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Abstract: Investigations on the application of Life Cycle Assessment (LCA) to the construction sector
have shown that the environmental impact of construction products can be significantly reduced.
To achieve this, the use of best available techniques and eco-innovation in production plants must
be promoted. In this way, the use of finite natural resources can be replaced by waste generated in
other production processes, preferably available locally, stimulating the creation of more sustainable
products. Conducting a comparative LCA study between the traditional ceramic brick manufacturing
process and the ceramic brick manufacturing process incorporating ‘alperujo’ (waste generated in
the virgin oil extraction process), is an inevitable step to achieve the integration of circularity and
eco-innovation in the production system of traditional ceramic materials, through the CML(Centrum
voor Milieukunde Leiden) and IPCC(The Intergovernmental Panel on Climate Change) methodology.
The obtained results suggest that the environmental benefits in this practice are very limited, even
taking into account the contribution of different amounts of this waste to the production of bricks.
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1. Introduction

Human influence on atmospheric quality has been increasing in recent years. If left
unchecked, through the use of rigorous mitigation activities, climate change will increase
the likelihood of severe, widespread, and irreversible impacts on people and ecosystems [1].
To truly minimize the risks of climate change, substantial and long-term reductions in
greenhouse gas emissions are needed. Obviously, the ecological transition that is being
pursued will involve the transformation of the country’s major economic sectors [2].

In Europe, the construction sector is responsible for 40% of CO; emissions, 30% of
raw material consumption, 20% of water consumption, 30% of waste generation, and a
significant part of land occupation. The need to transform the construction sector involves
reducing emissions of polluting gases through the use of new materials with a low or
zero carbon footprint and, in addition, promoting the progress of the circular economy
by reusing and incorporating materials from waste. Therefore, it is more than evident the
necessary transition from the current linear production system to a production system
based on a circular economy that allows the search for new alternatives with the main
objective of curbing the consumption of natural reserves and the increase of CO; emissions,
as well as moving towards greater sustainability [3,4].

On the other hand, the olive pomace (the so called ‘alperujo’) can represent up to 80%
of the olive production destined to olive oil mills for olive oil extraction [5]. According
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to data corresponding to the seasons comprised in the period 2015-2018, the production
of olive oil and table olives was 1.2 million and 550,000 tonnes in Spain, representing ap-
proximately 40% and 20% of the world total [6-8]. This means that an estimated 11 million
tonnes of olive pomace can be produced worldwide.

In this sense, the main objective of the present work is to carry out a comparative
study of the Life Cycle Assessment (LCA) of traditional ceramic materials with respect
to sustainable ceramic materials manufactured with olive pomace, waste generated in
the virgin oil extraction process, which allows us to determine the global impact of the
life cycle of the different products evaluated. For this purpose, the LCA of traditionally
manufactured bricks was compared with the LCA of bricks in which 3, 7, and 10% of
clay has been replaced by alperujo (ALP), based on the definition of the objective, scope,
limits, and functional unit of the analysis, the performance of the Life Cycle Inventory (LCI)
analysis, the Life Cycle Impact Assessment (LCIA) and, finally, the interpretation of the
results obtained. The purpose of this is to establish the best environmentally sustainable
options, to increase the amount of information available on the product and the process,
and to identify points for improvement that can be proposed in the future. Olive pomace
has been used because the main output of this by-product is its use as fuel with the
consequent generation of a large amount of ash as final residue (between 4 and 8% of the
waste burned). The common disposal of this biomass ash in landfills located next to power
plants is an environmentally unattractive alternative [9-12].

2. Methodology

LCA is the most widely used methodology for seeking environmental solutions, min-
imizing the carbon footprint, and avoiding the production of impacts derived from the
manufacture of products or services. LCA makes it possible to optimize inputs (materials
and energy) and minimize outputs (waste and environmental impacts) of the activity under
study. LCA technique has great potential in the study of the environmental impacts associ-
ated with the production of new materials [13] or conventional materials with applications
in different sectors [14]. This methodology is regulated by the ISO 14040 and ISO 14044
standards [15,16], and its main function is to establish a common basis from which to set
inputs and outputs to the biosphere and technosphere through four steps for each approach:
(i) Definition of the objective and scope; (ii) inventory analysis; (iii) impact assessment; and
(iv) interpretation of the results. LCAs performed to the brick manufacturing industry have
shown that the main environmental impacts occur due to energy consumption derived
from the firing process [17,18], finding values for climate change of fired clay bricks ranging
from 132 to 295 kg CO, equivalent/tonne of brick, oscillations that are mainly attributed to
the scope of the LCA, the characteristics of the firing process, and the quality of the bricks.
There are few studies based on the use of LCA to determine the environmental benefits of
waste incorporation in fired bricks [19-23].

2.1. Definition of the Objective and Scope of the Study

The objective of the present work has been to provide information on the environ-
mental consequences of the brick production system from cradle to gate by comparing
bricks produced in the traditional way with bricks in which certain amounts of clay have
been substituted by olive pomace (3, 7, and 10% by weight), for a reference time period of
100 years, measuring their impact using the IPCC and CML methodologies.

The cradle-to-gate approach analyzes the impact from the extraction of raw materials,
the production of materials and product parts, and until the final product leaves the factory.
The useful life and end-of-life stages are not the subject of study in this work.

In this Life Cycle Analysis, the industrial manufacturing of 1 kg of traditional brick was
compared to 1 kg of brick incorporating 3, 7, and 10% by weight of olive pomace for a period
of 100 years. Approximate dimensions of the samples were 117 x 28 x 17 mm. The firing
temperature defined in this analysis is 850 °C because the bricks fired at these temperatures
presented the best technological and thermal properties in previously developed works [23].
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Figures 1 and 2 show images of the specimens produced in the laboratory before and after
the sintering process, at the firing temperature of 850 °C and with different percentages of
olive pomace added (3, 7, and 10%).

(b)

Figure 1. Specimens before (a) and after (b) sintering.

(b)
Figure 2. Specimens fired at 850 °C; (a) 3% ALP; (b) 7% ALP; (c)10% ALP.

2.2. Life Cycle Inventory

Table 1 shows the modelling performed in SIMAPRO for each of the processes in-
volved in the manufacture of bricks by the traditional method and the manufacture of
bricks with the addition of olive pomace, following the scheme represented in Figure 3,
where the system limits taken as a reference in this study are indicated.
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Table 1. Inventory data adjusted to 1 kg of bricks for the different phases analyzed: Raw materials; Extraction and transport; Manufacturing (energy and material inputs at bricks

manufacturing plant) and Manufacturing (direct emissions associated with upstream processing).

Elementary Flow Units 0% 3% 7% 10% LCIA Dataset
Raw materials
Clay kg 111 107.48 103.04 0.9972 Clay {GLO} I market for | Alloc Def, U
Olive pomace kg - 0.03324 0.07756 0.1108 -
Wat m3 0.0000736 0.0000736 0.0000736 0.0000736 Water, well, in ground, ES
ater kg 0.0272 0.0272 0.0272 0.0272 Tap water {GLO} | market group for | Alloc Def, U
. . Limestone, crushed, for mill {GLO} | market
Limestone, crushed, for mill kg 0.000396 0.000396 0.000396 0.000396
for | Alloc Def, U
Lime, packed kg 0.0239 0.0239 0.0239 0.0239 Lime, packed {GLO} | market for | Alloc Def, U
Sand kg 0.0147 0.0147 0.0147 0.0147 Sand {GLO} | market for | Alloc Def, U
Extraction and transport
Lubricating oil kg 0.0000132 0.0000132 0.0000132 0.0000132 Lubricating oil {GLO} | market for | Alloc Def, U
Extraction plant p 0.0000000002 0.0000000002 0.0000000002 0.0000000002 Clay pit lnfraStr“CturS(ij[LJO} | market for [ Alloc
Natural gas m3 0.000047863 0.000047863 0.000047863 0.000047863 Natural gas, high pressure {GLO} | market group
for | Alloc Def, U
Electricity kWh 0.00056 0.00056 0.00056 0.00056 Flectricity, medium voltage (GLO} | market
group for | Alloc Def, U
Light fuel oil kg 0.00541 0.00541 0.00541 0.00541 Light fuel oil {RoW} | market for | Alloc Def, U
. Transport, freight, lorry 16-32 metric tonne,
Transport raw materials kgkm 50 50 50 50 EUROS (GLO) | market for | Alloc Def, U
Heavy fuel oil kg 0.000381 0.000381 0.000381 0.000381 Heavy fuel oil {RoW} I market for | Alloc Def, U
Energy and material inputs at bricks manufacturing plant
. . Packaging film, low density polyethylene
Packaging film kg 0.000542 0.000542 0.000542 0.000542 {GLO! | market for | Alloc Def, U
Polyethylene, high density, granulate
Polyethylene kg 0.000000858 0.000000858 0.000000858 0.000000858 (GLOY} | market for | Alloc Def, U
EUR-flat pallet P 0.0000161 0.0000161 0.0000161 0.0000161 EUR-flat pallet {GLO} | market for | Alloc Def, U
Natural gas m3 0.047576 0.033674 0.015139 0.001237 Natural gas, high pressure {GLO} | market group

for | Alloc Def, U
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Table 1. Cont.
Elementary Flow Units 0% 3% 7% 10% LCIA Dataset
Sheet rolling kg 0.000000157 0.000000157 0.000000157 0.000000157 Sheet rolling, chromium steel {GLO} | market
for | Alloc Def, U
Steel, low-alloyed, hot rolled kg 0.0000306 0.0000306 0.0000306 0.0000306 Steel, low-alloyed, hot rolled {GLOJ I market
for | Alloc Def, U
Sheet rolling, steel kg 0.0000157 0.0000157 0.0000157 0.0000157 Sheet rolling, steel {S1O} Imarket for[ Alloc
Polystyrene, expandable {GLO} | market
Polystyrene, expandable kg 0.000352 0.000352 0.000352 0.000352 for | Alloc Def, U
Electricity KWh 0.047971 0.033954 0.015265 0.001248 Electricity, medium voltage [GLO} Imarket
group for | Alloc Def, U
Direct emissions associated with upstream processing
Nitrogen oxides kg 0.00026 0.00026 0.00026 0.00026 Emissions to air—Nitrogen oxides
Benzene kg 0.00000296 0.00000296 0.00000296 0.00000296 Emissions to air—Benzene
Sulfur dioxide kg 0.0000998 0.0000998 0.0000998 0.0000998 Emissions to air—Sulfur dioxide
Carbon monoxide, fossil kg 0.000391 0.000391 0.000391 0.000391 Emissions to air—Carbon monoxide, fossil
. kg 0.000014 0.000014 0.000014 0.000014 Emissions to air—Particulates, <2.5 um
Particulates
kg 0.00000468 0.00000468 0.00000468 0.00000468 Emissions to air—Particulates, >10 um
Formaldehyde kg 0.0000164 0.0000164 0.0000164 0.0000164 Emissions to air—Formaldehyde
Hydrogen fluoride kg 0.0000106 0.0000106 0.0000106 0.0000106 Emissions to air—Hydrogen fluoride
Water m?3 0.00001512 0.00001512 0.00001512 0.00001512 Emissions to air—Water/m3
Hydrogen chloride kg 0.0000122 0.0000122 0.0000122 0.0000122 Emissions to air—Hydrogen chloride
NMVOC kg 0.0000763 0.0000763 0.0000763 0.0000763 Emissions to air—NMVOC, non-methane
volatile organic compounds, unspecified
Carbon dioxide, fossil kg 0.18 0.2336 0.3051 0.3588 Emissions to air—Carbon dioxide, fossil
Phenol kg 0.00000013 0.00000013 0.00000013 0.00000013 Emissions to air—Phenol
Water m> 0.00008568 0.00008568 0.00008568 0.00008568 Emissions to water—Water, RoW
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Figure 3. Life cycle flow chart of traditional bricks and bricks incorporating olive pomace in the different scenarios

considered.

Figure 3 illustrates in schematic form the production process of traditional bricks
on the left and sustainable bricks using waste on the right. In this study, the system
boundaries have been considered from raw material extraction to brick production. During
the “Extraction’, ‘“Transport’, and ‘Manufacture’ phases, a series of inputs and outputs
of material and energy will occur, which are illustrated in the diagram and which, to a
greater or lesser extent, will be shared by both processes. The differential stage will be
the ‘Manufacture’ stage, where the exothermic power of the olive pomace used allows the
energy cost to be reduced during the sintering process.

Table 1 illustrates the inventory data for the ‘Raw materials’ phase. Table 1 lists the
impacts associated with the extraction of natural clay, which are those related to the quarry
operation, while the impacts attributable to the extraction of olive pomace are assigned
to the main product of the olive oil extraction process and are not considered due to the
residual nature of this material. The same table shows the inventory data for the ‘Transport’
phase of the raw materials to the mill. Emissions from the transport of the residue have
been assimilated as the corresponding part of the clay it replaces.
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‘Manufacturing’ in Table 1 would be the last stage considered in this study. The data
related to the manufacture of bricks in the factory by the traditional process as well as with
bricks containing 3, 7, and 10% of olive pomace. It considers both energy consumption in
the form of electricity, diesel, and natural gas in the brick manufacturing plant. Finally,
Table 1 presents direct emissions in the form of CO,, NOy, SO,, HE, and HCI generated by
the thermal transformation of the raw materials (natural clay and waste residue) during
the firing process.

2.3. Impact Assessment Methodology

As a support tool for the analysis and quantification of impacts, the SIMAPRO 8.3.0.0.0
program of the company PRé Consultants was used. The ECOINVENT database was used
in its version 3 [24], and two evaluation methodologies were used. The first methodology
applied was IPCC, which characterizes emissions according to their global warming
potential, through the valuation of greenhouse gases, including carbon dioxide, methane,
nitrogen oxides, and chlorofluorocarbons, among others. The potential is evaluated in
terms of CO; eq, so that the emission of 1 kg of a particular greenhouse gas is expressed as
the emission of 1 kg of carbon dioxide equivalent using established conversion factors. The
second methodology used was CML 2000 V2.05, which analyzes abiotic resource depletion,
acidification, eutrophication, global warming potential, ozone depletion, human toxicity,
aquatic and terrestrial ecotoxicity, and photochemical oxidation as impact categories.
The regional validity of the impact categories of the CML methodology is global, except
for acidification and photochemical oxidation, which are based on European average
values [25-27]. With respect to the latter methodology, the results have also been evaluated
from a standardized point of view with respect to the environmental effects caused by an
average European in one year [28].

3. Results and Discussion

Figure 4 and Table 2 illustrate the impacts obtained by IPCC-WGP-100 years for 1 kg
of standard bricks produced from 100% natural clay and 1 kg of bricks produced with a
3,7, and 10% by weight addition of olive pomace. The impact of the traditional system
on global warming potential represents 260 kg CO, equivalent/tonne of bricks, a value
comparable to those indicated by other authors such as [21-24], showing values of 221,
271, and 195 kg CO, equivalent/tonne of bricks, respectively. However, bricks with olive
pomace have been shown to be environmentally less sustainable, showing higher climate
change impact values than the traditional system. The increase in climate change potential
of bricks with 3% compared to bricks obtained by the traditional system is 19.2% (310 kg
CO; equivalent/tonne of bricks), increasing to 44.2% and 63% for bricks with 7 and 10%
of olive pomace, respectively. The bricks with 3% of olive pomace have proven to be
more environmentally sustainable than the rest of the bricks tested with the addition of
wastewater residue for the established time period of 100 years.

Figure 5 shows the results obtained using the CML 2 baseline 2000 v2.05 methodology
for a wider range of impact categories for traditional bricks. Figure 6 shows the impacts
generated for the rest of the scenarios analyzed in this work in each of the ten selected
environmental categories. Most of the impact, in all the scenarios tested, is attributable
to the manufacturing phase, in particular the combustion of fossil fuels and the use of
electricity during the firing process. The data on which these figures are based are shown
in Table 3.
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Table 2. Climate change potential, 100 years (kg CO, eq).
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Figure 5. Impact distribution for each of the stages analyzed in characterization in traditional bricks.
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Figure 6. Impact distribution for each of the stages analyzed in characterization for bricks with olive pomace (a) bricks with
3% ALP; (b) bricks with 7% ALP; and (c) bricks with 10% ALP.
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Table 3. Characterized impacts associated with 1 kg of bricks incorporating 0, 3, 7, and 10 wt% OP.

Raw Materials Extraction Transport Manufacturing
Impact Categories Units 0% 3% 7% 10% 0% 3% 7% 10% 0% 3% 7% 10% 0% 3% 7% 10%
Abiotic Depletion kg Sbeq 520 x 1075 5.07 x 1072 490 x 1075 477 x 1072 245 x 1072 245 x 1072 245 x 1072 245 x 1072 225 x 1074 225 x 10~4 225 x 1074 225 x 1074 139 x 1073 9.67 x 1074 579 x 10~4 2.89 x 1074
Acidification kg SO, eq 451 x 1075 440 x 1075 425 x 1072 414 x 1073 273 x 1073 273 x 1072 2.73 x 1072 273 x 102 820 x 1072 820 x 1072 8.20 x 1072 8.20 x 1072 640 x 104 6.85 x 10~4 550 x 10~4 449 x 1074
Eutrophication kg P04~ eq 1.07 x 1075 1.04 x 1075 1.01 x 1075 9.85 x 1076 129 x 1075 129 x 1075 129 x 1075 129 x 1075 149 x 1075 149 x 1075 149 x 1075 149 x 1075 939 x 1075 115 x 104 111 x 1074 1.08 x 1074
lobal Warni
G rotenial kg CO, eq 741 x 1073 723 x 1073 6.99 x 1073 681 x 1073 382 x 1073 382 x 1073 3.82 x 1073 3.82 x 1073 143 x 1072 143 x 102 143 x 102 143 x 1072 235 % 10~1 283 x 10~1 349 x 101 398 x 10~1
One-L:
Dr;;lezyo‘: kg CFC 11 eq 1.22 x 1077 119 x 1077 115 x 1077 111 x 1079 326 x 10710 326 x 10710 326 x 10710 326 x 1010 601 x 1079 601 x 1079 6.01 x 1077 6.01 x 1079 211 x 1078 791 x 1079 440 x 1079 1.78 x 1079
Human Toxicity kg 1.4-DB eq 430 x 1073 419 x 1073 405 x 1073 394 x 1073 124 x 1072 1.24 x 1072 1.24 x 10~2 124 x 10~2 841 x 10~3 841 x 1073 841 x 1073 841 x 1073 266 x 1072 290 x 10~2 241 x 10—2 2.05 x 10~2
Fresh Water Aquati
res Ecoiocxrid;“"’ i kg 1.4-DB eq 951 x 10~4 933 x 1074 9.10 x 10~ 4 892 x 1074 468 x 1073 468 x 1073 468 x 1073 468 x 1073 1.69 x 1073 1.69 x 10-3 1.69 x 10-3 1.69 x 10~3 124 x 1072 151 x 10~2 1.36 x 1072 1.24 x 1072
M‘;““e Aquatic kg 1.4-DB eq 1.68 1.65 1.61 158 7.95 7.95 7.95 7.95 342 342 342 342 322 39.05 33.69 29.68
cotoxicity
Terrestrial
Ef;:s;’c‘;:y kg 1.4-DB eq 122 x 1075 1.20 x 1075 117 x 1075 114 x 1075 526 x 1075 526 x 1075 526 x 1075 526 x 1075 295 x 1075 295 x 1075 295 x 1075 295 x 1075 139 x 1074 126 x 1074 119 x 1074 114 x 1074
Photochemical kg CyHy eq 1.55 x 10~6 151 x 1076 147 x 1076 143 x 1076 172 x 1076 172 x 1076 1.72 x 1076 1.72 x 10~6 3.94 x 1076 394 x 1076 3.94 x 1076 3.94 x 1076 448 x 1075 449 x 1075 3.80 x 1075 329 x 1075

Oxidation
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The manufacturing phase in the traditional system accounts for 90% of the “Global
Warning Potential”. Most of this impact (90%) is due, in particular, to the combustion of
fossil fuels and the use of electricity during the firing process. The raw materials, extraction
and transportation phases account for 3, 1, and 5%, respectively, for this impact category.
The manufacturing phase is also the main cause of impact in all the other categories
analyzed (between 51% and 86%). The manufacturing phase accounts for 92% of the
‘Global Warning Potential” for bricks with 3% of olive pomace, reaching 93% and 94%
for bricks containing 7% and 10% of this waste, respectively, as shown in Figure 6. The
environmental profile obtained for the bricks containing olive pomace is very similar to
that observed for the traditional bricks, where most of the impact categories are dominated
by the manufacturing phase, between 86% and 49% (Figure 6).

Of all the stages evaluated, it is in the extraction stage where the environmental benefit
produced by the addition of olive pomace to the mixture is the greatest, assuming, as shown
in Figures 5 and 6, both in the traditional system and in the bricks with olive pomace, only
1% of the “Global Warning Potential”. Extraction is also the most beneficial step in the
“Photochemical Oxidation”, “Ozone Depletion”, “Acidification” and “Abiotic Depletion”
categories, with values ranging from 1 to 3%. For the remaining categories (“Ecotoxicity”,
“Human Toxicity”, and “Eutrophication”), the stage providing the greatest environmental
benefit is that of raw materials, with values below 8%.

Figure 7 shows the impact categories analyzed associated with the traditional brick
manufacturing process, to which a reference value of 100% has been assigned in order
to establish comparisons with the rest of the materials tested. The results show that the
increase in the amount of olive pomace added generates a positive environmental impact
with respect to the traditional process in the categories “Depletion of Abiotic Resources”,
due to the lower consumption of raw materials due to the addition of waste, “Depletion
of the Ozone Layer” due to the fact that the incorporation of waste reduces the extent of
endothermic reactions that occur during the manufacture of the ceramic product, thus
reducing fuel consumption, “Terrestrial Ecotoxicity”, due to the impact savings achieved
by avoiding the dumping of the olive pomace, thus avoiding the leaching of potentially
toxic species, and “Photochemical Oxidation”, due to the decrease in the impacts derived
from atmospheric emissions produced during the firing process.

ACIDIFICATION EUTROPHICATION GLOBAL ONE-LAYER ~ HUMANTOXICITY FRESHWATER MARINEAQUATIC TERRESTRIAL PHOTOCHEMICAL
(kg PO4---eq) WARNING DEPLETION (kg 1,4-DBeq) AQUATICECOTOX ECOTOXICITY ECOTOXICITY OXIDATION
POTENCIAL (kg CFC-11 eq) (kg 1,4-DB eq) (kg 1,4-DB eq) (kg 1,4-DB eq) (kg C2H4d eq)

(kg CO2eq)

0% OP m3%OP m7%OP m10%OP

Figure 7. Impact categories analyzed using CML methodology.
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On the other hand, the addition of olive pomace worsens the environmental per-
formance of the bricks with respect to the traditional process only for the categories
“Eutrophication” and “Freshwater Ecotoxicity”. It is observed that “Seawater Ecotoxicity”
also worsens, although with a slight benefit for bricks with 10% olive pomace.

Comparing bricks with different proportions of added olive pomace, it can be seen
that in all environmental categories, except “Global Warming Potential”, there is a decrease
in the environmental impact caused by increasing the amount of waste added.

It should be noted that the analysis performed with both methodologies for the
impact category “Global Warming Potential” (GWP) provides results with a high degree of
accuracy, practically 99.5%.

Normalization is the calculation of the magnitude of a category indicator with respect
to a reference information, i.e., it determines the relative magnitude of the LCIA results
with respect to certain reference information in order to be able to interpret the LCA results
in a simpler way. The criteria used to carry out the normalization are implicit in the
methodologies that perform this step for impact assessment. Each impact assessment
methodology uses its own reference system.

Figure 8 and Table 4 show the normalized results obtained by comparing the four
scenarios investigated in this work. It can be seen that the impact category “Marine Aquatic
Ecotoxicity” significantly exceeds the rest of the impact categories, a situation similar to
that obtained by other authors [29-33]. These results may be due to the fact that the
values provided by the normalization could be biased, either because the “Marine Aquatic
Ecotoxicity” is too high or because the remaining impact categories are too low, given that
the production of bricks with the addition of olive pomace is not considered an activity
with high polluting repercussions for the marine environment.

2,E-11 1§

2,E-11 4
LE-11 4
LE-11 4
LE-11 4
8E-12 4
6,E-12 4
4,E-12 4

2,E-12 4

0,E+00 ._.l_....__.l_..._,__-_-.-_,__l_ll rpp—p—

ABIOTIC ACIDIFICATION ~ EUTROPHICATION GLOBALWARNING ~ ONELAYER ~ HUMANTOXICITY ~FRESH WATER MARINEAQUATIC ~ TERRESTRIAL  PHOTOCHEMICAL
DEPLETION (kg SO2 eq) (kg PO4-— eq) POTENCIAL DEPLETION (kg1,4DBeg)  AQUATIC ECOTOX  ECOTOXICITY ECOTOXICITY OXIDATION
(kg Sb eq) (kg CO2eq) (kg CFC-11 eq) (kg 1,4-DB eq) (kg 1,4-DB eq) (kg 1,4-DB eq) (kg C2H4 eq)

m 0% OP 3% OP m7%OP m10%OP

Figure 8. Impact categories analyzed using normalized CML.
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Table 4. Normalized impacts associated with 1 kg of bricks incorporating 0, 3, 7, and 10 wt% OP.

Raw Materials Extraction Transport Manufacturing
Impact " o o o o o o 0 o o o o o o o o o
) Units 0% 3% 7% 10% 0% 3% 7% 10% 0% 3% 7% 10% 0% 3% 7% 10%
Categories
Abiotic Depletion kg Sbeq 304x 10714 2097x107  287x10714  279x107¥  143x10714 143x 1074 143x1074 14310714 132 x 10713 132x10713  132x10713  132x10718  814x 10713 5e5x10718 338x10713 169 x 10713
Acidification kg SO, eq 672 x 1014 6.56 x 10~ 14 634 x 10714 6.17 x 10~ 14 407 x 10~ 14 407 x 1014 407 x 1014 407 x 10714 122 x 10713 122 x 10~ 13 122 x 10713 122 x 10713 954 x 10~13 1.02 x 10-12 8.19 x 1013 6.69 x 1013
Eutrophication kg PO, eq 213x 10714 208x 10714 201x10714 196 x 10714 257x10714  257x 10714 257x 10714 257x 10714 296 x 10714 296 x 10714 296x 10714 206x 10714 187x 10713 228x 10713 220x10713  215x 10713
lobal Warni
G rotencial kg CO, eq 203x 10714 286x10714  277x10714  270x10714  151x10714  151x10714  151x10714 151x 10714 565x 10714 565x10714 565x10714 s565x10714 932x10713 112x10712 138x 10712 158 x 10712
One-L.
D’;;le‘;’i};r kgCFC1leq  125x 10715 121x10715  117x 10715 113x 10715 332x10716  332x10716  332x10716  332x10716  613x10715  613x10715  613x10715  613x10715  216x1071%  807x10715  449x 10715 182x 10715
Human Toxicity kg 1.4-DB eq 229 x 10~ 14 223 x 1014 216 x 1014 210 x 10~ 14 6.62 x 10714 6.62 x 1014 6.62 x 1014 6.62 x 10~ 14 447 x 10714 447 x 10714 447 x 10714 447 x 1014 142 x 10-13 154 x 10~ 13 128 x 10~ 13 1.09 x 10~ 13
Fresh Watef
Aq’u‘:ﬁc Eio‘éx kg 1.4-DB eq 126x 10713 124 x 10718 121x1071 119x 1071 623x 10714 623x10713  623x 10713 623x10713  225x 10713 225x 10718 205x 10713 225x10713  1e4ax10712 201x10712 180x 10712 165x 10712
Marine Aquati
;r:;‘foxi‘clﬁ; 1 kg 1.4-DB eq 52710713 518x 10713 506 x10713  497x10713  250x 10712 250x 10712 250x 10712 250x 10712 1.07x10712  107x10712  107x10712 107x10712 101x10711 123x10711 106 x10711 932x 10712
gjéfgiti’l‘:; kg 14-DB eq 133x 10714 131x10714 127 x 10714 124 x10714  573x10714  573x 10714 s573x10714 573x10714 3220x10714 322x10714 322x10714 322x1074 1s2x 10718 1.37 x 10~ 13 130 x 10713 124 x 10713
Phg:’icdl:‘etg‘:al kg CoHy eq 849x 10715 831x10715  805x10715 786 x10715  943x10715  943x 10715 943x10715  943x10715  216x10714  216x10714  216x1071¥  216x10714  246x10713  247x10718  209x10713 180 x 1013
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4. Conclusions

To prevent the production of materials from affecting natural resources, it is necessary
to promote the use of the best available techniques, as well as innovation in production
plants to replace, as far as possible, the use of finite natural resources with the waste
generated in the different production processes, closing product cycles. This implies a firm
commitment to reuse and recycling, and always minimizing the transport of raw materials
and products, promoting the use of available resources in local areas.

The ceramics industry generates impacts throughout its entire production cycle, from
the extraction of the necessary resources to the final distribution of the product to the
customer and the disposal of the waste generated. The LCA conducted in this research
examines the brick production system from cradle to gate by comparing bricks produced
in the traditional way with bricks to which olive pomace (alperujo) has been added at 3,
7, and 10% by weight, measuring its impact using IPCC and CML methodologies for a
reference time of 100 years.

Regarding the potential environmental benefits of the incorporation of olive pomace
into fired bricks, it has been observed that the stages of the life cycle that benefit the most are
the “raw material” and “extraction” stages. Extraction accounts for only 1% of the “Global
Warning Potential” in both the traditional system and in bricks with olive pomace, and
between 1 and 3% for the environmental categories of “Photochemical Oxidation”, “Ozone
Depletion”, “Acidification”, and “Abiotic Depletion”. The raw materials stage is the most
environmentally beneficial in the “Ecotoxicity”, “Human Toxicity”, and “Eutrophication”
categories, with values below 8%, mainly due to a reduced need for feedstock, which is
covered by the waste added.

The least benefited stage would be the manufacturing, mainly due to the atmospheric
emissions produced by the thermal decomposition of the raw materials used and the
energy intensity required for the process, which, although reduced in some categories due
to the exothermic decomposition of the olive pomace, is still high. The manufacturing
phase in the traditional system accounts for 90% of the “Global Warning Potential”, 92% of
the "Global Warning Potential” for bricks with 3% alpeorujo, and 93% and 94% for bricks
with 7 and 10 wt% olive pomace, respectively. The environmental profile for the other
categories is similar, with no significant variations due to the olive pomace addition.

On the other hand, transport is not modified with the incorporation of the residue
compared to the traditional system, as the emissions from the transport of the olive pomace
have been assimilated as the corresponding part of the raw material it replaces.

The aggregate analysis carried out shows that the benefits of incorporating olive
pomace into bricks are very limited. Although olive pomace bricks performed better in
the categories of Abiotic Resource Depletion, Ozone Depletion, and Terrestrial Ecotoxicity,
this was offset by higher impacts in the categories of Acidification, Eutrophication, Human
Toxicity, Freshwater and Seawater Ecotoxicity, and Photochemical Oxidation. Finally, the
higher amount of added olive pomace results in a slight decrease in environmental impact
in all environmental categories except “Global Warming Potential”.

In short, construction is one of the least environmentally sustainable sectors, gener-
ating high environmental costs, mainly due to the high consumption of resources and
the large amount of waste produced. The brick manufacturing process has a negative
environmental impact and is one of the most used materials on a daily basis in the construc-
tion sector worldwide. For this reason, the brick industry should implement technologies
that consume less energy or use other more renewable energy sources. In this sense,
an essential aspect is the use of alternative raw materials that can replace clay, such as
waste, thus meeting the required technological properties while significantly reducing the
environmental impact.
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