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Abstract

Mining and its associated industries contribute to greenhouse gas (GHG) emissions, exacerbating climate change. To address
this, our study employed life cycle assessment to assess the carbon footprint of utilizing carbonates made from steel dust
from the Golgohar complex in a carbon mineralization process to treat acid mine drainage (AMD) at the Darrezar copper
mine. We considered four scenarios and two sensitivity analyses, including the baseline scenario, solar energy utilization,
dust variations, limestone purchase, transportation impact, and AMD quantity. The baseline scenario yielded a negative
carbon footprint of — 107 kg of CO,eq/100 kg of CO, from flue gas. Using solar energy prevented most of the GHG emis-
sions. In addition, using a waste with high alkalinity reduced energy consumption throughout the process. Furthermore, the
utilization of trucks with high capacity for product transportation and treating a low amount of AMD improved the entire
process and kept it in the negative carbon footprint range. Finally, comparing scenarios to the conventional use of purchased
limestone for AMD treatment demonstrated environmental viability. The study demonstrates the potential for sustainable
practices in mining, promoting a shift towards methods that would mitigate environmental impact and contribute to a more
carbon—neutral future.
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Effective greenhouse gas (GHG) emission management is
essential for mining-related industries to reduce their impacts
on climate change (Azadi et al. 2019; Liu et al. 2021). Further-
more, the importance of these measures extends to resource
efficiency and compliance with environmental regulations.
Mining companies can reduce their environmental foot-
print, improve operational efficacy, and maintain their social
acceptance and authorization for operation by taking specific
actions, such as the incorporation of carbon utilization strate-
gies (Lesser et al. 2021). Carbon utilization is a procedure that
aims to capture carbon dioxide (CO,) emissions from either
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CO, reacts with metal cations (Romanov et al. 2015) to pro-
duce stable and non-toxic carbonate minerals (Gadikota 2021).
In-situ mineralization involves injecting CO, into geological
formations containing alkaline minerals (Kelemen et al. 2018),
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while ex-situ mineralization uses alkaline industrial waste or
mine tailings on the Earth’s surface (Kelly et al. 2011; Rim
et al. 2020). Both methods are a way to reduce GHG emissions
by permanently storing CO, in carbonate minerals.

Moreover, there are two approaches to ex-situ mineraliza-
tion: indirect and direct carbonation. Indirect carbonation is
used for unrefined solid materials and is more energy-efficient
and cost-effective than direct carbonation; however, it can have
some serious environmental side effects. In this method, acids
or other solvents are used to extract reactive components from
minerals, and these components react with CO, in either an
aqueous or a gaseous phase. This approach can be divided
into several categories, including gas—solid carbonation, where
the mineral is first converted into an oxide or hydroxide and
then carbonates (Eftekhari et al. 2023; Siyar et al. 2022; Teir
2008). Direct carbonation, on the other hand, involves either
direct gas—solid carbonation or aqueous mineral carbonation.
Direct gas—solid carbonation is the simplest method, but it
has some fundamental difficulties, such as a slow reaction rate
and applicability to only refined materials, such as calcium
and magnesium oxides and hydroxides. In contrast, aqueous
mineral carbonation is the most commonly studied ex-situ
mineral carbonation route, and it involves CO, interacting
with metal oxide minerals, typically magnesium and calcium
silicates in an aqueous solution at high pressure (Bobicki et al.
2012; Madadgar et al. 2023; Sanna et al. 2014). This approach
involves the dissolution of CO, in water to form carbonic acid
(H,CO3), which then reacts with metal oxide minerals to form
stable metal carbonates. The overall reaction for aqueous
mineral carbonation is given in Eq. 1. In this reaction, CO,
reacts with water and metal oxide minerals (MO) to produce
metal carbonates (MCO;) and water. The metal oxide miner-
als typically used in this reaction are magnesium and calcium
silicates, as they are abundant in nature and have a high reac-
tivity with CO,. The first step in the carbonation reaction is
illustrated in Eq. 2. When CO, is dissolved in water, it reacts
with water to form H,CO; through a reversible reaction. This
reaction is important because it allows CO, to be more easily
transported and dissolved in water, which is necessary for the
carbonation reaction. The second step in the carbonation reac-
tion is shown in Eq. 3. The carbonic acid is reacted with the
metal oxide minerals to produce metal carbonates and water
(Metz et al. 2005; Tatomir et al. 2018; Teir 2008).

CO, + H,0 + MO — MCO; + H,0 (1)
CO, + H,0 = H,CO;, )

Ex-situ mineralization commonly uses waste materi-
als from various industries such as steel (Ibrahim et al.
2019a), coal sectors (Reddy et al. 2011), and aluminum

(Endzhievskaya et al. 2020) manufacturing facilities as
feedstock. These waste materials contain substantial
amounts of alkaline earth metals, especially calcium and
magnesium, which are useful in the mineralization pro-
cess (Pan et al. 2020). Steel production byproducts, such
as steel dust, are particularly important due to their high
concentrations of metals and minerals, including calcium
and magnesium. Steel dust is generated during the smelt-
ing and refining of steel scrap and is present in the flue gas
and waste streams of steel mills. This material can react
with CO, to create stable carbonates (El-Naas et al. 2015;
Ibrahim et al. 2019b). Therefore, using these materials can
be an effective way of implementing ex-situ mineralization
for carbon capture, utilization, and storage.

In addition, acid mine drainage (AMD) is acidic and
often rich in metals (Akcil and Koldas 2006). It is primar-
ily formed when sulfide minerals such as pyrite, marcasite,
pyrrhotite, and chalcopyrite undergo chemical and bio-
logical oxidation. In the past 60 years, various active and
passive methods have been implemented to remediate and
treat AMD, but the success of these methods depends on
the quality and quantity of AMD, as well as the formation
and settling of metal hydroxides. While active treatment
systems involve direct contact between acidic and alka-
line materials, such as limestone or lime, to neutralize the
acidity of the mine drainage (Skousen et al. 2000, 2019),
passive treatment systems utilize natural processes, such as
bacterial reactions, wetlands, aeration, and dissolution of
limestone, to neutralize the acidity of the mine water and
remove trace elements (Skousen et al. 2017).

Previous studies have investigated the environmental
impacts of AMD treatment using LCA. Moreno-Gonzalez
et al. (2023) conducted a life cycle analysis on various
management strategies for metal-rich sludge from AMD
treatment. Martinez et al. (2019) used LCA to evaluate
different environmental impacts of passive remediation of
AMD. Hengen et al. (2014) assessed various passive and
active AMD treatment approaches using LCA. In another
study, Tuazon and Corder (2008) compared the use of
seawater-neutralized red mud and lime to treat AMD by
LCA. In addition, there has been some LCA research on
carbon mineralization using alkaline materials, particu-
larly steel slag. For example, Li et al. (2021) used LCA to
compare CO, capture of steel slag products. Ostovari et al.
(2020) utilized LCA to compare the carbon footprint of
mineralization using alkaline materials such as steel slag
and olivine. However, the carbon footprint of AMD treat-
ment using steel dust as an alkaline agent in a mineraliza-
tion process remains unaddressed. Our motivation was to
address both the environmental concerns of greenhouse
gas emissions from mining operations and the environ-
mental issues of AMD through LCA.
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LCA Methodology

The life cycle assessment (LCA) methodology assesses the
environmental impact of a product or process across its full
life cycle in four steps: goal definition, inventory analysis,
impact assessment, and interpretation (Hauschild et al.
2018). In this section, the four steps of LCA related to this
study will be presented in detail.

Goal and Scope Definition

The first step of LCA, goal and scope definition, sets study
objectives, including the functional unit, system boundaries,
and assumptions, ensuring focus, relevance, and consistency
(Rebitzer et al. 2004; Hauschild et al. 2018). This study aims
to assess the carbon footprint of treating AMD from the
Darrezar copper mine using alkaline dust from the Golgohar
iron complex by means of carbon mineralization.

Functional Unit

In LCA, the functional unit allows consistent comparisons
among products or processes by measuring the system’s
output, forming the basis for comparing alternatives (de
Simone Souza et al. 2021). The chosen functional unit in
this study is 100 kg of CO, derived from flue gas. Although
other functional units, such as the weight of produced car-
bonates, were feasible choices, this specific functional unit
enabled us to compare our results with those from previous
mineralization studies.

System Boundary

The LCA’s system boundary defines the study’s scope from
extraction to disposal, focusing on relevant inputs and out-
puts, and excluding irrelevant stages (Hauschild et al. 2018;
Tillman et al. 1994). The scope of this study encompassed
the incorporation of input materials such as steel dust, AMD,
and flue gas within its system boundary. The upstream envi-
ronmental impacts of these materials from the extraction
to waste storage were assumed to be zero. This is because
ISO 14040 outlines principles, including “allocation,” where
reusing or recycling waste in a process can be considered to
have minimal or zero impact (ISO 14040 2006). The carbon-
ates were first produced as valuable materials and were then
considered waste after being used to treat AMD. Materials
that exit the system boundary at different stages were catego-
rized as waste too, because implementing a detailed LCA for
waste disposal would have broadened the scope of the study
and could have reduced the focus on the primary research
questions. Moreover, comprehensive LCA studies often face
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limitations due to the lack of detailed inventory data. How-
ever, all of the necessary heat and electricity for the diverse
processes were taken into account in this study (Fig. 2). This
study also considered the avoided impacts caused by the
heat and alkaline products. Conversely, the system boundary
omitted elements such as the impacts associated with device
construction, human activities, and labor, and the mainte-
nance and repair of devices and facilities.

Analysis Assumption

In LCA, assumptions bridge data gaps, ensuring complete-
ness and accuracy despite incomplete information across a
product or process’s life cycle (Hauschild et al. 2018). The
assumptions used in this study are given below.

e The iron present in the steel dust was removed after a
stage of gravity separation. This assumption is based on
the fact that extensive and successful projects have been
carried out at the Golgohar iron complex to extract iron
from tailings using proper methods such as gravity sepa-
ration, and the factory has a comprehensive plan for this
purpose.

e The reaction in this study occurs with near-complete effi-
ciency. This common assumption is based on the fact that
the reaction efficiency can vary depending on various
factors such as the reaction conditions, the quality of the
reagents, and the presence of impurities. Nevertheless,
contrary to other research, like that of Yan et al. (2021),
every alkaline component was deemed non-inert. This
characteristic enhances the accuracy of the study, espe-
cially regarding calculations involving energy and heat.

e The heat generated from the performed exothermic reac-
tions in this study is fully stored and used for other reac-
tions that require heat. This assumption is based on the
fact that the heat generated during the exothermic reac-
tions can be utilized in other processes.

Life Cycle Inventory

Life cycle inventory (LCI), the second stage of LCA, gathers
data on materials, energy, emissions, and waste throughout
a product or process’s life cycle to create an inventory of
inputs and outputs (Martinez-Rocamora et al. 2016; Ross
and Evans 2002). LCI data in LCA comes from different
sources: primary from manufacturers, secondary from
databases or literature, and simulation when primary or
secondary data is missing, estimating the inventory (Guo
and Murphy 2012; Hauschild et al. 2018). The LCI of this
study included primary and secondary data, such as the
characteristics of the steel dust (Table 1), obtained from the
factory, and the AMD (Table 2), which was obtained from
published literature. It also includes data obtained through
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Table 1 Characteritics of the

Golgohar steel dust Compound Value (kg)

Sio, 118.28

MgO 73.25

CaO 28.47
Table 2 Characteritics of Compound Value (mg/L)
the AMD from the Darrezar
copper mine (Shahabpour and Na 304
Keshavarzi 2006) Ca 204

Mg 24

Cl™ 639

Cu 52

Fe 11

Mn 1.24

K 39

SO, 561.5

pH 3.44

simulation, such as materials and energy for different stages
of the process. Moreover, this research incorporated the
Ecoinvent database to supplement the missing data for the
inventory analysis and calculating the carbon footprint of
different products (Supplemental Table S-1).

Life Cycle Impact Assessment

Life cycle impact assessment (LCIA), the subsequent stage
in LCA, assesses environmental impacts by quantifying
various factors like climate change, resource depletion, and
human toxicity throughout a product’s or process’s life cycle.
Methods like Eco-indicator 99, ReCiPe, IPCC, and CML
convert collected inventory data from the LCI stage into
impact scores for evaluation (Renou et al. 2008; Rosenbaum
et al. 2018). In this LCA study, the IPCC GWP100a impact
assessment method was used as the LCIA method. This is a
recognized and accepted method for evaluating the impact of
GHG emissions on global warming potential. Using a widely
accepted impact assessment method like IPCC also allows
for easy comparison of results with similar studies in the
future, promoting transparency and consistency. The other
reason for choosing this single indicator method, rather than
using more comprehensive methods such as Eco-indicator
99 or ReCiPe, is that the database for this method is smaller,
more accurate, and more accessible.

Interpretation
Interpretation is the last stage of an LCA study where the

results of the previous stages are analyzed and conclusions
are drawn (Sala et al. 2020). This stage aims to understand

environmental impacts and identify areas for improvement.
It involves analyzing results in line with study objectives and
scope (Hauschild et al. 2018; Rebitzer et al. 2004).

Simulation

The treatment of AMD by steel dust was simulated using
DWSIM, an open-source chemical process simulation soft-
ware. DWSIM is widely used for its comprehensive features
that allow for the simulation of chemical processes, making
it an ideal tool for our LCA study. This software supports
detailed thermodynamic modeling, advanced unit opera-
tions, and extensive process design capabilities, which are
crucial for simulating the complex interactions in our study.
The main DWSIM databases used in this study were Chem-
Sep and Electrolytes. The chemical abstracts service (CAS)
numbers of components not available in these databases
were added.

Using the data obtained from this section, which is a
subset of the collected data, the LCI stage was completed,
and the study entered the LCIA stage. This simulation was
divided into four different steps: CO, extraction, dust hydra-
tion, carbonate production, and AMD treatment, which are
colored red, blue, green, and black, respectively, in Fig. 1.
Together, the first three steps comprise mineral carbonation.

In the first step, the CO, is extracted from the factory’s
flue gas. The flue gas is reacted with chemicals such as
monoethanolamine to obtain pure CO,. The input volumes
were adjusted to yield an output close to 100 kg of CO,,
which was the functional unit of this study. Initially, the flue
gas (FLU) and the reactive chemicals (MEA +) are fed into
a separator (SEP1), where they react. The output of this
step is in the form of a gas phase (G1-) and a liquid phase
(FLUMEA). The gas phase (G1-) then enters a vapor-liquid
separator (VLS1) to be further separated into liquid (LIQ1-)
and gas (VPR1-) phases before being removed from the sys-
tem as waste. However, the liquid phase (FLUMEA) contin-
ues along its path and is fed into a pump (PUMP1) and then
a heater (HEATER1) to be prepared for the main separation
stage with greater pressure and temperature. There, the lig-
uid phase is again divided into liquid (MEA-) and gas (CON-
CO,) phases using another separator (SEP2). The gas phase
contains high-purity CO, and the liquid phase comprises
other compounds such as monoethanolamine present in the
feed, which is removed from the system as a waste. The CO,
output stream is then fed into a compressor (CMP), making
it ready to be used in the third step.

In the dust hydration step, a combination of steel dust and
water outflow from the factory is used to produce Ca(OH),
and Mg(OH),. In the process shown in Fig. 1, 220 kg
(Table 1) of the dust from the Golgohar steel complex
(DUSTGOL) and 250 kg of salt water outflow from the same
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Fig. 1 Simulation steps of CO, extraction (red), dust hydration (blue), carbonate production (green), and AMD treatment (black) (designed by

Freepik)

factory are mixed (MIX1) and then heated (HEATER?2) to
prepare the materials for reaction in the GIBBS1 apparatus.
The purpose of this process is to convert CaO and MgO into
Ca(OH), and Mg(OH), (Egs. 4 and 5; (El-Naas et al. 2015)),
which are more effective substances for reacting with CO,
to form carbonates.

CaO(s) + H,0(l) — Ca(OH),(s) 4)

MgO(s) + H,0() — Mg(OH),(s) 3)

In the third stage, the output streams of the previous two
stages, namely the Ca(OH),, Mg(OH),, and pure CO, are
used to produce carbonates (Eq. 6 and Eq. 7; (El-Naas et al.
2015)). The last stream of the first step (CMP1), which con-
tains pure CO,, is cooled down (CL1) then enters another
reaction apparatus (GIBBS2). Meanwhile, the prepared
stream of the second step (CL2) also enters that apparatus
and reacts with the CO, after cooling (COOLER?2), to form
carbonates. The output of this step is in both liquid and solid
forms. The liquid phase (G2-) enters a vapor—liquid sepa-
rator (VLS2) to be precisely separated into gas and liquid
phases, before being removed from the system as a waste.
The solid phase containing the formed carbonates is ready
to react with the AMD in the following stages.

Ca(OH),(s) + CO,(g) — CaCOs(s) + H,O0(0) (6)

Mg(OH),(s) + CO,(g) — MgCOs5(s) + H,O() (7)

In the fourth step, the aforementioned carbonate products
react with the AMD of the Darrezar copper mine (Table 2),
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neutralizing the acid and precipitating its excessive ele-
ments. At first, mixing occurs between the pumped AMD
(P3) and the produced carbonates in a mixer (MIX2). Then,
in the last reaction apparatus (GIBBS3), the AMD and car-
bonates react with each other. In the final stage, the solid
materials (SLD) (resulting alkaline waste) and liquid ones
(G3) (the treated AMD) are discharged from the two outputs
of this device, both as waste.

Scenarios and Sensitivity Analysis

LCA studies benefit from applying many scenarios and sen-
sitivity analyses to determine their impact on the environ-
ment. This strategy aids stakeholders in making informed,
long-term decisions by identifying crucial factors, trade-offs,
and increasing credibility. The aim of using different sce-
narios and sensitivity analyses in this study was to examine
the changes in the carbon footprint resulting from modifica-
tions in different parts of the process and ultimately compare
the scenarios to determine the best course of action. In the
following section, four implemented scenarios and two sen-
sitivity analysis will be discussed.

Scenario #1: Baseline Scenario

The baseline scenario under consideration in this study
involved the use of steel dust and flue gas from the Gol-
gohar complex, as well as AMD from the Darrezar mine,
as input materials. It also involved using wastewater from
the Golgohar complex to supply the required water as well
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as using fossil fuels as the main source for providing heat
and electricity throughout the process, since this is the most
common energy source for industries in Iran. Choosing this
scenario as the baseline case is based on its likelihood of
being the most feasible and executable condition for both
factories. The system boundary of this scenario is shown
in Fig. 2. It should be noted that in this scenario, it was
assumed that the Darrezar copper mine is located next to the
Golgohar iron complex. In the first sensitivity analysis, the
distance between these two mines and the impact of product
transportation by trucks was examined.

Scenario #2: Use of Solar Energy

The second scenario in this study involved using solar energy
as a source of heat (not electricity) for reactions rather than
the conventional source described in the baseline scenario.
The central region of Iran, where most of the large-scale
mines, such as Golgohar, are located, is a favorable location
for solar energy utilization due to its high levels of solar
irradiation (Alamdari et al. 2013). Solar thermal systems
are generally more efficient and cost-effective for certain
applications that require heat and the technology for convert-
ing solar energy into electricity is not yet widely available

'Ecenario 1,2and 3

or affordable in that area (Ahmadi et al. 2018; Herez et al.
2016). However, the choice of whether to use solar energy
for heat, electricity, or both will depend on several factors,
including the availability and cost of technology, and the
specific needs and goals of the industry and local communi-
ties. The results from this scenario and its comparison with
other scenarios can be important in making informed deci-
sions about the best approach to reduce the site’s carbon
footprint and increase the mining industry’s sustainability,
particularly given the need to review the use of fossil fuels
and reduce GHG emissions.

Scenario #3: Use of the Emirates Steel Plant Dust

This scenario involves the use of dust from the Emirates steel
plant (El-Naas et al. 2015). The lower levels of calcium and
magnesium in the dust from the Golgohar steel company,
compared to other alkaline residues (Bobicki et al. 2012),
suggested that replacing it with a higher calcium and magne-
sium content residue could facilitate the production of more
carbonates and reduce energy consumption, resulting in a
lower carbon footprint. Therefore, the dust composition from
the Emirates steel plant was substituted for Golgohar’s dust in
this scenario. It was assumed that the process takes place in

A
Carbonate Production

ETransport
Electricity Heat Materials
Dust Hy:lration ¥ v
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(CaO, MgO) Mg(OH)2
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]
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1

Fig.2 System boundaries used in different scenarios of this study
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the Golgohar complex. However, the transportation of mate-
rials from the UAE to the south of Iran, where the mines are
located, was deliberately excluded because the greenhouse gas
emissions from shipping are minimal and thus considered neg-
ligible. This exclusion was made to focus solely on assessing
the effect of the disparity in dust composition. Table 3 presents
the composition of the dust stream used from this plant. It
should be noted that, similar to the baseline scenario, it was
assumed that the iron present in this dust had been separated
through a process before use.

Scenario #4: Use of Limestone (Conventional
Method)

This scenario assessed the traditional approach for treating
AMD with limestone. The goal was to contrast the carbon
footprint of AMD treatment using the mineralization approach
described in earlier scenarios with the conventional method,
which involves acquiring pure purchased limestone for AMD
treatment. The selected amount, =~ 230 kg, of limestone was
calculated based on the calcium carbonate equivalent (CCE)
(Moore et al. 1987) of CaCO; and MgCO;. The scenario’s
system boundary is shown in Fig. 2.

Sensitivity Analysis #1: Use of Trucks for Carbonate
Transportation

This sensitivity analysis, which was based on the baseline
scenario, examined the transportation of carbonates produced
from the mineralization stage to remote areas for the treatment
of AMD produced in other mines. In other words, the fourth
stage of simulation (AMD treatment) designed in the baseline
scenario was performed in a different location than the first
three sections. Since the amounts of carbonates produced by
steel dust is much greater than the amount required for AMD
treatment in the same mine, we considered transporting these
materials for AMD treatment at other mine sites. The effect of
transportation distance on the carbon footprint was considered
by selecting trucks with capacities between 16 and 32 tons
(small trucks), and more than 32 tons (large trucks). The trucks
used in the simulation were conducted with Euro 3 fuel stand-
ard, which produces more emissions than newer models using
Euro 4 and Euro 5 fuel standards (May et al. 2013; Tzamkiozis
et al. 2010); howeyver, they are the most commonly used trucks
in the country.

Table 3 Characteritics of the

. Compound Value (kg)
steel dust of the Emiares steel
plant (El-Naas et al. 2015) Si0, 12.12
MgO 13.38
CaO 108.49
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Sensitivity Analysis #2: Using Different Amounts
of AMD

This sensitivity analysis, which is based on the baseline
scenario, examined using different amounts of AMD in the
fourth stage, as different AMD volumes with similar speci-
fications can affect the overall carbon footprint. It should
be noted that the default amount of AMD in the first sce-
nario was 250 kg. This sensitivity analysis helps determine
the quantity of AMD required to keep the process within a
carbon-negative range.

Results and Discussion

This section covers the presentation and discussion of the
simulation results, scenarios, and sensitivity analyses that
were previously examined, which can be considered as the
interpretative stage of the LCA. First, the results of the
simulation for treating the AMD will be presented, and
subsequently, the results of the scenarios and sensitivity
analyses, which were performed in SimaPro software, will
be discussed. All the carbon footprint results mentioned
throughout the paper were calculated per functional unit,
which represents 100 kg of the CO, obtained from flue gas.

Results of the Simulation

The final output streams (G3- and SLD) of the simulated
model are presented here to demonstrate the effectiveness of
the model for using relevant data in the subsequent process.
As is evident from Table 4, almost all of the non-standard
AMD compounds were eliminated by reactions with the
alkaline residues, which increased the pH. This change can
be observed by the G3 stream, which represents the treated
AMD stream, and the SLD stream, which is made up of
the remaining solid materials. The precipitation of Fe?™ and
Cu”* ions as Fe,0, and Cu,0 is one such example. The mass
balance results for the main streams, CO, extraction, dust
hydration, carbonate production, and AMD treatment steps
are shown in supplemental tables S-2, S-3, S-4, S-5, and
S-6, respectively. In addition, the consumed and generated
heat and electricity for each step is shown in supplemental
Fig. S-1.

Results of the Scenarios and Sensitivity Analyses

In the first scenario, the overall carbon footprint was
— 107 kg of CO,eq (Fig. 3). In the dust hydration step, 34 kg
of CO,eq was emitted, mostly for providing the heat for the
reactions and subsequently for the electrical needs of the
various equipment. Since salt water is a waste in the Golgo-
har complex, the use of materials and their upstream carbon
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Table 4 Characteritics of the output streams of the AMD treatment
stage

Compounds SLD (kg) G3- (kg)
H,0 0 249.66
Co, 0 3x1073

CO 0 23x107%8
H, 0 3.35x 107"
H,SO, 0 2.25x107!
HCL 0 3.44x107°
Sio, 118.28 0

Fe,0, 45% 107 0

Cu,0 4x107 0

CaCo, 50.41 0

CaCl, 0.76 0

CaSO, 0.53 0

Mg(OH), 2.89 0

MgCO, 149.29 0

NaCl 1.15 0

KCl 21x107 0

Mn;0, 7x107* 0

footprint is considered zero at this step. The CO, extraction
was identified as the most GHG emitting stage, as 53 kg of
CO,eq was released into the atmosphere. The use of various

250

200

150
=T 100
: Ex
Qo 53
o 50
N
= 0
Q -236
< -50 -107
=)
S 100
8 -

-150

-200

Dust COo2 Carbonate AMD Subtotal
Hydration Extraction  Production  Treatment

250 +

200 +

150 +
= 100 +
@
:
o 50
2 - EI
= 0 -
[5e
Qo -238
s S0 111
c
3 00 -
g -

43
P | N
-200 —
Dust CO2 Carbonate AMD Subtotal
Hydration Extraction  Production  Treatment

Fig. 3 Carbon footprint for different stages across four scenarios

materials, such as monoethanolamine and water, contributed
to the process. However, the energy consumption to provide
the necessary heat for the reaction and the required electric-
ity during the process played an even more important role.
In the third stage, 236 kg of CO,eq was stored, of which
most (178 kg of CO,eq, Fig. 4) is attributed to the produc-
tion of carbonate products as an avoided impact, and the
remaining amount is considered to store the heat produced
by exothermic reactions. In the last step (AMD treatment),
43 kg of CO,eq was released, almost all of which was related
to providing the necessary heat for the reaction between the
AMD and the carbonates obtained from the previous steps.
The overall carbon footprint of the heat of reactions, use of
various materials in different steps and required electric-
ity for equipment are ranked in the first to third positions,
respectively, with 46 kg, 21 kg, and 5 kg of CO,eq. (Fig. 4)
However, the production of carbonates with a carbon foot-
print of — 178 kg of CO,eq reduces the total value in this
scenario to an acceptable amount of — 107 kg of CO,eq. The
results in this case can be compared to what Ostovari et al.
(2020) found in their study. They figured out that using steel
slag, which is similar to the steel dust we used in our study,
results in about 1.05 tons of CO,eq/ton CO, stored in the
state-of-the-art scenario and 3 tons of CO,eq/ton CO, stored
in the idealized scenario. It’s important to mention that the
way pure CO, is obtained differs between these two studies.
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Fig.4 Carbon footprint associated with products, materials, electricity, and heat across the four scenarios

Additionally, the final results of the current study involve
AMD treatment, which affects the overall carbon footprint.
The results for the share of different GHGs in the overall
carbon footprint are shown in supplemental Table S-7.

The results of the second scenario show a marked
enhancement when compared to the baseline scenario, as
the total carbon footprint reaches — 151 kg of CO,eq (Fig. 3).
This remarkable accomplishment is due to the utilization of
solar energy to provide the necessary heat for the reaction,
rather than using conventional fuels, which produced large
amounts of GHG emissions in the previous scenario. In the
dust hydration step of this scenario, only 2 kg of CO,eq is
released to the atmosphere, which is very acceptable com-
pared to the 34 kg of CO,eq emission of the previous sce-
nario. This is due to the high efficiency of using solar energy
to generate the necessary heat for reactions; since most of the
released GHG emissions in this step were related to supply-
ing heat, this scenario had the greatest impact on reducing
the carbon footprint of this step. In the CO, extraction step,
the overall carbon footprint was also halved compared to the
first scenario, with a total of 27 kg of CO,eq. The remaining
amount is mostly attributed to the use of materials and the
required electricity for operating the equipment, and only a
negligible amount is related to the heat generated from solar
energy. The carbon footprint of the carbonate production
step, however, reached — 181 kg of CO,eq, which can be

@ Springer

mostly attributed to the avoided impacts of carbonate prod-
ucts. In the final AMD treatment step, we also see a reduc-
tion in GHG emissions similar to the first step, due to the use
of solar energy to generate heat for reactions. Figure 4 illus-
trates a negligible contribution of reaction heat compared to
the first scenario, which demonstrates that using solar energy
to supply heat for reactions can increase the efficiency of the
entire process, even if the carbon footprint of other sources
such as consumables and electricity remains constant. While
the initial investment required for implementing solar energy
systems may be higher, the long-term benefits of a reduced
carbon footprint can justify the initial expense (Bhandari
et al. 2015; de Wild-Scholten 2013). Results for the share
of different GHGs in the overall carbon footprint are shown
in supplemental Table S-8.

The results of the third scenario, in which a higher alka-
linity dust mixture was used, are shown in Fig. 3. The overall
carbon footprint in this scenario was — 111 kg of CO,eq,
which is not as low as the second scenario, although it is
still better than the baseline scenario. During the dust hydra-
tion step, 31 kg of CO,eq was released into the atmosphere,
which is about 3 kg of CO,eq less than in the first scenario
since there was less heat used during this stage. The car-
bon footprint of the second and fourth steps, namely CO,
extraction and AMD treatment, are exactly the same as
the first scenario; the main difference was in the carbonate
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production stage, which was slightly better than the previ-
ous two scenarios. This difference was mostly related to the
reduced energy consumption during this process and less
to the increased amount of carbonate products. This can be
clearly seen in Fig. 4, where the carbon footprint due to the
production of carbonates (-176 kg of CO,eq) was approxi-
mately equivalent to the first scenario (-178 kg of CO,eq);
however, the carbon footprint due to the heat of reactions
shows a lower amount (40 kg of CO,eq vs. 46 kg of CO,eq).
It can be concluded that using dust with a greater alkalin-
ity, while leading to more energy storage, also provided a
suitable amount of product and reduced the overall carbon
footprint of the process. Results for the share of different
GHGs in the overall carbon footprint are shown in supple-
mental Table S-9.

In the fourth scenario, where limestone was replaced
with the first three steps of carbonate production, 221 kg of
CO,eq was released to the atmosphere (Fig. 3). This huge
difference demonstrates the efficiency of the first three sce-
narios compared to the current conventional method. In this
scenario, the carbon footprint attributed to limestone produc-
tion was 178 kg of CO,eq (Fig. 4), which is very important.
In the AMD treatment stage, the carbon footprint was similar
to the first scenario, and the reason for this was the use of the
same amounts of AMD and limestone. As can be predicted
and seen in Fig. 4, in this scenario, negligible amounts of
electricity were utilized, and the final carbon footprint only
includes the production of purchased carbonates and the heat
used for their reaction with AMD. Results for the share of
different GHGs in the overall carbon footprint are shown in
supplemental Table S-10.

The results of the first sensitivity analysis show a strong
dependence on the carbon footprint of transporting the car-
bonate products as well as the size of trucks used. Using
small trucks with a capacity of 16-32 tons (blue line in
Fig. 5), we found that before reaching about 650 tkm (ton-
kilometer), which is equivalent to transporting 10 tons of
product a distance of 65 km, the total carbon footprint tran-
sitioned from the negative range to the positive range (blue
dot in Fig. 5). For 1000 and 2000 tkm, the carbon footprint
reached 58.5 and 224.1 kg of CO,eq, respectively. The large-
capacity trucks (red line in Fig. 5) were superior; the point
at which the total carbon footprint became zero (red dot
in Fig. 5) rose to about 1175 tkm. In addition, after about
2000 tkm, the carbon footprint reached 74.8, showcasing
improved performance than the smaller trucks. Results for
the share of different GHGs in the final carbon footprint
for both small and large trucks are shown in supplemental
Tables S-11 and S-12, respectively.

The location of the Golgohar complex and three other
mines that have great potential for producing AMD are
shown in Fig. 6. The Darrezar mine, the source of the AMD
used in this research, is located 126 km from the Golgohar

KgCO2eq

-200 ———— ]
0 500 1000 1500 2000

Ton-Kilometre (TKM)
== Small Truck == Large Truck

Fig.5 The relationship between the carbon footprint and transporta-
tion unit (tkm) for two different types of trucks. Dots show the point
at which overall carbon footprint becomes zero

complex. Additionally, the Tazareh coal mine and Sun-
gun copper mine are located 1001 km and 1741 km away,
respectively. Assuming similar AMD compositions at all
three mines, if trucks with Euro3 standard and small size
are used to transport the carbonate products obtained in this
study for on-site AMD treatment, the carbon footprint of
the total process would be — 86, 59, and 182 kg of CO,eq,
respectively. Therefore, even in the most pessimistic sce-
nario, which involves using low-capacity trucks with low
fuel standards, the carbon footprint was still in the nega-
tive range for transporting products to the Darrezar mine.
However, the data from the other two mines indicates that
this approach achieves carbon-negative results only when
the transportation is to the closest locations.

The results of the second sensitivity analysis indicated
that different amounts of AMD with similar specifications
could markedly affect the overall carbon footprint. The
results shown in Fig. 7 indicate that if the amount of the
AMD entering the system for treatment was increased
from 250 kg, which is similar to the baseline scenario, to
500 kg, the overall carbon footprint, which is mainly due
to the increased heat required to carry out the relevant
reactions, increases from — 107 kg to — 64 kg of CO,eq.
Also, if only 50 kg of AMD is used, the carbon footprint
reached a low of — 141 kg of CO,eq. In addition, if 877 kg
of AMD is used for the treatment, the overall carbon foot-
print reaches zero (the blue dot in Fig. 7) and for larger
amounts, it enters the positive range. The results of this
scenario show that using steel dust mineralization products
to treat large volumes of AMD can still lead to high GHG
emissions. Consequently, passive treatment methods with
controlled flow rates and acidity loads may be preferable
in such cases. For smaller quantities of AMD, however, the
novel active treatment method introduced here is a viable
option because of its lower infrastructure costs (Trumm
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Fig.6 The calculated carbon footprint in case the carbonate products are transported to three different mine sites from the Golgohar iron com-

plex (Designed by Freepik)
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Fig. 7 The relationship between the carbon footprint and the wight of
AMD entered the system for treatment. Blue dot show the point at
which overall carbon footprint beceomes zero

2010) and negative carbon footprint. It should be noted
that conventional active treatment using lime produces
much greater GHG emissions due to the process of heating
limestone to produce lime, which releases CO, (Hengen
et al. 2014). GHGs results for different amounts of AMD
are detailed in supplemental Table S-13.
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Conclusion

Using a LCA approach in combination with simulation,
this study investigated the carbon footprint associated with
treating AMD using steel dust mineralization products.
The simulation methodology deployed a four-step process:
CO, extraction, dust hydration, carbonate production, and
AMD treatment. Each step was carefully simulated, con-
sidering material inputs, energy consumption, chemical
reactions, and resulting outputs. The simulation outcomes
served as a dataset for subsequent LCA. Moreover, four dif-
ferent scenarios and two sensitivity analyses were utilized
to investigate the overall carbon footprint. The results of
the first or baseline scenario showed that using steel dust
to capture CO, while treating AMD can lead to a carbon
footprint of — 107 kg of CO,eq for every 100 kg of CO,
obtained from the flue gas. In the second scenario, when
solar energy was used as the source of heat, it was possible
to enhance the overall carbon footprint to — 151 kg of CO,eq
per functional unit. The third scenario examined the effects
of using a dust with higher alkalinity, and it was determined
that this was optimal due to energy savings compared to
the baseline scenario. The fourth scenario investigated the
carbon footprint of using the equivalent amount of conven-
tionally produced limestone, and it was determined that
the GHG emissions was far worse, as in this scenario the
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calculated carbon footprint was +221 kg of CO,eq/100 kg
of CO, obtained from flue gas. The first sensitivity analysis
examined the transportation of carbonate products to other
mine sites for AMD treatment, and it was determined that
using high-capacity trucks for long distances was superior
to lower capacity trucks with less efficient fuel utilization.
In the second sensitivity analysis, the amount of AMD that
can be treated was considered, and it was determined that
the approach implemented in this study was highly efficient
for low volumes of AMD but greater amounts of AMD, the
use of passive treatment methods is preferable. The study
recommends that future research prioritize the utilization
of real-world conditions and employ more comprehensive
LCIA methods to evaluate multiple aspects of the process.

It is also possible to provide suggestions for enhancing
the overall accuracy of future research based on the difficul-
ties encountered in this study:

e In this study, the use of reactions and simulations under
ideal conditions was advantageous because it allowed
a controlled environment for data collection and under-
standing fundamental processes. It also enabled precise
assessments and the simplification of complex systems.
However, drawbacks arose because ideal conditions do
not accurately reflect real-world scenarios, potentially
overestimating efficiency and ignoring critical variabil-
ity in practical applications. Future research should con-
centrate on real-world tests to supplement simulations,
accounting for variables such as impurities, process vari-
ations, and regional differences.

e The emphasis in this study was on measuring the over-
all carbon footprint, and hence, the IPCC assessment
method for measuring equivalent carbon was used. How-
ever, it is possible for other parameters, such as the effect
of the process on human health, can also be examined by
using other evaluation methods such as Recipe. Doing
this would require that thorough data be gathered for
each stage to accurately assess the various impacts of
the entire process.

e This study assumed the use of limestone for both con-
ventional active and passive treatment. However, the use
of lime and other chemicals in active treatment needs
to be considered along with the various combinations
of passive treatment approaches. Therefore, a life cycle
assessment of these methods is recommended.

e Steel dust residues were used in this study due to their
specific properties such as fineness. However, there are
other alkaline residues that can be used for carbon min-
eralization and AMD treatment. Some of these residues,
such as red mud (Sahu et al. 2010; Yadav and Mehra
2021), are produced on a large scale and have major envi-
ronmental impacts. Therefore, these residues should also
be considered in future studies.
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