This 
can be seen in figure 6-6. However after the 
second week this did not get any more 
prevalent. 

 
 
 
 
 
 
 
 
 
Figure A4-6 – Arrows indicating suspected mould growing on 
the surface of the paper lining. (Source: Author) 

 
 
 
 
 
 



Tom Robinson           
MSc Arch: Advanced Environmental and Energy Studies: Thesis, Jan 2014 
 

 

 
 

152 

 
1.2.3. Labeling  

 
When dry, the samples were assigned a code to 
assist in identity during the experimental 
process. The ratio was preceded by a H or P 
(hessian or paper liner, respectively.) The 
samples were then assigned a number from 1 to 
10. For example, the hessian lined 1:2 ratio 
sample that had a number 6 would be H1:2 (6.)  
 
 
 
 
 
 
 
 
 
 
Figure A4-7 – Showing labelling method of sample H1:3 
[10] (Source: Author) 
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Appendix 4.3 – Viscosity test. 
 
This involved pouring 100ml of clay slip from a funnel sat 100mm above a glass surface. 
The diameter of the puddle is then measured to ascertain the viscosity. The desired 
puddle has a diameter of 130 - 150 mm. If the mixture did not satisfy this, more water 
was added and mixed with the paddle mixer until the desired consistency was attained. 
Apparatus were cleaned between each test. Methodological learning was taken from 
Busbridge’s (2009) study and Gaia Architects (2003.) Figure A4-8 demonstrates the 
technique used. 
 
It is documented by Morgan (2011) that dried materials by weight would be an effective 
way to achieve consistent densities. This is fine for the hemp shive, however to dry the 
plastic clay to a powder to then add water to bind it to the hemp seems energy intensive. 
Henceforth, the clay slip method was adopted for this study. 
 
Water content of slip was determined to be approximately 63%.  
 

    
 

 

Figure A4-8: Viscosity test 
procedure – Note that the distance 
from the bottom of the funnel to the 
glass surface is 150 mm (top left 
image) and total diameter of puddle 
is 150 mm shown on ruler (indicated 
by arrow) on lower image. (Source: 
Author) 
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Appendix 4.4 – Dry density methodology.  
 
Test procedure 
 
Samples were dried as for dry conductivity experiment. Whilst samples were cooling 
before conductivity measurements were taken, weights were recorded. Dry density for all 
10 samples for each mixture were determined to give a good range of data. Calibrated 
callipers (0.05mm accuracy) were used to take all dimensions of samples (seen in figure 
6-9). For each sample, 3 readings were taken of diameter and thickness to get an overall 
mean volume for the sample. The positions on the sample at which the 3 readings were 
taken were random. Weights were taken using scales accurate to 0.001 g and a capacity 
of 4500g. Density was calculated using the formula below. 
 

ρ = M/V              (Equation 9) 
 
Where ρ is density, M is mass and V is volume. 

 

  
Figure A4-9 – Measurement of dimensions for density using callipers (0.05 mm accuracy)  

 
 
Limitations 
 
Irregularities in the shape of the samples due to inconsistencies when being handmade 
meant that they were not uniform in dimensions. This possibly leads to inaccuracies 
when calculating volume, thus affecting density (see equation 9.) In an attempt to limit 
this inaccuracy, 3 readings were taken for each dimension and the volume was 
calculated for each sample from the mean of the 3 readings. The affect of inconsistency 
in shape and size was not considered to effect the results, however was recognised. 
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Appendix 4.5 - Calibration and error analysis of scales. 

 
Calibration consisted of weighing a number of scientific weights with precise masses. A 
series of 10 readings was taken for each weight and recorded. Means were determined 
and results are shown below.  
 

 
Figure 4-9 a and b -  Accuracy of  fine scales (accuracy = 0.001g) – figure A4-9a (left) shows 
perfect linear relationship between measured weight and actual weight and figure A4-9b (left) 
depicts mean value for 20 g weight with 2 Standard Deviation for error bars either side of the 
mean. 

 
Figure A4-9a shows a R2 value = 1 which is a perfect correlation between variables, 
indicating the high level of precision of the scales. This relationship was analysed further 
with error bars on figure A4-9b demonstrating 2SD (95% of values will fall within this 
range) After weighing a 20g weight  10 times, the mean = 20.0142 g indicating a 0.014g 
systematic error. This systematic error was considered so small in relation to the 
measurement that it was noted and accepted. 

 
 
Figure A4-10 a & b – Accuracy of scales used for capillarity test. Figure A4-10a shows a R2 value 
of 1 showing perfect correlation and figure A4-10b illustrates the measured mean of a 20g weight 
with error bars of 2 SD. 

 
The same R2 value can be seen showing the high level of accuracy of the scales. It can 
be seen in figure A4-10b that the measured mean for a 20g weight was 20.088g giving a 
0.09g systematic error. This was considered such a small systematic error in relation to 
the weights recorded in the experiment (below 0.1% of weight of samples) and therefore 
noted and accepted as tolerable. 
 
Propagated errors were also examined for density calculations as this included 3 
measurements, each with possible error. For 1 series of data (10 x H1:2) 2SD of original 
measured densities was compared to 2SD of densities with full error on all 
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measurements. This is to determine the difference between where 95% of all 
measurements taken would lie between measured densities and densities with full error. 
 
2SD measured – 2SD full error  = 0.03 g 
% of original 2SD            = 0.14% 
% of measured mean density     = 0.007% 
 
The difference between full error and measured mean for the data series for H1:2 
samples was considered so small that it was regarded insignificant to results. This was 
applied to al results and regarding gravimetric measurement. 
 
Accuracy for the Isomet probe measuring thermal conductivity and  VHC is below. 
 

Measurement 
accuracy  

Measurement range Accuracy 

Thermal Conductivity  
 

0.015 – 0.70 W/m.K 5% of reading  

VHC 4 x 104 – 4 x 106 J/m3K 15% of reading + 1 x 103 

Diffusivity Not disclosed by 
manufacturer 

 

 
Table A4-1 – Measurement accuracy of flat isomet probe. (Source: Applied Precision, 2013) 
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Appendix 5 – Supporting material for Results 

 
Appendix 5.1 – T-tests To analyse difference in densities. 
 
 
 

 
 
Figure A5-1 - Independent T-test to analyse significance of difference between H1:2.5 and H1:3 

 
 

 
 
 
Figure A5-2 - Independent 2-tailed T-test to analyse significance of difference between P1:2.5 and P1:3 
samples. 
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Appendix 5.2 – Error analysis for %hemp content vs density 
 
Due to the suspected faulty ISOMET probe, error analysis was conducted to ensure 
accuracy of raw data and to identify any outlying results that may affect relationships.  
 

 
Figure A5-3 – Thermal conductivity for all hessian samples 
 

 

 
 
Figure A5-4 – Thermal conductivity for all paper samples. 
 

As can be seen above, the linear trend lines have been displayed with their 
corresponding R2 values to show strength of relationship. It is clear from both series of 
data that there are some outlying results (highlighted in red) and these are omitted from 
analysed results. Due to the fact the sample size for each composite for this experiment 
was 4, it allows for 1 omitted result to be taken out in order to create a mean value for the 
data series. All data series have at least 3 results. While this is not an extensive sample 
size, it provides an indication of the TC for each of the composites. 
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Figure A5-5 – Thermal conductivity for hessian lined samples without ommited results. Error bars 
are to demonstrate the 5% accuracy of the isomet probe and the blue dotted lines demonstrate 
the area that results could fall within given the 5% possible error of the probe. 

 

 
Figure A5-6 – Thermal conductivity for paper lined samples without omitted results. Error bars 
and blue dotted lines denote same as above. 
 

With both paper and hessian lined samples, it can be seen that  does decrease with 
increased hemp content with a strong correlation for both sets of samples (R2 hessian = 
0.901 and R2 Paper = 0.822.) It is also evident that with anomalous results omited, the R2 
values for both sets of data increases (Hessian R2 = 0.82 -> 0.901 Paper = 0.44 -> 
0.822.) The results for the hessian samples appear to demonstrate a higher level of 
measurement accuracy demonstrated by the blue dotted lines, demarking the range of 
possible results given the 5% accuracy of the instrument.   
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Appendix 5.3 – Determination of period of time to reach EMC for sorption Isotherm. 
 
 
 

 
 
Figure A5-7 Recorded results for determining EMC. 

 
It can be seen from the bright yellow box that the average change in weight between 24 
hours and 48 hours at 20% RH was 0.0048%. This is such a small change that it was 
considered that EMC was reached within 24 hours. 
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Appendix 5.4 – Rate of vapour diffusion between 40% and 80% RH 
 
The rate of vapour diffusion is presented here, where by the gradient of moisture uptake 
is compared for all composites between the RH of 40% and 80% (typical range in indoor 
climate.) The gradient of the linear relationship can be examined to further understand 
rate of uptake of moisture at these relative humidifies. This is not widely used in the 
literature, however serves as a method of comparison for these innovative panel 
composites. 
 
 

 
Figure A5-8 - Hygroscopic activity in range of 40 – 80% RH 
 
The table on the right is in order of composite on graph, from top to bottom. Gradient is in bold. 

 
Figure A5-8 shows the equation of line and R2 values to show correlation co-efficient. It 
should be noted that all correlation co-efficients are over 0.97, indicating very strong 
correlation, which is to be expected, given there are only 3 data points in each series. It 
indicates that composite P1:2.5 has a higher rate of hygroscopic action followed closely 
by P1:3 and H1:3 which are nearly identical in rate of hygroscopicity (y = 9.9452 x + 
0.4902 and y= 9.8013 x + 0.4857.) H1:2.5 exhibits ~ 1% lower hygroscopicity than 
P1:2.5. It is indicatedred that hessian and paper 1:2 samples have the lowest rate of 
hygroscopic activity with H1:2 being considerably lower than the rest. 
 

Composite Equation of 
line (y = mx 
+b) and R

2 

value 

P1:2.5 y = 10.107x + 
0.7388 
R² = 0.97682 

P1:3 y = 9.9452x + 
0.4902 
R² = 0.97544 

H1:3 y = 9.8013x + 
0.4857 
R² = 0.97088 

H1:2.5 y = 9.407x + 
0.37 
R² = 0.97489 

P1:2 y = 9.2126x + 

0.094 
R² = 0.96559 

H1:2 y = 8.3702x - 
0.7527 
R² = 0.98446 
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Appendix 5.5 – Measures taken to improve accuracy of experiment for Vapour 
permeability. 
 
 
Firstly barometric pressure was recorded for the period throughout the test and was 
recorded. 

 
Figure A5-9 – Barometric pressure recordings for duration of VP test. 
 
This barometric pressure was then accounted for by using the Schirmer formula to 
calculate an accurate value for the water vapour permeability of air with respect to partial 

vapour pressure (a) using the formula (BS EN ISO, 2001) 
 
 

   Equation 9  
 
Where: 
P0 = standard barometric pressure = 1013.25 
Rv = gas constant for water vapour = 462 
T = thermodynamic temperature (K) 
p = measured barometric pressure. 
 

Then a is then used in the formula below to determine  (Vapour resistance factor) (BS 
EN ISO, 2001). 
 

    Equation 10  
 
Where: 

 = vapour resistance factor 

 = water vapour permeability  

a = water vapour permeability of air with respect to partial vapour pressure. 
 

Secondly, the  vapour pressure across the sample was accurately determined. It is 
essential to know the RH that the desiccants under the sample are creating. This was 
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achieved by quantifying the RH produced by the desiccant under the sample. From this 
the vapour pressure at this RH can be determined. The RH was measured using a data 
logger and results can be seen below. The RH for the climate chamber was known 
(85%.)  
 
 

 
Figure A5-10 – Recorded RH under sample for VP test induced by salts. 
 

 
The NOAA vapour pressure calculator was used to determine the saturated vapour 
pressure at 23oC (NOAA, 2013.) 
 
This value was used to ascertain the actual vapour pressure at any given RH, by using 
the formula below (NOAA, 2013): 

Equation 11  
 
where: rh = relative humidity (as a fraction) 
e = Actual vapour pressure 
es = Saturated vapour pressure. 
 

From this the difference of VP (pv) across the sample was determined accurately by 
inputting the value into the formula below (BS EN ISO, 2001) 
. 
 

               Equation 12 
 
where: 
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W = vapour permeance 
G = water vapour flow rate through specimen 
A = Area of specimen 

pv = Vapour pressure difference across specimen. 
 
Difference in vapour pressure was accurately calculated, as was the average barometric 
pressure using Schirmer formula. Results were corrected accordingly, thus minimising or 
illuminating error for these elements. Error analysis for results affected by poor seals 
around the samples was conducted and results eliminated from findings. Scales of 
0.001g accuracy were used, and have negligible error associated.  
 
It is also stated in the BS EN ISO 12572:2001 that high permeance specimens  (those 
with a sd < 0.1m) are unsuitable to be measured by this standard due to the 
measurement uncertainties highlighted in the above paragraph. This discounts the H1:2 
as their sd values < 0.1 (0.08m.) All values are close to the threshold, however, extensive 
steps have been taken to improve the accuracy of measurement. 
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Appendix 6.1 – Supporting material for Capillary transport phenomena  
 
Capillaries of varying diameter have a different effect on the level and rate of suction. 
This can be seen in Krus et al (1999) from the Fraunhofer Institute for Building Physics, 
Germany. It was determined that capillaries with larger diameter have a greater rate of 
suction due to the increased suction of the taut meniscus in the capillary.  However, 
when the water supply ceased, the smaller capillaries continued to absorb water due to 
the cross –conections of pores. This indicatess that the smaller pores have a larger 
suction power, however, occurs at a slower rate. 
 

 
 
Figure A6-1 – Capillary transport phenomena (Krus et al, 1999) 

 
This means that for peak periods of extreme high RH, larger pores (medium hemp shiv) 
will provide a quick response to this rise in humidity. However to increase capacity and to 
deal with prolonged periods of high RH, the smaller capillaries associated with fine hemp 
shiv may be appropriate. This indicates that a mix of shiv particle sizes could benefit 
hygroscopic action. 
 
This phenomena is likely to have an effect on the hysteresis observe in the sorption 
isotherms. It is also likely to affect the vapour diffusion through the medium at levels of 
saturation. This is not quantified, and is merely an observation. 
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Appendix 6.2 – Workings and logic of energy saving estimations. 
 

 
 
Figure A6-2 – Workings and calculations for energy savings for Solid wall construction house. (Solid arrows are direction of working, dotted arrows indicate 
source of figures.)  

 
The same process was used for cavity wall construction, however initial U values of the wall alter due to different construction. 
Data was used from these savings associated with different thicknesses of HC panels,  in an attempt to view the total UK 
domestic energy savings possible. Please refer to figure 7-10 for assumptions.
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Figure A6-3 – Workings of estimated total energy savings if scaled up for total UK domestic landscape.
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