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A B S T R A C T   

Mineral carbonation technologies are associated with the concept of Carbon (dioxide) capture, utilization, and 
storage and rely on the mineralization reaction, which can be observed in nature. In order to overcome the slow 
natural reaction rates, diverse pathways are studied to sequester carbon dioxide into mineral products. However, 
studies that perform a life cycle assessment (LCA) on mineral carbonation are poorly comparable due to dif-
ferences in the assessment methodology. A two-step approach is applied to report on and overcome this issue. 
First, a qualitative analysis based on a systematic literature review of 29 relevant articles was conducted. Second, 
a meta analysis with harmonized methodological assumptions was applied to assess which of the proposed ex- 
situ carbonation routes in literature has the lowest environmental impacts (16 different impact categories 
assessed). The qualitative literature review demonstrates that the most critical difference of the published LCAs 
on mineral carbonation technologies is handling multifunctional processes, as this parameter influences the 
result of an LCA. Since none of the assessed studies evaluated the technology readiness level (TRL) of the 
investigated technology, a TRL estimation based on the studies’ descriptive information, ranging from 2 to 6, was 
provided. This is reflected in the predominant usage of laboratory or simulated data as the primary data source. 
The main finding of the meta analysis in terms of global warming and the impact category minerals and metals is 
that direct aqueous carbonation, carbonation mixing, and carbonation curing show negative values in those 
impact categories despite the deployed scenario. Hence, these three mineral carbonation technologies seem to be 
most promising. However, it could be demonstrated that other impact categories show positive results. In the 
case of indirect aqueous carbonation, it depends on the substitution credit assumed whether this pathway acts as 
a climate mitigation pathway.   

1. Introduction 

In the latest United Nations Climate Change Conference of the Parties 
(COP26), the importance of the Paris Agreement is stressed (UNFCCC, 
2021). Technologies such as carbon capture, utilization, and storage 
(CCUS) might help limit the global average temperature increase to 
1.5 ◦C above pre-industrial levels. CCUS is a concept, which implies the 
capture of carbon dioxide (CO2) from stationary sources and the sub-
sequent distribution to different utilization and/or storage options 
(Tapia et al., 2018). Some associated technologies aim to mitigate 
climate change by the long-term sequestration of CO2 in 
non-atmospheric sinks such as saline aquifers or other geological 

formations. Those procedures are classified as carbon capture and 
storage (CCS) technologies. In contrast, carbon capture and utilization 
(CCU) technologies aim to create valuable low-carbon intermediates and 
end-products by using CO2 as a chemical feedstock or injection fluid 
(Tapia et al., 2018). Furthermore, some technologies even allow the 
simultaneous utilization and storage of CO2. For example, in enhanced 
oil recovery, pressurized CO2 is injected in depleted oil reservoirs to 
increase the oil recovery and partially sequestrate CO2 (Tapia et al., 
2016). 

Mineral carbonation technologies are associated with the concept of 
CCUS and rely on the mineralization reaction, which can be observed in 
nature. For this reaction, atmospheric CO2 is dissolved in rainwater and 
reacts with alkaline earth metals such as calcium or magnesium from 
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silicate minerals to form stable carbonate rocks. This natural carbon-
ation reaction refers to natural rock weathering, which contributed to 
the historical reduction of CO2 in the atmosphere (Chakraborty and Jo, 
2018). However, occurring over geological time scales, this process has 
relatively low reaction kinetics (Dindi et al., 2019). In order to overcome 
the slow reaction rate, mineralization technologies are implemented, 
which can be distinguished into in-situ and ex-situ carbonation. In-situ 
carbonation describes the purposeful injection of CO2 in silicate-rich 
geologic formations followed by the conversion into carbonates 
(Romanov et al., 2015). Since the CO2 is chemically bound in the min-
eral matrix, the process does not require long-term monitoring of po-
tential CO2-leakages (Dindi et al., 2019). The targeted use and mapping 
of geogenic resources like ultramafic rocks suitable for the mineral CO2 
sequestration process is already a realistic scenario (Krevor et al., 2009). 
In-situ mineral carbonation represents a major CCS method 
(Snæbjörnsdóttir et al., 2020). On the contrary, ex-situ carbonation, i.e., 
the carbonation of a pretreated feedstock in a plant, is classified as a CCU 
technology since the reaction products can be utilized as construction 
materials or high value-added chemicals (e.g., Pan et al. (2018)). 

Various studies have evaluated the environmental impact of ex-situ 
mineral carbonation technologies by employing a life cycle assessment 
(LCA). For instance, Di Maria et al. (2020) presented an LCA of con-
struction blocks from the mineral carbonation of steel slag. The authors 
showed that the carbonated blocks had lower environmental impacts in 
most impact categories than conventional Portland Cement-based con-
struction blocks with similar compressive strength. Lee et al. (2020) 
proposed an indirect carbonation pathway to produce nano-sized cal-
cium carbonate by mineral carbonation of steel slag. The evaluation via 
LCA showed a net CO2-emission reduction of 8% compared to the con-
ventional process and feasibility was validated by an economic analysis. 
Ostovari et al. (2020) determined the carbon footprint (CF) of seven 
indirect and direct carbonation routes via LCA. The products made from 
the carbonation of natural minerals and steel slag are used to substitute 
cement partially, and all pathways achieve a reduction of climate im-
pacts in the range of 0.44–1.17 tons CO2-equivalents (CO2-eq.) per ton 
CO2 stored. Tanzer et al. (2021) investigated decarbonization measures 
for the cement industry, including biomass energy usage, mineral 
carbonation in concrete production, and natural carbonation of the 
demolished concrete at end-of-life (EOL). The results showed that con-
crete production could have a lowered CF and further be CO2-negative 
after at least 40 years when the emissions from the production are 
reabsorbed by biomass regrowth and CO2 uptake by concrete wastes. 
However, mineral carbonation in concrete production only led to a 
lower CF than conventional concrete with 30 MPa compressive strength 
when avoided emissions from reduced cement usage due to strength 
gain through carbonation were considered. The results of the 
above-mentioned studies show that the use of alkaline industrial waste 

in particular has a high potential to sequester CO2. The carbonation 
potential of iron and steel slags should be emphasized (Liu et al., 2021). 
Based on the developments to use industrial wastes for CO2 sequestra-
tion, Pan et al. (2020) conducted an assessment of the global seques-
tration potential of alkaline industrial wastes. According to their 
estimates, the possible direct and indirect CO2 sequestration potential 
through carbonation of the world’s alkaline industrial wastes amounts 
to 4.02 Gt CO2 per year (Pan et al., 2020). The results of studies that 
perform an LCA on mineral carbonation are poorly comparable due to 
differences in the assessment methodology. Ravikumar et al. (2021) 
addressed this issue who performed a meta LCA based on 19 different 
carbonation studies. However, the study was focused on concrete 
products and carbonation curing and mixing. 

Hence, this study has two main objectives. The first aim is the 
qualitative analysis of existing literature on LCAs of ex-situ carbonation 
technologies. Therefore, methodological and technological parameters 
were identified to evaluate the different LCAs. The second aim is to 
assess which of the proposed ex-situ carbonation routes in the literature 
has the lowest environmental impacts when sequestering a given 
amount of CO2. A meta LCA which is an LCA of LCAs accomplishes this 
with harmonized methodological assumptions. Carbonation curing and 
mixing in cement production and direct and indirect carbonation 
pathways are considered. These technologies, as well as feedstock for 
carbonation, are further described in section 2. Section 3 provides in-
formation on the methodology of the literature review and meta LCA. 
The reviewed studies are analyzed in section 4 regarding methodolog-
ical and technological differences. Results of the meta LCA are presented 
and discussed in section 5, followed by a conclusion in section 6. 

2. Ex-situ carbonation technologies and feedstock 

In this section, a categorization of carbonation feedstocks and tech-
nologies is presented. Several examples support this to provide an 
overview of mineral carbonation. Ex-situ mineral carbonation requires 
CO2 and a feedstock that includes metal ions for the sequestration of CO2 
as thermodynamically stable carbonates. CO2 can be obtained from flue 
gas streams from industrial point sources such as steel-, cement-, or 
power plants (Lux et al., 2018). While some carbonation technologies 
can utilize a flue gas stream directly, others require a high-purity CO2 
stream. This level of purity can be achieved by chemical or physical 
absorption (Chakraborty and Jo, 2018). 

The feedstock to be carbonized can be either geogenic or anthropo-
genic. Geogenic, for example, naturally formed feedstocks are mainly 
ultramafic rocks consisting of magnesium-silicate minerals such as 
serpentine and other associated peridotite rocks and their rock-forming 
minerals like olivine, dunite, wehrlite, harzburgite, lherzolite, or 
calcium-silicate minerals like wollastonite which contain alkaline earth 

Abbreviations 

ÅA Åbo Akademi 
AOD Argon oxygen decarburization 
CaCO3 Calcium carbonate 
CCC Carbon capture and conversion 
CCS Carbon capture and storage 
CCU Carbon capture and utilization 
CCUS Carbon capture, utilization and storage 
CDU Carbon dioxide utilization 
CF Carbon footprint 
CO2 Carbon dioxide 
CO2-eq CO2-equivalents 
EOL End-of-life 
GHG Greenhouse gas 

LCA Life cycle assessment 
LCI Life cycle inventory 
LCIA Life cycle impact assessment 
LCSA Life cycle sustainability assessment 
MgCO3 Magnesium carbonate 
MSWI Municipal solid waste incinerator 
NaHCO3 Sodium hydrogen carbonate 
NETL National Energy Technology Laboratory 
NGCC Natural gas combined cycle 
OPC Ordinary Portland cement 
PC Portland cement 
SCM Supplementary cementitious material 
SiO2 Silicon dioxide 
TRL Technology readiness level  

N. Thonemann et al.                                                                                                                                                                                                                           



Journal of Cleaner Production 332 (2022) 130067

3

metal ions in their mineral matrix (see Fig. 1). These minerals are 
preferred as natural feedstock for carbonation because of their high 
conversion rates (Sanna et al., 2014). However, reserves of ultramafic 
rocks are several magnitudes higher than those of wollastonite (Kelemen 
et al., 2020). According to Naraharisetti et al. (2019), there has been an 
increased interest in using anthropogenic feedstock for carbonation 
since 2014. Residues such as iron and steel slags and fly ashes represent 
cheap sources of alkali and alkaline earth metals, and their usage in 
mineral carbonation prevents a more complex waste disposal due to 
their alkalinity (Chakraborty and Jo, 2018). Another anthropogenic 
source of magnesium-based materials are mine tailings from the raw 
material industry. Residues of the waste rock containing 
magnesium-silicate minerals or calcium-silicate minerals from mine 
operation can be used as a feedstock for indirect and direct carbonation 
routes, as demonstrated by Ncongwane et al. (2018). When assessing the 
burdens of the feedstock, it is essential to distinguish between geogenic 
and anthropogenic resources, as different extraction and transport ef-
forts may be necessary (Kirchofer et al., 2012). Fig. 1 gives a detailed 
overview of various ex-situ carbonation feedstock. 

Regardless of the Feedstock, the carbonation process consists of two 
main reactions with optional additional steps. In the dissolution step, the 
reactive metal compounds (calcium, magnesium, or sodium) are 
removed from the mineral matrix as ions, primary oxides, or hydroxides 
(Olajire, 2013). Those intermediates are carbonated in a second step, i. 
e., react with CO2 to form calcium carbonate (CaCO3), magnesium 
carbonate (MgCO3) (Olajire, 2013), or sodium hydrogen carbonate 
(NaHCO3) (Oh et al., 2019). Fig. 2 provides a brief overview of several 
mineral carbonation technologies which apply those carbonation re-
actions. Direct and indirect carbonation methods can be characterized as 
manufacturing processes of carbonate products that can be further used 
in various applications. In contrast, carbonation curing and mixing are 
optional processes in concrete production. 

Especially in direct and indirect carbonation routes, the raw feed-
stock undergoes a pre-treatment process to enhance carbonation con-
version rates by increasing purity and surface area (Chakraborty and Jo, 
2018). Higher purity can be attained by the magnetic separation of iron 
compounds from the feedstock. The iron would otherwise produce a 
reaction rate diminishing oxidation layer. Furthermore, a thermal 
pre-treatment at 550–600 ◦C can increase the surface area by removing 
chemically bound water in the feedstock (Chakraborty and Jo, 2018). 
The mechanical size reduction by grinding increases the feedstock’s 
surface area and thus enhances the reaction rate. However, grinding is 
an energy-intensive and hence inefficient process (Sanna et al., 2014). 
Some industrial feedstocks, such as municipal solid waste incinerator 
(MSWI) ash, do not require a mechanical pre-treatment due to small 
particle sizes (Romanov et al., 2015). According to O’connor et al. 

(2001), wet grinding and ultrasonic treatment have been tested as well 
but did not result in a significant feedstock activation. 

2.1. Direct carbonation 

Direct carbonation refers to the case when metal-dissolution and 
carbonation happen simultaneously in one reactor (Chakraborty and Jo, 
2018). In the direct gas-solid carbonation, gaseous CO2 is fed into a 
reactor, where it reacts directly with a ground feedstock (Olajire, 2013). 
In order to maximize conversion rates, the single-step gas-solid 
carbonation requires energy-intensive reaction conditions (340 bar, 
500 ◦C, 2 h (Lackner et al., 1997)) as well as a reactor type that enables 
strong particle interactions between the two phases, such as a fluidized 
bed reactor (Zevenhoven and Fagerlund, 2010). This direct carbonation 
route represents the simplest carbonation process but has relatively 
lower reaction rates than other procedures (Romanov et al., 2015). That 
is why research on this technology has mostly been stopped (Saran et al., 
2019). The by far most investigated route is the direct aqueous 
carbonation (Ghasemi et al., 2017). In this process, CO2-containing or 
pure CO2 gas is injected into a single reactor with ground feedstock 
dissolved in a slurry or wet solution. The CO2 is dissolved in water and 
reacts with hydrogen ions and hydrogen carbonate. Due to the emerging 
hydrogen ions, the pH drops slightly, promoting the release of metal ions 
from the feedstock. Those metal ions react with the hydrogen carbonate, 
which leads to the precipitation of carbonates as the final reaction 
product (Chakraborty and Jo, 2018). The dissolution step is the 
rate-limiting step of the whole route. It can be enhanced by additives 
and variation of temperature, pressure, CO2-concentration, and particle 
size of the minerals (Olajire, 2013). Direct aqueous carbonation routes 
are commonly conducted in continuously stirred tank reactors (O’con-
nor et al., 2005) or in the case of steel slag in rotating packed bed re-
actors, which is referred to as high gravity carbonation as well (Pan 
et al., 2013). The U.S. American National Energy Technology Laboratory 
(NETL) proposed an essential direct aqueous carbonation route. In this 
NETL-process, sodium chloride and sodium bicarbonate are used to 
enhance the reaction kinetics. Additional process conditions are feed-
stock specific. For instance, wollastonite is carbonated at 100 ◦C and 
pressure of around 40 bar (Ncongwane et al., 2018). Carbonate products 
from direct carbonation can be utilized as supplementary cementitious 
materials (SCMs) or as aggregates in concrete products (Pan et al., 
2018). 

2.2. Indirect carbonation 

Indirect carbonation methods are at least two-step processes with 
separate metal dissolution and carbonation reaction in different reactors 

Fig. 1. Feedstock for ex-situ mineral carbonation based on Sanna et al. (2014) and Pan et al. (2018).  
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under various conditions (Chakraborty and Jo, 2018). Indirect carbon-
ation can be divided into gas-solid and aqueous proceedings as well. 

Indirect gas-solid carbonation can either contain a solid/solid metal 
extraction step at temperatures up to 600 ◦C and pressures up to 100 bar 
or a metal dissolution via the use of an acidic solution. The final step is a 
dry carbonation reaction, usually conducted in a pressurized fluidized 
bed reactor (Romanov et al., 2015). The Finnish Åbo Akademi (ÅA) 
developed a multistage gas-solid process for the carbonation of 
serpentine known as the ÅA-route. The process begins with a solid/solid 
magnesium extraction in the presence of ammonium sulfate and tem-
peratures between 400 and 440 ◦C, which leads to the production of 
solid magnesium sulfate. In the following process stage, magnesium 
hydroxide is formed by adding aqueous ammonia and all additives are 
separated and recovered. Finally, the magnesium hydroxide is carbon-
ated to MgCO3 at 450–500 ◦C and 20 bar in a fluidized bed reactor 
(Zevenhoven et al., 2008). The Finnish team also developed other routes 
containing aqueous extraction and carbonation steps, such as the 
alternative AÅ-route presented in Zevenhoven et al. (2017). 

Indirect aqueous carbonation technologies are two- or multistep 
mineral carbonation processes with both dissolution and carbonation 
reactions being performed in an aqueous environment, usually in the 
presence of different additives (Olajire, 2013). The recovery of those 
additives is a general challenge due to high energy consumption 
(Chakraborty and Jo, 2018). 

The dissolution of reactive metal ions is enhanced in acidic envi-
ronments. On the contrary, the carbonation reaction rate increases in the 
presence of bases. The difference in ideal reaction conditions led to the 
development of the pH-swing process, which implies the addition of 
acids for mineral dissolution, which is followed by the employment of a 
base for carbonation (Romanov et al., 2015). According to Pan et al. 
(2018), one of the most promising carbonation procedures is the 
modified pH-Swing method by Wang and Maroto-Valer (2011) using 
recyclable ammonium salts. In this process, the dissolution reaction of 
reactive Mg compounds from the serpentine mineral matrix benefits 
from adding acidic ammonium bisulfate. In the following, a basic 
environment is created by adding aqueous ammonia and impurities 
from the serpentine are separated. In the carbonation step, the 
Mg-compound reacts with CO2, captured from flue gases using aqueous 
ammonia and hydromagnesite. The ammonia and the ammonium 
bisulfate are regenerated and fed back into the process (Wang and 
Maroto-Valer, 2011). Indirect carbonation allows for better control in 
the morphology and particle size and higher purity of the carbonation 
products than direct methods. That is why indirect carbonation products 
can be utilized as high-value materials in paper or plastic production 
(Pan et al., 2018). 

2.3. Carbonation curing 

Carbonation curing of cementitious materials is another carbonation 
route proposed in the 1970s by, for example, Klemm and Berger (1972) 

and adopted recently (Zhang et al., 2017). It implies the early-age curing 
of cement-based products in a sealed chamber with pressurized high 
purity CO2 (Pan et al., 2018). Carbonation curing proposes an alterna-
tive route to the more common energy-intensive steam curing of 
cementitious materials (Huang et al., 2019). In the carbonation curing of 
calcium-based cement systems, for example, ordinary Portland cement 
(OPC), the CO2 reacts with the calcium silicates and forms a hybrid 
binder structure of calcium-silicate-hydrate and CaCO3. This reaction 
leads to a strength development of the cement or concrete products due 
to higher density (Pan et al., 2018). Furthermore, recent efforts have 
been made to incorporate alkaline solid wastes such as steel slag or fly 
ash as SCMs in cement and concrete products (Zhang et al., 2017). These 
SCMs form a binary binder with the cement during carbonation curing 
(Huang et al., 2019). Being a waste product, the addition of SCMs could 
drastically reduce construction materials’ CF (Zhang et al., 2017). 

2.4. Carbonation mixing 

Carbonation or CO2 mixing can be applied in concrete production 
when components such as cement, coarse and fine aggregates, water, 
and admixtures are mixed (He et al., 2017). High purity CO2 is then 
injected into the mixture, reacts with the calcium silicate clinker in OPC 
and forms CaCO3-nanoparticles (Ravikumar et al., 2021). The CO2 can 
increase the compressive strength of the concrete or implement a 
reduction in binder usage without a compromise in compressive 
strength, leading to further indirect CO2 emission savings (Monkman 
and MacDonald, 2017). However, the potential CO2 uptake in carbon-
ation mixing is significantly lower than in carbonation curing (Rav-
ikumar et al., 2021). 

3. Material and methods 

3.1. Systematic literature review 

The methodological approach described by Fink (2014) and the 
LCA-specific literature review methodology from Zumsteg et al. (2012) 
for the systematic literature review was followed. In order to answer the 
research question at hand, keywords for the literature search were 
defined. The CCU and carbonation domain addressing keywords are 
“Carbon capture”, “Carbon utilization”, “Carbon capture and utiliza-
tion”, “CO2 capture and utilization”, “CCU”, “Carbon capture and con-
version”, “CCC”, “Carbon dioxide utilization”, “CO2 utilization”, “CDU”, 
“Carbonation”, and “Mineralization”. These keywords were used in a 
combinational search with the keywords from the environmental 
assessment domain. Used keywords for the environmental assessment 
domain are “Life cycle assessment”, “Life cycle analysis”, “LCA”, “Sus-
tainability assessment”, “LCSA”, “Environmental impact*“, “Green-
house gas emission*”, “GHG Emission*”, and “Carbon footprint”. The 
environmental assessment domain was restricted to comprehensive 
environmental assessments conducted via LCA and assessments 

Fig. 2. Classification of ex-situ carbonation technologies based on Chakraborty and Jo (2018), Olajire (2013), and Ravikumar et al. (2021).  
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regarding greenhouse gas (GHG) emissions like CFs. This is because CCU 
in the carbonation field promises to reduce GHG emissions (Ostovari 
et al., 2020). The methodological procedure for the systematic literature 
review is given in Fig. 3. 

The databases Emerald Insight, JSTOR, RCS, ScienceDirect, Scopus, 
SpringerLink, Web of Science, and Wiley, were searched to find 12 282 
articles. These articles were then subjected to a relevance check. Articles 
were classified as relevant if:  

- the main focus of the study lies on an environmental assessment  
- the study considers up-stream processes  
- the study considers a carbonation technology 

Studies calculating only the direct emissions, for example, not 
following the holistic approach of an LCA, are excluded from the review. 
By following this approach, 29 relevant articles were identified. 

3.2. Meta life cycle assessment 

For the meta LCA, the life cycle inventory (LCI) was extracted from 
all reproducible studies, such as the material and energy in- and outputs 
of the related carbonation processes. If a study provides a comprehen-
sive inventory, it can be reproduced and was included in the meta LCA 
(cf. section 4.1). In total, 14 of 29 studies can be reproduced. Regarding 
the aim of the meta LCA of evaluating the different carbonation options 
for the sequestration of a given amount of CO2, several methodological 
and technological parameters for the calculations discussed below were 
applied. 

First, the usage of 1 kg CO2 was set as the functional unit of the meta 
LCA. This is accompanied by system boundaries from cradle-to-gate, 
which implies the neglection of the EOL phase. The open-source 
framework Brightway2 was used as the LCA software (Mutel, 2017). 

Background data was taken from the ecoinvent 3.7.1 cut-off database 
(Wernet et al., 2016). The ecoinvent database includes the current 
market mixes for electricity (high voltage) and heat (from steam, in 
chemical industry) from Europe. Sixteen midpoint impact factors from 
ILCD 2.0 2018 were considered, namely: climate change, freshwater and 
terrestrial acidification, freshwater ecotoxicity, freshwater eutrophica-
tion, marine eutrophication, terrestrial eutrophication, carcinogenic 
effects, ionizing radiation, non-carcinogenic effects on human health, 
ozone layer depletion, photochemical ozone creation, respiratory effects 
by inorganics, dissipated water, fossil resource use, land use, and the use 
of minerals and metals. However, against the background of CCU, the 
impact category of climate change was further analyzed. Since all 
reproducible studies are attributional LCAs, an attributional meta LCA 
was assessed as well. If carbonation (by-) products can substitute other 
products, the production of the replaced product is avoided and envi-
ronmental impacts are subtracted from the impact of the carbonation 
process. This approach of handling multifunctionality is referred to as 
substitution or avoided burden. Several products and by-products from 
the reproduced carbonation pathways can fulfill multiple market func-
tions. Silicon dioxide (SiO2) can be utilized as silica sand in glass pro-
duction, foundries, or the chemical industry. High purity CaCO3 or 
MgCO3 can be used as fillers or coatings in various applications, espe-
cially in the paper or polymer industry. OPC is already being blended 
with up to 5 wt % ground CaCO3. Furthermore, a study from Benhelal 
et al. (2018) showed that blending OPC with up to 10 wt % SiO2 gen-
erates a cement with approximately 95% of the compressive strength of 
OPC. In order to evaluate the impact of substitution credits of these 
products on the overall LCA results, the following scenarios were 
investigated: 

- Pessimistic scenario: CaCO3 and MgCO3 are not considered as valu-
able end-products. SiO2 is expected to replace silica sand. 

Fig. 3. Methodological procedure of the systematic literature review.  
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- Realistic scenario: MgCO3 is not considered a valuable end-product. 
SiO2 substitutes OPC on a 0.95:1 mass basis and CaCO3 substitutes 
OPC on a 1:1 mass basis.  

- Optimistic scenario: CaCO3 and MgCO3 are assumed to replace their 
conventionally produced counterparts. SiO2 substitutes OPC on a 1:1 
mass basis. 

This scenario analysis only affects direct and indirect carbonation 
routes since neither SiO2 nor CaCO3 and MgCO3 are produced in 
carbonation curing or carbonation mixing pathways. Other (by-) prod-
ucts (e.g., NaHCO3) fulfill a clear market function and thus are not 
varied in the scenario analysis. The construction of equipment for the 
carbonation reactions and efforts for transporting the feedstock, CO2, 
and products were neglected since the calculation would require as-
sumptions on plant lifetime and transport distances, leading to similar 
results for the different carbonation reactions. Furthermore, construc-
tion and transportation proved to have minor impacts on overall LCA 
results in several studies (e.g., Kirchofer et al. (2012)). Regarding the 
feedstock burdens, Hangx and Spiers (2009) considered energy expen-
ditures for olivine mining based on data on open-pit gold and iron ore 
mines. These values were adopted for olivine, serpentine, serpentinite, 
magnetite, and wollastonite supply. On the contrary, the supply of 
steelmaking slags, fly ash, salt- and brackish water was considered 
burden-free. However, environmental impacts from the steelmaking 
process can be allocated to slags when they are considered a steelmaking 
by-product. Conversely, Mattila et al. (2014) even assign a credit to slag 
due to avoided environmental impacts through waste treatment. The 
burden-free approach was considered as a compromise between those 
proposals. 

A CO2 market mix was used as CO2 source, which was already 
applied by Thonemann (2020) based on Thonemann and Pizzol (2019) 
and Naims (2016). The used market mix consists of CO2 from ammonia 
production (48%), CO2 from biogas upgrading (26.4%), CO2 from 
hydrogen production, and CO2 from fermentation (7.2%). This market 
mix is used in cases where pure CO2 is used in the carbonation process. 
No purification is needed if diluted CO2 is utilized in the carbonation 
process. CO2(-containing) gas is injected under atmospheric conditions 
in some of the proposed carbonation routes, while others include a 
compression stage. Since gas compression is an energy-intensive process 
and information in the case studies was incomplete, the energy con-
sumption was calculated for gas compression using the following 
equation: 

Ecomp =
1
ηc

p1V1

κ − 1

[(
p2

p1

)κ− 1
κ

− 1

]

(1) 

An isentropic efficiency ηc of 85% for the compressor was considered. 
The pressure p1 of the gas was set to 1 bar and the initial volume V1 and 
isentropic exponent κ were calculated depending on p1 and the tem-
perature T1 = 20 ◦C. p2 is the pressure to which the CO2 (-containing) gas 
is compressed. The LCIs for the meta LCA resulting from the above as-
sumptions can be found in supplementary material II. 

4. Results and discussion of the systematic literature analysis 

4.1. Methodological differences 

For the 29 case studies, the methodological differences have been 
examined concerning the following aspects:  

- the goal of the study  
- system boundaries  
- applied assessment method  
- geographical and temporal reference  
- functional unit  
- handling of multifunctionality  

- LCI modeling approach  
- foreground and background data source  
- impact categories  
- LCIA methodology  
- handling of uncertainty 

The aim of the studies has been clustered in comparative and non- 
comparative assessments. Looking at the non-comparative studies, the 
objective is to investigate whether the process serves as a CO2 mitigation 
measure. That is, whether the sum of GHG emissions resulting from 
energy supply and CO2 sequestration leads to net negative emissions. 
The comparative studies focus more on the carbonation route’s envi-
ronmental performance compared to an alternative route or the same 
route with different parameters. A comparative environmental assess-
ment is conducted in 15 out of 29 case studies. Four studies compared 
the CO2-sequestration potential of different alkaline feedstocks used in 
their carbonation route, four studies considered different process routes, 
and two compared several process routes and different alkaline feed-
stock. Three of the analyzed studies benchmarked a scenario with 
carbonation against a business-as-usual scenario without carbonation. 
The remaining two comparative studies calculated different CO2 ab-
sorption methods as CO2-gas sources in their systems. 

Two-thirds of the studies do not specify the system boundaries pre-
cisely with specific terms (e.g., cradle-to-gate), but all studies describe 
the system boundaries sufficiently detailed to assign the studies to the 
terms. Nine studies defined their system boundaries as cradle-to-gate (e. 
g., Huang et al. (2019)). 

16 other studies were also assigned to the category cradle-to-gate, 
based on their graphic or literal description of the system boundaries. 
Four studies were found to set the system boundaries from gate to gate. 
The most frequently found reason for excluding the use and EOL phase 
was the assumption of similar characteristics of the produced products 
and equal environmental performance in the use and EOL phase. Often 
the use and EOL phase were excluded without explanatory statements 
(all but eight). 

Regarding the assessment method chosen to determine the envi-
ronmental impacts of the mineral carbonation system, nine studies made 
a clear statement that their method was applied following the relevant 
standards for an LCA or CF (ISO 14040/44 or ISO 14067). For the 
remaining case studies, the terminology regarding the method is 
ambiguous. 11 out of 13 studies that focus on the calculation of the CF 
use the term “LCA” to describe their approach (e.g., Chang et al. (2011)). 
These studies present no results concerning other impact categories and 
are not categorized as an LCA study but as a CF study. Six studies were 
found in line with the main features of an LCA (conducted all four 
phases) but not referring to the ISO standards. One study was found that 
specified the method, aside from mentioning the ISO standard, as a 
simplified LCA (Galvez-Martos et al., 2016). 

In LCAs, the geographical reference area can affect the results since 
values such as expenditures for chemicals may differ in different regions 
due to varying production processes. From the 29 reviewed studies, the 
Asian and European region was most abundant as a geographic refer-
ence area. China and Singapore each were considered in three studies 
and Korea once. Two studies used Europe, two studies Belgium and three 
studies Finland as geographical reference. Furthermore, the USA was 
used twice and Canada, South Africa, and the Gulf Region were refer-
ence areas once. No geographic reference area was stated in 11 studies in 
total. The temporal coverage can similarly affect LCA results since 
background data is constantly updated. However, the information was 
significantly less complete. Only six studies referred to the temporal 
coverage, three of them regarding values from the present or the recent 
past. The other three studies used future data sets. 

An essential step in performing an LCA is the definition of a func-
tional unit. The studies investigated used different reference units to 
determine the environmental impacts of the product system assessed. 
Fig. 4 gives an overview of the variation of the functional units defined. 
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The total number of mentions (n = 30) is greater than the number of 
studies (n = 29) because Galvez-Martos et al. (2016) assessed two 
different product systems based on two separate functional units. Given 
that the objective of mineral carbonation technologies is to represent a 
CO2 emission reduction measure, it would be reasonable to use the 
amount of sequestered CO2 as a reference. However, if it is the aim to 
substitute a climate-intensive product system with a product that has a 
supposed lower climate impact, a product perspective when setting the 
functional unit can be appropriate. Fig. 4 points out that the majority (n 
= 18) of the product systems (n = 30) is assessed based on an 
output/product-related reference unit. Considering the studies that use 
an output-related functional unit, direct or indirect carbonation tech-
nologies (see Fig. 2) use a mass-based functional unit (e. g. 1 kg CaCO3). 
If the carbon curing or mixing technology is assessed, a reference unit 
based on volume is used (e. g., 1 m3 cured concrete). Six case studies 
used the supply of electricity (e. g. 1 kWh) as the functional unit. In these 
cases, the carbonation method is used to carbonate the CO2 emissions 
from a fossil-fueled power plant. One study was found that used an 
area-based reference to compare a wall build-up with carbon cured or 
conventional concrete blocks (Di Maria et al., 2018). However, 12 
studies are conducting the LCA based on input-related functional units, 
which are mass-based. The input-related functional unit is either related 
to the CO2-gas or the alkaline feedstock used for the carbonation pro-
cess. The four studies that used the feedstock as a reference unit all 
assess systems that use solid wastes (e. g., slag or ash) as a source of 
alkaline minerals. 

Carbonation processes or sub-processes may fulfill various functions, 
such as manufacturing different (by-) products. There are several ways 
to deal with multifunctional processes when conducting an LCA. One of 
them is the allocation method, in which a multifunctional (sub-) process 
is divided into monofunctional processes. In- and outputs must be 
attributed to the monofunctional processes based on a weighting factor. 
From the 29 studies, three studies applied allocation by mass, given by, 
for example, Nduagu et al. (2012). One study used allocation based on 
economic values (Di Maria et al., 2020). Another method of handling 
multifunctionality is the substitution method. This is accomplished by 
defining a process that the investigated process avoids and subtracting 
the effects prevented thereby. The substitution approach was applied in 
six studies in total and in most cases, cement production was avoided 
because carbonation (by-) products were used to substitute cement 
partially. System expansion is another method for handling multi-
functionalities. This is accomplished by expanding the functional unit 
and enlarging the system boundaries. Oh et al. (2018, 2019) used this 
method for an LCA of the carbonation of desalination brine and added 
the desalination process to the system boundaries. Mattila et al. (2014) 
and Nduagu et al. (2012) stated to perform system expansion for pro-
duced (by-) products. Although system expansion is mathematical 
equivalent to substitution for comparative LCAs, both approaches 
represent different interpretations of the multifunctionality issue (Hei-
jungs et al., 2021). In fact, Mattila et al. (2014) and Nduagu et al. (2012) 
did handle multifunctionalities via substitution. Ten studies did not 
clarify how multifunctionalities were handled and eight studies did not 
have to consider any multifunctional process. 

For the LCI modeling, two major approaches can be divided. 

Attributional systems aim to identify the material and energy flows and 
the environmental impacts related to the life cycle of a specific product. 
This is performed using average data in LCI. In contrast, consequential 
LCAs determine the impact of the activities that are expected to change 
related to the investigated product based on marginal data. Three 
studies stated to perform an attributional LCA (e.g., Di Maria et al. 
(2020)). Although the remaining 26 studies did not provide any infor-
mation on this topic, all 29 studies can be considered attributional LCAs. 

In order to analyze the quality of data used in the case studies, the 
data sources have been categorized in foreground and background data. 
The foreground data is related directly to the product system under 
research (e.g., the amount of electricity used to pressurize the reactor). 
The background data is related to all necessary processes to run the 
foreground system (material and energy requirements to construct and 
run a power plant). Fig. 5 summarises the types of background data used 
in the case studies, corresponding to the used foreground data. 

Ten studies based their assessment model on laboratory data. Four of 
these studies combined the data from the laboratory with literature or 
simulation data. Twelve case studies used simulation software to model 
the material and energy flows of the mineral carbonation technology. 
Often the software Aspen is used as the simulation software. One study 
determined the relevant material and energy flows with mass and en-
ergy balances or with on-site experiments. Five studies based their 
assessment on data that is available in literature. All literature-based 
case studies used commercial LCA databases like ecoinvent or GaBi as 
seven simulation-based studies did. Using an LCA database guarantees a 
detailed and holistic consideration of all life cycle stages regarding the 
background systems (Wernet et al., 2016). In contrast, eight studies do 
not specify which parameters of the background system were used. 
Seven studies, all conducting a CF assessment, use CO2 emission values 
based on assumptions from literature. It must be stated that it is not 
clearly defined in every study if only CO2-gas or all global warming 
effective substances in terms of CO2-eq. are considered. 

When assessing the environmental impacts of a product, a key step is 
to define the relevant impact categories regarding the product system. In 
all studies, the authors stated the impact category they used to conduct 
the LCA. Still, there are substantial differences in the number of cate-
gories applied to assess the environmental burdens of the carbonation 
route. In order to analyze the impact categories, the categories are 
clustered into twelve midpoint categories (Acidification; Abiotic 
resource use; Climate change; Ecotoxicity; Eutrophication; Human 
toxicity; Ionizing radiation; Land use; Ozone depletion; Particulate 
matter formation; Photochemical ozone formation; Water use) and three 
endpoint categories (Human health; Natural environment; Natural re-
sources). All studies assessed the climate change impact category of the 
carbonation route. However, 14 of those studies did not consider any 
other impact category. In the life cycle impact assessment (LCIA), the 
inventory is assigned to different impact factors. These factors are 
defined by the LCIA methodology, which is implemented in the LCA 
software. ReCiPe, which was used in seven studies, was the most popular 
LCIA methodology. In three of those studies, ReCiPe was combined with 
another methodology. Furthermore, CML was used three times, IMPACT 
2002+ twice, ILCD twice, Eco-indicator 99’ once, and IPCC GWP 100a 
once. 16 studies did not mention the applied LCIA methodology. 

Due to the emerging character of the CCU technologies assessed in 
the reviewed papers, it is assumed that the results are subject to un-
certainty. Therefore, it is analyzed if and how the selected studies 
handled uncertainty in their case studies. According to Huijbregts 
(1998), there are six types of uncertainty: parameter uncertainty, model 
uncertainty, uncertainty due to choices, spatial variability, temporal 
variability, and variability between objects and sources. The methods 
chosen to address uncertainty can be divided into four categories: 
Parameter variation/scenario analysis (variation of selected datasets), 
sampling methods (Monte Carlo analysis), analytical methods (mathe-
matical expressions of the distribution of the results), and 
non-traditional techniques (fuzzy set theory, neural networks) (Heijungs 

Fig. 4. Functional units applied in the investigated case studies.  
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and Huijbregts, 2004). 
According to the four mentioned categories, to handle uncertainty, 

the 29 papers under review were assessed. First, it can be stated that five 
studies did not address the uncertainty of their results. Most of the 
studies (23 out of 24) that conducted an uncertainty analysis used a 
parameter variation or scenario analysis. Assessing the parameter un-
certainty, energy (12 out of 23) is the most chosen parameter. The re-
sults show that energy is the most sensitive parameter influencing global 
warming (e.g., Giannoulakis et al. (2014)). Additionally to energy, five 
out of 23 studies vary the transport mode or distance in their uncertainty 
analysis. However, it can be seen that the influence of the transport 
distance has a subordinate influence on the final results (e.g., Di Maria 
et al. (2018)). Five out of 23 studies examined the aspect that the effi-
ciency of the carbonation reaction on a large scale might differ from the 
laboratory scale. However, it must be mentioned that there is no uniform 
definition of efficiency regarding the carbonation routes. Based on the 
work of Huijgen et al. (2006a, 2006b), Khoo et al. (2011a) assume that 
the conversion rate of the direct aqueous carbonation reaction varies 
between 80 and 90%. According to Huijgen et al. (2006a), the conver-
sion of Ca/Mg to CaCO3/MgCO3 can be described by the carbonation 
degree and is dependent on the six following process parameters: reac-
tion time, particle size of the feedstock, stirring rate, liquid to solid ratio, 
reaction temperature, and CO2 pressure. The carbonation degree is 
determined by measuring the amount of carbonate sequestered as 
CaCO3, the carbonate content in the feedstock, and the total amount of 
calcium in the feedstock. Ncongwane et al. (2018) analyze the influence 
of different conversion rates on the environmental impacts of different 
carbonation routes. In the case of indirect routes, they differentiate 
between conversion rates of the extraction and carbonation process. In 
the discussion of Ncongwane et al. (2018), these two conversion rates 
are named extraction and carbonation efficiency without precisely 
defining how these are determined. As well as the study mentioned 
before, Nduagu et al. (2012, 2013) differentiate the conversion rate 
regarding the indirect carbonation route into extraction efficiency and 
carbonation efficiency. However, there is no exact definition of both 
efficiencies, but they are described as the efficiency of producing Mg 
(OH)2 from the feedstock (extraction efficiency) and the efficiency of 
converting Mg(OH)2 to MgCO3. Nduagu et al. (2013) conducted a 
sensitivity analysis of the indirect gas-solid processes that shows that the 
process is more sensitive to the extraction efficiency than to the 
carbonation efficiency. Assuming 100% extraction and carbonation ef-
ficiency, a 40% reduction in extraction efficiency (100% carbonation 
efficiency) leads to an 18% increase in climate change. At the same time, 
a decrease of the carbonation efficiency by 40% (100% extraction effi-
ciency) leads to a rise of climate change by 5%. Further, Nduagu et al. 
(2013) show in their sensitivity analysis that the GHG emissions are 
influenced by the recovery rate of the acidic solution used for the metal 
dissolution. This is the only study found that considers the uncertainty of 
a complete recovery of the acidic solution. Pan et al. (2016) used an 

approach that focuses the carbonated CO2 by computing the difference 
of CO2 gas that enters and exits the carbonation process relative to the 
input CO2 gas stream as the CO2 removal ratio. 

These different approaches make it difficult to compare the effi-
ciency of the carbonation processes, especially by comparing indirect 
and direct routes with different feedstocks. Thus, it could be recom-
mended to use a transparent and unified approach to measure the effi-
ciency of the process under study. In this regard, it is common to use the 
Steinour formula to determine the theoretical maximal amount of CO2 
sequestered by the feedstock and compare this value with the actual 
sequestered CO2 (Martín et al., 2019). 

In addition to the parameters already mentioned, the following 
factors are analyzed in the parameter variation or scenario analysis by 
the examined studies (number of studies in brackets): cement blends (2), 
CO2 capture method (2), CO2-gas concentration (1), CO2 source (1), 
alkaline feedstock (4), LCIA method (1), and substitution credits (1). The 
study by the authors Galvez-Martos et al. (2016) is the only one exam-
ined that performs a sampling method. In total, the authors included 
nine parameters in their Monte Carlo analysis. The analysis emphasizes 
that all scenarios with a full substitution credit of the produced products 
negatively affect global warming. However, if there is no substitution 
credit modeled, the Monte Carlo results are predominantly positive. 

4.2. Technological parameters 

Besides methodological parameters, the regarded studies used 
various technological assumptions for the implementation of the LCAs. 
That is why a comparative evaluation of different technical parameters, 
including carbonation route, alkaline feedstock, CO2 source and capture 
technology, electricity source, heat source, and the handling of con-
struction and transport, is conducted. However, it must be noted that 
some of the regarded studies used multiple scenarios that may differ in 
the mentioned categories, e.g., using two different CO2 sources in one 
study. That is why the sum of the mentions per category may exceed the 
number of studies (n = 29). 

For the carbonation route, the classification from section 2 is used. 
The documentation of all studies was complete and allowed us to assign 
the used carbonation routes to the classification. 23 of 29 studies focused 
on one carbonation route. The six remaining papers employed different 
scenarios with direct and indirect carbonation routes. Direct aqueous 
carbonation was subject in 16, indirect aqueous carbonation in nine, and 
indirect gas-solid carbonation in seven studies, while direct gas-solid 
carbonation was not investigated. Carbonation curing was investigated 
four times and carbonation mixing once. Besides the carbonation route, 
the alkaline feedstock was the only other technological parameter 
documented in all papers. Fig. 6 shows the usage of alkaline feedstock 
according to the categorization of section 2. Natural silicate minerals 
and iron and steel slags are by far the most investigated categories, with 
seven and six different feedstock per category and the highest number of 

Fig. 5. Foreground data types in studies sorted by background data type (n. s. = not stated).  
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mentions per feedstock. 
The heat and electricity sources are important technological pa-

rameters, especially for energy-intensive processes, since they can affect 
specific LCA impact categories such as global warming. Overall, the 
electricity source was mentioned in 26 and the heat source in 22 of 29 
studies. 15 use fossil-based energy as an electricity source, followed by 
national energy mixes in 11 studies. Other electricity sources were wind, 
photovoltaic, nuclear power as well as future and EU-wide energy mixes. 
In terms of heat, natural gas was the most employed energy source with 
12 mentions, followed by hard coal used in five studies. Further heat 
sources were electric heaters, heat integration, coke, oil, lime kiln waste 
heat, and natural gas waste heat. Fig. 7 shows the sources of the CO2, 
which are mentioned in 25 of 29 studies. A subdivision into four groups 
is made: heat and power generation, steel production, cement produc-
tion, and other industrial processes. CO2 is mainly produced within a 
flue gas stream except in Di Maria et al. (2020), where CO2 is separated 
from biogas from a fermentation plant. Commercial liquefied CO2 is 
mainly captured as a by-product of industrial processes (Monkman and 
MacDonald, 2016). However, there is a notable difference in the level of 
detail seen in the reporting of the category heat and power generation. 
For example, Julcour et al. (2015) referred to power plants while other 
studies stated natural gas combined cycle (NGCC) power plants as their 
CO2 source, given by, for example, Khoo et al. (2011b). Moreover, the 
CO2 sources differ in their initial CO2 concentration. Most flue gases 
from heat and power generation, cement, and steel production contain 
10–30% CO2 (e.g., Ostovari et al. (2020)), biogas from fermentation 

plants reaches up to 55% CO2 (Di Maria et al., 2020), and coal-to-liquid 
plants are capable of producing high purity CO2 streams (Ncongwane 
et al., 2018). 

The CO2-containing gas streams can be captured to create a pure CO2 
stream or used directly in a diluted form for carbonation. The use or non- 
use of a capture system is essential for LCA since CO2 capture is usually 
an energy-intensive process (Di Maria et al., 2020). Information on the 
capture systems was provided by 20 of 29 studies. Direct gas use was 
investigated in ten studies. The applied capture technologies were 
clustered in chemical and physical absorption technologies. Chemical 
amine-based absorption using monoethanolamine, which can be 
considered a state-of-art CO2 capture technology, was the most widely 
investigated capture technology with nine uses (Ostovari et al., 2020). 
Other chemical absorption methods, e.g., via alkali- or ammonia solu-
tions and physical absorption technologies such as cryogenic separation 
or membrane separation, were used less overall. Furthermore, assump-
tions regarding infrastructure construction and transport of products 
and educts for the carbonation process were investigated. Only 11 
studies provided information on construction, six of which partially 
included expenditures for plant construction, and five neglected it in 
their inventories. 22 studies in total provided transportation informa-
tion. Feedstock transportation was considered 15 times, CO2 transport 
six times, and transportation of carbonation products four times. 
Another four studies stated to neglect transportation in their LCIs. 

The technology readiness level (TRL) measures the maturity of 
particular technologies or processes based on nine development stages. 

Fig. 6. Alkaline feedstock in studies.  

Fig. 7. CO2 source in studies (n. s. = not stated).  
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TRL 1–3 characterize the research phase, TRL 4–6 the development 
phase, and TRL 7–9 the deployment phase (Styring et al., 2015). Since 
none of the 29 studies evaluated their TRL, a TRL estimation based on 
the descriptive information of the studies is provided. The TRL of all 29 
studies from 2006 to 2020 ranges from 2 to 6. There is a slight increase 
over time and the most recent studies are evaluated with a minimum 
TRL of 3, which equals an experimental and analytical proof of concept 
at the end of the research phase, and a maximum TRL of 6, which is 
equivalent to the technology demonstration in a relevant environment at 
the end of the development phase. The high gravity direct aqueous 
carbonation route by Pan et al. (2016) and the carbonation curing 
pathway by Di Maria et al. (2020) were best rated with a TRL of 6. 
Average TRLs of direct and indirect carbonation routes and carbonation 
curing lay around 4, while the carbonation mixing pathway by Monk-
man and MacDonald (2017) was evaluated with a TRL of 5. TRL esti-
mations of each study can be found in supplementary material I. The 
information on technological parameters such as feedstock burdens, CO2 
pressure and concentration, feedstock purity and demand, the 
liquid-to-solid ratio in carbonation, reactor pressure and temperature, 
and reaction time were further investigated. The results can be seen in 
the supplementary material I as well. 

5. Results and discussion of the meta life cycle assessment 

Analyzing the results of the meta LCA shows a diverse picture. 
Focusing first on the global warming impact (cf. Fig. 8) reveals that in 
the case of carbonation curing, direct aqueous carbonation, and indirect 
solid carbonation, the median global warming impact is negative. This is 
also the case for indirect aqueous carbonation for all scenarios but the 
pessimistic scenario. Carbonation mixing instead shows a global 
warming impact of − 35 kg CO2-eq./kg CO2 used in each scenario (not 
displayed in Fig. 8 due to the readability of the graph). The highly 
negative global warming impact of carbonation mixing is explained by 
the avoided concrete production and depends on the concrete produc-
tion process assumed to be avoided. However, these results need to be 
interpreted with caution as the results rely on the choice of dataset 
mimicking the avoided concrete production. The positive global 
warming impact regarding one of the indirect aqueous carbonation 
pathways can be attributed to the relatively high amount of thermal 
energy used compared to the other indirect aqueous pathways. This 
leads to the recommendation to substitute thermal with electric power 
regarding indirect aqueous carbonation. Further, the results of the in-
direct aqueous carbonation can be clustered by the carbonated products. 
Three of the analyzed pathways provide NaHCO3 and result in a 

negative global warming impact (mean in each scenario = − 2.56 kg 
CO2-eq./kg CO2 used). Focusing on the indirect aqueous carbonation 
pathways that provide CaCO3 shows that these technologies offer a 
slightly negative global warming impact regarding the realistic scenario 
if the before mentioned pathway, using a high amount of thermal en-
ergy, is excluded (mean in each scenario = − 0.98 kg CO2-eq./kg CO2). 

In the case of carbonation curing, no differentiation between sce-
narios was made and hence results in each scenario are the same. 
Another finding is that the uncertainty among the scenarios and tech-
nologies varies. For instance, in the case of direct aqueous carbonation, 
the uncertainty in the pessimistic scenario is relatively low. In contrast, 
the uncertainty in the case of indirect aqueous carbonation in the 
pessimistic scenario is rather high. Hence, the results cannot conclude 
that one scenario is more certain than the other. However, the sensitivity 
of a change in the substitution parameter is reflected differently in each 
technology and scenario. One technology in a particular scenario is 
rather sensitive to a change in the substitution process than another 
technology. However, the difference between the realistic and optimistic 
scenario is larger for the indirect solid carbonation technologies than it 
is the case for direct or indirect aqueous carbonation technologies. This 
is the case as in the optimistic scenario, MgCO3 is assumed to replace 
conventionally produced counterparts which is not the case in the 
realistic scenario. All considered indirect solid carbonation technologies 
produce MgCO3. 

The meta LCA results for all impact categories are discussed based on 
the median values of each technology. In the impact category of min-
erals and metals, negative impacts are revealed for most technologies 
independent of the scenario. Conversely, ionizing radiation was the 
worst-rated impact category with mostly positive median values. 
Regarding the optimistic scenario, direct aqueous carbonation and in-
direct solid carbonation achieved negative values in all and indirect 
aqueous carbonation in 15 of 16 impact categories. A different picture 
emerges when looking at the other scenarios. In the realistic scenario, 
direct aqueous carbonation show consistently negative impacts, 
whereas indirect solid carbonation and indirect aqueous carbonation 
only achieve one and five negative values, respectively. Moreover, in the 
pessimistic scenario, direct aqueous carbonation and indirect solid 
carbonation reveal seven and one negative values, while none of the 
calculated impacts of indirect aqueous carbonation is negative. In 
comparison, carbonation curing and carbonation mixing achieve 11 and 
14 negative impacts among the 16 impact categories in all scenarios. The 
numerical values for all impact factors are presented per technology and 
scenario in supplementary material III. 

Focusing on the most relevant impact for CCU technologies, namely 

Fig. 8. Global warming impact for carbon mineralization technologies represented by boxplots.  
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global warming impact and minerals and metals, shows a variegated 
pattern. In the case of carbonation curing and direct aqueous carbon-
ation, global warming impact and values in the impact category min-
erals and metals are negative considering the median value no matter 
which scenario is deployed. The global warming impact of indirect solid 
carbonation is negative despite the investigated scenario. However, the 
median impact in the impact category of minerals and metals is only 
negative in the optimistic scenario. As reported earlier, carbonation 
mixing has a global warming impact of − 35 kg CO2-eq./kg CO2 used in 
each scenario. Still, impacts in the impact category minerals and metals 
are negative for all scenarios. When applying the realistic and optimistic 
scenario, indirect aqueous carbonation shows negative global warming 
impacts and negative impacts in the category minerals and metals. 

Negative results in the impact categories are either due to the sub-
stitution effect or the incorporation of CO2. At the same time, the 
incorporation of CO2 in the carbonated product affects the category 
global warming impact. Nevertheless, the substitution effect influences 
all impact categories as the avoidance of a specific product mainly af-
fects all considered impact categories. Besides the substitution effect, 
electricity and heat demand are influencing parameters for all impact 
categories. Yet, the degree of influence depends on the requested 
amount of electricity and heat. Fig. 9 shows an illustrative example for a 
contribution analysis on global warming impacts of the carbonation 
curing technology in the realistic scenario. It can be observed that the 
global warming impact of this carbonation curing technology is mainly 
influenced by the substitution of PC-based blocks and the incorporation 
of purified CO2. Additionally, the heat, electricity, and sand demand 
affect the global warming impact. The results of the contribution anal-
ysis for all technologies in the realistic scenario are presented in sup-
plementary material IV. 

As explained in section 2, carbonation technologies can either use 
purified concentrated CO2 (pure CO2) or CO2 from diluted gas streams or 
flue gases (diluted CO2). A potential benefit of using diluted CO2 is that 
the gas purification step can be omitted. However, the conversion rate of 
the carbonation process is reduced when diluted CO2 is used. A differ-
entiation between technologies utilizing pure or diluted CO2 is possible 
for direct aqueous carbonation and indirect solid carbonation. In the 
case of carbonation mixing, carbonation curing, and indirect aqueous 
carbonation, no differentiation between pure or diluted CO2 applica-
tions is possible as the reproducible case studies do not allow for any 
differentiation. The global warming impact of indirect solid carbonation 
is lower in the case of using concentrated CO2 compared to diluted CO2 
in all deployed scenarios (see Fig. 10). The same result is observed for 
the global warming impact in the case of direct aqueous carbonation in 
the optimistic scenario. Higher global warming impacts for technologies 
using diluted CO2 can be explained by lower conversion rates of the 
carbonation process. Lower global warming impacts for technologies 
using pure CO2 rely on the fact that the purification of gas streams 
outweigh the lower conversion rates of the carbonation process and that 
the substitution effect is not the major contributor to the overall result. 

6. Conclusion 

The present study aimed to examine the state of research in the 
environmental impact assessment of mineral carbonation. This study 
has identified methodological and technological differences among the 
analyzed studies, which were discovered using a systematic literature 
review. On top of the qualitative analysis, a meta LCA was conducted to 
assess the environmental impacts of mineral carbonation technologies 
quantitatively in a harmonized manner. 

29 case studies were analyzed and methodological differences were 
examined concerning the aspects, goal of the study, system boundaries, 
applied assessment method, geographical and temporal reference, 
functional unit, handling of multifunctionality, LCI modeling approach, 
modeling software, foreground and background data source, LCIA 
methodology, impact categories and handling of uncertainty. It can be 
concluded that the published LCAs on mineral carbonation technologies 
are diverse in terms of the methodological approach. The most critical 
difference is the handling of multifunctional processes, as this parameter 
influences the result of an LCA. However, ten studies did not specify the 
approach of handling multifunctional processes. Another finding is that 
the authors of LCAs in the field of mineral carbonation focus on global 
warming impacts as this impact category was calculated in every study. 

In terms of the technical parameters, the carbonation route, alkaline 
feedstock, CO2 source and capture technology, electricity source, heat 
source, and the handling of construction and transport were analyzed. 
Direct aqueous carbonation was subject in 17 studies, followed by in-
direct aqueous carbonation (eight studies), indirect solid carbonation 
(seven studies), carbonation curing (four studies), and carbonation 
mixing (one study), while direct solid carbonation was not investigated. 
As a feedstock, mostly natural silicate minerals were used, followed by 
iron and steel slags for the mineral carbonation. Electricity was mainly 
supplied by fossil energy sources and national energy mixes, while the 
heat demand was provided mainly by natural gas. The CO2 used origi-
nated primarily from heat and power generation plants and cement- 
producing facilities. Concrete statements regarding TRL, construction, 
and transport were scarce in the analyzed studies. 

The meta LCA harmonized the reproducible LCA studies and allowed 
for the comparison of different technologies. Regarding global warming 
and the impact category minerals and metals, direct aqueous carbon-
ation, carbonation mixing, and carbonation curing show negative im-
pacts despite the deployed scenario. Hence, these three mineral 
carbonation technologies seem to be most promising. However, it was 
apparent that other impact categories show positive results. It could also 
be shown that the use of pure CO2 leads to a lower global warming 
impact than the use of diluted CO2. 

Future work should focus on technological improvement, especially 
for direct and indirect carbonation routes and carbonation mixing, as 
these routes exhibit low TRLs. Especially, demonstration plants are 
necessary to prove the feasibility and performance on a pilot plant level. 
From an LCA perspective, harmonized calculation rules in the form of 
recommendations regarding handling multifunctionality, the burden of 
captured CO2, and the LCI modeling approach, as well as a higher degree 
of transparency in LCA studies, are needed. Furthermore, methodology 
guidance is required when studying emerging technologies like miner-
alization technologies for prospective LCA. 
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