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ABSTRACT 

Industrial decarbonization is essential to achieving climate and net-
zero emissions goals, with Carbon Capture and Storage (CCS) one the 
key strategies to handle on-site emissions. From 2045, Sweden aims 
negative goal emissions, which makes even more relevant the fast 
development of strategies on permanent carbon storage processes. 
The Swedish forestry industry, in particular the pulp and paper sector, 
tops among the largest players in the world. Nevertheless, it produces 
yearly hundreds of thousands of tons of by-product, such as lime 
mud, green liquor sludge and lime grits which landfilled, bringing both 
economic and environmental costs.  
 
The aim of this work was to explore the potential of enzymatic routes 
combined with residues from the paper-making industry for carbon 
dioxide capture, and to assess carbon storage using CO2-rich media 
and relevant minerals within Sweden. Carbonic anhydrase (CA), a 
ubiquitous enzyme that catalyzes CO2 hydration, was used to evaluate 
its enhancement effect on CO2 capture. Four distinct residues tested 
with DvCA8.0 lysate showed a CA-boosting effect on CO2-equivalent 
capture of up to 4-fold under open-air conditions and 2.2-fold in CO2-
rich experiments, reaching concentrations of up to 0.5 g/L and 0.74 
g/L, respectively. Element leaching, particularly Ca2+ and Mg2+, 
positively correlated with CA addition, likely due to enzyme-enhanced 
H+ production promoting the dissolution of residue components such 
as CaCO3 and MgO, further demonstrating the compatibility of CA 
with the tested materials. 
 
Despite their high specificity, enzymes are sensitive and costly to 
produce, posing challenges for large-scale applications. To address 
this issue, DvCA8.0 was immobilized on nanomagnetic particles to 
improve stability, enhance productivity, and enable biocatalyst 
recycling. CO2 capture experiments with lime mud (0.4%) showed that 
the immobilized enzyme remained active for up to ten consecutive 
cycles, exhibiting productivity 2.4 times higher than the free enzyme, 
highlighting the potential of the CA immobilization strategy. 
 



 

System optimization was followed using lime mud. Variables such as 
gas flowrate, residue concentration, CA lysate load and type, and time 
were assessed to identify the most suitable condition for both 
increasing carbon capture and CA-effect. Tests were firstly conducted 
in a continuous flow and ambient pressure mode, and showed a CA 
enhancement of up to 70% higher when compared to non-catalyzed 
conditions. At optimized conditions, a total of 5.1 g/L of bicarbonate 
was measured in the supernatant, with CA-boosting effect of 1.4-fold. 
 
Later, tests under distinct CO2 partial pressures and temperatures 
were performed to evaluate kinetics of CO2 capture for both enzyme 
and non-enzyme assisted systems, which led to an increase on the 
rate of CO2 uptake in 2-fold (40 °C and 14 bar).Other four enzymes 
were tested, and ApCA, a carbonic anhydrase from Aeribacillus 
pallidus, showed the best performance, with a enhancement of 4-fold 
when compared to non-CA added systems. Finally, a multicycle 
experiment was performed and revealed a CO2 uptake of 10.3 g/L in 
the CA presence. 
 
In addition, the carbon storage potential of different minerals was 
evaluated. Batch tests with olivine and bicarbonate-rich solutions 
showed a modest 6.9% increase in mineral carbonation with DvCA8.0, 
likely limited by the low bicarbonate concentration and mildly acidic 
pH. Finally, 10-bar CO2 batch experiments with Swedish rock samples 
confirmed carbon storage in stable carbonate forms, such as Ca- and 
Fe-carbonate forms, demonstrating the feasibility of coupling 
enzymatic CO2 capture with long-term mineral storage in integrated 
CCS processes for Sweden. 
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1 INTRODUCTION 

This chapter aims to provide a general overview of the main concepts 

involved and worked through the development of this doctorate thesis.  

1.1 Carbon Capture and Storage (CCS) and the Swedish ambition to it 

Over the last decades, carbon capture and storage (CCS) has been 

considered a key strategy to tackle climate change. “Burying” emissions can 

sound, understandably, a logical way to impede carbon to reach atmosphere 

and, as consequence, decreasing its effect on Earth´s natural carbon cycle. 

Nevertheless, substantial expansion of CCS technologies has not been 

advancing as expected, raising some questions about what is being missed 1. 

The environment, though, is not homogeneous, being strongly influenced by 

national interests and current policy frameworks that need to be updated 

for an effective “pull” in CCS. By 2024, approximately 50 Mton CO2/year of 

large-scale carbon capture (CC) facilities were operating in the world, with 

expansion plans reaching up to 142 Mton CO2/year. Nevertheless, a gap of 

589 Mton CO2/year would be remaining for reaching the Net Zero Emissions 

by 2050 (NZE) Scenario to keep global temperatures raise below 1.5oC 2.  

Moreover, CCS becomes especially relevant in hard-to-abate industries, 

which comprises sectors such as cement, steel/iron and coal-based 

chemical, and it is even more critical to mitigate the called unavoidable 
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emissions – whose definition still remains vague, what can potentially under 

stimulate stakeholders to take prompt action, adopting a inert position 

regarding emissions mitigation3. 

Costs, of course, play a determinant role in enabling commercial CCS plants, 

and the lack of scale contributes to this loop of uncertainty. Moreover, the 

heterogeneity of carbon policies in a regional and world level put on hold 

investments on CCS projects4. In this way, countries’ engagement towards a 

lower-carbon economy is a product of multiple variables and could benefit 

from past strategies that allocated some nations in privileged position the 

CCS context. 

Compared to OECD members, Sweden outperforms in annual volume of CO2 

emissions per capita, with less than half of the countries average emissions5, 

and in 2017 became legally bond, via the establishment of the Swedish 

Climate´s act and the climate policy framework, to achieve a status of net-

zero GHG emissions economy by 2045, with carbon negative after emissions 

after that6. 

Besides its ambitious target, Sweden possesses several advantages that 

support the feasibility of this commitment. Its extensive forest coverage acts 

as a significant carbon sink, although the long-term capacity of Swedish 

forests to retain atmospheric carbon remains a matter of debate7. 

Furthermore, the country's electricity sector is already largely decarbonized, 

with nearly 99% of electricity generation coming from fossil-free sources in 

20258. Finally, the well-established bioeconomy that has emerged over 
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recent decades, along with recent policy initiatives designed to further 

expand it, represents a fundamental pillar of Sweden’s pathway toward 

achieving its climate goals. 

In this regard, Bioenergy Carbon Capture and Storage (BECCS) has been 

widely pointed as a key path to fast decarbonize Swedish industry. Biofuels 

and waste currently accounts for approximately one quarter of total energy 

supply8, and government has attempted to establish a favorable scenario to 

drive it, such the recent state aid to abate implementation costs via 

reversed auctions in projects that successfully demonstrate carbon storage. 

Biomass-based industries, such as pulp and paper mills, biomass-fueled 

power plants, and waste-to-energy facilities, are significant emitters that 

could benefit from BECCS initiatives by avoiding future carbon taxation, 

adding value to their products, and contributing to national carbon 

neutrality plans. In addition, the potential BECCS surplus is estimated to be 

at least 19 MtCO₂/year—an amount that, if successfully achieved, would 

bring the country close to a net-zero emissions scenario 9. 

1.2 Carbon Capture Technologies for CO2-Rich Industrial Streams 

1.2.1 Carbon Capture Technologies: the now and after 

Capturing carbon, though, can be performed via two distinct paths, 

encompassing Direct Air Capture (DAC) and point-source capture. The first 

consists of removing existing CO2 from the atmosphere, and the latter 
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focuses on catching exhaust gases of rich-CO2 streams directly from emitting 

sources. 

Point-source capture fits much better within the industrial context, and can 

be classified, primarily, in four main categories: pre-combustion, post-

combustion, oxyfuel combustion and chemical loop10, which, up to date, 

includes several technologies presenting distinct technology readiness level 

(TRL) and maturity levels. Figure 1 shows an overview of main point-source 

capture technologies, including ready-to-market demonstrated plants (TRL 

8-9) such as chemical absorption technologies11. 

 

Figure 1: Main point-source CO2 capture technologies 

Through chemical absorption, CO2 chemically reacts with a solvent, 

converting into a distinct species, whose reaction mechanism varies 
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according to the nature of the solvent. With primary and secondary 

amines12, as well as amino acid ionic liquids13, for example, carbamate ions 

are majorly formed; whereas with tertiary/hindered amines and salt 

carbonates, bicarbonate ions are the product of reaction14.   

Conventional CO₂ capture is commonly based on absorption–desorption 

processes using aqueous amine solvents. In the absorption step, a CO₂-

containing gas stream is contacted with the solvent in an absorber column, 

where CO₂ reacts chemically with the amine to form soluble carbonate, 

bicarbonate, and carbamate species. The CO₂-rich solvent is subsequently 

transferred to a desorption (or regeneration) column, where heat is applied 

to reverse these reactions and release a concentrated CO₂ stream suitable 

for compression, transport, and storage. The regenerated solvent is then 

recycled back to the absorber, creating a continuous capture cycle (Figure 

2). 

 

Figure 2: Absorption-Desorption cycle using liquid solvents – chemical absorption 
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Over the decades, chemical absorption-based systems have been the focus 

of extensive research, particularly regarding solvent development, which is 

the most fundamental aspect of technology. Primary amines, such as 

monoethanolamine (MEA), remain the benchmark solvents for post-

combustion CO₂ capture. However, the search for novel solvents with 

improved characteristics—such as lower desorption enthalpy, reduced 

corrosiveness, lower degradation rates, and diminished environmental 

impacts resulting from process losses—has continued 15. 

In this sense, a variety of alternatives have been emerging, comprising 

functionalized solvents, advanced blends, and ionic liquids16. In addition, 

other state-of-the-art technologies, as example of modified hot potassium 

carbonate17 and alkali-based systems18, demonstrated quick advance  in the 

field, with the promise of being more chemically stable without exhibiting 

the typical harshness of organic solvents.  

1.3 Industrial Alkaline Residues in carbon capture – a potential to 

unlock 

The valorization of industrial residues as CO2 co-sequestrants agents is a 

promising approach both to enable less-carbon intensive CCS processes and 

to promote circular economy – by prolonging waste lifecycle and 

repurposing it as feedstock. Their massive production is estimated in the 

order of billion tons per year19, which could potentially capture over 7.5 

Gton CO2/year20. 
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Through accelerated weathering, rich-alkali materials gain a dimension as a 

valuable precursor in CO2 capture, generating bicarbonate ions and cations, 

such as Mg2+ and Ca2+ (Figure 1) essential for further carbon mineralization 

and consequently, permanent carbon storage21. Feedstocks, though, are 

chemically varied, including ashes from combustion, steel slag, cement kiln 

dust, tailing and mining residues, and alkaline paper waste22,23.  

A common feature in their composition is the presence of inorganics such as 

oxides/hydroxides and carbonates. When they react with CO2, via aqueous 

carbonation, H+ are formed from CO2 hydration reaction and attacks solid 

matrixes, promoting their dissolution and release of cations in the solution. 

In parallel, carbonate ions are produced, which can quickly convert to 

bicarbonates according to its environment pH. Figure 3 illustrates the main 

reactions pathways involved in the accelerated weathering of rich-alkali 

wastes. 

 

Figure 3: Reactions involved in CO2 hydration and mineral dissolution 

1.3.1 The context of the pulp and paper industry residues in CCS 

When talking about alkaline waste, surely the pulp and paper industry 

stands out. The sector is one the most well-established in Sweden and 
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generates hundreds of thousands of alkaline wastes per year, which are 

mostly disposed of in landfills. Among the waste streams produced by the 

kraft pulp and paper making process, several exhibit remarkable potential 

for integration into CC processes, particularly lime mud, green liquor sludge, 

and lime dregs24, as illustrated in figure 3. 

 

Figure 4: Typical wastes fluxes from pulp and paper mill – adapted from25 (license: CC by 

3.0) 

As before mentioned, these materials are highly alkaline and contain 

substantial amounts of CaCO₃, along with smaller quantities of other 

alkaline metal oxides25, whose typical compositions are displayed in table 1. 

In the case of green liquor sludge, sulfate concentrations may approach 

hazardous levels as a consequence of the chemical recovery cycle26, making 

the material requiring more attention during its waste management.  
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Complementary, previous studies employing pulp and paper waste streams 

to assist CO₂ capture processes have demonstrated promising results 

towards their application in carbon capture, creating a opportunity window 

for developing novel CCS routes 25,27.  

Table 1: Representative mineralogical composition of kraft pulp mill residues reported in 

the literature. 

Residue Dominant Mineral 

Phases 

Secondary 

Minor Phases 

Representative 

Mineralogical 

Composition 

Ref. 

Lime Mud (LM) Calcite–Magnesian 

calcite (Ca₁₋ₓMgₓCO₃) 

Gypsum-related 

phases 

(CaSO₄·2H₂O) 

Calcite–

Magnesian 

calcite: >88% 

28,25 
 

Green Liquor 

Dregs (GLD) 

Calcite–Magnesian 

calcite (Ca₁₋ₓMgₓCO₃) 

Hydrotalcite-

like 

compounds; 

Gypsum-related 

phases 

Calcite–

Magnesian 

calcite: ~56–87% 

28, 

24,29 

 

Lime Grits (LG) 

(Slaker Grits) 

Pirssonite 

(Na₂Ca(CO₃)₂·2H₂O); 

Larnite (Ca₂SiO₄); Calcite 

(CaCO₃); Portlandite 

(Ca(OH)₂) 

Brucite 

(Mg(OH)₂) 

Pirssonite: 

~34%; 

Larnite: ~30%; 

Calcite: ~15%;  

28 

 

 

Nevertheless, technology constraints exist. When compared with highly 

reactive solvents such as MEA, alkali-waste-based CO₂ capture systems still 
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exhibit inferior performance. Carbonates, in special, are thermodynamically 

stable and exhibit slow kinetics of dissolution and carbon sequestration30.  

Its dissolution chemistry involves several limiting-rate steps, including mass 

transport diffusion, mineral-surface dissolution and hydration of CO2
31

.  

For calcite, for example, the reactive mineral surface area plays an 

important role in dissolution, which becomes fundamentally controlled by 

the CO₂ hydration reaction when the ratio of reaction volume to mineral 

surface area is < 10⁻³ cm—a condition likely to occur when working with 

pulp and paper residues, which exhibit high specific surface area32. In this 

way, finding alternatives to accelerate CO2 hydration might be effective to 

promote mineral dissolution, thus the accelerated weathering, as it 

produces bicarbonate ions.  

Among the strategies to enhance it are the pH control, optimization of 

water to solids ratio33, co-utilization with other solvents34, enhancement of 

CO2 mass transport via mixing and/or bubbling and the utilization of 

biocatalysts, such as carbonic anhydrase35. Figure 3 summarizes the main 

suggested mechanisms to promote CO2 hydration reaction. 
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Figure 5: Strategies for enhancing CO2 hydration – pH Control, Biocatalysts/Biomimetic 

catalysts, enhanced mass transfer, chemical boosters. 

1.4 Biotechnology for Accelerated Carbon Capture 

1.4.1 Bioprocesses for sustainable carbon management 

If CCS is a key technology for mitigating GHG emissions; the development of 

low-carbon processes has an equal strategic relevance for achieving net-

zero emissions, even though attributing sustainability to a process requires 

considering its environmental and social dimensions beyond CO₂ capture 

efficiency alone. 

 From a CC perspective, processes should be designed to minimize emission-

intensive steps, including energy and electricity consumption, as well as the 

use of chemicals and solvents, thereby enhancing the overall benefits of 
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carbon capture itself.  In this sense, the utilization of biotechnology comes 

as option to enhance processes efficiency, by employing alternative 

pathways using high specific (bio)resources. With help from biological 

agents, desired products are metabolized through methods such as 

fermentation and biocatalysis, mimicking existing processes in nature. 

CO₂ absorption, specifically, could benefit from the utilization of targeted 

biological products that enhance the CO₂ hydration reaction, often 

considered the rate-limiting step, thereby boosting the overall capture 

efficiency. Compared with some conventional CC technologies, bio-

enhanced CO₂ capture can operate under milder temperature and pressure 

conditions, requiring lower energy consumption during 

absorption/desorption cycles while enabling the use of a new generation of 

solvents and absorbents 36, 37,38,39. 

In this regard, enzyme-assisted CO₂ capture has shown increasing potential 

for the future of CCS, not only due to the high specificity of enzymes but also 

because of the existence of several variants that can be target to distinct 

operating environments. More specifically, carbonic anhydrase has emerged 

as one of the most promising enzymes for enhancing CO₂ capture processes. 

1.4.2 Carbonic Anhydrase: a star in bio- enhanced CO2 capture 

Carbonic anhydrase (CA) is a metalloenzyme which is possibly one of the 

most abundant existent enzymes and found in all domains of life. It plays a 

essential role in living organisms’ functions such as blood pH regulation, 
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respiration, acid-base exchange, and photosynthesis40,37. Also, it is among 

the fastest known enzymes, with a catalytic turnover (s-1) exceeding  106  

molecules of CO2 converted per second 41. To date, eight distinct genetic 

families of CA have been discovered42 – being α-, β-, γ- the most abundant 

ones, which can be typically found in eukaryotes and prokaryote groups, 

such as animals, fungi, plants, bacteria and archaea. As for δ-, ζ- , θ-, η- and 

ι- families, their presence is much restricted, and currently identified in 

groups like marine diatoms, some species of algae and some protozoan 

species 43,44,45. 

 The enzyme catalyzes a simple but essential reaction: the CO2 hydration. 

This reaction is performed via a 4-step reaction (Figure 3), where a central 

active site is a metallic ion, typically Zn2+ with the eventual presence of other 

metals such as Co2+, Fe2+, and Cd2+ 46.  

 Firstly, a water molecule is attracted by the active site, forming a metal-

hydroxide structure (EM2+- OH), a strong nucleophilic group, and releasing a 

proton H+ to the surroundings; then, a CO2 molecule enters a hydrophobic 

pocket near the active where suffer a nucleophilic attack a forming a bound 

molecule of  𝐻𝐶𝑂3
−; finally, a new water molecule enters the active site, 

releases the 𝐻𝐶𝑂3
−, and it is further regenerated by a H+  proton, forming 

the EM2+-OH group, reinitiating the catalysis cycle 47,48. The equations 1 and 

2 illustrate the detailed steps in the CA catalysis mechanism, for steps i and 

ii, and iii and iv, respectively, shown in Figure 4. 

EM2+ −H2O +  B ↔  EM
2+ − OH− + BH+ ↔ EM2+ − OH− + CO2        eq. 1 
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EM2+ − HCO3
−

H2O
↔  EM2+ − H2O + HCO3

−    eq. 2 

 

Figure 6: Catalytic mechanism of carbon anhydrase - i) CA active site is deprotonated(H+), 

ii) molecule of CO2 approaches the active site, iii) CO2 is coordinated into CA active site, iv) A 

molecule of bicarbonate is released by the substitution for a molecule of water followed by 

a deprotonation to restore the catalyst to the initial step. Adapted from37 (license: CC by 

3.0) 

As previously mentioned, CO2 hydration reaction plays an essential part in 

limiting accelerated mineral weathering, reason why CA utilization becomes 
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such an interesting alternative to boost it. Nevertheless, the selection of 

suitable variants- wild-type or engineered - is essential to guarantee they do 

not denature or inhibit when exposed to such processes. 

 In this context, several CAs are demonstrated to be a good fit when 

integrated to CO2 capture processes, with some of them presenting high 

tolerance to stress environments such as high alkalinity, elevated 

temperature and to the presence of compound typically found in exhaust 

gases, such as NOX and SOX 
41,49,50. In addition, the improvement of CAs is a 

smart way to target desired features, making them more adaptable and 

suited for CC processes specificities.  

Through rational design, which can employ molecular simulation and 

protein conformation, for example, it is possible to enhance CA features 

such as halotolerance51, thermostability52 or alkali-tolerance53 by the 

modification/substitution of surface residues or the salt bridges engineering 

in the protein structure.  

The successful implementation of carbonic anhydrase-assisted carbon 

capture processes depends not only on the catalytic efficiency of the 

enzyme but also on its operational stability and economic viability. Although 

carbonic anhydrase can accelerate the hydration of CO2 by several orders of 

magnitude compared with the uncatalyzed reaction, its direct utilization in 

industrial systems remains challenging. Free enzymes are susceptible to 

deactivation caused by temperature fluctuations, pH variations, 

contaminants present in industrial streams, and prolonged operation. 
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Furthermore, the recovery of soluble enzymes from large process volumes is 

often impractical, resulting in catalyst losses and increased operating costs. 

Consequently, enzyme immobilization has emerged as one of the most 

promising approaches to improve catalyst stability, facilitate enzyme 

recycling, and enhance the feasibility of enzyme-assisted carbon capture 

technologies37. 

Immobilization involves the attachment or confinement of enzymes onto a 

support material while preserving catalytic activity. Several immobilization 

techniques have been researched for carbonic anhydrase, including 

adsorption, entrapment, encapsulation, covalent bonding, and cross-linked 

enzyme aggregates (CLEAs)54. Adsorption-based methods are operationally 

much simpler and high enzyme loading, while entrapment and 

encapsulation can offer more robust protection against harsh operating 

conditions. Covalent bonding generally enhances enzyme retention and 

operational stability, whereas CLEA technologies eliminate the need for a 

support matrix altogether, reducing costs A broad range of support 

materials has been evaluated, including silica nanoparticles nature based 

materials like chitosan and alginate, metal–organic frameworks, hydrogels, 

and magnetic nanoparticles. For example, it has shown high residual 

activities and high reusability of carbonic anhydrase immobilized on gold 

and silver nanoparticles55, while significant improvements in thermal and 

alkaline stability through immobilization in biomimetic silica and chitosan–

alginate matrices were reported, respectively. Also, showed that 

mesoporous silica supports56 and metal–organic frameworks could  enhance 
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the CA stability after several operating cycles. The support material selection 

demands several factors include enzyme activity, mass-transfer limitations, 

mechanical stability, immobilization cost, and compatibility with the 

intended process. 

Beyond enzyme stabilization, immobilization techniques play a key role in 

scale-up. By increasing the enzyme lifetime through repeated operation 

cycles, , immobilized CA reduces the  enzyme-related costs that currently 

can limit their deployment. Immobilization may make enzymes become 

more resistant to alkaline conditions, an important characteristic for 

accelerated weathering systems, which commonly operate at elevated pH. 

Furthermore, immobilized biocatalysts can be integrated into several 

reactors types such as packed-bed reactors, gas–liquid absorption systems, 

and mineral carbonation processes. Particularly interesting are magnetic 

nanoparticle-based supports, which combine high enzyme loading with 

facile catalyst recovery through magnetic separation57 demonstrated that 

magnetic CLEAs retained approximately 95% of their initial activity after 

repeated CO2 absorption cycles, while reported near-complete activity 

retention after multiple carbonation cycles using magnetic mesocellular 

silica supports. Nevertheless, immobilization is often associated with a 

trade-off between catalyst stability and apparent activity, as diffusional 

limitations and restricted access to active sites may reduce catalytic 

performance.  
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Consequently, immobilization strategies should be thought not only 

according to enzyme retention but also to provide high efficiency response. 

In addition to conventional solvent-based capture systems, immobilized CA 

can act facilitating the implementation of alternative carbon capture 

technologies using alkaline residues, making that a long catalyst lifetime and 

scalability the main prerequisites for its economic feasibility. Among the 

current options to integrate alkaline solids and CA, magnetic nanoparticle-

based techniques can be quite suitable since combines high catalyst 

recovery, repeated utilization, and chemical compatibility to these 

materials. Such characteristics make such matrixes quite attractive 

candidates for coupling carbonic anhydrase with alkaline industrial residues 

for enhanced CO2 capture and storage. 

1.5 So then, could be Sweden a suitable spot for carbon storage? 

Developing novel carbon capture processes which can benefit from the 

available feedstocks, such as pulp and paper residues, could potentially help 

Sweden to advance in its climate targets. However, which are the 

perspectives for mineral permanent carbon storage? 

According to previous assessments, Sweden exhibited meaningful potential 

for geological CO₂ storage, primarily in offshore sedimentary formations 

beneath the Baltic Sea 58. Differently of other major geological formations in 

the country, which presents crystalline bedrock, the Baltic Basin is formed 

by deep Cambrian sandstone reservoirs such as the Faludden Formation, 
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layered by sedimentary rock of low permeability. Probabilistic assessments 

pointed out the that the Faludden reservoir alone could present a storage 

capacity of approximately 4–7 Gt of CO₂. Dalders structure, instead, might 

have an estimated potential to accommodate up to 224 Mt of CO₂.  

In addition, the Geological Survey of Sweden (SGU), in a joint project with 

research institutions, confirmed the feasibility of domestic CO₂ storage in 

2026. Through research focusing on marine seismic investigation and drilling 

tests, two promising regions for offshore storage were identified: in 

southeast of Gotland Island and in the south of Skåne. According to the 

findings, the regions show suitable geological conditions for guaranteeing 

safe and permanent CO2 storage, with estimated capacity over 5Mt CO2 per 

year. Nevertheless, before reaching commercial deployment, more studies 

to provide full site characterization as well as pilot studies are needed59. 

Also, a recent study60 conducted a valuable systematic assessment of  

onshore potential for permanent CO₂ storage through mineral carbonation 

in mafic rock formations in Sweden. In total, 23 distinct sites were 

assessment combining field mapping, mineral, chemical and petrology of all 

formations. From that, it was identified the dolerite-rich and gabbro-

anorthosite formations located between Örnsköldsvik and Sundsvall areas, 

as the most promising candidates for CO₂ storage. The formations analysis 

released high content of reactive minerals such as olivine, calcium-rich 

plagioclase, and clinopyroxene, while exhibiting phases with relatively low 

degrees of alteration – contributing to their suitability for carbon storage. In 
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this sense, the work suggests that the investigated geological sites could 

represent meaningful opportunities for permanent carbon sequestration, 

particularly due to their proximity to pulp and paper industries, creating a 

synergy for future CCS and BECCS deployment in Sweden. 

To conclude, efforts assessing storage capacity are essential for the Swedish 

climate strategy and to enable BECCS – driven by the presence of biomass-

intensive industries such as waste-to-energy, district heating and pulp and 

paper sectors. For that, the development of onshore storage sites could play 

a key role in enabling Sweden to achieve its long-term net-zero emissions 

targets since the proximity to local industries simplifies the logistics and 

costs involved in permanent carbon storage. 

1.6 The challenges in the industry to be overcome 

Even though the interest in CCS and BECCS technologies, primary challenges  

remain regarding their large-scale deployment. Among them, there is the 

high associated costs with both CO2 capture and purification, which 

generally burdens the economics of the CCS chain. Besides capital 

expenditures (CapEx) -  employed in the construction of the facilities itself - 

other relevant costs related to energy consumption, solvent/chemical 

regeneration, CO2 compression and transportation build up highly, making 

difficult such projects become economically feasible.  In this sense, reducing 

the costs of processes involved in the carbon capture chain is an urge for 

accelerating CCS adoption. 
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The utilization of alkaline industrial residues represents then an opportunity 

to reduce not only environmental footprint, but also operational costs of 

carbon capture, due its waste nature. Nevertheless,  implementing residue-

based carbonation processes involves several challenges, such as the 

variable material composition over the year, heterogeneity among distinct 

industrial sites, and the relatively slow kinetics of mineral dissolution and 

CO2 hydration. Furthermore, environmental concerns such as element 

leaching, high pH, waste manipulation, and long-term process effects must 

be also evaluated if a large-scale deployment is aimed. 

In this context, carbonic anhydrase has arising as a suitable  biocatalyst to 

enhance kinetic limitations associated with CO2 hydration reaction. 

However, technological barriers exist, especially regarding the utilization of 

the enzyme, such as its manufacturing costs, operational stability, 

denaturation or inhibition, besides the issues associated with enzyme 

reutilization and recovery. Because of that, to enable a successful CA-

process integration in the presence of alkaline solid residues require 

industrial robust process development to maximize overall carbon capture 

and continuous operability – which it is afterwards reflected on CCS costs. 

Targeting these challenges is essential for establishing integrated carbon 

capture and storage pathways that integrate alkaline residue valorization, 

biocatalysis, and then, permanent carbon storage. 
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2 SCOPE OF THIS WORK 

The motivation of this thesis was to explore the synergies between 

biotechnology and pulp and paper industry residues for the development of 

sustainable bio-enhanced carbon capture and storage (CCS) pathway in 

Sweden. The work consisted in assessing distinct residues and their 

suitability in enzyme-assisted CO2 capture for production rich-bicarbonate 

solutions as carbon source for geological mineral storage – illustrated in 

figure 7, integrating capture and storage in an industrial facility. Figure 8 

illustrates the workflow and research products used in this work. 

 

Figure 7: BECCS concept integrating pulp and paper residues and CA-assisted capture. 

First, a comprehensive assessment of several pulp and paper waste streams 

was conducted to evaluate their potential in carbonic anhydrase (CA)-

assisted CO₂ capture (Paper I). Subsequently, efforts were directed toward 



 

23 

improving the CA catalyst to determine whether enhanced stability and 

higher CO₂ capture efficiency per unit of enzyme could be achieved (Paper 

II). Building on these findings, the most promising residue was selected for 

further investigation under conditions more relevant to industrial operation, 

allowing the evaluation of key process parameters and the identification of 

optimal operating conditions for carbon capture (Paper III). Finally, the 

potential for permanent carbon storage through mineralization was 

assessed using different Swedish rock types, thereby evaluating their 

suitability for long-term CO₂ sequestration (Paper IV). 

 

Figure 8: Research structuring for integrated CCS pathway in Sweden 
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2.1 Thesis objectives 

As for research goals, this thesis aims to answer the following questions: 

✓ What is the potential of pulp and paper residues for carbonic 

anhydrase (CA)-enhanced CO₂ capture? 

✓ To what extent CA immobilization improve CO₂ capture 

efficiency and catalyst utilization when applied with pulp and 

paper residues CC? 

✓ How do operating parameters, including temperature, 

residue concentration, and enzyme type, influence CO₂ 

uptake and the enhancement effect of CA-assisted capture? 

✓ What is the potential of Swedish rock types to form stable 

carbon-bearing minerals through dissolution and 

carbonation processes in rich-bicarbonate solutions? 
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3 RESULTS AND DISCUSSION 

3.1 Potential of pulp and paper residues for enzyme-assisted CO2 

capture and storage in olivine (Paper I) – screening potential 

In this work, an initial assessment of CA-mediated carbon capture suitability 

with selected materials was aimed. In this step, four distinct pulp and paper 

residues (PPR),  lime mud (LM), lime grits (LG), green liquor sludge (GLS) and 

electrostatic precipitator dust (EPD), were screened in aqueous systems, 

with limited residues concentration (0.4%), using DvCA8.050 as biocatalyst.  

The materials were characterized via XRF and XRD, showing high content of 

alkaline phases, such as carbonates and oxides, and ranged from 83.1 – 

96.1%, confirming the findings of previous works (Figure 8). 

 

Figure 9: Percentage in mass of alkaline phases in pulp and paper residues. Adapted from37 

(license: CC by 3.0) 
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Both open-air experiments and rich-CO2 capture (illustrative setup Figure 9) 

tested were carried out to verify their suitability in limited and abundant 

CO2 concentrations. Experiments had pH monitored, and Ca2+/Mg2+(when 

relevant) concentration measured over time to track mineral dissolution, as 

well as equivalent CO2 captured quantified in the end of reactions. 

 

Figure 10: Illustrative setup of open-air and rich-CO2 experiments 

Results showed that CA addition enhanced overall CO₂ capture, ion leaching, 

with pH drop for all PPRs under both experimental conditions. The CA-

enhancement effect (ECA), however, was more pronounced under open-air 

conditions, reaching up to 4-fold compared to the non-CA system. This was 

possibly caused by the low CO₂ availability (0.044%), which increased the 

enzyme's effect on overcoming the limiting step of CO₂ uptake. 

In contrast, higher absolute CO₂ uptake was observed with CO₂-rich streams, 

reaching approximately 1.0 g/L of bicarbonate (LM), with ECA values up to 

1.9-fold (LD) (Figure 10). Mineral dissolution played a variable role in 
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bicarbonate production, particularly for GLS and LD, where 36% and 17% of 

the total bicarbonate formed, respectively, were attributed to MgO/CaO 

dissolution. 

Carbonation of a reference material, olivine, was performed using a 

bicarbonate-rich stream obtained from the CO₂ capture step (with LM). 

Results showed higher mineral leaching when using the filtered medium 

from the CA-assisted reaction (1.5-fold for Mg²⁺), possibly due to the lower 

pH resulting from enhanced CO₂ capture. Nevertheless, carbonation rates 

reached only 6.9%, and virtually no carbonation was observed when using 

the medium from the non-CA reaction. It is noteworthy that the relatively 

high pH and the limited concentrations of both divalent ions and 

bicarbonate may have contributed to these results. 

 

Figure 11: CO2 uptake and CA-enhancement effect - end point, for open-air and rich-CO2 

experiments. 

In conclusion, this study demonstrated the suitability of integrating CA and 

PPR for carbon capture. The overall CO₂ uptake may have been limited by 
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the low residue concentration (0.4%) and the supplied CO₂ flow rate (1.6 

mL/min). Olivine carbonation also showed positive results when tested with 

the CA-assisted bicarbonate-rich solution; however, system limitations 

contributed to the relatively low carbonation rates observed. 

Based on the obtained results, LM was selected for use in the scope of 

Papers II and III, as it showed the highest CO₂ uptake and CO₂ productivity. 

In the next section (Paper II), the assessment of the effect of immobilized CA 

on CO₂ capture performance was followed.  

3.2 Effect of immobilized enzyme on CO2 capture yield (Paper II) 

CA, even though presenting potential in enhancing CC processes, present 

some drawbacks regarding its utilization, especially concerning its 

robustness/stability and high-related costs 61.  

As motivated in section 1.4.2, enzyme immobilization shows valuable 

application in respect to improve its recyclability and stability enhancement. 

In this study, DvCA8.050 was immobilized in magnetic  nanoparticles (MNP) 

functionalized with amino groups. Immobilization path occurred via covalent 

bonding through the formation of a stable amide bond between the CA and 

MNP. Immobilization yield varied from 86-98% and a CA load ranging from 

38-51 mg/g MNP was reached. Among further benefits from the 

immobilization, it is to mention the easiness on catalyst recovery, aspect 

rather challenging when utilizing biocatalysts combined with fine dust 

materials. 
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Experiments were performed using LM at the same conditions in paper I 

(0.4 %w.w and flow rate of 1.6 mL/min of CO2) and similar step of rich-CO2 

experiments. The tests encompassed fours conditions: without-, with free- 

(lysate and pure) and MNP-immobilized CA. Results showed an that the 

enzyme could be reutilized per 10 cycles, bringing an enhancement of 2.8-

fold in g CO2 captured/g CA.  

Calcite dissolution showed similar results when compared to free enzyme, 

and decreased along the cycles, approaching control. Moreover, it 

contributed between 17-38% on equivalent CO2 capture. Final pH values, 

instead, were found to be between 7.0 to 7.2, for CA-added and control 

reactions, respectively. 

 

Figure 12: CO2 captured comparison of control, free and MNP-CA. and MNP-CA illustration. 

Adapted from62 (license: CC by 3.0) 

 

Also, the catalyst efficiency loss observed as the absorption cycles occurred 

was investigated. With help from SEM analysis (figure 12), it was possible to 
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identify accumulation of carbonates on catalyst surface, limiting substrate 

access to the enzyme and thus, CO2-to-bicarbonate conversion efficiency. 

 

Figure 13: CA-MNPs before, at the 1st round and 10th round of CO2 capture: Carbonate 

build-up over cycles on catalyst surface. Adapted from62 (license: CC by 3.0) 

With this work, it was demonstrated that MNP-CA outperformed the free 

enzyme, not only enhancing the amount of CO₂ captured per catalyst but 

also prolonging CA lifetime over several cycles. 

The re-precipitation of carbonates on the catalyst surface limited 

subsequent catalytic cycles, possibly by hindering CO₂ molecules from 

reaching the enzyme active sites. Therefore, future system optimization and 

advances in catalyst regeneration strategies are required to improve long-

term performance. 

3.2.1 Optimization of Enzyme-Assisted Carbon Capture in Lime Mud 

(Paper III) 

Results obtained in Paper I showed that LM was the most suitable candidate 

for CA-enhanced CO₂ capture. Nevertheless, the overall CO₂ capture 
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reached only 0.72 g/L, which is considerably lower than benchmark carbon 

capture processes, where CO₂ loadings can exceed 100 g/L63. In this sense, a 

system optimization was performed to identify the most suitable working 

conditions for maximizing CO2 capture and CA effect. 

Several parameters were assessed including LM concentration, gas flowrate, 

CA type/load, temperature and pressure. Experiments were performed 

under open rich-CO2 streams and pressurized reactors, as indicated by 

Figure 13. 

 

Figure 14: Setups utilized on the optimization of CA-enhanced LM system 

At room temperature, both CO₂ uptake and ECA were maximized at a gas 

flow rate of 40 mL/min (20% CO₂) and an LM concentration of 20%. Among 

the five carbonic anhydrases evaluated, DvCA8.0 exhibited the highest CO₂ 

capture performance, reaching a CO2 uptake of 1.44 g/L  

Increasing the gas flow rate enhanced the overall CO₂ capture capacity; 

however, it reduced the relative contribution of the enzyme. The excess CO₂ 

supplied to the system likely shifted the hydration reaction from being 

catalytically controlled to predominantly driven by CO₂ availability. Similarly, 
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increasing the LM concentration resulted in higher CO₂ uptake due to the 

greater availability of reactive mineral phases. Nevertheless, at the highest 

solid loading tested, the CA enhancement effect decreased, suggesting the 

occurrence of mass-transfer limitations and possible bicarbonate-induced 

enzyme inhibition. 

Evaluation under different pressure and temperature conditions further 

demonstrated the potential of the CA-assisted process. The highest CO₂ 

uptake rate was achieved at 40°C and 14 bar with a gas stream containing 

20% CO₂. Under these conditions, the use of ApCA, a polyextremophilic 

carbonic anhydrase derived from Aeribacillus pallidus, increased the CO₂ 

uptake rate by up to 4-fold compared with the corresponding control 

reactions. 

An increase in temperature generally resulted in lower CO₂ uptake due to 

the reduced solubility of CO₂ in the reaction medium. However, elevated 

temperatures enhanced the performance of thermophilic enzymes, as 

observed for SazCA41, ApCA, and BhCA49. Consequently, the negative effect 

of temperature on CO₂ solubility could be partially compensated by 

improved enzymatic activity. 

In contrast, increasing pressure had a positive effect on both the CO₂ uptake 

and the CO₂ uptake rate. Nevertheless, the relative contribution of CA to the 

overall reaction decreased under higher pressures, likely because the 

greater availability of dissolved CO₂ reduced the extent to which the process 

was limited by the hydration reaction. Under continuously gas feed 
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conditions, it was not possible to verify the enzyme effect over the control – 

it is argued that at the tested conditions, the enzyme actions in up to the 2 

first minutes – making difficult to measure it with our current system. 

Figure 14 presents a map of the CO₂ uptake obtained under the different 

pressure and temperature conditions evaluated in this study. 

 

Figure 15: CO2 uptake under distinct pressure and temperatures 

A cycle experiment showed that the highest potential CO2 uptake reached 

approximately 10.1 g/L – equivalent to 14 g/L of bicarbonate – an increase 

of almost 15 times when compared to our first assessment in paper I. 

Comparing to hot potassium technologies, for example, it equivalent to 

approximately 25% of its capacity – meaning the proposed technology has 

opportunities for further development. 
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According to the results obtained in this work, the integration of carbonic 

anhydrase (CA) and pulp and paper residues for CO₂ capture represents a 

promising route for further investigation. The combination of enzymatic 

catalysis with alkaline industrial residues not only enhanced CO₂ capture 

performance but also promoted the valorization of waste streams, 

contributing to more sustainable carbon management strategies. 

In this context, assessing the carbon storage potential within Sweden 

provides an important step toward evaluating the feasibility of 

implementing this technology at a larger scale. Such an analysis closes the 

loop of this work by linking laboratory-scale CO₂ capture performance with 

the broader carbon capture and storage (CCS) potential of the Swedish pulp 

and paper industry. 

3.3 Geological Carbon Storage potential in Sweden (Paper IV) 

In this study, three distinct rock samples – dolerite, grabbo and metabasalt – 

regarding their capacity of mineral storage. Experiments were conducted in 

a continuous-feed pressurized vessel (10 bar, 100% CO2) with milled rock in 

water. The tests were run for several days and stopped when the SiO2 

dissolution variation was not detected. Experimental design consisted of 

two distinct phases: rock dissolution and mineral carbonation, as indicated 

in figure 15. 
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Figure 16: Experimental setup of mineralization experiments: rock dissolution and 

carbonation. Adapted from “Carbon dioxide storage in mafic reservoir rocks in Sweden: 

Controls on dissolution and carbonation during early water-rock interaction”  

During the rock dissolution, dolerite showed the highest mineral leaching, 

possibly because of high reactivity phases such as olivine, with highlight to 

Mg2+ and Fe2+. Gabbro outperformed in Ca2+ leaching – possibly due to 

present carbonate phases and the high concentration of labradorite phases. 

Meta basalts instead, presented the lowest dissolution rates, given their less 

reactive phases which mostly require high acidic pH to dissolve. Also, the 

formation of Si-passivation layers in the mineral surface was hypothesized, 

which could lead to reducing dissolution rates by blocking the attack of H+ 

on mineral surface, consequently impeding further dissolution. Overall, it is 

suggested that dissolution was controlled by olivine, augite and plagioclases. 

The carbonation step showed the formation of Mg-, Ca, and Fe- bearing 

structures, predominantly. Precipitation rate of Fe reached almost 100% 

within all the tested samples, meanwhile Ca and Mg presented variable 
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precipitation rates – varying from 44-79%. It is argued that Fe tends to 

precipitate at lower pHs when compared to the other elements, forming 

siderite and other Fe-alkali combined products.  

Mg precipitation was identified mostly with dolerite and grabbo samples, 

forming hydrated carbonated forms, such as nesquehonite. The limiting 

concentration of leached Mg2+ with metabasalt samples possibly influenced 

the formation of other carbonated forms, such FeCO3 or Ca-bearing 

carbonates. Figure 16 shows the EDS and TGA of recovered precipitated of 

carbonation step. It is possible to verify the presence of majority for Fe, Ca, 

Mg, Si, O and C – the latter a evidence of the carbon storage. Also, the DTG 

analysis shows peaks that align with the presence Ca, Mg and Fe-

carbonates. 

Moreover, it is believed that Fe might have inhibited the precipitation of 

other carbonates forms, reducing the availability of bicarbonates, thus 

affecting their overall production. Possibly, the pH where reaction took 

place – slightly acidic at the beginning – contributed to lower yield of stable 

carbonate forms – such as MgCO3. 

In summary, the results demonstrated that mineral composition strongly 

influenced both dissolution and carbonation performance. Dolerite and 

gabbro exhibited the greatest potential for carbon mineralization due to 

their higher release of reactive cations, particularly Mg²⁺, Ca²⁺, and Fe²⁺, 

whereas metabasalt showed lower reactivity. The carbonation stage 

successfully converted dissolved metals into Fe-, Ca-, and Mg-bearing 
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carbonate phases, confirming the feasibility of permanent carbon storage 

through mineral carbonation. However, the preferential precipitation of Fe 

and the relatively low pH conditions may have limited the formation of 

more stable Mg- and Ca-carbonates. Therefore, optimizing dissolution and 

carbonation conditions, particularly pH control and metal speciation, could 

further enhance carbon storage efficiency and carbonate product yield. 

 

Figure 17: EDS and DTG analysis of recovered precipitated from carbonation step for three 

rocks samples tested. 
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4 CONCLUSION AND FUTURE PERSPECTIVES 

4.1 Conclusions 

CCS is key for fighting industrial emissions as guaranteeing carbon 

permanent storage. Also, assessing CCS alternatives that offer lower carbon 

footprint, either by substituting traditional solvents or reducing energy 

consumption in the process, for example, account in their future adoption. 

The present work investigated a route combining carbonic anhydrase (CA) 

and residues from the pulp and paper industry for enhanced CO2 capture, 

while also assessing the potential for carbon mineralization. The work 

contributes to bridging biotechnology, industrial waste valorization, and 

geological carbon storage within a Swedish CCS framework. 

Our first results showed that four assessed residues typically produced 

during the kraft pulping process could exhibit properties as co-sequestering 

agents in aqueous carbon capture systems. Among tested residues, lime 

mud showed the most promising potential, due to its high occurrence in the 

industry, overall carbon capture and affinity with the enzyme-enhanced 

system. Carbon anhydrase showed positive effect on increasing CO2 

sequestration under both rich-CO2 environments and open-air experiments, 

with more pronounced effects in the effect in the second (4-fold), 

confirming that the enzyme had fundamental effect in accelerating the 

limiting step in carbonate-based systems – the CO2 hydration. The increased 
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effect obtained in bicarbonate formation and mineral dissolution confirmed 

that accelerated weathering could be done through biotechnology routes. 

Besides carbonic anhydrase showing improvement on equivalent CO2 

capture, its application in large-scale requires strategies for enzyme 

recovery and reutilization. In this context, the immobilization of DvCA8.0 on 

magnetic nano-particles successfully addressed this issue since it enabled 

the CA separation from fine solid material (lime mud), allowing its utilization 

over 10 cycles. Catalyst activity could be maintained over consecutive CO2 

capture cycles, leading to higher productivity of approximately 2.9-fold 

when compared to the free enzyme. Reached outcomes evidenced that the 

immobilization not only contributed to enzyme recycling, but also to 

improve economic viability of enzyme utilization in carbon capture aqueous 

systems. 

From the optimization studies using lime mud, it was possible to identify the 

key parameters influencing the CA-assisted CO2 capture. Residue 

concentration, gas flow rate, enzyme load/type, temperature and CO2 

partial pressure influenced CO2 uptake as well as CA enhancement effect. 

Higher CO2 flowrate enhanced overall bicarbonate production, nevertheless 

CA enhancement effect become less pronounced as the gas flowrate 

increased, indicating the CO2 in excess and system saturation, with a 

maximum of 5.1 g/L of total bicarbonate production (with CA). Under 

pressure conditions, optimum was obtained at 14 bar of pressure (20% CO2) 

and 40oC, with ApCA displaying an enhancement of 4-fold of initial CO2 
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uptake rate when compared to non-CA added systems. Additionally, 

multicycle experiments showed a total CO2 uptake above 10 g/L 

(bicarbonate equivalent 13.5 g/L). 

In conclusion, this work extended beyond the capture and advanced in 

exploring the pathways for permanent carbon storage. Our initial proof-of-

concept showed that bicarbonate-rich aqueous systems can support mineral 

dissolution and subsequent carbonate formation, which could be also 

replied for rich-bicarbonate CA-assisted medias. Moreover, dissolution and 

carbonation tests utilizing representative Swedish mafic rocks confirmed 

that stable carbon-bearing phases were formed, which supports  the 

potential of geological formations in Sweden for carbon mineral storage. 

The results indicate that carbon mineralization may represent an attractive 

complement to conventional geological storage approaches, particularly in 

regions characterized by reactive mafic lithologies. 

To summarize, this thesis demonstrated that the combination of alkaline 

pulp and paper residues and carbonic anhydrase could offer an alternative 

route for enhancing aqueous CO2 capture as promoting circular resource 

utilization. By combining industrial residue valorization, CA-assisted capture, 

and mineral storage concept, the work contributes to the development of 

novel CCS pathways with potential relevance for Sweden’s transition toward 

a low carbon intensive economy. 
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4.2 Future Perspectives 

The outcomes obtained in this thesis open new opportunities for future 

research and industrial implementation. First, next assessments should 

focus on pilot-scale validation of enzyme-assisted capture systems using real 

exhaust industrial gases. The typical presence ofNOx and SOx compounds as 

well as , fluctuations in operating conditions, and long-term catalyst stability 

under realistic process environments remain important aspects to be 

investigated before commercial deployment. 

Another area of interest is regarding  the development of improved 

immobilization strategies. Although magnetic nanoparticles demonstrate 

meaningful recovery and reusability characteristics, limitations regarding 

solid buildup in the catalyst surface are constraining factors. Alternative 

support materials, as well as catalyst regeneration strategies should be 

researched to achieve high performance and consequently, lower costs 

impact. In addition, advances in protein engineering may focus on the 

development of carbonic anhydrase variants with even greater resistance to 

multiple harsh conditions such as high alkalinity, elevated temperatures, 

and industrial contaminants. 

From a process perspective, additional work is required to optimize the 

coupling between residue dissolution, bicarbonate production, and 

downstream mineralization. An important topic concerns the development 

of  continuous operation modes, reactor design, gas–liquid mass transfer, 
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and the integration of residue-based carbonation systems into existing pulp 

and paper mill infrastructure. Besides, the development of techno-

economical models combined to life cycle assessment can give a more 

detailed picture of not only economic feasibility but also real impact in CO2 

storage. 

Finally, further investigations into Swedish geological carbon storage 

opportunities are warranted. While the present work demonstrated the 

reactivity of selected mafic rocks under laboratory conditions, additional 

studies involving reservoir characterization, fracture-controlled 

permeability, reactive transport modelling, and pilot-scale injection 

experiments are necessary to evaluate their long-term storage performance. 

The integration of bicarbonate-rich solutions generated through enzyme-

assisted capture with geological mineralization processes represents a 

particularly promising research direction. Such an approach could 

potentially establish a complete carbon management pathway, linking 

industrial CO2 emissions, biological process intensification, waste 

valorization, and permanent geological carbon storage within a unified CCS 

framework. 
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