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the value chains and 2) we will rationalize how the resulting KPIs are calculated based on these data 

sets. 

 

 

Figure 6. A flow chart of the overall system is shown. It contains the CO2 liquefaction (at the left), the CO2 transport, and the CO2 

mineralization. Moreover, according to the Gold Standard methodology, the equations listed are used to determine the emission reductions 
resulting from this project10.  

Figure 6 visualizes the mineral carbonation value chain conceptually. The system boundaries for the 

monitoring data are drawn around the processes operated and controlled by Neustark – thus generating 

data sets we can access. However, the rationale behind these system boundaries is that they include 

all additional steps necessary to store CO2 permanently as carbonate minerals. To obtain a complete 

picture, one must assess if these value chains and their products generate upstream and downstream 

impacts that differ from the baseline. PSI conducts this task. Empa and Kästli Bau did provide input data 

for these potential up- and downstream impacts. The data monitored serves as an input to the 

environmental and economic evaluation of the system. The drawn system boundaries outline which type 

of data sets are collected within the 15-month demonstration of the chain.   

The data sources are, on the one hand, sensors (such as flow meters, scales, electricity meters, pH-

electrodes, T and p-sensors), specification sheets of equipment (e.g., type of truck, type of material), 

and calibrated values (e.g., density and particle size of material).  

 

 
10 Gold Standard Methodology: https://globalgoals.goldstandard.org/432_cdr_carbon-sequestration-
through-accelerated-carbonation-of-concrete-aggregate/ 

https://globalgoals.goldstandard.org/432_cdr_carbon-sequestration-through-accelerated-carbonation-of-concrete-aggregate/
https://globalgoals.goldstandard.org/432_cdr_carbon-sequestration-through-accelerated-carbonation-of-concrete-aggregate/
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CO2 liquefaction 

A raw gas rich in CO2 (dry gas composition > 99% CO2) enters the liquefaction. It is compressed to 

about 15 bars, dried, and cooled such that a liquid CO2 phase condenses. The liquid phase is collected 

and pumped into a vacuum-insulated CO2 storage tank. The plant only requires electricity and raw gas. 

We measure the electricity consumption (ECliq) and the amount of liquid CO2 (mCO2,l) pumped to the CO2 

storage tank.  

 

CO2 transport 

The mass of the CO2 tank is measured on a truck balance (FRCO2) as soon as it leaves Ara Region Bern. 

The type of truck (e.g., EURO 6) and fuel (Diesel or Biogas) is known for calculating transport-related 

GHG emissions and other environmental impacts. Thus, the generic emission factor for such a vehicle 

type is known (EFtr). Moreover, the distance (DCO2) can be calculated according to a conventional routing 

service. 

  

CO2 Mineralization 

The CO2 is pumped into the vacuum-insulated CO2 storage tank at the concrete recycling plant. The 

liquid level in the tank is monitored. The tank is connected to a reboiler, controlled by the process control 

located in a process control cabinet. The overall11 electricity consumption (ECcarb) is measured. Two 

pipes guide the gaseous CO2 to the carbonation silo (mCO2,1) or the mixing water carbonation technology 

(mCO2,2), measuring the respective mass flows.  

 

Operation of the carbonation silo 

A mass flow meter measures the gas flow to the silo (mCO2,1). The silo is filled from the top with concrete 

aggregate and sealed at the bottom. Since CO2 is heavier than air, it fills up the silo from the bottom 

(equivalent to water) and replaces the air, exiting at the top of the silo. Sensors indicate when the CO2 

front reaches the top of the silo. The CO2 injection is controlled so it does not overflow at the top of the 

silo.  

Quantifying the CO2 which has been converted to CaCO3 

The presented system allows us to quantify the CO2 uptake of the concrete aggregate indirectly. This 

works as follows: Initially, the system is filled with concrete aggregate and air. 1 m3 of silo volume 

contains about 1500 kg of concrete aggregate12 (occupying about 700L) and 300 L of air. When CO2 is 

injected, it can remain in the system as a gas, absorbed in the liquid phase, or transformed into the solid 

CaCO3.  

 
11 Components which require electricity: Liquid CO2 pump, CO2 reboiler, power cabinet, PLC, sensors 
and actuators.  
12 The bulk density of the material will be measured once according to the norm by an accredited 
concrete laboratory. 
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CO2 in gas phase 

As it enters the system, it first replaces the air, which is present in between the particles. The ideal gas 

law allows us to calculate the amount of CO2 present in a 300 L volume as follows: 

𝑚𝑚𝐶𝐶𝐶𝐶2
𝑔𝑔𝑔𝑔𝑔𝑔 =

100000 𝑃𝑃𝑃𝑃 ∗  0.3 𝑚𝑚3

8.314 𝐽𝐽
𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾 ∗ 293𝐾𝐾

∗ 0.044
𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂2
𝑚𝑚𝑚𝑚𝑚𝑚

= 0.542 𝑘𝑘𝑘𝑘 𝐶𝐶𝑂𝑂2 

 

CO2 in liquid phase 

Concrete aggregate contains about 50 L of water per ton of dry material13, depending on its particle 

size. As a result, part of the CO2 absorbs in the pore water contained in the concrete aggregate. The 

amount of CO2 that effectively absorbs into the pore solution depends on the CO2 partial pressure in the 

gas phase (maximum partial pressure is 1 bar) and the solubility of CaCO3 (thus, how many CO2 

molecules can co-exist with Ca molecules without forming a solid phase). To perform this calculation, 

we make use of a geochemical equilibrium package. Introducing such a package is out of scope14 

(Johannes Tiefenthaler can share publications where such a model is explained). Figure 2 visualizes 

the amount of CO2 in grams per liter of water at a CO2 partial pressure of 1 bar and as a function of 

temperature. This corresponds to the high estimate of the CO2 uptake – and can only be reached if the 

concrete aggregate is wholly carbonated. However, since the process is diffusion-limited, i.e., the CO2 

needs a lot of time to diffuse through the pore network to reach the inner parts of the particle, the actual 

amount of CO2 contained in the pore water is much lower. 

Moreover, when CO2 reaches pores where the cement phases are not carbonated, it precipitates as 

CaCO3. For this reason, CO2 can only be present in the carbonated fraction of the particle. Thus, the 

exact amount can be approximated as follows: 

𝑚𝑚𝐶𝐶𝑂𝑂2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑚𝑚𝐻𝐻2𝑂𝑂 × 𝑥𝑥𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑐𝑐𝐶𝐶𝑂𝑂2

𝑠𝑠𝑠𝑠𝑠𝑠  

mCO2
diss: total amount of CO2 dissolved in water [kg CO2] 

mH2O: total amount of water contained in aggregate [kg H2O] 

xcarb: extent of carbonation [−] 

cCO2
sat : apparent CO2 concentration in pore water at vapor − liquid equilibrium [kg CO2 per kg H2O] 

Typically, the liquid phase of concrete aggregate (50 L of water at 20°C) can theoretically hold 225 g 

CO2 per m3 of aggregate. However, considering the extent of carbonation is conventionally 20 – 50%, 

the liquid phase usually contains about 50 to 120 g of CO2 m3 of aggregate. 1 m3 of concrete aggregate 

can hold about 600 - 750 g of CO2 in the gas and liquid phases. As a result, it is assumed that all CO2 

fed to the system exceeding this value is transferred to the solid phase and thus fixed permanently. 

 
13 The water content of the material will be measured according to the norm (Kernfeuchte). 
14 Wolery, T. EQ3/6 - Software for Geochemical Modeling Version 8.0, UCRL-CODE-2003-009. 
Lawrence Livermore National Laboratory, Livermore, California 2002 (cit. on pp. 85, 87, 88). 
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Moreover, the system is designed and controlled so that no CO2 is overflowing or through other ways 

exiting the silo.  

 

Figure 7. The amount of CO2 absorbed in the aqueous pore solution at saturated conditions with respect to the solid calcite is plotted as 

a function of temperature. 

Calculating the CO2 loss 

The CO2 loss corresponds to the amount of CO2 which exits the system without being permanently 

stored. Here, we make the following assumption to estimate the upper bound of the loss (conservative 

estimate): 

- As 1 m3 dry aggregate exits the silo system, 75 L of surface and pore water containing the 

amount of CO2 shown in Figure 1 are leaving the silo as well. Due to the lower CO2 partial 

pressure of the atmosphere, the CO2 slowly gasses off and enters the environment. 

- As 1 m3 dry aggregates exit the silo system, they drag 300 L of pure CO2 with them, which 

escapes to the atmosphere.  

Typically, concrete aggregate stores about 15 kg CO2 per m3 – whereas the maximal loss is 750 g CO2. 

Thus, the maximal CO2 loss is about 5%.  

Moreover, several features reduce the CO2 loss even further. First, some air is contained in the silo, 

which lowers the CO2 concentration. Moreover, neustark will assess if air injection, just before the silo 

opens, can decrease the CO2 concentration of the gas phase exiting with the material. We expect to 
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reduce the loss down to 20-30%. In addition, when the carbonated concrete aggregate enters the 

concrete batching system, new cement is added, drastically increasing the pH. As a result, all CO2 

contained in the surface and pore water transform immediately into CaCO3.  

 

Operation of the Mixing Water Carbonation technology 

The concrete plant has an open basin (about 100 m3) where they collect spent water mainly obtained 

from washing concrete trucks and concrete batching systems. This contains hydrated cement phases – 

recycled as an inert filler to the concrete mix design. This technology aims to carbonate these hydrated 

cement phases – and thus to exploit them for CO2 storage.  

The technology investigated takes concrete mixing water (saturated in hydrated cement phases) from 

the basin (pH~12-13), contacts it with gaseous CO2 in a static mixer, and returns it to the basin. In this 

procedure, CO2 is absorbed into the liquid phase and reacts with the present calcium ions to form 

CaCO3. The removal of calcium ions reduces the pH of the solution. Thus, the solution gets 

undersaturated with respect to the cement phases, which triggers their further dissolution (the extraction 

of more calcium). This buffering effect (extraction of more calcium) keeps the pH of the solution in the 

basin relatively constant. As soon as the pH drops below 9.5, the buffering capacity is fully consumed, 

and the additional CO2 added is no longer mineralized. The process is stopped until the pH increases 

again (since new trucks are washed). This process consumes electricity for pumping the suspension 

through the static mixer. At any time during the process, new water may enter the basin, and water may 

be extracted to batch concrete. 

 

Experimental methods concrete material tests (Task 2) 
In Module 1, RCA and recycling slurry were carbonated with 100 % CO2 in barrels. RCA was carbonated 

at different moisture levels to assess the influence of water content on the carbonation behavior. 

Additionally, RCA's density and water absorption were determined in the uncarbonated and carbonated 

stages. The microstructure of the carbonated RCA and dried slurries were analyzed with a scanning 

electron microscope and energy-dispersive X-ray spectroscopy to detect the carbonation-induced 

changes. The uncarbonated and the carbonated slurries were further studied using thermogravimetric 

analysis, X-ray diffraction, isothermal calorimetry, and ion chromatography. The impact of RCA and 

slurries added to mortars was studied following compressive strength development. 

In module 2, the experiments were up-scaled to concrete production, measuring workability (concrete 

flow) as a function of time after mixing and compressive strength to quantify the impact of both slurries 

and RCA. 
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Life Cycle Assessment (LCA) (Task 4): 

The quantification of environmental burdens along the entire value chain of mineral carbonation of 

recycled concrete aggregates (RCA) and concrete mixing water is generally based on environmental 

LCA15. We performed current and prospective16 attributional LCA to consider expected developments 

regarding the value chains in the focus of this WP2 of the DemoUpCARMA research project and the 

economic system in which they are embedded. The prospective analysis is required since the value 

chains in focus are still at the research and development stage and will only be implemented at scale in 

several years. Different development trajectories for the Swiss energy system and the global economy 

representing specific climate policies as specified in the Swiss Energy Perspectives 2050+ and at the 

global level (from corresponding Integrated Assessment Models (IAM) scenarios) are taken into 

account. They are considered to evaluate potentially associated effects on the LCA results. 

 

Figure 8 schematically shows the LCA process model for the concrete carbonation value chain. We 

assume the value chain is implemented in Switzerland, and we perform an LCA representing current 

and expected developments up to the year 2050. The value chain includes capturing and supplying CO2 

from various potential sources, its liquefaction, transport, and evaporation before use for mineralization, 

the supply of RCA, and using the mineralized aggregate for concrete production. The environmental 

performance of concrete production using carbonated RCA is thus compared to an equivalent 

production route using non-carbonated RCA and virgin aggregates. Furthermore, the environmental 

impact of removing CO2 via its permanent storage in recycling concrete is assessed.  

 
15 Hauschild, M., Rosenbaum, R., Irving Olsen, S. (2018). Life Cycle Assessment – Theory and Practice. 
Springer. 
16 Sacchi, R., Terlouw, T., Siala, K., Dirnaichner, A., Bauer, C., Cox, B., Mutel, C., Daioglou, V., Luderer, 
G. (2022). PRospective EnvironMental Impact asSEment (premise): a streamlined approach to 
producing databases for prospective Life Cycle Assessment using Integrated Assessment Models. 
Renewable and Sustainable Energy Reviews, doi: 10.1016/j.rser.2022.112311.  
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Figure 8. Process scheme representing the parameterized LCA model of the concrete carbonation value chain. Adapted based on our previous analysis13. 
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Life Cycle Inventories (LCI) for the processes directly involved in the carbonation of RCA and carbonated 

slurry are based on direct information from neustark and other project partners and reflect (for the time 

being) the current status. The ecoinvent database, version v3.9, system model “allocation, cut-off by 

classification”17 is used as a source of background LCI for the impact assessment of today’s supply 

chain performance. For prospective analyses (up to 2050), we use the Python library premise18 to modify 

the ecoinvent LCA database and integrate projections relating to electricity, steel, cement, and transport 

sectors based on global SSP2 reference IPCC scenarios, complemented with Switzerland-specific 

Energy Perspectives 2050+ Business-As-Usual and (net) ZERO scenarios (i.e., specifically for the 

electricity mix). It is worth noting that the LCA work conducted within WP3 relies on the ecoinvent 

database v.3.8. However, comparing the impacts of prominent processes in the system under analysis 

in ecoinvent v.3.8 and v.3.9 (i.e., cement CEM II/A production, mainly), it is concluded that the differing 

database versions do not affect the comparability of results between the value chains in WP2 and WP3. 

 

Similar to the work conducted in WP3, impacts on climate are quantified over a 100-year time horizon 

based on the Global Warming Potential of greenhouse gases using the characterization factors defined 

by the IPCC AR6 and implemented in ecoinvent v.3.9. Further environmental burdens are quantified 

using indicators defined in the Environmental Footprint (EF) method v.3.0 as implemented in ecoinvent 

3.9 and also used in WP3.  

 

The spreadsheet-based LCA tool allows us to evaluate several value chain configurations with varying 

CO2 supply sources, electricity mixes, transport distances, CO2 mineralization time, etc. It is available 

for download at https://doi.org/10.5281/zenodo.8369533. Unitary impacts of ecoinvent activities are not 

visible in the public version of the tool because of license restrictions. It is, however, possible to access 

the list of ecoinvent datasets used to model the different activities in the value chain -- see tab “Unitary 

impacts”.19  

  

 
17 www.ecoinvent.org  
18 https://github.com/polca/premise 
19 Questions about its use will be answered by Romain Sacchi, PSI (romain.sacchi@psi.ch) 

https://doi.org/10.5281/zenodo.8369533
http://www.ecoinvent.org/
https://github.com/polca/premise
mailto:romain.sacchi@psi.ch
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4 Results and discussion 
Task 2: Development of low-carbon footprint concrete mix designs (month 1-24)  
Concrete is produced by mixing cement, water and aggregates (sand and gravel). The fresh concrete 

needs a good fluidity, named "workability", in order to be compactable once cast in a formwork (walls, 

slabs, etc.). After hardening it is needs to reach the compressive strength class defined by the engineer. 

For fine-tune its properties organic additions can be added during concrete production: superplasticizers 

improve the workability, retarders prolong a good workability and slow down early age strength increase 

and accelerators do the opposite. Mortar (only sand as aggregate) is often used in the preliminary phase 

of research projects before moving to the more elaborate production of concrete. 

In module 1 recycled concrete aggregate and slurries are carbonated. In module 2 part of the natural 

aggregates (60 mass-%) are replaced by RCA and/or water is replaced with recycling slurry. The impact 

of these replacements, both in uncarbonated and carbonated form, on the workability and the 

mechanical properties of recycling concrete (RC)) is investigated. The key findings of module 1 are that 

both recycling slurry and RCA are suitable materials for CO2 absorption. The key findings of module 2 

are that the use of recycling slurry and RCA can impact the concrete properties negatively and positively. 

The use of recycling slurry negatively impacts workability of fresh concrete. However, the effect of the 

carbonated slurry is less pronounced than the effect of the uncarbonated one. However, the workability 

can be improved by increasing the dosage of superplasticizer solving this problem. The most important 

finding is that the carbonated RCA positively impacts concrete quality by improving its compressive 

strength compared to the use of uncarbonated RCA. This increase in compressive strength provides 

the opportunity to decrease the cement content in the concrete mix design.  

 

1. The carbonation of recycling slurry containing suspended cement hydrates with 100 % CO2 results 

in about 120 g of absorbed CO2 per 1 kg of dry material (Figure 9). The carbonation alters the 

composition of both the solids and the liquid phase. The cement hydrates, initially present as 

suspension, are transformed into CaCO3 and decalcified calcium-silicate-hydrate (C-S-H). The pH of 

the liquid decreased from ~12.6 to 6.6, with a significant increase in the dissolved sulfate content 

caused by the formation and ensuing dissolution of gypsum (calcium sulfate dihydrate) due to 

carbonation. Using both carbonated and uncarbonated slurry accelerates cement hydration, leading 

to a higher compressive strength of mortar and concrete for up to 28 days when combined with 

natural aggregates as shown for mortar mixtures (Figure 10). However, using slurry causes a faster 

loss of workability of the fresh concrete produced with natural aggregates, which is more pronounced 

in the case of the uncarbonated slurry. This effect can be overcome by an increase of the added 

superplasticizer in the concrete mix design by a dosage of 0.4-0.8 mass-% of the cement. The 

increased dosage of superplasticizer is related to an increase in CO2 emission relative to the cement 

https://en.wikipedia.org/wiki/Calcium_sulfate
https://en.wikipedia.org/wiki/Hydrate
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of about 1% and is considered in the LCA results presented in this report. When slurry is combined 

with RCA instead of natural aggregates, no discernible effect on workability and strength 

development is observed. 

 

Figure 9. Thermogravimetric analyses of uncarbonated slurry (Slurry UC) and carbonated slurry (Slurry C). The results show that 

portlandite (Ca(OH)2), calcium silicate hydrates (C-S-H), and aluminate hydrates such as ettringite and AFm-phases are decomposed. 

From the contents of carbonates, it was calculated that approximately 120 g of CO2 can be absorbed by 1 kg of dry concrete slurry. 

  

Figure 10. Compressive strength of mortar after 2, 7, 28, and 91 days produced with natural aggregates and tap water (Ref), uncarbonated 

slurry (Slurry UC), and carbonated slurry (Slurry C). 
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2. Slurries dried in an oven at 40 °C can be used as mineral addition in cementitious systems. Its 

reactivity was confirmed on the one hand in experiments on pastes (neither sand nor gravel added), 

where the dry slurries were blended with cement, and the consumption of calcium hydroxide was 

monitored by thermogravimetry. However, when used in mortars at a substitution level of cement of 

30 mass-%, they considerably decreased the workability of the mixes. This was counteracted by the 

dosage of superplasticizers in the mortar mix design. As the drying of the slurry results in additional 

energy consumption, and there is only a slight benefit concerning compressive strength, it currently 

seems not worthwhile exploring this approach any further. 

 

Figure 11. Calcium hydroxide (portlandite) content in hydrated cement pastes at different sample ages referred to 100 g of unhydrated 

cement. 

3. The blend of carbonated slurry (Slurry C) with cement CEM II/A 42.5 N (PC) shows a lower 

portlandite content than plain PC (Figure 11). This confirms the occurrence of the pozzolanic reaction 

between the amorphous decalcified C-S-H in the carbonated slurry and portlandite, which leads to 

the formation of an increased amount of C-S-H, contributing to strength. On the contrary, the mixture 

with the uncarbonated slurry (Slurry UC) does not consume portlandite hence no increase of strength 

occurs. 

4. The accelerated carbonation of RCA (0-16 mm) using 100 % CO2 results in about 11 kg CO2 

absorption per ton of dry RCA within 70 minutes (Figure 12). The moisture content of the RCA (60-

200 % of total water absorption) has a relatively small effect on the CO2 uptake. Only in a relatively 

dry state (30 % of total water absorption), usually not achievable in a concrete plant, does CO2 

absorption of the RCA increase significantly to a value over 20 kg CO2 per ton of dry RCA (Figure 

12).  
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w  

Figure 12. CO2 absorption of RCA with different moisture contents. Note: The moisture content of the RCA, as delivered by Kästli, was 

119 % water adsorption. 

5. The microstructural analysis of uncarbonated and carbonated RCA reveals that accelerated 

carbonation leads to a reaction restricted to thin zones on the surface of the particles. These zones 

are not continuous but have a patchy distribution (Figure 13). This is likely linked to direct particle-

to-particle contacts limiting the accessibility of CO2. The alteration characteristics in these thin zones 

resemble an acid attack exhibiting the formation of a calcite layer and a strong decalcification of C-

S-H, the main product of cement hydration (Figure 14). The decalcified C-S-H is potentially reactive, 

as already demonstrated with the dried slurry (Figure 11), and can participate in cement hydration 

when used as aggregate in new concrete. Compared to mixes with uncarbonated RCA, higher 

compressive strengths were observed in mortar and concrete mixtures (Figure 15). As such, the 

carbonation of RCA shows a two-way benefit, the absorption of CO2 and an increased reactivity 

potentially allowing a reduction of cement clinker content in new concrete (to be explored in module 

3). However, it has to be noted that the increased reactivity of carbonated RCA leads to a faster loss 

of workability of the fresh concrete. This can be counteracted by using a retarder in the concrete mix 

design to prolong a good workability and slow down early cement hydration. 
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Figure 13. Patchy zones (red arrows) on the surface of RCA show the formation of CaCO3 and decalcified C-S-H. 

 

 
 

Figure 14. RCA sand particle after carbonation with 100 % CO2 (A) as BSE-image and as phase map based on element maps showing 

decalcified C-S-H (pink) and calcite (green) as main alteration products (B).  

CSH
decal. CSH
calcite
brucite
SiO2
Na-feldspar
K-feldspar
ferrite

A B



 

39/75 

 

 
 

Figure 15. Compressive strength of recycling concrete (type A and type C) containing 60 mass-% of RCA in uncarbonated or carbonated 

form. The representative error is the standard deviation (± 0.8 MPa) determined on three cubes of 40 different concrete mixtures. 

Concrete of type A and C is mainly used in walls and slabs. In concrete slabs, there is a specific risk of 

developing plastic shrinkage cracks 1-3 hours after casting20 in the case of high air temperature and 

low relative humidity. Such cracks may reduce the service life of concrete structures due to rebar 

corrosion, either triggered by carbonation or chloride ingress. To assess the implication of slurry and 

RCA on plastic shrinkage, three concrete mixtures of type C were produced and tested according to 

ASTM C 1579-06. Crack analysis performed with digital image correlation21 shows that cracking risk 

increases using (carbonated) RCA compared to primary aggregate (Figure 16). However, using slurry 

(note: it is uncarbonated) leads to a more pronounced cracking risk. Please note that P-C-tap water 

and P-C-slurry are two conventional mix designs that are globally used today. R-C-RA carbonated – a 

new mix design lies in terms of cracking risk just in between the two – while the effect of carbonation 

was not isolated from the effect of using RA instead of primary aggregate.  

 The increased cracking risk of concrete slabs containing RCA or slurry in the case of high air 

temperature and low relative humidity on the construction site can be overcome by covering the 

concrete surface right after casting to limit drying or by spraying water or a chemical curing agent. 

These measures are prescribed in the Swiss concrete standard (SIA 262), and it is essential to follow 

them. 

 
20 Leemann, A., Lura, P. and Loser, R. "Shrinkage and creep of SCC–The influence of paste volume and binder 
composition." Construction and Building Materials 25, no. 5 (2011): 2283-2289. 
21 Ghourchian, S., Wyrzykowski, M., Lura, P., Shekarchi, M. and Ahmadi, B., 2013. An investigation on the use of 
zeolite aggregates for internal curing of concrete. Construction and Building Materials, 40, pp.135-144. 
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Figure 16. Cumulative crack frequency as a function of crack width of a concrete produced with natural aggregates and tap water (concrete 

P-C-tap water), a concrete made with natural aggregates and slurry, and a concrete produced with carbonated RA and tap water (concrete 

R-C-RCA carbonated-tap water). Greater crack width indicates a higher cracking risk. The error bars represent the standard deviation of 

the crack width as determined on the two samples used to perform the test. 

 

Task 3: Demonstration of the overall value chain (Month 6 – 21) 

Carbonation of concrete aggregate: 

Two silos, one storing about 40 t of 8/16 mm concrete aggregate and one storing about 150 t of 0/8 mm 

concrete aggregate, have been equipped with the technology. Since it is a first-of-its-kind plant, an 

intense ramp-up process started after commissioning. It addressed all identified issues regarding the 

mechanical installation and piping, the electrics and sensors, and the setting of the process parameters 

to enable a stable plant operation. Now, these issues are resolved, and the plant shows a specific CO2 

uptake of more than 16 kg of CO2 per ton of 0/8 mm concrete aggregate within 20 hours of processing 

and 6 kg of CO2 per ton of 8/16 mm concrete aggregate within 10 hours of processing. In the RECARB 

project, a 0/16 mm aggregate was carbonated, composed of 70 wt. % 0/8 mm and 30 wt. % 8/16 mm 

concrete aggregate. Thus, the 8 kg CO2 per ton of concrete aggregate in the RECARB project could be 

increased to 13 kg CO2 per ton of concrete aggregate – mainly because the plant was designed for 

longer residence times (e.g., overnight operation). These values are in line with the CO2 uptake 

measured in lab-scale experiments. Overall, more than 91 tons of CO2 have been sequestered.  
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Figure 17. A typical CO2 injection curve for the 0 to 8 mm containing concrete aggregate silo is shown. Initially, the CO2 is injected at a 
constant rate until the CO2 front arrives at the upper sensors in the silo. At this point, the flow is stepwise reduced, yielding the decay in 

the CO2 uptake.  

Carbonation of concrete slurry: 

The concrete slurry carbonation plant was commissioned next to the collection basin of the concrete 

slurry. A gas-tight 6 m3 container with a stirrer was connected to the setup. The container was filled with 

about 4 m3 of concrete slurry from the basin. Over a few hours, the slurry was pumped through the 

carbonation plant and contacted with CO2, while the pH of the slurry in the container was monitored. 

Moreover, the CO2 concentration in the overhead gas phase of the container was monitored. It was 

identified, as expected, that the pH dropped from pH 13-14 to pH 9-10 over time. In this period, the CO2 

concentration in the container gas overhead was below ambient, indicating that the CO2 remained in 

the slurry and formed CaCO3. 

Moreover, throughout the experiment, the temperature of the slurry increased by about 10°C. As the pH 

dropped to 8.3, the CO2 concentration in the overhead increased to 0.5% (= 22 g of CO2 lost), while 

about 110 kg of CO2 was injected and stored. This amounts to about 27 kilograms of CO2 sequestered 

per m3 slurry. Values between 24 – 27 kg CO2 / m3 slurry were obtained in further tests. Overall, about 

12,000 kg of CO2 was sequestered in these trials. Starting in November 2023, the plant will be connected 

to the slurry basin of Kästli, which will rapidly increase the sequestration rate.  
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Figure 18. The pH value and the cumulative CO2 uptake of the slurry of the same experiment are plotted over the process time. It is 

evident that as more CO2 is injected, the pH value drops. The CO2 uptake experiences a saturation. 

 

Figure 19. The CO2 concentration in the gas overhead is visualized over the processing time. For the first 100 minutes, the CO2 

concentration remains at ambient level (1000 ppm is a typical concentration in industrial environments). Afterwards, the concentration 

slowly increases, reaching very low levels far below 1% of CO2.  

A data monitoring concept has been developed to ensure that the relevant process data required for the 

LCA and the overall evaluation of the value chain is collected.  

Overall, the initial target of fixing 500 t of CO2 in demolition concrete and slurry was not met for the 

following reasons: 

- Both technologies are first of a kind, and the plant availability was, especially in 2022, relatively 

low because the many technical and operational learnings were fed back into the plant design 

by adjusting the plant. 

- The construction market was going through a crisis – with a volume decrease of up to 30%. 

This led to a much lower CO2 sequestration throughout the project. Meanwhile, the plants are running 

in a stable mode – and as soon as the construction market gains momentum again, we are confident 

that the actual storage rates will lie in the anticipated range.  
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Task 4: Life Cycle Assessment – evaluation of the environmental performance of the overall 
value chain (Month 3-24) 

1. Parametrized LCA framework 

Within the first phase of this project, a parametrized LCA framework for the value chains in the focus of 

this project has been set up, building on our previous analysis.22 The parameterized LCA model – 

available as a spreadsheet tool at https://doi.org/10.5281/zenodo.8369533 – allows for a flexible 

combination of options for different process steps along the value chain and several scenarios, 

visualized in Figure 20.  

 

Figure 20. Visualization of the parameter space of the established LCA tool. Different options can be chosen for items listed on the 

left: electricity supply, allocation of burdens associated with the concrete aggregate source, CO2 source, mineralization, scope in 

terms of time and climate scenario, and functional unit. WWTP: Wastewater Treatment Plant; DAC: Direct Air Capture (of CO2); 

MSW: Municipal Solid Waste; CNG: Compressed Natural Gas. 

Here is a brief description of the different parameters the user can modify: 

• The Functional Unit (see Functional unit in Figure 20). The tool can calculate the environmental 

performance of the supply chain for producing: 

1. one cubic meter of concrete (with or without recycled aggregate, with or without 

carbonation),  

2. one ton of aggregate (carbonated or not) to be used as a road base,  

 
22 Tiefenthaler, J., Braune, L., Bauer, C., Sacchi, R., and Mazzotti, M. (2021). Technological 
Demonstration and Life Cycle Assessment of a Negative Emission Value Chain in the Swiss Concrete 
Sector. Frontiers in Climate, doi: 10.3389/fclim.2021.729259 

https://doi.org/10.5281/zenodo.8369533
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3. or simply back-calculate the required carbonated aggregate and other requirements to 

sequester one ton of CO2 in concrete (and the associated environmental burdens). 

• The concrete mix design (see Scope in Figure 20). The user can select the best, average ("best-

guess”), and worst-performing concrete mix designs if specified under the “Concrete” tab. Current 

concrete mix designs are based on EMPA’s concrete mix designs, A and C, developed within this 

WP. 

• The temporal and climate policy related scope (see Scope in Figure 20). Several years can be 

selected, with 2020 corresponding to today’s performance. The time step is associated with a 

“background scenario”: “Baseline (+3.5 C)” and “Paris Agreement (+1.5 C)”. When the “Baseline 

(+3.5 C)” is selected together with a future year (i.e., from 2030 on), impacts from global (i.e., non-

Swiss) products and services are aligned by premise23 to the projections from the SSP2 scenario 

from the Integrated Assessment Model REMIND24, while the national electricity mix is based on the 

Business-As-Usual scenario of the Swiss EP2050+. When “Paris Agreement (<2 C)” is selected, 

impacts from global products and services are adjusted to the SSP2 – RCP 1.9 (W/m2) scenario 

from REMIND. At the same time, the national electricity mix is based on EP2050+’s ZERO Basis 

scenario. The user can also select a specific electricity technology to operate the supply chain (e.g., 

solar photovoltaics, hydropower, etc.) (see electricity supply in Figure 20). 

• The mineralization parameters (see Mineralization in Figure 20). The user can opt for the cement-

rich slurry in the concrete mix design. Other parameters relating to the mineralization plant can be 

selected: using an electric or atmospheric reboiler to evaporate the CO2, the residence time of the 

aggregate in the CO2 silo, the CO2 loss rate, etc. Note that the residence time conditions, the extent 

to which recycled aggregate can absorb CO2, based on the latest experimental data regarding CO2 

uptake vs. residence time provided by neustark, have been incorporated. Note that an increased 

residence time also increases electricity expenditure. 

• The CO2 sourcing options (see CO2 sourcing in Figure 20). The user can choose between different 

sources of CO2. Options for supply of CO2 for mineralization are: wastewater treatment plants with 

biogas upgrading (WWTP), direct air capture of CO2 (DAC), cement plants, and municipal solid 

waste incineration (MSWI). Note that for all sourcing options, the CO2 is considered non-fossil. For 

example, when sourcing CO2 from a cement plant, the tool assumes the gas originates from the 

combustion of biomass-rich fuel – leaving the CO2 of fossil origin non-captured from an emissions 

accounting viewpoint. This CO2 can be transported by different types of trucks (electric, diesel, 

biomethane, natural gas) over user-specified distances.  

• The aggregate sourcing options (see Aggregate sourcing in Figure 20). Recycled concrete 

aggregate can be supplied free of environmental burdens, or the environmental burdens of the 

supplying process can be allocated according to the mass or economic revenue of the by-products.  

 
23 https://github.com/polca/premise 
24https://www.pik-potsdam.de/en/institute/departments/transformation-pathways/models/remind 

https://github.com/polca/premise
https://www.pik-potsdam.de/en/institute/departments/transformation-pathways/models/remind
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2. Modelling, data, and assumptions 

We present the different data, assumptions, and modeling approaches used in the LCA framework. We 

start with the concrete mix step and describe upstream activities until the sourcing of CO2. 

a. Concrete mixing and mix designs 

The concrete mix designs A and C elaborated within this WP are presented in Table 1. In the Base 

scenario, the results of which are shown further down this section, we compare four options for each 

mix design: virgin aggregate, recycled concrete aggregate, and recycled carbonated concrete aggregate 

without and with carbonated slurry. 

Table 1 Concrete mix designs A and C. Source: EMPA 

Option Mix 
designs 

Aggregate 
type 

Density Cement Gravel Sand Recycled 
aggregate 

Recycled 
carbonated 
aggregate 

Water Carbona- 
ted slurry 

Super-
plasticizer 

   [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] 

A.1 Concrete 
recipe A 

Virgin agg. 2180 280 690 1035 n.a. n.a. 175 n.a. 0 

A.2 Recycled 
agg. 

2178 290 279 418 1028 n.a. 163 n.a. 0 

A.3 Recycled 
carbonated 
agg. 

2174 278 279 418 330 702 166 n.a. 0 

A.4 Recycled 
carbonated 
agg. + 
carbonated 
slurry 

2174 278 279 418 330 702 n.a. 197 1.60 

C.1 Concrete 
recipe C 

Virgin agg. 2204 310 703 1054 n.a. n.a. 137 n.a. 1.86 

C.2 Recycled 
agg. 

2214 320 283 425 1045 n.a. 141 n.a. 1.60 

C.3 Recycled 
carbonated 
agg. 

2201 294 283 425 336 713 150 n.a. 1.60 

C.4 Recycled 
carbonated 
agg. + 
carbonated 
slurry 

2201 294 283 425 336 713 n.a. 177 2.20 

 

b. Ancillary inputs 

Datasets from the LCA database ecoinvent provide ancillary inputs necessary for concrete mixing. This 

includes the concrete factory, lubricants, production of concrete waste, electricity, diesel, fuel oil, and 

heat from natural gas. We also consider the transport of these inputs (primarily by road and rail). 

c. Mineralization 

To align with the carbonation measurements made by neustark, the size distribution in terms of mass 

considered is presented in Table 2. It produces an average CO2 mineralization of 13 kilograms per ton 

of aggregate for 5 hours, as shown in Table 3. The CO2 uptake curve as a function of the residence time 

for each diameter interval is specified under the tab Mineralization in the spreadsheet LCA tool. 
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Table 2 Default size distribution of recycled concrete aggregate and residence time. Source: neustark 

Diameter mm 0-0.063 0.063-0.125 0.125-0.25 0.25-0.5 0.5-1 1-2 2-4 4-16 

Mass distribution % 2.9 2.1 3.3 5.8 8.1 11.8 15.4 50.6 

 

Table 3 Average carbonation level and residence time of the recycled carbonated aggregate. Source: neustark 

CO2 capture per ton  [kg CO2/t aggregate] 13.7 

Residence time [t] 5 

Average carbonation level 65% 

 

Energy and material requirements for the CO2 silo can be consulted under the tab Mineralization of the 

spreadsheet tool. 

d. Evaporation 

Pressurized CO2 can be evaporated into the mineralization silo using an atmospheric or electric re-

boiler. In our Base scenario, and as observed in the neustark operations, we consider an atmospheric 

re-boiler requiring less electricity. The specifications considered for both re-boilers are described in 

Table 4.  Since no detailed material characterization for the reboilers is available, we assume it is entirely 

made of injection-molded stainless steel parts. 

Table 4 Specifications for atmospheric and electric re-boilers. Source: neustark 

  
Atmospheric reboiler Electric reboiler 

Power output kW 1.6 20 

Output flow rate kg CO2/h 200 180 

Electricity use kWh/t CO2 8 111 

Average load factor % 73% 27% 

Average electricity use kWh/t CO2 6 30 

Weight kg 243 243 

Material composition 
 

Chromium steel Chromium steel 

 

e. Liquefaction and transport 

The liquefaction plant is sized according to the specifications presented in Table 5. Without a precise 

bill of materials, we assume it is entirely made of injection-molded stainless-steel parts. We also consider 

the supply and loss of refrigerant over time. We also consider a 5% gas loss during liquefaction, based 

on neustark’s observations. 
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Table 5 Specifications of the CO2 liquefaction plant. Source: neustark 

Weight kg 10,000 

Output flow rate kg/h 270 

Load factor 
 

90% 

Production kg CO2, over lifetime 42,573,600 

Electricity use kWh/t liquefied CO2 230 

Refrigerant use kg, over the lifetime 165 

Refrigerant loss kg, over the lifetime 55 

 

In the Base scenario, the liquefied gas is transported by a biomethane-fed truck over 20 kilometers. We 

chose a biomethane-fed vehicle to reflect the existing neustark supply chain in Switzerland, but other 

types of powertrains can be selected. 

f. CO2 sourcing 

In the Base scenario, the production of biogenic CO2, a co-product from biogas upgrading, does not 

bear any environmental burden, as the latter is entirely allocated to the supply of biomethane. The 

sourcing of this CO2 does, however, entails emissions related to the capture, liquefaction, and transport 

of the gas, which are accounted for. However, biogenic CO2 may become a valued product for which a 

market may be established – which might change how environmental burdens are assigned to such 

“feedstock” CO2. Table 6 presents different sourcing options for biogenic CO2, including CO2 from a 

biogas upgrading plant (as is the case today) based on an economic allocation (i.e., where biomethane 

does not bear the entire environmental burden of the upgrading process and a fraction of burdens is 

assigned to the biogenic CO2). The modeled Direct Air Capture configuration uses a high-temperature 

heat pump, besides a direct input of electricity, to provide the required 5.4 GJ of heat per ton CO2 

captured, with a Coefficient Of Performance of 2.525. It is important to note that for this LCA the CO2 is 

assumed to be entirely biogenic (or atmospheric in case of DAC) for all sourcing options, even when the 

emitter produces a mix of fossil and biogenic CO2 (e.g., a cement plant). Such an accounting perspective 

needs to be verified based on business practices to be established in the future. 

 

 

 

 

 

 
25 https://www.sciencedirect.com/science/article/pii/S0360544218305759  

https://www.sciencedirect.com/science/article/pii/S0360544218305759
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Table 6 Operational parameters for the different biogenic CO2 capture and supply options considered. Note that for CO2 from the biogas 

upgrading plant, an economic-based allocation is performed (resulting in a burden split of 94% for biomethane and 6% for CO2) based 

on a market value of 2.08 CHF/kg26 natural gas (used as a proxy for the biomethane market value) and 0.08 CHF/kg of biogenic CO227. 

Other market prices are considered for ulterior years – see under the Biogas tab in the spreadsheet model. In the base scenario 

however, CO2 from the biogas upgrading plant comes without environmental burden as it is considered a waste product. 

 Biogas 
upgrading 
(economic 
allocation) 

DAC MSWI Cement plant Remark 

Inventories source Ecoinvent 3.9 

cut-off 

(Qiu et al. 

2022)28 

(Bisinella et al. 

2021)29 

(Meunier et al. 2020)30  

Capture technology Mono-ethanolamine (MDEA)  

CO2 concentration in 
gas [ppm] 

~700,000 ~418 105,000 204,000  

Heat requirement 
[GJ/ton CO2 captured] 

0.217 5.4 3.9, decreased to 

2.93 to consider 

process heat 

recovery. 

3.66, corrected to 2.7 to 

consider process heat 

recovery. 

In (Meunier et al. 2020), the 

heat requirement is initially 

discounted by 26% because 

it is integrated with a 

methanol production unit: the 

heat from the exothermic 

synthesis can be recovered 

to sustain the CO2 capture 

process partly. 

Electricity requirement 
[MWh/ton CO2 
captured] 

0.007 0.5 0.1 0.07  

MEA degradation rate 
[kg/ton CO2 captured] 

7e-6 3 4 1, corrected to 4 In (Meunier et al. 2020), a 

flash tank limits MEA loss via 

water evaporation. However, 

for a fairer basis of 

comparison, we align the 

MEA degradation rate with 

that of the MSWI case (i.e., 4 

kg MEA/ton CO2 captured). 

 

g. Aggregate sourcing 

In the Base scenario, the RCA comes free of environmental burden (besides those associated to its 

transport by truck over 25 km), as the process emissions and energy requirements are allocated instead 

to treating demolition waste and recovering reinforcement steel in old concrete. However, this is an 

allocation choice, and other approaches may be used. For this reason, we propose considering RCA as 

a product and allocating a share of the demolition waste treatment process to its supply based on 1) 

 
26 https://fr.globalpetrolprices.com/Switzerland/natural_gas_prices/ 
 
27https://www.iea.org/data-and-statistics/charts/simplified-levelised-cost-of-competing-low-carbon-
technologies-in-long-distance-transport 
28 https://www.nature.com/articles/s41467-022-31146-1 
29 https://www.sciencedirect.com/science/article/pii/S0956053X21002440 
30 https://www.sciencedirect.com/science/article/pii/S0960148119310304 

https://fr.globalpetrolprices.com/Switzerland/natural_gas_prices/
https://www.iea.org/data-and-statistics/charts/simplified-levelised-cost-of-competing-low-carbon-technologies-in-long-distance-transport
https://www.iea.org/data-and-statistics/charts/simplified-levelised-cost-of-competing-low-carbon-technologies-in-long-distance-transport
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mass and 2) market value and test the implication of such choice in the Sensitivity Analysis section (see 

Annex I - Allocation of recycled aggregate). The corresponding allocation factors are presented in Table 

7. 

Table 7 Mass and market value-based allocation options for treating demolition waste. In the base scenario, recycled concrete 

aggregate is supplied free of burden. Also, when allocating based on mass, the service of waste treatment is rendered free of 

environmental burdens. 

 
Recycled concrete aggregate Steel reinforcement Waste treatment 

Price [CHF/t] 18.7 77 
 

Amount [tons/m3 waste] 0.97 0.02 
 

Turnover [CHF per m3 waste] 18.139 1.54 8.86 

Economic allocation factor 64% 5% 31% 

Mass allocation factor 98% 2% zero 

 

h. Electricity mixes 

In the most optimistic case (i.e., free-of-burden CO2 and recycled aggregate), the mineralization process 

still requires about 315 kWh of electricity per ton of stored CO2. The type of electricity used to operate 

the supply chain can, therefore, impact the operation's environmental performance. To analyze the 

current supply chain managed by neustark, we considered the Swiss electricity supply mix defined by 

the FOEN31 for 2018, with a corresponding carbon footprint of 0.135 kg CO2-eq./kWh at low voltage32. 

This consumption mix incorporates transboundary electricity trades but excludes electricity purchased 

via Guarantees of Origin. For ulterior years (until 2050), two electricity scenarios from the Energy 

Perspective 2050+ report are considered: Business-As-Usual and ZERO Basis, which implementation 

can be consulted33. The electricity mixes available in the tool are presented in Table 8. 

 

 

 

 

 
31 https://www.bafu.admin.ch/dam/bafu/de/dokumente/klima/fachinfo-daten/Umweltbilanz-Strommix-
Schweiz-2018-v2.01.pdf.download.pdf/Umweltbilanz-Strommix-Schweiz-2018-v2.01.pdf 
32 It was impossible to precisely reproduce the published value of 0.128 kg CO2-eq./kWh, as the 
underlying LCA database differs. 
33 https://github.com/premise-community-scenarios/energy-perspective-2050-switzerland 
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Table 8 Swiss national consumption electricity mix per scenario and time step. The last column represents the greenhouse gas 

emissions per kilowatt hour of electricity supplied to the consumer. For 2020, the consumption mix is based on the latest FOEN 

assessment. 

Background 
scenario 

Year Hydro Nuclear Natural 
gas 

Solar Wind Biomass Coal Oil Waste Imports Grid 
loss 

Climate 
impacts, kg 
CO2eq per kWh 

Baseline (+3.5C) 2020 66.0% 17.3% 0.7% 4.0% 3.2% 0.3% 1.0% 0.0% 1.3% 6% 6.5% 0.135 

Baseline (+3.5C) 2030 59.1% 11.3% 5.5% 11.2% 5.9% 1.8% 1.7% 0.0% 3.5% 0% 6.5% 0.051 

Baseline (+3.5C) 2040 58.3% 3.4% 8.4% 15.3% 7.5% 1.9% 1.1% 0.0% 4.1% 0% 6.5% 0.054 

Baseline (+3.5C) 2050 54.9% 0.2% 8.0% 20.8% 10.7% 1.7% 0.0% 0.0% 3.8% 0% 6.5% 0.040 

Paris Agreement 

(<2+C) 

2020 69.1% 20.0% 1.7% 3.7% 2.1% 2.6% 0.7% 0.1% 0.0% 0% 6.5% 0.135 

Paris Agreement 

(<2+C) 

2030 57.4% 14.7% 3.1% 14.3% 5.7% 0.4% 1.4% 0.0% 3.0% 0% 6.5% 0.040 

Paris Agreement 

(<2+C) 

2040 57.0% 0.3% 2.3% 30.7% 6.4% 0.9% 0.0% 0.0% 2.5% 0% 6.5% 0.020 

Paris Agreement 

(<2+C) 

2050 50.9% 0.0% 1.0% 40.6% 4.9% 0.6% 0.0% 0.0% 2.0% 0% 6.5% 0.014 

 

3. Base scenario: comparing concrete mix designs A and C 

Table 9 shows the model parameters for our Base scenario, comparing virgin aggregate, recycled 

aggregate, and carbonated recycled aggregate to produce one ton of concrete. A simplified 

representation of the system boundaries of the three supply chains is also shown in Figure 21. The 

biogenic CO2 is supplied with a high degree of purity by a biogas upgrading plant and is 

environmentally burden-free – besides the operational expenditures to capture, liquefy, and transport 

it. The supply distance to the mineralization plant is assumed to be 20 kilometers, operated by an 

EURO-6 biomethane-fed truck. The CO2 is evaporated using an atmospheric reboiler, and the overall 

loss up until the aggregate extraction from the silo is 5%34. We consider a residence time for the 

aggregate in the CO2 silo of 5 hours (i.e., 13 kilograms of CO2 sequestered per ton of recycled 

aggregate). The fourth and eighth options (i.e., A.4 and C.4) use carbonated slurry in the mix designs 

A and C. The concrete mix designs A and C considered in the tool and developed by EMPA are 

described in Table 1. 

 

 
34 Loss estimated by neustark. 


