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Abstract: The use of lime as a binder in hemp-lime considerably increases the drying time of hemp-
lime after casting. Furthermore, lime is a non-renewable mineral resource. As such, this paper ex-
plores the effectiveness of using an alternative non-mineral binder instead of lime to formulate a
novel hemp-shive insulation. The moisture-dependent thermal conductivity, adsorption isotherm,
vapour diffusion resistance factor, and in-built hygrothermal performance of four variants of a novel
bio-based insulation were investigated. The hygrothermal performance of the novel hemp-shive
insulation was compared with that of a previously developed novel hemp-lime insulation. No sig-
nificant variation in thermal conductivity of hemp-shive insulations between the equilibrium mois-
ture contents (EMC) at 0% and 50% relative humidity (RH) was observed, but there was a substantial
increase in thermal conductivity hemp-shive insulations when the material reached the EMC at 98%
RH. The average dry thermal conductivity values of hemp-shive and hemp-lime insulations were
also similar. The adsorption isotherms of hemp-shive insulations were determined at 0%, 20%, 50%,
70%, 90%, and 98% relative humidity steps. At 98% RH, the moisture adsorption capacity of hemp—
shive insulations was 4-to-5-times higher than that of hemp-lime insulation. Hemp-shive insula-
tions’ vapour diffusion resistance factor (u value) was about double the p value of hemp-lime insu-
lation. Hemp-shive insulations exhibited 4-to-5-times higher water absorption resistance than that
of hemp-lime insulation. Numerically determined porosity values of hemp-shive agree with the
values of wood-based insulation materials of similar density. Finally, using all experimentally ac-
quired data as inputs, dynamic whole-building hygrothermal simulations were carried out and the
results show that novel hemp-shive insulation materials perform at a similar level to the hemp-
lime insulation in terms of heating and cooling energy demand but require 45% less energy for
humidification. However, the relative humidity inside the hemp-shive wall remains higher than
70%, which can potentially induce mould growth.

Keywords: hemp-shive insulation; thermal conductivity; adsorption isotherm; vapour resistance;
water absorption coefficient; energy use; thermal comfort; bio-based binder; hygrothermal
performance; bio-based insulation

1. Introduction

The evolving net-zero building standard in the UK is considering taking embodied
carbon into account in addition to aiming at benchmarking the operational energy de-
mand [1]. While the concept of circular economy emphasises maintaining, reducing, re-
using, and recycling of materials [2,3], circularity at the end of life after multiple life cycles
is also a concern. For the concept of circular economy to be coupled with the future net-
zero standard, building materials should fully comply with the concept of sustainability.
A sustainable material is expected to be of low embodied energy, manufactured from
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renewable materials, performing at least to the same level as a conventional material for
any intended use, and be biodegradable after the active life cycles. Buildings are respon-
sible for 40% of European Union energy consumption and 36% of greenhouse gas emis-
sions [4]. In the UK, the domestic sector consumed 31% of the total energy in 2021 [5], and
about 60% of the total domestic energy is used for space heating [6]. Since building enve-
lope is the first line of defence against the elements of weather, for the UK to achieve net-
zero energy by 2050, the existing buildings need to be thermally refurbished, and the new
buildings should have highly insulative envelopes without neglecting the mechanisms of
mitigating summer overheating by careful application of thermal mass. Another emergent
problem in the built environment is the effect of poor indoor air quality (IAQ) on vulner-
able people. In addition to the influence of external air-born pollutants, poor IAQ can be
the consequence of attaining highly energy efficient air-tight buildings, emissions of vol-
atile organic compounds (VOCs) such as formaldehyde from building materials, emis-
sions of biological pollutants like mould spores from interior surfaces, and particulate
matters (PMs) generation through cooking and combustion activities.

Bio-based building materials possess moderate-to-high thermal insulative proper-
ties, high heat capacity, high moisture buffer value, lower-to-medium embodied carbon,
and some of them adsorb certain VOCs [7]. Thus, bio-based building materials can poten-
tially address the issues of circular economy in practice, achieving high hygrothermal per-
formance and maintaining good indoor air quality. Like conventional building materials,
bio-based materials can also be applied to roofs, walls, and floors. Some of the key bio-
based insulation materials are sheep wool insulation, straw, wood fibre insulation, flax
fibre insulation, hemp fibre insulation, and hemp-lime insulations. Among these materi-
als, hemp-fibre and hemp-lime insulations have gained momentum in the construction
industry in recent years due to a number of factors. Industrial hemp, containing a very
low level of delta-9 THC (tetrahydrocannabinol), has a very high annual yield of 7-9
tonnes per hectare. Hemp crop suppresses weeds, and requires minimal biocide and a
very limited amount of fertiliser [8]. The stem of hemp consists of wood and bast tissue.
Hemp fibre insulation is manufactured from the bast fibres while hemp-lime insulation
is manufactured from the woody core (hemp-shive) mixed with lime binder. In terms of
embodied carbon, lime is not much different from cement [9,10] and, as such, research has
been carried out in recent years to replace lime binder with more sustainable bio-based
binders.

There is a substantial number of research articles that have been published on the
hygrothermal, fire, and mechanical performance of hemp-lime insulation [11-17] indicat-
ing that hemp-lime, comprising of hemp-shive and lime binder, demonstrates moderate
thermal conductivity ranging from 0.06 to 0.12 W/m.K, with specific heat capacity ranging
between 1300 and 1700 J/kg.K and a density usually ranging between 220 and 950 kg/m?.
Furthermore, hemp-lime possesses excellent moisture buffering capacity and can be
moulded into various rigid forms and utilised as flooring, walling, or roofing materials.
However, one of the major problems with hemp-lime is that a high quantity of water is
required during the mixing of hemp and lime as both compete for water. It results in a
prolonged drying up time of 3 to 6 months for the hemp-lime envelope after casting. Dur-
ing the drying up period, the hemp-lime envelope performs poorly in terms of thermal
and surface mould resistance, necessitating the search for an alternative binder.

A limited number of research papers have explored the use of alternative binders in
hemp-lime with lower carbon impacts [18-20]. Several industrial and academic research-
ers have explored the possibilities of developing bio-based binders for various applica-
tions, including the application in non-woven products. Bragagila et al. successfully used
polylactic acid as bio-based binder for the production of 3D-printing filaments for Ti6 Al4V
alloy manufacturing via bound metal deposition [21]. Wennman et al. described the use
of a polyelectrolyte complex as a combined emulsifier and carrier of hydrophobic sub-
stances to cellulosic surfaces [22]. Wennman et al. further developed a sustainable binder
based on wheat gluten (WG) and a polyelectrolyte complex (PEC) made from chitosan,
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carboxymethyl cellulose, and citric acid, which can be used with cellulosic fibres, creating
a fully bio-based nonwoven product [23]. The potential of environmentally friendly bio-
based polyfurfuryl alcohol resin is discussed by Odiyi et al. [24]. Chemical modification
of lignin to produce bio-based binders has been explored by a number of researchers
[25,26].

Currently, a novel bio-based hemp-shive insulation product is under development
using mineral or non-mineral liquid sodium silicate with or without tributyl ester. The
embodied energy of conventional sodium silicate can vary between 4.6 and 17.9 MJ/kg,
with most papers reporting a value of 4-5 M]/kg [27-29] compared to 3-5.3 M]/kg embod-
ied energy of lime [30,31]. However, liquid sodium silicate has other properties that can
plausibly outperform lime as a binder for hemp-based insulations. Firstly, sodium silicate
is also being bio-derived from rise husk ash [32] and is commercially available. Secondly,
the mass ratio of binder to hemp-shive can be substantially reduced, resulting in a lower
overall embodied energy in the insulation. Furthermore, since high water absorption
seems to be disadvantageous during the production and casting of hemp-shive-based in-
sulation, it is expected that the sodium silicate with tributyl ester will increase the liquid
water absorption resistance of hemp-shive. The current paper limits its aims to assess the
thermal, hygric. and in-built energy performance potential of the newly developed bio-
based hemp-shive insulation materials. Additionally, the paper also compares the new
insulations” hygrothermal performance with a novel hemp-lime insulation that was de-
veloped in the Hempsec [33] project. While the importance of fire protection and smart
sensing of fire risk is very important for thermal insulation materials, this is subject to a
separate investigation [34].

2. Materials and Methods
2.1. Material

Four variants of innovative hemp-shive insulation were developed. Each type (Fig-
ure 1) was prepared by mixing hemp-shive with the non-mineral liquid sodium silicate
binder in a planetary mixer for five minutes so that the shives were evenly covered by the
binder. The length of the shives varied between 6 mm and 22 mm, with an average shive
length of 10 mm and an average aspect ratio of 2.9. Moulds with inner dimension of 150
mm x 150 mm x 50 mm (length x width x height) were filled with the composite, ensuring
that the corners are filled and the composite is lightly pressed from the top. Afterwards,
the top surface was smoothed to make it flat. The samples were then left for 18 h to set
and then dried on a ventilated worktop with an air flow rate of 1 m/s at room temperature
for 24 h. The dimension, the bulk density at dry state, and constituent ratios in the samples
are provided in Table 1. The difference between Al and A2 was the addition of 10% tribu-
tyl ester to the binder in A2. The difference between B1 and B2 was the same with 10%
tributyl ester to the binder in B2.
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Figure 1. A sample hemp-shive insulation.
Table 1. Material density and types.
. . Buk Density . Binder-to-Shive Addition of
D *
Name imension (¥2 mm) (keg/m?) Constituents Ratio by Mass Tributyl Ester
A1l (3 samples) 150 x 150 x 50 202 Hemp-shive, binder 1.5:1 N/A
10%
A2 (3 samples) 150 x 150 x 50 207 Hemp-shive, binder 1.5:1 0% by mass added to
the binder
B1 (3 samples) 150 x 150 x 50 229 Hemp-shive, binder 1.75:1 N/A
10% t
B2 (3 samples) 150 x 150 = 50 225 Hemp-shive, binder 1.75:1 0% by mass added to
the binder

2.2. Method

As part of the hygrothermal characterisation, density, dry thermal conductivity,
moisture-dependent thermal conductivity, adsorption isotherm, vapour diffusion re-
sistance factor, porosity, and water absorption coefficient values of the biocomposite in-
sulations were determined following international and British standards, as applicable.
Finally, the in-built hygrothermal and energy performance of two identical buildings with
walls composed of hemp-shive and hemp-lime insulations was compared using a whole-
building hygrothermal simulation tool.

2.2.1. Determination of Adsorption Isotherm

The adsorption isotherms of hemp-shive insulations were determined following
British Standard BS EN ISO 12571 [35]. To determine the adsorption isotherm, three sam-
ples of each material type with dimensions of 150 mm x 150 mm x 50 mm were exposed
to five increasing humidity levels ranging from 0% to 98% while maintaining a constant
temperature of 23 (+0.5) °C in a climate chamber. During each exposure, the samples had
to reach equilibrium moisture content (EMC). EMC was considered to have been achieved
when the change in mass between three consecutive weighing, each separated by at least
24 h, was less than 0.1% of the total mass. The calculation for the weight-based moisture
content adsorption (u), expressed in kilograms per kilogram (kg/kg), is as follows:

u = (m — mo)/mo (1)

where:

mo represents the material’s mass under dry conditions (measured in grams, g).

m represents the material’s mass at equilibrium moisture content at any given rela-
tive humidity (measured in grams, g).
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2.2.2. Thermal Conductivity

Thermal conductivity by steady-state method: The Fox 600 Heat Flow meter (TA In-
struments, Cheshire, UK) measures the thermal conductivity of large samples according
to ASTM C518 [36] and ISO 8301 [37] when a temperature gradient is established over the
thickness of the material. The following equations were used to determine thermal con-
ductivity:

A=Uxd )

where
A is thermal conductivity (W/m.K)
U is thermal transmittance (W/m2.K)
d is the depth of the sample (m)

R =1/U = (T1 - T2)/(f x en) 3)

where: f is the calibration factor of the heat flow meter; en is the heat flow meter output;
T1 and Tz are the temperatures at hot and cold sides.

The Fox 600 Heat Flow Meter was used to determine the steady-state thermal con-
ductivity of the samples with an average dimension of (400 x 400 x 50) mm.

Thermal conductivity by transient method: The measurement, by an Isomet 2114
Thermal Properties Analyzer (Applied Precisions Ltd., Raca, Slovakia), is based on the
thermal response of the sample to the induced heat flow. The materials’ temperature as a
function of time was analysed to determine thermal conductivity. The following equations
based on ASTM D 5334-08 [38] was used for determining thermal conductivity:

AT = [Q/(4TA)] * [In(ta/t)] )

where

AT is the temperature increase from time zero (K);

Q is the heat input per unit length of heater (W/m);

A is the thermal conductivity (W/ m.K);

t1 is the initial time;

t2is the final time.

For the current research, the thermal conductivities of three samples of each material
type with a nominal dimension of (150 x 150 x 50) mm were determined. Each determination
consisted of an average thermal conductivity value of two-to-three runs, and the thermal
conductivity of 3 samples of each insulation type was measured. The materials were kept at
50% relative humidity and 23 °C temperature for three months prior to the measurements.

Moisture-dependent thermal conductivity calculation:

The thermal conductivity of hemp-shive insulations was measured at different equi-
librium moisture contents (EMC) at 0%, 50%, and 98% relative humidity (RH). EMCs were
attained by exposing the materials to the target relative humidity in a climate chamber at
23 °C temperatures until a constant mass was obtained. The material was then covered
with a thin polyethylene film so that there was no moisture loss, and the thermal resistance
of the film was taken into account during the calculation. Furthermore, each sample as
placed in an enclosure, and transient thermal conductivity value was determined with a
disk probe.

In addition to the determination of moisture-dependent thermal conductivity by ex-
periments, mathematical equations were also applied to determine the moisture conver-
sion coefficient mass by mass (fu) for the conversions of thermal conductivity at from 0%
to 98% relative humidity at 23 °C temperature, and this was also determined for each in-
sulations using the following two equations:

A2 = A1F1 Fm Fa (5)

where
A1 and A: are initial and changed thermal conductivity values, respectively.
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Fris the conversion factor for temperature.

Fm is the conversion factor for moisture.

Fa is the conversion factor for age.

Since the current focus is only moisture, Fr and Fa can be ignored and the equation
can be written as:

A2= A1 Fm 6)

and Fm can be determined by mass or volume.
For conversion of moisture content given as mass by mass:

Fm = efy(ua-up (7)

where
e=2.71828183;
fu is the moisture conversion coefficient mass by mass;
w1 is the moisture content mass by mass of the first set of conditions;
u2 is the moisture content mass by mass of the second set of conditions.
For conversion of moisture content given as volume by volume:

Fm = efy thy-¥p 8

where
fy is the moisture conversion coefficient volume by volume.
1 is the moisture content volume by volume of the first set of conditions.
2 is the moisture content volume by volume of the second set of conditions.

2.2.3. Determination of Vapour Diffusion Resistance Factor

The dry cup vapour diffusion resistance factors of thermal insulating materials were
determined following British Standard BS EN 12086 [39]. Three samples measuring 150
mm x 150 mm with a thickness of 50 mm were placed on glass dishes containing desic-
cants. The sides of the insulations were effectively sealed to enable one-directional mois-
ture flow. The relative humidity inside the dishes was set at 0%, while outside the dishes
was maintained at 50 (+3) % in a climate chamber. The assembly was weighed every 24 h
until five successive determinations of the change in mass per unit time for each specimen
fell within +5% of the mean value. The rate of change in mass was calculated using the
formula:

G2 = (m2 — mu)/(t2 — t1) 9)

where mu (in milligrams, mg) represents the mass of the test assembly at time ti, m2 is the
mass at time t2, and t1 and t2 are successive weighing times (in hours). G is the mean of
five successive Gi2 determinations (in mg/h), and G2 is within 5% of G. The vapor dif-
fusion resistance factor, p, was calculated as:

1= 0/ (10)

2.2.4. Determination of Water Absorption Coefficient

The British Standard ssen 15148 [40] outlines the procedures for experimentally deter-
mining the water absorption coefficient (referred to as the A value) of building materials
through partial immersion. The test specimens were conditioned to a temperature range
of 18-28 °C, with a permissible temperature fluctuation of +2 °C, and a relative humidity
range of 40% to 60%, with a permissible relative humidity variation of +5. The samples
were placed in tanks, supported on point supports to prevent direct contact with the tank
surfaces. The tanks were filled with water to maintain the water level at (5 + 2) mm above
the highest point on the specimen’s base. The sides of the samples were sealed with a
water- and vapor-tight sealant. All samples were weighed at specific time intervals,
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including 5 min, 20 min, 1 h, 2 h, 4 h, 8 h, 16 h, and 24 h. The difference in mass per unit
area (W) between each weighing and the initial weighing was calculated using the for-
mula:

W = (m: — mi)/a (11

where

m: represents the mass at any time of weighing (in kilograms).

mi represents the mass at the initial weighing (in kilograms)

a represents the surface area of the sample in contact with water (in square meters).

The water absorption coefficient (A value) can be expressed as Aw, Ww, Aw,24, or W24,
To determine the A value, Am: = m:— mi was plotted against the square root of the weigh-
ing times. When a linear relationship can be observed among the Am: values, the line is
extended back to zero time, and the intercept’s value is denoted as Am’o. In this context,
the water absorption coefficient was represented as either Aw or Ww, and it can be calcu-
lated using either of the following equations (Equations (12) and (13)):

Aw = (Am’s — Am’0) Nt (12)

Ww = (Am’s — Am’o)Ntf (13)

where

Am’¢ (in kg/m?) is the Am value at time ‘tf’.

The time ‘tf” is equivalent to 1 day expressed in seconds (in Equation (12)) or 1 day
expressed in hours (in Equation (13)).

When the plot of Am: against the square root of the time does not yield a straight line,
the water absorption coefficient is denoted as Awz240r Ww24, and it can be calculated using
either of the following equations (Equations (14) and (15)):

Awae = Am'uNtf (14)

Wawas = Am’ /Nt (15)

where:

Am’¢ (in kg/m?) represents the Am value at time “tf’.

The time ‘tf’ is equivalent to 1 day expressed in seconds (in Equation (14)) or 1 day
expressed in hours (in Equation (15)).

2.2.5. Calculation of Porosity
Porosity can be calculated using the following equation [41]:

b= [Vbulk - (Wdry/Qmatrix)]/Vbulk (16)

where:
Vpore is the pore volume;
Vhulk is the bulk volume;
Vmatix = volume of solid particles composing the matrix;
Wary = total dry weight;
Omatrix = mean density of the matrix minerals.

2.2.6. Comparison of Energy Use in a Simplified Building following Bestest Configuration

Building dimension and openings: The primary aim of developing the innovative
hemp-shive insulations was to create a variant of hemp-lime without using lime so that
the embodied carbon of the material was reduced but the hygrothermal functionality and
performance level remained similar to hemp-lime. As such, it was vital to compare the
hygrothermal performance of both materials in a simplified building using a reliable hy-
grothermal simulation tool. The building dimension and openings (Figure 2) proposed by
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the simplified buildings so that the data could be easily compared.

Figure 2. The geometric configuration of the computer simulation model.

the Building Energy Simulation Test (Bestest) procedure [42] were followed to configure

Building Materials: The hemp-lime material data were collected from a number of
research articles and academic books [11,43] that covered the ‘Hempsec’ project. The
hemp-shive data were acquired in the current research by experimental methods.

Building and comfort parameters: The building envelope parameters and internal com-
fort settings are provided in Table 2 and Table 3., respectively. The building materials were
initially exposed to 20 °C temperature and an EMC at 89% relative humidity. The building
was equipped with a simplified HVAC system with 85% efficiency. The space heating and
cooling capacity was 100 kW, and the humidification and dehumidification capacity was

100 kg/h.

Table 2. Building and comfort parameters.

. Thermal Conduc- Thickness U Value of the
Layers Material tvity (W/m.K) (mm) Assembly
yo (W/m?.K)
H li
Layer 1 (outside) yl‘f;?: 1 0.8 15
Hemp-lime Layer 2 Hemp-lime 0.07 450 0.15
wall assembly Hvdradli
Layer 3 (inside) ylirI:: 1 0.8 15
H li
Layer 1 (outside) yl‘if: 1€ 0.8 15
Hemp-shive Layer2  Hemp-shive 0.063 408 0.15
wall assembly Hvdrauli
Layer 3 (inside) ylirI:: 1 0.8 15
Layer 1 (outside) W%Z‘i:;bre 0.044 400
Roof assembly G | 0.11
Layer 2 yps‘tlz plas 0.2 10
Layer1(top)  —onerete 16 150
Floor assembly Y p screed ] 0.15
Layer 2 Mineral wool 0.035 224
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Vapour re-

Layer 3 tarder 2.3 1
Layer 4 Concrete 1.6 40
Layer 1 (outside) Glass - 4
Window Layer 2 Argon (90%) - 16

(Solar transmis- Layer 3 Glass - 4 0.8
sion factor: 0.59) Layer 4 Argon - 16
Layer 5 (inside) Glass (90%) - 4

Table 3. Building comfort parameters.
Relative Hu- o e . . Initial CO2 Con-
Temperature Set- migitaylgztp:int Ventilation Rate Infiltration Rate mcI:ntratizon n
int (°C 1/h 1/h
point (°C) ) (1/h) (1/h) (ppmv)
20 40 0.5 0.6 3000

Numerical hygrothermal simulation tool:

WUFI Plus was selected as the numerical tool to simulate and compare the hygro-
thermal performance of the building with novel hemp-shive and hemp-lime insulations
in the fabric. WUFI uses the following coupled heat and moisture balance equations, and
the solutions were obtained by the finite volume method:

dHAT

7= V- VD) + Ly V. (5pV(9pca)) 17
dwde _ o (DVe + 8pV(@psar)) (18)
de 0t
where,
zi—;v = heeTt storage capacity Of moist b.uil.ding mat.erial (J/mK);
i moisture storage capacity of building material (kg/m?3);

A* = thermal conductivity of moist material (W/m.K);

d¢ =liquid conduction coefficient of building material (kg/ms);

Ap = Water vapour permeability of building material (kg/msPa);

L,y =evaporation enthalpy of water (J/kg);

Psat = saturation vapour pressure (Pa);

T = temperature (°C);

¢ = relative humidity (-).

WUFI Plus has the capability to comprehensively simulate the dynamic hygrother-
mal behaviour of buildings and envelopes. Following experimentally acquired material,
data were provided as input parameters: density, moisture-dependent thermal conduc-
tivity, vapour diffusion resistance factor, adsorption isotherm, porosity, specific heat ca-
pacity, and water absorption coefficient (Table 4).

Table 4. Material characterisation data of hemp-shive and hemp-lime insulation.

Bulk Density at Thef‘n'lal Con- Therm?I C on Th'erfnal Con- Specific heat .. Vapour Diffusion Wfitel‘ Abso'rp-
ductivity at 0% ductivity ductivity at 23 °C . Porosity R tion Coeffi-
23 °Cand 0% RH o o o capacity Resistance Factor, .
(kg/m?) RH at23°Cand 95% and 98% RH (/kg. °C) -) Dry Cup () cient
(W/mK) RH (W/m.K) (W/m.K) i yLup (kg/m2s)
Hemp-shive 0.063 - 0.13 1880 0.8 6.1 0.018
Hemp-lime 0.07 0.125 - 2000 0.85 2.9 0.08

In addition to the material data, WUFI Plus also requires external weather data that
include rain data. For the purpose of this paper, the WUFI weather file of Brussels was
selected from the WUFI database as Brussels is near to the UK and the weather data
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contain rain data. The envelope parameters and comfort condition are provided in Tables
2 and 3. The simulation was run for one year.

2.2.7. Sensors and Equipment

Following sensors and equipment are used during the experimental tests:

Climate chamber: A Hongjin programmable temperature and humidity climate
chamber (Dongguan Hongjin Test Instrument Co., Ltd., Dongguan, China) was used for
adsorption isotherm, vapour diffusion resistance factor and moisture-dependent thermal
conductivity measurements. The climate chamber can generate a humidity range of from
20% to 98% with a precision of +2.5% RH and a temperature range of from 0 °C to 150 °C
with a precision of +0.5 °C.

Tempo Disc™ Wireless 4 in 1 Sensor and Logger (BlueMaestro, 10 York Rd, London,
UK): This wireless sensor can measure from 0% to 100% relative humidity with +1% accu-
racy, from -30 °C to +85 °C temperature with 0.3 °C accuracy, from 300 hPa to 1100 hPa
barometric pressure (accuracy is not given), and has a dew point accuracy that is similar
to the temperature one. The memory capacity is 6000 data points for each sensor type.

Tempo Disc™ Wireless Temperature, Humidity and Dew Point Sensor Beacon and
Data Logger (BlueMaestro, 10 York Rd, London, UK): This wireless sensor can measure
from 0% to 100% relative humidity with +3% accuracy, from -30 °C to +75 °C temperature
with 0.3 °C accuracy,) and has a dew point accuracy that is similar to the temperature one.
And, the memory capacity is 6000 data points for each sensor type.

FOX 600 heat flow meter (TA Instruments, Cheshire, UK): The Fox 600 Heat Flow
Meter measures thermal conductivity of large samples according to ASTM C518 and ISO
8301 standards. It can operate between —10 °C and 65 °C with a thermal conductivity ac-
curacy of +1%. Samples were positioned between two plates within the test stack, creating
a temperature gradient across the material’s thickness. The plates can be adjusted to a
user-specified thickness or set using Auto Thickness, where the instrument autonomously
aligns with the sample. In situ sample thickness is gauged using four optical encoders,
one situated at each plate’s corner, ensuring precise measurements with a margin of error
of only 0.025 mm.

Isomet 2114: The Isomet 2114 is a portable system for the measurement of thermal
conductivity, thermal diffusivity, volume heat capacity, and temperature using a transient
method. A disk probe and a needle probe can be used for non-invasive and slightly inva-
sive measurements, respectively.

Extech SDL350 Hotwire Anemometer Datalogger (Extech Instruments, Nashua, NH,
USA): The Extech SDL350 Hot Wire Thermo-Anemometer Datalogger meter displays and
stores 20 million air velocity and temperature readings. The measurement range is from
0.2 to 25 m/s, its resolution is 0.01 m/s, and its accuracy is +5%.

Adam HCB 2202 precision weighing scale (Adam Equipment, Milton Keynes, UK):
The Adam HCB 2202 precision weighing scale has a maximum weighing capacity of 2.2
kg, a resolution of 0.01 g, and a repeatability of 0.03 g.

3. Results and Discussion
3.1. Adsorption Isotherm

The adsorption isotherms of all hemp-shive insulations were determined in a pro-
grammable climate chamber. The adsorption isotherms (Figures 3 and 4) follow the IU-
PAC Type 1II pattern, where unrestricted multilayer adsorption occurs at higher vapour
pressure. This is an ideal characteristic for indoor moisture control by moisture buffering.
Al insulation exhibited the highest adsorption capacity at high relative humidity ranges.
Nevertheless, all materials showed a similar adsorption capacity up to 70% relative hu-
midity exposure at 23 °C temperature. It can be further observed that B1 and B2 absorbed
less moisture at 98% relative humidity; at this EMC region, condensation occurs in
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micropores of hemp-shive. It seems that the higher binder ratios in B1 and B2 may have
contributed to liquid water resistance.

All mass adsorption values were converted to volumetric adsorption capacities as
volumetric adsorption capacity is a more practical measure of understanding moisture
adsorption by materials in real life. When compared with hemp-lime composite, it is ob-
served (Figures 3 and 4) that, at a higher humidity range, the adsorption capacities both
by mass and volume of novel hemp-shive insulations are three to five times higher than
the adsorption capacity of hemp-lime composite [11] and closer to that of some hemp
fibre insulations [44]. Due to the ability of the climate chamber to attain 98% relative hu-
midity at 23 °C, an exponential increase in moisture content could be observed between
70% and 98% relative humidity ranges.

100
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40
30
20
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0
0% 20% 40% 60% 80% 100%

Relative Humidity (%)
——Al A2 Bl —%=B2 —@—Hemp-lime

Mass Increase (%)

Figure 3. Adsorption isotherm of the samples Al, A2, B1, B2 by mass.
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Figure 4. Adsorption isotherm of the samples Al, A2, B1, B2 by volume.

3.2. Thermal Conductivity

The thermal conductivity of the samples was initially measured by the steady state
method in a FOX 600 heat flow meter (TA Instruments, Cheshire, UK) at an ambient room
condition of 23 + 5 °C temperature and 50 + 10% relative humidity. It was observed that
all insulations have a similar thermal conductivity of 0.7 W/m.K, with negligible standard
deviations. However, the transient measurements (Figure 5) using the Isomet Thermal
Analyzer (Applied Precisions Ltd, Raca, Slovakia) show an average thermal conductivity
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value of 0.6 W/m.K at 0%, 50% relative humidity, and 23 °C temperature, which agrees
with the value determined by Pundiene et al. [45]. The reduced thermal conductivity value
recorded by the surface probe, compared to the values obtained in the heat flow meter,
was plausibly caused by the air resistance between the surface of the specimen and that
of the probe and the anisotropic nature of the insulation. The ASTM Committee C16 ob-
serves that transient methods can have a measurement precision of between +10 and +15%
for rock and soil [38]. The current values show about the same trend. The transient method
is more importantly used for measuring moisture-dependent thermal conductivity as it is
difficult to do the same in a steady state heat flow meter due to the moisture migration
induced by the temperature gradient across the depth of the samples. The transient meas-
urements (Figure 5) show that, at 98% relative humidity and 23 °C temperature, the ther-
mal conductivity of Al, A2, B1, B2 increased by 137%, 81%, 180%, and 117%, respectively,
compared to their thermal conductivity values at 0% and 50% relative humidity (Figure
6). It was also observed that, at 98% RH, the apparent bulk density of A1, A2, B1, and B2
increased by 92%, 93%, 73%, and 73%, respectively, from the respective densities at 0%
RH (Figure 7). The thermal conductivity of liquid water at 23 °C temperature is 0.056 W/m.
K. It can be further observed in Figure 6 that at up to 50% relative humidity, moisture
adsorption was about 20% in the insulation and that, according to the adsorption theory,
they were mostly bonded to the internal surface as hydroxyl and thus not impact the ther-
mal conductivity. However, at 98% relative humidity, condensation occurs in micropores
and due to the liquid state of water, thermal conductivity increases.

Figure 5. Measuring thermal conductivity with a disk probe.
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Figure 6. Thermal conductivity results.
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Figure 7. Bulk density and apparent bulk density of the samples.

Equations (6)—(8) were used to determine the moisture conversion functions (Fm) and
factors (fu and fy) in relation to the moisture-dependent thermal conductivity changes
from 0% to 98% relative humidity at 23 °C temperature (Tables 5 and 6) following British
Standard 10456:2007 [46]. Among other bio-based materials, the fitted fy values corre-

spond with the fy value of expanded cork [46].

Table 5. Conversion factors mass by mass for determining moisture-dependent thermal conductiv-

ity at 98% RH.
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Sample Fm e fu u wm Az
Al 2.37 2.718 0.865 1.00 0 0.130
A2 1.80 2.718 0.69 0.85 0 0.106
B1 2.79 2.718 1.415 0.73 0 0.155
B2 2.16 2.718 1.06 0.73 0 0.133

Table 6. Conversion factors volume by volume for determining moisture-dependent thermal con-
ductivity at 98% RH.

Sample Fm e fy Un Un Az
Al 2.385 2.718 4.700 0.185 0 0.130
A2 1.830 2.718 3.700 0.163 0 0.106
Bl 2.776 2.718 6.700 0.152 0 0.155
B2 2.179 2.718 5.200 0.150 0 0.133

3.3. Vapour Diffusion Resistance Factor

The results of the vapour diffusion resistance factor tests, determined by the dry cup
method, show that the average dry cup values vary between 5.4 and 6.2 (Figure 8). While
the 10.7% variation in the highest and the lowest values is not significant, the average dry
cup value of hemp-shive insulation is about double the value of hemp-lime insulation,
which has a dry cup vapour diffusion resistance factor of 2.9 [11]. Within the narrow range
of 10.7% difference, B2 exhibits the highest vapour diffusion resistance factor and A2 the
lowest. Furthermore, high standard deviations can also be observed in some instances.
The variations in the vapour diffusion values are observed plausibly due to the surface
resistance of the materials. Furthermore, the hotwire anemometer readings show that the
air velocity over the samples can vary between 0.1 and 0.7 m/s. It is difficult to maintain a
steady-surface film resistance whilst running the experiment in the climate chamber since
the placements of the samples varied both horizontally and vertically. However, the posi-
tions of the samples were swapped every 24 h to mitigate the effect of varying air velocity.
Furthermore, another possible reason could be the tortuosity of the materials. Tortuosity
is a function of pore size, pore distribution, and the degree and shape of pore connections.

8.0
7.0

6.0

5.0
4.0
3.0
2.0

W value, dry cup

1.0

0.0 et
Al A2 B1 B2 Hemp-lime

Materials

Figure 8. Vapour diffusion resistance factors (u value, dry cup) of the samples.

3.4. Water Absorption Coefficient

It was observed during the water absorption test of the samples that after a short
period of stabilisation, the scatter pot of Am against Vs showed a linear trend (Figure 9).
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Am (kg/m?

Am (kg/m?

15

0.00

15
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0.00

Accordingly, following the British Standard 15148 [40], straight lines were drawn through
the values and extended to intercept with the vertical axis, and the A values were deter-
mined using Equation (12) (Figure 10). No significant variations in the A value of Al, A2,
B1, and B2 were observed. A1 demonstrated the highest standard deviation, which may
have been due to the nature of the distribution of the binder in the matrix and the direction
of the fibres. However, the water absorption values of the novel hemp-shive insulations
were about one third of the water absorption values of hemp-lime insulations [47] and
about half the value of hemp fibre insulations [44]. The findings agree with the observation
by Gradinaru et al. [48] that the application of sodium silicate can reduce water absorption
in bio-based materials. However, the effect of adding tributyl ester to sodium silicate on
liquid water resistance is not evident in the water absorption behaviour of A2, while B2 ex-
hibited a 6% decrease in A value compared to B1. A higher binder ratio and corresponding
increase in tributyl ester in the mix of B2 could have caused the reduced A value. Further-

more, Figure 11 shows that the density of the samples did not influence the changes in A
values significantly.
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Figure 9. Water absorption kinetics of samples Al (a), A2 (b), B1 (c), and B2 (d).
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Figure 10. A value of samples Al, A2, B1, and B2 compared to hemp-lime.

0.0250
0.0200 .- ----------------------------------------------------------- a ---------
0.0150

0.0100

A value (kg/m2.vs)

0.0050

0.0000
200.000 205.000 210.000 215.000 220.000 225.000 230.000 235.000

Density (Kg/m3)

Figure 11. No strong linear relationship is observed between density and A value.

3.5. Porosity

Jiang et al. experimentally and numerically determined the following four absolute
density values of hemp-shive [49]: 965 kg/m?, 977 kg/m3, 1023 kg/m?3, and 1034 kg/m3. Us-
ing the absolute density values and applying Equation (14), the porosity of the novel in-
sulation materials was determined (Figure 12). The results agree with the porosity values
of wood fibre insulations of similar densities [50]. Furthermore, the value is comparable
to the porosity value of 0.73 of hemp-lime that was determined by the mercury intrusion
porosimetry method.
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Figure 12. Porosity of samples A1, A2, B1, and B2.

3.6. Hygrothermal Whole-Building Simulation

A2

Materials

The whole-building hygrothermal simulation was carried out for one year following
the methodology stated in Section 2.2.6 and using the data provided in Tables 2—4.

The hygrothermal simulation results in Figures 13 and 14 show that the internal tem-
perature and relative humidity trends in the hemp-lime and hemp-shive buildings do not
show any significant difference provided that the temperature and relative humidity set-
points were 20 °C and 40% RH, respectively. A similar trend is observed in Figure 15 in
terms of indoor thermal comfort. Figure 16 shows that, for both buildings, the difference
between the surface and the indoor air temperature is less than 1 °C most of the time,

which is also a thermal comfort requirement.

0

“

M W

m

I Ned “»

lM i

720 1440 2160 2880 3600 4320 5040 5760 6480 7200 7920 8640

Time (Hours)

—— Hemp-shive building Internal Air Temperature (°C)
—— Hemp-lime building Internal Air Temperature (°C)

—— External temperature (°C)

Figure 13. Outdoor and indoor relative humidity in the hemp-shive and hemp-lime buildings.
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Figure 15. Thermal comfort conditions in (a) and hemp-lime (b) hemp-shive building. Green colour
indicates ‘comfortable” and yellow colour indicates ‘still comfortable’. The blue data points repre-
sent the relationship between temperature and realtive humidity.
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Figure 16. Surface temperature and indoor air temperature in (a) hemp-lime and (b) hemp-shive
buildings. Green colour indicates ‘comfortable” and yellow colour indicates ‘still comfortable’. The
blue data points represent the relationship between air temperature and average surface tempera-
ture.

However, Table 7 reveals that the annual energy demand and annual heating de-
mand in the hemp-shive building is 4.4% and 7.2% higher than those in the hemp-lime
building, respectively. This may be because of the higher volumetric heat capacity of
hemp-lime. In contrast, the annual cooling demand and humidity load in the hemp-lime
building is 8.3% and 45.9% higher than those in the hemp-shive building, respectively. It
is plausible that the high moisture buffer capacity of hemp-shive contributed to the lesser
internal moisture load in the hemp-shive building. In terms of thermal comfort (Table 7),
there is no significant difference between the two buildings.

Table 7. The heating, cooling, and humidification loads of hemp-shive and hemp-lime buildings.

] -
Annual Heating Annual Heating Annual Cooling Humidification

and Cooling De-
mand (kKWh) Demand (kWh) Demand (kWh) (Kg)
Hemp-shive 2690.1 2239.6 4505 194.4
building
Hemp-lime 2577.4 2089.5 487.9 2837
building

In terms of moisture management with the wall, it can be observed that (Figure 17)
the total normalised water content in the hemp-shive wall is about 4 times higher than
that in the hemp-lime wall; although, the drying rate is higher in case of the hemp-shive
wall. A closer look at the adsorption isotherms reveals that the higher water content in the
hemp-shive is caused by its higher adsorption via monolayer and multi-layer sorption
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(Figure 3). Figure 18 shows that the relative humidity in the hemp-lime stabilises to about
60%, while the relative humidity in hemp-shive is more than 70% during the last quarter
of the year. More than 70% RH is concerning in terms of the possibility of mould growth.
It can be concluded that there is no marked difference in the performance of hemp-shive
and hemp-lime buildings in terms of their in-built hygrothermal performance. However,
within the walls the relative humidity of hemp-shive is higher.
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Figure 17. Total water content in hemp-shive and hemp-lime walls.
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Figure 18. Relative humidity in hemp-shive and hemp-lime walls.

4. Conclusions

The primary aim of this paper was to assess the hygrothermal performance of four
variants (Al, A2, B1, B2) of a novel hemp-shive insulation and to compare their perfor-
mance with a novel hemp-lime insulation developed during the Hempsec project. The
secondary aim was to compare the hygrothermal characters of Al, A2, Bl, and B2
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insulations. The insulations were experimentally characterised in terms of density, ad-
sorption isotherm, water vapour diffusion resistance factor, and water absorption coeffi-
cient. The porosity values of the hemp-shive insulations were numerically determined.
The thermal conductivity of the hemp-shive insulations at the ambient condition was
measured with both steady-state and transient thermal conductivity measuring devices,
while moisture-dependent thermal conductivity was measured with the transient device.
Moisture-dependent thermal conductivity values were determined at the equilibrium
moisture contents (EMCs) of 0%, 50%, and 98% relative humidity (RH) and 23 °C temper-
ature. It was observed that there is no significant variation in the thermal conductivity of
hemp-shive insulations between the EMCs at 0% RH and 50% RH, but there is a substan-
tial increase in thermal conductivity when the insulation material reaches the EMC at 98%
RH. The dry thermal conductivity values of hemp-shive and hemp-lime insulations were
similar, although the values serve as a reference only since 0% RH at 23 °C is not a natural
condition.

The adsorption isotherms of hemp-shive insulations were determined at the follow-
ing RH steps: 0%, 20%, 50%, 70%, 90%, and 98% at a constant temperature of 23 °C. All
isotherms show the International Union of Pure and Applied Chemistry (IUPAC) Type I
pattern, meaning that moisture adsorption increases exponentially from 70% RH with
multilayer sorption. At 98% RH, the moisture adsorption capacity of the hemp—shive in-
sulation is 4-to-5 times higher than that of the hemp-lime insulation. As such, there is a
likelihood that hemp-shive insulations will act as a better moisture buffering material
than hemp-lime.

The dry-cup vapour diffusion tests show that the materials’ vapour diffusion re-
sistance factor (u value) varies between 5 and 6, which is about double the u value of
hemp-lime insulation. Combined with high adsorption capacity, hemp-shive insulations
are likely to act as a better hygric mass. The water absorption test shows that the water
absorption coefficients (a value) vary between 0.018 and 0.022 kg/ms, providing 4-to-5
times higher water absorption resistance than that of hemp-lime insulation. It is a signif-
icant achievement, as one of the objectives was to reduce liquid water absorption by
hemp-shive. Numerically determined porosity values agree with the values of wood-
based insulation materials of similar density.

Finally, all material data were used as input data in WUFI 3D software (WUFI@Plus
V.3.2.0.1) to compare the in-built hygrothermal and energy performance of the hemp-
shive materials with the high-performance hemp-lime insulation material via numerical
hygrothermal simulations. It was found that the novel hemp-shive insulation materials
perform at a similar level to the hemp-lime insulation materials in terms of heating and
cooling energy demand but required less energy for humidification. This implies that
hemp-shive possesses superior hygric capacity. However, it was also observed that the rel-
ative humidity inside the hemp-shive wall was always more than 70%, which may induce
mould growth inside the wall.

While hemp-shive insulation offers the possibility of being a fully bio-degradable
composite with lesser embodied energy due to its lower binder to hemp-shive ratio, it
will likely be another variant of hemp-based insulation rather than a replacement for
hemp-lime since hemp-lime is suitable for in situ casting whereas the novel hemp-shive
insulation is suitable for producing factory-based prefabricated panels.
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