FULL LIFE CYCLE IMPACT ASSESSMENT AND LIFE CYCLE COSTING OF MINERAL
CARBONATION OF STEEL SLAGS AS A CARBON CAPTURE, UTILIZATION AND STORAGE
MATERIAL IN AGRICULTURE

Introduction

Mineral carbonation of steel slags offers a promising approach to simultaneously valorise steel-making
residues and capture CO, emissions. By reacting alkaline slags with CO,-rich flue gases, stable
carbonates and silicates are formed, enabling carbon sequestration and positioning carbonated slags
as potential Carbon Capture, Utilization, and Storage (CCUS) materials for applications such as
agriculture and construction. To ensure true climate benefits, it is essential to assess whether the
sequestration achieved outweighs emissions generated during processing. Emerging research
indicates that carbon uptake may continue during the use phase, depending on the degree of primary
carbonation, suggesting a trade-off between carbon captured during production and later life-cycle
sequestration. This study evaluates the full life cycle of steel slag mineral carbonation in agricultural
applications to determine whether maximizing or minimizing primary carbonation yields greater net
carbon sequestration both from an environmental perspectives and the economic perspectives.

Methods

A full life cycle assessment (LCA) and life cycle costing (LCC) were conducted to evaluate the
environmental sustainability of steel slag mineral carbonation and identify optimal carbonation
scenarios. Contribution analysis was used to determine lifecycle hotspots and to quantify carbon
uptake during production and use phases. Mass and energy balances for wet carbonation were
obtained from a lab-scale setup at KU Leuven, and empirical yields were upscaled to an industrial pilot
plant (TRL 6) using established upscaling frameworks. The industrial-scale model, aligned with the
carbonation rate reported by Lee et al., corresponded to a production of 61.8 t/day of carbonated
slag, which was further normalised to the study’s functional unit of 5 t/ha for agricultural application.
The upscaling methodology follows previous work by the authors. Environmental impacts for all
carbonation scenarios were assessed using Brightway and the Ecoinvent 3.8 database, following ISO
14044, ILCD, and Global CO, Initiative guidelines. Global Warming Potential (GWP) values were
calculated using IPCC characterisation factors. Discount cash flow model was used for the life cycle
costing.

Results and Discussion

Figure 1 presents the net GWP results for all steel slag carbonation scenarios for a functional unit of
5 t/ha applied over 465 days, alongside non-carbonated slags and basalt rock powder as controls.
Results, expressed in kg CO,-eq, show that carbonated slags consistently achieve greater net carbon
sequestration than both non-carbonated slags and basalt. Among slag types, AOD slags exhibit the
highest net sequestration, with AOD T2 performing best overall. Figure 2 shows the contribution
analysis for each carbonation scenario per 1 kg of carbonated slag. The left panel displays the net
contributions, while the right panel provides a zoomed-in view of emission sources for clearer
interpretation. Two key insights emerge. First, higher primary carbonation leads to greater total



carbon uptake during the 465-day field period. This trend is visible for both BOF (T3 > T2) and AOD
(T2 > T1) slags. Second, the main emission hotspots in the mineral carbonation process are electricity
consumption for CO, separation (membrane capture) and for the carbonation reactor itself.
Consequently, decarbonising the electricity supply would significantly reduce process emissions while
maintaining the same sequestration potential, improving the performance of steel slag mineral
carbonation as a CCUS option. The life cycle costing showed inverse trends from the environmental

benefits - where higher sequestration led to more costs from the consumption of energy.

GWP of the Full Life Cycle of the Carbonated Slags - Functional Unit: Application of
carbonated slags in the fields at 5000 kg/ha for 465 days
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Figure 1: Net GWP of the Full Life Cycle of Mineral Carbonation of Steel Slags
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Figure 2: Contribution Analyses of the Full Life Cycle of Mineral Carbonation of Steel Slags
.
Conclusion

This study shows that steel slag mineral carbonation achieves greater net carbon sequestration over
435 days in agricultural applications compared to non-carbonated slags and basalt. Contribution
analysis indicates that higher primary carbonation enhances subsequent carbon uptake in the field.
The main emission hotspots arise from electricity use for CO, separation and carbonation, highlighting
the importance of electricity-grid decarbonisation to improve the overall CCUS performance of steel

slag mineral carbonation.
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