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Abstract
A rapid defossilisation of the industry sector is required to stop further greenhouse gas 
emissions and to curb global warming. Additionally, to avoid irreversible consequences 
caused by climate change, the deployment of negative emission technologies is required to 
reduce the carbon dioxide (CO2) concentration in Earth’s atmosphere to a sustainable level. 
A novel approach to store gaseous CO2 from direct air capture facilities in solid silicon 
carbide (SiC) is presented. A chain of established processes to produce SiC from renew-
able electricity and air is evaluated in terms of energy and mass balances. Furthermore, 
possible fields of SiC utilisation are considered. Electricity-based SiC (e-SiC) can serve the 
growing global market for technical ceramics and can possibly be used to tackle increas-
ing construction sand shortages in the construction industry by partially substituting sand. 
Calculations of the levelised cost of carbon dioxide removal show that storing ambient CO2 
in solid SiC that can be subsequently sold on the world market can eventually create profit. 
In 2050, a net benefit of 259 €/tCO2 or 631 €/tSiC can be realised if the SiC product is 
sold at the world market with additional carbon compensation. Therefore, the proposed SiC 
production chain might be able to challenge conventionally produced SiC, while empow-
ering negative emissions. In 2050, the net CO2 emission potential is limited to about 290 
MtCO2/a for technical ceramics, but may reach up to 13.6 GtCO2/a for construction sand. 
Results show that e-SiC production is economically feasible for technical ceramics but not 
for construction sand without further process cost decrease. Alternative processes to pro-
duce e-SiC are described and evaluated. Future research opportunities are discussed.
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1  Introduction

Mitigating the effects of global warming requires urgent action to limit the atmos-
pheric concentration of carbon dioxide (CO2) to not exceed a global average tem-
perature rise of 1.5°C as agreed upon in the Paris Agreement of 2015 (UNFCC 
2015). To limit global warming to a level at which humanity will be able to adapt, 
a radical transformation to 100% renewable energy systems is needed and proven 
to be economically feasible (Bogdanov et  al. 2021; Breyer et  al. 2022b). To 
keep global warming at 1.5 °C or even below, future energy systems will require 
negative emission technologies (NETs) (Fuss et  al. 2018) in addition to a rapid 
energy transition (Breyer et  al. 2020). Proposed NETs such as direct air capture 
(DAC) with carbon capture and storage (DACCS) (Breyer et  al. 2019; Chen and 
Tavoni 2013; Realmonte et al. 2019) or bioenergy with carbon capture and storage 
(BECCS) (Kemper 2015) capture gaseous CO2 to store it on the long term. Car-
bon capture and utilisation (CCU) (Mertens et  al., 2023) aims to utilise captured 
CO2 as a renewable carbon source for fuels and chemicals (Bui et al. 2018; Galán-
Martín et al. 2021; Galimova et al. 2022). While CCU can be realised with net-zero 
emissions (Bogdanov et  al. 2021; Breyer et  al. 2019), the re-emission of CO2 at 
the end of the products lifetime hinders the approach to be net-negative (Hepburn 
et  al. 2019). In contrast, chemically inert and long-term carbon capture and stor-
age (CCS) can, in combination with a defossilised energy system, enable negative 
emissions needed for mitigating global warming (Gabrielli et al. 2020).

Currently, one possible method to store CO2 is to sequester it in its gaseous phase 
in sub-surficial aquifers or other geological formations. However, this method bears 
the risk of potential leakage over the long storage duration that is required (Aminu 
et  al. 2017). A major leakage event could bring significant risks for both humanity 
and ecosystems (Vinca et al. 2018). To avoid such risks, a method was investigated to 
store gaseous CO2 in a solid-state product that shows a high combustion point as well 
as chemical inertness in order to provide options for safe and long-term storage of 
ambient CO2 and to empower effective negative emissions. Silicon carbide (SiC) was 
identified to fulfil these criteria. The material can be used for power electronic applica-
tions or as a technical ceramic (Mukasyan 2017). SiC shows a high chemical inertness 
that makes it attractive for utilisation in chemical industry. Also, it has a decomposi-
tion temperature of around 2830°C (Guichelaar 1996). Today, SiC is mainly produced 
via the Acheson process (Guichelaar 1996; Mukasyan et al. 2013), where carbon black 
and silicon dioxide (SiO2) are processed at elevated temperature above 1557°C to SiC 
(Guichelaar 1996). Whereas today, the utilised carbon black comes from fossil sources 
such as petroleum (Fyven 2022), or fossil methane (Boretti 2021), process routes 
that can substitute fossil carbon sources with ambient CO2 can be identified. Other 
approaches avoiding fossil resources mainly focus on biomass as carbon source for the 
SiC production (Chiew and Cheong 2011; Thomas et al. 2021).

This study aims to present a novel production route using atmospheric CO2 as the 
carbon source, thus enabling negative emissions, for which the mass and energy bal-
ances, as well as cost assumptions are provided. The results are suitable for including 
the novel power-to-SiC (PtSiC) option in future energy system modelling and assess-
ment of the new NET option regarding its mitigation potential within the conventional 
NET portfolio.
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2 � Methods and data

Value chains of chemical processes to produce SiC from atmospheric CO2 are identi-
fied to create an effective carbon sink in a material that shows outstanding resistance 
to wear off, as well as to chemical and thermal stress. Subsection 2.1 deals with the 
conventional SiC production. Subsection  2.2 introduces the integrated pyrolysis and 
Acheson (IPA) process to produce electricity-based silicon carbide (e-SiC). Subsec-
tion 2.3 describes an evaluation of IPA economics to produce e-SiC. In subsection 2.4, 
alternative processes are introduced for a possible substitution of sub-processes within 
the IPA value chain if the technology readiness level (TRL) increases. All energy and 
mass balances were either derived from theoretical chemical reaction equations or cal-
culated from numbers given in literature. The data are normalised to 1 t of output prod-
ucts. In this study, electric heating for high-temperature levels and heat supply via heat 
pump for temperatures not higher than 100°C are assumed. Therefore, all heat required 
for the processes will be satisfied with electricity in the latter process chain models. 
The resulting energy balances for all the processes used in this study are shown in the 
Appendix (Table 3).

2.1 � Conventional silicon carbide production

Currently, the majority of SiC is produced via the Acheson process (Fyven 2022; 
Guichelaar 1996; Mukasyan 2017). In fact, this process was first proposed by 
Edward Acheson as early as 1893 (Acheson 1895) and was initially meant to pro-
duce a crystal from the materials carbon and alumina (Guichelaar 1996). However, 
this process is still the main way to produce SiC (Fyven 2022). SiO2 is reduced 
with carbon to synthesise the crude SiC, with carbon monoxide (CO) as a by-
product as shown in Eq. (1) (Chiew and Cheong 2011). The input carbon black 
for the Acheson process is usually derived from fossil petroleum (Fyven 2022) or 
from fossil methane (Boretti 2021). The process is conducted at elevated tempera-
tures around 1700–2500°C and is endothermic. The high-temperature level in the 
Acheson furnace is reached with electric heaters. The coke is placed together with 
SiO2 in the Acheson furnace unit with the heating rod placed in the centre and a 
plastic cover to capture produced CO (Guichelaar 1996).

The theoretical energy requirement per t of SiC produced is 5.74 MWh (Gui-
chelaar 1996). A realistic assumption is that the production of 1 t of SiC requires 
6.5 MWh of energy (Guichelaar 1996). This energy is needed in the form of elec-
tricity to heat the arc furnace with an electric heating system (Guichelaar 1996). 
Usually, the feedstock utilised shows a SiO2/C mass ratio of 1.7 (Guichelaar 1996). 
This is in line with the stoichiometric mass balance calculated from Eq. (1). About 
22.5 wt% of carbon and SiO2 input mass are reacted to SiC in a single Acheson fur-
nace run (Guichelaar 1996).

(1)SiO2(s) + 3 C(s) + 618.5 kJmol−1 → SiC(s) + 2 CO(g)
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2.2 � Electricity‑based silicon carbide production

Gaseous CO2 can be captured from the atmosphere via low-temperature DAC (Fasihi 
et al. 2019). The required heat at a temperature level of 100°C for the regeneration of 
the solid sorbent can be supplied by a heat pump.

Electricity-based methane (e-methane), the feedstock for methane pyrolysis (Parkinson 
et  al. 2021) to produce solid carbon, can be produced in a methanation process (Thema 
et  al. 2019). Methanation is seen as an integral process of various power-to-gas (PtG) 
approaches (Götz et al. 2016; Peters et al. 2019; Sterner and Specht 2021). Therefore, its 
techno-economic specifications can be derived thoroughly. The theoretical reaction from 
gaseous CO2 to methane is given in Eq. (2).

The catalytic methanation reaction typically takes place in adiabatic fixed bed reactors 
at a pressure level of 1–100 bar and at temperatures ranging from 200 to 550°C (Götz et al. 
2016). The process is exothermic. However, the practical reaction equation differs from 
theory. Since the conversion process is not ideal, some amount of CO2 and hydrogen will 
remain in the product (Götz et al. 2016). Overall, the process requires an energy input of 
about 423 kWhel of electricity for the methanation of CO2 to 1 t of e-methane, according to 
DVGW (2013). This e-methane consists of 96 v% methane, 2 v% hydrogen and 2 v% CO2. 
For simplification, it is assumed that for 1 t of methane, 2.86 t of CO2 is reacted with 0.51 
t of hydrogen. Therefore, the carbon conversion efficiency, i.e. the share of carbon con-
verted, is assumed to be 100% for the methanation process. The required hydrogen for the 
methanation unit can be partly fed from methane pyrolysis (Boretti 2021; Parkinson et al. 
2017), which is described in detail below. The remaining amount of hydrogen is produced 
via water electrolysis. Water electrolysis is a mature and commercialised process. There 
are various designs proposed that require different catalysts, electrolytes and temperature 
levels. In the present study, an alkaline water electrolyser is used (Fasihi and Breyer 2020).

Around 95% of global carbon black is produced from non-catalytic methane pyroly-
sis (Parkinson et al. 2019). The solid carbon powder can be used for several applications, 
such as rubber tire production, utilisation as catalyst or as structural material (Pérez et al. 
2021). To achieve negative emissions and to produce carbon black for the SiC produc-
tion, no fossil methane must be used. Methane pyrolysis attracts attention mainly because 
of the possibility to produce fossil methane-based hydrogen (H2). However, some studies 
also acknowledge the idea of selling the side product carbon to reduce overall hydrogen 
production costs (Parkinson et  al. 2019). The endothermic pyrolysis reaction to produce 
solid carbon and gaseous hydrogen from gaseous methane is given in Eq. (3) (Boretti 2021; 
Parkinson et al. 2018).

The pyrolysis can employ various catalysts such as carbon black itself (Boretti 2021). 
The pyrolysis reaction, according to the reaction equation, theoretically requires around 
1285 kWh of heat at a temperature of 1000°C and at a pressure of 35 bar for the splitting 
of 1 t of methane (Parkinson et al. 2017). One t of carbon black and 0.3 t of hydrogen are 
pyrolysed from 1.3 t of methane (Boretti 2021). As described by Sánchez-Bastardo et al. 
(2020), unreacted methane can be looped back to the input methane. Therefore, no carbon 
losses and subsequently a carbon conversion efficiency of 100% are assumed for methane 
pyrolysis.

(2)CO2 + 4 H2 → CH4 + 2 H2O + 165 kJmol−1

(3)CH4 + 74 kJmol−1 → 2 H2 + C
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The process utilised to produce SiC from carbon black remains the Acheson process, 
since this is the only process identified at a high TRL and wide commercialisation. The 
conversion efficiency within an Acheson furnace mentioned in subsection 2.1 does not 
affect the modelling of the production of e-SiC. Since all unreacted input material is 
recycled and used for another run of the furnace (Guichelaar 1996), the mass balance 
for modelling the production of e-SiC does not have to be adjusted regarding the con-
version efficiency. However, unreacted by-products increase the throughput and there-
fore energy demand of the intermediate processes methanation and methane pyrolysis 
(cf. Fig. 1). As shown by Sun et al. (2019), the carbon purity for SiC production is of 
lesser relevance, as SiC can be synthesised from low-grade educts.

The Acheson process produces CO as a by-product, which is a synthesis gas of the 
methanation and can be fed back to the respective process step. However, since the 
molar masses of CO2 and CO differ, the CO fed back to the methanation reduced the net 
CO2 demand and the methanation process is modelled in a simplified way, the CO must 
be converted to a CO2 equivalent by applying Eq. (4).

wherein mCO,CO2eq represents the mass of CO when accounted for as CO2, mCO is the 
mass of CO, MCO is the molar mass of CO of 28 g/mol, and MCO2 is the molar mass of 
CO2 of 44 g/mol.

(4)mCO,CO2eq = mCO ⋅

MCO

MCO2

Fig. 1   Simplified schematic visu-
alisation of the integrated e-SiC 
production route
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2.3 � Economics of electricity‑based silicon carbide

There were no sufficiently reliable numbers available in the literature considering cost 
of processes for combustion synthesis from elements or by SiO2 reduction (Mukasyan 
2017) as well as for CO2 electrolysis in molten lithium carbonate (Laasonen et al. 2022). 
Therefore, these processes were not evaluated in terms of costs. Only e-SiC production 
via methane pyrolysis could be fully evaluated regarding economic aspects: The sche-
matic model of the e-SiC production chain based on air, water and electricity is shown 
in Fig. 1.

The levelised cost of carbon dioxide removal (LCOCDR) of this process chain is calcu-
lated according to Eq. (5):

wherein LCOPp is the levelised cost of each process p, mp is the mass output produced 
from each process required to store 1 t of CO2 in solid SiC, HLT is the heat demand on a 
low-temperature level (max. 100°C), LCOHLT is the levelised cost of low-temperature heat, 
Eel is the electricity demand, HHT is the high-temperature heat demand which is covered 
via direct electric heating, and finally, costel describes the cost of electricity.

The LCOP of specific processes is calculated applying Eq. (6):

wherein capex are the capital expenditures, opexfix are the fixed operational expendi-
tures, opexvar are the variable operational expenditures, and crf is the capital recovery fac-
tor. Process output outp is defined in Eq. (7) including the annual capacity and availability 
factor τ that is set to 95% in this work.

The crf is defined as in Eq. (8).

The weighted average cost of capital WACC​ is assumed to 7% as a global average for all 
years.

LCOP for transformers with a given capex based on installed capacity or energy unit 
output are calculated with Eq. (9).

The LCOHLT is calculated using Eq. (10).

The COP describes the coefficient of performance for the heat pump.

(5)LCOCDR =

proc
∑

p

(

LCOPp ⋅ mp

)

+ HLT ⋅ LCOHLT +
(

Eel + HHT

)

⋅ costel

(6)LCOP =

(

capex ⋅
(

crf + opexfix
))

⋅ capacity

outp
+ opexvar

(7)outp = capacity ⋅ τ

(8)crf =
WACC ⋅ (1 +WACC)N

(1 +WACC)N − 1

(9)LCOP =
capex ⋅

(

crf + opexfix
)

FLH ⋅ �

+ opexvar

(10)LCOHLT =
capex ⋅

(

crf + opexfix
)

FLH ⋅ �

+ opexvar +
costel

COP
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The LCOP was calculated for every sub-process except the Acheson process. Since no 
detailed economic input data for the Acheson process could be obtained from literature, a con-
stant cost for the last step of e-SiC production was calculated from data provided in Guichelaar 
(1996). Input data of the economic assessment for the process chain are listed in Table 1.

CB carbon black
To provide another view on the results, a levelised cost of SiC production (LCOSiC) was 

calculated to evaluate the cost for each t of SiC produced from atmospheric CO2. The LCOSiC 
was calculated as described by Eq. (11):

wherein mCO2,stored is the amount of ambient CO2 stored in SiC. The mass of produced SiC 
from gaseous CO2 is mSiC,produced.

Additionally, the potential for CO2 storage in 1 t of SiC CDRpot,SiC is calculated using Eq. 
(12).

The economic evaluation of the proposed process chain is made for the years 2030, 2040 
and 2050.

Furthermore, there is a globally rising challenge of increasing scarcity of construction 
sand. There are several technical norms stating a grain size distribution for construction sand. 
Generally, construction sand should consist of 49 wt% fine sand, 35 wt% medium sand and 
14 wt% coarse sand as well as 2 wt% fine gravel (Elsner 2019). The grain size ranges from 
0.063 to 2 mm (Elsner 2019). In terms of size, SiC can fulfil all the required grain sizes due 
to the large crude SiC particles produced in the Acheson process (Guichelaar 1996). Usually, 
theses large crude particles are crushed and milled to fulfil special properties needed for tech-
nical applications (Guichelaar 1996). This and the general angularity of SiC particles imply 
the general suitability of SiC as a construction sand substitute. Although this approach has yet 
to be validated in real projects, in the context of this research, the long-term CO2 sequestration 
potential assessment is made based on the assumption of e-SiC substitution rates for sand of 
3%, 15% and 50% in 2030, 2040 and 2050, respectively, reflecting high demand for construc-
tion sand and ambitious climate targets. Concrete demand until 2050 was calculated using the 
expected cement production in 2030, 2040 and 2050 (Farfan et al. 2019) as well as the typical 
cement concentration in concrete of around 10 wt% (PCA 2019). Concrete also consists of ca. 
70 wt% aggregates, coarse and fine (PCA 2019). Considering the substitution of construction 
sand with e-SiC, it is assumed that 3 wt% in 2030, 15 wt% in 2040 and 50 wt% in 2050 of the 
aggregates in concrete can technically be substituted with e-SiC. The price for construction 
sand (CS) and gravel in 2021 was about 8.25 €/tCS (Statista 2022). It is expected to increase 
with a growth rate of 7.5% p.a. (Wrede 2019). Therefore, a construction sand price of 16 €/
tCS in 2030, 33 €/tCS in 2040 and 67 €/tCS in 2050 is assumed.

2.4 � Alternative processes

In general, pure carbon can be produced in various processes. For example, carbon black 
based on biochar can be produced via a pyrolysis process from different biomass feedstocks 
(Shalini et al. 2021). All information obtained about alternative processes is summarised in 

(11)LCOSiC = LCOCDR ⋅

mCO2,stored

mSiC,produced

(12)CDRpot,SiC =
1

mSiC,produced,1tCO2
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Table 4 in the Appendix. Due to lack of detailed data for techno-economic modelling, the 
alternative processes presented in this subsection are not part of the assessment made in 
this study. However, in subsection 3.3, several of the abovementioned processes are dis-
cussed with regard to possible integration in the proposed process chain and the challenges 
and opportunities thereof.

There is growing interest in methods to produce solid carbon directly from CO2 in an 
electrolysis process (Ren et al. 2017). However, most publications focus on gaseous or liq-
uid products such as CO or ethene (C2H4) (Jouny et al. 2018). There are several approaches 
to split gaseous CO2 into solid carbon and gaseous oxygen (O2) in an electrocatalytic pro-
cess. Most of the investigated reactors use molten lithium carbonate (LiCO3) as an elec-
trolyte (Laasonen et al. 2022; Licht et al. 2019). The reaction occurs at a temperature level 
of 750°C and is endothermic (Laasonen et al. 2022). In the follow-up reaction, the lithium 
oxide is synthesised with gaseous CO2 to form lithium carbonate. The lithium carbonate 
synthesis also runs at a temperature level of 750°C but is exothermic, in contrast to the 
split reaction (Laasonen et al. 2022). The reaction from CO2 to solid carbon and gaseous 
O2 is endothermic and requires an overall temperature level of 750°C. An energy demand 
of 2494 kWh per t of CO2 split can be estimated for the theoretic reaction. This aligns with 
2 MWh per t of CO2 if energy recovered from hot oxygen is accounted (Licht et al. 2019). 
This approach receives much attention in current research and is described as an economi-
cally feasible method (Licht et al. 2019). However, no information was found on conver-
sion efficiencies of CO2 electrolysis in molten lithium carbonate in literature.

There are further proposed approaches to produce solid carbon directly from gase-
ous CO2. Esrafilzadeh et  al. (2019) successfully showed the production of carbonaceous 
materials from CO2 in an electrocatalytic reduction reaction. Liquid galinstan, an alloy of 
gallium (Ga), indium (In) and tin (Sn), was doped with elementary cerium (Ce), which 
increased the reactivity of the nanostructured catalyst. Carbon sheets showing nanostruc-
tures were produced in this experiment (Esrafilzadeh et al. 2019). Based on that work, there 
are several interesting follow-up works that focus on direct production of solid carbon from 
gaseous CO2 (Zuraiqi et al. 2022). Also, Ye et al. (2023) studied the combined capture and 
storage of ambient CO2 in solid carbon at near room temperature and atmospheric pressure 
using a liquid magnesium (Mg) and gallium (Ga) alloy. The use of relatively low-cost Mg 
can further facilitate the research in the field of direct CO2 reduction (Ye et al. 2023).

Mukasyan et al. (2013) explain the self-propagating high-temperature synthesis (SHS), 
also referred to as combustion synthesis, as an alternative route to produce SiC (Mukasyan 
et al. 2013). This method is supposed to be more energy efficient than the Acheson process 
and can be conducted in two ways. The SiC can be produced from the elementary powders 
of silicon (Si) and carbon in a gasless combustion (Mukasyan 2017). The combustion syn-
thesis reaction from elementary powders requires heat at a temperature level of 1600°C 
and is exothermic (Mukasyan 2017). However, to get the reaction started, an activation 
energy of around 5714 kWhth of heat for the reaction of 1 t of carbon to SiC is required 
(Narayan et al. 1994). Also, because of the exothermic process characteristic, 4024 kWhth 
of heat at a temperature of 1600°C must be removed from the reactor and can possibly be 
used as waste heat for other processes.

The combustion synthesis mentioned by Mukasyan et al. (2013) can also be conducted 
using the same educts as in the Acheson process. Additional magnesium (Mg) is added 
to the educts and magnesium oxide (MgO) is produced (Mukasyan 2017). Despite being 
an exothermic reaction, the specific activation energy for the combustion synthesis pro-
cess must be provided (Narayan et  al. 1994). The reaction occurs at a temperature level 
of 1726°C (Mukasyan 2017). From molecular weights, the difference in enthalpy and the 
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reaction equation, energy and mass balances for the combustion synthesis process with 
additional Mg can be estimated to 5714 kWhth of heat for the reaction of 1 t of carbon. The 
combustion synthesis with added magnesium is exothermic, and 2890 kWh of heat at a 
temperature of 1726°C can be retrieved from the reactor for each t of carbon reacted.

Literature suggests several other ways to produce SiC such as carbothermal reduction, 
sol-gel methods or gas-phase reactions (Yang et al. 2009). Also, there are some approaches 
to produce SiC from biomass (Chiew and Cheong 2011), for instance experiments showed 
the successful sequestration of CO2 prior stored in tobacco plants in plant-based SiC 
(Thomas et al. 2021). A review of SiC production from biomass mentions SiC from bio-
mass waste (Chiew and Cheong 2011). It was decided to exclude these biomass-based 
routes to SiC in this study due to the relatively low TRL of these alternative approaches.

3 � Results and discussion

The main production route evaluated in this research consists of a series of well estab-
lished, readily available processes, i.e. the DAC, electrolysis, methane pyrolysis, Acheson, 
and methanation, which is proven to be able to work on a large scale (Thema et al. 2019). 
This process chain can also be referred to as IPA. This wording is adapted from a pro-
ject aiming to produce carbon black with the abovementioned process (BMWK 2022). The 
overall mass and energy balances will be presented in the following subsection. In addition, 
the process costs will be evaluated normalised to 1 t of CO2 stored in e-SiC as well as to 1 
t of SiC produced from atmospheric CO2. Furthermore, alternative processes such as CO2 
electrolysis and combustion synthesis are discussed in terms of their possible advantages.

3.1 � Energy and mass balances

The generic model of the IPA for 2030 is visualised in Fig. 2, applying the specific energy 
and mass balance.

For each t of CO2 removed from the atmosphere, 0.41 t of e-SiC can be produced. The 
overall process chain requires a total of 10.8 MWhel to store a t of atmospheric CO2 in solid 
SiC in 2030. The overall electricity demand decreases to 10.2 MWhel and 9.9 MWhel in 
2040 and 2050, respectively. Details on the energy demand of each process step are listed 
in Table 2. The heat pump supplies 1500 kWhth at 100°C for the DAC unit in 2030. The 
heat demand for DAC decreases to 1286 kWhth in 2040 and 1102 kWhth in 2050. The DAC 
plant requires 225 kWhel to capture 1 t of CO2 from the atmosphere in 2030. This electric-
ity requirement decreases to 203 kWhel and 182 kWhel in 2040 and 2050, respectively. The 
methanation unit produces 0.49 t of methane and 1.11 t of water from 1.37 t of CO2 as well 
as 0.25 t of hydrogen at an electricity input of 208 kWhel for all years. Produced methane 
is then split in the methane pyrolysis reactor to 0.12 t of hydrogen, which is fed back to the 
methanation unit, and 0.37 t of carbon black. The energy demand of methane pyrolysis is 
631 kWhth in 2030, 2040 and 2050, which is fully covered by electricity via direct electric 
heating. Subsequently, the carbon black is reacted together with 0.62 t of SiO2 to produce 
0.41 t of e-SiC and 0.57 t of CO that is fed back to the methanation unit. The CO is used to 
substitute CO2 and accounted for as 0.37 tCO2e according to Eq. 4. The energy-intensive 
Acheson process requires 2667 kWhth/tCO2 in 2030, 2040 and 2050, which is also covered 
by electricity via direct electric heating.
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Fig. 2   Simplified process model of the IPA process with concrete energy and mass balances for the year 
2030

Table 2   Resulting energy demand for storing atmospheric CO2 in SiC. Low-temperature heat is provided 
via electric heat pumps and high-temperature heat with direct electric heating (cf. Table 1)

a Low temperature
b High temperature
c Low and high temperature combined

Process Energy type Unit 2030 2040 2050

Direct air capture Electricity kWhel/tCO2 stored 225 203 182
Heata kWhth/tCO2 stored 1500 1286 1102

Electrolysis Electricity kWhel/tCO2 stored 6576 6327 6103
Methanation Electricity kWhel/tCO2 stored 208 208 208
Methane pyrolysis Electricity kWhel/tCO2 stored 631 631 631
Acheson Heatb kWhth/tCO2 stored 2667 2667 2667
Total Electricity kWhel/tCO2 stored 7640 7369 7124

Heatc kWhth/tCO2 stored 4167 3953 3769
Total electrified Electricity kWhel/tCO2 stored 10,766 10,209 9923
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From another perspective, 2.44 t of ambient CO2 are stored in 1 t of solid SiC. The 
overall energy demand to produce 1 t of e-SiC via IPA is 26.2 MWhel/tSiC in 2030, 24.9 
MWhel/tSiC in 2040 and 24.2 MWhel/tSiC in 2050. Low-temperature heat demand for the 
DAC unit per t of e-SiC decreases from 3.7 MWhth/tSiC in 2030 to 3.1 MWhth/tSiC in 
2040 and 2.7 MWhth/tSiC in 2050. Additionally, the DAC unit requires 548 kWhel/tSiC in 
2030, 495 kWhel/tSiC in 2040 and 444 kWhel/tSiC in 2050. For 1 t of e-SiC produced, the 
methanation unit must produce 1.2 t of methane, equivalent to 18.5 MWhHHV, with 2.7 t 
of water as by-product from 3.3 t of CO2 and 0.6 t of hydrogen. For the methanation, 506 
kWhel/tSiC are required in 2030, 2040 and 2050. From the methane, 0.9 t of carbon black 
as well as 0.3 t of hydrogen are produced in the methane pyrolysis unit. The hydrogen is 
fed back to the methanation unit. The high-temperature heat demand that is covered with 
direct electric heating is 1538 kWhel/tSiC in 2030, 2040 and 2050. The solid carbon is 
reacted with 1.5 tSiO2/tSiC to SiC, and 1.4 tCO/tSiC is fed back to the methanation unit to 
partially substitute CO2. Applying Eq. 4, the CO is accounted for as 0.9 tCO2e. The Ache-
son process requires a total of 6500 kWhth/tSiC.

3.2 � Cost structure for electricity‑based silicon carbide production

To assess the economics of the proposed production route presented in this research, 
the LCOCDR was calculated using the obtained energy and mass balance as well as the 
numbers summarised in Table 1. In Fig. 3, the LCOCDR in- and excluding energy cost is 
presented.

The e-SiC cost in- and excluding energy cost decreases from 2030 to 2040 and 2050 by 
20% and 34% including and 14% and 17% excluding energy cost, respectively. The devel-
opment of capex, opex, lifetime and energy demand of specific processes favour this trend. 
The energy cost share is 50%, 45% and 36% in 2030, 2040 and 2050, respectively. This 
development can be explained by the smaller energy demand of the overall process chain 
and by the decline in electricity cost due to further improved economics of solar photovol-
taics (Vartiainen et al. 2020; Victoria et al. 2021) and wind power in hybrid power plants 
(Fasihi and Breyer 2020). Therefore, the cost of energy decreases more significantly com-
pared to the capital and operational expenditures of the production plants.

The Acheson process is the most cost intensive step in this production chain if energy 
cost is excluded. Interestingly, if energy cost is considered, water electrolysis is the most 
expensive process in 2030. This is due to the high energy demand of the electrolyser to 
produce the required amount of hydrogen. The energy cost share in 2030 for the elec-
trolyser alone is 79%. Decreasing electricity cost and efficiency gain of the electrolyser 
accompanied by a significant reduction in capex will reduce the cost for electrolysis to a 
level below the Acheson process in 2040 and 2050. The energy cost share for the water 
electrolysis process alone is 81% in 2040 and 77% in 2050.

As shown in Fig. 3, the LCOCDR including energy in 2050 is 303 €/tCO2 if no SiC 
sales are considered. The LCOCDR including energy cost and SiC sales at a global price 
of 883 €/tSiC, that was normalised to 1 t of CO2 stored, is presented in Fig. 4. As it can 
be seen, if only the estimated SiC price is accounted for, e-SiC produced via the proposed 
process chain will be able to generate an economic benefit only in 2050. Storing 1 t of CO2 
in e-SiC to be sold on the world market at the proposed price creates a net profit of 39 €/
tCO2 (95 €/tSiC). The SiC price does not cover the cost for storing 1 t of CO2 in e-SiC in 
2030 and 2040. However, if a carbon compensation of 135 €/tCO2, 220 €/tCO2 and 220 €/
tCO2 for 2030, 2040 and 2050, respectively, is counted in, IPA e-SiC production creates 
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economic benefits from 2030 onwards. A profit of 15 €/tCO2 (37 €/tSiC) in 2030, 193 €/
tCO2 (471 €/tSiC) in 2040 and 259 €/tCO2 (631 €/tSiC) in 2050 can be realised by storing 
ambient CO2 in e-SiC if the final product is sold and a carbon compensation is claimed.

There is a significant uncertainty regarding future SiC demand and market prices. There 
are various variables, such as commercialisation of SiC in electronics, as well as CO2 pric-
ing of the fossil energy intensive carbon black production affecting these values. Taking 
profitability as the main condition to NET deployment, the produced e-SiC will be able 
to be sold if market prices for SiC will be at least as high as assumed in this study. For a 
compound annual growth rate of 16.8% p.a. for the global SiC market in the upcoming 
years, this would correlate with a flux carbon dioxide removal potential of 289.4 MtCO2/a 
by 2050.

e-SiC might as well be utilised for substituting construction sand required for con-
crete. However, the LCOCDR for storing atmospheric CO2 in solid SiC and selling the 
SiC as construction sand substitute is still not attractive in 2050 even if a carbon com-
pensation of 220 €/tCO2 is applied. However, the residual amount of 55 €/tCO2 indicates 
that a CO2 pricing of less than 300 €/tCO2 may be sufficient to open a huge potential 
CO2 storage for long-term and safe sequestration. Nevertheless, this CO2 storage option 

Fig. 3   LCOCDR of e-SiC production excluding (left) and including (right) cost for energy for the years 
2030 (top), 2040 (centre) and 2050 (bottom)
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does not seem economically viable unless significant cost reductions in production pro-
cesses or a significant increase in construction sand price occur in the future. A possible 
negative CO2 emission potential in construction sand used for concrete production of 
1.3 GtCO2/a in 2030, 5.3 GtCO2/a in 2040 and 13.6 GtCO2/a in 2050 can be estimated 
at given market values and substitution rates. Further evaluation of these assumptions 
will be necessary to reduce the uncertainties related to the assumptions made.

Since the proposed production chain might be considered NET option from a climate 
change mitigation perspective and from a SiC material perspective, the results are also 
presented as LCOSiC considering SiC sales and CO2 pricing, as shown in Fig. 5.

The CO2 pricing assumed for 2030, 2040 and 2050 was normalised to 1 t of e-SiC 
produced and results in a deductible CO2 pricing equivalent of 329 €/tSiC in 2030, 536 
€/tSiC in 2040 and 536 €/tSiC in 2050. The possible economic benefit per t of e-SiC 
produced from atmospheric CO2 if current SiC sales prices and future CO2 pricing is 
applied is 37 €/tSiC in 2030, 471 €/tSiC in 2040 and 631 €/tSiC in 2050. If produced 
SiC is used to substitute construction sand and sold for the respective sales price and 

Fig. 4   LCOCDR of e-SiC production with energy cost including SiC sales (left) and to substitute construc-
tion sand (right) and CO2 pricing for 2030, 2040 and 2050. Abbreviation: CS, construction sand
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future CO2 pricing is considered, the LCOSiC is 781 €/tSiC in 2030, 330 €/tSiC in 2040 
and 135 €/tSiC in 2050.

3.3 � Discussion and research outlook

As described above, alternative processes, especially for the substitution of the costly 
Acheson process, increasingly attract attention. Additionally, process substitution would 
solve the problem of the low molar carbon efficiency of the Acheson process, since no 
CO is produced during combustion synthesis. Improved carbon efficiency would increase 
the net throughput of carbon from atmospheric CO2 to e-SiC. However, the combustion 
synthesis would also bring some drawbacks, especially regarding input materials. The 
combustion synthesis using elementary carbon and silicon requires pure silicon that needs 
refining. The other possible alternative to the Acheson process is combustion synthesis 
from carbon, SiO2 and pure magnesium (Aminu et al. 2017).

Although the future supply of sustainable biomass will be limited (Creutzig et  al. 
2015) and bio-based energy is desired by various sectors (Reid et al. 2020), biomethane 

Fig. 5   LCOSiC for e-SiC production with energy cost including SiC sales (left) and to substitute construc-
tion sand (right) and CO2 pricing for 2030, 2040 and 2050
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and biochar are potential alternative carbon sources to e-methane and carbon black from 
integrated pyrolysis, respectively. Biomethane can be obtained at cost as low as 464 €/t 
(33.7 €/MWhth,LHV for an energy density of e-methane of 13.75 kWhth,LHV/kg) (Bose 
et  al. 2022). The static techno-economic framework used in this work results in cost 
for e-methane production including renewable energy of 557.5 €/t (40.5 €/MWhth,LHV), 
401.5 €/t (29.2 €/MWhth,LHV) and 300.9 €/t (21.9 €/MWhth,LHV) in 2030, 2040 and 
2050, respectively. Therefore, using biomethane could reduce the cost of CO2 storage 
in e-SiC by about 9.9% in 2030 but would increase the cost of CO2 storage by 8.3% and 
26.4% in 2040 and 2050, respectively. Similarly, biochar can potentially substitute the 
carbon black produced in the integrated pyrolysis. The production cost of biochar is 
generally estimated to be on the order of 1000 €/t, and one study specifies the cost of 
biochar from date palm biomass as 883 €/t (assuming a long-term exchange rate of 1.2 
USD/€) (Shahen et al. 2022). While the cost of biochar is subjected to uncertainty in, 
e.g. the cost of biomass feedstock, the cost are comparable to the cost of carbon black 
produced of about 892.0 €/t in 2030 as derived in this study. The potential reduction 
of the total cost of CO2 storage is therefore negligible at about 0.7% in 2030, while the 
cost would increase by 20.7% and 42.6% in 2040 and 2050, respectively, if the cost of 
biochar is assumed to remain constant. There is significant uncertainty in the estimation 
of future cost of biomass-based products. Therefore, future developments in this domain 
should be monitored to assess the potential use of biomass-based products for e-SiC 
production.

Furthermore, CO2 electrolysis might be an interesting option for future carbon black 
production. The stoichiometric reaction equation implies an energy demand of 2494 kWhel/
tCO2 split into solid carbon and gaseous CO2. Licht et  al. (2019) claim that an energy 
demand of 2 MWh is required to process one t of gaseous CO2 into solid carbon (Licht 
et  al. 2019). However, no specific cost numbers regarding CO2 electrolysis to solid car-
bon in molten lithium salt are provided, which implies a relatively low TRL. However, the 
potential of this technology should be emphasised. For e-SiC production, CO2 electrolysis 
could possibly substitute water electrolysis, methanation and methane pyrolysis. There-
fore, it would concur with an electricity demand of 7414 kWhel as for 2030. As mentioned 
above, CO2 electrolysis might require about 2 MWh per t of CO2 split. Also, CO2 electroly-
sis cost would concur with 110 €/tCO2 for production cost via water electrolysis, methana-
tion and methane pyrolysis excluding energy cost. Therefore, if large-scale CO2 electrolysis 
in molten lithium carbonate will be technically feasible in the future, the process will be 
very interesting to include in the process chain producing e-SiC from atmospheric CO2. 
Also, water electrolysis will become increasingly more established as hydrogen will play 
a key role for hydrogen-to-X processes in the defossilisation of hard-to-abate energy sec-
tors, as an integral part of the arising Power-to-X Economy (Breyer et al. 2022a). For an 
electricity-based production of hydrogen powered by 100% renewable electricity, only the 
electrolysis efficiency limits the overall process efficiency, as one advantage of renewable 
energy sources is a 100% conversion efficiency from primary energy to electricity (Kraan 
et al. 2019, Keiner et al. 2023). However, a massive rollout of solar PV and electrolysers 
might help to increase these efficiencies further by accelerated research and development 
activities. Also, novel approaches such as direct air electrolysis proposed and studied by 
Guo et al. (2022) discuss the decreasing cost and energy demand of hydrogen production 
with theoretic solar-to-hydrogen efficiencies of up to 32%, while highest realised efficien-
cies are around 20% (Wang 2021), compared to about 15% for the separated solar PV plus 
electrolyser route. Direct air electrolysis could also overcome the necessity of freshwater 
supply of conventional electrolysers by utilising the air’s humidity and, therefore, enable 



	 Mitig Adapt Strateg Glob Change (2024) 29:4

1 3

4  Page 18 of 25

hydrogen production in arid and semi-arid locations with best solar PV potentials (Guo 
2022).

Even though practical deployment must show feasibility, SiC production via IPA is a 
sequence of established standard processes. Therefore, storing atmospheric CO2 in solid 
SiC can be a valuable option for safe and long-term storage. However, negative CO2 emis-
sions in Gt-scale remain unlikely to be realised in the form of e-SiC with the presented 
cost of the process chain hardly being profitable by 2050. Nevertheless, the amount of CO2 
that is required to fulfil the global demand for SiC via these production routes might be 
an interesting approach for the future. Therefore, a potential market of up to 3.3 MtSiC 
in 2027 (Businesswire 2022) could enable a flux carbon removal potential of up to 8.1 
MtCO2/a. With an expected compound annual growth rate of 16.8% p.a. (Businesswire 
2022) for the years to come, a possible carbon removal potential of up to 289.4 MtCO2/a 
could be enabled in 2050. However, considering the second option of construction sand 
substitution with 50% e-SiC, a negative emission potential of 13.6 GtCO2/a can be ena-
bled by 2050. While the CDR potential for SiC in its conventional application areas is 
lower than the CDR potential of afforestation and reforestation, BECCS, biochar, enhanced 
weathering, DACCS, ocean fertilisation and soil carbon sequestration at 0.5–5 GtCO2/a 
(Fuss et al. 2018), widening the application area of e-SiC to the substitution of construc-
tion sand could cover about 65% of the total 21 GtCO2/a of carbon removal requirement 
estimated for mid-century by Fuss et  al. (2018). Since the conventional SiC production 
is energy and cost-intensive, the phase-in of the production routes presented in this study 
to replace fossil sources for carbon black production seems feasible. This can potentially 
lower production cost and therefore may result in faster growing SiC markets. e-SiC fur-
thermore offers the combination of CCS and CCU, while both concepts should normally 
be strictly separated (Mertens et al. 2023, Bruhn et al. 2016). A similar concept to e-SiC 
is the production of electricity-based carbon fibres (e-CF), with an estimated CDR poten-
tial of 0.7 GtCO2/a by 2050 (Keiner et al. 2024). Therefore, both approaches are situated 
within the CCUS nexus combining the storage and utilisation of captured atmospheric 
CO2. While dedicated CCU will most probably be necessary to defossilise hard-to-abate 
energy sectors in a 100% renewable energy system, it offers no long-term storage of atmos-
pheric CO2 (Galimova et al. 2022, Mertens et al. 2023). In contrast to liquid or gaseous 
products of CCU approaches, SiC cannot be combusted and therefore can be seen as a per-
manent carbon sink without a carbon cycle as it is present in CCU applications. However, 
the proposed approach is strongly interlinked with other CCU approaches via DAC, water 
electrolysis, methanation and methane pyrolysis being also applied for producing differ-
ent energy carriers such as e-fuels or e-hydrogen (Mertens et al. 2023, Boretti et al. 2021). 
These common processes can reduce cost of CCU, CCS and e-SiC production as well, by 
providing a common basis for technology learning.

Further research and development for processes such as SiC production via combus-
tion synthesis and Acheson process are required to enable large-scale rollout. Also, tech-
nological specifications must be made to ensure the actual viabilities of the processes. 
As an example, the necessary carbon purity for SiC production in the proposed process 
chain must be determined, even though current work showed SiC synthesis from low-grade 
educts (Sun et al. 2019).

In addition to the global demand in SiC for various technical applications, in particular 
ceramics and semiconductors, other sectors could use e-SiC to replace crucial materials. In 
particular, the ever-increasing demand for construction sand in the civil engineering sector 
draws increasingly more attention. Sand from deserts is not suitable due to the round shape 
of the sand grain (WWF 2022). In contrast, river and coastal sand is typically very well 
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suited for concrete production. The global scarcity of construction sand brought up a phe-
nomenon called sand robbery (WWF 2022). Because crude SiC from the Acheson process 
shows grain sizes large enough to cover the whole range needed (Guichelaar 1996) and the 
microstructure seems to be suitable and porous enough, the idea of storing e-SiC produced 
from atmospheric CO2 in concrete is proposed. The cost calculated in this study shows 
that this approach is not economically viable from today’s perspective, but close, as a CO2 
pricing of 300 €/tCO2 would be sufficient in 2050. However, the implementation of alter-
native processes such as combustion synthesis to produce SiC or CO2 electrolysis to split 
gaseous CO2 and produce solid carbon might give this approach the required boost. This 
research aims to advance research and discussion on how new energy-industry-CDR sys-
tems and integrated modelling of the latter can promote climate change mitigation (Breyer 
et al. 2022b).

The large-scale deployment of NETs required for future CDR applications like DACCS 
or BECCS still brings drawbacks regarding the safe and long-term sequestration of cap-
tured CO2. The production of e-SiC from air and renewable electricity might be one pos-
sible solution to this challenge.

4 � Conclusion

Defossilisation of the industry sector plays a crucial role in mitigating global warming. 
In this study, a process chain to produce solid SiC from gaseous CO2 captured from the 
atmosphere to empower negative CO2 emissions with safe long-term storage was presented.

The integrated pyrolysis and Acheson process are a value chain consisting of estab-
lished processes linked to store atmospheric CO2 in solid SiC. A total of 10.8 MWhel in 
2030, 10.2 MWhel in 2040 and 9.9 MWhel in 2050 is required to store 1 t of atmospheric 
CO2 in solid SiC. The LCOCDR of producing electricity-based SiC was estimated to be a 
net loss of 120 €/tCO2 in 2030, 27 €/tCO2 in 2040 and a net profit of 39 €/tCO2 in 2050, 
if the produced SiC is sold on the SiC world market, without factoring in the value of per-
manently sequestered CO2. Other applications for electricity-based SiC such as construc-
tion sand substitution were discussed. Since construction sand is becoming an increasingly 
scarce resource, the idea to utilise electricity-based SiC as a construction sand substitute 
was elaborated. However, the calculated net cost including the value of the output material 
shows this approach is not economically viable. The LCOCDR of the integrated pyrolysis 
and Acheson process with subsequent SiC utilisation for construction sand is 455 €/tCO2 
in 2030, 355 €/tCO2 in 2040 and 275 €/tCO2 in 2050, without considering income from 
permanent CO2 sequestering.

The production of 1 t of electricity-based SiC requires a total of 26.2 MWhel in 2030, 
24.9 MWhel in 2040 and 24.2 MWhel in 2050. The LCOSiC if produced SiC that is sold 
at the world market is profitable with of 37 €/tSiC in 2030, 471 €/tSiC in 2040 and 631 €/
tCO2 in 2050 if income form CO2 pricing is accounted for.

Future research opportunities were identified. Alternative processes that can possi-
bly lower the energy demand as well as the overall production cost were presented and 
described. Also, additional future applications of electricity-based SiC were discussed. 
Electricity-based SiC can be considered an attractive production option that can enable safe 
and long-term negative CO2 emissions. Electricity-based SiC contributes to defossilising 
the industry sector while simultaneously acting as a long-term and safe carbon sink.
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