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Abstract

:

The aim of achieving sustainability in construction is a reality. A useful strategy to achieve this is the use of waste from agricultural activities. This waste could reduce the environmental impacts associated with the production of raw materials such as natural aggregate, reducing energy consumption from fossil fuels and therefore CO2 emissions. This study examines the thermal conductivity of mortars doped with ground olive stones, a residual by-product of industrial processes. The objective is to evaluate the potential of ground olive stones to improve thermal insulation in construction. Ground olive stones are used as a partial replacement for the aggregates used in mortar bricks. The methodology followed herein to quantify the benefits of this product involves creating several types of mortar with a different percentage of ground olive stones in each sample (between 0% and 30%). Thermal conductivity was determined according to UNE-EN12939:2001. Finally, a case study is conducted performing an energy simulation of a residential building to determine the energy savings derived from reducing the combined thermal demands of heating and cooling and to analyse the feasibility of the alternative use of ground olive stone residue doped in mortar bricks for new sustainable façades. The results show a saving in energy demand (heating and cooling) of 0.938 kWh/m2·year when using 30% GOS-doped mortar bricks compared to the reference bricks. This is equivalent to a decrease in energy demand of 2.23% per square meter of façade. In addition, these annual energy savings are compared to the potential thermal energy created from the combustion of ground olive stones in a biomass boiler, which is the main traditional use of this waste today. It reveals that for a doping range of 5–15%, the recovery time ranges between 30 and 75 yeas, which is within the lifetime of a building. The results demonstrate the great viability of using ground olive stones as fine aggregates in mortars and their possible application in sustainable construction, in particular in more sustainable façades that allow energy savings in buildings and therefore a lower consumption of fossil, which will make it possible to reduce greenhouse gas emissions and the excessive consumption of resources.
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1. Introduction


Recycling waste and reducing fossil fuel consumption are pillars of the global strategy to combat the effects of climate change and global warming. Until recently, the majority of waste generated by human activities was deposited in landfills without further treatment or additional uses. Only within recent years have various industrial processes been launched to reincorporate and reuse waste and by-products with a clear mission to implement a so-called circular economy [1]. Minimizing waste and reducing the consumption of raw materials are some of the key objectives of this framework. The construction sector is an ideal area to test out the idea of a circular economy, given that new mixed materials can be developed by incorporating waste from other processes (sometimes hailing from outside the sector). Adding such residues can improve some properties of the final product.



Concrete and mortar are two of the most important construction products, mainly due to their excellent mechanical properties, durability, mouldability, and availability. Their annual production is estimated at over ten thousand million tons [2]. However, the intensive use of mortar and concrete in the construction sector also entails a significant environmental impact. It is estimated that the cement industry (the main component in concrete) is responsible for around 7% of annual CO2 emissions [3]. And globally, the construction sector accounts for 36% of global energy consumption [4]. Therefore, the natural trend for the sector in line with the new global climate change guidelines is to decarbonise the sector [5]. It is therefore essential to work on gradually substituting or evolving cement by incorporating other compounds or materials that reduce the aforementioned environmental impact while offering similar or better properties (strength, thermal, acoustic, etc.). Repurposing products traditionally considered waste in other industrial processes would promote a circular economy and represent an undeniable improvement.



Other studies have already corroborated the viability of replacing certain natural aggregates with concrete waste from demolition or by-products from the concrete industry itself [6,7,8] in order to apply it, for example, in lightweight concrete [9]. Mortar and concrete mixes capable of enhancing thermal insulation deserve special mention. Since the end of the 20th century, European guidelines on energy efficiency [10,11] have called for reducing energy consumption in buildings while maintaining low operating costs and without sacrificing comfort. This leads them to design building elements with higher thermal insulation performance. For instance, Parracha et al. evaluated the feasibility of doping mortars with insulating elements as a substitute for fine aggregates and their application in a prototype wall. The results show a decrease in the thermal conductivity of the material and, therefore, energy savings [12].



Thus, many recycled materials have already been used experimentally as additives to concrete with the goal of optimising thermal behaviour. Some examples include plastics from different sources and compositions [13,14,15,16]. For instance, research by Todaro et al. evaluated the potential of using Polyethylene Terephthalate (PET) from waste bottles without any treatment as a substitute for conventional aggregates in mortars. The results show that mortars with PET have a better response to energy absorption and tensile strength, as well as an increase in thermal insulation in the range of 65–84% better than the reference mortar [13]. In the field of plastics, rubber waste from end-of-life tyres is also found [17,18,19,20]. However, this waste is not only focused on improving the thermal behaviour of mortar or concrete but also on other properties. Such is the case of the research by Eskander et al., where they develop cement–polymer composites from polystyrene foam waste fractions with the aim of improving mechanical durability and the porosity of the cement [21]. Other types of waste include waste from the cement industry itself. The dust obtained in the cement production kiln itself is used as an additive in compressed earth blocks [22] or the sludge obtained from the water purification process is used to produce bricks without any amount of clay [23]. Several different studies have also been conducted with agricultural residues, such as: barley fibres [24,25,26], banana leaf ashes and fibres [27,28,29], peanut shells [30,31], cork particles [32,33,34], sawdust ashes [35,36,37], sugarcane bagasse ash [38,39,40], rice husk ash [41,42], and olive ash [33,43], and waste wood [44,45]. In the case of the use of wood waste, this is very similar to olive waste since, in comparison with natural aggregates, there is a significant difference in the densities. This is evidenced in the research of Ince et al., where they use wood waste powder as a substitute for mortar cement. The results show a loss in the mechanical properties of the doped mortars; however, this decrease is affordable for construction elements. On the other hand, the improvement in the environmental characteristics is highlighted, since a doping percentage of 5% means a reduction in CO2 emissions of 10%, which confers an environmental advantage [44]. And the same applies to other bio-based elements [46]. As can be seen, the use of agricultural waste in the construction sector is a technique that is becoming more and more widespread and applied. In the present study, the goal is to use ground olive stones (GOSs), a biomass residue, as a substitute for fine aggregates.



Olive stones are a by-product from the agri-food industry (olive oil industry) that are considered waste. This biomass residue is generated after all the oil has been extracted from the olive. Given that olive trees need to grow in relatively hot climates, in Europe, they are primarily found in Greece, Italy, and Spain (where summers are dry and hot, and winters are cold and slightly humid). The latter is the largest producer of olives in the world, with Spanish production constituting around 75% of the global total, at close to 6 million tons each year. Half of this production is dedicated to oil production, and thus, olive stones become a residue of this process. An olive stone is estimated to be 15% of the total weight of an olive; therefore, around 450,000 tons of olive stone are generated every year in Spain [47].



Olive stone residue is currently repurposed as biofuel in biomass boilers thanks to its high calorific value (approximately 4489 kWh/kg, according to the Institute for Energy Diversification and Saving, IDAE). It is also considered a renewable fuel with zero net CO2 emissions throughout the life cycle of an olive tree. It is used as a heat source in homes, farms, food sector industries, and collective-use buildings (elderly homes, schools, administrative buildings, etc.). However, new uses are already being proposed for olive waste other than as biomass. Some of them are applied to the construction sector, and others to wastewater treatment. In the case of wastewater treatment, Abdelhamid et al. used a mixture of dried olive residues together with hyacinth to decontaminate wastewater containing cobalt and caesium in a stable and radioactive state [48].



However, previous studies proposed to use this residue in mortars and to study its thermal properties. The research evaluated by Barreca et al. studied the use of GOSs as a substitute for fine aggregates in conventional mortars in order to characterise their thermal transmittance. The authors proposed a dosage range of 0–70% GOSs in increments of 10% and 20% intervals. The results showed a reduction in thermal transmittance (W/m2·K) of 76% compared to a conventional mortar for a maximum doping range of 70%. They also indicated that, although the thermal transmittance was reduced, other physical properties such as density were also reduced (31% decrease for a doping of 70% GOSs). A maximum limit is proposed for the use of GOSs in mortars, since higher doping leads to instability of the mixture. Furthermore, they point out that this residue applied to the construction sector would be suitable for lightening elements and plaster layers to insulate walls and bricks [43].



The present study evaluates using GOSs to manufacture mortar with the goal of improving its thermal behaviour as an insulator. The main objective is to evaluate the thermal conductivity (W/m·K) of GOSs in mortars. However, in contrast to the study by Barraca et al., in this research, the doping range (0–30%) is considerably narrowed down, studying within this interval the possible variations that exist in small increments (5%) in order to obtain a series of data with the smallest possible deviation. In addition, considerations in terms of the mechanical strength (compression and bending) of the mortars were taken into account [49]. In order to find out whether these doped mortars have a minimum of structural safety for their application to prefabricated elements, the heat transfer capacity (thermal conductivity) is analysed in the various samples and tested in a laboratory using a machine designed to measure the thermal conductivity of different construction materials. This procedure verifies whether doping mortars with GOSs leads to an improvement in thermal insulation as compared to the original undoped mortar. Once the results of the thermal conductivity (W/m·K) of the mortar as a function of the levels of use of GOSs are obtained, we proceed to evaluate its application in the construction sector and quantify its advantages. To do this, a simulation of a residential building is carried out in which the façade is made using bricks doped with GOSs. In this way, its performance can be compared with that of a façade made with conventional bricks. Therefore, based on the results obtained, it is possible to justify a new use for this waste and not its traditional destination, which is its combustion to obtain thermal energy. A reduction in the energy demands (heating and cooling) of the building is demonstrated when the façade is constructed with GOS-doped mortar bricks. The novelty obtained from this research lies in its ability to give conventional waste obtained as a result of the execution of an agricultural activity a new use, especially in the construction sector. This waste is converted back into raw materials, generating a circular economy that will help to obtain a more sustainable sector for society and the environment without losing the minimum safety and comfort properties for users.




2. Materials and Methods


2.1. Materials


The following materials are necessary to manufacture different samples of mortar doped with GOSs.



2.1.1. Fine Aggregates


Fine aggregates were used to manufacture mortars of the type AF-T-0/4-C with a maximum size of 4 mm and a density of 1634 kg/m3. Figure 1 shows the cumulative percentage of fine aggregate obtained through a sieve analysis according to EN 933-1 [50]. Their technical characteristics are shown in Table 1. In this study, the source of the fine aggregates is crushed limestone from a local quarry, stored upon receipt at ambient conditions (20 °C and 55% relative humidity).




2.1.2. Water


Water is extracted from the supply network without any additional treatment; it has a pH of 7.9 and a sulphur content of 590 ppm.




2.1.3. Ground Olive Stone


Traditional mortars do not include this material, but in the case of this study, GOSs are used to dope and create different types of mortars. Thus, it is a key material in this study. The GOSs used herein were obtained from the company Trujal 5 Valles, located in Arnedo (La Rioja, Spain). This cooperative is the main olive producer in the region, and for this reason, its production surpasses demand. The ground olive stones have not undergone any type of chemical transformation; they are simply GOSs obtained after grinding olives in the olive oil extraction process. These GOSs are processed through a natural drying process, removing excessive moisture content. An example of the GOSs is shown in Figure 2.



The chemical composition is shown in Table 2. The GOSs have a density of 580.07 kg/m3. Their dimensions range between 1 and 4 mm, similar to those of the fine aggregates used. Figure 1 shows the cumulative percentage of GOSs found through a sieve analysis according to EN 933-1 [50].




2.1.4. Cement


This product is obtained by mixing various elements, such as limestone and clay, to which a small amount of gypsum is added, along with other compounds. These are all ground together to obtain an extremely fine material.



The cement used herein is CEM II/B-M (V-L) 32.5 N from the brand Cements Portland Valderrivas (Madrid, Spain). It has a clinker percentage between 65% and 79%. This is a mix (between 21% and 35%) since it contains between 1% and 16% fly ash and between 0% and 20% limestone. It may also contain minor additional components, ranging from 0% to 5%. It has an initial strength of ≥16.5 MPa and a normal strength at 28 days between 32.5 and 52.5 MPa. The chemical composition of the material, supplied by Cements Portland Valderrivas S.A., is displayed in Table 3.





2.2. Samples Preparation


Since in this research, the use of GOSs is as a substitute for the volume of the total fine aggregates, different replacement percentages were proposed. These percentages vary between 0% and 30% of the total fine aggregate volume. Given also the differences in water absorption and our objective being to obtain mortars with a constant consistency, class S2, according to UNE-EN-12350-2 [54], the amount of water is modified as the amount of GOS increase [49]. These amounts of water for each mortar sample can be seen in Table 4 and vary according to the doping percentage of the mortar. It is important to bear in mind that increasing the percentage of GOSs diminishes the compressive strength the different mortars are capable of withstanding. This fact is reported in the research carried out by Ferreiro et al., where they evaluate the mechanical and physical characteristics (density, compression, and flexural strength) of GOS-doped mortars with different CEM II cements. For the specific case of using CEM II 32.5R, they indicate a GOS use range of 0–30% [49]. For this reason, only a range of GOS use in mortars of 0–30% is studied in this research.



This issue restricts the use of olive stones in construction, and for this reason, the thermal samples are made with a maximum percentage of 30% GOSs. The mix names are identified as the volume percentage of fine aggregates substituted by GOSs. The following percentages are examined:




	-

	
M-0: 100% fine aggregate.




	-

	
M-5: 95% fine aggregate + 5% GOS.




	-

	
M-10: 90% fine aggregate + 10% GOS.




	-

	
M-15: 85% fine aggregate + 15% GOS.




	-

	
M-20: 80% fine aggregate + 20% GOS.




	-

	
M-25: 75% fine aggregate + 25% GOS.




	-

	
M-30: 70% fine aggregate + 30% GOS.









Samples of mortar measuring 0.30 m × 0.30 m × 0.05 m are created. Fine aggregates are used in the conventional manufacturing process of undoped mortar. The rest of the materials, water, cement, and GOSs, are used to dope the mortar.



Three different batches are manufactured (L1, L2, and L3), each consisting of two samples for all the different doping ratios. In all, six samples are made for each of the seven types of mortar. These types differ according to the percentage of GOSs they contain.



The amounts used of each material are listed in Table 4, depending on the percentage of ground olive stones used (0%, 5%, 10%, 15%, 20%, 25%, and 30%). The values in Table 4 correspond to the quantities of materials used for the creation of each mortar mix.



2.2.1. Mould Assembly


Before the assembly process, each of the moulds is cleaned, and a uniform layer of liquid release agent is applied to them with a brush to facilitate their extraction. Subsequently, the screws are inserted into the moulds.




2.2.2. Mould Filling


Once the moulds were prepared, they were filled with the mortar. Beforehand, the mortar underwent an Abrams cone test to determine if the mix was viable or not. Only mortars that passed this test were utilised. The moulds were filled in two pours to improve product vibration. The first vibration was conducted when each mould was half-full, and the second when the mould was completely full. And lastly, each mould was levelled off with a trowel.




2.2.3. Curing Process, Demoulding and Coding Samples


The minimum curing time was 24 h (1 day), although the samples ended up staying in the moulds for 3.5 days (approximately 84 h). The moulds were left uncovered (Figure 3) to dry inside an industrial warehouse protected from solar radiation and rain and completely sheltered from inclement weather. The temperature did not fluctuate very much from day to day (generally, the temperature inside the industrial warehouse is approximately 20 °C and the relative humidity is 55%); thus, all the samples could be considered to have followed a similar manufacturing and curing process. This method was chosen instead of immersing them in water in order to carry out a curing process similar to that of the prefabricated elements manufactured in factories. In general, precast manufacturing factories usually carry out the curing process in the open air, but inside an enclosed building or enclosure, similar to the one used in this research. This was carried out since the purpose of this mortar will be its possible use in these types of elements.



Finally, the mortar samples were extracted from their moulds, taking care to avoid any damage by loosening and removing the screws holding the frame. A label with the corresponding code, which includes the sample number, was placed on each of the samples. The time from the demoulding of the test samples to their use in the tests was 90 days. With this proposed curing method, it is possible to replicate the manufacturing conditions of serial prefabricated elements, as well as to make the curing conditions known so that they can be replicated by other authors.





2.3. Testing Method


This experiment analyses the thermal conductivity of different mortar samples with and without GOSs according to the procedure established by UNE-EN 12939:2001 ERRATUM:2009, “Thermal performance of building materials and products—Determination of thermal resistance by means of guarded hot plate and heat flow meter methods—Thick products of high and medium thermal resistance” [55].



Thermal conductivity (λ) is defined as the capacity of each material to transfer energy in the form of heat via conduction (direct contact, without exchange of matter) spontaneously and from the body with the highest temperature to the body with the lowest temperature. The unit used to measure thermal conductivity in the international system is W/m·K. Thermal conductivity is very high in metals (strong thermal conductors) and very low in insulating materials or polymers (thermal insulators).



2.3.1. GUNT WL 376


The machine used in this study to calculate thermal conductivity (λ) is model WL 376 (Figure 4) by the company GUNT Hamburg. In this case, the materials to be analysed are mortars doped with GOSs in different percentages.



The machine has a power of 500 W and can test 0.3 m × 0.3 m square samples on each side and up to a 0.05 m thickness, or a combination of different-sized samples as long as they do not exceed this thickness. The machine is capable of analysing all kinds of construction materials as long as they are not metallic.



After switching on the machine, the moving part of the machine raises to the stop, with the help of a spindle. Then, the sample is introduced without touching the cold plate or the hot plate to avoid damaging the sensors these plates have on their surface. Once the sample is in place, the hot plate is adjusted using the pressure spindle and rotated until it comes into contact with the cold plate, eliminating any air between the hot plate and the sample. Then, the cover of the insulation casing is closed to completely seal the system and, therefore, avoid any heat loss. To this end, fixed bolts must be inserted, and nuts are placed and tightened to prevent heat from escaping. And finally, the refrigerator is powered on, and the main water stopcock is opened to allow water to pass through and the cold plate to be cooled.




2.3.2. GUNT WL 376 Software Version 2.3


Next, the GUNT WL 376 software, version 2.3, included with the machine, is initiated, and the test data are entered on the main screen, called the ‘system diagram’:




	-

	
Hot plate temperature (30 °C, 40 °C, and 50 °C in three tests).




	-

	
Cold plate temperature (20 °C).




	-

	
Sample thickness (50 mm).









On this screen, the valve that allows the cooling water to pass through to the cold plate can also be opened. The ‘Chart’ screen indicates how the program should collect data (in this case, every 10 s). The temperature of the cold plate remains practically constant at 20 °C throughout; while the temperature of the hot plate varies. However, the cold plate’s temperature does change slightly because as the hot plate’s temperature varies, the refrigerator is not able to keep the cold plate at a constant temperature. Three tests are conducted on each of the samples while varying the working temperature: 20–30 °C, 20–40 °C, and 20–50 °C.



Pressing the start button creates a new data file that collects all the thermal conductivity (λ) values obtained until the test is terminated. At that point, the thermal conductivity is displayed on the ‘System Diagram’ screen, stabilises, and does not vary for at least 20 min to the second decimal place.




2.3.3. Obtaining the Parameter λ


The data obtained in the data file are exported to a spreadsheet, where all the values of λ are selected, which are constant, that is, at least the data collected during the last 20 min of testing. The thermal conductivity is tested to confirm whether it is consistent. If it is, the same cold plate temperature data interval is selected and plotted. If not, a data interval should be sought where λ is constant during the stipulated time. If this cannot be determined, the test must be repeated. Subsequently, the average temperature value is calculated, with the average temperature value of the cold plate (average of the selected data) and the temperature of the hot plate (data). These steps are carried out three times, once for each temperature range (20–30 °C, 20–40 °C, and 20–50 °C). Once the average value of the cold and hot temperatures and conductivity, λ, of each of the three temperature ranges are tested, the three points are plotted, the trend line is added, and the equation is obtained.






3. Thermal Results


This section begins by first explaining the results of the thermal conductivities obtained in the tests. This preliminary explanation of these results demonstrates the capacity of GOSs to reduce the thermal conductivity of the material in which they are embedded, in this case, mortar, and, consequently, to introduce their insulating capacity in a specific application such as prefabricated mortar elements applied to a new sustainable construction.



Table 5 shows the results obtained in the thermal test. Each value in the table is the arithmetic average of the results obtained for two samples of each batch (L1, L2, and L3) and their different doping percentages.



Based on the data obtained from the thermal samples, a third-degree polynomial regression curve is drawn to predict the value of thermal conductivity (λ) based on the percentage of GOSs included. In this sense, let us recall that a third-degree polynomial regression is the fit (based on the least squares) of a curve, with the expression described in (1)


y = a·x3 + b·x2 + c·x + d



(1)




where a, b, c, and d are the parametric coefficients of the equation to calculate. To complete this equation, the average value of all the thermal conductivities obtained for the samples with the same percentage % of ground olive stones is used in order to obtain more uniform data. Figure 5 shows the graph obtained from the tests.



Equation (2) allows us to approximate the thermal conductivity (λ) of the mortars based on their percentage of olive stones:


λ (W/m·K) = −0.0018·x3 + 0.0313·x2 − 0.2317·x + 1.4737



(2)




where x is the percentage of olive stones added to the mixture, calculated as shown in (3).


x = (% Olive stone in mix/5) + 1



(3)







The relative predictive power of a polynomial model is denoted by the value of R2 (also known as the determination coefficient), which varies between 0 and 1 and is a statistical measure of how close the data are to the fitted regression. The closer the value is to 1, the more accurate the model in general, since the higher R2 is, the better the model fits the data. For the object of study herein, this value is 0.9417.



All the current energy efficiency directives approved by the European Union highlight environmental sustainability as a strategic pillar of energy policy. By adding a certain percentage of GOSs to mortar, the resulting thermal conductivity decreases proportionally, dropping by up to 43.94% compared to the non-doped mortar in the case of mortar with 30% olive stones.




4. Discussion


Comparing the results obtained with previous research shows a similar trend of results. For instance, the research by Barreca et al. obtained a thermal transmittance (U) value of 36.10 W/m2·K for a GOS percentage of 20%. In addition, the thickness (e) of the test specimen they used was 0.02 m [43].


U(W/m2·K) = λ (W/m·K)/e(m) → λ = U·e



(4)







Therefore, the value of the thermal conductivity (λ) can be obtained from (4) with a value of 0.722 W/m·K. In the results of the current investigation, the average value for a percentage of 20% was 0.703 W/m·K. This shows a decrease of 2.59% between the two studies. Figure 6 shows the comparative results obtained for thermal conductivity (λ) in comparison with those of the research by Barraca et al. [43].



As can be seen, the trend lines of the thermal conductivities (λ) are very similar for both studies. However, an improvement is observed in the current investigation for the thermal conductivities. This improvement is very small, ranging from 1.63% to 2.59%. On the other hand, for a doping of 10%, the research by Barraca et al. achieves an improvement in the thermal conductivity coefficient of 1.07% with respect to that obtained in this research [43]. This comparison is an attempt to justify the similar trend in the results obtained between the two studies, in addition to confirming the fact that GOSs can be considered a material that reduces the thermal conductivity coefficient.



Thus, incorporating GOSs into mortar not only reduces thermal conductivity but it is also capable of enhancing the thermal insulation of building enclosures. This type of mortar with a certain percentage of doping can be put to different uses in construction, such as the manufacturing of vaults, mortar bricks for façades or non-loaded partition walls, lightening pieces, or even thermal insulation with layers of mortar coating. However, this research will focus on its use in mortar bricks. Incorporating such elements would translate into a reduced energy demand for buildings, along with a subsequent decrease in CO2 emissions and overall energy savings. Repurposing an abundant source of waste, such as olive stones, also renders such applications very interesting from an environmental and social sustainability standpoint.




5. Case Study: Energy Simulation of the Application of Mortar Bricks with GOSs


This energy simulation aims to determine the reduction in combined energy demand (heating and cooling) that occurs in a façade-type SATE. The results are compared with the traditional way of using GOS waste, that is, its combustion to obtain thermal energy.



Given the satisfactory results obtained for the coefficient of thermal conductivity (λ) and in order to assess the possible practical benefits of mortar doped with GOSs, an energy simulation study is conducted with a model of a new building that meets the current Technical Building Code [56]. The Technical Building Code stipulates energy demands according to the different climate zones in Spain. All the resulting models are calculated with the LIDER-CALENER Unified Tool version 2.0.2412.1173 [57]. This software is authorized by the Spanish Ministry for the Ecological Transition and Demographic Challenge to assign energy certifications to buildings and to inform the demand requirements and energy consumption levels included in the Technical Building Code.



To prepare the prototype, a residential block of flats is chosen, as outlined in model 6.2 of the document “Energy qualification of existing IDAE buildings” [58]. A model plan is used with a main façade of 21 m to the south and the rear to the north, and a 20 m perpendicular partition wall (east and west) in a quasi-square shape. Two small patios measuring 4 × 4 (16 m2 each) open onto the two dividing façades. The 3D volumetric model is shown in Figure 7.



The block of flats used in the simulation consists of



	-

	
A ground floor: 4 m-high mezzanine and ground floor with common access and two commercial premises.




	-

	
Four residential floors: 4 flats per floor measuring about 90.75 m2 per flat (3 m of height between floors).




	-

	
A top floor with an inclined roof: storage rooms and lift machine room.







The thermal enclosure of the building consists of a set of enclosures (floors, roofs, façades, etc.) that separate the living spaces from the exterior (ground, air, and other buildings) and the interior partition walls that separate the habitable spaces from the non-habitable ones, which in turn are in contact with the outside. The enclosure of the modelled building includes the following types of enclosures shown in Table 6.



The objective is to calculate the reduction in combined heating and cooling energy demand (kWh/m2 and year) from replacing two 11.5 cm-thick GERO brick sheets of conventional perforated mortar (according to the calculation software database) in the façade with another type of GERO brick of the same characteristics but with a percentage of GOSs.



The perforated GERO bricks have circular or diamond-shaped holes. The total volume of the perforations is between 25% and 50% of the total volume of the brick. Figure 8 shows an example of a perforated GERO brick.



The following table specifies the thermal conductivity of the mortar brick (both solid and perforated) measuring 25 cm × 11.5 cm × 10 cm, according to the Catalogue of Construction Elements of the Technical Building Code in Spain [59] for mortar with a density of 2000 kg/m3. The following values, as shown in Table 7, are used as a reference in this study.



The solid brick used for the calculation has a total volume of 2875 cm3 of mortar. In the perforated GERO brick, the mortar volume decreases to 1603.3 cm3, as it has a total of 18 holes of 3 cm in diameter. The percentage (%) mortar volume of the total brick is 55.77%. Therefore, the % volume of the holes is 44.23%. Likewise, the conductivity reduction coefficient due to air gaps between the solid brick and the perforated brick is 0.64.



The rest of the elements in the enclosure (the windows, doors, dividing walls, roofs, and floors in contact with the ground) are not modified during the simulation. They are, however, adapted to the requirements included in the Technical Building Code [56] according to Spain’s five different climate zones. Figure 9 shows the existing climate zones in Spain.



The façade under study herein is a SATE façade, which is an exterior thermal insulation system consisting of a prefabricated insulating panel attached to a brick wall (in this case, expanded polystyrene, EPS) that is mechanically fixed with adhesive or anchors. The insulation is protected with an external coating consisting of a 3 cm layer of mortar that also incorporates a reinforcing mesh and is applied directly to the insulating panel without air gaps or a discontinuous layer. For the present study, the composition of the enclosure of the SATE façade (exterior thermal insulation system) for the building simulation is as follows:




	-

	
1. A 3 cm-thick layer of mortar with λ = 1.254 W/m·K.




	-

	
2. Extended polystyrene insulation with λ = 0.037 W/m·K of variable thickness depending on the climate region:




	○

	
Zone A (Almería): 4 cm




	○

	
Zone B (Sevilla): 5 cm




	○

	
Zone C (Barcelona): 8 cm




	○

	
Zone D (Logroño): 11 cm




	○

	
Zone E (Soria): 12 cm










	-

	
3. A perforated GERO brick that is 11.5 cm thick with λ = 1.097 W/m·K.




	-

	
4. A 2 cm-thick vertical air chamber without ventilation.




	-

	
5. A perforated GERO brick that is 11.5 cm thick with λ = 1.097 W/m·K.




	-

	
6. Plaster finish, 2 cm-thick.









Layers 3 and 5 are modified in the simulations with a GERO perforated brick from the program database with another of the same dimensions and characteristics but with the addition of 5%, 10%, 15%, 20%, 25%, and 30% GOSs and with the conductivity values obtained in the tests multiplied by the coefficient 0.64 (conductivity ratio between the perforated brick and the solid brick).



A key aspect that must be fulfilled is that the thermal transmittance (U) of the façade for the various cases of study must be lower than the maximum allowable thermal transmittance (UMAX) established by the Technical Building Code according to its climatic zone. This UMAX parameter is imposed in the DA DB-HE1 document [56]. These values are shown in Table 8, as along with the values of the thermal transmittances (U) for each case of study evaluated, including for the façade configuration, in which there is no doping of the mortar bricks. As can be seen, in no case is this limit value exceeded.



Therefore, multiple thermal simulations are carried out to calculate the reduction in the combined annual heating and cooling demand (kWh/m2 and year), replacing the conventional perforated GERO brick with another brick doped with GOSs in the 988.52 m2 façade of the modelled building. The results obtained are shown in Table 9. As can be seen, the first column of Table 9 refers to the different climatic zones in Spain according to the Technical Building Code [56]. The second column corresponds to the sum of the heating and cooling demands for the reference case study building. In this case, the façade does not have any type of insulation. The remaining columns show, depending on the percentage of GOS doping in the GERO perforated bricks, the combined energy savings in heating and cooling. Therefore, to find out, for example, the total energy demand of the building for a climate zone type E in which the doping percentage is 20%, it is necessary to subtract from the reference energy demand of 54,391.8 kWh/year the energy savings that are produced with a doping percentage of 20%, which is equivalent to a value of 788.1 kWh/year. The result is 53,603.7 kWh/year, which is equivalent to a decrease of 1.45% in energy demand.



The best results in terms of the percentage reduction in the combined heating and cooling demand occur in the case of climate zone type C and in the specific case of 30% doping. In this case, the energy demand is reduced by 2.787%. On the other hand, the worst reduction percentage occurs in the case of a climate zone type E and in the case in which the bricks are doped with a minimum percentage of 5%. For this configuration, the percentage of reduction in the demand is 0.814%. Finally, it should be noted that the average value for the five climatic zones gives a percentage reduction in demand of 1.726%.



As can be seen, the energy savings of the combined thermal demand for heating and cooling (kWh and year) are greater for the higher percentages of doping, but the amount of GOSs that must be incorporated into the mortar is also greater. Table 10 shows, for the modelled façade, the average energy savings ratio (in five climate zones) as a function of the doping percentage. These energy savings include heating and cooling demands.



Once the energy savings in the building façade are known, they are compared with the traditional use of GOSs. GOSs are usually combusted in a biomass boiler. This comparison is carried out in order to know how long it would take to recover the energy in the building instead of burning it.



A lower calorific value is used for GOSs of 4489 kWh/kg, according to the document “Lower calorific values of primary energy sources” by the IDAE [60]. And a useful energy performance of 75% in combustion is considered, thereby quantifying losses in the boiler and in heat distribution. Taking into account the amount of GOSs added to each type of mortar, the following values are obtained for useful heat energy, as shown in Table 11.



And lastly, the combustion energy recovery time is considered in conjunction with the savings derived from the reduced combined heating and cooling demand generated by doping the mortar. The values obtained are displayed in Figure 10.



As can be observed, the best results are obtained with doping between 5% and 15%, where the average recovery period ranges from 30 to 70 years within the useful life of a building built in compliance with current regulatory requirements. It is concluded, therefore, that incorporating GOSs to manufacture a doped mortar and adding it to perforated bricks for façades makes it possible to recover, within the useful lifetime of a building, the useable energy that can be obtained by combusting olive stone in a biomass boiler. Thus, this application offers benefits in terms of energy savings while also recycling an agricultural waste product: ground olive stones.



In view of the results shown in this research, future lines of research on the use of GOSs in mortar bricks for the manufacturing of sustainable façades will focus on analysing its economic, social, and environmental costs. In other words, they will evaluate the economic profitability of using this waste in prefabricated elements in a hypothetical industrial production, in addition to evaluating its social impact and assessing whether there is any social advantage, such as the generation of new jobs. And finally, future research should environmentally characterise, through the Life Cycle Analysis (LCA) tool, the possible environmental benefits of producing prefabricated mortar elements doped with GOSs.




6. Conclusions


The most significant conclusions obtained from this research are shown below.



The replacement of a volume percentage of fine aggregates by GOSs in mortars implies a decrease in the coefficient of thermal conductivity (λ) of the mortar. Specifically, for an additive doping of 5%, this reduction is 15.66%. This is equivalent to reducing a thermal conductivity value of 1.26 W/m·K to a final value of 1.05 W/m·K.



In addition, the research shows that the higher the doping percentage, the greater the influence it has on the reduction in the thermal conductivity coefficient (λ). This is particularly relevant in the case of a doping percentage of 30%, where the thermal conductivity coefficient (λ) decreases to a value of 0.607 W/m·K, which is 43.94% less than the reference value.



The anomalies and oscillations shown in the graphs are due to the moisture that the GOSs and fine aggregates absorb from the environment before manufacturing; hence, there is a need to carry out several test batches in order to obtain average values with minimal deviations.



Due to the rewarding results obtained in terms of the reduction in the thermal conductivity coefficient (λ), specific uses for this agricultural waste are proposed, such as the elaboration of mortar bricks for the manufacturing of more sustainable façades. In this way, a new way of using this agricultural waste is proposed in addition to the traditional way of using it as a source of biomass.



The results of the building energy simulation support the feasibility of incorporating GOSs in mortar bricks for the manufacturing of sustainable façades, where two façade leaves are composed of GOS-doped mortar bricks. For example, in the specific case where the bricks are doped with 5% GOS, there are savings in combined heating and cooling demands of 0.43 kWh per square metre of façade on an annual basis. And for a doping value of 30%, there is an energy saving of 0.938 kWh/m2·year.



This reduction in the energy demands of heating and cooling for new buildings implies avoiding the consumption of traditional fossil fuels, such as natural gas, to meet these demands or reducing the consumption of electricity. This is associated with a reduction in CO2 emissions and the sustainability of the sector.



Finally, the energy savings obtained by using GOSs in mortar bricks for sustainable façades were compared with the most common way of using this agricultural waste today, which is to obtain thermal energy in boilers. The results show a recovery range of 30 to 70 years (depending on the utilisation rate of GOSs).



The most viable outcome of this payback period is to dope the GERO perforated brick with 5% GOS, as it has a payback period between 30 and 37 years, which is approximately half of a building’s lifetime (50~75 years).



This research has demonstrated the feasibility of using agricultural waste such as GOSs in the construction sector due to their improved thermal properties in their application to mortar bricks that reduce the energy demands (heating and cooling) of a new building. An alternative use for this agricultural waste is proposed, establishing future lines of research such as economic, social, and environmental analyses.
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Figure 1. Fine aggregate and GOS granulometry. 
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Figure 2. GOSs used into dope mortar. 
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Figure 3. Curing of mortar samples (0.30 m × 0.30 m × 0.05 m). 
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Figure 4. Thermal machine GUNT WL 376 and parts. 1. Hot plate insulation. 2. Hot plate. 3. Cold plate. 4. Cover for insulation casing. 5. Main switch and heat switch. 6. LED lights. 7. Insulation casing. 8. Pressure spindle. 
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Figure 5. Third-degree polynomial regression curve of the results. 
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Figure 6. Comparison of thermal conductivities, λ (W/m·k). * [43]. 
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Figure 7. The 3D Building model. 
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Figure 8. Example of perforated GERO brick. 
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Figure 9. Climate zones according to the Spanish Technical Building Code. 
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Figure 10. Years of use recovered thanks to façade made with ground-olive-stone-doped mortar (26.5 cm thick) rather than combustion combined heating and cooling demand. 
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Table 1. Technical characteristics of fine aggregates.
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	Tests
	Results
	Limits





	Clay lumps, UNE 7-133 [51]
	0.00%
	<1%



	Total sulphur compounds, UNE-EN 1744 [52]
	0.082%
	<1%



	Water absorption by fine aggregate, UNE-EN 1097-6 [53]
	1.19%
	≤5%



	Chlorides expressed in Cl−, UNE-EN 1744 [52]
	0.001%
	≤0.05%



	Acid soluble sulphates, UNE-EN 1744 [52]
	0.052%
	<0.08%










 





Table 2. Chemical composition of GOSs.
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Composition

	
Percentage






	
Chemical composition

	
C (%)

	
50.2




	
O (%)

	
45.2




	
H (%)

	
7.02




	
N (%)

	
0.47




	
S (%)

	
0.04




	
By component

	
Lignin (%)

	
32.1




	
Hemicellulose (%)

	
34.8




	
Cellulose (%)

	
26.9




	
Soluble (%)

	
5.4




	
Ash (%)

	
0.8











 





Table 3. General composition of Portland Valderrivas cement.
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Material

	
Composition

	
Result (%)






	
Cementitious materials

	
SiO2

	
18.05




	
CaO

	
62.96




	
MgO

	
2.07




	
Al2O3

	
5.43




	
Fe2O3

	
1.53




	
SO3

	
3.08




	
Loss on ignition

	
5.04











 





Table 4. Type and quantity of material used to manufacture of mortar mix.






Table 4. Type and quantity of material used to manufacture of mortar mix.





	Sample
	Fine Aggregate (kg)
	Cement (kg)
	Water (kg)
	GOSs (kg)





	M-0
	40.0
	8.0
	6.50
	0.00



	M-5
	38.0
	8.0
	6.33
	0.71



	M-10
	36.0
	8.0
	6.16
	1.42



	M-15
	34.0
	8.0
	5.99
	2.13



	M-20
	32.0
	8.0
	5.82
	2.84



	M-25
	30.0
	8.0
	5.65
	3.55



	M-30
	28.0
	8.0
	5.48
	4.26










 





Table 5. λ conductivity values obtained for batches with different doping percentages.
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Thermal Conductivity, λ (W/m·k)




	
Sample

	
Batch 1 (L1)

	
Batch (L2)

	
Batch (L3)






	
M-0

	
1.22

	
1.14

	
1.17




	
M-5

	
0.86

	
0.83

	
0.91




	
M-10

	
0.92

	
0.83

	
1.00




	
M-15

	
0.93

	
0.82

	
0.79




	
M-20

	
0.54

	
0.90

	
0.67




	
M-25

	
0.67

	
0.79

	
0.86




	
M-30

	
0.55

	
0.62

	
0.65











 





Table 6. Total area of thermal enclosure of the building.






Table 6. Total area of thermal enclosure of the building.





	Element
	Area (m2)





	Façades
	988.52



	Space
	175.08



	Partitions
	569.60



	Roofs
	395.71



	Floors in contact with Earth
	388



	Total
	2516.91










 





Table 7. Values of for mortar, according to the CTE. Source: Construction Elements Catalogue [59].






Table 7. Values of for mortar, according to the CTE. Source: Construction Elements Catalogue [59].





	Material
	Dimensions (cm)
	Mortar Density (kg/m3)
	λ (W/m·K)





	Solid Brick
	25 × 11.5 × 10
	2000
	1.714



	Perforated GERO Brick
	25 × 11.5 × 10
	2000
	1.091










 





Table 8. Values of the total thermal transmittances (W/m2·K) for each doping percentage and reference percentage as well as the maximum admissible transmittances, UMAX (W/m2·K), depending on the climatic zone.






Table 8. Values of the total thermal transmittances (W/m2·K) for each doping percentage and reference percentage as well as the maximum admissible transmittances, UMAX (W/m2·K), depending on the climatic zone.





	
Climate Zone

	
UMAX (W/m2·K)

	
UREF (W/m2·K)

	
U5%

(W/m2·K)

λ = 0.676

	
U10% (W/m2·K)

λ = 0.603

	
U15%

(W/m2·K)

λ = 0.551

	
U20% (W/m2·K)

λ = 0.510

	
U25% (W/m2·K)

λ = 0.477

	
U30% (W/m2·K)

λ = 0.449






	
A—Almería

	
0.500

	
0.410

	
0.389

	
0.383

	
0.378

	
0.373

	
0.369

	
0.365




	
B—Sevilla

	
0.380

	
0.369

	
0.352

	
0.347

	
0.343

	
0.339

	
0.335

	
0.332




	
C—Barcelona

	
0.290

	
0.284

	
0.274

	
0.271

	
0.268

	
0.266

	
0.264

	
0.262




	
D—Logroño

	
0.270

	
0.231

	
0.224

	
0.222

	
0.220

	
0.219

	
0.217

	
0.216




	
E—Soria

	
0.230

	
0.217

	
0.211

	
0.209

	
0.208

	
0.206

	
0.205

	
0.204




	
Total area of façade replaced: 988.52 m2











 





Table 9. Total annual energy savings (988.52 m2 façade) thanks to the incorporation of olive stones, according to climate zones. * The reference demands (kWh/year) are the sum of the heating and cooling demands for the whole building and for the reference case where the mortar bricks are undoped.
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