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Abstract

:

The addition of ground olive stones in the manufacture of mortar bricks reduces their thermal conductivity coefficient and increases heat exchange insulation. So, it can improve energy efficiency and reduce the energy demand of buildings. This research analyzes, from other points of view, the economic, social and environmental impacts of the doping of GERO mortar bricks with ground olive stone in a percentage between 5% and 15% by volume of fine aggregate for use in building construction. The study focuses mainly on the region of Andalusia, Spain, where large quantities of olive stones are collected as waste from olive oil production. The economic analysis shows how the use of ground olive stones as a partial replacement of fine aggregate in mortar can generate significant savings and economic returns in the medium term (10–20 years) by reducing conventional energy consumption in heating and air conditioning installations. Finally, the Environmental Life Cycle Analysis shows that the use of ground olive stones in GERO perforated bricks reduces environmental impacts in the medium term. In summary, the research concludes that the doping of mortar bricks with ground olive stones can have a positive impact on the economy, society and the environment, and represents a sustainable and cost-effective alternative for the construction industry.
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1. Introduction


The construction sector is an ideal environment to implement the concept of the circular economy [1], since it is possible to develop mixed materials doped with waste from other processes (sometimes outside the sector) but whose addition improves some of the properties of the final product. In fact, at the European level, several rules and regulations have already been established that overlap with the previous objective regarding waste management, such as the directives on the energy efficiency of buildings [2] which promotes the use of sustainable techniques and materials, the waste directive [3] which establishes the objectives to reduce waste production and promote its reuse and recycling, and the construction products directive [4] which establishes the requirements for the environmental assessment and environmental declaration of construction products, including mortars. In addition, the European Union’s Strategy for Sustainability in Construction [5] establishes a framework for improving sustainability in building construction and encourages the use of sustainable techniques and materials. But how can the sustainability of materials be achieved? The answer may lie in the use of doping.



The doping of construction materials is a technique used to improve the properties of materials and increase their energy efficiency, strength, durability, fire resistance, corrosion resistance, or simply as a substitute for traditional raw materials such as cement or aggregates. Doping is the addition of small amounts of chemical elements to materials to modify their physical properties and improve their performance. Doped materials can help reduce heat loss and the amount of energy required to heat or cool a building. Among the current materials for the doping of mortar are the wastes from industrial and agricultural processes of human activity. In this way, it is possible to give a new use to those elements that in a traditional way would have been disposed of in landfills without any kind of previous treatment.



Several studies have been carried out on the doping of mortars with residues. For instance, plastics of different origins and compositions have been used [6,7]; The recycling of end-of-life tires [8,9], through the creation of crumb rubber to replace fine aggregate in bricks and hollow bricks. This reduces the temperature gradient by 5.6% between inside and outside [8]; Wastes from blast furnace [10]; Sludge generated by the pulp and paper industry [11], highlighting that the incorporation of 10% of the waste in soil–cement blocks reaches the minimum technical requirements demanded by the regulations; Ceramic waste bricks, tiles and roof tiles from the demolition of buildings [12], improving the compressive strength over that of natural aggregate. Additional examples are agricultural residues such as: barley fibers [13], banana leaf ashes and fibers [14], peanut shells [15], cork particles [16], sawdust ashes [17], sugar cane bagasse ashes [18], rice husk ashes [19], olive ashes [20] and rice husks [21]. In the last case, it is noted that replacing 7% of the sand with rice husks reduces the thermal conductivity by 12%.



Once the great projection for the future in the incorporation of waste from industrial and agricultural activities has been explained, it is evaluated for the specific case of Spain, where a waste with great potential from the food industry, such as ground olive stone, is used. This has already been evaluated by previous researchers, where they show its mechanical viability as a substitute for fine aggregate in mortars [22,23,24]. For instance, the research by Ferreiro et al., studied the mechanical properties of mortars in which ground olive stones is used as a substitute for fine aggregate in percentages from 0% to 50% and even up to 100% substitution, in increments of 5%. Their results show significant decreases in the mechanical properties (compression and flexural) of the mortars as the percentage of use of ground olive stone increases. However, Ferreiro et al., highlight an acceptable range of use, which is 0–30% when high-strength cements such as 42.5R or 52.5R are used. In these cases, the decreases in the characteristics’ strength of the mortar are not significant and are acceptable for application in, e.g., prefabricated mortar elements [23]. Once its mechanical properties were defined, its thermal properties and the application of this mortar doped with ground olive stone in a facade for a new building were determined [24]. San Vicente et al., defined the thermal conductivity coefficient (λ) of mortars using ground olive stone as a substitute for fine aggregate in percentages of 0–30% (mechanically viable). Their results show that for the case of 30% replacement of the fine aggregate by ground olive stone, a 43.94% reduction in the thermal conductivity coefficient is achieved with respect to a reference mortar. As a result of these reductions in thermal conductivity, the use of this doped mortar in perforated bricks and its installation on the facades of a new building is proposed. The results of the thermal simulation of the building show reductions of up to −0.938 kWh/m2 of the combined heating and cooling demands [24].



Once the mechanical and thermal behaviors of this waste in mortar have been defined, it is noteworthy to be able to characterize them on other aspects such as economic, social and environmental, which is the main novelty of this research, in addition to continuing to add knowledge to the use of ground olive stone as a substitute for natural fine aggregate. With these new results, the sustainability of this waste applied to the construction sector can be evaluated. Of course, another advantage of using olive stones as a doping material is that since they are a by-product of the food industry, their use as a building material would help to promote the concept of the circular economy.



This study aims to evaluate the economic and social profitability as well as its environmental sustainability derived from the use of this ground olive stone in the construction industry; specifically, in its use as a dopant in mortars for the manufacture of perforated bricks applicable to the construction of a facade in a new building. For its economic analysis, the energy savings derived from the decrease in energy demand (heating and air conditioning) through the three traditional energy sources to supply will be compared. These are electricity, natural gas and biomass. In the Social Life Cycle Analysis (S-LCA), the main parameters and positive impacts related to the doping of mortar with olive stones to produce bricks are analyzed. Finally, an Environmental Life Cycle Analysis (E-LCA) is carried out to determine the environmental impacts related to the use of doped bricks in buildings. The aim of this research is to determine whether ground olive stone is economically viable, whether it is socially beneficial for society and the production environment, and to determine its environmental impacts. These methodologies for defining sustainability together with the previous definition of mechanical and thermal properties help to generate knowledge about the use of ground olive stone as a substitute for natural fine aggregate.




2. Current Situation of Olive Stones in Spain


The research uses ground olive stones, a main by-product of the olive oil industry in Spain. It is important to note at this point that this waste is highly conditioned by local climatology, so it is necessary to analyze locally its economic and social feasibility, as well as its environmental sustainability.



Spain was chosen for the analysis, but the final conclusions can be extrapolated to other similar countries in the Mediterranean region that are major olive producers such as Portugal, Italy and Greece, and even to other similar types of by-products such as acai seeds [25,26], cherry stones [27], grape pomace [28].



The cultivation and use of the olive tree and its olives have historically been one of the main agricultural resources in Spain. Although the Phoenicians (4th century B.C.) are credited with promoting the first olive plantations, it was during the Roman period when the olive tree expanded significantly throughout the Mediterranean Sea, turning the peninsula into one of the main exporters of olive oil. From then until now, its importance has never diminished, and it is currently one of the main signs of Spanish identity.



2.1. Olive Cultivation in Spain


According to data provided by the Ministry of Agriculture, Fisheries and Food of the Government of Spain [29] in the yearbook of statistics on agricultural areas and productions [30] that it publishes every year, the area under olive cultivation has increased in the last decade (2010–2020) to currently reach 2,624,000 hectares. Ninety-three percent of this area is used for milling and the subsequent production of olive oil, unbleached pomace and pomace oil, while only 7% is cultivated for olives for consumption as dressing. Final olive production in Spain during the last decade (2010–2020) with data provided by the Ministry of Agriculture, Fisheries and Food of the Government of Spain is represented in Figure 1.



Although large sawtooths can be observed in the evolution of final olive production, its linear projection has an upward trend and is currently around 8–109 kg of olives. By autonomous communities, the main percentage of planted area in Spain is located between Andalusia, Castilla-La Mancha and Extremadura. Between the three of them, they have 86.50% of all the current olive groves and 93.38% if we talk about olive production percentages, with the Andalusian Community standing out, above all, for its extension and productivity.




2.2. Energy Potential of the Ground Olive Stone in Spain


In all olive mill production (olive oil, olive pomace, etc.), and in a high percentage of table olives, the olive stone is a waste product generated in the different industrial processes. However, despite the fact that it is a waste product, in all olive-cultivating areas it is already valued as an energy resource of some importance given its possibility of being burned in biomass boilers to obtain thermal energy.



Ground olive stones have a lower calorific value (LCV) of 4489 kWh/kg according to the document “Lower calorific values of the main energy sources” of the IDAE-Spanish Institute for Energy Diversification and Saving [31]. The average density of ground olive stones is 1200 kg/m3, although its apparent density (due to air voids in storage) drops to about 600–650 kg/m3. The percentage by weight of olive stone in the olive’s total varies according to the variety, the type of olive tree and, above all, the percentage of humidity contained in the olives at the time of harvesting. A value between 10 and 20% of the weight (150 g per kilogram of olive) is a good approximation to quantify the average weight of the olive stone over the total. With these values and the production levels detailed above, it is possible to estimate a total annual production in Spain of about 1200 million kilograms of ground olive stone, with the contribution of the Andalusian Autonomous Community being fundamental, which contributes 975 million kilograms (81.27% of the total).



Although, there are other possibilities for the evaluation of olive stones, such as combustion as the main destination, since it has an important performance as a source of thermal energy. In fact, a significant percentage of this olive mill waste in the production of olive oil and olive pomace does not leave the facilities themselves, as it is used for the internal generation of thermal energy and electrical energy (cogeneration). It is also used as a direct fuel for domestic and tertiary biomass boilers to meet the demand for heating and domestic hot water. In other cases, it can also be sent to pellet manufacturing plants where it is compacted in order to standardize its size and thermal properties. All these reasons make olive stone waste a good alternative to the more common and much more polluting fossil fuels (natural gas, diesel, propane, etc.).



A conversion efficiency of 75% of the calorific value of the ground olive stones into useful energy during the combustion process in the boiler can be considered quite prudent, taking into consideration the losses due to unburned stones, as well as in the transport and distribution of heat through the pipes. With an approach of energy recovery of all the olive stones for combustion produced in Spain and with this yield of 75%, a total of 4040 GWh/year of calorific energy could be available, as shown in Table 1.



In order to obtain a comparison model to objectively quantify these values of potential useful thermal energy feasible by the combustion of ground olive stone biomass, data from the Study of the distribution of residential energy consumption for heating in Spain are used. This was published by the Spanish Ministry of Public Works in 2017 [32], which in turn emanates from studies carried out by IDAE in the SECH-SPAHOUSEC project (2011) [33] and its subsequent evolution SECH-SPAHOUSEC II (2019) [34].



They quantify a real total energy consumption for heating homes in Spain of 79,982 GWh/year, although this figure is reduced to 70,109 GWh/year when considering only homes that have heating consumption and are not in a situation of energy poverty. The purpose of this is to eliminate homes from the statistics that do not consume because they are uninhabited or because they do not have sufficient income to meet the thermal needs of the home. The energy poverty criterion defined in the document “Poverty, vulnerability and energy inequality” [35] is used, where homes whose expenditure on domestic energy is equivalent to more than 10% of real annual net income are considered as such.



The combustion of all the biomass generated in Spain from the grinding of olive stone residue alone would be capable of satisfying 5% of the thermal energy consumption for heating the country’s entire housing stock. The Autonomous Community of Andalusia has the highest percentage of heated homes in terms of power (677,408 kW, 85.7% of the total) with a capacity to satisfy 34.15% of the heating energy consumption of the entire community.




2.3. Ground Olive Stone Price Evolution


The price of ground olive stone residue in Spain has varied depending on the annual olive production as well as its condition and level of demand. This is a special waste because, while other waste from industrial activities does not usually have a final value (it is usually necessary to pay for its management), the viability of olive stones as a cheap fuel for biomass boilers means that it is in great demand and can be sold on the markets at a certain price. Figure 2 shows the annual evolution of olive stone prices (€cent) per kWh of energy produced according to the Olive Stone Price Index for domestic use in Spain published by AveBiom for the fourth quarter of 2022 [36].



However, 2022 is not a very representative year considering the geopolitical tensions generated by the war in Ukraine and its energy crisis. We can expect that as the current international instability subsides, prices will return to a more natural trend. These average prices to the final consumer include a 21% VAT and an average transport of 200 km in bulk format, for olive stone classes A1 and A2 of the Spanish standard UNE-164003 [37].



Figure 3 shows the evolution of prices per kWh of electricity, natural gas according to regulated tariffs and olive stones. Both gas and electricity incorporate a 21% value-added tax and a 22% increase in fixed costs (energy term) to obtain final consumer values. The 2022 data for electricity and gas are obtained only from the first six months, the latest provided by EUROSTAT in 2022 [38].



As can be seen, the cost of olive stones is significantly cheaper than either of the other two common energy sources to meet heating demand (electricity in aerothermal and electric radiators and natural gas in boilers).



In general, forecasting an average annual increase in fuel prices, which is necessary for future economic profitability calculations, is very difficult. A conservative option is chosen, and an average annual increase of 3% is forecast for the three energy sources under study: electricity, natural gas and olive stones. The base price calculation for each of the energy sources used is that of the year 2021, as it is also a more conservative value and eliminates the noise generated by the current European energy situation resulting from 2022. Therefore, the energy costs will be 24.27 c€/kWh electricity, 10.31 c€/kWh gas and 3.72 c€/kWh olive stone biomass.




2.4. Previous Samples


Relevant characteristics from previous research are described [23,24]. The ground olive stones have a particle size of 1~4 mm (see Figure 4) and were sieved according to EN 933-1 [39]. Their density is 580.07 kg/m3. Table 2 shows their chemical composition by component and by element.



Table 3 shows for the tested samples their mechanical compression and flexural results as well as the coefficient of thermal conductivity (λ) and density of the mortars doped with ground olive stones.



The use of waste from agricultural activities is being studied by other authors. For instance, in comparison with ground olive stone, acai seed waste (Euterpe oleracea Mart) has been identified. According to Monteiro et al., these acai seeds, like ground olive stone, are a waste product with a large production volume that cannot be reused [26]. This makes its possible use in mortars and cement paste convenient [40]. Monteiro et al., carried out a study of the properties of acai seeds and their incorporation into mortar as a replacement for fine aggregate. Their results show that the incorporation of acai seeds into mortar leads to a reduction in the mechanical performance of the mortar. This similar trend is also identified for the use of ground olive stone mortar (see Table 3). However, Monteiro et al., note that when acai seeds are subjected to a calcination process, they show a small improvement in consistency and water retention, as this prior calcination process mitigates the effect of water absorption due to the presence of lignocellulose [26].




2.5. Economic Cost of Mortar Doped with Olive Stones


Ground olive stones can be used as a mortar doping to reduce the thermal conductivity of the mortar and, consequently, reduce the energy demand for heating and air conditioning by reducing the thermal transmittance of newly constructed buildings. As such, one must bear in mind that increasing the percentage of olive stones also produces a decrease in the mechanical compressive strength that the different mortars are capable of withstanding. These characteristics limit its use in construction, since it is not capable of withstanding great stresses, and for this reason, mechanical specimens are made with a maximum percentage of olive stone of 30% [23].



Similarly, the addition of more than 15% of ground olive stone in the total weight of mortar has also been evaluated as unprofitable. The energy recovery of the incorporated residue exceeds 75 years compared to the energy that could be obtained by burning the stone with a useful yield of 75%. This is too long a period of time for the useful life of a building [24]. However, this period of time for doping between 5% and 15% does find a correct balance between the amount of olive stone provided and the reduction in demand. Thus, the time period for combustion energy recovery was established according to the different climatic zones by the Technical Building Code in Spain [41]:




	
Between 30 and 37 years for the 5% doped (mean value 34 years);



	
Between 47 and 58 years for the 10% doped (mean value of 53 years);



	
Between 59 and 72 years for the 15% doped (mean value of 65 years).








These values, although high, are still within the useful life of a building (75 years), making it a cost-effective measure from an energy point of view. At an economic level, this substitution of materials has repercussions on prices since the price of fine aggregate is usually lower than that of ground olive stone residue. For the calculations, an average price for fine aggregate of 12 €/t (average price for 2021 supply according to the National Association of Aggregates Manufacturers—ANEFA [42]) and 167 €/t for ground olive stone (average price AveBiom 2021 [36]) is used. The price increases per m3 of treated mortar are shown in Table 4.



The m3 of 5% doped mortar is 3.5 €/m3 more expensive than undoped mortar. And this value increases to 7.41 €/m3 for M-10 and 10.72 €/m3 for M-15. It should be borne in mind that a m3 of conventional fine aggregate mortar averages around 60–70 €/m3. To justify its economic viability, this increase in the initial manufacturing cost of the mortar doped with olive stones with respect to that made only with fine aggregate must be offset by the economic savings generated by the reduction in the consumption of conventional fuels, the prices of which are expected to increase at a rate of 3% per year. In short, the availability of perforated bricks in the present time results in economic savings due to the increase in the price of energy sources. This economic feasibility is analyzed below, complementing the study with its Social and Environmental Life Cycle Analysis by justifying the possibility of using this doped mortar as a base material for the manufacture of perforated bricks (GERO bricks, see Figure 5) which have their mass perforated with circular perforations that represent between 25% and 50% of the total volume of the piece (in the case of the study, bricks with a 45% perforated volume are used).




2.6. International Situation of the Olive Stone


Spain is, historically, the world’s leading country in the olive oil industry, producing between 40 and 55% of the total. It is followed, but at a considerable distance, by Italy, Greece, Tunisia, Portugal, Syria, Morocco, Algeria, Jordan, Libya and Israel. As can be seen, the production of olive oil and olive stone crushing is highly concentrated on the shores of the Mediterranean Sea, the area where olive trees are originally grown. Only isolated cases such as Chile, Australia and Argentina represent certain volumes of importance outside this area. World olive production has grown gradually and steadily from 1990 to the present day from the producing countries in the European Union, exporting to all parts of the world [43,44].





3. Economic Profitability Analysis of GERO Perforated Bricks with Mortar Doped with Olive Stones


The economic, social and environmental assessment is based on the previous research of San Vicente et al. [24]. This research studies the replacement of two sheets of GERO brick with conventional mortar (11.5 cm thick) for another mortar brick containing ground olive stone as substitute for fine aggregate in percentages of 5% to 15% replacement [24]. The facade is modelled for a newly constructed building, based on a building typology of RESIDENTIAL IN BLOCK recognized in model 6.2 of the document “Energy rating of existing buildings of the IDAE—Institute for diversification and energy saving of Spain” [45]. This building with an exterior facade of 988.50 m2 complies with the current construction requirements of the Technical Building Code in Spain in terms of limiting energy demand for air conditioning. Table 5 shows the energy savings per m2 of facade as a function of the percentage of substitution of ground olive stones as fine aggregate. The results are extracted from the research of San Vicente et al., from the multiple energy simulations in the different climatic zones existing in Spain [24].



Considering the average seasonal performance of the air-conditioning machines (300% in aerothermal, 100% in condensing gas boilers, 75% in biomass boilers) which provide the final useful energy required in the building, the heating and cooling demand is calculated as the final energy saved by the consumer per m2 of facade. The results of the energy savings are shown in Table 6.



The main advantage of these final energy savings is that they occur throughout the life of the building. Thus, each year there will be an economic saving equivalent to the energy saved multiplied by the average price of the energy source paid by the final consumer. On the other hand, taking into account that the data are linked to a 23 cm thick facade, the cost increase per m2 of facade with two sheets of perforated GERO brick (11.5 cm each) is calculated in Table 7. As such, the value of the cost increase that exists when doping 1 m3 of mortar with ground olive stone is used (see Table 4). From this price, we obtain what would be the price increase of 1 m3 for a facade using GERO perforated bricks. And finally, this value is converted to the economic increase for 1 m2 of facade using GERO perforated bricks.



These values are those that must be recovered in order to achieve amortization of the initial investment. For this purpose, an economic profitability analysis is carried out based on the financial indicators NPV (Net Present Value) and IRR (Internal Rate of Return), which allow the analysis and quantification of the possible return on investment. The NPV is determined by discounting the project’s future income and expense streams, minus the initial investment. The project is viable if the result of this operation is positive. On the other hand, the IRR is defined as the value of the discount rate that equals the NPV to zero for a given investment project. The simulation results are shown in Table 8.



The results obtained allow us to conclude on the economic feasibility of using bricks made of mortar doped (between 5% and 15%) with olive stones for the construction of new buildings. They are capable of recovering the cost of the energy sources needed to meet the heating energy demand in a period ranging from 10 to 40 years. At 50 years (within the useful life of a building), all options give positive average annual returns (between 1.25% and 11.12%).




4. Social Life Cycle Analysis of GERO Perforated Brick Made of Mortar Doped with Olive Stones


The social assessment of building construction is a challenge that should be encouraged in order to achieve the Sustainable Development Goals (SDGs) by 2030 [46], as the sector has always had a great potential to energize society as a generator of employment and as an economic driver at the local level. It is therefore very important to evaluate, analyze and strengthen all the possible positive social impacts that this sector may have.



It is intended to perform a Social Life Cycle Analysis (S-LCA) of the incorporation of ground olive stone for the manufacture of GERO bricks in building construction according to the methodology of the environmental standards ISO 14040 [47] and ISO 14044 [48], for the life cycle assessment of products. It is based on the development of four stages (scope, inventory, evaluation and interpretation of the results) that will allow us to assess the social scope of this energy alternative in the Autonomous Community of Andalusia (as it is the one with the greatest potential).



In the scope, the aim is to know and identify the main processes of the product life cycle that produce a greater social impact (both negative and positive) and thus have the knowledge that subsequently allows for increasing its social performance according to UNEP/SETAC [49,50,51]. The assessment comprises a cradle-to-grave approach including all impacts related to the doped mortar GERO brick production activities, as well as those arising from the construction and maintenance of each activity. To this end, a set of quantitative criteria are defined.



The agents involved are classified according to the UNEP/SETAC methodology [49] reflected in the document Guidelines for a Life Cycle Analysis in 5 categories according to their interests. Subsequently, impact subcategories are defined according to socially relevant characteristics. Internationally established agreements and standards such as the Universal Declaration of Human Rights [52] are used as a reference to define them, although some of them are modified and discarded to adapt them to the case study. Table 9 shows the selected groups and subcategories.



The product system is defined by the following phases: waste recycling, brick manufacturing, marketing, use in the construction of new buildings, maintenance and end of life. For its priority determination, the functional unit is defined as the m2 of 23 cm thick facade composed of two sheets of perforated GERO brick (11.5 cm each). Finally, the S-LCA inventory is defined in terms of unit processes using labor hours and value added as the two activity variables that allow the process to be potentially quantified. This list of processes is weighted between 0 and 10, in relation to the set of all phases out of a total of 100. The weightings performed are shown in Table 10.



Next, the relationship between each process and the different impact subcategories is established (assigning the value “x” to each impact subcategory that each process can influence). Subsequently, each process is weighted according to the life cycle inventory by scoring and aggregation by subprocesses. Figure 6 shows the matrix with the S-LCA results.



From the information obtained from the analysis matrix, we can see the importance that the new composite product has on the waste recycling, marketing and, above all, manufacturing phases, which reaffirms the theory of sustainability of the Social Life Cycle Analysis interwoven within the concept of the circular economy. On the other hand, with regard to the categories of those involved, the importance that it has on society as a whole and, to a lesser extent, on the community and on the workers themselves, stands out. This assessment supports the assertion that the use of ground olive stone residue in this new application of GERO brick doping for building would have great benefits and social impacts on the local community, especially those closest to the olive production areas; Andalusia being, in this case, the most benefited community.



From all of the above, it can be concluded the importance that this industry would have in the local community, increasing jobs in relation to the production and preparation of this waste by developing a new format of industry linked to construction.




5. Environmental Analysis of GERO Perforated Brick with Olive Stone Doped Mortar


Finally, an environmental assessment of the GERO-type brick is carried out through an Environmental Life Cycle Analysis (E-LCA). This concludes the three existing analyses for this product. This type of LCA is intended to provide knowledge of the environmental impacts of using GERO bricks in a building, in which the mortar used to manufacture this type of bricks has been doped with ground olive stone in different doping percentages.



5.1. Methodology and Case Study


The E-LCA is governed by ISO 14040 and ISO 14044 standards. These establish the stages and procedures for carrying out the E-LCA. These phases are described in the following sections.



5.1.1. Objectives and Scope


The objective is to evaluate the environmental impacts of using a GERO-type perforated mortar brick in a building, where the mortar used to make the bricks has been doped with ground olive stones in different percentages as a substitute for the fine aggregate. Since it is a constructive element for a building, it was decided to give it a scope of study that encompasses the stages of production of the raw materials that make up the GERO-type brick, manufacturing stages of the bricks themselves and their implementation in the facade of the building.



On the other hand, the assumptions made in this research are as follows. It is assumed that both the perforated bricks of the GERO type without doping and doped with ground olive stone will have a similar behavior in terms of mechanical performance on the facade of the building. Therefore, the maintenance, demolition and demolition phases are assumed to be identical for both kinds of GERO-type perforated bricks, generating no differences between them.




5.1.2. Functional Unit


The functional unit that has been defined in this research corresponds to 1 m2 of facade. This is composed of a total of 80 bricks of mortar, which is equivalent to a total of 0.0715 m3 of mortar. In this way, it will be possible to compare the creation of 1 m2 of facade in which the perforated bricks are manufactured with a mortar doped with various percentages of ground olive stones and will be contrasted with the manufacture of a reference mortar brick (undoped).




5.1.3. System Boundary


The system boundary refers to the limits of the research study. In this case, since the functional unit is composed of a construction element such as GERO bricks, the UNE-EN ISO 14040 and UNE-EN ISO 14044 standards establish a series of stages. The first stages (A1-A2-A3) correspond to the creation of the product (GERO-type brick). Therefore, these stages establish the internal processes for the creation of raw materials, transportation and energy flows necessary to create a total of 80 GERO bricks, corresponding to a 1 m2 facade. Subsequent stages (A4-A5), known as implementation in the building, include the process of transporting the bricks from the manufacturing plant to the construction site, as well as the energy consumption produced by lifting the loads to their final position in the building. Finally, the product use and maintenance phases (B1-B7) are the ones that generate the lowest environmental loads for the functional unit. Moreover, it is at these stages that the functional unit can have a positive impact on the environment. In the case of the research, it is justified given that the GERO-type brick doped with ground olive stones means a reduction in energy demands (heating and cooling) in a building [24]. Therefore, in this research we propose to study these phases and thus add to the results possible environmental advantages obtained in the use phase of the building. Ultimately, the demolition and demolition stages (C1-C4) can be considered practically the same among the various alternatives of the functional unit, so it was decided to exclude them from this research [53]. Figure 7 shows the boundary conditions that have been evaluated in this research.




5.1.4. Life Cycle Inventory (LCI)


In this section, the LCI is created; that is to say, to collect all the information in terms of material flows, energy, processes involved in the creation of 1 m2 of facade for a building, as well as the data necessary to characterize the olive stone pretreatment process. The software used to perform the E-LCA is SimaPro 9.4. Ecoinvent v.3 was used for the databases [54] and the European Life Cycle Databases (ELCD). In the case of internal processes such as the pretreatment of olive stones for incorporation into the mortar, as well as the creation of GERO-type bricks, recent research was used [55,56].



Materials


GERO bricks are made of conventional mortar doped with ground olive stones. Therefore, the raw materials will be:




	
Cement: For the binder, it is modeled through a CEM II/B-M, in which it has a clinker percentage between 65 and 79%. The remaining components are blast furnace slag, fly ash and limestone. The cement has a strength of 42.5 MPa at 28 days.



	
Fine aggregate: The fine aggregate has a size range of 0–4 mm with a density of 1634 kg/m3.



	
Water: The water is of the conventional type with a pH of 7.9 and 590 ppm without any type of treatment.



	
Olive stones: The olive stone has a size of 1 to 4 mm, once pretreated to function as fine aggregate, and a density of 580.07 kg/m3.








Table 11 shows the quantities of raw materials required for the manufacture of mortar for 1 m2 of facade.



	
Olive Stone Grinding






In order to use ground olive stones as fine aggregate in the mortar that makes up the GERO-type perforated bricks, they must undergo pretreatment. This process consists of three subprocesses or stages. Firstly, the olive stone from olive oil production contains olive pulp, peel and water attached to it. This mixture is called olive pomace and has a high moisture content. Therefore, the first subprocess will be a drying process to reduce the moisture content, to later submit it to a grinding process to the dimensions of fine aggregate and, finally, a screening process to obtain homogeneous raw material. The machines used consume only electrical energy. The LCI of the olive grinding preparation is obtained from the research conducted by Espadas et al., where they evaluated the use of olive pomace in composite materials [55]. Electricity consumption has been adapted to Spain’s national grid. According to this research and selecting only the processes that affect the production of olive stone grinding, the consumption of 0.21 kWh/kg of olive stone grinding stands out [55].




Transportation


This section justifies the distances between the raw material production site and the point of manufacture of the prepared mortar mix. The unit of transport defined is the tone per kilometer (tkm). Commonly, raw materials are transported with a 16–32-ton truck using a diesel engine. In order to obtain the values of the distances, they are based on the research of Fraga et al., where they evaluate the preparation, transport and placement of concrete in Spain [57].



For fine aggregates, an average range of 15–60 km from the quarry to the preparation plant is established. In this research, a value of 30 km is chosen. In the case of cement, the distance is considerably increased due to the fact that there are not as many cement production plants. Fraga et al., indicate a mean transport range of 50–400 km [57]. Therefore, it was decided to choose the value of 200 km. Finally, the olive stone must travel from its place of production in the oil mill to the mortar production plant. For this purpose, the distance of 30 km is chosen again, the same as for fine aggregate. Table 12 shows the values of the transport variable.




Production Process


The production process of GERO bricks begins with the creation of the mortar. For this purpose, concrete and mortar production plants have stockpiles of raw materials in silos. The process of creating the mortar is very simple. First, the components are dosed and poured into a mixer where the mixture is homogenized as water is added until the desired result is achieved. As in this first stage of the production process, the scarcity of machinery is evident, electrical consumption is not high. In the case of the investigation, 1 m2 of facade implies the use of 0.0715 m3 of mortar. According to Fraga et al., the average power required for the production of 1 m3 of mortar would be 1.96 kW/m3. This implies a consumption of 1.51 kWh/m3 of electrical energy [57]. Interpolating this value with the previous data yields an electrical energy consumption of 0.108 kWh/m3. To this consumption must be added the energy consumption derived from the olive stone treatment process for its creation as fine aggregate.



Once the mortar is mixed with the raw materials, it must be molded for the production of perforated bricks. For the inventory, we used data from the research conducted by López et al., where they performed an E-LCA of the production of ceramic bricks doped with olive stone [58]. An important aspect is that in this research, the bricks are made of mortar, so they should not be fired. Therefore, only electricity consumption is obtained from the press molder process. In addition, the cost of materials for the brick molds is accounted for. Brick drying is evaluated as a natural ventilation process without any specific machinery. And finally, the packaging of the bricks for distribution is also incorporated into the study. Table 13 shows the inventory used for the production of perforated bricks for a functional unit, specifically for a quantity of 80 bricks. An interpolation and adjustment process with respect to the reference data has been carried out to obtain the data.




Transport to Construction Site


Once the doped perforated bricks have been produced for the creation of 1 m2 of facade, they must be moved to the construction site. Generally, construction sites are located at various distances from the mortar and concrete plants. However, it is not common to exceed distances greater than 60 km, the most common being 30 km and the least common about 15 km [57]. In this research, a distance of 30 km from the building site was chosen. In other words, the manufactured bricks to be used on site must be transported 30 km.




Commissioning Work


This section quantifies the amount of energy required for the creation of 1 m2 of facade in a building. In the case of bricks, they are usually lifted from the first floor to the reference floor/place by means of a hoist. By carrying out an information process, it is determined that, on average, a hoist consumes a total of 14.16 Wh of electrical energy to lift a load of 400 kg. Therefore, for 1 m2 of facade consisting of 80 bricks it will be approximately 4 Wh. As can be seen, and in support of the above, in the commissioning and construction stages, the consumption of energy and raw materials is negligible compared to previous stages of product production (A1-A2-A3).





5.1.5. Life Cycle Impact Assessment


Prior to obtaining the environmental results of the research, an E-LCA methodology must be chosen. Depending on each E-LCA methodology, different results will be obtained, since each assessment methodology contains specific impact categories that others do not necessarily contain. In addition, the characterization values incorporated in each are different from each other. These serve to transform the values of matter, energy and resource flows identified in the previous stage of the LCI into environmental impacts. In the specific case of construction elements such as in this research, the EPD methodology is generally used. This methodology allows the creation of so-called Environmental Product Declarations (EPD) and thus allows different products to be compared with each other on an environmental level. Table 14 shows the impact categories included in the EPD methodology and their units of measurement.





5.2. Environmental Results


5.2.1. Production Results 1 m2 of Facade


Figure 8 shows the results obtained for the E-LCA from the cradle to the door of the production of 1 m2 of facade and its implementation in a building. The m2 of the facade is composed of two layers of GERO bricks. The fine aggregate is replaced by a vegetable and residual aggregate such as ground olive stones. The results are assessed for the eight impact categories of the EPD methodology.



As can be seen, as the percentage of olive stones is increased as a substitute for fine aggregate in the mortar, the environmental impacts increase. This is evident in all impact categories except water scarcity. In this category, an inverse behavior is observed, i.e., the greater the amount of olive stone material, the lower the impact. It is justified since the production of natural aggregates involves the use of large quantities of water, used for internal washing processes, to avoid dust production in quarries, filtering, etc. Therefore, reducing the amount of natural aggregate to be used in the mix reduces the associated water consumption. The alternatives with a doping percentage of 15% represent a 7.98% reduction in water consumption, which is equivalent to a saving of 0.61 m3 of water per square meter of facade.



In the global warming potential category, there is an increase in CO2 emissions of 4.68% in the case of a 15% doping, which is equivalent to emitting a value of 0.8 kg CO2/m2 of facade. These increases are a direct consequence of the higher consumption of energy and resources to dope the mortar with ground olive stones. In impact categories directly linked to the production of natural aggregates such as acidification, eutrophication and photochemical oxidation, there are increases of 29.13%, 30.28% and 21.56%, respectively, between the reference alternative and the 15% maximum doping alternative. The justification is due to the fact that the olive stone preparation process requires a certain amount of energy and material consumption (crushing process, transport), the impacts of which are greater than the amount of natural aggregate that prevents it from occurring. The transport process is crucial for the viability of recycled aggregates over natural aggregates. The transportation process generates a series of substances such as nitrogen oxides (NOx) and carbon oxides (COx), as well as the emission of solid particles that affect the ozone layer [59]. This is revealed in the results obtained in the ozone layer depletion category. For example, the alternative with a doping percentage of 15% represents an increase of 8.90%. The transport processes also have a major impact on the abiotic depletion of fossil fuels (ADFF) category. The result was an increase of 8.19% between the 15% doping option and the reference option, equivalent to a value of 6.90 MJ for each square meter of facade to be built.



In general, it is shown that the use of olive stones in mortar products to be used in building facades produces greater environmental impacts than the use of undoped mortars. However, there are small percentage increases of less than 10% in certain impact categories such as GWP 4.68%, abiotic depletion of elements 6.00%, ADFF 8.19% and ozone layer depletion 8.90%. In other categories, the increase in impact is significant and exceeds 20%, as we have seen above. It should be taken into account that the functional unit is 1 m2 of facade, a small value. In the case of a residential building, for example, where the facade surface is considerable (~1000 m2), the environmental impacts would be exponential.



On the other hand, and as indicated above, although in the construction and implementation phases the environmental benefits of ground olive stones are non-existent, this does not imply that in the use phases of the building there is an environmental improvement. Research by San Vicente et al., indicates the following energy savings per square meter of facade per year [24], as shown in Table 5, as a function of the percentage of olive stone doping. As can be seen, the higher the percentage of bricks, the higher the energy savings.




5.2.2. Results in the Use Phase of GERO Bricks in Building Construction


Once you have the final energy savings per m2 of facade, it should be moved to primary energy and CO2 emissions values. For this purpose, the IDAE [60] step factors are used, depending on the type of energy used to cover the building’s energy demand. The most common energy sources to supply the energy demand in buildings are studied. These are electric power, natural gas and diesel. Table 15 shows the various values of energy savings per square meter of facade depending on the type of energy used and the percentage of doping.



The savings over a period of 35 years will be calculated, considering this figure as half of the useful life of the building in Spain (~70 years). Due to the fact that ground olive stones produce energy savings when implemented in a facade, it was decided to choose impact categories related to energy savings. Therefore, it was decided to select the impact categories of ADFF and GWP over a period of 35 years of the use of one square meter of facade with various percentages of doping. The study of environmental impacts on other impact categories is reserved for future research. The results are shown in Figure 9.



First, we begin by explaining the ADFF category. The blue bars show the MJ of fossil fuel energy obtained from cradle-to-gate E-LCA for the manufacture and implementation of one square meter of facade in a building, using GERO-type bricks for this purpose. As seen above, the higher the doping percentage, the higher the energy consumption. The green bars are the result of subtracting from the blue bars the energy savings arising from the use of a facade doped with ground olive stones, over a period of 35 years. The doped mortar containing the GERO bricks is a more insulating element, resulting in energy savings. This reduces the energy demand (heating and cooling) of the building. In addition, it discriminates according to the type of energy source used to meet the energy demand of the building. The best results are obtained as the percentage of doping is higher, since greater energy savings per year are promoted. Within the maximum doping levels, the electrical power source experiences the most significant results even with negative values. For example, the m2 of facade at 15% doping means avoiding consuming 112.1 MJ of fossil fuels in 35 years. In addition to globally indicating the production of 1 m2 of facade at 15% doping over a 35-year horizon, it represents zero cost of energy consumption in its manufacture. The 84.2 MJ of energy of initial investment required for the creation of 1 m2 of facade is amortized.



If the energy sources are compared for the same type of doping percentage, for example, 15%, it is shown that the results with the best environmental load are produced for electricity (−112.1 MJ), natural gas (−14.9 MJ) and diesel (−13.8 MJ). This is derived from the IDAE pass-through factors.



In terms of CO2 emissions, there is again a tendency to emit less kg of CO2 as the percentage of doping increases. This is evident in the case of an electrical energy source and the maximum percentage of doping (15%), where the square meter of facade means to stop emitting −1.0 kg of net CO2 in a period of 35 years. This is a great result compared to the original value of 17.1 kg CO2/m2. This reduced CO2 emissions by −105.84%. It can be indicated that the production of one square meter of facade with 15% doping has zero CO2 emission for the case of the electric power source. This decreasing trend is applicable to other energy sources such as natural gas, where for the same doping case the reduction with respect to the original is 40.35% of CO2 emissions, And finally, in the case of diesel, a decrease of 49.70%. Extending the study horizon to 70 years, for example, would result in negative CO2 emission values per square meter of facade for all energy sources. In other words, it behaves as a CO2 sink derived from energy savings.



In conclusion, if the framework of study is in the production and implementation of one square meter of facade in a building in which the GERO-type brick whose mortar contains ground olive stones is not environmentally viable, however, if the study frame is extended to the middle of the building’s useful life (35 years), the environmental benefits are evident in categories such as ADFF and GWP. This stems from the fact that ground olive stones have better thermal properties than undoped mortar, thus inducing a number of energy savings. If these energy savings accumulate over time, they can exceed the amounts of energy that were initially used to create the functional unit, even reaching negative values, which means that energy consumption is being avoided. The same results can be extrapolated to CO2 emissions released into the atmosphere.






6. Discussion


The addition of a certain percentage of ground olive stone doping to the mortar (between 5% and 15%) for the manufacture of perforated GERO bricks for the construction and insulation improvement of new building envelopes is an application that combines its energy advantages with waste minimization, fitting perfectly with the European strategic objectives in a circular economy. This option of construction with doped bricks makes it possible to reduce the energy demand of buildings constructed with this material, with a consequent reduction in CO2 emissions. It also analyzes how the recovery of an abundant waste in Spain (mainly Andalusia), such as ground olive stones, can have a very interesting application in construction from an economic, social and environmental sustainability point of view.



The simulation of economic feasibility analysis based on NPV and IRR indicators yields quite encouraging results. In this sense, a return on investment is estimated between 11 and 19 years for mortar bricks doped at 5%, between 20 and 33 years for those doped at 10% and between 26 and 41 years for those doped at 15%. In all cases, the recovery period is less than 50 years, which is the minimum age required for a newly constructed building in Spain. This is due to the fact that the prices of the fuels that generate the energy needed in homes are always on the rise, and with a fairly conservative approach of an annual increase of 3%, the initial investment is amortized reasonably quickly.



Finally, an environmental and S-LCA is performed to determine which phases and categories of stakeholders have the greatest positive impact. This social and environmental assessment of a possible application of the construction sector is a good tool given the importance of this sector in the dynamization of regional economies and its capacity to generate local employment, especially in the Autonomous Community of Andalusia.



The environmental assessment highlights the advantages associated with doping mortars with olive stones. These benefits become evident when prolonged periods of use of doped mortar in buildings are studied. However, limiting the range of study only to the production of doped mortar only provides benefits in certain impact categories such as water scarcity, increasing the impact in other categories such as global warming potential. This is also identified by López et al., where they use olive pomace in ceramic bricks. They highlight increases in climate change potential of up to 63% when 10% olive pomace is used in ceramic bricks compared to the production of ceramic bricks with no additive [58]. A similar situation is observed in the current research, where if the range is from cradle to gate, CO2 emissions increase by 4.98% for a doping rate of 15% per square meter of facade. On the contrary, as the percentage of olive stones increases, these impacts are accentuated. This research demonstrates that many products associated with sustainable construction generate medium- and long-term benefits rather than instant benefits. As demonstrated in this research, over a simulation period of 35 years, the use of mortar doped with 15% ground olive stone in one square meter of facade reduces the emission of 17.1 kg CO2/m2 to a negative value of −1.0 kg CO2/m2. Similar trends are found in research using waste from the olive oil industry. For instance, Espadas, studied the incorporation of olive pomace in bio-composite laths. They established emission values of 20.5 kg CO2 for the olive pomace lath in contrast to a traditional PVC lath where it is 39.6 kg CO2 [55]. This means reducing CO2 emissions by almost half for a service life of 25 years. This demonstrates the high environmental viability of waste derived from the olive industry.



Finally, the research as a whole discusses the application of the circular economy concept and its relation to achieving sustainability in the construction sector [5]. In reference to international legislation and standards, it fits within the sustainable development goals promoted by the United Nations. Specifically, the research would be in line with objective no. 9 (Industry, Innovation and Infrastructure) as well as objective no. 11 (Sustainable Cities and Communities) [46] and at the European level with regulations on the use of waste and its use in construction products [3,4].



It is particularly relevant at this point to argue the importance of proximity in the generation of olive stone crushed to promote economic and social viability, as well as environmental sustainability. The distancing of the raw material for the manufacture of the bricks at greater distances than those proposed in the research would ostensibly reduce the effectiveness of the doping in its life cycle.




7. Conclusions


From the results obtained, it can be concluded that the addition of ground olive stone in 5% of total volume to the composition of the mortar for the manufacture of perforated GERO bricks, which can be used in the construction of facades of new buildings, is the option that generates the greatest economic advantages.



Although higher additions of ground olive stone doping to mortars decrease the thermal conductivity and, therefore, make them more thermally insulating, an excessive amount reduces their mechanical strength in a way that makes it technically unfeasible. In addition, amounts higher than 15% show very high energy recovery times (over 100 years) compared to the energy that could be obtained from olive stone combustion in biomass boilers.



In the case study of a building with two sheets of undoped perforated GERO bricks in the facades and meeting the insulation requirements of the Spanish Technical Building Code, doping rates between 5% and 15% are both technically and energetically feasible since their recovery periods are below the useful life of a new building (less than 75 years).



The most economically viable option after conducting a feasibility study using NPV and IRR is that of doping the 5% perforated GERO brick with ground olive stone where the payback period is lower (11–19 years).



To perform the analysis, an increase in current kWh prices for various energy sources of 3% is proposed, a fairly safe value considering the current energy price fluctuations. The recovery is better compared to the prices linked to electricity supplies because it is currently the most expensive energy.



The S-LCA allows us to affirm the importance that the local exploitation of this waste can have both in the community (close to the origin of waste generation) and in society itself, given the impact it has on energy and the environment.



The determination of the scope of an E-LCA is relevant and decisive. Most research on this topic only focuses on the cradle-to-gate reach. However, studying future applications of the use of mortars in building and assessing their impacts may involve another view. The result of this is the interpretation obtained in this research by incorporating the environmental advantages of phases subsequent to the production of the mortar.



If the cradle-to-gate E-LCA framework is strictly studied, the use of ground olive stones as a substitute for fine aggregate in mortars produces greater impacts in the categories evaluated with the exception of the water scarcity category. It is reduced by 7.98% for the facade alternatives that are doped with 15%. This water saving can be a direct justification for using this type of mortar, since nowadays water is considered a basic and essential commodity.



It has been shown that producing 1 m2 of facade in which the mortar is doped and used in bricks implies long-term environmental advantages of study. In the case of the research over a simulation period of 35 years, there is an evident decrease in impacts in categories such as ADFF and GWP. In cases of 15% doping, and for energy sources such as electricity, the results show that the mortar used in the facade behaves as a sink for CO2 emissions, as well as avoiding the consumption of fossil fuels.
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Figure 1. Total production in Spain (2010–2020) in thousands of tons of olives according to the Government’s Ministry of Agriculture, Fisheries and Food. 
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Figure 2. Average annual price evolution of the price (€cents) of the kWh of olive stones in Spain. * It corresponds to the year of geopolitical tensions of the Ukraine war. 
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Figure 3. Evolution of average prices in Spain of kWh of primary energy of electricity, gas according to EUROSTAT data and olive stone (period 2017–2022). * It corresponds to the year of geopolitical tensions of the Ukrainian war. 
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Figure 4. (a) Mortar specimens doped with ground olive stones. (b) Raw material of ground olive stones. (c) Surface image of the ground olive stone in the mortar specimen. 
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Figure 5. Example of perforated GERO brick. 
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Figure 6. Results of the S-LCA of the perforate GERO brick. *1: Index by impact subcategory: It is the sum total of each impact subcategory. *2: Index by subcategory of adjusted impact: It is each of the scores multiplied by its significance and divided by the total of 100. *3: Index by category of stakeholder: This is the sum by category of involvement of the indexes by subcategory of adjusted involvement. *4: Index by process: It is the sum total of each process. *5: Adjusted process index: It is each of the scores multiplied by its significance and divided by the total of 100. *6: Index by phase: It is the sum of the rates per adjusted process. From the information obtained from the life cycle analysis matrix, we can conclude the importance that the new product has on the phases of waste recycling, commercialization and, above all, manufacturing. 
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Figure 7. System boundary for the production of 1 m2 of facade with GERO perforated bricks. The green boxes represent materials, the gray boxes represent production processes, and the blue-green boxes indicate finished product. The red boxes indicate stages not evaluated in the research. The letter “T” indicates that a transport process of that raw material/product takes place. 
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Figure 8. Environmental results of 1 m2 of facade varying the percentage of olive stone doping in the GERO bricks that make up the facade. 
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Figure 9. Comparison of the ADFF and GWP results obtained in the scenario without accounting for the use phase and those obtained as a result of the energy savings resulting from the use of doped GERO bricks in a building. The simulation period is 35 years. 
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Table 1. Potential useful thermal energy from combustion of the entire annual production of olive stone in Spain.
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	Production (kg/year) of Olive Stone in Spain
	PCI (kWh/kg)
	Combustion Performance (%)
	Useful Thermal Energy (GWh/year)





	1.2 × 109
	4489
	75
	4040.10










 





Table 2. Chemical analysis of ground olive stones.
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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. Results of mechanical and thermal properties of mortar with ground olive stones.
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	Mortar Sample
	Compression Strength (MPa)
	Flexural Strength (MPa)
	Thermal Conductivity λ (W/m·k)
	Density (kg/m3)





	M-0
	14.18
	3.41
	1.050
	2080.42



	M-5
	10.31
	2.61
	0.867
	2021.67



	M-10
	10.31
	2.15
	0.917
	1978.13



	M-15
	10.87
	1.92
	0.847
	1918.34



	M-20
	9.62
	1.62
	0.703
	1854.79



	M-25
	12.45
	1.53
	0.773
	1803.34



	M-30
	10.24
	1.48
	0.607
	1796.25










 





Table 4. Increase in the price per m3 of treated mortar with respect to undoped mortar. * Average price of ground olive stone for the year 2021 [36]. ** Average price of fine aggregate for the year 2021 [42].
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Sample

	
kg of GOS Stone per m3 of Mortar

(kg/m3)

	
Price of GOS (€/kg) *

	
Price Increase m3 of Doped Mortar

(€/m3)

	
Reduction of kg of Fine Aggregate per m3 Mortar (kg/m3)

	
Price of Fine Aggregate (€/kg) **

	
Price Reduction m3 Mortar per Fine Aggregate

(€/m3)

	
Total Price Increase m3 Doped Mortar (€/m3)






	
M-0

	
0.00

	
0.167

	
0.00

	
0.00

	
0.012

	
0.00

	
0.00 €




	
M-5

	
26.98

	
4.50

	
−83.14

	
−1.00

	
3.50 €




	
M-10

	
54.63

	
9.11

	
−141.99

	
−1.70

	
7.41 €




	
M-15

	
80.41

	
13.42

	
−225.05

	
−2.70

	
10.72 €











 





Table 5. Average energy savings per m2 of facade due to the incorporation of olive stone doping.
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Energy Savings Joint Demand for Heating and Cooling (kWh/m2 and year)




	
Doped Mortar

	
Average Values of Energy Savings per m2 of Facade






	
5%

	
0.430




	
10%

	
0.554




	
15%

	
0.658











 





Table 6. Energy savings per m2 of facade depending on the air-conditioning system and its stationary coefficient.
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Final Energy kWh Reduced per m2 of Facade




	
Power Source

	
Air-Conditioning System

	
Seasonal Average Yield

	
Doped Mortar 5%

	
Doped Mortar 10%

	
Doped Mortar 15%






	
Electricity

	
Aerothermal

	
300%

	
0.143

	
0.185

	
0.219




	
Natural Gas

	
Condensing boiler

	
100%

	
0.430

	
0.554

	
0.658




	
Ground Olive Stone

	
Biomass boiler

	
75%

	
0.573

	
0.739

	
0.877











 





Table 7. Average cost increase in the manufacture of a facade of two sheets of GERO perforated brick (23 cm).
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	Sample
	Increase in €/m3 Solid
	Increase in €/m3 Drilled
	Increase in €/m2 of Perforated Facade





	M-5
	3.50 €/m3
	1.95 €/m3
	0.45 €/m2



	M-10
	7.41 €/m3
	4.13 €/m3
	0.95 €/m2



	M-15
	10.72 €/m3
	5.98 €/m3
	1.37 €/m2










 





Table 8. Results of the economic simulation as a function of the percentage of doped brick and the air-conditioning system used.
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Economic recovery of 5% doped mortar




	
Power source

	
Air-conditioning system

	
Years to payback

	
Annual IRR at 25 years

	
Annual IRR at 50 years




	
Electricity

	
Aerothermal

	
13

	
6.98%

	
9.14%




	
Natural Gas

	
Condensing boiler

	
11

	
9.51%

	
11.12%




	
Ground Olive Stone

	
Biomass boiler

	
19

	
2.75%

	
6.02%




	
Economic recovery of 10% doped mortar




	
Power source

	
Air-conditioning system

	
Years to payback

	
Annual IRR at 25 years

	
Annual IRR at 50 years




	
Electricity

	
Aerothermal

	
24

	
0.76%

	
4.72%




	
Natural Gas

	
Condensing boiler

	
20

	
2.58%

	
5.95%




	
Ground Olive Stone

	
Biomass boiler

	
33

	
–2.47%

	
2.63%




	
Economic recovery of 15% doped mortar




	
Power source

	
Air-conditioning system

	
Years to payback

	
Annual IRR at 25 years

	
Annual IRR at 50 years




	
Electricity

	
Aerothermal

	
30

	
6.56%

	
3.08%




	
Natural Gas

	
Condensing boiler

	
26

	
9.02%

	
4.13%




	
Ground Olive Stone

	
Biomass boiler

	
41

	
2.41%

	
1.25%











 





Table 9. Agents involved according to the UNEP/SETAC methodology.
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Stakeholder Group

	

	
Impact Subcategories






	
Workers

	
A1

	
Fair wage




	
A2

	
Working hours




	
A3

	
Equal opportunities




	
A4

	
Health and safety




	
A5

	
Social benefits




	
Consumers/Users

	
B1

	
Energy savings




	
B2

	
Economic savings




	
B3

	
Environmental sustainability




	
Local community

	
C1

	
Access to material resources




	
C2

	
Offshoring and migration




	
C3

	
Community Engagement




	
C4

	
Local Employment




	
Society

	
D1

	
Public Engagement on sustainability issues




	
D2

	
Contribution to economic development




	
D3

	
Technological development




	
Value Chain Actors

	
E1

	
Fair competition




	
E2

	
Promoting social responsibility




	
E3

	
Relations with suppliers











 





Table 10. Social life cycle inventory (S-LCA) with scoring.
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Life Cycle Stage

	

	
Unitary Process

	
Weighting






	
Waste recycling

	
A1

	
Collection

	
7




	
A2

	
Transport

	
5




	
A3

	
Location

	
8




	
A4

	
Dissemination

	
5




	
Manufacture

	
B1

	
Manufacture

	
9




	
B2

	
Location

	
7




	
B3

	
Dissemination

	
5




	
B4

	
External assistance

	
2




	
Marketing

	
C1

	
Location study

	
5




	
C2

	
Dissemination

	
5




	
C3

	
Maintenance

	
3




	
Use

	
D1

	
Transport

	
9




	
D2

	
Placement

	
10




	
D3

	
Energy savings

	
9




	
Maintenance

	
E1

	
Repair

	
6




	
End of Life

	
E2

	
Dismantling

	
5




	
Total points

	
100











 





Table 11. Inventory of materials for the mortar alternatives that make up 1 m2 of facade.
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Materials

	
Unit

	
Amount




	
M_REF

	
M_5

	
M_10

	
M_15






	
Cement

	
kg

	
21.48

	
21.74

	
22.01

	
21.91




	
Tap water

	
kg

	
17.75

	
17.67

	
16.51

	
16.43




	
Fine aggregate

	
kg

	
109.22

	
103.28

	
99.07

	
93.13




	
Ground olive stone

	
kg

	
-

	
1.93

	
3.91

	
5.75











 





Table 12. Variable transportation of raw materials necessary for the creation of 1 m2 of facade. * Distance covered by cement: 200 km. ** Distance covered by the fine aggregate: 30 km. *** Distance covered by the olive stone: 30 km.
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	Sample
	Cement * (kg)
	Transport Cement (tkm)
	Fine Aggregate ** (kg)
	Transport Fine Aggregate (tkm)
	GOS *** (kg)
	Transport GOS (tkm)





	M_REF
	21.84
	4.37
	109.22
	3.28
	-
	-



	M_5
	21.74
	4.35
	103.28
	3.10
	1.93
	0.058



	M_10
	22.01
	4.40
	99.07
	2.97
	3.91
	0.117



	M_15
	21.91
	4.38
	93.13
	2.79
	5.75
	0.173










 





Table 13. Inventory for the manufacture of 80 bricks (1 m2 of facade).






Table 13. Inventory for the manufacture of 80 bricks (1 m2 of facade).





	Inventory
	Unit
	Amount per 80 Bricks Perforated





	Packaging film
	kg
	7.75 × 10−2



	Polyethylene
	kg
	1.23 × 10−5



	EUR-flat pallet
	p
	2.30 × 10−3



	Sheet rolling
	kg
	2.25 × 10−5



	Steel, low-alloyed, hot-rolled
	kg
	4.38 × 10−3



	Sheet rolling, steel
	kg
	2.25 × 10−3



	Polystyrene, expandable
	kg
	5.04 × 10−2



	Electricity
	Wh
	6.86










 





Table 14. Impact indicators in the environmental product declaration (EPD) methodology.
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	Impact Categories
	Unit





	Acidification
	kg SO2 eq



	Eutrophication
	kg PO4 eq



	Global warming potential (GWP)
	kg CO2 eq



	Photochemical oxidation
	kg NMVOC



	Abiotic depletion, elements
	kg Sb eq



	Abiotic depletion, fossil fuels (ADFF)
	MJ



	Water scarcity
	m3 eq



	Ozone layer depletion
	kg CFC-11 eq










 





Table 15. Results of energy savings per m2 of facade depending on the percentage of doping. * The step factor for obtaining primary energy is 2.368 for electricity, 1.195 for natural gas and 1.182 for diesel. ** The step factor for CO2 emissions is 0.331 for electricity, 0.252 for natural gas and 0.311 for diesel [60].
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Type of Energy Source

	
5% Doping per m2

	
10% Doping per m2

	
15% Doping per m2




	
* Primary Energy MJ/m2·year

	
** kg of CO2/m2·year

	
* Primary Energy MJ/m2·year

	
** kg of CO2/m2·year

	
* Primary Energy MJ/m2·year

	
** kg of CO2/m2·year






	
Electricity

	
3.67

	
0.34

	
4.72

	
0.43

	
5.61

	
0.52




	
Natural Gas

	
1.85

	
0.13

	
2.38

	
0.17

	
2.83

	
0.20




	
Diesel

	
1.83

	
0.16

	
2.36

	
0.20

	
2.80

	
0.24
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