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Extended abstract

Preamble:

As the global energy transition toward decarbonization is growing the demand for critical mineral
resources, the mining sector in Australia and around the world is booming, while energy demand,
greenhouse gas (GHG) emissions, mine tailings and other mine waste generation are inevitably
increasing. In the effort to achieve a net-zero future, the mining industry faces urgent challenges of
reducing emissions and managing waste (Cisternas et al., 2022). The mining sector in Australia,
which is the second largest in the world, uses significant energy mainly in the form of diesel, natural
gas, and electricity to power high-energy demand mining operations. Despite increasing interest in
renewable energy integration, such as solar PV and wind, solar thermal solutions remain largely
unexplored (Strazzabosco et al., 2022). To mitigate GHG emissions and tackle the challenges of
tailings management, accelerated mineral carbonation (AMC) has gained attention as a promising
solution (McQueen et al., 2021). Mineral carbonation is a natural process that occurs over a long
time, operating on geological time scales (Fagerlund, 2012). By accelerating this natural process,
AMC can transform alkaline silicate minerals in tailings and sequestering CO, as stable carbonates.
Enhanced through concentrated CO, sources, such as flue gases or direct air capture (DAC), AMC
not only helps reduce emissions but may also yield commercially value-added carbonated products
and can enable recovery of critical minerals from residues (Yuen et al., 2016) (Hamilton et al., 2020)
(Khan et al., 2021). However, substantial energy demands for AMC currently limit its sustainability,
especially if reliant on fossil fuels, and the lack of nearby CO, sources adds logistical and
environmental challenges.

This study proposes a novel process integration of solar thermal, AMC, and DAC technologies to
reduce hazardous waste and cut GHG emissions in the mining sector. The aim of this work is to size
a concentrating solar thermal (CST) system capable of supplying the necessary energy in a
cascading, optimized sequence to support mineral carbonation and power generation considering a
hypothetical case-study in central Australia. This CST system will supply high-temperature thermal
energy to various interconnected process units, each with specific enthalpy needs - from a mineral
carbonation reactor to the turbines used for electricity generation and low-grade heat sinks for DAC
absorption-liquid regeneration. By optimizing the energy flow through these process units, the
system reduces GHG emissions associated with conventional fossil fuel use in mining, a step forward
towards decarbonization of the mining sector.

Using Aspen Plus, a closed-loop Rankine cycle generating 10MWe electric power is simulated for a
hypothetical nickel ore mine site (to power both nickel beneficiation operation and auxiliary loads)
near Alice Springs, Australia. High temperature steam is utilized first at the AMC heat exchanger
(AMC-HX) to provide the required enthalpy for the AMC process before expanding in the turbine to
produce the nominal electric power for the mine site. The low-enthalpy exit steam from the turbine is
then used in the DAC heat exchanger (DAC-HX) as the final heat sink before condensation and return
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to the boiler. The required thermal duty for the boiler is supplied from a concentrating solar thermal
(CST) system complemented by a 10-hour thermal energy storage(TES) system. Figure 1 illustrates
a block diagram of the participating operation units and the sequence of effective energy utilization
in the circuit. The objective of this work is therefore to size a CST system that provides the necessary
thermal energy for the process units in sequence and to optimize the mass and energy balance in a
way that maintains a cascaded thermal energy degradation running these processes simultaneously
and dynamically.

Approach:

In this setup, heat energy obtained from a CST system is supplied to a boiler to provide the required
enthalpy for the cascaded process units for tailings treatment, power generation, and DAC (Figure 1).
The arrangement of these process units is driven by the specific temperature and enthalpy
requirements for each.

The high-quality steam generated in the boiler is first directed to the AMC heat exchanger (AMC-HX),
rather than the turbine, to meet the high temperature (450-600°C) demands of roasting Mg-containing
minerals then carbonation of resulting Mg-rich solution in the presence of pressurized CO; gas. The
steam, now reduced in temperature and enthalpy, moves to expand in the turbine to produce 10MWe
electricity, a process that relatively, operates at lower enthalpies than the AMC. Finally, the low-
enthalpy steam exiting the turbine goes to the DAC heat exchanger (DAC-HX) to regenerate the CO,-
rich absorption liquid before being condensed and then pumped back to the boiler. Since DAC
requires only modest temperature (~150°C) to facilitate CO, stripping from the absorption liquid, using
low-enthalpy steam is both energy-efficient and practical. This cascading approach ensures that high-
temperature steam is fully utilized for more energy-intensive processes first, such as AMC, while the
lower-grade heat, can still be effectively harnessed for DAC operations. This setup not only optimizes
the energy balance across the system but also supports continuous and efficient DAC operation within
a sustainable thermal energy loop.

Q.

Figure 1. A block diagram of thermal energy supply via CST complimented with TES,
and the cascaded demand in AMC, the turbine, and DAC, respectively.

Results:

Using the System Advisor Model (SAM) developed by the US National Renewable Energy
Laboratory (NREL), The central tower CST system complemented with a 10-hour TES is sized to
meet the nominal loads over the year. It was found that a total land area of 1.3 km? for the CST is
required, of which 86% is the base land comprising 0.23 km? for the heliostat reflective area. A total
of 2,411 heliostats, a central tower height of 103 m, and a central receiver of 9 m height and 7 m
diameter were optimized for this project. At nominal design conditions, the energy balance was
maintained in a way that provided 5.78 MJ net heat per kg of carbonate product, followed by 10 MWe
electricity production in the turbine, then 10.7 MJ per kg of CO; production in DAC. Since the DAC
process is often designed and operated at steady-state conditions, a CO- storage system to maintain

supply continuity to AMC is required. A baseline of 297 tonne of CO; production from DAC and a CO:
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storage capacity of 8,700 t CO, was determined sufficient. Besides the avoided GHG from 89.7%
reduction in diesel consumption, this design was predicted to produce 175.7 Mt of carbonates and
permanently lock away 92.2 Mt/year of atmospheric CO2. The total CO; avoidance after subtracting
the positive CO, emissions from the backup diesel generators (6.84 Mtco2/y) and the unreacted CO-
in the AMC (16.78 Mtcoz/y) was estimated at 68.55 Mtco2/y (Figure 2). This negative CO, emissions
budget can offset non-power-related emissions (e.g.mobility, land use, etc.) and assist in achieving
the mining sector 2050 net-zero emissions target. Inaddition to the technical challenges, the
economics feasibility of such a design needs to be verified.It would also be worthwhile to undertake
the full life cycle assessment of this design relative to the business-as-usual (BAU) scenario and
determine the environmental costs or credits of such a design.
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Figure 2. A comparison in CO; emissions and diesel consumption (inset) between the BAU
scenario and predictions from this work.

Conclusion:

The CST-TES system achieved ~90% capacity, covering both thermal and electrical loads of this case
study. Under nominal design, the system provided 5.78 MJ/kg heat for carbonated products, baseline
10 MW, electricity from the turbine, and 10.7 MJ/kgco, for capturing the CO. directly from the
atmosphere using DAC. The optimized system design allows 297 tonnes CO,/day production from
DAC, with a storage capacity of 8,700 t CO; to ensure supply continuity for AMC, achieving a 68.55
Mtco,/year net avoidance. A land area of 1.3 km? was required for the CST, with 86% base land,
including 2,411 heliostats and a central receiver.

In summary, this case study illustrates that integrating solar thermal system can deliver renewable heat
and power at the required scale and flexibility for mining applications. Advanced integration with DAC
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and AMC can eliminate CO, emissions associated with power consumption at mining sites, potentially
achieving a net-negative emissions balance to offset non-power-related emissions. This approach
offers a feasible pathway for the mining sector to reach its 2050 net-zero emissions goal. Moving
forward, the economic feasibility of this design needs verification. Additionally, a full life cycle
assessment relative to a BAU scenario is recommended to determine the environmental costs or
benefits of this innovative process integration.
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