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Abstract

Mining activities generate huge volumes of mine tailings (MTs), which pose huge envi-
ronmental management challenges. Reuse as cemented paste backfill (CPB), a mixture of
tailings with water and a binder—often cementitious or alkaline—is amongst the best
methods to reduce surface disposal, and it is used to backfill underground mine voids.
Although the most widely used binder in CPB production remains Ordinary Portland
Cement (OPC), it is associated with a high carbon footprint and a high economic cost. In
this study, both the economic feasibility and the environmental performance of three al-
kaline activators—sodium hydroxide (NaOH), sodium silicate (Na2SiOs), and a high
MgCOs and MgO content calcined magnesite residue—are evaluated as OPC replace-
ments in CPB products. A gate-to-grave life cycle assessment (LCA) was performed at a
CPB plant located in southwestern Spain with the use of tailings from a massive sulfide
deposit. The results from the uniaxial compressive strength test and LCA demonstrate
that paste formulations using the magnesite residue achieve comparable mechanical per-
formance while significantly reducing both the environmental footprint and total cost rel-
ative to OPC-based mixtures. These results support the use of alkaline binders as viable
substitutes that enable more sustainable and cost-effective tailings management practices
in the mining sector.

Keywords: mine tailings; life cycle impact assessment; sodium hydroxide; magnesium
oxide; cemented paste backfill

1. Introduction

Modern societies rely on substantial amounts of raw materials from mining while
aiming for sustainable development. Future efforts will focus on achieving a circular econ-
omy, where resources are reused, and environmental impacts are minimized [1-5].
Among the environmental challenges faced by the mining industry, mine tailings (MTs)
represent the most significant challenge due to their volume. The industry generates 12.7
km?3 of tailings annually, contributing to the existing 217.3 km? of tailings stored globally
[6,7]. To avoid surface storage facilities (and their environmental and social risks) as much
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as possible, efforts are being directed towards adding value to mine tailings. Three ap-
proaches have been reported in the literature: (1) Reprocessing to recover remaining met-
als [8-13]; (2) Developing new geomaterials, such as geopolymers [14-17], bricks [18-21],
ceramics [22,23], concrete [24-27], mortars [28], supplementary cementitious materials
[29-31], and others [32]; and (3) Reusing tailings for backfilling mined-out stopes [33-38].
The latter is particularly effective for safely storing huge volumes of mine tailings under-
ground, thereby minimizing their accumulation in dams, decreasing the surface footprint
of mining operations, reducing potential environmental impacts, and freeing up land for
alternative uses. Additionally, using tailings for backfilling stabilizes underground voids,
reduces the risk of subsidence, and enhances mine safety [39,40].

Cemented paste backfill (CPB) is made by blending mine tailings (MTs) with water
and a carefully chosen binder, as both the type and quantity of binder significantly influ-
ence the strength of the final product [41]. Typically, for effective performance, the com-
pressive strength of the cemented paste should range between 0.5 and 5 MPa, depending
on its specific application [40,42].

Ordinary Portland Cement (OPC) has been the most widely used binder by various
mining companies [43-45]. However, Portland cement is widely recognized for its high
carbon footprint, primarily due to the calcination process, which generates significant CO:
emissions [46,47]. Therefore, there is a growing need to explore alternative binders and
activators for CPB. Research in this area has led to the successful application of alternative
binders with pozzolanic activity, such as fly ash, slag, silica fume, waste glass, or volcanic
tuff, and alkaline activators like hydrated lime (Ca(OH)2), limestone powder, magnesia
powder (MgO), sodium hydroxide (NaOH), and sodium silicates (Na25iOs) [38,43,48]. The
selection of a binder and/or an activator depends not only on its cost but also on the re-
quired mechanical strength of the cemented paste. Striking the right balance between eco-
nomic feasibility and material performance is critical. To discern which binder/activator
offers the best overall environmental and performance benefits, life cycle assessment
(LCA) serves as a valuable tool.

LCA is a comprehensive framework used to evaluate the environmental performance
of a system or process throughout its life cycle. It is structured into four main steps: (1)
definition of the goal and scope of the study, (2) development of the Life Cycle Inventory
(LCI), which involves collecting and quantifying all relevant inputs and outputs, (3) ap-
plication of the Life Cycle Impact Assessment (LCIA), which uses specific methodological
models to evaluate the potential environmental impacts based on the inventory data, and
(4) interpretation of the results to support informed decision-making [49]. Various meth-
odologies are available for LCIA, and the selection depends on the study’s objectives and
the regional context being analyzed. These methodologies assess environmental damage
across multiple impact categories, although a significant limitation is that not all catego-
ries are addressed in every method (e.g., methods such as ReCiPe 2016, Environmental
Footprint, CML-IA, TRACI, IMPACT World+, etc.). Furthermore, while conversion factors
between methodologies exist [50], they often fail to enhance the interpretability of the re-
sults, potentially limiting the ability to derive meaningful conclusions from the assess-
ment.

LCA has been increasingly applied in the mining sector to assess the environmental
performance of extraction activities [51], and its use has extended to mineral processing,
where impacts from energy use, chemical reagents, and emissions are commonly evalu-
ated [52-58]. However, as highlighted by Farjana, Huda [59], many of these studies have
overlooked toxicity-related impact categories, particularly those concerning human
health and ecosystem quality —despite the fact that such impacts often originate from
emissions associated with tailings storage facilities. In response to this gap, recent research
has turned attention to the environmental implications of mine tailings, which represent
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a critical source of leachate emissions and long-term ecological risk. Within this context,
Doka [60] was a pioneer in modeling emissions from sulfidic tailings, proposing a generic
yet structured approach that laid the foundation for inventory-based methods in LCA.
His work enabled the development of estimated emission inventories that are now incor-
porated into widely used databases such as Ecoinvent. Building on this foundation,
Adrianto, Pfister [61] developed a more detailed and site-specific method based on reac-
tive transport modeling, offering a more mechanistic representation of tailings behavior.
In parallel, LCA has also been applied to assess emerging construction materials—such as
alkali-activated binders [62,63] and recycled aggregates [64] —as sustainable alternatives
to conventional cement. Nevertheless, there remains a notable lack of LCA studies focused
specifically on the environmental impacts of materials used for underground backfilling,
such as cemented paste backfill (CPB), despite their widespread application in modern
mining operations.

Although LCA is a widely recognized and robust tool for evaluating the environ-
mental impacts of materials and processes [65], several methodological and practical chal-
lenges persist. Key areas under continued discussion and refinement include the selection
of the most suitable LCIA methodology, the quality and accessibility of life cycle inven-
tory databases [66], and the allocation approaches required for systems involving co-prod-
ucts [65]. These factors can introduce variability and uncertainty into the results, signifi-
cantly affecting the reliability and interpretability of the assessment.

Despite these limitations, LCA remains highly effective when applied to specific in-
dustrial contexts. For instance, it provides a practical framework for examining the envi-
ronmental implications of alternative materials or processes within a defined scope. The
present study leverages this strength to evaluate the environmental impacts associated
with the production and use of binders/activators through a comprehensive LCA. Specif-
ically, the research focuses on the alkaline activator industry (i.e., magnesium oxide, so-
dium hydroxide, and sodium silicate) as sustainable alternatives to Portland cement in
CPB generation. By analyzing both global trends and a regional application involving a
CPB plant that processes MTs from a massive sulfide deposit in southwestern Spain, this
research aims to demonstrate the applicability and potential benefits of these alternatives
in real-world mining operations.

2. Materials and Methods

This study follows a multi-step methodology. First, cemented paste backfill formula-
tions were compiled from previous works, from which binder dosages and uniaxial com-
pressive strength (UCS) data were obtained. Second, a literature review of life cycle as-
sessment (LCA) studies on Ordinary Portland Cement (OPC), versus other alkali binders
was conducted. Third, at the regional level, the LCA of PC8 (an MgO/MgCQO:s residue from
Magnesitas Navarra, Navarra, Spain) was modeled, since no inventory data for this ma-
terial exist in the literature. Finally, the environmental performance of cemented paste
backfill was assessed by applying the Environmental Footprint (EF) method and the En-
vironmental Prices method.

2.1. Experimental Data Source and CPB Sample Preparation

Cemented paste backfill (CPB) samples were prepared using three different binders:
Ordinary Portland Cement (OPC), sodium hydroxide (NaOH), and an industrial MgO-
residue known as PC8, generated from the calcination of magnesite. The PC8 material,
characterized by a high magnesium oxide content (~47%) and significant carbonate phases
(~40% magnesite and ~7% dolomite) [67], was used as received from the supplier without
additional processing.
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Different binder dosages were tested for each binder type, and the resulting speci-
mens were subjected to uniaxial compressive strength (UCS) testing after curing. All ex-
perimental procedures, including mixing design, curing conditions, and UCS results, are
fully described by Diosdado-Aragon, Valenzuela-Diaz [45,67].

A summary of the UCS tests conducted for the different binder types and dosages is
presented in Table 1. More detailed information regarding the mix formulations, curing
times and temperatures, and number of replicates can be found in the Supplementary
Material (Table S1).

Table 1. Summary of UCS results for CPB samples with different binders.

Alk Agent UCS [MPa] SD [MPa] N° Test
NaOH 0.33 0.34 12
PC8 1.55 0.33 20
OoPrC 2.92 1.49 38

2.2. Life Cycle Impact Assessment of Alkaline Activators

Thirty-three research papers were selected with the specific aim of retrieving re-
ported environmental impact category data from LCA studies on the production of mag-
nesium oxide, sodium hydroxide, sodium silicate, and OPC (Table 2). While these studies
cover different years, processes, and regional contexts, this heterogeneity is precisely what
allows the construction of distributions that capture the variability of reported results.
Rather than being treated as a bias, this variability provides a broader and more repre-
sentative basis for comparing the environmental performance of different binders.

Twelve environmental impact categories were selected based on the availability of
data in the reviewed literature: Acidification (AC), Resource Use —Minerals and Metals
(ABD-M), Resource Use—Fossils (ABD-E), Climate Change (GWP), Eutrophication (EU),
Freshwater Ecotoxicity (ECOT-FW), Marine Ecotoxicity (ECOT-M), Terrestrial Ecotoxicity
(ECOT-T), Human Toxicity (HT), Ozone Depletion (ODP), Photochemical Ozone For-
mation (POF), and Water Use (WD). Other categories—such as Land Use, Particulate Mat-
ter, and Ionizing Radiation —were excluded due to insufficient data coverage. To facilitate
comparison across methods, conversion factors between impact categories were applied
as proposed by Owsianiak, Laurent [50]. For additional details on data processing, please
refer to the supplementary information (see Table S2 for the units of measurement for
each selected environmental impact category).

Table 2. References consulted for the Life Cycle Impact Assessment (LCIA) of the alkaline activa-

tors.
Binder Reference
MgO [68-76]
orc [47,71,74,77-85]
Na2SiOs [63,86-91]
NaOH [77,85-88,90-98]

For magnesium oxide, only reactive calcined caustic magnesia (CCM) was consid-
ered in this study (as no LCA studies addressing PC8 were found in the literature). This
form of magnesium oxide requires a lower calcination level (800-1000 °C) compared to
other more energy-intensive forms such as sintered or fused magnesia. The former is typ-
ically used as an alkaline reagent and as a source of Mg while the latter is commonly uti-
lized in the refractory industry. An and Xue [68] and Zhao, Feng [76] calculated the carbon
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footprints for a range of magnesia products, including sintered and fused magnesia, high-
lighting the energy intensity and environmental implications associated with these mate-
rials.

The environmental footprint was assessed using a reference unit of one kilogram of
material. Sodium silicate was included as a comparative agent to sodium hydroxide, ena-
bling an evaluation of the environmental performance of both alkaline activators. Conver-
sion factors were applied to standardize values into consistent units [50], and each envi-
ronmental impact category was subsequently normalized relative to its maximum value.
This normalization process aims to simplify the data and should not be confused with the
optional normalization procedure outlined in the Environmental Footprint (EF 3.1) meth-
odology, which normalizes based on global or regional datasets [99].

To statistically evaluate the differences between the populations, the non-parametric
Kruskal-Wallis test was applied (alternative to ANOVA) at a 95% confidence level, as the
data did not meet the assumption of normality, determined by the one-sample Kolmogo-
rov-Smirnov test. Where significant differences were found, a post hoc analysis was per-
formed using the Bonferroni correction method to control for type I errors. This multi-
comparison procedure allowed for grouping of the populations based on their similarity.
Populations with similar median values were assigned the same group, providing insight
into the clusters of environmental impacts across the distinct categories.

2.3. Regional-Scale Study Background

A comparative LCIA of different alkaline activators with potential use in mine gal-
lery backfilling offers a general understanding of their applicability on a global scale.
However, a more specific and regional model is required to better assess their perfor-
mance under real-world conditions. In this regard, the present study examines the ap-
plicability of an MgO-based activator —specifically, a calcined magnesite residue commer-
cially referred to as PC8 —in the regional context of the Iberian Pyrite Belt (southwestern
Spain).

As previously mentioned, OPC is the binder used for mine gallery backfilling in most
mining operations around the World [100]. On this regard, Diosdado-Aragoén,
Valenzuela-Diaz [45] showed that various formulations and curing conditions, using a
mixing ratio of 73 wt% mine tailings, 21 wt% water, and 6 wt% OPC, achieved uniaxial
compressive strength (UCS) values exceeding 0.5 MPa. This strength is sufficient to ensure
the self-supporting behavior of the pastes within the underground galleries. However, in
pursuit of improved environmental performance and cost reductions, alternative formu-
lations for CPB have been proposed. These alternatives include magnesium oxide (MgO)
and sodium hydroxide (NaOH). Diosdado-Aragon, Valenzuela-Diaz [67] also demon-
strated that several types of MTs, exhibiting an ample range of acidities or alkalinities
(based on Acid-Base Accounting tests) achieved the desired UCS threshold value of 0.5
MPa using even less than 1.2 wt% of MgO. In their experiments, PC8 (provided by Mag-
nesitas Navarra, Spain) was used as an MgO source. This alkaline reagent is a by-product
obtained during the generation of MgQO; as a result, it holds a significant amount of the
original MgCOs accompanying the MgQO in its final composition. This makes MgO a viable
alternative as a cementing agent for mine gallery backfilling. In contrast, NaOH-based
CPBs exhibited uniaxial compressive strength values that render them unsuitable for use
in underground mine backfilling (UCS < 0.5 MPa, Table 1). Nevertheless, this alkaline re-
agent will be included in our study for comparison with MgO and OPC and in the event
of future studies that could include it as a suitable option for mine gallery backfilling.

OPC and sodium hydroxide (NaOH) are well-documented materials with extensive
datasets available in Ecoinvent. Sodium silicate was excluded from the regional-scale
study because no cemented paste backfill formulations using this reagent were tested [67].
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No Ecoinvent dataset exists for an MgO-based activator comparable to PC8 —the calcined
magnesite residue used in that study. Therefore, the magnesite calcination process was
modeled to obtain a more accurate LCI of the specific binder used. This new inventory
was then evaluated using the Environmental Footprint 3.1 method within SimaPro 9.6
(PRé Sustainability, Amersfoort, Netherlands) to estimate the environmental impacts as-
sociated with PC8 (Supplementary File S1).

Due to the confidentiality of industrial processes and databases, it is important to
emphasize that the process schemes generated for this publication must be considered as
representative simplified versions of the real processes used by mining companies pro-
cessing carbonate or massive sulfide deposits in Spain. In the same line of reasoning, the
numbers used to model these processes must be understood as realistic values within the
range of the real operational values but never as precise real values.

2.4. PC8 Environmental Footprint Modeling

As previously mentioned, PC8 comprises an almost equal proportion of uncalcined
magnesite (MgCOs) and periclase (MgO). This mineralogical composition is due to its
origin as a by-product obtained from the dust collection systems of kilns (Figure S1, Sup-
plementary Material). As a by-product, it lacks a specifically documented environmental
footprint in Ecoinvent. Therefore, it was necessary to generate this information during the
present study. As a starting point, the templates from Mufoz, Soto [101] were used and
some adjustments tailored to the European context were included. These authors decom-
pose the CCM production process into two key stages: mining and calcination (Figure S1).
To recognize the transition of PC8 from being classified as waste to being treated as a co-
product, the allocation of CO2 emissions was adjusted to account for the inclusion of co-
products from the process. This adjustment reduced PC8’s associated emission footprint.
Further details on this model and the assumptions made can be found in the Supplemen-
tary Material (Section S2). It is important to note that this model is a conceptual approxi-
mation and does not necessarily reflect the actual production process of Magnesitas Na-
varra. All values entered into SimaPro 9.6 can be found in Supplementary File S1 in the
Supplementary Material. Supplementary File S1 includes the model used, the Mufioz,
Soto [101] template for mining and calcination, and the Ecoinvent parameters for magne-
sium oxide (MgO) in both the RER (Rest of Europe) and RoW (Rest of World) regions.

2.5. Regional-Scale CPB Environmental Footprint Modeling

The functional unit, for comparison, is one cubic meter of CPB. Paste mixtures (be-
tween the different MTs and activators) were adjusted, in accordance, to 1 m? [45]. The
system boundary includes emissions associated with the extraction of raw materials for
the activators but excludes the environmental footprint of tailings generation, as tailings
are considered waste materials and are not part of the primary production process (Figure
S52). The energy consumption primarily corresponds to the use of pumps for transporting
the paste. Additionally, the use of a superplasticizer was included, as it is typically added
when pumping paste vertically. Further details on this model and the assumptions made
can be found in the Supplementary Material (Section S3). All values entered into SimaPro
9.6 can be found in Supplementary File S1 in the Supplementary Material.

3. Results and Discussion
3.1. Review of Life Cycle Assessment Studies for MgO, OPC, Naz25i0s, and NaOH Activator

The bibliographic review enabled the compilation of environmental impact assess-
ment values for four different activators (Supplementary File 52). The distributions of the
normalized LCIA data, using the 12 selected environmental categories, are presented in



Appl. Sci. 2025, 15, 9996 7 of 19

Table 2. Boxplots were created for each impact category to visually examine the distribu-
tion of the data (Figure 1). The numbers shown on top of each boxplot indicate the number
of observations, while the letters under the boxplots correspond to population categoriza-
tions according to the non-parametric Kruskal-Wallis test applied. The values obtained
using the Ecoinvent database through SimaPro 9.6 for the RER (Rest of Europe) geo-
graphic region have been included for comparison (star-shaped markers). The analysis of
the data revealed that most categories (i.e., AC, ABM-M, EU, ECOT-FW, ECOT-T, HT,
ODP, POF, and WD) do not exhibit significant variations among their populations (i.e., all
of them are categorized as ‘a’). In contrast, global warming potential (GWP) and energy
footprint (ABD-E) are the only two environmental categories where two statistically dif-
ferent populations were identified (Figure 1).
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Figure 1. Visualization of distribution of normalized LCIA values using boxplot diagrams. AC:
Acidification [SO# eq]; ABD-M: Abiotic Depletion Metals [Sb eq]; ABD-E: Abiotic Depletion Energy
[M] eq]; GWP: Global Warming Potential [CO2 eq]; EU: Eutrophication [PO+*- eq]; ECOT-FW: Fresh
Water Ecotoxicity [1.4 DB eq]; ECOT-M: Marine Ecotoxicity [1.4 DB eq]; ECOT-T: Terrestrial Eco-
toxicity [1.4 DB eq]; HT: Human Toxicity [1.4 DB eq]; ODP: Ozone Depletion Potential [CFC-11 eq];
POF: Photochemical Ozone Formation [C2Hs eq]; WD: Water Depletion [m?]. The stars represent the
values obtained using the Ecoinvent database through SimaPro 9.6 for the RER (Rest of Europe)

geographic region.

As shown in Figure 1, the MgO carbon footprint (GWP as CO: eq) generates a popu-
lation of data (b) that is statistically independent of the other three populations of data (a).
As a result, the MgO CO: footprint is substantially higher compared to all other alkaline
reagents and OPC. Non-normalized data are shown in Spreadsheets B with ranges includ-
ing 1.4 to 2.7 kg of CO2/kg, 0.76-1.3 kg of COz/kg 0.42-1.65 kg of COz/kg and 0.4-1.9 kg of
COz/kg for MgO, OPC, sodium silicate, and NaOH, respectively. The variations in CO»-
equivalent values are primarily attributed to differences in production methods (wet or
dry processes) and formats (pure or diluted). All these values are in good agreement with
the default values in Ecoinvent (stars in Figure 1).
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Regarding the ABD-E category, it is directly linked to the energy consumed to pro-
duce one kilogram of activator. Since the calcination processes for calcite and magnesite
are similar, Portland cement and CCM exhibit comparable energy footprints, ranging
from 3.6 to 7 MJ/kg and 4.1 to 12 MJ/kg, respectively (Figure 1 and Supplementary File
52). In contrast, sodium hydroxide (NaOH), primarily produced via electrolysis, is signif-
icantly more energy-intensive, with a range of 7.9-21.6 MJ/kg. Meanwhile, sodium silicate
shows a broader variation, fluctuating between 5.6 and 24.6 MJ/kg.

Considering all other environmental categories but WD and ECOT-T, it is interesting
to observe that the default values in the Ecoinvent database (through SimaPro 9.6 for the
rest of Europe geographic region) systematically underestimate the footprint of all studied
reagents. As a direct consequence, using these default values may imply a much favorable
LCIA than using the values compiled in the bibliographic search of the present research.

3.2. Activators LCIA Using Commercial Software (SimaPro) and Database (Ecoinvent)

The PC8 production flowsheet was modeled (Section 2.4) considering PC8 as a co-
product of Caustic Calcined Magnesia (CCM) production to evaluate its environmental
footprint and compare it with other binders (Figure 2). The assessment in SimaPro 9.6 was
conducted using the Environmental Footprint 3.1 methodology, which is widely used due
to its comprehensive documentation and its ability to effectively summarize data through
the normalization and weighting stages of various environmental impact categories. This
study complements the analysis in Section 3.1 and demonstrates that PC8 modeling at a
regional scale provides a more accurate estimation, resulting in a lower environmental
footprint compared to the default values in the Ecoinvent database. In particular, it was
observed that the energy consumption value for MgO in the Ecoinvent database was sig-
nificantly higher than the average energy values found in the literature review (Figure 1).
In Ecoinvent, the energy consumption for MgO was recorded as 9 M], whereas the mod-
eling of PC8 used a revised value of 4.8 MJ (similar to that reported by [76] for the same
product quality of CCM, specifically LC80-85), aligning with the literature review find-
ings and ensuring a more accurate representation of energy use.
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Figure 2. Comparison of the environmental performance of binders/activators in SimaPro 9.6, where
a kilogram of material was used as the functional unit. Aggregated impact assessment result in En-
vironmental Footprint Points (Pt), obtained through normalization and weighting of 16 impact cat-

egories.

In Figures 2 and 3, the environmental footprint, obtained through a normalization
and weighting process, is expressed in score units (Pt, Environmental Footprint Points).
These points represent an aggregated measure of environmental impacts and do not have
a specific physical dimension, but they are highly useful for comparative analysis. As
shown in Figure 2, OPC appears as the binder with the lowest environmental footprint,
followed by Na:5i0s, NaOH, PC8, and MgO. Another noticeable aspect is that, from the
sixteen environmental impact categories defined in the model, “Climate Change,” and
“Fossil Energy Use” are the most relevant for all binders/activators. This observation is
aligned with the results shown in the previous section. In addition, “Particulate Matter,”
is one of the most relevant for MgO and it is significantly present in all other binders/ac-
tivators. Other environmental impact categories like “Ecotoxicity, Freshwater”, “Human
toxicity, Cancer”, and “Human toxicity, non-Cancer” can be relevant for some binders/ac-
tivators. Another key observation is that modeling PC8 as a co-product leads to a notice-
able reduction in its carbon footprint (i.e., “Climate Change”), and a very important re-
duction in “Particulate Matter” (Figure 2). This behavior can be attributed to the distribu-
tion of the footprints among all co-products, providing a more realistic assessment of the
environmental impact, and to the fact that PC8 consists of dust emissions captured during
the calcination process, effectively transforming emissions into a valuable material.
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Figure 3. Comparison of the Environmental Performance of the Three CPB Formulations. Aggre-
gated impact assessment result in Environmental Footprint Points (Pt), obtained through normali-
zation and weighting of 16 impact categories.

Once the comparative differences in the environmental footprint of the binding
agents are understood —and considering that the prices per kilogram of the binders/acti-
vators are approximately 50, 46, and 500 USD/t for OPC [102], PC8 (personal communica-
tion), and NaOH [103], respectively —one might conclude that OPC represents the best
option for generating cemented pastes for underground mine backfilling on a global scale.
However, this might not necessarily be the case for a regional-scale application.

3.3. Cemented Paste Backfill LCA and Economic Assessment (Regional Scale)

Taking into consideration the regional context explained in Section 2.2 and the opti-
mal paste formulations reported by [45,67], it was decided to obtain an LCA and economic
assessment of a regional application of cemented paste backfill at the Iberian Pyrite Belt
(SW Spain). As a result, the environmental performance of the three CPB formulations
(including 0.84 wt% NaOH, 1.22 wt% PC8, and 6wt% OPC) was evaluated. As can be
observed in Figure 3, and in line with all previous results, the most significant environ-
mental impact category is “Climate change”, representing 31%, 63%, and 41% of the accu-
mulated environmental impacts for CPB NaOH, CPB OPC, and CPB PCS8, respectively.
The second most relevant category is “Resource use: fossil”, representing 27%, 13%, and
16% for CPB NaOH, CPB OPC, and CPB PC8, respectively. On a much lower level of rel-
evance, “Acidification” and “Particulate matter” can also be highlighted, both adding up
to 5% in all three formulations, except for “Particulate matter” in PC8, which accounts for
9%.

As it was described in the methodological section, transportation of binders/activa-
tors and the electrical energy used in the plant to pump the paste from the processing
facility to the mine were considered in the model. For a detailed breakdown of this envi-
ronmental assessment, refer to Table S3 in the Supplementary Material and Supplemen-
tary File S1, which includes the parameters entered in SimaPro 9.6.
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To grasp a better understanding of the economy behind the different CPB formula-
tions (on a regional scale), it was decided to perform a realistic economic assessment based
on the possible implementation of these technologies at a mine in SW Spain. Table 3 in-
cludes a summary of CO:z emissions and an economic assessment, considering the unit
cost per cubic meter. The cost of the binders/activators incorporate energy costs and trans-
portation costs. The environmental cost was obtained using the Environmental Prices
model [104]. This model offers an initial approach to assess the environmental costs asso-
ciated with the preparation of different types of CPBs. It translates environmental impacts
into monetary values, allowing for a more intuitive comparison of the economic burden
associated with emissions and resource consumption throughout the life cycle of each
material. By assigning a financial cost to environmental damage, this approach facilitates
decision-making in the context of sustainable mining and materials engineering. The
model is based on studies estimating the willingness to pay for environmental preserva-
tion or the costs incurred due to ecological degradation [104]. These values are then ap-
plied to emissions and resource flows, enabling a comprehensive assessment of their over-
all impact. It is important to note that the model is based on Dutch cost estimates in euros
from 2015. To adjust these values to 2024, an inflation adjustment was applied using data
from the Dutch central bank, resulting in a conversion factor of 1.32. The environmental
prices obtained by the model for 14 environmental impact categories are listed in Table S4
in the Supplementary Material. The environmental prices of “Particulate matter for-
mation” and “Climate change” stand out among the environmental prices for all other
environmental categories. Specifically, “Particulate Matter formation” represents 41%,
32%, and 36% of the environmental cost for CPBs based on NaOH, PC8, and OPC, respec-
tively (Table S4), whereas “Climate change” accounts for 30%, 32%, and 45%of the envi-
ronmental cost for CPBs based on NaOH, PC8, and OPC, respectively (Table 54).

Table 3. Summary of costs, life cycle costing, CO2 emissions, compressive strength, and performance

factor.

Item\Paste NaOH MgCOs-MgO OPC
Cost [€/m?3] 13.83 5.01 16.61
Binder (from purchase price) 10.71 1.43 7.48
Transport (1000 km) 1.00 1.46 7.01
Energy (from paste plant) 2.12 2.12 2.12
Environmental cost [€/m?3] 5.04 9.05 17.90
Final cost [€/m?] 18.87 14.06 34.5
CO: emissions [kg CO2-eq/m?] 18.40 48.50 131
UCS [MPa] 0.33£0.34 1.55+0.33 2.92+1.49
PF [kg COzeq/m3/MPa] 55.80 31.29 449

Table 3 presents the cost breakdown per cubic meter, which includes binder,
transport, and energy expenses. A transport distance of 1000 km was assumed, using 32
ton trucks, together with an energy consumption of 9.93 kWh/m? at the paste plant. It also
includes the environmental cost derived from the Environmental Prices model; CO2 emis-
sions based on the Climate Change category of the EF3.1 model; and the final cost, which
is the sum of the cost and environmental cost. Additionally, it provides the uniaxial com-
pressive strength (UCS) and the Performance Factor (PF), a metric used to evaluate the
efficiency of a binder in achieving mechanical performance relative to its environmental
impact. The COz/m3MPa ratio in cemented pastes serves as a key indicator for assessing
the environmental efficiency of different binders. A lower ratio implies that a material
attains a higher strength with lower emissions, making it a more sustainable option. This
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metric is essential for comparing binders in terms of carbon efficiency, optimizing formu-
lations to balance mechanical performance and environmental impact, guiding material
selection for underground backfilling, and evaluating trade-offs between emissions and
structural performance in mining applications.

In summary, three distinct scenarios emerge from the model. The first scenario, CPB
NaOH, has a low carbon footprint and low environmental cost, but a high unit cost and
poor performance, as its uniaxial compressive strength (UCS) does not exceed 0.5 MPa,
making it an unviable option. The second scenario, CPB OPC, exhibits a high carbon foot-
print and high environmental cost, a moderate unit cost, and excellent compressive
strength. Finally, the CPB PC8 scenario shows a low carbon footprint and low environ-
mental cost, a low unit cost, and a sufficient UCS to be used as an activator for under-
ground mine backfill paste, as confirmed by Diosdado-Aragén, Valenzuela-Diaz [67].

Considering these factors, CPB PC8 emerges as the most favorable option for this
application, offering a balance between environmental impact, cost-effectiveness, and me-
chanical performance. It is important to emphasize that long-term durability and opera-
tional cost are not fully included in the present model. Therefore, it should be understood
as a solid first approximation with regional economic and environmental relevance that
allows strategic decision-making. Nonetheless, the practical adoption of PC8 would likely
be feasible only at a local scale or in the vicinity of calcination plants, since the main chal-
lenge lies in ensuring sufficient material availability to meet the large volume demands of
mining operations.

4. Conclusions

The findings of this research suggest that the environmental footprint, particularly
the CO: footprint, associated with producing one cubic meter of cemented paste can be
reduced by using MgO as an additive instead of Portland cement. Through a comprehen-
sive life cycle assessment (LCA), the use of MgO-based paste has demonstrated a lower
carbon footprint compared to traditional OPC, while also providing economic ad-
vantages.

Regional variations in production processes and resource availability can signifi-
cantly influence environmental outcomes. The research exemplifies these issues by as-
sessing the environmental impacts of mining operations using regional data for the pro-
duction of alternative alkaline reagents (i.e., MgO) 1000 km from the mining operation
where it would be used to generate MTs pastes to be injected during mine gallery back-
filling. Results analysis also reveal the need to address current information gaps, particu-
larly regarding the environmental impacts of alternative materials, to facilitate more in-
formed decision-making.

It was demonstrated that the by-products from MgO production, if properly man-
aged and valorized, could further enhance the sustainability of mining operations by con-
tributing to circular economy principles.

This research encourages future studies to focus on overcoming these information
gaps and integrating co-products into environmental assessments to provide a more com-
prehensive understanding of the sustainability of alkaline activators in mining applica-
tions. In parallel, it is essential to share these environmental footprint improvements with
the general public, if OPC replacement by other alkaline reagents with lower environmen-
tal footprints is finally implemented. Actively promoting environmental improvements
in mining operations is paramount to consolidate and maintain a social license to operate.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/app15189996/s1, Figure S1: Flowsheet MgO products. Mod-
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