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Abstract

Electric arc furnace (EAF) slag, a by-product of steelmaking commonly utilized as artificial aggregate, still faces significant landfilling
despite extensive reuse. This study explores sustainable alternatives to minimize landfilling by investigating the environmental
benefits of incorporating EAF slag as filler in epoxy mortar, as a substitute for a natural material such as river sand. Experimental
results demonstrate that slag-filled mortar exhibits comparable or superior mechanical performance to sand-filled mortar, making it
a technically feasible substitute. Moreover, the heavy metals leaching of slag, which is one of the major concerns about the reuse of
this material, is reduced thanks to the incorporation into the polymeric matrix, ensuring a safe reuse. To quantify these sustainability
benefits, a comparative life cycle assessment is conducted for two scenarios involving the production of a functional unit of 1 m? of
epoxy mortar, typically applied in epoxy screeds, using sand or slag at equal volume fraction. Scenario 1 encompasses slag landfilling
and sand extraction, while scenario 2 involves slag reuse as a filler, avoiding landfilling and sand extraction. Life cycle impact
assessment using the Environmental Footprint 3.0 method reveals across-the-board reductions. The majority of analyzed impact
categories experience a reduction of over 90% attributed to the avoidance of slag disposal and landfill inertization. Overall, reusing
slag as an epoxy filler presents significant sustainability benefits compared to disposal, promoting the adoption of this industrial
symbiosis application.

Keywords
EAF slag, epoxy mortar, industrial symbiosis, circular economy, life cycle assessment

Received 4th July 2024, accepted 29th May 2025 by Associate Editor Alberto Bezama.

Introduction reduce material inputs by 17%—-24% by the year 2030 (Meyer,
2012). Moreover, optimizing resource exploitation could represent
substantial savings, with an estimated overall potential of €630bil-
lion per year for the European industry (Greenovate! Europe,

The European Union (EU) has articulated a clear political commit-
ment to reduce waste generation, emphasizing the transformation
of waste into a substantial and reliable source of raw materials. The 2012). Business-oriented studies employing product-level mode-
primary objectives include the recycling of materials, the recovery
of energy exclusively from non-recyclable substances, and the vir-
tual elimination of landfilling. Advancing waste policy is antici-

pated to yield significant benefits, promoting economic growth

ling have underscored significant opportunities for material cost
saving within the EU industrial sector through circular economy
approaches. Such approaches not only promise to drive EU gross
domestic product growth by up to 3.9% but also pave the way for
the establishment of new markets and new products, thereby add-
ing value to business (European Commission, 2014). Consequently,

and job creation at minimal or no additional cost, all while contrib-
uting to an enhanced environmental landscape. Furthermore, an
extended focus on waste policy is poised to catalyze innovation ¢ is not surprising that companies are persistently working to
and enhance the competitive advantage of EU companies in the
field of waste management services on the global stage. This stra-
tegic approach is expected to create fresh market opportunities for

EU exporters, positioning them at the forefront of sustainable prac-

improve resource management, albeit encountering various market
barriers.
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2014; Gobetti et al., 2024a, 2024b, 2024c).

The industry has already recognized the strong business case ) ) ) ) i

i i L L. Anna Gobetti, Department of Mechanical and Industrial Engineering,
for improving resource productivity. Projections suggest that effi- University of Brescia, Via branze 38, Brescia 25123, Italy.
ciency enhancements across various value chains could potentially ~ Email: anna.gobetti@unibs.it

Corresponding author:


https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/wmr
mailto:anna.gobetti@unibs.it
http://crossmark.crossref.org/dialog/?doi=10.1177%2F0734242X251350543&domain=pdf&date_stamp=2025-07-28

Waste Management & Research 00(0)

Italy P BE

Germany B B

Spain ——— ]
France I 1
Poland NN 3
Belgium Wl 1.5
0 2 4 6 8 10 12 14 16 18 20

% EAF Steel production EU(27) (2022) [Mt]

Figure 1. European steel production by EAF in 2022
(Federacciai elaboration based on WorldSteel data

(Federacciai, 2023)).
EAF: electric arc furnace.
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Figure 2. Infographic of the subdivision by Italian regions
of large-sized companies with Ateco code 24.10.00 Steel
Working according to the AIDA database.

Within the framework of the circular economy, industrial
symbiosis is the process by which waste or byproducts from one
industry or industrial process serve as raw materials for another.
A further improvement in this aspect is the valorization of waste
from different sectors, which, when combined, brings added
value (Gobetti et al., 2022, 2023c). The adoption of this concept
facilitates more sustainable materials usage and contributes sub-
stantially to the establishment of a circular economy.

In 2022, more than 50 million tons of steel were produced by
the electric arc furnace (EAF) in Europe (EU 27), and Italy, with
a production of about 18million tons, is the leading producer,
followed by Germany (Figure 1) (Federacciai, 2023).

The geographic distribution of the steel companies in Italy,
divided into regions, reveals that over 50% of large-sized steel-
working companies are situated in Lombardy (Figure 2).

EAF slag, a by-product of steelmaking, is largely reused as
artificial aggregate in civil engineering operations. However, a
considerable quantity still ends up in landfills, leading to serious
environmental consequences.

Constituting approximately 15% of the weight of produced
steel (Hosseini et al., 2016), EAF slag generates an annual output
of about 1.2-1.5Mt in Lombardy as per a recent Federacciai sur-
vey (Federacciai, 2022), covering the period from 2020 to 2022.
While the proportion of landfilled slag is decreasing (8% in
2022), the absolute amount remains substantial, exceeding
100.000tons. Given the substantial production of slag in
Lombardy, the existing market for traditional applications falls
short in utilizing the available quantity. Hence, there’s a pressing
need to explore novel applications, such as its utilization as con-
ventional filler replacement for polymeric matrixes (Gobetti
et al., 2023a,2024a, 2024d).

Thanks to its chemical composition and mechanical proper-
ties, EAF slag holds significant potential as a secondary raw
material across various applications. Resembling effusive rocks,
it is characterized by high bulk density, porosity, angular shape,
and rough texture. Presently, slag finds applications in construc-
tion, serving as aggregate in concrete and mortar, in various
pavement layers (including unbound, hydraulically bound, and
asphalt roads), and in clinker production (Manso et al., 2004;
Maslehuddin et al., 2003; Papayianni and Anastasiou, 2010;
Piemonti et al., 2021). One critical aspect of utilizing slag is its
leaching behavior, particularly the release of substances harmful
to both the environment and human health. To ensure safe reuse,
it is imperative to guarantee its chemical stability. This entails
maintaining strict control over the release of heavy metals such
as Cr, Mo, and V into the environment. Previous studies have
demonstrated that incorporating slag into a polymer matrix can
significantly reduce the leaching of these metals (Gobetti et al.,
2021a, 2023b).

This paper aims to evaluate the environmental benefits achiev-
able by using EAF slag as a reinforcing filler in epoxy resin com-
posite for epoxy screed flooring, as a substitute for natural sand.
In construction, epoxy screed is a horizontal building element
where epoxy resin is enriched with sand to enhance the mechani-
cal resistance of the floor. It is used to level the surface, making it
perfectly flat, to distribute the load of the elements above, and to
serve as a foundation for the final flooring. The thickness of the
screed varies depending on the type of space and its intended
applications; its primary function is to ensure a level substrate
(base or collaborative slab) and, secondarily, to achieve the neces-
sary height for proper connection between different areas. The
thickness of the screed typically consists of three main materials
used in suitable proportions: binder (cement, anhydride, or special
binders such as epoxy resins), aggregate (sand and/or poly-foam,
for example), and water. The composition of these elements varies
according to the external environment and the location (internal or
external, for civil or industrial purposes). Often, additives or other
materials are incorporated in addition to these components.

In specific production contexts, such as heavy mechanical or
intensive logistics sectors, industrial floors are subjected to
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particularly heavy use due to the loads, abrasions, and chemical
and physical aggressions they must withstand. An industrial floor
made with troweled resin mortar (epoxy screed) may be the ideal
solution. The epoxy screed is essentially a surface coating (on
concrete or clinker supports), typically with a thickness between
6 and 12mm, made with epoxy resin and quartz sands of a suit-
able granulometry. It is carefully smoothed, compacted, and fin-
ished with non-slip pigmented resins. Due to its technical
characteristics, epoxy screed can be an ideal choice for new
industrial floors subject to heavy use, restoration of old industrial
floors in an advanced stage of deterioration, and floors of
mechanical industries, logistics, intensive warehouses, etc. (Lu,
2013; Mészarosova and Drochytka, 2013; Mészarosova et al.,
2015; Riboldi et al., 2020).

Previous experimental evaluations detailed in (Gobetti et al.,
2021b) have shown that the composite performance of EAF slag
epoxy mortar is equal to, if not superior to that of traditional ones.

The potential benefits of industrial symbiosis in the specific
application treated in this study, that is, the use of steel slag as a
filler substitute for river sand in epoxy mortar for the production
of epoxy screeds, encompass environmental, economic, and
social dimensions. The environmental benefits have been quanti-
fied through this life cycle assessment (LCA) study, following
the characterization of the new material’s performance, high-
lighting how the removal of waste from landfills significantly
reduces the environmental impact of products and processes.
Additionally, this entails cost savings for the steel mills in terms
of disposal expenses and introduces new low-cost raw materials
into the market. Regarding social benefits, dissimilar companies
collaborate to achieve a common goal, fostering a cultural change
within the sharing economy. The main social benefits related to
the implementation of industrial symbiosis include the reduction
of social costs related to waste disposal, the emergence of new
professional roles (such as resource manager), and a cultural
change towards a sharing economy (Sbaffoni, 2020).

From this perspective, the advantage of valorizing industrial
waste as a replacement for natural materials has positive implica-
tions for the ESG (Environmental, Social, and Governance) rat-
ings of the companies involved, particularly for both the steel
company and the construction company. When it comes to ESG
ratings in the construction industry, the primary focus is on the
environmental factor, which requires a rethinking of the entire
supply chain in terms of circular economy and sustainability. A
construction company aiming to improve its ESG rating should,
therefore, prefer sustainable and easily recyclable materials, uti-
lize renewable energy sources, and properly manage construction
and demolition waste. Promoting a new and sustainable way of
building is also crucial for territorial requalification, with signifi-
cant social implications.

Nevertheless, the implementation of industrial symbiosis pre-
sents some challenges and limitations. The primary issue is
related to legislation, where companies often encounter proce-
dural and interpretative uncertainties, leading them to adopt a
more restrictive interpretation of the law as a precaution. This
results in the application of waste management conditions
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Figure 3. Leaching test CEN EN 12457-2 results of free EAF
slag (grain size <0.1mm) and EAF Slag (grain size <0.1 mm)
incorporated into epoxy resin (85%wt). As horizontal lines,
the Italian legislation limits for landfilling and reuse are also
reported.

EAF: electric arc furnace.

intended for other industrial residues that could be utilized. It
would be desirable to clarify the legislation, ensure its harmoni-
zation at national and European levels, and streamline the proce-
dural process.

Another important aspect related to the implementation of
industrial symbiosis is the relationships between companies,
which must be based on mutual trust and adherence to commit-
ments, which can be challenging for some companies.

From a technical standpoint, managing the flow of materials
and resources can be difficult, as differences in production needs
and requirements among the various companies involved can
make resource sharing challenging. Moreover, dependence on a
single source of raw materials can pose a risk to the involved
companies, as a shortage or interruption in supply could disrupt
the entire production chain.

Lastly, implementing industrial symbiosis may require sig-
nificant investments in infrastructure and technology, which can
be an obstacle for the involved companies. Additionally, the time
required to reach the break-even point can be lengthy, potentially
discouraging some companies from investing in industrial
symbiosis.

In this study, the environmental benefits related to the reuse of
EAF steel slag as a substitute for river sand have been evaluated
through an LCA study. The findings highlight how the alternative
management of material flows, diverting waste from landfills,
can drastically reduce environmental impacts. Specifically, the
impact category “Human toxicity” is reduced to near-zero within
the system boundaries considered.

Materials and methods

Performance analysis of EAF slag
as filler for epoxy mortar as sand
replacement

To assess the potential of EAF slag in construction applications
such as epoxy screeds, its influence within a thermosetting matrix
was investigated. The leaching of heavy elements from EAF slag
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Figure 4. Flexural and compression stress-strain curve of a representative sample of EAF slag-filled epoxy resin and river

sand-filled epoxy resin.
EAF: electric arc furnace.

Table 1. Flexural and compression average elastic modulus and hardness of EAF slag-filled epoxy resin and river sand-filled

epoxy resin.

Composite Material Compressive elastic modulus (GPa)  Flexural elastic modulus (GPa)  Hardness (HV)
Epoxy resin filled with EAF slag 2.2*0.3 13x2 62x6

Epoxy resin filled with sand 1.7+0.5 7+72 59 + 7

Source: Data from Gobetti et al. (2021b).
EAF: electric arc furnace.

was tested according to the CEN EN 12457-2 standard (CEN EN
12457-2, 2002), with a particular focus on slag granulometry.
Tests were conducted on particles smaller than 100 um, both as
free slag and as slag incorporated into an epoxy matrix. Figure 3
illustrates the highest concentrations detected in each eluate.

Based on these results and according to the Italian legislation,
the EAF slag exceeds the leaching limits of 0.05mg/] leaching
for Mo and Cr, meaning it cannot be classified as “inert waste”
for landfilling purposes. Instead, it must be disposed of as at least
“non-hazardous waste” according to DM 30/08/05 (Ministero
della tutela dell’ambiente e del territorio Gazzetta Ufficiale del
30 agosto 2005, n.d.). However, the leaching of Mo, Cr, and V is
significantly reduced when the slag is incorporated into an epoxy
composite. According to the Italian Ministerial Decree of
19/05/06 (Ministero della tutela dell’ambiente e del territorio
Gazzetta Ufficiale 19 maggio 2006, n.d.), this composite meets
the criteria for material reuse.

The epoxy composites were mechanically characterized
through flexural test, compression test, and Vickers microhard-
ness measurements.

The experimental results presented in this study were
obtained by the authors, based on a detailed experimental frame-
work described in a previously published paper (Gobetti et al.,
2021b). That work investigates the mechanical behavior of

epoxy composites with varying filler volume fractions and pro-
vides a comprehensive description of the sampling, preparation,
and experimental apparatus used. In the present study, the focus
is specifically on the filler volume fraction relevant to the LCA
analysis, which explores the environmental implications and
economic feasibility of the proposed material configuration.
Both slag-filled epoxy and sand-filled epoxy were tested with
a filler volume fraction of 72%. Figure 4 presents the flexural and
compression stress-strain curves for representative samples of
EAF slag-filled epoxy resin and river sand-filled epoxy resin,
while Table 1 details the flexural and compressive elastic modu-
lus and the hardness values of the composites. The experimental
results indicate that the flexural strength of slag-filled epoxy
mortar is significantly higher than that of sand-filled epoxy mor-
tar. The compression behavior and hardness of the two compos-
ites are, however, comparable. These findings suggest that EAF
slag can effectively replace sand in epoxy screeds, facilitating the
use of this waste material while the epoxy matrix inhibits the
leaching of the heavy elements. This outcome is particularly sig-
nificant as it demonstrates that a composite material with
mechanical properties equal to or superior to traditional materials
can be produced while conserving natural resources. Additionally,
due to the surface finishing of the screeds with appropriate resins,
the durability of the epoxy mortar is not compromised by the type
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Figure 5. Diagram flow and boundaries of the production of 1 m2 of sand-filled epoxy screed (scenario 1) and EAF slag-filled

epoxy screed (scenario 2).
EAF: electric arc furnace.

of filler used. This implies that EAF slag not only meets the
mechanical performance requirements but also contributes to
in construction

sustainability and resource conservation

applications.

Goal and scope of LCA

The goal of this study is to evaluate the environmental benefits of
using EAF slag as a substitute for river sand in the production of
epoxy mortar. The functional unit is defined as 1 m? of epoxy
mortar with a filler volume fraction of 72.3% v/v. This value was
determined based on the experimental characterization detailed
in reference (Gobetti et al., 2021b), which highlighted that EAF
slag is a valid and sustainable alternative filler to sand, particu-
larly concerning flexural, compression, and hardness perfor-
mance. The analysis adopts a comparative approach involving
two scenarios: a traditional scenario (S1), where the epoxy mor-
tar is produced using river sand, and an innovative scenario (S2),
where the epoxy mortar incorporates EAF slag. In both scenarios,
the fillers are used at equivalent volume fraction. Given the sig-
nificant production of EAF slag in the Lombardy region, study-
ing innovative applications for this waste material and its
associated environmental impacts is crucial. Utilizing steel slag
in applications such as epoxy mortar not only conserves natural
resources but also significantly reduces the amount of waste dis-
posed of in landfills.

Using LCA to evaluate the environmental performance of
epoxy mortar allows construction companies to choose materials
that minimize environmental impacts, leading to more sustaina-
ble products. Furthermore, valorizing EAF slag may eliminate
disposal costs, resulting in economic benefits.

The functional unit for the study is defined as the production
of 1 m? of epoxy mortar with a thickness of 10 mm. The system
boundaries were set from cradle to gate and include components
production, transport, and manufacturing phases. Specifically,
two different scenarios are considered (see Figure 5):

e Scenariol (S1): 1 m? of epoxy screed is produced by incorpo-
rating river sand, as outlined in the phases within the red box.
Simultaneously, EAF slag is disposed of in a landfill.

e Scenario 2 (S2): 1 m? of epoxy screed is produced by incorpo-
rating EAF slag, as outlined in the phases within the red box.
In this scenario, the consumption of sand is avoided.

These scenarios are realistic scenarios hypothesized by the
authors. Consequently, they only include background processes.
Moreover, all mass and energy flows used for modeling in the
SimaPro software are inputs from the technosphere and outputs
to the technosphere, intended as the set of human-made techno-
logical and infrastructural systems, and processes that interact
with the natural environment. Since the study’s aim is compara-
tive, and the same quantity of epoxy resin is required for both
scenarios, the production of epoxy resin is excluded from the
analysis. The excluded process units are depicted in gray.

In conducting the analysis, both for primary data, that is, data
collected directly from the field, and secondary inventory data,
sourced from the Ecoinvent 3.9.1 database was used. The “allo-
cation cut-off by classification” system model from the
Ecoinvent database (Ecoinvent Support, 2024) was adopted.
This system model uses attributional life cycle inventory (LCI)
datasets and dictates that the primary (initial) production of
materials is allocated to the primary user of the material. In the
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Table 2. Quantity of materials needed for laying 1 m2 of epoxy mortar (thickness 10 mm).

Filler (%v/v) Scenario Sand (Density 1.59 g/cm3) (kg) Slag (Density 3.87 g/cm?) (kg) Resin (kg) Total (kg)
72.3 S1 Standard 11.50 28.0° 3.10 14.60
S2 Innovative — 28.0 3.10 31.08

aln S1 scenario, standard 28 kg of EAF slag are disposed of in landfill.
EAF: electric arc furnace.

case of recyclable materials, the primary producer does not
receive credit for providing recyclable materials. Instead, these
materials are made available at no cost for recycling, and sec-
ondary (recycled) materials are only assigned to the environ-
mental impacts associated with the recycling process itself. . .
The allocation cut-off by the classification model further distin-
guishes between waste and recyclable materials. Similar to the
treatment of recyclables, waste producers do not receive credits
for recycling or reusing products that result from waste treat-
ment. This allocation method is designed to more accurately
reflect the actual environmental impacts of both primary and
secondary materials used in the study. The manuscript has been
updated to clearly outline this approach and provide greater
transparency regarding the boundaries of the analysis. For more
details, see (Ecoinvent Support, 2024).

Inventory analysis

The LCI analysis involves collecting and quantifying the inputs
and outputs associated with the phases outlined in Figure 5.

The assessment of the two composite materials was conducted
with equivalent volume fractions of the respective fillers.
However, the significant difference in density between the fillers
led to a disparity in weight per functional unit, as detailed in
Table 2. In the conventional scenario (S1), producing a functional
unit requires 11.5kg of river sand, and 28kg of EAF slag are
disposed of in landfills. Conversely, in the innovative scenario
(S2), the EAF slag is utilized as a filler, thus conserving the use
of natural resources such as river sand.

In the context of scenario standard S1, the environmental
impact of river sand extraction from riverbeds is documented
using data from the Ecoinvent database (Sand {RER}| sand quarry
operation, extraction from river bed | Cut-off, U). This dataset
details the mining of natural sand from riverbed deposits and its
subsequent processing. The process involves dredging a slurry
containing sand, water, clay, silt, and gravel from the riverbed
using pumps. The sand is separated from the slurry, transported by
a vessel to loading ports, washed to remove fines, stored, and then
loaded onto trucks for delivery (excluding the delivery process
itself). The coproducts of sand extraction (clay, silt, and gravel)
are returned to the river and are not recovered for economic pur-
poses, furthermore they do not receive any allocation.

The inventory data for managing EAF slag was also obtained
from the Ecoinvent database (Electric arc furnace secondary metal-
lurgy slag, for recovery {GLO}| electric arc furnace secondary met-
allurgy slag, for recovery, Recycled Content cut-off | Cut-off, U).

In the innovative scenario (S2), the EAF slag is processed for
reuse as filler. This requires grinding the slag to a suitable size of
less than 0.1 mm, which involves additional energy consump-
tion. According to data provided by a steel mill, this energy con-
sumption is estimated to be approximately 25-35kWh/ton. To
account for the most unfavorable circumstances, it has been
assumed that the energy consumption will be 35kWh/ton. The
transport of both fillers, from the production site to the treatment
site and finally to the building site for application, is assumed to
cover a distance of 100 km using a Euro 5 lorry with a capacity
of 16-32 metric tons. The relevant Ecoinvent dataset used is
(Ecoinvent dataset Transport, freight, lorry 16-32 metric ton,
EUROS5 {RER}| transport, freight, lorry 16-32 metric ton,
EUROS | Cut-off, U).

Regarding the manufacturing phase, to account for the most
unfavorable situation in the innovative scenario (S2), it is
assumed that the mixing EAF slag-filled epoxy requires an addi-
tional 10% energy consumption due to the greater weight of the
filler per functional unit. This assumption is based on data from
the Ecoinvent dataset (Electricity, low voltage {IT}| market for |
Cut-off, U).

In the standard scenario (S1), the EAF slag is disposed of in a
landfill, as detailed in the Ecoinvent dataset (Electric arc furnace
slag {RoW}| treatment of electric arc furnace slag, residual mate-
rial landfill | Cut-off, U).

EAF slag is the primary by-product of steel production,
comprising approximately 80% of by-products, alongside
dust and sludge from air pollution control equipment and mill
scale. Historically, these by-products have been disposed of
in landfills. However, new regulations, financial instruments
like landfill taxes, and an increased focus on environmental
sustainability have made landfilling an expensive and less
desirable option. Efforts are now focused on recovering by-
products for internal reuse or selling them to other industries
to reclaim value. Although the fraction of steelmaking by-
products sent to landfills has drastically reduced, it has not
yet reached zero. A significant quantity of EAF slag is still
disposed of in residual material landfills, which are designed
to receive primarily inorganic, low-carbon wastes (<5wt%)
in a stable physical form (Doka, 2003).

Landfilling EAF slag requires additional solidification with
0.4kg of cement per 1kg of slag to inert the material, ensuring
minimal environmental impact during disposal. The landfill pro-
cess includes waste reception and results in short-term water
from leachate and emissions  to

emissions long-term

groundwater.
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Methodology and selection of impact
categories

Alife cycle impact assessment (LCIA) was conducted to evaluate
the environmental impacts associated with the production of 1 m?
of traditional epoxy mortar with a thickness of 10 mm. This study
compares two scenarios: the standard scenario (S1), which uses
natural sand as a filler, and the innovative scenario (S2), which
substitutes natural sand with EAF slag. The use of EAF slag
offers the added benefits of reducing the need for sand extraction
and avoiding the landfilling of slag.

The life LCIA was conducted using SimaPro V7.3 software
(PR¢ Sustainability), applying the Environmental Footprint (EF)
3.0 methodology available in the Ecoinvent Database. This meth-
odology is based on the EF 3.0 developed by the Joint Research
Center of the European Commission. EF 3.0 (Damiani et al.,
2022)is the latest version of the EF method and serves as the
impact assessment method for the European Commission’s
Environmental Footprint transition phase. The choice of this
methodology was driven by several key factors:

e Geographical relevance: The EF 3.0 methodology is particu-
larly suited for the geographical context of the analysis,
namely the EU, as it provides an environmental impact
assessment aligned with European policies and regulations.
This is especially relevant for the Lombardy Region, which is
part of the EU, ensuring that the analysis aligns with EU-wide
standards.

e Scientific credibility: The EF 3.0 methodology has been
defined and validated by the Joint Research Centre of the
European Commission, a highly recognized research body
globally known for its expertise and rigorous scientific
approach. The choice of a methodology validated by such a
reputable entity guarantees the reliability of the results and
ensures the applicability of the methodology.

o Transparency and accessibility: The supporting documenta-
tion for the EF 3.0 methodology is fully accessible, allowing
researchers and stakeholders to review the characterization
and normalization factors used in the analysis in detail. This
transparency is crucial for ensuring the replicability and
validity of the assessments, thereby increasing confidence in
the obtained results.

o Alignment with European initiatives: The EF 3.0 methodol-
ogy is an integral part of the Environmental Footprint initia-
tive by the European Commission, which is driving the
transition towards stricter sustainability policies. Using a
method that is directly aligned with EU directives ensures
that the results of the analysis are relevant and useful for
shaping environmental policy decisions.

e Impact indicators: The EF 3.0 methodology uses widely rec-
ognized impact indicators that cover a broad range of envi-
ronmental factors, including climate change, human toxicity,
ecotoxicity, eutrophication, and other critical impacts. These
indicators were selected to ensure a comprehensive and
robust environmental impact assessment of the system under

analysis, considering not only direct impacts but also long-
term indirect effects.

The application of the EF 3.0 methodology in this study
ensures that the selected impact indicators are consistent with the
European Commission’s Environmental Footprint transition
phase, providing a solid foundation for environmental impact
assessments and guaranteeing that the results are scientifically
valid and geographically relevant.

The EF 3.0 (Damiani et al., 2022) methodology available in
the Ecoinvent Database has been adapted to suit the specific sub-
stances used in SimaPro’s data libraries. In particular, the imple-
mentation of this method is based on the EF 3.0 guidelines, which
were updated with normalization and weighting factors in
November 2019. This version of the EF method has been tailored
to align more closely with the substances available in SimaPro’s
data libraries. Key adaptations include:

e [nclusion of additional flows: Extra flows have been incorpo-
rated to accommodate the extensive usage by background
databases. These additional flows are either present in the
original EF method, or have their synonyms included.

e Exclusion of unused flows: Flows that are not used by the
background databases have been excluded to streamline the
methodology.

e No new substances introduced: The implementation does not
introduce any new substances that are absent in SimaPro’s
databases, such as regionalized land use flows, which are not
utilized in the libraries and thus do not influence the results.

Specific categories and substances adopted in EF 3.0 for this
study include:

e Resource use, energy carriers: Flows are expressed in mass
units rather than solely in terms of net calorific value, with
characterization factors reflecting the lower heating values of
the specified fuel.

e Resource use, mineral, and metals: Additional flows have
been included for minerals and metals that are already
characterized.

e Water scarcity: For flows that represent regions not covered
by the original EF method, a global water scarcity factor was
applied.

e Climate change:

v" Carbon dioxide emissions to air are included with a factor
of 1, consistent with carbon dioxide (fossil) in the original
method.

v Carbon dioxide emissions to soil or biomass stock are
included with a factor of —1, necessary for accurate mod-
eling of land use changes (Ecoinvent).

Raw material carbon dioxide in the air is included with a factor
of 0, aligning with both fossil and biogenic carbon dioxide in the
original method. By using this adapted EF 3.0 method, the analy-
sis aims to provide a comprehensive and accurate assessment of
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the environmental impacts associated with the production of tradi-
tional epoxy mortar and its alternative utilizing EAF slag.

Results and discussion
Life cycle impact assessment

Characterization. The characterization phase of the LCIA con-
verts the LCI data into quantifiable metrics for each impact cat-
egory using “characterization factors” (also known as equivalence

factors). These factors translate various emissions and resource
use data into a common unit of measurement for each impact

category, generating “impact category indicators” that quantify

the extent of each environmental impact.

highest impact scenario set at 100% for reference.

The environmental impact results for both the standard sce-
nario (S1), which uses natural sand, and the innovative scenario
(S2), which substitutes EAF slag for sand, are illustrated in Table 3.
Figure 6 compares these impacts as relative percentages, with the

Table 3. Characterization results for impact categories of epoxy mortar (1 m?) filled with sand (S1 standard scenario) or EAF
slag (S2 innovative scenario).

Impact category Description Unit S1 S2 Reduction
standard innovative from S1 to
scenario scenario S2 (%)

Acidification An indicator of the potential acidification mol H+ eq. 0.03 3.37E-03 89

of soils and water due to the release of
gases such as nitrogen oxides and sulphur
oxides

Climate change An indicator of potential global warming in kg CO, eq. 10.21 0.98 90

100years due to emissions of greenhouse
gases to the air. Divided into three
sub-categories based on the emission
source: (1) fossil resources, (2) bio-based
resources and (3) land use change

Climate change— kg CO, eq. 0.01 0.01 0

Biogenic

Climate change— kg CO, eq. 10.2 0.97 90

Fossil

Climate change— kg CO, eq. 3.66E-03 3.30E-04 b

Land use and land

use change

Ecotoxicity, An indicator of the harmful effect on both CTUe 6.08E+02 3.28 99

freshwater—part 1 freshwater environment and organisms.

Part 1 and Part 2 refer to different
quantification approaches and exposure
factors

Ecotoxicity, CTUe 14.12 1.34 91

freshwater—part 2

Ecotoxicity, CTUe 6.20E+02 4.32 99

freshwater—

inorganics

Ecotoxicity, CTUe 1.1 0.06 95

freshwater—

organics—p.1

Ecotoxicity, CTUe 0.81 0.23 72

freshwater—

organics—p.2

Particulate matter An indicator of the potential incidence disease inc.  3.50E-07 4.98E-08 86

of disease due to particulate matter
emissions

Eutrophication, An indicator of the enrichment of the kg N eq. 0.01 8.68E-04 b

marine marine ecosystem with nutritional

elements, due to the emission of nitrogen-
containing compounds
Eutrophication, An indicator of the enrichment of the kg P eq. 0.01 1.11E-04 99

freshwater

freshwater ecosystem with nutritional
elements, due to the emission of nitrogen
or phosphorus-containing compounds

(Continued]
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Table 3. (Continued)

Impact category Description Unit S1 S2 Reduction
standard innovative from S1 to
scenario scenario S2 (%)

Eutrophication, An indicator of the enrichment of the mol N eq. 0.11 0.01 91

terrestrial terrestrial ecosystem with nutritional

elements, due to the emission of nitrogen-
containing compounds

Human toxicity, Impact on humans of cancer toxic CTUh 4.71E-06 3.67E-10 100

cancer substances emitted to the environment

Human toxicity, CTUh 4.71E-06 1.75E-10 100

cancer—inorganics

Human toxicity, CTUh 1.31E-09 1.92E-10 85

cancer—organics

Human toxicity, Impact on humans of non-cancer toxic CTUh 4.09E-07 8.00E-09 98

non-cancer substances emitted to the environment

Human toxicity, non- CTUh 4.07E-07 7.52E-09 98

cancer—inorganics

Human toxicity, non- CTUh 2.16E-09 4.79E-10 78

cancer—organics

lonizing radiation Damage to human health and ecosystems kBq U-235 0.11 0.07 36

linked to the emissions of radionuclides eq.

Land use Measure of the changes in soil quality Pt 99.31 5.67 94

(Biotic production, Erosion resistance,
Mechanical filtration)
Ozone depletion An indicator of emissions to air kg CFC11 5.62E-08 2.15E-08 62
that causes the destruction of the eq.
stratospheric ozone layer

Photochemical An indicator of emissions of gases that kg NMVOC 0.03 3.91E-03 87

ozone formation affect the creation of photochemical ozone eq.

in the lower atmosphere (smog) catalyzed
by sunlight

Resource use, An indicator of the depletion of natural MJ 64.75 14.47 78

fossils fossil fuel resources

Resource use, An indicator of the depletion of natural kg Sb eq. 2.55E-05 3.04E-06 88

minerals, and metals non-fossil resources

Water use An indicator of the relative amount of m3 depriv. 1.31 0.31 76

water used, based on regionalized water
scarcity factors

EAF: electric arc furnace; NMVOC: non-methane volatile organic compounds.
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Figure 6. Contribution analysis related to the
characterization results for impact categories of epoxy
mortar (1 m?) filled with sand (S1 standard scenario) or EAF

® S2 Innovative Scenario

» Climate change:

7 The “Climate change” impact category, an indicator of poten-
] I tial global warming due to greenhouse gas emissions, is divided
into three sub-indicators: “Fossil,” “Biogenic,” and “Land use
Change (LU change).”

The “Fossil” sub-category, which accounts for emissions
from fossil resources, sees the most significant reduction. The
S2 scenario shows a reduction exceeding 90% in both the Fossil

and Land use change sub-categories. The Biogenic sub-cate-

slag (S2 innovative scenario).

EAF: electric arc furnace.

» Human toxicity:

scenarios.

gory remains unchanged at 0.0lkg CO, equivalent in both
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The human toxicity category is divided into two sub-catego-
ries: non-cancer and cancer, further subdivided into organics and
inorganics. The “inorganics” sub-indicator, which includes the
impact of heavy metals, is the most significant in both
categories

For human toxicity, cancer, the transition to S2 results in a
99.99% reduction (approximately four orders of magnitude) in
the comparative toxic unit for humans (CTUh), from 4.71E-6 to
3.67E-10. Human toxicity, non-cancer also experiences a 98%
reduction in S2, reducing by two orders of magnitude.

» Ecotoxicity and eutrophication:

Both the ecotoxicity and eutrophication categories show
reductions exceeding 99% in S2, reflecting the positive environ-
mental impact of using EAF slag instead of natural sand in these
areas.

» Overall impact reduction:

Figure 6 provides a clear illustration of the overall environ-
mental impact reduction in the S2 scenario, highlighting the sig-
nificant reduction across all impact categories. The categories
with the least reduction are “Ozone depletion” and “Ionizing
radiation,” showing a reduction of 36% and 62% respectively.

Normalization. To enhance the understanding of the relative
significance of each indicator, the process of “Normalization” is
applied. Normalization represents a step in LCA that is optional
in nature. It allows for the interpretation of characterized results
in terms of relative environmental relevance. Furthermore, it pro-
vides a reference situation for the environmental pressures of all
impact categories, thereby converting absolute impact scores into
relative contributions of the analyzed product or system to a ref-
erence situation (Sleeswijk et al., 2008). Normalization factors
(NFs) are derived from global or regional inventories of emis-
sions and resource use, coupled with estimations of missing ele-
mentary flows. These inventories are characterized using an
impact assessment method and the related models. This step
expresses the LCIA results for each impact category relative to a
reference value, such as total regional or global emissions,
thereby yielding dimensionless normalized values.

According to (Crenna et al., 2019), the EF 3.0 methodology
applied in this study relies on NFs that have been determined
based on the following criteria:

e Consistency with impact assessment methods: The NFs were
selected to be consistent with the impact assessment methods
used, namely the International Reference Life Cycle Data
System (ILCD) and the EF methods. This ensures that the
NFs align with the characterization factors used in the impact
assessment.

o Comprehensive coverage: The NFs were chosen to cover a
wide range of impact categories, including climate change,
ozone depletion, human toxicity (cancer and non-cancer),

ecotoxicity, particulate matter, ionizing radiation, photo-
chemical ozone formation, acidification, eutrophication (ter-
restrial, marine, and freshwater), land use, water use, and
resource use.

e Data robustness: The NFs were derived from robust and
comprehensive datasets, ensuring that the normalization fac-
tors are representative of global environmental pressures.

The NFs were calculated using the following steps:

e Data collection: Global emissions and resource use for the
year 2010 were collected from various sources, including
EDGAR, FAO, USGS, and others. A hierarchical approach
was applied to select data sources, prioritizing official statis-
tics and measured values.

e [nventory characterization: The collected data were charac-
terized using the ILCD and EF impact assessment methods.
For ILCD, the ILCD recommended impact assessment
method v. 1.010 was used, while for EF, the EF reference
package 3.0 was used.

e Normalization calculation: The characterized impacts were
normalized by dividing the global impact by the per capita
impact. The per capita impact was calculated by dividing the
global impact by the global population in 2010.

The NFs used in this study are presented in Table 4. These
factors represent the impact attributable to an average human
being over their lifetime. The factors were chosen based on their
consistency with the impact assessment methods and their com-
prehensive coverage of impact categories. The normalization
procedure was implemented using the SimaPro software. The
dedicated normalization function in SimaPro was utilized to cal-
culate the normalized values. This function automatically applies
the chosen NFs to the characterized impacts, converting them
into relative contributions (Table 5).

Table 4 presents the contribution analysis related to the nor-
malization results for the previously mentioned impact categories
for both S1 and S2 scenarios.

This analytical method enables a clearer identification of the
impact category that shows the most significant variation between
the two scenarios analyzed. From Table 4, it is immediately evi-
dent that certain impact categories benefit significantly from the
adoption of scenario S2 compared to scenario S1. Specifically, it
is of interest to investigate the processes in standard scenario S1
that lead to high environmental impacts in the following catego-
ries: “Human toxicity, cancer,” “Ecotoxicity, freshwater,”
“Eutrophication, freshwater,” “Human toxicity, non-cancer,” and
“Climate change”.

Interpretation

Process phases contribution to relevant categories of impact
in scenario 1. In the characterization analysis, it was evident
that several impact categories benefit significantly from substi-
tuting natural sand with EAF slag in the production of epoxy
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Table 4. Normalization factors adopted by the EF 3.0 impact assessment method (Damiani et al., 2022).

Impact category

Climate change

Ozone depletion

Human toxicity, cancer

Human toxicity, non-cancer
Particulate matter

lonizing radiation
Photochemical ozone formation
Acidification

Eutrophication, terrestrial
Eutrophication, freshwater
Eutrophication, marine

Land use

Ecotoxicity freshwater

Water use

Resource use, fossils

Resource use, minerals and metals

Unit Normalization factor
kg CO, eq./person 8.10E+03
kg CFC-11 eq./person 5.36E-02
CTUh/person 1.69E-05
CTUh/person 2.30E-04
disease incidences/person 5.95E-04
kBq U-235 eq./person 4.22E+03
kg NMVOC eq./person 4.06E+01
mol H+ eq./person 5.56E+01
mol N eq./person 1.77E+02
kg P eq./person 1.61E+00
kg N eq./person 1.95E+01
pt/person 8.19E+05
CTUe/person 4.27E+04
m?3 water eq of deprived water/person 1.15E+04
MJ/person 6.50E+04
kg Sb eq./person 6.36E-02

EF: Environmental Footprint.

Table 5. Normalization results for impact categories of epoxy mortar (1 m?) filled with sand (S1 standard scenario) or EAF slag

(S2 innovative scenario).

Impact category Unit S1 standard scenario S2 innovative scenario
Human toxicity, cancer — 0.27 2.13E-05
Ecotoxicity, freshwater — 0.01 8.13E-05
Eutrophication, freshwater — 0.01 6.90E-05
Human toxicity, non-cancer — 3.18E-03 6.21E-05
Climate change — 1.35E-03 1.29E-04
Resource use, fossils — 9.96E-04 2.23E-04
Photochemical ozone formation — 7.90E-04 9.58E-05
Eutrophication, terrestrial — 6.25E-04 5.32E-05
Acidification — 6.02E-04 6.06E-05
Particulate matter — 5.88E-04 8.37E-05
Eutrophication, marine - 5.12E-04 4.44E-05
Resource use, minerals, and metals — 4.00E-04 4.77E-05
Land use — 1.21E-04 6.92E-06
Water use — 1.14E-04 2.72E-05
lonizing radiation - 2.67E-05 1.60E-05
Ozone depletion - 1.07E-06 4.11E-07

EAF: electric arc furnace.

mortar. To delve deeper into these benefits, it's crucial to identify
which processes in the standard scenario (S1) contributed most
to the environmental impacts. Specifically, it seeks to under-
stand the extent to which these impacts are attributable to the
production of the standard epoxy mortar filled with sand as
opposed to the disposal of the slag. Figure 7 provides a visual
representation of the contributions of various process units to the
key impact categories, including “Human toxicity, cancer,”
“Ecotoxicity, freshwater,” “Eutrophication, freshwater,”
“Human toxicity, non-cancer,” and “Climate change.” The anal-
ysis reveals that the most significant impact in S1 is linked to the
landfilling of EAF slag.

The environmental impacts associated with the landfilling of
EAF slag are primarily driven by the solidification process

required to immobilize leachable pollutants. This process gener-
ally involves the utilization of a cement matrix, which serves to
ensure the long-term stability of the slag and to prevent the
release of hazardous elements into the environment. Nevertheless,
it should be noted that the production of cement is a highly
impactful process, contributing significantly to the overall envi-
ronmental burden. The production of cement is associated with
substantial greenhouse gas emissions due to the calcination of
limestone and the energy-intensive nature of clinker production,
which collectively result in a high carbon footprint (Panagoda
et al., 2023).

The substitution of natural sand with EAF slag in epoxy mor-
tar applications has been demonstrated to obviate the necessity for
cement-based inertization. This approach has the dual benefits of
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—1 S1 Standard

Manufacturing EAF slag landfilling
12E-10 CTUh 28 kg
2,31E-9 CTUh 4.71E-6 CTUh
0,28 kg CO.eq 4,07E-7 CTUh 1|
1.39 CTUe 994 ky COeq
0.49 CTUe 606 CTUe
1.78E-5 kg Peq 13.6 CTUe
T 0,00802 kg Peq

Sand Extraction Transport to the ]
11,5kg manufacturing site .
116 thai EAF slag production
2,22E-11 CTUh 9.92E-11 CTUR 0 CTUh
1 44E-10 CTUR 2 18E.9 CTUR ——
ll.U.\\'f k‘:f__('(_).““l 0.219 kg CO.eq 0 kg ~('()‘.cq
U.?_/J.(.ILS 1. 13 CTUe 0 CTUe
0,0925 CTUe 0.4 CTUe 0 CTUe
2,61E-6 kg Peq 1,53E-5 kg Peq 0 kg Peq

Human toxicity, cancer [CTUh]
Human toxicity, non cancer [CTUh]
Climate change [CO,eq]

Ecotoxicity Freshwater, part 1 [CTUe]
Ecotoxicity Freshwater, part 2 [CTU¢]
Eutrophication Freshwater [kg Peq]

Figure 7. Contribution of the processes involved in the standard scenario S1 of the impact categories that are most affected by

a reduction in the innovative scenario S2.

reducing the environmental impact of slag management and con-
serving natural resources by eliminating the need for virgin sand
extraction.

This finding underscores the fact that the primary driver of
impact in the landfilling scenario is not the slag itself but the
processes involved in its management, particularly cement pro-
duction. Addressing this aspect through alternative valorization
pathways, such as its use in construction materials, has the poten-
tial to significantly reduce the environmental impacts while sup-
porting circular economy objectives.

Human toxicity, cancer. The impact in this category is
predominantly driven by the upstream processes related to the
landfilling of EAF slag and cement production, which together
account for 99.8% of the total impact. This contribution is
approximately four orders of magnitude higher than that of other
processes, as shown in Figure 7. The remaining 0.1% of the
impact is due to emissions to water from the landfill, including
both short-term leachate emissions and long-term groundwater
emissions. The Ecoinvent database models these emissions anal-
ogously to hydrated cement landfill emissions, which are consid-
ered comparable in composition to cement-stabilized slag.

Preventing the disposal of untreated EAF slag is thus cru-
cial for reducing human toxicity potential, consequently
diminishing the impact of cement used for stabilization. This
underscores the importance of developing alternative waste

management practices that prioritize the reuse and recycling
of hazardous materials.

Eutrophication, freshwater. In this category, cement
production for stabilizing EAF slag accounts for 80% of the
total impact, while water emissions from the landfill con-
tribute an additional 8%. The high contribution from cement
production highlights the need for more sustainable cement
alternatives and waste treatment processes. By recovering
and reusing EAF slag, significant reductions in eutrophica-
tion potential can be achieved, emphasizing the critical role
of slag recycling in protecting freshwater ecosystems from
nutrient overload.

Human toxicity, non-cancer. The landfilling of EAF slag
contributes to 24% of the total impact in this category, while
water emission from the landfill accounts for 59% of the impact
from metals. The production of clinker, an essential intermedi-
ate for cement, contributes around 8% collectively. Other minor
contributions are linked to processes such as copper smelting
and coal ash landfilling. Avoiding the landfill disposal of slag
and associated cement waste thus emerges as a crucial factor in
mitigating these impacts. The reduction in non-cancer toxicity
through the reuse of EAF slag highlights the potential for turn-
ing industrial waste into valuable resources, thereby enhancing
environmental sustainability.



Gobetti et al.

13

Ecotoxicity, freshwater. For the first part of this category,
the landfilling of EAF slag is the dominant contributor, account-
ing for 96% of the total impact. In the second part, 30% is attrib-
uted to water discharge from petroleum/natural gas extraction,
while EAF slag landfilling constitutes 8%. These figures indi-
cate a significant opportunity to reduce freshwater ecotoxicity by
addressing slag disposal practices and improving waste manage-
ment in the petroleum and natural gas sectors. Moreover, the sub-
stantial reduction in ecotoxicity through the reutilization of EAF
slag highlights the potential for industrial by-products to mitigate
environmental impacts and enhance sustainability.

Climate change. The production of clinker, necessary for the
cement production used in EAF slag stabilization, is the most
impactful process in this category, contributing 62% of the total
impact. Clinker production is an energy-intensive process that
involves burning large amounts of fossil fuels in kilns at high
temperatures, leading to substantial greenhouse gas emissions,
air pollution, and other environmental impacts. This underscores
the urgent need for the development of alternative cementitious
materials with lower carbon footprints. The reuse of EAF slag not
only mitigates climate change impacts by reducing the need for
clinker production but also supports a shift toward more sustain-
able construction practices, highlighting the dual environmental
benefits of recycling industrial by-products.

Across all impact categories, a recurring theme is that the
landfilling of untreated metallurgical wastes, particularly EAF
slag, is the primary driver of metals-associated damage. By
diverting slag from landfills and encapsulating it in epoxy mortar,
hazardous leaching is prevented, leading to substantial reduc-
tions in toxicity (see Figure 6). This highlights the importance of
industrial symbiosis, where waste from one industry becomes a
resource for another, as a strategy to minimize landfilling and
associated environmental impacts. The results strongly advocate
for the broader adoption of slag reuse opportunities, particularly
the incorporation of EAF slag into epoxy matrices, and empha-
size the potential for significant environmental benefits. By pro-
moting the use of slag in epoxy mortar, industries can dramatically
reduce their environmental footprint and contribute to the devel-
opment of more sustainable and circular economies. This prac-
tice not only helps in diverting waste from landfills but also
enhances the structural properties of construction materials.

Uncertainty and sensitivity analysis. The analysis conducted in
this study presumes that the EAF slag is used as a replacement for
natural sand in epoxy mortar production, rather than being dis-
posed of in landfills. Although a significant portion of EAF slag
is currently repurposed in various applications, a residual amount
still tends to end up in landfills. This assumption is valid for the
local context of the study, where the complete reutilization of
slag has not yet been achieved. However, it is important to recog-
nize that in other geographical contexts, full reutilization of slag
may already be in place, thus necessitating adjustments to the life

cycle models to account for the diverse reuses of slag in those
regions.

From the perspective of inventory data, two parameters
exhibit the highest levels of uncertainty: the mileage associated
with different stages of transportation and the energy consump-
tion during the slag grinding phase. The distances selected for
transportation are reflective of actual conditions in the local con-
text. However, it is essential to consider that different geographi-
cal areas may have varying transportation characteristics,
including different modes of transport and distances. Regarding
the energy consumption for slag grinding, estimates were based
on data on the consumption and operational performance of com-
mercially available industrial grinders. A precautionary approach
was adopted in the estimation process, which involved selecting
the highest energy consumption values among the alternatives
evaluated. This approach was chosen to avoid underestimating
the energy requirements of the innovative scenario (S2), which
involves the reuse of slag.

Considering the LCIA, which demonstrated a clear preference
for the innovative scenario over the traditional one and taking
into account the relatively minor contribution of the transporta-
tion and grinding phases in relation to the overall impact, it can
be concluded that the uncertainties identified do not significantly
affect the reliability of the results. This conclusion is further sup-
ported by the fact that the innovative scenario, involving the use
of EAF slag, consistently showed superior environmental perfor-
mance compared to the traditional scenario, indicating that the
benefits of slag reutilization outweigh the uncertainties in the
inventory data.

Moreover, the adoption of EAF slag in epoxy matrices offers
substantial environmental advantages, reducing the reliance on
natural resources and minimizing landfill waste. Future studies
should focus on refining the models to capture the variations in
slag utilization practices across different regions and on further
reducing uncertainties in key parameters to enhance the robust-
ness of the findings. The continued optimization of these pro-
cesses will contribute to the broader goal of achieving sustainable
and efficient waste management practices.

Economic feasibility. The economic feasibility of substituting
sand with EAF slag in epoxy mortar becomes evident when
examining the detailed cost breakdown for both materials. The
cost of sand varies significantly depending on its purity, treat-
ment, and source. Low-purity sands (silica content below 95%)
typically used for general industrial applications range from €100
to €300 per ton, while high-purity sands (silica content >98%)),
which are dust-free, moisture-free, and feature controlled granu-
lometry, can cost between €500 and €1000 per ton. Price fluctua-
tions also depend on order quantities, with bulk purchases
typically offering cost savings. Locally sourced sands tend to be
more affordable than imported ones, although regions with high-
purity deposits, such as certain areas in Germany or the United
States, generally produce more expensive materials.
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In light of this, the cost of sand varies considerably depending
on its purity, treatment, and source. For the purpose of determin-
ing the present economic feasibility, the most conservative case
was considered: a price of low-purity but fine-grained sand, such
as that used in the experimental characterization, at €100 per ton.

As regards the slag production cost, since it is a waste of the
steel production, its production cost is effectively zero. Reusing
the slag avoids disposal cost, which typically ranges from €40 to
€80 per ton. However, to make the slag suitable for use as a filler,
it must undergo a treatment process, including fine grinding to
achieve a granulometry of <0.1mm. This step is essential to
improve the mechanical properties of the composite and recover
residual metals (5%—-8%) trapped in the slag. Finer fillers improve
dispersion within the epoxy matrix, leading to enhanced mechan-
ical properties. To achieve the required granulometry, the slag
undergoes a multi-stage grinding process, including jaw crush-
ers, deferrization steps, and tertiary/quaternary milling.

The energy consumption for the grinding process is approxi-
mately 35 kWh per ton, with an electricity cost of €0.18 per kWh,
resulting in an energy cost of about €6.30 per ton. Additionally,
the local steelmaking industry estimates the total bringing the
overall processing cost to around €36.30per ton grinding cost
(excluding electricity at approximately €30 per ton).

To provide a more realistic economic assessment, the analysis
has been conducted on 1000 functional units, which better
reflects typical industrial-scale operations. The functional unit
defined in the LCA corresponds to 1000 m? of epoxy mortar with
a thickness of 10 mm, the standard scenario assumes the use of
sand as filler, and the disposal of EAF slag. Under the most con-
servative assumptions, the supply of 11.5tons of sand costs
€1150, while the disposal of 28tons of slag incurs additional
landfill fees of €1120, based on a disposal cost of €40 per ton.

Conversely, if the EAF slag is employed as a substitute for
sand, the cost structure changes significantly. The substitution
eliminates both the sand supply cost and the slag disposal cost,
in avoided expenses of €1150+€1120=€2270.
However, the processing cost of grinding the 28 tons of slag to

resulting

achieve the required granulometry adds €1016.4 (€36.3 per ton
for grinding). This represents a substantial cost saving compared
to the standard scenario.

Transportation costs are another important factor. Both sand
and EAF slag are transported over a distance of 100km using a
Euro 5 truck with a 16-32 ton capacity. A key distinction arises
due to the higher density of EAF slag (3.87 g/cm?®) compared to
sand (1.59 g/cm?®), resulting in slag weighing approximately 2.4
times more than sand for the same volume. Furthermore, as a
conservative estimate, given the potentially hazardous nature of
slag, its transportation may incur higher costs in order to adhere
to legislation governing the transport of hazardous materials.
Market operators have estimated the costs for transporting
100km in Lombardy and neighboring regions to be €20/ton for
sand and €50/ton for slag.

The total cost comparison, considering material supply, grind-
ing, transportation, and disposal, underscores the economic feasi-
bility of substituting sand with EAF slag. The analysis assumes

the most conservative scenario, using the lowest sand price and
slag disposal and the increased electricity cost for slag grinding,
to ensure robustness.

e Standard scenario SI:

Sand procurement (11.5tons): €1150

Transportation (Euro 5 truck 32-ton capacity, 11.5tons,
100km, fuel price 1.7€/1): €20

Disposal cost of slag (28 tons at €40/ton): €1120

Total cost: €2290

e [nnovative scenario S2:

Grinding cost (28 tons at €36.30/ton): €1016.4
Transportation (Euro 5 truck 32-ton capacity, 28 tons, 100 km,
fuel price 1.7€/1): €50

Total cost: €1066.4

The substitution scenario results in a cost saving of more than
€1200per 1000 functional units, even under conservative
assumptions. This saving is primarily driven by the elimination
of sand procurement and slag disposal costs, which far outweigh
the relatively minor expenses associated with slag grinding and
its higher transportation cost. The avoided landfill disposal cost
of €1120 highlights the environmental benefits of slag reuse,
which aligns with circular economy objectives by transforming
waste into a valuable resource.

Overall, the economic analysis clearly demonstrates that substi-
tuting sand with EAF slag is not only cost-effective but also supports
sustainability goals. The significant savings, coupled with the envi-
ronmental benefits of waste valorization, make this approach highly
viable for high-performance construction applications. The grinding
process also presents additional economic potential through the
recovery of residual metals (5%—8%) from the slag, further enhanc-
ing the financial and environmental benefits of this approach. This
analysis confirms that substituting sand with EAF slag is a highly
feasible and sustainable solution for the construction industry.

This analysis conclusively shows that substituting sand with
EAF slag not only reduces costs but also supports sustainability
goals, making it a highly viable solution for high-performance
construction applications.

Global relevance, scalability, and policy implica-
tions. While the study focused on the Lombardy region, the
findings have significant potential for application in other
areas and with different waste materials. Lombardy was cho-
sen deliberately due to its high concentration of EAF steel-
works, accounting for 17 out of 35 such facilities in Italy and
producing approximately 1.2—1.5million tons of black slag
annually (Bertani, 2021). This makes the region a critical site
for studying slag valorization. However, the core principles
and methodologies outlined in this study are highly adapt-
able, offering opportunities for replication and scalability in
regions with different industrial profiles.
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For instance, regions with a high concentration of steel pro-
duction facilities, such as the Ruhr region in Germany or parts of
eastern Europe, share similar conditions with Lombardy in terms
of'slag availability and disposal challenges (Ministry of Economic
Development, 2023). These regions could adopt similar strate-
gies for slag valorization, particularly as policy pressures on
waste reduction and circular economy practices continue to
intensify across the EU. Conversely, areas with fewer steelworks
but high demand for construction material could benefit from
importing or locally processing slag as a sustainable alternative
to conventional fillers.

Although this study primarily investigates the substitution of
sand with EAF slag, the framework can be extended to other
industrial by-products, following a technical evaluation of the
material properties. By adjusting processing methods and LCA
parameters to account for material-specific characteristics, the
framework could also assess the feasibility of alternative waste
materials. Global construction regulations increasingly empha-
size sustainability, energy efficiency, and circular economy prin-
ciples, driving demand for innovative materials like EAF slag.
Policies promoting green building certifications, carbon footprint
reductions, and resource efficiency provide a favorable environ-
ment for the adoption of slag-based materials. Furthermore,
international cooperation on waste management and resource
recovery, such as the European Union's Circular Economy Action
Plan, highlights the importance of scalable solutions like the one
proposed in this study.

This study demonstrates the feasibility of substituting sand
with EAF slag in epoxy mortar, providing a valuable template for
sustainable material substitution. The adaptability of the pro-
posed framework ensures its relevance beyond the Lombardy
region, offering a potential pathway for advancing sustainable
construction practices and industrial symbiosis on a global scale.

Future research could further explore EAF slag as a filler mate-
rial by focusing on a more in-depth mechanical and technological
characterization of the proposed composites, assessing their suit-
ability for specific applications, and ensuring compliance with
technical standards. Additionally, experimental studies on long-
term durability under real-world conditions, such as exposure to
environmental factors and mechanical stress, will be essential to
validate the reliability of these materials in practical use.

Expanding the scope to include alternative polymer matrices,
such as rubber compounds or thermoplastics, could also offer
opportunities to modify specific mechanical or technological
properties, reduce costs, and broaden the range of applications.
This approach could lead to customized solutions for industries
requiring unique performance characteristics.

Moreover, within the steel production cycle, EAF slag is not
the only by-product generated. Ladle furnace (LF) slag, which
exhibits different chemical and physical properties, also requires
innovative applications to support circularity in the steel industry.
Investigating the potential use of LF slag in polymeric compos-
ites or other material systems would complement this study,
offering a more holistic approach to waste valorization and
resource efficiency in steelmaking.

The scalability of slag valorization solutions, such as its use as
a filler in epoxy mortar, presents both challenges and opportuni-
ties. One significant obstacle is regulatory fragmentation, as
waste classification and management policies vary widely across
regions and countries. For instance, Lombardy has implemented
progressive guidelines for slag reuse (Lombardia, 2021), yet sim-
ilar frameworks may be lacking in other regions, hindering
broader adoption. Harmonizing regulations at both the national
and European levels could provide a more cohesive approach to
slag valorization, minimizing interpretative uncertainties and
industry-wide acceptance.

Market acceptance is another critical challenge. Construction
companies may be reluctant to adopt alternative materials with-
out substantial long-term data on their performance, cost-effec-
tiveness, and environmental benefits. To address this, providing
robust evidence through pilot projects and large-scale case stud-
ies would help build confidence in the technical, economic, and
environmental viability of slag-based composites. Demonstrating
the real-world advantages of slag as a sustainable construction
material will be crucial for overcoming skepticism and encourag-
ing widespread industry uptake.

Despite these challenges, there are significant opportunities
for scaling up. The increasing focus on environmental sustaina-
bility within construction regulations is driving demand for mate-
rials that contribute to improved building performance. Materials
like EAF slag, which reduce the environmental footprint of con-
struction while meeting stringent sustainability criteria, are posi-
tioned to gain market traction. This shift is aligned with policies
promoting green building certifications, energy efficiency, and
circular economy principles, which create further incentives for
adopting slag-based solutions.

Collaboration among various stakeholders presents a crucial
opportunity for scaling up the adoption of slag valorization.
Strategic partnerships between steel producers, construction
companies, and resin manufacturers can streamline supply
chains, optimize logistics, and reduce processing costs.
Engagement with policymakers could unlock additional incen-
tives, such as tax benefits or subsidies, encouraging the transition
to sustainable practices. Additionally, academic institutions have
a key role in conducting rigorous research to validate the perfor-
mance, safety, and durability of slag-based materials under real-
world conditions.

Ultimately, the transition to a circular economy relies on coor-
dinated efforts across these different sectors. Regulatory align-
ment, industrial collaboration, and continuous innovation are all
necessary to achieve widespread adoption of sustainable prac-
tices. By addressing these challenges and leveraging these oppor-
tunities, the proposed solution can significantly reduce the
environmental impact of the construction industry while advanc-
ing industrial symbiosis and creating a more sustainable built.

Conclusion

This study highlights the substantial environmental benefits of reus-
ing EAF slag as filler in epoxy mortar for flooring applications, in



16

Waste Management & Research 00(0)

place of landfilling it. The LCA demonstrates that reusing EAF slag
in epoxy mortar maintains mechanical integrity and offers superior
environmental performance. The experimental evaluation demon-
strated that the flexural strength and hardness of epoxy mortar filled
with EAF slag were comparable, if not superior, to those filled with
natural sand, affirming its technical viability as a substitute.
Furthermore, incorporating slag into an epoxy matrix mitigates its
high metal leaching potential, converting a waste product into a
valuable resource.

By diverting slag from landfills, the environmental impact is
significantly reduced, and valuable natural resources are con-
served. Using EF 3.0 methodology, the scenario with recycled
EAF slag showed significantly lower impacts than natural sand.
This was primarily due to the avoidance of heavy metal emis-
sions typically associated with landfilled slag and the elimination
of the need for landfill inertization with cement. Reductions in
impacts exceeded 90% in most categories of “Human toxicity,”
“Ecotoxicity,” and “Eutrophication” of freshwater showing
reductions over 99%.

Detailed analysis of the standard scenario identified that the
most impactful process step, as anticipated, was landfill manage-
ment, specifically the treatment, and inertization required to pre-
vent the leaching of heavy metals into the environment. These
processes necessitate significant interaction with cement, which
not only involves the use of clinker, a material with a substantial
carbon footprint, but also generates waste that needs to be man-
aged. Given the large volumes of EAF slag generated as a by-
product of steelmaking, utilizing it as an epoxy filler instead of
consigning it to landfills presents a compelling opportunity for a
circular economy. This practice not only reduces the ecological
burdens associated with slag disposal and sand extraction but
also fosters industrial symbiosis, turning a waste stream into a
useful product.

The results from this study underscore the value of reusing
EAF slag in construction materials as a pathway to more sustain-
able industrial practices. The LCA quantitatively substantiates
the significant environmental benefits of this approach, support-
ing its broader adoption. By integrating slag into epoxy mortars,
industries can drastically cut down on their environmental foot-
print, helping to drive the transition towards more sustainable
and circular economies.

The economic evaluation further strengthens the feasibility of
this approach, with the substitution scenario resulting in cost sav-
ings of about 50% per functional unit, driven by the elimination
of sand procurement and slag disposal costs.

The findings also emphasize the global relevance and scala-
bility of the proposed solution. By addressing regulatory and
market challenges, such as waste classification fragmentation
and construction industry acceptance, EAF slag can serve as a
sustainable alternative in regions with varying industrial dynam-
ics. Additionally, this study provides a template for adapting the
valorization methodology to other steelmaking by-products, such
as LF slag, and extending its application to alternative polymer
matrices or other material systems.

Integrating EAF slag into epoxy mortars not only reduces land-
fill dependency and conserves natural resources but also aligns with
global trends emphasizing sustainability and circular economy
principles. This approach fosters industrial symbiosis by transform-
ing waste into valuable resources, enhancing the environmental and
economic performance of the construction sector. Future research
should prioritize validating the long-term durability of these com-
posites under real-world conditions and expanding their applicabil-
ity to new materials and industrial contexts, paving the way for
broader adoption of sustainable practices across diverse industries.

Future research should focus on optimizing the processes for
incorporating slag into epoxy systems and exploring additional
applications for reused slag across various industries. This will
further enhance the sustainability and efficiency of waste man-
agement practices, unlocking new opportunities for innovative
and environmentally friendly material use.
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