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Highlights

e Particulate thermal conductivity is calculated for a wide range of bio-aggregates
e Multi-scale models are consistent with aggregate morphologies
e Equivalent insulation performance is possible despite the diversity of the resource

Abstract

Sustainable construction is a key solution in the light of today's climate and energy challenges. The use
of plant-based aggregates in the construction sector helps to improve energy and environmental
efficiency. The use of bio-based aggregates as loose-fill insulation remains limited despite the wide
availability of raw materials (agricultural by-products or wild plants) and their easy implementation.
One of the problems is the diversity of resources. It complicates both characterization procedures as
well as the understanding and prediction of bio-material behavior. A way to overcome these obstacles
is to propose a unified method which is applicable to a wide range of plant-based aggregates. This was
done in this study to predict the thermal conductivity of bulk aggregates. It focuses initially on the
particle scale in order to identify commonalities across a wide range of aggregates. Based on a multi-
scale study it then distinguishes two different types of particulate morphologies. Particulate values of
thermal conductivity - unavailable in the literature - can thus be provided over the full range of
temperature and relative humidity conditions. A linear relationship between thermal conductivity and
density is suggested at the particle scale while this type of relationship was previously known at the
material scale. This work also demonstrate the possibility of anticipating and offering equivalent
insulation performance depending on the local resource available for loose-fill insulation.
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1. Introduction

One of the levers of the ecological transition is undoubtedly the building sector as it consumes 40% of
the world's energy [1], [2] . Thus, Life Cycle Assessment (LCA) of construction materials is becoming an



ever greater concern for this sector [3] and locally available materials are to be developed and used to
meet the environmental objectives [4]. Transport represents a non-negligible part of the
environmental impact associated with construction projects [5], [6], [7]. In addition, manufacturing
and installation techniques have to be as environmentally friendly as possible to optimize the use of
bio-based resources. In this sense, using agricultural by-products as loose fill material is an efficient
way of insulating buildings [8], [9], [10]. Bio-based materials also contribute to comfort in the building
thanks to their passive moisture capacities [11] .

According to the FAO [12], global cereal production is approaching 3,000 million tonnes. This figure
underlines the real potential of using agricultural by-products. With production set to increase further
[13], the use of agricultural by-products will become a major issue, so it makes sense to propose its
use as an insulating material. Adding value to agricultural by-products is a new source of income for
farmers and a springboard for the local economy [14], [15], [16]. Many cereal crops generate waste
that could be used in bio-sourced building materials. However, there is a lack of data on this raw
material in literature. Its variability is an obstacle to its use [17], [18] while diversity and variety of the
resource constitute scientific problems [19]. To date, the thermal conductivity of plant aggregates in
bulk is neither predictable nor optimizable. Time and energy consumption have to be characterized.
The sample needs to be stabilized in terms of temperature and humidity. Then, to be representative,
the measurement must be repeated several times, according to the recommendation of Rilem TC 236-
BBM [20]. Finally, the intrinsic variability of the resource, derived from the plant world, poses a
significant challenge: how can the same performance be guaranteed from one site to another when
the locally available resource varies?

This article proposes a method for predicting the thermal conductivity of bulk plant aggregates at
different temperatures and relative humidities. The lock represented by resource variability was
removed by analyzing the similarities at the particle scale for a wide range of plant aggregates. Both
based on the actual microstructure and on the macrostructure of the plant aggregate, the developed
methods include several goals:

- to be applicable for all lignocellulosic aggregates

- to use easily accessible input data

- to consider the wide range of temperatures and relative humidity in use
- to provide particulate data for future modelling work.

The developed method has been validated for a dozen plant aggregates. The aim is to be able to
promote and even optimize the use of agro-resources to produce bulk insulation with locally available
aggregates. This is a question of proposing a "universal" prediction method for plant aggregates and is
therefore an innovative step in the development of eco-materials, allowing the great variability of the
resource to be overcome and yet still taken into account. This is possible because the proposed method
is based on a new scale, the scale of the aggregate.

In this study, a semi-experimental protocol is proposed for obtaining an estimate of the thermal
conductivity of particles of any type of lignocellulosic aggregate. It combines the results of a simple
test performed on bulk particles [21] and known homogenization results. Thus, we present a general
approach here, applicable and efficient for a wide variety of plant-aggregates.



Firstly, this article presents the many aggregates selected for the study and focuses on their
specificities. Then models are explained and the input data are clearly defined. They are easily
accessible thanks to recent work on plant aggregates [22], [23]. The model values are compared with
those of the literature, for which all the input data are already known, and an extrapolation is made
on certain aggregates. The relevance of this proposal is discussed. In addition, to extend use to other
aggregates, a decision tree for choosing the adequate model is proposed.

Finally, the ability of our models to find the known linear relationship between thermal conductivity
and density of bio-based material [24], [25], [26] is highlighted. Thanks to modelling, the same type of
linear relation is demonstrated at a new scale: the particulate scale.

This study opens up new perspectives to predict and optimize insulating capacities of loose-fill
insulation depending on the by-product locally available. It also provides particulate thermal
conductivity values for numerous agricultural co-products which will be useful for numerous
homogenization models. To date, only the thermal conductivity of hemp shiv has been experimentally
measured [27] or evaluated by inverse methods [28], [29].

2. Materials

2.1 Variety of aggregates: Selection of criteria

By-products were first chosen according to their availability in the authors’ region as avoiding
unnecessary transportation reduces the related environmental impact. Equally important was the
diversity of aggregates, to appreciate the generalizability of results. Another fundamental criterion was
access to both the data required for modelling and experimental values for the same samples. This
made it possible to assess the model's relevance. To evaluate its possible extension, the model was
also tested on aggregates for which not all the data were known. Data were taken from the literature
concerning two studies. The first one [22] gave both the necessary input data and experimental values
of thermal conductivity of hemp shiv, flax shiv, sunflower pith and sunflower bark in bulk (case 1).
Partial input data and thermal conductivity of aggregates in bulk were also given for six other
aggregates (case 2). All measurements are considered reliable as conducted according to the RILEM TC
236-BBM procedure [20] for thermal conductivity or by the Dynamic Vapour Sorption (DVS) device for
sorption isotherms [22]. The second study [30] only provided part of the input data for other samples
(case 3) . Three groups of aggregates were therefore identified. For greater clarity, Table 1 summarizes
the aggregates considered and the corresponding data used.

Table 1 Groups of aggregates considered depending on available data

Aggregate Particularity

CASE 1

Hemp shiv (HS-1)

Flax shiv (FS-1) All input data are known [21], [22]

Sunflower pith (SP-1)
Sunflower bark (SB-1)
CASE 2

Miscanthus stem (MS-2)
Vine shoot (VS-2)
Coriander straw (CS-1)




Wheat straw (WS-2) Necessary input data are known [22] [21] except for the

Wheat chaff (WC-2) isotherm sorption curve. (Hypotheses are needed.)
Maize husk (MH-2)

CASE 3

Hemp shiv (hs-3) Intra particle porosity and skeletal density of particle are
Sunflower pith (sp-3) known [30]. Hypotheses are needed concerning isotherm

sorption curves and particulate density

This classification allowed discussion of the necessity of having access to certain input data for
multiscale modelling. The following sections focus on the aggregates identified in cases 1 and 2, as
experimental values are available to compare with modelled values. The aggregates of case 3 were
considered only for further comparison of the modelled results (cf. section 4.1).

2.2 Chemical composition

Agricultural by-products are mainly cellulose-based since this biopolymer is the major component of
plant cell walls. While the rate of crystallinity observed in cellulose is generally about 80% [31], the
other main components of bio-aggregates, hemicellulose and lignin, are rather amorphous polymers
[32]. In previous studies, chemical characterizations were carried out concerning the selected bio-
aggregates (of cases 1 and 2) [22]. Primary components (cellulose, hemicellulose, lignin and minerals)
were tested but secondary components like pectins, wax, proteins or various extractives were not.
Nevertheless, cellulose was assumed to be the only chemical component with crystalline properties.
Thus, it was possible to deduce the likely crystalline cellulose content for each aggregate from the
cellulose content. Then proportions of crystalline and amorphous polymers in the overall solid skeleton
were compared (Table 2).

Table 2. Proportions of the crystalline cellulose and amorphous biopolymers in bio-aggregates (case 1) deduced from [22].

% crystalline % amorphous

[0)

6 cellulose cellulose biopolymers
Hemp shiv (HS-1) 55.5 44.4 55.6
Flax shiv (FS-1) 52.1 41.7 58.3
Sunflower pith (SP-1) 45.5 36.3 63.7
Sunflower bark (SB-1) 53 42.4 57.6
Miscanthus stem (MS-2) 52.8 42.2 57.8

Vine shoot (VS-2) 40 32 68




Coriander straw (CS-2) 50.4 40.3 59.7

Wheat straw (WS-2) 43.1 34.5 65.5
Wheat chaff (WC-2) 35.9 28.7 713
Maize husk (MH-2) 38 30.4 69.6

These values were useful to discuss the assumptions made for our model.

2.3 Macroscopic shape

Shape factors can be determined in order to evaluate and compare the macroscopic shape of the plant
aggregates [33]. Circularity (C) is a dimensionless number used to appreciate the degree of roundness
of aggregate. It takes values between 0 (infinitely elongated particle) to 1 (circle) and is expressed as:

A
C=4m )

where A (mm 2) and P (mm) are the sample’s area and perimeter, respectively.

The aspect ratio (R) is defined as the major to minor axis ratio and is always greater than 1. The closer
the value is to 1, the more circular or spherical the particle is. The measurements of these two
parameters were obtained by image analysis according to the recommendations of TC RILEM 236-BBM
[34]. To assess the gap between the real macroscopic shape and a sphere for each plant aggregate, a
new parameter D (deviation) was proposed as follows:

D=|(C-1)+(R-1)| (2)
where C is the circularity and R is the aspect ratio.

For a perfect sphere, D is equal to 0. From the results of Ratsimbazafy [22] [21] and considering this
new parameter, we can quantify the deviation of each sample from a perfect sphere (Table 3)

Table 3. Deviation of each plant aggregate calculated from the results of Ratsimbazafy [21], [22]

Circularity C Aspect Ratio R Deviation D
Hemp shiv (HS-1) 0.34 3.30 1.64
Flax shiv (FS-1) 0.29 6.93 5.22
Sunflower pith (SP-1) 0.48 1.48 0.04
Sunflower bark (SB-1) 0.27 3.94 2.21

Miscanthus stem (MS-2) 0.28 4.63 291




Vine shoot (VS-2) 0.18 4.19 2.37

Coriander straw (CS-2) 0.17 6.67 4.84
Wheat straw (WS-2) 0.21 7.53 5.74
Wheat chaff (WC-2) 0.22 5.82 4.04
Maize husk (MH-2) 0.20 4.95 3.15

These results are consistent with the visual appearance of the different aggregates. Thus, the
sunflower pith is objectively the most spherical granulate, while the others have rather a cylindrical or
cuboid shape (Figure 1).

21 22 23 24 25 26 27928 20°80 3

Figure 1. A selection of aggregates whose data whose data characterization was used for this study: Hemp shiv (a),
sunflower pith (b), and bark (c)

The macroscopic shape of the aggregates will influence the modelling type to be considered in what
follows. Two models will be studied. Their relevance to the considered aggregate will use this new
"Deviation from the sphere” criterion.

2.4 Microstructure

SEM observations revealed a porous microstructure for plant aggregates, with a solid skeleton and
pores of differing shapes. Skeleton densities measured by Ratsimbazafy [22] and SEM images from the
literature gave us a deeper understanding of the microstructure for each aggregate. The porous
structure could also be observed and characterized by X-ray tomography images [35]. Table 4 lists the
references in the literature that provide an overview of the microstructural properties of the selected
aggregates.

Table 4. Microstructural characteristics of plant aggregates

Skeleton density

(kg.m3) Pore shape References
from [22]
_ ) [36], [10], [37],
Hemp shiv (HS-1) 1502 tubular [38],[39]
Flax shiv (FS-1) 1500 tubular [36]

Sunflower pith (SP-1) 1536 honeycombed [38], [40], [41]




Miscanthus stem (MS-1)
Sunflower bark (SB-1)
Vine shoot (VS-2)
Coriander straw (CS-2)
Wheat straw (WS-2)
Wheat chaff (WC-2)
Maize husk (MH-2)

1509
1515
1504
1500
1519
1515
1523

tubular
tubular

/

/
tubular
tubular
tubular

[42]
[40]

[36]
[36]
[35]

It should be noted that the average skeleton density for the aggregates (containing cellulose,
hemicellulose, lignin, and mineral) was 1512 kg.m while, according to a recent literature review [22],
the average density of cellulose in lignocellulosic materials is 1543 kg.m3. The relative gap between

these values is only 2%.

The porous structure contributes to the insulating capacity of bio-based composites [33]. Nevertheless,
this porosity shows non-negligible variation [43] for the same type of aggregates and is probably
impacted by factors such as the variety of the plant, the place and time of harvesting, and possible pre-
treatments. Particulate porosities considered in this study were extracted from [22] and are compared

to a few data available in the literature (Table 5) to highlight the spread observed in the values.

Table 5. Microstructural characteristics of plant aggregates

Particulate porosity

Particulate porosity

(%) (%) Reference
from [22] from literature
83.0-89.3 [43]
Hemp shiv (HS-1) 83.5+ 4.8 89.3-91.3 [44]
82.5-82.17 [45]
61.5 [30]
45.3 [30]
Flax shiv (FS-1) 71.2+4.4 ' [46]
90.1
Sunflower pith (SP-1) 96.4+7.8 95.8 [30]
Sunflower bark (SB-1) 71.9+4.1 53.3 [30]
Miscanthus stem (MS-2) 74.4+43 /
Vine shoot (VS-2) 48.2+2.8 /
Coriander straw (CS-2) 81.7+4.7 /
Wheat straw (WS-2) 71.3+5.1 /
Wheat chaff (WC-2) 71.6+5.2 /
Maize husk (MH-2) 70.9+55 /

Particle porosity ¢ is calculated as follows:

¢ = 100.(

1- ”—a)
Ps

(3)

where p, is the particulate density of the aggregate (kg.m) and ps the density of its skeleton (kg.m"

3).



It must be noted that, so far, the particulate density measurement has required elaborate equipment,
such as mercury intrusion porosimetry (MIP) or X-ray tomography estimation. A new method was
proposed in the recent work of Ratsimbazafy [22]. It is efficient and easy to implement.

2.5 Adsorbed water

Because of their lignocellulosic nature, plant aggregates are able to absorb excess ambient water and
desorb it when the humidity decreases. A hysteresis phenomenon is observable in this process [47].
Strictly speaking, the water content of the plant aggregate is different depending on whether the
ambient humidity is increasing or decreasing. However, as only sorption curves are available for the
aggregates in case 1 (cf. section 2.1), this phenomenon will not be considered here. Furthermore, for
aggregates in case 2, an assumption had to be made since sorption curves were not available. The
sorption curves plotted in the study show very similar behaviour between the different aggregates,
except for sunflower pith. In the following, if no reference has been found in the literature, it is
assumed that the aggregates in case 2 and 3 adsorb water in the same way as hemp shiv. Taking
account of adsorbed water in multi-scale modelling requires knowledge of the volume fraction of
water as a function of relative humidity, so sorption isotherm data were exploited accordingly.

3. Methods

3.1 Models developed

Atriple homogenization process was used from pore scale to loose particles in order to predict thermal
conductivity of plant aggregates in bulk. This multiscale study is based on the classical theory of Eshelby
[48], using a Mori-Tanaka homogenization scheme [49]. Bulk aggregates are complex heterogeneous
materials because the distribution of the phases is not perfectly known. The effective thermal
conductivity A"™ of the equivalent homogeneous material is described as follows:

Ahom _ Z Ofi'Ai'Ai = Ay + Zfl (A — Ap)- A4 4)
i= i=0

where Ao is the thermal conductivity tensor of the matrix, f; the volume fraction of the inclusion i;
A; is its second order concentration tensor and A;its thermal conductivity tensor.

The only values available in literature for comparison with modelled values are isotropic ones as
thermal conductivity of particles in bulk is generally measured with a hot wire or hot plate (cf. section
4.2). Nevertheless, many recent studies highlight anisotropic thermal conductivity for bio-based
composites [45], [50], [51]. Consequently, the anisotropy of plant particles is taken into account in one
of the two models developed.

It should be pointed out that the chemical composition of the aggregates considered in this study is
fairly comparable. The majority of them consist mainly of cellulose (cf. section 2.2). It was considered
that their solid skeleton could be summed up as cellulose as thermal conductivity of this chemical
compound is available in the literature [52]. This assumption has proved its relevance in recent work
on sunflower pith [53]. In addition, analysis of the microstructure of agricultural co-products studied
in the literature, whether by SEM or tomography imaging, reveals two distinct categories (cf Table 4 in
section 2.4). Distinctions are made between aggregates with a honeycomb-type pore space and others
with elongated and aligned pores. Macroscopically, the first ones are more spherical while the others
are more elongated and can be compared to cylinders. Thanks to this analysis of both the common



points and the specific features of plant-based aggregates, two models are proposed. Model “R”,
where the plant aggregate is considered to be spherical (isotropic case for each step) and model “B”
where the plant particle is cylindrical (anisotropic case at the particle scale). Results from both models
were compared to experimental isotropic values to assess their relevance. The overall process is
summarized in Figure 2 for each model. For each homogenization step, the matrix and inclusions
considered are respectively noted (m) and (i). The equivalent homogeneous medium considered in the
k-th step becomes the inclusion of the heterogeneous medium considered in k+1-th homogenization.

In practical terms,the first homogenization step is carried out at the pore level to determine the
effective thermal conductivity of a pore having adsorbed a certain quantity of ambient water. This pore
is then included in the second homogenization step to determine the particulate dry or wet thermal
conductivity. Finally, this particle becomes the inclusion in the third homogenization to gain access to
the effective thermal conductivity of bulk aggregate.

PORE SCALE < 10% m

BULK SCALE<10%m ‘

MODEL “R”

Hypothesis: spherical inclusions Hypothesis: spherical inclusions

Hypothesis: elongated transversely isotropic Hypothesis: randomly oriented elongated
transversely isotropic inclusions

[P DWQ
@% I

MODEL “B”

Pore (i)

Scale 1 -ale : |

Figure 2. Description of the two models developed in this study

In model "R", thermal conductivity remains a scalar throughout the homogenization stage. In model
"B", thermal conductivity is a tensor at the particle level. The formulae used for each iteration to access
the effective thermal conductivity A, are listed in Table 6. Input data from heterogeneous materials
are needed for the thermal conductivity of the matrix A,,, and inclusions A;, and the volume fraction f;
of inclusions. The particle shape and orientation assumptions specified in Figure 2 are also considered.
The iterative approach, used for the models developed here, has been validated in prior work to
predict thermal conductivity of panelboards made of sunflower pith [53].



Table 6. Formulae used for each homogenization with index m for the matrix and i for the inclusion if

not specified.
| -
terative Formula Commentary Reference
step
MODEL “R”
3 i /11' -
Aegy = Am + fi Am( Am) (5)

Homogenization
1,2and 3

A-Da+C+ f) 4

Isotropic consideration:

where A cr = A (step 1)
eff pore P Aesr is ascalar

/Ieff = 7Vpart'icle (step 2)
Aeff = Apore (step 3)

Rosa Latapie
et al. [53]

MODEL “B”
by = .+ 3fwater A‘pore(xwater - }\'ai‘r) (6) Rosa Latapie
Homogenization 1 pore “r (1 - fwater) kwater + (2 + fwater) )\'water ISOtrOpIC consideration: et al [53]
Aesy is ascalar ’
lN = fpore j'pore + (1 - fpore)/?'skeleton (7)
1-— -1
ﬂT — ( fpo;e = fpore > (8)
Apore + Asteteton skeleton Anisotropic consideration:
) Tran-Le et
. L . Ais atensor
The particulate thermal conductivity is calculated with an Ay 0 0 al. [29]
- anisotropy factor of 1.5 according Tran-Le et al. [42]. The _ Nguyen et al
Homogenization 2 A=|0 /17- 0
equivalent value is based on normal and tangential values as 0 0 A [54]
follows:
ﬂ*particle = 3 (C))
where Ay and A, are respectively the normal and
tangential components of the thermal conductivity tensor.
7\'air_kbulk }"particle_ }"bulk
p——0F 5 —T0-9) =0 (10)
7\'air + 2kbulk kparticle"' 2 kbulk
. . . . S Nguyen et
Homogenization 3 where ¢ (in %) is the porosity between particles, which is al.[54]

calculated from py, i the bulk density of particles and
Pparticle the particulate density kg.m™) as follows :
Poulk
=1~

pparticle

€5y



When the plant aggregates are in loose bulk, it is assumed they are not subjected to sufficient stresses
to justify considering any crushing. Model B was therefore discarded for sunflower pith, since model R
fulfilled the objective of taking account of the real microstructure. Consequently, the two approaches
were systematically explored in order to determine the most relevant for the aggregate considered,

except for sunflower pith.

3.2 Input data

Thermal conductivity of air (A4 ) and of water ( Ay q¢er) Were extracted from the work of Tsilingiris
[55] and Laurent and Guerre-Chaley [56], respectively. Their variation as a function of temperature is
known. The other input data used for the models are detailed for each group of aggregates (cf. section
2.1) and for each step of homogenization.

i) Homogenization 1

In this first step, the pore of the aggregate - filled with air - is the matrix and the adsorbed water is
the inclusion. The sorption isotherms were therefore used to translate the mass of adsorbed water
per mass of aggregate into the volume fraction of water per aggregate. The references used are

listed in Table 7.

Table 7. Input data used for homogenization 1

Aggregate fwater reference Awater reference Aair reference
CASE 1
Hemp shiv (HS-1) _
From Digitized CDl:gr:;c;zsed to
Flax shiv (FS-1) |sotrl§rm :ulzves to take
>orption [22] ake [56] temperature [55]
i curves of temperature -
Sunflower pith (SP-1) each dependence and humidity
. P dependence
aggregate into account .
Sunflower bark (SB-1) Into account
CASE 2
; . Hypothesis: _
Miscanthus stem (MS-2) Digitized
same Digitized curves to
Vine shoot (VS-2) |sotht('erm Eulzves to take
>orption [22] ake [56] temperature [55]
) curves  as temperature -
Coriander straw (CS-2) for hemp dependence and humidity
shiv (cf. into account dependence

Wheat straw (WS-2)

section 2.5)

into account




Wheat chaff (WC-2)

Maize husk (MH-2)

CASE 3
Hypothesis:
rypothesis: - same . Digitized
. isotherm sorption curves | Digitized
Hemp shiv (hs-3) . . curves to
of hemp shivasin [22] ( cf. | curves to take
section 2.5) take
. [56] temperature [55]
Hypothesis: same | temperature .
. . . and humidity
Sunflower pith (sp-3) isotherm sorption curves | dependence
. . dependence
as for hemp shiv in [22] ( | into account .
. into account
cf. section 2.5)
ii) Homogenization 2
In this step, the result of the first homogenization is exploited: the thermal conductivity of the pore is
that of the inclusion. The thermal conductivity of the solid skeleton and the volume fraction of the
inclusions, i.e. the pores, are also required. The volume fraction (fi) is logically the intra-particle
porosity. From this stage, it is possible to distinguish one aggregate from another although they come
from the same type of plant. For the same type of plant aggregate, when the intra particle porosity is
different, the particulate thermal conductivity is different. The same comments can apply to skeleton
density. However, in order to avoid varying too many parameters at once, an assumption was made
concerning the skeleton density of the aggregates considered in this study. The input values used in
the second homogenization step are listed in Table 8.
Table 8. Input data used for homogenization 2
Aggregate Askeleton reference f; (%) reference
CASE 1
Hemp shiv (HS-1) 83.5+4.8
Calculated from
Flax shiv (FS-1) cellulose 71.2+4.4
density: 1543 [52] [22]
Sunflower pith (SP-1) kg.m-3 96.4+7.8
(cf. section 2.4)
Sunflower bark (SB-1) 719+4.1
CASE 2
Miscanthus stem (MS-2) 74.4+ 4.3
Calculated from
Vine shoot (VS-2) cellulose 48.2+2.8
density: 1543 [52] [22]
Coriander straw (CS-2) kg.m-3 81.7+47
(cf. section 2.4)
Wheat straw (WS-2) 71.3+5.1




Wheat chaff (WC-2) 71.6+5.2

Maize husk (MH-2) 70.9+5.5

CASE 3

Hemp shiv (hs-3) Calculated frpm 61.5
cellulose density: [52] [30] [30]
1543 kg.m-3

Sunflower pith (sp-3) 95.8

(cf. section 2.4)

iii) Homogenization 3

In this last step, the result of the second homogenization, the particulate thermal conductivity,
dependent on temperature and relative humidity, is the essential input data. The volume fraction f;
of aggregates is also required. Itis defined as follows:

fi _ Vag{zregates (12)
bulk

where Vi is the total volume of the aggregates in bulk and Vg gregates is that of aggregates.

The volume fraction f; is not explicitly stated in the literature. The only data currently available is bulk
density. In order to be able to compare modelled values with the experimental ones for bulk thermal
conductivity, the  definition of density was used to modify (11) into:

fg — _Ppulk (13)

pparticle

where Pparticule and p, .. are respectively the particulate density and the density of aggregate in

bulk (kg.m?3). The particulate densities used in the third homogenization step are listed in Table 9.

Table 9. Input data used for homogenization 3

Aggregate Pparticie (kg.m?3) Reference
CASE 1
Hemp shiv (HS-1) 248
Flax shiv (FS-1) 433
Sunflower pith (SP-1) 56
[22]
Sunflower bark (SB-1) 425
CASE 2
Miscanthus stem (MS-2) 387
Vine shoot (VS-2) 773
Coriander straw (CS-2) 275 [22]
Wheat straw (WS-2) 436
Wheat chaff (WC-2) 430




Maize husk (MH-2) 444

CASE 3

Hemp shiv (hs-3) 394

Sunflower pith (sp-3) 144

[17]

It is worth noting that the density of bulk aggregates p, . in the third homogenization step was
chosen to fit the values of the literature in order to be able to compare modelled and experimental
values.

4. Results and discussion

4.1 Effective thermal conductivity of a single particle

Particulate thermal conductivity is an intermediate result in the homogenization process. However, it
is interesting to give these values because, to date, only particulate thermal conductivity of hemp shiv
is available in the literature [24], [27], [28], [57]. Particulate thermal conductivities are listed at 20 °C,
in the dry state and 50 % relative humidity. They correspond to current conditions for measurements
(dry state) and of use (under ambient conditions). Results are listed in Table 10 in order to provide an
exhaustive list of values that will enable other authors to use these data, which are missing from the
literature. The number of data items is large, but this also enables the differences to be appreciated
between individual aggregates in the dry and wet states. In addition, it enables the effect of anisotropy
on particulate thermal conductivity to be evaluated.

Table 10 Particle thermal conductivity for the plant aggregates considered in this study

Model R Model B Relative gap
between the
R R R B models (%)
}‘a particle }“N particle AT, particle 7\v particle
Plant (W.m K1) (W.m.K2) (W.m1K?) (W.m™.K?)
aggregate
20°C 20°C 20°C 20°C 20°C 20°C 20°C 20°C 20°C ég";
Dry state 50 % RH Dry state 50 % RH Dry state 50% RH Dry state 50 % RH Dry state RH ?
H‘zmg_f;"’ 0.0905 |0.0908 | 0.1159 | 0.1162 | 0.0768 | 0.0771 | 0.0989 | 0.0901 | 0.7 | 0.8
Flax Srl")" (FS- [ 01439 [0.1442 | 0.1834 | 0.1836 | 0.1211 | 0.1214 | 01418 | 0.1421 | 15 | 15
;‘t’}?f('gg"ir) 0.0391 | 0.0399 | 0.0452 | 0.0460 | 0.0360 | 0.0367 | 0.0391 | 0.0398 0 0.3
sunflower {1 55 | 51413 | 0.1795 | 0.1800 | 0.1184 | 0.1190 | 0.1388 | 01394 | 1.4 | 1.3
bark (SB-1)
Miscanthus | ;5600 | 51299 | 0.1658 | 0.1660 | 0.1090 | 0.1093 | 0.1279 | 01282 | 1.3 1.3
stem (MS-2)
V'(Qfss_g‘)"’t 0.2572 | 0.2574 | 0.3094 | 0.3096 | 0.2225 | 0.2228 | 0.2515 | 0.2517 | 22 | 2.2




Coriander
straw (CS.2) 0.0984 | 0.1258 | 0.1260 | 0.0829 | 0.0832 0.0975 | 09 0.9
Wheal straw 0.1437 | 0.1828 | 0.1830 | 0.1207 | 0.1210 01417 | 15 | 1.4
(WS-2)
Wheat chaff 0.1424 | 0.1812 | 0.1814 | 0.1196 | 0.1198 0.1403 14 15
(WC-2)
M(f",\'/zlﬁlf‘zu)s" 0.1456 | 0.1850 | 0.1852 | 0.1222 | 0.1225 0.1434 | 14 | 15
He(r;]‘;"_ ;;"V 0.0944 | 0.1122 | 0.1124 | 0.0832 | 0.0835 00931 | 13 | 14
Sunflower
bark (sb.2) 0.1008 | 0.1173 | 0.1174 | 0.0900 | 0.9002 0.0998 14 20
Sunflower
Jith (5p-3) 0.1050 | 0.1414 | 0.1421 | 0.0852 | 0.0859 0.1046 | 0.2 0.4
Flax S?t‘)"’ (Fs- 0.1517 | 0.1766 | 0.1767 | 0.1347 | 0.1350 0.1489 | 18 | 18
Ra?fs_s;;a"" 0.1333 | 0.1595 | 0.1596 | 0.1171 | 0.1174 01314 | 17 | 1.4

First, the consistency of thermal particulate values is assessed by means of several findings:

- Particulate thermal values of hemp shiv are consistent with the literature [27], [28], [29], [57]

- Particulate thermal conductivity increases from dry to ambient conditions, taking account of
the adsorption of water, which is much more conductive than air.

- The normal component is systematically higher than the transversal one due to the weaker
connection of the solid skeleton in the transversal direction.

These values enable the insulating power of aggregates to be compared at the particle level. The
general trend is that sunflower pith has a high insulating potential whatever the model. This is in line
with comparative results in the literature[38], [58]. It is worth noting that the high density of the solid
skeleton of the sunflower pith in the study of Chabriac et al.[30] (3400 kg.m?, which is almost twice
that of cellulose) may explain the probably abnormally high thermal conductivity value for sunflower
pith sp-3. This may be due to a particular sample or to measurement bias. Given the resource
variability, it is difficult to settle this question. Straw-type aggregates have a thermal conductivity from
0.9t0 0.15 W.m™KL. Vine shoot is the least promising aggregate in terms of thermal insulation. This is
consistent with a relatively low porosity combined with a relatively high solid skeleton density.

The impact of variability is significant for a given aggregate type. According to modelling, with an intra-
granular porosity of over 30% and a solid skeleton density of over 60%, sunflower bark SB-1 has a
particulate thermal conductivity 40% higher than sunflower bark sb-3.

The anisotropy of particulate thermal conductivity explains the differences in thermal conductivity,
which have been reported and studied for hemp-based composites [38], [45], [51], [59], [60].
Depending on the processing method (compaction or spraying), the preferential orientation of plant
aggregates logically induces anisotropy in thermal behaviour at the material scale. From the values of
the normal and tangential components given here for a wide range of aggregates, it is obvious that
composites made from these aggregates will also exhibit anisotropic thermal behaviour.

In the dry state, the values of models R and B differ by an average of 1.2% at the particle scale. Under
50% relative humidity, they differ by an average of 1.3%. At this point, a conclusion could be that the




difference between the models is not significant. However, scale effects could occur at the bulk scale
and the next homogenization step is different depending on the model, so neither model is favoured
at this stage of the study.

4.2 Loose-fill insulation: comparison between model and experimental values

4.2.1 In dry state

The primary aim of this study was to be able to predict the thermal conductivity of plant aggregates
used as loose-fill insulation from a minimum of data. The results of the triple homogenization (cf.
section 3.1) were compared with those of the experimental study [21] in order to assess the relevance
of the models for achieving this objective.

Maximum and minimum values for intra-particle porosity were considered to give a range of values
for the modelled thermal conductivities of aggregates in bulk. Aggregates were assumed to be in a dry
state [22] at the time of thermal conductivity measurement and the density was equal to the "bulk
density". No compaction was assumed at the time of measurement.

i) Model R

Thermal conductivities calculated using the model R are presented in Figure 3 for
aggregates in bulk (case 1).
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Figure 3. Experimental [21]and R-modelled values for 10 different aggregates ( cases 1 and 2) at 20 °C and dry state.

The average difference between experimental and modelled values is 16%. It is worth noting that
it is less than 10 % for sunflower pith. Model R, assuming spherical inclusions at each
homogenization stage, therefore seems particularly well-suited to this aggregate. Nevertheless,
the difference between modelling and experiment is over 20% for vine shoot. This suggests that
the model is less relevant for this particular plant aggregate. This can probably be explained by a



combined effect of a microstructure very different from that assumed by the model and a rather
low cellulose content compared with other aggregates.

It is also important to highlight that the model value is systematically lower than the measured
value. Several explanations can be put forward to understand and correct the gap:

- Measurements were carried out on dry plant material at 20 °C, but with a relative humidity of
55 + 5% according to the author of the study [22]. Depending on the time of measurement,
the aggregates may have adsorbed water. In this condition, particle thermal conductivity and
air thermal conductivity are actually higher than those considered due to this humidity.

- The plant aggregates were slightly compacted during the thermal conductivity measurement
(in particular to limit the layer of air around the probe). Bulk densities could have been higher
than those considered.

- Forlow densities, the effect of radiation can explain behaviour different from that considered
here (pure conduction) [61].

Model R is easy to use thanks to the accessibility of the input data. It is particularly relevant for
sunflower pith, since the spherical inclusion assumptions are in line with the real morphology of the
aggregate at both microstructural and macroscopic scales. Model R demonstrates its extreme
relevance and usability, first for sunflower pith but, more generally, for a wide range of lignocellulosic
aggregates. This model is also relevant for a wide range of lignocellulosic aggregates, since it can
predict bulk thermal conductivity with a margin of 16% in the dry state.

Finally, a comparison between the values of Model R and Model B allow the effect of the anisotropic
nature of the raw material to be quantified.

ii) Model B
Thermal conductivities calculated with model B are presented in Figure 4 for aggregates in bulk (case
1).
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Figure 4. Experimental [21] and B-modelled values for 10 different aggregates ( cases 1 and 2), at 20 °C and in dry state.

The average difference between experimental and modelled values is 11%. This model, which takes
the anisotropy of thermal conductivity at the particle scale into account, is therefore relevant for all
the aggregates considered here. Nevertheless, with a difference of over 12% (compared with less than
10% for model B) between the modelled value and the experimental one, it seems less relevant than
model R for sunflower pith. The assumptions made here (cylindrical particle shape) deviate from the
real morphology of this particular aggregate. Model B values are systematically lower than measured
values (except for the shoot) as in Model R. The same explanations as above may account for this
discrepancy. Model B is more complex to implement but the accessibility of the input data enable it to
be used quite easily. This model is very relevant for all lignocellulosic aggregates considered in the dry
state, since it can predict bulk thermal conductivity with a margin of 10%.

fii) Comparison of models
In order to further quantify and appreciate the relevance of each model, a comparison was made
between the deviation, D, from the sphere of each of the aggregates (cf. section 2.2.3) and the
difference between the experimental value and the value given by each model (Figure 5).
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Figure 5. Experimental/model deviation as a function of Deviation D (from the sphere) for each plant aggregate and for
each model (R and B).

Figure 5 shows that the difference measured between the experimental and modelled thermal
conductivity values is, a priori, correlated with the deviation D defined in section 2.2.3, while model B
assumes spherical inclusions at each homogenization stage. It can be concluded that the further the
plant aggregate deviates geometrically from a sphere (on both microscopic and macroscopic scales),
the less relevant the model becomes. Logically, model B remains more relevant for sunflower pith than
model R. This is in line with its morphology. Model R is, therefore, to be recommended when
considering this plant aggregate.

However, the difference between the modelled and experimental values does not systematically
increase with deviation D for Model B. This model is therefore simply more relevant for cylindrical
aggregates (on both microscopic and macroscopic scales). Model B is to be recommended for
aggregates of this kind according to the results of this study.



4.2.2 Extended comparison

For this section, we selected bulk thermal conductivity measurements from the literature with
available measurement conditions (temperature and relative humidity). These experimental values
were compared with those given by our models. The input data were those used previously (cf. section
3.2) and those from the study by Chabriac et al. [30] (case 3) . Although the plant aggregates were of
the same nature, they were not the same, because of the variability of the resource. Given the limited
data available in the literature, only hemp shiv and sunflower pith are considered in this extended
comparison of models.

i) Case of hemp shiv

Model B was applied to hemp shiv as it was considered more relevant for this aggregate (cf. Section
4.2.1). A wide range of experimental values of bulk thermal conductivities - under different
temperature and relative humidity conditions - were compared with the model values obtained using
the hemp-shiv HS-1 input data on the one hand and the hemp shiv hs-3 on the other (Table 11). In the
case of HS-1, it is important to recall that the range of model values takes the maximum and minimum
intra-particulate porosity into account (cf. Section 4.2.1). It is worth reiterating that the input data for
particle porosity and particle density are different between HS-1 and hs-3 (cf. Section 3.2).




Table 11. Experimental and model values for hemp shiv in bulk under different conditions of temperature and relative

humidity.

HEMP SHIV
Abuic (W.m1.K-1)
Model values Experimental values
Input data Input data Value Ref. | Experimental | Measurement Details
from HS -1 from hs-3 conditions method
0.047-0.059 0.057 0.048 [44] 23 °C, dry Hemp shiv 0-5 mm
state Hot plate Pbuik =135 kg.m3
0.042-0.050 0.049 0.048 [44] 23 °C, dry Hot plate Hemp s:hiv 0-20 mm
state Pbuik=110 kg.m
o - -3
0.050-0.064 0.058 0.055 [10] 25°C, dry Hot plate Pouk =153 kg.m
state
0.042-0.051 0.050 0.057 £ 0.006 [63] 20 (;Eaiedry Hot wire pbuic=114 kg.m™
0.041-0.048 0.045 0.053 36] 23 °C, dry Hot wire Pbuk =96 kg.m3
state
0.043-0.051 0.050 0.072 £ 0.005 [63] 20 °%H35 % Hot wire pbuic=114 kg.m™
25 °C, ambient
0.047-0.053 0.057 0.0545 [64] | RH (assumption: Pbulk= 134.8 kg.m™3
60%RH ) Hot plate
25 °C, ambient
0.046-0.057 0.069 0.0542 [64] | RH (assumption: Hot plate Pbulk= 164.5 kg.m™3
60% RH )

These data show a high degree of variability. The thermal conductivity of bulk hemp shiv varies
experimentally from 0.048 to 0.072 W.m*.K! for a bulk density from 96 to 153 kg.m. This represents




a 50% variation in insulating capacity. The model predictions are in line with this variability, as thermal
conductivity is evaluated as increasing from 0.041 to 0.064 W.m™.K?, i.e. a variation of 56%, when
input data from HS-1 is used. Using input data from hs-3 gives a variability of only 30% in bulk thermal
conductivity. This is explained by the fact that the intrinsic variability of the aggregate is not considered
in this case; only the average intra-particulate porosity is considered. These results show the
importance of evaluating and considering the range of particulate porosity rather than the average
value, which masks the great variability of the raw material.

In addition, it is interesting to compare the average dry state thermal conductivity values given by the
model with the average of the experimental values (Figure 6).
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Figure 6. Experimental and modelled averages of thermal conductivity for hemp shiv in bulk in the dry state

When the average of predicted values over the range of bulk densities from 96 to 153 kg.m? is
considered, the model demonstrates its extreme relevance for the dry state. The maximum deviation
between the average of modelled values and the average of experimental ones is 5%.

On the other hand, it is more difficult to draw conclusions concerning thermal conductivity prediction
under certain relative humidity conditions, given the limited experimental data. Nevertheless, the
model values differ from the experimental values by 25% with HS-1 input data and by 12% with hs-3
input data on average. This highlights the significant impact of particle density on the output data. It is
therefore fundamental input data.

Our results were compared with those of several studies in the literature and highlighted the need to
know the ranges of both the particulate density and the intra-particulate porosity for the aggregates
considered when using model B.

Finally, to reflect the material’s behavior in a wet atmosphere, the adsorbed water is considered from
the pore scale in agreement with the sorption isotherm of the aggregate. This inevitably impacts the
results of successive homogenizations. According to our models, bulk thermal conductivity increases
on average by 8% between the dry and wet states (60% RH) for hemp shiv in bulk. These averaged
figures should be taken with caution: to be as rigorous as possible, it would be necessary to have the
measurement on the same sample in dry and wet state humidity because of the variability of the
resource.



ii) Case of sunflower pith

Model R was applied to sunflower pith as it was considered more relevant for this aggregate (cf. section
4.2.1). A range of experimental values for bulk thermal conductivities - under different temperature
and relative humidity conditions - were compared with the model values found with the sunflower
pith SP-1 input data on the one hand and the sunflower pith sp-3 on the other (Table 12).

SUNFLOWER PITH

Abulk (W.m1.K-?)

Model values Experimental values
Input data Input data Value Ref. | Experimental | Measurement Details
from SP -1 from SP-3 conditions method

23 °C, ambient

0.028-0.046 0.034 0.051 [64] | RH (hypothesis: Poulk = 20 kg.m
60% RH) Hot plate (paggregate =35 kg.m'3)
— -3
0.027-0.041 0.033 0.036 £0.001 | [65] 23 °C, dry Hot wire Pouk = 15.9 kg.m
state
0.027-0.039 0.032 0.050 [58] | 25°C, 60% RH Hot wire Poulk = 14 kg.m

Table 12. Experimental and model values for sunflower pith in bulk under different conditions of temperature and relative
humidity.

As in the case of hemp shiv, these data show a high degree of variability. The thermal conductivity of
bulk sunflower pith varies experimentally from 0.036 to 0.051 W.m™.K* for a bulk density from 14 to
20 kg.m?3. This represents a variation in insulating capacity of about 40%. The model predictions
overestimate this variability, as thermal conductivity is evaluated from 0.027 to 0.046 W.m.K?, i.e. a
variation of more than 60 % from when input data from SP-1 is used. Using input data from sp-1 gives
a variability of less than 10 % in bulk thermal conductivity. The high porosity of this aggregate (over
95% in the case of SP-1 and sp-3) implies that variations in bulk density have less impact on bulk
thermal conductivity than in the case of hemp shiv (the particle porosity of which is closer to 80%). The
proportion of air in this extremely porous material is so high that the impact of conduction in the solid
skeleton is very low.

Model values in Table 12 are systematically lower than experimental ones when modelling with sp-3
input data. The difference is almost 25%. With SP-1 input data, the difference is about 22%.
Nevertheless, it should be noted that the model values are within the range of the experimental value
in one of the cases reported [65]. If the particulate density is corrected by applying that of the
sunflower pith studied by Magniont [64] as input data, the model's predictions are improved. As an



illustration, using a particle density of 35 kg.m™ and assuming an intra-particle porosity of 90 = 5 %,
the prediction of thermal conductivity is 0.036-0.051 W.m*.K under 60% RH and 23°C, and 0.036-
0.052 W.m1.K?! under 60% RH and at 25 °C. This is consistent with the experimental values of 0.051
and 0.050 W.m1.K? [58], [64]. To make good predictions, the model needs reliable input data on the
sunflower pith used for measuring.

From this extensive comparison of our modelled values with experimental values, it can be
concluded that the fundamental input data required to ensure the model's relevance are:

- the range of intra particulate porosity.
- the particulate density.

4.4 Thermal conductivity versus density

4.3.1 At the bulk scale
The literature reports a linear relationship between measured thermal conductivity Apy exp and
bulk aggregate density p, . [21] as follows:

Apuikexp1 = 0.0001 p, .+ 0.0311 (14)

Under the same conditions (dry state, 23 °C), Viel [36] found a similar relation according to
experimental values from a wide range of bio-aggregates:

Apulkexpz = 0.0001p, . +0.0398 (15)

These correlations are based on experimental results. In order to assess the predictive potential of our
models, the thermal conductivity of ten dry bulk aggregates (cases 1 and 2) at 23°C was plotted as a
function of bulk density. Acknowledging the findings of the previous sections, Model B was used for
sunflower pith and Model R for the other plant aggregates to ensure a coherent approach. The results
are presented in Figure 7.
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Figure 7. Plant aggregates’ thermal conductivity as a function of their bulk density: modelling values at dry state, 23 °C.
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The linear relationship obtained with modelling is in good agreement with that reported in the
literature:

ﬂ’bulk model = 0.0002 pbulk + 0.0254 (16)

where Apyik moder (W.m™.K?) is the thermal conductivity of bulk aggregates and p, . (kg.m?) the
bulk density.

According to the model equations, the y-intercept represents the case where the plant aggregate
volume fraction is zero. This is the borderline case where there is only air. From this perspective, the
value we obtained by modelling is entirely consistent, since the thermal conductivity of dry air at 23°C
is 0.026 W.m.K'1[55]. The values of 0.0311 and 0.0398 W.m™.K? - obtained from experimental data
— differ by 20% and 50 %, respectively, from this value.

Our model is therefore efficient for predicting the thermal conductivity of bulk insulation from bulk
density for a wide range of cellulosic aggregates. It can thus anticipate and optimize the thermal
conductivity of several aggregates from a loose or compacted implementation.

To progress further, a comparison is made with the relations commonly given for bio-based
concretes (bio-aggregates and binder) [24]:

Abio-based composite = 0.0002 Pcomposite +0.0194 17)

where Apio—pased composite (W-m™.K") is the thermal conductivity of bio-based composites (vegetal

concretes) and Peomposite (kg.m3) their density.

The same remark applies to the intercept as previously. In this case, it differs by 30% from the thermal
conductivity of air. In addition, discussion is needed on a possible impact of the binder. Comparing
relations (16) and (17) may demonstrate that a difference of binder only leads to a translation of the
line (same slope).

Finally, it should be pointed out that experimental linear relationships cannot be exploited to predict
thermal conductivity over the wide range of conditions of use (temperatures and relative humidity).
Given the resource variability and the time necessary for characterizations, modelling is a
fundamental and necessary tool for predicting thermal conductivity of bio-based building materials.

4.3.2 At the particle scale

The linear relationship between thermal conductivity and density has been highlighted in the literature
for both aggregates in bulk [21] and bio-based composites [66], [67]. In the process of this multi-scale
study, identification of a possible linear relationship at the particle scale was attempted as models give
access to particulate thermal conductivities (cf. section 4.1). The particulate thermal conductivities as
a function of the particulate densities have been plotted in Figure 8.
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Figure 8. Particulate thermal conductivity as a function of particulate density: modelling values in dry state, 23 °C.

The results demonstrate that the linear relationship between thermal conductivity and density can be
written from the particle scale. As in the previous section, the y-intercept corresponds to the value of
the thermal conductivity of dry air at 23 °C:

Jparticte = 0.0003 p . +0.0286 (18)
where Aparticte (W.m™.K?)is the particulate thermal conductivity and Pparticute (kg.m?3) its density.

The denser the particle is, the higher is its thermal conductivity. This is logical given the mode of
propagation of heat by conduction. It is clear that this link is linear at the particle scale. Consequently,
any variation in the particulate density has a strong impact on the particulate thermal conductivity and
therefore on the insulating capacity of the material made of this plant aggregate.

Thanks to these results, it now possible to quantify the effect of any treatment (chemical or retting) or
ageing of the particulate solid skeleton [68] (change in particulate density) on the thermal conductivity
of plant aggregates through the effect on particle density. It would also be interesting to study the
impact of the plant variety, harvesting period or retting on the physicochemical composition of the
agricultural co-product that impacts particulate density. Thus, both prediction and optimization of its
insulating capacity could be considered.

4.5 Equivalent walls

It is interesting to compare insulating properties on a particulate scale (cf. section 4.1 ) or on a bulk
scale [69]. However, in order to offer equivalent insulation depending on the local availability of raw
material, it is helpful to consider thermal resistance. Thanks to the models developed in this study, it
is possible to propose thermally equivalent walls depending on the local availability of aggregates. The
thermal resistance of 7 m2.K / W was chosen as it corresponds to the value recommended for lost attic
space in France, where new thermal regulations have just come into force (RE 2020) [70]. Considering



this target value for thermal resistance, the thickness of bulk aggregate required was determined (at
23 °Cand in the dry state). The results are summarized in Table 13.

Thickness required for
Bulk densit loose-fill insulation to
Plant aggregate . y 3 obtain 7m2.K/W
considered [kg.m™] . .
according to modelling
[cm]
HS-1 100 31.5
FS-1 115 30.1
SP-1 20 20.3
SB-1 135 32.9
MS-2 119 32.2
VS-2 319 55.3
CS-2 74 26.6
WS-2 42 21.7
WC-2 56 22.4
MH-2 51 22.4

Table 13 Thickness to be implemented for each type of aggregate to obtain a thermal resistance of 7 m2K/W according to
modelling results.

These values are consistent with a lost attic space implementation. Only the relatively dense vine shoot
seems unsuitable for this type of insulation, given the thickness (and therefore the corresponding load)
required to obtain good insulating capacity.

It should be recalled that these values are derived exclusively from the following input data: aggregate
particle porosity and particle density. For simplification, the bulk material has been considered
unpacked (bulk density), but the model also allows particle compaction to be considered. Once the
basic characterization has been carried out, several thermally equivalent solutions can be supplied
using different aggregates depending on their availability.

Finally, to take the discrepancy highlighted between the experimental and modelled values for model
R (used for sunflower pith) and model B (used for the other aggregates) into account, increasing the
thicknesses in Table 13 by 10 % may be recommended.

For clarification and to summarize the procedure that led to the proposal of equivalent constructive
solutions from different plant aggregates, a diagram is provided in Figure 9.
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Figure 9. Summary diagram of the proposed approach for predicting the thermal conductivity of bulk aggregates based on a
basic characterization of the aggregate under consideration.

5. Conclusion

In this work, a multiscale study has been developed that enables issues from the pore scale to the bulk
material scale to be addressed for plant aggregates. Considering the original scale of a single particle
of plant aggregate extends the scope of modelling of the insulating capacity of bio-based building
materials. A wide range of plant granules has been considered (hemp shiv, flax shiv, sunflower pith
and bark, miscanthus stem, coriander straw, etc.). From the intra particulate porosity, particulate
density and sorption curve of one cellulosic aggregate, the thermal particulate conductivities of a single
particle have been estimated. Previously, only the value for hemp shiv was available and the ambient
conditions were not systematically specified. Given the lack of data available in the literature, this
study provides valuable data that can be widely used in other models of thermal conductivity of bio-
composites for the entire range of temperatures and relative humidity encountered in use.

Based on particle thermal conductivity and bulk density (loose or compacted), a final homogenization
step predicts bulk thermal conductivity. These bulk particles can be used to insulate lost attic spaces
or intermediate floors with loose filling. Two models have been developed and discussed to predict
the thermal conductivity of loose-fill insulation with lignocellulosic aggregates. They take both the
microstructure and macrostructure of plant aggregates into account to best fit the available raw
material. Their relevance is clear since the difference between the modelled and experimental values
is only 10% in the dry state. Given the lack of available data in the literature, comparison under several
relative humidities is quite difficult for the moment. Other experimental work, concerning several
aggregates and different relative humidities, may complete this study and support the proposed
approach.



Nevertheless, the assumptions and methods used in this study apply to a large range of plant
aggregates. The models developed are applicable provided that basic characterizations have been
made. It is worth noting that particulate porosity is accessible thanks to the easy-to-implement,
inexpensive methods recently developed by Ratsimbazafy [22]. The major interest of our models is to
propose an efficient and sufficient multi-scale approach without the need for expensive equipment.
Thus, the work aims to encourage the use of locally available plant aggregates since a simple
characterization is sufficient to feed the predictive model.

In addition, the modelling results presented led to a new theoretical justification of the well-known
linear relation between the thermal conductivity and the density of a material. The role of the binder
in bio-based composites was raised and discussed from a new perspective. Lastly, it is suggested that
the linear relation is also true from the particle scale. As a result, we can now quantify the impact of
changes in the density of the solid particulate skeleton (treatment, ageing, etc.) on the insulating
capacity of the plant particle.

This iterative approach provides the opportunity to integrate the effect of variability of the raw
material on its insulating capacity. This variability of particulate insulating capacity and of ambient
conditions (temperature relative humidity) are both considered at the material scale through the
multi-scale modelling approach, and open up new perspectives for the prediction of insulating
capacities of materials even though they are made of different aggregates with intrinsic variability due
to plant species, geographical location, harvesting period, type of crops, harvesting techniques or
production methods. To summarize, this study provides an answer to the problem of taking the
variability of the primary resource into account. A simple characterization of the aggregate provides
the input data necessary for the successive homogenization proposed here. The analytical
relationships make the model easier to apply and should allow wider application. It is now possible to
predict the same performance from one site to another even when the locally available raw material
is different.

Finally, the particle thermal conductivity data provided in this article could serve as a basis for
numerous other works. It is now possible to quantify the impact of a modification of the microstructure
(intra-particle porosity) on the insulating capacity of the bio-material. As soon as the thermal
conductivity of chemical components other than cellulose is available, it is also possible to estimate
how a modification of the particulate solid skeleton ( density and/or chemical composition) impacts
the thermal properties. Another area of work would be to predict the thermal conductivity at the
material scale, such as vegetal concrete or lightened earth by mean-field homogenization. This method
has demonstrated its relevance in this study. Moreover, it offers the advantage to be not expensive
both in terms of material and calculation time.

This work therefore opens up numerous perspectives concerning modeling thermal behavior of bio-
based building materials and makes it possible to consider other aggregates than hemp shiv, which is
widely studied but not very available in many territories.
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