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A B S T R A C T

CO2 mineralization is a crucial carbon capture and utlization technique because it can sequester CO2 emissions 
permanently. There are various CO2 mineralization technological pathways, all of which are based on the re
action of CO2 with the metal oxides present in cementitious materials and virgin minerals. However, there are 
techno-economic obstacles that hinder their deployment, as well as various knowledge gaps regarding the 
prospective supply chains. Although these pathways have several differences, such as process configuration and 
costs, each is usually addressed individually and comparative analysis is lacking. In this contribution, we aim to 
address this knowledge gap via investigating the entire supply chain of each technology and contrasting their 
differences by presenting a case study from the German federal state of North Rhine-Westphalia. Methodolog
ically, several approaches and tools are used, such as cost modeling and geographic information systems. Herein, 
we investigate the advantages and limitations by assessing six scenarios representing the different configurations 
of the relevant supply chains. Most scenarios are deemed infeasible at lower carbon prices, with only three 
considered viable below 100 €/ton CO2. Also, while concrete curing and concrete waste processes are con
strained by material availability and logistics, CO2 mineralization of virgin minerals offers a more abundant 
alternative, albeit at a higher levelized cost. Therefore, the study provides valuable insights for the design of 
optimal and efficient CO2 mineralization supply chains, highlighting the need for a balanced approach that le
verages the strengths of different pathways.

1. Introduction

The industrial sector is responsible for more than one fifth of the 
global anthropogenic CO2 emissions, accounting for 11.6 Gt CO2 in 2022 
[1]. Besides their large share, mitigating industrial emissions can be 
more challenging than in other sectors. In contrast to other economic 
activities like transportation, many industrial emissions cannot be 
mitigated by electrification or using carbon-free energy sources as some 
processes inherently emit CO2 or rely on carbon-based feedstocks. This is 
particularly true for the cement industry, the second biggest source of 
industrial emissions. On the one hand, the processing of CaCO3-
containing raw meal requires high temperatures (approximately 
1400◦C), making electrification difficult [2]. On the other hand, 
calcining the limestone feedstock also releases CO2, which is classified as 
hard-to-abate emissions (Eq. 1) [3]. 

CaCO3 ̅̅→
heat CaO+CO2 (1) 

Hence, sequestering large amounts of CO2 emissions in this industry 
is crucial for achieving carbon neutrality. While geological storage is 
often regarded as the primary method for sequestering captured CO2, 
alternative techniques, such as Carbon Capture and Utilization (CCU), 
are also available for temporary or permanent CO2 storage. CCU refers to 
using CO2 as an input to produce other valuable products [4]. Several 
CCU techniques can be classified in different ways [5]. In terms of 
products, CCU can be used in different applications, such as chemicals, 
fuels, beverages, etc. While CCU technologies also have a wide range of 
CO2 sequestration periods (i.e., temporary for months or years, 
semi-permanent for decades and permanent for millennials) [6], only 
those capable of permanently sequestering CO2 will have significant 
impact on mitigating of industrial emissions. Primarly, two CCU 
methods can permanently sequester CO2: (i) CO2 mineralization, where 
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CO2 is reacted with oxides in virgin minerals or concrete to form stable 
carbonates and (ii) enhanced oil recovery, where CO2 is used to extract 
oil and is stored in the oil field afterward. For hard-to-abate industries 
such as the cement industries, which are geographically dispersed and 
not typially situated near oil production fields, CO2 mineralization 
presents a promising sequestration approach. Additionally, CO2 miner
alization techniques can be incorporated directly into the cement pro
duction process, as discussed below. Although CO2 mineralization 
techniques rely on the same reaction (Eq. 2) [7], where 
alkaline-earth-metal-oxide-bearing minerals (e.g., CaO or MgO; collec
tively abbreviated as metal oxides (MO)) react with CO2 to form car
bonates, the process and feedstock of each pathway is different. 

MO+CO2→MCO3 +heat↑ (2) 

The process of CO2 minerlization of concrete, hereafter CO2 concrete 
curing as commonly named in literature, has been investigated in mul
tiple studies [8–10]. During the process, CO2 reacts with CaO or Ca 
(OH)2 during the curing of concrete [11]. This can be performed using 
curing chambers, where the process occurs in a controlled environment 
(e.g. pressure, temperature, humidity). The use of curing chambers is 
fairly common in the concrete industry, where precast concrete is 
typically cured with steam to improve its properties [12]. Despite var
iations in assessed CO2 concrete curing processes and suggested setups 
(e.g., static curing, dynamic curing), the fundamental components of the 
system remain roughly consistent [8,10,13,14]. For the CO2 minerali
zation of virgin minerals and concrete waste, the process involves 
reacting captured CO2 with feedstocks through either direct or indirect 
methods. In direct aqueous carbonation, in a slurry using high pressures, 
elevated temperatures and additives. In multi-step indirect carbonation 
processes, metal-oxides are first leached from the feedstocks and then 
reacted with CO2 in a separate step [15]. These processes can also yield 
marketable products such as cement additives (supplementary cemen
titious materials, SCM) [16] or synthetic aggregates that permanently 
sequester CO2 and can partially replace conventional production routes 
[17]. Among the most promising feedstocks are calcium or 
magnesium-rich silicates, recycled concrete fines, and cement kiln dust 
[15]. During the reaction of CO2 with certain feedstocks, silica (SiO2) is 
produced as a byproduct, enhancing the utility of the carbonated ma
terial as a cement additive [18,19]. Using industrial wastes as feedstocks 
for mineralization also results in the diversion of materials that would 
otherwise be destined for landfill, converting waste into economically 
beneficial products for the construction sector while simultaneously 
reducing landfill costs [20,23].

While all pathways above are based on the same technical concept of 
storing CO2 as carbonates, their supply chains differ significantly. For 
example, CO2 mineralization of virgin minerals requires ultramafic 
rocks, such as olivine-bearing peridotites, which can be found in Europe 

in Norway, Italy, Spain, Greece and Turkey [21]. Hence, the feedstock, 
in this case, will have to be transported from mining sites to the pro
duction facility (Fig. 1A). Similarly, for the mineralization of industrial 
wastes like waste concrete, feedstock materials will have to be trans
ported from construction waste recycling plants to CO2 sources. How
ever, concrete waste is available locally and in smaller volumes than 
natural minerals. Hence, the transport distances will be shorter, and the 
main transport mode will shift from shipping to vehicles. On the other 
hand, implementing CO2 concrete curing will require transporting CO2 
to concrete plants, which will be used and sequestered during the curing 
process of precast concrete products (Fig. 1B).

While the different processes of CO2 mineralization have been 
investigated in different studies from a life cycle or techno-economic 
perspective [24–27], an in-depth analysis for an industrial region 
comparing multiple pathways is currently lacking. Such comparisons 
can be crucial for decision-makers and stakeholders seeking to develop 
effective emission reduction strategies. Herein, a comparative and 
thorough assessment is needed to investigate the potentials of these 
technologies. Therefore, we present a harmonized framework to 
compare different concepts and their supply chains using a case study of 
an industrial region in Germany. We assess the techno-economic 
viability of three selected technologies, namely, CO2 concrete curing, 
CO2 mineralization of virgin minerals (i.e., olivine-bearing rocks) and 
CO2 mineralization of waste concrete, while considering the demand 
and supply locations of feedstocks for the decarbonization of a cement 
plant located centrally in the case study region. In terms of structure, the 
paper is organized as follows. First, the different processes and relevant 
materials, inflows and outflows are described and compared. Second, 
the derived approaches, applied tools and inventory data are presented 
in 2. Afterwards, the derived approach is applied to the different sce
narios, and the results are analyzed and discussed (3). Finally, the study 
is concluded by summarizing the main outcomes and illustrating the 
potentials of each technology at different carbon prices.

2. Methodology and data

In the following, we distinguish between two methodological ap
proaches: (i) methodologies to assess the costs of a technology without 
considering CO2 or feedstock transport, and (ii) methodologies to eval
uate the costs of the entire supply chain, including determining the 
required plant size to fulfill the demand and estimating the trans
portation costs based on the plant’s location.

2.1. Assessing the costs of technology

We first derived cost curves to calculate the cost for each technology 
based on the plant’s capacity. To compare the costs of multiple novel 

Fig. 1. Mineralization vs. carbonation supply chains taken from [22].
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technologies, a harmonized assessment method is indispensable. 
Techno-economic assessments (TEA) for novel technologies (e.g., CO2 
mineralization pathways) involve high uncertainties due to the un
known physicochemical mechanisms (e.g., the reaction rate in a scaled- 
up process might be different than in lab experiments) and the need to 
estimate many future conditions (e.g., feedstock, energy prices, etc.). 
Therefore, these evaluations can vary significantly based on different 
underlying assumptions (e.g., electricity price) and differences in 
methodologies used [28–30]. To address this issue, we harmonized 
techno-economic estimates for the investigated technologies (i.e., CO2 
curing of concrete, CO2 mineralization of virgin minerals and CO2 
mineralization of waste concrete). We used the same methodology as 
previously described in [16], which was developed according to recent 
guidelines for TEA in CCU [31–33].

The performance indicator selected for this assessment was the lev
elized cost of CO2 sequestration (LCOS) in € per tonne of CO2 seques
tered. This indicator combines the total capital requirements (TCR) (i.e., 
Capital expenditures, CapEx) and operational expenditures (OpEx). We 
discounted the capital costs using the interest rate i and the plant’s 
lifetime L to determine the annual costs for the proposed plants (Eqs. 3 
and 4) [34]. TCR was calculated using the Total Direct Cost (TDC) and 
Total Overnight Costs (TOC) (Eqs. 5 – 7). Here, we used factors (i.e., 
findirect , fprocess, fproject , fowner) to account for indirect costs, process con
tingencies, project contingences and owners’ costs for a first-of-a-kind 
plant. As first-of-a-kind plants are significantly more expensive than 
nth-of-a-kind (i.e., commercial) plants, we followed the hybrid approach 
suggested by [35] to calculate the TCR for an nth of a kind plant (Eqs. 6 
and 7). Herein, N is the number of plants built, LR is the learning rate, E 
is the experience factor, i is the interest rate during construction and 
tconstruction is the construction time (i.e. 1 year). 

LCOStechnology = α • TCR+OpEx (3) 

α =

(
i

1 − (1 + i)− L

)

(4) 

TOC =
∑

TDC • (1+ findirect) •
(

1+ fprocess

)
•

(
1+ fproject

)

• (1+ fowner) (5) 

TCR =

(
TOC
ṁSCM

)

• N− E • ṁCO2avoided • (1 + i)tconstruction (6) 

E =
ln(1 − LR)

ln(2)
(7) 

As TCRs are derived for a specific plant size, TCR have to be scaled if 
used in different sizes. To do so, we apply the following scaling approach 
(Eq. 8), based on chemical engineering textbooks [36]. Herein, a scaling 
factor of s = 0.6 is used. To estimate the OpEX, we used a straightfor
ward approach, using the mass and energy balances to determine utili
ties and feedstock costs while using harmonized prices (πi) across all 
technologies (e.g., electricity prices) (Eq. 9). wi denotes the amount of 
feedstock or energy needs, and fixed OpEx (OpExfixed) include insurance 
costs and local tax, maintenance, and labor. 

TCRtech = TCRtech •

(
capacitynew

capacityold

)s

(8) 

OpEx =
∑

wi • πi +OpExfixed (9) 

2.2. Assessing the cost of the supply chain

Based on the cost calculations in the previous step, the capital, fixed 
and variable costs were used to calculate the levelized costs of the CO2 
sequestered (LCOS). Afterward, a cost curve was derived for each 
technology to illustrate the relationship between the capacity and the 

LCOS. In this process, the basic model was used to compute the 
sequestration cost across different capacities, forming the data points 
that constitute the cost curve via regression. These calculations were 
carried out for each technology along the relevant value chains. The 
(regression) tables and curves are provided in the Supplementary In
formation (SI). Besides the technology cost, logistics and transportation 
costs were also considered (Eq. 10). 

LCOStotal = LCOStechnology + LCOStransport + LCOSlogistics (10) 

The transportation costs encompass the expenses incurred in moving 
the materials or captured CO2 to the designated facilities. For the 
mineralization of virgin minerals, the required mineral (i.e., olivine- 
bearing rocks) is assumed to be sourced from the nearest location (i.e., 
Bergen, Norway) due to the lack of olivine sources in Germany [21]. 
Therefore, transportation involves overseas and inland shipping, with 
distances of 952 and 350 km, respectively [37,38]. To investigate the 
transport needs for CO2 concrete curing and CO2 mineralization of waste 
concrete, detailed data on the availability of these feedstocks are 
necessary. The availability of precast concrete and concrete waste in 
North Rhine Westphalia is depicted in Fig. 2 [26]. The inventory data is 
based on the official production and recycling statistics [39,40], which 
are filtered and analyzed using the relevant classifications [41,42]. 
These availabilities are then used to calculate transport needs between 
the material location and the CO2 source to derive transport costs using 
QGIS software [43]. Herein, multiple scenarios are considered as 
described below. Inland and overseas transportation and transshipment 
costs are calculated based on [44–46]. In terms of sequestration capac
ity, a value of 0.35 t CO2/t cement is considered, based on the highest 
value reported by [8,47]. Also, an average cement content in concrete is 
assumed to be 11 wt%, based on [48,49].

2.3. Assessed technologies

(1) The CO₂ mineralization process of virgin minerlas considered 
here uses a direct aqueous carbonation method, as described by [50,51], 
and further developed in [16]. In this process, ground olivine minerals 
react with captured CO₂ in a pressurized, stirred tank containing an 
aqueous slurry with additives. The modifications presented in [16] are 
used, including a post-processing system that (i) partially separates 
unreacted minerals via gravity separation and (ii) isolates magnesium 
carbonate (MgCO₃) from reaction products, yielding supplementary 
cementitious materials (SCMs) with variable silica (SiO₂) content. 
Herein, we consider previously determined cost-optimal conditions at 
100-bar reaction pressure, and 190◦C reaction temperature. The 
mineralization facility is assumed to be co-located with the cement 
plant. Feed minerals undergo crushing and grinding (pre-treatment) at 
the plant before mineralisation in continuously stirred reactors under 
elevated pressure and temperature, in an aqueous slurry with additives 
(NaCl and NaHCO₃). CO₂, separated from flue gas by monoethanolamine 
(MEA) post-combustion capture, is introduced in gaseous form into the 
slurry. After the reaction, the slurry and unreacted minerals are recy
cled, and products are purified to produce SCM suitable for the cement 
industry. This purification step is essential as the carbonation process 
generates both magnesium carbonate, which is inert and can reduce 
cement’s compressive strength, and reactive silica, which strengthens 
cement.

(2) The CO2 mineralization process of waste concrete was derived 
based on [52,53]. In this process, waste cement from dismantled 
buildings is used as a calcium source to form stable carbonates (CaCO₃), 
reacting with captured CO2. Herein, cement particles are extracted from 
waste concrete, pulverized, and subjected to high-pressure CO₂ and 
water in a reactor. The dissolved CO₂ forms carbonic acid, facilitating 
the extraction of calcium ions from the cement, which then react to 
precipitate CaCO₃. Experimental studies demonstrated that key factors, 
including particle size, CO₂ partial pressure, and cement-to-water ratio 
impact calcium extraction efficiency, highlighting opportunities for 

A. Abdelshafy et al.                                                                                                                                                                                                                            Journal of CO2 Utilization 96 (2025) 103092 

3 



process optimization [53,54]. In this study, we consider a CO2 pressure 
of 3 bars and 50◦C during the reaction. The products of this process are 
calcium carbonate and low value concrete filler, though separating them 
may pose techno-economic challenges [52]. (3) The process of CO2 
concrete curing considered in the assessment is based on the study of 
[10], which explored CO2 curing of concrete alongside steam curing in 
precast concrete production. Herein, captured CO₂ (MEA 
post-combustion capture) is introduced at 1.5 bar together with water 
into the curing champer, where it reacts with calcium compounds in 
cement, forming stable products like calcium carbonate. Applied within 
24 hours after casting, mineralisation primarily affects anhydrate phases 
(C₂S and C₃S) in fresh concrete, accelerating early strength gain.

2.4. Case study and region of interest

The German federal state of North Rhine-Westphalia (NRW) was 
selected as the case study for this analysis due to its geographical and 
industrial features. NRW is one of the key industrial clusters in Germany 
and Europe. It also has the highest population size and density in 

Germany, along with 11 cement plants located in the region. Therefore, 
there is a high availability of concrete and cementitious materials due to 
the extensive construction activities. The location of NRW also allows 
the investigation of different transportation modes and input materials. 
As NRW does not have sea access, the extensive minerals transported by 
overseas shipping will need various inland transport modes until they 
reach the relevant plants. The detailed data on the location-specific 
availabilities of concrete waste and precast concrete demand allowed 
us to realistically model transport needs. Fig. 3 depicts the main features 
and differences between the supply chains of these technologies. As 
abstracted in the CO2 mineralization of virgin minerals supply chain 
(Fig. 3, left), the required natural feedstocks (i.e., olivine-bearing rocks) 
must be sourced from Northern Europe to the CO2 sources in NRW. 
Herein, the transportation phase involves overseas and inland shipping 
as well as railway transport. Contrariwise, CO2 concrete curing and CO2 
mineralization of waste cement (Fig. 3, right) depend on the domestic 
demand of precast concrete and supply of waste cement. Therefore, 
trucks serve as the primary mode of transport for delivering CO2 to the 
relevant material sources and vice versa.

Fig. 2. The capacities/availabilities of precast concrete and waste concrete in NRW, based on [26].

Fig. 3. Illustration of the different supply chains in NRW.
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We defined six scenarios to analyze the supply chains of the inves
tigated technologies, with two scenarios for each. Also, one cement plant 
was selected for the quantitative assessment due to the limited avail
ability of domestic raw materials (concrete and mineral waste). Herein, 
the Beckum cement plant was selected, which has a capacity of approx. 
650 kt clinker per year. As illustrated in Table 1 and Fig. 4, the first two 
scenarios assess two supply chain configurations for the CO2 minerali
zation of virgin minerals. Both scenarios consider the olivine trans
portation and CO2 curing at different capacities, but the second scenario 
additionally considers the usage of the process byproducts (SCMs). 
Scenario 2 assumes that SCM can substitute up to 30 % of the clinker 
production. Any additional output is going to be used as filling material. 
Scenarios 3 and 4 focus on the waste cement produced from the concrete 
waste, which is generated from processing the rubble in the construction 
and demolition waste (CDW) recycling plants. Both scenarios explore 
the same process, but they differ in the direction of the material flow. 
While the waste cement is transported from the recycling plant to the 
CO2 source in scenario 3, scenario 4 assumes the captured CO2 is 
delivered to the CDW recycling plants. Finally, the last two scenarios 
explore the implementation of the carbon cure technology, evaluating 
either the establishment of a carbon cure plant at the CO2 emission 
sources, or the transportation of the captured CO2 to existing concrete 
production facilities. Herein, establishing the carbon cure plant at the 
CO2 emission source would involve relocating the relevant concrete 
production capacities adjacent to that source. The additional costs 
associated with transporting the precast concrete products to the initial 
locations are also considered in the analyses.

3. Results

3.1. CO2 Mineralization of virgin minerals

The results of scenario 1 (CO2 mineralization of natural minerals 
without product use) are shown in Fig. 4. Depending on the size of the 
plant, costs could lie between 150 and 200 €/t CO2 sequestered. The 
results show that, although the feedstock minerals were sourced from 
Norway, the majority of the costs stem from the process itself rather than 
transport or mineral procurement. As transport relies on inexpensive 
offshore and onshore shipping, its economic impact remains minimal. 
Due to the economies of scale, the costs also decline rapidly until 
approximately 100 kt of CO2 sequestered per year. Afterward, the 
scaling effects result in only minor cost reductions. The results for sce
nario 2 are shown in Fig. 5, which uses the same assumptions of scenario 
1 but incorporates the use of resulting products (i.e., SCMs) and asso
ciated revenues. The results show that using the produced carbonated 
minerals for cement blends significantly improves the economics of this 
pathway. As cement blends can only take a certain amount of SCMs 
(assumed here to be 30 % blending rate in accordance with [18]), the 
economic optimum is reached at the maximum SCM blending rate. 

Hence, expanding the plant capacity would result in excess residual 
minerals that cannot be utilized in cement blends, generating no addi
tional revenue. In our case study, the minimum costs (approximately 80 
€/t CO2 sequestered) are reached at the capacity of 100 kt CO2 
sequestered.

3.2. CO2 Mineralization of waste concrete

The mineralization of recycled concrete is investigated in scenario 3 
and 4, as shown in Figs. 6 and 7. Scenario 3 considers the transportation 
of recycled cement fines (the active ingredient of waste concrete) from 
the concrete recycling plants to the CO2 source (cement plant). Herein, 
different capacities are considered, starting from 215 kt waste concrete 
(65 kt waste cement, 10 kt sequestered CO2) to 2300 kt waste concrete 
(690 kt waste cement, 108 kt sequestered CO2). As the capacity in
creases, the transportation distance also increases due to the limited 
regional resources. In other words, a plant will have to increase the 
sourcing radius in order to increase the CO2 mineralization capacity. To 
fully utilize the capacity in NRW, waste concrete would need to be 
sourced up to 160 km from the cement plant. The results clearly show 
the trade-off between capacity and transport distance: small plants incur 
higher capital costs per unit due to their limited capacities, but they 
benefit from shorter material sourcing distances, resulting in lower 
transportation costs. When sourcing the waste cement from further 
away, a larger CO2 mineralization plant can be built, which can result in 
lower capital cost per unit but higher transportation cost. Overall, the 
lowest cost is observed at a capacity of 94 kt CO2 stored per year, with a 
cost of 150 €/t CO2 sequestered.

Notably, these costs are higher than the costs associated with CO2 
mineralization of virgin minerals at similar capacities. Also, since the 
optimal (least-cost) capacity is close to the maximum available waste 
cement in NRW (200 kt per year), the analysis shows that it would be 
most cost-effective if only one of the 11 plants in NRW to adopt the 
technology. An alternative logistical approach has been also investi
gated in scenario 4. Instead of transporting waste cement to cement 
plants, we considered installing smaller CO2 mineralization plants at 
each concrete recycling facility. This invloves transporting captured and 
liquified CO2 from the cement plant to the recycling plants, where the 
CO2 mineralization process takes place. As less CO2 will be transported 
to each concrete recycling plant, the levelized costs are significantly 
higher due to a lack of economies of scale (Fig. 7). In scenario 3, 100 kt 
of CO2 could be sequestered at a cost of 150 €/t of CO2 sequestered. In 
comparison, scenario 4 would sequester 37 kt of CO2 at a cost range of 
322–400 €/t. Since both transport distance and plant size affect the 
levelized costs of each CO2 mineralization plant, ranges have been used 
to illustrate the costs in Fig. 7.

3.3. CO2 concrete curing

The results of CO2 concrete curing scenarios are depicted in Figs. 8 
and 9. Scenario 5 shows the impact of relocating the precast concrete 
production to be cured next to the emission source (cement plant). Fig. 8
shows the relationship between the plant capacity as a percentage of 
precast production in NRW and the corresponding levelized sequestra
tion costs. Herein, the graph again shows an inverse relationship be
tween the plant capacity and the levelized sequestration costs, which 
emphasizes the cost savings associated with economies of scale. As the 
plant capacity increases from 17 kt CO2 to 347 kt CO2, equivalent to 
5–100 % of the precast production NRW, the levelized costs of CO2 
sequestration decline gradually from over 56 €/ton CO2 to below 12 
€/ton CO2. Notably, this is significantly lower than the previously 
determined costs for CO2 mineralization of both virgin minerals and 
waste concrete. While this scenario achieved the lowest costs compared 
with the preceding scenarios, the actual implementation is highly 
challenging because relocating precast concrete plants is not easily 
feasible in practice, which might lead to additional costs.

Table 1 
Defined scenarios for the investigation.

Scenario Description

Scenario 
1

Olivine is transported to a cement plant (different capacities) without 
product use.

Scenario 
2

Olivine is transported to a cement plant (different capacities) + selling 
by-products. 
(SCM to substitute max. 30 % of clinker production, rest: filling 
material)

Scenario 
3

Waste cement is transported to cement plants (different capacities).

Scenario 
4

CO2 from cement plants is transported to recycling plants.

Scenario 
5

CO2 concrete curing at cement plant (different capacities).

Scenario 
6

CO2 from cement plant to precast concrete plants.
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Scenario 6 is the counterpart of scenario 5, as the transportation of 
CO2 is assumed to exisiting precast concrete producers. Fig. 9 depicts the 
sequestration costs and the corresponding sequestration capacity. Here, 
the sequestration costs (€/t CO2) are categorized again into different 
ranges and the corresponding sequestration capacities are provided for 
each cost range. In the lowest cost range (73.7 – 100 €/t CO2), the 

sequestration capacity is approximately 98 kt CO2. The cost ranges (100 
– 150 €/t CO2) and (150 – 200 €/t CO2) also have analogous seques
tration capacities. There is also a significant decrease in sequestration 
capacity for costs above 200 €/t CO2.

4. Conclusions

The study investigated the complex dynamics of utilizing different 
materials as carbon sinks in the construction sector. Through a 
comprehensive array of analyses, we meticulously dissected the techno- 
economic intricacies inherent in various technologies and supply chains, 
illustrating both the shared traits and distinctive factors. Overall, the 
economic performance of each technology can be assessed based on the 
figures in the previous section. Herein, contrasting the levelized costs 
with the expected carbon prices can illustrate the feasibility of the 
relevant supply chains. Table 2 presents the feasibility of the investi
gated scenarios across different carbon prices (60 – 160 €/ton CO2), 
based on the estimations of [55]. In general, most of the scenarios are 
deemed infeasible at lower carbon prices. Only three scenarios (two CO2 
concrete curing and one CO2 mineralization of natural minerals) are 
considered applicable below carbon prices of 100 €/ton CO2. As shown 
in scenario 1, the CO2 mineralization of natural minerals requires higher 
prices, i.e., more than 140 €/ton CO2. Nonetheless, selling the 
by-products can decrease the required minimum CO2 prices to approx
imately 80 €/ton CO2, as shown in scenario 2.

Similarly, the CO2 mineralization of waste concrete is also uneco
nomic below 140 €/t CO2 (scenario 3). However, this additionally re
quires a centralized configuration, where all the available waste 

Fig. 4. Illustration of the different supply chain configurations for each scenario. Cement plants depicted in grew. Virgin mineral quarrying in orange. CO2 
mineralization or CO2 concrete curing plants in green and blue.

Fig. 5. Results of scenario 2, CO2 mineralization of virgin minerals with 
product use.
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concrete in the region is collected and treated in one plant. On the other 
hand, scenario 4 is not feasible within this range of prices. As discussed 
above, at least 322 €/ton CO2 is needed to make the supply chain 
profitable. Contrariwise, scenarios 5 and 6 are economically feasible at 
lower carbon prices (below 80 €/ton CO2). However, both scenarios 
would require retrofitting the current precast production processes. 
Additionally, scenario 5 also necessitates relocating the precast 

production facilities, which can be very challenging and involve struc
tural changes along the supply chain. Similar to scenarios 3 and 4, 
scenarios 5 and 6 are also limited by the regional capacities. Overall, 
these values could be relatively higher than the typical costs associated 
with sequetring CO2 via geological storage (pipeline transport = 2.5 – 16 
€/ton CO2, railway transport = 11.5 – 29 €/ton CO2, geological storage 
= 11.5 – 29 €/ton CO2) [56–58]. Nonetheless, geological storage 

Fig. 6. Results of scenario 3, mineralization of recycled concrete. Percentages above the bars show the percentage of waste concrete supply in NRW used.

Fig. 7. Results of scenario 4. Percentages above the bars show the percentage of waste concrete supply in NRW used.
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remains subject to uncertainties regarding the actual costs, technical 
risks, societal opposition and legal complexities [59]. Therefore, 
exploring all possible CO₂ sequestration methods can be beneficial to 
enhance the likelihood of meeting climate goals.

In this regard, the comparative exploration presented in this study 
enhances the comprehension of the diverse pathways to carbon 
sequestration and underscores the importance of informed decision- 
making regarding carbon utilization pathways. Notably, while CO2 
mineralization of virgin minerals emerges as a promising avenue with its 
distinct advantages, such as scalability and efficiency, CO2 concrete 
curing and CO2 mineralization of waste cement are constrained by the 
availability of necessary materials. Hence, the boundaries imposed by 

domestic availability highlight the complex interplay between techno
logical innovation and resource constraints. The results also highlight 
the pivotal role of economies of scale in driving down costs, with 
centralized scenarios demonstrating superior economic performance. 
While the centralized model proves feasible for the mineralization and 
waste cement carbonation, it presents high challenges for concrete 
curing, necessitating innovative solutions to overcome logistical hur
dles. This may necessitate restructuring the entire cement and concrete 
supply chain, which is currently highly decentralized. Furthermore, the 
study underscores the pressing need for a deeper understanding of the 
properties, economics, and market demand surrounding byproducts 
such as SCM and filling materials. These matrials are essential for 

Fig. 8. Results of scenario 5, CO2 concrete curing at cement plant. Percentages above the bars show the percentage of precast concrete production in NRW.

Fig. 9. Results of scenario 6. CO2 concrete curing at precast concrete plants. Percentages above the bars show the percentage of precast concrete production in NRW.
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sustainable carbon utilization strategies, as CO2 sequestration in mineral 
products is only possible if there is a demand for these materials. 
Overall, the analyses offer valuable insights into the complexities of 
optimizing carbon utilization pathways, laying the groundwork to find 
innovative solutions and derive strategies and roadmaps to pursue 
environmental sustainability.
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A. Bardow, V. Sick, Techno-economic assessment & life cycle assessment guidelines 
for CO2 Utilization (Version 2.0), Glob. CO2 Initiat. (2022).

[33] E.S. Rubin, N. Berghout, G. Booras, T. Fout, M. Garcia, S.M. Nazir, A. Ramirez 
Ramirez, S. Roussanaly, M. van der Spek, Toward IMproved Cost Guidelines for 
Advanced Low-carbon Technologies, SSRN J. (2021), https://doi.org/10.2139/ 
ssrn.3818896.

[34] R. Smith, Chemical process design and integration, John Wiley & Sons, Chichester, 
[Angleterre, 2016.

[35] E.S. Rubin, C. Short, G. Booras, J. Davison, C. Ekstrom, M. Matuszewski, S. McCoy, 
A proposed methodology for CO2 capture and storage cost estimates, Int. J. 
Greenh. Gas. Control 17 (2013) 488–503, https://doi.org/10.1016/j. 
ijggc.2013.06.004.

[36] Chemical Engineering Design, Elsevier, 2022.
[37] Ports, Sea route & distance: Port of Bergen, Norway to Port of Wilhelmshaven, 

Germany, 2024, 〈http://ports.com/sea-route/port-of-bergen, 
norway/port-of-wilhelmshaven,germany/〉, accessed 15 July 2024.

[38] WSV, Die Wasserstraßen- und Schifffahrtsverwaltung des Bundes (WSV), 2024, 
〈https://via.bund.de/wsv/elwis/map/#〉, accessed 15 July 2024.
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