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Executive Summary  

This report - Deliverable 2.1 «Upstream processing and upgrading of industrial biogenic CO2 emissions» is a 

public document produced in the framework of the CO2SMOS project. It relates to work conducted under 

WP2 « Primary conversion of CO2 into bio-acetate and green syngas» and more specifically under task 2.1 

« Task 2.1 Upstream processing strategy and upgrading of the industrial CO2 streams ». 

The task 2.1 aims to design a strategy for evaluating the current technologies for CO2 capture and upgrading 

to be potentially implemented in the bio-based industries that produce biogenic CO2 emissions that can be 

converted into chemicals according to the technologies and processes proposed in CO2SMOS project. 

The approach provided by CO2SMOS in this deliverable considers the criteria to determine which 

technologies are the most cost-effective and environmentally friendly.  

In the first part of the report, bio-based industries that participate in the project (Novamont, Avantium and 

HERA) are described as well as the characteristics of the industrial emissions that they produce, focused on 

the CO2 vol. % and pollutants limit concentration.  

In the second part, a review on the CO2 capture technologies applied to industrial gases and emissions is 

carried out in order to make a detailed assessment of the CO2 upgrading processes, including those processes 

both commercially available, and those which are on development phase.  

A benchmarking of the CO2 upgrading technologies is considered to show both pros & cons in order to define 

which is the most convenient upgrading process to meet the requirements of every CO2-to-chemicals 

conversion process. Some additional remarks related to specific key pollutants (e.g. oxygen in case of the 

anaerobic fermentation process) are also considered in order to define a complete gas cleaning-CO2 

upgrading strategy that make feasible the utilization of the biogenic captured CO2 within the conversion 

technologies that are being developed in the project. 

Finally, Novamont, Avantium and HERA, provide a technical close-to-industry point of view of the renewable 

chemicals and biopolymer sectors, considering both the main characteristics of the biogenic CO2 emissions 

(composition, availability, etc.) and the purity specifications required to produce intermediate products and 

chemical building blocks for end product applications. 

In addition, HERA owns an industrial demo installation for performing biogenic CO2 upgrading with flow rate 

capacity up to 100 Nm3/h (chemical scrubbing technology based), whose performance results has been 

considered a reference point. Also, Novamont, as a leader European biobased industry, has also considered 

the potential of CO2SMOS technologies focused or the CO2 conversion-into-chemicals for their potential 

application in current and future industrial plants based on the model of the bio-based industries and 

sustainable processes and products, for instance, the production of high-performance biodegradable and 

compostable biomaterials based on renewable biofeedstock or waste valorization biogas plants and biogas 

upgrading processes recently installed.  
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1. Introduction 

The overall goal of the CO2SMOS project is to boost the development of a set of innovative cost competitive 

CO2 conversion technologies focused on: i) gas/liquid fermentation–biorefinery processes, ii) intensified 

electrocatalytic processes and iii) biobased/organic catalysed processes, to transform biogenic CO2 emissions 

produced by bio-based industries (e.g., in fermentation processes) into a specific added-value chemicals to 

be used as intermediates for the production of bio-based materials such as high-performance/biodegradable 

polymers and renewable chemicals for the industry. 

The main objective of the WP2 of the project is to develop an innovative lab-scale solution to convert biogenic 

CO2 emissions into acetate and syngas as bulk chemicals by means of two technologies:  

a) Advanced CO2/H2 and syngas fermentation into acetate and C2-C4 chemicals 

b) Electrocatalytic conversion of CO2/H2O into green syngas and added-value chemicals (aromatic 

compounds). 

This chapter describes the procedure for designing a strategy for evaluating the current technologies for CO2 

capture and upgrading for their future implementation in the bio-based industries that produce biogenic CO2 

emissions. Thus, high purity CO2 would be produced for its further application as C-source to produce 

low/negative carbon chemicals by implementing the hybrid electrocatalytic/bio technologies developed in 

the project (WP2, WP3). 

The methodology developed in this deliverable consists on the following steps: 

• Description of the bio-based industries involved with the CO2SMOS project and characterization of 

the CO2 emissions.  

• Specifications of CO2 purity and limit concentration of contaminants for each conversion technology. 

• Preliminary evaluation of CO2 capture and upgrading technologies. 

• Selection of CO2 capture/upgrading technologies and case study identification. 

In order to carry out this primary CO2 conversion into added-value chemicals, it is critical to stablish the 

specifications of CO2 purity and limit concentration of contaminants required for each conversion technology. 

These requirements will be specific for each process to define the upstream process needed to upgrade the 

industrial CO2 streams at real conditions to the desired parameters of: a) CO2/H2 and syngas fermentation, 

b) electrocatalytic conversion of CO2/H2O into syngas and c) biobased/organic catalytic conversion into cyclic 

carbonates. 

Thus, the upgrading process of the CO2 streams, when using real industrial conditions, can become a critical 

step with a view to the up-scaling and techno-economic assessment of the CO2-to-chemicals process for 

future implementation at industrial level. As an example, biogenic CO2 streams produced in different sectors 

may be accompanied by different compounds with inhibitory effect on the growth of the microorganisms 

used. These impurities may directly affect the organism (e.g. cell toxicity, enzyme inhibition, product 

redistribution, etc.) or indirectly affect the fermentation process by changing process conditions (e.g. pH, 

osmolarity, redox potential, etc.). Based on the literature and previous experiences, the most common 

impurities present in gas emissions from bio-based industries that may interfere with the metabolism of 

anaerobic microorganisms that use CO2 as a carbon source are mainly: O2, HCN, NH3, BTEX/tars, H2S and 
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ethylene. Therefore, an exhaustive control of these contaminants must be carried out before feeding the 

gas-fermentation process with biogenic CO2. 

In a similar way, the performance of the electro-catalytic processes can be also affected by the concentration 

of certain impurities present in the CO2 streams, for instance, O2, H2O, HCN, H2S, CH4 and N2 which maximum 

level must be limited. 

The tolerance and, eventually, the upper-limit values of these contaminants will be determined in a set of 

laboratory tests developed during the project. In parallel, promoter and inert chemical compounds towards 

the biochemical or chemical activity will be investigated. Other specifications of the target CO2 streams such 

as temperature, pressure and the size of the emitting facility (in terms of average flows) are also interesting 

indicators that will be studied as well. 

Within this deliverable, Task 2.1 aims to provide updated information about the state of the art and current 

strategies to choose the most suitable CO2 capture and upgrading technology for its potential 

implementation in the bio-based industries of the project (Novamont, Avantium and HERA) that may provide 

biogenic CO2. To that end, a comparative study of the CO2 upgrading technologies, showing both pros & cons, 

has been performed to define the convenient solution, i.e., the most efficient environmentally friendly and 

cost-effective.  

Thus, aspects such as the quality and type of captured CO2 (% concentration, pollutants limit concentration) 

and energy consumption have been considered. In addition, Novamont, Avantium and HERA will study the 

potential integration of the new conversion technologies as a possibility for their decarbonization plans. 

1.1. Deliverable Objectives 

The main output of the T2.1 is the D2.1 – Upstream processing and upgrading of industrial biogenic CO2 

emissions, which aims to design a strategy for evaluating the current technologies for CO2 capture and 

upgrading that could be implemented in the bio-based industries that produce biogenic CO2 emissions to be 

converted into chemicals by the transformation routes developed in CO2SMOS (WP2, WP3). 

The selection of the most appropriate technology will be based on both technical and economic criteria, 

according to the specifications of the targeted CO2 concentration and tolerance of specific contaminants 

(limit concentration) for each CO2 conversion technology proposed in the project. Other aspects such as the 

initial concentration and impurities of the biogenic CO2 industrial streams have been considered to assess 

which CO2 capture & up-grading technologies are the most cost-effective and environmentally friendly for 

the future up-scaling of technologies developed in CO2SMOS project. 

1.2. Contribution of partners 

CARTIF is the leader of this deliverable, the following partners have also contributed with: 

TABLE 1. Partners contribution to the development of deliverable D2.1 

Partner name Contribution 

NOVAMONT Biogenic CO2 streams characterization and biobased industry description. 

HERA Biogenic CO2 streams characterization and biogas upgrading process.  

AVANTIUM Biogenic CO2 streams characterization and biobased industry description. 

CSIC CO2 purity specifications for biological and electrocatalytic conversion processes. 
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1.3. Relation to other activities in the project 

As it is defined in the GA, and further detailed in the D9.3 Project Management Plan, the T2.1 activity is 

considered as one of the preliminary technical activities for the development of the CO2 conversion 

technologies of WP2. i.e., Task 2.2. (Advanced GMO preparation for gas (CO2/CO/H2) fermentation process), 

Task 2.3 (Optimization of CO2+H2 and syngas fermentation process parameters for acetate production) and 

Task 2.4 (Optimization and integration of the electrocatalytic reactor for syngas production). 

In addition, these tasks are also closely connected with tasks of WP3, that starts from CO2 as a raw material 

for their conversion processes, in particular with the Task 3.1 (Optimization of syngas fermentation to 

produce 2,3-BDO), Task 3.2 (Organic /biocatalysed conversion to cyclic carbonates) and Task 3.5 (PCEC for 

polyols oxidation and CO2/H2O conversion into CO/H2 and HCAs). On the other hand, industrial partners will 

provide technical information about the CO2 streams and characterization from their facilities with a view to 

a future scale-up and replicability (WP5, WP6). 

In parallel, this deliverable is receiving information from the internal/external project stakeholders regarding 

their specific situations and needs. The following table (Table 2) describes the main relationship of this 

deliverable to other activities (tasks and deliverables) developed within CO2SMOS project.  

TABLE 2.  Relation of D2.1 with other WPs of the project. 

FUNDITEC CO2 purity specifications bio-based catalytic conversion processes. 

Activity Relation 

WP1 (R) Stakeholders’ requirements and market needs are collected from T.1.1 (R) and (P) the 

current industrial use cases vision is collected from T.1.6 activities and biogenic CO2 

sources as feedstock for CO2SMOS circularity assessment have been provided. 

WP2 (P & R) Information regarding the CO2 stream characteristics (composition, contaminants, 

pressure and temperature) are collected from the different industrial end-users in WP1 

and WP5 (R), a preliminary approach of the upstream processing and upgrading of 

industrial biogenic CO2 is provided from T1.2 (P) in order to meet the parameters of the 

biological, electrochemical and catalytic conversion processes in T2.2, T2.3 and T2.4 (R). 

WP3 (R) Information regarding the CO2 stream characteristics (composition, contaminants, 

pressure and temperature) have been collected from T1.2. A preliminary approach of the 

upstream processing and upgrading of industrial biogenic CO2 is provided (P) in order to 

meet the parameters of the biological, electrochemical and bio-based catalytic conversion 

processes in T3.1, T3.2 and T3.5. 

WP4  Not reported. 

WP5 (P)  Selection of BBI industries and sectors is aiming to identify the most favorable 

industrial situations and business situations where CO2SMOS platform could be 

replicated (D6.5 Business plan for CO2SMOS replication). Information collected in 

T2.1 is provided to the industrial end users/ BBIs of the project (P) as well as external 

stakeholders (P). 
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(R): Information received. (P): Information provided. 

2. Description of the CO2SMOS biobased industries and 
characterization of the CO2 gas emissions 

2.1. NOVAMONT biogenic CO2 streams characterization and case study 

2.1.1.  Novamont’s case study approach 

Novamont approach to the production of biodegradable biomaterials is based on the implementation of 

innovation to demonstrate and further upscale circular bioeconomy value chains where by-products and side 

streams are valorised, enabling to achieve nearly zero-waste biorefinery. In this sense, the possibility to 

valorise biogenic CO2 streams by Novamont represents a strong innovation and a valuable opportunity to 

close the carbon loop while generating new bio-based monomers and polymers which can be further 

valorised in the biodegradable bioplastics value chain. 

Figure 1 shows the biorefinery concept of Novamont’s plant, from the use of bio-feedstock as sustainable 

raw materials, to the production of the biodegradable and bio-based materials that include also bio-based 

dicarboxylic acids, 1,4-biobutanediol and other chemicals. 

Within CO2SMOS, biogenic CO2 streams from Novamont biorefinery (that are CO2 contained in the off-gas 

from 1,4 bio-BDO fermentation and CO2 from anaerobic digestion and upgrading of exhausted cells after 

fermentation described before) will be validated to obtain biopolymers and bio-based monomers which will 

be then further valorised into novel biodegradable and compostable biomaterials by Novamont following a 

circular bioeconomy approach. 

 

WP6 (P)  A preliminary approach of the upstream processing and upgrading of industrial biogenic 

CO2 is provided from T1.2 (P) to the partners in charge of WP6 (R) to select BBI industries 

and sectors with the most favorable industrial and business situations where CO2SMOS 

platform could be replicated (D6.5 Business plan for CO2SMOS replication) (P). 

WP7 (P)  Pre-treatment needs will balance the TEA and could be detrimental in the LCA (D7.1 

Report on LCA and LCC Analysis in bio-based products) (D7.2 Report on TEA of CO2 

bioconversion processes). A preliminary approach of the upstream processing and 

upgrading of industrial biogenic CO2 is provided from T1.2 (P) to make the techno-

economic estimations. 
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FIGURE 1. Integrated Biorefinery concept implemented in Novamont facilities 

2.1.2.  CO2 streams characterization 

The industrial plant by MATER-BIOTECH (part of Novamont’s group) represents the world’s first industrial 

plant that can produce butanediol (1,4 BDO) directly from sugars, through fermentation processes. Launched 

in 2016, the plant has a production capacity of 30,000 tons per year and has been conceived to reuse by-

products for its own energy purposes thus optimizing the life-cycle of the entire process. After fermentation, 

cells are valorised in anaerobic digestion to produce biogas to energetically sustain the biorefinery processes 

(Figure 1). More recently, a biogas upgrading unit has been installed to separate biomethane from biogenic 

CO2. Thus, two streams of biogenic CO2 available from NVMT biorefinery could be exploited by CCU 

technologies include (see Table 6 for detailed description): 

a) Direct fermentation of sugars into 1,4-BDO. 

b) Anaerobic digestion of waste cellular sludge. 

Thus, two streams of biogenic CO2 available from Novamont biorefinery having different composition:  

 Biogenic CO2 from fermentation 

 Biogenic CO2 from anaerobic digestion of biogenic waste 

TABLE 3. Examples of sources of biogenic CO2 being considered for exploitation of the Project CO2SMOS’s 
results. Source: Novamont group 

                  CO2 source                   CO2 % Envisioned use of biogenic CO2 after 
successful exploitation of the CO2SMOS 

results 

Microbial metabolism during 
direct fermentation of sugars 

in biobased 1,4-butanediol 

(*) Conversion into high added value 
biochemical and biodegradable 

biopolymers 
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Biogas upgrading from 
valorization of spent 

fermentation media and by 
anaerobic digestion 

(*) Conversion into high added value 
biochemical and biodegradable 

biopolymers 

(*) Information not publicly available according to Novamont’s internal policy. 

2.2. HERA biogenic CO2 streams characterization and case study 

2.2.1.  HERA’s case study approach 

HERA HOLDING belongs to a Group of companies devoted to transform the waste into a resource with the 
objective of closing the loop of municipal, industrial and biowaste towards the circularity. In this sense, HERA 
has wide experience in anaerobic digestion, biogas production, managing and valorization in Europe and 
Latin America. Main related activities are: 

 Landfill degassing and valorization to electro-thermal energy in biogas engines. 

 Biomass anaerobic digestion facilities design and operation to produce biogas/biomethane and 
fertilizers. 

In addition, HERA has developed own technology for biogas upgrading based on chemical scrubbing, owning 

a mobile pilot plant that has been operating for long periods with biogas landfill, sewage sludge biogas and 

biogas from agroindustry sources. 

HERA’s pilot plant operation has enabled the company to not only develop and optimize the biomethane 

production but also monitoring the off-gas resulting from the separation which is mainly composed of CO2 

and other minor components. 

2.2.2.  HERA’s streams characterization 

In the scope of HERA’s activities, we found 2 main biogenic CO2 sources: 

- CO2 from the biogas combustion flue-gases (engines and boilers): a low concentration stream (below 
18% in CO2, containing air, sulphur compounds and other impurities).  

- CO2 from the biogas to biomethane upgrading processes: a high purity CO2 stream (see Table 4) 
 

TABLE 4. Examples of sources of biogenic CO2 being considered for exploitation of the Project CO2SMOS’s 
results. Source: HERA HOLDING 

                  CO2 source                   CO2 % Characterization Envisioned use of biogenic CO2 after 
successful exploitation of the CO2SMOS 

results 

Biogas upgrading from organic 
matter anaerobic digestion. 

HERA’s pilot plant experience 
with different sources of 

biogas 

>95% O2 (< 1%) 
Water ppm 

N2 
CH4 (0-0,1%) 

Amines (trazes) 

Currently released to the atmosphere. 
Used locally for crops growth 
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Average flows are very variable: from small-size facilities being 50 Nm3/h up to big facilities (2000 Nm3/hour). 

CO2 final pressure and temperature depends on the upgrading technology being installed. In case of amine 

scrubbing CO2 will be delivered at several mbar and approx. 15ºC (after cooling the CO2-rich stream). 

2.3. AVANTIUM biogenic CO2 streams characterization 

2.3.1.  Avantium’s case study approach 

Avantium is comprised of two main business lines. The first line includes the business unit of “Renewable 

Polymers”, converting plant-based sugars into FDCA and the plant-based polymer PEF. This line also includes 

the business unit of “Renewable Chemistries”, developing novel process technologies to convert plant-based 

and air-based sources to chemical building blocks and materials. The second main business area is based on 

“Catalysis”, providing advanced catalysis R&D services and systems to the refinery and chemical industries. 

Avantium has three pilot size plants with production capacities ca. 10 ton/year focused on the two business 
units: renewable chemistries and renewable polymers. 

Renewable Chemistries develops innovative plant-based chemicals and materials from non-food resources. 

The most relevant facility operated by Avantium is a demonstration plant based on PlantMEG™ technology 

opened in 2019 with a clear path to scale-up and commercialization. 

PlantMEG™ is an important chemical building block for PET or PEF resin for bottles and packaging; fibres for 
apparel, furniture and automotive; and solvents (e.g. paint and coatings) and coolants. 

Ray PlantMEG™ has a huge potential to help carbon-dependent industries such as textiles, packaging, 

furniture, and automotive, accelerate their transition to a fossil free world. 

Renewable Polymers develops and aims to commercialize FDCA (furandicarboxylic acid). The YXY® plants-to-

plastics technology catalytically converts plant-based sugars into FDCA – the chemical building block for PEF 

(polyethylene furanoate) – a novel, first-in-class plant-based polyester. PEF is a 100% plant-based, 100% 

recyclable and degradable plastic, with superior performance properties compared to today’s widely used 

petroleum-based packaging materials. 

The majority of Avantium company’s efforts are being put in developing sustainable processes, especially 
regarding materials. These materials can be made from bio-based intermediate products, CO2 based or 
chemically recycled sources.  

The streams of biogenic CO2 that could be valorised by CCU technologies include renewable/biofuel 

combustions flue gases and other process streams contained CO2 
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3. CO2 stream composition specifications 

3.1 Gas-Fermentation process: conversion of CO2+H2/syngas into acetate and 2,3 
BDO  

Gas-Fermentation based on the biological conversion of both CO2+H2 and syngas into acetate (WP2) and 2,3-

BDO (WP3) is driven by means of specific microorganisms whose performance strongly depends on the 

specifications of CO2 purity and limit concentration of critical contaminants.  

Biogenic CO2 streams produced in different sectors may be accompanied by different compounds with 

inhibitory effect on the growth of the microorganisms used. These impurities may directly affect the organism 

(e.g. cell toxicity, enzyme inhibition, product redistribution, etc.) or indirectly affect the fermentation process 

by changing process conditions (e.g. pH, osmolarity, redox potential, etc.). The most common impurities 

present in gas emissions from bio-based industries that may interfere with the metabolism of anaerobic 

microorganisms able to use CO2 as carbon source are O2, HCN, NH3, benzene/tars, H2S and ethylene. 

In general, the presence of oxygen is not desirable for acetogenic microorganisms, so, it is crucial to 

implement a separation process in order to ensure as most “pure” anaerobic condition as possible. In 

addition, certain impurities are especially harmful for the selected microorganisms. For instance, regarding 

Moorella T. or Clostridium, they can resist very limited concentrations of some critical compound such as 

NH4Cl, benzene or Na2S (< 10 mMol/l) or HCN (ca. 0.5 mMol/l), which can inhibit their growing very rapidly.  

Thus, the upgrading process of the CO2 streams, when using real industrial conditions, can become a critical 

step with a view to the up-scaling and techno-economic optimization of the CO2-to-chemicals process for 

future implementation at industrial level.  

3.2  Electro-catalytic processes: conversion of CO2+H2 into syngas 

The electrocatalytic membrane reactor (eCMR) for syngas production will consist of HT-PEM electrolyser 

integrated with a RWGS catalyst bed and a thin film catalytic membrane (TFCM) for the continuous extraction 

of water. In such case, the three critical components in contact with the bio-CO2 stream are the HT-PEM 

cathode, the RWGS catalyst and the TFCM. Such components must ensure the compatibility with all stream 

materials and the maintenance of the stability under long operation periods. 

 
FIGURE 2. Schematic representation of the eCMR’s working principle 
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The WP2 deals with the exploration of different materials to meet the requirements of each of the 

components, i.e. high temperature polymers and low temperature catalyst are being tested and the need to 

encounter common operational temperatures is one of the main challenges of this WP. Such is the case, that 

the CO2SMOS task 2.4 will include a stability test of the selected materials to determine the tolerable 

impurity limits. A battery of ex-situ tests is designed, which consist in submitting the materials to a stream 

with different concentrations of H2S, CH4, N2 (since the composition might depend on the bio-CO2 source, 

and H2, CO and H2O will be in the reaction itself), also O2 and HCN are commonly undesired for catalyst 

systems. The result of these experiments will be a full characterisation of the CO2 stream properties for the 

long term eCMR operability, indicating the maximum level of impurities in ppm. 

3.3  Bio-based catalysts: conversion of biomass + CO2 into cyclic carbonates  

The thermocatalytic conversion of CO2 to cyclic carbonates planned in CO2SMOS involves the use of organic 

heterogeneous catalysts. This implies that the purity and concentration of CO2 may determine and influence 

the progress of the reaction and that even trace contaminants may lead to catalyst poisoned, therefore 

compromising its performance. 

Table 5 shows the composition requirements for the CO2 regarding purity and the presence of traces of 

elements that could potentially poison the catalysts used in the catalytic conversion of CO2 to cyclic 

carbonates. A high purity for the CO2 is needed. While the presence of water traces it is not considered a 

problem, neither the traces of other gases such as N2 and CH4, or the presence of other elements such as CO, 

NO, oxygen or H2S could interfere in the reaction and/or poison the catalyst. 

TABLE 5. Quality requirements for the CO2 gas composition to be used in the thermocatalytic process 

Minimum CO2 content/purity  99% 

Max H2O content (ppm) 100 

Max CO content (ppm) 0 

Max NO content (ppm) 0 

Max O2 content (ppm) 0 

Max N2 content (ppm) 100 

CH4 (ppm) 100 

H2S (ppm) 0 

 

Based on these requirements and on the flue-gas composition of biogenic CO2 from Novamont’s user case 

(Table 3), for that technology a gas flux from anaerobic digestion it is preferred. Nevertheless, a treatment 

step of such gas flux (by standard techniques like the use of membranes) may also be necessary, followed by 

a post-treatment to remove oxygen. 

4. Review on the CO2 capture technologies for industrial 
gases.  

State-of-the-art of the Carbon Capture (CCs) technologies consider three basic approaches: post-combustion 

CO2 capture, pre-combustion CO2 capture, and oxy-fuel combustion. 
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In pre-combustion CO2 capture technologies, fossil (or even renewable) fuels are reacted with steam and 

oxygen at high temperature and pressure, by means of a process called partial oxidation, or gasification, to 

obtain a gas stream called syngas (a mixture of CO and H2) that is further treated in a water-gas shift (WGS) 

reactor to convert CO into CO2, optimizing the production of H2. In this process, the CO2 is separated and 

captured, normally by means of glycol-based absorption process that permits to produce a nearly pure H2 

stream that can be used for energy production. This approach is known as integrated gasification combined 

cycle (IGCC). In this case, CO2 separation is simpler and cheaper due to the high operating pressure and high 

CO2 concentration that makes this process more cost-competitive than traditional coal-based combustion 

plants (Rubin et al., 2012). 

FIGURE 3. State of the art of carbon capture. 

Oxy-fuel combustion has been developed as an alternative to post-combustion CO2 capture for conventional 

coalfired power plants which uses pure or almost pure O2 for combustion rather than air. This process 

eliminates the large amount of nitrogen in the flue gas stream, thus primarily CO2 and H2O are produced with 

small amounts of pollutants, such as sulfur dioxide (SO2) and nitrogen oxides (NOx), and water vapor that is 

easily removed by cooling and compressing the flue gas (Gopan et al., 2015). In addition, some innovative 

O2/CO2 recycle combustion based on oxy-combustion technology has been proposed by means of a 

combination of conventional combustion process with cryogenic air separation process. The process is 

capable of enriching the CO2 concentration and then capturing CO2 by means of an efficient and energy-

saving way (Xiong et al., 2009). 

Post-combustion CO2 capture is, on contrary, completely adaptable and reliable to any combustion system 

or power plant already in operation, without significant modifications in the heater system or in plant 

operating conditions, so, it can be retrofitted to existing power plants. Thus, all post-combustion capture 

systems can be implemented in new released plants with combustion technology already tested and verified, 

or in any other kind of CO2 emitter plant, from off-gases emissions to CO2 “enriched” industrial gases such as 

biogas, fuel-gas, etc. This approach, makes the post-combustion CO2 capture systems the most flexible, easily 

adaptable and spread technologies beyond the pre-combustion/oxy-fuel technologies. 

Along the last decade, several CO2 capture and purification technologies have evolved providing innovative 

solutions, some of them commercially available already. At present, probably the most mature and scalable 

technology is based on chemical absorption processes based on amine-based solvents. Amines are well-

known also for their reversible reaction with CO2, which make them quite efficient for the separation of CO2 

from gases which contain a significant amount of CO2, such as flue gases or other industrial gases, syngas, 
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biogas, etc. (Dutcher et al., 2015). Other technologies, such as cryogenic separation, membrane separation, 

water scrubbing or physical adsorption, are also commercially available and offer a reliable technical solution. 

4.1. Cryogenic separation 

Cryogenic CO2 capture is a well-known commercial technology that allow a liquid high-purity (more than 99 

% mol) CO2 to be produced at a large scale. The technology usually consists of a multi-stage process of 

compression, cooling, expansion and separation units that does not require the use of volatile solvents, as 

the gas-liquid absorption processes and can be undertaken under moderate pressure  (Kidnay, A.J., Parrish, 

W.R., McCartney, n.d.). The main limitation of the process is the high operating cost related to the cooling 

system. So far, some technical solutions have been described to carry out an efficient separation of CO2 by 

cryogenic processes. For instance, desublimation-based cryogenic separation of CO2 is often applied, through 

a novel cryogenic capture technology based on the operation of packed beds able to capture CO2 at 

atmospheric pressure using a cooling system based on the evaporation of LNG (Tuinier et al., 2011). 

Recently, other innovative separation systems have been developed addressing novel multiple cryogenic 

desublimation-based systems for simultaneous dehydration and CO2 removal from natural gas (Ali et al., 

2016) and hybrid post combustion CO2 capture process by combining membrane and cryogenic units (Song 

et al., 2017). 

In general, cryogenic CO2 capture technology presents the disadvantage of high expected cooling costs. So 

far, the required cold duty for CO2 separation was obtained by integration with processes of LNG 

regasification or/and cryogenic air separation, which represent a significant advance on operating cost 

optimization (Knapik et al., 2018). 

4.2. Membrane-based systems  

Membrane technology for the separation of CO2 from various gas streams has been employed since the 

1980’s. Initial applications in natural gas conditioning were developed using cellulose acetate type 

membranes [Honeywell UOP 2002] and polyimide type membranes [Evonik/Linde] which CO2/N2 selectivity 

reaches 30 to 40 %. 

Compared to other CO2 capture technologies membrane separation provides the advantage that, with 

exception of the gas scrubbing during pre-treatment, auxiliary agents are not required and the process is 

therefore free of toxic hazardous chemicals e.g. during CO2 absorption processes.  

One of the main advantages of membrane carbon capture plants is the possibility to be operated in real 

continuous systems against the current adsorption CO2 systems that operate in non-stationary mode and 

regeneration processes are also required. In addition, the membrane system does not use hazardous 

chemicals, so there are no emissions or disposal issues. In the specific case of gas-liquid membrane contactor 

units, this type of CO2 upgrading technology usually consumed uses less water than other capture 

technologies maintenance is cheaper than other technologies since the this membrane units has no moving 

parts. 

Also, membrane separation is a comparably cheap technology, since most of the costs are largely just 

attributed to the high-powered vacuum pump and compressor, whereas the membrane modules are robust, 

low maintenance and easily interchangeable. In this sense, membrane technology does not require further 
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modification to the existing power plants steam cycle (use electricity rather than steam) and has a high 

tolerance to SOx and NOx (Scholes, 2020). 

However, large-scale production of membranes is still challenging and the cost of the membrane modules is 

still high. In the last decade, research on the development of membranes for separation of CO2 from flue 

gases started up initially focused on coal fired power plants applications for a potential implementation at 

industrial scale. For this application, specific advanced membrane materials are now under development, 

such as polymeric membranes, that provide low operating costs, and zeolite membranes, which exhibit high 

durability and recyclability. Both materials are promising and could be efficient and cost-competitive options 

to be optimized at industrial scale (Hafeez et al., 2021). Zeolites were initially preferred due to their durability 

at high temperature, although they are not widely applied due to their high manufacturing costs. On contrary, 

several developments based on polyethylene-based block copolymers in a flat sheet have successfully been 

applied to design thin film composites mounted in spiral wound or envelope type modules.  

An example of this approach is the technology Polaris™ developed by the US company Membrane 

Technology and Research Inc. (MTR). This company has developed a special CO2 selective membrane based 

on a micro-porous film that acts as a semi-permeable barrier to separate CO2 from other gases, such as 

nitrogen, in a coal-burning plant’s flue gas. Currently, MTR is operating a large-scale demo plant with the 

support of the US Department of Energy (Fossil Energy’s National Energy Technology Laboratory, NETL). The 

Polaris™ system is 10 times more permeable to CO2 than conventional gas-separation membranes. That 

means the membrane area can be reduced, cutting down the cost and size of the system.  

However, one of the most important barriers that is still limiting the implementation of membrane CO2 

capture and upgrading is the maximum concentration that can be achieved in comparison with other CO2 

capture technologies, such as cryogenic separation or physical-chemical-adsorption. Also, an important 

limitation of CO2 capture membrane systems that affect its performance is caused by membrane wetting and 

soiling processes that increase mass transfer resistance and becomes a major obstacle to improve the CO2 

removal efficiency. Using certain types of superhydrophobic ceramic membrane contactors for treating 

industrial emissions permits a CO2 removal efficiency > 90 % (An et al., 2015). Also, other complex 

configurations of membrane CO2 capture systems (counter-counter sweep module) may be applied to 

improve the behaviour (Nogalska, 2017).  

Membrane gas-liquid contactors 

However, compared with hydrophobic ceramic membranes, commercial ceramic membranes have more 

prospects for large-scale application because they are cheaper and easier to operate and maintain. In this 

sense, hybrid technologies based on gas-liquid contact membrane systems have shown special advantages, 

recently.  

A membrane gas-liquid contactor is a hybrid technique that combines solvent absorption and membrane 

separation techniques. The membrane separates the gas and liquid phases at the interface to provide mass 

transfer contact area for CO2 absorption and desorption (Kim et al., 2021). The membrane only permeates 

CO2 molecules and reject the transport of the liquid or other gas molecules such as nitrogen in flue gases or 

methane in natural gas. These gas-solvent membrane units can improve the gas absorption process in 400-

1500 % regarding the mass transfer area per unit volume and so that allow for a much more compact 

equipment. Different types of membranes can be applied (polymeric, ceramic) as well as solvents amines, 

potassium carbonate, ammonia and amino acids (Zhang et al., 2021) it is found that the CO2 removal 

efficiency increased with the increase of gas flow rate, adsorbent flow rate and absorbent concentration. The 
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increase of absorbent temperature has a slight disadvantageous effect on CO2 removal efficiency. During the 

experimental process, the CO2 removal efficiency reaches 97.4% 

4.3. Chemical Absorption (Gas-Liquid Scrubbing) 

Focusing on chemical absorption of CO2 from gas mixtures, the state of art is the ab-/desorption looping 

process via reactions of CO2 with chemically reactive and selective liquid solvents, are techniques most widely 

used in post-combustion CO2 capture. Amine absorption technology is the most common commercial 

method for CO2 capture from flue gas (Alkhatib et al., 2022). In particular, the aqueous solution of 

monoethanolamine (MEA, i.e., 30%w MEA in water) is especially efficient and allows to reach a CO2 removal 

efficiency > 95 % (Mokhatab et al., 2018)). However, the phase of regeneration (or stripping) requires an 

important heat flux at relatively high temperature (ca. 130 °C) for the evaporation of water in the solvent 

mixture and to break the bond between water and CO2 to desorb it. This fact makes the process especially 

suitable in plants where there is available waste heat or renewable heat sources. 

Moreover, even if the solvent reposition is minimal due to its great capacity of regeneration, the use of 

amines can require some safety precautions due to their toxicity and implies different operating issues such 

as volatility of the solvent in the stripping phase, corrosivity at higher temperatures.  

To overcome this barrier, currently, new reactive solvents including ion liquids (Luo and Wang, 2017), deep 

eutectic mixtures (Mirza et al., 2017), enzyme (carbonic anhydrase) accelerated solvents (Kunze et al., 2015), 

metal-organic complexes (Heyn et al., 2014) have being reported. However, among all these techniques, 

absorption of CO2 in amine blends is still the most mature technology. However, gas-liquid scrubbers using 

30% MEA solution tested in HERA’s facilities have shown not toxic/ hazardous issues. 

 

4.4. Physical-Chemical Gas-Solid Adsorption and Molecular 

Sieves.  

Physical-Chemical Adsorption consists on the capture and retention of molecules onto a solid structure 

entering macro-, meso- and/or micro-pores of the adsorbent, due to interactions between the adsorbate 

(substance to be retained) and the adsorbent. These interactions may be Van der Waals forces (London 

dispersion, dipole-dipole interactions), which are known to be quite weak links. Also, other mechanisms may 

be related to chemical-sorption or physical-sorption such as hydrogen bonds, hydrophobicity, or polarity. In 

accordance to current data that will be validated by the beginning of the project, this process is envisaged to 

work approximately at isothermal conditions varying the pressure of work (PSA, Pressure Swing Adsorption). 

The gas-solid physical-chemical adsorption processing exhibits significant advantages in contrast to current 

chemical-absorption capture process involving chemical absorption using solvents such amines or related 

compounds. Amine-based absorbent materials are known to be very toxic and dangerous substances, and to 

require appropriate risk & safety measures including a secure area for use. On the other hand, physical -

chemical adsorbents may be sensitive to some processing conditions that may damage their performance 

but, in any case, physical-chemical adsorbents are not considered as toxic at all. Also, adsorbent regeneration 

may imply less energy than current chemical absorbent regeneration since energy saving strategies such as 

pressure swing conditions may promote CO2 desorption.  
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Physical adsorption is a high energy-efficient process in comparison with other technologies (cryogenic 

methods have a good efficiency, but also very high energy consumes). In comparison with chemical 

absorption capture method, physical adsorption may save between 40 % and 50 % of the energy needed.  

Under-development adsorbents may imply potential negative points for short-term applications (costs, 

availability, technical production, etc.). However, these adsorbents show relevant advantages and may cover 

specification requirements for specific target purposes and also get the advantages from expected progress 

associated to technology of materials.  

Regarding the adsorbent materials, the following may be considered: activated carbon, silica gel, activated 

alumina, mesostructured materials, metal organic frameworks (MOFs), hydrotalcites and zeolites.  

Activated carbons and zeolites are commercially available through several suppliers at competitive prices, 

which is a positive factor to select these adsorbents. This fact does not happen with other adsorbents such 

as Metal Organic Frameworks (MOF), which show excellent properties for CO2 adsorption but are not 

available at all in large quantities or at reasonable prices yet. Also, hydrotalcite-like materials have a good 

behaviour if high pressures and temperatures are required, but they are quite expensive materials. Silica-gel, 

activated alumina and mesostructured materials were not considered to be the most adequate adsorbents, 

as these materials work better at lower temperatures than the required ones. In addition, these materials, 

especially activated alumina, and even more mesostructured materials, may need to be functionalized with 

other chemical groups to improve their adsorption capacity and/or selectivity. 

In general, gas-solid adsorption for CO2 capture technology shows a good potential behavior in order to 

decrease costs and to improve efficiency. In addition, toxic and hazardous materials and volatile solvents are 

avoided in contrast to traditional chemical-absorption capture process involving amines organic volatiles 

solvents and, thus, do not require specific risk & safety measures. 

In addition, physical-chemical adsorption CO2 capture processing is highly cost-competitive in terms of energy 

consumption. The step of solid adsorbent regeneration is less energy-consuming than traditional chemical 

absorbent regeneration, especially when using strategies such as pressure swing conditions to promote CO2 

desorption. In this line, Pressure Swing Adsorption (PSA) is a high energy-efficient process in comparison with 

other technologies (e.g. cryogenic CO2 capture processes, that provide high CO2 removal efficiency, but also 

very high energy consumes). Also, in comparison with chemical absorption capture method, physical 

adsorption may save between 40 % and 50 % of the energy needed. 

By last, advanced efficient CO2 adsorbents based on chemical functionalized solid materials are currently 
being investigated and can pave the way for next generation CO2 capture and industrial flues gases 
treatment. This type of materials offers great potential for replacing the current energy intensive amine-
based absorption technology (gas-liquid scrubbers) and address the scalability of adsorption-based capture 
processes.  
 
In this sense, there is great potential for future application in the developing of advanced efficient CO2 
adsorbents based on chemical functionalized materials, for instance amino-based solid materials such as 
silicas, zeolites, graphene, or other kind or organic structures (MOFs) that can, not only significantly enhance 
the kinetics and efficiency of the adsorption processes, making them more robust and faster, but also provide 
more compact size-equipment and installations (Gelles et al., 2020). 
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TABLE 6. Criteria, challenges and opportunities for evaluating amino-functionalized adsorbents in CO2 capture 
systems (Gelles et al., 2020). 

Utilization criteria Challenges Opportunities 
CO2 working capacity Dynamic capacities reduced at high mass-flow 

rates 
Flue gas impurities (SOx/NOx) poison adsorbents 
and reduce adsorption capacities 

Enhanced capacities in dilute (< 10% CO2) operating 
conditions. 
Enhanced capacities at post-combustion operating 
temperatures (50–75 °C). 
Improved capture in humidified operating 
conditions (flue gas). 

Adsorbent kinetics Diffusional resistances at increased amine-
loadings 

Kinetic improvement at increased temperatures. 
Addition of surfactants improves sorption kinetics. 

Regeneration requirements Irreversible capture due to chemical adsorption. 
Conventional PSA exhibit poor temperature 
control upon adsorption/desorption. 
High regeneration temperatures degrade amine 
and reduce working capacity. 

Vacuum and temperature swing adsorption  (VTSA) 
can regenerate aminosorbent in short desorption 
times when a vacuum with slight heating is applied.  
Temperature swing adsorption  (TSA) can 
regenerate amino-adsorbent at 75–110 °C. 

Cost Amine-MOFs can have costly synthesis procedures Mesoporous silica support is inexpensive and 
durable 

Long-term stability Amine degradation upon exposure to high 
temperature gradients and prolonged cyclic use 

Hybrid amino-adsorbents have shown promising 
stability over traditional class I/II materials. 
Amine-tethered materials have shown stable cyclic 
performances. 

 
Also, amine-adsorbents exhibit improved CO2 capture yield in dilute gaseous streams and good capture 
potential in humidified operating conditions in comparison to the bare adsorbent supports. However, they 
have shown overall diminished working capacities in the presence of flue gas impurities (SOx/NOx). 
 
Additionally, adsorbent kinetics have shown to be highly dependent on the porosity of the support, type of 
amine moiety, and amine loading. Microporous supports cannot accommodate the loading of large amine 
quantities without suffering from high diffusional resistances and diminished amine efficiencies. Therefore, 
mesoporous materials have been the focus of considerable investigations. 
 

Mesoporous adsorbent supports functionalized with large loadings of small amine moieties will exhibit 
enhanced sorption kinetics over larger amines, owing to less diffusional resistances occurring within the 
support pores. However, small moieties are more prone to leaching, indicating an important trade-off 
between sorption kinetics and long-term adsorbent stability. 
 

Traditionally, research has focused on the use of mesoporous silicas as support materials due to high 
chemical and thermal durability and low material costs. In recent years, the use of MOFs as supports has 
garnered significant traction.  
 
However, MOFs are expensive and complicated to synthesize, reducing their feasibility for industrial scale-
up. Diamine-appended MOFs with unique step-shaped isotherms, low N2 affinity, high CO2 working capacity, 
and low projected energy costs could be the next-generation adsorbents for industrial-scale CO2 capture 
processes. 
 
From process performance perspective, implementing amino-solids into bubbling fluidized columns has the 
potential to reduce energy usage by 40% in adsorption processes. Meanwhile, TSA systems can achieve 
complete adsorbent regeneration at relatively low temperatures (75–110 °C), as well as high cyclic stability 
when large amine moieties are implemented. 
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The formulation of a hybridized material that has both an easy and conveniently scalable synthesis 
procedure, and exhibits working capacities, cyclic stabilities, and sorption kinetics greater than current class 
I/II amine-adsorbents would aide in the implementation of solid-state amine-functionalized adsorbents for 
wide-spread carbon capture applications. 
 
Additionally, while VSA and TSA systems have shown promise for industrial scale up, future work should focus 
on conducting in-depth techno-economic analyses to determine costs associated with amino-solid scale-up 
and amino-solid stability at industrial scales. Additionally, many different amine types and adsorbent 
supports have been studied over the years. Future research will focus on the determination of the optimal 
amine and adsorbent pairing that is easy to synthesize and introduce into process operations with negligible 
drop-offs in working capacities.  
 

4.5. Chemical Looping 

Chemical Looping Combustion (CLC) is a very promising technology currently under development. Chemical 

looping principle for CO2 capture consists of feeding a combustion system only with oxygen and avoiding 

other gases such as nitrogen (present in air). As a result of this, an almost pure CO2 stream is generated, and 

no capture technology is needed.  

The oxygen is transferred to the combustion zone through a metal which is previously oxidized to metal oxide 

(metal+oxygen) that is introduced to the combustion chamber in absence of other gases such as nitrogen. 

The reduction reaction taking place between the fuel and metal oxide produces a high purity CO2 stream and 

pure metal (that is recirculated in the process).  

This technology is expected to achieve 100% capture efficiency with a low energy penalty. Besides, it could 

accomplish negative emissions in the case of biomass-based fuel (Abuelgasim et al., 2021). 

 

4.6. Comparative assessment for CO2 separation and 

purification technologies  

 

The Table 7-CO2 capture technologies benchmarking, here below, describe in detail a comparative study    

of the different CO2 separation and purification technologies:



 

 

TABLE 7. CO2 capture technologies benchmarking  

PROCESS Main Features Advantages Constraints & challenges Refs. 

Cryogenic 
separation 

 

 Capture of a 
component by an 
adsorbent by covalent 
link. 

 Drying and gas compression 
after combustion, distillation 
at very high pressure. 

 Large-scale is commercially 
unavailable. 

 High energy consumption. 

 Pre-treatment and dehydration 
of the feed gas required to 
remove components that would 
result in hydrate formation and 
CO2 freezing in cold section of the 
fractionation equipment. 
 

 Ryan-Holmes process (Mokhatab et al., 2018), which 
was created for enhanced oil recovery for 
fractionation of high CO2 gases.  

• FZ technology, developed at ExxonMobil Upstream 
Research Company, is a cryogenic distillation process 
for the single step removal of CO2 and H2S from natural 
gas involving the controlled freezing and remelting of 
CO2. This process is conceptual sound but has not been 
commercially proven (Northrop and Valencia, 2009, 
(Mokhatab et al., 2018)). 

Membrane-based 
systems  

  Separation based on 
different diffusion 
speed of gases through 
membranes or 
different molecule size 
and surface properties. 

 The process is free of toxic 
hazardous chemicals (no 
auxiliary agents are not 
required) 

 Continuous systems that can 
operate in stationary 
conditions. 

 Compact equipment 

 Modular equipment. 
Immediate scaling-up 

 Medium pressure gas stream 
is generated 

 Impendent flux of gas and 
liquid in specific gas-liquid 
membrane contactor 
systems. 
 

 Limited CO2 removal efficiency 
(ca. 90 %), and so that CO2 % vol. 
purity in comparison with other 
CO2 capture technologies such as 
cryogenic separation or physical-
chemical-adsorption.   

  Poor performance due to 
membrane contamination by 
critical impurities since humidity 
and soiling processes cause 
diffusion problems. 

 Gas humidity can be critical. 

Membrane separation for pre-combustion is not a mature 
technology so far. A few pilot scale systems have 
demonstrated the potential of extending the system to 
enlarged scale (Yun & Yun, 2017): 
 Eltron Research & Development Inc.: 

100 kg day−1 H2 production (2005) by employing an alloy 
membrane to separate H2 according to Sieverts’ Law. 
This project successfully improved membrane-based 
integrated gasification combined cycle (IGCC) flow 
sheets, achieving carbon capture greater than 95%. 

  Worcester Polytechnic Institute’s (WPI) (2010): > 566 L 
H2  produced per day with stable H2 fluxes achieved in 
actual syngas atmospheres at 450°C for more than 470 h 
under 12 bar pressure difference. The implement 
MembraGuardTM (T3’s technology) inhibited surface 
poisoning by H2S and H2 permeation showed good 
stability for more than 250 h. 

Membrane separation for post-combustion is a relatively 
mature technique (Yun & Yun, 2017). In 1995, the largest 
membrane-based natural gas processing plant in the 
world was built in Kadanwari, Pakistan. Cellulose acetate 

https://www.sciencedirect.com/topics/engineering/hydrate-formation
https://www.sciencedirect.com/topics/engineering/enhanced-oil-recovery
https://www.sciencedirect.com/topics/engineering/exxonmobil
https://www.sciencedirect.com/topics/engineering/cryogenic-distillation
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membrane was applied in this project to separate CO2.  It 
is a two-stage unit designed to treat 25 × 105 m3 h−1 of 
feed gas at 90 bar. The CO2 content is reduced from 12% 
to less than 3%. 

 After Kadanwari plant, the Qadirpur plant started in the 
same year and the processing capacity exceeded 
Kadanwari plant with 31 × 105 m3 h−1 of feed gas at 
59 bar. The CO2 content is reduced from 6.5 to 2%. The 
Qadirpur plant was upgraded to 64 × 105 m3 h−1 of feed 
gas in 2003. 

• Air separation membrane is still in its early stage. Air 
products and the DOE (US Department of Energy) are 
collecting data from a pilot plant near Baltimore in 
Maryland, with the capacity of 5 tons of oxygen per day. 
This facility will lead to the next step of designing and 
building a larger membrane air separation unit (150 tons 
oxygen per day). 

Chemical 
Absorption 
(Gas-Liquid 
Scrubbing) 

 

 Gas mixture separation 
by liquid solvent, 
forming a new 
compound. 
 

 Stream containing CO2 
(after cooling) is put in 
contact with solvent 
and then the solvent is 
thermally regenerated, 
releasing high quality 
CO2 

 High purity of CO2 can be 
obtained (>95%). 

 Ideal for high/low 
pressures.Large-scale is 
commercially available.  
Capacities are up to 
1,500,000 Nm³/h feed per 
train, and up to 4,000 tpd CO2 
per train. 

 Requires little modifications 
of plants already in use. 

 Thermal energy requirements for 
the stripping stage which involve 
CO2 desorption and solvent 
regeneration. 

 Potential risk due to hazardous 
toxic compounds can be released 
(during maintenance operations) 
when using amine-derived 
solvents or other kind of volatile 
organic solvents.  

  Presence of SOx and NOx 
decrease the effect of CO2 
removal 

Amine scrubbing has been used to separate carbon 
dioxide (CO2) from natural gas and hydrogen since 1930. 
It is a robust technology and is fully referenced in all 
applicable scales and different applications (flue gases, 
synthesis gases and process gases). Process and 
constant solvent improvements reduce the energy 
consumption per ton of CO2. Other advanced 
technologies will not provide energy-efficient or timely 
solutions to CO2 emission from conventional fossil fuel 

fired power plants. 
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 Very advantageous when 
excess heat is available in site 
(for instance, extra steam). 

 Process uses inexpensive, 
available and chemically 
stable solvent.  

 Low operating costs and high 
availability. 

Great variety of alternative 
liquid adsorbents and 
absorption/desorption 
processes have been 
developed at laboratory – scale 
(low volatile/ non-toxic 

solvents). 

  Equipment corrosion when using 
amine-based solvents. However, 
currently new solvents are 
commercially available. They are 
more stable, less corrosive and 
toxic. 

 Not modular 

 High footprint 
 

Membrane gas-
liquid contactors 

 

 Hybrid technique that 
combines solvent 
absorption and 
membrane separation 
that only permeates 
CO2 molecules and 
reject the transport of 
the solvent and other 
gases (N2, CH4, etc.)  

 These units can improve the 
gas absorption process by 
generating 400-1500% 
greater mass transfer area 
per unit volume leading to 
smaller equipment sizes. 

 Regeneration of CO2 can 
occur within a membrane 
contactor below the boiling 
point of the solvent, leading 
to lower energy 
consumption. 

 The major technical challenge 
with membrane contactors is the 
wetting of the membrane pores 
with solvent, which reduces the 
mass transfer coefficient. 

 Other factors such as the choice 
of solvent, the placement of the 
solvent on the shell or lumen side 
and the operational temperature 
are also critical to success. 

 The CO2 capture pilot trial using membrane contactors 
(Porogen hollow fibre membrane modules) developed by 
Gas Technology Institute (GTI) and Air Liquide Advanced 
Separation (ALaS) is one of the largest pilot plants installed 
(0.5 MW) at the National Carbon Capture Canter (NCCC) in 
the United States. Continuously operated for over 600 h in 
CO2 adsorption with 90 % CO2 capture rate with 95 % CO2 
purity in one stage.  

 A CO2 stripping trial at the coal-fired power plant in 
Romeoville, IL. with a CO2 stripping rate of 18 mmol/m2 s 
for a rich solvent with a 8 wt% CO2 loading at a stripping 
temperature of 104 °C and pressure 3.4 Bar gauge.  

 Post Combustion pilot plant trials of gas absorption using 
three different commercial hollow fibre membranes were 
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conducted by CO2CRC in Australia at a Victorian brown 
coal.  

 At the Vales Point power plant in Australia for both CO2 
absorption and stripping processes with the non-porous 
PDMS membranes, with stable CO2 absorption flux and 
CO2 recovery of 90 % for 28 days, without membrane 
degradation or solvent loss.  

Physical-
Chemical 
Gas-Solid 

Adsorption 
and molecular 

sieves. 

  Capture of a 
component by an 
adsorbent by Van der 
Waals link 

  TSA, PSA or hybrid 
methods available to 
work 

  Medium energy 
consumption 

  Capture of a 
component by an 
adsorbent by covalent 
link 

  Great variety of 
adsorbent materials:  
activated carbon, silica 
gel, activated alumina, 
mesostructured 
materials, metal 
organic frameworks 
(MOFs) hidrotalcytes 
and zeolites. 

(physical-chemical 
adsorption) 
 

 Small to medium-size plants  

 Toxic and hazardous 
materials and volatile 
solvents are avoided. 

  Cost-competitive in terms of 
energy consumption: 
adsorbent regeneration is 
easy to implement and is less 
energy-consuming than 
traditional chemical 
absorbent regeneration, 
especially when using 
strategies such as pressure 
swing conditions to promote 
CO2 desorption. In this line, 
Pressure Swing Adsorption 
(PSA) is a high energy-
efficient process in 
comparison with other 
technologies (e.g. cryogenic 

(physical-chemical adsorption) 
 

 Lower separation efficiency 
(especially for diluted streams) 

 Presence of other compounds 
affects the performance of 
separation  

 Great variety of adsorbents 
developed at laboratory – scale, 
but still not commercially 
available, specially regarding 
chemical functionalized solid 
absorbents. 

  Optimal adsorbents may be still 
expensive 
 

 Medium energy consumption 

 Commercial suppliers and working plants 
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  Great potential and 
future application in  
developing advanced 
efficient CO2 
adsorbents based on 
chemical functionalized 
materials, for instance 
amino-based solid 
materials such as 
silicas, zeolites, 
graphene, or other kind 
or organic structures 
(MOFS) can pave the 
way for next generation 
CO2 capture and 
industrial flues gases 
treatment. 

CO2 capture processes, that 
can provide high CO2 removal 
efficiency, but also very high 
energy consumes). 

 Low CAPEX and high energy-
efficient in comparison with 
cryogenic processes and 
chemical absorption. 

  High thermal stability  

  Easy recovering of 
adsorbents 

  Problematic wastes nor 
generated 

  Minimization of diffusion 
problems with suitable 
porous texture. 

 Simultaneous capture of CO2 
and SOX. 

Chemical Looping  Crushed limestone 
used as sorbent is a 
natural product, well 
distributed all over the 
world, non-hazardous 
and inexpensive.  

 

 Low corrosion rate. 

 Low efficiency penalties (5-
8%) while other mature 
CO2 capture systems yield a 
higher efficiency penalties (8-
12.5%). 

 Well suited for a wide range 
of flue gases.  

 Convenient for cement 
manufacturers or power 
plants located close to 
limestone sources. 

 Low absorption rate (high 
absorption towers). 

 Additives that increase the 
transfer kinetics may be needed, 
increasing the energy 
consumption. 

 Less mature that other 
technologies. 

 Lime suffers rapid deactivation. 

 Attrition or sorbent loss due to 
mechanical impacts. 

 2.7 MJ/kg of CO2 captured 1 MJ/kg of CO2 captured for 
oxy-combustion cement kiln firing. 

 First operation of chemical-looping combustion with 
gaseous fuels was demonstrated in 2003 and later with 
solid fuels in 2006. Total operational experience in 34 
pilots of 0.3 to 3 MW is more than 9000 h (1MWt at 
Darmstadt University (Germany) and 3 MWt at the 
Alstom’s Limestone Chemical Looping prototype 
(LCL™)(Mokhatab et al., 2018). 
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 Relatively environmentally 
friendly option due to the 
non-hazardous and non-
volatile character of the 
chemicals. 

  High temperatures and 
exhaustive control needed. 

  CaO degraded, needs to be 
replaced. 
 



 

 

Advantages and Disadvantages of different CO2 capture and purifications technologies can be observed in 

Table 7.  

Under-development adsorbents may imply potential negative points for short-term applications (costs, 

availability, technical production, etc.). Considering this circumstance jointly with previous exhaustive studies 

using some already developed and available adsorbents at laboratory and pilot scale, Zeolites – like porous 

materials and Activated Carbons have been chosen. These adsorbents show relevant advantages and may 

cover specification requirements for this specific target purpose and also get the advantages of imminent 

expected progress associated to technology of materials. 

Zeolites and Activated Carbons are commercially available through several suppliers at competitive prices, 

which is a positive factor to select these adsorbents. This fact does not happen with other adsorbents such 

as Metal Organic Frameworks (MOF), which show excellent properties for CO2 adsorption but are not 

available at all in large quantities or at reasonable prices yet. Also, hydrotalcite-like materials have a good 

behaviour if high pressures and temperatures are required, but they are quite expensive materials. Thus, 

hydrotalcite-like materials were not chosen for this process but should be considered in other processes with 

more critical conditions or in a future state of development if costs are dramatically cut down. Other potential 

adsorbent materials were not identified as suitable candidates since they do not match the specification of 

the process. Silica gel activated alumina and mesostructured materials were not considered to be the most 

adequate adsorbents, as these materials work better at lower temperatures than the required ones. 

 

FIGURE 4. A Discussion on Acid Gas Removal and Handling in Natural Gas Treatment and Processing (Markus Sprenkel, n.d.)  

 

https://www.linkedin.com/pulse/discussion-acid-gas-removal-handling-natural-marcus-sprenkel/
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5. Preliminary study for upgrading of biogenic CO2 
emissions in HERA process streams 

CO2 from biogas could be originated in the biogas upgrading or biogas combustion.  

Biogas upgrading to biomethane generates high purity CO2 (more than 95% in purity), containing non-desired 

chemicals species such as sulphur compounds (mainly H2S). H2S could be easily removed from gaseous 

streams (typically from raw biogas or separated CO2) by installing mature technologies such as activated 

carbon filters (Figure 5). 

 

FIGURE 5. Technologies for controlling H2S (Christopher Ristevski, Rosanna Kronfli, n.d.) 

 

Other minoritarian components of the CO2 stream are CH4, H2O and air (in case atmospheric pressure 

process). Small amounts of O2 and CH4 could be eliminated by means of a catalytic pre-oxidation system. 

Traces of amines are occasionally found at temperatures above 15-20ºC (outlet CO2 effluent-in the amine 

scrubbing facility). In these cases, an extra cooling step is advisable (to remove the amine and to reduce the 

water content). In any case, water could be eliminated by condensation.  

CO2 final pressure and temperature depends on the upgrading technology being installed. In case of amine 

scrubbing CO2 will be delivered at several mbar and approx. 15ºC (after cooling the CO2-rich stream as it was 

mentioned above). 

https://www.linkedin.com/pulse/discussion-acid-gas-removal-handling-natural-marcus-sprenkel/
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Average flows are very variable: from small-size facilities being 50 Nm3/h up to medium size-big facilities 

(2000 Nm3/hour). 

6. Summary and conclusions 

The deliverable D2.1 has successfully addressed a complete state-of-the art and benchmarking study for 

evaluating the current technologies for CO2 upgrading to be potentially implemented in the framework of 

the CO2SMOS project. A full value chain strategy has been set up in order to meet the requirements of the 

different CO2-to-chemicals processes, and select the most suitable purification technologies based on their 

pros/cons of the different CO2 upgrading technologies and their potential scalability. 

The approach provided by CO2SMOS in this deliverable considers different criteria to determine which 

technologies are the most cost-effective and environmentally friendly, but also, potentially implemented in 

the targeted bio-based industries, producers of biogenic CO2 emissions, with the aim of using these streams 

as a bio-feedstock for producing chemicals as proposed by CO2SMOS project. 

As a first conclusion, the upstream process of CO2 purification (i.e. elimination of minor undesired chemicals 

that are present in the stream) degree will depend on the requirements of the downstream technology 

(CO2SMOS). First approach to contaminants and removal methods has been performed. Nevertheless, this 

information will be validated once the CO2SMOS technologies are in a higher degree of development, and 

specific contaminant tests are carried out in the laboratories or pilot plants.  

As a first note, CO2 upgrading and purification technologies are considering the following factors: i) CO2 

minimum % purity required, ii) contaminant nature and origin and iii) tolerance (max. concentration).  

As explained in the section 3.-CO2 stream composition specifications, each conversion technology (gas-

fermentation, electrocatalysis and biobased-catalysis) require some upstream specifications to meet an 

optimal CO2 purity and, specially, to limit the concentration of certain contaminants which are critical for a 

good performance of the CO2-to-chemicals processes.  In this sense, the following guidelines must be 

considered: 

 For the gas-fermentation process (conversion of CO2+H2/syngas into acetate and 2-3 BDO): the most 

common impurities present in biogenic CO2 process streams from bio-based industries that may 

interfere with the metabolism of the microorganisms able to use CO2/CO as carbon source are O2, 

HCN, NH3, benzene/tars, H2S and ethylene. The limit concentration of these contaminants is being 

determined in the experimental tests developed along the tasks T2.2 (Advanced GMO preparation 

for gas (CO2/CO/H2) fermentation process) and T2.3 (Optimization of CO2 + H2 and syngas 

fermentation process parameters for acetate production). 

 For the electro-catalytic processes (conversion of CO2+H2 into syngas): stability tests to determine 

the tolerable impurity limits of H2S, CH4, N2 with materials for the new electrodes and eletrolites for 

the development of the new electrochemical cells in the task T2.4 Optimization and integration of 

the electrocatalytic reactor for syngas production. 

 Bio-based catalysts: conversion of biomass + CO2 into cyclic carbonates: preliminary experimental 

studies (task T3.2. Organic /biocatalysed conversion to cyclic carbonates) have reported limiting 

specifications for using CO2 as biofeedstock in this specific process such as: minimum CO2 

content/purity: 99%, max H2O content of 100 ppm, max N2 content 100 ppm; CH4 100 ppm, and addition strong 

limitations of “poisoning” contaminants such as CO, NO, O2 and H2S that must be totally avoided. 
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Regarding the second part of the report, i.e., the current state-of-art and benchmarking study about CO2 

capture and upgrading processes, five relevant technologies have been studied in detail: cryogenic 

separation, membrane-based systems, chemical absorption (gas-liquid scrubbing), gas-solid adsorption and 

molecular sieves and chemical looping. 

Many of these technologies have successfully achieved a high efficiency CO2 separation in the biobased 

industry. The most mature and worldwide implemented is the chemical gas-liquid absorption processes 

(scrubbing) which may use different types of solvents. Currently, 2nd and 3rd generation solvents are able to 

operate with very high reliability, availability and low amount of waste production. The health risk associated 

to the solvents is reaching the minimum and only limited to the maintenance operations. In addition, excess 

heat sources (that are present in several industrial facilities) could provide the necessary (low temperature) 

heat to regenerate the solvent, enabling the OPEX reduction. Currently, HERA group is running successfully 

a biogas upgrading pilot plant from organic matter anaerobic digestion, using solvent-based gas-liquid 

scrubbing reaching CO2 purity over 95 % along with a small amount of impurities, mainly O2 (< 1%), N2/CH4 

(0-0,1%) and water/amines trazes. This technology could be a feasible available solution to be implemented 

in the future up-scaling of the process & technologies of CO2SMOS project. Also, membrane-based 

technologies are also very good alternatives in continuous development, especially for small and medium-

size plants. They are modular, plug and play facilities and ideal when space in plant is a limitation. 

In addition, gas-solid adsorption for CO2 capture technology have a very good potential behavior to decrease 

costs, improve efficiency and avoid toxic and hazardous materials. In addition, physical-chemical adsorption 

CO2 capture processing is highly cost-competitive in terms of producing high purity-concentrated CO2 from 

different sources of biogenic CO2 streams and captured GHEs. Regarding the energy consumption, the step 

of solid adsorbent regeneration may be less energy-consuming than traditional chemical absorbent 

regeneration, especially when using strategies such as pressure swing conditions to promote CO2 desorption. 

In this line, Pressure Swing Adsorption (PSA) is a high energy-efficient process in comparison with other 

technologies (e.g. cryogenic CO2 capture processes, that provide high CO2 removal efficiency, but also very 

high energy consumes).  

By last, advanced efficient CO2 adsorbents based on chemical functionalized solid materials, basically based 

on zeolite materials, are very promising as a current solution, but also with a large potential for the 

development of new bio-based adsorbent materials. 

Nevertheless, a single one-step/technology process will not be probably the best option to provide a flexible 

full solution for the different CO2-to-chemicals processes developed within the CO2SMOS project. Moreover, 

a combined cascade process comprising two stages: a first stage for the initial capture and upgrading of CO2 

from the direct industrial streams, e.g., by either a gas-liquid absorption/scrubbing unit or membrane gas-

liquid contact system, followed by a second stage that may include a physical-chemical 

adsorption/desorption processes with the capacity of producing high purity CO2 streams (99 %) if needed. 

In this sense, a more detail study based on specific techno-economical calculations and processes integration 

may be developed in order to obtain a more close-to-industry result, prior to the replicability and semi-

industrial scale up. 
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