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Abstract 

Bioenergy with carbon capture, utilization, and storage (BECCUS) is a competent technology with the potential 
to address global climate change challenges. However, its deployment faces significant hurdles across technological, 
economic, and policy domains. The production of biofuels including ethanol, methane, butanol, and biogas is accom-
panied by the release of carbon dioxide (CO2). This CO2 can be incorporated into organic molecules through vari-
ous biochemical routes as part of the metabolic mechanisms of carbon absorption. The efficiency of these carbon 
assimilation pathways can be improved through ongoing developments in metabolic engineering, which can 
increase the production of valuable bioproducts, improve carbon sequestration, and support efforts to mitigate 
climate change. The present review recognizes critical avenues for advancing BECCUS, emphasizing market mecha-
nisms, technological innovations, and cross-sector integration in both developed and developing countries such 
as India. The review recommends policy modifications aimed at establishing a transparent framework related to car-
bon pricing, emission trading systems, and proper certification mechanisms for biogenic carbon utilization. These 
modifications, coupled with the integration of renewable energy systems, would not only stimulate BECCUS adop-
tion, but also foster its economic feasibility and sustainability. Additionally, promising technologies such as chemical 
looping and microalgae-based carbon capture should be technologically scaled up to ensure industrial-level applica-
tions. The integration of BECCUS with other sectors is also critical to optimize the impact of this technology on climate 
change mitigation. Therefore, the present review highlights the need for a robust policy framework, technology-
driven innovation, and cross-sector research collaboration to resolve the challenges associated with BECCUS, boost 
its adoption, and ensure its economic feasibility and environmental sustainability. Moreover, providing regulatory 
support, augmenting market competitiveness, and aligning research on BECCUS play a transformative role in attain-
ing the goals of the Paris Agreement and promoting environmental sustainability.
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Graphical Abstract

Introduction
Bioenergy with carbon capture, utilization, and storage 
(BECCUS) is a transformative technology with the com-
petence to mitigate climate change through carbon cap-
ture and bioenergy production [210]. BECCUS, a variant 
of BECCS (bioenergy with carbon capture and storage), 
is considered a potential technique for carbon removal 
[149]. This technique is based on the use of biogenic 
carbon dioxide (CO2), which will eventually reduce car-
bon emissions and generate additional revenue streams 
compared to BECCS through utilization of CO2 as feed-
stock for the production of valuable products [57]. In the 
BECCUS system, the primary step is photosynthesis that 
involves fixation of atmospheric carbon to sustain plant 
metabolic processes and ultimately promote growth. 
The biomass generated serves as a substrate in bioen-
ergy plants, and the carbon capture technology installed 
prevents the emission of CO2 into the environment. The 
CO2 captured can be exploited for product biomanufac-
turing or can also be injected into geological formations 
for permanent storage. BECCUS goes beyond bioenergy 
and ensures capturing of carbon, its utilization, and even-
tually storage.

Carbon capture and storage (CCS) and bioenergy 
together have the potential to remove a substantial 

quantum of CO2 to produce negative emissions, which 
is urgently required to reduce the intensity of global 
warming [94]. BECCS can aid in negative emissions by 
capturing CO2 and ultimately injecting it into geologi-
cal formations [190]. The captured carbon can also be 
exploited to improve oil recovery (EOR) by introduc-
ing CO2 into oil fields [105]. Both technologies, BECCS 
and BECCUS, have multilevel applications in processes 
responsible for CO2 generation such as bioenergy pro-
duction, gasification, power, and heat-generating systems 
[144]. BECCS is intended as an important component 
of the energy sector and has appeared in several climate 
stabilization scenarios [38] of China, Japan, the European 
Union, and Australia.

The decarbonization of the transportation and elec-
tricity sectors where these technologies could be highly 
influential is emphasized in the fifth assessment report 
[34]. In three out of four illustrated paths, BECCS is pre-
sented in the IPCC special report as a crucial technique 
in meeting mitigation targets [87]. Numerous research 
centers globally dealing with energy modeling have rec-
ognized the importance of BECCS [84]. This technology 
appears promising given the ambitious global goals for 
cutting down the CO2 level in the atmosphere. Addition-
ally, sectors like industry and agriculture are unable to 
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reach carbon neutrality; however, employing the BEC-
CUS system may be the primary means of enabling nega-
tive CO2 emissions after afforestation and direct capture 
of carbon.

Currently, the total carbon capture and utilization-
based facilities are 63 around the globe, and only 40% 
of them are in operational conditions, while others are 
in the early and advanced development stages (Fig.  1). 
BECCUS not only generates renewable energy, but also 
reduces atmospheric levels of CO2, thus placing it as 
an important component of carbon reduction strate-
gies. BECCUS works as a chain of processes. Biomass, 
such as the residues of agriculture, forestry, and energy 
crops, can be converted to energy through combustion, 
gasification, or anaerobic digestion [26]. However, the 
uniqueness about BECCUS is that instead of CO2 emis-
sions into the pristine environment, it is captured by 
site-specific technologies [163]. The captured carbon can 
then be used for synthetic fuels and chemicals produc-
tion, injected into the earth for storage, or exploited for 
micro-/macroalgae cultivation, which makes it different 
from BECCS [182]. It can be used to make compounds 
such as ethanol, polymers, and methanol that can be sold 
to industrial markets to generate extra income [64, 136]. 
The synthetic fuels can also be used in the current energy 
market to possibly reduce the reliance on traditional fos-
sil fuels [196].

The conversion of captured CO2 into several products 
enables a circular economy that further facilitates the 
achievement of climatic goals. This sort of capability has 

positioned BECCUS not only as a method for energy pro-
duction, but also as a technology that actively contributes 
to carbon sequestration. Besides carbon capture, BEC-
CUS is at the center of net-zero emission targets and sup-
ports global objectives on net-zero emissions [82]. This 
carbon capture technique has promising potential to cre-
ate a negative carbon footprint by eliminating more CO2 
from the air than it emits [13]. It also aligns with agree-
ments related to climate change mitigation like the Paris 
Agreement, where massive greenhouse gas emissions are 
necessary to be made to keep warming within a manage-
able threshold. BECCUS is a futuristic technology for the 
mitigation of climate change and ensures energy security, 
which marks a transition into a future that is more sus-
tainable [106]. Although the overall implications of BEC-
CUS might be positive, its deployment is still challenging 
and can be made feasible by adopting suitable modifica-
tions and advancements in the social, policy, and tech-
nology sectors [210] (Fig. 2).

The economic viability is a major concern in the imple-
mentation and adoption of BECCUS-based systems for 
carbon mitigation. The upfront capital investment for 
the deployment of BECCUS technologies is significantly 
high enough to hamper its large-scale adoption [146]. 
The high cost involved in the CO2 capture, transporta-
tion, and storage may be significant enough to discourage 
investments, which can also result in elevated technical 
barriers for the implementation of BECCUS projects, 
especially in regions with limited access to resources 
[182]. Finally, efficiency and scalability improvements 

Fig. 1  Global status of carbon capture and utilization facilities
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are needed for carbon capture technologies to guarantee 
context-specific effectiveness. Apart from economic and 
technical hurdles, the issues related to land use change 
have posed questions on the sustainability of the BEC-
CUS system. Furthermore, the competition between 
the food and energy crops for soil, nutrients, and water 
has a substantial influence on food security and bio-
logical diversity, suggesting sustainable biomass sourc-
ing can address such issues and maintain ecological 
balance [189]. Adoption of these measures will lead to 
the development of supportive policies such as research 
investment and public engagement, which can encour-
age BECCUS deployment in carbon reduction strategies 
[106]. BECCUS marks a significant development in the 
pursuit of a sustainable solution for energy [145]. BEC-
CUS is an important route to shift toward carbon-nega-
tive emissions through bioenergy production and the use 
of CO2 for the biomanufacturing of diverse products [57]. 
However, harnessing BECCUS’s potential requires famili-
arity with issues that accompany the adoption of the 
BECCUS system. It is necessary to overcome obstacles 
to ensure the contribution of BECCUS to energy security 
and environmental sustainability.

The review focused on techno-economic innova-
tion and policy changes necessary to boost BECCUS 

techniques for climate change mitigation with emphasis 
on market competitiveness and sectoral integration. Fur-
thermore, the high degree of ambiguity associated with 
carbon pricing, emissions trading systems, as well as cer-
tification mechanisms was the driving force to compare 
policies and technological advancements made in the 
BECCUS sector by distant countries. As the existing lit-
erature discussed BECCUS in terms of emission reduc-
tion, the present work emphasized the interplay between 
technological advancement, policy framework, and mar-
ket dynamics, which can play a critical role in determin-
ing the BECCUS feasibility. The novelty of the present 
review is based on integrated BECCUS assessment from 
diverse perspectives, which is different from existing lit-
erature mainly focusing on different techniques of car-
bon capture. The review highlights the unexplored gaps 
such as fragmented regulatory frameworks, certification 
systems, carbon pricing, sectoral integration, and harmo-
nized economic models. Furthermore, the review exam-
ined the global and Indian perspectives, their support 
mechanisms, and policy and regulatory framework for 
BECCUS advancement and deployment. Therefore, by 
systematically connecting gaps with probable solutions, 
this work enhances BECCUS system understanding as 
the strategy not only to reduce carbon emissions, but also 

Fig. 2  Pros and cons of BECCUS technology
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to boost biomanufacturing and circular bioeconomy. This 
review puts forward the need for a strong harmonized 
policy framework, technological innovation, and collabo-
ration to overcome the challenges encountered in climate 
change mitigation. By aligning research, market-based 
solutions, and regulatory support, BECCUS can play 
a transformative role in achieving the goals of the Paris 
Agreement and advancing global sustainability.

The review begins with an introduction that highlights 
the background, significance, and major objectives of the 
review. After the introduction, the BECCUS and BECCS 
techniques are compared in a detailed manner including 
key concepts, advantages, and their relevance for carbon 
capture and mitigation. The section is followed by global 
and Indian perspectives in terms of policy modification 
and financial support, along with different carbon utili-
zation pathways and prospects of different products pro-
duced using CO2 as a substrate. The subsequent section 
deals with economic analysis by focusing on the different 
concepts having a role in decreasing capital expenditure, 
market dynamics, policy framework, and technologi-
cal innovation necessary to enhance the adoption of the 
BECCUS technique. Finally, the challenges in the BEC-
CUS implementation along with probable solutions 
are presented, followed by the conclusion of the review 
offering the future direction for policy and technological 
modification necessary for practical BECCUS develop-
ment and deployment.

Methodology
The literature for the present review was collected from 
different scientific databases (Scopus, Web of Science, 
Google Scholar) using keywords such as carbon-neg-
ative techniques, sustainable carbon reduction, bioen-
ergy, microalgae-based carbon capture, bioenergy with 
carbon capture and storage, bioenergy with carbon cap-
ture utilization and storage, biosequestration, and cir-
cular bioeconomy. The articles selected for the study 
were from peer-reviewed journals and books with major 
emphasis on articles from the last two decades to cap-
ture the recent advancements, policies, and technologi-
cal advancements. However, the earlier work related to 
mechanisms of carbon capture and different industries 
involved in carbon utilization for the production of dif-
ferent biocompounds was also included. The selection 
of the papers for the study was based on their relevance 
toward technological development in BECCUS, policy 
formulations, market-based solutions, and cross-secto-
ral integration. The strategies adopted ensured the bal-
anced examination of available literature and presented 
the challenges encountered, and future prospects of the 
BECCUS technique.

BECCS vs BECCUS
Carbon storage and utilization are the basis of the BEC-
CUS system, and how efficiently the BECCUS sys-
tem works is dependent upon its resource availability, 
implementation strategy, and objectives. BECCUS is 
an essential instrument to achieve net-zero and climate 
goals as delineated in the Paris Agreement. However, 
a lot of resources are required to create the necessary 
infrastructure needed to transform biomass into energy 
and capture the emitted CO2 released during biomass 
combustion. Additionally, huge financial resources are 
required for the construction of a BECCUS system in 
contrast to that of a conventional fuel-based plant. As the 
BECCUS system requires sophisticated technologies, Bui 
et al. [25] estimated that the capital cost for the construc-
tion of BECCUS facilities can be three times more than 
that of conventional plants.

In the BECCS system, bioenergy production with car-
bon storage is an exceptional choice to achieve nega-
tive emissions and attain climate stability in the long 
term. The BECCS system guarantees that CO2 is stored 
permanently for centuries [6] in geological formations 
such as saline aquifers or depleted oil and gas reservoirs 
[50]. Permanent storage is critical to not only reduce the 
atmospheric concentrations of CO2, but also address 
underlying factors stimulating climate change and even-
tually decrease climate change intensity. The technique 
of BECCS is a flawless way to help bioenergy plants 
to reduce CO2 emissions, and with its incomparable scal-
ability, it can assist difficult-to-abate industries like steel 
and cement to decrease emissions in a significant man-
ner. Moreover, carbon pricing policy, emissions trad-
ing schemes, and the incentives from the government 
for decarbonization-related systems can directly benefit 
BECCS and encourage its secure implementation. The 
safety of the storage system has been improved by strin-
gent monitoring, verification, and excellent site selection 
technology despite issues related to leakage and ocean 
acidification. However, the adoption of the BECCS tech-
nique as a feasible technology for carbon reduction is 
impeded by several issues, such as difficulty in finding 
suitable locations for carbon storage, huge infrastruc-
ture requirements for carbon capture and transporta-
tion, enormous initial investment, as well as concerns 
related to leakage and ocean acidification [108]. Moreo-
ver, BECCS does not produce any by-products or eco-
nomic benefits apart from carbon reduction; thus, it is a 
less attractive system in low-carbon price markets. The 
prospects of BECCS are highly dependent upon reducing 
capital expenditures and simultaneously developing eco-
nomical technology and optimizing processes responsi-
ble for CO2 separation, compression, and transport to the 
storage location.
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Conversely, the process of BECCUS entails the con-
version of captured CO2 into valuable products such as 
biofuel, green chemicals, and construction materials 
[129]. The strategy of BECCUS is in alignment with the 
circular economy, and this approach also generates rev-
enue to overcome the huge capital expenses involved in 
the operation of BECCUS. The primary benefits of car-
bon utilization are to boost market-driven incentives 
and innovation in biomanufacturing [160]. Moreover, 
it also resulted in the creation of solutions that are scal-
able across different sectors. For example, utilizing CO2 
for manufacturing of biofuel and biobased chemicals 
(biopolymer, lysine, succinic acid, and lactic acid) can 
help to decarbonize the hard-to-abate industries and 
also reduce dependence on fossil fuel and their derived 
products [3, 4]. The industrial and public acceptance of 
carbon utilization projects is an additional advantage 
of BECCUS as it directly endorses waste utilization and 
economic growth, boosts biomanufacturing, strengthens 
cross-sectoral collaboration, generates employment, and 
eventually promotes circular bioeconomy and sustain-
able development. Moreover, the integration of carbon 
utilization into BECCS systems guarantees that carbon 
capture techniques produce immediate and noticeable 
advantages [172] even though they do not permanently 
eliminate CO2 from the atmosphere. These factors make 
carbon utilization a superior choice in  situations where 
market-driven incentives, industrial integration, and 
economic challenges are the prime concerns. Carbon 
utilization can reduce the costs of carbon capture, avoid 
economic challenges, and increase the financial sustain-
ability of BECCUS systems by producing marketable 
products, particularly in areas with few subsidies or car-
bon pricing mechanisms [129, 172]. Additionally, carbon 
utilization plays a critical role in promoting sustainable 
development and extending the objectives of a bioecon-
omy and circular economy by converting waste carbon 
emissions into useful resources. This supports economic 
growth in a sustainable way by lowering GHG emis-
sions and offering a renewable substitute for industries 
based on petrochemicals, improves resource efficiency, 
and helps low-carbon economies grow and shift toward 
bioeconomy and circular economy. Overall, carbon cap-
ture and utilization (CCU) techniques are actually bet-
ter than carbon capture and storage (CCS) because they 
can convert absorbed CO2 into useful products, provid-
ing cleaner and more energy-efficient solutions without 
requiring large storage facilities [57]. Additionally, the 
financial gain from the conversion of CO2 to chemi-
cals and fuels is possible in the case of CCU, but CCS is 
merely a waste mitigation technology [151]. As a result, 
CCU has drawn a lot of attention from the perspective 
of chemical engineering in an effort to reduce emissions, 

mitigate climate change, and achieve a society that is car-
bon neutral. Thus, carbon utilization strategies need to 
be planned in such a manner that the released CO2 from 
bioenergy plants and industries is captured and reused in 
a manner that can augment the biorefinery and circular 
economy model.

Global perspective and support for carbon capture 
and storage system
The method of CCS necessitates removing CO₂ from 
different sources, treating, compressing, and eventu-
ally storing it in appropriate geological formations [155]. 
CCU  technology can help a number of industries that 
emit a large amount of CO2 during the production or 
processing of natural gas, electricity [40], hydrogen [162], 
iron and steel [114], ammonia, and fossil fuels [212]. CCS 
is a fundamental aspect in the recent Ten Point Plan of 
the United Kingdom (UK) for a Green Industrial Revolu-
tion and the Climate Change Act 2008, which both aim 
to attain zero emissions by 2050. The UK has also made 
commitments to reach net-zero emissions by 2050, which 
is evidenced by its complex BECCS advancement pro-
gram. The government has made significant financial 
commitments (£800 million) in the budget of 2020 to 
support the BECCS technique after recognizing it as a 
crucial system for lowering carbon emissions [195]. The 
decentralized BECCS systems have the potential to ben-
efit the entire region of the UK and make a substantial 
contribution toward CO2 removal goals. The UK’s BECCS 
policies are made to strike a balance between socio-
economic and environmental objectives, encouraging 
innovation as well as public support for decarbonization 
initiatives. Similarly, the United States of America (USA) 
has proposed to allocate huge financial resources ($2.4 
billion) to encourage CCS-based projects, and research 
efforts in the CCS field have increased dramatically dur-
ing the past few decades. The USA aims to reduce indus-
try-level emissions by 26% by implementing the CCS 
technology [86]. The USA has also put in place financial 
incentives for CCS projects, such as the 45Q tax credit. 
Nevertheless, the possibility of incorporating bioenergy 
solutions into the nation’s strategy for capturing carbon is 
constrained by the lack of clear BECCUS-focused regu-
lations [35]. The approach of the USA toward BECCS is 
distinguished by a combination of state-level and fed-
eral programs. The investment in infrastructure devel-
opment and substantial incentives provided for BECCS 
further emphasize the commitment to utilize the CCS-
based technology for carbon capture [49]. Furthermore, 
California strengthens this assistance through programs 
like the low carbon fuel standard, which encourages the 
use of these fuels and indirectly helps the BECCS plants 
[170].
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The transportation and storage of CO2 are the cen-
tral points of the majority of policies developed for the 
deployment of CCS technology. The European Union 
(EU) has shown interest in the implementation of CCS 
technology [98]. The EU is also demonstrating a signifi-
cant commitment toward CCS technology development 
to address climate change. A legal framework for the 
advancement of CCS has been introduced in the EU [47]. 
The European Commission (EC) views CCS as the future 
technology and a potential remedy for emissions from 
fossil fuel-based projects. The directives related to geo-
logical carbon storage were put into effect by the EC in 
2008, which ultimately evolved into a legal document for 
geological CO2 storage. The policy mandated that newly 
established power plants must facilitate CO2 captur-
ing and that mainly coal-fired plants must be fitted with 
CCS technology by 2020. Although the EU has formu-
lated numerous policies for CCS technology, challenges 
still prevail, as the EU encounters several difficulties in 
managing storage sites. The policy also states that the 
license of any organization will be cancelled in the event 
of a CO2 leak; however, the policy document does not 
specify the steps taken to prevent the leakage. Problems 
with storage locations show that CO2 capture, transport, 
and storage cannot be assured, which lowers the prospect 
that CCS will be commercialized [202].

The policy of Japan on BECCS advancement in the 
Asia–Pacific area is connected to its energy security 
and climate goals. The decarbonization of Japan’s strat-
egy incorporates the BECCS system within its Strate-
gic Energy Plan. With a focus on integrated assessment 
models and sustainable biomass to meet climate targets, 
BECCS is essential for the climate strategy of Japan [100]. 
BECCS is also acknowledged by the Chinese govern-
ment as an essential technology for accomplishing its 
objectives related to climate change. There have been a 
number of BECCS projects; however, CCS for fossil fuels 
has received more attention [218]. Countries like China 
have enormous bioenergy production potential; however, 
there is a need to strengthen regulations and incentives 
to promote the use of BECCS commercially. Effective 
governmental incentives are necessary to align with the 
interests of various stakeholders in the BECCS integra-
tion model [67, 68]. A novel BECCS strategy called coal 
bioenergy with carbon capture and storage (CBECCS), 
associated with the coal industry, has been implemented 
to reduce emissions in China. CBECCS incorporates CCS 
technology with biomass co-firing in coal-based power 
stations in contrast to typical BECCS. A 10% biomass co-
firing ratio combined with the carbon capture system can 
absorb the majority (90%) of emissions that might reduce 
the emissions generated from the coal-supplemented 
power plants [90].

Australia has established different levels of assistance 
to BECCS and CCS through regulatory actions, direct 
financial resource supplementation, and collaboration 
with prominent organizations at the international level 
[148]. Australia has also launched a CCS flagship pro-
ject, through which two billion dollars were allocated to 
encourage research and development in the CCS sector. 
This initiative eventually led to the establishment of the 
Global CCS Institute, whose prime aim is to promote 
research and progression in CCS technology [36]. A 
notable change in policy was observed in Australia with 
more focus on regulation rather than direct incentives 
[91].

In underdeveloped countries like Africa and Latin 
America, the adoption of BECCS is not common due 
to the requirement of huge infrastructure and financial 
systems. However, these countries have huge bioenergy 
potential due to the plentiful bioresources [70]. To boost 
the bioenergy sector in these countries, international 
financing and technical support are indispensable instru-
ments underscoring the necessity of knowledge transfer, 
financial aid, and capacity building for BECCS technol-
ogy development. Moreover, climate funding will play a 
substantial role in underdeveloped countries to overcome 
different impediments and implement successful BECCS 
solutions for energy production and carbon reduction 
[48].

Reduced CO2 emissions are made possible by coupling 
CCS technology with bioenergy production operations 
[32]. Until now, the issue associated with the scaling-up 
of CCS technology to meet energy and CO2 reduction 
targets is hampering their extensive adoption [43]. For 
instance, the Illinois Industrial Carbon Capture and Stor-
age (IICCS) project shows potential for carbon seques-
tration and simultaneously identifies important technical 
issues including controlling CO₂ leakage and guarantee-
ing long-term storage integrity [96]. Similar issues with 
the effectiveness and dependability of CO2 collection 
and storage procedures exist at the Drax Power Station 
(UK) [84]. Furthermore, several technologies used in 
the deployment of the BECCUS are still in a premature 
stage as reflected by the low technology readiness lev-
els (TRL). Owing to their early stage of development, 
the performance of technologies, scalability, and viabil-
ity from an economic standpoint are all highly unclear. 
Advanced biomass conversion technologies and innova-
tive CO2-based pathways are examples of components 
that need extensive development and necessitate signifi-
cant research and demonstration efforts [57].

Status of carbon capture‑based projects in India
Approximately, 26% of the world’s emissions are con-
tributed by China, followed by the USA (13.7%), India 
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(7.0%), and Russia (4.8%) [211]. An estimated 51×103 mil-
lion tons of greenhouse gases from diverse sectors are 
released into the environment each year and the objec-
tive is to reduce emissions to zero [59]. The average emis-
sion per person in India would increase twofold in the 
upcoming ten years, which will pose serious challenges 
if the increase in CO2 emissions is not controlled. The 
present challenge is to deal with these problems while 
steadily raising the production and use of energy in a sus-
tainable manner [181]. In 2030, coal would still account 
for over 60% of India’s electricity, despite the increasing 
emergence of renewable alternatives such as solar and 
wind [183]. Therefore, carbon capture, utilization, and 
storage need to be implemented on an immediate basis 
considering the efficiency and emission reduction poten-
tial of technology. India has not yet made substantial 
advancements in the field of such technologies. However, 
some noteworthy steps have been taken by several insti-
tutions in India for carbon capture, sequestration, and 
storage [181].

India has joined the Energy Carbon Sequestration 
Leadership Forum as a founding member in 2003 [63]. 
There has been a lot of interest from European govern-
ments, particularly the UK, which is working with India 
to develop CCS technologies. DST organized interna-
tional workshops at the National Geophysical Research 
Institute on challenges in the implementation of CCS 
technology in 2006–2007 [178]. This field observed sub-
stantial advancements between 2006 and 2008, as in 
2006/2007, DST created the National Program on Car-
bon Sequestration. To boost the extraction of crude oil, 
the Oil and Natural Gas Corporation showed their inter-
est in establishing an EOR project in the Ankleshwar oil 
field, in Gujarat [101]. CO2 was transported from the 
Hazira processing plant to Ankleshwar to improve oil 
recovery [192]. At the Hazira processing plant, a pilot 
reactor was established to use CO2 to grow microalgae, 
and eventually the algal biomass formed was used for the 
production of biogas [181]. NTPC (National Thermal 
Power Corporation) has started studying carbon seques-
tration through one of its schemes, “NTPC Energy Tech-
nology Research Alliance” (NETRA). Under this scheme, 
a plant for capturing CO2 will be installed, and the feasi-
bility study for the establishment of the plant was carried 
out by Carbon Clean Solutions Limited and IIT Bombay. 
The CO2 is extracted and utilized to make different prod-
ucts such as urea, methanol, and soda ash [63]. Addi-
tionally, NETRA and ONGC signed a Memorandum of 
Understanding to establish a carbon capture facility in 
Gujarat. ONGC’s Jhanor oil field uses the gathered CO2 
for EOR [84]. Similarly, the oilfields in Kamalapuram and 
the Cauvery basin use the captured CO2 from the power 
plant to enhance oil recovery [152].

With its coal-powered facility in Odisha, the National 
Aluminium Corporation is working toward bio-seques-
tration. Indo-Can Technology Solutions (ICTS), a pres-
tigious biotechnology company, has been involved in 
accomplishing these goals. The algae used for the bio-
sequestration is grown in a pond (0.18  acres) and flue 
gas is injected into the pond after cooling to promote 
the growth of algae and utilize the biomass to produce 
biofuel. In the Murugappa Chettiar Research Centre, 
a 7-year pilot research was carried out on the capac-
ity of Scenedesmus for bio-sequestration. The waste 
stream of the sugar mill’s liquid waste and a distill-
ery’s CO2-rich gaseous waste were used and resulted in 
6000  m3 of CO2 consumption and huge biomass pro-
duction (300–500  g/m3/day). Scaling up the method 
might result in 100 tons per hectare of biomass pro-
duction and sequestration of 1500 tons of carbon per 
hectare annually [177]. Similarly, IIT Bombay has been 
studying cyanobacteria in an effort to create cell facto-
ries that can transform atmospheric CO2 into beneficial 
biobased products like biofuel [192]. However, further 
research is required as this type of work is still in its 
infancy stage [133]. Viswanaathan and Sudhakar (2019) 
reached the conclusion that microalgae have enormous 
potential for bioremediation, wastewater treatment, 
and biofuel production after reviewing their potential 
in CCUS. These possibilities for biofuel manufacturing 
will be particularly beneficial in sustaining India’s fuel 
demand and crucial in assisting India to reach its INDC 
targets [154].

An Indian company “CarbonClean” has developed an 
inventive method that turns the released CO2 into bak-
ing soda. The company is founded by two IIT Kharag-
pur chemists. The system, which can use 60,000 tons 
of CO2 annually, is presently deployed at Tuticorin 
Alkali Chemicals, and the recent advancement to intro-
duce steam boilers resulted in zero emission of CO2 
[71]. Furthermore, the global CCS Institute reported 
that Dalmia Cement was the first to announce a pro-
gressive strategy to become “carbon-negative by 2040” 
[62]. They have declared their intention to construct 
a carbon capture facility in Tamil Nadu with the help 
of technology provided by a UK-based company [166]. 
Recently, a demonstration facility next to the Panipat 
refinery, Haryana, is also being built by Indian Oil Cor-
poration Limited. This facility would absorb CO2 from 
the industry and convert it into 2,3-butanediol (2,3-
BDO) and ethanol [154]. Carbon capture is the most 
expensive component of CCS as it accounts for three-
fifths to four-fifths of the total cost of the system [83]. 
However, in India, no similar studies have been carried 
out to examine CCS viability; however, a simulation has 
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been conducted to determine the cost of retrofitting 
capture systems into existing coal power stations.

Carbon utilization pathways
Apprehension related to global warming and the 
importance of economical industrial methods have led 
to an increase in scientific interest in using CO2. Uti-
lizing CO2 is frequently marketed as a means of boost-
ing revenue or decreasing net costs related to emissions 
[171] or eliminating CO2 from the environment which 
can help to enhance mitigation [153]. The soil and land 
change, enhanced weathering, forestry practices, soil 
carbon sequestration, the production of biochar, and 
CO2-based production are a few pathways for the uti-
lization of carbon/greenhouse gases [72, 77, 78]. Direct 
air capture for geological storage and BECCS are also 
operational to reduce the concentration of CO2; how-
ever, they are heavily dependent upon the planned 
transport and storage network [72]. Depending on the 
situation, these routes can be characterized as either 
“open” or “cycling” [28]. The pathways must be signifi-
cant in relation to the net flows of CO2 for consumption 
to successfully contribute toward decreasing atmos-
pheric CO2 concentrations. Flue gases, if collected dur-
ing fuel combustion, can be repurposed by industries 
that use concentrated CO2 to make different by-prod-
ucts [14]. Additionally, the utilization of the captured 
CO2 from different sources will also help to improve 

the process economy, financial stability, and environ-
mental sustainability [41]. Thus, the extraction of CO2 
from the environment and the closure of the cycle are 
necessary for long-term net-zero emissions [58].

Several processes have been documented over the past 
50 years for CO2 conversion [116] and the main ways to 
utilize CO2 are through direct use and its conversion into 
value-added compounds. Over the course of several bil-
lion years, nature has developed extremely sophisticated 
mechanisms for the fixation and utilization of carbon. 
There are several bacteria and archaea that can assimi-
late CO2, along with photosynthetic organisms like plants 
and algae [102, 193]. Numerous prokaryotic chemolitho-
trophic organisms are known to fix inorganic carbon to 
stimulate growth and ensure survival by utilizing it as an 
energy source under limited light conditions. The process 
by which chemolithotrophs fix inorganic carbon has been 
a significant phenomenon exhibited by microbes in harsh 
environments [193, 219]. Prokaryotic organisms have 
been found to contain six autotrophic pathways for CO2 
fixation [102]. The CO2 fixing autotrophic mechanisms, 
including the Wood–Ljungdahl (WL) pathway, reduc-
tive TCA (rTCA) cycle, Calvin–Benson–Bassham (CBB), 
3-hydroxypropionate cycle, 3-hydroxypropionate/4-
hydroxybutyrate cycle, and 4-hydroxybutyrate cycle, are 
found in many natural species [193]. The 3-hydroxypro-
pionate and Calvin cycles (Fig.  3) are two routes toler-
ant to oxygen for CO2 fixation [19, 213]. Organisms with 

Fig. 3  Calvin and reductive TCA (rTCA) cycles

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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the above-mentioned pathways either use the process of 
photosynthesis or the electron transport chain to oxidize 
reducing equivalents with the help of terminal electron 
acceptors to generate the energy molecule for CO2 fixa-
tion [55].

CO2 is incorporated into organic molecules via a vari-
ety of biochemical routes as a part of the metabolic 
mechanism of carbon absorption which permits the pro-
duction of biomass and useful by-products [93] (Fig. 4). 
The main photoautotrophs such as plants, microalgae, 
and blue-green algae employ the CBB cycle to fix CO2 by 
Rubisco to form 3-phosphoglycerate (3-PGA) [188]. Of 
the two molecules, one 3-PGA is involved in key meta-
bolic pathways, while the remaining molecule of 3-PGA 
is used to continue the cycle. This 3-PGA as an interme-
diate is then converted to form glyceraldehyde-3-phos-
phate (G3P) using ATP and NADPH [174], which acts 
as a precursor to stimulate the biosynthesis of different 
biomolecules like triacylglycerol [30]. The CBB pathway 
converts three CO2 molecules into one G3P, and carbon 
fixation in autotrophic organisms is accomplished with 
the help of 11 enzymes [208].

Similarly, the WL pathway, mostly found in acetogens 
and methanogens, facilitates CO2 conversion to acetyl-
CoA under anaerobic conditions using the enzymatic 
processes and several cofactors [150]. The WL pathway 
is non-cyclic in contrast to the Calvin and rTCA cycles. 

The WL pathway’s low ATP cost enables acetogens to 
conserve carbon from glucose to acetate, enabling the 
utilization of surplus NADH generated during glycolysis 
for CO2 fixation [55]. It is considered the most efficient 
pathway in terms of energy for carbon fixation [156] In 
this pathway, CO2 is transformed into formate, and this 
formate is reduced to methyl-H4 folate [123, 125]. The 
methyl group of folates is then transferred to iron–sul-
fur protein and eventually acquires methylated corrinoid 
protein. Through the WL route, CO2 is assimilated, and 
in the carbonyl chain, it is converted to carbon monox-
ide and eventually to acetyl-CoA [184]. The two enzymes, 
namely acetyl-CoA synthase and CO dehydrogenase on 
the CO route, have a critical role in the WL pathway, as 
acetyl-CoA synthase facilitates CO formation after the 
reduction of CO2, while CO dehydrogenase stimulates 
acetyl-CoA formation by combining CO and the methyl 
group [27, 150, 184]. The acetyl-CoA produced serves as 
the essential intermediary to promote the biosynthesis 
of valuable biocompounds like acetate and ethanol [37, 
180].

The fixation of carbon is made possible by the rTCA 
cycle in chemoautotrophs. In anaerobic organisms (bac-
teria and archaea), the rTCA cycle converts CO2 to 
organic acids such as malate, fumarate, and succinate 
by using reducing agents as the electron donors [16, 93]. 
This process is alternative to the Calvin cycle for the 

Fig. 4  CO2-based formation of chemicals via Calvin and reductive TCA (rTCA) cycles
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fixation of inorganic carbon in a variety of microorgan-
isms, which also yields organic compounds. In the rTCA 
cycle, citrate lyase is an important enzyme that plays 
a central role in converting citrate to form oxaloacetate 
and acetyl-CoA. In the 3-hydroxypropionate/4-hydroxy-
butyrate cycle, three enzymes play a vital role in carbon 
assimilation. Acetyl-CoA is converted to malonyl-CoA, 
propionyl-CoA, and methylmalonyl-CoA through media-
tion of different enzymes in the first phase of the cycle 
[81]. In the second phase, methylmalonyl-CoA formed is 
then converted to succinyl-CoA through isomerization 
rearrangement, which is further converted to 4-hydroxy-
butyrate [184]. The 4-hydroxybutyrate, after a series 
of reactions with the aid of enzymes, yields acetyl-CoA 
[16], which, after assimilating carbon, is converted to 
3-phosphate glyceraldehyde [184]. Overall, the above-
mentioned pathways either use CO2 or bicarbonate as a 
carbon source, and the presence of different enzymes in 
each pathway is necessary to facilitate conversion reac-
tions in the cell. However, switching pathways associated 
with carbon fixation with  specific growth conditions in 
different organisms can assist in improving productiv-
ity. Furthermore, utilization of heterotrophic microbes 
under autotrophic mode through genetic engineering is a 
potential alternative for the production of different prod-
ucts, reducing the dependency on costly feedstock [73]. 
Therefore, the efficiency of carbon assimilation path-
ways is improved by ongoing developments in metabolic 
engineering, which will boost the generation of distinct 
bioproducts, improve carbon sequestration, and support 
efforts to slow down climate change.

Utilization of carbon dioxide via gas fermentation
Globally, climate change presents serious environmental, 
economic, and social issues due to increased emissions 
of greenhouse gases into the atmosphere and oceans 
[2]. The concentration of CO2, the primary greenhouse 
gas, has sharply increased during the past century due 
to energy, fuel, and chemical demand [158]. The need 
for carbon-negative, ecologically friendly chemical and 
material manufacturing has increased due to climate 
change [175, 197]. By facilitating a new circular carbon 
economy, strategies that ensure carbon capture and pro-
duction of valuable products by CO2 conversion will not 
only promote biomanufacturing [33, 215], but also assist 
in resolving issues associated with climate change [9]. 
Fermentation is a biological process that uses biomass-
derived renewable and fermentable carbon as the main 
energy source [113]. In gas fermentation, chemolithoau-
totrophic bacteria ferment a gaseous carbon substrate 
to useful by-products [203]. Acetogens transform CO2 
and CO, which are C1 carbons, into C2 carbons, with 
minimal CO2 emissions [205]. The gaseous feedstocks 

available in significant quantities can be either as an 
industrial exhaust or synthesis gas, which is produced 
by gasifying biomass and municipal waste streams [12]. 
Syngas and CH4 can also be used as carbon sources by 
microbial catalysts via gas fermentation. Fermentation-
based biomanufacturing uses “above-ground” C1 carbon 
sources to produce desired compounds in a sustain-
able manner. Using reduced C1 compounds as electron 
donors is a suitable and effective strategy to strengthen 
carbon fixation through microbes. It provides energy 
necessary to drive the process of carbon biosequestration 
in chemolithoautotrophic organisms [31]. Thus, transfor-
mation of GHGs such as CO2 generated through the pro-
cess of fermentation or acquired from additional sources 
through catalytic and biological pathways could be an 
attractive approach for sequestering of GHGs [159].

Microbial cell factories have been employing renew-
able feedstocks for a long time, transforming them into 
metabolites with a wide range of uses and commer-
cial potential [187]. Anaerobic acetogens are promising 
because they use the most effective known CO2 fixation 
route and do not need light as a source of energy. At least 
1032 tons of acetate are produced annually in nature by 
acetogens, which are essential for the global acetate cycle 
[46]. Ethanol, amino acids, or organic acids are examples 
of traditional fermentation using renewable sugar as a 
substrate and have been conducted on an industrial scale 
over several decades [3, 4]. Nowadays, fermentation is 
also being used to scale up the production of a number of 
novel compounds that were previously exclusively gener-
ated commercially through petrochemical means [122]. 
Several industrially important compounds are being 
produced from biological feedstock, and to boost the 
productivity of valuable compounds, organisms can also 
be genetically modified to improve biomanufacturing. 
Moreover, synthetic biology has expanded the product 
base to include numerous other native as well as non-
native metabolites, such as ethanol, acetate [76], 1,3-pro-
panediol [221], 2,3-BDO, and 1,4-butanediol (1,4-BDO) 
[103].

Fermentation products and by-products are some of 
the carbon sinks that can be formed from the oxidized 
molecule known as CO2 [23]. The quality and purity of 
CO2 are essential for gas fermentation to succeed [122, 
156]. High-quality CO2 from biological sources can be 
readily combined with gas fermentation to produce dif-
ferent products. As the raw material for microbes is 
biogenic, CO2 is recycled back into the environment 
through the breakdown and oxidation of these products. 
Additionally, biogenic CO2 captured during the fermen-
tation process is distinct from BECCS systems because it 
does not require an expensive CO2 separation technology 
[128]. Fermentation yields high-purity exhaust gases that 
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are composed of CO2 (99%), H2O, and sulfur and organic 
molecules in trace amounts [207]. Additionally, the cap-
turing and compressing of CO2 from fermentation is 
estimated to cost approximately $30/t CO2 and is among 
the least expensive of all CO2 point sources [15]. Other 
technologies like soil carbon ($28–285/tCO2), BECCS 
($94–270/tCO2), and direct air capture ($608/tCO2) are 
costly to store carbon for climate change mitigation [72]. 
CO2 generated from biogenic processes like during bio-
energy production needs to be captured and transformed 
into distinct products and by-products. Moreover, it is 
very important to understand that directly releasing CO2 
after biomass combustion into the atmosphere intensi-
fies climate change, while BECCUS utilizes CO2 to form 
fuel and by-products which release less carbon into the 
atmosphere and help to reduce reliance on conventional 
fossil-based refineries [220]. The fuel produced from bio-
genic CO2 will eventually assist in replacing fossil fuel 
and ensuring carbon circularity with no further addition 
of carbon into the atmosphere. Additionally, the environ-
mental outcome of the BECCUS depends strongly on the 
durability of the carbon stored through different meta-
bolic pathways. Products such as biochar, PHA, PHB, 
fatty acid, and succinic acid produced from CO2 offer 
long-term storage in comparison to that of fuel like etha-
nol and butanol [77, 78, 115]. Therefore, BECCUS should 
integrate both short-term and durable carbon retention 
pathways.

Different compounds produced via gas fermentation using 
CO2 as feedstock
LanzaTech has developed microbes with the potential 
to transform waste exhaust gases emitted from a steel 
plant into ethanol and other important compounds [131]. 
The commercial interest in acetogens that have promis-
ing potential to convert C1 feedstocks (CO2 and CO) to 
acetyl-CoA was restored by LanzaTech Technologies. 
The capability of these bacteria to convert C1 feedstock 
to different products can be due to the WL pathway and 
acetyl-CoA synthase. LanzaTech has established com-
mercial ethanol production plants in China [206] and 
Belgium [11]. A novel process of fermentation has been 
developed by LanzaTech for the production of fuel and 
valuable chemical products by the transformation of CO 
and gases from different sources containing hydrogen. 
LanzaTech has demonstrated its technology at a plant 
with a capacity of 300 TPA in collaboration with Baosteel 
and another plant with Shougang Steel in China using 
mill gases as feedstock for fermentation [69]. Addition-
ally, three more commercial plants in South Africa [110, 
111], India [112], and California [22] use the waste gases 
from different industries. In Japan, LanzaTech has also 
established one plant at a commercial scale by employing 

syngas generated from mixed municipal waste [110, 111] 
(Table  1). LanzaTech also collaborates with Global Bio-
energies for isobutylene production and Evonik for plas-
tic manufacturing [109] and 2-hydroxyisobutyric acid 
from syngas [191]. Additionally, the ethanol production 
through the fermentation process developed by LanzaT-
ech produced less greenhouse gases (60%) in comparison 
to that of gasoline as per the life cycle assessment carried 
out by Handler et al. [69] This shows that gas fermenta-
tion techniques can serve as a feasible alternative for 
next-generation biofuel production by utilizing indus-
trial exhaust or biomass-based emissions with a minimal 
emission footprint.

Succinic acid (SA) is a platform chemical produced 
through petrochemical processes. Several biobased 
facilities for SA production have demonstrated supe-
riority in terms of environmental sustainability in the 
past decade. The potential process to convert CO2 to 
SA is through non-photosynthetic microbes, enabling 
large-scale utilization of CO2. To achieve SA fermenta-
tion, CO2 is fixed into succinate during the fermentation 
of glucose, through which oxaloacetate is formed after 
the incorporation of CO2 in phosphoenolpyruvate [138, 
216, 217]. The experiment performed by Zhang et  al. 
[216, 217] using Actinobacillus succinogenes revealed that 
employing glucose (50 g/L) along with fermentative CO2 
(92–94%) resulted in 25.8 g/L of SA production after car-
rying out the experiment for 27 h. However, it was also 
observed that CO2 removal efficiency was maximum 
at 18  h, while the productivity of SA was maximum at 
24 h of fermentation (23.5 g/L·d). Gunnarsson et al. [66] 
reported that substantial CO2 emissions can be saved 
(4.5–5 tons/ton) by using a biological process for SA pro-
duction rather than a fossil-based production system. SA 
produced by Reverdia through biological routes has a less 
carbon footprint (0.9 kg CO2e/kg) as opposed to a pet-
rochemical process (1.9 kg CO2e/kg) [161]. The majority 
of current research on SA production through biological 
routes has concentrated on increasing the yield as well 
as productivity through parameter optimization [139], 
operating pressure [10], metabolic engineering [118], 
configuration of the reactor [119], and CO2 and H2 avail-
ability [66].

The synthesis of polyhydroxybutyrate (PHB) and poly-
hydroxyalkanoate (PHA) polymers has a long history of 
employing H2 and CO2 in aerobic gas fermentations using 
hydrogen-oxidizing bacteria [95]. The competent organ-
ism for the production of PHB using CO2 is C. necator 
[199], as it has been reported that the content of PHB 
in the cells of C. necator varies from 0 to 65 wt% [126]. 
For long-chain lipid production, a two-stage system was 
constructed using M. thermoacetica. In the first stage, 
M. thermoacetica was supplied with syngas to produce 
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acetate as the end product, and the broth was fed to Yar-
rowia lipolytica, a genetically modified yeast. This sys-
tem with modified yeast in an aerobic reactor produced 
18  g/L of long-chain fatty acid (C16–C18), reflecting 
the efficacy of the system to use carbon from syngas to 
produce different products in a multi-stage system [80]. 
Similarly, scientists employed an interesting strategy in 
which Synechococcus elongatus was genetically engi-
neered to export CO2 in the form of sucrose, which was 
then ingested by Halomonas boliviensis, a bacterium that 
produces PHB. In addition to achieving high productiv-
ity, this consortium demonstrated improved resistance to 
different contaminants produced by the microbial com-
munity [117].

For butanol production, several companies are working 
on the microbial organisms that have promising poten-
tial to convert sugar into butanol. “Gevo” has developed 
a fermentation process and collaborated with ICM to 
retrofit a system capable of producing butanol in etha-
nol production units in a cost-effective manner [130]. 
Clostridium genus has substantial potential to enhance 
biobutanol synthesis due to the presence of some spe-
cific enzymes necessary to overcome carbon monoxide 
toxicity by converting it into CO2, and eventually into 
acetyl-CoA [75]. The different species of Clostridium 
can assist in converting gases into ethanol (CO and CO2) 
and butanol through the WL pathways [165]. Early work 
is also underway to produce 1,3-butanediol (1,3-BDO) 
along with 2,3-BDO by LanzaTech in collaboration with 
Invista [20] (Table 1). The production of biobased chemi-
cals is not only possible through biological processes, but 
also the production of some chemicals can be enhanced 
through the integration of biobased and chemical pro-
cesses, which are rarely found in biological systems. A 
process was also developed by LanzaTech in association 
with Invista and SK Innovation, which involves both bio-
logical and chemical steps, for 1,3-butadiene production 
[85]. The precursors (2,3-BDO and 1,3-BDO) responsi-
ble for butadiene production are produced mainly from 
biological routes via fermentation of syngas, and even-
tually butadiene is produced through thermo-catalytic 
dehydration of 2,3-BDO and 1,3-BDO. Additionally, 
studies are ongoing to produce 1,3-butadiene in one step 
through the use of a modified biological catalyst. How-
ever, both processes are still in the development phase, 
but it reflects that integrating biological and chemical 
processes can expand the production of different com-
pounds as well as products derived from syngas [156].

Microbial fermentation is also used to commercially 
manufacture additional food-grade compounds like 
lysine. Several chemicals like 1,3-propanediol, 1,4-butan-
ediol, isobutanol, lactic acid, and succinic acid have made 
it to the commercial level; however, these chemicals need 

significant human and financial resources [114]. The syn-
thesis of commodity chemicals using sugar fermentation 
is still challenging, even with recent advancements in 
fermentative processes [168]. The important point that 
permits discussion is the numerous attempts to produce 
products that can be obtained through sugar-based path-
ways, and some, like lactic acid, 1,3-PDO, and ethanol, 
are already commercialized [191]. The most significant 
disruption is still to come, as advancements in synthetic 
biology and metabolic engineering can help to modify 
microbes to improve the yield of the system. Through 
these techniques, more than 50 compounds have been 
produced, even now, by the reprogramming of the gas-
fermenting microbes [120]. Therefore, CO2-based bio-
chemical technologies can still be improved by creating 
reliable industrial processes and upgrading microorgan-
isms. Furthermore, the companies investing in carbon 
utilization technologies can adopt a variety of strate-
gies such as utilizing distinct biochemical platforms, 
diversifying product portfolios, emphasizing platform 
chemicals, infrastructure facilities, licensing of the tech-
nologies, and forming strategic partnerships to aid not 
only in development, but also deployment of the tech-
nologies. It is important for researchers and innovators 
to pay attention to different biochemical pathways and 
employ genetic engineering for strain improvement to 
offset harmful greenhouse gases, increase product port-
folios, and drive economic benefits from these feed-
stocks. Overall, gas fermentation is one of the desirable 
platforms for carbon recycling or carbon capture and uti-
lization; thus, it promotes a circular economy because of 
its feedstock and product flexibility benefits.

The environmental performance of carbon capture and 
utilization pathways differs significantly because of its 
dependence upon the mechanism of conversion, energy 
input, and end use of the product. Different gas fermen-
tation technologies developed by LanzaTech exhibited a 
substantial reduction in carbon emission in comparison 
to gasoline as per the life cycle assessment [69]. CO₂-
derived succinic acid and PHB reflected robust compe-
tence for carbon reduction with the additional benefit of 
co-product generation [10]. Products such as biopoly-
mer and succinic acid are more relevant in the BECCUS 
framework due to durable carbon storage, while fuels 
like ethanol and butanol ensure short-term benefits in 
terms of carbon storage [115]. Moreover, for BECCUS 
development and deployment, fair life cycle accounting 
is needed to examine the performance of each pathway 
responsible for carbon utilization. As different processes 
and pathways are being used to capture CO2 and convert 
it into valuable products, they differ significantly in terms 
of feedstock, energy, land, nutrients, transportation sys-
tems, technology, and reactor requirements. Therefore, 
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applying standardized frameworks globally that incor-
porate transparent and equitable evaluation of processes 
and products can inform the policy mechanism that 
carbon-negative and resource-efficient technologies are 
being favored and incentivized through BECCUS. The 
fair assessment will help to delineate and differentiate 
products produced through BECCUS, which assist in 
achieving the target of net-negative emissions in compar-
ison to products that only recycle carbon. This system-
level monitoring and evaluation is very crucial to develop 
policies and direct investment towards sustainable car-
bon utilization through BECCUS.

Economic analysis
BECCUS is promising pathway to decrease atmospheric 
CO₂ levels, but it is still economically not viable [57] 
(Table 2). High capital and operational costs are involved 
in BECCUS technologies, which makes it a hard solu-
tion to deploy on a large scale without external incen-
tives or market mechanisms like EOR or carbon credit 
trading systems [53]. This is especially true in situations 
where financing via fossil fuel-related incentives, such as 
applying captured CO₂ in EOR is not available. The capi-
tal expenditure also increases due to huge costs involved 
in the capture and compression of the gas. Once the gas 
is captured and compressed, the issues related to trans-
portation arise. The establishment of a pipeline system, 
its cost, maintaining pressure through the pipeline and 
energy required for compression eventually increases the 
cost of transportation. Further, the contaminants in the 
gas may pose damage to the pipeline which may results in 
an explosion [57]. The potential of BECCS is also depend-
ent upon the biomass availability, cost, and its quantity. 
A steady source of sustainable biomass feedstock needs 
to be established for BECCUS systems to become more 
economical and viable. The cost of biomass production 
varies significantly as it depends on the type of biomass 
and other input factors like availability of land, fertilizers 
and their use, productivity, harvesting technique as well 
as transportation system. The uncertainties in feedstock 
pricing are the issues that negatively affect the profitabil-
ity of BECCUS plants. As per the supply curve derived 
by Perlack et al. [147] for different scenarios revealed that 
the biomass cost varies from 40 to 60 $/oven-dry ton 
and almost similar price were observed by IRENA (2012) 
(40–55 $/ODT) and Kyle et al. [107] (35 and 65$/ODT). 
Supply chain complexity in biomass is influenced by 
logistical challenges most prominently in decentralized 
BECCUS systems using local feedstocks such as wheat 
straw, forest residues, and waste wood [7, 8]. Addition-
ally, biomass sourcing that does not promote significant 
land use changes while conserving food production fur-
ther adds complexity to the financial decision-making 

process. Retrofitting CCS system into the existing plants 
increases the cost of the end product as different equip-
ment used add production cost to the output. The study 
carried out by Rubin et al. [164] showed that cost of elec-
tricity production increased by 46–69% in pulverized 
coal plant during post-combustion capture, while it was 
increased by 60–84% in oxy-combustion plants. Other 
aspects that affect the economics of BECCUS is transpor-
tation cost of CO2. Rubin et al. [164] reported that trans-
porting 10 Mt CO2/year over a distance of 250 km can 
cost 2.2–3.7 $/tCO2 in the case of an onshore pipeline 
and 3.4–4.8 $/tCO2 for an offshore pipeline. Similarly, the 
transport of CO2 via ships is approximately $15/t for a 
500 km distance, which reflects less correlation with dis-
tance, as the majority of the cost was related to shipping 
fees and the port establishment [54].

The total CAPEX for integrating carbon capture and 
storage with biogas upgrading is $3 million, with a pay-
back time that exceeds 10 years. Additionally, the inclu-
sion of carbon capture increases the final cost of biogas 
production by about 10% [104]. Furthermore, the opera-
tion of such systems requires energy, transport, and 
maintenance of CO2, which must be balanced by market 
revenues, especially from carbon credits [142]. Carbon 
credits and pricing mechanisms are considered impor-
tant alternatives for making the BECCUS technique 
profitable. Ganeshan et  al. [57] underline that carbon 
taxes between $1 and $137 per ton of CO2 have already 
been implemented in 54 countries. Such studies should 
also assess the economic impacts of these initiatives and 
explain what optimal structures are for carbon mar-
kets worldwide. BECCUS systems usually cannot cover 
their high operational costs without a well-functioning 
market for carbon credits or substantial carbon taxes 
[210]. At this stage, BECCUS cannot become economi-
cally viable without appropriate and significant market 
incentives, government subsidies, or improved carbon 
prices. A broader perspective indicates that though sev-
eral nations have announced multiple commercial CCUS 
projects, their efficiency will depend strictly upon a car-
bon price that remains highly variable across the world 
[1] (Fig.  5). Brazil is a strong example of how BECCUS 
might become economically viable even if it remains very 
dependent upon external factors such as EOR and carbon 
pricing. Silveira et al. [185] suggested that the introduc-
tion of CO2 captured from BECCUS into EOR represents 
one model that can offset large capital and operational 
expenditures of BECCUS systems in Brazil. However, the 
economic feasibility of BECCUS in Brazil and its simi-
lar regions is not definitely ensured by the use of EOR 
or other external incentives. Although the Brazilian bio-
fuel industry has succeeded in integrating BECCUS with 
EOR, this model is not easy to replicate in other regions 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Page 16 of 28Singh et al. Biotechnology for Biofuels and Bioproducts           (2026) 19:12 

Ta
bl

e 
2 

Ec
on

om
ic

s 
of

 b
io

en
er

gy
-b

as
ed

 c
ar

bo
n 

ca
pt

ur
e 

pl
an

t

Ca
rb

on
 c

ap
tu

re
 te

ch
no

lo
gy

D
iff

er
en

t s
ce

na
ri

o/
as

su
m

pt
io

n/
op

er
at

in
g 

co
nd

iti
on

s
O

ut
pu

t
Re

fe
re

nc
es

CO
2 c

ap
tu

re
 in

 b
io

ga
s 

pl
an

ts
Th

re
e 

sc
en

ar
io

s: 
up

gr
ad

in
g 

of
 b

io
ga

s 
us

in
g 

am
in

e 
sc

ru
bb

in
g;

 b
io

ga
s 

up
gr

ad
at

io
n 

us
in

g 
am

in
e 

sc
ru

bb
in

g;
 a

nd
 C

O
2 i

s 
di

re
ct

ed
 to

w
ar

d 
bi

o-
m

et
ha

na
tio

n;
 A

ss
um

pt
io

ns
: c

on
tin

uo
us

 p
ro

ce
ss

, M
EA

 (H
O

C
2H

4N
H

2)
-3

0%
 

w
t.;

 fe
ed

st
oc

k:
 g

ra
ss

 s
ila

ge
 (3

.2
 w

w
t)

 a
nd

 d
ia

ry
 s

lu
rr

y 
(3

.5
 w

w
t)

 C
ST

Rs
—

m
es

op
hi

lic
 te

m
pe

ra
tu

re
 (3

8 
°C

); 
H

RT
-4

0 
(C

ST
R-

1)
, 3

0 
(C

ST
R-

2)
; T

im
e 

pe
rio

d:
 

20
 y

ea
rs

 In
te

re
st

 ra
te

 8
%

In
je

ct
in

g 
bi

og
as

 d
ire

ct
ly

 to
 th

e 
bi

o-
m

et
ha

na
tio

n 
sy

st
em

 is
 fi

na
nc

ia
lly

 
vi

ab
le

 in
st

ea
d 

of
 b

io
ga

s 
up

gr
ad

in
g 

an
d 

th
en

 b
io

-m
et

ha
na

tio
n.

 M
et

h-
an

e 
pr

od
uc

tio
n:

 S
ce

na
rio

 1
–3

.4
4 

M
m

3  S
ce

na
rio

 2
–6

.6
3 

M
m

3  S
ce

na
rio

 
3–

6.
64

 M
m

3

[1
98

]

CO
2 s

ep
ar

at
io

n 
an

d 
m

et
ha

na
tio

n
Co

al
-fi

re
d 

pl
an

t w
ith

 c
ap

ac
ity

 o
f 1

00
0 

M
W

e 
an

d 
47

.9
%

 e
ffi

ci
en

cy
 w

as
 c

ho
-

se
n 

as
 re

fe
re

nc
e 

pl
an

t E
qu

ip
m

en
t c

os
t: 

CC
U

 3
38

.0
4 

M
€;

 IC
C

U
 is

 2
11

.4
4 

M
€,

 
to

ta
l c

ap
ita

l c
os

t: 
CC

U
: 5

07
.0

8 
M

€;
 IC

C
U

: 3
17

.1
7 

M
€,

 fi
xe

d 
be

ds
 a

re
 a

do
pt

ed
 

so
 fl

ue
 g

as
 is

 a
ut

om
at

ic
al

ly
 s

ep
ar

at
ed

. C
os

t r
el

at
ed

 to
 g

as
 c

om
pr

es
si

on
 

an
d 

en
er

gy
 fo

r t
ra

ns
po

rt
at

io
n 

of
 C

O
2 a

re
 ta

ke
n 

in
to

 a
cc

ou
nt

 w
hi

le
 c

os
t-

re
la

te
d 

tr
an

sp
or

t o
f g

as
es

 a
nd

 e
nd

 p
ro

du
ct

 a
re

 n
ot

 c
on

si
de

re
d

Ca
lc

iu
m

 lo
op

in
g-

ba
se

d 
in

te
gr

at
ed

 c
ar

bo
n 

ca
pt

ur
e 

ut
ili

za
tio

n 
(IC

C
U

) 
an

d 
m

et
ha

na
tio

n.
 T

he
 p

ro
ce

ss
 o

f I
CC

U
-m

et
ha

na
tio

n 
is

 c
ar

rie
d 

ou
t a

t l
ow

 
te

m
pe

ra
tu

re
 e

nv
iro

nm
en

t r
efl

ec
tin

g 
so

rb
en

t a
tt

rit
io

n 
is

 n
ot

 th
e 

pr
ob

le
m

 
an

d 
so

rb
en

t d
ea

ct
iv

at
io

n 
ra

te
 is

 a
ls

o 
m

uc
h 

lo
w

er
. I

CC
U

 C
H

4 c
os

t—
44

3.
26

 
€ 

t−
1  (c

on
si

de
rin

g 
ca

rb
on

 ta
x 

al
so

) N
at

ur
al

 g
as

 c
os

t 4
29

 €
 t−

1  C
O

2 a
vo

id
ed

: 
CC

U
 1

82
.6

8€
 t−

1 ; I
CC

U
 6

8.
59

€ 
t−

1.
 E

ffi
ci

en
cy

 to
 re

co
ve

r w
as

te
 h

ea
t i

s 
cr

uc
ia

l 
in

 re
du

ci
ng

 th
e 

co
st

 o
f b

ot
h 

te
ch

no
lo

gi
es

 (C
C

U
 a

nd
 IC

C
U

)

[1
27

]

M
em

br
an

e 
CO

2 s
ep

ar
at

io
n

Pl
an

t c
ap

ac
ity

 1
00

0 
N

m
3 /,h

 c
os

t o
f t

he
 ra

w
 b

io
ga

s 
0.

08
7 

$/
N

m
3 . T

ot
al

 
co

st
s 

(in
cl

ud
in

g 
ra

w
 b

io
ga

s 
va

lu
e 

fo
r t

he
 u

pg
ra

de
d 

bi
og

as
): 

0.
17

 $
/N

m
3 . 

A
ss

um
pt

io
ns

 M
em

br
an

e 
lif

e 
tim

e—
5 

ye
ar

s, 
M

at
er

ia
l o

f c
om

pr
es

so
rs

—
st

ai
nl

es
s 

st
ee

l, 
In

te
re

st
 ra

t-
 6

%
, o

pe
ra

tin
g 

co
st

 1
.1

%
 o

f c
ap

ita
l i

nv
es

tm
en

t 
(C

I),
 m

ai
nt

en
an

ce
 c

os
t 2

.3
%

 o
f C

I, 
in

su
ra

nc
e 

2%
 C

I

Po
ly

vi
ny

l a
m

in
e 

m
em

br
an

e 
w

as
 u

se
d 

fo
r s

ep
ar

at
io

n.
 P

VA
 m

em
br

an
e 

an
d 

2-
st

ag
e 

re
cy

cl
ed

 p
ro

ce
ss

 e
xh

ib
it 

hi
gh

 s
ep

ar
at

io
n 

effi
ci

en
cy

 
an

d 
re

su
lte

d 
in

 9
9%

 C
H

4 r
ec

ov
er

y 
at

 v
er

y 
lo

w
 c

os
t a

nd
 c

om
pe

te
d 

w
ith

 th
e 

co
nv

en
tio

na
l t

ec
hn

ol
og

ie
s 

th
at

 a
re

 b
ei

ng
 c

ur
re

nt
ly

 u
se

d.
 

Th
e 

to
ta

l c
os

t o
f u

pg
ra

de
d 

bi
og

as
 is

 a
pp

ro
xi

m
at

el
y 

0.
17

 $
/N

m
3 , m

uc
h 

le
ss

 th
an

 th
at

 o
f n

at
ur

al
 g

as

[4
2]

A
m

in
e 

sc
ru

bb
in

g
Fi

ve
 d

iff
er

en
t a

m
in

es
 m

on
oe

th
an

ol
am

in
e 

(M
EA

), 
di

et
ha

no
la

m
in

e 
(D

EA
), 

di
is

op
ro

pa
no

la
m

in
e 

(D
IP

A
), 

m
et

hy
ld

ie
th

an
ol

am
in

e 
(M

D
EA

), 
am

in
om

e-
th

yl
 p

ro
pa

no
l (

A
M

P)
 w

er
e 

us
ed

 to
 u

pg
ra

de
 b

io
ga

s. 
Ta

rg
et

 w
as

 to
 re

ac
h 

91
%

 b
io

m
et

ha
ne

 m
as

s 
fra

ct
io

n 
W

or
ki

ng
 ti

m
e:

 8
76

0 
h/

ye
ar

 C
ap

ita
l c

os
t 

w
as

 h
ig

he
r f

or
 M

EA
 (1

10
.7

2 
M

U
SD

) a
nd

 lo
w

es
t f

or
 A

M
P 

(6
4.

56
 M

U
SD

)

O
pe

ra
tin

g 
pr

ofi
t w

as
 m

uc
h 

hi
gh

er
 fo

r A
M

P 
(1

7.
44

 M
 U

SD
/y

ea
r) 

an
d 

lo
w

es
t 

fo
r M

EA
 (1

8.
55

 M
 U

SD
/y

ea
r).

 B
io

m
et

ha
ne

 p
ro

du
ct

io
n:

 7
,1

90
 to

ns
/y

ea
r C

O
2 

pr
od

uc
tio

n:
 1

7,
28

0 
to

ns
/y

ea
r B

io
m

et
ha

ne
 p

ric
e:

 1
40

4.
8 

U
SD

/t
on

 C
O

2 p
ric

e:
 

38
0 

U
SD

/t
on

 P
ro

fit
; b

io
m

et
ha

ne
: 1

1.
82

 M
 U

SD
/y

ea
r C

O
2: 

6.
26

 M
 U

SD
/y

ea
r, 

A
M

P 
se

rv
e 

as
 th

e 
su

ita
bl

e 
an

d 
ec

on
om

ic
al

 a
lte

rn
at

iv
e 

fo
r b

io
ga

s 
up

gr
ad

a-
tio

n,
 o

ffe
rs

 s
up

er
io

r e
ffi

ci
en

cy
, w

ith
 m

in
im

um
 c

on
su

m
pt

io
n 

of
 e

ne
rg

y,
 

an
d 

ve
ry

 le
ss

 o
r n

eg
lig

ib
le

 m
et

ha
ne

 s
lip

pa
ge

[8
8]

So
lv

en
ts

: d
ig

ly
co

la
m

in
e 

(D
G

A
); 

m
et

hy
ld

ie
th

an
ol

am
in

e 
(M

D
EA

) 
w

ith
 d

ie
th

an
ol

am
in

e 
(D

EA
). 

O
pe

ra
tin

g 
tim

e 
pe

rio
d:

 8
00

0 
h/

ye
ar

 F
lo

w
 ra

te
: 

16
00

 N
m

3 /h
 P

re
ss

ur
e 

fo
r D

G
A

—
1.

5 
ba

r a
nd

 1
.7

 b
ar

 M
D

EA
-D

EA
 2

.0
 b

ar
 

an
d 

2.
5 

ba
r

D
ig

ly
co

la
m

in
e-

ba
se

d 
up

gr
ad

in
g 

ro
ut

e:
 9

9%
 C

O
2 r

em
ov

al
 a

nd
 g

en
er

at
es

 
bi

om
et

ha
ne

 (9
1%

 m
et

ha
ne

).B
io

m
et

ha
ne

 s
al

e 
pr

ic
e:

 U
S$

0.
38

/m
3  N

at
ur

al
 

ga
s 

sa
le

 p
ric

e:
 U

S$
0.

23
/m

3 –U
S$

0.
37

/m
3

[2
9]

Bi
og

as
 u

pg
ra

di
ng

 a
nd

 C
C

S
Sc

en
ar

io
 1

: b
as

e 
ca

se
 c

el
lu

lo
si

c 
bi

or
efi

ne
ry

; S
ce

na
rio

 2
: b

io
ga

s 
up

gr
ad

in
g 

to
 R

N
G

; S
ce

na
rio

 3
: b

io
ga

s 
up

gr
ad

in
g 

an
d 

pa
rt

ia
l C

C
S;

 S
ce

na
rio

 4
: R

N
G

 
in

 a
dd

iti
on

 to
 fu

ll 
CC

S 
A

 b
as

e 
ca

se
 b

io
re

fin
er

y 
of

 li
gn

oc
el

lu
lo

si
c 

bi
om

as
s 

us
in

g 
so

rg
hu

m
 a

s 
fe

ed
st

oc
k 

pr
et

re
at

ed
 w

ith
 io

ni
c 

liq
ui

d 
fo

llo
w

ed
 b

y 
bi

o-
co

nv
er

si
on

 o
f s

ug
ar

 in
to

 e
th

an
ol

. A
s 

th
is

 b
io

re
fin

er
y 

do
es

 n
ot

 c
ap

tu
re

 C
O

2, 
it 

w
as

 c
om

pa
re

d 
w

ith
 fa

ci
lit

ie
s 

th
at

 u
pg

ra
de

 b
io

ga
s 

an
d 

si
m

ul
ta

ne
ou

sl
y 

ca
pt

ur
e 

CO
2

M
in

im
um

 e
th

an
ol

 s
el

lin
g 

pr
ic

e 
(M

SE
P)

 fo
r b

io
ga

s 
on

si
te

 c
om

bu
st

io
n:

 
$1

.3
4/

LG
E.

 M
SE

P 
FO

R 
bi

og
as

 u
pg

ra
di

ng
 to

 R
N

G
: $

1.
38

/L
G

E 
(li

te
r g

as
ol

in
e 

eq
ui

va
le

nt
) M

ES
P 

fo
r f

ul
l c

ar
bo

n 
ca

pt
ur

e 
an

d 
st

or
ge

 in
cl

ud
in

g 
pr

e-
 

an
d 

po
st

-c
om

bu
st

io
n:

 ∼
$0

.4
3/

LG
E 

M
ES

P 
fo

r p
ar

tia
l c

ar
bo

n 
ca

pt
ur

e 
an

d 
st

or
ag

e 
in

vo
lv

in
g 

on
ly

 p
re

co
m

bu
st

io
n:

 ∼
$0

.0
3/

LG
E.

 M
iti

ga
tio

n 
co

st
s/

 to
n 

CO
2e

 a
vo

id
ed

: S
ce

na
rio

 1
: $

67
, S

ce
na

rio
 2

: $
64

, S
ce

na
rio

 3
: $

53
, 

Sc
en

ar
io

 4
: $

52

[2
09

]

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Page 17 of 28Singh et al. Biotechnology for Biofuels and Bioproducts           (2026) 19:12 	

due to differences in infrastructure, biomass availability, 
and carbon pricing mechanisms [185]. This will depend 
mainly on the combination of factors such as techno-
logical advancement, robust carbon pricing mechanisms, 
and policy frameworks supporting carbon removal 
and renewable energy initiatives. Therefore, substantial 
improvements in CCS in terms of cost and performance 
are needed to reduce deployment expenses. The imple-
mentation of a carbon price can help to make CCS a prof-
itable technology; thus, the price should be set in such a 
way that enables this technology to evolve and mitigate 
climate change.

Market dynamics
There are several critical factors decisive in determining 
the dynamics of BECCUS, namely pricing models, par-
ticularly carbon pricing on a fixed price or fluctuating 
carbon credit price based on prevailing market demand 
and regulatory conditions. However, the economic feasi-
bility of BECCUS depends heavily on the price of carbon 
credits, as higher carbon prices typically improve project 
viability. For example, an Indian study is very indicative 
of the decentralized approach utilizing carbon credits 
to offset uncertainties in the bioenergy sector, result-
ing in carbon savings of up to 90.38% [65]. Research on 
China indicates the importance of managing regulatory 
risks and strategies to ensure that BECCUS could sus-
tainably be financed through carbon credit systems. In 

Vietnam, interest remains mixed from local community-
based carbon schemes in purchasing carbon credits, 
thereby explaining regional differences in demand [140, 
141]. Such results clearly explain the factors influencing 
the financial feasibility of projects BECCUS, especially 
in developing countries, where market adjustments and 
uncertainties in bioenergy markets are most common. 
One more critical factor for project-level analysis of 
BECCUS is the levelized cost of energy, the unit cost of 
building and running an energy generation plant. LCOE 
also provides a critical input toward the competitiveness 
assessment of BECCUS in the overall energy landscape, 
including capital costs, O&M costs, as well as capac-
ity factors. Biomass-based energy is estimated between 
$0.172 and $0.370 per kWh in 2050 [210]. Government 
incentives include specifically the EU innovation fund 
and the US 45Q tax credit as these mechanisms reduce 
the effective pricing that developers and consumers will 
have to pay in making the BECCUS projects financially 
more viable. Such subsidies play a significant role in pro-
moting deployment, making BECCUS much more eco-
nomically competitive than other sources of renewable 
energy [210]. In terms of market structure, BECCUS 
projects compete with other renewable technologies like 
wind and solar, which generally have lower operational 
cost and lower capital requirements.

In this context, regulatory frameworks and mar-
ket competition should heavily weigh on BECCUS 

Fig. 5  Carbon taxes in different countries  (Source: https://​carbo​npric​ingda​shboa​rd.​world​bank.​org/​compl​iance/​price)
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deployment. Vertical integration within the BECCUS 
supply chain as represented by the China model can also 
enhance the competitiveness of these projects by reduc-
ing operational risks and streamlining approaches to bio-
mass production and carbon storage [67, 68]. It is critical 
to enable its adoption globally to understand the inter-
play of market dynamics, competition, and regulatory 
frameworks.

Policy frameworks for BECCUS implementation
BECCUS implementation is heavily impeded by poli-
cies, particularly regional policy inconsistencies, limited 
incentives, and overall inadequate government and pub-
lic engagement [5, 56]. The current literature focuses on 
integrated cross-sectoral approaches for policy formu-
lation (Table  3) based on local perspectives as well as 
human impacts on deployment for the effective imple-
mentation of BECCUS. The current regulatory frame-
work is inadequate to support high levels of deployment 
for BECCUS because it deals with an interdisciplinary 
technology across the energy, environmental, and agri-
cultural sectors. The most probable move to realize cli-
mate goals considering the Paris Agreement is to focus 
on bioenergy and other negative emission technologies. 
However, BECCUS remains a highly controversial and 
immature technology because the extant policy frame-
work fails to provide space for significant uptake and 
operation [186].

Financial incentives are among the most crucial fac-
tors that must reduce the costs associated with BEC-
CUS. Yeung et al. [210] stated that the idea of economic 

incentives like carbon credits and government subsidies 
is crucial for BECCUS feasibility, especially at an early 
stage in the technology. Addressing barriers related to the 
deployment of BECCUS will require filling knowledge 
gaps between market needs and research priorities [186]. 
Additionally, stakeholder engagement, greater collabora-
tion among market players, academia, and policymakers, 
and increased social acceptability will play a significant 
role in BECCUS adoption. However, Thornley and Mohr 
[194] have pointed out that the governance model must 
break through the shell of present policies as envisaged 
under the climate ambition of the Paris Agreement. 
More policies like renewable energy certificate schemes 
and contracts for difference between renewable and fos-
sil products would further expand BECCUS deployment 
[99]. Market frameworks need to be established that cre-
ate demand for biogenic CO2 and incentivize the envi-
ronmental benefits. The CO2 released during biological 
processes such as AD, bioethanol production, and fer-
mentation should be considered a renewable resource 
substitutable for fossil-based CO2, and therefore, it would 
benefit from preferential treatment in carbon account-
ing systems and carbon markets. Establishing a reliable 
certification system for carbon removals will facilitate 
trade in carbon credits that enhance transparency, offer-
ing financial incentives to utilize and store biogenic CO2 
in construction materials or underground storage. Addi-
tionally, harmonized policy frameworks are essential for 
the widespread uptake of the bioenergy-based carbon 
capture technology in addressing climate change. There 
is a fragmented approach to life cycle assessments and 

Table 3  Summary of policy models

Policy model Details References

State guarantees Long-term contracts funded by taxpayers.Sweden’s model 
involves reversed auctions, distributing funds to lowest-
cost NE providers (starting 2026).Increases predictability 
for BECCS operators

[214]

Quota obligations Emitters finance BECCS by purchasing NEs proportional 
to emissions. Initial obligation: ~ 10% of fossil emissions, 
increasing over time. Proven cost-effective with demand-
side measures, enabling pathways toward net-zero

[89, 214]

EU ETS integration NE credits integrated with or linked to EU ETS. Residual 
emissions offset through NEs as ETS cap tightens to zero 
by 2050. Certification framework is being developed by EU 
for CDR credits to enable accounting and voluntary trading

[47, 157, 214] 

Voluntary carbon markets (VCMs) NE credits sold to entities voluntarily offsetting emissions. 
Key players: Microsoft, Stripe, Shopify.Challenges: non-
permanence risks, lack of unified NE accounting practices.
Standardized practices could strengthen VCMs

[79, 214]

International credit transfers Credits traded between nations under Article 6. Article 6.2: 
voluntary transfers of mitigation outcomes. Article 6.4: mar-
ket mechanisms engaging private corporations.Challenges: 
avoiding double counting

[173, 214]
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techno-economic analyses, which prevents uniform 
assessment of BECCUS projects. Regions need stand-
ardized methodologies to assess carbon emissions and 
economic feasibility and stabilize the decision-making 
processes [134]. Globally harmonized carbon taxes or 
emissions trading schemes [92], harmonized approaches 
to biomass sourcing, transportation, and its storage [51] 
will provide predictable markets for carbon offsets gener-
ated by BECCUS, incentivizing investment. Importantly, 
international cooperation is needed in managing cross-
border impacts, such as trade in biomass or cross-bound-
ary CO2 storage facilities. Lastly, bioenergy policies need 
to be put in line with major renewable energy and climate 
objectives as BECCUS is effectively considered one of the 
effective global decarbonization strategies.

Technological innovation
Innovations in BECCUS are essential to achieve global 
climate goals because it combines carbon reduction with 
renewable energy production [74, 160]. A key focus of 
BECCUS is capturing CO2 from bioenergy processes, 
converting it into value-added products [210]. Emerging 
carbon management strategies (Table  4) incorporate a 
range of solutions, including chemical looping combus-
tion (CLC), CO2 liquefaction, and microalgae cultivation 
[176]. Capturing CO₂ integrated with biogas upgrad-
ing is gaining momentum due to the benefits of sustain-
able production of energy and carbon capture. Moreover, 
global initiatives such as the Carbon-Negative Shot of the 

US Department of Energy highlight innovation at gigaton 
scales across sectors, indicating the need for cross-sector 
collaboration to accelerate deployment [45]. Through 
these technological innovations, BECCUS will make an 
extraordinary contribution toward net-zero emissions 
while creating valuable pathways for industrial carbon 
management.

Economic models for deployment and challenges 
of BECCUS
BECCUS offers an immediate dual benefit of energy pro-
duction coupled with carbon sequestration. Economic 
models, in detail, explore the interdependencies of tech-
nology, resource availability, carbon pricing, and policy 
incentives that will shape the future of BECCUS [57]. 
Studies on the integration of BECCUS with polygenera-
tion systems, such as co-electricity and methanol pro-
duction, have demonstrated that cost optimization and 
efficiency gains can be enhanced. Babin et al. [13] pointed 
out that the integration of BECCUS with combined heat 
and power systems can offset energy penalties, thereby 
improving its economic viability. Pyrolysis-based BEC-
CUS systems can provide cost parity with fossil-based 
systems only at carbon prices above $51–$212 per ton 
of CO₂, depending on system configurations. In addi-
tion, methane sales and government incentives can fur-
ther augment economic feasibility [204]. Technological 
innovation is needed to improve the methods of cap-
turing, purification, and utilization of biogenic CO2 in a 

Table 4  Overview of carbon management start-ups and technologies by category

Source: https://​clima​teins​ider.​com/​2024/​06/​13/​carbon-​manag​ement-​market-​map/

Category Subcategories Examples of start-ups/companies

Carbon Capture, Utilization, and Storage 
(CCUS)

BECCS Drax, Beks Stockholm

Concrete Solidia, CarbonCure, CarbiCrete

CO2 chemicals Econic, Covalent, CleanO2

CO2-based fuels RedoxNRG, Twelve, Lanzatech

CO2 enhanced oil recovery Denbury

storage Vault 44.01, AGR, Vaulted

Capture technology Entropy, Carbon Clean, Svante, CarbonCapture

Reduction services Carbon markets/credits C-ZR, Carbon Trade Exchange, Patch, Puro.Earth

Monitoring/analysis Genvision, Climeworks, MyCarbon, Satelytics

Carbon removal Biochar CO2Co, PyroCCS, PYREG

Microalgae AlgiCell, Carbonwave, Algenol

Oceans Captura, Ebb Carbon

Mineralization Cella, Blue Planet, CarbonBuilt

Land management/soil Indigo, Yara Soya, Regen Network

Direct air capture Climeworks, Carbon Engineering, Global Thermostat

Enhanced weathering Undo, Sequest

Forestry/Biomass Airfix, Climate Partner

Support services Carbon management platforms Cbamboo, Climate Partner, The Climate Choice
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cost-effective manner in various sectors. Agricultural and 
forestry residues should be used to avoid existing land use 
conflicts [13]. Carbon leakage penalties and ladder-type 
pricing mechanisms within the European Union have 
demonstrated an incentivizing effect on BECCUS adop-
tion. BECCUS systems that produce useful by-products, 
such as biochar or synthetic fuels, can balance out costs 
and increase profitability. Woolf et al. [204] reported that 
biochar systems are cheaper to deploy due to lower car-
bon prices and enhance soil fertility benefits. Similarly, 
Werner et al. [200] proposed Pyrogenic Carbon Capture 
and Storage as a sustainable and land-neutral alterna-
tive capable of capturing 0.44–2.62 Gt of CO₂ annually 
while mitigating food production impacts. Furthermore, 
a circular economy model that includes biogenic CO2 
as a valuable resource needs to be developed. Setting 
targets for the use of biogenic CO2 and incentivizing it 
through pricing mechanisms or mandatory disclosure of 
origin would encourage its adoption more broadly across 
industries, particularly for renewable fuels and industrial 
processes. Moreover, economic and environmental met-
rics need to be optimized for large-scale deployments, 
as pointed out by Geissler et al. [60]. Although BECCUS 
is a technology with enormous potential to contribute 
toward achieving global carbon reduction targets, suc-
cess depends on cost competitiveness as well as effective 
coordination of policies and societal acceptance. Contin-
ued innovation alongside robust policy frameworks and 
international cooperation will be necessary to tap the 
full potential of BECCUS’s technology. Thus, research 
into BECCUS should focus on improving market mecha-
nisms, advancing technology for carbon capture and uti-
lization, and enhancing cross-sector integration. The use 
of biogenic CO2 will drive the development of climate 
mitigation strategies and promote an accelerated transi-
tion to a circular economy.

Challenges and solutions for BECCUS 
implementation
A key approach for addressing climate change is BEC-
CUS, which combines the generation of bioenergy 
with CO2 capture, utilization, and storage. Despite its 
potential, widespread implementation is hampered 
by a number of technological and financial factors. 
The effectiveness and dependability of CO2 capture 
systems, their integration with other technologies, 
and the research and development uncertainties aris-
ing from the early stages of the majority of the tech-
nologies are the major areas of concern. The major 
challenges encountered by the BECCUS system are 
mentioned below:

Restricted supply of biomass
The main challenge is the restricted supply of sustain-
able biomass, brought on by competition with food 
production, biodiversity loss, and changes in land use. 
However, prioritizing non-food biomass sources such 
as forestry waste, algae, and agricultural leftovers is 
essential to increase biomass availability. Additionally, 
policies for sustainable land use and residue manage-
ment need to be developed, and integrated systems like 
agroforestry and intercropping must be encouraged.

High transportation cost
Transportation of captured CO₂ and biomass to the 
treatment site is expensive. However, high costs associ-
ated with the transportation can be decreased by creat-
ing a decentralized system close to the biomass source, 
increasing investment in logistics optimization, and 
using low-carbon transportation fuel.

High operating and maintenance expenses
The BECCUS system encounters significant obstacles 
in the form of constant operating and maintenance 
expenses, which go beyond the initial investment. The 
BECCUS plant needs ongoing financial support for 
equipment maintenance, electricity for operations, 
and biomass purchase. BECCUS plant maintenance 
expenses account for 10–15% of the total annual capi-
tal cost, covering the cost of regular maintenance, 
replacement parts, and technology advancements 
[179]. Research into increasing energy efficiency, the 
use of cutting-edge materials for carbon capture, and 
integration of the BECCUS system with sustainable and 
renewable energy can undoubtedly increase revenue 
streams.

Market competitiveness
Lack of market competitiveness is a major obstacle to 
BECCUS technology development. Both traditional 
and renewable energy sources compete with BECCUS. 
The increased expenses linked to BECCUS exacerbate 
this competition and reduce the interest of investors 
and customers in BECCUS technology. The decision by 
investors and stakeholders is also complicated by the 
uncertainties surrounding BECCUS technologies. The 
deployment of BECCUS technology is also hampered 
by the high capital expenditures involved in biomass 
processing and storage infrastructure.

Lack of storage sites
The persistent storage of carbon is impeded by the 
scarcity of suitable geological sites. Thus, it is impera-
tive to use alternate techniques for storage, map storage 
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locations, and also collaborate with other organiza-
tions that support cross-border CO2 storage to tackle 
the problems associated with storage sites. Addition-
ally, serious concerns related to storage safety, land 
use change, and environmental impacts are affecting 
the adoption of BECCUS technology. Hence, problem-
specific awareness campaigns that highlight the role of 
BECCUS in carbon reduction and climate change miti-
gation, involve local communities in planning, execu-
tion, and decision-making, as well as open deliberation 
regarding environmental and safety precautions can 
certainly assist in addressing the challenges impeding 
BECCUS adoption.

Measurement, transparency and regulatory issues
Currently, it is difficult to precisely quantify the carbon 
captured, used, and ultimately stored in the BECCUS 
system. Thus, there is a need to develop standardized 
procedures and methods for precise measurement and 
apply contemporary technologies such as blockchain and 
satellite-based monitoring for enhanced transparency 
and third-party monitoring, evaluation, and certifica-
tion of BECCUS projects. Furthermore, insufficient and 
irregular carbon pricing, enigmatic regulatory measures, 
and absence of supportive policies are further restricting 
the BECCUS economic viability, adoption, and imple-
mentation. Thus, it is important for the global commu-
nity to support BECCUS technology through strong but 
encouraging regulations. Additionally, homogenous car-
bon pricing systems must be implemented to enhance 
market competitiveness. Simultaneously, cross-border 
collaboration for carbon management must be encour-
aged for effective carbon capture, utilization, and even-
tual storage.

Low technology readiness level (TRL)
The technology involved in the BECCUS deployment 
has limited commercial application owing to several 
immature technologies. In order to increase TRL, it 
is important to improve cooperation between differ-
ent stakeholders including the government, industry, 
and academia. Moreover, allocating sufficient financial 
resources to scale up new technologies can improve TRL 
and play a critical role in the adoption and deployment of 
BECCUS [167]. As evidenced by their low TRL, many of 
the technologies used in BECCS are still in their infancy 
stage. Technologies such as innovative biomass conver-
sion and CO₂ utilization pathways necessary for BEC-
CUS deployment and adoption are still in their initial 
stage of development. Thus, it necessitates substantial 
research and demonstration efforts to reach an advanced 
stage of development [57].

Lack of policy support
Policy framework is an important pillar in the deployment 
of BECCUS, as it directly affects the economic feasibility 
of the system. At present, there is a scarcity of financial 
resources at both the national and global levels that are 
necessary to ensure the commercial implementation of 
BECCUS. Thus, subsidies, tax breaks, incentives, and ulti-
mately government support can help overcome obstacles 
encountered in the implementation of BECCUS. Addi-
tionally, promoting public–private partnerships to share 
financial risks and innovations in scalable and modular 
technologies can reduce the costs of BECCUS technology.

Policy recommendations
BECCUS is an important enabler of net-negative emis-
sion strategies and has the potential to adequately offset 
climate change. Some of the key findings and actionable 
recommendations that emerge from this review are out-
lined below.

Technological feasibility
Carbon capture methods currently employed, such as 
post-combustion and direct air capture, have domi-
nated the landscape but require further optimization for 
large-scale deployment [57]. New developments in CHP 
systems and microalgae-based CCU are opening new 
avenues for scalable solutions [140, 141]. However, the 
roadmap to improve the technological feasibility of BEC-
CUS must prioritize pilot project demonstrations inte-
grating carbon capture and storage, policies on financial 
incentives prioritizing carbon removal instead of plant 
capacity, a transparent global monitoring framework for 
BECCUS evaluation along with third-party monitoring 
of the system. Establishing stringent and harmonized 
regulations for site selection at a global level must be 
developed to ensure safe BECCUS system deployment. 
Furthermore, the BECCUS technologies enable the pro-
duction of several products while reducing the carbon 
footprint of different energy industries. Replacing fos-
sil fuel with biomass (1 ton) in the case of the cement 
industry resulted in mitigation of CO2 (0.94 tons) [44]. 
Similarly, replacement of coal with biomass in boiler 
can reduce electricity generation costs and CO2 emis-
sion [132]. Additionally, a system utilizing biomass, when 
fitted with the CCS technique, can lead to net-negative 
emissions as long as biomass is produced sustainably.

Economic and market opportunities
Carbon captured can generate revenue ranging from $36 
to $235 per ton, allowing it to be used for biofuels, bev-
erages, and enhanced oil recovery [57]. However, it still 
lacks optimal carbon pricing and financial incentives. The 
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countries should implement policies such as carbon taxa-
tion, tradable credits, and subsidies to attract investors 
and large-scale BECCUS deployment. The policy must be 
designed in such a manner that it reduces the risk asso-
ciated with the BECCUS system, derisks investors, and 
develops a durable supply and value chain to unlock the 
economic and market competitiveness. The time-bound 
incentives to bridge current economic gaps hamper-
ing BECCUS deployment must be kept in place until 
the technology improves its readiness, scale, and com-
petence. Further, the procurement of products derived 
from the BECCUS system requires continuous demand 
followed by public–private investment, and international 
cooperation on carbon credits can expand the market 
base and provide a necessary boost to improve the eco-
nomic feasibility of BECCUS deployment.

Carbon tax has been implemented by several coun-
tries; however, it must be implemented globally in a strin-
gent manner. It can provide the necessary stimulus to 
the industries to implement CCS. The global carbon tax 
also varies with the country, and approximately 54 coun-
tries have implemented it; yet, several countries have 
not taken the steps for its implementation [57]. Thus, 
the BECCUS system, considered to play a critical role in 
achieving a carbon-neutral society, must be implemented 
globally with a common framework of implementation, 
site selection, carbon tax, carbon credit, and biomanufac-
turing. It is also suggested that institutional, sectoral, and 
global collaboration must be promoted to address the 
gaps hampering the success of the BECCUS technique.

Policy and regulatory framework
This process is integral because policy frameworks and 
regulations are key drivers of BECCUS technology adop-
tion [99]. Expansion of regulations regarding biogenic 
carbon emissions and provision of financial incentives for 
carbon-negative technologies are also necessary for BEC-
CUS. Countries like the UK provide significant financial 
support to the BECCUS project, which has increased 
their deployment for carbon mitigation. Replicating such 
strategies in other countries, especially India, can assist 
in reducing carbon emissions and attaining the carbon-
neutral goal by 2070. Furthermore, due to the low TRL 
of several technologies associated with BECCUS deploy-
ment, their scalability and feasibility are unclear; there-
fore, BECCUS-specific research and development grants 
must be provided to improve their TRL levels [57]. Coun-
tries should clearly permit strategies for carbon capture, 
transport, and storage by setting rules for environmental 
impact assessment as well as site selection for BECCUS 
systems. It is also essential to clearly fix the responsibil-
ity for stored carbon after project completion. Integrating 
such strategies into actionable plans for climate change 

mitigation is crucial to ensure that BECCUS systems 
complement the carbon reduction strategies instead of 
competing with them. Incorporating and adopting such 
strategies in the policy framework will not only reduce 
the social, financial, and environmental risks, but also 
improve BECCUS deployment at a commercial scale.

Furthermore, developing a biomass atlas of different 
crops with seasonal production and availability at the 
regional level at regular intervals can demonstrate the fea-
sibility of the projects and even improve the confidence of 
the investors in the BECCUS sector. The integrated stud-
ies determining the carbon footprint of the biomass sup-
ply chain, biomass processing to valuable products as 
well as carbon capture, transport, utilization, and storage 
must be carried out to identify the processes and factors 
responsible for enhancing the economic feasibility and 
sustainability of the system [52]. In the USA, the CCS sec-
tor is much advanced in terms of financial support, con-
struction, and engineering techniques compared to other 
countries while regions like Columbia and Scandinavia are 
excellent in thermochemical conversion of the biomass 
[137]. Thus, research collaboration among countries and 
cross-sector collaboration in the CCUS field must be pri-
oritized. Moreover, international policies for the success of 
BECCUS are necessary as countries plentiful in biomass 
resources may not have abundant sites for the storage of 
carbon. For example, the UK lacks adequate sustainable 
biomass resources, while Sweden lacks suitable geologi-
cal sites for carbon storage, and vice versa [17, 18]. Inves-
tors and industries must identify regions enriched with 
biomass that can sustain the long-term demand of the 
BECCUS system as well as the utilization and storage sys-
tem for carbon utilization for biomanufacturing. Policies 
should be designed to provide long-term support for BEC-
CUS deployment to attract investment. Therefore, policies 
should address these issues and promote collaboration 
among stakeholders to accelerate the implementation of 
BECCUS systems for carbon mitigation.

Environmental and social impacts
Public perception issues, along with challenges related to 
land use and water availability, are major constraints for 
BECCUS. Public acceptance of the technology for carbon 
capture and storage is very crucial. Public opposition has 
affected the deployment of BECCUS plants, as seen in 
several European cases. This technology also suffers due 
to criticism because it is perceived as prolonging the use 
of fossil fuels and preventing action responsible for car-
bon mitigation [135]. Therefore, an awareness program 
regarding the importance of utilizing emitted carbon as 
a substrate for biomanufacturing through techniques 
like gas fermentation must be promoted and supported 
with scientific research and evidence. A special research 
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project on carbon waste carbon utilization to product 
creation through biological pathways to enhance the pro-
duction of ethanol, butanol, polyhydroxybutyrate (PHB), 
polyhydroxyalkanoate (PHA), long-chain fatty acid, 1,3-
BDO, and 2,3-BDO, along with subsidies on using such 
products, could help to change public perception. Fur-
thermore, using residues and algae as feedstock sources 
could reduce environmental impacts [169]. Integrating 
captured carbon with microalgae will improve the bio-
mass yield, reduce carbon emissions, and promote the 
process of biomanufacturing, biorefinery, and the circu-
lar bioeconomy.

Conclusion
Climate change poses serious environmental, economic, 
and social issues due to increased emission of greenhouse 
gases, especially CO2. This has created an urgent need for 
carbon-negative, ecologically friendly, chemical and mate-
rial biomanufacturing to utilize CO2 as feedstock. Gas fer-
mentation processes are being used to utilize CO2 to scale 
up production of novel compounds that were previously 
generated commercially through petrochemical means. 
However, the efficiency of carbon assimilation pathways 
is being improved by ongoing developments in metabolic 
engineering, which will enhance the production of diverse 
bioproducts, improve carbon sequestration, and support 
efforts to slow down climate change. Synthetic biology has 
expanded the product base to include both native as well 
as non-native metabolites such as ethanol, acetate, poly-
hydroxybutyrate, and polyhydroxyalkanoate, long-chain 
fatty acid, 1,3-propanediol, 2,3-BDO, and 1,4-butanediol. 
Gas fermentation retrofitted onto CO2 emitting plants can 
be one of the desirable platforms for carbon capture and 
utilization, thus promoting a circular economy. Addition-
ally, setting targets for biogenic CO2 utilization and incen-
tivizing it through pricing mechanisms would promote its 
adoption more broadly across industries, particularly for 
renewable fuels and industrial processes. Moreover, there 
is a need to develop standardized procedures and meth-
ods for precise measurement along with contemporary 
technologies to enhance transparency and third-party 
monitoring, evaluation, and certification of BECCUS pro-
jects. BECCUS can be a transformative approach to com-
bat climate change with a substantial prospect for global 
greenhouse gas abatement and becoming a cornerstone 
of global climate strategy through a holistic approach. 
However, the realization of this potential requires posi-
tive inputs in research, policy, and partnerships. Future 
studies should focus on market-based solutions, techno-
logical advancement, and cross-sectoral integration to 
overcome existing hurdles. Policymakers must enforce 
robust frameworks that provide financial and regulatory 
support while ensuring environmental sustainability. 

BECCUS could serve as a game changer in mitigating 
global warming, provided that technical, economic, and 
social challenges are addressed. Investments in pilot pro-
jects, stakeholder engagement, and international collabo-
ration are vital to scaling BECCUS and achieving the goals 
of the Paris Agreement.
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