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A B S T R A C T   

Bioenergy with carbon capture and storage (BECCS) is a carbon dioxide removal (CDR) solution necessary to 
achieve net-zero-carbon-emissions goals. While the BECCS potential from large industrial emitters has been 
quantified, the BECCS potential of small emitters, such as biogas facilities, has not been investigated. Moreover, 
most BECCS solutions rely on the expected availability of large geological storage capacity for future CDR 
implementation, although the deployment of CO2 transport and storage supply chains is still a barrier for 
geological carbon storage ambitions. An alternative opportunity for permanent sequestration of CO2 is concrete, 
in which captured CO2 can be permanently fixed through carbon dioxide mineralization technologies. We 
describe and discuss this solution by quantifying the potential of a European bioenergy with carbon capture, 
utilization, and storage (BECCUS) supply chain, which relies on biogenic CO2 from biogas facilities as a CO2 
source, and on carbon dioxide mineralization in concrete as a permanent CO2 sink. This solution is available 
today, can be adopted seamlessly, and does not need economies of scale for its deployment. We find that Eu
ropean biogas facilities produce 24 Mtons of biogenic CO2 per year, of which 4 Mtons of CO2 per year are emitted 
from facilities already upgrading biogas into bio-methane. We estimate that carbon dioxide mineralization in 
recycled concrete aggregates in Europe could permanently store up to 8 Mtons of CO2 per year. Despite the 
limited storage potential, BECCUS supply chains would reduce CO2 transportation distance and system 
complexity compared to BECCS supply chains, and would result in a marketable product, namely concrete. 
Overall, carbon dioxide mineralization in recycled concrete aggregates combines carbon utilization with per
manent sequestration, hence contributing to carbon-neutrality goals.   

1. Introduction 

Reaching net-zero greenhouse gas (GHG) emissions by 2050 requires 
a rapid decarbonization of European economies (European Commis
sion, 2018), as well as the deployment of carbon dioxide removal (CDR) 
solutions to offset unavoidable emissions (European Commission, 
2021). About 10% (500 Mton CO2eq per year) of current European GHG 
emissions are estimated to be hard-to-decarbonize and will likely need 
some degree of CDR (European Commission, 2021). Many net-zero-GHG 
emissions (hereafter simply net-zero) scenarios rely on CDR using bio
energy with carbon capture and storage (BECCS) (Scott and Geden, 
2018; Rogelj et al., 2019). BECCS consists in deploying biomass to 

produce bioenergy, capturing, and transporting the resulting CO2, and 
permanently storing it in underground geological formations (Bui et al., 
2018; Fuss et al., 2018). Because sustainable biomass is a limited 
resource (Rosa et al., 2021b), there is a growing consensus that the so
cietal value of using biomass for CDR (i.e., BECCS) will exceed the value 
of using biomass for bio-energy production only (Sandalow et al., 2021a; 
Fajardy et al., 2021). 

With the burgeoning global demand for food and fibers 
(Beltran-Peña et al., 2020), as well as the unprecedented pressures that 
human activities are placing on biodiversity (Rockström et al., 2021) 
and natural resources (D’Odorico et al., 2018), several concerns exist 
about the sustainability of purpose-grown biomass plantations for 
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BECCS (Rosa et al., 2021b; Rosa and Mazzotti, 2022). Driven by these 
sustainability concerns, a recent work focused on pathways to imple
ment BECCS from existing large industrial facilities, namely pulp and 
paper, waste-to-energy, and biomass co-fired power facilities (Rosa 
et al., 2021b). 

As every ton of CO2 adds to global warming (IPCC, 2021), in addition 
to large emitters, small biogenic CO2 sources, such as biogas facilities, 
also merit consideration to meet climate goals. Biogas – a mixture of 
mostly methane and CO2 – is typically produced through anaerobic 
digestion of biodegradable residues, such as sewage sludge, livestock 
manure, food waste, and agricultural residues (Scarlat et al., 2018). 
With an estimated 20,000 biogas facilities, Europe is the world leading 
producer of biogas (European Biogas Association, 2021). Moreover, 
energy and climate policies in the European Union have encouraged the 
development of biogas upgrading into bio-methane (Ferella et al., 
2019), making Europe the world’s first producer of bio-methane (Scar
lat et al., 2018). Importantly, biogas upgrading into bio-methane gen
erates a by-product pure stream of biogenic CO2 that is a near-term and 
feasible opportunity to generate CDR. To quantify such a CDR oppor
tunity, the amount of CO2 produced from biogas and bio-methane fa
cilities in Europe must be quantified. 

To perform CDR, captured biogenic CO2 needs to be durably stored 
(Terlouw et al., 2021). Conventional carbon capture and storage (CCS) 
consists in permanently storing CO2 in suitable underground geological 
reservoirs (e.g., in saline aquifers and depleted oil and gas fields) 
(Ringrose et al., 2017; Alcalde et al., 2018; Lane et al., 2021), a practice 
that requires complex supply chains to transport, store, and monitor 
injected CO2 (d’Amore and Bezzo, 2017; Middleton et al., 2020; 
Becattini et al., 2022). An alternative to underground CO2 storage is 
above ground carbon dioxide mineralization, which relies on reacting 
CO2 with metal cations (e.g., magnesium, calcium, and iron), to form 
stable carbonate minerals and achieve permanent sequestration (Hep
burn et al., 2019; Baciocchi and Costa, 2021; Sandalow et al., 2021b). As 
carbonates are the thermodynamically most stable form of carbon, CO2 
mineralization may also occur upon its injection in suitable under
ground reservoirs (i.e., through mineral trapping) over timescales 
depending on the characteristics of the reservoir geology (Smit et al., 
2014; Snæbjörnsdóttir et al., 2020). In this study, we focus on above 
ground carbon dioxide mineralization, hereafter simply carbon dioxide 
mineralization. 

Previous work focused on assessing avenues to store CO2 from large 
emitters in Europe with geological carbon capture and storage (or CCS) 
and found that tapping into the whole CCS potential will be challenging 
because of complex supply chains and long transportation distances 
between CO2 sources and prospective geological CO2 storage sites 
(Gabrielli et al., 2020; D’Amore et al., 2021). Whereas carbon dioxide 

mineralization represents an opportunity to permanently store CO2 
upon its utilization in materials or products, its potential remains un
known. Overall, there is a lack of analysis concerning the possibility to 
generate CDR via supply chains based on bioenergy with carbon cap
ture, utilization, and storage (BECCUS). 

While for large CO2 emitters, economies of scale might allow to build 
a long-distance CO2 transportation network to geological storage sites, 
for small emitters, such as biogas facilities, a short-range source-sink 
transportation distance might be a more appropriate alternative (IPCC, 
2005; d’Amore and Bezzo, 2020; Becattini et al., 2022). A potential 
solution is offered by the concrete sector, where biogenic CO2 from 
biogas can be permanently stored in concrete via carbon dioxide 
mineralization. This is a process that fixes CO2 permanently as calcium 
carbonate in recycled concrete aggregates, i.e., demolished concrete 
crushed into the size of aggregate and sand surrounded by cement paste, 
which is subsequently used to produce new fresh concrete (Box 1) 
(Kaliyavarandhan and Ling, 2017; Hepburn et al., 2019; Kelemen et al., 
2020; Ostovari et al., 2020; Tiefenthaler et al., 2021). Because concrete 
permanently hardens a few hours after production, and it is bulky and 
uneconomical to transport over long distances, concrete production fa
cilities are usually localized close to construction areas and are 
geographically widespread (Sandalow et al., 2021b). Therefore, BEC
CUS supply chains adopting permanent storage of CO2 in concrete offer 
an opportunity for shorter source-sink transportation distances than 
BECCS supply chains. 

Box. 2. 
Here, we quantify the CDR potential of a biogas-concrete BECCUS 

supply chain in Europe. The source of biogenic CO2 is provided by Eu
ropean biogas emitters, whereas CO2 utilization and storage are 

Table 1 
Biogenic CDR potential from existing point sources in Europe.  

Facility Biogenic CO2 

(Mton CO2 

yr− 1) 

Fossil CO2 

(Mton CO2 

yr− 1) 

Number of 
facilities in 
Europe 

Source 

Pulp and 
paper 

62 (± 5) 7 (± 3) 147 Rosa et al. 
(2021a) 

Incinerators 36 (± 9) 28 (± 10) 275 Rosa et al. 
(2021b) 

Bio-power 31 (± 1) 86 (± 2) 93 Rosa et al. 
(2021c) 

Biogas 24 (± 5) – ~20,000 This study 
Total 153 (± 20) 121 (± 15) ~20,500 – 

The table shows fossil and biogenic CO2 emissions from biogenic CO2 emitters in 
Europe. We estimate that 274 Mtons of CO2 per year could be captured from 
point-sources; 56% is of biogenic origin, while 44% is fossil CO2. With 62 Mtons 
of CO2 per year, pulp and paper facilities have the greatest potential for biogenic 
CDR from existing point sources, followed by waste-to-energy facilities (36 Mton 
CO2 per year), biomass co-fired plants (31 Mton CO2 per year), and biogas plants 
(24 Mton CO2 per year). 

Box 1 
Carbon dioxide mineralization in recycled concrete aggregates.  

Concrete – a mix of cement, sand, gravels, and water – is, after water, the second most 
used commodity worldwide (Cao et al., 2021). Concrete manufacturing accounts for 
7–8% of global greenhouse gas emissions (IEA, 2018; Lehne and Preston, 2018), 
where about 80% of concrete life cycle emissions are from carbon-intensive cement 
production (Cao et al., 2021). Furthermore, 40% of cement industry emissions are 
generated during fossil fuel combustion to power the kiln, and the remaining 60% of 
emissions are associated with the calcination of limestone (CaCO3 → CaO + CO2) ( 
Fennel et al., 2021; Cao et al., 2021). 
Due to its high porosity, concrete can adsorb CO2, which precipitates into 
carbonates through a process known as carbon dioxide mineralization – a process in 
which CO2 binds in rocks as a solid mineral (Sandalow et al., 2021b). Carbon 
mineralization is a very promising CDR solution because it is an exothermic reaction 
that happens naturally and therefore does not require energy during the capture 
process (Ostovari et al., 2020; Strunge et al., 2022). This process enables a safe and 
long-term storage of CO2, which reacts with alkaline materials to generate mineral 
carbonates – the thermodynamic most stable form of carbon (Azdarpour et al., 
2015). Notably, carbon dioxide mineralization of demolished concrete aggregates 
can produce recycled and fresh concrete with higher physical and mechanical 
characteristics, such as compressive strength (Shi et al., 2016; Kaliyavarandhan and 
Ling, 2017; Di Maria et al., 2020; Gomes et al., 2021; Tiefenthaler et al., 2021). 
Therefore, the positive impact of carbon dioxide mineralization on climate is 
two-fold. First, by increasing compressive strength it allows to reduce the content of 
cement in concrete, hence reducing the emissions (Di Maria et al., 2020). Second, it 
uses concrete to capture and permanently store CO2 that would otherwise be 
emitted (Ostovari et al., 2020). 
Carbon dioxide mineralization in recycled concrete aggregates can be grouped into 
two categories. The first, direct mineralization, is a single-step process in which CO2 

reacts with an alkaline material and precipitates into carbonates (Azdarpour et al., 
2015; Ho et al., 2021). The second, indirect carbonation, is a multi-step process 
where calcium is extracted through solvents and subsequently CO2 is dissolved and 
precipitated as calcium carbonate (CaCO3) (Azdarpour et al., 2015; Ho et al., 2021). 
A variety of carbon dioxide mineralization processes in recycled concrete 
aggregates, both direct and indirect, are being developed, with some being 
researched at lab-scale (Kikuchi and Kuroda, 2011; Kaliyavaradhan and Ling, 2017; 
Ravikumar et al., 2021) and some being already deployed at commercial scale ( 
Zirkulit, 2021; CarbonCure, 2021; Sika Group, 2021; Neustark, 2021; Tiefenthaler 
et al., 2021). In this study we consider a direct mineralization technology 
implemented at commercial scale for recycled concrete particles size between 0 and 
32 mm with duration of the mineralization process of 12–14 h (Neustark, 2021;  
Tiefenthaler et al., 2021).  
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performed by permanently sequestering CO2 into recycled concrete 
aggregates. Biogas-concrete BECCUS supply chains have the potential to 
permanently remove CO2 from the atmosphere, while generating a 
marketable product, namely fresh and recycled concrete. First, we 
introduce and describe the biogas-concrete BECCUS supply chain. Sec
ond, we quantify the biogenic CO2 currently emitted from biogas facil
ities in Europe, where we distinguish between biogas facilities with and 
without biogas upgrading. Third, we quantify the CO2 that could be 
permanently sunk into recycled concrete aggregates via carbon dioxide 
mineralization in Europe. While recycled concrete has different end- 
uses, this study focuses on the carbon dioxide mineralization potential 
of crushed recycled concrete exposed to concentrated CO2 streams, a 
solution being already at an early but promising stage of commercial 
deployment that enhance CO2 mineralization and reuse concrete in the 

construction sector (Tiefenthaler et al., 2021). Fourth, since site-specific 
assessments are necessary to determine if biogas-concrete BECCUS 
supply chains can actually deliver CDR (Tanzer and Ramirez, 2019; 
Ravikumar et al., 2021), we use Switzerland’s concrete and biogas fa
cilities as an illustrative case study, and we quantify the CDR potential of 
the Swiss BECCUS supply chain (Fig. 1). 

Overall, this study quantifies the potential of biogas-concrete BEC
CUS supply chains and identifies an overlooked near-term CDR solution 
that could contribute to achieve net-zero emissions. 

2. Methods 

2.1. Biogas-concrete BECCUS supply chain 

In a biogas-concrete BECCUS supply chain, suitable biomass feed
stocks are collected and transported to an anaerobic digestion facility for 
biogas production (Fig. 1). Biogas is subsequently upgraded into bio- 
methane and sent to market. The high purity by-product CO2 stream 
generated during the upgrading process is captured and liquefied. 
Subsequently, liquid CO2 is transported from a biogas facility to a con
crete production site – a facility where cement, sand, gravels, and water 
are combined to form concrete. Here, liquid CO2 is evaporated, mixed 
with recycled crushed concrete aggregates, and mineralized as calcium 
carbonate. Finally, these carbonated recycled concrete aggregates are 
used for the production of new concrete, which is eventually sent to 
market for use in the construction sector. A system that seals the 
mineralization environment is needed to prevent the escape of evapo
rated CO2 during the mineralization process. Direct carbon dioxide 
mineralization technologies are already being integrated at commercial 
scale into some existing concrete recycling facilities in a seamless 
manner (Tiefenthaler et al., 2021). These facilities use crushed demol
ished concrete aggregates because they have higher surface to volume 
ratios and, therefore, higher carbon mineralization potential than 

Fig. 1. Schematic representation of a biogas-concrete BECCUS supply chain. The biogas-concrete BECCUS supply chain uses biogas as a source of CO2 and recycled 
concrete as a CO2 sink. 

Fig. 2. Map showing biogas and concrete fa
cilities in Switzerland. To our knowledge, plant- 
specific location and production data of biogas 
and concrete facilities are available for 
Switzerland only. Therefore, we use 
Switzerland as an illustrative case study to 
quantify the carbon removal potential of a 
biogas-concrete BECCUS supply chain. Pro
spective geological CO2 storage sites in Europe 
are in Italy, the Netherlands, Norway, and the 
United Kingdom at transportation distances of 
at least 500 km.   

Box 2 
Carbon dioxide mineralization solutions.  

Carbon dioxide mineralization is a CDR process in which CO2 is bound in rocks as a 
mineral. Globally, carbon dioxide mineralization is a natural process that is already 
removing 0.3 Gton CO2 per year from the atmosphere when certain rocks are 
exposed to atmospheric CO2 (Sandalow et al., 2021b). Whereas in this study we 
focus on above-ground carbon dioxide mineralization in recycled concrete 
aggregates, carbon dioxide mineralization can also be performed in minerals 
contained in rocks, industrial wastes, and in mine tailings, with a potential to 
permanently store 1 Gton CO2 per year by 2035 worldwide (Sandalow et al., 2021a). 
More specifically, carbon dioxide mineralization can also occur: (i) by injecting CO2 

into sub-surface mafic and ultramafic rocks, i.e., underground carbon dioxide 
mineralization (Snæbjörnsdóttir et al., 2020); (ii) by spreading ultramafic and mafic 
rock powder over warm and humid land areas – a CDR solution also known as 
enhanced weathering (Beerling et al., 2020); (iii) by reacting alkaline-rich mining 
waste rocks; and (iv) by reacting alkaline-rich industrial wastes from iron and steel 
production and coal-fired-power-plants (Renforth, 2019). Importantly, carbon 
dioxide mineralization offers the opportunity to permanently store CO2, while other 
CDR solutions, such as afforestation and soil carbon sequestration, can release CO2 

back into the atmosphere on short timescales (Terlouw et al., 2021).  
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non-crushed concrete aggregates, although carbon mineralization of 
concrete is a natural process that occurs over years in concrete structures 
that are exposed to CO2 in ambient air (Washbourne et al., 2015; Xi 
et al., 2016). 

While in BECCS supply chains CO2 is transported to geological 
storage sites for permanent sequestration, in BECCUS supply chains, CO2 
is transported to a facility (possibly much closer to the CO2 source) 
where it can be used to make materials or products. In Europe, pro
spective geological CO2 storage sites are located offshore at unfavorable 
transportation distances from biogenic CO2 sources (Rosa et al., 2021b). 
Therefore, the permanent sequestration of CO2 in recycled concrete 
aggregates might be a viable option to reduce both the system 
complexity and the average transportation distance typical of prospec
tive BECCS supply chains. As shown in Fig. 2, with Switzerland as an 
illustrative case study, relatively short transportation distances exist 
between biogas facilities and concrete facilities. 

2.2. Assessing biogenic CO2 from biogas 

We quantify biogenic CO2 produced from European biogas facilities 
in the 2011–2020 period. Country-specific biogas energy production 
data (GWh) were taken from the European Biogas Association, which 
compiles yearly up-to-date statistics of biogas production in Europe with 
and without biogas upgrading (European Biogas Association, 2021). 
There are about 20,000 biogas facilities in Europe, of which 800 are 
upgrading biogas into bio-methane. The number of bio-methane plants 
has been burgeoning in the last decade, rising from 190 plants in 2011 to 
800 in 2020 (European Biogas Association, 2021). In 2020, the com
bined output of all biogas plants was 191 TWh, of which 16% (32 TWh) 
was from facilities with biogas upgrading (European Biogas Association, 
2021). 

The heat of combustion of biogas (10.61 kWh/m3) is used to convert 
GWh to m3 of biogas (European Biogas Association, 2021). Depending 
on the biomass feedstock type, different quantities of bio-methane and 
biogenic CO2 can be produced. To account for this variability, we 
assumed that biogas has a CO2 content by volume that ranges from 35% 
to 45% (Rosa et al., 2021b). Since a high purity stream of bio-methane is 
required for grid injection, we assume a CO2 capture rate of 99.5% 
during biogas upgrading to bio-methane (Bauer et al., 2013). 

2.3. Assessing carbon dioxide storage potential in concrete 

The quantity of CO2 that could be potentially stored in recycled 
concrete aggregates is assessed by multiplying the CO2 storage potential 
of carbon dioxide mineralization (kg CO2 per ton concrete) by the 
country-specific amount of recycled concrete (tons of concrete per year). 
To account for the variability in carbon dioxide mineralization tech
nologies, we consider an upper and lower bound of CO2 storage poten
tial in concrete. The lower bound, or technical potential, of CO2 storage in 
concrete via carbon dioxide mineralization is equal to 7.2 g CO2 per kg 
of recycled concrete (Tiefenthaler et al., 2021). This comes from a 
commercially available solution that uses a direct carbon dioxide 
mineralization technology that fixes biogenic CO2 as calcium carbonate 
in recycled concrete aggregates (Tiefenthaler et al., 2021). The upper 
bound, or theoretical potential, is equal to 45 g CO2 per kg of recycled 
concrete, which represents about 75% of the CO2 associated with 
limestone calcination during cement production (Habert et al., 2020). 
This upper bound will likely be reached by adopting indirect carbon 
dioxide mineralization technologies which, however, are still being 
researched at lab scale. The upper bound was assessed considering that: 
(i) 300 kg of cement are contained in a cubic meter of concrete; (ii) 
cement has a clinker ratio of 70%; (iii) 1 ton of clinker contains 65% by 
weight CaO; iv) concrete has a density of 2.4 ton per cubic meter 
(Fennell et al., 2021). 

Country-specific statistics concerning the production of waste con
crete (tons of concrete per year) are taken from the European Statistical 

Office (Eurostat, 2021). The level of recycling, hence the share of con
struction and demolition waste that is recovered, varies greatly across 
European countries, ranging from less than 10% to over 90% (European 
Environmental Agency, 2021). Moreover, European countries apply 
different definitions of construction and demolition waste, which makes 
cross-country comparisons difficult. With the 2008 Waste Framework 
Directive, the European Union set the ambitious target to recover 70% of 
construction and demolition waste by 2020. While individual countries 
report increasingly high recovery rates, most of waste concrete is 
currently reused in recovery operations, such as backfilling, and there
fore it is not recycled (Gálvez-Martos et al., 2018). We account for the 
variability and uncertainty in waste concrete recycling rates, by 
considering concrete recycling rates of 30%, 50%, and 70%, with 50% 
representing the average scenario and 30% and 70% representing the 
conservative and optimistic estimates. In the following, interval bars are 
used to show the variability of CO2 storage potential for different con
crete recycling rates. 

2.4. Assessment of CDR potential using Switzerland as a case study 

We quantify the CDR potential of a biogas-concrete BECCUS supply 
chain by considering Switzerland as a case study (Fig. 2). We choose 
Switzerland because of the availability of data about the location and 
production of biogas (Swiss Federal Office of Energy, 2021; Swiss Fed
eral Office for the Environment, 2021) and concrete facilities (Swiss 
Association of Gravel and Concrete, 2021). To the best of our knowl
edge, other European countries do not make available facility-specific 
data for biogas and concrete production. We assume that concrete 
production facilities can recycle waste concrete. 

Our analysis of CDR potential accounts for the direct and indirect 
GHG emissions generated along the biogas-concrete BECCUS supply 
chain during (i) biogas upgrading, (ii) CO2 liquefaction and compres
sion, (iii) CO2 transport by truck, and (iv) CO2 mineralization. We also 
compare the CDR potential of the Swiss BECCUS supply chain with the 
CDR potential of a Swiss BECCS supply chain, assuming that biogenic 
CO2 is transported and stored to the closest prospective geological CO2 
storage site, located in the north of Italy. The GHG emissions generated 
along the BECCS supply chain account for: (i) biogas upgrading, (ii) CO2 
compression and liquefaction, and (iii) CO2 transport by pipeline and 
CO2 injection. 

One important consideration in the assessment of the GHG emission 
from BECCUS or BECCS supply chains is the counterfactual, which is an 
assumption of what would occur to concrete or biomass feedstock in 
case it would not be deployed for BECCUS. Our study considers 
demolished concrete aggregates, which are typically crushed, recycled, 
and transported to a new construction site as fresh concrete. In our 
analysis we do not account for greenhouse gas emissions from crushing 
and preparation of demolished concrete and from transport of fresh 
concrete to a construction site. However, a recent life-cycle assessment 
study has performed a sensitivity analysis on transportation distances 
and has shown that concrete crushing and transport have a minor impact 
on GHG emissions in Switzerland (Tiefenthaler et al., 2021). Recent life 
cycle assessment studies have also shown that concrete crushing is an 
energy efficient process with low GHG emissions (Rosado et al., 2017, 
2019). 

GHG emissions from CO2 liquefaction and compression are equal to 
30 kg CO2eq per ton CO2 stored (Tiefenthaler et al., 2021). Because of 
the short average distance between biogas and concrete facilities, in the 
BECCUS supply chain CO2 is transported via truck, resulting in GHG 
emissions of 0.0683 kg CO2eq per ton CO2 transported per km (Wernet 
et al., 2016; Becattini et al., 2022). GHG emissions from CO2 minerali
zation in concrete are assumed to be 16 kg CO2eq per ton CO2 stored 
(Tiefenthaler et al., 2021). For the BECCS supply chain, where CO2 is 
transported over long distances from Switzerland to geological CO2 
storage sites, we assume that CO2 is transported via pipeline, resulting in 
0.047 kg CO2eq emitted per ton CO2 transported per km (Becattini et al., 
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2022). GHG emissions from biogas upgrading are assessed based on the 
carbon intensity of the Swiss electricity mix and on the energy intensity 
of biogas upgrading equal to 0.94 kWh per m3 of upgraded biogas 
(Vilardi et al., 2020). For electricity, we use the average carbon intensity 
of the Swiss electricity grid, taken equal to 100 g CO2eq per kWh 
(Rüdisüli et al., 2022). The Swiss domestic electricity generation con
sists of about 60% hydro, 35% nuclear, and 5% others (including about 
3% PV), and about 11% of the Swiss electricity demand is met by import 
(Rüdisüli et al., 2022). 

3. Results 

3.1. European biogenic CDR potential from biogas 

We quantify biogenic CO2 produced from European biogas facilities 
in the 2011–2020 period (Fig. 3). Results are presented considering the 
average scenario, while conservative and optimistic scenarios are shown 

with interval bars and consider the variability in the quantity of CO2 
contained in biogas. We estimate that in 2020 European biogas facilities 
produced 24 (±5) Mtons of biogenic CO2, of which 4 (±1) Mton CO2 
were from biogas facilities upgrading biogas into bio-methane (Fig. 2a). 
In the 2011–2020 period, the European biogas industry cumulatively 
emitted 191 (±40) Mtons of biogenic CO2 (Fig. 3a). Fig. 3b shows 
country-specific biogenic CO2 emissions from biogas production in 
Europe, with the major contributors being Germany (10 (±2) Mton CO2 
per year), the United Kingdom (3 (±1) Mton CO2 per year), and Italy (3 
(±1) Mton CO2 per year). 

3.2. European CO2 storage potential in recycled concrete aggregates 

The potential for permanent CO2 storage in recycled concrete ag
gregates via carbon dioxide mineralization technologies in Europe is 
assessed by using country-specific estimates of construction and demo
lition waste (Eurostat, 2021). Fig. 4 shows the technical and the 

Fig. 3. Biogenic emissions from biogas facilities in Europe. a. Total European historical biogenic CO2 emissions from biogas facilities with and without biogas 
upgrading. b. Country-specific biogenic CO2 emissions from biogas facilities with and without biogas upgrading in 2020. Interval bars consider the variability in the 
CO2 content of biogas and cover the conservative and optimistic biogenic CO2 potentials. Biogas production data are taken from the European Biogas Association 
(European Biogas Association, 2021). 
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theoretical CO2 storage potentials, where the interval bars show the 
sensitivity of our results to different concrete recycling rates. 

We find that the European technical potential for CO2 storage in 
recycled concrete aggregates is 1.4 (±0.5) Mton CO2 per year and the 
theoretical potential is 8.5 (±3.4) Mton CO2 per year. Germany, with 1.9 
(±0.8) Mton CO2 per year, has the greatest theoretical potential for CO2 
storage in recycled concrete aggregates via carbon dioxide mineraliza
tion, followed by France and the United Kingdom (1.6 (±0.6) Mtons of 
CO2 per year each), and then by Italy (0.9 (±0.4) Mtons of CO2 per year). 

3.3. CDR potential of BECCUS in Switzerland 

Site-specific assessments are necessary to determine if biogas- 

concrete BECCUS supply chains can actually deliver CDR (Ravikumar 
et al., 2021). Due to data availability, we use Switzerland as a case study. 
We compare the CDR potential of the Swiss BECCUS supply chain with 
the CDR potential of a biogas-geological CO2 storage BECCS supply 
chain. 

Fig. 5 shows the cumulative CO2eq emissions of Swiss BECCS and 
BECCUS supply chains. For BECCUS, we selected trucks as a CO2 
transportation mode and, using a minimum distance criterion, we 
matched Swiss biogas facilities with concrete facilities to quantify 
source-sink transportation distances. Because of the limited CO2 storage 
capacity in Swiss concrete facilities, a biogas-concrete Swiss BECCUS 
supply chain can permanently store only half of the biogenic CO2 pro
duced from biogas facilities (110 ktons of biogenic CO2 per year), while 

Fig. 4. CO2 storage potential in recycled concrete aggregates via carbon dioxide mineralization in Europe. The figure shows country-specific technical and theo
retical potentials of CO2 storage in recycled concrete aggregates via carbon dioxide mineralization. Interval bars show the sensitivity of results to different waste 
concrete recycling rates, namely 30%, 50% and 70%; with 50% representing our average scenario, 30% and 70% representing the conservative and opti
mistic estimates. 

Fig. 5. Cumulative CO2 emissions of Swiss BECCUS and BECCS supply chains. a. biogas-concrete BECCUS supply chain emissions and CDR potential in Switzerland. 
b. BECCS supply chain emissions and CDR potential through geological CO2 storage abroad. Note that biogenic emissions from biogas facilities in Switzerland (220 
kton CO2 per year) are greater than CO2 storage potential via carbon dioxide mineralization of recycled concrete aggregates (110 kton CO2 per year). Therefore, a 
Swiss biogas-concrete BECCUS supply chain can store up to 110 kton CO2 per year. Alternatively, CO2 storage in geological CO2 storage sites abroad allows to 
permanently sequester all the biogenic CO2 emissions from biogas facilities. However, this would require an infrastructure to transport CO2 over longer trans
portation distances. 
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emitting 18 kton CO2eq per year along the BECCUS supply chain 
(Fig. 5a). We define the CDR efficiency as the ratio of net-CO2 removed 
to CO2 permanently stored. The CDR efficiency of a Swiss BECCUS 
supply chain is 84%, i.e., 92 ktons of CO2 per year are permanently 
removed from the atmosphere at the net of the chain emissions. The 
main contributions to CO2 emissions for a Swiss BECCUS supply chain 
come from biogas upgrading (13 kton CO2eq per year), followed by CO2 
liquefaction and compression (3 kton CO2eq per year) (Fig. 5a). Thanks 
to an average distance of about 10 km between biogas and concrete 
facilities, the transport of CO2 by truck is responsible for a relatively 
small amount of CO2 emissions (0.1 kton CO2eq per year) (Fig. 5a). 

An alternative solution to CO2 storage in concrete is to permanently 
store biogenic CO2 in underground geological formations (BECCS). 
Because of the abundance of geological storage capacity (IPCC, 2005), a 
BECCS supply chain would be able to store the full amount of biogenic 
CO2 emitted from biogas production in Switzerland (220 ktons of 
biogenic CO2 per year) (Fig. 5b). However, a BECCS supply chain would 
require long-distance CO2 transportation networks and more complex 
supply chains. We find that the transport of biogenic CO2 from Swiss 
biogas facilities to the closest prospective geological CO2 storage site – 
located in Italy at an average distance of 500 km – would have a CDR 
efficiency of 81% (178 kton CO2 per year), with 42 ktons CO2eq per year 
emitted along the BECCS supply chain (Fig. 5b). 

The CO2 storage site located in Italy represents a conservative sce
nario, where CO2 is transported over short distances. As the construction 
of this CO2 storage site is still in its conceptual phase, we also assessed 
GHG emissions from CO2 transport to a storage site located in Norway 
(namely the Northern Lights storage site), which will become opera
tional from 2025. This storage site represents a more realistic near-term 
CCS site, although it would require longer CO2 transportation distances. 
We find that the transport of biogenic CO2 from Swiss biogas facilities to 
the Northern Lights CO2 storage site – located at an average distance of 
1800 km – would emit an additional 13 kton CO2eq per year due to 
higher CO2 transportation distances. Overall, the BECCUS supply chain 
with CO2 storage in Norway has a CDR efficiency of 75%, i.e., 165 ktons 
of CO2 per year are permanently removed from the atmosphere at the 
net of the chain emissions. 

4. Discussion 

Europe’s agenda for sustainable growth envisions a carbon-neutral 
circular economy (European Commission, 2018). To reach 
carbon-neutrality, a drastic reduction in GHG emissions as well as the 
deployment of CDR solutions will be required (European Commission, 
2021). We show the CDR potential of supply chains that permanently 
store biogenic CO2 produced during biogas production into recycled 
concrete aggregates through carbon dioxide mineralization technolo
gies, i.e., BECCUS supply chains, in Europe. It has been proved at the 
commercial scale that CO2 from biogas production can be permanently 
stored in concrete seamlessly (Tiefenthaler et al., 2021). We find that, in 
2020, European biogas facilities emitted 24 Mtons of biogenic CO2 per 
year, with 4 Mtons of CO2 per year stemming from biogas facilities 
already upgrading biogas to bio-methane, which represents a near-term 
and feasible CDR opportunity. Moreover, the European potential for CO2 
storage in recycled concrete aggregates is up to 8 Mtons of CO2 per year. 

We tested the sensitivity of CO2 storage potential in recycled con
crete aggregates in Europe considering different clinker ratios. With the 
current assumption that cement has a clinker ratio of 70% (Fennel et al., 
2021) we find that the theoretical potential for CO2 storage in concrete is 
8.5 (±3.4) Mton CO2 per year. By adopting the world average clinker to 
cement ratio of 81% – the clinker ratio adopted by the United Nations 
Climate Technology Center (UNFCCC, 2022) – we find that the theo
retical potential for CO2 storage in concrete is 9.9 (±4) Mton CO2 per 
year. The BECCUS supply chain considered in this study assumes that 
concrete recycling facilities – where concrete debris are crushed and 
prepared – are co-located within concrete production facilities – where 

cement, water, and aggregates are mixed to form new concrete. 
Although this is a typical situation in Switzerland, this assumption is not 
necessarily warranted especially for situations where recycled concrete 
might be contaminated prior to demolition. In fact, the use of concrete 
from a demolition site needs a site-specific risk assessment to inform 
about their possible future use (Tangtinthai et al., 2019). 

4.1. Carbon-neutral concrete manufacturing 

In this work, we show that carbon dioxide mineralization of recycled 
concrete aggregates can also help to mitigate the emissions of concrete 
manufacturing only partially. We use an upper bound, or theoretical 
potential, of CO2 storage in concrete of 45 g CO2 per kg of recycled 
concrete, which is about 75% of the CO2 associated with limestone 
calcination during cement production (Habert et al., 2020). Therefore, 
carbon-neutral concrete requires additional mitigation technologies, 
such as the use of supplementary cementitious materials to displace 
carbon-intensive clinker, the use of low-carbon hydrogen to reduce 
fuel-related emissions during cement production (Rosa and Mazzotti, 
2022), and the use of point-source CCS during cement manufacturing 
(Fennel et al., 2021; Sandalow et al., 2021b). BECCS can contribute to 
carbon-neutral concrete manufacturing, as this could be technically 
achieved by deploying biogenic fuels, such as municipal solid waste or 
bio-hydrogen, together with point-source CCS (Fennel et al., 2021; Rosa 
and Mazzotti, 2022). 

4.2. Trade-offs between BECCS and BECCUS supply chains 

Our analysis shows the trade-offs between prospective BECCS and 
BECCUS supply chains in Europe. While BECCUS is a CDR solution 
available today, mostly based on small emitters, which can be adopted 
seamlessly (Tiefenthaler et al., 2021), BECCS requires complex supply 
chains to transport CO2 and will likely require economies of scale for its 
implementation. A BECCS supply chain allows to store all CO2 emissions 
of the biogas industry but requires transporting the CO2 over long dis
tances from the biogas facilities to the geological CO2 storage sites, 
which are not available yet in Europe (Rosa et al., 2021b). In contrast, a 
BECCUS supply chain features a short average source-sink distance but 
has limited CO2 storage potential in recycled concrete aggregates. Using 
Switzerland as a case study, we show that the average transport distance 
from biogas to concrete facilities is about 10 km, while the average 
transport distance from the biogas facilities to the closest geological CO2 
storage site is about 500 km. Accounting for the GHG emissions along 
the Swiss BECCS and BECCUS supply chains, we show that in both cases 
a CDR efficiency greater that 80% is achievable; this means that 20% of 
the CO2 stored in recycled concrete aggregates would be needed to offset 
GHG emissions produced along envisioned BECCS and BECCUS supply 
chains. While leading to higher emissions along the supply chain (9 
more kton CO2 emitted per year with CO2 storage in Italy), the long 
source-sink distance typical of BECCS supply chains has a relatively 
small impact on the CDR efficiency, estimated to be 3% less efficient 
than BECCUS supply chains. 

4.3. Contribution of BECCUS to a circular economy 

With the 2008 Waste Framework Directive, the European Union set 
the ambitious target of recovering 70% of construction and demolition 
waste by 2020. Concrete represents up to 80% of construction and de
molition waste (Gálvez-Martos et al., 2018) and it is estimated that up to 
360 Mton of waste concrete are generated each year in Europe (Euro
stat, 2021).. Recycling waste concrete while permanently storing 
biogenic CO2 via carbon dioxide mineralization technologies is a first 
step towards a carbon-neutral circular economy thereby minimizing 
waste, creating further value, and lowering environmental impacts of 
materials and products (Stahel, 2016). In fact, carbon dioxide mineral
ization increases the compressive strength of concrete, allowing the 
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reuse of waste concrete in construction applications (rather than in re
covery operations, which require lower-quality concrete). Recycling 
waste concrete could also reduce sand and water required for the pro
duction of fresh concrete. Global water scarcity (Rosa et al., 2020a, 
2020b, 2021c) and sand scarcity (Bendixen et al., 2019) are increasingly 
perceived as global systemic risks. While carbon dioxide mineralization 
in recycled concrete aggregates has a relatively small CDR potential in 
Europe (8 Mtons of CO2 per year), it belongs to a portfolio of solutions 
that will all be needed to achieve a full climate-neutral economy. 

Biogas production can be a circular economy model as well 
(D’Adamo et al., 2021; Hamelin et al., 2021). Anaerobic digestion pro
duces bio-methane and a nutrient-rich digestate from waste biomass 
(Schulte et al., 2021). Bio-methane can be used to decarbonize our en
ergy systems by shifting from fossil methane to renewable bio-methane. 
The digestate produced during anaerobic digestion is a carbon- and 
nutrient-rich product that can be used as a fertilizer in agriculture 
(Orner et al., 2021), thereby reducing the need of fossil-fuel based fer
tilizers and the natural resources that would otherwise be needed for 
fossil methane and fertilizers production (Rosa, 2021a). 

4.4. Total biogenic CDR potential from existing point sources in Europe 

The capture and storage of biogenic CO2 emitted from existing in
dustrial operations represent a near-term opportunity to perform CDR. 
In addition to biogas facilities, pulp and paper, waste-to-energy, and 
biomass co-fired power facilities emit large quantities of biogenic CO2 
(Table 1). Table 1 reports the biogenic and fossil CO2 emitted from bio- 
energy facilities in Europe, showing that 153 Mtons of biogenic CO2 are 
emitted each year, 130 Mtons of biogenic CO2 are emitted from large 
emitters (pulp and paper, incinerators, and bio-power facilities) and an 
additional 24 Mtons of biogenic CO2 are emitted from biogas facilities. 
The capture and permanent sequestration of this biogenic CO2 could 
offset ~3% of European GHG emissions without requiring the use of 
additional natural resources for biomass growth. 

The limited CO2 storage potential in recycled concrete aggregates is 
the bottleneck towards the carbon-neutrality of BECCUS supply chains 
connecting biogenic CO2 sources with concrete CO2 sinks. However, 
biogas-concrete BECCUS supply chains represent a near-term solution to 
empower small enterprises (such as biogas producers) willing to miti
gate their carbon emissions. BECCUS supply chains represent a CDR 
solution available today that does not need economies of scale and can 
be adopted in a seamless manner. Overall, BECCUS supply chains can 
generate consensus, interest, and support for large scale solutions 
(Table 1) and for the development of a shared infrastructure to transport 
and store the hundreds of million tons of biogenic CO2 per year that are 
likely required to mitigate climate change (Rogelj et al., 2019). Miti
gating climate change will require working across scales, providing so
lutions also for small emitters, and creating grassroot movements for the 
development of a CDR industry. 

5. Conclusions 

A portfolio of solutions will be required to mitigate climate change. 
We introduce biogas-concrete BECCUS supply chains that permanently 
store biogenic CO2 in recycled concrete aggregates through carbon di
oxide mineralization technologies. Biogas-concrete BECCUS supply 
chains combine carbon utilization with permanent sequestration and 
have the potential to permanently remove CO2 from the atmosphere 
while generating a marketable product, namely concrete, thus imple
menting a circular economy model. BECCUS supply chains represent a 
CDR solution available for small enterprises, such as biogas facilities, to 
mitigate their carbon emissions without the need of economies of scale 
and complex supply chains to transport and store CO2. We find that 
biogas-concrete BECCUS supply chains can permanently store 8 Mtons 
of CO2 per year in recycled concrete aggregates in Europe. On the one 
hand, this is a relatively small fraction of the CO2 that will likely need to 

be removed in Europe to reach net-zero GHG emissions (500 Mtons of 
CO2eq per year); in other words, the limited CO2 storage potential in 
recycled concrete aggregates is the bottleneck of BECCUS supply chains. 
On the other hand, short CO2 source-sink transportation distances 
represent a promising and efficient CDR opportunity for small emitters. 
This suggests that BECCUS supply chains should be deployed whenever 
possible and will have to be complemented with geological CO2 storage 
(or BECCS) to achieve European ambitious climate targets. 

Data availability 

Country-specific biogas and bio-methane data are available upon 
request from the European Biogas Association. All the other data used 
for this study are publicly available. 

CRediT authorship contribution statement 

Lorenzo Rosa: Conceptualization, Data curation, Formal analysis, 
Methodology, Software, Visualization, Writing – original draft. Viola 
Becattini: Conceptualization, Data curation, Formal analysis, Method
ology, Software, Visualization, Writing – original draft. Paolo Gabrielli: 
Conceptualization, Data curation, Formal analysis, Methodology, Soft
ware, Visualization, Writing – original draft. Alessandro Andreotti: 
Conceptualization, Data curation, Formal analysis, Methodology, Soft
ware, Visualization, Writing – original draft. Marco Mazzotti: 
Conceptualization, Supervision, Writing – review & editing. 

Declaration of Competing Interest 

MM is Professor of Process Engineering at ETH Zurich, and scientific 
advisor of the ETH spin-off neustark, which develops and commercial
izes the concrete carbonation technology considered here. The other 
authors declare that they have no known competing financial interests 
or personal relationships that could have appeared to influence the work 
reported in this paper. 

Acknowledgements 

This work was partially sponsored by the Swiss Federal Office of 
Energy’s SWEET program and performed in the PATHFNDR consortium. 
We thank the European Biogas Association for sharing country-specific 
biogas production data in the 2011–2020 period. 

References 

Alcalde, J., Flude, S., Wilkinson, M., Johnson, G., Edlmann, K., Bond, C.E., Scott, V., 
Gilfillan, S.M., Ogaya, X., Haszeldine, R.S., 2018. Estimating geological CO 2 storage 
security to deliver on climate mitigation. Nat. Commun. 9 (1), 1–13. 

Azdarpour, A., Asadullah, M., Mohammadian, E., Hamidi, H., Junin, R., Karaei, M.A., 
2015. A review on carbon dioxide mineral carbonation through pH-swing process. 
Chem. Eng. J. 279, 615–630. 

Baciocchi, R., Costa, G., 2021. CO2 utilization and long-term storage in useful mineral 
products by carbonation of alkaline feedstocks. Front. Energy Res. 

Bauer, F., Persson, T., Hulteberg, C., Tamm, D., 2013. Biogas upgrading–technology 
overview, comparison and perspectives for the future. Biofuels Bioprod. Biorefining 
7 (5), 499–511. 

Becattini, V., Gabrielli, P., Antonini, C., Campos, J., Acquilino, A., Sansavini, G., 
Mazzotti, M., 2022. Carbon dioxide capture, transport and storage supply chains: 
optimal economic and environmental performance of infrastructure rollout. Int. J. 
Greenh. Gas Control 117, 103635. 

Beerling, D.J., Kantzas, E.P., Lomas, M.R., Wade, P., Eufrasio, R.M., Renforth, P., 
Sarkar, B., Andrews, M.G., James, R.H., Pearce, C.R., Mercure, J.F., 2020. Potential 
for large-scale CO2 removal via enhanced rock weathering with croplands. Nature 
583 (7815), 242–248. 

Beltran-Peña, A., Rosa, L., D’Odorico, P., 2020. Global food self-sufficiency in the 21st 
century under sustainable intensification of agriculture. Environ. Res. Lett. 15 (9), 
095004. 

Bendixen, M., Best, J., Hackney, C., Iversen, L.L., 2019. Time is running out for sand. 
Nature 571 (2019), 29–31. 

Bui, M., Adjiman, C.S., Bardow, A., Anthony, E.J., Boston, A., Brown, S., Fennell, P.S., 
Fuss, S., Galindo, A., Hackett, L.A., Hallett, J.P., 2018. Carbon capture and storage 
(CCS): the way forward. Energy Environ. Sci. 11 (5), 1062–1176. 

L. Rosa et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0001
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0001
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0001
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0002
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0002
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0002
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0003
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0003
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0004
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0004
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0004
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0005
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0005
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0005
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0005
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0006
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0006
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0006
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0006
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0007
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0007
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0007
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0008
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0008
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0009
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0009
http://refhub.elsevier.com/S0921-3449(22)00279-8/sbref0009


Resources, Conservation & Recycling 184 (2022) 106436

9

Cao, Z., Masanet, E., Tiwari, A., Akolawala, S., 2021. Decarbonizing Concrete: Deep 
decarbonization Pathways For the Cement and Concrete Cycle in the United States, 
India, and China. Industrial Sustainability Analysis Laboratory, Northwestern 
University, Evanston, IL.  

CarbonCure, Innovative CO2 technology, Available at: https://www.carboncure. 
com/technology/. 

Sandalow, D., Aines, R., Friedmann, J., Kelemen, P., McCormick, C., Power, I., 
Schmidt, B., Wilson, S.S., 2021b. Carbon Mineralization Roadmap. ICEF Innovation 
Roadmap Project. 

Sandalow, D., Aines, R., Friedmann, J., McCormick, C., Sanchez, D., 2021a. Biomass 
Carbon Removal and Storage (BiCRS) Roadmap. ICEF. Available at. https://www. 
icef-forum.org/roadmap/. 

D’Adamo, I., Falcone, P.M., Huisingh, D., Morone, P., 2021. A circular economy model 
based on biomethane: what are the opportunities for the municipality of Rome and 
beyond? Renew. Energy 163, 1660–1672. 

d’Amore, F., Bezzo, F., 2017. Economic optimisation of European supply chains for CO2 
capture, transport and sequestration. Int. J. Greenh. Gas Control 65, 99–116. 

d’Amore, F., Bezzo, F., 2020. Optimizing the design of supply chains for carbon capture, 
utilization, and sequestration in Europe: a preliminary assessment. Front. Energy 
Res. 8. 

d’Amore, F., Romano, M.C., Bezzo, F., 2021. Carbon capture and storage from energy 
and industrial emission sources: a Europe-wide supply chain optimisation. J. Clean. 
Prod. 290, 125202. 

Di Maria, A., Snellings, R., Alaerts, L., Quaghebeur, M., Van Acker, K., 2020. 
Environmental assessment of CO2 mineralisation for sustainable construction 
materials. Int. J. Greenh. Gas Control 93, 102882. 

D’Odorico, P., Davis, K.F., Rosa, L., Carr, J.A., Chiarelli, D., Dell’Angelo, J., Gephart, J., 
MacDonald, G.K., Seekell, D.A., Suweis, S., Rulli, M.C., 2018. The global food- 
energy-water nexus. Rev. Geophys. 56 (3), 456–531. 

European Biogas Association, 2021. EBA Statistical Report. European Biogas Association. 
Available at. https://www.europeanbiogas.eu/eba-statistical-report-2021/. 
Accessed: November 2021.  

European Commission, 2018. 2050 long-term strategy. In-depth analysis in support of 
the commission communication COM(2018) 773. A Clean Planet for all. A European 
long term strategic vision for a prosperous, modern, competitive and climate neutral 
economy. Available at: https://ec.europa.eu/clima/policies/strategies/2050_en. 
Accessed September 2021. 

European Commission. 2021. Climate change – restoring sustainable carbon cycles. 
Available at: https://ec.europa.eu/info/law/better-regulation/have-your-say/initiat 
ives/13066-Climate-change-restoring-sustainable-carbon-cycles_en. Accessed: 
September 2021. 

European Environmental Agency, 2021. Construction and Demolition waste: Challenges 
and Opportunities in a Circular Economy. Available at. https://www.eea.europa. 
eu/publications/construction-and-demolition-waste-challenges. Accessed on: 
November 2021.  

Eurostat, 2021. Generation of waste by waste category, hazardousness and NACE Rev. 2 
activity. Available at: https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset 
=env_wasgen&lang=en. Accessed on: November 2021. 

Fajardy, M., Morris, J., Gurgel, A., Herzog, H., Mac Dowell, N., Paltsev, S., 2021. The 
economics of bioenergy with carbon capture and storage (BECCS) deployment in a 
1.5◦C or 2◦C world. Glob. Environ. Change 68, 102262. 

Fennell, P.S., Davis, S.J., Mohammed, A., 2021. Decarbonizing cement production. Joule 
5 (6), 1305–1311. 

Ferella, F., Cucchiella, F., D’Adamo, I., Gallucci, K., 2019. A techno-economic assessment 
of biogas upgrading in a developed market. J. Clean. Prod. 210, 945–957. 

Fuss, S., Lamb, W.F., Callaghan, M.W., Hilaire, J., Creutzig, F., Amann, T., Beringer, T., 
de Oliveira Garcia, W., Hartmann, J., Khanna, T., Luderer, G., 2018. Negative 
emissions—part 2: costs, potentials and side effects. Environ. Res. Lett. 13 (6), 
063002. 

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., 2016. 
The ecoinvent database version 3 (part I): overview and methodology. The Int. J. Life 
Cycle Assess. 21 (9), 1218–1230. 

Gabrielli, P., Gazzani, M., Mazzotti, M., 2020. The role of carbon capture and utilization, 
carbon capture and storage, and biomass to enable a net-zero-CO2 emissions 
chemical industry. Ind. Eng. Chem. Res. 59 (15), 7033–7045. 

Gálvez-Martos, J.L., Styles, D., Schoenberger, H., Zeschmar-Lahl, B., 2018. Construction 
and demolition waste best management practice in Europe. Resour. Conserv. Recycl. 
136, 166–178. 

Gomes, R.I., Farinha, C.B., Veiga, R., de Brito, J., Faria, P., Bastos, D., 2021. CO2 
sequestration by construction and demolition waste aggregates and effect on mortars 
and concrete performance-an overview. Renew. Sustain. Energy Rev. 152, 111668. 

Habert, G., Miller, S.A., John, V.M., Provis, J.L., Favier, A., Horvath, A., Scrivener, K.L., 
2020. Environmental impacts and decarbonization strategies in the cement and 
concrete industries. Nat. Rev. Earth Environ. 1 (11), 559–573. 

Hamelin, L., Møller, H.B., Jørgensen, U., 2021. Harnessing the full potential of 
biomethane towards tomorrow’s bioeconomy: a national case study coupling 
sustainable agricultural intensification, emerging biogas technologies and energy 
system analysis. Renew. Sustain. Energy Rev. 138, 110506. 

Hepburn, C., Adlen, E., Beddington, J., Carter, E.A., Fuss, S., Mac Dowell, N., Minx, J.C., 
Smith, P., Williams, C.K., 2019. The technological and economic prospects for CO2 
utilization and removal. Nature 575 (7781), 87–97. 

Ho, H.J., Iizuka, A., Shibata, E., 2021. Chemical recycling and use of various types of 
concrete waste: a review. J. Clean. Prod. 284, 124785. 

IEA, 2018. Technology Roadmap - Low-Carbon Transition in the Cement Industry. IEA, 
Paris. https://www.iea.org/reports/technology-roadmap-low-carbon-transition- 
in-the-cement-industry.  

IPCC, 2005. Bert Metz, Ogunlade Davidson, Heleen de Coninck, Manuela Loos and Leo 
Meyer (Eds.) Cambridge University Press, UK. pp 431. Available from Cambridge 
University Press, The Edinburgh Building Shaftesbury Road, Cambridge CB2 2RU 
ENGLAND. 

IPCC, 2021: Summary for policymakers. In: Climate Change 2021: The Physical Science 
Basis. Contribution of Working Group I to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. 
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