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Executive summary   
SEMPRE-BIO aims to demonstrate novel and cost-effective biomethane production solutions and 
pathways which maximise the carbon utilisation in the feedstock. Overall, the challenge is to decrease 
investment and operational costs, to optimise feedstock supply and use, to identify alternative and 
cheaper feedstocks, to improve plant efficiency and operations, to factor in the carbon savings and to 
increase and monetise co-benefits, from the commercialisation of side-products such as the digestate 
or the valorisation of residual gas streams. 

Valorisation of biogenic CO2 derived from biogas and biomethane plants in Europe represents a dynamic 
and steadily growing segment. In order to provide an overview on the options of biogenic CO2 utilisation 
in different economic sectors in Europe in accordance with the deliverable D4.1, literature review and a 
survey were conducted with the latter being sent to all partners from SEMPRE-BIO as well as from three 
further European biomethane projects BIOMETHAVERSE (http://www.biomethaverse.eu/), HYFUELUP 
(https://hyfuelup.eu/), and METHAREN (https://metharen.eu/)1. These projects were encouraged by the 
European Climate, Infrastructure and Environment Executive Agency (CINEA) to contribute to common 
information and dissemination activities in order to increase the visibility and synergies between 
Horizon Europe supported actions and to address joint activities. Besides, external biomethane 
stakeholders from selected additional countries (the United Kingdom, the Netherlands, Germany and 
Poland) were contacted to participate in the survey due to the current and future relevance of 
biomethane production in combination with biogenic CO2 valorisation in these countries.  

The aim of the present report is to provide an overview of the current and future options of biogenic CO2 
valorisation derived from biogas and biomethane in Europe while mapping the biogas and biomethane 
sites capturing biogenic CO2, the CO2 production capacities as well as the valorisation sectors of 
captured biogenic CO2. Thereby, the focus is on commercial-scale Carbon Capture and Utilisation (CCU) 
projects without further consideration of possible Carbon Capture and Storage (CCS) developments. 
This is due to the fact of the need of defossilisation of industrial sectors which can be achieved by 
replacing CO2 of fossil origin by its biogenic counterpart against the background of the goal of the 
climate neutrality by 2050 in the European Union as stipulated by the European Climate Law.  

Already today, the utilisation of the entire biomethane process chain including CO2 valorisation for 
material and/or energy recovery results in ecological and cost benefits. Due to the expected rise of 
biogas and biomethane plant capacities in accordance with the target of 35 bcm of biogas and 
biomethane production in Europe by 2030, as defined within the RePowerEU plan as a part of the 
Biomethane Action Plan, more biogenic CO2 from biogas and biomethane could be captured – more 
specifically, 46 Mt by 2030 and 124 Mt by 2050 according to European Biogas Association, 2022a. In 
combination with green hydrogen, biogenic CO2 from biogas represents one possibility of CO2 utilisation 
in order to increase amounts of synthetic biomethane.  

There are different CO2 valorisation routes ranging from the well-established to those still to be 
explored. The current report provides an overview of the selected options for valorisation of biogenic 
CO2 from biogas such as in the agriculture, the food and beverage industry, the energy production and 
chemical industry based on their relevance for the SEMPRE-BIO project and the focus set on commercial 
CCU pathways. Within the scope of envisaged work in the SEMPRE-BIO project, special attention is given 
to the section 3.2 on production of value-added products such as biopolymers, biochemicals and 
alternative sources of protein from biogenic CO2 along with insights into the production and cost 
framework. The report provides further an insight into the requirements for the use of the food-grade 
CO2 uses, especially for, but also not limited to food and beverage industry. In addition, it delivers the 
mapping and listing of the biogas and biomethane plant sites with the CO2 valorisation (current and 

                                                                    

1 The projects SEMPRE-BIO, BIOMETHAVERSE, HYFUELUP, and METHAREN are funded under the same call: HORIZON-CL5-
2021-D3-03 (Sustainable, secure and competitive energy supply), topic: HORIZON-CL5-2021-D3-03-16. 

http://www.biomethaverse.eu/
https://hyfuelup.eu/
https://metharen.eu/
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expected by the end of 2023) in Europe as well as the description of the selected project examples in 
European countries. 

According to the literature review and survey conducted by DBFZ, Italy, the Netherlands, and the United 
Kingdom2 are leading the way in biogenic CO2 valorisation from commercial-scale biogas and 
biomethane facilities in Europe (60 % in total), followed by Germany and France (23 % in total). 

With respect to the valorisation of biogenic CO2 from the operating biogas and biomethane plants, the 
focus is currently on the air enrichment in greenhouses (35 %) and the use in the food and beverage 
industry (27 %). To a smaller extent, the captured CO2 is used for Power-to-X technologies (10 %), for the 
production of dry ice or as a cooling agent (both at 8 %). Further utilisation sectors such as chemical 
industry, healthcare sector or pharmaceutics play a minor role. For the announced facilities, the CO2 
valorisation changes towards relative increase of CO2 use in the food and beverage sector (47 %) as well 
as the increment of Power-to-X technologies (22 %). In contrast, the utilisation of CO2 in greenhouses 
moves somewhat into the background (13 %).    

Currently, biogas and biomethane sites are often far away from the industries with CO2 demand, which 
might, however, change with the erection of new anaerobic digestion sites with CO2 capture units or by 
merging the CO2 produced at the different biogas and biomethane plant facilities via existing (as in the 
case of the Netherlands) or to be installed CO2 pipelines. In combination with decentralised points of 
sustainable sources of, for instance, H2 and N2, small-scale and decentralised CO2 production facilities 
from biogas and biomethane might enable creation of new sustainable business models. 

The change towards the production of high-value biogenic CO2-based products is not yet apparent, 
according to the announced and available targets. If biogenic CO2 becomes scarcer, the competition for 
CO2 worth transporting will increase. The competitive advantage of biogenic CO2 from biogas and 
biomethane upgrading in comparison to its fossil-derived counterpart comprises proximity to 
customers, local and biogenic origin, green labelling, high purity grades, almost complete absence of 
impurities, safeguarded projected supply amounts, and possibility of the fixed non-seasonal price. The 
utilisation of CO2 derived from biogas and biomethane with the greatest willingness to pay will then 
determine the price of this CO2, while other types of valorisation may have to rely on the sub-segment of 
other sources. It can be expected that the highest prices for biogenic CO2 will then be paid for the 
production of high-value CO2-based products. 

  

                                                                    

2 Including Scotland and Northern Ireland. 
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1. Introduction 
As an introduction to the topic, the following depiction provides an overview of the objectives and the 
structure of the report, the possible sources of CO2 and recovery of CO2 from biomethane production. 

In the course of the need of defossilisation of industrial sectors, the transition from fossil to biogenic 
CO2 is necessary. Sources providing point-source CO2, especially fossil, can be expected to decline over 
time, since increasingly more sectors of the economy will decarbonise (Comer et al., 2022). Biogenic 
sources of CO2, such as those from biogas and biomethane plants, are therefore increasingly in demand. 
In its Communication on Sustainable Carbon Cycles the European Commission (EC) projects that by 2050 
at the latest it will be necessary to capture carbon increasingly from biogenic sources with respect to 
the sustainable boundaries and without the negative impact on the environment or biodiversity 
(European Commission, 2021a).  

In its AR6 Synthesis Report on Climate Change 2023, the Intergovernmental Panel on Climate Change 
classifies carbon sourced from biogenic sources along with – depending on its availability - Carbon 
Capture and Utilisation as an instrument in order to reduce emissions from the production and use of 
chemicals, while switching to low and zero greenhouse gas (GHG) emitting fuels such as ammonia, 
hydrogen or bio-based and other synthetic fuels is addressed as a decarbonisation pathway for light 
industry and manufacturing (IPCC, 2023). Within the anticipated by the 4th quarter of 2023 Industrial 
carbon management strategy after the public consultation round, the need to fully harness, along with 
others, the potential of Carbon Capture and Utilisation is addressed at the emerging market of carbon 
use to be created by 2030 while designing the milestones for 2040 and 2050, emphasising the limited 
supply and demand and required high capital investments (European Commission, 2023b). 

According to the International Energy Agency, 2019, the global demand for CO2 was calculated to be 
230 Mt/a in 2015 and was projected to increase continuously in 2020 to 250 Mt/a and in 2025 to 272 Mt/a 
based on an average year-on-year growth rate of 1.7 %. Thereby, the specific numbers indicating CO2 
demand in Europe are not stated. The global CO2 demand is driven first and foremost by the production 
of urea (57 %). Further, 34 % of the global CO2 consumption can be attributed to the enhanced oil 
recovery (EOR), which is, however, primarily used in the United States and to a lower extent in Brazil, 
Canada, China and Turkey. The demand for the food and beverage sector as well as other applications 
plays a minor role at the global scale (both at 4,5 %) (IEA, 2019). 

1.1. Objective and structure of the report 

The objective of this report is to provide an overview of the current and future options of biogenic CO2 
valorisation derived from biogas and biomethane in Europe while mapping the biogas and biomethane 
sites capturing biogenic CO2, the CO2 production capacities as well as the valorisation sectors of 
captured biogenic CO2. Thereby, the focus is on commercial-scale Carbon Capture and Utilisation (CCU) 
projects without further consideration of possible Carbon Capture and Storage (CCS) developments. 
This is due to the fact of the need of defossilisation of industrial sectors which can be achieved by 
replacing CO2 of fossil origin by its biogenic counterpart against the background of the goal of the 
climate neutrality by 2050 in the European Union as stipulated by the European Climate Law. 

To this end, the report is structured as follows: 

• Section 1 provides the introduction with the brief comparison of biogenic and fossil sources of 
CO2 and the description of recovery of biogenic CO2 from biomethane production.   

• Section 2 entails the description of the methodology of data collection differentiating between 
the literature review and conducting the survey carried out by DBFZ.   

• Section 3 delivers an overview of different sectors for valorisation of biogenic CO2, requirements 
for food-grade CO2, the results of surveys and literature research with selected project examples 
of valorisation of CO2 from biogas and biomethane in Europe, followed by the summary of future 
opportunities of biogenic CO2 valorisation. Within the scope of envisaged work in the SEMPRE-
BIO project, special attention is given to the section 3.2 on production of value-added products 
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such as biopolymers, biochemicals and alternative sources of protein from biogenic CO2 along 
with insights into the production and cost framework. 

• Section 4 contains the outlook. 

1.2. Biogenic versus fossil sources of CO2 

The main fossil sources of CO2 are represented by the cement production, steel and iron production, 
extraction of fossil fuels such as coal, natural gas and fuel oil, chemical production, and petrochemical 
products (Podder et al., 2023). In contrast to that, the main sources providing biogenic CO2 are 
combustion of biomass, upgrading of biogas to biomethane, fermentation processes in the food and 
beverage industry (e.g., brewing or wine production) and bioethanol production with the latter also being 
based on fermentation but contrary to the food and beverage industry delivering the product which can 
be used as raw material or as a biofuel (Rodin et al., 2020). Further sources of biogenic CO2 are 
represented by natural wells or phosphate rocks (EIGA, 2017). 

An overview of biogenic and fossil sources of CO2 with the typical CO2 concentrations is provided in 
Figure 1. The biogenic sources of CO2 are highlighted in dark green, whereas the fossil sources are left 
in light grey. 

 

Figure 1: Overview of biogenic and fossil CO2 sources with the available typical CO2 concentrations (source: Rodin et al., 2020) 

By minimising the CO2 emissions from the point sources or by enhancing the use of CO2, the reduction 
of CO2 emissions can be realised (Adnan et al., 2019). With respect to the CO2 emitting sources relevant 
are especially those with the high potential respectively (resp.) high CO2 concentration which will with a 
high probability also be of interest in 2050 such as biogenic sources (Billig et al., 2019). The process of 
capture of CO2 emissions in order to utilise the captured CO2 flow is referred to as Carbon Capture and 
Utilisation (CCU). Thereby, CO2 can be used either directly, which means without chemical or biological 
alteration, or indirectly, which stands for the transformation into the different products such as fuels, 
chemicals or building materials (IEA, 2019). In contrast to that stands the technology of Carbon Capture 
and Storage (CCS). The difference between CCU and CCS lies in the type of final use of captured CO2. The 
CCS technology implies the capture of CO2 from industrial flue gases and its transport, injection into the 
suitable geological site for the subsequent storage storage for a longer period of time, which is initially 
not defined (Chauvy and De Weireld, 2020; Cătuți et al., 2022).  

In the public perception, the awareness of CCU within the nexus of climate change mitigation is still 
relatively low, whereas the acceptance of CCU-based products is relatively high with some exceptions 
for consumable goods from the food and beverage industry. Nevertheless, the overall acceptance for 
CCU technologies is higher in comparison to CCS. Based on empirical data collection, the support of 
political and industrial promotion, funding and investments into CO2-derived products find consensus in 
the public. According to the survey conducted by Pieri et al., 2023, from the consumers’ point of view, 
the willingness to pay for fuels based on recycled CO2 is higher in comparison to food and beverages 
which corresponds to the purity requirements for CO2 flow (Pieri et al., 2023). Consequently, the 
commercialisation and market uptake of CO2-derived or CO2-captured products with emphasis on 



.  

15 

product safety and environmental benefits is of high significance (ibid.). The safety of CO2 derived from 
biogas plants for the application in the food and beverage industry in Europe was manifested in the 
document 70/17 Carbon Dioxide Food and Beverages Grade, Source Qualification, Quality Standards and 
Verification released by the European Industrial Gases Association in 2017 (EIGA, 2017). The quality 
standard requirements for biogenic CO2 from biogas for valorisation in the food and beverage sector are 
described in detail in section 3.1.3 in Excursus 3.  

The barriers to the development of CCS – beside the lower social and political acceptance in certain 
countries are of technical and economic nature defined by related development cost, economies of 
scale and technological innovation. Relevant for storage of CO2 are also proximity and availability of 
storage sites (Ausfelder et al., 2022). The duration of the project realisation varies between CCU and 
CCS. Whereas biogenic CO2 capture projects (CCU) take less than four years in the implementation, a 
few biogenic CO2 Bioenergy Carbon Capture and Storage (BECCS) projects were implemented in 
approximately (approx.) seven years up to this point (International Energy Agency, 2023). 

In its Communication on Sustainable Carbon Cycles the European Commission emphasises the need of 
carbon recycling from waste, sustainable biomass or from the atmosphere in order to replace fossil 
carbon and the promotion of technologies for CCU and production of sustainable synthetic fuels or other 
non-fossil-based carbon products by the sustainable bioeconomy and circular economy. In addition, EC 
addresses the need for the creation of an internal market for CCS in the form of Direct Air Carbon 
Capture and Storage (DACCS) and Bioenergy Carbon Capture and Storage (BECCS) (European 
Commission, 2021b). However, the DACCS technology represents currently a cost- and energy-intensive 
process due to the lower concentrations of CO2 but is expected to gain more relevance in the future by 
sequestration of CO2 from dispersed and diluted sources in the course of the envisaged technological 
maturity development (Rodin et al., 2020). In comparison to the CO2 sourcing from ambient air, biogenic 
CO2 from biogas and biomethane has comparative and cost advantage due to the higher CO2 
concentrations. 

In order to achieve the goal of the climate neutrality in the European Union by 2050 as stipulated by the 
European Climate Law, it will be needed to capture between 300 Mt of CO2 or more than 500 Mt of CO2 
from various sources depending on the chosen specific scenario to produce fuels and materials or for 
storage (European Commission, 2021a). Beside the CO2 emissions reduction, the reasons for the use of 
CO2 are technological competition, the expected availability of the surplus renewable energy delivering 
a cheaper source for CO2 conversion leading to a more economical CO2-based commodity materials, 
chemicals and fuels production, and energy security (IEA, 2019).  

Today, about 2 Mt of biogenic CO2 are captured per year, with 90 % being captured in bioethanol 
applications representing one of the lowest-cost technologies with the high CO2 concentration in the 
process gas stream (International Energy Agency, 2023). However, when comparing the average CO2 
capture rates, biogas upgrading with 95 % is in the same range as CO2 capture rate from bioethanol 
fermentation (Figure 2). What is more, CO2 capture rate from biogas upgrading is in the same order of 
magnitude or even higher than that of most fossil-based pathways. Consequently, valorisation of 
biogenic CO2 from biogas and biomethane production appears to be a logical and necessary step on the 
way to climate neutrality in Europe.  
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Figure 2: Available CO2 capture rates from biogenic and fossil sources, ranges and average (source: Rodin et al., 2020) 

Based on the biomethane production in 2020, Germany, Italy and the United Kingdom would be leading 
in biogenic CO2 production in Europe. On the premise of 35 bcm of biogas and biomethane production in 
Europe (EU, EFTA countries3, United Kingdom, Serbia and Ukraine), as defined within the RePowerEU 
plan as a part of the Biomethane Action Plan, and in case of all biogas being upgraded to biomethane by 
2030, 46 Mt of biogenic CO2 could be captured in parallel. If projecting 95 bcm of biogas and biomethane 
in Europe by 2050, 124 Mt of biogenic CO2 were to be captured under the same assumptions (European 
Biogas Association, 2022a). 

1.3. CO2 recovery from biomethane production 

Via anaerobic digestion (AD) of organic matter, biogas is produced containing 50–70 % of CH4 and 30–
50 % of CO2, including minor components such as hydrogen sulphide (H2S), nitrogen (N2), oxygen (O2), 
siloxanes, volatile organic compounds (VOCs), carbon monoxide (CO), and ammonia (NH3). CO2 and 
impurities have to be removed resulting in two steps of biogas treatment, namely cleaning (removal of 
minor unwanted components in biogas), and upgrading (removal of CO2) (Adnan et al., 2019). The biogenic 
CO2 captured in the course of biogas upgrading represents a climate-neutral and cost-efficient source 
of CO2 which would be otherwise released into the atmosphere. 

There are different technologies for biogas upgrading which with the exception of cryogenic separation 
divide the raw biogas into biomethane stream with > 90 % of CH4 and secondary gas stream with 80-
90 % of CO2 (Kapoor et al., 2020). The by-product CO2 gas stream can be captured but might contain 
trace compounds which have to be removed in order to employ the derived biogenic CO2. The 
technologies for biogas upgrading depending on the CO2 removal can be divided into absorption, 
adsorption, membrane, and cryogenic routes (Adnan et al., 2019).  

In 2021, the membrane separation with 47 % was the most often used technology for biogas upgrading 
in Europe followed by water scrubbing with 17 %, chemical scrubbing with 12 %, and pressure swing 
adsorption with 10 %. The remaining 3 % were represented by physical scrubbing with 2 % and cryogenic 
separation with 1% (Figure 3). 

                                                                    

3 The European Free Trade Association (EFTA) countries comprise Iceland, Liechtenstein, Norway and Switzerland. 
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Figure 3: Biogas upgrading technologies in Europe in 2021, relative share (source: European Biogas Association, 2022b) 

The choice of the specific biogas upgrading technology is decisive for the CO2 concentration in off-gas: 
whereas amine scrubbing, pressure swing adsorption, and membrane separation feature up to 99%-vol. 
of CO2, water scrubbing involving air stripping results in the lower CO2 concentration in off-gas (Rodin et 
al., 2020). An overview of the trace compounds from the available commercial biogas upgrading 
technologies is presented in Figure 4. 

 
Figure 4: Trace compounds from the available biogas upgrading technologies (source: Rodin et al., 2020) 

In addition to the recovery of biogenic CO2 in the course of biogas upgrading, within the scope of 
SEMPRE-BIO project 5 innovative biomethane production technologies which will be demonstrated 
through 3 case studies based in Baix Llobregat (Spain), Bourges (France) and Adinkerke (Belgium) with 
CO2 valorisation at different process stages will be investigated.  

(1) Within the case study I at Baix Llobregat (Spain), the demonstration plant will be installed in the 
Baix Llobregat wastewater treatment plant (WWTP) which treats sludge through anaerobic 
digestion, currently producing 700 m3/h of biogas. This biogas will be upgraded to biomethane 
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by an innovative combination of two different technologies: proton exchange membrane water 
electrolysis (PEM) and CO2 bio-methanation. 

(2) In case study II in Bourges (France), the input gas for methanation is syngas instead of biogas, 
which is the most common approach (as in case study I). The demonstration plant consists of a 
combination of pyrolysis and bio-methanation to produce biogas from a novel feedstock, woody 
biomass, which is a non-digestible. This innovative combination of technologies is a patent of 
TERRA in which the woody waste goes through a thermo-chemical pyrolysis process producing 
pyrolysis gas, bio-oil and bio-char. Then the pyrolysis gas is cleaned and turned into syngas, 
which in turn is injected into a bio-methanation reactor to produce biogas. The biogas is 
upgraded to biomethane after a membrane separation system and directly injected into the gas 
grid. 

(3) In case study III in Adinkerke (Belgium), the demonstration plant will be installed at the NV De 
Zwanebloem dairy farm which holds a permit for exploiting a biogas plant. The operator’s goal is 
to co-digest manure and other agri-residues to optimise the process. The raw biogas produced 
in the anaerobic digestion will be upgraded through a cryogenic separation based on the phase 
separation due to the deep temperature decrease of the raw biogas mixture. The products of 
this cryogenic process are liquid biomethane, liquified carbon dioxide, water and hydrogen 
sulphide. Two different technological configurations will be designed and constructed to obtain 
value-added products from the liquified carbon dioxide and hydrogen: 1) hybrid fermenter and 2) 
solar photobioreactor. 

In the SEMPRE-BIO project the cryogenic separation is used in case study III, as stated above. Cryogenic 
separation is the go-to technology when the target biomethane has to be liquified for transportation and 
additionally the liquid CO2 (LCO2) is of use (-150 ⁰C for the biomethane and -30 ⁰C for the CO2), since it is 
also recovered. Using the same equipment for the liquefaction and also for the upgrading and polishing 
might be the key to reducing the CAPEX (capital expenditure) and the specific energy consumption 
linked to the carbon footprint for the whole process. However, a key point is the economic feasibility of 
low-capacity facilities (see Excursus 1). Finally, the overall evaluation (techno-economic assessment 
including GHG balances) of the innovative biomethane processes – carried out at the end of the SEMPRE-
BIO project – will show whether and under what conditions the investigated processes can provide 
methane and CO2 more efficiently and cost-effectively than conventional processes. 

 

 

Excursus 1: Cryogenic separation - downscaling 

In the range of 500 m3
STP/h economic feasibility for the cryogenic separation is more 

compromised and the specific production chain for the LCO2 is jeopardised 
compromising the total carbon footprint reduction of the process if the cryogenic 
integrated solution is not used. The technology available at the market is focused on the 
liquid separation of CO2 or the use of the solid separation linked to the polishing. Solid 
separation is in general cheaper in terms of CAPEX and OPEX (operational expenditure) 
and several projects started implementation during 2022. In the lower range around 
250 m3

STP/h, the feasibility might be reached with the solid cryogenic integration and the 
marketing of both products (bio-LNG and LCO2). For a lower flow between 100 m3

STP/h and 
50 m3

STP/h the cryogenic solution requires the cleaning process for water and H2S and 
other impurities to be integrated in the same process and not with dedicated H2S 
scrubbing equipment. This way, economic feasibility might be reached for these low-
capacity facilities.  
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The emerging market of bio-LNG production with parallel CO2 valorisation in Europe is briefly presented 
in Excursus 2 below. 

 

With respect to the cost assessment, the capture of CO2, as well as the removal of impurities, is usually 
done for the upgrading of biomethane, which can be fed into the gas grid. In this manner, the capture of 
CO2 is often seen as neutral in terms of costs in case the costs are assigned to the methane production 
(Rodin et al., 2020). However, as CO2 capture provides another product in addition to biomethane 
production, the costs can be split accordingly. Finally, in the overall evaluation, the total costs are to be 
assessed in relation to the total revenues from all products provided. Moreover, the installation of a CO2 
capture unit requires, obviously, investments. The specific amounts of investments differ at country 
level and are indicated, where available, in section 3.4 below, partially in combination with further 
retrofitting measures. On a broader scale, from the macroeconomic point of view and taking social cost 
and value to the society into account, the production of (food-grade) CO2 can be seen as a positive 
externality of biomethane production within the assessment of decarbonisation pathways (Liebetrau et 
al., 2022). In the context of fossil-based CO2 shortages, high cost of natural gas can make the capture of 
biogenic CO2 from biogas upgrading competitive. The average utilisable CO2 capture potential from AD 
is equivalent to 6,000 t CO2 per year and site (Rodin et al., 2020), which varies typically depending on 
country and specific production site and is admittedly lower in comparison to fossil-based CO2 amounts 
per production unit, but allows for small-scale and decentralised CO2 production facilities. In 
combination with decentralised points of sustainable sources of, for instance, H2 and N2 as described 
below in section 3.1.5, it enables creation of new sustainable business models. 

The specific costs of CO2 capture from different industrial processes are depicted in Figure 5. The 
depiction is based on the values provided by Rodin et al., 2020 differentiated by the biogenic, natural 
and fossil sources of CO2. Thereby, the most conservative values were chosen in order to illustrate the 
specific cost ranges. In accordance with that, the costs of provision of biogenic CO2 from biogas 
upgrading in the range 0 – 90 EUR/t can compete with the production cost of CO2 from fossil sources. 

Excursus 2: bio-LNG production and CO2 valorisation in Europe 
Purified biomethane (purity 99.9 %mol) at the temperatures between −162 and −124 °C 
and pressures between 1 and 10 bar becomes liquid (referred to as biological liquefied 
natural gas or bio-LNG) and can be used as an alternative to Liquefied Natural Gas (LNG). 
The energy density of bio-LNG makes up for 60 % of energy density of diesel fuel. In 
comparison to the gaseous state of biomethane under normal conditions though, it is 
almost 600 times higher and 2 to 3 times higher than that of Compressed Natural Gas 
(CNG) or compressed biomethane (bio-CNG). This fact results in more profitable sales of 
bio-LNG compared to the gaseous biomethane, which is in particular relevant for the 
narrow biomethane production, and allows for the use of bio-LNG in maritime and heavy 
road transport sector (Capra et al., 2019). 
As of the end of 2021, 15 European bio-LNG production facilities were in operation in 
Belgium, Denmark, Finland, France, Germany, Italy, the Netherlands, Norway, Sweden, 
and the UK. According to the envisaged production capacities by 2025, it is expected 
that Germany, Italy, and the Netherlands will be leading in bio-LNG production in Europe. 
There is an emerging market for CO2 valorisation after biogas upgrading at bio-LNG 
plants. From 85 announced bio-LNG plants for the years 2022-2025, 32 are to expect to 
valorise their biogenic CO2 stream (European Biogas Association, 2022b). 
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Figure 5: Ranges for the production cost of CO2 from various industrial sectors, differentiated by the biogenic, natural, and fossil 
sources of CO2 (source: own illustration based on Rodin et al., 2020) 

1.4. CO2 sources and prices in Europe 

The current biogenic, natural and fossil sources of CO2 for industrial utilisation in Europe are presented 
in Figure 6. According to that, almost the half of CO2 in Europe is currently supplied by the synthesis of 
ammonia (48 %), followed by CO2 from refineries and chemical industry (19 %), bioethanol production 
(16%), and natural wells (12 %).  Hydrogen and combustion processes as sources for CO2 in Europe play a 
minor role (5 % in total). 

 
Figure 6: The current biogenic, natural and fossil sources providing CO2 for industrial utilisation in Europe, relative share by 
weight (source: own illustration based on Pentair, 2018) 

Therefore, the price of (fossil) CO2 is subject to the cost of natural gas in case of fossil-based fertiliser 
production and distance to CO2 production site (transport by road by truck meaning empty return in order 
to avoid contamination of CO2 tanks by impurities/ other gases resulting from different demanded gas 
qualities) (Primer, 2022), the resulting regionality of the sourcing of CO2 as well as the seasonality of the 
demand for CO2, followed by the very long transport distances making transport costs prohibitive.  

In 2022, the shortage on CO2 was reported for some European countries, such as the United Kingdom, 
Italy, Poland or France (Reuters, 2022a; Ecquologia, 2022). The reasons for that are of a similar nature, 
first of all due to cutting of the CO2 production by some major fertiliser producers in the United Kingdom, 
Norway and Germany due to the increase in energy costs. In addition, transport difficulties and the 
exceptionally hot weather in summer months can be named (ibid.). As the reaction, the food and 
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beverage industry for instance in the United Kingdom appealed to the government to develop 
contingency plans in order to ensure CO2 supplies (Reuters, 2022b). 

The volatility of (fossil) CO2 prices was reported across Europe. In the United Kingdom, in comparison to 
£200/t CO2 in 2021 the prices spike over £1,000 t CO2 up to £4,500 per t CO2 were observed in 2022 (The 
Guardian, 2022). In France, before 2022 CO2 price was reported to be around EUR 50-200/t CO2, with an 
average of around EUR 120-150/t CO2 for regular consumers not far from production sources (GRDF, 
2023). However, it can be expected that CO2 commodity prices will ease in the mid- and long-term.  

In case of the provision of biogenic CO2, biogas or biomethane plant size and CO2 capture capacity 
(economies of scale resulting in the cost degression) as well as the seasonality and regionality are 
important factors governing the price of biogenic CO2 making it competitive especially in the light of the 
elevated natural gas prices. Europewide, the price of biogenic CO2 derived from anaerobic digestion was 
calculated to be 200 EUR/t without the price premium for its biogenic origin (Alberici et al., 2023). 

2. Methodology of data collection 
In the following, the process of data collection is described in accordance with the criteria applied during 
the literature review and the conducted surveys in order to collect relevant information on biogas and 
biomethane plants with CO2 valorisation both in operation and in the planning stage in Europe.  

2.1. Literature review 

In order to collect relevant information on biogas and biomethane plants with CO2 valorisation in Europe, 
different information sources such as research papers, European and national project results, technical 
reports, presentation slides, case studies, company websites, references of plant manufacturers, 
official documents relevant for the admission procedure of biomethane plants, permission requests, 
notifications of permission, and press articles were consulted between November 2022 and October 
2023. For the collection of the scientific papers, the database Scopus was used. Thereby, the keyword 
was “CO2 valorisation” and the focus on commercial-scale CCU projects without further consideration of 
possible CCS developments. Due to the high number of hits, the most recent and relevant papers were 
selected based on their actuality and relevance of the topics. For the identification of biomethane plants 
with CO2 valorisation, after the consulting project results and technical reports general research was 
conducted using the keyword “CO2 valorisation” or “CO2 and biomethane” in combination with the 
respective country name such as France, Norway, Italy, the Netherlands, the United Kingdom, and 
Germany, also in the respective original language.  

An additional challenging aspect was that information on CO2 valorisation (specific types and capture 
capacities) is in some cases not available through direct online research, possibly due to sensitivity 
issues, competition reasons, or can change from the previously announced to the actual sectors and 
amounts in use. The sources obtained in the course of the literature review are listed within the 
literature section. For the depictions in section 3.4 in form of a summarised overview of biogas and 
biomethane plants with CO2 valorisation in Europe, the literature sources are summarised and denoted 
as DBFZ literature review, 2023. A precise attribution of the literature sources differentiated by the 
status of the biogas and biomethane plants with CO2 valorisation in Europe (in operation vs. in the 
planning stage) can be found in Table 4 in Annex.    

2.2. Survey 

In the first step, the semi-standardised questionnaire (see Annex, questionnaire 1) with the survey on 
innovative plants, legal frameworks, barriers, and perspectives of biomethane production and utilisation 
in Europe was sent by email by DBFZ to the project partners of SEMPRE-BIO in February 2023. The aim 
of the questionnaire was among others to gather the information on the status quo of biomethane plants 
with CO2 valorisation both in operation and in the planning stage in Europe (CCU projects) for those 
involved into the project countries. The inquired information entails  
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• biomethane plant site, 
• status (in operation resp. in the planning stage), 
• year of initial/ planned operation of CO2 capture unit,  
• upgrading capacity and technology,  
• substrates,  
• CO2 production per facility, and  
• CO2 utilisation sector.  

After a small adaptation, the semi-standardised questionnaire (see Annex, questionnaire 2) was sent by 
DBFZ to the project partners of 3 further under Horizon Europe funded biomethane projects 
BIOMETHAVERSE (http://www.biomethaverse.eu/), HYFUELUP (https://hyfuelup.eu/), and METHAREN 
(https://metharen.eu/)  in the second step in April 2023. In this way, all project partner countries 
involved into the SEMPRE-BIO and 3 further under Horizon Europe funded projects (Belgium, Denmark, 
France, Germany, Greece, Italy, Norway, Portugal, Spain, Sweden, Switzerland, the Netherlands, the 
United Kingdom, and Ukraine) were addressed as part of the survey. The survey responses were 
received by email. In addition, external to the SEMPRE-BIO project stakeholders in the area of 
biomethane from the Netherlands, Poland, and the United Kingdom were also written to and have 
received the questionnaire. The required information on valorisation of CO2 from biogas and biomethane 
within the survey was classified by some stakeholders as sensitive and could not be provided. Therefore, 
not all countries could be covered by the survey but were covered by the literature review as described 
above in the section 2.1. 

An overview of the projects, partner countries involved, and the number and type of institutions 
participated in the survey can be found in Table 1 below. In total, 18 experts from 12 institutions and 7 
countries took part in the survey. 

Table 1: Survey responses by representatives of the EU biomethane projects as of 06/2023 (source: DBFZ survey of 4 Horizon 
Europe projects on biomethane, 2023) 

Project Partner 
country 

Number of 
respondent 
organisations 

Acronym of 
respondent 
organisation  

Type of respondent 
organisation  

BIOMETHAVERSE 

Italy 1 CIC association 

Sweden 2 Energigas, RISE association, research 

Ukraine 1 UABio association 

METHAREN Italy 2 ACEA, Envipark Industry, research and 
consulting 

HYFUELUP Portugal 1 BIOREF Research and consulting 

SEMPRE-BIO 

Spain 3 CET, INV, UVIC Research and consulting, 
consulting, academia 

Belgium 1 Biogas-E association 

Denmark 1 DTU academia 

Further, DBFZ has conducted the annual survey of biomethane plant operators in Germany from 
February to May 2023 for the reference year 2022. For the survey, the semi-standardised questionnaire 
was used to collect relevant parameters for the plant operation but also information on actual and 
planned biogenic CO2 valorisation. In total, 248 biomethane plant operators (both in operation and in the 
planning stage) were contacted. The response rate was 13 % which corresponds also to around 13 % of 
the total number of biomethane plants being in operation in Germany by the end of 2022. The overview 
of the sample and response rate is shown in Table 2 below. 

http://www.biomethaverse.eu/
https://hyfuelup.eu/
https://metharen.eu/
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Table 2: Number of questionnaires sent and response rate within the framework of the survey of the German biomethane plant 
operators carried out by DBFZ as of 06/2023 (source: DBFZ survey of the German biomethane plant operators, 2023) 

 
Number of 
questionnaires 
sent, (n) 

Number of 
responses 
received, (n) 

Response rate, 
(%) 

Survey biogas upgrading plants 2023,         
(year of reference 2022) 

248 32 13 

Along with the results of the literature review, as described in section 2.1 above, the findings from the 
surveys are introduced in section 3.3 in form of a summarised overview of biogas and biomethane plants 
with CO2 valorisation in Europe, whereas in section 3.4 the selected projects examples for different 
countries are presented. Based on the collected data sample from both literature research and the 
conducted survey, the following depictions do not claim to be exhaustive but provide an insight into the 
currently very dynamic market situation. 

3. CO2 valorisation in Europe 
This section delivers an overview of the different sectors for valorisation of biogenic CO2, the results of 
surveys and literature research conducted by DBFZ, the selected project examples of valorisation of CO2 
from biogas and biomethane in European countries, followed by the summary of future opportunities of 
biogenic CO2 valorisation. 

3.1. Options of CO2 valorisation: an overview 

There are different CO2 valorisation routes ranging from the well-established to those still to be explored 
(Rodin et al., 2020). Whereas the production of urea via Bosch-Meiser process, methanol via catalytic 
CO2 hydrogenation, methane via CO2 methanation, concrete curing, CO2-derived polycarbonates and 
polyols represent mature technologies (technology readiness level TRL 8-9) (Chauvy and De Weireld, 
2020), other innovative technologies such as production of biopolymers, biochemicals and alternative 
sources of protein from biogenic CO2 to be demonstrated in SEMPRE-BIO by UVIC are from TRL 5 to TRL 
7. An overview of the options for valorisation of biogenic CO2 is shown in Table 3, whereas the selected 
options will be presented in detail in the sections 3.1.1 to 3.1.5 below based on their relevance for the 
SEMPRE-BIO project and the focus set on CCU pathways.  

Table 3: Options of biogenic CO2 valorisation (Sources: IEA Bioenergy Task 37, 2020; Kapoor et al., 2020; EIGA, 2020a; Podder et 
al., 2023)  

Sector Possible Applications 

Agriculture • Air enrichment in greenhouses 

• Insect pest control 

Algaculture • Algae production 

Energy production • Power-to-Gas 

• E-fuels  

• Algae biomass to biogas or biodiesel 

Food and beverage industry  • Cooling food (i.e., modified atmosphere packing) 

• Carbonation of mineral waters and soda 

• Wine and beer production 

• Food processing (chilling, temperature controlling 
freezing, pH control) 
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• Stunning animals before slaughtering 

• Supercritical CO2 as solvent for decaffeination of 
coffee beans, for production of flavours and essential 
oils 

Building industry • Cement 

• Concrete 

• Aggregates (filling materials) 

Chemical industry  

 

• Production of urea, methanol, dimethyl ether (DME) 

• Production of building blocks for biopolymers 
manufacturing (PHA/PHB) 

Iron & machine industry 

 

• Laser cutting 

• Welding in black steel 

• Shielding gas 

Healthcare sector 

 

• Laparoscopy (surgical procedure) 

• Dry ice for sending samples 

• Cooling eggs and sperm in fertility clinics 

Pharmaceutical industry 

 

• pH control 

• Dry ice for the transport of stem cells 

• Controlling oxygen levels in cell culture 

Other 

 

• Fire extinguishers 

• R744 (CO2-based refrigerant) used in air conditioning 
systems 

• Industrial cleaning (solvent-free) 

 

Various CCU pathways are characterised by different CO2 sequestration periods such as long-term 
(centuries to millennia) versus short- (days, weeks, and months) and medium-term (decades). In 
addition, there is a different probability of release of CO2 sequestered in the CO2-based products (high 
versus low). In order to allow for CO2 to be captured in stable products in the long term, it is required that 
such products are not changed or modified during their use and product lifetime. In the medium term, 
CO2 stored in the products will be released on purpose or naturally by separation into initial components. 
In the short-term, the release of CO2 happens immediately or shortly after the use of CO2-based 
products, which is considered as a single reuse process of CO2. In this case, especially relevant for CO2 
emissions reduction is the displacement of CO2-intensive and fossil-based products by those based on 
biogenic CO2 as well as the energy and resource intensity of the specific production process (Hepburn 
et al., 2019; ZEP, 2017).  

The duration of storage of CO2 for selected CCU pathways depending on the likelihood of CO2 release can 
be found in Figure 7 (left). Accordingly, the shortest duration of CO2 sequestration has CO2-derived 
platform chemicals such as methanol or urea and CO2-derived fuels such as methanol, methane and 
Fischer-Tropsch-derived fuels as well as microalgae-based biofuels, biomass, or bioproducts such as 
aquaculture feed. Among those not pictured with the short CO2 sequestration are also CO2 applications 
in the food and beverage industry and CO2 for yield boosting in agriculture and algaculture. 

The long-term CO2 sequestration can be achieved by capturing CO2 in building materials. Enhanced oil 
recovery (EOR) using CO2 represents mature technology which essence is the injection of CO2 into oil 
fields in order to enhance oil production. CO2-EOR is primarily used in the United States and to a lower 
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extent in Brazil, Canada, China and Turkey (IEA, 2019) and is not in the focus of this report. Another long-
term CO2 storage possibility is delivered by BECCS (geological storage with bio-CCS). Further, paths for 
mid-term CO2 sequestration that are not yet depicted but must be named such as biochar gained in the 
course of biomass pyrolysis and soil and forest (afforestation, reforestation or sustainable forest 
management) carbon sequestration (Hepburn et al., 2019). These paths are, however, also beyond the 
scope of this report.  

When projecting the utilisation potential of CO2 for selected CCU pathways by 2050, the production of 
fuels with 1,000 to 4,200 Mt CO2 utilised per year has the highest valorisation potential by volume 
(Hepburn et al., 2019), which is also in line with the assessment by IEA, 2019. In contrast, chemical 
production is seen as the lowest CO2 valorisation pathway by volume with 300 to 600 Mt CO2 by 2050 
(Hepburn et al., 2019). The utilisation potential of CO2 in Mt CO2 valorised per year for selected CCU 
pathways by 2050 is shown in Figure 7 (right). 

 
Figure 7: Permanence of storage of CO2 for selected CCU pathways versus likelihood of CO2 release (high/low) (left); Range 
estimates of the potential for CO2 utilisation in 2050 (Mt CO2 utilised per year) (right); CO2-EOR = enhanced oil recovery using CO2 

(source: Lyons et al., 2021 based on Hepburn et al., 2019) 

3.1.1. Agriculture 

CO2 air enrichment in greenhouses 

In greenhouses, the productivity is dependent on internal CO2 concentration, temperature, and solar 
radiation. In comparison to the atmospheric CO2 concentration of around 410 ppm, indoor CO2 
concentration rates between 600 and 1,000 ppm in greenhouses have been proven to increase 
photosynthesis and therefore the yields typically by 20 – 30. The use of CO2 in greenhouses represents 
state-of-the-art application and depends, among others, on the specific dosage requirements for 
different crops, scale and design of greenhouse, and price of CO2. Depending on the different times of 
the day and the season, masses of CO2 uptake by horticultural crops and CO2 indoor concentrations can 
vary. The supplied average rates are between 100 and 300 kg CO2 /ha/h. A typical 5 ha greenhouse 
requires 460 t CO2 per ha annually rates (van Tuyll et al., 2022). There is higher demand of CO2 in summer 
months due to the higher crop growth rate but also greater losses of CO2 as a result of higher ventilation 
rates (van Tuyll et al., 2022; Oreggioni et al., 2019). In case of CO2 enrichment of greenhouses compared 
to other CO2 valorisation paths, a lower energy demand for conversion of CO2 into a final product is 
especially beneficial. From the environmental point of view, biogenic CO2 can replace fossil fuels (mainly 
natural gas) which would be burned instead in combined heat and power (CHP) installations or boilers in 
order to generate the needed heat and CO2 off-gas for the enrichment. This will avoid further GHG 
emissions. This is especially relevant for the summer, when natural gas is burned in order to generate 
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CO2 but leading to the unnecessary heat production (van Tuyll et al., 2022; Oreggioni et al., 2019; Kapoor 
et al., 2020). 

In some countries, such as the Netherlands, CO2 for horticulture can be supplied via pipeline (by the 
Dutch company OCAP (Organic Carbondioxide for Assimilation of Plants) CO2 B.V. from 2 petrochemical 
sites) which requires a higher investment but has lower variable costs. In other cases, especially in 
decentralised greenhouses, the supply by trucks with the capacity of 20-25 t liquid CO2 is common. In 
this case, costs for the transportation and quality control check of CO2 are of importance. Taking the 
market competitiveness into account, the total costs for liquid biogenic CO2 from biomethane plants for 
instance in the Netherlands were identified to vary between 55 and 105 €/t of delivered CO2, whereas the 
purchase costs of liquid CO2 from chemical producer could be amounted to 80-150 € per tonne of CO2 
depending on distance and capacity (Mikunda et al., 2015; van Tuyll et al., 2022). Cost reduction potential 
could be provided by the matching the locations of the greenhouses to the existing and future 
biomethane or in case of pipelines the upgrading plants in order to identify the cost-optimal CO2 supply 
routes in combination with the possible heat supply which would result in more stable prices contrary to 
the prices for natural gas. Another option could be provided by merging biogas from different producers 
to one biomethane upgrading facility (already existing such as in Bitburg in Germany for biogas merging) 
which would enable economies for scale for both biomethane production and CO2 recovery and in 
parallel reduce the transportation costs while providing opportunities to green label the used biogenic 
CO2 (Mikunda et al., 2015). 

If using liquid biogenic CO2 which would represent an external source especially allowing to meet the 
peak demand, the storage tanks can be placed outside of the greenhouse enabling the spraying of CO2 
via vaporiser inside the greenhouse (Kapoor et al., 2020). If using CO2 in greenhouses via spraying in 
order to speed up the photosynthesis rate, the food quality of CO2 is not required, although bottled CO2 
is usually food-grade and higher purity grades might be required for specific crops. Besides, there are 
specific purity requirements for CO2 transported via pipeline too. Although biogas upgrading provides 
one of the purest CO2 in comparison to CO2 from other sources, the impurities such as NH3 and VOCs 
might still occur and H2S in concentration less than 0.02 wt% can be toxic to the crops and workers. 
Therefor, the biogenic CO2 flow from biomethane production will likely be free of the main contaminants 
NOx, ethylene and SO2, which might be phytotoxic, resulting from the combustion (Mikunda et al., 2015; 
van Tuyll et al., 2022; Kapoor et al., 2020). In general, the enrichment of greenhouses with CO2 can lead 
to CO2 recovery rates of 14 – 67 % (Oreggioni et al., 2019). 

 

Insect pest control 

For insect pest management in granaries and warehouses, chemical fumigants such as carbon 
tetrachloride, ethylene dibromide, aluminium phosphide, sodium cyanide were used to control insect 
pests in the stored goods. Later on, they were replaced by phosphine and methyl bromide. The latter 
was banned in 2015 as one of the causes of ozone depletion. Phosphine is still applied in grain storage 
due to its cheapness. However, the pest resistance against phosphine, potential residues in the stored 
products that might be even carcinogenic to humans, and corrosion of metallic storage surface were 
identified as the reasons for the search for alternatives. As a chemical substitute to phosphine, cost-
intensive, potentially GHG causing and insect-tolerant sulfuryl fluoride and hydrogen cyanide can act 
(Kumar et al., 2022). CO2 represents a biogenic alternative, since it is not hazardous and simple to apply, 
acts fast and leaves no chemical residues in the products, while being effective in all stages of insects’ 
growth cycle and disappearing after the aeration. It is of importance to care for working safety during 
the application. The research on the controlled atmosphere, where the atmospheric composition is 
controlled at the duration and level mortal to the pests, was carried out for more than 40 years and 
represents a well-established method (Navarro et al., 2012). Liquid CO2 can be added via pressurised 
cylinders to a sealed, gas-tight silo changing to gas form after being released in controlled amounts 
through vaporiser with the minimum concentration of 35 % CO2 (Kapoor et al., 2020) under normal 
atmospheric pressure (Navarro et al., 2012). The required exposure duration to the elevated CO2 levels is 
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14-15 days at the temperature ≥ 20 ⁰C (Kumar et al., 2022; Kapoor et al., 2020). Controlled atmosphere 
with CO2 concentrations of 60 % results in 95 % control of most insects (Navarro et al., 2012) in four days 
at the temperature of 28 ⁰C (Kumar et al., 2022). The use of high-pressured CO2 (10-37 bar) can 
significantly reduce the exposure time to hours in metallic chambers standing the high pressures. 
However, this solution requires high capital investment and is therefore recommended for high-value 
commodities such as nuts, medicinal herbs, spices etc. (Kumar et al., 2022; Navarro et al., 2012). The 
commercial use of modified or controlled atmosphere is especially relevant for organic products for 
which no chemical fumigants are allowed (Navarro et al., 2012). In the lab tests, the use of biogenic CO2 
with the traces of CH4 and H2S derived from biogas plants demonstrated higher efficacy in insect 
mortality compared to pure CO2 (Kumar et al., 2022). However, in this case special attention should be 
paid to occupational health and safety. 

3.1.2. Algae production 

Algae represent sustainable future microbial cell factories which convert CO2 to biomass via 
photosynthesis with a great potential in generating high value-added products. They are divided into 
two sub-groups such as macro- (known as seaweed) and microalgae (referred to as phytoplankton). In 
comparison to macroalgae, microalgae have a faster and more uniform growth pattern and are more 
economically sustainable (De et al., 2023). The specific competitive advantage of microalgae cultivation 
systems lies in the aforementioned wide application potential resulting from the rate of biomass 
production, high efficiency of photochemical processes, genetic diversity, resistance to harsh 
environmental conditions, especially in comparison to land plants, and capability to metabolise many 
pollutants. Due to its ability to fix CO2, microalgae cultivation represents an auspicious CCU option 
(Zieliński et al., 2023). Algae are cultivated in open systems such as natural waters and artificial (raceway 
and circular) ponds. In addition, there are closed cultivation systems such as tubular, vertical column, 
and flat panel photobioreactors (Alami et al., 2021). To a lesser extent, for algae cultivation fermenters 
are also used representing a more recently developed method (Araújo et al., 2021). The capture 
efficiency of CO2 is dependent on the concentration of CO2, the selected algae strain, cultivation system, 
and environmental and operating conditions, especially available light and light penetration in the water 
system. The specific capture efficiencies of CO2 by algae can achieve 80 to 99 % under favourable 
conditions (Alami et al., 2021), although the current practical efficiency is lower compared to other CO2 
capture technologies (Zieliński et al., 2023). However, this is not the relevant efficiency factor. More 
important is the energy efficiency. For algae production, pure CO2 is not needed and can be sourced 
from different flue gases. This saves energy and technical processes, which are required for CO2 
concentration for other processes. Moreover, natural sunlight is often used as the main energy source 
for CO2 recovery, added by some electricity for pumping or integration of CO2 into the water. However, 
the specific composition of flue gases is of importance. Whereas compounds such as NO can be 
metabolised (Alami et al., 2021) at low concentrations, SO2 in concentration above 60 ppm (Zieliński et 
al., 2023) can be toxic to algae. CO2 flow rates are also relevant, since very high flow rates can inhibit the 
growth and production of algal biomass (Alami et al., 2021). Algae have an additional effect on de-
eutrophication and some microalgae can be used for phycoremediation of degraded water bodies 
removing or converting toxic and resistant pollutants. The oxygen excretion from photosynthesis into 
the water body enhances the redox potential and leads to lower levels of biogenic compounds in and 
better quality of water. Heterotrophic microalgae do additional direct consumption of organic 
pollutants. For their cultivation, liquid residual effluents and wastewater as well as the water from 
natural bodies with high biogenic share can be used as the culture medium, while the pesticides or 
herbicides are not necessarily required (Zieliński et al., 2023). 

In Europe, the most microalgae production facilities are located in Germany, France and Spain. Together 
with Italy, these countries have the largest number of Spirulina spp. production sites with France 
dominating the production. Thereby, photobioreactors represent the most commonly used method of 
microalgae cultivation in Europe. The main application areas of microalgae biomass are food 
supplements and nutraceuticals with 24 %, cosmetics with 24 %, and feed with 19 % contributing 
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together to 67 % of the total uses based on the shares of commercial biomass applications by 
production companies (Araújo et al., 2021). 

Further production routes from microalgae involve hydrogen recovery or dark fermentation with 
methane, biodiesel production from storage lipids, fermentation to bioethanol, acetone and butanol, 
biohydrogen production via biophotolysis, bio-oil production via pyrolysis and hydrothermal 
liquefaction, and biochar production via pyrolysis. The long-term CCU option includes use of microalgae 
as biostimulants in place of synthetic liquid fertilisers in order to improve crop production while 
providing an economical and sustainable solution for organic agriculture. Microalgae can be further used 
to produce biodegradable bioplastics via CO2 biosequestration which could be utilised for medical 
purposes such as production of wound dressings, manufacture of implants, and drug delivery carriers. 
In addition, via precipitation of CaCO3 by blue-green algae, and non-phototrophic bacteria microalgae 
can be used for cement production (Zieliński et al., 2023).  

The integration of microalgae cultivation systems into biogas (upgrading) plants or wastewater 
treatment plants offers the opportunity to harness biogenic CO2 and a growth medium with the right 
amount and quality of nutrients, including biogenic compounds, for the production of value-added 
products while enabling the utilisation of waste heat (ibid.). The future-oriented options for the 
production of single cell proteins on the basis of microalgae cultivation using CO2 from biogas 
production, along with insights into the production and cost framework, are envisaged in the project 
SEMPRE-BIO and described, among others, in more detail in section 3.2.  

3.1.3. Food and beverage industry 

For the use in the food and beverage industry, very high purity of CO2 is required. The most used 
application of CO2 in the world is the carbonation of mineral waters and soda (Girardon, 2019), followed 
by the production of de-oxygenated water, beer, and (sparkling) wine which require great amounts of 
CO2 for their production (Zhang et al., 2020). Representing a weak acidifying agent, CO2 can control the 
pH of milk or drinking water by lowering the hardness of the latter in place of strong acids such as sulfuric 
acid which is difficult to handle. CO2 as compacted dry ice at the temperature -78 ⁰C is used for 
controlling the cold chain in the course of industrial processes and logistics or chilling of food products. 
However, for this type of use sophisticated facilities are required (Girardon, 2019). Dry ice can be further 
used for dry ice blasting when solid form of CO2 is used as cleaning medium in the food and beverage 
processing and packaging industries. It represents environmentally friendly, nonabrasive, nontoxic, and 
dry technique leaving no residues or secondary waste. By removing protein residues on food-processing 
units, dry ice can minimise cross-contamination induced by allergens such as nuts or the like. In 
addition, it can also minimise contamination on surfaces by Listeria, Salmonella and E. coli (Vansant, 
Rogiers, 2019). 

In case of freeze drying or dehydration, liquid CO2, dry ice, and modified atmosphere packaging (MAP) 
techniques are applied for refrigeration. The temporary storage for all CCU is justified if the source of 
CO2 is of biogenic nature (Zhang et al., 2020). Due to its fungistatic and bacteriostatic properties, CO2 
can minimise the increase of mould and bacteria especially in the absence of oxygen. Therefore, it is 
applied in the modified atmosphere packaging (MAP) process for perishable foods such as fish, meat, 
vegetables, and ready-made meals. It is injected into the package in order to decelerate the oxidation 
rate being effective at concentration > 20 % (Girardon, 2019; Kapoor et al., 2020).  

Further, CO2 can be converted into a supercritical fluid in order to extract various bioactive natural 
compounds. The desired critical stage is achieved when enhancing the temperature and pressure above 
its critical points (31.1 ⁰C and 7.4 MPa). The benefits are seen in its inexpensive nature, low reaction 
conditions, and non-flammability but also in easier product recovery, solvent-free extraction, and 
possibility to re-use CO2. Supercritical CO2 can be used as a solvent for decaffeination of coffee beans 
or removal of pesticides from harvested crops. It is also used in order to extract nutraceuticals, flavours 
and essential oils (e.g., ginger oil and oleoresin from ginger rhizomes with the latter being used food and 
pharmaceutical industries, patchouli essential oil, almond oil, cherry seed oil, Cannabis oil) or fatty acids 
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and lipids from various feedstocks, as, for instance, eicosapentaenoic acid and docosahexaenoic acid 
from microalgae Nannochloropsis sp. instead of fish oil (Podder et al., 2023). 

In Excursus 3, requirements for the food quality standards of CO2 are described in detail. In addition to 
its use in the food and beverage industry, food-grade CO2 can be also used in the other industrial 
applications in order to avoid contamination of CO2 tanks by impurities or other gases resulting from 
different demanded gas qualities while being transported to the different end users. 

 

 

  

Excursus 3: Requirements for the food quality standards of CO2 
For specific CO2 uses, especially for, but also not limited to food and beverage 
industry, there are concrete standards of CO2 required. This type of safety standard 
is referred to as food-grade CO2. Accordingly, CO2 has to be purified, controlled and 
can be traded only under specific documentation, reporting and quality 
requirements.  
 
CO2 as foodstuff gas can be defined as gas which is suitable for use in foodstuffs and 
can act as food additive, technical additive or protective gas.  

• Food additive is defined according to the Regulation (EC) No 1333/2008 as a 
substance, with or without nutritional value, which is not normally consumed 
as a food itself or used as a characteristic food ingredient and is added to a 
food for technological reasons during manufacture, processing, preparation, 
treatment, packaging, transport or storage (Industriegaseverband, 2018). In 
this case, CO2 is labelled as E290.  

• Technical additive is defined as a substance which is not consumed as food 
itself but is used in the processing of food and may remain in residual 
quantities in the final product in which it does not fulfil a technological 
purpose (ibid.).  

• Lastly, protective gas is defined as gas filled into food packaging for the 
purpose of preservation (atmosphere exchange, oxygen displacement, germ-
inhibiting effect) (ibid.). 
 

At the company level of the food business operators, against the background of the 
Regulation (EC) No 852/2004 on the hygiene of foodstuffs, Article 5 there is a need to 
develop and implement an intern HACCP-(Hazard Analysis and Critical Control Point) 
concept in order to ensure the control and quality assurance of the food-grade CO2 
which calls for comprehensive documentation requirements (European Union, 
2004). In addition, the manufacturing process should be described in detail – from 
receipt or production of the raw gas until the product is placed on the market 
(Industriegaseverband, 2018).  
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Excursus 3: Requirements for the food quality standards of CO2 (continued) 
 
HACCP can be seen as a part of the overall quality management system, i.e., Global 
Food Safety Initiative (GFSI) scheme FSSC 22000, Food Safety management systems 
or ISO 22000, Food Safety Management (EIGA, 2020a). FSSC 22000 represents a 
complete certification scheme for food and feed safety management systems based 
on ISO 22000 providing a certification model which can be used in the whole food 
supply chain. It covers sectors with the realised technical specifications for sector 
requirements for prerequisite programmes (PRPs) (ibid.). In contrast to FSSC 22000, 
ISO 22000 is based on ISO 9001 entailing requirements for food safety management 
systems and not containing specific requirements for prerequisite programmes but 
calling for internal appropriate programmes at the organisational level (ibid.). 
 
For food additive gases, there are minimum specifications from the Joint FAO (Food 
and Agricultural Organisation of the United Nations) /WHO (World Health Organisation) 
Expert Committee on Food Additives (JECFA), whereas for technical additives and 
protective gases there are no specific purity criteria which would apply under the EU 
law (EIGA, 2020b). 
 
Further, internationally accepted guidelines for food-grade CO2 (specific thresholds 
for possible contaminants such as nitrogen oxides, ammonia, volatile hydrocarbons in 
combination with appropriate detection methods for these potential pollutants) are 
provided by the International Society of Beverage Technologists (ISBT) and the 
European Industrial Gases Association (EIGA) (ISBT, 2023; EIGA, 2020b; Esposito et al., 
2019). Although ISBT operates in Europe, it has its origin in Northern America. Relevant 
for the European market are more EIGA standards.  
 
With respect to the EIGA standards on food-grade CO2 from anaerobic digestion, the 
document 70/17 Carbon Dioxide Food and Beverages Grade, Source Qualification, 
Quality Standards and Verification is of relevance (EIGA, 2017). The allowed type of 
sources for AD are energy crops and organic waste with the required detailed and 
extensive risk assessment and compliance of the final product with the appendix A of 
the EIGA document 70/17. Thereby, the food safety risk assessment includes the 
digester AD process (ibid.). The handling of CO2 derived from energy crops is treated as 
equal to that from yeast-based fermentation (ethanol), whereas the gas from co-
digestion or organic waste calls for greater care in evaluation.  
 
For AD plants and feedstocks, a compliance with EU regulations EC 1069/2009 
Regulation (EC) No 1069/2009 of the European Parliament and of the Council of 21 
October 2009 is expected laying down health rules as regards animal by-products and 
derived products not intended for human consumption and repealing Regulation (EC) 
No 1774/2002 (Animal by-products Regulation) and EC 142/2011 (ibid.). Finally, before 
supply to customer there is an online analysis of the CO2 production or complete batch 
analysis needed (ibid.). 
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3.1.4. Power-to-X 

Power-to-X (PtX) stands for the process of conversion of the excess renewable electricity into H2 
through electrochemical reaction and further on by reaction with carbon compounds to product ‘X’. 
Thereby, depending on the type of product and PtX technologies, X is referred to: the power-to-gas 
(P2G), power-to-liquids (P2L), power-to-chemicals (P2C), power-to-hydrogen (P2H2), power-to-methane 
(P2M) or power-to-heat (P2H) (Dahiru et al., 2022). 

In addition, there are different terms depending on the application of the products. If fuels are provided 
by PtX technologies, the term electrofuels or e-fuels is used. If combining hydrogen with biogenic 
sources of CO2, it is a matter of bio-electrofuels or bio-e-fuels (Grahn et al., 2022). 

The additional provision of biomethane via methanation is described below, since this is a special 
application within the context of the current report. Power-to-Gas describes the process of conversion 
of renewable electricity in order to produce H2 via electrolysis (P2H2) which is used with CO2 from an 
external source to convert CH4 (or synthetic natural gas, SNG) through the methanation (P2M). Both 
hydrogen and methane can be injected into the natural gas grid for subsequent storage. For hydrogen, 
this injection is limited by technical and regulatory framework conditions, since adjustment of the 
natural gas grids to higher hydrogen blending requires investments and research (Sterner, Specht, 2021), 
whereas these restrictions do not apply for methane, thus allowing either for its direct use or (seasonal) 
storage (Thema et al., 2019). Compared to the direct use of electricity or H2, the lower efficiency of the 
process proves to be a disadvantage. However, the generated CH4 injected into the gas grid can be used 
for industry, transportation, and buildings (Sterner, Specht, 2021).  

The first step is the production of hydrogen which can comprise water electrolysis where water is split 
into H2 and O2 representing mature technology. The energy needed for water electrolysis can be supplied 
by electrical or thermal energy and in case of the renewables such as wind or solar being used can 
potentially result in net-zero CO2 emissions (Dahiru et al., 2022). Currently, alkaline and membrane 
electrolysis are available, whereas high-temperature electrolysis is under development (Sterner, 
Specht, 2021). Relevant for the selection of electrolysis technology are efficiency, lifetime, and flexibility 
(Dahiru et al., 2022). The second step is the process of the conversion of H2 and CO2 using electrical 
energy which is referred to as methanation and can be differentiated into thermochemical or catalytic 
methanation and biological methanation. For biological methanation, biological catalysts such as 
methanogenic microorganisms are used in order to catalyse the methanation reaction at the process 
temperatures between 37 and 65 °C and pressures 1-15 bars (Thema et al., 2019). In case of in-situ 
biological methanation, hydrogen is directly brought into the AD reactor, whereas in case of ex-situ, H2 
and CO2 can react in a separate reactor filled with hydrogenotrophic archaea. In comparison to in-situ 
with 75 %, greater volumetric methane production rates of approx. 98 % can be realised in ex-situ 
(Dahiru et al., 2022). Of additional relevance for the gas production cost is the source and type of the 
feedstock utilised for biological methanation (Dahiru et al., 2022). For thermochemical methanation 
(Sabatier process, 4H2 + CO2 → CH4 + 2H2O), metal catalysts such as Ni/Al2O3 are used in order to catalyse 
the methanation reaction at the process temperatures between 200 and 550 °C depending on the 
optimal activity of the catalyst and pressures up to 100 bar (Thema et al., 2019).  

The thermochemical methanation is distinguished by its high space-time yields and waste heat 
temperature level, less space needs, availability for high MW scale and proof for a long time. The 
biological methanation is characterised by less sensitivity to the gas impurities of the reactants and 
higher robustness, lower temperatures and pressures requirements and greater suitability for 
decentralised applications in particular if combining with biogas (Sterner, Specht, 2021). 

The CO2 intensity of the electricity mix (share of the renewables with the lower CO2 intensity compared 
to the fossil sources within the electricity mix) is decisive for the PtX products. The biogenic or 
atmospheric sources of CO2 are to be preferred to flue gases from the fossil power plants – in case of 
CO2 from biogas not only from the sustainability point of view but also due to the lower energy demand 
which is needed to capture CO2. For market uptake of PtX, OPEX funding, CO2 pricing and quota system 
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are possible support instruments (ibid.). According to the review of PtX projects in Europe carried out 
by Wulf et al., 2020, from 220 of the PtX projects commissioned after 2000 until 2020 (without being 
decommissioned afterwards) in 20 European countries with the TRL level ≥ 5 and CO2 sourced from 
biogas or wastewater treatment plants, 8 are located in Germany, 3 in Denmark, 3 in Switzerland, and 
one project each in Spain, France and Italy. Where indicated, 64 % of these projects were based on 
biological methanation, whereas 36 % were represented by catalytic methanation (Wulf et al., 2020). 

3.1.5. Chemical industry 

Fertiliser industry 

Mineral fertilisers, especially nitrogen (N) fertilisers, represent a necessary foundation of nutrient supply 
in agriculture in order to produce food, feed, fuel and/ or fibre. Ammonia is in turn the basis for chemical 
N-fertilisers with urea being a direct derivative of it. Among with agricultural use as fertiliser, urea (N= 
46 %) serves also as an intermediate for production of resins or as a chemical agent in order to reduce 
NOx emissions from power plants, engines and other exhaust gases. In comparison to other 
macronutrients such as phosphorus (P) and potassium (K), N-fertilisers are the most applied and most 
energy-intensive to manufacture (IEA, 2021). The specific amounts and application rates vary region- 
and crop-related though. Whereas globally in 2020, 112.4 Mt (nutrient-related) of N-fertilisers were 
consumed, 9.1 Mt were applied in the EU-27 in 2021/22. 49 % of these amounts (nutrient-based) were 
globally consumed in form of urea and 22 % in the EU-27 for agricultural use only. In 2022 in the EU-27, 
7.4 Mt of N-fertiliser (nutrient-based) were consumed for agricultural and industrial use representing 
46 % of the total EU-27 consumption (Fertilizers Europe, 2023a). 

The synthesis of urea requires CO2 (Driver et al., 2019). Usually, CO2 accruing as a result of ammonium 
production with natural gas is used for urea synthesis. The use of fossil fuels results in approx. 250 Mt 
CO2 (direct process CO2 emissions) and around 130 Mt CO2 are used directly to produce urea (Figure 8) 
and are released again along with N2O emissions in the course of the urea application in agriculture. 130 
Mt CO2 correspond to around 29 % of the total generated CO2 emissions during ammonia production 
(with 450 Mt CO2 in total in 2020 representing the largest emitter in the chemical industry sector). The 
additional process energy input leads to diluted CO2 flow which needs further facilities in order to be 
captured (IEA, 2021). The urea production units are typically located close to the natural gas production 
sites where steam reformation of methane generates a syngas consisting of hydrogen (H2) and carbon 
monoxide (CO), which is upgraded to enhance the amount of H2 and to produce CO2. After removing the 
CO2, in the course of the Haber-Bosch process H2 reacts with N2 from the air to produce ammonia (NH3). 
The separated CO2 reacts with NH3 to generate ammonium carbamate (H2NCOONH4). Through the 
Bosch-Meiser process, H2NCOONH4 forms urea (CO(NH2)2) and water (Driver et al., 2019).  
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Figure 8: Mass flows in the ammonia supply chain from fossil fuel feedstocks to nitrogen fertilisers and industrial products, million 
tonnes per year of production using production data for 2019. Only the fossil fuel quantities consumed as feedstock are shown; the 
diagram does not represent process energy inputs. MAP = monoammonium phosphate; DAP = diammonium phosphate; CAN = 
calcium ammonium nitrate; UAN = urea ammonium nitrate; AS = ammonium sulphate (source: IEA, 2021) 

Besides the use for urea synthesis, the CO2 from ammonia production can be used after compression in 
the food and beverage industry or captured for geological storage (IEA, 2021). For urea production, about 
0.74 tonnes CO2 are used per tonne final product (Chauvy and De Weireld, 2020). Given the CO2 shortages 
derived from reduced production of the fertiliser industry in 2022 and the envisaged decarbonisation 
efforts, as outlined in the section 1 above, the need for biogenic alternatives of CO2 is expected to rise. 

One possibility to decarbonise urea production is to substitute hydrogen from fossil sources (mainly 
natural gas, but also coal and oil) needed for ammonia production by hydrogen from more sustainable 
technologies. Depending on the colour scheme of hydrogen attributed depending on its specific 
production pathway, a distinction can be drawn between  

• grey (conventional path),  
• blue (conventional path combined with CO2 capture from steam reforming process for CCS),  
• green (based on renewables, mainly by electrolysis using renewable (like wind, solar, hydro, 

geothermal) electricity with H2 being produced on site or supplied via pipeline),  
• yellow (electrolysis using specific electricity mix from the grid depending on the production 

place and country), and  
• turquoise (methane pyrolysis using specific electricity mix from the grid, technologically still to 

be further developed) ammonia.  

Depending on the chosen scenario (base case vs. best case) and time horizon (2030 vs. 2050) with the 
geographical scope on the EU and Norway, turquoise, yellow, and green ammonia could result in 100 % 
CO2 emissions reduction by 2050 in the course of the production, if the electricity grid will be 
decarbonised at this point. Turquoise ammonia cannot be achieved by 2030 but may have the 
development and decarbonisation potential in the long term, depending on the cost developments of 
the different routes. This will be dependent on the benchmark development of electrolysis H2, which 
depends on the development of electrolysers costs, especially in case of operation with fluctuating 
electricity surpluses from wind and solar and on the development of available cheap renewable 
electricity, which in turn depends on the build-up of renewable electricity production, especially of wind 
and solar with relative low costs and times with low prices of such electricity on the markets. The costs 
for yellow ammonia are 2.8 times and CO2 emissions almost by 40 % higher by 2030 compared to the 
grey ammonia. However, these values vary depending on the electricity mix and production site. 
Currently, the produced renewable energy could not meet the need to produce green hydrogen in order 
to convert the entire production sites to green ammonia. Blue ammonia represents bridge technology 
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until scale-up of green or turquoise ammonia production. Crucial for blue ammonia is the location resp. 
vicinity of the possible storage sites, the transport infrastructure for CO2 and the support from the 
politics and society. Since no CO2 is generated in the production process of blue, green, yellow, and 
turquoise ammonia, an alternative source of CO2 is required for subsequent urea production (Ausfelder 
et al., 2022). 

Taking a more global perspective, where a lot of scenarios contain the import of green H2 from regions 
with optimal renewable conditions, it is a question, if further NH3 production in Europe makes sense and 
can be competitive in the long term, as NH3 is in discussion as a distribution way for H2 due to its much 
better characteristics (volume-related energy with relatively low pressure and temperature). Most 
probably, H2 imports will be done via synthesised NH3, CH4 or other molecules with better storage and 
transport conditions than H2. 

Blue ammonia is, however, not to be equated with the Blue Urea concept, where the renewable-powered 
electrolysis to generate H2 is combined with point-source CO2 capture to produce urea via synthetic 
route (by generating ammonium carbamate precipitate which reacts to urea under less severe 
conditions (140 ⁰C, 14 bar) and with lower energy demand in comparison to conventional urea production 
path (170–220 ⁰C, 150 bar). Though being carried out under controlled conditions within a closed-system, 
Blue Urea concept might be reduced-carbon or even carbon-neutral and have several benefits if being 
upscaled. The production units could be more small-scale and decentralised close to the point of 
sources due to the sustainable origin of H2, N2 and CO2. In addition, reduced transportation costs and the 
emissions compared to conventional production can be reported as well. In order to evaluate its overall 
performance, the concept should be tested in open air and uncontrolled conditions (Driver et al., 2019). 

Possible changes by the import of renewable H2 as ammonia, as described above, which can also be used 
directly for fertiliser production, may change the nitrogen fertiliser production within Europe strongly. 

 

Methanol production 

Methanol (CH3OH) represents water-soluble, readily biodegradable, liquid chemical and clean-burning, 
biodegradable fuel. It is an energy carrier in electricity, automotive, and marine sectors as well as a rising 
renewable energy source (Methanol Institute, 2023). Synthesis of methanol relies mainly on fossil fuels: 
to 65 % on natural gas, to 35 % on coal (primarily in China) and to about 0.2 % on biomass and renewables 
(IRENA and Methanol Institute, 2021). The commercial production of methanol is based on the syngas 
synthesis from natural gas. The process includes two steps: steam reforming of methane and methanol 
production. Steam reforming of methane results in a mixture of CO, CO2 and H2. The production of CO2 

can also result from water-gas shift reaction which is used in order to modulate the ratio of H2 and CO2 
for methanol synthesis. Steam reforming is the costly production part which requires very high 
temperatures and pressure (approx. 900 ⁰C and 16-30 bar respectively) (Azhari et al., 2022). In order to 
produce on average 2,500 tonnes of methanol per day in a conventional plant, temperatures and 
pressure of 200-300 ⁰C and 35-54 bar on the catalyst CuO/ZnO/Al2O3 are required (CO2 + 3H2 → CH3OH + 
H2O) (Sheppard et al., 2022). The last step comprises distillation of crude methanol in order to remove 
the water generated during methanol synthesis as well as possible by-products (IRENA and Methanol 
Institute, 2021). The generated water can be reused by water-gas shift reaction. Whereas steam 
methane reforming results in 0.7 t of CO2 per tonne of methanol, coal gasification leads to 2.971 t of CO2 
emissions per tonne final product (Sheppard et al., 2023). In total in 2020, methanol production 
contributed 220 Mt CO2 emissions in the chemical sector (IEA, 2021). Renewable methanol is the term 
used for methanol production based on renewable energy and renewable feedstocks containing carbon. 
Bio-methanol is produced from biomass such as agricultural and forestry waste and by-products, biogas 
from landfill, sewage, municipal solid waste, black liquor from the pulp and paper industry. The 
production of green e-methanol relies on green hydrogen (produced via water electrolysis using 
renewables) and CO2 from renewable sources, such as BECCS or DAC (IRENA and Methanol Institute, 
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2021) and is referred to as catalytic CO2 hydrogenation (Azhari et al., 2022). The different production 
pathways of methanol are shown in Figure 9. 

 
Figure 9: Main production routes of methanol; renewable CO2: from bio-origin and through direct air capture (DAC), non-renewable 
CO2: from fossil origin, industry; the suggested colour scheme for methanol is not standardised (source: IRENA and Methanol 
Institute, 2021) 

In 2022, the global methanol demand can be accounted to 106 Mt. For fuel production, 11 % fall on 
gasoline blending, 7 % on methyl tertiary-butyl ether (MTBE), 3 % on biodiesel and 3 % on dimethyl ether 
(DME). As chemical intermediate, 31 % are led by methanol-to-olefins (for production of plastics, ethyl 
propylene, polypropylene), 23% by formaldehyde (for production of medium-density fibreboards, 
plywood), 7 % by acetic acid (for production of fleece, adhesives, paints), and 2 % each by methyl 
methacrylate (MMA), methylamines, methyl chloride (chloromethane) (MMSA, 2023a; Methanol Institute, 
2023). Methanol can be further used as a fuel in direct oxidation methanol fuel cells (DMFC) to produce 
electricity – the current use is, however, limited to 0.02 % of the total demand (Azhari et al., 2022; MMSA, 
2023). 

E-methanol represents both an e-fuel and electrochemical. Beside e-methanol production via catalytic 
process while producing hydrogen from water electrolysis using renewable electricity, which represents 
mature technology (TRL 8-9), there are further two lab-scale approaches. The first one is based on the 
production of syngas parts CO and H2 via electrolysis with the subsequent conversion of syngas to e-
methanol, which needs, however, greater process efficiency. The second lab-scale approach 
encompasses electrochemical conversion of H2O and CO2, which also requires further efficiency gains. 
For the production of 1 tonne e-methanol based on water electrolysis with renewables, 0.19 t of H2 
(approx. 1.7 t H2O), 1.38 t CO2 and 10-11 MWh electricity (mainly for electrolyser with around 9-10 MWh) are 
needed (if CO2 is externally supplied). The heat released during the process could be utilised for 
distillation of e-methanol. For the production of 1,000 t/d of e-methanol, an electrolyser with the 
capacity of minimum 420 MWe would be required. In order to achieve the average daily production of 
2,500 t e-methanol (s. above), an electrolyser with the gigawatt-capacity would be a prerequisite. The 
standard CuO/ZnO/Al2O3 catalyst would be required to be slightly adapted in order to handle the 
generation of greater amounts of H2O during the e-methanol production process. These catalysts are 
already commodified and available at the market. The use of biogenic CO2 for e-methanol production 
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would result in net CO2-neutrality. By 2050, the production of e-methanol is projected to be 250 Mt, 
which would need approx. 48 Mt of H2 and 350 Mt of CO2 (IRENA and Methanol Institute, 2021) and is more 
than twofold of the total current primarily fossil-based methanol demand. 

One further possibility could deliver the combination of biogas-based methanol production with 
electrolysis. In this case, CO2 produced in the biogas process takes part in the reformer reaction 
alongside with CH4, O2 and steam. The alternative would be the addition of CO2 from biogas to the 
process after the reaction in the reformer. For that, additional H2 is needed for the optimum gas 
composition. Thereby, the reformer could be heated with RES electricity, which is under investigation. 
This type of process chain would result in greater carbon efficiency, since nearly all C contained in the 
raw material would be converted into C in methanol. The overall process efficiency of e-methanol 
production is 50-60 % (ibid.). 

For the European Union, the aim is to substitute minimum 20 % of C used in the chemical and plastic 
products by sustainable non-fossil sourced C by 2030. In this respect, the production of methanol from 
CO2 at reasonable costs would allow for production of a variety of chemicals such as propylene or 
ethylene which are used for the production of plastics, coolants, and resins (European Commission, 
2021). The current production cost of methanol from natural gas in Europe can be amounted to ≥ 300 
USD/t (IRENA and Methanol Institute, 2021). The current methanol contract price in Europe as of 
September 2023 is 386 USD/t, demonstrating easing prices since July 2023 (in comparison to 526 USD/t 
as of June 2023) (MMSA, 2023b). The current production cost for e-methanol is to be quantified at 820-
1,620 USD/t. By 2050, the expected costs are 250-630 USD/t without carbon credits. The main 
influencing variables are the costs of H2, which are coupled to the utilisation rate of electrolyser, costs 
of electrolyser and electricity, and CO2. The partial integration of green e-methanol into the fossil 
production chain is seen as a transition possibility to stepwise master an economical production of e-
methanol (IRENA and Methanol Institute, 2021). 

3.2. Biopolymers, biochemicals and alternative sources of protein 

The recovery and valorisation of CO2 to produce high-value products holds immense significance and 
relevance in today's global context. In the face of critical challenges such as climate change and 
resource scarcity, leveraging CO2 as a feedstock for manufacturing high-value recovered products 
emerges as a transformative solution. Among these, biopolymers, biochemicals, and protein sources 
stand out as marketable products experiencing significant global demand (Agnihotri et al., 2022; 
MarketsandMarkets, 2023; Witte et al., 2021). By utilising CO2 as a building block for the synthesis of 
biochemicals and biopolymers, industries diversify their feedstock sources, thereby enhancing the 
supply chain sustainability, resilience, and security. Moreover, these value-added products find 
applications across a broad spectrum of sectors including pharmaceuticals, cosmetics, and feed and 
food additives, underscoring their versatility and potential impact on various industries. 

Leading the way in this endeavour are bio-based non-biodegradable biopolymers, such as bio-based 
polyethylene and bio-based polyurethanes. Additionally, polylactic acid and polyhydroxyalkanoates 
(PHA) are anticipated to play a substantial role in driving growth within the domain of bio-based and 
biodegradable biopolymers (Aeschelmann & Carus, 2015). While biopolymers traditionally originated 
from first-generation sugars, ongoing research and development endeavours are exploring novel 
technologies that utilise agri-industrial waste, lignocellulosic materials, and gaseous feedstocks like 
biomethane or CO2 as carbon sources. This shift towards alternative carbon sources aligns with the 
principles of a circular economy. Numerous pathways exist to convert CO2 into value-added building 
blocks for biopolymer manufacturing. Microbial fermentation stands out as one such pathway where 
microorganisms utilise CO2 as an input for biopolymer production. These microorganisms can produce 
and accumulate biopolymers like PHA and/or polyhydroxybutyrates (PHB) in their biomass, with 
applications in biodegradable plastics and other materials productions. This market is projected to 
reach USD 167 million by 2027, boasting a compound annual growth rate (CAGR) of 15.3 %  

(MarketsandMarkets, 2023). Within SEMPRE-BIO, PHA and PHB will be produced by employing a 
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fermentation process culturing Cupriavidus necator, a chemolithoautotrophic bacterium that grows on 
mixtures of H2 and CO2 with no dependence on light availability. This bacterium naturally produces PHB 
using the CO2 as a carbon source (Panich et al., 2021), showcasing a promising avenue for sustainable 
biopolymer production. 

Regarding biochemical production resulting from CO2 valorisation pathways, specialised 
microorganisms employed in fermentation processes can efficiently convert CO2 into valuable 
biochemical compounds such as organic acids, amino acids, and bioactive molecules. These 
compounds find various applications in industries like pharmaceuticals, cosmetics, and food additives. 
The metabolic pathways involved in the production of organic acids (i.e., caproic acid and succinic acid) 
will be explored within SEMPRE-BIO. Both caproic acid and succinic acid have been chosen as they 
exhibit a growing market demand. The caproic acid market is projected to reach USD 52.8 million by 
2027, growing at a CAGR of 5.6% over the analysis period 2020-2027. The global succinic acid market 
size was valued at USD 222.9 million in 2021 and is expected to expand at a CAGR of 9.7% from 2022 to 
2030 (Agnihotri et al., 2022).  

Caproic acid is an emerging platform chemical that can be produced from low-grade mixed organic 
waste. Recent demonstrations in both lab- and pilot-scale systems have shown high production rates 
and specificities under nonsterile conditions, highlighting its viability in continuous production (Chen et 
al., 2017). Caproic acid serves various industrial applications, functioning as a flavouring agent – 
especially in dairy products like cheese and butter – and as a plasticiser in rubber and plastics, including 
bioplastics. Additionally, caproic acid is used as a solvent in perfume and pharmaceutical 
manufacturing, as lubricant, and as a corrosion inhibitor in the oil and gas industry. Moreover, caproic 
acid can be used as an animal feed additive to enhance the growth and health of livestock (Berger, 2007; 
Conway, 1993; D`Mello, 2003). Megasphaera elsdenii demonstrates potential for caproic acid production, 
including the utilisation of CO2 as a carbon source. The strain has been shown to produce caproic acid 
from various feedstocks (Kim et al., 2020). Additionally, studies have indicated that M. elsdenii is capable 
of fermenting different carbon sources to produce organic acids in the range of C2 to C6. Particularly 
for caproic acid, studies have reported the production of this acid by M. elsdenii, with concentrations of 
0.88 g/L in specific culture conditions (Jeon et al., 2016). 

Regarding succinic acid production, this organic acid stands as a valuable platform chemical with 
diverse industrial applications. Succinic acid serves as a crucial building block for biodegradable 
plastics such as polybutylene succinate (PBS) and polyethylene succinate (PES), which find utility in 
packaging, textiles, and agriculture mulching films. Moreover, succinic acid is integral in the synthesis 
of polyurethanes, contributing to the manufacturing of foams, adhesives, and coatings. Within the food 
and beverage industry, succinic acid is used as a flavoring agent and preservative in baked goods, dairy 
products, and beverages. Its applications extend to the cosmetics industry, where it serves as a pH 
regulator and moisturiser in products like skin creams, lotions, and hair care products. Within the 
pharmaceutical industry, succinic acid is used as an excipient in the manufacture of tablets and 
capsules (Bechthold et al., 2008; Mazière et al., 2017). The various CO2 fixation processes have been 
optimised to achieve titers exceeding 100 g/L of succinic acid and productivities exceeding 3 g/L/h, 
rendering fermentative succinic acid production already cost-competitive compared to petrochemical-
based strategies (Liebal et al., 2018). Within SEMPRE-BIO, the investigation focuses on cultures such as 
Actinobacillus succinogenes, a Gram-negative, capnophilic, facultatively anaerobic bacterium. This 
organism exhibits the ability to convert a broad range of carbon sources, including CO2 HCO3

−, and CO3
2−, 

into succinic acid, showcasing an efficient and effective process (Xi et al., 2011). Actinobacillus 
succinogenes is employed for succinic acid production due to its native capacity to convert pentose and 
hexose sugars to succinic acid with high yield as a tricarboxylic acid cycle intermediate (Guarnieri et al., 
2017). This bacterium is capnophilic, incorporating CO2 into succinic acid, making it an ideal candidate 
for the conversion of lignocellulosic sugars and CO2 to this acid. A. succinogenes is known for high yield 
production on various sugars in batch culture, and it has been shown to metabolise most naturally 
occurring sugars achieving volumetric productivities of 10 g/L/h (Brink & Nicol, 2014). 
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SEMPRE-BIO will shed light over these promising valorisation alternatives for caproic and succinic acid 
production using recovered CO2 and agri-industrial by-products, in particular digestate, as growing 
medium. 

Concerning the global market for alternative proteins, a remarkable growth of up to 11% CAGR is 
anticipated within the 2020-2035 period, with microorganism-based sources reaching almost 23% of 
alternative protein human consumption (Witte et al., 2021). This shift is poised to significantly affect the 
livestock feed market, given that 57% of food system GHG emissions can be attributed to the production 
of animal-based food, comprising the protein supply (Xu et al., 2021). 

The production of microbial protein, also referred to as single cell protein (SCP), has several advantages 
over other strategies such as plant-based protein and cultured meat. These advantages include the 
rapid growth of microbes, minimal land-use requirements, and high resource efficiency. A wide range of 
substrates, such as agri-industrial side-streams (e.g., simple carbohydrates and biomethane) and 
inorganic carbon from flue-gas streams (e.g., CO2), hold potential as carbon and energy sources. One 
significant advantage of autotrophic routes lies in the direct fixation of CO2 (Matassa et al., 2016; Ritala 
et al., 2017; Van Peteghem et al., 2022). The most matured dioxide-carbon-mitigate-SCP technology is 
microalgae cultivation, which shows a CO2 fixation rate 10-50 times faster than land plants (Park et al., 
2021; Wang et al., 2008). Moreover, it exhibits the potential to recycle CO2 emissions from industry flue 
gases, with an average up-take of 1.8 kg CO2/kg of dry weight biomass (Iglina et al., 2022; Rios & Luzzi, 
2023). In addition, purple phototrophic bacteria (PPB) represent another group of microorganisms with 
SCP potential, capable of assimilating CO2 by reducing it into organic feedstocks in the presence of 
organic matter as electron donor. This capability could eventually support cost-effective biogas 
upgrading (Marín et al., 2019). Both microalgae and PPB technologies show a crude protein content of 
around 60 % and possess a suitable amino acid profile, making them valuable for potential feed 
applications, alongside other commercial purposes including pharmaceuticals, cosmetics, biofuels, and 
biofertilisers (Hülsen et al., 2022; Saadaoui et al., 2021).  

The global SCP market generated USD 5.3 billion in 2019, but it is expected to experience an annual 
growth rate of up to 5.5% by 2026 (360 Research Reports, 2021; Agnarsson et al., 2021). Furthermore, 
the global microalgae protein market is estimated to grow annually at a rate ranging between 6 and 7.8 % 
in the 2020-2027 term (Agnarsson et al., 2021). In 2021, 30 % of global microalgal production was sold to 
the feed industries (Lafarga et al., 2021). The average selling price of microalgae biomass stands at EUR 
31/kg of dry weight (Rios & Luzzi, 2023), whereas, as feed additive, it can reach up to EUR 137/kg. High-
value extracted products such as carotenoids, amino acids, PUFA (polyunsaturated fatty acids) extracts, 
astaxanthin, or erythrin multiply their market value, reaching up to 1,000 times their original worth (Rios 
& Luzzi, 2023; Saadaoui et al., 2021). Despite being presently considered a less competitive feed option 
due to high production costs, the situation may change soon with anticipated technical progress and 
diverse policy interventions related to imported feedstocks and carbon taxation. 

The utilisation of waste streams, such as wastewaters and CO2 emissions, as nutrient sources have a 
twofold positive impact on SCP production costs and environmental benefits. SEMPRE-BIO will focus on 
the production of alternative protein while valorising CO2 recovered from biogas. Additionally, it will 
assess the microalgae and purple bacteria growth upon using nutrients derived from digestate. The CO2 
conversion into high-value protein biomass is affected by several key parameters, mainly related to 
strain selection and operational conditions during cultivation. Some of the most reported microalgae 
strains compatible with consumption in the EU, showing high proportion of crude protein, and exhibiting 
good CO2 fixation rates (0.77-2.22 g/L/day) include Chlorella vulgaris, Parachlorella kessleri, Tetradesmus 
obliquus (Cheah et al., 2016; Onyeaka et al., 2021). Microalgae exhibit the ability to assimilate dissolved 
inorganic carbon in various forms. For example, C. vulgaris exclusively takes up gaseous CO2, S. obliquus 
utilises both CO2 and HCO3

− through external carbonic anhydrase, and C. kesslerii, although lacking this 
enzyme, still utilises both CO2 and HCO3

- (Zhou et al., 2017).  

The CO2 assimilation, coupled with the optimal production conditions at the lowest possible cost, relies 
heavily on a well-designed photobioreactor (PBR) and carefully set operation conditions, especially at 
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large scale. In the EU, closed PBRs dominate as the most common system for microalgae production at 
commercial scale (71 %), whereas open ponds and fermenters represent 19 and 10 % of the total 
production units, respectively (Araújo et al., 2021; Rampelotto & Hallmann, 2019). The closed PBR 
technology offers a variety of systems (e.g., panels, horizontal or vertical tubular, columns) and allows 
for stringent control of the environmental factors and biomass quality, thus simplifying applications for 
feed or food purposes. A PBR design based on a vertical tubular system coupled to a mixing-aeration 
tank enhances the photosynthetic efficiency and productivity of the production system (Acién et al., 
2017; Narala et al., 2016). The previously mentioned microalgae strains, known for efficient CO2 fixation, 
can yield up to 1.2 g/L/day when cultivated in such photobioreactors (Silkina et al., 2021; Zhou et al., 
2017). SEMPRE-BIO will integrate all considerations and PBR design parameters to maximise biogenic 
CO2 valorisation into high-value protein biomass. 

In conclusion, the development of pathways to convert CO2 into value-added biopolymers, biochemicals, 
and alternative sources of protein stands as a promising approach to address the challenges of climate 
change and resource depletion. The use of microbial biosystems for CO2 valorisation has shown great 
potential in producing bio-based materials that can replace traditional petroleum-based products or 
effectively reintroduce biogenic CO2 into the food/feed chain. The growing market demand for these 
goods highlights the importance of developing sustainable pathways for CO2 utilisation. 

3.3. Overview and mapping of biogas and biomethane plants with CO2 valorisation 
in Europe 

The following depictions are based on the results of literature research and conducted surveys as 
described above in sections 2.1 and 2.2. They do not claim to be complete, but rather provide an insight 
into the currently changing market of biogenic CO2 valorisation on the basis of the determined data 
sample. Thereby, the focus is clearly on commercial-scale CCU facilities without detailed elaboration of 
lab- and demo-scale projects or consideration of possible CCS developments. In the following, the 
literature sources are summarised and denoted as DBFZ literature review, 2023. A precise attribution of 
the literature sources differentiated by the status of the biogas and biomethane plants with CO2 
valorisation in Europe (in operation vs. in the planning stage) can be found in Table 4 in Annex.       

Valorisation of biogenic CO2 derived from biomethane plants represents a dynamic and steadily growing 
segment in Europe. The Netherlands and the United Kingdom can be seen as the pioneers in CO2 
valorisation from biogas upgrading with CO2 utilised primarily for air enrichment in greenhouses in order 
to speed up the photosynthesis rate and to increase the yields. One of the first CO2 capture units for the 
use of CO2 in greenhouses was commissioned by Eco Fuels in 2011 in Well, the Netherlands (EcoFuels, 
2023; Pentair, 2023). Relevant for the opening up the market towards further valorisation sectors in 
Europe, especially food and beverage industry, was the launch of the document 70/17 Carbon Dioxide 
Food and Beverages Grade, Source Qualification, Quality Standards and Verification by EIGA in 2017, as 
described above in section 3.1.3 in Excursus 3. According to that, CO2 from AD based on energy crops 
was on par with CO2 from yeast-based fermentation (ethanol production), whereas CO2 from co-
digestion or organic waste requires additional care in evaluation (EIGA, 2017). 

The second wave in terms of timing was taken over by Denmark and Italy, however, with different type 
of development. Whereas Denmark set on very large capture capacities of biogenic food-grade CO2 with 
its flagship project in Korskro with the annual capacity of 16,250 t/a, which are able to cover 25 % of its 
national CO2 demand (IEA Bioenergy Task 37, 2020; DBFZ survey of 4 Horizon Europe projects on 
biomethane, 2023), Italy introduced mainly middle to large-scale capacities of around 7,200 t/a of 
biogenic CO2. Now, new markets emerge in France and Germany, whereby due to the smaller biogas 
upgrading capacities in France in comparison to Germany French CO2 capture units both in operation 
and under construction tend to have capacities in the smaller range of around 3,200 t/ a of biogenic CO2 
(with the exception of a few examples) (DBFZ literature review, 2023; DBFZ survey of 4 Horizon Europe 
projects on biomethane, 2023; DBFZ survey of the German biomethane plant operators, 2023). 
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An overview of the biogas and biomethane plant sites with CO2 valorisation both in operation (current 
and expected by the end of 2023) and in the planning stage in Europe can be found in Figure 10. In 
accordance with that, as of 10/2023 Italy, the Netherlands, and the United Kingdom (including Scotland 
and Northern Ireland) are leading the way in biogenic CO2 valorisation from commercial-scale biogas and 
biomethane facilities in Europe (60 % in total), followed by Germany and France (the latter especially due 
to the recent development in 2022/2023). For the years to come, the high number of biomethane plants 
with planned CO2 valorisation especially in Germany is based on the results of the literature research, 
DBFZ survey of 4 Horizon Europe projects on biomethane, 2023 and DBFZ survey of the German 
biomethane plant operators, 2023. The latter represents the national empirical data collection without 
having respective national counterparts in other studied countries. From 32 German biomethane plant 
operators participated in the national empirical data collection, 10 have stated to plan to capture and 
valorise their biogenic CO2 in 2024, 2025 and 2027 (DBFZ survey of the German biomethane plant 
operators, 2023). 

 
Figure 10: Biogas and biomethane plants with CO2 valorisation (commercial-scale CCU) in Europe as of 10/2023, the planning stage 
refers to the installation of CO2 capture units; United Kingdom including Scotland and Northern Ireland (source: based on DBFZ 
literature review, 2023; DBFZ survey of 4 Horizon Europe projects on biomethane, 2023; DBFZ survey of the German biomethane 
plant operators, 2023) 

The planning horizon of the announced projects (planning stage) ranges from the end of 2023 (25 %) for 
the years to come 2024-2025 (73 %) up to 2027 (one unit) (DBFZ literature review, 2023; DBFZ survey of 
4 Horizon Europe projects on biomethane, 2023; DBFZ survey of the German biomethane plant 
operators, 2023). The intended commissioning can depend, however, also on possible non-economic 
barriers. As described below in subsection 3.4.2 in case of Acorn Bioenergy Limited approaching 
different sites in the UK and Scotland, there are residents' protest movements especially against 
erection of the new AD facilities or the planning application submitted by the company being rejected 
by the planning authorities partly as a result of local public debate (The Press and Journal, 2023b). Public 
acceptance is not a new or regionally limited aspect and can be both a driver and an impediment issue 
for development of biogas and biomethane production, even when coupled with biogenic CO2 capture. 

The distribution of the specific types of uses for biogenic CO2 for capturing sites in operation (current 
and by the end of 2023) and in the planning stage can be found in Figure 11. Thereby, multiple uses of 
biogenic CO2 per plant (also referred to as mentions) are possible. Certain types of uses such as dry ice 
production, CO2 blasting or cooling agent are shown separately, since there is no further indication of 
the specific final industry. In operating biomethane plants, the focus is clearly on CO2 valorisation in 
greenhouses with 35 % and food and beverage industry with 27 %. For the latter, biogenic CO2 amounts 
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are utilised in 13 % of mentions specifically for the production of carbonated beverages. To a smaller 
extent, the captured CO2 is used for PtX technologies (10 %), dry ice (8 %) or as a cooling agent (8 %). 
Further utilisation sectors such as chemical industry, healthcare sector or pharmaceutics play a minor 
role. This might be due to the fact of sensitivity of the topic that the specific final industrial uses are 
probably not mentioned in publicly available sources. Further, if there are no direct sales of the produced 
CO2 to the final customers and sales contracts are concluded with the large suppliers of industrial gases 
such as Air Liquide S.A., the Linde Group, the Messer Group GmbH, Nippon Gases or others, the actual 
final uses and the respective exact amounts might remain unknown or are traceable with additional 
effort (based on an accounting system with the bills of delivery stating exact quantities and target 
customers from the side of the industrial gas traders). 

In comparison to the current utilisation pathways, the situation for the announced facilities changes 
towards relative increase of CO2 use in the food and beverage sector with 47 % (almost a half of that 
dedicated specifically to carbonated beverages) as well as the increment of PtX technologies to 22 %. In 
contrast, the utilisation of CO2 in greenhouses moves somewhat into the background (13 %). A change 
towards the production of high-value biogenic CO2-based products is not yet apparent, according to the 
announced and available targets. In addition to sensitivity issues, the missing information may also be 
due to the fact that the collected sample data primarily includes commercial-scale facilities, whereas 
lab- or demo-scale projects were not initially mapped within the scope of this report. 

 
Figure 11: Distribution rate of different types of CO2 valorisation at operational (current and by the end of 2023) and announced CO2 
capture sites at biogas and biomethane plants in Europe (operational and announced commercial-scale CCU), as of 10/2023; 
number of mentions (source: based on DBFZ literature review, 2023; DBFZ survey of 4 Horizon Europe projects on biomethane, 
2023; DBFZ survey of the German biomethane plant operators, 2023) 

Where available, the type of very precise information on final sector use or direct sales of biogenic CO2 
to customers are described in the project examples below in chapter 3.4. For instance, Apsley Farms in 
the Bourne Valley in the UK operates direct sales of its biogenic CO2 using their in-house lorry fleet of 
CO2 tankers supplying CO2 for different industry sectors such as automotive, food and beverage, metal 
fabrication, water treatment, oil & gas, and dry ice (Apsley Farms, 2023). In Denmark, biogenic CO2 from 
the Korskro showcase project is traded under the own trade mark GO’ CO2 (IEA Bioenergy Task 37, 2020). 
By buying the locally produced CO2 at the biomethane plant in MéthaTreil, France for their greenhouses, 
a local vegetable grower Vinet Frères group secures a fixed, non-seasonal price for CO2 covering 35 % 
of their annual CO2 demand (Association d'Initiatives Locales pour l'Energie et l'Environnement, 2021). 
The proximity to customers, local and biogenic origin, green label, high purity grades and almost 
complete absence of impurities, safeguarded projected supply amounts and the possibility of the fixed 
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non-seasonal price are obviously competitive advantage of biogenic CO2 from biogas and biomethane in 
comparison to its fossil-derived counterpart. 

With respect to the emerging CO2 valorisation at bio-LNG plants in Europe as described in Excursus 1, 
from the currently 15 bio-LNG plants in operation 11 with CO2 valorisation could be identified with 5 of 
them being located in Italy. Regarding the future projection, 17 bio-LNG facilities with CO2 capture units 
could be identified with 5 each being announced in Germany and Norway. For development in Germany, 
this corresponds with the envisaged expansion target capacity of 4,324 GWh/a of bio-LNG by 2025. For 
Norway, this is especially true due to the fact of its first mover status starting bio-LNG production 
already in 2012 as well as 97 % of the in 2021 produced biomethane being used in transport sector 
(European Biogas Association, 2022b). Regarding further bio-LNG production sites in Europe both 
commissioned and under development, there is no additional, easily accessible information on the CO2 
valorisation coupled to bio-LNG production. 

Mapping of the biogas and biomethane plant sites with CO2 valorisation (current and expected by the end 
of 2023) in Europe can be found in Figure 12 below, whereas an interactive mapping of facilities will be 
available on the website of SEMPRE-BIO (https://sempre-bio.com/) and will be part of WP 6 Connect, 
communicate, exploit, replicate based on the data provided by DBFZ. It is evident that the majority of 
sites (60 %) with CO2 valorisation (current and expected by the end of 2023) are concentrated in the 
Netherlands, the south of the United Kingdom, and the north of Italy, followed by north-western Germany 
and France (23 %). With respect to the capacities, for almost 50 % of the plants no annual capacity data 
are provided. For the remaining 50 %, the capacity ranges are distributed evenly except the expected 
highest annual CO2 production capacity > 20,000 t/a located in Friesoythe, Germany. Regarding the 
current valorisation sectors of CO2 from biogas and biomethane, almost a quarter is attributable to the 
greenhouse farming, followed by food and beverage industry (12 %), industrial gas applications (12 %) as 
the only sector or both in combination (12 %), while energy generation accounts for 10 %. In addition, 
72 % of the CO2 capture sites being currently in operation produce CO2 from biogas and biomethane in 
food-grade quality according to the specification of EIGA or ISBT. Thereby, the food-grade CO2 has been 
valorised not only in the food and beverage sector but also for other applications. A detailed overview of 
the illustrated sites can be found in Table 5 in Annex. 

https://sempre-bio.com/
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Figure 12: Map of biogas and biomethane plant sites with CO2 valorisation (current and expected by the end of 2023) in Europe 
(commercial-scale CCU), differentiated by CO2 production capacities in tonnes per year and type of CO2 utilisation as of 10/2023 
(source: based on DBFZ literature review, 2023; DBFZ survey of 4 Horizon Europe projects on biomethane, 2023; DBFZ survey of 
the German biomethane plant operators, 2023) 

3.4. Project examples of biogenic CO2 valorisation from biogas and 
biomethane  

In the following, the selected project examples of biomethane sites with CO2 valorisation in Europe are 
described differentiated by country, type of CO2 use, status, production size, and type of input materials. 
The project examples were selected based on their pioneering character in the respective countries in 
terms of the range of different CO2 valorisation options, the size of CO2 capture capacities, first mover 
and/or innovative character, specific features such as direct sales of the biogenic CO2 using the own in-
house lorry fleet of CO2 tankers or own trade-mark for distribution of biogenic CO2 and completeness of 
the available information on the parameters mentioned above. 

3.4.1. The Netherlands 

EcoFuels, Well 

The biomethane plant in Well (municipality Bergen in the province Limburg, southeast of the 
Netherlands) went into operation in 2011 based on the biogas plant built in 2006 with the total capital 
expenditure of EUR 13 mill. The plant is operated by EcoFuels originated by the Dutch company, a 
vegetable grower, processor and vendor Laarakker Groenteverwerking B.V. (growing 110,000 t/a of 
vegetables on 3,500 ha) and an industrial and household waste management company Indaver 
Nederland B.V. As substrate 120,000 t vegetable and organic (such as foodstuffs with expired expiry 
date) waste are used which are supplied partly by the Laarakker Groenteverwerking and partly by ISO- or 
HACCP-certified external suppliers from agriculture, horticulture, and the processing and food industry. 
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For biomethane and liquid CO2 production, Pentair Haffmans’ membrane and cryogenic technology is 
used. The upgrading capacity of the plant is 340-365 m3

STP/h with the annual biomethane production of 
2,800,000 m3

STP (enough to supply 1,900 households with gas) and liquid CO2 production of 2,000 t/a. 
Besides, 17,000 MWhe of electricity (with a minor part for self-consumption and the remaining share 
enough to supply 5,800 households or the whole municipality Bergen, where the plant is located) and 
16,000 MWhth of heat used for the fermentation process as well as for drying processes, and fertiliser or 
digestate-based extraction of nitrogen and phosphate are generated on an annual basis. The produced 
biomethane is injected into the gas grid in accordance with the Dutch requirements, whereas food-
grade CO2 is used for fertilisation in greenhouses, as CO2 blasting in the purification industry and for dry 
ice production for cooling the food and for refrigerated transport of vaccines. Depending on the market 
developments, the production of bio-LNG can take place in the future (EcoFuels, 2023; Pentair, 2023).  

 

SFP Zeeland B.V., Westdorpe 

The biomethane plant located in Westdorpe (municipality Terneuzen in the province Zeeland, southwest 
of the Netherlands) went into operation in 2019. It was taken over in 2021 by SFP Zeeland B.V. The system 
uptime was maximised in order for the downtime to be amounted to 1 day/a. There are 9 digester tanks 
on site with the fermenter volume of 10,000 m3 each. The applied technology is a combination of 
membrane and the cryogenic unit from Pentair Haffmans. The upgrading capacity accounts for 
5,000 m3

STP /h biomethane. The current biomethane generation is 40,000,000 m3
STP/a (enough to supply 

25,000 households) with biomethane being injected into the national gas grid. The digestate production 
is 150,000 t/a with the separation of the liquid and solid fractions and the latter being composted in 
composting tunnels. The liquid CO2 production accounts for 20,000 t/a and EIGA/ISBT-grade CO2 is used 
as fertiliser in greenhouse farming treating the total surface area of 400 ha (Pentair, 2022a; Sustainable 
Fuel Plant, 2023a; European Biogas Association, 2023). 

3.4.2. The United Kingdom 

Springhill Farms, Pershore, Worcestershire 

The biomethane plant at the Springhill Farms in Pershore (ceremonial county Worcestershire) 
commissioned in 2013 operated by Vale Green Energy was the first plant with biomethane upgrading and 
injection into the national gas grid and parallel CO2 recovery in the United Kingdom. The decision to erect 
a new AD facility with subsequent biomethane upgrading was motivated by the new legislation 
forbidding the return of untreated vegetable-based residues from 809 ha farmland and 12 ha 
greenhouses as fertiliser to the agricultural land. There are 2 digester tanks on site with the fermenter 
volume of 4,200 m3 in total. As substrate, 70 t/d of grass, maize, sugar beet and wheat are used. The 
technology is based on the combined membrane and the cryogenic unit from Pentair Haffmans. The 
annual biomethane generation can be amounted to 1,630,000 m3 biomethane (enough to supply 1,000 
households), whereby 25 % of the produced gas are used for the own power and heating demand with 
the recovery of 3,000 t/a of CO2. The produced biogenic CO2 is used according to the pre-defined dosing 
and timetable for fertilisation in tomato greenhouses of the farm leading to 15 % of the tomato yield 
increase (Pentair, 2020; den Heijer and Coenradie, 2017; Gasworld, 2014; Vale Green Energy, 2023).  

 

Apsley Farms 

Commissioned in 2014, the biomethane plant at Apsley Farms in the Bourne Valley (Andover, southern 
English county of Hampshire) is now the third largest producer of biomethane in the United Kingdom. 
The farm total area accounts for 425 ha with 364 ha being arable land. The substrate for AD, mainly maize 
and rye silage, is delivered by 40 farms from the region. The daily biomethane production accounts for 
28,800 m3. There are 2 CHP units on site with the total installed electrical capacity of 1.1 MW used for 
electricity production in order to cover own demand for plant operation as well as for domestic and 
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commercial properties of the farm while the rest is supplied to the electricity grid. The digestate and 
garden mulch produced are certified by the Soil Association for the use on organic soils. 

The CO2 liquefaction unit was added in 2016. The daily production of biogenic CO2 can be amounted to 
32 t. Apsley Farms provide direct sales of food-grade biogenic CO2 (with the purity of 99.99% and storage 
capacities of 150 t CO2 on site) as bulk orders between 1 and 20 t using their in-house lorry fleet of CO2 
tankers supplying CO2 for different industry sectors such as automotive, food and beverage, metal 
fabrication, water treatment, oil & gas, and dry ice. The farm invested into the CO2 testing laboratory 
enabling CO2 testing services onsite (Apsley Farms, 2023; den Heijer and Coenradie, 2017; Sustainable 
Bourne Valley, 2023). 

 

Crofthead Farm, Scotland 

For the production of dry ice, the CO2 capturing, purification and liquefaction unit was established in 
2022 on behalf of Dry Ice Scotland Ltd at the AD plant of the Crofthead Farm (located in Crocketford, in 
the Dumfries and Galloway council area near the boundary between Scotland and England). The 
substrate amount for biomethane production accounts for 100,750 t/a consisting of manure, poultry 
litter, cattle slurry, energy crops, whey and distillery by-product liquid feeds. The liquid CO2 will have the 
food-grade quality and can be stored in two storage tanks (62,000 kg) on site. The production of dry ice 
occurs when the liquid CO2 is brought to atmospheric pressure resulting in “snow” being pelletised and 
passed to a slicing machine. The solid dry ice is then stored in specialised palletised packaging for 3 to 
7 days with the total production of dry ice expected to be 8,000 t/a. It can be used as a vaccine or for 
biological sample transportation, cold-chain logistics, and transporting perishables for both short and 
long-distances. The investment volume for the CO2 recovery and dry ice production facility can be 
amounted to £4 million with about £3 million being grant funding. The technology provider is Pentair 
Haffmans B.V. (Carbon Capture Scotland Limited, 2022; Pentair, 2022b; The Herald, 2021). 

 

Acorn Bioenergy Limited 

Since 2022 Acorn Bioenergy has been approaching different sites in Scotland and the United Kingdom 
in order to build AD plants with CO2 recovery on site. The aimed substrates for biomethane production 
are silage (rye, maize and grass), straw, poultry litter, farmyard manures in combination with draff, pot 
ale, pot ale syrup – in case of the future plant sites near Scottish distilleries – with the total substrate 
amount around 90,000 t/a. The sites are located in Evenley (targeted biomethane production of 
9,000,000 m3), Winchester (targeted biomethane production of 9,753,325 m3), Wherwell, Tysoe (UK) and 
Balintore, Elgin, and Rathven (Scotland) with intended commissioning in 2024 and 2025. Not all of the 
AD facilities will be able to inject the upgraded biomethane on site since they won’t be connected to the 
gas grid directly. In some cases, there are residents' protest movements especially against erection of 
the new AD facilities resp. the planning application submitted by Acorn Bioenergy being rejected by the 
planning authorities, partly as a result of local public debate. The planned CO2 production capacity moves 
within the same range for all locations and amounts to approx. 13,000 t/a. The future CO2 valorisation 
sectors are agriculture, food and beverage industry, construction and health care, and in some cases 
hydrogen technologies, and sustainable aviation market (Acorn Bioenergy, 2022a; Acorn Bioenergy, 
2022b; Acorn Bioenergy, 2023a; Acorn Bioenergy, 2023b; Acorn Bioenergy, 2023c; Andover Advertiser, 
2022; Bioenergy Insight, 2022b; Evenley Parish Council, 2022; The Press and Journal, 2023b; Tysoe 
Parish Council, 2022b; Winchester Action on Climate Change, 2022). 

3.4.3. Denmark 

Nature Energy Korskro A/S 

The biomethane plant in Korskro (located on the west coast of the Jutland peninsula in southwest 
Denmark) was commissioned in 2019 being the first biomethane plant with CO2 recovery in Denmark and 
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one of the largest biomethane plants in the world. The substrate for AD is provided by 603,500 t/a of 
manure from cattle, pigs, and minks, and 106,500 t/a from animal bedding, food waste, industrial and 
retail residues, and to a minor share by energy crops. The annual biomethane generation can be 
amounted to 49,000,000 m3 biomethane, whereas the ISBT-grade CO2 production accounts for 
16,250 t/a with further capacities to purify and liquify additional CO2 amounts. The CO2 is traded under 
the own trademark GO’ CO2 covering one quarter of the total annual Denmark’s CO2 consumption. The 
CO2 utilisation sectors are food and beverage, iron & machine, healthcare, and pharmaceutical. The 
biomethane plant in Korskro is operated by Nature Energy Biogas A/S, which is the largest biogas 
producer in Denmark. Nature Energy was acquired by Shell Petroleum NV in September 2023 (IEA 
Bioenergy Task 37, 2020; DBFZ survey of 4 Horizon Europe projects on biomethane, 2023; Nature 
Energy, 2023). 

3.4.4. Norway 

Den Magiske Fabrikken AS 

The extension to the upgrading capacity 2,400 m3
STP/h of biogas to biomethane for Den Magiske 

Fabrikken AS (The Magic Factory) site located in Sem (village in Tønsberg, Vestfold county, eastern 
Norway) was announced in spring 2023 representing the third plant extension (Malmberg, 2023). Den 
Magiske Fabrikken AS is the common plant of the region Grenland and Vestfold. The substrate treatment 
capacity as of 2022 comprises around 165,000 t/a of food waste, livestock manure, and industrial waste. 
The produced biomethane is sold to Air Liquide Skagerak which supplies biomethane mainly to public 
transport. A part of the biogenic CO2 flow from biomethane production is captured and utilised by the 
nearby industrial, semi-closed pilot with the initial amount of approx. 400 t/a for tomato production 
(Malmberg, 2023; Østfoldforskning, 2020; Hydrogen24, 2022; Reklima, 2023). 

 

Renevo AS 

Renevo AS is a company that will produce liquefied biomethane for the transport market (LNG), 
biofertiliser and biogenic CO2. In the autumn 2020, Shell's gas distributor Gasnor acquired 50 % of the 
shares in Renevo, formerly known as Sunnhordland Naturgass. In 2022, the biomethane plant in Stord 
municipality (western Norway) was re-opened by Renevo AS after the expansion of the capacity and 
substrate input to 55,000 t/a (42,500 t/a cattle manure, 11,250 t/a salmon farming waste, 1,250 t/a fish 
sludge). The plant is expected to produce 8 t/d of bio-LNG and 10 t/d of biogenic CO2. Renevo AS signed 
an agreement with Nippon Gases Norway AS, the largest supplier of CO2 for commercial use in Norway, 
on biogenic CO2 from the plant site in Stord municipality to be used for cooling, water treatment, 
production of dry ice and carbonated beverages (Cryo Pur, 2023; Renevo, 2022b; Nippon Gases, 2022; 
iLaks, 2021). The second plant of Renevo AS now being built in Etne municipality (Vestland county, 
western Norway) will be almost twice the size of the plant at Stord with the total substrate input of 
110,000 t/a (manure, fish waste, slaughterhouse and food waste) producing bio-LNG and liquid CO2 for 
industrial uses. The planned commissioning date is in 2024. The total investments into Etne site can be 
amounted to NOK 200 million, with NOK 60 million in Enova SF (state enterprise owned by the Norwegian 
Ministry of Climate and Environment) funding. The technology provider for purification and liquefaction 
of biomethane and production of liquid CO2 for both sites in Stord and Etne is the French company Cryo 
Pur (iLaks, 2021; Renevo, 2022a; Renevo, 2023; NTB Kommunikasjon, 2022). Renevo AS plans to build 
further 10 biogas plants in Norway and considers industrial sites in Jondal, Kvinnherad, Mongstad, 
Hadsel, Tromsø, Rogaland, and Vestland north (Renevo, 2022a). 

3.4.5. Italy 

Biogas Wipptal 

Located in South Tyrol, Biogas Wipptal, the enterprise consisting of 60 dairy farmers from the Valle 
Isarco region, has been producing liquid food-grade CO2 since 2022 in the amount of 7,000 t/a. Biogas 



.  

47 

Wipptal supplies the produced biogenic CO2 to the food and beverage industry in the region which used 
to purchase fossil CO2 from ammonia production or to import fossil CO2 from Hungary. The CO2 demand 
of the beverage industry in the regions South Tyrol, Vorarlberg and Tyrol accounts for 27,000 t/a. In this 
way, CO2 produced by Biogas Wipptal could cover 25 % of the local CO2 demand for beverages. For 
biomethane production the plant utilises 150,000 t/a of substrate input consisting of 40 % of bovine 
waste and 60 % of bovine liquid manure provided by 130 farmers from the region. In addition, 4,000 t/a 
of bio-LNG are produced. The total investment into the CO2 liquefaction unit and bio-LNG production 
can be amounted to 20 million EUR (Biogas Wipptal, 2023; CNG Mobilty, 2023; Biogas Wipptal, 2021). 

 

Caviro S.p.A. (Faenza, province Ravenna) 

Caviro is an agricultural cooperative consisting of 29 members, 27 of which are social wine cellars, 
around 11,650 winegrowers located in 7 regions of Italy (Veneto, Emilia-Romagna, Tuscany, Marche, 
Abruzzo Apulia and Sicily). The AD plant was commissioned in 2019 representing the largest of its kind in 
Italy with the annual biomethane production capacity of 12,000,000 m3

STP. The substrates for 
biomethane production are provided by the waste from the processing of winemaking by-products and 
wastewater with a total amount of 385,000 t/a. In 2020 the CO2 recovery and purification plant, derived 
from the methane production process, came into operation. The plant is able to produce 7,000 t/a of 
liquefied CO2 with the purity grade of 99.95 % (food-grade) supplied mainly to carbonated beverage 
sector. In addition, at the Faenza plant site, there is also bioethanol production. Further, there is a 
company subsidiary Enomondo which is owner of the biomass cogeneration plant supplying the Faenza 
site with the renewable energy. Further 170,000 t of waste, consisting of marc and pomace are delivered 
to Enomondo in order to produce a portion of the biogas resulting from the AD process which is 
converted into electricity (84,000 MWhe) and thermal energy (114,000 MWhth). In 2021 it was announced 
that Caviro is going to build one of the largest bio-LNG plants in Europe with an annual capacity of 9,000 t 
(Caviro Extra, 2023, Enomondo, 2023; HAM, 2021; DBFZ survey of 4 Horizon Europe projects on 
biomethane, 2023). 

3.4.6. France 

The French company branch Verdemobil BIOCO2 produces biogenic CO2 using cryogenic distillation. 
After membrane purification of the biogas, the CH4 is injected into the network, while the lean gas is 
cleaned again to obtain almost 100% CO2 using a cold distillation process called Carboliq. The carbon 
dioxide is then compressed to 20 bar before being cooled to -20 °C to allow it to liquefy. The technology 
was developed by the start-up CryoCollect. With all its modules installed by the end of 2023 in France, 
the company will recover around 35,000 t of CO2 per year. The company will strengthen its pricing power 
and indicates that there are potentially 118 directly eligible sites in France for CO2 capture and 
liquefaction. There are contracts signed for 8 additional sites for the installation of CO2 liquefaction 
units and for 27 sites, there are negotiations in progress (Verdemobil Biogaz, 2023a; Verdemobil Biogaz, 
2023b). 

The biomethane plant in MéthaTreil (municipality Machecoul-Saint-Même, department of Loire-
Atlantique, western France) was commissioned in 2017 based on the previous cogeneration project. CO2 

liquefaction from Verdemobil with the capacity of 2,500 t/a has been operational since September 2020. 
The SAS has invested €1 million to recover its CO2 and expects a return on investment after 9 years. It 
received a 30% subsidy to finance this project. The substrates used for biomethane generation are 
2,800 t/a of cattle slurry, 5,880 t/a of straw manure, 5,480 t/a of intermediate energy crops, 2,000 t/a of 
maize and 1,500 t/a of market garden waste (tomatoes, lettuce, potatoes, etc.). The CO2 is stored in a 
60 m³ vertical tank, before being transported once or twice a week by a 20 m³ tanker. By buying the 
locally produced CO2 for their greenhouses, a local vegetable grower Vinet Frères group secures a fixed, 
non-seasonal price for CO2 covering 35 % of their annual CO2 demand (Verdemobil Biogaz, 2023a; 
Association d'Initiatives Locales pour l'Energie et l'Environnement, 2021). 
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3.4.7. Switzerland 

Recycling Energie AG 

Recycling Energie AG in Nesselnbach is the largest biomethane plant in Switzerland. From around 20 % 
of the food waste generated in Switzerland, biomethane but also heat and electricity are produced on 
site. The CO2 liquefaction unit was supplied by the Swiss company Hitachi Zosen Inova and 
commissioned in July 2023 and the costs for the project can be amounted to CHF 3 million. The annual 
CO2 production accounts for 3,500 t with biogenic CO2 being utilised in the food and beverage industry. 
Pivotal for the project development was the creation of the business case in order to define future 
customers for CO2 but also the initiation of the proof for CO2 compensation which allows for an 
acceptance of the compensation certificates for a fixed term at a fixed price. Relevant was also the 
analysis of the demanded quality of the liquid biogenic CO2. In case of Recycling Energie AG the future 
customer was initially one Swiss industrial gas trader which would otherwise supply the imported fossil 
CO2 (Swisspower, 2022; Hitachi Zosen Inova, 2023; ArgoviaToday, 2023; energie bewegt winterthur, 
2023).  

 

Limeco, Dietikon 

The first industrial Power-to-Gas plant in Switzerland is operated by the Swiss energy supplier Limeco 
and was commissioned in April 2022 with the total investment costs of CHF 14 million which were co-
invested by 8 Swiss energy suppliers providing the generated renewable gas to their end consumers. 
The project was also funded by the cantonal Office for Waste, Water, Energy and Air AWEL. Electrolysis 
with the capacity of 2.5 MW splits water into gaseous hydrogen and oxygen with the aid of electrical 
energy. In order to produce 450 m3 hydrogen per hour, 10,000 till 15,000 MWh/a of renewable electricity 
provided by the waste-to-energy plant are used. The hydrogen is mixed with CO2 from 1,800,000 m3/a of 
sewage gas provided by the nearby wastewater treatment plant which leads via the biological 
methanation to the production of CH4 and water. The generated gas is then upgraded and injected into 
the gas grid supplying an equivalent amount of energy of 18,000 MWh/a. In this way, a CO2 reduction of 
4,000 to 5,000 t per year can be achieved. The electrolysis was supplied by Siemens Energy AG, whereas 
the methanation reactor was provided by the German Hitachi Zosen Inova Schmack GmbH (HZI 
Schmack), a subsidiary of the Swiss Hitachi Zosen Inova AG. However, due to the energy deficiency in 
the winter 2022/23, the PtG plant was shut down with the reason that it is not justifiable to produce 
biogas from the scarce electricity, since the conversion losses are not negligible. Therefore, all 
electricity produced by the waste-to-energy plant was fed completely into the electricity grid instead of 
being partially used for electrolysis (Limeco, 2022; Limeco, 2023). 

3.4.8. Germany 

Bioenergie Güstrow GmbH 

At the site of the Bioenergie Güstrow GmbH located in Güstrow (federal state Mecklenburg-Vorpommern 
in north-eastern Germany) one of the biggest German bio-LNG plants with CO2 liquefaction was taken 
into trial operation at the end of August 2023. Previously, the site run the biomethane production on 
400,000 t/a of substrates including maize, whole crop silage, cereals and grass silage. In the course of 
remodelling work, the substrate input was reduced to around 150,000 t/a consisting of 100,000 t/a of 
chicken manure and 40,000 t/a of energy crops and additional CHPs for own power supply were adjusted 
to 3.1 MWe. It is expected that the site will provide 9,600 t bio-LNG per year in parallel to 15,000 t/a of 
liquid food-grade CO2 which can be used in the food industry or greenhouse farming. There is a 300,000-
litre tank for liquid CO2 on site. The total investment costs in a CO2 liquefaction unit, an LNG plant for the 
liquefaction of biomethane and replacement investments can be amounted to over € 50 million. The 
plant owner is the German EnviTec Biogas AG which plans the commissioning of further bio-LNG sites 
with parallel CO2 liquefaction in Germany (Forst, Neuburg/Steinhausen, and Suckow/Sachsendorf with 
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the total expected investment volume of € 47.5 million for all three sites) (EnviTec Biogas, 2023a; 
EnviTec Biogas, 2023b; EnviTec Biogas, 2022). 

 

Nordfuel Friesoythe 

One of the biggest bio-LNG plants in Europe is now built by the German plant constructor revis bioenergy 
GmbH at the c-Port on the Coastal Canal in Friesoythe (district of Cloppenburg, federal state Lower 
Saxony, north-west of Germany) with the first line to be commissioned in in the fourth quarter of 2023. 
The first line of biomethane production will run on 485,000 t/a of chicken dry manure, turkey, horse, 
duck manure, cow dung, and solid fraction of cattle and pig manure – the manure can be even separated 
on the agricultural farms in the region by the plant operator nordfuel GmbH. Later, the total substrate 
amount should be 1,000,000 t/a of dung and manure. The upgrading capacity will be 7,400 m3

STP/h with 
the annual feed-in of 690 GWh of biomethane. Part of the produced biomethane will be injected into the 
gas grid, one further part will be compressed and used as CNG in the company's own delivery fleet and 
the main part of the produced biomethane will be liquefied to 45,000 t/a of bio-LNG. In addition, 8,000 t 
of ammonia will be separated during the digestate treatment and intended to be supplied to the 
chemical industry, whereas the solid digestate fraction will be pelletised to 100,000 t/a of digestate 
pellets.  

In parallel to that, 103,000 t/a of biogenic CO2 will be produced in two different qualities – food-grade CO2 
and CO2 for industrial applications. Depending on the quality, the produced CO2 can be potentially used 
in the chemical industry or for the production of dry ice. An additional possibility for valorisation of 
90,000 t/a of biogenic CO2 is provided by the fact of an announced plant for production of 60,000 t/a of 
e-methanol for the maritime sector representing renewable fuel of non-biological origin (RFNBO). The 
announced facility is being planned in Friesoythe near the c-Port with the commissioning date in the 4th 
quarter of 2027. The planned electrolyser capacity for generation of green H2 for e-methanol production 
can be amounted to 85 MWe, while the required renewable energy should be supplied locally. The key 
data is, however, subject to change until the end of 2024 in accordance with the final investment 
decision (Probiotec GmbH, 2021; nordfuel, 2023; top agrar, 2023; Hy2gen, 2023). 

3.5. Future opportunities of biogenic CO2 valorisation in Europe 

In the light of the pronounced climate neutrality in the EU by 2050 and the required defossilisation of 
industrial sectors, the production of biogas and biomethane with subsequent CO2 capture and 
valorisation will continue to increase in the future. 

Currently, biogas and biomethane sites are often far away from the industries with CO2 demand, which 
might, however, change with the erection of new AD sites with CO2 capture units or by merging the CO2 
produced at the different biogas and biomethane plant facilities via existing (as in the case of the 
Netherlands) or to be installed CO2 pipelines. In combination with decentralised points of sustainable 
sources of, for instance, H2 and N2, small-scale and decentralised CO2 production facilities from biogas 
and biomethane might enable creation of new sustainable business models. 

With respect to the applied technologies, cryogenic separation plays to date a minor role (only 1 % of the 
applied biogas upgrading technologies in Europe in 2021). However, the importance of cryogenic 
upgrading may increase with supra-regional CO2 utilisation or for cold CO2 applications such as dry ice 
or CO2 blasting. In this respect, the results of the overall evaluation including techno-economic 
assessment as well as GHG balances of the innovative biomethane processes – carried out at the end of 
the SEMPRE-BIO project – will show whether and under what conditions cryogenic upgrading can 
provide methane and biogenic liquid CO2 more efficiently and cost-effectively than conventional 
processes. 

The trend of bio-LNG production and CO2 valorisation in Europe will continue in the future according to 
the announced production capacities by 2025 in Germany, Italy, and the Netherlands. 
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The change towards the production of high-value biogenic CO2-based products is not yet apparent, 
according to the announced and available targets. If biogenic CO2 becomes scarcer, the competition for 
CO2 worth transporting will increase. The competitive advantage of biogenic CO2 from biogas and 
biomethane upgrading in comparison to its fossil-derived counterpart comprises proximity to 
customers, local and biogenic origin, green labelling, high purity grades, almost complete absence of 
impurities, safeguarded projected supply amounts, and possibility of the fixed non-seasonal price. The 
utilisation of CO2 derived from biogas and biomethane with the greatest willingness to pay will then 
determine the price of this CO2, while other types of valorisation may have to rely on the sub-segment of 
other sources. It can be expected that the highest prices for biogenic CO2 will then be paid for the 
production of high-value CO2-based products. 

The newly commissioned applications with low quality requirements (CO2 as essential cost-relevant 
production factor for the production of algae, e-methanol, SNG from H2 and CO2, perhaps new 
greenhouses) will have specific advantages (even with increasing competition for biogenic CO2) to use 
CO2 from unpressurised or low-pressure upgrading, or simultaneously from smaller plants. 

In individual cases as a part of portfolio diversification strategy, fossil-owned stakeholders are taking 
over the field of valorisation of CO2 from biogas in the context of the general switch towards renewables. 
As shown in section 3.4, this is, for instance, true for Danish Nature Energy Biogas A/S, which is the 
largest biogas producer in Denmark and was acquired by Shell Petroleum NV in September 2023. In 
Norway in the autumn 2020, Shell's gas distributor Gasnor acquired 50 % of the shares in Renevo AS 
producing bio-LNG, biogenic CO2, and biofertiliser. This trend may continue in the future. 
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4. Outlook 
The defossilisation of industrial sectors can be achieved by replacing CO2 of fossil origin by its biogenic 
counterpart against the background of the goal of the climate neutrality by 2050 in the European Union 
as stipulated by the European Climate Law. The biogenic sources of CO2 are to be preferred to flue gases 
from the fossil power plants – in case of CO2 from biogas not only from the sustainability point of view 
but also due to the lower energy demand which is needed to capture this biogenic (food-grade) CO2. 
Already today, the utilisation of the entire biomethane process chain including CO2 valorisation for 
material and/or energy recovery results in ecological and cost benefits.  

Within the Net-Zero Industry Act, sustainable biogas/ biomethane technologies are defined as strategic 
and critical with relevant contribution to decarbonisation and competitiveness “for EU’s path towards 
its 2030 climate and energy objectives” (European Commission, 2023a). In this respect, it would be 
meaningful to rate the capture of CO2 representing a by-product from biogas and biomethane 
production and valorisation of this biogenic CO2 to value-added products as further strategic net-zero 
technology.  

There are different CO2 valorisation routes ranging from the well-established to those still to be 
explored. The production of urea via Bosch-Meiser process, methanol via catalytic CO2 hydrogenation, 
methane via CO2 methanation, concrete curing, CO2-derived polycarbonates and polyols represent 
mature technologies. In addition to that within the scope of envisaged work in the SEMPRE-BIO project, 
the production of value-added products such as biopolymers, biochemicals and alternative sources of 
protein from biogenic CO2 represents an innovative route to be demonstrated by the project partner 
UVIC. 

For the future course of the SEMPRE-Bio project, the follow-up on monitoring of further CO2 valorisation 
from biogas and biomethane in Europe with support of the SEMPRE-BIO project partners is aspired. 
Depending on that, the interactive mapping of biogas and biomethane facilities with biogenic CO2 
valorisation can be made publicly available and be updated on the website of SEMPRE-BIO 
(https://sempre-bio.com/), representing the part of WP 6 Connect, communicate, exploit, replicate in 
consultation with DBFZ. In addition for 2024, a review paper on CO2 valorisation from biogas and 
biomethane is in discussion. In this respect, the participating project partners, external biomethane 
stakeholders and specific contents and outcomes are to be defined.  

  

https://sempre-bio.com/


.  

52 

Literature 
360 Research Reports. (2021, March 10). GLOBAL SINGLE CELL PROTEIN PRODUCTS MARKET GROWTH 
(STATUS AND OUTLOOK) 2021-2026. https://Www.360researchreports.Com/Global-Single-Cell-
Protein-Products-Market-18586741  

Acién, F. G., Molina, E., Reis, A., Torzillo, G., Zittelli, G. C., Sepúlveda, C., & Masojídek, J. (2017). 
Photobioreactors for the production of microalgae. In Microalgae-Based Biofuels and Bioproducts: 
From Feedstock Cultivation to End-Products (pp. 1–44). Elsevier Inc. https://doi.org/10.1016/B978-0-08-
101023-5.00001-7  

Acorn Bioenergy (2022a): Acorn Anaerobic Digester facility proposal Hardwick Green, Tysoe, Planning 
application 22/02935/FUL, retrieved 27/09/2023 from https://www.tysoe.org.uk/wp-content/uploads/ 
Preliminary-Fact-Sheet-AD.pdf  

Acorn Bioenergy (2022b): Letter In Response to the AD Factsheet, retrieved 27/09/2023 from 
http://www.evenleypc.org.uk/assets/files/acorns-response-to-epcs-ad-factsheet.pdf  

Acorn Bioenergy (2023a): The Anaerobic digestion site near Rathven, retrieved 27/09/2023 from 
https://www.hillofrathvengreenenergy.com/the-site  

Acorn Bioenergy (2023b): Bringing a greener future to Warwickshire, retrieved 27/09/2023 from 
https://www.hardwickenergy.com/  

Acorn Bioenergy (2023c): Bringing a greener future to Winchester, retrieved 27/09/2023 from 
https://threemaidsgreenpower.com/  

Adnan, A.I.; Ong, M.Y.; Nomanbhay, S.; Chew, K.W.; Show, P.L. (2019): Technologies for Biogas Upgrading 
to Biomethane: A Review. Bioengineering, 6, 92. https://doi.org/10.3390/bioengineering6040092  

Aeschelmann, F., & Carus, M. (2015). 2nd edition: Bio-based Building Blocks and Polymers in the World: 
Capacities, Production, and Applications – Status Quo and Trends Towards 2020. Industrial 
Biotechnology, 11, 150514132956000. https://doi.org/10.1089/ind.2015.28999.fae  

A.F. Bioenergie (2021): Verifica di assoggettabilità (a V.I.A.) (art. 19 D.Lgs. 152/06 e ss.mm.ii.) del progetto 
di un’attività di recupero rifiuti non pericolosi della filiera alimentare per la produzione di biometano 
avanzato ed anidride carbonica nell’impianto sito in Comune di Barbarano Mossano Provincia di Vicenza, 
retrieved 03/10/2023 from https://www.provincia.vicenza.it/doc-via/2021/A.%20F.%20BIOENERGIE% 
20S.R.L.%20%20Impianto%20recupero%20rifiuti%20non%20pericolosi%20%20BARBARANO%20MO
SSANO/El._dep._/B1_relazione_SPA.pdf  

Afval Online (2023): Attero klaar voor upgrade vergistingsinstallatie, retrieved 22/11/2023 from 
https://afvalonline.nl/bericht/38731/attero-klaar-voor-upgrade-vergistingsinstallatie  

Agnarsson, S., Sigurjónsson, H. Æ., & Smárason, B. Ö. (2021). Bioconversion of Underutilized Resources 
into Next Generation Proteins for Food and Feed. NextGenProteins. Deliverable No 6.2. 

Agnihotri, S., Yin, D. M., Mahboubi, A., Sapmaz, T., Varjani, S., Qiao, W., Koseoglu-Imer, D. Y., & 
Taherzadeh, M. J. (2022). A Glimpse of the World of Volatile Fatty Acids Production and Application: A 
review. In Bioengineered (Vol. 13, Issue 1, pp. 1249–1275). Taylor and Francis Ltd. 
https://doi.org/10.1080/21655979.2021.1996044  

Ahmadi, A.; Avila-Lopez, M. (2022): Guide pour une pratique énergétique optimale de la méthanisation à 
la ferme en vue de la production de biogas, retrieved 27/09/2023 from https://projet-
methanisation.grdf.fr/cms-assets/2023/05/Guide-pour-une-pratique-energetique-optimale-de-la-
methanisation-a-la-ferme_compressed-2.pdf  

Alami, A. H.; Alasad, S.; Ali, M., Alshamsi, M. (2021): Investigating algae for CO2 capture and accumulation 
and simultaneous production of biomass for biodiesel production, Science of The Total Environment, 
Volume 759, 143529, ISSN 0048-9697, https://doi.org/10.1016/j.scitotenv.2020.143529  

https://www.360researchreports.com/Global-Single-Cell-Protein-Products-Market-18586741
https://www.360researchreports.com/Global-Single-Cell-Protein-Products-Market-18586741
https://doi.org/10.1016/B978-0-08-101023-5.00001-7
https://doi.org/10.1016/B978-0-08-101023-5.00001-7
https://www.tysoe.org.uk/wp-content/uploads/%20Preliminary-Fact-Sheet-AD.pdf
https://www.tysoe.org.uk/wp-content/uploads/%20Preliminary-Fact-Sheet-AD.pdf
http://www.evenleypc.org.uk/assets/files/acorns-response-to-epcs-ad-factsheet.pdf
https://www.hillofrathvengreenenergy.com/the-site
https://www.hardwickenergy.com/
https://threemaidsgreenpower.com/
https://doi.org/10.3390/bioengineering6040092
https://doi.org/10.1089/ind.2015.28999.fae
https://www.provincia.vicenza.it/doc-via/2021/A.%20F.%20BIOENERGIE%25%2020S.R.L.%20%20Impianto%20recupero%20rifiuti%20non%20pericolosi%20%20BARBARANO%20MOSSANO/El._dep._/B1_relazione_SPA.pdf
https://www.provincia.vicenza.it/doc-via/2021/A.%20F.%20BIOENERGIE%25%2020S.R.L.%20%20Impianto%20recupero%20rifiuti%20non%20pericolosi%20%20BARBARANO%20MOSSANO/El._dep._/B1_relazione_SPA.pdf
https://www.provincia.vicenza.it/doc-via/2021/A.%20F.%20BIOENERGIE%25%2020S.R.L.%20%20Impianto%20recupero%20rifiuti%20non%20pericolosi%20%20BARBARANO%20MOSSANO/El._dep._/B1_relazione_SPA.pdf
https://afvalonline.nl/bericht/38731/attero-klaar-voor-upgrade-vergistingsinstallatie
https://doi.org/10.1080/21655979.2021.1996044
https://projet-methanisation.grdf.fr/cms-assets/2023/05/Guide-pour-une-pratique-energetique-optimale-de-la-methanisation-a-la-ferme_compressed-2.pdf
https://projet-methanisation.grdf.fr/cms-assets/2023/05/Guide-pour-une-pratique-energetique-optimale-de-la-methanisation-a-la-ferme_compressed-2.pdf
https://projet-methanisation.grdf.fr/cms-assets/2023/05/Guide-pour-une-pratique-energetique-optimale-de-la-methanisation-a-la-ferme_compressed-2.pdf
https://doi.org/10.1016/j.scitotenv.2020.143529


.  

53 

Alberici, S.; Gräf, D.; Aurand, M. (2023): Beyond energy – monetising biomethane's whole system 
benefits, retrieved 28/11/2023 from https://www.europeanbiogas.eu/wp-
content/uploads/2023/02/20230213_Guidehouse_EBA_Report.pdf  

Andover Advertiser (2022): Plans to build massive biogas plant in Wherwell, retrieved 27/09/2023 from 
https://www.andoveradvertiser.co.uk/news/23211388.plans-build-massive-biogas-plant-wherwell/  

Apsley Farms (2023): Website, retrieved 27/09/2023 from https://www.apsleyfarms.com/  

Aqui (2021): Médoc Biogaz élargit son cercle vertueux, retrieved 27/09/2023 from 
https://aqui.fr/article/medoc-biogaz-elargit-son-cercle-vertueux/  

Araújo, R., Vázquez Calderón, F., Sánchez López, J., Azevedo, I. C., Bruhn, A., Fluch, S., Garcia Tasende, 
M., Ghaderiardakani, F., Ilmjärv, T., Laurans, M., Mac Monagail, M., Mangini, S., Peteiro, C., Rebours, C., 
Stefansson, T., & Ullmann, J. (2021). Current Status of the Algae Production Industry in Europe: An 
Emerging Sector of the Blue Bioeconomy. Frontiers in Marine Science, 7. 
https://doi.org/10.3389/fmars.2020.626389  

ArgoviaToday (2023): Europapremiere: Bei Recycling Energie in Nesselnbach gelangt das CO2 nicht 
mehr in die Luft, retrieved 27/09/2023 from https://www.argoviatoday.ch/aargau-solothurn/bei-
recycling-energie-in-nesselnbach-gelangt-das-co2-nicht-mehr-in-die-luft-152338505  

Association d'Initiatives Locales pour l'Energie et l'Environnement (2021): MéthaTreil (44) Unité de 
méthanisation à la ferme Injection 125 Nm3, retrieved 27/09/2023 from https://aile.asso.fr/wp-
content/uploads/2021/09/FT-Methatreil-VF.pdf  

Attero (2023): Bouw nieuwe vergistingsinstallatie Venlo, retrieved 22/11/2023 from 
https://www.attero.nl/nl/nieuws/bouw-nieuwe-vergistingsinstallatie-venlo/  

Ausfelder, F.; Herrmann, E. O.; López González, L. F. (2022): Perspective Europe 2030 Technology 
options for CO2- emission reduction of hydrogen feedstock in ammonia production, retrieved 
27/10/2023 from 
https://dechema.de/dechema_media/Downloads/Positionspapiere/Studie+Ammoniak.pdf  

Azhari, N. J.; Erika, D.; Mardiana, S.; Ilmi, T.; Gunawan, M. L.; Makertihartha, I.G.B.N.; Kadja, G. T. M. 
(2022): Methanol synthesis from CO2: A mechanistic overview, Results in Engineering, Volume 16, 100711, 
2590-1230, https://doi.org/10.1016/j.rineng.2022.100711  

Baden online (2015): Wirtschaft, Biogas für 5000 französische Haushalte, retrieved 27/09/2023 from 
https://www.bo.de/wirtschaft/wirtschaft-regional/biogas-fuer-5000-franzoesische-haushalte#  

Baraldo Costruzioni (2023a): Impianto di biometano – Campagna Lupia, retrieved 27/09/2023 from 
https://www.baraldocostruzioni.it/realizzazioni/impianto-di-biometano/ 

Baraldo Costruzioni (2023b): Impianto di biometano – Noventa Vicentina, retrieved 27/09/2023 from 
https://www.baraldocostruzioni.it/realizzazioni/impianto-di-biometano-noventa-vicentina/   

Bayerische Ingenieurekammer-Bau (2023): Uralte Mikroorganismen helfen bei der Energiewende, 
retrieved 26/11/2023 from https://www.bayika.de/de/aktuelles/meldungen/2023-01-
13_Mitgliederprojekt-Uralte-Mikroorganismen-helfen-bei-der-Energiewende-Martin-
Thema_Staatszeitung.php  

Bechthold, I., Bretz, K., Kabasci, S., Kopitzky, R., & Springer, A. (2008). Succinic acid: A new platform 
chemical for biobased polymers from renewable resources. In Chemical Engineering and Technology 
(Vol. 31, Issue 5, pp. 647–654). https://doi.org/10.1002/ceat.200800063  

Berger, R. G. (Ed.). (2007). Flavours and Fragrances (1st ed.). Springer Berlin Heidelberg. 
https://doi.org/10.1007/978-3-540-49339-6  

Bezirksregierung Münster (2022): Immissionsschutzrechtlicher Genehmigungsbescheid, 
Änderungsgenehmigung 52-500-0002995/0003.U G0029/21, retrieved 14/10/2023 from 

https://www.europeanbiogas.eu/wp-content/uploads/2023/02/20230213_Guidehouse_EBA_Report.pdf
https://www.europeanbiogas.eu/wp-content/uploads/2023/02/20230213_Guidehouse_EBA_Report.pdf
https://www.andoveradvertiser.co.uk/news/23211388.plans-build-massive-biogas-plant-wherwell/
https://www.apsleyfarms.com/
https://aqui.fr/article/medoc-biogaz-elargit-son-cercle-vertueux/
https://doi.org/10.3389/fmars.2020.626389
https://www.argoviatoday.ch/aargau-solothurn/bei-recycling-energie-in-nesselnbach-gelangt-das-co2-nicht-mehr-in-die-luft-152338505
https://www.argoviatoday.ch/aargau-solothurn/bei-recycling-energie-in-nesselnbach-gelangt-das-co2-nicht-mehr-in-die-luft-152338505
https://aile.asso.fr/wp-content/uploads/2021/09/FT-Methatreil-VF.pdf
https://aile.asso.fr/wp-content/uploads/2021/09/FT-Methatreil-VF.pdf
https://www.attero.nl/nl/nieuws/bouw-nieuwe-vergistingsinstallatie-venlo/
https://dechema.de/dechema_media/Downloads/Positionspapiere/Studie+Ammoniak.pdf
https://doi.org/10.1016/j.rineng.2022.100711
https://www.bo.de/wirtschaft/wirtschaft-regional/biogas-fuer-5000-franzoesische-haushalte
https://www.baraldocostruzioni.it/realizzazioni/impianto-di-biometano/
https://www.baraldocostruzioni.it/realizzazioni/impianto-di-biometano-noventa-vicentina/
https://www.bayika.de/de/aktuelles/meldungen/2023-01-13_Mitgliederprojekt-Uralte-Mikroorganismen-helfen-bei-der-Energiewende-Martin-Thema_Staatszeitung.php
https://www.bayika.de/de/aktuelles/meldungen/2023-01-13_Mitgliederprojekt-Uralte-Mikroorganismen-helfen-bei-der-Energiewende-Martin-Thema_Staatszeitung.php
https://www.bayika.de/de/aktuelles/meldungen/2023-01-13_Mitgliederprojekt-Uralte-Mikroorganismen-helfen-bei-der-Energiewende-Martin-Thema_Staatszeitung.php
https://doi.org/10.1002/ceat.200800063
https://doi.org/10.1007/978-3-540-49339-6


.  

54 

https://www.bezreg-
muenster.de/zentralablage/dokumente/umwelt_und_natur/immissionsschutzrechtliche_genehmigun
gsverfahren/2022/bwm_duelmen.pdf  

Billig, E.; Decker, M.; Benzinger, W.; Ketelsen, F.; Pfeifer, P.; Peters, R.; Stolten, D.; Thrän, D. (2019):  
Non-fossil CO2 recycling—The technical potential for the present and future utilization for fuels in 
Germany, Journal of CO2 Utilization, Volume 30, Pages 130-141, ISSN 2212-9820, 
https://doi.org/10.1016/j.jcou.2019.01.012  

Bioenergy Insight (2022a): BioValue to provide “significant part” of biogas for huge biomethane 
liquefaction plant, retrieved 22/11/2023 from https://www.bioenergy-news.com/news/biovalue-to-
provide-significant-part-of-biogas-for-huge-biomethane-liquefaction-plant/  

Bioenergy Insight (2022b): Acorn Bioenergy plans €63.1m biogas plant in Scottish Highlands, retrieved 
27/09/2023 from https://www.bioenergy-news.com/news/acorn-bioenergy-plans-e63-1m-biogas-
plant-in-scottish-highlands/  

Biogas Bree (2023): Productie, retrieved 09/10/2023 from https://biogasbree.be/productie  

Biogas-E (2018): Primeur: eerste biomethaaninstallatie in België, retrieved 09/10/2023 from 
https://www.biogas-e.be/node/582  

Biogas Neuburg Steinhausen (2022): Beschreibung der zum Betrieb erforderlichen technischen 
Einrichtungen und Nebeneinrichtungen sowie der vorgesehenen Verfahren, retrieved 09/10/2023 from 
http://service.mvnet.de/_php/download.php?datei_id=1655533  

Biogas Wipptal (2021): Regionale Kreislaufwirtschaft für unsere Zukunft, retrieved 27/09/2023 from 
https://www.gassersrl.it/images/biogas/Biogas_Wipptal_Praesentation_DE_Okt_2021_final.pdf  

Biogas Wipptal (2023): Die Technologie hinter unseren Produkten, So arbeitet die Anlage der Biogas 
Wipptal, retrieved 27/09/2023 from https://www.biwi.it/anlage/  

Biogest (2022): Biogest - Von Biogas profitieren, Aktuelle Entwicklungen & Verwertungsmöglichkeiten 
von grünen Gasen bei internationalen landwirtschaftlichen Biogasprojekten, retrieved 27/09/2023 from 
https://greenenergylab.at/wp-content/uploads/2022/10/20220929-insight-talk-grune-gase-final.pdf  

Bioman (2023): Servizi Energetici, retrieved 27/09/2023 from https://www.bioman-
spa.eu/azienda/#servizi  

Biovalue (2023a): Bio-LNG production at the port of Amsterdam, retrieved 22/11/2023 from 
https://biovalue.nl/en/projecten/bio-lng-amsterdam/  

Biovalue (2023b): Peters Biogas, retrieved 22/11/2023 from https://biovalue.nl/en/projecten/peters-
biogas/  

Bright Renewables (2018): Belgium’s first biomethane produced in Bright Biomethane system, retrieved 
09/10/2023 from https://www.bright-renewables.com/belgiums-first-biomethane-produced-in-
bright-biomethane-system/   

Bright Renewables (2023a): Bright boosts Germany’s biomethane shift with three new projects, 
retrieved 14/10/2023 from https://www.bright-renewables.com/bright-boosts-germanys-biomethane-
shift-with-three-new-projects/  

Bright Renewables (2023b): Waalwijk, Netherlands, retrieved 22/11/2023 from https://www.bright-
renewables.com/project/waalwijk/  

Bright Renewables (2023c): Almere, Netherlands, retrieved 22/11/2023 from https://www.bright-
renewables.com/project/almere/  

Bright Renewables (2023d): Hereford, England, retrieved 22/11/2023 from https://www.bright-
renewables.com/project/hereford/  

https://www.bezreg-muenster.de/zentralablage/dokumente/umwelt_und_natur/immissionsschutzrechtliche_genehmigungsverfahren/2022/bwm_duelmen.pdf
https://www.bezreg-muenster.de/zentralablage/dokumente/umwelt_und_natur/immissionsschutzrechtliche_genehmigungsverfahren/2022/bwm_duelmen.pdf
https://www.bezreg-muenster.de/zentralablage/dokumente/umwelt_und_natur/immissionsschutzrechtliche_genehmigungsverfahren/2022/bwm_duelmen.pdf
https://doi.org/10.1016/j.jcou.2019.01.012
https://www.bioenergy-news.com/news/biovalue-to-provide-significant-part-of-biogas-for-huge-biomethane-liquefaction-plant/
https://www.bioenergy-news.com/news/biovalue-to-provide-significant-part-of-biogas-for-huge-biomethane-liquefaction-plant/
https://www.bioenergy-news.com/news/acorn-bioenergy-plans-e63-1m-biogas-plant-in-scottish-highlands/
https://www.bioenergy-news.com/news/acorn-bioenergy-plans-e63-1m-biogas-plant-in-scottish-highlands/
https://biogasbree.be/productie
https://www.biogas-e.be/node/582
http://service.mvnet.de/_php/download.php?datei_id=1655533
https://www.gassersrl.it/images/biogas/Biogas_Wipptal_Praesentation_DE_Okt_2021_final.pdf
https://www.biwi.it/anlage/
https://greenenergylab.at/wp-content/uploads/2022/10/20220929-insight-talk-grune-gase-final.pdf
https://www.bioman-spa.eu/azienda/#servizi
https://www.bioman-spa.eu/azienda/#servizi
https://biovalue.nl/en/projecten/bio-lng-amsterdam/
https://biovalue.nl/en/projecten/peters-biogas/
https://biovalue.nl/en/projecten/peters-biogas/
https://www.bright-renewables.com/belgiums-first-biomethane-produced-in-bright-biomethane-system/
https://www.bright-renewables.com/belgiums-first-biomethane-produced-in-bright-biomethane-system/
https://www.bright-renewables.com/bright-boosts-germanys-biomethane-shift-with-three-new-projects/
https://www.bright-renewables.com/bright-boosts-germanys-biomethane-shift-with-three-new-projects/
https://www.bright-renewables.com/project/waalwijk/
https://www.bright-renewables.com/project/waalwijk/
https://www.bright-renewables.com/project/almere/
https://www.bright-renewables.com/project/almere/
https://www.bright-renewables.com/project/hereford/
https://www.bright-renewables.com/project/hereford/


.  

55 

Brink, H. G., & Nicol, W. (2014). Succinic acid production with Actinobacillus succinogenes: rate and yield 
analysis of chemostat and biofilm cultures. Microbial Cell Factories, 13(1), 111. 
https://doi.org/10.1186/s12934-014-0111-6  

Building Supply (2021): Innovativ plantedyrkning har et stort grønt potentiale, retrieved 22/11/2023 from 
https://www.building-
supply.dk/announcement/view/139417/innoativ_plantedyrkning_har_et_stort_gront_potentiale  

bwe Energiesysteme (2023): Betreibergemeinschaft als Alternative zum Hofkraftwerk, retrieved 
12/10/2023 from https://www.bwe-energie.de/betreibergemeinschaft-als-alternative-zum-
hofkraftwerk  

Capra, F.; Magli, F.; Gatti, M. (2019): Biomethane liquefaction: A systematic comparative analysis of 
refrigeration technologies, Applied Thermal Engineering, Volume 158, 113815, ISSN 1359-4311, 
https://doi.org/10.1016/j.applthermaleng.2019.113815  

Carbon Capture Scotland Limited (2022): Crofthead CO2 Recovery & Dry Ice Production Facility, 
Crofthead Farm, Dumfries - PPC Permit Application, retrieved 27/09/2023 from https://consultation. 
sepa.org.uk/permits/crofthead-farm-ppc-application/user_uploads/crofthead-farm-draft-decision-
document-1.pdf  

Cătuți, M.; Vangenechten, D.; Bain, R. J. (2022): MAKING CARBON CAPTURE WORK: A FRAMEWORK TO 
FACILITATE HIGH-VALUE USES IN EUROPE, retrieved 13/10/2023 from https://www.e3g.org/wp-
content/uploads/Making-carbon-capture-work-A-framework-to-facilitate-high-value-uses-in-
Europe.pdf  

Cavac (2021): MÉTHAVIE UN PROJET COURONNÉ DE SUCCÈS MÉTHANISATION, retrieved 02/10/2023 
from https://www.coop-cavac.fr/wp-content/uploads/2021/05/CI546-Mai2021.pdf  

Caviro Extra (2023): CO2 recovery, retrieved 02/10/2023 from https://caviroextra.it/en/business-
unit/extra-eco-energia/_altri_prodotti/co2  

Chambre régionale d’agriculture Nouvelle-Aquitaine (2021): ÉVOLUTIONS AGRICOLES UNITE DE 
METHANISATION, SAS MEDOC BIOGAZ Saint-Laurent-de-Médoc (33), retrieved 02/10/2023 from 
https://deux-sevres.chambre-agriculture.fr/fileadmin/user_upload/National/FAL_commun/ 
publications/Nouvelle-Aquitaine/CRANA_FICHES_METHA/DEP33_FICHE_Metha_SAS_MEDOC_ 
BIOGAZ_2021_VD.pdf  

Chauvy, R.; De Weireld, G. (2020): CO2 Utilization Technologies in Europe: A Short Review, Energy 
Technol., 8, 2000627, https://doi.org/10.1002/ente.202000627  

Cheah, W. Y., Ling, T. C., Juan, J. C., Lee, D. J., Chang, J. S., & Show, P. L. (2016). Biorefineries of carbon 
dioxide: From carbon capture and storage (CCS) to bioenergies production. In Bioresource Technology 
(Vol. 215, pp. 346–356). Elsevier Ltd. https://doi.org/10.1016/j.biortech.2016.04.019  

Chen, W. S., Strik, D. P. B. T. B., Buisman, C. J. N., & Kroeze, C. (2017). Production of Caproic Acid from 
Mixed Organic Waste: An Environmental Life Cycle Perspective. Environmental Science and 
Technology, 51(12), 7159–7168. https://doi.org/10.1021/acs.est.6b06220  

Comer, B.; O’Malley, J.; Osipova, L.; Pavlenko, N. (2022): COMPARING THE FUTURE DEMAND FOR, 
SUPPLY OF, AND LIFE-CYCLE EMISSIONS FROM BIO, SYNTHETIC, AND FOSSIL LNG MARINE FUELS IN 
THE EUROPEAN UNION, retrieved 13/10/2023 from https://theicct.org/wp-
content/uploads/2022/09/Renewable-LNG-Europe_report_FINAL.pdf  

Commune di Reggio Emilia (2023): Inaugurato l'impianto FORSU Iren di Reggio Emilia, retrieved 
02/10/2023 from https://www.comune.re.it/novita/notizie/inaugurato-limpianto-forsu-iren-di-
reggio-emilia  

https://doi.org/10.1186/s12934-014-0111-6
https://www.building-supply.dk/announcement/view/139417/innoativ_plantedyrkning_har_et_stort_gront_potentiale
https://www.building-supply.dk/announcement/view/139417/innoativ_plantedyrkning_har_et_stort_gront_potentiale
https://www.bwe-energie.de/betreibergemeinschaft-als-alternative-zum-hofkraftwerk
https://www.bwe-energie.de/betreibergemeinschaft-als-alternative-zum-hofkraftwerk
https://doi.org/10.1016/j.applthermaleng.2019.113815
https://www.e3g.org/wp-content/uploads/Making-carbon-capture-work-A-framework-to-facilitate-high-value-uses-in-Europe.pdf
https://www.e3g.org/wp-content/uploads/Making-carbon-capture-work-A-framework-to-facilitate-high-value-uses-in-Europe.pdf
https://www.e3g.org/wp-content/uploads/Making-carbon-capture-work-A-framework-to-facilitate-high-value-uses-in-Europe.pdf
https://www.coop-cavac.fr/wp-content/uploads/2021/05/CI546-Mai2021.pdf
https://caviroextra.it/en/business-unit/extra-eco-energia/_altri_prodotti/co2
https://caviroextra.it/en/business-unit/extra-eco-energia/_altri_prodotti/co2
https://deux-sevres.chambre-agriculture.fr/fileadmin/user_upload/National/FAL_commun/%20publications/Nouvelle-Aquitaine/CRANA_FICHES_METHA/DEP33_FICHE_Metha_SAS_MEDOC_%20BIOGAZ_2021_VD.pdf
https://deux-sevres.chambre-agriculture.fr/fileadmin/user_upload/National/FAL_commun/%20publications/Nouvelle-Aquitaine/CRANA_FICHES_METHA/DEP33_FICHE_Metha_SAS_MEDOC_%20BIOGAZ_2021_VD.pdf
https://deux-sevres.chambre-agriculture.fr/fileadmin/user_upload/National/FAL_commun/%20publications/Nouvelle-Aquitaine/CRANA_FICHES_METHA/DEP33_FICHE_Metha_SAS_MEDOC_%20BIOGAZ_2021_VD.pdf
https://doi.org/10.1002/ente.202000627
https://doi.org/10.1016/j.biortech.2016.04.019
https://doi.org/10.1021/acs.est.6b06220
https://theicct.org/wp-content/uploads/2022/09/Renewable-LNG-Europe_report_FINAL.pdf
https://theicct.org/wp-content/uploads/2022/09/Renewable-LNG-Europe_report_FINAL.pdf
https://www.comune.re.it/novita/notizie/inaugurato-limpianto-forsu-iren-di-reggio-emilia
https://www.comune.re.it/novita/notizie/inaugurato-limpianto-forsu-iren-di-reggio-emilia


.  

56 

Consorzio Biogas (2020): PARTE IL PRIMO IMPIANTO AGRICOLO IN ITALIA DI BIOMETANO LIQUEFATTO E 
ANIDRIDE CARBONICA BIOGENICA, retrieved 02/10/2023 from https://www.consorziobiogas.it/wp-
content/uploads/2021/01/Primo-impianto-agricolo-di-bio-GNL.pdf  

Conway, B. E. (1993). Corrosion engineering: principles and practice. McGraw-Hill Education. 

Cordis (2023): Horizon 2020 - Scaling biological e-methanation as a Green Deal building block, retrieved 
22/11/2023 from https://cordis.europa.eu/project/id/101010276  

CNG Mobility (2023): Combining agriculture and transport, retrieved 27/09/2023 from https://www.cng-
mobility.ch/en/beitrag/combining-agriculture-and-transport/  

Cryo Pur (2017): TRANSFORMING BIOGAS INTO BIO-LNG AND LIQUID CO2, retrieved 27/09/2023 from 
https://www.biogas2020.se/wp-content/uploads/2017/11/nr-8-201711cryo-pur-presentation-skive.pdf  

Cryo Pur (2023): Our achievements, retrieved 27/09/2023 from http://www.cryopur.com/en/our-
solutions/#realisations  

Dahiru, A. R.; Vuokila, A.; Huuhtanen, M. (2022): Recent development in Power-to-X: Part I - A review on 
techno-economic analysis, Journal of Energy Storage, Volume 56, Part A, 105861, ISSN 2352-152X, 
https://doi.org/10.1016/j.est.2022.105861  

DBFZ survey of 4 Horizon Europe projects on biomethane (2023): Results of survey of 4 under Horizon 
Europe funded projects SEMPRE-BIO, BIOMETHAVERSE, METHAREN, and HYFUELUP 

DBFZ survey of German biomethane plant operators (2023): Results of German biomethane plant 
operators’ survey 2023, year of reference 2022 

De K.; Debnath S.; Ghosh D. (2023): Elevating algal biomass generation toward sustainable utilization for 
high value added biomolecules generation. J App Biol Biotech.; 11(1):16-27. 
https://doi.org/10.7324/JABB.2023.110103  

den Heijer, N.; Coenradie, A. (2017): Pentair, Experiences and proposed solution for the Samsø Case, 
retrieved 27/09/2023 from https://www.golng.eu/files/ 
Main/GoLNG_presentations/2017_samso/denHeijer_Coenradie_Pentair-StirLNG.pdf  

DBG Bio Energy (2022): Stikstofdepositie Farmsum, retrieved 27/09/2023 from 
https://repository.officiele-overheidspublicaties.nl/externebijlagen/exb-2022-32507/1/bijlage/exb-
2022-32507.pdf  

D`Mello, J. P. (Ed.). (2003). Amino Acids in Animal Nutrition (2nd ed.). CABI Publishing. 

Driver JG, Owen RE, Makanyire T, Lake JA, McGregor J and Styring P (2019) Blue Urea: Fertilizer With 
Reduced Environmental Impact. Front. Energy Res. 7:88. doi: 10.3389/fenrg.2019.00088 

Dumont, M. (2015): Dutch experience and examples with grid injection of biomethane, retrieved 
22/11/2023 from https://task37.ieabioenergy.com/wp-
content/uploads/sites/32/2022/03/4b.Biomethane_and_grids_Mathieu_Dumont_10-2015_.pdf  

EcoFuels (2023): Website, retrieved 20/09/2023 from https://ecofuels.nl/de/  

Ecquologia (2022): Bibite gassate con bollicine rinnovabili, retrieved 13/10/2023 from 
https://ecquologia.com/bibite-gassate-con-bollicine-rinnovabili/  

EE News (2013): Pentair: Biogasaufbereitungsanlage geht in Betrieb, retrieved 22/11/2023 from 
https://www.ee-news.ch/de/article/25835/pentair-biogasaufbereitungsanlage-geht-in-betrieb  

Eichenhof Energie (2023): Standort der Biomethananlage, retrieved 26/11/2023 from 
https://www.eichenhof-energie.de/standort/  

EIGA European Industrial Gases Association (2017): Carbon Dioxide Food and Beverages Grade, Source 
Qualification, Quality Standards and Verification, Doc 70/17, retrieved 12/07/2023 from 
https://www.eiga.eu/uploads/documents/DOC070.pdf 

https://www.consorziobiogas.it/wp-content/uploads/2021/01/Primo-impianto-agricolo-di-bio-GNL.pdf
https://www.consorziobiogas.it/wp-content/uploads/2021/01/Primo-impianto-agricolo-di-bio-GNL.pdf
https://cordis.europa.eu/project/id/101010276
https://www.cng-mobility.ch/en/beitrag/combining-agriculture-and-transport/
https://www.cng-mobility.ch/en/beitrag/combining-agriculture-and-transport/
https://www.biogas2020.se/wp-content/uploads/2017/11/nr-8-201711cryo-pur-presentation-skive.pdf
http://www.cryopur.com/en/our-solutions/#realisations
http://www.cryopur.com/en/our-solutions/#realisations
https://doi.org/10.1016/j.est.2022.105861
https://doi.org/10.7324/JABB.2023.110103
https://www.golng.eu/files/%20Main/GoLNG_presentations/2017_samso/denHeijer_Coenradie_Pentair-StirLNG.pdf
https://www.golng.eu/files/%20Main/GoLNG_presentations/2017_samso/denHeijer_Coenradie_Pentair-StirLNG.pdf
https://repository.officiele-overheidspublicaties.nl/externebijlagen/exb-2022-32507/1/bijlage/exb-2022-32507.pdf
https://repository.officiele-overheidspublicaties.nl/externebijlagen/exb-2022-32507/1/bijlage/exb-2022-32507.pdf
https://task37.ieabioenergy.com/wp-content/uploads/sites/32/2022/03/4b.Biomethane_and_grids_Mathieu_Dumont_10-2015_.pdf
https://task37.ieabioenergy.com/wp-content/uploads/sites/32/2022/03/4b.Biomethane_and_grids_Mathieu_Dumont_10-2015_.pdf
https://ecofuels.nl/de/
https://ecquologia.com/bibite-gassate-con-bollicine-rinnovabili/
https://www.ee-news.ch/de/article/25835/pentair-biogasaufbereitungsanlage-geht-in-betrieb
https://www.eichenhof-energie.de/standort/
https://www.eiga.eu/uploads/documents/DOC070.pdf


.  

57 

EIGA European Industrial Gases Association (2020a): Guide to the supply of gases for use in foods, Doc 
125/20, retrieved 11/07/2023 from  https://www.eiga.eu/uploads/documents/DOC125.pdf 

EIGA European Industrial Gases Association (2020b): Minimum specifications for food gas applications, 
Doc 126/20, retrieved 11/07/2023 from https://www.eiga.eu/uploads/documents/DOC126.pdf  

Electrochaea (2023): Energy storage leaders launch commercial scale power-to-gas project, retrieved 
22/11/2023 from https://www.electrochaea.com/energy-storage-leaders-launch-commercial-scale-
power-to-gas-project-using-highly-innovative-technology/  

energie bewegt Winterthur (2023): Neue Anlage veredelt Abfallprodukt CO2 zu Rohstoff, retrieved 
02/10/2023 from https://www.energie-bewegt-winterthur.ch/neue-anlage-veredelt-abfallprodukt-
co2-zu-rohstoff  

Energie Expertisecentrum Flevoland (2023): Groen Gas Almere, retrieved 22/11/2023 from 
https://www.eef-flevoland.nl/groen-gas-almere/  

ENGIE BiOZ (2021): ENGIE BiOZ, le Groupe IDEA et la CARENE s’associent autour de la Centrale Biogaz de 
l’Estuaire basée à Montoir-de-Bretagne, retrieved 02/10/2023 from https://bioz-
biomethane.com/actualites/cp-engie-bioz-le-groupe-idea-et-la-carene-sassocient-autour-de-la-
centrale-biogaz-de-lestuaire-basee-a-montoir-de-bretagne/  

Enomondo (2023): CO₂ CAPTURE PLANT, A second life for carbon dioxide, retrieved 02/10/2023 from 
https://enomondo.it/en/bioenergy/co2-capture-plant/  

EnviTec Biogas (2022): Vortrag Olaf von Lehmden Vorstandsvorsitzender CEO, retrieved 09/10/2023 
from https://www.envitec-biogas.de/fileadmin/user_upload/HV_22_Pr%C3%A4sentation_Olaf_final. 
pdf  

EnviTec Biogas (2023a): Inauguration ceremony at Germany’s largest integrated bio-LNG plant, 
retrieved 09/10/2023 from https://www.envitec-biogas.com/infocenter/press-releases/inauguration-
ceremony-at-germanys-largest-integrated-bio-lng-plant  

EnviTec Biogas (2023b): BioEnergie Park Güstrow ready to be placed into operation, retrieved 
09/10/2023 from https://www.envitec-biogas.com/infocenter/press-releases/bioenergie-park-
guestrow-ready-to-be-placed-into-operation  

Esposito, E.; Dellamuzia, L.; Moretti, U.; Fuoco, A.; Giorno, L.; Jansen, J. C. (2019): Simultaneous 
production of biomethane and food grade CO2 from biogas: an industrial case study, Energy Environ. 
Sci., 12, 281-289, https://doi.org/10.1039/C8EE02897D  

European Biogas Association (2022a): Biogenic CO2 from the biogas industry. Brussels, Belgium, 
retrieved 30/10/2022 from https://www.europeanbiogas.eu/wp-content/uploads/2022/10/Biogenic-
CO2-from-the-biogas-industry_Sept2022-1.pdf 

European Biogas Association (2022b): EBA Statistical Report 2022. Brussels, Belgium, November 2022 

European Biogas Association (2023): Visit to a Biomethane facility: the Sustainable Fuel Plant Zeeland, 
retrieved 21/09/2023 from https://www.europeanbiogas.eu/wp-content/uploads/ 2023/03/Visit-to-a-
Biomethane-facility-the-SFP-Zeeland.pdf 

European Commission (2021a): COMMISSION STAFF WORKING DOCUMENT Sustainable carbon cycles 
for a 2050 climate-neutral EU Technical Assessment, retrieved 19/10/2023 from https://eur-
lex.europa.eu/resource.html?uri=cellar:d86883c0-5d8e-11ec-9c6c-
01aa75ed71a1.0001.02/DOC_1&format=PDF  

European Commission (2021b): COMMUNICATION FROM THE COMMISSION TO THE EUROPEAN 
PARLIAMENT AND THE COUNCIL Sustainable Carbon Cycles, retrieved 19/10/2023 from 
https://climate.ec.eur opa.eu/system/files/2021-12/com_2021_800_en_0.pdf  

https://www.eiga.eu/uploads/documents/DOC125.pdf
https://www.eiga.eu/uploads/documents/DOC126.pdf
https://www.electrochaea.com/energy-storage-leaders-launch-commercial-scale-power-to-gas-project-using-highly-innovative-technology/
https://www.electrochaea.com/energy-storage-leaders-launch-commercial-scale-power-to-gas-project-using-highly-innovative-technology/
https://www.energie-bewegt-winterthur.ch/neue-anlage-veredelt-abfallprodukt-co2-zu-rohstoff
https://www.energie-bewegt-winterthur.ch/neue-anlage-veredelt-abfallprodukt-co2-zu-rohstoff
https://www.eef-flevoland.nl/groen-gas-almere/
https://bioz-biomethane.com/actualites/cp-engie-bioz-le-groupe-idea-et-la-carene-sassocient-autour-de-la-centrale-biogaz-de-lestuaire-basee-a-montoir-de-bretagne/
https://bioz-biomethane.com/actualites/cp-engie-bioz-le-groupe-idea-et-la-carene-sassocient-autour-de-la-centrale-biogaz-de-lestuaire-basee-a-montoir-de-bretagne/
https://bioz-biomethane.com/actualites/cp-engie-bioz-le-groupe-idea-et-la-carene-sassocient-autour-de-la-centrale-biogaz-de-lestuaire-basee-a-montoir-de-bretagne/
https://enomondo.it/en/bioenergy/co2-capture-plant/
https://www.envitec-biogas.de/fileadmin/user_upload/HV_22_Pr%C3%A4sentation_Olaf_final.%20pdf
https://www.envitec-biogas.de/fileadmin/user_upload/HV_22_Pr%C3%A4sentation_Olaf_final.%20pdf
https://www.envitec-biogas.com/infocenter/press-releases/inauguration-ceremony-at-germanys-largest-integrated-bio-lng-plant
https://www.envitec-biogas.com/infocenter/press-releases/inauguration-ceremony-at-germanys-largest-integrated-bio-lng-plant
https://www.envitec-biogas.com/infocenter/press-releases/bioenergie-park-guestrow-ready-to-be-placed-into-operation
https://www.envitec-biogas.com/infocenter/press-releases/bioenergie-park-guestrow-ready-to-be-placed-into-operation
https://doi.org/10.1039/C8EE02897D
https://www.europeanbiogas.eu/wp-content/uploads/2022/10/Biogenic-CO2-from-the-biogas-industry_Sept2022-1.pdf
https://www.europeanbiogas.eu/wp-content/uploads/2022/10/Biogenic-CO2-from-the-biogas-industry_Sept2022-1.pdf
https://www.europeanbiogas.eu/wp-content/uploads/%202023/03/Visit-to-a-Biomethane-facility-the-SFP-Zeeland.pdf
https://www.europeanbiogas.eu/wp-content/uploads/%202023/03/Visit-to-a-Biomethane-facility-the-SFP-Zeeland.pdf
https://eur-lex.europa.eu/resource.html?uri=cellar:d86883c0-5d8e-11ec-9c6c-01aa75ed71a1.0001.02/DOC_1&format=PDF
https://eur-lex.europa.eu/resource.html?uri=cellar:d86883c0-5d8e-11ec-9c6c-01aa75ed71a1.0001.02/DOC_1&format=PDF
https://eur-lex.europa.eu/resource.html?uri=cellar:d86883c0-5d8e-11ec-9c6c-01aa75ed71a1.0001.02/DOC_1&format=PDF


.  

58 

European Commission (2023a): COMMISSION STAFF WORKING DOCUMENT for a Regulation of the 
European Parliament and of the Council on establishing a framework of measures for strengthening 
Europe’s net-zero technology products manufacturing ecosystem (Net Zero Industry Act), retrieved 
27/11/2023 from https://single-market-economy.ec.europa.eu/system/files/2023-
06/SWD_2023_219_F1_STAFF_WORKING_PAPER_EN_V9_P1_2785109.PDF  

European Commission (2023b): CALL FOR EVIDENCE FOR AN INITIATIVE (without an impact 
assessment): Industrial carbon management strategy, retrieved 27/11/2023 from 
https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/13848-Industrial-carbon-
management-carbon-capture-utilisation-and-storage-deployment_en   

European Union (2004): Regulation (EC) No 852/2004 of the European Parliament and of the Council  of 
29 April 2004 on the hygiene of foodstuffs, retrieved 11/07/2023 from https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32004R0852&qid=1689082210509  

Evenley Parish Council (2022): Acorn Anaerobic Digestion Facility, Astwick Ancient Site, Evenley, 
retrieved 27/09/2023 from http://www.evenleypc.org.uk/assets/files/ad-fact-sheet-with-epc-logo. 
pdf  

Farmers Weekly (2023): NI farm transforms slurry and food waste into bio-LNG fuel, retrieved 
27/09/2023 from https://www.fwi.co.uk/machinery/ni-farm-transforms-slurry-and-food-waste-into-
bio-lng-fuel  

Fertilizers Europe (2023a): Fertilizer Industry Facts & Figures 2023, retrieved 25/10/2023 from 
https://www.fertilizerseurope.com/wp-content/uploads/2023/07/Industry-Facts-and-figures-
2023.pdf  

Fertilizers Europe (2023b): Forecast of food, farming & fertilizer use in the European Union 2022-2032, 
retrieved 25/10/2023 from https://www.fertilizerseurope.com/wp-
content/uploads/2023/01/Forecast-2022-32.pdf   

Flevozine (2017): Groen Gas Fabriek Almere doet het goed, retrieved 22/11/2023 from 
https://flevozine.nl/nieuws/groen-gas-fabriek-almere-doet-het-goed/  

Forest Heath District Council (2015): Report of the Head of Planning and Growth - PLANNING 
APPLICATION DC/15/2109/FUL - BAY FARM, WORLINGTON, Committee Report, retrieved 22/11/2023 
from https://democracy.westsuffolk.gov.uk/documents/s12983/DC%2015%202109%20FUL.pdf  

Fresh Plaza (2022): Weyers GmbH plant ehrgeizigen Neubau in Krefeld - Gewächshausanlage soll CO2 als 
Dünger aus naheliegender Biogasanlage nutzen, retrieved 11/10/2023 from 
https://www.freshplaza.de/article/9440604/gewachshausanlage-soll-co2-als-dunger-aus-
naheliegender-biogasanlage-nutzen/  

Gasworld (2014): Biogas is blooming, retrieved 27/09/2023 from https://www.sierrainstruments.com/ 
userfiles/file/article-biogas-is-blooming-gasworld.pdf  

Gaz de Bordeaux (2022): L’unité de méthanisation Médoc Énergies, retrieved 27/09/2023 from 
https://www.gazdebordeaux.fr/actualites/lunite-de-methanisation-medoc-energies  

Geestferkel (2023): Grüne Kraftstoffe aus Stroh, Gülle, & Mist: Die Zukunft in Düngstrup, retrievd 
26/11/2023 from  https://www.geestferkel.de/gruene-kraftstoffe  

Girardon, P. (2019): Chapter 12.3 - Sustainable Development, Editor(s): Rémy Cachon, Philippe Girardon, 
Andrée Voilley, Gases in Agro-Food Processes, Academic Press, Pages 669-673, ISBN 9780128124659, 
https://doi.org/10.1016/B978-0-12-812465-9.00028-1  

Grahn, M.; Malmgren, E.; Korberg, A. D.; Taljegard, M.; Anderson, J. E.; Brynolf, S.; Hansson, J.; Skov, I. 
R.; Wallington, T. J. (2022): Review of electrofuel feasibility—cost and environmental impact, Prog. 
Energy 4 032010, DOI 10.1088/2516-1083/ac7937 

https://single-market-economy.ec.europa.eu/system/files/2023-06/SWD_2023_219_F1_STAFF_WORKING_PAPER_EN_V9_P1_2785109.PDF
https://single-market-economy.ec.europa.eu/system/files/2023-06/SWD_2023_219_F1_STAFF_WORKING_PAPER_EN_V9_P1_2785109.PDF
https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/13848-Industrial-carbon-management-carbon-capture-utilisation-and-storage-deployment_en
https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/13848-Industrial-carbon-management-carbon-capture-utilisation-and-storage-deployment_en
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32004R0852&qid=1689082210509
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32004R0852&qid=1689082210509
http://www.evenleypc.org.uk/assets/files/ad-fact-sheet-with-epc-logo.%20pdf
http://www.evenleypc.org.uk/assets/files/ad-fact-sheet-with-epc-logo.%20pdf
https://www.fwi.co.uk/machinery/ni-farm-transforms-slurry-and-food-waste-into-bio-lng-fuel
https://www.fwi.co.uk/machinery/ni-farm-transforms-slurry-and-food-waste-into-bio-lng-fuel
https://www.fertilizerseurope.com/wp-content/uploads/2023/07/Industry-Facts-and-figures-2023.pdf
https://www.fertilizerseurope.com/wp-content/uploads/2023/07/Industry-Facts-and-figures-2023.pdf
https://www.fertilizerseurope.com/wp-content/uploads/2023/01/Forecast-2022-32.pdf
https://www.fertilizerseurope.com/wp-content/uploads/2023/01/Forecast-2022-32.pdf
https://flevozine.nl/nieuws/groen-gas-fabriek-almere-doet-het-goed/
https://democracy.westsuffolk.gov.uk/documents/s12983/DC%2015%202109%20FUL.pdf
https://www.freshplaza.de/article/9440604/gewachshausanlage-soll-co2-als-dunger-aus-naheliegender-biogasanlage-nutzen/
https://www.freshplaza.de/article/9440604/gewachshausanlage-soll-co2-als-dunger-aus-naheliegender-biogasanlage-nutzen/
https://www.sierrainstruments.com/%20userfiles/file/article-biogas-is-blooming-gasworld.pdf
https://www.sierrainstruments.com/%20userfiles/file/article-biogas-is-blooming-gasworld.pdf
https://www.gazdebordeaux.fr/actualites/lunite-de-methanisation-medoc-energies
https://www.geestferkel.de/gruene-kraftstoffe
https://doi.org/10.1016/B978-0-12-812465-9.00028-1


.  

59 

GRDF (2023): CO2 biogénique : valorisation, purification et liquéfaction, retrieved 28/11/2023 from 
https://projet-methanisation.grdf.fr/sinformer-et-se-former/valorisation-du-co2-biogenique  

Greenville Energy (2023): Our history, retrieved 27/09/2023 from https://greenvilleenergy.com/history/  

Grootscholten, T. I. M., Strik, D. P. B. T. B., Steinbusch, K. J. J., Buisman, C. J. N., & Hamelers, H. V. M. 
(2014). Two-stage medium chain fatty acid (MCFA) production from municipal solid waste and ethanol. 
Applied Energy, 116, 223–229. https://doi.org/https://doi.org/10.1016/j.apenergy.2013.11.061  

Guarnieri, M. T., Chou, Y.-C., Salvachúa, D., Mohagheghi, A., St. John, P. C., Peterson, D. J., Bomble, Y. 
J., & Beckham, G. T. (2017). Metabolic Engineering of Actinobacillus succinogenes Provides Insights into 
Succinic Acid Biosynthesis. Applied and Environmental Microbiology, 83(17). 
https://doi.org/10.1128/AEM.00996-17  

gwf Gas + Energie (2023): Evonik feiert 1.000ste Referenzanlage für Biogasaufbereitung mittels 
SEPURAN® Green Membranen, retrieved 14/10/2023 from https://gwf-gas.de/maerkte-und-
unternehmen/evonik-feiert-1-000ste-referenzanlage-fuer-biogasaufbereitung-mittels-sepuran-
green-membranen/  

HAM (2021): HAM ITALIA and FNX Liquid Natural Gas will build and commission one of the largest BIO / 
LNG plants in Europe, retrieved 02/10/2023 from https://ham.es/en/bio-lng-caviro-italy/  

Hepburn, C., Adlen, E., Beddington, J. et al. (2019): The technological and economic prospects for CO2 
utilization and removal. Nature 575, 87–97. https://doi.org/10.1038/s41586-019-1681-6  

Hitachi Zosen INOVA (2022a): Bioenergie Geest and Hitachi Zosen Inova Establish Company to Produce 
Bio-LNG, retrieved 10/10/2023 from https://www.hz-inova.com/wp-
content/uploads/2022/05/Bioenergie-Geest-and-Hitachi-Zosen-Inova-Establish-Company-to-
Produce-Bio-LNG.pdf  

Hitachi Zosen INOVA (2022b): Schmack by Hitachi Zosen INOVA - Gore Cross / UK, retrieved 22/11/2023 
from https://www.hz-inova.com/wp-content/uploads/2022/06/Referenz-Gore-Cross_Isle-of-
Wight_DE.pdf  

Hitachi Zosen INOVA (2023a): CO2-Verflüssigung in Nesselnbach offiziell eröffnet, retrieved 02/10/2023 
from https://www.hz-inova.com/de/co2-verflussigung-in-nesselnbach-offiziell-eroffnet/  

Hitachi Zosen INOVA (2023b): CO2 Emissions? No, a Precious Resource!, retrieved 27/09/2023 from 
https://www.hz-inova.com/co2-emissions-no-a-precious-resource/  

Hitachi Zosen INOVA (2023c): “This has potential for the energy transition”, retrieved 14/10/2023 from 
https://www.hz-inova.com/das-hat-potenzial-fur-die-energiewende/  

Hülsen, T., Züger, C., Gan, Z. M., Batstone, D. J., Solley, D., Ochre, P., Porter, B., & Capson-Tojo, G. (2022). 
Outdoor demonstration-scale flat plate photobioreactor for resource recovery with purple phototrophic 
bacteria. Water Research, 216. https://doi.org/10.1016/j.watres.2022.118327  

Hy2gen (2023): Nautilus, retrieved 18/11/2023 from https://www.hy2gen.com/nautilus  

Hydrogen24 (2022): Se hvem som er nominert til Årets sirkulære bedrift her, retrieved 10/10/2023 from 
https://hydrogen24.no/2022/06/03/se-hvem-som-er-nominert-til-arets-sirkulaere-bedrift-her/  

IEA Bioenergy Task 37 (2017): Biogas in Society – a Case Story – Green Gas Hub, retrieved 22/11/2023 
from https://www.ieabioenergy.com/wp-content/uploads/2018/01/small-gas_hub_web_end-1.pdf  

IEA Bioenergy Task 37 (2020): Production of food grade sustainable CO2 from a large biogas facility. 
GO’CO2 at The Korskro Biogas Plant, Denmark, retrieved 22/11/2023 from 
https://www.ieabioenergy.com/wp-content/uploads/2020/11/Case-Story-CO2-recovery-Denmark-
November-2020.pdf  

https://projet-methanisation.grdf.fr/sinformer-et-se-former/valorisation-du-co2-biogenique
https://greenvilleenergy.com/history/
https://doi.org/https:/doi.org/10.1016/j.apenergy.2013.11.061
https://doi.org/10.1128/AEM.00996-17
https://gwf-gas.de/maerkte-und-unternehmen/evonik-feiert-1-000ste-referenzanlage-fuer-biogasaufbereitung-mittels-sepuran-green-membranen/
https://gwf-gas.de/maerkte-und-unternehmen/evonik-feiert-1-000ste-referenzanlage-fuer-biogasaufbereitung-mittels-sepuran-green-membranen/
https://gwf-gas.de/maerkte-und-unternehmen/evonik-feiert-1-000ste-referenzanlage-fuer-biogasaufbereitung-mittels-sepuran-green-membranen/
https://ham.es/en/bio-lng-caviro-italy/
https://doi.org/10.1038/s41586-019-1681-6
https://www.hz-inova.com/wp-content/uploads/2022/05/Bioenergie-Geest-and-Hitachi-Zosen-Inova-Establish-Company-to-Produce-Bio-LNG.pdf
https://www.hz-inova.com/wp-content/uploads/2022/05/Bioenergie-Geest-and-Hitachi-Zosen-Inova-Establish-Company-to-Produce-Bio-LNG.pdf
https://www.hz-inova.com/wp-content/uploads/2022/05/Bioenergie-Geest-and-Hitachi-Zosen-Inova-Establish-Company-to-Produce-Bio-LNG.pdf
https://www.hz-inova.com/wp-content/uploads/2022/06/Referenz-Gore-Cross_Isle-of-Wight_DE.pdf
https://www.hz-inova.com/wp-content/uploads/2022/06/Referenz-Gore-Cross_Isle-of-Wight_DE.pdf
https://www.hz-inova.com/de/co2-verflussigung-in-nesselnbach-offiziell-eroffnet/
https://www.hz-inova.com/co2-emissions-no-a-precious-resource/
https://www.hz-inova.com/das-hat-potenzial-fur-die-energiewende/
https://doi.org/10.1016/j.watres.2022.118327
https://www.hy2gen.com/nautilus
https://hydrogen24.no/2022/06/03/se-hvem-som-er-nominert-til-arets-sirkulaere-bedrift-her/
https://www.ieabioenergy.com/wp-content/uploads/2018/01/small-gas_hub_web_end-1.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/11/Case-Story-CO2-recovery-Denmark-November-2020.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/11/Case-Story-CO2-recovery-Denmark-November-2020.pdf


.  

60 

IEA Bioenergy Task 44 (2021): Task 44 Flexible Bioenergy and System Integration: Best Practices – e-
gas plant Werlte, Germany, retrieved 25/11/2023 from https://task44.ieabioenergy.com/wp-
content/uploads/sites/12/2021/12/Task-44-Best-Practice_e-gas-Werlte_Germany.pdf  

IFA Market Intelligence Service (2023): Public Summary, Medium-Term Fertilizer Outlook 2023 – 2027, 
retrieved 25/10/2023 from https://api.ifastat.org/reports/download/13912  

Iglina, T., Iglin, P., & Pashchenko, D. (2022). Industrial CO2 Capture by Algae: A Review and Recent 
Advances. In Sustainability (Switzerland) (Vol. 14, Issue 7). MDPI. https://doi.org/10.3390/su14073801  

iLaks (2021): Renovo vil bygge biogassfabrikk i Etne, retrieved 27/09/2023 from https://ilaks.no/renovo-
vil-bygge-biogassfabrikk-i-etne/  

Industriegaseverband (2018): Leitlinien für gute Verfahrenspraxis zur Herstellung, Abfüllung und 
Distribution von Lebensmittelgasen, retrieved 29/11/2022 from https://www.industriegaseverband.de/ 
download-file/igv-tl-01l-rev1leitlinielebensmittelgase02-2018.pdf  

Innovacjon Norge (2023): 100 millioner til satsing på biogass i Sømna, retrieved 10/10/2023 from 
https://www.innovasjonnorge.no/nyhetsartikkel/100-millioner-til-satsing-pa-biogass-i-somna  

IEA (2019), Putting CO2 to Use, IEA, Paris https://www.iea.org/reports/putting-co2-to-use,  License: CC 
BY 4.0  

IEA (2021), Ammonia Technology Roadmap, IEA, Paris https://www.iea.org/reports/ammonia-
technology-roadmap, License: CC BY 4.0 

International Energy Agency (2023): Bioenergy with Carbon Capture and Storage, retrieved 10/10/2023 
from https://www.iea.org/energy-system/carbon-capture-utilisation-and-storage/bioenergy-with-
carbon-capture-and-storage  

IPCC (2023): Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III to the 
Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, H. Lee 
and J. Romero (eds.)]. IPCC, Geneva, Switzerland, 184 pp., doi: 10.59327/IPCC/AR6-9789291691647 

IREN (2023): Biodigestore FORSU di Gavassa, retrieved 27/09/2023 from https://www.gruppoiren.it/it/ 
i-nostri-servizi/ambiente/impianti-e-ciclo-dei-rifiuti/recupero-materia/Biodigestore-di-Gavassa.html  

IRENA AND METHANOL INSTITUTE (2021), Innovation Outlook: Renewable Methanol, International 
Renewable Energy Agency, Abu Dhabi 

ISBT International Society of Beverage Technologists (2023): Guidelines, Best Practices, and White 
Papers, retrieved 11/07/2023 from https://www.isbt.com/resources-guidelines-best-practices.asp  

Ixora Energy (2022): Harnessing green CO2 for South West industries, retrieved 27/09/2023 from 
https://ixoraenergy.co.uk/harnessing-green-co2-for-south-west-industries/  

Ixora Energy (2023): Sustainable Energy Generation (SEG), Green energy for Somerset, retrieved 
27/09/2023 from https://ixoraenergy.co.uk/sustainable-energy-generation-seg/  

Jeon, B. S., Choi, O., Um, Y., & Sang, B.-I. (2016). Production of medium-chain carboxylic acids by 
Megasphaera sp. MH with supplemental electron acceptors. Biotechnology for Biofuels, 9(1), 129. 
https://doi.org/10.1186/s13068-016-0549-3  

Kapoor, R.; Ghosh, P.; Tyagi, B.; Vijay, V. K.; Vijay, V.; Thakur, I. S.; Kamyab, H.; Nguyen, D. D.; Kumar, A. 
(2020): Advances in biogas valorisation and utilization systems: A comprehensive review, Journal of 
Cleaner Production, Volume 273, 123052, ISSN 0959-6526, https://doi.org/10.1016/j.jclepro.2020.123052 

Kim, H., Choi, O., Jeon, B. S., Choe, W.-S., & Sang, B.-I. (2020). Impact of feedstocks and downstream 
processing technologies on the economics of caproic acid production in fermentation by Megasphaera 
elsdenii T81. Bioresource Technology, 301, 122794. https://doi.org/10.1016/j.biortech.2020.122794  

https://task44.ieabioenergy.com/wp-content/uploads/sites/12/2021/12/Task-44-Best-Practice_e-gas-Werlte_Germany.pdf
https://task44.ieabioenergy.com/wp-content/uploads/sites/12/2021/12/Task-44-Best-Practice_e-gas-Werlte_Germany.pdf
https://api.ifastat.org/reports/download/13912
https://doi.org/10.3390/su14073801
https://ilaks.no/renovo-vil-bygge-biogassfabrikk-i-etne/
https://ilaks.no/renovo-vil-bygge-biogassfabrikk-i-etne/
https://www.industriegaseverband.de/download-file/igv-tl-01l-rev1leitlinielebensmittelgase02-2018.pdf
https://www.industriegaseverband.de/download-file/igv-tl-01l-rev1leitlinielebensmittelgase02-2018.pdf
https://www.innovasjonnorge.no/nyhetsartikkel/100-millioner-til-satsing-pa-biogass-i-somna
https://www.iea.org/reports/putting-co2-to-use
https://www.iea.org/reports/ammonia-technology-roadmap
https://www.iea.org/reports/ammonia-technology-roadmap
https://www.iea.org/energy-system/carbon-capture-utilisation-and-storage/bioenergy-with-carbon-capture-and-storage
https://www.iea.org/energy-system/carbon-capture-utilisation-and-storage/bioenergy-with-carbon-capture-and-storage
https://www.gruppoiren.it/it/%20i-nostri-servizi/ambiente/impianti-e-ciclo-dei-rifiuti/recupero-materia/Biodigestore-di-Gavassa.html
https://www.gruppoiren.it/it/%20i-nostri-servizi/ambiente/impianti-e-ciclo-dei-rifiuti/recupero-materia/Biodigestore-di-Gavassa.html
https://www.isbt.com/resources-guidelines-best-practices.asp
https://ixoraenergy.co.uk/harnessing-green-co2-for-south-west-industries/
https://ixoraenergy.co.uk/sustainable-energy-generation-seg/
https://doi.org/10.1186/s13068-016-0549-3
https://doi.org/10.1016/j.jclepro.2020.123052
https://doi.org/10.1016/j.biortech.2020.122794


.  

61 

Krieg & Fischer Ingenieure GmbH (2023): Biogenes CO2 aus der Biogasaufbereitung, retrieved 
26/11/2023 from https://www.kriegfischer.de/biogasanlagen/was-ist-
biogas/biogasverwertung/beschreibung-von-co2-verfluessigung  

Kumar, H.; Vijay, V. K.; Subbarao, P. M. V.; Chandra, R. (2022): Studies on the application of bio-carbon 
dioxide as controlled atmosphere on pest management in wheat grain storage, Journal of Stored 
Products Research, Volume 95, 101911, ISSN 0022-474X, https://doi.org/10.1016/j.jspr.2021.101911  

Kvinnheringen (2023): Fransk forvaltningsselskap sikrar finansiering av Hardanger Biogass, retrieved 
10/10/2023 from https://www.kvinnheringen.no/fransk-forvaltningsselskap-sikrar-finansiering-av-
hardanger-biogass/s/5-27-437671  

Lafarga, T., Sánchez-Zurano, A., Morillas-España, A., & Acién-Fernández, F. G. (2021). Extremophile 
microalgae as feedstock for high-value carotenoids: A review. In International Journal of Food Science 
and Technology (Vol. 56, Issue 10, pp. 4934–4941). John Wiley and Sons Inc. 
https://doi.org/10.1111/ijfs.15069  

Landbouw- en Biogasbedrijf Kloosterman (2023): Biovergisting, retrieved 21/10/2023 from 
https://www.kloostermanbiogas.com/bio-vergisting  

Landkreis Schwandorf (2021): Amtsblatt für den Landkreis Schwandorf Nr. 21 vom 23.04.2021, retrieved 
15/10/2023 from https://www.landkreis-schwandorf.de/media/custom/3300_1195_1.PDF?1619165741  

Liebal, U. W., Blank, L. M., & Ebert, B. E. (2018). CO2 to succinic acid – Estimating the potential of 
biocatalytic routes. Metabolic Engineering Communications, 7, e00075. 
https://doi.org/10.1016/j.mec.2018.e00075  

Liebetrau, J., Ammenberg, J., Gustafsson, M., Pelkmans, L., Murphy, J.D. (2022). The role of biogas and 
biomethane in pathway to net zero. Murphy, J.D (Ed.) IEA Bioenergy Task 37, 2022: 12, retrieved 
30/10/2023 from https://www.ieabioenergy.com/wp-content/uploads/2022/12/2022_12_12-
IEA_Bioenergy_position-paper_Final2.pdf  

Limeco (2022): Vorzeigeprojekt bei Limeco in Dietikon: Einweihung der ersten industriellen Power-to-
Gas-Anlage der Schweiz, retrieved 07/10/2023 from https://www.limeco.ch/wp-
content/uploads/220429_Medienmitteilung_DE_Einweihung_PtG-Anlage.pdf  

Limeco (2023): Energiepreis Watt d’Or für Limeco, retrieved 07/10/2023 from 
https://www.limeco.ch/medienmitteilung/watt-dor-fuer-power-to-gas-anlage/  

Lyons, M., P. Durrant and K. Kochhar (2021): Reaching Zero with Renewables: Capturing Carbon, 
International Renewable Energy Agency, Abu Dhabi 

Made in (2023): Schelfhout zet 11 miljoen om in vloeibaar biogas, retrieved 07/10/2023 from 
https://www.made-in.be/limburg/schelfhout-zet-11-miljoen-om-in-vloeibaar-biogas/  

Malmberg (2023): Malmberg Energy selected for the third time by Den Magiske Fabrikken in Tønsberg!, 
retrieved 27/09/2023 from https://www.malmberg.se/2023/03/17/malmberg-energy-selected-for-
the-third-time-by-den-magiske-fabrikken-in-tonsberg/   

Marín, D., Posadas, E., García, D., Puyol, D., Lebrero, R., & Muñoz, R. (2019). Assessing the potential of 
purple phototrophic bacteria for the simultaneous treatment of piggery wastewater and upgrading of 
biogas. Bioresource Technology, 281, 10–17. https://doi.org/10.1016/j.biortech.2019.02.073  

MarketsandMarkets. (2023). Polyhydroxyalkanoate (PHA) Market worth $195 million by 2028. Market 
Press Releases. 

Matassa, S., Boon, N., Pikaar, I., & Verstraete, W. (2016). Microbial protein: future sustainable food supply 
route with low environmental footprint. Microbial Biotechnology, 9(5), 568–575. 
https://doi.org/10.1111/1751-7915.12369  

https://www.kriegfischer.de/biogasanlagen/was-ist-biogas/biogasverwertung/beschreibung-von-co2-verfluessigung
https://www.kriegfischer.de/biogasanlagen/was-ist-biogas/biogasverwertung/beschreibung-von-co2-verfluessigung
https://doi.org/10.1016/j.jspr.2021.101911
https://www.kvinnheringen.no/fransk-forvaltningsselskap-sikrar-finansiering-av-hardanger-biogass/s/5-27-437671
https://www.kvinnheringen.no/fransk-forvaltningsselskap-sikrar-finansiering-av-hardanger-biogass/s/5-27-437671
https://doi.org/10.1111/ijfs.15069
https://www.kloostermanbiogas.com/bio-vergisting
https://www.landkreis-schwandorf.de/media/custom/3300_1195_1.PDF?1619165741
https://doi.org/10.1016/j.mec.2018.e00075
https://www.ieabioenergy.com/wp-content/uploads/2022/12/2022_12_12-IEA_Bioenergy_position-paper_Final2.pdf
https://www.ieabioenergy.com/wp-content/uploads/2022/12/2022_12_12-IEA_Bioenergy_position-paper_Final2.pdf
https://www.limeco.ch/wp-content/uploads/220429_Medienmitteilung_DE_Einweihung_PtG-Anlage.pdf
https://www.limeco.ch/wp-content/uploads/220429_Medienmitteilung_DE_Einweihung_PtG-Anlage.pdf
https://www.limeco.ch/medienmitteilung/watt-dor-fuer-power-to-gas-anlage/
https://www.made-in.be/limburg/schelfhout-zet-11-miljoen-om-in-vloeibaar-biogas/
https://www.malmberg.se/2023/03/17/malmberg-energy-selected-for-the-third-time-by-den-magiske-fabrikken-in-tonsberg/
https://www.malmberg.se/2023/03/17/malmberg-energy-selected-for-the-third-time-by-den-magiske-fabrikken-in-tonsberg/
https://doi.org/10.1016/j.biortech.2019.02.073
https://doi.org/10.1111/1751-7915.12369


.  

62 

Material Change (2023a): Bay Farm, retrieved 22/11/2023 from https://www.material-change.com/our-
locations/bay-farm/ 

Material Change (2023b): Helmdon, retrieved 22/11/2023 from https://www.material-change.com/our-
locations/helmdon/  

Mazière, A., Prinsen, P., García, A., Luque, R., & Len, C. (2017). A review of progress in (bio)catalytic routes 
from/to renewable succinic acid. Biofuels, Bioproducts and Biorefining, 11(5), 908–931. 
https://doi.org/10.1002/bbb.1785 

Methanol Institute (2023): Essential Methanol Infographic, retrieved 30/10/2023 from 
https://www.methanol.org/about-methanol/  

Miimosa (2023): 60 agriculteurs produisent du biogaz en Occitanie par AGROGAZ DES PAYS DE TRIE, 
retrieved 27/09/2023 from https://miimosa.com/projects/60-agriculteurs-produisent-du-biogaz-en-
occitanie   

Mikunda, T.; Neele, F.; Wilschut, F.; Hanegraaf, M. (2015): A secure and affordable CO2 supply for the 
Dutch greenhouse sector, retrieved 21/10/2023 from 
https://www.glastuinbouwnederland.nl/content/user_upload/15051.03_Rapport.pdf  

MMSA (2023a): MMSA Global Methanol Supply and Demand Balance, retrieved 30/10/2023 from 
https://www.methanol.org/wp-content/uploads/2023/10/MMSA-World-Supply-and-Demand-
Summary-for-Methanol-Institute-3-1.xlsx  

MMSA (2023b): Global Methanol Pricing Comparison, retrieved 31/10/2023 from 
https://www.methanol.org/wp-content/uploads/2023/10/MMSA-Monthly-Price-Forecast-for-
Methanol-Institute-15.xlsx   

Money Controller (2022): Combating Climate Change by Transforming Waste into Value, retrieved 
22/11/2023 from https://www.moneycontroller.fr/actualites-de-la-bourse-francaise/pentair-
plc/combating-climate-change-by-transforming-waste-into-value-806358  

Montello (2017):  New biomethane plant, retrieved 27/09/2023 from https://www.montello-spa.it/news-
en/new-biomethane-plant/  

MVV Umwelt (2023): Energie aus Bioabfall, retrieved 15/10/2023 from https://www.mvv.de/ueber-
uns/unternehmensgruppe/mvv-umwelt/erneuerbare-
energien/bioabfallvergaerung/bioabfallvergaerung-dresden  

Narala, R. R., Garg, S., Sharma, K. K., Thomas-Hall, S. R., Deme, M., Li, Y., & Schenk, P. M. (2016). 
Comparison of microalgae cultivation in photobioreactor, open raceway pond, and a two-stage hybrid 
system. Frontiers in Energy Research, 4(AUG). https://doi.org/10.3389/fenrg.2016.00029  

Nature Energy (2023): Shell completes acquisition of Nature Energy, retrieved 27/09/2023 from 
https://nature-energy.com/news/shell-completes-acquisition-of-nature-energy  

Navarro, S.; Timlick, B.; Demianyk, C.; White, N.D.G. (2012): Controlled or Modified Atmospheres. Stored 
Product Protection- Part III. Management: Monitoring-based Methods. 191-202, retrieved 22/10/2023 
from https://entomology.k-state.edu/doc/finished-chapters/s156-ch-16-contr-or-mod-atmospheres-
-mar2.pdf  

Nippon Gases (2022): Long-term agreement on green CO2, retrieved 27/09/2023 from 
https://www.carbonneutralworld.com/all-news/news/022023_long-term-agreement-on-green-co2  

Nippon Gases (2023): Nippon Gases and Iren Ambiente together for the valorisation of biogenic CO2, 
retrieved 27/09/2023 from https://www.carbonneutralworld.com/all-news/news/072023_iren-
ambiente  

https://www.material-change.com/our-locations/bay-farm/
https://www.material-change.com/our-locations/bay-farm/
https://www.material-change.com/our-locations/helmdon/
https://www.material-change.com/our-locations/helmdon/
https://doi.org/10.1002/bbb.1785
https://www.methanol.org/about-methanol/
https://miimosa.com/projects/60-agriculteurs-produisent-du-biogaz-en-occitanie
https://miimosa.com/projects/60-agriculteurs-produisent-du-biogaz-en-occitanie
https://www.glastuinbouwnederland.nl/content/user_upload/15051.03_Rapport.pdf
https://www.methanol.org/wp-content/uploads/2023/10/MMSA-World-Supply-and-Demand-Summary-for-Methanol-Institute-3-1.xlsx
https://www.methanol.org/wp-content/uploads/2023/10/MMSA-World-Supply-and-Demand-Summary-for-Methanol-Institute-3-1.xlsx
https://www.methanol.org/wp-content/uploads/2023/10/MMSA-Monthly-Price-Forecast-for-Methanol-Institute-15.xlsx
https://www.methanol.org/wp-content/uploads/2023/10/MMSA-Monthly-Price-Forecast-for-Methanol-Institute-15.xlsx
https://www.moneycontroller.fr/actualites-de-la-bourse-francaise/pentair-plc/combating-climate-change-by-transforming-waste-into-value-806358
https://www.moneycontroller.fr/actualites-de-la-bourse-francaise/pentair-plc/combating-climate-change-by-transforming-waste-into-value-806358
https://www.montello-spa.it/news-en/new-biomethane-plant/
https://www.montello-spa.it/news-en/new-biomethane-plant/
https://www.mvv.de/ueber-uns/unternehmensgruppe/mvv-umwelt/erneuerbare-energien/bioabfallvergaerung/bioabfallvergaerung-dresden
https://www.mvv.de/ueber-uns/unternehmensgruppe/mvv-umwelt/erneuerbare-energien/bioabfallvergaerung/bioabfallvergaerung-dresden
https://www.mvv.de/ueber-uns/unternehmensgruppe/mvv-umwelt/erneuerbare-energien/bioabfallvergaerung/bioabfallvergaerung-dresden
https://doi.org/10.3389/fenrg.2016.00029
https://nature-energy.com/news/shell-completes-acquisition-of-nature-energy
https://entomology.k-state.edu/doc/finished-chapters/s156-ch-16-contr-or-mod-atmospheres--mar2.pdf
https://entomology.k-state.edu/doc/finished-chapters/s156-ch-16-contr-or-mod-atmospheres--mar2.pdf
https://www.carbonneutralworld.com/all-news/news/022023_long-term-agreement-on-green-co2
https://www.carbonneutralworld.com/all-news/news/072023_iren-ambiente
https://www.carbonneutralworld.com/all-news/news/072023_iren-ambiente


.  

63 

Nordfuel (2023): Biomethan-Werk im c-Port: Grüne Energie für die Klimawende, retrieved 12/10/2023 
from https://nordfuel.eu/gemeinsame-medieninformation-der-unternehmen-revis-und-nordfuel-8-
mai-2023/  

Nordsol (2023a): Bio-LNG PLANT Amsterdam, retrieved 22/11/2023 from https://nordsol.com/biolng-
plant-amsterdam/  

Nordsol (2023b): First bio-LNG production plant for marine shipping, retrieved 22/11/2023 from 
https://nordsol.com/project-wilp/ 

Nordsol (2023c): Nordsol’s pioneering technology applied in Britain’s first bio-LNG production plant, 
retrieved 22/11/2023 from https://nordsol.com/nordsols-pioneering-technology-applied-in-britains-
first-bio-lng-production-plant/  

Novamont (2020): INTESA SANPAOLO E NOVAMONT: ACCORDO PER FINANZIAMENTO CIRCULAR DA 20 
MILIONI DI EURO PER DUE INTERVENTI INNOVATIVI, retrieved 27/09/2023 from 
https://www.novamont.com/leggi-comunicato-stampa/intesa-sanpaolo-e-novamont-accordo-per-
finanziamento-circular-da-20-milioni-di-euro-per-due-interventi-innovativi/  

NTB Kommunikasjon (2022): Enova støtter nytt anlegg for biogassproduksjon i Etne med 60 millioner 
kroner, retrieved 27/09/2023 from https://kommunikasjon.ntb.no/pressemelding/17941885/enova-
stotter-nytt-anlegg-for-biogassproduksjon-i-etne-med-60-millioner-kroner?publisherId=17848299  

NTB Kommunikasjon (2023): Fire biogassanlegg får 162 millioner kroner i Enovastøtte, retrieved 
27/09/2023 from https://kommunikasjon.ntb.no/pressemelding/17952778/fire-biogassanlegg-far-162-
millioner-kroner-i-enovastotte?publisherId=17848299  

Onetz (2020): Nächstes Großprojekt: Molkerei Bechtel baut Biogasanlage, retrieved 15/10/2023 from 
https://www.onetz.de/oberpfalz/schwarzenfeld/naechstes-grossprojekt-molkerei-bechtel-baut-
biogasanlage-id3150310.html  

Onyeaka, H., Miri, T., Obileke, K. C., Hart, A., Anumudu, C., & Al-Sharify, Z. T. (2021). Minimizing carbon 
footprint via microalgae as a biological capture. In Carbon Capture Science and Technology (Vol. 1). 
Elsevier Ltd. https://doi.org/10.1016/j.ccst.2021.100007  

Oreggioni, G. D.; Luberti, M.; Tassou, S. A. (2019): Agricultural greenhouse CO2 utilization in anaerobic-
digestion-based biomethane production plants: A techno-economic and environmental assessment 
and comparison with CO2 geological storage, Applied Energy, Volume 242, Pages 1753-1766, ISSN 0306-
2619, https://doi.org/10.1016/j.apenergy.2019.03.045  

Østfoldforskning (2020): Livsløpsvurdering av produktene og tjenestene til Den Magiske Fabrikken, 
Avfalls- og gjødselhåndtering, biodrivstoff, biogjødsel og bio-CO2, retrieved 10/10/2023 from 
https://norsus.no/wp-content/uploads/OR-23.20-Livslopsvurdering-av-produktene-og-tjenestene-
til-Den-Magiske-Fabrikken.pdf  

Otten, J. K., Zou, Y., & Papoutsakis, E. T. (2022). The potential of caproate (hexanoate) production using 
Clostridium kluyveri syntrophic cocultures with Clostridium acetobutylicum or Clostridium 
saccharolyticum. Frontiers in Bioengineering and Biotechnology, 10. 
https://doi.org/10.3389/fbioe.2022.965614  

Panich, J., Fong, B., & Singer, S. W. (2021). Metabolic Engineering of Cupriavidus necator H16 for 
Sustainable Biofuels from CO2. In Trends in Biotechnology (Vol. 39, Issue 4, pp. 412–424). Elsevier Ltd. 
https://doi.org/10.1016/j.tibtech.2021.01.001  

Park, J., Kumar, G., Bakonyi, P., Peter, J., Nemestóthy, N., Koter, S., Kujawski, W., Bélafi-Bakó, K., 
Pientka, Z., Muñoz, R., & Kim, S. H. (2021). Comparative Evaluation of CO2 Fixation of Microalgae Strains 
at Various CO2 Aeration Conditions. Waste and Biomass Valorisation, 12(6), 2999–3007. 
https://doi.org/10.1007/s12649-020-01226-8  

https://nordfuel.eu/gemeinsame-medieninformation-der-unternehmen-revis-und-nordfuel-8-mai-2023/
https://nordfuel.eu/gemeinsame-medieninformation-der-unternehmen-revis-und-nordfuel-8-mai-2023/
https://nordsol.com/biolng-plant-amsterdam/
https://nordsol.com/biolng-plant-amsterdam/
https://nordsol.com/project-wilp/
https://nordsol.com/nordsols-pioneering-technology-applied-in-britains-first-bio-lng-production-plant/
https://nordsol.com/nordsols-pioneering-technology-applied-in-britains-first-bio-lng-production-plant/
https://www.novamont.com/leggi-comunicato-stampa/intesa-sanpaolo-e-novamont-accordo-per-finanziamento-circular-da-20-milioni-di-euro-per-due-interventi-innovativi/
https://www.novamont.com/leggi-comunicato-stampa/intesa-sanpaolo-e-novamont-accordo-per-finanziamento-circular-da-20-milioni-di-euro-per-due-interventi-innovativi/
https://kommunikasjon.ntb.no/pressemelding/17941885/enova-stotter-nytt-anlegg-for-biogassproduksjon-i-etne-med-60-millioner-kroner?publisherId=17848299
https://kommunikasjon.ntb.no/pressemelding/17941885/enova-stotter-nytt-anlegg-for-biogassproduksjon-i-etne-med-60-millioner-kroner?publisherId=17848299
https://kommunikasjon.ntb.no/pressemelding/17952778/fire-biogassanlegg-far-162-millioner-kroner-i-enovastotte?publisherId=17848299
https://kommunikasjon.ntb.no/pressemelding/17952778/fire-biogassanlegg-far-162-millioner-kroner-i-enovastotte?publisherId=17848299
https://www.onetz.de/oberpfalz/schwarzenfeld/naechstes-grossprojekt-molkerei-bechtel-baut-biogasanlage-id3150310.html
https://www.onetz.de/oberpfalz/schwarzenfeld/naechstes-grossprojekt-molkerei-bechtel-baut-biogasanlage-id3150310.html
https://doi.org/10.1016/j.ccst.2021.100007
https://doi.org/10.1016/j.apenergy.2019.03.045
https://norsus.no/wp-content/uploads/OR-23.20-Livslopsvurdering-av-produktene-og-tjenestene-til-Den-Magiske-Fabrikken.pdf
https://norsus.no/wp-content/uploads/OR-23.20-Livslopsvurdering-av-produktene-og-tjenestene-til-Den-Magiske-Fabrikken.pdf
https://doi.org/10.3389/fbioe.2022.965614
https://doi.org/10.1016/j.tibtech.2021.01.001
https://doi.org/10.1007/s12649-020-01226-8


.  

64 

Pentair (2014): HAFFMANS BIOGAS UPGRADING – SCHAAP BIO ENERGIE, NETHERLANDS, CASE STUDY, 
retrieved 22/11/2023 from https://biogas.pentair.com/~/media/websites/biogas/downloads/case-
studies/schaap-tirns/biogas_upgrading_haffmans_case-study_schaap-tirns_en.pdf  

Pentair (2016): HAFFMANS BIOGAS UPGRADING - WIGHT FARM ENERGY LLP CASE STUDY, retrieved 
22/11/2023 from https://biogas.pentair.com/~/media/websites/biogas/downloads/case-
studies/wight_farm_energy/biogas_upgrading_haffmans_case-study_wight-farm-energy.pdf  

Pentair (2018): CO2-Abscheidung bei Biogasanlagen, Biogas Forum Bayern, Dr. Uwe Kilillus, 27. 
September 2018, retrieved 30/11/2023 from www.biogas-forum-bayern-co2-biogas-pentair-uki-2.pdf  

Pentair (2020): Springhill Farms, UK. Biogas upgrading, retrieved 27/09/2023 from 
https://biogas.pentair.com/~/media/websites/biogas/downloads/case-studies/springhill/biogas-
upgrading-springhill-farms-pentair-case-study-v2049-en.pdf  

Pentair (2022a): Case study Westdorpe, retrieved 21/09/2023 from https://biogas.pentair.com/~/ 
media/websites/biogas/downloads/case-studies/westdorpe/biogas-upgrading-westdorpe-pentair-
case-study.pdf  

Pentair (2022b): Pentair and Dry Ice Scotland help to reduce the reliance on fossil fuels for the dry ice 
industry, retrieved 27/09/2023 from https://carboncapture.pentair.com/de-de/news/tata-chemicals  

Pentair (2023): Ecofuels, Netherlands, retrieved 20/09/2023 from https://foodandbeverage.pentair. 
com/en/case-studies/ecofuels  

Perpetual Next Conversions (2023): Green Bond Framework, retrieved 20/09/2023 from 
https://perpetualnext.com/wp-content/uploads/2023/06/Perpetual-Next-Conversions-Green-Bond-
Framework-13-June-2023.pdf  

Peters Biogas (2023): Informatiepagina's, retrieved 22/11/2023 from 
https://www.petersbiogas.nl/2903/0/over-ons  

PFI Biotechnology (2023): Bioraffinerie im Energiepark Pirmasens-Winzeln, retrieved 25/11/2023 from  
https://www.pfi-biotechnology.de/forschung/bioraffinerie-im-energiepark-pirmasens-winzeln/  

Pieri, T.; Nikitas, A.; Angelis-Dimakis, A. (2023): Public Acceptance and Willingness to Pay for Carbon 
Capture and Utilisation Products. Clean Technol., 5, 436-450. 
https://doi.org/10.3390/cleantechnol5010022  

Podder, J.; Patra, B.R.; Pattnaik, F.; Nanda, S.; Dalai, A.K. (2023): A Review of Carbon Capture and 
Valorisation Technologies. Energies, 16, 2589. https://doi.org/10.3390/en16062589  

Primer, N. (2022): Bio-CO2 market potential, retrieved 30/10/2023 from https://www.r-e-a.net/wp-
content/uploads/2022/02/ADBA-and-REA-BioCO2-roundtable.pdf  

PROBIOTEC GmbH (2021): UVP-Bericht für die Errichtung und den Betrieb einer Biogasanlage der revis 
bioenergy GmbH, retrieved 12/10/2023 from https://uvp.niedersachsen.de/documents-ige-
ng/igc_ni/422EF91E-E9CE-4F17-8B88-EB7571686089/211202_UVP_Bericht.pdf  

Process Industry Informer (2022): Vale Green Energy anaerobic digestion plant secures certification 
scheme accreditation, retrieved 22/11/2023 from https://www.processindustryinformer.com/vale-
green-energy-anaerobic-digestion-plant-secures-certification-scheme-accreditation/  

Quotidiano Piemontese (2022): L’anidride carbonica per acqua minerale dagli allevamenti animali: a 
Candiolo impianto produce C02 alimentare dagli effluvi bovini, retrieved 02/10/2023 from 
https://www.quotidianopiemontese.it/2022/07/07/lanidride-carbonica-per-acqua-minerale-dagli-
allevamenti-animali-a-candiolo-impianto-produce-c02-alimentare-dagli-effluvi-bovini/  

Rampelotto, P. H., & Hallmann, A. (2019). Grand Challenges in Biology and Biotechnology Grand 
Challenges in Algae Biotechnology. http://www.springer.com/series/13485  

https://biogas.pentair.com/~/media/websites/biogas/downloads/case-studies/schaap-tirns/biogas_upgrading_haffmans_case-study_schaap-tirns_en.pdf
https://biogas.pentair.com/~/media/websites/biogas/downloads/case-studies/schaap-tirns/biogas_upgrading_haffmans_case-study_schaap-tirns_en.pdf
https://biogas.pentair.com/~/media/websites/biogas/downloads/case-studies/wight_farm_energy/biogas_upgrading_haffmans_case-study_wight-farm-energy.pdf
https://biogas.pentair.com/~/media/websites/biogas/downloads/case-studies/wight_farm_energy/biogas_upgrading_haffmans_case-study_wight-farm-energy.pdf
http://www.biogas-forum-bayern-co2-biogas-pentair-uki-2.pdf/
https://biogas.pentair.com/~/media/websites/biogas/downloads/case-studies/springhill/biogas-upgrading-springhill-farms-pentair-case-study-v2049-en.pdf
https://biogas.pentair.com/~/media/websites/biogas/downloads/case-studies/springhill/biogas-upgrading-springhill-farms-pentair-case-study-v2049-en.pdf
https://biogas.pentair.com/~/%20media/websites/biogas/downloads/case-studies/westdorpe/biogas-upgrading-westdorpe-pentair-case-study.pdf
https://biogas.pentair.com/~/%20media/websites/biogas/downloads/case-studies/westdorpe/biogas-upgrading-westdorpe-pentair-case-study.pdf
https://biogas.pentair.com/~/%20media/websites/biogas/downloads/case-studies/westdorpe/biogas-upgrading-westdorpe-pentair-case-study.pdf
https://carboncapture.pentair.com/de-de/news/tata-chemicals
https://perpetualnext.com/wp-content/uploads/2023/06/Perpetual-Next-Conversions-Green-Bond-Framework-13-June-2023.pdf
https://perpetualnext.com/wp-content/uploads/2023/06/Perpetual-Next-Conversions-Green-Bond-Framework-13-June-2023.pdf
https://www.petersbiogas.nl/2903/0/over-ons
https://www.pfi-biotechnology.de/forschung/bioraffinerie-im-energiepark-pirmasens-winzeln/
https://doi.org/10.3390/cleantechnol5010022
https://doi.org/10.3390/en16062589
https://www.r-e-a.net/wp-content/uploads/2022/02/ADBA-and-REA-BioCO2-roundtable.pdf
https://www.r-e-a.net/wp-content/uploads/2022/02/ADBA-and-REA-BioCO2-roundtable.pdf
https://uvp.niedersachsen.de/documents-ige-ng/igc_ni/422EF91E-E9CE-4F17-8B88-EB7571686089/211202_UVP_Bericht.pdf
https://uvp.niedersachsen.de/documents-ige-ng/igc_ni/422EF91E-E9CE-4F17-8B88-EB7571686089/211202_UVP_Bericht.pdf
https://www.processindustryinformer.com/vale-green-energy-anaerobic-digestion-plant-secures-certification-scheme-accreditation/
https://www.processindustryinformer.com/vale-green-energy-anaerobic-digestion-plant-secures-certification-scheme-accreditation/
https://www.quotidianopiemontese.it/2022/07/07/lanidride-carbonica-per-acqua-minerale-dagli-allevamenti-animali-a-candiolo-impianto-produce-c02-alimentare-dagli-effluvi-bovini/
https://www.quotidianopiemontese.it/2022/07/07/lanidride-carbonica-per-acqua-minerale-dagli-allevamenti-animali-a-candiolo-impianto-produce-c02-alimentare-dagli-effluvi-bovini/
http://www.springer.com/series/13485


.  

65 

Reklima (2023): Naturen som læmester, og røtter i romfart, retrieved 02/10/2023 from 
https://www.reklima.no/l%C3%B8sninger  

Renevo (2022a): Biogassanlegg i Etne commune, PRESSEKONFERANSE 07.04.2022, retrieved 
28/09/2023 from https://www.etne.kommune.no/_f/p1/ie547177f-bf33-4daa-a36e-043b793f6f76/ 
220407-pressekonferanse-etne.pdf  

Renevo (2022b): Søknad om utvida utsleppsløyve, retrieved 28/09/2023 from 
https://www.statsforvalteren.no/contentassets/905028ffb2e74943aa5b18dd5c97c950/soknad-om-
utvida-ii-renevo-as---eldoyane---stord-280422.pdf  

Renevo (2023): Oppdateringer, retrieved 10/10/2023 from https://no.linkedin.com/company/renevo-as  

Reuters (2022a): Food industry in parts of Europe under pressure as CO2 runs short, retrieved 13/10/2023 
from https://www.reuters.com/business/food-industry-some-parts-europe-under-pressure-co2-
runs-short-2022-08-26/ 

Reuters (2022b): Carbon dioxide halt piles pressure on UK food, drinks sector, retrieved 13/10/2023 from 
https://www.reuters.com/world/uk/uk-urges-businesses-meet-demand-co2-after-cf-fertilisers-
halts-production-2022-08-25/  

Rijksdienst voor Ondernemend Nederland (2010): Opwerking van biogas naar groen gas en 'foodgrade' 
CO2 (EOS Demonstratie), retrieved 21/10/2023 from https://data.rvo.nl/subsidies-
regelingen/projecten/opwerking-van-biogas-naar-groen-gas-en-foodgrade-co2-eos-demonstratie  

Rios, S., & Luzzi, S. (2023). Algae and Climate European Maritime and Fisheries Fund. 
https://doi.org/10.2926/208135  

Ritala, A., Häkkinen, S. T., Toivari, M., & Wiebe, M. G. (2017). Single cell protein-state-of-the-art, industrial 
landscape and patents 2001-2016. In Frontiers in Microbiology (Vol. 8, Issue OCT). Frontiers Media S.A. 
https://doi.org/10.3389/fmicb.2017.02009  

Rodin, V.; Lindorfer, J.; Böhm, H.; Vieira, L. (2020): Assessing the potential of carbon dioxide valorisation 
in Europe with focus on biogenic CO2, Journal of CO2 Utilization, Volume 41, 101219, ISSN 2212-9820, 
https://doi.org/10.1016/j.jcou.2020.101219  

Ruhe Biogas (2023): Referenzen - Bio-LNG Anlage Darchau, retrieved 18/10/2023 from 
https://www.ruhe-biogas-service.de/referenzen/  

Saadaoui, I., Rasheed, R., Aguilar, A., Cherif, M., Al Jabri, H., Sayadi, S., & Manning, S. R. (2021). Microalgal-
based feed: promising alternative feedstocks for livestock and poultry production. In Journal of Animal  

SAS GAZTEAM ENERGIE (2022): Arrêté préfectoral, retrieved 28/09/2023 from https://www.deux-
sevres.gouv.fr/contenu/telechargement/47884/347194/file/AP%20FINAL.pdf  

Science and Biotechnology (Vol. 12, Issue 1). BioMed Central Ltd. https://doi.org/10.1186/s40104-021-
00593-z  

Scapigliato (2021): Scapigliato accelera verso la “Fabbrica del futuro”: nuovo Piano industriale e primo 
Bilancio di sostenibilità, retrieved 28/09/2023 from https://www.scapigliato.it/media/comunicati-
stampa/scapigliato-accelera-verso-la-fabbrica-del-futuro-nuovo-piano-industriale-e-primo-bilancio-
di-sostenibilita/  

Scapigliato (2023): D.lgs. 152/2006, art.6 commi 9 e 9 bis, Legge regionale 10/2010 articolo 58. Richiesta 
di parere circa la proposta di modifiche all’impianto di discarica per rifiuti non pericolosi del sito Lo 
Scapigliato nel Comune di Rosignano Marittimo (LI), retrieved 28/09/2023 from 
https://www.regione.toscana.it/documents/10180/153085458/4.0175234_070423_Digestore_CO2_Sc
apigliato_03.pdf/032561b7-19dc-d2c6-77e5-1a91a7a48510?t=1683098945611  

https://www.reklima.no/l%C3%B8sninger
https://www.etne.kommune.no/_f/p1/ie547177f-bf33-4daa-a36e-043b793f6f76/%20220407-pressekonferanse-etne.pdf
https://www.etne.kommune.no/_f/p1/ie547177f-bf33-4daa-a36e-043b793f6f76/%20220407-pressekonferanse-etne.pdf
https://www.statsforvalteren.no/contentassets/905028ffb2e74943aa5b18dd5c97c950/soknad-om-utvida-ii-renevo-as---eldoyane---stord-280422.pdf
https://www.statsforvalteren.no/contentassets/905028ffb2e74943aa5b18dd5c97c950/soknad-om-utvida-ii-renevo-as---eldoyane---stord-280422.pdf
https://no.linkedin.com/company/renevo-as
https://www.reuters.com/business/food-industry-some-parts-europe-under-pressure-co2-runs-short-2022-08-26/
https://www.reuters.com/business/food-industry-some-parts-europe-under-pressure-co2-runs-short-2022-08-26/
https://www.reuters.com/world/uk/uk-urges-businesses-meet-demand-co2-after-cf-fertilisers-halts-production-2022-08-25/
https://www.reuters.com/world/uk/uk-urges-businesses-meet-demand-co2-after-cf-fertilisers-halts-production-2022-08-25/
https://data.rvo.nl/subsidies-regelingen/projecten/opwerking-van-biogas-naar-groen-gas-en-foodgrade-co2-eos-demonstratie
https://data.rvo.nl/subsidies-regelingen/projecten/opwerking-van-biogas-naar-groen-gas-en-foodgrade-co2-eos-demonstratie
https://doi.org/10.2926/208135
https://doi.org/10.3389/fmicb.2017.02009
https://doi.org/10.1016/j.jcou.2020.101219
https://www.ruhe-biogas-service.de/referenzen/
https://www.deux-sevres.gouv.fr/contenu/telechargement/47884/347194/file/AP%20FINAL.pdf
https://www.deux-sevres.gouv.fr/contenu/telechargement/47884/347194/file/AP%20FINAL.pdf
https://doi.org/10.1186/s40104-021-00593-z
https://doi.org/10.1186/s40104-021-00593-z
https://www.scapigliato.it/media/comunicati-stampa/scapigliato-accelera-verso-la-fabbrica-del-futuro-nuovo-piano-industriale-e-primo-bilancio-di-sostenibilita/
https://www.scapigliato.it/media/comunicati-stampa/scapigliato-accelera-verso-la-fabbrica-del-futuro-nuovo-piano-industriale-e-primo-bilancio-di-sostenibilita/
https://www.scapigliato.it/media/comunicati-stampa/scapigliato-accelera-verso-la-fabbrica-del-futuro-nuovo-piano-industriale-e-primo-bilancio-di-sostenibilita/
https://www.regione.toscana.it/documents/10180/153085458/4.0175234_070423_Digestore_CO2_Scapigliato_03.pdf/032561b7-19dc-d2c6-77e5-1a91a7a48510?t=1683098945611
https://www.regione.toscana.it/documents/10180/153085458/4.0175234_070423_Digestore_CO2_Scapigliato_03.pdf/032561b7-19dc-d2c6-77e5-1a91a7a48510?t=1683098945611


.  

66 

Schlautmann, R.; Böhm, H.; Zauner, A.; Mörs, F.; , Tichler,R.; Graf, F.;  Kolb, T. (2021): Renewable Power-
to-Gas: A Technical and Economic Evaluation of Three Demo Sites Within the STORE&GO Project, Chem. 
Ing. Tech., 93, No. 4, 568–579, https://doi.org/10.1002/cite.202000187   

Schwelm (2023): Referenzen Anlagentechnik, retrieved 12/10/2023 from https://www.schwelm-
at.de/fileadmin/user_upload/Referenzlisten/Referenzliste_Biogasanlagen_06.2023.pdf  

SESA (2023): Chi siamo, La storia di S.E.S.A S.p.a., retrieved 28/09/2023 from 
https://www.sesaeste.it/chi-siamo/  

Sheppard, A., Del Angel Hernandez, V., Faul, C. F. J., Fermin, D. J. (2023): Can We Decarbonise Methanol 
Production by Direct Electrochemical CO2 Reduction?, ChemElectroChem, 10, e202300068 

Silkina, A., Fernandes, F., Fuentes Grunewald, C., Ndovela, V., Gayo Peláez, I., Llewellyn, C., Fernandes 
De Souza, M., & Seelam, J. S. (2021). Interreg. ALG-AD. BEST PRACTICE GUIDELINES FOR CULTIVATION 
OF MICROALGAE ON NUTRIENT RICH DIGESTATE. Part 2. www.nweurope.eu/projects/ALG-AD  

Società Chimica Italiana (2022): Attualità, LE ALTERNATIVE AL METANO CHE ARRIVA CON I GASDOTTI 
DALL’ESTERO. Nota 2 - Gli impianti diproduzione del biometano in Italia, retrieved 03/10/2023 from 
https://www.soc.chim.it/sites/default/files/chimind/pdf/2022_3_5350_on.pdf  

Solagro (2023): Biométhadour : la force du collectif et de la transparence, retrieved 03/10/2023 from 
https://solagro.org/travaux-et-productions/references/biomethadour-la-force-du-collectif-et-de-la-
transparence   

Sømna Biogass Eiendom (2022): Søknad om tillatelse etter forurensningsloven §11, retrieved 27/09/2023 
from https://www.statsforvalteren.no/contentassets/f51af489b322400c8518a4bf75c0d0ea/soknad-
om-utslippstillatelse---somna-biogass-eiendom-as.pdf  

Sonnenenergie (2022): CO2 IN FLÜSSIGER FORM AUSSCHLEUSUNG VON KOHLENSTOFFDIOXID BEI DER 
GEWINNUNG VON BIO-ERDGAS, retrieved 28/11/2023 from 
https://www.sonnenenergie.de/sonnenenergie-redaktion/digital/SE-2022-02/a-12.html  

Spee, R. (2016): Pentair: GENERATING BIOMETHANE & LIQUID CO2 FROM FOOD & BEVERAGE WASTE, 7 
YEARS OF BIOGAS UPGRADING EXPERIENCE, retrieved 22/11/2023 from http://pre-
basic.renewtec.se/resources/11_Roy_Spee.pdf  

Sterner, M.; Specht, M. (2021): Power-to-Gas and Power-to-X—The History and Results of Developing a 
New Storage Concept. Energies, 14, 6594. https://doi.org/10.3390/en14206594  

Store and Go (2019): Power-to-Gas: a key enabler for an innovative CO2-neutral energy transition, Demo 
Site Results, retrieved 08/10/2023 from https://www.storeandgo.info/fileadmin/downloads/ 
publications/2019-12-03_Presentation_Gorre.pdf  

Sustainable Bourne Valley (2023): Apsley Farm's biodigester, retrieved 27/09/2023 from 
http://www.sustainablebournevalley.org.uk/community/sustainable-bourne-valley-15360/apsley-
farms-bio-digester/  

Sustainable Fuel Plant (2023a): SFP Zeeland, retreived 21/09/2023 from https://www.sfp-
group.nl/locaties/sfp-zeeland/   

Sustainable Fuel Plant (2023b): Onze Locaties, retreived 22/11/2023 from https://www.sfp-
group.nl/locaties/#  

Swisspower (2019): Regio Energie Solothurn: STORE&GO-Anlage macht erneuerbare Energie 
speicherbar, retrieved 08/10/2023 from https://swisspower.ch/themen-und-standpunkte/regio-
energie-solothurn-store-go-anlage-macht-erneuerbare-energie-speicherbar/  

Swisspower (2022): CO2-Verflüssigungsanlage: Die Regionalwerke AG Baden leistet Pionierarbeit, 
retreived 07/10/2023 from https://swisspower.ch/themen-und-standpunkte/co2-
verfl%C3%BCssigungsanlage-die-regionalwerke-ag-baden-leistet-pionierarbeit/  

https://doi.org/10.1002/cite.202000187
https://www.schwelm-at.de/fileadmin/user_upload/Referenzlisten/Referenzliste_Biogasanlagen_06.2023.pdf
https://www.schwelm-at.de/fileadmin/user_upload/Referenzlisten/Referenzliste_Biogasanlagen_06.2023.pdf
https://www.sesaeste.it/chi-siamo/
http://www.nweurope.eu/projects/ALG-AD
https://www.soc.chim.it/sites/default/files/chimind/pdf/2022_3_5350_on.pdf
https://solagro.org/travaux-et-productions/references/biomethadour-la-force-du-collectif-et-de-la-transparence
https://solagro.org/travaux-et-productions/references/biomethadour-la-force-du-collectif-et-de-la-transparence
https://www.statsforvalteren.no/contentassets/f51af489b322400c8518a4bf75c0d0ea/soknad-om-utslippstillatelse---somna-biogass-eiendom-as.pdf
https://www.statsforvalteren.no/contentassets/f51af489b322400c8518a4bf75c0d0ea/soknad-om-utslippstillatelse---somna-biogass-eiendom-as.pdf
https://www.sonnenenergie.de/sonnenenergie-redaktion/digital/SE-2022-02/a-12.html
http://pre-basic.renewtec.se/resources/11_Roy_Spee.pdf
http://pre-basic.renewtec.se/resources/11_Roy_Spee.pdf
https://doi.org/10.3390/en14206594
https://www.storeandgo.info/fileadmin/downloads/%20publications/2019-12-03_Presentation_Gorre.pdf
https://www.storeandgo.info/fileadmin/downloads/%20publications/2019-12-03_Presentation_Gorre.pdf
http://www.sustainablebournevalley.org.uk/community/sustainable-bourne-valley-15360/apsley-farms-bio-digester/
http://www.sustainablebournevalley.org.uk/community/sustainable-bourne-valley-15360/apsley-farms-bio-digester/
https://www.sfp-group.nl/locaties/sfp-zeeland/
https://www.sfp-group.nl/locaties/sfp-zeeland/
https://www.sfp-group.nl/locaties/
https://www.sfp-group.nl/locaties/
https://swisspower.ch/themen-und-standpunkte/regio-energie-solothurn-store-go-anlage-macht-erneuerbare-energie-speicherbar/
https://swisspower.ch/themen-und-standpunkte/regio-energie-solothurn-store-go-anlage-macht-erneuerbare-energie-speicherbar/
https://swisspower.ch/themen-und-standpunkte/co2-verfl%C3%BCssigungsanlage-die-regionalwerke-ag-baden-leistet-pionierarbeit/
https://swisspower.ch/themen-und-standpunkte/co2-verfl%C3%BCssigungsanlage-die-regionalwerke-ag-baden-leistet-pionierarbeit/


.  

67 

The Guardian (2022): Food producer warns of ‘price shock’ as carbon dioxide price quadruples, retrieved 
28/11/2023 from https://www.theguardian.com/business/2022/sep/02/food-producer-warns-of-
price-shock-as-carbon-dioxide-price-quadruples  

The Herald (2021): Dry ice brothers secure funding to help overcome Britain's CO2 challenges, retrieved 
27/09/2023 from https://www.heraldscotland.com/business_hq/19630028.dry-ice-brothers-secure-
funding-help-overcome-britains-co2-challenges/  

The Press and Journal (2023a): Biogas firm plans to invest up to £55 million in Highland green energy 
plants, retrieved 22/11/2023 from https://www.pressandjournal.co.uk/fp/business/scotland-
business/4999213/biogas-firm-plans-to-invest-up-to-55-million-in-highland-green-energy-plants/  

The Press and Journal (2023b): Loss of farmland and road safety concerns over two proposed bio-
energy plants, retrieved 27/09/2023 from  
https://www.pressandjournal.co.uk/fp/news/moray/5506486/loss-of-farmland-and-road-safety-
concerns-over-two-proposed-bio-energy-plants/  

Thema, M.; Weidlich, T.; Hörl, M.; Bellack, A.; Mörs, F.; Hackl, F.; Kohlmayer, M.; Gleich, J.; Stabenau, C.; 
Trabold, T.; et al. (2019): Biological CO2-Methanation: An Approach to Standardization. Energies, 12, 1670. 
https://doi.org/10.3390/en12091670  

Thyssengas (2021): Grünes Gas für 4.000 Haushalte – Thyssengas investiert über 7 Mio. Euro in 
Biogaseinspeiseanlage in Krefeld, retrieved 11/10/2023 from 
https://thyssengas.com/de/aktuell/unternehmens-nachrichten/aktuell-reader/gruenes-gas-fuer-4-
000-haushalte-thyssengas-investiert-ueber-7-mio-euro-in-biogaseinspeiseanlage-in-krefeld.html  

Top agrar (2022): Aus der Biomethananlage: Flüssiges Gas für den Kraftstoffmarkt, retrieved 11/10/2023 
from https://www.topagrar.com/energie/news/aus-der-biomethananlage-fluessiges-gas-fuer-den-
kraftstoffmarkt-13228463.html?upgrade=true  

Top agrar (2023): Biogasanlage Friesoythe: Im Herbst kommen 120 Lkw Mist pro Tag, retrieved 
12/10/2023 from https://www.topagrar.com/energie/news/grossprojekt-bio-lng-biogasanlage-in-
friesoythe-soll-120-lkw-mist-pro-tag-vergaeren-f-13439651.html  

Tysoe Parish Council (2022a): Acorn Anaerobic Digester facility proposal, Hardwick Green, Tysoe, 
Planning application 22/02935/FUL, PRELIMINARY FACT SHEET, retrieved 22/11/2023 from 
https://www.tysoe.org.uk/wp-content/uploads/Preliminary-Fact-Sheet-AD.pdf  

Tysoe Parish Council (2022b): Response to Planning Application 22/02935/FUL, retrieved 27/09/2023 
from https://www.tysoe.org.uk/wp-content/uploads/20221209-Tysoe-PC-response-to-planning-
application-22_02935_FUL.pdf  

Vale Green Energy (2023a): Springhill anaerobic digester plant, retrieved 27/09/2023 from 
https://www.valegreenenergy.co.uk/anaerobic-digestion  

Vale Green Energy (2023b): Rotherdale anaerobic digester plant, retrieved 22/11/2023 from 
https://www.valegreenenergy.co.uk/anaerobic-digestion   

Van Peteghem, L., Sakarika, M., Matassa, S., Pikaar, I., Ganigué, R., & Rabaey, K. (2022). Towards new 
carbon–neutral food systems: Combining carbon capture and utilization with microbial protein 
production. Bioresource Technology, 349. https://doi.org/10.1016/j.biortech.2022.126853  

van Tuyll, A., Graamans, L., & Boedijn, A. (2022). Carbon dioxide enrichment in a decarbonised future. 
(Report / Stichting Wageningen Research, Wageningen Plant Research, Business Unit Greenhouse 
Horticulture,; No. WPR-1189). Wageningen Plant Research. https://doi.org/10.18174/582215  

Vansant, J.; Rogiers, C. (2019): Chapter 10 - CO2 Cleaning and pH Control in the Food Industry, Editor(s): 
Rémy Cachon, Philippe Girardon, Andrée Voilley, Gases in Agro-Food Processes, Academic Press, Pages 
571-581, ISBN 9780128124659, https://doi.org/10.1016/B978-0-12-812465-9.00024-4  

https://www.theguardian.com/business/2022/sep/02/food-producer-warns-of-price-shock-as-carbon-dioxide-price-quadruples
https://www.theguardian.com/business/2022/sep/02/food-producer-warns-of-price-shock-as-carbon-dioxide-price-quadruples
https://www.heraldscotland.com/business_hq/19630028.dry-ice-brothers-secure-funding-help-overcome-britains-co2-challenges/
https://www.heraldscotland.com/business_hq/19630028.dry-ice-brothers-secure-funding-help-overcome-britains-co2-challenges/
https://www.pressandjournal.co.uk/fp/business/scotland-business/4999213/biogas-firm-plans-to-invest-up-to-55-million-in-highland-green-energy-plants/
https://www.pressandjournal.co.uk/fp/business/scotland-business/4999213/biogas-firm-plans-to-invest-up-to-55-million-in-highland-green-energy-plants/
https://www.pressandjournal.co.uk/fp/news/moray/5506486/loss-of-farmland-and-road-safety-concerns-over-two-proposed-bio-energy-plants/
https://www.pressandjournal.co.uk/fp/news/moray/5506486/loss-of-farmland-and-road-safety-concerns-over-two-proposed-bio-energy-plants/
https://doi.org/10.3390/en12091670
https://thyssengas.com/de/aktuell/unternehmens-nachrichten/aktuell-reader/gruenes-gas-fuer-4-000-haushalte-thyssengas-investiert-ueber-7-mio-euro-in-biogaseinspeiseanlage-in-krefeld.html
https://thyssengas.com/de/aktuell/unternehmens-nachrichten/aktuell-reader/gruenes-gas-fuer-4-000-haushalte-thyssengas-investiert-ueber-7-mio-euro-in-biogaseinspeiseanlage-in-krefeld.html
https://www.topagrar.com/energie/news/aus-der-biomethananlage-fluessiges-gas-fuer-den-kraftstoffmarkt-13228463.html?upgrade=true
https://www.topagrar.com/energie/news/aus-der-biomethananlage-fluessiges-gas-fuer-den-kraftstoffmarkt-13228463.html?upgrade=true
https://www.topagrar.com/energie/news/grossprojekt-bio-lng-biogasanlage-in-friesoythe-soll-120-lkw-mist-pro-tag-vergaeren-f-13439651.html
https://www.topagrar.com/energie/news/grossprojekt-bio-lng-biogasanlage-in-friesoythe-soll-120-lkw-mist-pro-tag-vergaeren-f-13439651.html
https://www.tysoe.org.uk/wp-content/uploads/Preliminary-Fact-Sheet-AD.pdf
https://www.tysoe.org.uk/wp-content/uploads/20221209-Tysoe-PC-response-to-planning-application-22_02935_FUL.pdf
https://www.tysoe.org.uk/wp-content/uploads/20221209-Tysoe-PC-response-to-planning-application-22_02935_FUL.pdf
https://www.valegreenenergy.co.uk/anaerobic-digestion
https://www.valegreenenergy.co.uk/anaerobic-digestion
https://doi.org/10.1016/j.biortech.2022.126853
https://doi.org/10.18174/582215
https://doi.org/10.1016/B978-0-12-812465-9.00024-4


.  

68 

Veas (2023): Veas lanserer selskap for bio-CO2, retrieved 27/09/2023 from 
https://www.veas.nu/nyheter/post-eCQPQ-veas-lanserer-selskap-for-bio-cospan-stylefont-size-
smaller-vertical-align-sub2span  

Verdemobil Biogaz (2023a): CAPTATION ET PURIFICATION DU CO2 BIOGÉNIQUE, retrieved 27/09/2023 
from https://www.verdemobil-biogaz.fr/co2-biogenique-2/  

Verdemobil Biogaz (2023b): Présentation Investisseurs Projet d’introduction en bourse sur Euronext 
Growth, retrieved 27/09/2023 from https://investir.verdemobil-biogaz.fr/wp-
content/uploads/2023/06/test.pdf  

Wabico (2022): Waalwijkse Bio-energie Combinatie, retrieved 22/11/2023 from https://www.wabico.nl/  

Wang, B., Li, Y., Wu, N., & Lan, C. Q. (2008). CO2 bio-mitigation using microalgae. In Applied Microbiology 
and Biotechnology (Vol. 79, Issue 5, pp. 707–718). https://doi.org/10.1007/s00253-008-1518-y  

Wärtsilä (2019): Wärtsilä etablerer CO2-reduserende anlegg for flytende biogass i Asker, retrieved 
02/10/2023 from https://www.wartsila.com/nor/media/nyhet/13-03-2019-w%C3%A4rtsil%C3%A4-
etablerer-co2-reduserende-anlegg-for-flytende-biogass-i-asker  

Waternet (2023): Bouw groengasinstallatie, retrieved 22/11/2023 from 
https://www.waternet.nl/werkzaamheden/bouw-groengasinstallatie/  

Winchester Action on Climate Change (2022): Anaerobic Digestion Facility at Three Maids Hill: Technical 
Note, retrieved 27/09/2023 from https://www.winacc.org.uk/anaerobic-digestion-facility-at-three-
maids-hill-technical-note/  

Witte, B., Obloj, P., Koktenturk, S., Morach, B., Brigl, M., Rogg, J., Schulze, U., Walker, D., Koeller, V., 
Dehnert, N., & Grosse-Holz, F. (2021). Food for Thought. The Protein Transformation. 
www.bluehorizon.com  

World Biogas Association (2020): Member Press Release: DMT wins biogas upgrading project with 
Waternet in Amsterdam, retrieved 22/11/2023 from https://www.worldbiogasassociation.org/member-
press-release-dmt-environmental-technology-circular-economy-for-amsterdam/  

Wulf, C.; Zapp, P.; Schreiber, A. (2020): Review of Power-to-X Demonstration Projects in Europe, 
Frontiers in Energy Research, 8, ISSN 2296-598X, 
https://www.frontiersin.org/articles/10.3389/fenrg.2020.00191  

Xi, Y., Chen, K., Li, J., Fang, X., Zheng, X., Sui, S., Jiang, M., & Wei, P. (2011). Optimization of culture 
conditions in CO2 fixation for succinic acid production using Actinobacillus succinogenes. Journal of 
Industrial Microbiology & Biotechnology, 38(9), 1605–1612. https://doi.org/10.1007/s10295-011-0952-5  

Xu, X., Sharma, P., Shu, S., Lin, T. S., Ciais, P., Tubiello, F. N., Smith, P., Campbell, N., & Jain, A. K. (2021). 
Global greenhouse gas emissions from animal-based foods are twice those of plant-based foods. Nature 
Food, 2(9), 724–732. https://doi.org/10.1038/s43016-021-00358-x  

ZEP (2017): Climate solutions for EU industry: interaction between electrification, CO2 use and CO2 
storage, retrieved 30/10/2023 from https://zeroemissionsplatform.eu/wp-content/uploads/ZEP-
report-Climate-solutions-for-EU-industry-interaction-between-electrification-CO2-use-and-CO2-
storage-1.pdf  

Zhang, Z.; Pan, S.-Y.; Li, H.; Cai, J.; Olabi, A. G.; Anthony, E. J.; Manovic, V. (2020): Recent advances in 
carbon dioxide utilization, Renewable and Sustainable Energy Reviews, Volume 125, 109799, ISSN 1364-
0321, https://doi.org/10.1016/j.rser.2020.109799  

Zhou, W., Wang, J., Chen, P., Ji, C., Kang, Q., Lu, B., Li, K., Liu, J., & Ruan, R. (2017). Bio-mitigation of 
carbon dioxide using microalgal systems: Advances and perspectives. In Renewable and Sustainable 
Energy Reviews (Vol. 76, pp. 1163–1175). Elsevier Ltd. https://doi.org/10.1016/j.rser.2017.03.065  

https://www.veas.nu/nyheter/post-eCQPQ-veas-lanserer-selskap-for-bio-cospan-stylefont-size-smaller-vertical-align-sub2span
https://www.veas.nu/nyheter/post-eCQPQ-veas-lanserer-selskap-for-bio-cospan-stylefont-size-smaller-vertical-align-sub2span
https://www.verdemobil-biogaz.fr/co2-biogenique-2/
https://investir.verdemobil-biogaz.fr/wp-content/uploads/2023/06/test.pdf
https://investir.verdemobil-biogaz.fr/wp-content/uploads/2023/06/test.pdf
https://www.wabico.nl/
https://doi.org/10.1007/s00253-008-1518-y
https://www.wartsila.com/nor/media/nyhet/13-03-2019-w%C3%A4rtsil%C3%A4-etablerer-co2-reduserende-anlegg-for-flytende-biogass-i-asker
https://www.wartsila.com/nor/media/nyhet/13-03-2019-w%C3%A4rtsil%C3%A4-etablerer-co2-reduserende-anlegg-for-flytende-biogass-i-asker
https://www.waternet.nl/werkzaamheden/bouw-groengasinstallatie/
https://www.winacc.org.uk/anaerobic-digestion-facility-at-three-maids-hill-technical-note/
https://www.winacc.org.uk/anaerobic-digestion-facility-at-three-maids-hill-technical-note/
http://www.bluehorizon.com/
https://www.worldbiogasassociation.org/member-press-release-dmt-environmental-technology-circular-economy-for-amsterdam/
https://www.worldbiogasassociation.org/member-press-release-dmt-environmental-technology-circular-economy-for-amsterdam/
https://www.frontiersin.org/articles/10.3389/fenrg.2020.00191
https://doi.org/10.1007/s10295-011-0952-5
https://doi.org/10.1038/s43016-021-00358-x
https://zeroemissionsplatform.eu/wp-content/uploads/ZEP-report-Climate-solutions-for-EU-industry-interaction-between-electrification-CO2-use-and-CO2-storage-1.pdf
https://zeroemissionsplatform.eu/wp-content/uploads/ZEP-report-Climate-solutions-for-EU-industry-interaction-between-electrification-CO2-use-and-CO2-storage-1.pdf
https://zeroemissionsplatform.eu/wp-content/uploads/ZEP-report-Climate-solutions-for-EU-industry-interaction-between-electrification-CO2-use-and-CO2-storage-1.pdf
https://doi.org/10.1016/j.rser.2020.109799
https://doi.org/10.1016/j.rser.2017.03.065


.  

69 

Zieliński, M.; Dębowski, M.; Kazimierowicz, J.; Świca, I. (2023): Microalgal Carbon Dioxide (CO2) Capture 
and Utilization from the European Union Perspective. Energies, 16, 1446. 
https://doi.org/10.3390/en16031446   

https://doi.org/10.3390/en16031446


.  

70 

Annex 
Questionnaires on status quo of biogas and biomethane plants with CO2 valorisation in Europe 

 
Figure 13: Questionnaire 1 on status quo of plants with CO2 valorisation in Europe (source: DBFZ, 2023) 
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Figure 14: Questionnaire 2 on status quo of plants with CO2 valorisation in Europe (source: DBFZ, 2023) 
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DBFZ literature overview, 2023: listing of literature sources for biogas and biomethane plants with CO2 
valorisation in Europe in alphabetical order 

Table 4: Listing of literature sources as collected during the DBFZ literature research, 2023 for biogas and biomethane plants with 
CO2 valorisation (currently in operation and to be commissioned by the end of 2023) and in the planning stage in Europe; the specific 
citation provided in the list of literature 

Operational 
status 

Literature sources in alphabetical order 

Biogas and 
biomethane 
plants with CO2 
valorisation 
(currently in 
operation and to 
be 
commissioned 
by the end of 
2023) 

A.F. Bioenergie, 2021; Apsley Farms, 2023; ArgoviaToday, 2023; Association d'Initiatives 
Locales pour l'Energie et l'Environnement, 2021; baden online, 2015; Baraldo Costruzioni, 
2023a; Biogas-E, 2018; BiogasWipptal, 2023; Bioman, 2023; Biovalue, 2023b; Bright 
Renewables, 2018; Bright Renewables, 2023b; Bright Renewables, 2023c; Bright 
Renewables, 2023d; Carbon Capture Scotland Limited, 2022; Cavac, 2021; Caviro Extra, 
2023; Commune di Reggio Emilia, 2023; Consorzio Biogas, 2020; Cordis, 2023; Cryo Pur, 
2017; Cryo Pur, 2023; den Heijer, N.; Coenradie, A., 2017; Dumont, 2015; EcoFuels, 2023; EE 
News, 2013; Electrochaea, 2023; energie bewegt Winterthur, 2023; Energie 
Expertisecentrum Flevoland, 2023; Enomondo, 2023; EnviTec Biogas, 2023a; EnviTec 
Biogas, 2023b; Esposito et al., 2019; European Biogas Association, 2023; Farmers Weekly, 
2023; Flevozine, 2017; Forest Heath District Council, 2015; FreshPlaza, 2022; Gasworld, 
2014; Hitachi Zosen INOVA, 2022b; Hitachi Zosen Inova, 2023a; Hy2gen, 2023; Hydrogen24, 
2022; IEA Bioenergy Task 37, 2017; IEA Bioenergy Task 37, 2020; IEA Bioenergy Task 44, 
2021; Iren, 2023; Landbouw- en Biogasbedrijf Kloosterman, 2023; Limeco, 2022; Limeco, 
2023; Malmberg, 2023; Material Change, 2023a; Material Change, 2023b; Miimosa, 2023; 
Mikunda et al., 2015; Money Controller, 2022; Nippon Gases, 2022; Nippon Gases, 2023; 
nordfuel, 2023; Nordsol, 2023a; Novamont, 2020; Østfoldforskning, 2020; Pentair, 2014; 
Pentair, 2016; Pentair, 2017; Pentair, 2020; Pentair, 2022a; Pentair, 2022b; Pentair, 2023; 
Peters Biogas, 2023; PFI Biotechnology, 2023; Probiotec GmbH, 2021; Process Industry 
Informer, 2022; Quotidiano Piemontese, 2022; Reklima, 2023; Renevo, 2022b; Rijksdienst 
voor Ondernemend Nederland, 2010; Ruhe Biogas, 2023; Schlautmann et al., 2021; Società 
Chimica Italiana, 2022; Spee, 2016; Store and Go, 2019; Sustainable Bourne Valley, 2023; 
Sustainable Fuel Plant, 2023a; Swisspower, 2019; Swisspower, 2022; The Herald, 2021; 
Thyssengas, 2021; top agrar, 2023; Vale Green Energy, 2023a; Vale Green Energy, 2023b; 
Verdemobil Biogaz, 2023a; Wabico, 2022; Waternet, 2023; World Biogas Association, 2020 

Biogas and 
biomethane 
plants with CO2 
valorisation in 
the planning 
stage 

Acorn Bioenergy, 2022b; Acorn Bioenergy, 2023a; Acorn Bioenergy, 2023b; Acorn 
Bioenergy, 2023c; Afval Online, 2023; Ahmadi and Avila-Lopez, 2022, Andover Advertiser, 
2022; Attero, 2023; Baraldo Costruzioni, 2023b; Bayerische Ingenieurekammer-Bau, 2023; 
Bezirksregierung Münster, 2022; Bioenergy Insight, 2022a; Bioenergy Insight, 2022b; 
Biogas Bree, 2023; Biogas Neuburg Steinhausen, 2022; Biovalue, 2023a; Bright 
Renewables, 2023a; Building Supply, 2021; bwe Energiesysteme, 2023; DBG Bio Energy, 
2022; EccodalleCitta, 2021; Eichenhof Energie, 2023; ENGIE BiOZ, 2021; EnviTec Biogas, 
2022; Evenley Parish Council, 2022; Gaz de Bordeaux, 2022; Geestferkel, 2023; gwf Gas + 
Energie, 2023; Hitachi Zosen INOVA, 2022a; Hitachi Zosen Inova, 2023b; Hitachi Zosen 
Inova, 2023c; iLaks, 2021; Innovacjon Norge, 2023; Ixora Energy, 2022; Ixora Energy, 2023; 
Krieg & Fischer Ingenieure GmbH, 2023; Kvinnheringen, 2023; Landkreis Schwandorf, 2021; 
Made in, 2023; MVV Umwelt 2023; Nordsol, 2023b; Nordsol, 2023c; NTB Kommunikasjon, 
2022; NTB Kommunikasjon, 2023; Onetz; 2020; Perpetual Next Conversions, 2023; Renevo, 
2023, SAS GAZTEAM ENERGIE, 2022; Scapigliato, 2021; Scapigliato, 2023; Schwelm, 2023; 
SESA, 2023; Società Chimica Italiana, 2022; Solagro, 2023; Sømna Biogass Eiendom, 2022; 
Sustainable Fuel Plant, 2023b; The Press and Journal, 2023a; The Press and Journal, 2023b; 
top agrar, 2022, Tysoe Parish Council, 2022a; Tysoe Parish Council, 2022b; Veas, 2023, 
Verdemobil Biogaz, 2023a; Wärtsilä, 2019; Winchester Action on Climate Change, 2022 
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Overview of the biogas and biomethane plant sites with CO2 valorisation (current and expected by the 
end of 2023) in Europe (commercial-scale CCU) 

Table 5: Biogas and biomethane plant sites with CO2 valorisation (current and expected by the end of 2023) in Europe (commercial-
scale CCU), differentiated by commissioning year of CO2 capture unit, utilised substrates for AD, bio-LNG production capacity in 
tonnes per day (t/d) or per year (t/a), if applicable, CO2 production capacities in kilogram per hour (kg/h) or tonnes per year (t/a), 
type of CO2 utilisation and CO2 food-grade quality, if indicated as of 10/2023 (source: based on DBFZ literature review, 2023; DBFZ 
survey of 4 Horizon Europe projects on biomethane, 2023; DBFZ survey of the German biomethane plant operators, 2023) 

Place 

Commi-
ssioning 
year of 
CO2 
capture 
unit 

Substrates 

bio-LNG 
production 
(if 
applicable) 

CO2 

production 
capacity4 

CO2 

valorisation 
sector 

food-
grade CO2 

(if 
indicated) 

Country5 

Merksplas 2018 garden, fruit 
and vegetable 
waste 

- 554 t/a greenhouse 
farming 

yes BE 

Nesseln-
bach 

2023 food waste - 3,500 t/a food and 
beverage 
industry 

yes CH 

Dietikon 2022 wastewater - n.a. energy 
production 

 CH 

Zuchwil 2019 wastewater - n.a. energy 
production 

 CH 

Güstrow 2023 chicken 
manure, 
energy crops 

9,600 t/a 15,000 t/a greenhouse 
farming, 
food and 
beverage 
industry 

yes DE 

Krefeld 2022 sewage sludge - 879 t/a industrial 
gas 
applications 

yes DE 

Friesoythe 2023 (solid fraction) 
manure, cow 
dung 

45,000 t/a 103,000 t/a energy 
production, 
industrial 
gas 
applications 

yes DE 

Darchau 2023 manure, cattle 
slurry, grass 
from 
floodplains 

900 t/a 1,900 t/a not 
specified 

 DE 

                                                                    

4 n.a. = not available 
5 BE = Belgium, CH = Switzerland, DE = Germany, DK = Denmark, FR = France, IT = Italy, NL = the Netherlands, NO = Norway, UK = 
the United Kingdom (including Scotland and Northern Ireland) 
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Werlte 2013 residual and 
waste 
materials 

- n.a. energy 
production 

 DE 

Pirmasens 2016 energy crops - n.a. energy 
production 

 DE 

Augsburg 2020 organic waste - 4,523 t/a industrial 
gas 
applications 

 DE 

Esbjerg 2019 manure, 
animal 
bedding, food 
waste, 
industrial and 
retail residues, 
energy crops 

- 16,250 t/a food and 
beverage 
industry, 
industrial 
gas 
applications 

yes DK 

Hvidovre 2016 sewage 
sludge/ raw 
biogas from 
AD, pure CO2 

stream from 
biogas 
upgrading  

- n.a. energy 
production 

 DK 

Valenton 2015 sewage sludge 1 t/d 67 kg/h not 
specified 

yes FR 

Strasbourg 2016 sewage sludge -  not 
specified 

 FR 

Poiré-sur-
Vie 

2022 manure, 
agricultural 
and agri-food 
co-products 

- 3,700 t/a greenhouse 
farming 

yes FR 

Machecoul 2020 cattle slurry, 
straw manure, 
(intermediate)
energy crops, 
market garden 
waste 

- 2,500 t/a greenhouse 
farming 

yes FR 

Bernadets-
Debat 

2022 livestock 
manure, crop 
waste 

- 3,700 t/a greenhouse 
farming 

yes FR 

Reggio 
Emilia 

2023 organic waste, 
wood cellulose 
vegetable 
waste 

- 10,000 t/a food and 
beverage 
industry, 
industrial 
gas 
applications 

yes IT 
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Pfitsch 2022 bovine waste, 
bovine liquid 
manure 

4,000 t/a 7,000 t/a food and 
beverage 
industry 

yes IT 

Montello 2017 organic 
fraction of 
municipal solid 
wastes 

- 7,000 t/a not 
specified 

yes IT 

Candiolo 2020 slurry, manure, 
intermediate 
crops 

2,000 t/a 4,000 t/a food and 
beverage 
industry, 
industrial 
gas 
applications 

yes IT 

Faenza 2020 winemaking 
by-products 
and 
wastewater  

9,000 t/a 7,000 t/a food and 
beverage 
industry 

yes IT 

Lugo  2019 agricultural by-
products, non-
food materials, 
algae 

yes n.a. not 
specified 

 IT 

Bottrighe 2020 by-products 
sugars 
fermentation 

- n.a. industrial 
gas 
applications 

 IT 

Barbarano 
Mossano 

2022 dairy by-
products 

yes n.a. food and 
beverage 
industry 

yes IT 

Maniago 2020 kitchen 
scraps, green 
maintenance, 
fruit waste 

- n.a. greenhouse 
farming, 
food and 
beverage 
industry 

yes IT 

Well 2011 vegetable 
waste, expired 
foodstuffs 

- 2,000 t/a greenhouse 
farming, 
industrial 
gas 
applications 

yes NL 

Amster-
dam 

2021 expired 
products from 
supermarkets 

3,400 t/a 6,300 t/a greenhouse 
farming 

 NL 

Amster-
dam 

2021 sewage sludge - 10,534 t/a greenhouse 
farming 

 NL 

Luttel-
geest 

2017 manure, 
residual food 
mix  

- n.a. greenhouse 
farming 

 NL 
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Westdorpe 2019 manure, 
organic 
residual 
materials 

- 20,000 t/a greenhouse 
farming, 
industrial 
gas 
applications 

yes NL 

Alphen aan 
den Rijn 

2014 vegetable fruit 
and garden 
waste 

- 1,797 t/a greenhouse 
farming, 
industrial 
gas 
applications 

yes NL 

Weurt 2012 vegetable fruit 
and garden 
waste 

- 3,000 t/a greenhouse 
farming 

yes NL 

Waalwijk 2015 roadside 
grass, 
vegetable 
waste, 
flotation 
sludge, 
unpacked 
supermarket 
waste 

- 600 kg/h not 
specified 

yes NL 

Almere 2017 roadside 
grass, manure, 
grain and corn 
residues, beet 
tips 

- 600 kg/h greenhouse 
farming 

yes NL 

Wijster 2014 organic 
fraction from 
residual waste 

177 kg/h 
pilot 

620 kg/h greenhouse 
farming 

yes NL 

Tirns 2012 not specified - n.a. industrial 
gas 
applications 

yes NL 

Nieuwe-
roord 

2012 maize silage, 
vegetable 
residues 

- 4,000 t/a food and 
beverage 
industry 

yes NL 

Stord 2022 cattle manure, 
salmon 
farming waste, 
fish sludge 

8 t/d 417 kg/h food and 
beverage 
industry, 
industrial 
gas 
applications 

yes NO 

Sem 2018 food waste, 
livestock 
manure, 
industrial 
waste 

- 394 t/a greenhouse 
farming 

 NO 
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Newtown-
stewart 

2019 cattle slurry, 
farm silage 
waste, dairy 
sludge, fruit 
and vegetables 
from retailers 

3.2 t/d 900 t/a industrial 
gas 
applications 

 UK 

Hampton 
Bishop 

2016 cattle and 
chicken 
manure, apple 
pomace, maize 
silage 

- 850 kg/h not 
specified 

yes UK 

Pershore 2013 grass, maize, 
sugar beet, 
wheat 

- 3,000 t/a greenhouse 
farming 

yes UK 

Throckmor
-ton 

2015 energy crops - 1,420 kg/h food and 
beverage 
industry 

yes UK 

Arreton 2014 maize and 
grass silage, 
break crops 

- 6,900 t/a industrial 
gas 
applications 

yes UK 

Birching-
ton 

2015 energy crops - 550 kg/h not 
specified 

yes UK 

Birching-
ton 

2016 energy crops - 980 kg/h not 
specified 

yes UK 

Red 
Lodge/ 
Worlington 

2016 maize, sugar 
beet, 
agricultural by-
products, 
manure 

- 894 kg/h greenhouse 
farming, 
food and 
beverage 
industry 

yes UK 

Helmdon 2016 maize, rye and 
grass silage 

- 891 kg/h food and 
beverage 
industry, 
industrial 
gas 
applications 

yes UK 

Euston 2016 energy crops - 842 kg/h not 
specified 

yes UK 

Andover 2016 maize and rye 
silage 

- 1,600 kg/h food and 
beverage 
industry, 
industrial 
gas 
applications 

yes UK 

Crocket-
ford 

2022 (cattle) 
manure, 
poultry litter, 

- n.a. industrial 
gas 
applications 

yes UK 
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energy crops, 
whey, distillery 
by-product 
liquid feeds 

 


