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1. Executive summary 
Background 
Global warming and climate change are recognized to be largely driven by greenhouse gas 
(GHG) emissions, particularly carbon dioxide (CO₂) from fossil fuel consumption and 
land-use changes. While reducing overall emissions remains essential, additional strategies 
that capture and utilize CO₂—turning a waste product into a resource—have gained 
momentum. Carbon capture and utilization (CCU) mitigates environmental impact and 
reduces reliance on fossil-derived materials by producing valuable chemicals or fuels from 
CO₂. In this context, the CooCE project has been supported by Accelerating CCS Technologies 
(ACT)—an international initiative designed to speed up the development of carbon capture, 
storage, and utilization solutions. ACT unites national funding agencies to pool resources, 
encourage cross-border research, and enhance the commercial viability of CCS/CCU 
technologies, thereby helping projects like CooCE bridge technological gaps and accelerate 
their pathways to implementation. 

One promising CCU avenue involves biogas, which is generated through the anaerobic 
digestion of organic wastes and typically contains 53–70% CH₄ and 30–47% CO₂. Although 
the CO₂ in biogas does not increase net GHG emissions, it can hinder fuel applications by 
lowering the combustion efficiency. Upgrading biogas to high-purity biomethane (>95% CH₄) 
thus improves its versatility and permits direct grid injection or use as transport fuel. 
Concurrently, CO₂ removed during upgrading can serve as a substrate for microbial 
production of high-value compounds. For instance, hydrogenotrophic microorganisms can 
consume CO₂ and H₂ (from surplus renewable electricity) to form CH₄, offering a biological 
Power-to-Gas solution under milder conditions than thermocatalytic methods. Studies 
demonstrate that advanced reactor configurations (e.g., trickle-bed reactors) and packing 
materials can alleviate mass transfer constraints, facilitating continuous or intermittent 
hydrogen supply. 

Beyond generating renewable methane, CO₂ assimilation by specific microbes can yield 
valuable biopolymers—most notably polyhydroxyalkanoates (PHAs). The bacterium 
Cupriavidus necator is well known for accumulating PHA (particularly 
poly(3-hydroxybutyrate), PHB) under chemolithotrophic conditions, although operational 
hurdles remain. Low gas solubility and explosion risks in H₂–O₂ mixtures pose engineering 
challenges for stable, large-scale production. Additionally, direct utilization of raw biogas 
streams for chemolithotrophic PHB production is still underexplored, particularly regarding 
the tolerance of C. necator to CH₄ and other minor gases. Further insights into 
transcriptional regulation and metabolic shifts from heterotrophy to autotrophy may unlock 
greater yields and process resilience [10.1016/j.biotechadv.2023.108264]. 

Another route to bio-based plastics involves phototrophic microorganisms, such as 
Synechocystis strains, which use sunlight and CO₂ to synthesize PHB without expensive 
organic carbon feeds. In such cyanobacteria, nitrogen limitation or high light intensities can 
boost PHB accumulation, though balancing biomass growth and polymer synthesis remains 
challenging. Identifying high-producing strains, like Synechocystis sp. B12, and deciphering 
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their genetic regulation can significantly improve productivity and reduce costs in large-scale 
photobioreactors (B12, 2023). 

Meanwhile, bio-succinic acid (bioSA) production exemplifies another CO₂ utilization 
pathway. Succinogenic bacteria (e.g., Actinobacillus succinogenes, Basfia succiniciproducens) 
metabolize sugars in conjunction with inorganic carbon, capturing CO₂ into a four-carbon 
dicarboxylic acid widely used in the pharmaceutical, food, and chemical sectors. The 
addition of carbonates and manipulation of CO₂ partial pressure can enhance succinic acid 
yield, but the balance between productivity and by-product formation requires careful 
optimization. Further research aims to clarify how elevated CO₂ solubility and key enzyme 
activities affect overall carbon flux and selectivity. 

Despite these advancements, technical and economic challenges persist. Gas–liquid mass 
transfer limitations, process safety in oxyhydrogen systems, and the cost of downstream 
processing can hinder scale-up. Moreover, many microbes tested in controlled laboratory 
settings have not been evaluated under real biogas conditions or varying CO₂ 
concentrations. Addressing these gaps is essential for designing robust, efficient CCU 
systems that simultaneously reduce emissions and generate marketable outputs—ranging 
from upgraded biomethane to bioplastics and bio-succinic acid. The growing impetus to 
integrate CCU with renewable energy, industrial symbiosis, and circular economy principles 
underscores the need for further research on reactor design, strain engineering, and process 
integration. By overcoming current bottlenecks, CCU technologies can help close the carbon 
loop and drive the shift toward more sustainable industrial and energy practices. 

General objectives 

The exploitation of CO2 capture, utilisation, and storage technologies (CCUS) in industrial 
applications faces significant challenges due to high investment costs and fierce 
international competition. In view of this, the CooCE project aims to accelerate CCUS 
adoption by inserting it in a circular economy framework, developing (TRL 4) and 
demonstrating (TRL 5-6) novel biotechnological platforms. The aim of the project is 
articulated in the following General Objectives related to specific work packages (WPs): 

●​ To exploit synergies between bio-CCUS and excess renewable electricity to produce 
biomethane equivalent to natural gas (>95% CH4) and to develop and demonstrate 
the technology at pilot scale. (WP2) 

●​ To improve the bioconversion efficiency of sugar-rich waste streams to bioSA (80% 
compared to results from first generation feedstocks) using biogas as a CO2 source, 
with concomitant biogas upgrading to biomethane (CH4>90%) and to demonstrate 
the technology at pilot scale. (WP3) 

●​ To develop and optimize the process to produce PHA from CO2 using real gas streams 
achieving a CO2 capture of 2 kg CO2/kg biopolymer and to demonstrate the 
technology at pilot scale. (WP4) 

●​ To evaluate the technologies by an integrated sustainability assessment using 
techno-economic, environmental, and social criteria with a full life cycle (LCA) and 
other methodology. (WP5) 

●​ To accelerate the market uptake of the proposed CCU technologies by replicating to 
other CO2 intensive industries and sectors. (WP6) 
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●​ To promote “Zero CO2 emissions in a circular bioeconomy model” in professional 
curricula and educational programmes for companies through the implementation of 
training seminars and workshops. (WP7) 

Overall, the project outcomes were successful, with implementation of each CCUS route 
listed in the objectives and disseminating the results with publications, interventions in 
public conferences, and deliverables. Additionally, training sessions, workshops and surveys 
were put in place to involve the stakeholders and general public to raise awareness and elicit 
interest in CCUS and their potential. 

The project was completed thanks to a fruitful collaboration between academic and 
industrial partners from four European countries, which allowed them to overcome 
technical and scientific challenges related to the material implementation of the bio-CCUS 
routes in full scale. Indeed, the readiness level envisioned within this project was still not 
sufficient for the generation of products with competitive selling prices. 

The CooCE project officially commenced on October 7, 2021, however the Kickoff Meeting 
was held on November 29, 2021. All project activities have been considered to start from 
the latter date and a two-month extension has been granted to the Italian partners 
(06/12/2024), three months to the United Kingdom partner (31/12/2024), while a six-month 
extension has been allocated to the Danish partners (06/03/2025). 

     Progress in Deliverables 

WP1 Management and Coordination  
●​ Finalization of the Consortium Agreement and delivery of the Mid-term 

progress report and of Final report. 
●​ Setup and update of the CooCE project website and social channels. 
●​ Establishment and release of the Data Management Plan. 

D1.1 & D1.4 
 
D1.2 
D1.3 

WP2 Biomethane production and evaluation of target applications 
●​ Establishment of an online repository of CO2 sources from various 

industrial sites and anthropogenic activities, listed per sector, year, and 
country of origin. 

●​ Identification of proper reactor configurations and testing of different H2 
injection regimes that lead to efficient biomethanation process. 

●​ Validation of efficient biomethanation process upon intermittent H2 
provision 

D2.1 
 
 
D2.2 
 
D2.3 

WP3 Succinic acid production and evaluation of target applications 
●​ Establishment of a repository of characterized feedstocks from LBP and 

availability of CO2 for bioSA production. 
●​ Selection and improvement of microbial strains through Adaptive 

Laboratory Evolution to achieve increased tolerance to high sugar 
concentrations in sugar-rich waste streams. 

●​ Validation of simultaneous bioSA production and biogas upgrading in 
lab-scale bioreactors. 

●​ Downstream processes for bioSA separation have been achieved. 
●​ Analytical tools for characterization of bioplastics properties and quality 

control have been used.  

D3.1 
 
D3.2 
 
 
D3.3 
 
D3.4 
D3.5 

WP4 PHA production and evaluation of target applications 
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●​ Establishment of a repository of CO2 sources and carbon substrates from 
selected industrial sites in collaboration with BTS. 

●​ Validation of biological PHAs production at lab-scale using real gas 
stream from biogas plant of BTS, testing for absence of methane toxicity. 

●​ Evaluation of CO2 uptake from biogas in Cupriavidus necator DSM 545 
and Synechocystis sp. B12 and pilot reactor and photobioreactor setup. 

●​ Extraction of PHB from microbial cultures and usage as bioplastic for 
packaging applications in collaboration with ENP. 

●​ Analyses on bioplastics properties and quality control have been 
conducted by ICL. 

D4.1 
 
D4.2 
 
D4.3 
 
D4.4 
 
D4.5 

WP5 Sustainability analysis and socio-economic impact 
●​ Activities to support the environmental, socio-economic and policy 

assessment, including meetings with partners, database building and 
literature review. 

●​ Environmental assessment of all pathways was done​  
●​ Socio-economic and policy assessment  
●​ Policy recommendations included 
●​ Mapping of stakeholders, Workshop, online questionnaire survey and 

handbook (toolkit) were done as planned 
●​ Economic assessment achieved 
●​ Integrated sustainability assessment produced 

D5.1-D5.6 
 
 
D5.1 
D5.2 
D5.3 
D5.4 
 
D5.5 
D5.6 

WP6 Market potential and CooCE replication 
●​ Replication and exploitation strategy by identifying end-users for the 

developed technologies. 
●​ Identification and communication with related external initiatives and 

market analysis report done. 
●​ Release of the “CooCE Sustain” e-platform on project’s website. 

D6.1 
 
D6.2 
 
D6.3 & D6.4 

WP7 Innovation outreach, impact, communication, and exploitation 
●​ Establishment and release of the “Dissemination, exploitation, and 

communication plan”. 
●​ Design of a visual identity for the CooCE project, opening and updating of 

three relevant social media channels has been achieved. 
●​ The “CooCE Training Programme” has been implemented according to 

the plan. 
●​ All scientific publications including articles and conferences done within 

the project have been reported 
●​ Dissemination activities of CooCE partners have been cataloged and 

reported 

D7.1 
 

D7.2 & D7.3 
 
D7.4 
 
D7.5  
 
D7.6 
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2. Short description of activities and final results  
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WP1 Management and Coordination  
This WP focuses on the CooCE project management and UNIPD is the leader. 

T1.1. Project coordination – completed. 
The coordination of the teams involved in the WPs and the facilitation in the exchange of information 
and data occurred as planned. The project coordinator (PC), and administrative manager (AM) 
provided the needed support on administrative, legal, and financial aspects. The Steering Committee 
(SC), composed of the WP leaders, held recurrent meetings to review the work plans and progress 
concerning the goals, deliverables, and milestones. 

T1.2. Financial management – completed. 
PC and AM ensured that each partner carried out financial administration and procurement in line 
with EU and national legislation, keeping sound financial records to account for all expenditure and 
for submitting to the lead partner returns every six months. This task was carried out in time and 
Traffic Light Reports (TLR) were submitted in line with the three-month deadlines as requested by the 
ACT. PC and AM validated and reviewed the partners’ reports on their stated costs for the respective 
periods. Partners were notified when irregularities were identified, and corrections were 
implemented. 

T1.3. Data management - completed. 
CooCE data was properly and securely managed and shared using Google Drive platform. The Data 
Management Plan (DMP) has been established and shared among partners. 

T1.4. Coordination with and Reporting to ACT – completed. 
The PC managed communication and information exchange with ACT, including timely reporting on 
administrative and financial progress (TLR). PC ensured that each partner contributed to the regular 
financial and final reporting to the Commission in accordance with their contributions to the work 
plan. Each partner provided input as required and participated in meetings according to the common 
schedule of CooCE. 
 

WP2 Biomethane production and evaluation of target applications 
This WP focuses on the biological methanation of CO2 and ELGO is the leader. 

T2.1 Analysis of CO2 sources for bioprocesses - completed. 
Deliverable "D2.1 Online repository of CO2 sources from various industrial sites" was delivered on 
time createing an extensive and detailed source of information, which will serve as a valuable tool 
providing data on CO2 emissions at national and global level for different industrial sectors. The 
repository, accessible in the website (https://cooce.eu/co2-streams-and-emissions), has been 
structured and designed to provide an optimal viewing and interaction experience. The visitors to this 
repository can get detailed and up-to-date information about the global CO2 streams and emissions 
categorized by sector, country, and year. In addition, a thesaurus was created, 
(https://cooce.eu/glossary), for users to be familiarized with the project’s terminology. Although the 
creation of the thesaurus was a complementary action and not a mandatory deliverable, there is a 
strong belief that it will help visitors to better understand the project's objectives and results. Both 
CO2 sources (Repository and Thesauri) are part of the CooCE Sustain e-Platform. 

T2.2 Efficiency tests of different H2 injection regimes and reactor configurations - completed. 
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The experiments aiming to identify the most efficient conditions for lab-scale CO2 hydrogenation have 
been completed. Two critical parameters were tested, namely the packing material and the gas 
retention time of H2/CO2 gas mixture. The packing material acts as a surface to immobilize the 
microbial community that is associated with the biomethanation process through the formation of 
biofilm. Therefore, the identification of a cost-effective packing material that supports efficient 
conversion of CO2 into methane is vital for the overall process. In this context, a preliminary analysis 
to identify the microbial species contributing the most to the secretion of extracellular polymeric 
substances essential for the optimal formation of biofilm was conducted 
[10.1186/s40168-022-01311-1]. In addition, the reduction of the gas retention time is important to 
facilitate higher conversion rates, while maintaining process stability and ensuring the production of 
high quality biomethane (>95%). For the above reasons, two stainless steel Trickle Bed Reactors (TBR) 
were installed with working volume equal to 1L and height to diameter ratio equal to 10:1. The first 
TBR, denoted as R1, was packed with activated carbon pellets (dimensions 20x4 mm and specific 
surface area 1100 m2/g,), while the second TBR, denoted as R2, was filled with K1 Media Raschig rings 
(High-Density Polyethylene). The operating temperature of both TBR was stable at thermophilic 
conditions (i.e., 55 ± 1° C) and under atmospheric pressure. Α synthetic gas mixture composed of 20% 
CO2 and 80% H2 was continuously supplied from the top of TBR units through a peristaltic pump. The 
liquid nutrient media was pumped to the top of TBRs and trickled through packing materials. The 
experiment tested Gas Retention Times (GRT) from 12 hours to 45 minutes. Results showed efficient 
biomethanation for both packing materials at GRTs of 1 hour, with K1 Raschig Rings achieving up to 
99% CH4 purity. However, reducing the GRT to 45 minutes shifted the metabolic pathway from 
hydrogenotrophic methanogenesis to homoacetogenesis, evidenced by high acetic acid levels. As a 
result, data for the 45-minute GRT is excluded from further analysis. 

 
Fig. 1. Concentration of methane at the output gas of R1 (A) and R2 (B) during the different GRT. 

 
Fig. 2. Efficiency of CO2 capture (A) and H2 conversion rates (B) in R1 and R2 during the Gas Retention Times. 

The gas mixture fed into the system was designed to synthetically replicate the composition of a 
biogas-derived mixture. However, real biogas is known to contain trace contaminants that may affect 
bioconversion efficiency. An additional test using actual biogas mixed with H₂ demonstrated that, 

https://doi.org/10.1186/s40168-022-01311-1
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following an adaptation phase, the system was capable of producing high-quality biomethane with a 
purity exceeding 95% [10.1016/j.cej.2024.149824]. 

T2.3 Validation of the process under intermittent H2 provision - completed. 
The two TBRs described above were used for the current experimental procedures. Test campaigns 
were performed, during which the provision of external gas mixture was interrupted for periods 
ranging from 1 to 5 weeks. Results from the experiments are shown in Fig. 3.  

 

Fig. 3. % CH4 concentration in the output gas composition of TBR-1 and TBR-2 during the operation periods. 

Both reactors managed to recover in due time after the re-initiation of external gas provision even 
after a 5-week starvation period. The experiment has been successfully concluded and detailed 
description of the experimental outcomes is included in the deliverable D2.2. In brief, the continuous 
analysis of gas output composition unveiled indispensable insights into the operational comportment 
of the distinct microbial consortia within the reactors. Notably, the shaped communities in the two 
different packing materials showcased an exceptional degree of resilience. TBR-1 exhibited a notable 
capacity for rapid recovery across all the different starving periods, promptly achieving high methane 
efficiency shortly after reactivation. The high methane purity was consistently accompanied by low 
total concentrations of VFA. In contrast, TBR-2 encountered challenges in recuperating after one- and 
two-week starvation phases, a phenomenon possibly linked to variations in VFA concentrations. 
Nevertheless, over time, TBR-2 managed to attain elevated methane purity levels. These findings 
underscore the adaptability and robustness of the two different microbial communities within the 
reactors in response to fluctuations in feedstock availability. Moreover, it is underscored the pivotal 
role of monitoring gas output composition and VFA concentrations in the pursuit of refining and 
optimizing the biomethanation process, ultimately culminating in the consistent attainment of 
heightened methane production rates. 

T2.4 Process optimization in prototype systems based on microbial resource management - 
completed. 
The ELGO team effectively demonstrated the deployment of a biomethanation system at a pilot scale. 
The pilot's operational conditions were determined by the laboratory results obtained in the previous 
investigation. A discrepancy in the Gas Retention Time (GRT) reduction step was observed in relation 
to the laboratory results. While the lab-scale reactors enabled a gradual decrease in the Gas 
Residence Time (GRT) by 1 hour, the limitations of the pilot reactor required a more careful reduction 
of only half an hour. This adjustment highlighted operational challenges when transitioning to shorter 
GRTs, emphasizing the need for microbial adaptation and biofilm development. The introduction of 
an enriched hydrogenotrophic culture accelerated the start-up phase, leading to a swift 
establishment of biomethane production. Conservative GRT reductions sustained high CH4 
concentrations and stable VFAs, showcasing the reactor's adaptability to varied conditions. The 

https://doi.org/10.1016/j.cej.2024.149824
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significance of maintaining sufficient nutrient levels is emphasized by the impact of nutrient 
limitations on methanogenic activity, an issue that was resolved by increasing the supply of digestate. 
The maximum biomethanation efficiency was observed on the GRT of 3h which led to an output gas 
with a methane content of 99%. Ultimately, the reactor demonstrated sufficient performance at a 
GRT of 1.5h, consistently achieving >95% CH4 composition and effectively capturing >5 kg CO2/ 
m3

Reactor/ d, fulfilling the project's objectives and underscoring its adaptability and success in 
biomethane production. Detailed reporting of this task has been given in the “D2.3 Report on optimal 
conditions for continuous ex-situ biomethanation”.  

 
Fig. 4. Pilot scale unit to test capturing of CO2 and subsequent conversion into CH4. 

 

WP3 Succinic acid production and evaluation of target applications 
This WP focuses on the biological succinic acid production from CO2 and DTU is the leader. 

T.3.1. Analysis of biogas plant feedstocks and CO2 availability for bioSA - completed. 
The objective of task 3.1 was to analyze different organic streams reaching a full-scale biogas plant 
towards fermentation for bioSA production. Different feedstocks typically used by the project partner 
Lemvig Biogas Plant (LBP), together with additional potential feedstocks, were characterized. Selected 
candidate sugar-rich feedstocks included grass, wheat straw, corn silage, fodder beet and candy 
factory waste. Detailed characterization results can be found in D3.1. 
All selected feedstocks presented high sugar content. The main difference among them was their 
soluble and insoluble fractions. Wheat straw was found to be the substrate with the highest sugar 
content compared to rest substrates, although all glucose was found in the insoluble fraction. On the 
other hand, candy waste was the substrate with the highest content of soluble sugars, with the total 
sugar content ranging from 267.8 to 297.1 g/L depending on the batch. Overall, both wheat straw and 
candy waste could be suitable sugar-rich substrates for bioSA production. The main disadvantage of 
wheat straw is the fact that it contains solely insoluble sugars. Thus, a highly efficient pretreatment 
would be required to release the sugar monomers. On the other hand, the sugars present in candy 
waste were readily available in the soluble fraction, and all sugar monomers present would be 
suitable substrates for microbial strains typically used for bioSA production. Therefore, candy waste 
was selected for further experimentation in the subsequent tasks. The availability of the produced 
biogas was followed over a time to highlight a potential alternative CO2 utilization route, and LBP was 
used as a case study to evaluate the CO2 availability for bioSA. The analysis of their data revealed 
constant availability of CO2 in the biogas produced, where CO2 represented between 38 and 50% of 
the biogas produced. Thus, bioSA production can be an asset to support the carbon capture and 
utilization initiatives and improve sustainability metrics of full-scale biogas plants. 
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T.3.2. and T3.3. Screening and test of alternative bioSA producer strains and microbial strain 
improvement - completed. 
The objective of tasks 3.2 and 3.3 was to perform a screening, selection of bioSA-producing strains, 
and evolutionary adaptation of the selected wild-type strain to sugar-rich feedstocks at high organic 
load. However, these two tasks were merged to ensure success and optimize the results of these 
tasks. Therefore, the evolutionary adaptation was performed on two bioSA-producing strains 
(Actinobacillus succinogenes and Basfia succiniciproducens) simultaneously to ensure the selection of 
the most potentially tolerant strain. The procedure of evolutionary adaptation corresponded to an 
Adaptive Laboratory Evolution (ALE) approach. The ALE experiments were performed in an 
automated liquid handling robot platform under microaerobic conditions. The experimental design 
consisted of four series of ALE experiments for each wild-type strain, where the wild-type strains 
were gradually adapted to high concentrations of candy waste through sequential batch cultivations. 
The ALE protocol was successfully completed for the two wild-type strains after more than 250 
generations (i.e., 250 transfer to successive cultivations). All evolved lineages generated during this 
process exhibited an improved tolerance to high candy waste concentrations. However, the lineages 
descending from A. succinogenes were clearly superior to those from B. succiniciproducens, as the 
maximum achieved waste concentrations corresponded to 50%w/w and 30%w/w, respectively. 
Therefore, the evolved mixed populations from A. succinogenes would be preferrable for their 
industrial application. 

During these ALE experiments, a total of 32 cryogenic samples from these evolving lineages were 
stored. These samples will subsequently be used to isolate around 80 evolved clones. These isolates 
were then further characterized based on their growth rate under high (30%w/w and 40%w/w candy 
waste) through high-throughput cultivation methods, and promising candidates were further 
validated in bioreactor experiments. The bioreactor experiments confirmed prior observations, where 
the evolved ALE strains clearly outperformed the original wild-type A. succinogenes strain. 

T.3.4. Scale-up operation using second generation feedstocks - completed. 
The objective of task 3.4 is to fine-tune and optimize the operational conditions of the succinic acid 
fermentation process to maximize the simultaneous biogas upgrading and bioSA production. 
Lab-scale experiments and computer-aided simulations based on an advanced dynamic model will be 
used to support the scale-up process and the selection of operational parameters at this scale.  
Several flask and lab-scale bioreactor experiments were carried out to determine the effect of the 
candy waste concentration and the gas-to-liquid mass transfer of CO2. The results of the bioreactor 
experiments under varying biogas (60% CH4, 40% CO2) pressure are shown in Fig. 5. The results show 
that increasing the partial pressure of CO2, and thus its mass transfer, had a very positive effect on 
both the selectivity towards bioSA production and the amount of CO2 fixated during the 
fermentation. Increasing the bioreactor pressure from 1.0 to 1.4 atm led to significant improvements 
in bioSA production, which increased from a concentration of 20.3 ± 1.3 g/L to 25.5 ± 2.4 g/L.  
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Fig. 5. Fermentation profile for products, substrates, and dissolved CO2. A. Evolution of products, microbial 
growth, substrate consumption and dissolved CO2 in fermentations at 1 atm of biogas (60% CH4, 40% CO2). B. 
Evolution of products, microbial growth, substrate consumption and dissolved CO2 in fermentations at 1.4 atm 

of biogas (60% CH4, 40% CO2). C. Evolution of products, microbial growth, substrate consumption and dissolved 
CO2 in fermentations at 1.6 atm of biogas (60% CH4, 40% CO2). 

Alternative strategies for further increasing the bioSA concentration and purity based on the use of 
an in-situ product recovery based on an electrochemical extraction unit were also developed. This 
system led to significant improvements both in succinic acid production and biogas upgrading at pilot 
scale. 

Lastly, a hybrid model combining classical ODE dynamic modeling approach with Flux Balance 
Analysis using Genome-Scale Metabolic model was developed. This model improved the predictive 
capacity of classical ODE models, and therefore, it can be used for accurate determination of carbon 
source and biogas supply required for optimal performance at pilot scale. 

T.3.5. Downstream separation, assessment of bioSA purity and bioplastic potential use- completed. 
The objective of task 3.5 is to investigate possible paths for the successful separation and purification 
of bioSA and evaluate the quality of the bioSA crystals and derived polymers in collaboration with 
POND. The development of the in-situ product removal unit allowed to simplify the benchmark 
downstream process to purify succinic acid from 8 unit operations to 3 unit operations. The results 
showed that our process consisting of an in-situ separation unit, a distillation and a crystallization unit 
was able to produce succinic acid crystals at purities above 90%. Further tests with the succinic acid 
crystals confirmed that synthesis of biopolymers out of these crystals is possible. The detailed results 
can be found in D3.5.  
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WP4 PHA production and evaluation of target applications 
This WP focuses on the biological PHA production from CO2 and UNIPD is the leader. 

T.4.1. CO2-rich gas and waste streams selection and characterization - completed. 
Task 4.1 identifies characteristics of CO2-enriched feeding substrates, including sugar-rich 
hydrolysates and VFAs, for in vivo testing. Data from four BTS Biogas S.r.l. plants, selected based on 
feedstock, operational, and biological traits, was organized into the "D4.1 Database of CO2 containing 
substrates from selected industrial sites" and its Annex. The database is accessible at the project 
website (https://cooce.eu/co2-streams-and-emissions) and summarizes physico-chemical parameters 
and biogas conversion processes during anaerobic digestion, helping identify one BTS plant as the 
best carbon source for Synechocystis sp. and Cupriavidus necator growth. A metabolic model was also 
created to simulate these strains' growth with various substrates and gas mixtures. It confirmed 
literature findings on autotrophic growth being H2-limited, with H2:O2:CO2 consumed at a 5:1:1 ratio. 
The model also predicted faster heterotrophic than autotrophic growth under equivalent O2 
conditions. 

T.4.2. Production of PHAs from waste CO2 and sunlight - completed. 
To test the biogas upgrading potential of the Synechocystis sp. B12 strain, growth and PHA production 
occurred in batch cultures with different CO2 concentrations and in real biogas. It was exposed to CO2 
concentrations up to 40%, showing high CO2 tolerance, then a synthetic biogas and a real biogas 
mixture provided by BTS with CO2 fixation rates around 90% were reached during the experiments. 
Biomass and PHB were measured, reaching around 1.33 g L-1 of biomass production and 80 mg L-1 of 
PHB accumulation at the end of the experiment. In parallel, N starvation conditions were tested, to 
induce PHB production. Batch cultures of Synechocystis sp. PCC 6803, as reference strain, and B12, 
were grown in normal medium supplemented with NaNO3 or in N-free medium for one week. Also, 
they were grown in low-light conditions at 35  µmol of photons m-2 s-1 and in high-light conditions at 
300 μmol  µmol of photons m-2 s-1. While in normal conditions cells showed an increased growth with 
no PHB accumulation, the N starvation condition combined with high light revealed a reduced growth 
but with a high PHB production, especially in the B12 strain, which was observed to be able to 
accumulate around 4.5 times more PHBs in N starvation than in control growth conditions. In the 
same growth culture, a transcriptomic analysis was performed, which allowed the identification of 
interesting genes differentially expressed in N starvation and potentially involved in PHB 
accumulation [10.1186/s13068-024-02548-8]. 

Semi-continuous growth curves were used to assess the best light, CO2 and nutrient conditions in 
order to maximize biomass production before scaling up to continuous growth in photobioreactors. 
Semi-continuous cultures of Synechocystis sp. PCC 6803, as reference strain, and B12 were exposed to 
increasing light intensities, up to 700 µmol of photons m-2 s-1, comparable to the next steps in the 
external photobioreactor. B12 was observed to be highly tolerant to high light intensities, differently 
from 6803 strain, which did not survive to the highest light tested. The nitrate was monitored over 
the experiment, as well as the pigment content. Similar experiments are going to be performed in N 
starvation conditions. Finally, 2 liters bags and 5 liters pilot photobioreactors (PBRs) were exploited to 
test Synechocystis sp. B12 growth and productivity in large scale systems. growth and biomass 
accumulation were monitored over the experiment, under natural light (spring-summer 2024), for a 
period of 20 days (Fig. 6). PHB production was also assessed through Nile Red semi-quantification, 
while cells were collected for further PHB quantification that is ongoing. CO2 was continuously added 
through pH regulation, supporting the potential application for biogas upgrading and PHB 
quantification in large scale plants.  

https://cooce.eu/co2-streams-and-emissions
https://doi.org/10.1186/s13068-024-02548-8
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Fig. 6. Synechocystis sp. B12 growth in 2 liters bags and 5 liters pilot photobioreactors (PBRs), exposed to 

photoperiod and natural light for 20 days. 

T.4.3. Bacterial PHAs production from carbon streams - completed. 
Different experiments performed on C. necator DSM 545 in laboratory scale allowed to set up and 
evaluate its potential in CO2 capture and PHA production. First, culture conditions were set up to 
adapt C. necator to autotrophic growth. Experiments in fed-batch mode were conducted, monitoring 
growth and gas consumption, during heterotrophic (with glucose) and autotrophic (adapted and not 
adapted to CO2) growth. Biochemical data showed that C. necator readily grows in CO2 without 
necessity of adaptation. Transcriptomic analysis highlighted that full maturation of the enzymes for 
autotrophic metabolism was not achieved at 24 hours of autotrophic growth, but only after a longer 
adaptation period. Although no changes in the biochemical data related to gas consumption were 
visible at lab scale, the time required for the metabolic switch to occur might affect large-scale 
applications designed as two-phase heterotrophic-autotrophic processes 
[10.1016/j.biortech.2024.130556]. Secondly, growth was assessed in presence of real biogas and 
synthetic gas mixtures with a comparable composition. Biochemical data from lab scale cultures 
growing on synthetic gas mixture of H2:CO2:O2:CH4 demonstrate that high concentrations of CH4 have 
no detrimental effect on bacterial vitality. Other lab-scale growth trials were performed with real 
biogas as CO2 source, showing growth rates comparable to those of synthetic gas mixtures (see 
deliverable D4.2). PHA production was measured, comparing between H2:CO2:O2:CH4 mixture and real 
biogas, as part of Deliverable “D4.2 Biological PHAs production at lab-scale using real gas stream from 
biogas plant”. Thirdly, in addition to the setup of autotrophic growth conditions and the assessment 
of CO2 uptake from biogas, sustainable substrates for heterotrophic growth were also tested, 
specifically synthetic VFA mixtures and real digestates from BTS biogas plants. Thirdly, a rigorous 
comparison of different nutrient or O2 limitations known to trigger PHA accumulation in C. necator 
DSM 545 was performed. CO2-adapted cells growing autotrophically were exposed to N, P or Mg 
starvation, through the depletion of NH4Cl, KH2PO4/Na2HPO4 or MgSO4 in the medium; O2 limitation in 
the atmosphere was achieved in another set of cultures by interrupting its supply. The main 
outcomes of these experiments are relevant for process setup, as follows: (i) N starvation resulted to 
be the most effective in triggering PHA accumulation, as it was associated with the highest 
intracellular PHA percentage, i.e. 54%, close to the project goal of 60%; (ii) peak PHA content in the 
cells was reached at 48 hours of nutrient starvation; (iii) O2 and H2 availability affected the rates of 
carbon uptake and conversion into biomass or PHA; (iv) under N starvation, about 43% of fixed CO2 is 
converted to PHB, resulting in about 2 kg of fixed CO2 per kg of produced biopolymer, in compliance 
with project goals [10.1016/j.biortech.2024.131068]. Finally, a bespoke pilot unit for autotrophic PHA 
accumulation with C. necator was developed by BTS partner in collaboration with UNIPD. PHA 
production in pilot scale was carried out through a two-stage process, where the first stage entailed 

https://doi.org/10.1016/j.biortech.2024.130556
https://doi.org/10.1016/j.biortech.2024.131068
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biomass growth based on VFA, while the second consisted in inoculating the biomass in the reactor 
with nutrient-starved medium and the necessary gas mixture for autotrophic metabolism. Gases were 
fed according to the specific stoichiometry that C. necator uses for PHA accumulation. The process 
achieved a final biomass concentration of 1.13 g CDW / L, with an estimated 9 g of fixed CO2. The 
biomass was centrifuged and lyophilized before extraction with chloroform and precipitation with 
ethanol. The extraction yielded 1.12 g of PHB in total, accounting for an intracellular PHB 
accumulation of 20% (neglecting the yield of PHB extraction). The details regarding the bioprocess 
development are reported in D4.3. On the whole, project efforts on autotrophic PHA production with 
C. necator DSM545 led to the establishment of a reliable strategy, involving a novel reactor design, for 
gas fermentation resulting in PHB production. 

T.4.4. PHA recovery, quality assessment and use as bioplastic - completed. 
Two methods were tested for PHA recovery from both C. necator and cyanobacterial cells. In 
particular, the standard chloroform-ethanol extraction method was compared against extraction with 
sodium hydroxide, an alternative and more eco-friendly method. Both methods resulted in nearly 
complete recovery of the polymer, though chloroform-ethanol extraction resulted in higher purity. 
Extracted PHA was used to fabricate box handles designed by Euronewpack, who performed a final 
test on an assembled cardboard box equipped with said handles (Fig. 7). Euronewpack also took care 
of the assessment of the applicability of this packaging solution to their production line. The details of 
PHA recovery and use case assessment are reported in D4.4. 

 
Fig. 7. A. Box handle designed by Euronewpack and produced from PHA. B. Assembled box with handle. 

Extracted PHA was also processed to create laminates for the quality assessment performed by ICL, 
whose results are described in D4.5. In this case as well, PHA produced by UNIPD was benchmarked 
against commercially available PHB. ICL conducted the testing for bioplastics for mechanical 
properties.  The details of all conducted tests and measurements are reported in D4.5. 

 

WP5 Sustainability analysis and socio-economic impact  

This WP focuses on the overall sustainability of the project and ICL is the leader. 

T5.1 Environmental assessment - completed. 
ICL produced a template file for the environmental LCA to gather data from all partners working on 
the technical WPs (2-4). The data collection supported intermediate analyses, and produced further 
refinements as the experimental techniques progressed throughout the project. Partners provided 
information on the sources for CO2 in WP1, the biogas feedstocks in WP2 and waste streams for PHB 
in WP4. During the second year, one-to-one meetings with partners took place to explain the use of 
the environmental LCA file and how partners should be collecting the information. Considering the 
diversity and specificity of each WP process, a version of the environmental LCA was prepared and 
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shared with each partner. In the case of Denmark, it was decided to have one single excel file for the 
two partners, DTU and LBP, as they work collaboratively. 

 Methodology: The method applies a Life Cycle Assessment (LCA) developed using a “cradle-to-gate” 
approach following the ISO 14040 and 14044 standards. The LCA evaluates the Global Warming 
Potential (GWP) of the three technologies and includes the CO2 emissions accounting for the 
provision of ancillary chemicals, the supply of power, and the plant operations involved in the product 
manufacturing. The three technologies use biogas (at 55 vol.% of methane) as a feedstock and 
contribute to create a “biogas-to-platform chemicals” biorefinery. All the technologies, other than the 
biopolymer option, show improvements in the CO2 emissions compared to the fossil alternatives (i.e. 
natural gas, fossil-based succinic acid, and fossil low-density polyethylene) in selected scenarios. Key 
uncertainties come from the energy consumption of the processes, especially when hydrogen is a 
feedstock (such as for producing biomethane and biosuccinic acid) as the emissions become linked to 
the carbon intensity of each country’s power system. Other energy needs come from the separation 
steps: impurity removal and crystallisation for the biosuccinic acid; distillation and solid separation for 
the biopolymer production. The lower maturity level of the biopolymer route is reflected in the low 
yields, high energy and fossil-derived solvents requirements. Fig. 8. shows the results of the CO2 
emissions assessment. 

Fig. 8.  Environmental Assessment: CO2 emissions 

Three important issues need to be considered for the CO2 emissions assessment: 
1.​ The source of electricity and the renewable share is crucial to determine the emissions. 
2.​ The reuse of CO2 within the product synthesis could be assigned a credit compared to the 

fossils. 
3.​ The temporary CO2 presence in the product cannot be considered as a form of storage. 

Electricity and waste generation in the CooCE platform was also assessed for each one of the 
pathways. The results of the assessment are presented below in Table 2. 

Table 2. Environmental assessment: energy and waste 

 

Three issues also need to be considered for this assessment: 
1.​ Electricity and waste generation are estimated at a process level 
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2.​ All the technologies show a high energy consumption, with biopolymers reaching the highest 
levels 

3.​ Wastes are of various nature and contain a different mix of liquid and solids depending on the 
technologies. Further data will be needed to evaluate how these can be recovered or 
processed 

The CooCE platform can be a promising alternative to fossil-derived materials. Result validity is 
limited to the modeling assumptions and should not be generalised to any source of CO2. The analysis 
would need revising whether a different biogas composition or an alternative origin of the CO2 should 
be considered. The results of the environmental assessment were submitted in report D5.1. 

T5.2 Socio-economic and policy assessment - completed. 
This includes the assessment of criteria with the Social Hotspot Database (SHDB); the mapping of 
stakeholders; surveys and interviews; and policy assessment. A survey was designed and shared with 
stakeholders and during the workshop at the European Biomass Conference (June 9th, 2023, Bologna, 
Italy). The survey’s results were included in the assessment. The social assessment included thirteen 
social indicators assessed using statistical data and the HSDB. A policy review was conducted of all 
regulatory instruments in the EU (e.g., laws, regulations, directives, etc.) relevant to the CooCE 
project and partner countries. The assessment of challenges for different policy instruments was 
included in the report. Overall recommendations for policy issues: 

●​ Design policies specific for CCUS (feedstocks, techno-processes, products, bioproducts) 
●​ Improve existing regulatory frameworks relevant to elements of CCUS to account and 

recognise the contribution of captured carbon bioproducts to energy targets and the CE 
●​ Provide funding and investment mechanisms for developing CCUS biotechnologies  

The results of the socio-economic and policy assessment are presented in D5. 3 Report on 
socio-economic and policy assessment and D5.4 Policy recommendations document. 
 
T5.3 Stakeholder assessment and engagement - completed. 

The stakeholder assessment was also included in D5.2 on socio-economic assessment along with the 
results of the survey. This task entailed the production of a  “Best Practice Book”. The handbook was 
produced as a toolkit with 9 topics presented in factsheets about the key concepts of the CooCE 
project and the pathways. The handbook was translated into Italian, Greek and Danish, which are the 
countries of the partners of the project and includes a QR code for an APP designed by Imperial which 
was used for the training events explained in deliverable   

T5.4: Economic Assessment - completed. 

The economic assessment conducted shows that economic feasibility is challenging for each of the 
three technologies. The resulting minimum selling price is higher than the fossil alternative. 
Governmental subsidies where the government would share a fraction of the upfront capital costs 
would reduce the business risk and help overcome technical limitations in conjunction with a 
consistent research and development (R&D) effort. The biomethane process profitability is linked to 
the hydrogen and electricity costs. The succinic acid route faces technical difficulties in the separation 
of the product and the related energy penalty. Finally, key bottlenecks in the biopolymer production 
are identified in low yields, high energy penalty, and hydrogen inputs, in addition to substantial uses 
of solvents. Fig. 9 shows the key results for CAPEX and OPEX of the analysis. 
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Fig. 9. CAPEX and OPEX for the three pathways 

Result validity is limited to the modelling assumptions and should not be generalised to any source of 
CO2. The analysis would need revising whether a different biogas composition or an alternative origin 
of the CO2 should be considered. The Task produced the deliverable D5.5 Report on economic 
assessment. 

T5.5 Integrating results - completed. 
The Integrated Sustainability Assessment (ISA) evaluates the environmental, technical, economic, 
social and policy impacts of replacing fossil-based products with bio-based alternatives obtained from 
application of captured carbon technologies. A total of 24 indicators were assessed within five criteria 
or topics: technological, environmental, social and legal. The assessment of three pathways for 
implementing the CooCE concept, shows that the preferred pathways in terms of sustainability are 
the the upgrading of biogas into biomethane (Pathway 1) and the upgrading of biogas into 
biomethane along with the production of biosuccinic acid (Pathway 2). All results and 
recommendations are presented in D5.6. 

 

WP6 Market potential and CooCE replication 
Work Package 6, led by QLab, focuses on maximizing the impact and sustainability of the CooCE 
approach by developing tailored strategies for stakeholder engagement that drive replication and 
exploitation activities. Central to this effort is the effective communication of project outcomes to all 
relevant stakeholders, fostering a collaborative exchange of views, and raising awareness about the 
innovative potential of the CooCE model. By engaging stakeholders and incorporating their feedback, 
this work package aims to create robust strategies for ensuring the successful replication of project 
results in diverse contexts while unlocking market opportunities to support long-term adoption and 
scalability. 

T6.1 Replication case scenarios - completed. 

The Task 6.1 evaluates the replication potential of innovative CO2 capture and utilization technologies 
developed under the CooCE project, emphasizing their application in industrial settings to support 
circular economy goals. The study focuses on two technologies: hydrogenotrophic methanogenesis 
(RT1) and succinic acid production (RT2). RT1 captures CO2 to upgrade biogas into biomethane and 
generates bacterial biomass for further utilization, such as biogas production or combustion. RT2 
converts CO2 and sugar-rich waste into bio-succinic acid, a valuable component for bioplastics, while 
producing biomass that can be used for additional valorization. The replication scenarios were 
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applied to two industrial partners, Biogas Lagada SA (biogas production) and CaO Hellas SA (calcium 
oxide production), with detailed assessments of critical design parameters, resource needs, and 
output potential. At Biogas Lagada SA, RT1 requires 1,725 kg of hydrogen per day and produces 654 
m³ of biogas daily, while RT2 requires 1,094 tons of sugar-rich waste per day to produce 886 kg of 
bio-succinic acid. At CaO Hellas SA, RT1 demands 46,261 kg of hydrogen per day and generates up to 
915 GJ of thermal energy, while RT2 requires 5,687 tons of sugar-rich waste daily to yield 23,025 kg of 
bio-succinic acid. Both technologies demonstrate significant potential for circular economy 
integration, with resource requirements deemed feasible for large-scale adoption using current 
market capabilities. The outcomes of this task recognize the need for further evaluation of capital 
expenditure (CAPEX) and operational costs (OPEX) to support widespread implementation, 
concluding that these technologies offer substantial environmental and economic benefits by 
enhancing CO2 utilization and fostering sustainable industrial practices. The complete findings and 
methodologies are detailed in the deliverable titled "D6.1 Report on Replication Case Scenarios". 

T6.2 Identify and liaise with related external initiatives - completed.  
The CooCE consortium actively identified and engaged with other national and European projects to 
address shared problems, challenges, and opportunities, fostering collaboration to create synergies, 
raise awareness, and amplify the dissemination of CooCE results. A significant resource in this effort 
was the CCUS Projects Database of the International Energy Agency (IEA) 
(https://www.iea.org/data-and-statistics/data-product/ccus-projects-database?fbclid=IwAR3Qetnsus
V7WpfR3vjnwDbfOOZR_YhnQneX7-lu8U42i8vj2osLmE2h8vM), which provided a comprehensive pool 
of potential project collaborations. This database enabled the consortium to explore existing and 
emerging CCUS initiatives, aligning with projects that shared complementary goals or methodologies. 
Beyond leveraging the database, consortium members proactively reached out to coordinators and 
research teams managing relevant national and international projects. These interactions aimed to 
exchange expertise, align objectives, and identify areas for mutual benefit. Notable collaborations 
included Horizon Europe projects such as CRONUS, which focuses on CO2 reduction strategies; FENIX, 
which emphasizes sustainable resource recovery; SEMPRE-BIO, targeting bio-based circular economy 
solutions; BIOMETHAVERSE, which advances biomethane production technologies; and 
LIFE-CO2toCH4, a LIFE2020 initiative dedicated to converting CO2 into methane. Each of these 
projects contributed specialized knowledge and technological innovations that complemented 
CooCE's objectives, particularly in areas such as carbon capture and utilization, biogas upgrading, and 
renewable energy integration. These collaborative efforts were not limited to knowledge exchange 
but extended to co-developing dissemination strategies, organizing joint events, and sharing tools 
and methodologies. By integrating complementary expertise and resources, these partnerships 
strengthened the CooCE project's position within the broader research ecosystem, fostering 
innovation and paving the way for scalable and impactful results. 

T6.3 Market analysis, development of business models and opportunities for end-users - completed. 

The Task 6.3 for the CooCE project provides a comprehensive examination of the market potential for 
innovative carbon capture and utilization (CCU) technologies, with a focus on hydrogenotrophic 
methanogenesis. This report evaluates the existing market conditions for biogas, biomethane, 
hydrogen, and carbon sequestration technologies, emphasizing their roles in fostering a circular 
economy and reducing carbon emissions. The document explores the biogas market globally and in 
Europe, highlighting trends such as the transition from biogas production for electricity to its 
upgrading into biomethane, which has seen significant growth due to its potential for integration into 
existing natural gas infrastructures. The analysis also delves into the hydrogen market, categorizing its 
types (gray, blue, and green hydrogen) and assessing its application prospects in decarbonizing 
industries, transportation, and energy production. Additionally, the report investigates the market for 
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carbon absorption certificates and the commercialization challenges for CCU technologies, proposing 
strategies to accelerate market adoption. The findings highlight the economic and environmental 
benefits of these technologies while addressing the challenges of cost, scalability, and infrastructure 
requirements. The complete methodologies and detailed analysis are available in the deliverable 
titled "D6.2 Market Analysis Report". 

T6.4 Development of “CooCE Sustain” e-platform - completed. 

This task details the development, functionality, and content of the innovative digital platform 
created to enhance stakeholder engagement and knowledge dissemination on carbon capture, 
utilization, and storage (CCUS) technologies. The beta version introduced an intuitive interface 
offering access to a CCUS concept database, designed to educate users through data visualizations 
and multimedia content, emphasizing global trends, sectoral contributions, and future projections in 
CCUS capacities. The final version expanded the platform significantly by integrating a comprehensive 
repository of national policies from 18 countries, outlining regulatory frameworks, incentives, and 
government initiatives to support CCUS adoption. This repository provides users with an organized, 
country-specific view of existing and planned measures to scale CCUS technologies. The platform's 
dual focus on technological education and policy insights aims to address technical, economic, and 
societal challenges, thereby promoting collaboration and accelerating the decarbonization of critical 
industrial sectors. The complete findings and details of this digital tool are documented in the 
deliverables titled "D6.3 Report on Beta Version of the 'CooCE Sustain' e-platform" and "D6.4 Report 
on Final Version of the 'CooCE Sustain' e-platform". 
 

WP7 Innovation outreach, impact, communication and exploitation  

This WP focuses on the dissemination of CooCE project results and UNIPD is the leader. 

T7.1 Communication and Dissemination activities - completed. 
Non-confidential information and experimental results are currently disseminated internationally and 
communicated to the target audiences as planned. The CooCE Communication plan has been 
developed with the collaboration of all partners to ensure the appropriate activities. A survey of local 
stakeholders for the identification of barriers and opportunities has been initiated. Appropriate 
dissemination channels for the CooCE project including LinkedIn, Facebook and Twitter have been 
established in addition to the official project website (https://cooce.eu/). The results and activities 
have been regularly promoted through the social media platforms. Such promotions included posting 
about public events, workshops (online and in presence), conference presentations, research articles 
and project-related meetings (Fig. 10). The aim was to disseminate the major results, developments, 
and progress of CooCE related activities to achieve a wide outreach. Site visits to the demo pilot scale 
sites (at the UNIPD, ELGO and DTU premises) and the final CooCE workshop to showcase the project 
results and impacts took place in the third year of the project (2024). 



                                               
 
 

3. Project impact 
 

WP Key expected result Impact Status 

2 Convert >5 kg 
CO2/m3reactor/day into 
biomethane 

Develop a next-generation 
CO2 capture and utilization 
technology for biofuel 
production 

Process validated at 
lab-scale conditions/ 
Pilot scale 
demonstration has 
been done 

3 Achieve bioSA titer > 40 g/L 
and biomethane with > 90 % 
CH4 content 

Demonstration of 
simultaneous 2nd generation 
bioSA production and biogas 
upgrading at pilot scale, 
proving the scalability of the 
process 

BioSA titer of >39.5 
g/L were successfully 
achieved. The 
maximum 
biomethane purity 
achieved 
corresponded to 
93.3%.  

3 Production of bioSA-based 
polymers 

Integration of pilot bioSA 
production with biopolymer 
synthesis carried out by POND 
and ENP 

BioSA crystals with a 
purity above 90% 
were successfully 
used for biopolymer 
synthesis.  

4 Scale-up biomass and PHA 
production in cyanobacteria 

Optimization of the potential 
PHA production 

Process validated in 
cyanobacteria. 
Scale-up of the 
bioconversion has 
been performed. 

4 Achievement of CO2 
conversion to PHA using real 
biogas 

Demonstration of a CO2 
capture and utilization 
technology 

CO2 uptake from 
biogas achieved at lab 
scale. Optimization of 
the bioconversion 
and scale-up have 
been performed. 

5 The sustainability assessment 
is expected to provide a new 
form to assess CCUS projects 
with all its components 
(environmental, 
socio-economic, and economic 

Assessment of CooCE 
pathways and feasibility of 
CCUS technologies  and 
circularity; Public acceptance 

Integrated 
sustainability 
assessment showed 
the most feasible 
pathways are 
biomethanation and 
biosuccnic acid at the 
moment, but 
bioplastics have  
potential in the 
future.. 
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5 The best practices manual Share key concepts, processes 
and methods of CooCE and 
emergence of CCUS 

Handbook presented 
in a form of toolkit 
with factsheets and in 
4 languages.  

6 
Perform market analysis and 
initial business models 

Accelerate market uptake of 
developed technologies 

According to 
workplan 

7 Seminars and workshops are 
planned to disseminate the 
“zero CO2 emissions in a 
circular bioeconomy model” 
concept in educational 
programme for companies 

The emergence of CCUS in 
companies will be facilitated 
by acquired knowledge According to 

workplan 

 

Work Package 2 

The project has demonstrated a significant impact in advancing CO2 capture and utilization 

technologies, specifically through the conversion of over 5 kg CO2/m³ reactor/day into biomethane. 

This key achievement underscores the potential of the developed technology to contribute to the 

facilitation of Carbon Capture and Storage (CCS) by providing an efficient and scalable pathway for 

CO2 utilization. The integration of biofuel production with CO2 capture not only supports global 

decarbonization goals but also adds economic value by producing renewable energy. The results 

strengthen the competitiveness and growth of European companies by positioning them as leaders 

in innovative CO2 utilization technologies. The lab-scale validation and pilot-scale demonstration have 

reduced the technical and economic risks associated with scaling up, thereby opening pathways for 

commercialization. These efforts align with the European Green Deal and renewable energy targets, 

offering a competitive edge in the global market for advanced biofuels. From an environmental 

perspective, the project contributes to reducing greenhouse gas emissions by transforming a harmful 

byproduct into a valuable resource. Socially, this breakthrough can enhance public acceptance of CCS 

technologies by demonstrating tangible benefits, such as renewable energy production and reduced 

carbon footprints. The chances for commercializing the technology are promising, given the 

pilot-scale success and alignment with market demands for sustainable energy solutions. Continued 

efforts to optimize the process and integrate it with existing industrial systems will further enhance 

its market viability. The project has also addressed gender issues by promoting equal opportunities 

within the research and implementation teams. By fostering diverse participation, the initiative has 

contributed to an inclusive approach in advancing sustainable technologies. In conclusion, this 

project serves as a critical milestone in the journey toward a sustainable, low-carbon economy. Its 

contributions to both science and industry set the stage for broader societal and environmental 

benefits. Stakeholders provided positive comments to all pathways but hydrogen production 

continues to be an issue of consideration within the platform of CooCE. 

Work Package 3 

The project resulted in considerable progress on the development of biological succinic acid 

production processes. The achievements of the project in developing this process demonstrate not 

only highly carbon capture capacity, but also simultaneous valorization of sugar-rich industrial waste 

streams by converting them into biosuccinic acid crystals. Additionally, through the development of a 

    ACT Final progress report​ ​ ​  ​ ​ ​ ​ ​ ​ 22 

 



                                               
 
novel fermentation concept with direct electrochemical extraction of succinic acid, the project 

achieved a significant reduction of complexity in the succinic acid purification process, which boosted 

the economic performance of the process. The project showcased the successful scale up of the 

succinic acid production process and use of these succinic acid crystals for synthesis of bioplastics. 

These succinic acid crystals though may have a much broader applicability across multiple industrial 

sectors. The successful integration of waste valorization and CO2 capture demonstrated in the project  

fully aligns with the European Green Deal, promoting the competitiveness of European companies in 

the global market. The achievements of the project also demonstrate the potential of the process in 

mitigating greenhouse gas emissions while valorizing industrial waste streams, both of which 

contribute to a very positive environmental performance evaluation. The lower environmental 

footprint of biochemicals and bioplastics sustainably produced also contribute to a much better 

acceptance by the general public. On a commercial level, the collaboration with industry throughout 

the project shows the interest and potential of this process to be integrated in the current industrial 

landscape. Overall, the high economic and environmental performance of the succinic acid 

production process developed here, as well as its flexibility and replicability in diverse scenarios 

represent a key advancement for the deployment of future sustainable production processes in the 

frame of a circular economy. Further work on optimization and further scale up of this process will 

improve its market readiness in the future. 

 

Work Package 4 

The project has made notable advancements in carbon capture and utilization technologies, 

especially through the conversion of CO2 into polyhydroxyalkanoates (PHA). This breakthrough 

showcases the ability of the developed technology to not only capture CO2 but also convert it into 

valuable bioplastics, offering an efficient and scalable approach to carbon utilization. By integrating 

PHA production with CO2 capture, the project aligns with global decarbonization efforts while 

meeting the rising demand for sustainable materials. These achievements position European 

companies as key players in the rapidly growing fields of CO2 utilization and bioplastics technologies. 

Successful validation at both lab and pilot scales has reduced the technical and economic risks 

associated with scaling up. These efforts are in line with the European Green Deal and broader goals 

of renewable energy and sustainable materials, giving European companies a competitive edge in the 

global bioplastics market. Environmentally, the project helps mitigate greenhouse gas emissions by 

converting CO2 into a high-value, biodegradable material. On a societal level, this innovation 

enhances public acceptance of CO2 capture technologies by demonstrating clear benefits, such as 

lower carbon footprints and the production of sustainable materials. The commercial potential of the 

technology is strong, given its successful pilot-scale trials and alignment with growing market 

demand for eco-friendly products. Continued optimization and integration with industrial systems 

will further increase its market readiness. The project also promotes gender equality by fostering 

equal opportunities within its research and implementation teams, contributing to an inclusive 

approach in advancing sustainable technologies. In conclusion, this initiative represents a key 

milestone in the shift toward a sustainable, low-carbon economy, with broad benefits for science, 

industry, and society. Stakeholders have provided positive feedback on the bioconversion pathways, 
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though ongoing efforts to scale and optimize PHA production remain critical for unlocking its full 

potential. 

 

Work Package 5 

The sustainability assessment of the CooCE platform was innovative as it allowed the optimisation of 

the supply chains analysis and processes with data directly provided by the partners during the 

project. The CooCE platform can be a promising alternative to fossil-derived materials. Some 

products (biomethane and biosuccinic acid) show higher readiness than others (biopolymers). The 

deployment of the CooCE biorefinery should be aligned with renewables targets in the electricity 

generation, for an effective emission reduction. Result validity is limited to the modelling 

assumptions and should not be generalised to any source of CO2.  

The successful implementation of CCUS technologies demand a coordinated and comprehensive 

response as was expressed also by stakeholders. The methodology for sustainability allowed to 

strengthen collaboration among partners in different sectors and demonstrated that aligning efforts 

and sharing expertise and fostering greater commitment from businesses and governments a 

transition toward low-carbon circular economies may be possible. The project also demonstrated 

that state support will be essential, both in terms of financial incentives and capacity-building, 

alongside the establishment of stable and coherent regulatory frameworks that provide clarity and 

confidence for industrial-scale deployment of CCUS. The project stimulated the participation of 

women in STEM and was more women oriented in comparison with other projects, having women 

leading tasks and team groups. Finally, the CooCE concept and its techno-processes offer a 

compelling route for decarbonising industrial and energy sectors, enhancing long-term 

competitiveness and economic resilience while enabling countries to achieve their carbon reduction 

targets, advance toward Net Zero, and address the challenges of climate change. 

Plans for further technology development 

The techno-economic assessment indicated that for all three pathways, economic feasibility remains 

challenging. In most cases, the resulting minimum selling price of the products is higher than that of 

the fossil alternative. Biomethanation is the most feasible pathway, though it also presents some 

challenges. ELGO-DIMITRA aims to commercialize the novel CO₂ capture and utilization method 

developed in WP2 for biomethane production, demonstrated at the pilot scale. Plans are in place to 

establish a dedicated spin-off company to facilitate technology transfer from research to market, 

targeting the biogas sector and other CO₂-intensive industries. The spin-off will focus on scaling up 

the technology, improving process efficiency, and pursuing new market opportunities through 

strategic collaborations and industry partnerships to promote sustainable, circular economy 

solutions. The WP3 technology for simultaneous succinic acid production and biogas upgrading 

shows significant promise for scale-up. In biosuccinic acid production the price depends on factors 

such as product grade, the use of cheap raw materials, and revenue from side products. Additionally, 

oil price cross-elasticities could impact the results, especially considering the high share of 

fossil-derived solvents in the processes, particularly in the biopolymer route. Technical improvements 

are needed, particularly in optimizing the in-situ product recovery system to reduce electricity 

consumption and refining downstream processes to enhance succinic acid crystal purity. These 

advancements will help lower the selling price and expand potential applications. Collaboration with 
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industry partners is highly desirable for future funding schemes to accelerate commercialization. 

WP4 focused on the conversion of CO₂ into polyhydroxyalkanoates (PHA), showcasing strong 

commercial potential due to successful pilot-scale trials and increasing market demand for 

eco-friendly plastic products. However, biopolymer production currently faces high costs, particularly 

in synthesis and purification. Further research is needed to improve yields and explore alternative 

solvents. These advancements will help enhance the economic viability and market competitiveness 

of PHA production, creating opportunities for broader industry adoption and commercialization. 
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4. Collaboration and coordination within the Consortium 
 

Partner Collaboration comments Added value on CCUS 

UNIPD UNIPD has actively coordinated the CooCE 
consortium, collaborating with all partners. 
Due to COVID19 regulations, there were only 
two chances for the consortium to meet in 
person, namely for the midterm and final 
meeting, but partners have always been 
responsive and willing to attend. Effective 
collaboration, knowledge transfer, and 
regular monitoring of progress through 
formal and informal meetings are maintained 
among consortium members. UNIPD has 
received significant support especially from 
BTS and ENP in respect to local activities. 

The CooCE project has added 
significant value to the exploitation 
of CCUS technologies in industrial 
applications through the effective 
collaboration, knowledge transfer, 
and regular monitoring of progress 
among consortium members. 

BTS Regarding partner collaboration, BTS has 
supported UNPID throughout the CooCE 
project, specifically in matters related to 
biogas and feedstock characterization. BTS 
has also had discussions with ICL about the 
biogas production process and how they can 
interact with the local community. 

The company has initiated several 
engagement activities to raise 
awareness about the benefits of 
CCUS technologies. 

ENP ENP collaborates with UNIPD and other 
partners to develop and demonstrate a 
system for biopolymer production using CO2 
from biogas. ENP also is planning the 
prototype packaging material using bioSA 
and PHAs as plasticizers, characterizing 
mechanical properties and evaluating its 
potential as a raw material for bioplastics. 

ENP will facilitate the development 
of a prototype packaging material 
with potential to reduce the 
reliance on traditional 
petroleum-based plastics and 
contribute to the circular economy. 

ELGO Effective collaboration among the 
participating members of the consortium; 
Transfer of knowledge and data; Regular 
formal and informal meetings are held to 
monitor the progress of the work  

Knowledge exchange on CO2 
hydrogenation is important to 
identify key-points that will allow 
process transferability in different 
countries. 

QLAB Successful collaboration among consortium 
members is achieved through efficient 
knowledge sharing and data exchange. 
Progress is consistently monitored through a 
combination of scheduled formal meetings 
and informal discussions. 

QLab brought strategic, innovative 
digital tools, and effective 
collaboration, enhancing 
knowledge exchange, stakeholder 
engagement, and CCUS adoption 
within the consortium. 

DTU The establishment of a repository of 
characterized feedstocks and availability of 
CO2 for bioSA production involved the 
collaboration of LBP and DTU. DTU has also 

Both the repository of feedstocks 
and CO2 sources constitute a 
representative example of the 
potential of CCUS at European 
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started successful collaboration with ICL in 
the frame of WP5, where preliminary process 
unit operations are to be used and process 
flowsheets have been provided for LCA and 
sustainability assessments. Interaction with 
the rest of the partners regarding other tasks 
have taken place smoothly with easy 
communication between partners. 

level. Future sustainability 
assessments and market analysis 
on the process of bioSA production 
will also show the trade potential 
across European countries with 
respect to products and feedstocks 
based on multiple possible product 
end uses. 

LBP LBP has supported DTU throughout the 
project regarding matters related to biogas. 
Additionally, LBP has also had some 
discussions with ICL about how LBP interacts 
with the local community. 

Dissemination of CCUS potential in 
the local community. 

ICL The consortium collaborated and were 
responsive to attend online meetings. 
Collaboration with all academic and 
industrial partners to perform sustainability 
assessments. 

Partners are willing to collaborate 
and are responsive to attend 
meetings. Knowledge exchange 
among partners will be easier and 
more fruitful in person. 

POND Industrial testing of produced SA Demonstrate industrial relevance 
and interest for SA. 
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5. Dissemination activities 
All dissemination activities have been included in the news section of the project website 

and are also listed as requested in the annex file named “D1.4 CooCE Dissemination 

activities”. The CooCE activities include, among others, peer-reviewed publications in 

international journals, oral, flash poster and poster presentations at national and 

international conferences, and physical lectures at workshops (Fig. 10). 
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