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Abstract: To achieve the European milestone of climate neutrality by 2050, the decarbonisation of
energy-intensive industries is essential. In 2022, global energy-related CO, emissions increased
by 0.9% or 321 Mt, reaching a peak of over 36.8 Gt. A large amount of these emissions is the
result of fossil fuel usage in the motorised equipment used in mining. Heavy diesel vehicles, like
excavators, wheel loaders, and dozers, are responsible for an estimated annual CO, emissions of
400 Mt of CO,, accounting for approximately 1.1% of global CO, emissions. In addition, exhaust
gases of CO, and NOy endanger the personnel’s health in all mining operations, especially in
underground environments. To tackle these environmental concerns and enhance environmental
health, extractive industries are focusing on replacing fossil fuels with alternative fuels of low or
zero CO; emissions. In mining, the International Council on Mining and Metals has committed
to achieving net zero emissions by 2050 or earlier. Of the various alternative fuels, hydrogen (Hj)
has seen a considerable rise in popularity in recent years, as H, combustion accounts for zero CO,
emissions due to the lack of carbon in the burning process. When combusted with pure oxygen, it
also accounts for zero NOy formation and near-zero emissions overall. To this end, this study aims to
examine the overall environmental performance of H,-powered motorised equipment compared to
conventional fossil fuel-powered equipment through Life Cycle Assessment. The assessment was
conducted using the commercial software Sphera LCA for Experts, following the conventionally used
framework established by ISO 14040:2006 and 14044:2006/A1:2018 and the International Life Cycle
Data Handbook, consisting of (1) the goal and scope definition, (2) the Life Cycle Inventory (LCI)
preparation, (3) the Life Cycle Impact Assessment (LCIA) and (4) the interpretation of the results.
The results will offer an overview to support decision-makers in the sector.
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1. Introduction

Global energy-related CO, emissions peaked in 2022 at over 36.8 Gt [1]. To achieve
Europe’s goal of climate neutrality by 2050, minimising these emissions is vital. The
decarbonisation of energy-intensive industries is key to this goal, as industrial activities
accounted for 9.4 Gt of CO, emissions in 2021 [2]. Nearly half of these emissions, 4.5 Gt,
were attributed to extractive industries [3]. A significant portion of these emissions is
associated with heavy diesel vehicles and motorised equipment used in mining operations,
including excavators, wheel loaders, and dozers, producing alone an estimated 400 Mt of
CO; emissions annually [4]. Another piece of motorised equipment producing significant
amounts of emissions is diesel-fuelled generators, which typically cover more than 70% of a
mine’s electricity demand [5]. In line with the commitment of the International Council on
Mining and Metals to achieve net zero emissions by 2050, if not sooner, extractive industries

Mater. Proc. 2023, 15, 5043. https://doi.org/10.3390 /materproc2023015043

https:/ /www.mdpi.com/journal /materproc


https://doi.org/10.3390/materproc2023015043
https://doi.org/10.3390/materproc2023015043
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materproc
https://www.mdpi.com
https://orcid.org/0000-0003-2561-268X
https://orcid.org/0000-0002-0324-2270
https://orcid.org/0000-0002-7430-5515
https://orcid.org/0000-0003-2693-1965
https://doi.org/10.3390/materproc2023015043
https://www.mdpi.com/journal/materproc
https://www.mdpi.com/article/10.3390/materproc2023015043?type=check_update&version=1

Mater. Proc. 2023, 15, 5043

20of 6

need to take initiatives towards decarbonisation, either with the electrification of equipment
or the use of alternative fuels of zero or near-zero CO, emissions [6].

Among the different alternative fuels, hydrogen (H;) has seen a significant rise in
popularity in recent years. H; combustion generates almost zero CO, emissions due
to the lack of carbon in the burning process. Furthermore, when combusted with pure
oxygen, Hy accounts for zero NOy formation, resulting in nearly zero emissions overall.
Nevertheless, NOx formation can be mitigated by keeping the flame temperature below the
critical 1350 °C and/or applying catalytic reduction [7]. H; has already seen application in
motorised equipment and vehicles utilising internal combustion engines (ICE), such as Hp
gensets and backhoes, resulting in negligible emissions of CO, and only small amounts of
water vapours [8,9]. Hy_fuelled ICEs are particularly advantageous for heavy motorised
equipment, where other decarbonisation approaches, such as electrification, are not a viable
option [10]. The electrification of excavators, for example, would require a very large battery
pack, which would significantly increase the costs of operation. The high energy density
of compressed H; allows the operation of the equipment with acceptable-sized tanks. In
addition, the existing ICEs can be turned into Hy-fuelled with only slight modifications,
which significantly decreases retrofitting costs [11].

The scope of this study is to analyse the environmental performance of replacing fossil
fuels with Hp in the motorised equipment used in mining through Life Cycle Assessment
(LCA). The analysis considered iron ore mining using diesel-fuelled equipment as the case
study, developing cradle-to-gate models for energy/fuel production and consumption.
The partial Life Cycle Impact Assessment (LCIA) conducted examined the environmental
indicators of Global Warming Potential (GWP), Acidification Potential (AP), Eutrophica-
tion Potential (EP), and Photochemical Ozone Formation (POF), which were selected to
address the overall emissions from H; combustion, including NOy, and the effectiveness
of mitigation approaches. The results of the analysis will provide decision-makers in the
mining sector with valuable insights to implement sustainable strategies and support the
transition towards greener and more efficient practices for the sector.

2. Materials and Methods
2.1. LCA Methodology

To assess the environmental impact of replacing fossil fuels with H, for motorized
equipment in the mining sector, an LCA was performed by the procedures described
by ISO 14040:2006 and 14044:2006/A1:2018 and the International Life Cycle Data Hand-
book [12-14]. The framework consists of (1) the goal and scope definition, (2) the Life
Cycle Inventory (LCI) preparation, (3) the Life Cycle Impact Assessment (LCIA), and (4)
the result’s interpretation.

The LCA was conducted using the commercial software package Sphera LCA for Ex-
perts (FE), Chicago, United States [15]. The software allows for constructing and simulating
value chains consisting of multiple processes. The databases of the software provide models
for processes, considering all inputs and outputs from data drawn from real industrial
processes. Utilising these data, the software then calculates the impact of the designed
processes, expressed in relative impact categories, such as GWP.

2.2. Goal, Scope and Functional Unit

The goal is to assess the environmental performance of H-fuelled motorised equip-
ment compared to diesel-fuelled in the iron mining sector through a cradle-to-gate LCA.
The study considered the production and combustion of diesel and H; and was extended
to include all electricity production and consumption, presenting the overall impact of the
two scenarios. The functional unit was 1 tonne of iron ore produced.

2.3. Life Cycle Impact Assessment

LCIA quantifies the environmental impact using the results of the analysis and the
impact factors. In this particular study, four impact categories at the midpoint level were
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selected to present the possible environmental benefits, including GHG reduction, as well
as possible drawbacks, such as Photochemical Ozone Formation, of H, exploitation, for a
more accurate assessment. The impact categories selected are presented in Table 1.

Table 1. LCIA impact categories.

Impact Category Selected Indicator Unit

Global Warming Potential

Climate Change (GWP) (CML 2016) kg COy eq.
Acidification Acidific?ct:iﬂLI;(g;g)tial (AP) kg SO, eq.
Eutrophication Eutrophi(cglt\i/?il zlz)citg.)ntial (EP) kg Phosphate eq.
Photochemical Ozone e i ks NOy eq
Formation 2016)

2.4. Life Cycle Inventory

LCI comprises all inputs and outputs data of the examined system, including materials,
energy, emissions, etc. To ensure data credibility, Sphera LCA for Experts databases were
utilised as much as possible. Data for processes not included in the databases were drawn
from the literature.

Energy consumption for drilling and blasting, crushing and screening, and stacking
and reclaiming were drawn from [16]. For scenario 1, data for diesel-fuelled excavators,
trucks, and gensets and the production of necessary diesel for all processes were drawn
from Sphera LCA for Experts databases. The electrical grid was simulated as the average
EU-28 country grid mix, 1-60 kV, drawn by the Sphera LCA for Experts databases. For
scenario 2, data for the H, ICEs of the equipment were drawn by [17]. H, consumption
was estimated considering the equipment’s energy requirements and the energy density of
Hj; [18]. For the mining of 1 tonne of iron ore, 0.343 kg of Hy was consumed. The required
H, was produced by water electrolysis utilising electricity from photovoltaics; the data for
both processes were drawn from Sphera LCA FE databases. The required electricity for Hp
production was 65.79 MJ.

2.5. Scenario Description

Overall, two scenarios were planned. Scenario 1 was designed to serve as the base
case, simulating the use of diesel-fuelled motorised equipment [16]. Mining starts with
the drilling and blasting processes followed by the excavation of unprocessed ore and its
loading on haul trucks, transporting it to the crushing, screening, and separation facilities,
where beneficiation, classification, and grading of the ore occurs. The ore is then stacked
and stockpiled, ready to be loaded on trucks or rail containers to be transported out of
the mine. Diesel required for drilling equipment, excavators, and trucks is produced in
refineries. Electricity required for crushing, screening, stacking, and reclaiming is provided
by 70% from diesel-fuelled gensets and 30% by the electrical grid [5].

Scenario 2 was designed to simulate the use of Hy-fuelled motorized equipment.
Specifically, drills, excavators, trucks, and gensets were replaced with H; fuelled-ones. Hp
was considered to be produced by water electrolysis, utilising electricity from photovoltaics
(PVs), and distributed to the Hy-fuelled equipment. As in scenario 1, gensets covered 70%
of the electricity demand of the mine. The system boundaries of the two scenarios are
shown in Figure 1.
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Figure 1. Scenarios’ system boundaries.

3. Results

Figure 2 summarises the results of the analysis. H, utilisation results in significant
reductions for all impact categories. The carbon-absent combustion of Hj resulted in an
overall 77.22% reduction in GWP: 0.87 kg CO, eq. compared to 3.82 kg CO; eq. AP was
also reduced by 77.61%: from 0.0147 kg SO, eq. to 3.29 x 1073 kg SO, eq. EP was reduced
from 2.88 x 102 kg Phosphate eq. to 2.94 x 10~* kg Phosphate eq., which is a reduction of
89.79%. Considering POF, the utilisation of green electricity for H, production and optimal
Hj, combustion techniques keep NOy formation, the main emission produced from H,
combustion, to a minimum. Thus, POF actually presents the most significant reduction,
91.49%, dropping from 0.0208 kg NOy eq. to 1.77 x 1073 kg NOx eq. Therefore, the
majority of emissions related to green Hy, are attributed to the electricity production process,
specifically from infrastructure construction and operation, as electricity is generated
from RES.

Acidification Potential (AP) Eutrophication Potential Photochemical Ozone
0.016 0.0147 (EP) Formation (POF)
0.014 0.0035 0.025
2.88E-03 0.0208
0.003
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Figure 2. LCIA results for both scenarios.

4. Discussion

The results demonstrate the environmental advantages of utilising H, for motorised
equipment compared to conventional fossil fuels in the mining sector. Nevertheless,
the large-scale utilisation of H; in motorised equipment in the mining sector, or energy-
intensive industries in general, faces various challenges. A serious challenge is in regard
to the Hy production method, with non-RES, highly emissive sources such as coal (brown
Hy) being even more impactful than conventional fossil fuels. According to the literature,
grey, blue, and yellow Hj account for approximately 16, 13, and 14.5 kg CO; eq. per kg
produced, respectively, while green H, accounts for less than 2 kg CO, eq. per kg [19].
However, green H, can be one of the costliest approaches, ranging from 2.2 to 8.2 €/kg,
due to the high electricity demand. Grey and blue Hy, on the other hand, range from 0.8 to
2.1 €/kgand 1.2 to 3 €/kg [19]. Therefore, while production from RES electricity (green
Hy) is one of the most environmentally beneficial solutions, the significant RES electricity
demands raise the challenge of both increasing RES penetration and availability while also
reducing production costs.
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Furthermore, Hy's overall handling also poses challenges. On the one hand, as a highly
flammable substance, H, requires intricate production, storage, and distribution equipment
coupled with extensive safety systems. On the other hand, as H; utilisation is a relatively
new approach, regulations, procedures and overall technical guidelines considering safe
handling are still developing and are on occasion difficult to acquire for practitioners or
researchers.

Despite all these, the role of H; in the EU goals for climate neutrality is univer-
sally acknowledged, and therefore, various consumption or production plants have been
developed or are under development. In 2009, a 12 MW H,-fueled power plant was com-
missioned in Italy, using a combined-cycle gas turbine and reformed H; with an estimated
production of 60 million kWh a year [20]. In 2023, the construction of the biggest green
H, production plant in the world began in China, accounting for a total of 720 MW RES
capacity and 288,000 m> Hj storage capacity [21]. These projects are strongly linked and
supported by the rapid expansion of RES electricity production across the globe.

It is therefore evident that large-scale exploitation is on the way and can arrive even
sooner through the collaboration of governments, energy-intensive industries, technology
providers, and researchers. Policy support, strong regulatory frameworks, and financial in-
centives can facilitate the transition towards Hy-based solutions and overall environmental
and economic sustainability.

5. Conclusions

Replacing fossil fuels with cleaner energy sources in the motorised equipment of
energy-intensive industries, such as mining, is integral for their overall decarbonisation.
H,, utilisation is one of the most viable solutions towards this goal, especially for energy-
intensive industries. To this end, this study aimed to assess and quantify said benefits,
comparing H, with the conventionally used diesel for the motorized equipment of the
mining sector, specifically iron ore mining, through LCA.

The analysis showed the following results by replacing fossil fuels with green Hj:

GWP was reduced by 77.22%.
AP was reduced by 77.62%.
EP was reduced by 89.79%.
POF was reduced by 91.49%.

Despite being the indicator addressing NOx emissions, indicating that when proper
combustion techniques are applied, NOy formation can be almost non-existent.

In conclusion, as more and more studies suggest its numerous environmental benefits,
the large-scale utilisation of green Hj, presents one of the most viable solutions for achieving
the EU’s and the world’s sustainability goals. In this scope, further research for the
optimisation of H, production and combustion technologies and detailed techno-economic
analyses are the next step towards expanding H, utilisation, making it a powerful asset in
achieving the 2050 climate neutrality goals.
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