
sustainability

Article

Insulating Building Components Made from a Mixture of Waste
and Vegetal Materials: Thermal Characterization of Nine
New Products

Maria La Gennusa 1 , Concettina Marino 2,* , Antonino Nucara 2 , Maria Francesca Panzera 2

and Matilde Pietrafesa 2

����������
�������

Citation: La Gennusa, M.; Marino,

C.; Nucara, A.; Panzera, M.F.;

Pietrafesa, M. Insulating Building

Components Made from a Mixture of

Waste and Vegetal Materials: Thermal

Characterization of Nine New

Products. Sustainability 2021, 13,

13820. https://doi.org/10.3390/

su132413820

Academic Editor: Cinzia Buratti

Received: 29 October 2021

Accepted: 9 December 2021

Published: 14 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Engineering, University of Palermo, Viale delle Scienze, Ed. 8, 90128 Palermo, Italy;
maria.lagennusa@unipa.it

2 Department of Civil, Energy, Environmental and Material Engineering (DICEAM), “Mediterranea”
University of Reggio Calabria, Via Graziella, Loc. Feo Di Vito, 89122 Reggio Calabria, Italy;
antonino.nucara@unirc.it (A.N.); francesca.panzera@unirc.it (M.F.P.); matilde.pietrafesa@unirc.it (M.P.)

* Correspondence: concettina.marino@unirc.it

Abstract: Nowadays, energy efficiency and sustainability are the fulcra of building policies. These
policies promote the use of new technologies and materials that can reduce the primary energy
involved and the environmental costs of construction, guarantying at the same time a high level
of comfort for the building’s occupants. Synergy between previous construction techniques and
the use of new materials should be pursued by employing materials with a low environmental
impact and optimal thermal insulation properties. Within this framework, new materials derived
from the agriculture sector, and waste or recycling products from the industrial/agricultural sectors
have been studied. The aim of this paper is to contribute to this field by analysing the insulation
properties of new environmentally friendly materials composited from waste or vegetal products
for their applications within the construction sector. Measurements of the thermal conductivity of
nine different samples are carried out, obtaining promising results suggesting that these products
can be used as feasible alternatives to the materials traditionally used for construction and insulation.
However, further analyses are certainly recommended, to assess the samples’ structural properties
and the influence of pre-treatments on the samples.

Keywords: thermal conductivity measurements; building envelope sustainability; waste material;
vegetal material; environmentally friendly composites

1. Introduction

Nowadays, issues regarding climate change and environmental impact are central
in the norms of every country [1]. Among the major emissive sectors, buildings play a
fundamental role, being responsible for 40% of total final energy consumption and 36% of
CO2 emissions globally [2–4]. Moreover, additional pollutant emissions are linked not only
to the management of buildings but also to how they are built [5], considering their impact
on the environment in the short and long term during their complete life cycle [6–8]. The
construction sector has a pivotal role within this framework, due to its high potential to
reduce pollutant emissions.

Many European strategies and local norms [9,10] focus on specific objectives and goals
in which buildings represent a central pillar of the transition towards the so-called Industry
4.0 [11–13], proposing the concept of a circular economy: a society without waste, where
recycling and reusing are the bases to obtain net-zero emissions.

Such issues have led, in recent years, to the use of new materials in the construction
sector to create eco-compatible buildings. These buildings are characterized both by a
low environmental impact and high indoor comfort for occupants, thanks to their good
thermo-physical properties and low embodied energy [14].
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These new materials are mainly natural or waste materials, which are abundant and
do not require sophisticated processes to be produced. Many experiments have already
tested natural or waste materials, including bamboo [15,16], bio-based materials [17],
mineral wool [18], coffee [19], cardboard [20], and many others, furthering research on
their insulation properties and their benefits within the construction sector. Other materials
come from agricultural waste [21–24] or waste-recycling processes [25,26].

To guarantee the performance of these new materials in buildings, many of them
have been certified by different entities, such as the LEED protocol (Leadership in Envi-
ronmental and Energy Design [27]) or the BREEAM (Building Research Establishment—
Environmental Assessment Method [28]) protocol for sustainable construction. According
to these protocols, every structure is considered as one system that has to be globally
certified from an environmental and sustainable point of view. Within global norms, a
transition towards these materials is also occurring [29], due to the increased attention
given to energy efficiency and thermal insulation.

For these reasons, innovative structures have been created, introducing products
such as vacuum insulation panels, gas-filled panels, aerogels, phase change materials,
etc. [30,31]. Although these insulating materials can lead to significant energy savings
when installed in buildings [32], their global environmental impact must be considered,
including the energy and materials used in their production [33,34], the pollutant emissions
from manufacturing [35,36], and the climatic conditions of the site of use [37].

Nevertheless, the most important aspect of using either natural or waste materials is
the opportunity to replace commonly used building materials, which release emissions
during their production, management, and disposal, with the feasible alternative of by-
products. In fact, these by-products, made of waste or natural materials, can be found
closer to the construction site, reducing transport costs and emissions, and have high
environmental compatibility compared to traditional materials, which require a high
quantity of energy for their production.

Of course, these types of materials present some limits, such as their costs [38,39], their
strong dependence on factors such as humidity or porosity [40,41], and their structural
weakness (compared to concrete) [42]. All these aspects are considered in applications of the
Life Cycle Analysis (LCA) [43,44], observing the advantages and eventual disadvantages
of such materials.

Within this framework, the aim of this paper is to conduct an experiment using new
types of biocompatible composites derived from the vegetal sector or from ecological or
recycling waste, analysing their thermal and insulation properties. These characteristics
are studied through thermal conductivity measurements on nine samples, assembled
using a natural binder (a paste of hydraulic lime NHL 3.5 and water) and an environmen-
tally friendly material with different mass compositions. The results are then compared
considering their global properties, such as water content, density, and availability.

2. Methodology

The first step of the following analysis regards the selection of the involved materials,
determining the best pre-treatment for each of them, and how to prepare the paste.

2.1. Measurement Procedure

To measure thermal conductivity, different methods can be used: in situ measure-
ment [45] or lab measurement [46–49].

In this study, the measurements were carried out at lab scale, using a heat flow meter
(HFM) (Figure 1) to measure the steady heat transfer through flat materials according to
ASTM Standard C518-17 [50] and EN 12667 [51].
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Figure 1. (a) HFM instrument; (b) Scheme of the test procedure.

The instrument (FOX 314TM) is composed of a thermally insulated measure chamber
with two heat sinks (upper and lower), set to different temperatures to create a fixed
gradient ∆T. In this way, thanks to the presence of a linear gradient guard to prevent edge
heat losses through the limited area of the sample [52], a one-dimensional heat flow inside
the chamber occurs.

The two heated/cooled plates (lower and upper) are kept at precise temperatures by
two arrays of solid-state (Peltier) elements, which enable the plates to reach the set-point
temperatures faster.

To dissipate the heat produced, the metal horizontal plates need to be cooled. This
waste heat is removed by a water-cooling system, put on the backside of the Peltier
elements, and a recirculating chilling system.

To constantly monitor the plate temperatures and keep the thermal equilibrium of
the system, a set of thermocouples is required too, put in contact with the surface of the
sample. Close to them, transducers are installed, which are necessary to determine the heat
flow together with an algorithm for temperature control.

Thermal conductivity must be measured in steady state conditions, reached only when
the average temperature of the plates is within ±0.2 ◦C of the set-point values and the
results of two successive measures of the thermal flux meter show a variability constrained
within the range of 2%.

The measurement takes place after putting the sample between the two plates with
the chamber open, successively closing the stack. The upper plate remains fixed, while
the lower one moves up and down due to four independently controlled stepping motors,
keeping the position of the sample constant on the lower plate; it is in fact controlled
by four digital thickness sensors, which ensure the correct placement of each corner of
the sample.

The average thickness of the sample is determined within ±0.025 mm accuracy.
Therefore, the sample thickness measurement is a step of the test procedure, whose

scheme is reported in Figure 1.
Thermal conductivity is assessed provided that both the difference of temperature

between the plates and the thickness of the sample are known. Once thermal equilibrium
is reached, thermal conductivity, k, can be obtained using the following equation:

k = Scal(t)× Q × ∆x
∆t

(1)

where:
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• Scal(t) is the calibration factor (Wm−2µV−1);
• Q is the measured electric signal from the transducer (µV);
• ∆x is the sample thickness (m);
• ∆t is the difference in temperature between the two plates (◦C).

Two separate sets of calibration factors are needed, namely Sup
cal(tcal) for the upper plate

and Slow
cal (tlow) for the lower plate. The thermal conductivity calculation using Equation (1)

allows for the calculation of the two values kup
(
tup

)
and klow(tlow) in correspondence with

Sup
cal(tcal) and Slow

cal (tlow), respectively:

kup = S up
cal

(
tup

)
× Qup

∆x
∆t

(2)

klow = S low
cal (tlow)× Qlow

∆x
∆t

(3)

The calibration factors are provided by the instrument’s maker for various temperature
ranges and stored in the non-volatile memory of the instrument.

In Equations (1) and (2), the correspondent temperatures for the upper and lower
plate are shown as tup and tlow. Having two different thermal conductivities, the average
value must be calculated as follows:

kavg =
kup + klow

2
(4)

The analysis also aimed to study how temperature influences thermal conductivity;
although the thermal gradient across the specimens was set to 20 ◦C—which is within the
limits stated by the pertinent technical standard [53]—each measurement run involved
several average temperatures. The values chosen here are reported in Table 1, registering
respectively the set-point values for both the lower (tlow) and the upper plate (tup) and
their average temperature, tavg.

Table 1. Temperature values used for every test run.

Range ID tlow (◦C) tup (◦C) tavg (◦C)

1 0 20 10
2 5 25 15
3 10 30 20
4 15 35 25
5 20 40 30

2.2. Selection of the Materials

To obtain compact samples, a binder is required. Among the possible materials,
hydraulic lime NHL 3.5 was chosen due to its lower environmental impact compared
to commonly used cements, which require higher quantities of energy for their produc-
tion [54]. The low impact of hydraulic lime NHL 3.5 derives from its recyclability and
biodegradability; moreover, hydraulic lime is capable of absorbing CO2, partially balancing
the global emissions produced during the process [55,56].

Another positive aspect of this binder is the possibility of obtaining flexible and
breathable final products, removing the excess water, which could erode the natural
materials, despite the high strength of the lime.

The selected materials were chosen considering their availability within waste from
agricultural processes or commercial and factory activities. The chosen materials are shown
in Figure 2 and reported here as follows:

1. desiccated and smashed desiccated platanus acerifolia fruits (Figure 2a,b)
2. triturated cork plugs (Figure 2c)
3. water-soaked cardboard (Figure 2d)
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4. coffee parchment skin, which comes off during the roasting process (Figure 2e)
5. chopped cane stalks (Figure 2f)
6. almond/hazelnut/nut shells (Figure 2g)
7. coconut shells (Figure 2h)
8. bean and pea pods (Figure 2i)

Figure 2. Natural/waste materials: (a) Desiccated platanus acerifolia fruits; (b) Smashed desiccated platanus acerifolia fruits;
(c) Triturated cork plugs; (d) Water-soaked cardboard; (e) Coffee parchment skin; (f); Chopped cane stalks (g) Almond and
nut shells; (h) Coconut shells; (i) Bean and pea pods.

The bases for these selections were the cost and the ease of finding these products
nearby or in the local market. The platanus acerifolia fruit, for instance, is produced by a
tree (i.e., platanus acerifolia or London plane, or hybrid plane), which is a typical roadside
plant on the ground that is very tolerant of atmospheric pollution and root compaction.
Therefore, it is a diffuse plant in urban contexts. In addition, products such as cork plugs
and cardboard from packaging boxes, retrieved before being discarded, are waste materials
from commercial activities; coffee parchment skin is discarded by factories; and cane
stalks, coconut shells, bean and pea pods, and almond/hazelnut/nut shells derive from
the farming sector.

To sum up, the samples studied are all easily retrieved natural materials, cheap and
recyclable insulating materials in the building sector.
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2.3. Preparation of the Specimens

The selected natural materials were assembled. We obtained nine samples with
different mass fractions and thicknesses. In the following sections, the treatment process of
each specimen is described.

2.3.1. Natural/Waste Material Treatment

Depending on the nature of the selected material, specific pre-treatments were re-
quired, to obtain a homogeneous blend of natural material and binder (hydraulic lime
and water).

Except for the cane stalks, which were dried in an oven until weight stabilisation was
achieved to quickly remove the humidity (also due to the rain) absorbed before they were
harvested, all the pre-treatments consisted of processes aimed at reducing the material into
pieces to be easily blended into the mixture.

The vegetal/natural materials were also naturally dried to remove humidity (possibly
altering thermal conductivity) and make the shredding process easier (e.g., smashed
desiccated platanus acerifolia fruits).

To sum up, the pre-treatments were limited to those necessary to blend the materials
with the mixture, with the goal of limiting energy consumption and eventually reducing
the embodied energy of the final product.

In more detail, as shown in Figure 2, natural materials were treated as follows:

• the platanus acerifolia fruits were naturally desiccated (Figure 2a) and manually mashed
(Figure 2b);

• the cork plugs were ground (Figure 2c) to obtain particles with a diameter <2 mm;
• the cardboard was cut into pieces and soaked in water (Figure 2d);
• the cane stalks were dried in an oven at 60 ◦C until weight stabilisation, after being

chopped in pieces 5 cm long (Figure 2f).
• the almond and nut shells (Figure 2g) and coconut shells (Figure 2h), were coarsely

crushed in pieces with homogeneous dimensions. Likewise, the bean and pea pods
(Figure 2i) underwent the same type of process of being naturally dried and homoge-
neously cut in pieces.

The only material that did not require any treatment was the coffee parchment skin
(Figure 2e), composed of the dried skin of coffee beans. In fact, coffee parchment skin is
naturally sufficiently dry with a suitable structure, obtained when the husk is removed
during the roasting process.

2.3.2. Preparation of the Mixtures and Construction of the Samples

Nine samples (A, B, C, D, E, F, G, H, and I in the following) were formed using a
wooden parallelepiped framework (Figure 3) to keep the sample compact. It has square
dimensions (30 × 30 cm), as required by the instrument used for investigating thermal
properties. The thickness can vary, as shown in Table 2.

Figure 3. Typical structure of the parallelepiped samples.
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Table 2. Sample structure.

Dimension (cm)

Sample Inert Material 1 Inert Material 2 Length × Width Thickness

A Platanus acerifolia fruits - 30 × 30 4.6
B Cork plug - 30 × 30 2.9
C Wet cardboard - 30 × 30 4.4
D Platanus acerifolia Wet cardboard 30 × 30 4.7
E Cane Stalks - 30 × 30 3.5
F Coffee skin Wet cardboard 30 × 30 4.0
G Coconut shells Wet cardboard 30 × 30 3.1
H Bean and pea pods Wet cardboard 30 × 30 4.9
I Almond/hazelnut/nut shells Wet cardboard 30 × 30 5.5

The reasons why the studied samples have different thicknesses are related to a set
of factors.

Firstly, considering that both the sample width and length are determined by the
instrument chamber size, the thickness of the layer is the only dimension that is allowed to
vary. It depends on the quantity of mixture being prepared, which, in turn, depends on the
dimensions and amount of inert material available at the time when the experiment was
performed (samples B, E and G).

Furthermore, the availability of thinner samples allowed the drying process to be
speeded up, with the aim of reducing the duration of the analysis.

Finally, the levelling process, which took place in the formwork, did not keep the final
layer thickness under control, given that it was measured by the instrument itself with
great accuracy (±0.025 mm).

In this context, it is also worth noting that test results do not depend on the sample
thickness. The rationale for this stems from the definition of thermal conductivity. As a
matter of fact, the measured parameter (thermal conductivity) refers to the thickness length
unit (Wm−1 K−1).

The unique influence of the sample thickness on the measurements is related to the
duration of each test run, because the sample thickness affects the time needed to reach
thermal equilibrium.

All the specimens except sample E were constructed by blending a triturated, smashed,
or chopped organic/natural material in a natural binder (i.e., hydraulic lime NHL 3.5).

On the contrary, the structure of sample E was obtained by neatly setting the chopped
cane stalks between two layers of hydraulic lime mixture, which was also used as a binder
for the stalks (Figure 4).

Figure 4. Sample E.

Therefore, the sample was structured as a layered specimen where the stalks constitute
the core layer where air is trapped inside each chopped stalk.

Table 3 reports the composition of the different mixtures, and Figure 5 shows how the
mass fraction varies in each mixture.



Sustainability 2021, 13, 13820 8 of 17

Table 3. Mixtures’ compositions.

Weight (g)

Mixture
Identification

Code
Inert Material 1 Inert Material 2 Water Hydraulic

Lime Inert Material 1 Inert Material 2 TOTAL

A Platanus acerifolia fruits - 2140 2700 600 - 5440
B Cork plug - 810 766 340 - 1916
C Wet cardboard - 2500 911 2734 - 6145
D Platanus acerifolia Wet cardboard 2500 1750 300 1200 5750
E Cane Stalks - 800 2540 400 3740
F Coffee skin Wet cardboard 1500 1979 300 1200 4979
G Coconut shells Wet cardboard 1000 1675 519 466 2660
H Bean and pea pods Wet cardboard 2025 3730 490 1910 6130
I Almond/hazelnut/nut shells Wet cardboard 1453 1989 1125 800 3862

Figure 5. Composition of the studied specimens.

It is worth underlining that in Table 3 and in Figure 5 the water content of the mixture
refers only to the quantity needed to meld the hydraulic lime, without considering the
water used during the pre-treatments. The water used to dampen the material is instead
included in the weight of the wet cardboard (inert material 2).

The content of the binder was varied in order to investigate its influence on the final
thermal performance of the sample. As a matter of fact, a greater weight share of the binder
could lead to higher thermal conductivity values, and the extent and magnitude of this
phenomenon, merit analysis.

This aspect is also important because a higher binder content is needed in order to
improve the consistency of the specimen. This is the case of the samples involving thin
vegetal fibres (sample A, characterized by a binder weight share of 50%) and samples
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with a layered structure (sample E, characterized by a binder weight share of 68%). Final
conclusions regarding this aspect can be inferred only after the analysis of the mechanical
characteristics of the samples, which is planned as a future development of this research.

As far as the water content is concerned, conventional wisdom is that it affects the
mixture’s workability and its mechanical resistance.

Therefore, the maximum water content was determined with the aim of reaching a
workable mixture consistency without compromising its mechanical resistance, allowing
the specimens to be smoothed and levelled within the formwork.

Table 3 and Figure 5 also show that samples D, F, G, H, and I are characterized by the
presence of two inert materials in the related mixture. In can also be noted that in these
cases the second inert material is the cardboard used for packaging boxes, retrieved before
being discarded. It was selected as a second inert material for a set of reasons which are
also connected to the performances of the studied products, which are detailed below.

In fact, as is better explained in the Results and Discussion section, sample C, where
the action of the cardboard was initially tested, was one of the two specimens that showed
the best performances in terms of both insulation properties and low density (weight is
an important parameter for constructions materials). Therefore, cardboard was used to
compose all the other samples in order to try to improve their insulation properties and
make them lighter.

Considering the similar performance of sample B (which used cork plug as an inert
material), the cork plug could also have been used as a second inert material. However,
the cardboard was preferred for its easier pre-treatment process and greater availability.
The cork plugs were mechanically ground, whereas the cardboard was simply cut in pieces
and soaked in water, creating an amalgam.

To keep the samples stable and maintain their characteristics of homogeneity once
assembled, they were kept in the wooden structure for two days. Subsequently, they were
weighed for the first time, showing a natural drying process and a consequent weight loss,
as shown in Figure 6.

Figure 6. Sample weight loss. The time needed for each sample to stabilise can be inferred.

The curing process of all the specimens occurred in an indoor environment, with
natural ventilation and the air temperature fluctuating between 19 ◦C and 26 ◦C.
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The highest weight loss (70% after 28 days) was registered for sample C. The reasons
for this can be ascribed both to its mixture composition, with a lower content of binder, and
to the characteristics of the cardboard; in fact, while it initially absorbed a great amount of
water, it slowly released it during the drying process.

Considering the first 30 days, samples D and F showed high weight loss values too,
as their mixtures were characterized by similar cardboard weight percentages (21% for
sample D and 24% for F).

Furthermore, comparing the behaviour of these two specimens, it can be inferred
that sample D, which has the highest water content in relation to its global weight (43%),
underwent the greatest weight loss (55% after 28 days).

For specimens G, H, and I lower weight losses were observed, notwithstanding the
presence of cardboard among their constituent materials. These results can be ascribed
supposedly to the higher hydraulic lime content (between 37% and 46% of the total weight)
or to the lower water content (between 25% and 27% of the total weight) of the mixture.

On the other hand, the lowest weight loss can be observed for sample E, whose layered
structure (i.e., a core made of cane stalks confined between two binder layers) entailed a
mixture with a high hydraulic lime content and a small amount of water.

In conclusion, Figure 7 reports the density of the samples at the end of the drying
process, showing the mass fraction of the solid components of the mixture. Specifically, the
drying process was extended up to 100 days before performing the density measurements.

Figure 7. Density of the studied samples. Density is always lower than 850 kg/m3.

Conversely to Figure 5, Figure 7 does not consider the weight of the water, referring
only to the solid components.
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As underlined in the previous paragraph, the cardboard sample (C) showed the lowest
density, because of the combined effects of the remarkable weight loss and of the small
lime content.

3. Results and Discussion

To carry out thermal conductivity measurements, the samples need to be completely
dried, removing all the excess water and thus reaching weight stabilisation. This occurred
30 days after the creation of all the samples, excluding both H and I, which reached their
complete maturation after 45 and 40 days, respectively.

In Figure 8, the main results of this thermal analysis are shown, reporting the corre-
lation between thermal conductivity, k, measured with the instrument and the average
temperature during the measurement.

Figure 8. Measurement results. The slight dependence on the average test temperature is appreciable.

It is clear how, for each case, few variations occur in the studied temperature range
(0–40 ◦C), underlining how all these products are perfectly suitable as insulating materials.
Table 4 summarizes the results of the measurements in terms of the mean and standard de-
viation of the thermal conductivity. It varies between a minimum of 0.0715 W m−1 K−1, ob-
served for sample B, thanks to its good insulation properties, to a maximum of
0.1382 W m−1 K−1 for nut shells (sample I), with approximately a double value of k.
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Table 4. Measured thermal conductivity.

Sample Inert Material 1 Inert Material 2 Average Value k
(W m−1 K−1)

Standard Deviation
(W m−1 K−1)

A Platanus acerifolia fruits - 0.0988 0.0018
B Cork plug - 0.0715 0.0018
C Wet cardboard - 0.0761 0.0016
D Platanus acerifolia fruits Wet cardboard 0.0908 0.0016
E Cane Stalks - 0.1109 0.0029
F Coffee skin Wet Cardboard 0.0890 0.0018
G Coconut shells Wet Cardboard 0.1287 0.0035
H Bean and pea pods Wet Cardboard 0.1125 0.0017
I Almond/hazelnut/nut shells Wet Cardboard 0.1382 0.0030

While good results were also obtained for wet cardboard (sample C), probably due to
its low hydraulic lime content, coconut shells (sample G) and bean and pea pods (sample
H) showed results similar to sample I. Such results can be attributed to the preparation
of these samples, where the natural/plant material was not triturated and blended in the
mixture but only crushed or cut in pieces, creating a structure with a low porosity and a
high compactness, reducing its insulation abilities.

However, it must be also considered that the characteristics of the natural material
used as inert materials seem to play a role in this phenomenon. More-fibrous dried vegetal
materials (e.g., bean and pea pods—sample H) may reduce the insulation properties
of the specimen, as the slightly lower thermal conductivity values of sample H seem
to demonstrate.

As regards sample E, which has the layered structure formerly described, where air
is trapped inside each chopped cane stalk, it showed less effective thermal insulation
properties than those of the more homogeneous specimens (specifically, samples A, B, C,
and D).

In this case, it may be supposed that the remarkable content of hydraulic lime (86%
of the weight of the solid components—Figure 7), and the specimen’s structure with two
dense external layers made of a hydraulic lime mixture without lightening materials, could
worsen the thermal insulation features of the sample. Furthermore, thermal bridges made
of binder might also occur among the chopped stalks and, in addition, air convention
phenomena could take place inside the stalks, thus enhancing the heat flow across the slab.
However, further investigations are certainly needed on this issue.

All the measurements pertained to one sample for each of the selected and described
mixture typologies. This is because the reported analysis was mainly aimed at singling out
suitable materials and mixtures. Future and more in-depth analyses are going to be carried
out, also taking into account the possible statistical variability of the measurement results
when they pertain to various samples coming from the same mixture.

In conclusion, although further in-depth analyses are needed for the actual exploitation
of the studied products (also regarding the mechanical properties), the reported results
seem to support the suitability of the studied materials for thermal insulation purposes in
building construction. Specifically, the materials show proper thermal conductivity values
and suitable density features that are similar to most light construction materials (lower
than 850 kg/m3) [59].

Low density values are an important feature of construction materials used for non-
structural purposes, because this aspect allows the weight of the building structures to be
kept within the stated safety limits.

It is also for this reason that the proposed products might be used as insulating layers
within opaque building envelopes (both vertical and horizontal), to be constructed on
site (samples A, B, C, D, F, G, H, and I) or pre-assembled (sample E). Depending on the
outcome of the analysis regarding the mechanical properties, support structures (e.g.,
support meshes) might be also needed to sustain and protect the insulation layer.
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The advantages of using the analysed products are related to the possible environ-
mental impacts.

Figure 9. Thermal conductivity versus density.

As a matter of fact, all the materials used to make the specimens are easily retrievable
as either the waste of factory/agricultural activities or as the products of plants that usually
are located in urban or surrounding areas.

The aim is two-fold: recycling materials that otherwise would have gone to waste, and
creating insulation materials that can be made either on site (with constituents retrievable
in the construction site areas) or without high-energy-consuming industrial processes.

Therefore, in the mid–long term, the use of these materials in building construction
can contribute to both reducing the environmental burden of waste within urban areas
and curbing energy consumption due to the production of building materials (with a
consequent positive impact on the LCA of edifices).

In addition, the availability of low costs materials with appreciable thermal insulation
properties can foster an interest in energy efficiency in the design and creation of building
envelopes, making energy-efficient building envelopes sustainable environmentally and
economically and promoting the concept of energy efficiency within the building market.

4. Conclusions

Nowadays, to reduce pollutant emissions within the building sector and to reach
the high standards required for building envelopes, new materials with good insulation
abilities and optimal thermo-physical properties have been adopted. Such materials derive
from the agricultural, vegetal, or waste sector (waste materials, at a low cost) and for this
reason they are sustainable and have a low environmental impact.

In this study, nine different composite structures composed of environmentally
friendly materials (i.e., vegetal fibres or waste items derived from farming or commer-
cial/industrial processes) were created and analysed, combining their implicit characteris-
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tics (density, composition, content of water, etc.) together with a commonly used binder of
hydraulic lime and water.

Thermal conductivity measurements have been carried out using a heat flow meter.
Almost all the materials underwent pre-treatment (grinding or desiccation, for exam-

ple), to obtain homogeneous samples.
The main results are the following:

• More uniform samples (where the natural/plant material was triturated and blended
in the mixture) showed better insulation properties, in particular the ones with light
plant/recycled materials (cork, cardboard, and acerifolia fruits) inside.

• Thermal conductivity is strictly influenced by factors such as the composition of the
samples (considering the hydraulic lime content) and the final density reached by the
samples after the drying process. Thermal conductivity showed a tendency to rise
with the final sample density, while lower thermal conductivity values were obtained
with lower lime content.

• The average temperature reached during each test run influences the results too.
The performed measurements, which were characterized by the same temperature
gradient (20 ◦C), yielded thermal conductivity values that rose slightly with the
average temperature of the test, at least for the considered range (10–30 ◦C).

• Thermal conductivity values for the studied materials vary between a minimum
of 0.0715 W/m−1 K−1 for cork plugs to a maximum of 0.1382 W/m−1 K−1 for nut
shells, confirming that the selected materials can be considered a feasible alternative
to commonly used materials for insulation in buildings.

The environmental benefits must be considered when talking about such materials:
primarily, their use helps reduce the use of widespread materials (synthetic ones for
example) with lower conductivity values but a higher global cost, especially in terms
of sustainability.

In conclusion, although the results were encouraging in the use of these waste materi-
als, especially regarding the implementation of one of the main pillars of the Industry 4.0
concept (recycling and reduced use of raw materials), further research needs to be carried
out to study these materials from a structural point of view, evaluating their mechanical
resistance, or analysing how pre-treatment such as drying or the moisture content can
influence thermal and mechanical properties.
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Nomenclature

Symbol Parameter Unit
k Thermal conductivity Wm−1◦

C−1

S Calibration factor Wm−2µV−1

Q Measured electric signal µV
∆x Sample thickness m
∆t Temperature difference ◦C
Subscript Meaning
up Related to the upper plate of the heat flow meter
low Related to the lower plate of the heat flow meter
avg Average
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