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Abstract: The use of secondary mining resources to replace conventional constituents in mortars
production has proved the effectiveness to preserve the quality of mechanical, physical, and chemical
properties. However, minimal research has been performed to quantify the environmental impacts of
mortars with mining residues. In the present work, a life cycle assessment of 10 mortars was carried
out. A reference mortar (100% of cement binder) and mortars with cement substitutions in 10%, 25%,
and 50% by raw, electrodialytic treated, and electrodialytic plus thermal treated mining residues
were analysed. The impacts were studied in six environmental categories: (1) abiotic depletion;
(2) global warming; (3) ozone depletion; (4) photochemical ozone creation; (5) acidification; and
(6) eutrophication potentials. The results demonstrated that mortars formulated with raw mining
residues may decrease the environmental impacts, namely in global warming potential (55.1 kg
CO2 eq./t modified mortar). Considering the treatments applied to mining residues, the major
mitigations were reported in photochemical ozone creation (−99%), ozone depletion (−76 to −98%),
and acidification potential (−90 to −94%), mainly due to the disposal impacts avoided in comparison
to the reference mortar. Analysing all mortars’ constituents and their management options, products
with electrodialytic treated mining residues showed higher influence in ozone depletion (18 to 52%).
Coupling a thermal procedure, mining residues contributed for 99% of the abiotic depletion potential
of mortars.

Keywords: life cycle assessment; environmental impact; mortar; secondary mining resources; elec-
trodialytic technology; thermal treatment

1. Introduction

In 2020, the release of greenhouse gases from building operations achieved 10 Gt CO2,
being the highest level ever reported. Together with manufacturing, transportation and
construction materials’ uses, this represents 38% of global energy-related CO2 emissions [1].

Climate change and rapid urbanisation with growing population have prompted an
emerging interest on construction industries to include more sustainable practices. To
accomplish a net-zero carbon building stock in 2050 [2], direct and indirect building CO2
release needs to be reduced by an average of 55% [3].

Furthermore, the emissions from the production of construction materials, and the
construction itself, are mainly driven by cement and steel manufacturing. Their growth in
use is the main contributor to buildings embodied carbon emissions. Around 50% of the
cement demand comes from the construction sector, being imperative to reduce its use and
replace cement by materials with lower embodied carbon [1].
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The growing conscientiousness of mining residues impacts have empowered the study
of feasible reuse options to reduce waste disposal, concerning a circular economy perspec-
tive and the Sustainable Development Goals [4]. Mining activities have reported high
amounts of rejected fractions for hundreds of years, as a result of concentrate production.
The accumulation of mining residues overtime, in open air impoundments, have led to
an intense environmental degradation [5]. The contamination risks for the involved com-
munities are a consequence of the emissions from chemical processes during concentrate
production. Nitrogen and cyanide substances may reach aquatic systems, contributing to
eutrophication and loss of biodiversity in water streams [6]. Sulfide minerals may contain
harmful metals and metalloids, that could promote the formation of acids when in contact
with water and oxygen, intensifying acidification phenomena [7]. On the other hand, fines
and other particles may be released by the wind, increasing the cross contamination in the
region [8].

To tackle climate change issues, the reuse of mining residues in construction products
have been studied [9]. Mining resources were applied in geopolymers [10], innovative
alkali-based materials for road pavement applications [11], red clay bricks [12], and light-
weight construction products [13], with eco-efficient gains in mechanical strength, thermal
stability, chemical and fire resistance, and costs [14]. In particular, the use of mining
residues in mortars may improve their chemical and structural stability, although some
research works reported low replacement cement percentages (e.g., 5%) as effective for
materials’ requirements [15].

In this sense, the continuous optimization of secondary resources reuse to achieve
a higher replacing rate of the virgin material in construction products manufacture, is
also important.

The electrodialtytic (ED) process is a long-proven technology to remove substances of
environmental concern from matrices, as well as to overcome raw materials’ shortage and
to contribute towards clean energy transition [16]. The ED process is based on the use of a
direct low-level current intensity, in pairs of inert electrodes, that promotes the transport of
contaminants by electromigration, electroosmosis, and electrophoresis mechanisms [17].

In comparison to metakaolin production and effect [18], the thermal treatment is also
regarded as a strategy to take advantage of amorphous silica and/or alumina from fine
secondary materials, conferring them pozzolanic properties whilst increasing the durability
proprieties of final products [19].

Both ED and thermal treatments were applied to mining residues, and the treated
material was used to replace cement in mortars production. The mortars produced with
treated mining residues demonstrated positive achievements, and comprised the require-
ments needed for rendering, plastering, joint repointing, bedding masonry, or screed
uses [20]. However, minimal research has been conducted to environmentally support
the reuse of secondary resources in the roll out of sustainable cementitious construction
products [21].

The life cycle assessment (LCA) has emerged as an important decision-making support
tool in the construction industry [22]. This analysis technique provides an overview
on the potential environmental impacts during a product/service life cycle. The LCA
methodology is defined in ISO 14040 [23] and ISO 14044+A1 [24], and should be structured
as follows: (1) goal definition and scope; (2) inventory appraisal; (3) impacts evaluation;
and (4) interpretation [21]. The LCA provides an estimation of cumulative impacts that
can also be used to quantify the embodied energy of products, considering environmental
categories defined in EN 15804+A2 [25]. The inventory is the core of the LCA and, for
this reason, reliable data from environmental product declarations (EPD), peer-reviewed
scientific research works, in-site quantifications, and international databases should be
preferentially used [26].

The built environment involves significant pressures on global resources. In this sense,
the need to develop LCA methods, that critically appraise data on products environmental
burdens to leverage new business opportunities, are a top priority. The present work aims
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at determining the environmental impacts that result from the incorporation of non-treated
and treated mining residues, in different proportions, for cement-based mortar production.
Those mortars were previously tested [20,27], presenting suitable properties for several
current applications. The environmental impacts estimated and determined, based on six
environmental categories, were analysed in terms of: (1) mitigation potential from mining
residues uses, comparing to traditional mortar production with cement, (2) contribution of
mining residues management scenarios (direct disposal, ED process and ED plus thermal
treatment) in mortar manufacture, and (3) contribution of all the mortar components and
respective management scenarios for the mortar lifecycle.

2. Materials and Methods
2.1. Materials

The mortars analysed in the present work were produced with mining residues from
the Panasqueira mine (located in Covilhã, Portugal) and a Portuguese cement CEM II/B-L
32.5 classified according EN 197-1 [28]. A river siliceous sand was applied as aggregate,
with similar proprieties to the CEN reference sand [29], and tap water was used to hydrate
the formulation.

Mortar samples were produced in triplicate replacing 10%, 25%, and 50% (wt %) of the
original cement content by mining residues under different conditions: raw, ED treated [27],
and ED plus thermal treated [20]. A reference (REF) mortar was also included to compare
the environmental impacts of the mortars with mining residues. The mortars analysed and
their compositions are summarized in Table 1.

Table 1. Composition of the cement-based mortars analysed (adapted from [20,27]).

Weight Proportion

Mortar
Code Binder Composition

Binder
(Cement + Mining

Residues)
Sand Water

REF 100% cement

1

4.6

0.8

M10 10% raw mining residues + 90% cement 4.7

M25 25% raw mining residues + 75% cement 4.8

M50 50% raw mining residues + 50% cement 5.0

ME10 10% ED mining residues + 90% cement 4.6

ME25 25% ED mining residues + 75% cement 4.7

ME50 50% ED mining residues + 50% cement 4.7

MET10 10% ED + TT mining residues
+ 90% cement 4.6

MET25 25% ED + TT mining residues
+ 75% cement 4.6

MET50 50% ED + TT mining residues
+ 50% cement 4.6

ED–Electrodialytic treatment; TT–Thermal treatment. Density of the constituents: Cement = 1000 kg/m3; Mining
residues: Raw = 1180 kg/m3, ED = 1003 kg/m3 and TT = 970 kg/m3; Sand =1540 kg/m3.

2.2. Scope Definition and LCA Boundaries

The LCA of mortars was performed based on ISO 14040 [23] and ISO 14044+A1 [24].
Herein, the environmental sustainability of mortars was quantified at the product stage.
Thus, the impacts of raw materials extraction and processing, and the mining residues
management scenarios were analysed as presented in Figure 1. The declared unit defined
for the present study was 1 t of mortars.
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Figure 1. Flowchart of the elements included in the LCA of mortars, and the environmental impact
categories analysed.

The environmental burdens were assessed through the analysis of six impact cate-
gories, based on EN 15804+A2 [25]: Abiotic depletion potential (ADP), global warming
potential (GWP), ozone depletion potential (ODP), photochemical ozone creation potential
(POCP), acidification potential (AP), and eutrophication potential (EP). The analysis was
performed based on the CML (Centrum voor Milieukunde Leiden) methodology, developed
by the Institute of Environmental Sciences from Leiden University, the Netherlands [30].

2.3. Data Collection

The data used to shape the LCA of the raw materials involved was collected from peer-
reviewed scientific research works [7,26,31–34]. To determine the impact of the mortars
with mining residues in the environmental categories studied, the composition of the
mortars produced in previous works was considered (Table 1). The environmental impacts
of 1 kg of cement, sand, water and mining residues, in the categories considered, are
presented in Table 2, as well as the respective sources.

Regarding the management scenarios considered for mining residues, before their
application in mortars, the data was equally collected from peer-reviewed scientific research
works [18,35]. The environmental impacts considered from the disposal of 1 kg of mining
residues, and also from the ED treatment of the same amount, are presented in Table 3.
The impacts from the thermal treatment of mining residues were considered the same as
the calcination of metakaolin, once both could be considered artificial pozzolans when
subjected to identical thermal procedures [36].
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Table 2. Environmental impacts of 1 kg of cement, sand, water, and mining residues.

Mortar
Constituent

Environmental Impact Category

ReferenceADP GWP ODP POCP AP EP

kg Sb eq. kg CO2 eq. kg CFC-11 eq. kg ethene eq. kg SO2 eq. kg PO43− eq.

Cement (CEM
II/B-L 32.5) 1.10 × 10−6 7.38 × 10−1 1.10 × 10−10 1.17 × 10−4 1.21 × 10−3 1.74 × 10−4 [26]

Sand 7.31 × 10−11 2.46 × 10−3 3.83 × 10−10 1.08 × 10−6 1.90 × 10−5 2.03 × 10−6 [26]

Water 1.57 × 10−11 1.33 × 10−4 5.93 × 10−12 3.87 × 10−8 9.70 × 10−7 4.99 × 10−8 [31]

Mining
residues a 1.02 × 10−5 4.75 × 10−3 7.54 × 10−10 4.24 × 10−5 2.26 × 10−5 1.06 × 10−4 [7,32–34]

ADP—Abiotic Depletion Potential; GWP—Global Warming Potential; ODP—Ozone depletion Potential; POCP—Photochemical Ozone
Creation Potential; AP—Acidification Potential; and EP—Eutrophication Potential. a Mining residues impacts were determined based on
the production of 1 kg of concentrate at the mine. The impacts reported for ADP [32], and for the remaining impact categories analysed [33]
were estimated per kg of mining residues produced, assuming that 1 kg of concentrate generates 442 kg of mining residues (ore grade = 0.3%
WO3 [7] and concentrate grade = 75% WO3 [34]).

Table 3. Environmental impacts of the direct disposal, the electrodialytic treatment, and the thermal treatment of 1 kg of
mining residues.

Mining
Residues

Management

Environmental Impact Category

ReferenceADP GWP ODP POCP AP EP

kg Sb eq. kg CO2 eq. kg CFC-11 eq. kg ethene eq. kg SO2 eq. kg PO4
3− eq.

Direct disposal 3.35 × 10−9 a 6.90 × 10−1 9.80 × 10−8 1.60 × 10−2 1.20 × 10−2 1.10 × 10−4 [35]

Electrodialytic
treatment 2.92 × 10−10 a 7.00 × 10−2 4.10 × 10−9 1.50 × 10−4 2.80 × 10−4 1.40 × 10−5 [35]

Thermal
treatment b 3.39 × 10−3 4.21 × 10−1 3.98 × 10−8 5.20 × 10−5 1.03 × 10−3 6.47 × 10−5 [18]

ADP—Abiotic Depletion Potential; GWP—Global Warming Potential; ODP—Ozone depletion Potential; POCP—Photochemical Ozone
Creation Potential; AP—Acidification Potential; and EP—Eutrophication Potential. a ADP data was converted from kg Fe eq. [35] to kg Sb
eq. based on reference [37] data. A conversion factor of 1.17 × 107 was applied. b The impacts reported from the thermal treatment of
metakaolin were assumed as the same of mining residues due to the process similarities (e.g., considering thermal treatment up to 750 ◦C).

3. Results and Discussion
3.1. Impacts of Raw Materials in Mortar Manufacture

During mortar production, there are several high energy consuming phases in regard
to raw materials acquisition. In this context, the environmental impacts of using conven-
tional materials, as cement, or raw mining residues in mortar manufacture was determined
for 1 t of mortars. The environmental pressures based on the typology of the binder used
(cement and residue) as function of their content, in each category, are presented in Table 4.

Table 4. Environmental impacts from the production of 1 t of mortars with cement and raw mining residues as binder
constituents.

Mortar
Weight of
Cement

Replaced (%)

Environmental Impact Category

ADP GWP ODP POCP AP EP

kg Sb eq. kg CO2 eq. kg CFC-11 eq. kg ethene eq. kg SO2 eq. kg PO43− eq.

REF 0 1.58 × 10−4 1.08 × 102 2.72 × 10−7 1.76 × 10−2 1.87 × 10−1 2.64 × 10−2

M10 10 2.67 × 10−4 9.73 × 101 2.79 × 10−7 1.64 × 10−2 1.70 × 10−1 2.52 × 10−2

M25 25 4.30 × 10−4 8.15 × 101 2.91 × 10−7 1.46 × 10−2 1.44 × 10−1 2.34 × 10−2

M50 50 7.03 × 10−4 5.51 × 101 3.10 × 10−7 1.17 × 10−2 1.01 × 10−1 2.03 × 10−2

ADP—Abiotic Depletion Potential; GWP—Global Warming Potential; ODP—Ozone depletion Potential; POCP—Photochemical Ozone
Creation Potential; AP—Acidification Potential; and EP—Eutrophication Potential.
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The major impacts that come from raw materials exploration and uses are reported
in the GWP category. The GWP is based on the quantity of greenhouse gases released to
the atmosphere, namely CO2 (that is dominant), methane (CH4) and nitrous oxide (N2O).
Thus, GWP means the total climate change impact of all the greenhouse gases caused by
an item as function of the amount of CO2 that would have the same impact over a 100-year
period [38].

From the production of 1 t of mortars, 1.08 × 102 kg CO2 eq. are released by the REF,
followed by M10, M25, and M50. The highest the mining residues incorporation as binder,
the lowest the GWP. When 50% of cement was replaced by secondary mining resources
(M50), a decrease of 49% in GWP was achieved (55.1 kg CO2 eq.)

Zajac et al. [39] reported the same trend, where CO2 emissions depend on the cement
composition, and also on the level of fineness of the components. Since the emissions
associated to the cement clinker are significantly higher than for other materials, the
modification of the binder composition results in a significant reduction of the GWP [39].

The EP, POCP, and AP were lower than the REF, in sequence, when mining residues
were used to replace cement at 50% (less 23%, 34%, and 46%, respectively).

The EP gives an overview on nutritional elements presence in aquatic systems, namely
nitrogen and phosphorus. The excessive concentration of these compounds decreases the
oxygen available in water bodies and, consequently, water quality. This results in increased
primary productivity and phytoplankton proliferation, where some species may present
toxic risks [40].

Mines are often reported as a source of nutrients, namely regarding nitrogen that is
used in the concentrate process for pH regulating, acid washing, or lixiviant agent [41]. In
this way, significant decrease in EP is not expected, as it is foreseen in other environmental
categories. The M50 mortar presented the lowest EP (2.03 × 10−2 kg PO4

3− eq.). On the
other hand, the various gases occurring by the hydration process of cement may release
NH4

+ (ammonium) to the environment [42], contributing to the impacts observed in the EP
for the REF (2.64 × 10−2 kg PO4

3− eq.). Although EP is quantified in phosphates (PO4
3−)

equivalents, it is also possible to convert them in ammonia (NH3) equivalents, considering
that 1 kg of NH3 has the same EP of 0.35 kg PO4

3− [43].
The POCP is a secondary air pollution, also known as smog. This effect is mainly

caused by the reactions between sunlight and emissions from fossil fuel combustion,
promoting the formation of other chemicals in the troposphere, as ozone and peroxides.
This leads to an increase of the ground-level ozone concentration [44]. The POCP is mainly
related to the technology involved in raw materials production. In particular, grinding
contributes to approximately 50% of the energy consumed from cement production [39].
This may contribute to the higher emissions from REF (1.76 × 10−2 kg ethene eq.) that
affect POCP, in comparison to M10, M25, and M50 mortars (an average of 1.42 × 10−2 kg
ethene eq.)

The AP is also affected by the combustion of fossil fuels, from industrial equipment,
such as nitrous and sulfide oxides. In the presence of water and oxygen, these substances
may leach and present risks for the surrounding ecosystems [45]. The presence of sulfide
minerals in mining residues composition [5] may contribute to the AP detected at higher
incorporation ratios of mining residues in mortars (M50 = 1.01 × 10−1 kg SO2 eq.). However,
the AP of using mining residues still have lower proportions than REF (1.87 × 10−1 kg SO2
eq.). The emissions from the combustion processes of the kilns in a cement industry may
release HCl and HF [46], with repercussions in the AP.

Contrarily, mining residues demonstrated to have higher ODP (up to 2.5%) and, more
significant, ADP (above 41%), in comparison to cement. The ODP is related to the ozone
density decrease through the thinning of the stratospheric ozone layer, as a consequence
of anthropogenic pollutants (e.g., halocarbons) [47]. Once more, the source of pollution
associated to ODP is predominantly associated to the equipment involved in mining
activities and cement production, being the differences between the two types of binders
marginal (an average of approximately 3.0 × 10−7 kg CFC-11 eq. for all the mortars).
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The natural resources needed for raw materials production can be considered renew-
able (e.g., groundwater and wood) and nonrenewable (e.g., minerals and fossil fuels). The
ADP refers to the exhaustion of nonrenewable resources and the resultant environmental
impacts, being mainly affected by the rate of resources extraction [47]. In fact, the explo-
ration of mine ores involves extremely high quantities of mining residues generation, due
the low ore grades in comparison to the past [48]. Comparing to REF (1.58 × 10−4 kg Sb
eq.), there are more wastage when the initial source is being explored, which explains the
higher impacts observed in ADP for M10, M25, and M50 mortars (between 2.67 × 10−4

and 7.03 × 10−4 kg Sb eq.).

3.2. Impacts of Mining Residues Management Scenarios in Mortar Production

Bearing in mind the potential of mining residues as a secondary source of raw materi-
als with high economic potential and in risk of scarcity [49], the ED process was applied
to mining residues as a way to contribute for circular economy targets [50]. Furthermore,
the thermal treatment prospective for enhancing mining residues pozzolanic reactivity
and improve durability properties, could enlarge the applicability of this material in con-
struction products [19]. In this sense, mortars were produced with mining residues treated
with the ED technology [27] and with ED plus thermal treatment [20]. To complement the
technical analysis of the properties of the mortars produced with treated mining residues,
the environmental impacts were determined and compared to the REF (Table 5). Three
management scenarios were considered for the mining residues: direct disposal; ED treat-
ment; ED plus thermal treatment. Once REF did not include mining residues, it is assumed
that the amount of cement used is the same quantity of mining residues that are directly
disposed at the mining site.

Table 5. Environmental impacts from the production of 1 t of mortars with cement and treated mining residues as binder
constituents.

Mortar
Weight of
Cement

Replaced (%)

Management
of Mining
Residues

Environmental Impact Category

ADP GWP ODP POCP AP EP

kg Sb eq. kg CO2 eq. kg CFC-11 eq. kg ethene eq. kg SO2 eq. kg PO43− eq.

REF 0 Disposal 1.59 × 10−4 2.07 × 102 1.44 × 10−5 2.32 1.91 4.22 × 10−2

ME10 10 ED 1.43 × 10−4 9.83 × 101 3.28 × 10−7 1.80 × 10−2 1.73 × 10−1 2.41 × 10−2

ME25 25 ED 1.19 × 10−4 8.38 × 101 4.11 × 10−7 1.86 × 10−2 1.53 × 10−1 2.06 × 10−2

ME50 50 ED 7.92 × 10−5 5.97 × 101 5.51 × 10−7 1.96 × 10−2 1.19 × 10−1 1.49 × 10−2

MET10 10 ED + TT 4.99 × 10−2 1.05 × 102 9.14 × 10−7 1.89 × 10−2 1.89 × 10−1 2.51 × 10−2

MET25 25 ED + TT 1.26 × 10−1 9.95 × 101 1.89 × 10−6 2.08 × 10−2 1.92 × 10−1 2.31 × 10−2

MET50 50 ED + TT 2.51 × 10−1 9.11 × 101 3.51 × 10−6 2.41 × 10−2 1.97 × 10−1 1.97 × 10−2

ED—Electrodialytic treatment; TT—Thermal treatment; ADP—Abiotic Depletion Potential; GWP—Global Warming Potential; ODP—Ozone
depletion Potential; POCP—Photochemical Ozone Creation Potential; AP—Acidification Potential; and EP—Eutrophication Potential.

Based on Table 5 data, the REF presented the higher impacts per t of mortars in GWP
(2.07 × 102 kg CO2 eq.), ODP (1.44 × 10−5 kg CFC-11 eq.), POCP (2.32 kg ethene eq.), and
AP (1.91 kg SO2 eq.). Furthermore, the management scenario selected for mining residues
in the REF case (direct disposal), demonstrated higher GWP, ODP, POCP, and AP than
the other options (Table 3). This augmented the overall environmental pressures from
REF production.

The application of the ED technology showed positive achievements, once the lowest im-
pacts were observed in all the categories analysed. In particular, ADP (7.92 × 10−5 kg Sb eq.),
GWP (59.7 kg CO2 eq.), AP (1.19 × 10−1 kg SO2 eq.), and EP (1.49 × 10−2 kg PO4

3− eq.)
were strongly alleviated when 50% of ED mining residues were incorporated in mortars.
The reuse of a rejected fraction that is commonly disposed as waste and the removal of
harmful compounds, that have severe risks for the environmental, coupled with a sec-
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ondary recovery of raw materials, are the main benefits of using the ED technology. In
addition, the land occupied by mining residues discharges is also reduced. These aspects
overlap the energy consumed during the ED process.

The ODP and POCP were also lower than REF, albeit the impacts increased with ED
mining residues incorporation increase in mortars. An impact intensification of 40% and
8% was observed for ODP and POCP, respectively, from ME10 (ODP = 3.28 × 10−7 kg
CFC-11 eq. and POCP =1.80 × 10−2 kg ethene eq.) to ME50 (ODP = 5.51 × 10−7 kg CFC-11
eq. and POCP = 1.96 × 10−2 kg ethene eq.). During the ED treatment, the gases that could
be formed due to the electrode reactions are commonly released to the atmosphere. The
gases generated during the ED process depend on the matrix composition. For instance,
chlorine gas could be generated at the anode in systems with high chloride contents [51].
This may have contributed to the impacts increase verified with more replacing content of
cement by ED mining residues.

When mining residues were submitted to ED plus thermal treatment, an increase
in the impacts was observed in comparison to ED mining residues. In fact, the energy
consumed to heat the sample is the major contributor to the impact’s intensification, as
well as other VOC (volatile organic compounds) emitted from the calcination process [36].
For this reason, the impacts of MET10, MET25, and MET50 in ADP (from 4.99 × 10−2 to
1.26 × 10−1 kg Sb eq.) and GWP (from 91.1 to 105 kg CO2 eq.) were higher than ME10,
ME25, and ME50. The need of more fossil fuels and, consequently, the higher CO2 released
during the calcination affected both categories. Figure 2 presents the mitigation of the envi-
ronmental burdens achieved when mortars were produced with treated mining residues,
in relation to the REF baseline.

Figure 2. Environmental impacts mitigation of mortars produced with treated mining residues,
compared to the reference mortar baseline. ADP—Abiotic Depletion Potential; GWP—Global Warm-
ing Potential; ODP—Ozone depletion Potential; POCP—Photochemical Ozone Creation Potential;
AP—Acidification Potential; and EP—Eutrophication Potential.

Almost all the environmental pressures of mortars with treated mining residues
reduced, namely in POCP (−99%), ODP (−76 to −98%), and AP (−90 to −94%). This
occurred due to the lower cement amount, that requires less energy and related emissions
from cement production. Also, the disposal impacts of mining residues that are avoided, in
comparison to the REF, promoted the decrease of environmental deterioration. High CH4
emissions are associated to waste disposal, that are 28 times more potent than CO2 [38].

Nevertheless, the ADP of MET10, MET25, and MET50 (from 4.99× 10−2 to 1.26 × 10−1 kg
Sb eq.) were higher than REF (1.59 × 10−4 kg Sb eq.). Apart from the cement production
and mining residues generation burdens, the fossil fuels needed for the thermal treatment
augmented the exploration of more resources, highly impacting this category.
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3.3. Impacts of Constituents and Management Scenarios in Mortars’ Lifecycle

Mortars are commonly composed by mineral binders, aggregates, and water [52].
In this study, only the binder was modified during mortar production, comparing with
conventional manufacture. However, the impacts of mortars should gather all the involved
elements in its assembly. In this sense, Figure 3 summed up the weight that mortars’
components and their respective management scenarios, may have in the environmental
categories analysed (based on data from Tables A1–A6, in Appendix A).

Figure 3. Contribution of mortars’ constituents for the environmental impacts in the categories anal-
ysed: (A) Abiotic Depletion Potential; (B) Global Warming Potential; (C) Ozone depletion Potential;
(D) Photochemical Ozone Creation Potential; (E) Acidification Potential; and (F) Eutrophication
Potential.

The water used in mortar manufacture has no significant expression in the environ-
mental categories analysed, when compared with the other components. However, it is
important to notice that water is the most consumed substance on the planet. The rapid
economic and population growth have increased water demand and limited water supplies,
and better management measures to alleviate water scarcity are desired [53].

The aggregate fraction (sand) demonstrated higher weight in ODP, particularly in
ME10 (78%), ME25 (62%), and ME50 (46%). From the production of 1 t of mortars, a total of
2.55 × 10−7 kg CFC-11 eq. are released from sand exploration. (Table A3, in Appendix A).
The extraction of alluvial material from river beds and sections present degradation risks,
increasing the need to develop new strategies for the extraction quarries [54]. Raw silica
sand could also be excavated from deposits in open-pit mines. However, sand shortage is
also an important issue, constituting one of the greatest sustainability challenges of this
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century [55]. The exploitation of silica sand for industrial application implies the removal
of gangue minerals from excavated topsoil, commonly carried out in a processing plant [56].
The equipment involved on sand exploitation justify the higher ODP, when compared to
the other constituents processing methods.

The typology of the binder applied in mortars manufacture demonstrated different
behaviors in mortars’ overall impacts. The ED mining residues showed higher percentual
representativity in POCP (53%) and ODP (52%), for ME50. Coupling the thermal treatment
to mining residues contributed to 64–84% of the ODP in MET10, MET25, and MET50,
and for almost 100% of the ADP. The disposal of mining residues, as a result of the reuse
absence in REF, contributed to the majority of the ODP (98%), POCP (99%), and AP (90%).

Concerning the conventional option, cement has a significant expression in ADP
(almost 100% for REF, ME10, ME25, and ME50), GWP (from REF = 51% to ME10 = 97%), AP
(from MET50 = 44% to ME10 = 90%), and EP (from REF = 59% to ME10 = 94%). Even when
cement was replaced at 50% ratios, the impacts of mortars with treated mining residues
incorporation were mainly due to the cement presence. Only the mining residues subjected
to ED plus thermal treatment exceeded the cement impacts in the ADP.

4. Conclusions

The decarbonisation of the power sector and the implementation of materials’ strate-
gies will be important drivers towards a net zero carbon emissions in the construction
industry. In particular, the incorporation of innovative circular materials and products, that
can be recovered in closed-loop systems, could contribute to decrease the environmental
burdens from cement uses in mortars. Although technological and commercial viable
solutions exist, stronger policies and collaborations to accelerate scale up are crucial.

Aiming to provide a decision-making tool for future developments, while keeping up
with the technological progress, this work presents a LCA methodology to quantify the
sustainability of mortars produced with secondary mining resources partially replacing
cement. Considering six environmental categories, 1 t of 10 different mortars were anal-
ysed: a reference mortar (100% of CEM II/B-L 32.5 as binder) and mortars with cement
substitutions in 10%, 25%, and 50% by raw, electrodialytic treated and electrodialytic plus
thermal treated mining residues.

• Generally, mortars produced with mining residues presented an eco-friendlier be-
havior than the reference mortar. The use of mining residues as binder can avoid
almost 50% of the GWP, meaning the release of 55.1 kg CO2 eq./t modified mortar.
The lower the cement content, the lower the energy involved in mortar production,
namely due to the clinker formation that requires temperatures above 1000 ◦C and
energy consuming milling.

• The adoption of mining residues management scenarios, before their reuse in mortars’
manufacture, was assessed considering direct disposal, ED treatment and ED treat-
ment coupled with a thermal procedure. Herein, the impacts of mortars were strongly
alleviated in POCP (−99%), ODP (−76 to −98%) and AP (−90 to −94%), comparing
to the reference. The avoided mining residues discharges were key factor for these
decreases, together with lower cement incorporation.

• The overall mortar lifecycle was performed considering all the mortar components
and respective management scenarios. The aggregate fraction demonstrated higher
impact weight in ODP (between 46 and 78%), while the typology of the binder applied
showed different environmental performances. ED mining residues showed higher
representativity in POCP (53%) and ODP (52%), whereas ED plus thermal treated
mining residues contributed to 64–84% of the POCP, and to almost 100% of the ADP.

• Cement has a significant expression in ADP (almost 100%) and GWP (51–97%). The
impacts of mortars with treated mining residues are mainly caused by cement contents,
even at higher replacement ratios. Nevertheless, fossil fuels needed for the thermal
treatment of mining residues increased the resources required, promoting a higher
ADP than cement.
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Furthermore, other stages not considered in the present work may influence the
embodied energy of mortars, namely construction, use and end-of-life phases. The energy
spend on grinding activities can differ from material to material, and according to industrial
methods. Scaling up approaches and the increase of renewable energy in the grid will be
important steps to decrease the impacts of fossil fuels consumption during the involved
processes. The cost analysis of the mortars produced by partial replacement of cement
with treated mining residues could also complement the life-cycle assessment. This step
is relevant to evaluate the economic feasibility of the mortars in the current market and
correlate data with the environmental benefits observed.
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Appendix A. (Supplementary Data)

Table A1. Environmental impacts in the Abiotic Depletion Potential category, from the production of 1 t of mortars with
cement and treated mining residues as binder constituents.

Mortar
ADP (kg Sb eq.)

Cement Disposal of
Mining Residues

ED Mining
Residues

TT Mining
Residues Sand Water Total

REF 1.58 × 10−4 4.82 × 10−7 n.a. n.a.

4.87 × 10−8 1.74 × 10−9

1.59 × 10−4

ME10 1.43 × 10−4 n.a. 4.08 × 10−9 n.a. 1.43 × 10−4

ME25 1.19 × 10−4 n.a. 1.02 × 10−8 n.a. 1.19 × 10−4

ME50 7.92 × 10−5 n.a. 2.04 × 10−8 n.a. 7.92 × 10−5

MET10 1.43 × 10−4 n.a. 4.28 × 10−9 4.97 × 10−2 4.99 × 10−2

MET25 1.19 × 10−4 n.a. 1.08 × 10−8 1.25 × 10−1 1.26 × 10−1

MET50 7.92 × 10−5 n.a. 2.16 × 10−8 2.51 × 10−1 2.51 × 10−1

ED—Electrodialytic Treatment; TT—Thermal Treatment; ADP—Abiotic Depletion Potential; and n.a.—not applicable.

Table A2. Environmental impacts in the Global Warming Potential category, from the production of 1 t of mortars with
cement and treated mining residues as binder constituents.

Mortar
GWP (kg CO2 eq.)

Cement Disposal of
Mining Residues

ED Mining
Residues

TT Mining
Residues Sand Water Total

REF 1.06 × 102 9.93 × 101 n.a. n.a.

1.64 1.48 × 10−2

2.07 × 102

ME10 9.56 × 101 n.a. 9.80 × 10−1 n.a. 9.83 × 101

ME25 7.97 × 101 n.a. 2.45 n.a. 8.38 × 101

ME50 5.31 × 101 n.a. 4.90 n.a. 5.97 × 101

MET10 9.57 × 101 n.a. 1.03 6.17 1.05 × 102

MET25 7.97 × 101 n.a. 2.59 1.56 × 101 9.95 × 101

MET50 5.31 × 101 n.a. 5.18 3.12 × 101 9.11 × 101

ED—Electrodialytic Treatment; TT—Thermal Treatment; GWP—Global Warming Potential; and n.a.—not applicable.
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Table A3. Environmental impacts in the Ozone Depletion Potential category, from the production of 1 t of mortars with
cement and treated mining residues as binder constituents.

Mortar
ODP (kg CFC-11 eq.)

Cement Disposal of
Mining Residues

ED Mining
Residues

TT Mining
Residues Sand Water Total

REF 1.58 × 10−8 1.41 × 10−5 n.a. n.a.

2.55 × 10−7 6.59 × 10−10

1.44 × 10−5

ME10 1.43 × 10−8 n.a. 5.74 × 10−8 n.a. 3.28 × 10−7

ME25 1.19 × 10−8 n.a. 1.44 × 10−7 n.a. 4.11 × 10−7

ME50 7.92 × 10−9 n.a. 2.87 × 10−7 n.a. 5.51 × 10−7

MET10 1.43 × 10−8 n.a. 6.01 × 10−8 5.84 × 10−7 9.14 × 10−7

MET25 1.19 × 10−8 n.a. 1.52 × 10−7 1.47 × 10−6 1.89 × 10−6

MET50 7.92 × 10−9 n.a. 3.03 × 10−7 2.95 × 10−6 3.51 × 10−6

ED—Electrodialytic Treatment; TT—Thermal Treatment; ODP—Ozone depletion Potential; and n.a.—not applicable.

Table A4. Environmental impacts in the Photochemical Ozone Creation Potential category, from the production of 1 t of
mortars with cement and treated mining residues as binder constituents.

Mortar
POCP (kg Ethene eq.)

Cement Disposal of
Mining Residues

ED Mining
Residues

TT Mining
Residues Sand Water Total

REF 1.68 × 10−2 2.30 n.a. n.a.

7.20 × 10−4 4.30 × 10−6

2.32
ME10 1.52 × 10−2 n.a. 2.10 × 10−3 n.a. 1.80 × 10−2

ME25 1.26 × 10−2 n.a. 5.25 × 10−3 n.a. 1.86 × 10−2

ME50 8.42 × 10−3 n.a. 1.05 × 10−2 n.a. 1.96 × 10−2

MET10 1.52 × 10−2 n.a. 2.20 × 10−3 7.63 × 10−4 1.89 × 10−2

MET25 1.26 × 10−2 n.a. 5.55 × 10−3 1.92 × 10−3 2.08 × 10−2

MET50 8.42 × 10−3 n.a. 1.11 × 10−2 3.85 × 10−3 2.41 × 10−2

ED—Electrodialytic Treatment; TT—Thermal Treatment; POCP—Photochemical Ozone Creation Potential; and n.a—not applicable.

Table A5. Environmental impacts in the Acidification Potential category, from the production of 1 t of mortars with cement
and treated mining residues as binder constituents.

Mortar
AP (kg SO2 eq.)

Cement Disposal of
Mining Residues

ED Mining
Residues

TT Mining
Residues Sand Water Total

REF 1.74 × 10−1 1.73 n.a. n.a.

1.27 × 10−2 1.08 × 10−4

1.91
ME10 1.57 × 10−1 n.a. 3.92 × 10−3 n.a. 1.73 × 10−1

ME25 1.31 × 10−1 n.a. 9.80 × 10−3 n.a. 1.53 × 10−1

ME50 8.71 × 10−2 n.a. 1.96 × 10−2 n.a. 1.19 × 10−1

MET10 1.57 × 10−1 n.a. 4.11 × 10−3 1.51 × 10−2 1.89 × 10−1

MET25 1.31 × 10−1 n.a. 1.04 × 10−2 3.81 × 10−2 1.92 × 10−1

MET50 8.71 × 10−2 n.a. 2.07 × 10−2 7.62 × 10−2 1.97 × 10−1

ED—Electrodialytic Treatment; TT—Thermal Treatment; AP—Acidification Potential; and n.a.—not applicable.

Table A6. Environmental impacts in the Eutrophication Potential category, from the production of 1 t of mortars with
cement and treated mining residues as binder constituents.

Mortar
EP (kg PO43− eq.)

Cement Disposal of
Mining Residues

ED Mining
Residues

TT Mining
Residues Sand Water Total

REF 2.50 × 10−2 1.58 × 10−2 n.a. n.a.

1.35 × 10−3 5.54 × 10−6

4.22 × 10−2

ME10 2.25 × 10−2 n.a. 1.96 × 10−4 n.a. 2.41 × 10−2

ME25 1.88 × 10−2 n.a. 4.90 × 10−4 n.a. 2.06 × 10−2

ME50 1.25 × 10−2 n.a. 9.80 × 10−4 n.a. 1.49 × 10−2

MET10 2.26 × 10−2 n.a. 2.05 × 10−4 9.49 × 10−4 2.51 × 10−2

MET25 1.88 × 10−2 n.a. 5.18 × 10−4 2.39 × 10−3 2.31 × 10−2

MET50 1.25 × 10−2 n.a. 1.04 × 10−3 4.79 × 10−3 1.97 × 10−2

ED—Electrodialytic treatment; TT—Thermal treatment; EP—Eutrophication Potential; and n.a.—not applicable.
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