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Abstract: The construction industry is one of the sectors with the greatest environmental impact
resulting from the high consumption of resources and the huge amount of waste generated. In
addition, different wastes and by-products originate from various sectors of activity, namely the ones
related to the agricultural sector, requiring the urgent actions of recycling and reuse. In this context,
this investigation focused on the valorization of wastes and by-products resulting from the olive oil
production as building material components. Wet bagasse was added to cementitious mixtures at
percentages of 5% and 20% to produce solid blocks. Lime mortars, incorporating 2% and 8% of ash,
were developed, and particleboards composed of 83% olive stone were also produced. The results
showed that blocks with 5% waste complied with the standard requirements for flexural strength.
The incorporation of 2% ash increased the mechanical properties of lime mortars when compared to
a reference mortar with no ash. The developed particleboards revealed the possibility for being part
of a multilayer solution or as a covering material, presenting a thermal conductivity of 0.08 W/mK.
Thus, wastes generated during olive oil production presented potential for valorization as building
material components for non-structural purposes.

Keywords: building materials; olive oil wastes; wastes valorization; sustainability

1. Introduction

According to United Nations (UN) reports, the world population will reach 9.7 billion
people by 2050 [1]. This population growth is intrinsically linked to an increase in quality-of-
life requirements and rapid urbanization, consequently leading to harmful impacts on the
environment, concerning climate change, resource scarcity, and waste generation. Consid-
ering this scenario, human well-being, environmental sustainability, and economic growth
are fundamental concerns requiring urgent actions and strategies across diverse economic
activities. The construction sector plays an important role in this context, contributing
significantly to the consumption of energy and raw materials, waste production, and,
consequently, CO2 emissions. At the same time, it can represent a valuable contribution to
the valorization of wastes and by-products as innovative building material components,
complying with sustainability and circular economy principles and pursuing European
targets in this field. This situation has encouraged the scientific community to develop more
effective and environmentally friendly solutions, reducing waste or, alternatively, introduc-
ing it into the value chain with new uses. In addition to the construction sector, a large
amount of wastes and by-products result from agroforestry activities, which are not given
new uses and whose final destination is usually landfill or incineration [2]. In this context,
several studies have emerged in order to analyze the potential valorization of agro-wastes,
whether or not subjected to transformation processes. Materials such as sugarcane bagasse,
banana leaves ashes, bamboo leaf, jute fiber, groundnut shell, wooden mill waste, coconut,
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rice husk, and cotton stalk, have been studied as components for bricks, particleboards,
acoustic, insulation, and reinforcement materials [3–19]. Previous research in this field
also shows that the physical, chemical, and mechanical properties of these innovative
materials can lead to a wide variation in performance, meaning further studies should
be conducted to optimize mixture compositions depending on waste availability and the
required application. Thus, the introduction of other types of agroforestry by-products and
wastes as building material components, without being subjected to physical–chemical
transformation processes such as incineration, should be highlighted. Furthermore, several
wastes and by-products are generated at various stages of agro-industrial activities, and
their potential for recovery in the construction sector justifies more investigation, as is the
case of those resulting from olive oil production.

In Mediterranean countries, economic activities related to olive cultivation and olive
oil production play an extremely important role at social and economic levels. Olives
and olive oil are the basis of the Mediterranean diet, responsible for the generation of
employment and the decrease in rural depopulation [20]. In the last decades, the olive oil
market has grown exponentially, increasing from 1.4 million tons in 1990/1991 to 3.2 million
tons in 2015/2016, and a decrease in production is not expected, given the nutritional and
economic benefits [21]. In Portugal, around 136,000 tons of olives were produced in
2021, of which 110,000 tons were produced only in the Trás-os-Montes and Alto Douro
regions [22]. However, the olive oil industry generates huge amounts of highly polluting
by-products, namely wastewater and solids [2], whose reintegration in the value-chain
should be explored. Olive bagasse is a result of this industry, whose production in Portugal
is approximately 370,000 tones/year [23]. From the extraction process of wet bagasse,
stones, dry bagasse, fats, and wastewater are obtained. Normally, stones are reintroduced
into the production process as biomass, resulting in ash. Dried bagasse is usually used
as fertilizer, and wastewater treatment is required [23]. Some recovery alternatives for
olive oil bagasse include composting, biological treatments, direct combustion for energy
production, or direct land application [24]. Research has also concerned the extraction
of bioactive phenolic compounds [25] and its application as a biomaterial for tanning
leather [24]. Regarding building applications, different studies have emerged, referring
to the incorporation of olive oil residues, giving special attention to the addition of ash
to cement and cement-lime mixtures [26–33]. Some studies were also found referring to
the production of bricks [34,35]. In a recent review study, Abdeliazim et al. [36] analyzed
the utilization of olive-stone biomass ash to obtain green concrete, confirming the huge
potential of its use as a replacement for natural fine aggregate or as a binder in concrete
mixtures. The effects of its addition on workability, setting times, soundness, compressive
and flexural strength, shrinkage, and durability were examined, and a comparison to control
cement pastes was performed. Workability significatively decreased with the increase in
olive waste ash content, and the initial setting time increased when added to the cement
paste. Its incorporation as a partial replacement of sand improved the compressive and
flexural strength of mortars, while the opposite was verified with its addition as a partial
cement replacement. The study also reported that the expansion and density significatively
decreased with an increase in ash content, and a reduction in thermal conductivity was
also achieved. However, recommendations for further studies are suggested by the authors
for a more detailed analysis of its effect on the properties of concrete and mortar mixtures.
In addition to the ongoing investigation regarding the utilization of specific olive waste
for producing mortars and concrete, more attention should be given to other possibilities
of building applications using various types of wastes resulting from olive oil production,
such as olive pomace solid aggregates and olive mill wastewater, whose studies are still
limited [36–40]. In this context, this investigation aims to contribute to the knowledge
in the field by evaluating the potential utilization of various residues and by-products
generated during different stages of olive oil production. Thus, wet bagasse, stone, and ash
will be studied as building material components to produce solid blocks, particleboards,
and mortars, respectively.
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This article is structured as follows: first, the characterization of the different olive
oil wastes and by-products under study will be performed. Second, the preparation of
the samples and the experimental procedure to determine the properties of the mortars,
blocks, and particleboards will be described. Third, the main results will be presented
and discussed. Finally, the main conclusions will be drawn, and future perspectives will
be identified.

2. Materials and Sample Preparation

In this section, the main characteristics of the olive oil production wastes and by-
products (OW) under study will be presented, and their incorporation as building material
components will be described. The experimental procedure to evaluate the physical and
mechanical properties of the innovative building materials will also be described.

2.1. Characterization of OW

In this research work, three types of OW (OWB, OWs, and OWA) will be analyzed, and
their obtention process is schematically described in Figure 1. After the harvesting stage,
the first step in olive oil production is cleaning the olives and removing the stems, leaves,
twigs, and other debris left with the olives. The second step is milling the olives into a paste
to tear the flesh cells and facilitate the oil release. Mixing the paste allows small oil droplets
to combine into bigger ones. Subsequently, the olive paste undergoes a centrifugation
process, where virgin oil is separated from the wet bagasse, which includes olive stones
(OWBS). The sub-product obtained during this stage undergoes a new centrifugation
process, allowing the separation of the wet bagasse (OWB) from the olive stones (OWS).
As mentioned previously, the stones are usually reintroduced into the production process
as biomass, resulting in ash (OWA). A preliminary characterization regarding elemental
chemical composition, microstructure, density, and granulometry was carried out for the
various OWs under study.
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Figure 1. Different stages of olive oil production and corresponding OWs under investigation.

OWB is a brown paste with an intense odor, containing residual quantities of olive
stones after the centrifugation process, and presenting a density value around 1126 kg/m3.
Its pH value was evaluated using pH strips. Values between 4 and 5 were found, indicating
an acidic behavior. This information is especially important when choosing binders that can
be employed in mixtures containing these types of residues, suggesting a careful analysis,
given that cementitious matrices with acidic waters in the mixture can lead to mechanical
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performance decrease [2,41]. OWS is a homogeneous brown granulated material, with
identical aspects to a fine aggregate, whose particle size varies between 1 mm and 4 mm,
presenting a density of 674 kg/m3. OWA is an ash with a homogeneous and fine grey color,
with a particle distribution in a range from 0.063 mm and 2 mm, with a density value of
311 kg/m3.

The chemical characterization allowed us to conclude that all OWs mostly constitute
carbon and oxygen. OWA is also composed of potassium and calcium in significant
amounts, as shown in Table 1. The identification of the elemental chemical composition
of these types of agro-wastes is extremely important for further analysis and discussion
concerning the chemical reactions that occur when incorporated into mixtures, namely in
the presence of common binders such as cement and lime [2]. In Table 1, the elemental
chemical composition of each OW is presented.

Table 1. Elemental chemical composition of studied OWs.

OW
Elemental Chemical Composition [%]

Carbon (C) Oxygen (O)

OWB 51.4 37.3
OWS 52.5 45.2
OWA 20.3 27.5

The surface morphology of the different OWs was also inspected with a scanning
electron microscope (SEM), allowing us to obtain the images shown in Figure 2, revealing
a more porous microstructure in the case of the OWA sample. This information can be
useful for better understanding the physical and mechanical behavior of the developed
composite materials.
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2.2. Preparation of Samples

In order to analyze the possibility of incorporating these types of wastes into the
production of innovative building materials, different mixtures with different percentages
of wastes and binders were defined, depending on the materials’ purpose, as schematically
represented in Figure 3. Taking this into account, preliminary experiments were carried out
to evaluate the workability and consistency of the mixtures, depending on the specificities
of the studied wastes and the building materials under development. The heterogeneity of
wastes led us to consider different contents in the mixtures. In the case of OWB, previous
experiments showed that higher values of wet bagasse content could be introduced into
cement mixtures when compared to the incorporation of OWA. Similarly, it was found that
introducing larger amounts of ash made workability difficult and affected the samples’
integrity [2]. Regarding the use of OWS, this by-product was first introduced into a
cementitious mixture as a partial replacement of the fine aggregate, revealing, however, a
lack of adhesion during the cement hydration process. Thus, an alternative utilization was
taken into consideration, using it as a raw material to produce olive stone particleboards.
In this case, an attempt was made to maximize the percentage of its content in the mixture
for greater valorization of this by-product. The percentage of each OW in the mixtures is
presented in Table 2. The formulation of the pastes to produce solid blocks, particleboards,
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and mortars is shown in Table 3. A superplasticizer was added to the cementitious and
hydraulic-lime pastes to increase workability. The density values of each building material
resulting from the incorporation of OW are also included in Table 2. This density refers to
the absolute density, which is determined by dividing the mass per unit volume.
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Table 2. Content of OW in the sample’s formulation and respective density.

OW Content [%] Density [kg/m3]

0% 2115
OWB 5% 2116

20% 1839
OWS 83% 755

0% 1813

OWA
2%
8%

1753
1673

Table 3. Formulation of the mixtures to produce solid blocks, particleboards, and mortars (kg/m3).

Samples Binder Sand SP OW Water

OWB 0% 500.00 1583.16 1.00 0.00 300.00

OWB 5% 500.00 1522.64 1.00 25.00 300.00

OWB 20% 500.00 1341.08 1.00 100.00 300.00

OWS 83% 187.00 - - 1100.00 -
OWA 0% 500.00 1226.83 1.00 0.00 359.48
OWA 2% 500.00 1204.35 1.50 10.00 359.48

OWA 8% 500.00 1138.20 2.50 40.00 359.48

As mentioned previously, the wet bagasse paste, OWB, was introduced into the ce-
mentitious mixture as a partial replacement for sand to analyze its suitability in producing
solid blocks. For the preparation of the mixture, the following materials were used: Port-
land cement (2999 kg/m3), river natural sand (2322 kg/m3), superplasticizer (SP) Master
SKY617 (1041 kg/m3), and distilled water. Wet bagasse was incorporated into the paste’s
formulation at percentages of 5% and 20% in relation to the cement content to produce
solid blocks with dimensions of 200 mm × 100 mm × 60 mm. A reference sample with no
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waste bagasse content was used as a control. The experimental procedure for producing
the specimens is shown in Figure 4.

Sustainability 2024, 16, x FOR PEER REVIEW 6 of 16 
 

Table 3. Formulation of the mixtures to produce solid blocks, particleboards, and mortars (kg/m3). 

Samples Binder Sand SP OW Water 
OWB 0% 500.00 1583.16 1.00 0.00 300.00 
OWB 5% 500.00 1522.64 1.00 25.00 300.00 
OWB 20% 500.00 1341.08 1.00 100.00 300.00 
OWS 83% 187.00 - - 1100.00 - 
OWA 0% 500.00 1226.83 1.00 0.00 359.48 
OWA 2% 500.00 1204.35 1.50 10.00 359.48 
OWA 8% 500.00 1138.20 2.50 40.00 359.48 

As mentioned previously, the wet bagasse paste, OWB, was introduced into the 
cementitious mixture as a partial replacement for sand to analyze its suitability in 
producing solid blocks. For the preparation of the mixture, the following materials were 
used: Portland cement (2999 kg/m3), river natural sand (2322 kg/m3), superplasticizer (SP) 
Master SKY617 (1041 kg/m3), and distilled water. Wet bagasse was incorporated into the 
paste’s formulation at percentages of 5% and 20% in relation to the cement content to 
produce solid blocks with dimensions of 200 mm × 100 mm × 60 mm. A reference sample 
with no waste bagasse content was used as a control. The experimental procedure for 
producing the specimens is shown in Figure 4.  

 
Figure 4. Production of OWB solid blocks: (a) OWB; (b) OWB with distilled water; (c) river sand; (d) 
molding phase. 

As for OWS, this waste was reused as a raw material to obtain particleboards with 
dimensions of 20 mm × 200 mm × 400 mm, using polyvinyl acetate (PVA), an aqueous 
solvent, as a binder, with a density of 1240.00 Kg/m3, water resistance class D2, and pH 6–
8. In this case, the particleboards containing 83% of olive stone were subjected to thermal 
performance evaluation. Figure 5 presents the different stages of the OWS particleboards’ 
manufacturing process. The olive stone content was maximized and the binder was 
minimized, ensuring the workability of the mixture.  

                               

         
Figure 5. Production of OWS particleboards: (a) OWS; (b) preparation of the mixture of OWS with 
PVA; (c) molding phase. 

Hydraulic-lime mortars were also prepared, considering the addition of OWA at 
percentages of 2% and 8% when compared to the binder percentage. Natural hydraulic 
lime with a density of 2700 kg/m3, river natural sand with a density of 2322 kg/m3, 
superplasticizer (SP) Master SKY617 with a density of 1041 kg/m3, high workability class, 
a low W/C ratio, and distilled water were used to obtain the mortar pastes. Prismatic 

Figure 4. Production of OWB solid blocks: (a) OWB; (b) OWB with distilled water; (c) river sand;
(d) molding phase.

As for OWS, this waste was reused as a raw material to obtain particleboards with
dimensions of 20 mm × 200 mm × 400 mm, using polyvinyl acetate (PVA), an aqueous
solvent, as a binder, with a density of 1240.00 Kg/m3, water resistance class D2, and
pH 6–8. In this case, the particleboards containing 83% of olive stone were subjected
to thermal performance evaluation. Figure 5 presents the different stages of the OWS
particleboards’ manufacturing process. The olive stone content was maximized and the
binder was minimized, ensuring the workability of the mixture.
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Figure 5. Production of OWS particleboards: (a) OWS; (b) preparation of the mixture of OWS with
PVA; (c) molding phase.

Hydraulic-lime mortars were also prepared, considering the addition of OWA at
percentages of 2% and 8% when compared to the binder percentage. Natural hydraulic
lime with a density of 2700 kg/m3, river natural sand with a density of 2322 kg/m3,
superplasticizer (SP) Master SKY617 with a density of 1041 kg/m3, high workability class,
a low W/C ratio, and distilled water were used to obtain the mortar pastes. Prismatic
specimens with dimensions of 40 mm × 40 mm × 160 mm were produced to perform the
mechanical tests. A control sample with no incorporation of OWA was also produced for
comparison purposes. The production of the mortar samples is exemplified in Figure 6.
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Three specimens of cement-based solid blocks and three specimens of lime mortars
were produced for each formulation and subjected to flexural strength tests. In the case of
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mortars, the samples resulting from the flexural test were used to perform the compres-
sive analysis. A particleboard sample was enough to perform the thermal performance
experiments in accordance with the standard procedure. All specimens were subjected to a
curing process under the ambient conditions of the laboratory. The experimental tests were
carried out after 28 days of curing in the case of mortars and particleboards, while blocks
were tested after 300 days of curing.

3. Experimental Tests
3.1. Flexural and Compression Tests

The solid block specimens were subjected to mechanical tests for flexural strength
characterization at 300 days of curing, following the procedure indicated in standard EN
1015-11: 2019 [42]. In this case, the recommend values for 28 days of curing served as a
reference for the results obtained at the age of 300 days. The results of flexural behavior at
300 days will be useful for further comparison with the ones obtained from the durability
tests, which are part of a more detailed, ongoing investigation. The flexural strength was
determined by three-point loading of the prismatic specimens until failure, with a speed
of 50 ± 10 N/s. Data related to the applied load in (kN) and displacement in (mm) were
acquired for the further calculation of the flexural strength.

Flexural and compression tests were performed for the lime–mortars specimens at
28 days of curing, in accordance with standard EN 1015-11: 2019 [42]. For the compression
strength determination, the two samples resulting from the flexural test were used for each
paste formulation.

The flexural strength (f ) of the blocks and mortars, in N/mm2, was calculated by
applying Equation (1):

f = 1.5 × F × l
b × d2 (1)

where f is the maximum load applied to the specimen (in N), l is the distance between the
support rollers (in mm), b is the width of the specimen (in mm), and d is the depth of the
specimen (in mm). The mean value was calculated, and units were converted to MPa.

In the case of the mortar samples, the mean value of the compressive strength was
achieved by dividing the maximum load carried by each specimen by its cross-sectional area.

3.2. Thermal Performance Assessment

Regarding the particleboard with OWS, thermal performance was evaluated according
to ISO 9869 [43], and investigations were developed by Pereira [44] e Leitão et al. [45]. A
multilayer solution, composed of a 20 mm OWS particleboard and a plasterboard with
13 mm of thickness, was considered for performing the experimental test. Although it is
possible to obtain a relatively homogeneous particleboard when the mixture with PVA
included 83% olive stone, it was decided to estimate the thermal performance of the
particleboard when placed together with a supporting or adjacent element. On the one
hand, this fixation to another element makes it possible to avoid heat transfer through
areas that are more heterogeneous in terms of composition, including possible voids or
areas with PVA concentrations that could compromise the experimental results. On the
other hand, the production of these types of particleboards involves their application to
a support, serving as a covering element or filling material, functioning as the core of a
multilayer element. Therefore, for simplicity, the board was glued only at its ends to a
plasterboard sheet. This preparation of the sample also allowed us to verify that OWS
particleboards can be easily fixed to other elements, composing a multilayer element. The
thermal performance of the particleboards was performed in a temperature-controlled test
room with dimensions of 4.00 m × 3.00 m × 2.54 m. The sample was placed on the north
façade, surrounded by extruded polystyrene (XPS) boards, and affixed using polyurethane
foam (PU) to avoid thermal bridges, non-insulated headers, and other faults that could
compromise the results. The surface containing OWS was turned inward (Figure 7a), and
the one with the plasterboard faced outward (Figure 7b).
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temperature sensors: 1—Tsi11, 2—Tsi12, 3—Ts21, and 4—Tsi22; heat flux sensors: 5—HF1 and 6—HF2.

The thermal performance characterization of the of OWS particleboard multilayer so-
lution was based on the measurement of heat fluxes and inner surface temperatures values.
Hygrothermal conditions of indoor and outdoor environments were also registered. The
acquired data allowed us to estimate the thermal transmission coefficient of the composed
solution. Two heat flux sensors, HF1 and HF2, were affixed to the OWS particleboard surface
to measure variations in q1 and q2, respectively, and four thermocouples were also used
to measure inner surface temperatures Tsi11, Tsi12, Tsi21, and Tsi22, respectively (Figure 7c).
Two temperature probes were placed inside and outside the test room to measure Ti and Te,
respectively. These values were measured with a time interval of 10 min.

According to ISO 9869 [43], a high thermal gradient between the interior of the
test room and the exterior environment is desirable to guarantee a significant heat flow
through the sample. Furthermore, a heat flux occurring in the same direction during the
entire measurement period should also be guaranteed. In order to achieve these required
conditions, a heating device was placed inside the test room to guarantee that the Ti value
remained higher than Te. The measurement period occurred between the 15th and the 30th
of September. As mentioned previously, a continuous measurement of these values allowed
us to estimate the thermal transmission coefficient (U) of the OWS multilayer solution
applying Equation (1). In this equation, the heat flow, q(n), at the instant n, measured by
the HF sensor, occurs when a temperature differential between Ti(n) and Te(n), measured
at the instant n, is guaranteed. According to ISO 9869 [43], it is recommended to use the
values of the interior and exterior temperatures instead of the inner surface temperatures
for calculating the U value. Equation (2) was applied twice, given that two heat flux sensors,
HF1 and HF2, were fixed in the sample’s inner surface, allowing us to obtain two values
of U’(ntotal), defined as U1(ntotal) and U2(ntotal). The average value of U1(ntotal) and
U2(ntotal) leads to the final value of the thermal transmission coefficient, as indicated in
Equation (3).

U(ntotal) = ∑ntotal
n=1 q(n)

∑ntotal
n=1 (Ti(n)− Te(n))

(2)

U′(ntotal) =
U1(ntotal) + U2(ntotal)

2
(3)
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Based on the experimental assessment of U′(ntotal) for the multilayer solution, it was
possible to estimate the thermal resistance R′(ntotal) of the proposed building solution
using Equation (4).

R′(ntotal) =
1

U′(ntotal)
(4)

Considering the external and internal superficial thermal resistances, Rse and Rsi,
respectively, it is possible to obtain the thermal resistance of the multilayer solution, com-
posed of the 20 mm OWS particleboard and a plasterboard with 13 mm of thickness.
Considering ROWS as the thermal resistance of the particleboard, Rplast as the thermal
resistance of the plasterboard, Rse, as the inner surface thermal resistance, and Rsi as the
outer surface thermal resistance, Equation (5) allows us to determine ROWS . In this case,
the values of Rse, Rsi, and Rplast are 0.04 m2◦C/W, 0.13 m2◦C/W, and 0.052 m2◦C/W,
respectively [46].

R′(ntotal) = ROWS + Rplast + RSi + RSe (5)

The determination of ROWS will lead to a theoretical approach to the thermal conduc-
tivity value of λOWS applying Equation (6), where eOWS represents the thickness of the
OWS particleboard.

λOWS =
eOWS
ROWS

(6)

4. Results and Discussion
4.1. Solid Blocks

Flexural tests were carried out for different formulations of solid blocks, considering
two possible directions of application (horizontal and vertical). The results are presented in
Figure 8. The results obtained at 300 days lead to the conclusion that an increase in waste
content results in a decrease in flexural strength. Furthermore, as observed in Figure 8c,
blocks with 5% OWB present different values of strength in the two directions, showing a
higher one in the vertical position due to increased inertia when compared to the horizontal
position. However, an increase to 20% waste leads to significantly lower values of strength,
and no representative difference is identified, depending on the position of the block when
subject to the mechanical test.
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Considering the establishments in the standard EN 772-13 [47], a minimum flexural
strength of 1.5 N/mm2 is specified for concrete masonry units at 28 days of curing. Taking
this value as a reference for a period of 300 days, blocks with 5% OWB comply with the
standard, while in the case of a 20% waste addition, the strength of the blocks significantly
decreases, not allowing the fulfilment of these requirements.

In comparison with some studies related to the production of blocks incorporating
different types of agricultural wastes, Sathiparan et al. [48] studied several compositions
of blocks with agricultural wastes using rice husk, saw dust, peanut shell, rice straw, and
coconut shell, whose results showed flexural strength values between 0.1 and 1.7 MPa for
density values between 900–1990 kg/m3. Regarding the use of bottom ash as a cement
replacement, Wongkeo et al. [49] obtained solid blocks with flexural strengths between
2.6 and 4 MPa. Thus, it can be concluded that the results presented by OWB solid blocks
with 5% content are in accordance with those achieved by other authors when agricultural
wastes are incorporated into mixtures. The obtained results also indicate the possibility of
using wet bagasse to produce solid blocks for non-structural purposes, such as partition
walls. However, given the decrease in mechanical performance verified at the percentage
of 20%, optimization of the maximum content of OWB is required.

4.2. Particleboards

The particleboards containing OWS were subjected to an experimental analysis of
thermal performance, allowing us to obtain the heat flux variation and the corresponding
thermal performance coefficient. Indoor and outdoor temperatures were also continuously
measured, allowing us to obtain the variation in Ti and Te values. Figure 9 presents the
values acquired by the two heat flux sensors, q1(h) and q2(h), during the measurement
period. The values of the interior (Ti) and exterior (Te) temperature are also represented,
showing that indoor temperatures were always higher than exterior temperatures, as
required to ensure the reliability of the results. Stabilization of the interior temperature was
guaranteed for almost the entire period, except between 20 and 21 September, characterized
by an increase in Ti values, which was due to an uncontrolled change in the heating device
located inside the test room. However, given that this situation occurred during a very
short period compared to the entire measurement period, it can be considered negligible.
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A minimum value of 5.3 W/m2 during the night and a maximum of 49.5 W/m2,
during the day were achieved for heat fluxes for the multilayer solution. Given the two
curves obtained by heat flux sensors HF1 and HF2, it is possible to observe the similarity in



Sustainability 2024, 16, 1355 11 of 15

the curve’s development, which may be representative of the homogeneity of the surfaces
where the respective sensors were fixed.

The variation of inner surface temperatures was also measured. Given that the values
obtained by sensors Tsi11 and Tsi12 and Ts21 and Tsi22 are quite close, Figure 10 only presents
the average values, designated as Tsi1 and Tsi2, respectively. As expected, the surface
temperature curves are similar to those obtained for heat flux and present values lower
than those obtained for the temperature of the test room. A variation of the curve’s
amplitude is visible, with lower Tsi2 values, which may be related to an area with a higher
PVA concentration, which presents a higher thermal conductibility compared to OWS.
However, this differential corresponds to a maximum of 1.9 ◦C and a minimum of 0.3 ◦C.
Regarding the mean values obtained by the sensors, Tsi1 achieved a minimum of 26.5 ◦C
and a maximum of 36.1 ◦C, while for Tsi2, these values were 26.2 ◦C and 35.0 ◦C, respectively.
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As mentioned previously, the tested solution was composed of an OWS particleboard
and a plasterboard with 13 mm of thickness. The results acquired by heat flux sensors
and the temperatures of the interior and exterior environments were used to estimate the
thermal transmission coefficient of the solution. It is possible to conclude that adding a
20 mm OWS particleboard to the plasterboard with 13 mm leads to a value of 2.12 W/m2◦C.
Furthermore, this experimental analysis also demonstrates the possibility of producing
particleboards using olive stone with integrity and dimensional stability, making them
capable of being affixed to other materials and easily integrated into a multilayer solution.

The application of Equations (3)–(5) allowed us to estimate a thermal conductivity
value of 0.08 W/mK for the OWS particleboard.

A comparison of the obtained results with the ones already known for commercial and
innovative building solutions was also performed. As seen in Table 4, the incorporation
of olive stone as an aggregate for particleboards shows promising properties regarding
thermal insulation applications, namely for covering interior walls.

4.3. Mortars

Flexural and compression tests were carried out for different formulations of lime–
mortars, whose results can be observed in Figure 11. The results reveal that the incorpo-
ration of 2% OWA leads to an increase in the mechanical properties of the lime–mortars
when compared to the reference mortar with no ash addition. If the proportion of waste
content in the mixture is changed to 8%, the values of flexural and compressive strength
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decrease compared with the solution containing 2% waste. However, in this case, the value
of compression strength is relatively close to the one obtained for the lime–mortar with no
incorporation of olive stone ash, revealing that incorporating an intermediate percentage of
OWA can result into a mechanical performance improvement. According to the standard
EN 998-1:2010 [51], all mortars can be classified in category CS II (compressive strength
between 1.5 and 5.0 MPa at 28 days). These results suggest the possibility of applying these
types of mortars as interior coatings for walls.

Table 4. Density and thermal conductivity of commercial and innovative insulation solutions.

Insulation Materials Density
(kg/m3)

Thermal Conductivity (λ)
(W/mK)

OWS Particleboard (material under study) 700 0.08
Expanded polystyrene (EPS) [46] 15–20 0.040
Extruded polystyrene (XPS) [46] 25–40 0.037

Polyisocyanurate/Polyurethane foam (PIR/PUR) [46] 20–50 0.040
Wood fibre (rigid) [50] 160 0.0038

Wood fibre (flexible) [50] 50 0.0038
Mineral wool (MW) [46] 100–150 0.042

Glass wool [46] 15–100 0.040
Black cork agglomerate [46] 90–140 0.045

Hemp [50] 25–28 0.039–0.040
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5. Conclusions

The possibility of introducing wastes and by-products originating from olive oil
production as components of building materials was evaluated in this investigation. Wet
bagasse was added into cementitious mixtures at percentages of 5% and 20% to produce
solid blocks, ash was incorporated at percentages of 2% and 8% to develop lime–mortars,
and 83% olive stone was mixed with polyvinyl acetate to produce particleboards. The
obtained results lead to the following conclusions:

- Incorporating 5% wet bagasse in the composition of solid blocks allowed us to comply
with standard requirements for flexural strength, whose value significatively decreases
with a content of 20%;
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- Adding 2% and 8% ash into lime–mortars pastes results in the accomplishment of
standard values for flexural and compressive strength. It was also observed that the
incorporation of 2% ash increased the mechanical properties of the proposed mortars
when compared to a reference mortar with no ash addition;

- Affixing a 20 mm particleboard with 83% olive stone to a plasterboard with 13 mm
thickness allowed us to obtain a multilayer solution with a thermal transmission
coefficient of 2.12 W/m2◦C, showing promising thermal properties when compared
to some conventional building solutions.

Thus, the wastes and by-products resulting from the olive oil production processes
present potential for valorization as building material components for non-structural
purposes. Although the results obtained reveal their possibility of being used as building
materials components, more investigation in required concerning the chemical and physical
properties of the different residues, as well as mechanical, thermal, acoustic, and durability
characteristics of the originated composites materials, in order to optimize formulations
and identify the most suitable applications.
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