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ABSTRACT

Mineral carbonation of steel slags has shown potential as a viable option for carbon capture, utilization, and
storage. This process not only valorizes both steel slags and the carbon emissions generated during steel
production, but also offers an interesting agricultural application. Carbonated steel slags can serve as substitutes
for liming agents or basalt rock powder, and, even when used in agriculture, they continue to capture carbon
dioxide throughout their use phase. To ensure that the carbon dioxide captured during the mineral carbonation
process exceeds the emissions produced during the mineral carbonation process itself, a life cycle assessment is
necessary. This life cycle assessment must incorporate the temporal aspect to monitor emissions and sequestration
over time, which is critical for evaluating carbon capture, utilization, and storage technologies. Additionally,
including the temporal aspect helps determine whether mineral carbonation is essential, allowing for a comparison
between the carbon dioxide captured during both the production (carbonation) and use phases of both carbonated
and non-carbonated slags in agriculture. To address this gap, this study proposes an integrated enviroimental life
cycle assessment combined with a dynamic life cycle assessment to track emissions and sequestration over time.
This approach enables the visualization of time-dependent radiative forcing and the cumulative®earbon dioxide
capture throughout both the production and use phases of carbonated slags. The study utilizes empirical data
collected from the Research Foundation Flanders funded AgriCarb project. This projeet ineludes steel“slag
carbonation and emission measurements over 435 days to demonstrate the proposed integratedyconventional and
dynamic life cycle assessment framework. At the time of writing this abstract, no known studies have applied
dynamic life cycle assessment to a carbon capture, utilization, and storage case study, making this research novel
and the first to demonstrate such a framework in this context. Preliminary results from the,assessment show that
carbonated slags sequestered more carbon dioxide over the 435-day period, combining sequestration from both
the carbonation process and the agricultural use phase, compared to nen-carbonatedsslags. These findings
quantitatively demonstrate the environmental benefits of mineral carbonatien:\This integrated framework offers a
practical, quantitative approach to evaluating mineral carbonation ofistecl slagstas a carbon capture, utilization,
and storage technology and provides a valuable tool for future assessmets of other carbon capture, utilization,
and storage technologies.
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INTRODUCTION

The demand foemrawgmatesials is continually increasing, driven by the need to support
population growth, as wellas economic and societal development. Iron and steel, as primary
materials, play*a crucial role in sustaining this growth. However, the production of steel and
iron remaing one of “thé most significant anthropogenic sources of carbon emissions [1].
Furthermore, the steel manufacturing process generates approximately 15-25% of steel slag
per unit.ofertide steel, particularly when using basic oxygen and electric arc furnaces [2].

Mineral earbonation offers a potential solution to valorize the two waste streams by
utilizing earbon dioxide (CO:) and steel slag waste streams to produce stable silicates and
carbonates [2]. This process involves a chemical reaction between carbon dioxide, hydroxide
anions, and metal cations on the surface of an alkaline source, such as steel slag. The reaction
forms silicate and carbonate layers on the slag's surface, with water facilitating the dissolution
of calcium (Ca) and magnesium (Mg) in the slag to generate metal cations. The mineral
carbonation process has the capacity to sequester carbon dioxide stably for millennia [2]. As
such, the mineral carbonation of steel slags is categorized as a carbon capture and storage
(CCS) technology. Notably, the carbonated slags produced from this process have diverse
applications, including in the construction and agricultural sectors, positioning mineral
carbonation of steel slags as part of carbon capture, utilization, and storage (CCUS)
technologies [3].
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The efficiency of the steel slag carbonation process is influenced by several factors,
including carbonation duration, temperature, particle size of the steel slags, CO: pressure and
concentration, and the liquid-to-solid ratio in the reactor, among others [4]. Notably, the CO:
used in the carbonation process does not require high purity, allowing the use of flue gases with
varying CO: concentrations from the steel manufacturing process. Therefore, mineral
carbonation of steel slags presents a promising approach to simultaneously valorize and create
value from two key waste streams of the steel industry: slags and flue gases.

Carbonated slags can be used in different applications [3]. Recent studies reported the use
of carbonated slags in construction as substitute materials, for instance to replace ordinary
Portland cement, in concrete blocks. Agricultural applications are also anotherdrealm of
possibility of the application of carbonated slags. Carbonated steel slags have been teported to
help improve the soil’s water retention property, remediate soil acidification petential and also
to provide macro-nutrients to biomass produce. In this manner, mineral carbonationiofsteel
slags can both be used as a carbon capture technology to store carbon emissionsistably while
being beneficial in agricultural applications to replace conventional comments such as liming
agents or macro-nutrients like basalt rock powder. The use of (carbomated steel slags in
agriculture as a CCUS material is rather novel and still emergent;meaning that limited studies
have addressed them.

For a CCUS technology to be considered effective, it must /deliver environmental benefits,
particularly by achieving a net negative carbon balance. Given that CCUS technologies are
frequently energy-intensive, the carbon emissions associatedywith the carbon capture and
storage process should be lower than the amount,of CO: sequestered. To assess this, a
standardized life cycle assessment (LCA) can'be employed [5]. LCA is a tool used to quantify
the environmental impacts of a system, proyiding insight into the environmental footprint of
the system under investigation [6]. LCAwresults can'bé used as an iterative feedback for design
improvements, environmental impacts mitigation,and recommendations as well as to identify
hotspots for iterative modificatiens of'products or technologies. LCA covers a wide range of
environmental impact categoriesy ranging*ftom climate change to ecosystem health to human
health to resource use. Onedmportant impact category in LCA is the Global Warming Potential
(GWP).

One limitationsofithey¢onventional life cycle impact assessment methodology for the GWP
calculation is that GWP=values are dependent and sensitive to the choice of the time horizon
used for the/GWIP ealculation [7]. Firstly, short-lived greenhouse gases (for instance, methane)
will exhibit their total'gréenhouse potential during the years of their emission, while the longer-
lived greenhouse gases (for instance, carbon dioxide) will emit their total greenhouse effect
ovena longer period of time [8]. Therefore, the calculation of the GWP values for the shorter
time horizon would result in higher GWP values for the shorter-lived greenhouse gases (GHG).

Invether words, the choice of time horizon is equivalent to giving a weighting on the carbon
accounting process — hence, giving higher importance to impacts closer in time. Furthermore,
if there is carbon storage and/or delayed emission, the emissions that occur after the time
horizon considered will be excluded from the time horizon [9]. Consider an example of a
building that is built and lasts for 75 years. In this case, the occurred emissions would be
captured with the GWP100 time horizon. However, for a system that only starts to emit from
year 25 to year 125 or a system where the emissions only start from year 75 to year 175, the
GWP100 would not capture the whole emission profile.

Therefore, the temporal aspect is particularly relevant for consideration for long-lived
products with active use and/or end-of-life phases, the comparison of scenarios with different
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temporal profiles, prospective comparative studies, bioenergy carbon credits, forest
management scenarios and temporary carbon storage [10]. The limitations of the current life
cycle assessment (LCA) framework are particularly significant when applied to the
comprehensive evaluation of mineral carbonation of steel slags in agricultural contexts. This
process, positioned as a carbon capture, utilization, and storage (CCUS) technology, not only
contributes to carbon sequestration but also offers a methodological approach for monitoring
and integrating temporal dimensions within CCUS systems [11]. Dynamic Life Cycle
Assessment (D-LCA) can provide an interesting approach to capture the emissions and assess
the GWP at a fixed time horizon, thereby, avoiding the mismatches of the GWP calculation
even if the emissions occur at different time points.

Dynamic Life Cycle Assessment (D-LCA) has emerged as a response to the limitations of
traditional, static LCA—particularly its inability to reflect how environmental flows, energy
systems, material properties, and carbon dynamics change over time, which caniylead to
inaccurate or misleading climate-impact results. Static LCA typically treats emissions, energy
mixes, and material performance as fixed values, even though real-world systems evolve
significantly across decades. This causes important gaps in the cursent conventional LCA: for
example, static approaches undervalue biogenic carbon storage“and emission timing in
biobased systems, underestimate long-term benefits of gridddecarbonization in buildings or
electric mobility, and fail to capture degradation or efficiefiey improvements in technologies
over their lifespans.

A summary of a recent literature review is providediin Table 1 below. D-LCA addresses
these gaps by incorporating time-dependent life-cyele inventories, dynamic characterization
factors (DCF), prospective scenario modelling,andaealstime data integration, allowing climate
impacts to be evaluated with temporalfaccuracy. For instance, Ferrari et al. implement
ERP-linked D-LCA to overcome the Jimitations of'static, infrequently updated inventories by
enabling real-time environmental monitoring ‘within ceramic manufacturing [12]. In the
biobased materials domain, Ghannadzadeh ‘& van der Mcer’s BBM-LCA framework uses
dynamic LCA combined with the AMG seil carbon model to capture the timing of biogenic
carbon fluxes and soil carbon ptocesses—=something static LCA cannot represent—ultimately
producing more accurate.climate=impact estimates for PLA production [13]. Similarly, D-LCA
in the building sector{respondsito the critical need to model long-term transformations—such
as energy-mix deearbonizationitargets, technological evolution, building-stock transitions, and
changes in occupant behavior—revealed in the systematic review by Slavkovi¢ and Stephan
[14] and thefrewiew, by Su et al. [15], which document widespread use of scenario modelling,
dynamic.energy simulations, and time-varying inventories to reflect these evolving conditions.
It should be highlighted that no publications yet have applied D-LCA in steel slags mineral
carbenation,as,a CCUS for agricultural use.

A keyilimitation of the current LCA framework is its inability to represent products whose
emissien profiles vary dynamically over time, such as carbonated steel slags used as a CCUS
strategy in agricultural systems as indicated in the previous paragraph and also iterated by the
other studies reviewed within this study. To address this methodological gap, the present study
proposes an integrated assessment approach that combines both conventional attributional
LCA and dynamic LCA, thereby enabling the explicit consideration of temporally
differentiated emission and sequestration patterns across the full life cycle of carbonated steel
slags. D-LCA is of particular interest for the steel slags mineral carbonation as a CCUS for
agricultural application because throughout the use phase of the carbonated slags in agriculture,
the carbonated slags still sequester the carbon dioxide as illustrated in the modelling of
Watjanatepin et al. (2025) [16] and pot experiment results of Steinwidder et al. (2025) [17]. In
addition to this, D-LCA could also be utilized as an assessment approach to confirm the
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technological effectiveness of the carbonated steel slags to ensure that the sequestration is
higher than the emissions, if any.

Table 1: Literature Review of Recent'!D-LCA Studies

Title Authors and Sector Why is, D- Tools Conclusion
Year LCA
Needed?

Dynamic life Ferrari, Volpi, Ceramic tile Static LCA ERP-linked D-LCA
cycle Settembre-Blundo, | manufacturing % lacks real-time | dynamic LCI+ | automated data
assessment Garcia-Muifia data custom DLCA | flows, enabling
(LCA) (2021) [12] engine + SAP real-time
integrating life BI monitoring and
cycle inventory solving static
(LCI) and LCA delays
Enterprise
resource
planning
(ERP) in‘an
industry4.0
environment
Combining Ghannadzadeh & | Biobased Static methods BBM-LCA | D-LCA captured
dynamic life van der Meer plastics ignore timing | + AMG soil timing of
cycle (2025) [13] of biogenic carbon model + | biogenic fluxes,
assessment and carbon DCFs avoiding static
net ecosystem neutrality errors
exchange
through the
framework
of biobased
materials and
products-life
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cycle
assessment
(BBM-LCA):
application to

polylactic acid

cascading use

emissions &

Dynamic life Slavkovi¢ & Building sector | Long-term Review of | D-LCA

cycle Stephan (2025) system DLCA improved

assessment of | [14] changes frameworks long-term

buildings and ignored in (MFA, GIS, realism and

building stocks static LCA DCF) reduced

— A review misestimation of
impacts

Assessment Su et al. (2021) Buildings Static LCA Simulations + D-LCAimade

models and [15] ignores scenario temporal

dynamic occupant, modelling variability

variables for energy mix, explicit,

dynamic life degradation correcting

cycle dynamics misleading static

assessment of conclusions

buildings: a

review

From carbon Wang et al. (2022) | Forestry Static LCA Forest carbon D-LCA

neutral to [18] cannotiassess | models + distinguished

climate neutral timing’of radiative carbon vs

Dynamic life biogenic forcing DCFs climate

cycle emissions neutrality;

assessment for improved

wood-based temporal

panels accuracy

produced in

China

Environmental | Alishaq et al Transport Static LCA Prospective D-LCA showed

impacts of (2024) [19] misses future ReCiPe DLCA | BEV benefits

battery electric grid changes depend on

light-duty & efficiency decarbonized

vehieles using gains grids, guiding

aydynamic life policy timing

cycle

assessment for

qatar’s

transport

system (2022

to 2050)

Environmental | Navare et al. Biorefinery Static LCA Dynamic CFs + | D-LCA

impact (2022) [20] ignores experimental quantified

assessment of delayed LCI delayed

emissions &
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of wood in bio- cascading storage benefits,
fuels and lifetimes improving
bio-chemicals cascade
evaluation
Dynamic Van de Moortel et | Building Static LCA Dynamic D-LCA avoided
Versus Static al. (2022) [21] renovation ignores future | scenario false conclusions
Life Cycle energy mix & | modelling about retrofit
Assessment of heating benefits and
Energy efficiency improved
Renovation for changes forecasting
Residential
Buildings

To this end, this study investigates the research question of how. to,assessithe GWP of steel
slags mineral carbonation as a CCUS over both the production and thetageicultural use phase
and confirm the technological effectiveness of mineral carbonation of'steel slags? This study
then proposes to assess the full life cycle of mineral carbenation of steel slags in agriculture
by employing both the conventional attributional €A for the production phase and the D-
LCA using dynamic life cycle inventory to captureithe temporally differentiated profiles of the
carbon emission or sequestration during its us€ phaseéun agticulture.

In doing so, it would be possibleftonconfizm the technological effectiveness of the
technology by accounting for the gullylife "eycle®of mineral carbonation of steel slags,
specifically to account for the active €arbonation‘during the mineral carbonation of steel slags
in a reactor and to account for the passive catbonation during the mineral carbonation of steel
slags in agriculture. This means‘that this study will be focusing on the GWP and the other
impact categories are not within the scop€ of this study. However, it should be noted that when
communicating the full™lifeséyclesimpacts assessment results of this CCUS system, it is
essential to assess andyreport the other environmental impact categories for a comprehensive
understanding of'théweverall énvironmental implications of the CCUS system as well. The
novelty of this study lies,imithe formulation of an assessment pathway based on Levasseur et
al. [9] to a¢count for the dynamic carbon emission and sequestration nature of steel slags
mineral carbenatiomasa CCUS in agriculture which has not been demonstrated before.

This'study begins by describing the mineral carbonation scenarios and outlining both the
integrated “life cycle assessment (LCA) and dynamic life cycle assessment (DLCA)
methodologies within the Methods section. Following this, the results of the conventional and
dynamied'CA are presented, integrated, and critically examined in the Results and Discussion
section. The Discussion further elaborates on key insights derived from the analysis, identifies
the limitations of the current study, and proposes directions for future research. This study used
data from the Flemish government-funded FWO project AgriCarb for the assessment of
mineral carbonation of steel slags in agriculture as a CCUS technology. It serves as a case study
of the methodological approach used here, which can be employed to assess the temporally-
differentiated GWP of different CCUS technologies.
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METHODS

The following methods description section is divided into the case description of the mineral
carbonation cases and the approaches taken for the conventional and dynamic life cycle
assessment in this study.

Mineral Carbonation Case Description

This study utilizes experimental data from lab-scale mineral carbonation of steel slags
conducted at the University of Leuven, Belgium [22] where the setup can be consulted. The
lab-scale mass, energy consumption, and yields were then projected to an industrialéscale pilot
plant scenario (TRL 6) using upscaling frameworks based on a power law learningdeurve,
which accounts for process efficiency and economies of scale as reported in the previeusistudy
of the authors [23]. Further multi-criteria decision analysis for each minesal ‘¢arbonation of
steel slags in agriculture scenario were also assessed and more details on the trade-offbetween
the environmental and economic criteria could also be found in thisstudy [16]. The projected
industrial scenarios were designed to match the capacity of the industrialdwet mineral
carbonation installation studied by Lee et al. [24], with anfassumed mineral carbonation
capacity of 61.8 tons per day, resulting in the production of 22,557 tons=6f carbonated steel
slags annually [25]. Figure 1 below illustrates the systend boundary of this study from cradle-
to-grave.

The study includes four mineral carbonationycases as baseline scenarios, which are further
divided into two scenarios involving the carbenation ofbasi¢ oxygen furnace (BOF) steel slags
and two involving the carbonation of argén oxygen decarburization (AOD) steel slags, each
with varying carbonation degrees. The key differentiating factor among the scenarios is the
degree of carbonation, which is determined by the duration of the carbonation process.
Specifically, the BOF T2 case is€arried,out at4 bar for 2 hours; and the BOF T3 case is carried
out at 4 bar for 91 hours. The AGDT'1 casefrefers to the carbonation of AOD steel slags at 4
bar for 3 hours, while thefAOD) T2 case'involves carbonation at 4 bar for 33 hours. This is
tabulated in Table 2. Eomthesagricultural use phase, a set of pot experiments were performed
over a period of 15-month from June 2022 to August 2023. The experimental design comprised
mesocosms with/dimensions of'50 cm in diameter and 60 cm in height, each equipped with a
leaching system and installed outdoors at the University of Antwerp research facility. Basalt
was applied at a rateésof 50 t ha™!, while steel slags were applied at a reduced rate of 5 t ha™,
reflecting ‘their comparatively unstable structure and higher weathering potential. During the
growing'seasons (June—September 2022 and June—August 2023), two maize plants (Zea mays)
were cultivatedin each mesocosm.

Table 2: Mineral Carbonation of Steel Slags Cases

Treatment Slag Type Carbonation Carbonation Amount
Case Pressure Duration of CO,
sequestered
(per ton
carbonated
slags)

Journal of Sustainable Development of Energy, Water and Environment Systems 8
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BOF T2 BOF 4 bar 2 hours 51.2 kg
BOF T3 BOF 4 bar 91 hours 163.1 kg
AODT1 AOD 4 bar 3 hours 56.9 kg
AOD T2 AOD 4 bar 33 hours 103.4 kg

System Boundary: System Boundary:
Active Carbonation Agricultural Use
Phase / Passive
Carbonation

Scenarios

Water
Plant's pumps recycling
Water and compressors
consumption energy

Slag and Mineral Somestered Dehydration Carbonated
] . . ags .
Water Mixing carbonation and drying 518 o estored
Reactor reactor Spent processes tons/day
A

* Amount of flue gas
slags

Membrane

separation c

energy Membrane Steel plant Agricultural
Flue gas Separation Flue gas €el plan Use Phase
with with 8- -

60% 0, 10% co,

content l content Water
Data from Additional nutrients

Treated gas ArcelorMittal Diesel-based spreader

Figure 1: System Boundary of the Mineral Carbonation of Steel Slags asas€CUS in Agriculture
Cases

Integrated Conventional and Dynamic Life/Cycle Assessment Framework

This section describes the integrateddcenventionalgand dynamic life cycle assessment
framework that is proposed as an approeach tosaccoufit for the GWP throughout the life cycle
of carbonated steel slags as a CCUS 1n agriculture,

Life Cycle Assessment

The upscaled mass and,energy-balances of the mineral carbonation process are subsequently
applied in the life cyele assessment (LCA) and life cycle costing (LCC) analyses.. The LCA
models employediftthis'studyswere developed using the Activity Browser in conjunction with
the Ecoinvent 3.8 database:¥I'he LCA is conducted in compliance with the ISO 14044 standard
[5] and follows"the,guidelines set forth in the ILCD handbook for life cycle assessment [6].
Environmental impacts©across all five scenarios are calculated using the Environmental
Footpzint 30 (EF 3.0) methodology, with the functional unit defined as 1 kg of steel slag
minetal'earbenation at plant capacity, but only the GWP will be presented and used for further
ivestigation according to the scope of this study. Since the mineral carbonation of steel slags
is classified as a CCUS technology, the guidelines for LCA from the Global CO: Initiative [26,
27] arewatilized as a reference. The life cycle inventory (LCI) has been constructed based on
the experimental data for both the carbonation phase and the use phase in the Flemish
government-funded FWO project AgriCarb. The LCI is provided below in Table 3 based on
the previous works of the authors [22, 23]. In this study, the slag is considered burden-free, as
it originates from a waste stream within the steel production value chain and therefore carries
no upstream environmental burdens. This approach aligns with the objective of the research,
which focuses on the valorization of industrial waste streams and consequently treats such
materials as free of prior impacts. The captured CO: is credited with a value of —1 (modelled
as a negative emission to air (hence, sequestration from air) in the biosphere), following the
biogenic carbon accounting principles established by the IPCC. This is justified by the fact that
the sequestered CO: is not expected to be re-emitted and is instead assumed to remain stably
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immobilized over millennial timescales. A contribution analysis was conducted to identify the
principal hotspots within the system. Additionally, a one-at-a-time sensitivity analysis was
performed for the global warming potential (GWP) to assess the influence of individual

parameters on the overall outcome.

Table 3: Life Cycle Inventory of Steel Slags Mineral Carbonation per day

Inputs (Units)
BOFT2 BOFT3 AODTI AODT2 Data
Type
Ground basic 61.8 61.8 61.8 61.8  Secondar
oxygen furnace y “data
(BOF) or argon- from
oxygen Ecoinven
decarburization 38
(AOD) slags (tons)
Sequestered CO» 3.16 10.01 3.52 6.39%, Projected
during mineral from
carbonation (tons) empirical
primary
data
Sequestered CO» 0.92 7.98 16.5 15.1 Projected
during the from
agricultural use empirical
phase (tons) primary
data
Distilled water 24.72 24,72 24.72 24.72  Secondar
(tons) y  data
from
Ecoinven
t3.8
N-fertilizex{tons) [.18 1.18 1.18 1.18  Secondar
y  data
from
Ecoinven
t3.8
P-fertilizer (tons) 0.124 0.124 0.124 0.124  Secondar
y  data
from
Ecoinven
t3.8
K-fertilizer (tons) 0.494 0.494 0.494 0.494  Secondar
y  data
from
Ecoinven
t3.8
Energy for 1.01 3.50 1.22 222 Projected
membrane separation from
(MWh) empirical
primary
data

Journal of Sustainable Development of Energy, Water and Environment Systems
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Plant energy 1.52 4.83 1.67 3.07 Projected
(MWh) from
empirical
primary
data
Outputs (Units)
BOF BOF AOD AOD
T2 T3 T1 T2
Carbonated steel 65.88 79.79 81.82 83,29
slags

Dynamic Life Cycle Assessment

Dynamic Life Cycle Assessment (D-LCA) analyses the temposal “distribution of the
emissions by taking into account a dynamic inventory. A one-year time step 1swtilized and the
emission per each greenhouse gas (GHG) 1 for that one year timestep is,used for the calculation.
The dynamic inventory is combined with dynamic characterization facters"(DCF) which can
be calculated by using the equation below based on the workswef'Levasseur et al. [7]:

t .
DCFi()instantaneous = ft—l @;[Ca(t)]dtn(Equation 1)
Where
DCF = dynamic characterization factor = integral of the radiative forcing for every time
step.
a = instantaneous radiative forcing penunit mass of GHG; in the atmosphere.
C(t) = time-dependent GHG atmospheri¢,load following a unit mass pulse emission.

The sum of the multiplication between,the dynamic inventory of each GHG equates to the
instantaneous impacts onthe ‘radiative forcing (GWI) [7]. The cumulative impact of the
radiative forcing can also be ecalculatéd by summing up the previous year’s instantaneous
impacts up to the timg'horizon'of intetrest. This can be summarized in the equation below:

GWIE) =X; GWI;(t) = X;Xj=o([gi]; - [DCF].-;) (Equation 2)

Where
[gi]; 5 inventory result for GHG i at time j

D-LCA “enables the calculation of radiative forcing impacts associated with life cycle
greenhouse gas (GHG) emissions at any given moment, facilitating the analysis of global
warming impacts across scenarios where time is a critical factor. These applications are often
associated with scenarios related to temporary carbon storage, gradual carbon sequestration in
biomass, and the delay of GHG emissions. Care should be taken in the interpretation of the
results as the results of dynamic global warming impact assessments are highly sensitive to the
selection of the time horizon [§]. In D-LCA, the evolution of global warming impacts is tracked
over time while in conventional LCA, the time horizon is typically chosen prior to conducting
the calculations [28].

As previously mentioned, this study utilizes the calculations based on the DynCO,
calculator of Levasseur et al. [8], leading to three types of results being calculated [11]:
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1. The instantaneous global warming impact GWI;,s () [W - m™2] represents the
radiative forcing resulting from the GHG emissions at any given time t, following the
initial time point, which marks the occurrence of the first emission. A positive value
indicates that the radiative forcing is higher than it would be without the GHG
emissions, while a negative value signifies that the life cycle has a beneficial effect on
global warming, reducing the radiative forcing. The instantaneous impact reflects
temporal changes in radiative forcing, a capability that is not available when using the
conventional Global Warming Potential (GWP).

2. The cumulative global warming impact GWl,,,,(t) [W - m™2] is the sum of all
instantaneous impacts from time zero to time t, representing the total additional
radiative forcing caused by GHG emissions since the beginning of the life ¢ycle. This
cumulative impact enables the comparison of different scenarios and the identifieation
of the scenario with the greatest radiative forcing impact over a given time horizon.

3. The relative impact GWI,.;(t) [kg. CO, eq.] is the ratio of the cumulative life eycle
impact to the cumulative impact of a 1 kg CO- pulse emission at tifne zéro~This relative
impact allows D-LCA results to be expressed in the same units as‘traditional LCA.

The time horizon applied in this study is derived from the aggregation of daily empirical
emissions measurements collected during the pot experiment§. These measurements form the
basis for the temporal characterization of greenhouse gas (GHG)fluxes,over the experimental
period.

Although CHa and N2O emissions are relevant<—partieularlysin systems where fertilizers or
basalt rock powders are applied, as such conditions canipromote microbial processes that
generate these gases—the present study is) limited byythe absence of real-time monitoring
capability for these GHGs. At the time the,expetiments were conducted, no instrumentation
was available to quantify CHs and N2© fluxes, and thus their contributions could not be
incorporated into the analysis. This point is also*further discussed in the limitations as part of
the discussion. Future work shouldyaddress this limitation by integrating appropriate
measurement technologies to ‘enable a“more comprehensive assessment of total GHG
dynamics.

RESULTS AND DISCUSSION

In this past, firstly,the life cycle assessment results of the production phase is shared and
discussed. Subsequently, the results from the dynamic life cycle assessment is integrated and
described, Finally, the section concluded on several discussion points as well as the limitations
and futute aspects of the integrated approach performed within this study.

Life Cyele Assessment of the Production Phase

Table 4 below displays the calculated GWP for the four mineral carbonation cases
described in Table 2. Two non-carbonated steel slags are also displayed for comparison. The
column of mineral carbonation — production phase contains the GWP results calculated by the
LCA. The LCA was performed on the life cycle inventory shown in Table 3. The use phase
cases are experimentally measured from the pot experiment and the sequestration rate was
calculated based on these empirical results.
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According to Table 4, BOF T3 carbonation led to the highest sequestration from the active
mineral carbonation process. It is also observed that the longer the mineral carbonation process
during the production phase leads to higher carbon sequestration. The cases with non-
carbonated slags do not have any carbon sequestration in the production phase since they were
not carbonated. The GWP impacts observed for the non-carbonated slags cases are due to the
energy consumed for the grinding of these slags.

In the second column, the carbon sequestration measured over 435 days from the pot
experiments was tabulated and included for the D-LCA. The trend observed is that there are
variations in the amount of CO: sequestered passively during the agricultural use phase. These
uptakes do not express clear trends, however, it is recorded that AOD slags (both carbonated
and non-carbonated) led to higher passive carbon sequestration over the 435 days periodawhen
compared to the BOF slags.

Based on the sequestration values in the first and second column, the ameunt of leftover
CO: sequestration potential (determined by subtracting the sequestered amount in the first and
second column with the maximal theoretical uptake limit), the sequéstration‘rate per day based
on the 435 days pot-experiment period, the projected yearly sequestration tate per year based
on the amount measured during the 435 days pot-experiment{period, and the number of years
after 435 days to reach the maximal theoretical uptake limit\are caleulated and displayed for
each case in Table 4 below. It can be observed from Table 4 thatthe AOD slags have higher
sequestration rate per day during the 435 days pot-experiment period than the BOF slags. This
led to the projection that the AOD slags would néed between 1 to 2 years after the 435 days
period to reach the maximal theoretical uptakefif the,ratesiare continuously maintained. BOF
slags are projected with a slower carbon sequestration rate; hence, leading to the projection of
between 2 to 40 years of continuous carben sequestration after the 435 days period to reach the
maximal theoretical uptake if the ratessase continuously maintained. These values were used as
inputs for the D-LCA; the results arelillustrated i the next section.

Figure 2 presents the conttibution amalysis associated with the full life cycle of the
carbonated slags. Figure 20(2A\left) illustrates the complete life-cycle profile, encompassing
both greenhouse gas emissionsd@nd carbon sequestration. In this representation, emissions are
shown as positive valties, whileysequestration is depicted as negative values. For all scenarios,
the CO: uptake fremsactive carbonation and passive carbonation is indicated in grey and green,
respectively. The results,demonstrate that extended active carbonation durations also promote
increased pa$sive carbonation during the agricultural application phase. Figure 2 (2B right)
isolates only.the emission-related contributions to enable clearer identification of the process
parametersithat dominate the overall impact. Across all cases, plant energy consumption and
membranescapturé’energy emerge as the principal emission hotspots.

Figure 3'also presents the one-at-a-time sensitivity analysis of the global warming potential
(GWP), for the selected case of BOF T2. Sensitivity analysis is employed to evaluate how
variations in key assumptions or input parameters influence the final output—in this case, the
calculated GWP. The BOF T2 scenario is used as a representative example because all analysed
cases exhibit similar trends; thus, presenting only one case avoids unnecessary repetition within
the study. The results indicate that the most influential parameters are the quantities of carbon
dioxide sequestered during both the active mineral carbonation process in the production phase
and the passive mineral carbonation occurring during the agricultural application phase. These
findings underscore the importance of accurately quantifying CO- uptake in future research to
ensure reliable GWP assessments.
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Table 4: GWP Results of the Production of Carbonated Steel Slags and the Agricultural Use
Phase (per kg basis)

E:]oat:l;ction Agricultural Use Phase
Treatment i
Mineral Sequestration Projected .| Number
inera sequestration
Carbonation | CO; sequestration Day | per day (rate ( f years
(Production |0-435 (kg/ha) of 0-435) peryearipe
Phase) (kg) (kg/ha) 5 days
Non-
carbonated 22.35 241
BOF slags -1109.84
BOF T2 -503.74 -92.445 39.93
BOF T3 |1611.52 -785.76 3.22
Non-
carbonated 32.35 3.2 -1175.72 2.20
AOD slags -1401.21
AOD T1 -557.43 -1652.68 0 -1386.73 1.49
AOD T2 | 1144 53 1498.89 / 3.45 -1257.69 1.70

2A Contribution Analysis of the GWP of the Mineral

05

=]
=

GWP [kg CO;eq)
[

A(

Carbonation Cases

Mineral Carbonation Cases

0.045

2B Contribution Analysis of Only the GWP Emissions of the

= 3
z 003
S 0025
=

2]
"

3 oo1s

" .

BOFTZ BOFT3 ADDTL ADDT2

m Basic owygen furnace slags W Delonsed water u Carbon diokide sequestersd

Membrane separation energy B Plant energy ® Carbonation in Agriculture ® Basic axygen furnace slags W Deionisad watar Mambrane separation anargy

& Avolded Impacts from BRP B Industrial spreader W Plant energy Windustrial spreader

2: Contribution Analysis of the GWP of the Mineral Carbonation Cases (2A on the left
e contribution analysis of the GWP of the full life cycle of the mineral carbonation cases
and 2B on the right shows the contribution analysis of only the emissions that occur for the full
life cycle of the mineral carbonation cases)

Journal of Sustainable Development of Energy, Water and Environment Systems 14



Watjanatepin, P., Eelen, L., et al. Year 2026
Integrated Environmental Impact Assessment with Dynamic ... Volume 14, Issue 4, 1140744

One-at-a-time Sensitivity Analysis of the GWP for the Case
BOF T2

Plant energy Il

Energy for membrane separation Il
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%
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Figure 3: One-at-a-time Sensitivity Analysis of thie GWP for the Case of BOF T2

Dynamic Life Cycle Assessment of the Full'Life Cycle

Figure 4 below illustrates the instantaneous impaéts from the D-LCA for the first set of
scenarios focusing on the applicationfof ¢arbonated steel slags in agriculture of up to 435 days
of carbon sequestration. The x-axis represents the years (time-step) and the y-axis represents
the radiative forcing of the instantaneous impacts in Watt per square metre. The conventional
LCA results from the previousssection of the active carbonation of the steel slags was combined
with the dynamic empirical inventory, of the passive mineral carbonation of steel slags during
the agricultural use phasenIhenegative pulse emissions occurred at year 0-1 and peaked at the
highest pulse at the end of the séeond year where the annual pulse radiative forcing is the most
negative. After the 435, days petiod (by the end of the second year), the pulse emission ceased
since there is no further uptake as these scenarios assumed that the sequestration only happened
up until the @xperimental period of 435 days, hence, the cessation in the pulse radiative forcing
from yedg, 3“onwards. The radiative pulses then proceed towards an equilibrium. It can be
observed from“the figure that the cases with higher mineral carbonation performed in the
production phase resulted in higher negative radiative forcing pulses, considering only the
sequestration that occurred in the 435 days period. These cases are AOD T1, BOF T3 and AOD
T2 aecordingly. These cases also have higher negative radiative forcing pulses than the non-
carbonatéd BOF or AOD slags cases. However, BOF T2 (the case with the shortest carbonation
duration) resulted in the lowest negative radiative forcing pulses.
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Figure 4: Instantaneous GWP Impacts

Figure S and Figure 6 below illustrate the cumulative and telative,impacts of the cases
respectively. The x-axis represents the years (time-step) and the y-axis represents the radiative
forcing of the instantaneous impacts in Watt per squate metre for Figure 5 and kg of carbon
dioxide equivalent in Figure 6. The cumulative impact results suggest that the cases with the
most carbonation (BOF T3, AOD T1 and AOD'T2) resulted in the highest cumulative radiative
forcing impacts. Aligning with the graph above, the BOE(T3, AOD T1 and AOD T2 resulted
in higher cumulative radiative forcing impaets than the'non-carbonated BOF and AOD slags.
To further clarify the impacts, when the'éumulative impacts are translated into relative impacts
in Figure 6 [17], it can be observed that the cases with higher carbonation duration led to higher
carbon sequestration over thegperiod“of 435 days. The results also suggest that mineral
carbonation is needed in ordes toshdve higher sequestration during the agricultural use phase
since the relative cumulated carbon sequéstration is higher in the BOF T3, AOD T1 and AOD
T2 cases than the non-¢@rbonated"BOF and AOD slags cases. The non-carbonated slags cases
did have an emissionyoccurring,in year 0-1 due to the grinding processes of the slags. As
opposed to the ¢arbomated slags cases, the non-carbonated slags did not have high initial
sequestration sin¢e theyydid, not undergo the mineral carbonation process. Interestingly, the
BOF T2 cage did net result in as much carbon sequestration over the 435 days period as the
non-carbenated slags cases. This indicates that mineral carbonation is needed up to a certain
extentto activate the carbon sequestration potential of the slags so that the slags result in higher
sequestration.rates over the use phase period. Therefore, further investigation into identifying
this trade-off point could provide mineral carbonation technology developers with more
information to make informed decisions concerning the duration of the potential mineral
carbonation. The principal finding is that longer carbonation durations consistently yield
greater net carbon sequestration. This outcome indicates that active carbonation is necessary to
enhance the reactivity of steel slags prior to their application in agricultural systems, thereby
maximizing their carbon-sequestration potential during the use phase. The integrated
conventional and dynamic LCA approach used within this study can provide a guideline for
assessing the GWP of products with dynamic emission profiles like carbonated steel slags as a
CCUS in agriculture since the emissions throughout the full life cycle could be captured while
this would not have been possible with the current LCA framework without the dynamic
assessment.
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ons and Future Prospects

Dis

Dueyto imitation of the project’s duration, experimental measurements of carbon
seque n were only conducted up to day 435. If the duration had been longer, a more
accurate carbonation rate could have been determined. Furthermore, if it were possible to
determine the amount of carbonation that occurred after the 435-day agricultural application
period, as well as how much carbonation is still remaining, D-LCA could potentially be used
to identify whether more carbonation is needed during the production phase in order to
establish the optimal trade-off point. One point that needs mentioning is that during the 435-
day pot experiment period, all activities are performed by hand. Nonetheless, with the
upscaling and the actual use of these slags in agricultural fields, other use phase activities such
as the use of an agricultural spreader might also increase the carbon footprint. However, at the
time of writing this manuscript, it is not possible to determine this rate, as it is impossible to
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measure how much carbon the slags have already sequestered. This is because it is difficult to
distinguish the carbon sequestration in the slags from that in the soil, as the signals for
measurement do not differ between the two. Therefore, a longer duration of the pot
experimental setup and/or a model to project or calculate the amount of sequestration potential
after the pot-experiment could help to identify the trade-off point between the duration of the
mineral carbonation in the production phase and the passive mineral carbonation during the
agricultural use phase.

An additional aspect that could be of interest for further study is that as the sequestration of
the €O, follows Fick’s Law of Diffusion, an alternative approach is to project the sequestration
rate with a decay curve instead of the current continuous uptake rate. The use of the decay rate
could help make the slopes of the carbon sequestration curves more accurate. However, this
would not have an impact on the final amount of sequestered CO, nor the currént e¢enclusions
of the findings in this study.

A key limitation of this study is the inability to quantify methane (CHs4) and nitrous oxide
(N20) emissions during the experimental period. Although these gases are potentially
significant—especially in systems amended with fertilizers oggbasalt rock powders, where
microbial activity can generate additional CH4 and N2O—real-timemonitoring equipment for
these GHGs was not available when the pot experiments wére,conducted. As a result, CHs+ and
N:0 fluxes could not be measured or incorporated into the,overall greenhouse gas assessment.
Future research should integrate appropriate analytical instfuments to enable continuous or
high-resolution monitoring, thereby providing al moreéycomplete evaluation of total GHG
dynamics.

Another critical consideration in evaluating the suitability of carbonated steel slags for
agricultural use is the potential releaseofheavy,metal§ or other hazardous substances that could
lead to soil or environmental contamination. This,issue is particularly relevant given that steel
slags, the feedstock for the carbofiation'process, inherently contain trace metals. Evidence from
Steinwidder et al. (2025) [17] indicates“that mineral carbonation substantially reduces the
mobility of these metals;’in thein, study, carbonated steel slags exhibited no detectable
heavy-metal leaching, whereasmen-catbonated slags did release measurable quantities. These
findings suggest thatthe catbonation process not only enhances carbon sequestration potential
but also contributessto mproved environmental safety by stabilizing heavy metals within the
slag matrix. Nevertheless, this should be verified on a case-by-case basis, as variations in the
chemical compesition of steel slags may lead to differing leaching behaviours.Nonetheless,
despite these limitationss'the current proposed integrated environmental impact assessment of
LCA and D-:L€A has provided valuable additional insights into the GWP emission profiles of
the minerakeatbonation of steel slags in agriculture as a CCUS technology. The most important
insightis that cases with longer carbonation periods resulted in higher net carbon sequestration.
Thereforey itis then advised that active carbonation is needed in order to active these steel slags
for toshave more carbon sequestration during their agricultural use phase. This integrated
assessment was then used to answer the research question mentioned in the introduction of how
to assess the GWP for both the production and the use phase of carbonated steel slags in
agriculture by employing both the conventional attributional LCA for the production phase and
the D-LCA to capture the temporally-differentiated profiles of the carbon emission or
sequestration during its use phase to assess the full life cycle of mineral carbonation of steel
slags in agriculture.

As future prospects, the use of agentic artificial intelligence (Al) can also help bridge some
gaps mentioned and aid in performing D-LCA, taking into account the evaluation of how
variations in geographic location, spatial-temporal conditions, and operational parameters
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influence the environmental impacts of a product system. The autonomous capabilities of Al
agents can facilitate continuous monitoring and real-time impact assessment throughout the
product lifecycle. By integrating Large Language Models (LLMs) or specialized Small
Language Models (SLMs) via the Model Context Protocol (MCP), Al agents can facilitate the
acquisition, interpretation, and analysis of dynamic environmental data originating from
heterogeneous and temporally variable sources. Furthermore, Al agents can improve the
accessibility of LCA results by providing natural language-based interfaces, thereby enhancing
communication between technical evaluations and end-users. Within this integrated LCA-D-
LCA framework, agentic Al systems can be deployed to monitor the entire value chain of
mineral carbonation processes applied to steel slags — from the initial carbonation stage in the
reactor to subsequent utilization in agricultural applications. This is particularly rélevant if
there are human activities in any phase that can be inserted into the calculation based omytheir
natural language-based inputs. During reactor-based carbonation, real-timefcollection and
monitoring of process parameters, material yields, and energy consumption canbe cartiedout.
Additionally, greenhouse gas emissions and sequestration metrics can be/continueusly tracked
throughout the process. Integrating these data streams across the value chain facilitates D-LCA,
supporting time-dependent evaluation of environmental impacts. Streamlining of data
workflows for LCA and LCC has been demonstrated in the weorkiof Zarafshani etal. [29],
where life cycle inventories were directly interfaced with the@pen sotrce Python-based LCA
and LCC frameworks to automate the quantification of environmeéntal,and economic impacts
via the SAB tool. In the study, the SAB tool is streamlinedyfor biorefineries but the
methodological application can be for different applications."While this approach significantly
improves computational efficiency and reproducibility,‘it doeswnot incorporate a real-time or
dynamic assessment capability. The integratiofi of the LGA-DLCA framework with agentic
artificial intelligence has the potential to addresssthisylimitation by enabling real-time data
processing, adaptive system responses, afd, continuous,impact evaluation. Consequently, the
incorporation of agentic Al representssa critical next step and will be a focal point of the
author’s future research. A further advancement, involves coupling Al-based projections of
environmental outcomes with precess parameter optimization, thereby enabling ex-ante impact
assessments based on the designichoiCes made by technology developers.

CONCLUSION

In this paper, gaseombinédwapproach of utilizing both the conventional LCA for the active
carbonation of steel slagstand dynamic LCA for the passive carbonation of steel slags was
applied to assess the GWP of steel slags mineral carbonation as a CCUS over both the
production ‘and the, agricultural use phase and confirm the technological effectiveness of
mineral catbonation of steel slags?. This study subsequently proposes assessing the full life
cycle ‘of'sstcel-slag mineral carbonation in agricultural applications by combining a
eonventional attributional LCA for the production stage with a dynamic LCA employing
time-resolved inventory data for the use phase. This dual approach enables a more accurate
evaluation of the technology’s carbon-mitigation potential by accounting for both active
carbonation occurring within the reactor and passive carbonation taking place gradually in
agricultural soils. Through this integrated LCA-D-LCA framework, the study captures the
temporal dynamics of carbon emissions and sequestration, thereby providing a robust basis for
confirming the effectiveness of steel-slag mineral carbonation as a climate-mitigation strategy.
The D-LCA results, based on the 435-day emission measurements, indicated that mineral
carbonation is needed to enhance carbon sequestration during the agricultural use phase. The
carbonated slags resulted in higher carbon sequestration over their full life cycle compared to
the non-carbonated slags, except for BOF T2, which suggests that a minimal level of
carbonation is necessary for optimizing the carbon sequestration rate during the agricultural
use phase. This study also included a projection toward the maximal theoretical carbon
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sequestration potential, but the results indicated that more data is needed for the D-LCA to
clarify the trade-offs between carbon sequestration during mineral carbonation and the use
phase. For instance, the amount of carbon sequestered at 435 days should be measured, though
this might not be physically feasible. A further consideration is the potential release of heavy
metals from steel slags when applied to soils. However, evidences from a separate study
showed that mineral carbonation significantly reduces metal mobility: carbonated slags
exhibited no detectable heavy-metal leaching, whereas untreated slags did. These findings
indicate that carbonation not only enhances carbon sequestration but also improves
environmental safety, reinforcing the suitability of carbonated steel slags for agricultural use.
Nonetheless, this should be checked in all cases since the composition of the steel slags can be
different, resulting in different leaching behaviours. Future studies could focus on this aspect
to estimate the rates at which carbon sequestration for each case would level off, which.could
then be included in the D-LCA. Nonetheless, despite these limitations, the integratéd,use of the
conventional LCA and D-LCA as an assessment tool has provided valuable additionaltinsights
into the environmental impact assessments of mineral carbonation of ste¢l slags in agriculture
as a CCUS technology.
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