energies

Article

Comparative Life Cycle Assessment of Carbon Dioxide
Mineralization Using Industrial Waste as Feedstock to
Produce Cement Substitutes

Finn-Erik Digulla * and Stefan Bringezu

check for
updates

Citation: Digulla, F.-E.; Bringezu, S.
Comparative Life Cycle Assessment
of Carbon Dioxide Mineralization
Using Industrial Waste as Feedstock
to Produce Cement Substitutes.
Energies 2023, 16, 4118. https://
doi.org/10.3390/en16104118

Academic Editor: Tse-Lun Chen

Received: 16 March 2023
Revised: 4 May 2023
Accepted: 12 May 2023
Published: 16 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Kassel Institute for Sustainability, University of Kassel, Wilhelmshoeher Allee 47, 34117 Kassel, Germany;
bringezu@uni-kassel.de
* Correspondence: digulla@uni-kassel.de; Tel.: +49-561-804-6123

Abstract: The mineralization of carbon dioxide offers a way to permanently sequester carbon while
producing construction materials, combining the concepts of carbon capture and utilization (CCU)
and carbon capture and storage (CSS). However, it is important to evaluate different mineralization
processes in terms of their environmental impact. This study provides the first comparative life
cycle assessment (LCA) analysis that focuses on the utilization of industrial waste materials. We
analyzed the climate and material footprint of six mineralization pathways from cradle to gate using
steel slag, concrete waste, municipal solid waste incineration (MSWI) ash, and olivine as feedstock.
A sensitivity analysis was used to identify the factors with the greatest impact on environmental
performance. Our results show that all processes generate significantly negative values for the global
warming impact (GWI) and raw material input (RMI), ranging from —0.6 to —1.3kg CO; eq. kgf;é d
and —0.6to —1.6kg kgf_eé 4 When cement substitute is considered as product. Five out of six processes
produce negative values for these factors when sand is considered as a product. When operated as
a CCS technology without product use, the processes result in GWI values ranging from —0.13 to
0.01kg CO;y eq. kgf_eé 4- Our study confirms that industrial mineralization is a promising technology
for reducing carbon dioxide emissions. Future process development should focus on replacing carbon
dioxide-intensive products while balancing energy and chemical demand with process efficiency.

Keywords: mineral carbonation; mineralization; CO; capture and utilization; CO; capture and
storage; life cycle assessment

1. Introduction

Reducing greenhouse gas emissions to limit human-induced climate change is the
greatest challenge of our time. It is unlikely to achieve set emission reduction targets with-
out the use of measures to reduce the CO; content of the atmosphere [1]. In addition, there
will be CO; emissions for the foreseeable future that are technically difficult or impossible
to avoid. The relevance of carbon dioxide removal (CDR) technologies as a measure to
limit climate catastrophe is thus of great importance. CO, mineralization, the exothermic
reaction of suitable metal oxides MO with CO, to form the corresponding carbonate,

MO + CO, — MCOs3, )

is one of the most promising technology routes for this purpose. Unlike other CCS solu-
tions, mineralization can be used to create products and thus generate economic value. The
reaction products can be used in the construction sector so that conventional production
processes are replaced. Naturally occurring minerals such as olivine and serpentine are
often used for mineralization. However, these materials are relatively inert. The minerals
must be prepared by mechanical and sometimes thermal treatment prior to reaction. High
temperatures, high pressures, and chemicals are used to achieve sufficiently high reaction
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yields in a reasonable time [2]. The process inputs of the mineralization processes result
in additional environmental impacts. The positive effects of mineralization can thus be
diminished. In addition, the mining of minerals also represents an interference with natural
areas. The metal oxides that are crucial for mineralization are also contained in certain
industrial wastes. These do not have to be extracted from nature and are usually already
produced in industrialized areas and are therefore more easily available for mineraliza-
tion [3]. In contrast to natural minerals, which contain mainly MgO as reactive species,
suitable industrial waste materials contain mainly the more reactive CaO [4]. Many waste
materials, such as MSWI ash, are also created directly with a small grain size and require
less or no crushing prior to reaction [5]. The reactions with industrial wastes as feedstock
can proceed under milder conditions. An overview of the most relevant waste materials
suitable for mineralization occurring in Germany is shown in Table 1. The theoretical CO,
binding potentials Py, (that is, the amount of CO; that could be absorbed by the source
materials if mineralization were complete) of the industrial wastes produced in Germany
are calculated according to

CCaO,i , ‘MgO,i
Piheo,i = Mieed,i - Mco, < Moo + Mo )’ )
a g

where the amount of waste i generated is g ;, the concentrations of CaO and MgO in
the respective waste material are cc,0; and cc,0,; and the molar masses are Mco,, Mcao,
and Myjgo. Data on material composition and other waste materials are presented in the
Appendix A in Table A1.

Table 1. Overview of the generation, theoretical CO, sequestration potential, and utilization rate of
the waste materials with the greatest theoretical CO, sequestration potentials for Germany.

Feedstock Waste Generation _1 Utilization
Material DE [Mta~—1] Pineo Mt COz 2™ Rate [%]
waste concrete 24.6 [6] 3.1-5.5 94 [7]
steel slag 5.4 [8] 1.1-3.3 92 [8]
MSWI ash 5.2 9] 0.8-1.0 94 [9]

In order to evaluate how effective different mineralization processes are as climate
protection measures and whether problem shifts to other environmental effects are to be
expected, LCA analyses are of decisive importance. A number of studies on the ecological
analysis of mineralization processes are already available. However, these studies differ
greatly in their approaches and cover only parts of the possible technologies. Especially
in the field of mineralization with industrial waste, there are hardly any studies, with the
exception of mineralization with steel slag [10-13]. In most studies, only a single technology
was analyzed and the LCA analyses were carried out under specially adapted conditions.
LCA studies on the carbonation of minerals are often aimed solely at CO, fixation and not
at the utilization of the mineralized material [14]. There is only one LCA study available for
mineralization with concrete waste [15], and no LCA studies are available for mineralization
with MSWI ash.

In a study by Ostovari et al. in 2020 [10], however, different processes from differ-
ent technology studies were analyzed under uniform conditions for the first time. Four
processes used serpentine, two processes olivine, and one process steel slag as feedstock.
It was assumed that either the SiO, contained in the product or the entire mineralization
product could be used as a cement substitute. Additionally, the potential size of the global
market for cement substitutes was estimated. The authors concluded that the market
size for novel cement substitutes was about 1Gta~! and that the processes could lead to
emission reductions of 0.45 to 1.17tCO; eq. t~1 fixed CO,. In an idealized scenario, 2.6 to
3.2tCO; eq.t™! fixed CO, could be achieved.
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A similar general comparative analysis for the technologies in question for miner-
alization with waste materials does not yet exist and there is a lack of suitable analysis
parameters and a uniform comparison system. Particularly in the case of using waste
materials, due to their limited availability, the question arises as to how the materials
can be used most efficiently in order to achieve the greatest possible emission reductions
depending on the application energy; CO; efficiency might be important as well. In most
of the available studies, only the climate impact of the analyzed processes was considered.
However, the extent to which mineralization processes lead to problem shifts to other
environmental impacts, such as the demand for raw materials, should also be considered
in technology assessment.

In this study, a systematic method for the LCA analysis of mineralization processes
using industrial waste as feedstock was presented. For this purpose, six mineralization
processes were modeled. Five of the processes used waste materials and one process
olivine as feedstock. For each of the processes, their climate and material footprints were
determined. The study aimed to highlight the current and future potential of different
mineralization technologies and to identify environmental hotspots.

2. Materials and Methods

The present analysis was carried out in accordance with common international stan-
dards of life cycle assessment [16,17]. A main motivation for mineralization is the reduction
of global greenhouse gas emissions. At the same time, a problem shift towards increased
material use and associated interference with natural areas is possible, as already observed
for other CCU technologies [18]. Therefore, a combination of the climate footprint and a
material footprint was applied for impact assessment in this study. The impact assessment
indicators used are the global warming impact GWI100 and the raw material input RMI [19,20].
The former, as an output-oriented indicator, measures the greenhouse gas emissions asso-
ciated with the processes studied as CO, equivalents for a reference period of 100 years,
while the latter, as an input-oriented indicator, measures the amount of material used in
the processes. The RMI can be divided into a biotic and an abiotic part. Because the biotic
part is of minor importance for the technologies investigated, only the abiotic part was
considered in this study.

2.1. Functional Unit

In previous LCA analyses of mineralization technologies, in most cases, a product,
such as a produced amount of building material or a calcium carbonate functional unit, was
chosen [12,13,15]. This approach is suitable for comparing a single mineralization process
with an existing production process. In this study, however, mineralization processes
were to be compared with different target products, some of which have not yet been
determined. For this reason, a generalized, input-oriented approach was chosen. The
amount of annually generated industrial waste suitable for mineralization is limited and
depends on the respective primary production processes. At the same time, waste materials
that are particularly suitable for mineralization already have high utilization rates in
Germany [7-9]. It seems reasonable to use them as efficiently as possible, which is why
the use of 1 kg of feedstock suitable for mineralization was chosen as the functional unit
for this study. Since the availability of energy and, in the future, of CO, from unavoidable
point sources could also be a limiting factor for mineralization [21,22], the functional unit
was altered in Section 3.4 and to what extent the results of the analysis would change if the
use of 1 kWh of electricity or 1 kg of CO, were used as the functional unit was examined.

2.2. System Boundary

For the LCA analyses, it was assumed that the products generated by mineralization
are identical in their properties to the reference products assumed in each case. For this
reason, a cradle to gate approach was used. The individual processes were subdivided
into the process steps of electricity supply, heat supply, CO; capture, feedstock supply,
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and mineralization. A generalized overview and system description is shown in Figure 1a.
Feedstock supply includes the crushing and separation of waste concrete into its constituent
parts and the mining of olivine. The further mechanical comminution of the raw materials
to reaction size, as well as general process expenses, such as the energy for the compression
of the CO,, are summarized under the item mineralization.
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Figure 1. General system description of the mineralization processes under consideration (a) and
system description of the reference system (b).

The mineralization processes considered result in different products. In order to
enable direct comparisons between the processes and to resolve the multifunctionality,
the approach of system expansion with substitution was applied in accordance with [23].
In this approach, the environmental impacts that would result from the conventional
production of the products are subtracted as an avoided burden from the environmental
impacts of the corresponding mineralization processes. In this way, the analyzed processes
were compared with a reference system that provides the same products (see Figure 1b).
Thus, negative values for the environmental impacts considered, such as a negative GWI
value, could result for the processes. This does not necessarily mean that the process
under consideration actually ensures negative CO; emissions in this amount, but it merely
represents the difference compared to the reference system. This approach is only ap-
plicable as long as it is guaranteed that the generated products are equivalent in their
function to the selected reference, are actually in demand, and can thus actually replace
the conventional productions. The size of the sales market may limit the scaling of the
processes in addition to the scarcity of feedstocks. In this study, two main products were
considered for mineralization. If pure CaCOj is produced, use as an industrial chemical
was assumed. For the remaining mineralization product (hereafter referred to as Min-Mix),
use as a cement substitute was assumed. Both products were produced in the reference
system by conventional production processes. Section 3.3 examines how the utilization as
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another product (for example as aggregate) would affect the environmental impact of the
processes. The heat of reaction was considered as an additional product to substitute a heat
pump in the reference system. Since the waste materials under consideration have high
utilization rates in Germany, this study assumed that utilization competition will occur. For
this competition for use, a system expansion was also carried out. For this purpose, it was
assumed that the function that the waste materials would fulfill in the reference system
must be provided by conventional production processes. If waste materials were used in
mineralization, the environmental impact of the processes was increased by a contribution
of these conventional processes. It was assumed that the waste materials would otherwise
be used as a sand substitute.

2.3. Life Cycle Inventory Processes
2.3.1. Mineralization Processes

In this study, mineralization processes using steel slag, waste concrete, MSWI ash,
and olivine as feedstock were analyzed. In each case, technology studies with the best
available date were selected. Studies that focused on the production of a product were
preferred over those that considered fixation alone without product utilization. Due to
the limited number of studies, particularly in the case of carbonation of waste materials,
technologies at different stages of development were selected. The processes in the different
technology studies were optimized according to different aspects (for example, product
quality, or amount of CO; fixation). In total, two processes, each using the fine fraction of
waste concrete and steel slag as feedstock and one each for mineralization with MSWI ash
and olivine, were analyzed. An overview of the processes considered is shown in Table 2
and all relevant process parameters and system diagrams for the individual processes can
be found in Tables A2-A5, as well as Figures A1-A6 in the Appendix A. The processes
considered are also described in more detail below.

For the HiGCarb mineralization process according to Pan et al. (2015) [11], LD-slag
(LD = Linz-Donawitz) with a CaO content of 37.2 % and a MgO content of 8.2 % and CO,
containing waste gases was used. Therefore, provided a point source was available, there
was no need for upstream CO, capture. The steel slag was crushed to a size of 21 um prior
to the reaction. The process analyzed in this study was carried out at atmospheric pressure
and room temperature.

In the Slag2PPC process according to Said et al. (2016) [24], LD-slag was reacted with
pure CO;. The slag used had a CaO content of 51.4% and an MgO content of 1.5%. As a
product, CaCOj3; with a purity of 99.5% could be produced. Before the reaction, the slag
was crushed from an initial particle size of 5 mm to 250 pm. An NH4Cl solution was also
used to increase the reaction rate. The reaction proceeded under atmospheric pressure and
room temperature.

For mineralization with waste concrete, only the fine fraction of the demolished
concrete, which contains part of unreacted cement, can be used. For both mineraliza-
tion routes considered, pre-crushing of the concrete to 500 um was modeled according
to [25]. The coarser fractions of the concrete were considered as additional by-products (see
Section 2.3.1).

For mineralization according to Katsuyama et al. (2005) [26], a concrete fine fraction
with a maximum grain size of <200 pm and a CaO content of 27.3%, and a degree of
mineralization before mineralization of 11%, was used. The reaction was carried out at
50 °C and 30 bar with pure CO,. CaCOj3 with a purity of >98% could be received as a
product. This process will be referred to as Conc-Minl in the following.

In a process according to Pasquier et al. (2018) [25], which is referred to as Conc-
Min?2 in the following, waste concrete with a CaO content of 27.3% was used. However,
44.3% of this had already reacted to CaCOs. Further comminution starting from a particle
size of <500 pm was not performed. Mineralization was carried out at 10.3 bar, at room
temperature, and with the modeled exhaust gases of a cement plant (18.2% CO;). A
separation of the CO, was therefore not necessary.
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In the process according to Chang et al. (2015) [5], boiler ash from waste incineration
was reacted with pure CO;. The ash used had a CaO content of 16.4% and an MgO content
of 1.9%. Of the CaO fraction, 15.7%was already present as CaCOj3. An ash fraction with a
size of 125 pm to 350 pm was used for the reaction. The process is named MSWI-Min in
the following.

For mineralization with minerals, a process was considered by Eikeland et al. (2015),
which used olivine as feedstock [27]. This process is referred to as Oliv-Min in this study.
The mineral source in this study was assumed to be Norwegian olivine based on Kremer
et al. (2019) with a CaO content of 0.2% and an MgO content of 41.1% [28]. Energy
requirements for mining and crushing were calculated analogous to Hangx and Spiers
(2009) [29]. A similarity to the mining of gold and iron was assumed. The olivine was
crushed to 10 pm and reacted with pure CO; at 190°C and 100bar. To accelerate the
reaction, 0.21 kg NaHCOj3 per kg olivine was used.

Table 2. Overview of mineralization routes analyzed.

Process Name Feedstock TRL-Level Literature Source
HiGCarb Steel slag 4 Pan et al., 2015 [11]
Slag2PCC Steel slag 5 Said et al., 2016 [24]

Concl-Min Waste concrete 4 Katsuyama et al., 2005 [26]
Conc2-Min Waste concrete 5 Pasquier et al., 2018 [25]
MSWI-Min MSWI-ash 4 Chang et al., 2015 [5]
Oliv-Min Olivine 3 Eikeland et al., 2015 [27]
2.3.2. Energy

The processes in question do have a considerable energy requirement for various
process stages. The German electricity mix of the year 2021 was modeled as the supply
process on the basis of data from the Frauenhofer ISE energy chart (see Table A7) [30]. A
heat pump with a Coefficient of Performance of COP = 2.2 was modeled for the heat supply
of the capture [31]. The energy input for mechanical comminution was estimated using the
Bond equation if no primary data were available [29]. The work indices used are shown in
Table A3 in the Appendix A. If no data regarding the compression of CO, was available,
the behavior of an ideal gas and an isothermal compression with a 90% efficiency was
assumed [26].

2.3.3. CO,-Source

A cement plant was considered as CO;-source (see Table A6). For all processes that
could use CO; from flue gases, the sequestration of CO, was assumed as burden free and,
apart from the CO,-uptake, it was assumed that the capture was not associated with any
environmental impacts. For all processes using pure CO,, capture was modeled according
to Chauvy et al. [32].

2.3.4. Products

Different products could be generated by the considered processes. In the processes
Slag2PCC and Concl-Min, CaCOj3 could be produced at a high purity of at least 98% in
each case. It thus exceeds the technical standard and could even be used as a pure chemical
if necessary. In this study, we assumed that the production of industrial CaCO3 could
be replaced. For the remaining mineralization product—hereinafter referred to as Min—
Mix—in some cases, no use was considered in the respective technology studies. However,
various studies showed that the mineralization products had pozzolanic properties and
could replace certain proportions of cement in concrete [33]. In this study, it was assumed
that the Min-Mix could be used as a cement substitute for all processes considered and
could replace up to 30-40% of conventional Portland cement [33]. In the processes using
waste concrete, gravel and sand were obtained as a by-product when separating the
waste concrete into its constituents. These were assumed to be identical in quality and
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applicability to gravel and sand from conventional production. In addition, heat is released
during mineralization due to the exothermic reaction. This heat could potentially be used
to replace other heat sources. One potential consumer is the CO,-capture itself. For the
analysis, we assumed that the heat generated during the reaction could be fully utilized
and replace a heat pump as described in Section 2.3.2. An overview of the environmental
impacts of the products considered in conventional production is shown in Table 3.

Table 3. Environmental impacts of the products considered by conventional production.

Product GWI [kg CO; eq. kg1 RMI [kg kg; 11
CaCOs 1.45 1.62
Cement 0.86 1.73
Sand 0.005 0.95
3. Results

3.1. Base Case

With the scenario parameters described earlier, the results for the climate footprint (a)
and material footprint (b) are as shown in Figure 2. The process contributions are described
in more detail in Section 2.2. The contributions that led to an increase or decrease of the

footprints were marked in color.

6
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Figure 2. Climate footprint (GWI 100) (a) and RMI (b) of the mineralization processes considered.
The respective influences of the individual process parts are marked as colored bars. Bars above the
zero line stand for process parts that lead to an increase in CO, emissions and material consumption
and bars below for those that lead to a reduction. The overall balance is marked in black.
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For the climate footprint, values from —0.5 to —1.2kgCO; eq. kgf; 4 resulted. A
negative value here meant a reduction of greenhouse gas emissions compared to the
production of the respective products by conventional processes. The strongest reduction
per input material resulted for the Oliv-Min process, the weakest for the Slag2PCC process.

For all processes, the emission reduction due to product substitution (cement sub-
stitute, PCC, heat) clearly outweighed that due to CO, fixation. However, a larger CO,
uptake also resulted in a larger product volume, which explains the good performance of
the Oliv-Min process.

Relevant process-related emissions resulted mainly for the processes that used chemi-
cals for reaction acceleration (Slag2PCC, Oliv-Min), as well as for the processes that used
waste concrete and olivine. The crushing of concrete and olivine required more energy
than the other processes did. Only part of the concrete (the fine fraction) could be used
for mineralization, and the relatively unreactive olivine had to be crushed to a very small
particle size. The energy requirement increased rapidly with the target particle size. For the
olivine-min process, there was also a large energy requirement from the reaction pressure.
For the HIGCarb and MSWI-Min processes, the lowest process emissions occurred. In the
former case, these resulted mainly from mechanical pretreatment and in the latter case
from CO; capture.

In a comparison of the waste concrete and steel slag processes with each other, the
PCC-producing processes (Slag2PCC, Beton-Min1) performed worse in each case, although
the conventional production of PCC was associated with greater emissions than that of
cement (Table 3). This was due to the higher process emissions resulting from the use of
chemicals and a lower CO, uptake and consequently a lower product quantity.

For the climate footprint, the competition for use played a subordinate role. For the
material footprint (Figure 2b), negative values of —0.66 to —1.17 kg kgf;; 4 resulted for five
processes. Mineralization could thus achieve a simultaneous reduction of the climate and
material footprint in these cases. Problem shifting was avoidable, unlike for many other
CCU processes.

The largest RMI reductions resulted for the concrete-using processes. For the Slag2PCC
process, there was an increase in RMI of 0.01 kg kgfgi 4+ As with the climate footprint, the
product effect was also decisive for the reduction of the material footprint. For the waste
concrete using processes, in addition to the substitution of PCC, cement, and heat, there was
also a large contribution for the provision of aggregates (sand, gravel) from the crushing
process of the waste concrete. Although these were not directly used in the mineralization
process, they were produced as a by-product and were included in the contribution of
concrete crushing.

In contrast to the climate footprint, the utilization competition was very decisive
for the material footprint of the processes using waste materials. This was due to the
large material demand of the assumed alternative use of the waste materials compared to
their climate impact. For the competition for use of the concrete-using processes; larger
values resulted than for the other processes. This was due to the fact that only the fine
fraction of concrete, which amounts to about 22% of the waste concrete, could be used
for mineralization. However, it was assumed that the total quantity of concrete could
alternatively be used as aggregate. This large contribution was offset by the previously-
mentioned coarse fractions that were obtained as a by-product. If the waste concrete was
not subject to any competition for use, even significantly greater RMI reductions of more
than 5kg kgf;l 4 would result.

Additional results are shown in Appendix in Figures A7-A10 in the Appendix A.
The CO; source, the supply processes of the power supply, the product produced, and
the chemical composition of the feedstocks were varied individually. The CO; supply by
direct air capture (DAC), a power supply for the year 2050 based entirely on renewable
energies, sand instead of cement substitute as a product, and a CO; sequestration potential
of the feedstock materials that corresponds to the extreme values found in the literature
were used.
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3.2. Sensitivity Analysis

The mineralization processes analyzed in this study describe the current state-of-
the-art as an example. They are classified at a technology-readiness level (TRL) of 3-5
and it is expected that, in the course of further research and future scaling, the processes
will be developed further in various parameters, resulting in improved environmental
performance. The extent to which the environmental impact of the processes will change
with these parameters was analyzed in the form of a local sensitivity analysis. The following
relevant parameters were identified: environmental impact of the substituted product,
amount of CO, bound in the reaction, amount of chemicals used, total amount of electrical
energy used, efficiency of the heat pump used, and the amount of industrial waste used
that is subject to utilization competition. Figure 3 shows the change in the environmental
impact of the processes in absolute values, if the parameters were individually decreased
by 5%.
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Figure 3. Sensitivity analysis to the processes under consideration for the GWI (a) and RMI (b).
Selected parameters were individually increased by 5%.

The environmental impact of the product to be substituted influenced the overall
environmental impact in that the products produced in the mineralization processes did
not have to be produced by conventional processes and the associated environmental
impacts could be avoided. This effect could be increased if products were manufactured in
the mineralization processes whose conventional production caused higher environmental
impacts than cement substitute, as assumed in this study. Otherwise, it could be assumed
that the product effect would become less relevant due to further developments and
efficiency increases in the conventional reference processes.

The amount of CO; captured during mineralization affected the environmental impact
of the processes in several ways. If more CO, was converted in the reaction, the amount of
product would increase by exactly this value. On the other hand, more CO; would have to
be captured and the energy demand and sorbent input would increase. In addition, the
climate footprint would be directly reduced by the amount of bound CO,. An increase of
the CO, reaction amount is possible in different ways. For example, the reaction conditions
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could be adjusted, the particle size of the feedstock could be reduced by mechanical
comminution, and chemicals could be used to increase the solubility of Ca?* ions. If a
process already results in a complete mineralization of the feedstock, the fixed amount
of CO; could only be increased by using more potent feedstocks with a higher content of
reactive metal oxides.

These adjustments could lead to an increase in energy and chemical requirements,
which also directly would affect the environmental impact of the processes. Further
research and variation of process parameters should be performed in combination with
LCA analyses to find environmental optima.

In the sensitivity analysis for the GWI, the largest effect for five processes resulted for
the variation of the product GWIL. A reduction of the product GWI by 5% resulted in an
increase of the GWI of 0.022 to 0.062kg CO; eq. kgf_eé 4 Which corresponded to a relative
increase of 4-5%. A reduction of the amount of converted CO, resulted in a lower CO,
fixation and a decrease in product quantity. These effects were slightly diminished by the
a reduced effort for CO, capture. A GWI increase of 0.002 to 0.037 kg CO, eq. kgf;é q Or
0.4-3% resulted.

For the Slag2PCC process, the largest effect resulted from the reduction of the chem-
ical input, which made for a decrease in GWI of 0.03kg CO; eq. kgf;; q- For the Oliv-
Min process, a decrease of the chemical input by 5% led to a decrease of the GWI by
0.01kg CO; eq. kgf;id.

A decrease of the energy input was mainly relevant for the energy-intensive processes
Conc1-Min, Conc2-Min and Oliv-Min. The five percent decrease resulted in relative varia-
tions of 0.1-0.5%. Variations in utilization competition and heat pump efficiency did not
result in significant variation of the GWL

For the RM]I, the variation of the product RMI represented the most important in-
fluencing factor for four processes. Once again, the processes that produced the largest
amount of Min—-Mix were most strongly affected.

For the processes Concl-Min and Conc2-Min, the largest effect resulted from varying
the fraction of waste material that is subject to competition for use. For the waste concrete
processes, a 5% decrease in the quantity subject to competition for use resulted in a 20%
decrease of the RMI, and for the other waste materials, in a decrease of about 5%. The
significantly larger effect for the waste concrete processing operations can be explained by
the low proportion of waste concrete that could be used for mineralization.

The effect of the decrease in chemical and energy use had a weaker impact on the RMI
than on the GWI. The five percent increase resulted in a maximum increase of the RMI by
6% and 1%, respectively.

3.3. Product Effect

In the preceding LCA and sensitivity analyses, the product effect was identified
as the most decisive influencing factor on the environmental impacts of the processes
under consideration. Which products can actually be generated by mineralization and
which conventional products can be replaced as a consequence are still part of current
research. In addition, when using wastes, harmlessness analyses must be carried out for the
actual application as a building material and corresponding standards must be created. In
addition, the conventional reference processes will also potentially evolve in the future. For
the cement industry in particular, a great need for reform is seen due to the high greenhouse
gas intensity of the industry. Therefore, Figure 4 shows the environmental impacts of the
processes GWliot and RMI,; as a function of a variable product environmental impact for
the Min-Mix GWI,, ;o4 and RMI,4. Values for the GWIp,;4 of 0.86 to 0kg CO; eq. kgf;i d

and for the RMI,;,q of 1.73 to Okg kgf_eé 4 were calculated. The extreme values correspond
to the substitution of Portland cement and no product effect, i.e., the consideration of the
processes as a pure CCS measure. For the climate footprint, target values of the cement
industry for the years 2030 and 2050 are shown as vertical lines as additional reference
values. For the GWI,;oq and RMI,;,q values of cement, the environmental impacts of the
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processes correspond to the values in Figure 2. For other products, such as CaCO3, no
variation in environmental impacts was considered.

Since different product quantities were generated in the processes, the environmental
impacts of the processes depended to varying degrees on the environmental impacts of
the Min-Mix, resulting in different slopes. The processes with a large Min—-Mix quantity
Oliv-Min and, to a lesser extend HiGCarb, were most strongly affected, while the CaCOg3-
producing processes Slag2PCC and Concl-Min were least affected. This led in part to a
change in the ranking of the processes as a measure for reducing the environmental impacts
considered. If no product effect was assumed for the Min—-Mix, GWI values of —0.13 to
0.01kg CO; eq. kgfgi 4 resulted. The lowest value resulted for the process Slag2PCC. Thus,
the processes with the lowest GWI reductions Slag2PCC and Conc-Minl developed into
the processes with the highest GWI reductions. For the process Conc-Min2, there was even
an increase in total emission compared to the reference scenario.

While five processes resulted in significant reductions in material consumption with
an RMI,;,q value of the Min-Mix of 1.73 kg, all processes considered led to an increase
of RMI,,; with an RMIpr04 above 0.5 kg. Irrespective of the RMI of the Min-Mix, the two
waste concrete processing processes Conc-Minl and Conc-Min2 provided the lowest RMI
values, while the processes Slag2PCC and Oliv-Min performed worst in terms of material
use over almost the entire value range.

0.2
0.0 ffmmmmmmm e
—0.21 /
—0.4]

—0.61
—0.8]

\\

—~1.01
—-1.24

GWiiot [kg CO2 eq. / kQfeed]

1.4

Cement 2020 Cement 2030 Cement 2050

08 0.7 0.6 05 0.4 0.3 02 01 0.0
GWIprod [kg CO; eq. / kg]

-1.6

2.5

[b]

RMlot [Kg / KOfeed]

16 14 12 1.0 08 06 0.4 0.2 0.0
RMIprod [kg / kg]

—— HIGCarb Slag2PCC —— Conc-Minl —— Conc-Min2 —— MSWI-Min —_— OIiv-MinJ

Figure 4. Total climate (a) and material (b) footprint of the mineralization processes considered as a
function of the corresponding footprint of the substituted product. Values are given from the current
GWI and RMI value of cement to 0 kg CO; /kg product and 0 kg/kg product respectively, i.e., no
avoided burden through product substitution. Possible developments of the GWI value of cement for
the years 2030 and 2050 based on a roadmap of the European Cement Association [34] are shown as

vertical lines.
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3.4. Effect of Functional Unit

Due to the limited availability of waste materials, the mineralization processes in
the previous analyses were investigated on the basis of the functional unit of 1 kg of the
starting material. For the GWI, this functional unit is referred to as GWleq in the following
with the unit kg CO; eq. kgf;i 4~ In this way, the processes could be evaluated in terms
of their efficiency of feedstock use. In the following, the efficiency of the processes was
investigated in terms of the use of energy and CO; by converting the previous results to
two new functional units GWlenergy and GWIco, with the units kg CO, eq./(kW h) and kg
CO; eq., respectively. The calculation was performed as shown below for the GWI with
the amount of feedstock meeq, the input quantity of CO, mcp,, and the total electricity
demand (including electricity demand of heat pumps) Eiot:

m
GWlenergy = GWleeq Efteetd €)
(0]
m
GWIco, = GWigeeq —24. @)
mCOz

RMI was calculated in the same way. The concrete values for meeq, Mmco,, and Eiot
can be found in Table A2 in the Appendix A. Since the inputs energy and CO; are identical
for all processes, the change of the functional unit allowed direct comparisons between
processes with different inputs. Both inputs can also be limiting factors for scaling CCU
processes. The question of which technology is most promising may differ depending on
perspective. At the same time, different stakeholders, such as CO, point source operators,
might have an interest in achieving the greatest possible emission reductions with the
feedstocks they provide. To enable an easy comparison of the results for the different
functional units, the values for one functional unit and one indicator each were normalized
to the value of the largest reduction of the corresponding indicator (Figure 5). A value of
—1 corresponds to the largest reduction of the corresponding indicator for a functional
unit. The data basis for material efficiency corresponds to the values in Figure 2. The most
material-efficient processes were, at the same time, not the most efficient in terms of the use
of energy and CO;.

In terms of GWI (Figure 5a), the two CaCO3 producing processes (Slag2PCC and
Concl-Min) were the least material-efficient in comparison, but had the highest CO,
efficiency. In terms of energy efficiency, each performed worse than the other processes
using the same feedstock. Due to the high CO, uptake per kg of starting material and the
resulting larger product volume, the Oliv-Min process had the greatest material efficiency.
However, it also had the lowest CO; efficiency and the third lowest energy efficiency. The
lowest energy efficiency was achieved by the two waste concrete processes, Concl-Min
and Conc2-Min. Overall, the processes differed most in terms of their energy efficiency and
second most in terms of their CO, efficiency. For the material efficiency, the values between
the processes differed by a maximum of 60% of the maximum CO, emission reduction,
whereas the process HIGCarb provided for a twelve times higher emission reduction with
a given amount of energy than the process Concl-Min.

For the RMI (Figure 5b), the Slag2PCC process resulted in positive values regardless
of the functional unit and thus an increase in material input. Apart from this, the ranking
of the processes in terms of CO, efficiency was the same as for the GWI. The processes also
performed similarly in terms of energy efficiency. The HiGCarb and MSWI-Min processes
had the greatest energy efficiency for reducing the RMI. For the RMI, however, the Oliv-Min
process performed worse than the two concrete processes, Concl-Min and Conc2-Min. This
resulted from the significantly higher energy requirement for Oliv-Min. Depending on the
objectives and parameters, such as the availability of industrial waste materials and energy,
various processes were the most efficient from an ecological point of view.
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Figure 5. Climate (a) and material (b) footprints of the processes considered as depending on the
input-based functional units 1 kg feedstock material input, 1 kg CO, input and 1 kWh energy input.
The values are normalized to the amount of the largest GWI reduction to a functional unit in each
case, by dividing the results of all processes to one functional unit each by the value of the largest
reduction of the respective environmental impact using this functional unit.

3.5. Reduction Potentials

If the total amounts of waste concrete, steel slag, and municipal waste incineration
ash would be used under the assumed conditions in the most material-efficient processes
in each case, emission reductions of 16.1 Mt CO, eq.a~! are possible for Germany, with
a simultaneous reduction in RMI of 16.4Mta~!. The CO, emission reduction thus corre-
sponds to 2.4% of the German CO, emissions of 2021 [35] and 78.5% of the CO, emissions
of the German cement industry of 2021 [36]. The Min-Mix quantity produced of 17.7 Mt
corresponds to 50.6% of the quantity of cement produced in Germany in 2021 [37]. By
assuming that the maximum substitution rate for cement is 40%, the maximum market
size for cement substitutes in Germany would be exceeded by at least 3.7 Mt and the size
of the market could be a limit to the potential for reducing environmental impacts from
mineralization with industrial wastes.

4. Discussion

In the analyses, the effect of product substitution on the environmental impacts of the
processes was shown to be the most decisive and, with respect to the climate footprint, led to
a greater reduction than the effect of CO, fixation. Further research on the development of
mineralization processes should therefore target products whose conventional production is
associated with high environmental impacts. If a CO;-intensive product such as cement or
CaCOs could be replaced, the energy requirements for CO, capture and process execution
are of little significance for the GWI, but the use of chemicals can significantly reduce the
CO; emission. For the feedstocks for which two different process routes were investigated,
the processes in which no CaCO3 was produced performed better for both the GWI and
the RMI. However, this only applies as long as cement substitutes can be produced and an
efficient feedstock use is prioritized. If the environmental impacts of the replaced products
are smaller, however (for example because it is only possible to produce products whose
conventional production is less environmentally relevant or because existing processes
continue to develop), this has a significant impact on the ability of the mineralization
processes to reduce environmental impacts. As a result, process inputs such as energy and
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chemical requirements could become much more significant. If no product is produced, only
five processes could achieve CO; emission reductions of —0.14 to —0.06 kg CO; eq. kgf;é d
and none of the processes could achieve RMI reductions. For the material footprint, the
question of whether the waste materials are currently already being used elsewhere also
plays a major role. Even if the existing applications would have to be served by alternative
production processes, this results in RMI reductions of —1.17 to —0.66 kg kg, }3 q for five of
the processes. If this competition for use does not occur, significantly greater reductions are
possible.

5. Conclusions

The mineralization of CO; is a promising way to reduce greenhouse gas emissions by
fixing CO, and replacing conventional production processes. In this work, a methodology
was developed to evaluate the efficiency for reducing the climate and material footprint of
different mineralization processes in terms of their material, energy, and CO, input. A focus
was placed on mineralization with waste materials and, for the first time, a detailed life cycle
assessment comparison of the different feedstocks under consideration was carried out.

Under the analyzed scenario conditions, all processes were able to provide for a
reduction of the climate footprint of —1.30 to —0.58 kg CO, eq. kgf;{ 4 with five processes
additionally providing for a reduction of the material footprint RMI. The largest GWI
reduction per amount of feedstock used was achieved in the baseline scenario by the
Oliv-Min process. However, the lower the product effect, the better the other processes
perform in comparison. The processes with the highest energy efficiency are those that
use steel slag and MSW1I-ash as feedstock, and the highest CO,-emission reduction per
amount of CO; used is achieved by the processes that produced CaCOj3 (Slag2PCC and
Concl-Min).

A theoretical reduction of 16.1 Mt CO; eq.a~! with a simultaneous reduction in RMI
of 16.4 Mt a1 were calculated for Germany, if the total amount of steel slag, concrete waste,
and MSWI-ash produced annually were used for mineralization. This corresponds to about
twice the theoretical CO; binding potential. This again shows the relevance of the product
effect, which can compensate for any process related emissions easily.

It was shown that all the processes analyzed can be used to reduce CO, emissions.
Which processes are best suited for this purpose depends on the respective parameters, in
particular the product use, and the chosen scope of consideration.
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Abbreviations

The following abbreviations are used in this manuscript:

LCA Life Cycle Assessment

GWI  Global warming impact

RMI  Raw material input

CCU Carbon capture and utilization
CCS  Carbon capture and storage
CDR Carbon dioxide removal

PCC  Precipated Calcium Carbonate
TRL  Technology Readiness Level
COP  Coefficient of performance
Appendix A
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Figure A1. System description of the mineralization process Concl-Min.
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Figure A2. System description of the mineralization process Conc2-Min.
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Figure A3. System description of the mineralization process MSWI-Min.
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Figure A4. System description of the mineralization process Oliv-Min.
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Figure A5. System description of the mineralization process Slag2PCC.
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Figure A6. System description of the mineralization process HiGCarb.

Table Al. Overview of the generation, theoretical CO, sequestration potential and utilization rate
different waste materials for Germany.

Feedstock Waste Generation o o Piheo Utilization
Material DE [Mta—1] ccao [%] emg0 %] 1nie co, 1 Rate
waste concrete 24.6 [6] 26.4-26.8 [38] 0.63-1.2 [38] 3.1-5.5 94% [7]
steel slag 5.4 (8] 25-57 [39-41] 1.1-3.3 92% [8]
MSWI ash 5.21[9] 164-21.1[5]  1.9-2.1[5] 0.8-1.0 94% [9]
paper industry 7.1 [42] 2.8-19 [43] 02-1.1
waste
red mud 1.7 [44-46] 0-14 [47] 0-0.2
coal ash 15.6 [48] 1-50 [39,48,49] 1.1-3.9 87% [48,50]

wood power

plant ash 1.8 [51,52] 39.2[51] 6.4[51] 0.08

Table A2. Overview of mineralization routes analyzed with the total energy demand Ei, the
COy-input mco, and the resulting product amount #1,,04.

Name Feedstock T p TRL Etot mco, [kgf_e:_ d] Mprod [kgf_e:_d]
HiGCarb Steel slag 50 °C 30 bar 4 0.040 0.12 1.12
Slag2PCC Steel slag RT 10.3 bar 5 0.028 0.038 0.53
Concl-Min Waste concrete RT 1 bar 4 0.011 0.065 0.92
Conc2-Min Waste concrete RT 1 bar 5 0.0081 0.22 1.11
MSWI-Min MSWTI-ash 25 °C 1 bar 4 0.018 0.10 1.10

Oliv-Min Olivine 190 °C 100 bar 3 0.21 0.45 1.45

Table A3. Overview of mineralization routes analyzed with the CaO and MgO content cc,0 and
cmgo and the work indices W.

Name Feedstock ccao [%] cmgo [%] W kW h t~1]
HiGCarb Steel slag 27.3 12.16 [53]
Slag2PCC Steel slag 27.3 12.16 [53]

Concl-Min Waste concrete 51.40 1.50 13.49 [53]
Conc2-Min Waste concrete 37.2 8.2 13.49 [53]
MSWI-Min MSWI-ash 16.4 1.9

Oliv-Min Olivine 0.2 41.1
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Table A4. Life cycle inventory of mineralization processes according to [5,11,24-27].

Inputs HiGCarb Slag2PCC Concl-Min Conc2-Min MSWI-Min Oliv-Min
Steel Slag kg 1 1
Concrete waste fine fraction =~ kg 1 1
MSWI-Ash kg 1
Olivine kg 1
CO, kg 0.12 0.038 0.065 0.22 0.10 0.45
Electricity kWh 0.040 0.028 0.011 0.008 0.018 0.21
water kg 50 9 0.035 5
NH,4Cl1 kg 0.48
NaHCO; 0.21
Outputs
Min-Mix kg 1.12 0.54 0.92 1.11 1.10 1.45
CO, kg 0.0032 0.11
CaCOs3 kg 0.50 0.15

Table A5. Life cycle inventory of pretreatment processes according to [25,29].

Input Concrete Olivine
P Crushing Mining
Concrete waste kg 4.63
Olivine (in ground) kg 1
Electricity kWh 0.36 0.0017
Water kg 0.64
Outputs
Concrete waste
fine fraction kg 1.00
Gravel kg 2.48
Sand kg 1.14
Olivine kg 1
0.0+
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Figure A7. Climate footprint (GWI 100) of the mineralization processes considered for different CO,

sources.
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Table A6. Life cycle inventory of the CO; sources according to [32,54].

Input Point Source DAC
electricity [M]] 0.356 2.52
heat [M]] 2.86 11.9
monoethanolamine [g] 1.52 7.5
steel [g] 0.046
stainless steel [g] 0.00142
aluminium [g] 0.0041
polyurethane [g] 0.00054
copper [g] 0.00052
concrete [g] 0.00036

Table A7. Composition of the power supply for the years 2021 and 2050.

Energy Source Energy 2021 [%] Energy 2050 [%]
wind 241 76.8
lignite 20.2
nuclear 12.3
photovoltaic 10.7 19.2
natural gas 10.4
hard coal 9.4
biogas 8.8
hydro 4.0 4.0
oil 0.3
0.0
— —0.2+
e
78 0.4
61_ .
~
o —0.61
)]
N ]
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O
o —1.01
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I Energy 2020
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O C N N (e \e
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Figure A8. Climate footprint (GWI 100) of the mineralization processes considered for different
electricity supply processes.
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