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Bio-based building components: A newly
sustainable solution for traditional walls
made of Arundo donax and gypsum
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*Alma Mater Studiorum Universita di To contribute to the use of bio-based materials in the
Bologna, Bologna, Italy building sector, a novel bio-based wall panel, with a
Correspondence high thermal performance level, is proposed in this

Francesco Barreca, Universita Degli work. The panel is based on an ancient rural
Studi Mediterranea di Reggio Calabria,

Reggio Calabria 89124, Italy. i i
Email: fbarreca@unirc.it makes use of Arundo donax L. canes combined with

technique, widely diffused in southern Italy, which

gypsum plaster to build walls and ceilings of rural
buildings. The enhancement of the thermal capacity of
these panels by means of the introduction in the canes
of a natural wax oleogel (WO) is proposed in this
paper. A specific experimental campaign aiming at the
comparison of traditional and innovative panels was
carried out to assess the enhanced thermal perform-
ance of the proposed solution. The maximum value of
heat flow absorbed from the panel with WO was
61.08 W/m? around a mean panel temperature of 24°C,
corresponding to the melting temperature range of the
WO. The panel without WO at the same temperature
absorbed an incoming heat flow of 34.64 W/m* which
is about 57% of the panel with WO. The panel with WO
released at a temperature of about 27.5°C, a heat flow
of 43.42W/m? At the same temperature of about
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27.5°C, the panel without WO released a heat flow of
34.38 W/m?* which is about 80% that of the panel with
WO. The results highlighted that the addition of
natural WO has enhanced the thermal capacity of the
panel facilitating heat dissipation through the borders.
These characteristics make the panel a suitable
component for internal partitions of controlled tem-
perature zones such as residential rooms, storage food
areas, livestock buildings, and where it is necessary to
obtain a constant environmental temperature. In
particular, the null or low toxicity of the panel's
materials allows for partition use, also in hygienically
safe environments.

KEYWORDS
biological components, biotechnology, buildings, phase change
materials/systems

1 | INTRODUCTION

The building sector is responsible for about 40% of global emissions and 35% of primary energy
demand." The use of coal and natural gas for heating, cooling, cooking, or the use of electricity
(when the electricity production remains carbon-intensive) produces a high level of undesired
emissions. The main goal of the European Green Deal® is to obtain an economy with net-zero
greenhouse gas emissions by 2050. The building industry plays an important role in achieving
the decarbonization of the global economy through improvements in energy efficiency to
reduce energy demand, by reducing the use of materials and their embodied carbon, and by
supporting the adoption of distributed low-carbon and renewable energy generation. An
important goal of the European Green Deal is to improve the well-being and health of citizens
and future generations by providing fresh air, clean water, healthy soil, biodiversity, and
renovated energy-efficient buildings. The priorities below are the main aims identified by the
stakeholders to deliver zero-emission, efficient, and resilient buildings by 2050:

« prioritizing high-efficiency standards and optimizing design processes, design strategies,
codes, and labels to build new high-energy performance buildings.

« accelerating actions on existing building retrofits to enhance their thermal performance.

« promoting the use of low-carbon materials to develop efficiency in the manufacturing of
innovative components to reduce the embodied carbon over a building's whole life cycle.

The construction of net-zero energy and zero-carbon buildings by 2050 has become a key
part of the global decarbonization strategy. New buildings will be a major source of emissions
in the future, especially in emerging countries. The global population is expected to rise to 8.5
billion by 2030 and up to 9.7 billion by 2050.* The research community, promoting the creation
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of more sustainable new buildings, is studying the performance of new building envelopes,
including conduction and radiation heat transfer through optimized bio-based materials,
design strategies, and the use of vegetation, as in the example of green roofs. The insulation of
the building envelope is one of the main components that should be specifically targeted for
cold locations. The insulation performance of the envelope is usually determined by thermal
conductivity (4), which is used to express how much heat will be transferred through a given
thickness of a particular material. The lower the A value is, the more the material is a thermal
insulator. The benefits of insulation must be evaluated over the whole life cycle as traditional
insulating materials have a high level of embodied carbon. The building code could affect the
designer's choices of high thermal performance sustainable materials. In developed countries,
most buildings are already built and, for these economies, the retrofitting of the envelope of
existing buildings is the most important strategy to reduce carbon emissions. Besides, the
insulation of the envelope is very important in these buildings. It is important to note that
insulation is a priority in cold climates and is most effective over larger surface area
components (i.e., roofs for flat buildings and walls for tall buildings), but in hot climates, it is
very important to use high thermal capacity materials for the whole building envelope.*” Over
the past few years, a new approach has been adopted to achieve a thermal flow reduction
through the envelope, this approach takes advantage of phase change materials (PCMs). These
materials release or absorb large amounts of latent heat at each phase transition (from solid to
liquid and vice versa). The materials used in buildings play a key role in sustainability, in fact,
the construction and demolition of buildings account for around one-third of global material
consumption and waste generation in the EU.° The greenhouse gas emissions and energy
consumption are linked to every phase of the life cycle of materials, from extraction or
harvesting, to manufacture, transport, construction, use, and demolition. Among the building
materials, concrete, metals, bricks, and wood are some of the major emitters of CO..

Emissions from the production of building materials and building construction are largely
driven by concrete and steel manufacturing,” and their growth in use is a major driver of
building-related embodied carbon emissions. Building design and type, such as high-rise
towers, have resulted in increased demand for steel and concrete, though such buildings may
have a longer lifespan as a result. Globally, the building construction sector accounts for
approximately 50% of the demand for cement and 30% of steel.® These factors show the
importance of extending the lifetime of buildings and reducing the use of cement and replacing
them with materials that have lower embodied carbon. The use of bio-based building materials
can drastically reduce CO, emissions due to the low energy used in the extraction and
construction stages.”'® On the other hand, the use of bio-based materials was very common in
traditional architecture, particularly in rural contexts, as a way of taking advantage of the
resources available in the proximity of the building site. Today, traditional ways of building
have assumed a new significance as good examples of sustainable architecture.

Unfortunately, the use of natural materials is not still largely diffuse in the worldwide
building industries mainly due to some factors as, for example:

« difficulty in standardizing building component production;

« difficulty in carrying out a LCA comparison with conventional materials, making it
challenging to use this analysis to extract environmental management recommendations or
to determine design change requirements;

« the technical performances of bio-based materials are not often compared to conventional
building materials;
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« absence of data about the long-term behavior of natural materials especially with regard to
durability request;
« the use of bio-based materials can increase the complexity of the industrial process.

To address these gaps and to contribute to the use of bio-based materials in the building
sector, a novel bio-based wall panel, with a high thermal performance level, is proposed in this
work. To diffuse the use of bio-based materials in the building sector, it is important to
understand the technical performance of the materials in real conditions of use. In this work, a
detailed experimental analysis was conducted to evaluate the thermal performance of a bio-
based panel for the building industry. Tests were performed simulating real-world conditions
such as dynamic temperature variation and the main thermal parameters were estimated to
compare the performance behavior of the traditional solution and the novel proposed solution.
The new solution was developed to enhance the thermal performance of the traditional one
while still maintaining the bio-based nature. The panel is based on an ancient rural technique,
widely diffused in southern Italy, which makes use of Arundo donax L. (A.d.) canes combined
with gypsum plaster to build walls and ceilings of rural buildings.'"'*> These building
components have good thermal insulation combined with lightweight and easy construction
processes.>'* The enhancement of the thermal capacity of these panels by means of the
introduction in the canes of a natural wax oleogel (WO), that is, a gelator that dissolves in oil
upon heating and crystallizes upon cooling absorbing and releasing heat, is proposed in this
paper (see Figure 1). A specific experimental campaign, aiming at the comparison of traditional
and innovative panels was carried out to assess the enhanced thermal performance of the
proposed solution.

2 | MATERIALS AND METHODS
2.1 | Characteristics of A.d.

A.d. is a rhizomatous perennial grass species native to East Asia and belongs to the Poaceae
family. Thanks to its adaptability to a wide range of climatic habitats, it has also been cultivated
in South Europe, Northern Africa, and Saudi Arabia. Then, in the past centuries, it was
introduced in the United States and Australia and soon became so widespread, that it
was considered an invasive alien species'>'® which caused uncontrolled fires, an obstruction of
waterways,'” as well as being an antagonist of other plant species.'"® This led the
administrations of some countries to promote specific programs of control and eradication.

This invasive plant replaced native species on several portions of European riverbanks,
affecting the morphology of the river and causing severe problems such as blocking the flow of
the river. Its complete eradication is difficult to carry out, and control strategies have been
developed. Also, the control of its propagation is a very expensive task for river managers.
Moreover, the processing of the removing A.d. culm requires a lot of effort and high costs.
Farmers often consider its presence as damaging to agriculture because it subtracts soil from
the more profitable plants.

On the other hand, in other parts of the world A.d. was utilized in the past as a construction
material by various populations. In fact, thanks to their lightness and strength, A.d. stems have
been employed in the past for the realization of building components.’® A paradigmatic
example of designing with reed are the Sumerian mudhif®® constructions built entirely of reed,
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FIGURE 1 The proposed wall panel combining (1) gypsum plaster, (2) Arundo donax canes, and (3) wax
oleogel filler.

TABLE 1 LORD parameters and results carried out.
Panel H1-2(Wm?K?") H23(Wm?K?') H34MWm?K?'Y) C2MJIK) C3(MIK)
GC 9.72 6.17 2000.0 0.0251 0.0158
GCO 1994.97 7.87 8.71 0.0172 0.0362

and dating back 5000 years. Some peasant populations have based most of their productive
activity on the cultivation and processing of this plant. A.d. finds many and varied uses in the
vernacular and rural architecture of the Mediterranean basin, and in particular of many Italian
regions: in the building envelope, in internal partitions (panels and walls), in the roofing
system, and in structural elements such as beams or panels, made in situ, usually consisting of
parallel reeds woven across perpendicular elements of cane or, more commonly, with mortar,
plaster, or raw earth.”** Interesting modern re-visitations of the ancient techniques have been
recently proposed such as those by Canyaviva® based on arches made with reeds held together
in bundles. The mechanical properties of A.d. canes are comparable to those of Bamboo (see
Table 1) and due to their bigger culm dimensions (i.e., diameter and thickness), they are often
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used for structural aims. Due to the internal cavity, the A.d. culms have good thermal
insulation and lightweight properties, so they were used for shelter, and to build walls,
partitions, and ceilings in some Mediterranean areas.”* There are several examples of
building components made of A.d. cane, often in combination with raw earth, lime,
gypsum, and other coating materials, essential to obtain a plane regular surface. In
particular, gypsum components are widely used in the building industry for such things as
boards, which it is possible to assemble in a dry and fast way and can be used to easily
construct the surface of a large wall. Gypsum bricks are less common than gypsum boards
but are used for indoor walls with a high thermal mass and with high impact resistance.
Disadvantages can be found in the longer assembling time and the final heavier weight of
the boards. The thick gypsum panels with A.d. canes were only used for a short time,
although they only took a short time to assemble. This paper proposes a gypsum panel with
a middle layer of juxtaposed canes of A.d., where each cane is filled with a natural oleogel
material. The canes allow the material to liquify, when the temperature increases, without
running out of the panel and solidify when the temperature decreases.

2.2 | Phase change materials

The use of PCM as thermal energy storage (TES) has been widely applied in various fields,
such as cold chain logistics,>>*° electric energy storage,”’*® photovoltaic energy
production,® HVAC systems’® as well as in other sectors of the building industry.*"**
The use of TES is intended to save energy and release it when needed. For this, it is
fundamental to carry out a proper design of the PCM system, identifying the most suitable
melting temperature by choosing the right material. The PCM could be made of inorganic
(e.g., hydrated salts) or organic (e.g., paraffin) substances. Research has recently been
looking for new natural substances to use to enhance the safety of the environment and the
health of the building occupants.>® Some natural materials show behavior similar to PCM
during the heating and cooling phases. In particular, some natural oleogels, which consist
of low concentrations of gelators that dissolve in oil upon heating, and crystallize upon
cooling, form a thermoreversible network of crystals that encases liquid oil and provides a
semisolid texture absorbing and releasing heat during the melting and the crystallization
phases.>* Winkler-Moser et al.*> studied an oleogel made with soybean oil, based on natural
waxes, specifically beeswax (BW) and candelilla wax (CLW) mixture.?® They analyzed the
interactions of these WOs, in terms of crystallization and melting properties, crystal
morphology, solid fat content, and gel firmness. They studied the thermal properties of this
WO and different combinations of CLW and BW were analyzed. The results highlighted the
effect of wax percentage on firmness, onset temperature (T,,,°C), peak maximum
temperature (T,,,°C), and enthalpies (AH, J/g) for all major crystallizations and melting
peaks related to the wax portions of the oleogels.

In this study, a binary mixture of 5% of BW and CLW, with a ratio of 20:80 CLW:BW with
soybean oil to produce a WO was chosen, and its effect was tested with the A.d. and gypsum
panel. The thermal profile of the WO was selected according to Winkler-Moser et al.*® This
ratio of mixture between CLW to BW for the WO was chosen because this ratio showed an
onset melting temperature close to 22.45°C, which is considered a suitable indoor temperature
for a comfortable home.
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2.3 | The experimental campaign
2.3.1 | Thermal panel analysis

A preliminary thermal test was carried out on a wall panel sample composed of gypsum and
canes (named GC sample) without the WO filler. Then, a second thermal test has been carried
out with WO material inside the canes (named GCO test) to analyze the behavior of the panel
with the presence of WO material.

A 80cm X 100 cm X 5 cm (width X height X thickness) sample panel was built. A semifluid
mix of powder gypsum (e.g., calcium sulfate dihydrate) with a 4:1 proportion to water was
poured into a wooden framework. A panel of juxtaposed A.d. culms with an average diameter
of 2 cm, average thickness of 0.25 cm, and a length of 80 cm was placed at the center of the
semifluid mass (see Figure 2).

(A)

(B)

PASLINK

T+

al

-__..:, G f,-.,
; Cu :

.........

------- > AD

6 cycles

FIGURE 2 Experimental campaign. (A) Preparation of the sample with Arundo donax culms layer inside
the gypsum panel. (B) Flow chart of the experimental campaign.
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The panels were dried in a room with a controlled temperature equal to 35°C and relative
humidity of 60% for 7 days. At the end of the drying period, a humidity of 10% was measured on
the surface. The dried gypsum A.d. panel was placed in an indoor climate cell (PASLINK) to
obtain the thermal characteristics of the panel under dynamic thermal conditions.

In particular, a variable air thermal gradient higher than 10°C was created between the two
faces of the panel. With a couple of PT 100 sensors, the surface temperature was measured. A
couple of heat flow sensors was used to measure the incoming and outcoming heat flow on
each face of the panel (see Figure 3).

Relative humidity and temperature air sensors were installed in each cell. An infrared
heater was used to heat the hot cell and to simulate the dynamic thermal conditions for a
period of 72 h. The heater was turned on and off every 6 h, therefore six heating and cooling
cycles were alternated in the cell. The thermal values were surveyed and stored every 15 min
using a programmable data logger (LSI LASTEM) (see Figure 4).

2.3.2 | Thermal conductance evaluation

The evaluation of the thermal conductance using a heat flow meter apparatus needs a careful
and correct data analysis. Many factors can affect this evaluation which is based on the analysis
of the measured data and on post-processing methods. In this study, the following three
different data analysis methods, available in the scientific literature, were applied: the mean
progressive method, the black box method, and the Lord technique.*

The mean progressive method suggested by the ISO 9869°° consists of the calculation of the
conductance by means of flow and temperature values considering all previous instants. This
International Standard Test describes the heat flow meter method for the measurement of the
thermal transmission properties of plane building components primarily consisting of opaque
layers perpendicular to the heat flow and having no significant lateral heat flow. A thermal

FIGURE 3 Sample panel with heat flow meter and temperature sensors mounted for the thermal tests.
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FIGURE 4 Thermal characteristics of the tested panels (T}, temperature of hot side; Tay, air temperature of
the hot cell; T, temperature of cold side; Tx,, air temperature of the cold cell; Fy, heat flow measured on the hot
side; and F,, heat flow measured on the cold side). (A) Without WO (B) with WO.

infrared camera allowed verification of the homogeneity of sample surface temperatures as well
as possible heat losses or hidden sources of thermal radiation (see Figure 5).

After 72 h of measurements and after checking the respect of the conditions prescribed by ISO
9869 (e.g., constant difference in temperature between the hot and cold spaces higher than 10°C and
a heat flow >5 W/m?), the instantaneous conductance value was calculated by means of Equation (1).

¢ ()

“hO- L0 W

t

where C, is the conductance at time t (Wm ™ 2K™"), ¢(¢) is the instantaneous density of heat
flow rate at time ¢t (W m™2), Ty(t), and T,(t) are the instantaneous temperatures on the hot and
cold surface of the sample at time ¢ (K), respectively.
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(A) (B)

FIGURE 5 Infrared image of the panel. (A) Cold side. (B) Hot side.

The procedure used is the mean progressive method, which implies the calculation of
parameters as mean values of the n measurements taken at the previous times. Therefore,
Equation (1) can be rewritten as follows:

_ é(t)
TR0 - Lo 2
T = =3 T, (2b)
n i=1
T = 23 T.(0), 20)
n;,—,
$() = %2 o) 2d)

i=1

where C, is the final value of the conductance, calculated by the average method.

The progressive average of the values enabled the limiting of the influence of the system
transient periods and of the peak heat values caused by the effect of thermal storage or possible
anomalies of the system.

The black box method®’ does not require the knowledge of the physical panel components
but it needs only the knowledge of input data (i.e., cold and hot surface temperatures) and
output data (i.e., heat flow). The physical characteristics of the panel can be obtained by means
of a statistical method applied to the input data providing the thermal conductance value. This
method is based on the solution of Equation (3):

¢ (tn) + 1P (tn) + oo + Ana® (by—a) = bi 1T (th—1) + oo + b1 upt T (1)
+ bz,ln(tn—l) + ..+ b2,nb2n(tn—nb2)s

(3)
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FIGURE 6 RC-model of the LORD method.

where 5 (t,) is the calculated heat flow value; ¢ (t,) is the measured heat flow value; T; (¢) is the
inside temperature at time t; T,(¢) is the outside temperature at time t; ¢ (t) is the heat flow at
time t; and a;, b;, and b, are unknown coefficients.

It is expected that, at some time, the flow varies linearly from the flow value in the previous
na steps, from the inside temperature value in the previous nbl steps, and from the outside
temperature value in the previous nb2 steps. It is possible to calculate the a;, by, and b,
coefficients that minimize the quadratic deviation between the calculated flux value and the
measured flux value (4).

2@ () — p(tn) @

Finally, the Lord method*® assumes a one-dimensional heat flow. The technique used is the
well-known lumped parameter modeling, which describes the thermal system as an electrical
analog to a resistance—capacity (RC) network. The RC-model shown in Figure 6 represents the
thermophysical behavior of the tested panels. In particular, the sample was schematized by two
internal nodes (i.e., 2 and 3) and by two edge nodes (i.e., 1 and 4). Resistances H 1-2, H 2-3,
and H 3-4 represent heat conductance, while capacities C2 and C3 represent the overall heat
capacity of the sample. Node 1 was associated with the values of the flows (incoming) and
temperatures measured on the hot side of the sample, while Node 4 was associated with the
values of the flows (outcoming) and temperatures measured on the cold side of the panel. The
software LORD* solves the system that considers the values measured during the transient
period. Particularly, the temperature measured at Node 4 and the flow measured at Node 1
were considered as output values for the correction of the calculated values. By the statistical
analysis of the deviations between the model and the measured output data, the values of the
parameters are progressively adjusted to improve the final results.

By the statistical analysis of the deviations between the model and the measured output
data, the values of the parameters are progressively adjusted to improve the final results. The
application of the iterative procedure to different panel configurations carried out provides the
values reported in Table 1.

3 | RESULTS

The application of the three different methods described in the above subsection provided the
final conductance values summarized in Table 2, for the two different panel typologies. As
shown in the table, the three values computed with three different methods are rather similar,
and in general, as expected, the conductance values of the specimen with canes filled by WO
are higher than the values provided by the wall typology with empty canes.

8518017 SUOLULLIOD BAIER1D) B (qeol|dde au Aq peusenob ake saoile YO ‘8N J0 S3IN1 104 ARid1T BUIIUO AB]IA UO (SUORIPUOD-PUE-SWIBILIOY B | 1A lIq Ul UO//SdY) SUORIPUD PUe SWB | 81 88s *[202/T0/60] Uo Aleiqiauliuo A8|IM ‘esuelielipe N IpNIS 116e@ elsieAIN Aq 2622 U/200T 0T/I0p/Loo" A 1M Aleiqijput|uoy/sdny Wwoiy pepeolumoq '8 ‘€202 ‘2vSr8892



BARRECA . Sl
BT AL EAT TRANSFER V4| LEYJ—

TABLE 2 Conductance values obtained by the application of the three different methods on the two
different panels and their mean values.

Mean progressive Black box method LORD method Mean value
Panel method (Wm 2K™?) (Wm—2K™?) (Wm—2K™?) (Wm—2K™1)
GC 3.75 3.92 3.77 3.81
GCO 4.08 3.99 4.13 4.07
2500
e Without WO e With WO
2000
= === Heat Loss = == = Heat Los{
& 1500
€
2
x
2
[F )
& 1000
T
500
0

1 I n v v Vi
Heating and cooling cycles

FIGURE 7 Sum of the differences of incoming and outcoming heat flow from the panels with and without WO.
The dashed line represents the trend of the heat flow loss from the panel.

Controlling heat transfer and managing heat flows in a building is essential to ensure the
thermal comfort of occupants, save energy, and improve sustainability. Thermal conductance is
not the only parameter that defines the thermal performance of the building envelope. The
study of the heat flow behavior through the building envelope is very important in non-steady-
state thermal conditions and characterizes the thermal building performance. Specific tests
were carried out to evaluate the heat transfer through the tested panels. These tests were
carried out for 3 days (i.e., for 72 h) by means of the PASLINK apparatus.® Six cycles of heating
and cooling to copy non-steady thermal conditions have been considered. Then, the sum of the
difference of incoming (¢§) and outcoming heat flow (¢7) measured every 15min was
calculated, for the 72 h of testing period, with Equation 5 (see Figure 7):

sz 3 (- ) 5)

t=15min
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FIGURE 8 Regression curves in the graph temperature versus heat flow difference for the panel without
WO. (A) Curve for phase with positive heat flow difference. (B) Curve for phase with negative heat flow
difference.

On the other hand, the heat flow analysis highlighted the variation of the difference of flow
to temperature variation. The sum obtained for the two different wall typologies is shown in
Figure 7. The heat flow difference at the end of each cycle (A¢,—1,1,) resulted in greater than
zero for both the two tested panels. So, a linear regression procedure of the heat flow residue,
for each panel, was considered. The equations of the two linear regressors are

A¢ = 2. 1609x + 122. 93 (6)

and

A¢ = 5.3035x + 8.3494, )

respectively, for the panel with WO and the panel without WO. The value of the coefficient of
determination R? is in the two cases, respectively, equal to 0.99 and 0.88.

Furthermore, a regression analysis was carried out by means of the CurveExpert
Professional®® to evaluate the existing correlation between the heat flow difference exchanged
by the panel and the internal temperature calculated as the mean temperature value of both
panel sides. The measured positive and negative heat flow differences and the corresponding
temperatures for all periods of the test were considered for each panel. The resulting data found
the best-fitting curves. For all the best-fitting curves, the “heat capacity” model was adopted. It
was expressed in the equation form: y = a + bx + cx™2 These results are shown in Figures 8
and 9. For the test without WO, the equation coefficients for the phase with positive heat flow
difference are a =311.15; b=—6.88; ¢ = —6580.39, and the correlation coefficient is R = 0.46.
The equation coefficients for phase with negative heat flow difference are a = —166.68; b = 2.94;
¢ =44,594.69 and the correlation coefficient is R = 0.60. For the test with WO, the equation
coefficients for phase with positive heat flow difference are a=330.24; b= —8.38;
¢ =—51,307.64, and the correlation coefficient is R = 0.49. The equation coefficients for phase
with negative heat flow difference are a = 311.14; b = —6.88; ¢ = —66580.39, and the correlation
coefficient is R = 0.84.
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FIGURE 9 Regression curves in the graph temperature versus heat flow difference for the panel with WO.
(A) Curve for phase with positive heat flow difference. (B) Curve for phase with negative heat flow difference.
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FIGURE 10 Incoming and outcoming heat flow differences with respect to the mean panel temperature in
the cycle n. 2.

Cycle n. 2 (see Figure 10), which highlighted the higher difference between incoming and
outcoming heat flow, was thoroughly analyzed to better describe the variation of the difference
between incoming and outcoming heat flow through the panels, to the variation of panel mean
temperature. The heat flow changed direction and sign according to the heating or cooling
cycle phase, for each temperature value. Two different values of heat flow were reported: one
when the heater was turned on (charge phase) and the other one when the heater was turned
off (discharge phase).
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4 | DISCUSSION

The thermal conductance values obtained for the two panels from the different methods are
quite similar, although the average conductance of the panel with WO (equal to 4.07 W m™>
K™") resulted in a slightly higher (i.e., 6.8%) than the conductance of the panel without WO
(i.e., 3.81 Wm > K™ "). The major thermal conductance level is due to the higher conductance of
the WO inside the canes. The WO in the canes has higher conductance than when the canes are
empty. The values of thermal conductance obtained for this panel typology provide the values
of thermal conductivity Agc =0.19 Wm ™' K™ and Agco = 0.20 Wm ™' K™, respectively, for the
panel without WO and with WO. These values have the same order of magnitude of
commercial masonry empty block, ranging around the values from 0.18 to 0.25Wm ™' K™*
declared from different producers. On the other hand, the thermal conductivity values
of the present panel are very similar to those provided by*' reporting values about
0.12-0.15Wm™ 'K for insulation panels filled with corn cobs. Finally, just to provide a
more general view, the values provided in this paper, following the outcomes of Schiavoni
et al.,*! are very similar to those currently observed in past experimental tests adopting other
natural materials from biomass as insulation materials.

The heat flow analysis showed a different behavior between the panel without WO and the
panel with WO. The heat flow data analysis of the panel with WO, highlighted more constant
thermal behavior, with regular cycles and with the same amplitudes. The high heat loss
highlighted by the data analysis of the panel with WO in Figure 7 and evaluated with (6) and
(7) is very informative. The high heat loss is mainly due to the envelope thermal dispersion of
the PASLINK and to the imperfect unidirectionality of the heat flow. In fact, the canes full of
WO, with higher thermal conductance, redirect the heat flow parallel to the panel surfaces,
limiting the perpendicular heat flow. The panel with WO, during the first phase, absorbs higher
incoming heat than the panel without WO. The heat flow absorbed by the panel is almost
constant in the temperature range of 23-26°C (Figure 10). The maximum value of heat flow
absorbed was 61.08 Wm™> around a mean panel temperature of 24°C, corresponding to a
melting temperature range of the WO, this is highlighted in Figure 9 also. It is very interesting
to note that for the candelilla e BW combination choice for the WO utilized, the T,,
temperature (T,, represents the temperature below which the WO is solid) is 22.45°C, and the
T, temperature (T, represents the peak maximum temperature, above which the crystals are
liquid) is about 31.09°C. The panel without WO at the same temperature of 24°C absorbed an
incoming heat flow of 34.64 Wm™> which is about 57% of the panel with WO. The panel with
WO released at a temperature of about 27.5°C, a heat flow of 43.42Wm™> At the same
temperature of about 27.5°C, the panel without WO released a heat flow of 34.38 Wm ™2 which
is about 80% that of the panel with WO.

5 | CONCLUSIONS

A lot of modern novel bio-based building solutions are derived from traditional architecture.
This is characterized by the use of local materials often based on vegetal resources such as
wood, straw, and hemp, often agricultural residual raw materials with low inside content
energy. Historically, these solutions highlighted good performance value, which has been
handed down as the benchmark.>® However, it is important to improve the solution
performance and to adapt them to modern architecture. To achieve these goals, it is necessary
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to study and analyze the outcomes of the solutions in use, to improve performance and to
ensure efficient and effective application. In these last few years, different studies and research
projects were carried out in this field and a lot of bio-based building solutions have been
proposed. This is evidenced by many government actions aiming at improving bio-based
solutions, with the European Green New Deal being an example. It is necessary to revitalize
traditional solutions for enhancing and improving them but with particular attention to
maintaining their environmental sustainability.

The building solution proposed in this paper responds to these criteria, it allows to improve
the original performance of a traditional wall solution diffused in the rural Mediterranean
architecture, based on the utilization of thin panels of A.d. and gypsum, cheap materials largely
available in this area. The addition of a natural WO made with soybean oil, BW, and candelilla,
has enhanced the thermal capacity of the panel. A specific experimental campaign, aiming at
the comparison of traditional and innovative panels, was carried out to assess the enhanced
thermal performance of the proposed solution. For a temperature of 27°C, the maximum value
of heat flow absorbed from the panel with WO was 61.08 Wm ™ whereas the panel without WO
absorbed an incoming heat flow of 34.64 Wm™2, that is, 57% of the panel with oleogel. The
panel with oleogel released a heat flow of 43.42 Wm™ and the panel without oleogel released a
heat flow of 34.38 Wm ™2 which is about 80% of the panel with oleogel. The results highlighted
that the addition of natural WO has enhanced the thermal capacity of the panel facilitating heat
dissipation.

This paper further proves the A.d. could be a viable and profitable material for insulating
applications and encourages future studies on this bio-based by-product. Future studies will
investigate practical applications and will consider and assess the durability, fire resistance,
sound insulation, and the development of new building components based on the panel
proposed in this work.
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