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A B S T R A C T   

CO2 mineralization not only captures and stores CO2 permanently but also yields value-added products utilized 
in, for example, the cement industry. CO2 mineralization has been shown to potentially substantially reduce 
greenhouse gas (GHG) emissions. Realizing CO2 mineralization’s potential on a large scale requires a) solid 
feedstock, b) CO2 sources, c) low-carbon energy, and d) markets for mineralization products. In general, these four 
requirements of CO2 mineralization are not satisfied at the same location. Thus, the assessment of CO2 miner
alization’s large-scale potential necessitates the full supply chain considering all requirements for CO2 miner
alization simultaneously. At present, neither the potential of CO2 mineralization for GHG emissions reduction on 
a large scale nor the required supply chain to achieve the potential are fully understood. In our study, we design a 
climate-optimal supply chain for CO2 capture, utilization, and storage (CCUS) by CO2 mineralization to quantify 
the large-scale potential of CO2 mineralization in Europe. Our results show that a climate-optimal CCUS by CO2 
mineralization could avoid up to 130 Mt CO2e/year of the industrial emissions in Europe even with the current 
energy supply system. By 2040, CCUS by CO2 mineralization could provide negative emissions of up to 136 Mt 
CO2e/year. The required energy and CO2 for the CCUS supply chain can be provided either by expanding the 
current infrastructure by about 5 % or, even more climate efficiently, by building new infrastructure. The critical 
steps toward achieving the large potential of CO2 mineralization in Europe are 1) scaling up the CO2 mineral
ization technology to the industrial level and 2) exploiting large-scale mineral deposits.   

1. Introduction 

The industry sector emits around 8 Gt CO2e per year, contributing 
23 % of global greenhouse gas (GHG) emissions (IEA, 2019). The GHG 
emissions of the industry sector could be reduced by substituting fossil 
energy with renewable energy. However, energy substitution is not 
sufficient, as part of the industry sector’s GHG emissions is 
process-inherent since CO2 is produced as a byproduct. This part of the 
industry sector’s GHG emissions is particularly difficult to eliminate 
(Davis et al., 2018). 

GHG emissions of the industry sector can substantially reduce by 
capture and storage of locally emitted CO2 via carbon capture, utiliza
tion, and storage (CCUS) technologies (IEA, 2019). Two main ap
proaches can permanently store the captured CO2: geological storage 
and CO2 mineralization. For geological storage, CO2 is injected under
ground to be permanently stored (Bui et al., 2018). Several studies and 

pilot projects have investigated the GHG emissions mitigation potential 
of geological storage (Bui et al., 2018). 

A less explored CO2 capture and storage approach is CO2 minerali
zation (Romanov et al., 2015). In CO2 mineralization, CO2 reacts with 
calcium oxide- (CaO) or magnesium oxide- (MgO) bearing materials to 
produce stable carbonates that can store CO2 for millions of years 
(Lackner, 2003). Equations (1) to (3) show CO2 mineralization of three 
MgO/CaO bearing materials: forsterite (the main component of olivine), 
serpentine, and calcium silicate (the active component of steel slag), 
respectively (Bremen et al., 2021; Chen et al., 2006; Huijgen et al., 
2006).  

Mg2SiO4 + 2 CO2 → 2 MgCO3 + SiO2 + heat                                       1  

Mg3Si2O5(OH)4 + 3 CO2 → 3 MgCO3 + 2 SiO2 + 2 H2O + heat             2  

Ca2SiO4 + 2 CO2 → 2 CaCO3 + SiO2 + heat                                         3 
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Besides capturing and permanently storing CO2, mineralization 
yields products that can be utilized. A promising pathway is the utili
zation of SiO2 in the cement industry to partially substitute clinker 
(Benhelal et al., 2018, 2020). Clinker substitution increases the envi
ronmental benefits of CO2 mineralization (Woodall et al., 2019). 
Although CO2 mineralization is thermodynamically favorable, several 
energy-intensive processes are required to overcome its slow reaction 
kinetics. The emissions arising from the required energy-intensive pro
cesses could offset the potential of mineralization to reduce GHG 
emissions. Yet, several studies have shown that, under favorable con
ditions, CO2 mineralization technology has a large potential to reduce 
GHG emissions by CO2 storage and utilization (Chiang and Pan, 2017; 
Gerdemann et al., 2007; Giannoulakis et al., 2014; Ostovari et al., 2020; 
Pan et al., 2016; Woodall et al., 2019). 

Several studies investigated solid feedstocks’ availability to estimate 
the potential of CO2 mineralization on a large scale. Worldwide, natural 
mineral feedstock available for CO2 mineralization is estimated as 108 

Gt, which is sufficient to mineralize 5 ⋅ 107 Gt CO2 (Bide et al., 2014; 
Bodénan et al., 2014; Hovorka and Kelemen, 2021; Julcour et al., 2015; 
Kirchofer et al., 2013; Kremer et al., 2019; Lackner et al., 1995; Pedro 
et al., 2020; Picot et al., 2011; Power et al., 2013; Renforth, 2019; Sanna 
et al., 2014; The National Academies Press, 2019). This potential is 
seven orders of magnitude larger than the annual global CO2 emissions 
of above 40 Gt CO2 (IPCC, 2018). However, none of the studies 
mentioned above considered the emissions arising from the required 
energy-intensive processes for CO2 capture, CO2 mineralization, or 
transport. 

Recently, Pan et al. (2020) estimated the large-scale potential of 
industrial byproduct mineralization for GHG emissions reduction. Ac
cording to Pan et al.’s results, mineralization could directly reduce 54.4 
Mt CO2 emissions per year in Europe. This estimation corresponds to an 
upper bound since the analysis did not consider emissions from solid 
feedstock transport, CO2 transport, CO2 capture, or the CO2 minerali
zation process. By assuming an unlimited cement market size, Pan et al. 
estimated an additional indirect CO2 reduction of 860 Mt CO2e emissions 
per year in Europe via cement substitution (Pan et al., 2020). Notably, 
the emissions reduction of 860 Mt CO2e per year cannot be achieved by 
the current cement production rate in Europe since the CO2 emission 
from the cement sector in Europe is below 150 Mt CO2e per year (Eu
ropean Environment Agency, 2019). 

Realization of the large-scale potential of CO2 mineralization re
quires not only a) solid feedstock, b) markets for mineralization products, 
but also c) CO2 sources, d) low-carbon energy (Ostovari et al., 2021). In 
particular, solid feedstock, the markets for mineralization products, CO2 
sources, and low-emission energy are normally not available at the same 
location. Consequently, either CO2 must be transported to the solid 
feedstock, or solid feedstock must be transported to locations with 
available CO2 and product market. Emissions arising from energy de
mand of mineralization on the one hand and transport of CO2, solid 
feedstock, or products, on the other hand, limit the large-scale potential 
of CO2 mineralization to reduce GHG emissions. Furthermore, the ca
pacity of the cement market to utilize the byproducts of mineralization is 
limited. Thus, the large-scale potential of CO2 mineralization for GHG 
emissions reduction is currently not fully understood. 

To estimate the large-scale potential of CO2 mineralization, the full 
supply chain for CO2 mineralization needs to be designed. However, the 
design is not straightforward as the following parameters need to be 
considered simultaneously:  

a) location and amount of available solid feedstock which can be extracted 
for CO2 mineralization,  

b) demand for utilizing the mineralization products,  

c) location and amount of available CO2 sources which can be equipped with 
CO2 capture,  

d) Network required for CO2 transport,  
e) carbon footprint of energy supply along the supply chain (Hasan et al., 

2014, 2015; The National Academies Press, 2019). 

Several studies investigated the potential of a supply chain for CO2 
capture, transport, and geological storage in Europe (d’Amore et al., 
2021; d’Amore et al., 2019; d’Amore and Bezzo, 2017; Elahi et al., 2014; 
Gabrielli et al., 2020). More recently, researchers have extended the 
supply chain to include CO2 utilization; however, none of the studies 
mentioned above have considered CO2 mineralization as a potential 
technology of carbon capture, utilization, and storage (d’Amore and 
Bezzo, 2020; Leonzio et al., 2020; Zhang et al., 2020). Recent studies 
focused on multi-objective optimization of process parameters for a 
variety of CCUS technologies that could be integrated into CCUS supply 
chains (Fazlinezhad et al., 2022; Hazrati-Kalbibaki et al., 2020). Com
mon CCUS supply chains match CO2 sources to CO2 sinks with fixed 
location (d’Amore and Bezzo, 2020; Kalyanarengan Kalyanarengan Ravi 
et al., 2017; Morbee et al., 2012). However, CO2 sink locations are de
grees of freedom in a CCUS by mineralization supply chain. Even more, 
the supply chain needs to provide the CO2 sinks with suitable solid 
feedstock while considering the possible utilization or storage of the 
mineralization products as well as the penalty of the regional energy 
system. These aspects increase the complexity of supply chain optimi
zation for CCUS by mineralization. Thus, at present, neither the poten
tial of CO2 mineralization for GHG emissions reduction on a large scale 
nor the required supply chain to achieve the potential are fully 
understood. 

In this paper, we quantify the potential for large-scale GHG emissions 
reduction of CO2 mineralization by designing a climate-optimal supply 
chain for CO2 capture, utilization, and storage by mineralization in 
Europe, including emissions rising from the entire life cycle of CO2 
capture, CO2 mineralization, and transport. 

Section 2 presents the data considered along the entire CCUS by CO2 
mineralization supply chain. In section 3, we introduce our matching 
approach for a climate-optimal CCUS supply chain. Our base-case sce
nario in section 4.1 presents the GHG emissions mitigation potential of 
CCUS by mineralization supply chain on a large scale. Section 4.2 ana
lyzes the supply chain of the CCUS by mineralization via five scenarios 
for CO2 supply, energy supply, and solid feedstock availability. In sec
tion 5, we conclude our results and derive an outlook for the supply 
chain of CCUS by mineralization. 

2. Technologies, scope, and data for the CO2 mineralization 
supply chain 

To identify the climate-optimal supply chain for CO2 mineralization, 
we need data for a) solid feedstock sources (Section 2.1), b) CO2 feedstock 
sources (Section 2.2), c) energy supply (Section 2.3), and d) CO2 capture, 
utilization, and storage by mineralization (Section 2.4). In the following 
sections, we present our considered data and the scope (Section 2.5) for 
the entire CCUS by mineralization supply chain. 

2.1. Solid feedstock sources 

Solid feedstock for CO2 mineralization can be obtained from natural 
minerals or industrial wastes with a high portion of calcium oxide (CaO) 
or magnesium oxide (MgO), e.g., ultramafic rocks, or electric-arc 
furnace steel slag (Romanov et al., 2015). 

Currently, five commercial mines are mining olivine or serpentine 
(natural minerals) in Europe (Fig. 1). The five active mines in Europe 
produce more than half of the global olivine production and could 
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supply the solid feedstock of mineralization (Kremer et al., 2019). In 
addition to the existing mines, potentially about 107 locations in Europe 
could be explored for mining of natural minerals (mafic, ultramafic) 
compatible for CO2 mineralization (Fig. 1 and ESI Section S5) (Bide 
et al., 2014; Bodénan et al., 2014; Hudson Institute of Mineralogy dba; 
Julcour et al., 2015; Minerals4EU database; Picot et al., 2011; ProMine 
database; Veld et al., 2009). 

For industrial wastes, we consider 14 locations for steel slag from 
electric-arc furnaces in Europe (EUROFER database). The production 
capacity of each plant is low, and plants within one country are in close 
range of each other. Therefore, we simplify our model by aggregating 
the entire amount of steel slag produced per country in the geological 
center of all national production sites (Fig. 1). Steel slag from blast 
furnaces is already utilized in the cement industry (World Steel Asso
ciation, 2018a); therefore, we do not consider steel slag from blast fur
naces as a solid feedstock of CO2 mineralization. 

We assume that the maximum transport distance of solid feedstock is 
500 km as a typical maximum distance for transport of cement or cheap 
bulk materials (EUROPEAN COMMISSION, 2018). Therefore, mineral
ization plants can be located either exactly at the location of a solid 
feedstock or in a radius of 500 km (see ESI Section S5). 

Other promising locations to mine solid feedstock exist outside 
Europe, e.g., in Australia, Oman, South Africa, and North America. Due 
to long-distance transport and infrastructural barriers (Hangx and 
Spiers, 2009), we do not consider the possibility of importing solid 
feedstock from other continents in our study. 

Besides the solid feedstock location, its extraction capacity needs to 
be known for the CCUS supply chain. For the base-case scenario, we as
sume that the maximum extraction capacity of a natural mineral (olivine 

or serpentine) mine is 10 Mt minerals/year. The extraction capacity of a 
mine highly depends on its mineral deposit. 10 Mt minerals/year is 
chosen as the medium size of copper open-pit mines in Europe. Note
worthy, a copper open-pit mine can reach up to 40 Mt ores/year, e.g., 
Aitik copper mine in Sweden (Hustrulid and Kuchta, 2006; New Boli
den). The current extraction capacities of the five active mines are much 
lower than the 10 Mt minerals/year (see ESI Section S5). Yet, if the 
market for natural minerals grows, the mine’s assumed extraction ca
pacity for our base-case scenario can be theoretically achieved (Hustrulid 
and Kuchta, 2006; New Boliden). We discuss the effect of the extraction 
capacity on the CCUS supply chain in Section 4.2 and the ESI Section S2. 
For the maximum production capacity of steel slag from electric arc 
furnaces, we use the database of the World Steel Association (World 
Steel Association, 2018b). 

2.2. CO2 feedstock sources 

In our study, we focus on the difficult-to-eliminate CO2 sources from 
the industry sector; however, our model can be expanded to all kinds of 
CO2 sources (see ESI Section S1 and S4). We consider the location and 
CO2 amount of potential CO2 point sources in Europe, according to von 
der Assen et al. (2016) and the report of the European Environment 
Agency (2019) (Fig. 2). Cement, steel, paper, and chemical industries 
directly emitted about 538 Mt CO2 from 700 sites in 2017 (European 
Environment Agency, 2019). In our study, we refer to the GHG emissions 
from the cement, steel, paper, and chemical industries as the industry 
sector’s GHG emissions. The fossil-fuel-based energy sector emitted 
about 965 Mt CO2 from 800 sites in 2017 (European Environment 
Agency, 2019). 

Transforming the energy sector towards renewable energy could 

Fig. 1. Distribution of solid feedstock for CO2 mineralization in Europe 
including: currently active mines of natural minerals, potential locations of 
natural minerals (olivine and serpentine), and locations of steel slag from 
electric arc furnace (EAF) steel production. 

Fig. 2. Distribution of CO2 sources from cement, steel, paper, and chemical 
industries in Europe (European Environment Agency, 2019; von der Assen 
et al., 2016). 
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theoretically reduce the direct emissions from the fossil-fuel-based en
ergy sector to zero. To avoid blocking the technology transition in the 
energy sector (carbon lock-in effect, Mattauch et al., 2015; Seto et al., 
2016), we do not consider CO2 point sources of the energy sector in our 
main study. Nonetheless, as an alternative scenario, we design a CCUS 
supply chain capturing CO2 from both industry and fossil-fuel-based 
energy CO2 point sources (see total CO2 source scenario in ESI Section 
S1). 

The supply chain of CCUS by mineralization is not limited to CO2 
point sources. The required CO2 for CCUS by mineralization can also be 
captured directly from the air via Direct Air Capture (DAC) plants. To 
illustrate this option, we define the carbon-negative scenario (see ESI 
Section S1 and S6). Capturing CO2 from the atmosphere and perma
nently storing the captured CO2 by mineralization could lead to negative 
emissions (Müller et al., 2020; Tanzer and Ramírez, 2019). 

2.3. Energy supply 

For the environmental impacts of thermal energy and electricity 
supply in each country, we use the most up-to-date LCA databases based 
on 2017 reports (GaBi 9.2. Software-System and Database for Life Cycle 
Engineering, 2019; Swiss Centre for Life Cycle Inventories, 2020). In our 
study, the thermal heat demand is assumed to be supplied by electric 
heating in locations where the carbon footprint of electricity is lower 
than of natural gas combustion; elsewhere, the required thermal heat 
demand is assumed to be supplied by natural gas. 

In our base-case scenario, we consider the current electricity grid mix 
for each country. Assuming the European electricity grid mix could 
marginally lower the GHG mitigation potential of the CCUS supply chain 
(see ESI Section S1). 

2.4. CO2 capture, utilization, and storage (CCUS) by mineralization 

Our study uses Life Cycle Inventory (LCI) data for CO2 mineralization 
technologies, products utilization, cement industry, CO2 capture, CO2 
pipeline, Direct Air Capture (DAC), solid feedstock mining, and trans
port from literature and LCA databases (see ESI Section S3). 

We consider specific mineralization technologies depending on the 
solid feedstock (serpentine, olivine, and steel slag, see ESI Section S3, 
Figs. S17–S19, Kremer and Wotruba, 2020; Ostovari et al., 2020). 
Furthermore, to calculate the large-scale potential of CCUS by miner
alization supply chain, we assume that the laboratory scale perfor
mances of CO2 mineralization represent the future industrial-scale plant 
(Tanzer et al., 2020). 

CO2 mineralization produces carbonates (CaCO3/MgCO3) as the 
main product and silicate (SiO2) as the byproduct. The locations and 
market sizes for the CO2 mineralization byproduct (SiO2) are based on 
cement plants’ site and production capacity in Europe (European 
Environment Agency, 2019). As SiO2, the byproduct of CO2 minerali
zation, is not a self-cementing material, SiO2 cannot entirely substitute 
cement. In our study, we consider 20 wt% cement substitution. 
Substituting 20 wt% of clinker in cement with SiO2 has been shown to 
have a limited effect on the cement’s performance (AlArab et al., 2020; 
Garrett et al., 2020; Ince et al., 2020). 

The carbonates, the main product of CO2 mineralization, could also 
be utilized in industry (Woodall et al., 2019). Yet, either the market size 
or the avoided GHG emissions for carbonates are limited (Sanna et al., 
2012). Therefore, we do not consider the utilization of carbonates in our 
study. We assume that the carbonates are transferred back to the solid 
feedstock mine to be stored permanently. 

For CO2 point sources, the CO2 capture technology in our study is 
state-of-the-art amine scrubbing. The energy demand of CO2 capture 

differs based on the type of CO2 source (see ESI Section S3 and Table S4). 
We design the CO2 pipeline based on ASTM A53/A53M (2012) and the 
study of Wildbolz (2007). The energy demand of direct air capture is 
calculated according to Deutz and Bardow (2021). 

We assume open-pit mining for the natural solid feedstock (Hangx 
and Spiers, 2009). The solid feedstock and the products are transported 
by trucks. We present all considered Life Cycle Inventory (LCI) data in 
ESI Section S3. 

2.5. Goal and scope of the study 

The goal of our study is to quantify the GHG emission mitigation 
potential of CCUS by mineralization and to assess the corresponding 
supply chain. For this purpose, we use the standardized method of life 
cycle assessment (LCA, ISO 14040:2021; ISO 14044:2021; ISO 
14067:2018; ISO/TR 14049:2012) to calculate the avoided CO2e emis
sions per year via CCUS by mineralization. LCA is regarded as the most 
systematic and holistic method to assess the environmental impacts of 
products or services by considering the entire life cycle (ILCD Handbook, 
2010). By also considering several environmental impact categories, 
LCA identified potential problem shifting (ILCD Handbook, 2010). We 
determine the climate impact according to IPCC following the recom
mendation for LCA of the European Commission (ILCD Handbook, 
2010). Other environmental impacts are determined with the ReCiPe 
life cycle impact method (Huijbregts et al., 2017). The results are pre
sented for all impact categories in Section 4.3. 

Due to the best data availability, we select Europe as the regional 
scope for our study. Noteworthy, our method can also be implemented 
in other regions of the world. We calculate the environmental impacts of 
required products or services for the CCUS by mineralization supply 
chain from cradle-to-grave (ESI Section S3). 

For utilization of the products of the mineralization plants, we as
sume that the byproduct of mineralization SiO2 is used in blended 
cement with 20 wt% (CEMII) and that this blended cement performs like 
conventional cement (CEMI) (AlArab et al., 2020; Deutsches Institut für 
Normung; Garrett et al., 2020; Ince et al., 2020). The main product of 
CO2 mineralization, carbonates (CaCO3/MgCO3), store the CO2 perma
nently and thus, could lead to CO2 sink. 

Our study analyzes the GHG emissions avoided by introducing CCUS 
by mineralization in the industry sector. For this purpose, we subtract 
the GHG emissions of the industry sector from those of the industry 
sector with an integrated CCUS by mineralization; the difference is the 
GHG emission mitigation of CCUS by mineralization (ILCD Handbook, 
2010). All byproducts are identical in the industry sector with and 
without CCUS and thus cancel in the difference. 

3. Matching approach for climate-optimal CCUS supply chain 

A climate-optimal CCUS by mineralization supply chain avoids the 
most GHG emissions while fulfilling all the design constraints. Designing 
an optimal supply chain while considering all possible direct and indi
rect connections for the 1067 locations of CO2 sink and 1500 locations of 
CO2 sources in a single-stage optimization problem substantially in
creases the optimization problem size and, consequently, the required 
computational time. Previous work has shown that the exact configu
ration of the CO2 pipeline network has a small contribution to the total 
GHG emissions of a CCUS supply chain (Middleton and Bielicki, 2009). 
Thus, we assumed that the impact of solving a two-step problem is small 
on the resulting solution quality. Following work on CCS supply chains, 
we design a climate-optimal CCUS by mineralization supply chain by 
solving a two-stage optimization problem to reduce the problem size and 
resulting computational time (Middleton et al., 2020; Middleton and 

H. Ostovari et al.                                                                                                                                                                                                                                



Journal of Cleaner Production 360 (2022) 131750

5

Bielicki, 2009; Zhou et al., 2014). The first optimization problem 
(sink-source matching, Section 3.1) matches individually the CO2 
sources (i) to the CO2 sinks (j) to maximize the amount of GHG emissions 
avoided due to CO2 uptake and cement substitution while accounting for 
the indirect emissions due to transport, energy, and materials (Fig. 3). 
The matched pairs of CO2 source and CO2 sink are transferred to the 
second optimization problem: local pipeline network (Section 3.2). The 
local pipeline network optimization minimizes GHG emissions due to 
building and operating the required CO2 pipeline network by merging 
CO2 pipes into larger-sized pipes, thus, redesigning the local CO2 pipe
line network (Fig. 3). 

3.1. First optimization problem: sink-source matching 

Two mechanisms drive the GHG emissions mitigation of a CCUS by 
mineralization supply chain a) capturing and permanently storing CO2 
and b) substituting clinker by CO2 mineralization byproduct. The clinker 
substitution reduces the clinker intensity of cement, thus reduces the 
cement industry’s GHG emissions (Habert et al., 2020; Ostovari et al., 
2021). For our sink-source matching problem, we modify the model of 
Hasan et al. (see Eq. 4, Table 1, and Hasan et al., 2014, 2015). The 
mixed-integer linear program (MILP) optimization model of Hasan et al. 
designs an economically optimal carbon capture and geological storage 
(CCGS) supply chain (Hasan et al., 2014, 2015). 

In contrast to the economic problem, the objective function of our 
sink-source matching problem maximizes GHG emission mitigation via 
the CCUS by mineralization supply chain. 

Objective Function: 

max
Wc,j ,Yi,j , Zj ,MassExcessSiO2

j

∑

iεI

∑

jεJ

(
GHGavoidedbyCCS

i,j ⋅Yi,j
)

+
∑

cεC

∑

jεJ

(
GHGavoidedbyCCU

c,j ⋅Wc,j
)

−
∑

jεJ

(
GHGSolidTransport⋅DToStorage

j ⋅MassExcessSiO2
j

)

−
∑

jεJ

(
GHGSiteConstruction⋅Zj

)
,

(4)   

where i is a CO2 source, e.g., cement plant, or steel plant, etc., c is a 
cement plant, and j is a CO2 sink, i.e., a potential location for CO2 
mineralization plant (cf. section 2.1). Each solid feedstock source can 
supply only one mineralization plant in a radius of 500 km (see ESI 
Section S5). c ∈ C is a subdomain of I that is including only the cement 
plants (c ∈ C⫅ I). 

The objective function of our sink-source matching optimization 
consists of four parts: 

i) Carbon capture and storage. GHGavoidedbyCCS
i,j is the amount of GHG 

emissions avoided if CO2 from CO2 source i is supplied to CO2 sink j. The 
GHGavoidedbyCCS

i,j includes permanent storage of CO2 from source i and 
emissions due to CO2 capture, CO2 transport, CO2 mineralization, 
feedstock supply, feedstock transport, and transport of carbonates 
(CaCO3/MgCO3) to storage: 

GHGavoidedbyCCS
i,j

= Fi − GHGcapture
i

− GHGCO2Transport
i,j − GHGmineralization

i,j

− GHGmining
i,j − GHGCarbonateTransport

i,j − GHGFeedstockTransport
i,j .

(5) 

Here, Fi is the amount of CO2 captured from CO2 source i, GHGcapture
i 

quantifies the GHG emissions due to capturing CO2 from the CO2 source 
i, GHGCO2Transport

i,j presents the GHG emissions caused by transporting CO2 

from the CO2 source i to the CO2 sink j via an individual direct pipe, 
assuming a diameter of 150 mm (Wildbolz, 2007). We refine the emis
sions of CO2 transport in the local pipeline network optimization (cf. 
Section 3.2). GHGmineralization

i,j is the GHG emissions due to mineralizing 

CO2 from CO2 source i in mineralization plant j. GHGmining
i,j quantifies the 

Fig. 3. Illustration of the sink-source matching and the local pipeline network optimization problems and their solutions. (i) indicates CO2 sources. (j) marks possible 
locations for CO2 sink. At cement plants (c), the byproducts of CO2 mineralization can partially substitute cement. 

Table 1 
List of all variables and parameters of the sink-source matching optimization.  

Variables Parameters 

Wc,j,Yi,j , Zj,MassExcessSiO2
j GHGavoidedbyCCS

i,j , GHGavoidedbyCCU
c,j , DToStorage

j ,

GHGSolidTransport , GHGSiteConstruction, Fi,

SizeMax
j , SizeMin

j , DLongestCO2 , MassProducedSiO2
i,j ,

MassUtilizedSiO2
c,j ,DLongestSiO2 , GHGcapture

i ,

GHGCO2Transport
i,j ,GHGmineralization

i,j ,GHGAvoidedbySub 

GHGCarbonateTransport
i,j , GHGFeedstockTransport

i,j ,GHGmining
i,j 

GHGCementproduction,Dc,j, MassCement
c  
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GHG emissions emitted by mining to mineralize CO2 from CO2 source i 
in mineralization plant j. GHGCarbonateTransport

i,j accounts for the GHG emis
sions due to transporting the carbonates produced by mineralizing CO2 
from CO2 source i in mineralization plant j to the mine for backfilling. 
GHGFeedstockTransport

i,j are the GHG emissions caused by transporting the 
required feedstock to mineralizing CO2 from the CO2 source i in the CO2 
sink j (see ESI Section S3). The variable Yi,j ∈ [0,1] in the objective 
function indicates whether and to what extent CO2 source i supplies CO2 
sink j. 

ii) Utilization of the product. GHGavoidedbyCCU
c,j is the amount of GHG 

emissions avoided, if we utilize the produced silica (SiO2) in minerali
zation plant j to substitute 20 wt% of clinker at cement plant c (Woodall 
et al., 2019). GHGavoidedbyCCU

c,j includes the avoided GHG emissions due to 
clinker reduction but also accounts for emissions due to transport of SiO2 
from mineralization plant j to cement plant c: 

GHGavoidedbyCCU
c,j

= GHGCementproduction⋅MassUtilizedSiO2
c,j

−
(

GHGSolidTransport⋅Dc,j⋅MassUtilizedSiO2
c,j

)
.

(6) 

GHGCementproduction are the GHG emissions caused by production of 1 
ton conventional cement. MassUtilizedSiO2

c,j is the amount of SiO2 that is 
utilized if we transfer SiO2 from CO2 sink j to cement plant c. This mass is 
assumed to replace the same mass of conventional cement. Dc,j is the 
distance of the mineralization plant j to the utilization site c, i.e., cement 
plant c. GHGSolidTransport are the GHG emissions due to transporting 1 ton 
material for 1 km by truck (see ESI Section S3). The variable Wc,j ∈ [0, 1]
in the objective function indicates whether and to what extent SiO2 from 
the mineralization plant j is utilized at the cement plant c. 

iii) Storage of excess silicate. The excess SiO2 of mineralization plant j 
is transported back to the same mine that supplies the solid feedstock to 
mineralization plant j, to be stored permanently. DToStorage

j is the distance 
of the mineralization plant j to the location of mine for refilling. The 
variable MassExcessSiO2

j ∈ R+ indicates the amount of SiO2 that is pro
duced at mineralization plant j but not utilized in a cement plant (see 
Equation (8)). 

iv) Site construction . GHGSiteConstruction quantifies the GHG emissions 
due to the preparation and construction of the site for a new open-pit 
mine and a new mineralization plant (see ESI Section S3 and 
Table S5). The binary variable Zj ∈ {0,1} indicates whether a CO2 
mineralization plant and corresponding mine are constructed at location 
j. 

To model the CCUS supply chain, we define three types of constraints 
a) Plant size, b) Mass balance, and c) Transport distance. We select the 
constraints based on physical or operational limits, such as the 
maximum extraction capacity of the solid feedstock or the maximum 
transport distance of bulk materials. 

a) Plant size constraints. The maximum size of a mineralization plant 
(SizeMax

j ) is limited to the maximum extraction capacity of the solid 
feedstock source that supplies the mineralization plant j (10 Mt min
erals/year for the base-case scenario, see Section 2.1). 

Our factory construction and mine construction data are based on 
industrial-scale plants and do not represent small-scale plants. Thus, a 
mineralization plant should at least mineralize SizeMin

j = 1 Mt CO2/

year, which is the CO2 emission of an average cement plant in Europe 
(European Cement Research Academy, 2017). Noteworthy, the 

minimum plant size (SizeMin
j ) has only limited effect on the CCUS supply 

chain (see ESI Section S2). 
Hence, if CO2 mineralization plant j is built, the amount of supplied 

CO2 to plant j has to be larger than SizeMin
j and smaller than SizeMax

j : 

SizeMin
j ⋅ Zj ≤

∑

iεI

( ⌈
Yi,j
⌉

⋅ Fi
)
≤ SizeMax

j ⋅ Zj ∀ j ∈ J. 7 

⌈
Yi,j
⌉

is zero (
⌈
Yi,j
⌉
= 0) only if Yi,j = 0. 

⌈
Yi,j
⌉

is one (
⌈
Yi,j
⌉
= 1) if 

Yi,j > 0. 
b) Mass-balance constraints. 
SiO2 mass balance. The byproduct SiO2 cannot be accumulated in a 

mineralization plant. Thus, excess SiO2 is the mass of SiO2 that is pro
duced in CO2 sink j minus the mass of SiO2 from CO2 sink j that is utilized 
in cement plants. The excess mass of SiO2 is backfilled in the solid 
feedstock mine. 
∑

i,c∈I

(
Yi,j⋅MassProducedSiO2

i,j − Wc,j ⋅ MassUtilizedSiO2
c,j

)
= MassExcessSiO2

j

∀ j ∈ J
8 

MassProducedSiO2
i,j is the amount of SiO2 that is produced if CO2 from CO2 

source i is supplied to CO2 sink j. 
Furthermore, since a higher substitution rate than 20 wt% could 

reduce the performance of the cement, the amount of utilized SiO2 in 
cement plant c must be lower than 20 wt% of the produced cement in 
cement plant c: 
∑

j∈J
Wc,j ⋅ MassUtilizedSiO2

c,j ≤ 0.2⋅MassCement
c

∀ i, c ∈ I
9 

MassCement
c is the amount of cement produced in cement plant c before 

substitution. 
CO2 mass balance. The CO2 transferred from CO2 source i must not be 

higher than the available CO2 in CO2 source i. Thus, the sum of the 
transferred CO2 and the avoided CO2 emission due to cement substitu
tion must be smaller than the available CO2: 

Fi⋅
∑

j∈J
Yi,j − GHGAvoidedbySub⋅

∑

jεJ

(
Wc,j ⋅ MassUtilizedSiO2

c,j

)
≤ Fi

∀ i, c ∈ I
10 

GHGAvoidedbySub are the avoided GHG emissions due to substituting 1 
ton clinker of the cement plant. 

c) Transport distance constraints. The maximum transport distance is 
limited for both SiO2 and CO2. 

To avoid recompression stations, we assume that the longest direct 
distance for a CO2 pipeline (DLongestCO2 ) is 325 km in line with literature 
(d’Amore and Bezzo, 2017; Hasan et al., 2015; Hasan et al., 2014; Metz, 
2005; Pehnt and Henkel, 2009): 

Di,j ⋅
⌈
Yi,j
⌉
≤ DLongestCO2 ∀ i ∈ I , j ∈ J 11 

Increasing the longest direct distance for a CO2 pipeline (DLongestCO2 ) 
could increase the GHG emissions reduction potential of a CCUS supply 
chain. However, increasing the longest CO2 pipeline not only increases 
the network’s complexity due to recompression stations but also sub
stantially increases the CO2 network’s size (see ESI Section S2). There
fore, to reduce the network’s complexity and design a CO2 network that 
is comparable with other studies, we limit the CO2 pipeline distance to 
325 km. 
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The longest distance for SiO2 transport (DLongestSiO2 ) is the same as for 
solid feedstock, 500 km (cf. section 2.1): 

Dc,j ⋅
⌈
Wc,j
⌉
≤ DLongestSiO2 ∀ c ∈ C , j ∈ J. 12 

⌈
Wc,j

⌉
is zero (

⌈
Wc,j

⌉
= 0) only i = 0. 

⌈
Wc,j

⌉
is one (

⌈
Wc,j

⌉
= 1) if 

Wc,j > 0. Increasing the longest distance for SiO2 transport (DLongestSiO2 ) 
has a limited effect on GHG emissions reduction potential of a CCUS 
supply chain (see ESI Section S2). 

3.2. Second optimization problem: local pipeline network 

After matching the CO2 sources with the CO2 sinks (CO2 minerali
zation plants) in the sink-source matching optimization, the local 
pipeline network optimization minimizes the GHG emissions due to 
building and operating the required CO2 pipeline network for each CO2 
sink. Increasing the CO2 pipe diameter decreases both the pressure drop 
and the weight of pipe per ton of CO2 transferred; consequently, it de
creases the GHG emissions due to building and operating the CO2 
network. Therefore, in the local pipeline network optimization, we 
merge the CO2 pipes from multiple CO2 sources into larger-sized pipes to 
minimize the GHG emissions of the CO2 network for each CO2 sink 
(Middleton and Bielicki, 2009; Zhou et al., 2014). Our local pipeline 
network optimization is set up according to the MILP optimization 
model of Zhou et al. (2014) (see Eq. 13 and Table 2). 

From the solution of the sink-source matching optimization, we use 
three pieces of information a) the selected CO2 sources (i), b) the 
selected CO2 sinks (j), and c) the binary parameter Ki,j ∈ {0,1} that 
defines whether the CO2 source i supplies CO2 to the CO2 sink j. The 
binary parameter Ki,j is derived from the results of variable Yi,j of the 
sink-source matching optimization (Ki,j =

⌈
Yi,j
⌉
). If CO2 source i supplies 

CO2 to more than one CO2 sink, we virtually divide the CO2 source i into 
several CO2 sources according to the Yi,j. 

The objective function of the local pipeline network optimization 
minimizes the GHG emissions due to building and operating the 
required CO2 pipeline network. 

Objective function: 

min
Hi,l,t , MassCO2

i,l,t

∑

iεI

∑

lεL

∑

tεT

(
GHGCO2Transport

t ⋅ MassCO2
i,l,t ⋅ Di,l

+
(
GHGPipe

t +GHGTrenching) ⋅ Hi,l,t ⋅ Di,l

)
,

13 

where i is the CO2 source selected from the sink-source matching 
optimization; j is the selected CO2 sink from the sink-source matching 
optimization; t is the pipe diameter according to standard ASTM 
A53/A53M ranging from 50 mm to 600 mm; l is either a CO2 source or a 
CO2 sink (L = I ∪ J). In the local pipeline network optimization, a CO2 

pipeline can connect CO2 source i either to another CO2 source i′ or to 
CO2 sink j. Thus, l presents all possible destinations from a CO2 source i. 

The objective function of the local pipeline network optimization 
consists of two parts: 

i) GHG emissions due to operating the pipeline. GHGCO2Transport
t is the 

GHG emissions caused by transport of 1 ton CO2 in a pipeline of the 
diameter t, mainly due to energy demand for overcoming the pressure 
drop (see ESI Section S3). The variable MassCO2

i,l,t ∈ R+ is the amount of 
CO2 that is transported between CO2 source i and destinations l via a 
pipeline of diameter t. Di,l is the distance between CO2 source i and 
destinations l. 

ii) GHG emissions due to building and installing the pipe. GHGPipe
t 

quantify the GHG emissions per kilometer, caused by the construction 
and installation of a CO2 pipeline with a diameter of t (see ESI Section 
S3). GHGTrenching is the GHG emissions per kilometer caused by 
trenching and site preparation for installing a CO2 pipeline (see ESI 
Section S3). The binary variable Hi,l,t ∈ {0,1} indicates whether there is 
a connection between CO2 source i and destinations l with a pipeline 
diameter t. 

To model the local pipeline network, we define four types of con
straints a) matching partners, b) pipeline threshold, c) CO2 mass balance, 
and d) integerc. 

a) Matching partners constraints. The local pipeline network optimi
zation is not allowed to change the results of the sink-source matching 
optimization. Therefore, to ensure the same matches between CO2 
source i and CO2 sink j as the sink-source matching optimization, we 
define the following constraints using binary parameter Ki,j ∈ {0,1}. The 
binary parameter Ki,j ∈ {0,1} contains the matched pairs of the sink- 
source matching optimization (Ki,j =

⌈
Yi,j
⌉
), and thus Ki,j defines 

whether the CO2 source i supplies CO2 to the CO2 sink j. 
Only if CO2 source i and CO2 source i′ supply CO2 to the same CO2 

sink j, the two CO2 sources can be connected with a pipe pipeline 
diameter of t: 
∑

t∈ T
Hi,i′ ,t ≤

∑

j∈ J

(
Ki ,j ⋅ K i′ ,j

)
∀ i, i

′

∈ I 14 

The binary variables Hi,l,t ∈ {0,1} indicates whether there is a 
connection between CO2 source i and destinations l via pipeline diam
eter of t. 

Only if CO2 source i supplies CO2 to CO2 sink j, the CO2 source i can 
be connected to CO2 sink j with a pipe pipeline diameter of t: 
∑

t∈ T
Hi,j,t ≤K i ,j ∀ i ∈ I, j ∈ J 15 

b) Pipeline threshold constraints. The model ensures the operation of 
the CO2 pipes within the pipeline operating threshold: 

Hi ,l ,t⋅ MassminCO2
t ≤ MassCO2

i,l,t ≤ Hi ,l ,t⋅ MassmaxCO2
t

∀ i ∈ I, l ∈ L, t ∈ T
16 

MassmaxCO2
t and MassminCO2

t are the maximum and minimum mass flow 
allowed in a pipeline with a diameter of t, respectively. MassmaxCO2

t and 
MassminCO2

t are imposed by maximum and minimum fluid velocity (ASTM 
A53/A53M, 2012; Wildbolz, 2007). We follow the common assumption 
that the CO2 fluid velocity is between 1 and 3 m/s (Wildbolz, 2007). 

c) CO2 mass-balance constraints. CO2 cannot be stored at a CO2 source 
i. Therefore, for each selected CO2 source i, the sum of all CO2 masses 
arriving from another CO2 source i′ (MassCO2

i′ ,i,t ), leaving to another CO2 

source i′′ (MassCO2
i, i′′ ,t), or to CO2 sink j (MassCO2

i,j,t ) via all pipe diameters t 
plus the captured CO2 emissions at the CO2 source i (Fi) should be equal 
to zero. This constrain is reflected in the mass balance for CO2: 

Table 2 
List of all variables and parameters of the local pipeline network optimization.  

Variables Parameters 

Hi,l,t , MassCO2
i,l,t Di,l, GHGCO2Transport

t , Di,l, GHGPipe
t ,

GHGTrenching, K i ,j , MassmaxCO2
t , MassminCO2

t  
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0=
∑

t∈ T

(
∑

i′ ∈ I

(
MassCO2

i′ ,i,t − MassCO2
i, i′′ ,t

)
−
∑

j∈J
MassCO2

i,j,t

)

+Fi ∀ i ∈ I

17 

Fi is the amount of captured CO2 from source i. 
d) Integer constraints. The following constraints (Equations (18)–(20)) 

ensure that in the network, no round, two-way, or double connection 
occur: 

Hi,i,t = 0 ∀ i ∈ I, t ∈ T 18  

Hi, i′ ,t + Hi′ ,i,t ≤ 1 ∀ i, i
′

∈ I, t ∈ T 19  

∑

t∈ T
Hi,l,t ≤ 1 ∀ i ∈ I, l ∈ L 20 

In our study, we do not consider geographical or political constraints. 
Rivers, mountains, or national borders, i.e., geographical or political 
constraints, can substantially change the configuration of CO2 pipeline 
network. Yet, the exact configuration of CO2 pipeline network has a 
small contribution to the total GHG emissions of a CCUS supply chain 
(Middleton and Bielicki, 2009). Thus, the effect of exact network 
configuration on our results is expected to be negligible. This expecta
tion is confirmed by the results shown below where the CO2 network 
only contributes 2 % to the total GHG emissions. As alternative CO2 
supply options, without building a CO2 pipeline network, we analyze 
direct air capture (DAC) and CO2 transport by trucks in section 4. 

We implement the mathematical optimization problems of Sections 
3.1 and 3.2 together with the background data of Section 2 in Python™ 
(Python Software Foundation, 2019) and solve the resulting 
mixed-integer linear program (MILP) optimization model using the 
Gurobi™ Optimizer (Gurobi Optimization, 2020). 

4. Results and discussion 

In section 4.1, we discuss the results of the base-case scenario and 
derive the large-scale potential of CCUS by CO2 mineralization supply 
chain. Section 4.2 defines five additional scenarios on CO2 supply, en
ergy supply, and feedstock availability to analyze the supply chain of 
CCUS by CO2 mineralization. 

4.1. GHG mitigation potential of CCUS by mineralization supply chain 

By applying our optimization model, we design the climate-optimal 
CCUS by mineralization supply chain. The base-case scenario estimates 

the potential of CO2 mineralization for GHG emissions reduction in 
Europe. The supply chain captures CO2 from the industrial sector, uses 
active and potential locations for natural solid feedstock as well as steel 
slag (cf. Section 2.1). Furthermore, the supply chain operates using the 
current national electricity grid mix and obeys the constraints given in 
section 3. 

For the base-case scenario, the supply chain captures 179 Mt CO2/ 
year and avoids 130 Mt CO2e/year. Thus, the CCUS supply chain for the 

Fig. 4. Climate-merit-order curve for avoided CO2e per ton of CO2 captured over the captured CO2 for the base-case scenario. Each bar indicates a mineralization 
plant. The dashed line shows the cumulative avoided GHG emissions per year over the captured CO2 per year. Colors indicate the solid feedstock. 

Fig. 5. Climate-optimal supply chain of CO2 capture, utilization, and storage by 
mineralization in Europe for the base-case scenario. For co-located minerali
zation plants and solid feedstock sources, we only illustrate the mineraliza
tion plant. 
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base-case scenario could reduce 24 % of the industry sector’s GHG 
emissions in Europe (Fig. 4). Around 20 Mt CO2e avoided/year is due to 
the utilization of mineralization byproducts (SiO2) in the cement in
dustry (see Fig. 6 and ESI Section S1). The supply chain for the base-case 
scenario causes indirect emissions of around 69 Mt CO2e/year. Energy 
demand, solid transport, and CO2 transportation contribute 72 %, 13 %, 
and 2 % to the indirect GHG emissions, respectively. 

Here, we discuss four outstanding mineralization plants close to 
"Strasbourg", "Sondrio", "Annecy", and "Sylt". 

The avoided CO2e per ton of CO2 captured ranges from 1.25 ton CO2e 
avoided/ton CO2 captured for "Strasbourg" to 0.22 ton CO2e avoided/ton 
CO2 captured for "Sylt" (Figs. 4 and 5). This variation is mainly due to a) 
different national electricity grid mix and b) the portion of SiO2 utilized 
in cement production from each mineralization plant. The mineraliza
tion plant "Strasbourg" utilizes 99 wt% of the produced SiO2, while the 
mineralization plant "Sylt" utilizes 21 wt% of its produced SiO2. The 
avoided CO2e per ton of CO2 captured plant can even exceed 1 ton CO2e 
avoided per ton CO2 captured when a high share of the produced SiO2 
substitutes cement (see Fig. 4 and ESI Section S1, Pure CCS scenario). 

The mineralization plant sizes vary substantially, ranging from 5 Mt 
CO2e captured/year for "Annecy" to 0.7 Mt CO2e captured/year for 
"Sondrio" (Figs. 4 and 5). The mineralization plant size is mainly 
determined by the extraction capacity of solid feedstock and the avail
ability of close-by CO2 sources. For instance, the mineralization plant 
"Annecy", located in France, benefits from a potentially large olivine 
mine and mineralizes CO2 from several CO2 sources in France, Italy, and 
Switzerland. 

CO2 mineralization plants of the CCUS by mineralization supply 
chain are not distributed uniformly in Europe. Due to the high avail
ability of CO2 sources, several large-scale CO2 mineralization plants are 
located in the northwest of Germany and in the east of France (Fig. 5). 

The potentially available solid feedstocks in Sweden, Finland, and 
Norway are expected to be sufficient to mineralize the entire CO2 
emissions of these three countries. The excess solid feedstock is trans
ported to supply mineralization plants, mineralizing CO2 emissions from 
Germany, Poland, Latvia, Estonia, Denmark, and the Netherlands 
(Fig. 5). 

In summary, large mineralization plants with a high rate of CO2e 
avoided per CO2 captured are located, where both CO2 point sources and 
solid feedstock are largely available. 

4.2. Supply chain of CCUS by mineralization 

The CCUS supply chain for the base-case scenario, which could avoid 
130 Mt CO2e/year, is based on four elements:  

a) 169 TWh electricity demand and 88 TWh thermal energy demand,  

b) 31,000 km of CO2 pipeline network, to collect CO2 emissions from 
322 CO2 sources,  

c) 47 large-scale CO2 mineralization plants, and  
d) 47 large-scale mines providing natural solid feedstock. 

This section analyzes the importance of the four elements and their 
effect on both the GHG reduction potential of CCUS by mineralization 
and the supply chain configuration. For this purpose, we define five 
alternative scenarios on CO2 supply, energy supply, and feedstock 
availability (see Table 3). The supply chain of CCUS by mineralization 
and the corresponding climate-merit-order curve of all considered sce
narios are presented in ESI Section S1. 

4.2.1. Energy supply 
169 TWh of electricity demand and 88 TWh of natural gas demand 

for heat correspond to 5.2 % and 2 %, respectively, of the European 
consumption in 2018 (Agora Energiewende and Sandbag, 2019; Euro
stat, 2020a). The energy demand stems mainly from the 
energy-intensive processes of CO2 capture and CO2 mineralization. The 
energy demands due to CO2 transport and feedstock mining are smaller. 
Powerplants with a capacity of 20 GW would be needed to supply the 
required electricity. 

According to the International Energy Agency (IEA), the electricity of 
Europe will be supplied via 60 % renewable and 40 % non-renewable 
sources while electricity production increases by 7 % in the year 2040 
(IEA, 2018). Thus, the carbon footprint of the European grid mix in 2040 
decreases by 70 % from 400 to 114 gr CO2e/kWh. By 2040 the entire 
thermal heat energy demand could be electrified, as electric heating’s 
carbon footprint will be lower than natural gas combustion. CO2 capture 
and mineralization are energy-intensive (Ostovari et al., 2020). There
fore, decreasing the carbon footprint of the energy supply decreases the 
indirect GHG emissions of the CCUS supply chain and, thus, increases 
the avoided GHG emissions by 20 % compared to the base-case scenario 
(see low-emission energy scenario in ESI section S1, Fig. 6, and Table 4). 
The required electricity demand of the low-emission energy scenario 
amounts to 7.5 % of the entire electricity production of Europe in 2040 
or 12 % of available renewable electricity in Europe by 2040 (IEA, 
2018). 

The total energy (electricity and natural gas) demand of the CCUS 
supply chain for the base-case scenario corresponds to less than 10 % of 
the available electricity of Europe. To have a comparable energy de
mand for all scenarios, we limit the CCUS supply chain’s electricity 
demand of the carbon-negative scenario to 10 % of the available elec
tricity in Europe by 2040 (see ESI Section S1 and S6). While the available 
electricity does not affect the total GHG reduction potential of all other 
scenarios, the GHG reduction potential of the carbon-negative scenario 
depends strongly on the available electricity. 

Our assessment shows that the required energy for the CCUS supply 

Table 3 
Summary of the six main scenarios. For extraction capacity of active mines, see ESI section S5.  

Scenario name Energy supply CO2 sources CO2 transport method Natural solid feedstock locations Mine extraction capacity [Mt minerals/year] 

Base-case Current energy mix Industry Pipeline Active & potential 10 
Low-emission energy Europe 2040 Industry Pipeline Active & potential 10 
CO2 road transport Current energy mix Industry Truck Active & potential 10 
Carbon-negative Europe 2040 Direct air capture - Active & potential 10 
Current solid feedstock Current energy mix Industry Pipeline Only active Depends on mine 
Low-extraction- capacity Current energy mix Industry Pipeline Active & potential 2.5  
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chain could be supplied either by expanding the current energy system 
or, favorably, by developing renewable energy in the future. 

4.2.2. CO2 supply 
The 31,000 km CO2 pipelines in Europe correspond to less than 16 % 

of the 200,000 km high-pressure natural gas pipelines existing in Europe 
today (Papadakis, 2005). Our results are comparable with the study of 
d’Amore et al. on a European supply chain for CO2 capture, transport, 
and geological storage (d’Amore and Bezzo, 2017). By dividing Europe 
into 124 cells, ranging from 123 km to 224 km, d’Amore et al. designed 
an economically optimal supply chain to capture around 845 Mt 
CO2/year while moving CO2 for more than 24,000 km. Our study de
signs a climate-optimal supply chain and locates all CO2 sources and 
sinks with 5 km precision; therefore, the required CO2 network of our 
study is larger. Importantly, the required CO2 network should not be 
exclusive for CCUS by mineralization but can be shared by other means 
of carbon capture and storage or utilization. 

Still, due to high population density, nature conservation areas, and 
social acceptance, implementing a CO2 pipeline network in Europe can 
be challenging (Wuppertal Institute, 2018). If a CO2 pipeline network 
cannot be built, CO2 can be transported by trucks or even supplied by 
locally installed direct air capture (DAC). 

Transporting the 179 Mt captured CO2 for the maximum distance of 
325 km, increases the total road freight transport of Europe (1,922,933 
Mt⋅km) by less than 3 % (Eurostat, 2020b). However, transporting CO2 
by trucks increases the transport emissions by about 2 Mt CO2e/year 
(Fig. 6 and Table 4). Thus, the GHG mitigation of the CCUS supply chain 
slightly decreases to 128 Mt CO2e avoided/year, i.e., 1.5 % reduction 
compared to the base-case scenario (see CO2 road transport scenario ESI 
Section S1). Yet, the economic and social aspects of CO2 transport by 
trucks can be critical for its implementation. 

Direct air capture (DAC) plants are another potential technology to 
supply the required CO2 without building a CO2 pipeline network (see 
carbon-negative scenario ESI Section S1 and S6). For the carbon-negative 
scenario, the supply chain uses the electricity grid mix of 2040 and 
captures exclusively from the atmosphere via DAC. The supply chain 
could capture 185 Mt CO2/year and avoid 160 Mt CO2e/year; thereof, 
around 24 Mt CO2e avoided/year is due to utilization of mineralization 
byproducts in the cement industry (see Fig. 6). The remaining 136 Mt 
CO2e per year are carbon negative (Fig. 6). The CO2 captured via DAC 
and stored by CO2 mineralization is removed permanently from the 
atmosphere and is carbon negative. 

In summary, the required CO2 can be supplied by three options a) a 
new infrastructure for CO2 pipeline network that can be shared with 
other CCU/CCS approaches, b) an already available infrastructure for 
truck road freight transportation, or c) direct air capture technology that 
can provide negative emissions in the future. 

4.2.3. Large-scale mineralization plant 
Although there have been several developments to scale up CO2 

mineralization, the technology is still at the pilot plant scale (Veetil and 
Hitch, 2020). Our work is, therefore, a "tomorrow’s technology today” 
study. We assume that the laboratory scale performance of CO2 miner
alization represents the future industrial-scale plant (Tanzer et al., 
2020). Nonetheless, large-scale mineralization plants are a critical 
element for the supply chain of CCUS by mineralization. In section 5, we 
discuss several approaches to accelerate the development of minerali
zation technology. 

4.2.4. Large-scale mineral deposits 
The base-case scenario employs 47 large-scale natural mineral mines. 

Currently, only 5 locations are active. To estimate the GHG emissions 
reduction potential of the currently active solid feedstock locations, we 
define the current solid feedstock scenario that uses the five currently 
active natural mineral mines at the current extraction rates (Kremer 
et al., 2019) and all available EAF steel slag. Here, we assume that the 

entire market for natural mineral mines could be used for CO2 miner
alization. The supply chain for the current solid feedstock scenario could 
avoid 4.8 Mt CO2e/year, i.e., only 3.6 % of the base-case scenario’s po
tential (see Fig. 6 and ESI Section S2). Thus, new mines are needed to 
exploit the large potential. 

To investigate the effect of solid feedstock extraction capacity, we 
define the low extraction-capacity scenario. The low extraction-capacity 
scenario allows to use all potential locations for solid feedstock but 
only at 25 % of assumed extraction capacity (i.e., 2.5 Mt minerals/year) 
for natural minerals. The supply chain for the low extraction-capacity 
scenario captures 96 Mt CO2/year and avoids 88 Mt CO2e/year, i.e., 
67 % of the base-case scenario’s potential (see Fig. 6, Table 4, and ESI 
Section S2). 

The results of the current solid feedstock scenario and the low 
extraction-capacity scenario show that both the availability and the 
extraction capacity of the natural mineral mines are essential to reach 
the GHG mitigation of the base-case scenario (130 Mt CO2e/year). Hence, 
an investigation is crucial to determine the availability of the potential 
natural mineral mines and to scale up the extraction capacity. 

Fig. 6 and Table 4 illustrate the avoided greenhouse gas (GHG) 
emissions of CCUS by mineralization supply chain for the six main 
scenarios mentioned in Table 3. The selection of a scenario depends 
substantially on uncertain parameters imposed externally, such as the 
availability of low-emission electricity or the extraction capacity of solid 
feedstock, etc. The carbon-negative scenario has the largest GHG emis
sion reduction potential (160 Mt CO2e/year). A detailed illustration of 
results for all scenarios is presented in ESI Section S1. 

4.3. Non-climate environmental impacts 

Our study mainly focuses on the climate change impact of a CCUS by 
CO2 mineralization supply chain. However, it is essential to assess other 
environmental impact categories to avoid problem shifting to other 
impact categories (Miller and Moore, 2020). For this purpose, we use the 
ReCiPe 2016 life cycle impact method (Huijbregts et al., 2017). We 
illustrate change in the environmental impacts of CCUS by mineraliza
tion supply chain for the base-case scenario and the base-case scenario 
using wind energy in Fig. 7. 

The CCUS by CO2 mineralization supply chain of the base-case sce
nario increases 12 out of 19 environmental impacts except for climate 
change. The increase is mainly due to increased energy demand (Miller 
and Moore, 2020) and increased resource consumption (Baumgärtner 
et al., 2021). 

The results of the base-case scenario show that implementing CCUS 
by mineralization supply chain in Europe could decrease the GHG 
emission of the industry sector in Europe by 24 %, i.e., 130 Mt CO2e/ 
year. The 130 Mt CO2e/year corresponds to about 0.2 % of the climate 
change impact of the entire world, including all continents and all 

Fig. 6. Avoided greenhouse gas (GHG) emission of CCUS by mineralization 
supply chain for the six main scenarios (cf. Table 3). CCS is carbon capture and 
storage. DACCS is direct air capture with carbon storage. CCU is carbon capture 
and utilization. 
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sectors. Estimating the global GHG reduction potential of CCUS by 
mineralization requires analyzing the implementation of CO2 minerali
zation supply chain in all continents. 

We can use this 0.2 % decrease in global climate change impact to 
assess the trade-off with other environmental impacts. While CCUS by 
mineralization reduces GHG emissions, its energy demand increases the 
fossil-fuel-related environmental impacts, such as fossil depletion and 
ionizing radiation impacts, could increase by about 0.4 % and 0.18 %, 
respectively. Using wind energy to operate the CCUS supply chain could 
limit or even remove the increase in fossil-fuel-related environmental 
impacts (Fig. 7). The results indicate the co-benefit of decarbonizing the 
electricity supply to reduce the environmental impacts of CCUS by 
mineralization. To decrease the resource-consumption-related environ
mental impacts, CO2 capture and mineralization technologies should be 
further improved. 

The high impact for "human toxicity, cancer" stems from a generic 
dataset for factory construction of CO2 mineralization where the 
required copper production leads to high impacts. The qualitative and 
quantitative impacts of copper production for factory construction need 

to be carefully quantified for an actual implementation (see ESI Section 
S3). 

Our model designs the CCUS supply chain by maximizing GHG 
emissions mitigation and neglects other environmental trade-offs. For 
designing a simultaneously optimized CCUS supply chain, a multi- 
objective optimization model is required. This could be the subject of 
future work. 

5. Conclusions 

In our study, by applying an optimization model, we present a 
climate-optimal supply chain for CO2 capture, utilization, and storage by 
mineralization in Europe. We quantify the potential of CO2 minerali
zation for GHG emissions reduction and analyze the required supply 
chain to achieve the GHG emissions reduction. 

For the base-case scenario, the supply chain of CO2 mineralization can 
avoid 130 Mt CO2e/year in Europe, i.e., a 24 % reduction of the industry 
sector’s GHG emissions. Furthermore, by combining direct air capture 
(DAC) and low-emission energy supply, the CCUS supply chain can 

Fig. 7. Change in environmental impacts of CCUS by mineralization supply chain for the base-case scenario and the base-case scenario using wind energy. The 
reference system is the environmental impact of the world. 

Table 4 
Summary of the results of the six main scenarios. A detailed illustration of results for all scenarios is presented in ESI Section S1.  

Scenario name Avoided GHG emission 
[Mt CO2e/year] 

Electricity demand [TWh] Thermal energy demand [TWh] CO2 pipeline 
[km] 

Nr. of 
natural mineral mines 

Base-case 130 169 88 ~31,000 47 
Low-emission energy 156 261 0a ~31,000 49 
CO2 road transport 128 171 88 0 49 
Carbon-negative 160 350 0a 0 46 
Current solid feedstock 4.8 4 88 ~1300 2 
Low-extraction- capacity 88 110 17 ~36,000 93  

a The entire thermal heat demand is supplied by electric heating. 
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provide negative emissions at a rate of 136 Mt CO2e/year. Thus, a CO2 
mineralization supply chain could reduce GHG emissions from the 
current industry sector and act as a carbon-negative technology in the 
future. 

The required CO2 and energy for the CCUS supply chain can be 
supplied, either by expanding the existing infrastructure, i.e., road 
freight transportation and current energy mix, or by building new 
infrastructure in the future, i.e., CO2 pipeline network, DAC, and 
renewable electricity system. One promising transition path is to start 
small and flexible, i.e., using the existing energy system to capture CO2 
from the industrial point sources, and transport the captured CO2 by the 
currently available truck road transportation infrastructure. The supply 
chain for CCUS by mineralization could, thus, be gradually developed 
and fully implemented in the future to provide negative emissions on a 
large scale via direct air capture. 

Still, to achieve the CCUS supply chain’s high potential for GHG 
emissions reduction, two critical elements are required a) large-scale 
CO2 mineralization plants and b) large-scale mineral deposits. 

The first critical element is the CO2 mineralization technology that is 
still at the pilot scale. To further develop CO2 mineralization technology 
toward commercialization, a sound economic business case is required. 
Value could be created by increasing the revenue of CO2 mineralization, 
e.g., utilizing a large portion of mineralization byproducts in the cement 
market. To maximize the revenue from byproducts sales, the locations 
close to both cement plants and currently active solid feedstock mines 
are favorable, e.g., Italy, Spain, and Greece. Another source of revenue 
could be utilizing the main product of mineralization (carbonates) in 
industry and substitute conventional products. Substituting conven
tional products with carbonates increases both the economic and the 
environmental potential. Furthermore, governmental regulations, such 
as financial aids from the European innovation fund or incentivizing 
emissions reduction in the European emissions trading system (EU ETS), 
could foster the economic business case of mineralization. Under
standing the economics of CCUS by mineralization requires designing an 
economically optimal supply chain. For this purpose, the objective 
function of the optimization problem should be the total cost of the 
supply chain. Our study illustrates that a large-scale CCUS by mineral
ization could reduce GHG emissions, yet, the economic aspects of the 
supply chain should be the subject of future research. 

The second critical element is the required large-scale mineral de
posits. The current available solid feedstock could already mitigate 4.8 
Mt CO2e/year, but this potential corresponds to only 3.6 % of the base- 
case scenario’s potential. The extraction capacity of the currently active 
mines could be increased to cover the demand of the new CO2 miner
alization plants. However, both extraction capacity and new locations of 
solid feedstock are shown to be necessary for large-scale CCUS by 
mineralization supply chain. Therefore, opening new mines at prom
ising locations for natural solid feedstock should be evaluated. The 
currently known promising locations are close to several cement plants 
or other industrial CO2 point sources, e.g., in the northwest of Germany 
or in the east of France. Besides technical developments, local govern
ments could foster the commissioning of new mines by accelerating the 
permission process. Yet, commissioning of new mines should include a 
critical review of possible direct and indirect environmental impacts, 
considering indirect land-use change, biodiversity, etc.; thus, avoid 
shifting the problem from climate change to other environmental 
impacts. 

Open-pit mining has been criticized by society and is highly debated. 
Hence, the social acceptance of mining for GHG emissions reduction 
should be evaluated as early as possible (Strunge et al., 2022). An 
alternative to mining for supplying the required natural solid feedstock 
is utilizing alternative solid feedstock, such as industrial byproducts or 
demolished concrete (Meng et al., 2021; Tiefenthaler et al., 2021). The 
compatibility and availability of the alternative solid feedstock for CO2 
mineralization should be analyzed. 

Implementing CCUS by mineralization on a large scale leads to 

environmental trade-offs that could be limited by decarbonizing the 
energy supply. However, the effect of energy supply on CO2 minerali
zation is much smaller than for other CCU technologies producing 
chemicals or fuels due to their higher energy demand (Artz et al., 2018). 
Furthermore, the products of most CCU technologies store CO2 only 
temporarily (Müller et al., 2020; von der Assen et al., 2013). Thus, CO2 
mineralization seems particularly promising to reduce GHG emissions. 

Similar to CO2 mineralization, CO2 capture and geological storage 
can permanently store CO2 even with lower energy demand. Yet, CO2 
mineralization could offset its higher energy demand by utilizing its 
products. Infrastructure for CO2 mineralization and geological storage 
could be jointly developed, leading to synergistic cost reductions. Such 
options could be explored in multi-objective optimization of the 
mineralization process and the environmental impacts (Fazlinezhad 
et al., 2022; Hazrati-Kalbibaki et al., 2020; Zhang et al., 2020). Such a 
multi-objective model could consider several CCUS technologies and 
CO2 mineralization to deepen our understanding of CO2 mineralization 
and other CCUS technologies on a large scale. 

Our study shows that the CCUS by mineralization supply chain could 
reduce the GHG emissions of industry in Europe by up to 160 Mt CO2e 
avoided/year. However, the first steps to unlock the high potential of 
CO2 mineralization in Europe are scaling up the CO2 mineralization 
technology to the industrial level and exploiting large-scale solid feed
stocks such as natural mineral deposits or industrial byproducts. 
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