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The global energy transition increasingly relies on biotechnological innovation 
to meet climate targets. This study aims to evaluate the integration of carbon 
capture, storage, and utilization (CCUS) within a circular bioeconomy, bridging 
the gap between governance and technological implementation. While previ-
ous research often treats CCUS and bioenergy in isolation, this review provides 
a novel, integrated framework that connects climate governance (from COP26 
to COP30) with specific carbon-negative pathways and advanced materials. The 
objectives are to assess the deployment of biofuels (SAF, biohydrogen), biochar, 
and bioplastics, specifically highlighting the role of Metal–Organic Frameworks 
(MOFs) in enhancing capture efficiency. Unique to this work is the inclusion of a 
multi-dimensional analysis incorporating Technological Readiness Levels (TRL), 
Life Cycle Assessment (LCA), and—crucially—Techno-Economic Analysis (TEA) 
to evaluate the impact on industrial scale-up. Main findings indicate that while 
biotechnological pathways are diversifying, the transition to commercial viability 
depends on aligning these advances with transparent financial mechanisms, such 
as blockchain-backed carbon credits. The outcomes serve as a strategic roadmap 
for industrial stakeholders to optimize investment in carbon-negative assets and 
provide policymakers with a scientific basis for standardizing sustainability metrics 
through the Global Biofuels Alliance (GBA), ultimately facilitating the scalability of 
commercially viable negative-emission solutions.
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1 Introduction

The growing urgency to mitigate climate change has placed the global energy transition at 
the center of environmental and economic discussions. Brazil has already proven that biofuels 
have a concrete and immediate role in the global energy transition (Pani et al., 2022). The com-
mitment to reduce greenhouse gas (GHG) emissions, reaffirmed during the COP 30 Climate 
Change Summit, accelerated international efforts toward cleaner and renewable energy sys-
tems. Among these initiatives, the Global Biofuels Alliance (GBA) has emerged as a cooperative 
framework to promote sustainable bioenergy and strengthen the role of biomass-derived fuels 
in achieving carbon neutrality (Chandel et al., 2024). This alliance underscores the potential 
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of biofuels not only as energy carriers but also as key components in 
the development of low-carbon economies (Pani et al., 2022; Hassan 
et al., 2024).

Within this context, biofuels have evolved from carbon-neutral to 
carbon-negative technologies, encompassing innovations such as bio-
char and biochemicals derived from lignocellulosic and algal biomass 
(Shaba et al., 2024). These materials can capture and store carbon 
while contributing to soil enhancement and the replacement of fossil-
based products (Arehart et al., 2021). The integration of carbon-neg-
ative pathways into biofuel production systems represents a major step 
toward net-zero targets, creating synergies between energy generation, 
carbon sequestration, and circular bioeconomy principles (Field et al., 
2020; Cheng et al., 2023).

Parallel to technological advances, carbon credit has become a 
crucial economic instrument in promoting low-emission practices 
(Bhardwaj et al., 2025; Rakshit et al., 2025). By assigning measurable 
value to avoided or sequestered emissions, carbon credits incentivize 
industries and governments to invest in sustainable solutions (Zhang 
et al., 2021; Probst et al., 2024; Cheng et al., 2025). Recent develop-
ments in carbon accounting, certification methodologies, and trading 
mechanisms have increased transparency and global participation, 
facilitating the monetization of environmental performance (Yeh et 
al., 2016). This financial dimension of sustainability not only supports 
the deployment of advanced biofuels but also strengthens the resil-
ience of renewable markets (Yeh et al., 2016).

Moreover, the transition to a low-carbon economy relies on the 
technological assessment of carbon capture and utilization (CCU) 
strategies, including post-combustion capture, bioenergy with carbon 
capture and storage (BECCS), and mineralization processes (Liu C. et 
al., 2023; Morimoto et al., 2023). These technologies provide comple-
mentary pathways to mitigate emissions across industrial sectors, 
ensuring that bio-based systems can operate within the broader 
carbon management framework.

The global market for CCUs is projected to reach USD 17.75 bil-
lion by 2030, expanding at a compound annual growth rate (CAGR) 
of 25% between 2025 and 2030 (Markets and Markets, 2026). This 
growth is primarily driven by an increasing focus on achieving net-
zero carbon targets and the implementation of supportive governmen-
tal policies aimed at reducing carbon emissions. Among regions, 
Europe is expected to register the highest CAGR during the forecast 
period, reflecting the impact of its stringent climate policies (Markets 
and Markets, 2026).

Another emerging opportunity lies in adding value to biorefinery 
chains through carbon trading mechanisms. By quantifying the 
carbon benefits of bioproducts and integrating them into carbon mar-
kets, biorefineries can diversify their income streams and enhance 
their competitiveness (Platt et al., 2018; Tanveer et al., 2024).

To provide a comprehensive overview of this evolving scenario, 
this manuscript is organized into five subsequent sections. The first 
section explores low-carbon technologies and carbon capture strate-
gies, establishing the technical basis for climate change mitigation. The 
second examines carbon-negative bio-based systems, with a specific 
focus on the integration of biofuels, biochar, and biochemicals in bio-
refineries, along with a dedicated analysis of the role of biochar in 
long-term carbon sequestration. The third section addresses the fron-
tier of materials science, highlighting Metal–Organic Frameworks 
(MOFs) as advanced tools for efficient CO2 capture and conversion. 
The fourth section focuses on the economic and regulatory dimen-
sions, detailing methods for carbon credit analysis and certification. 

Finally, the fifth section assesses the enhancement of the value chain 
in biorefineries through carbon trading, incorporating a techno-eco-
nomic perspective and an evaluation of the potential for industrial-
scale scaling. Together, these sections offer a multidisciplinary 
roadmap for transitioning from theoretical biotechnological advances 
to commercially viable, net-zero emission solutions.

2 Low carbon technologies and carbon 
capture

Carbon capture, storage, and utilization (CCUS) technologies 
have emerged within low-carbon technological frameworks aimed at 
reducing atmospheric CO2 emissions. These technologies enable the 
capture of CO2 from industrial and energy-related sources, followed 
by its storage or conversion into value-added products (Dziejarski et 
al., 2023).

Within the broader context of low-carbon technologies (LCTs), 
CCUS complements strategies such as cleaner energy generation and 
improved energy efficiency, which collectively aim to reduce carbon 
emissions per unit of product or service (Metta et al., 2020). However, 
unlike other LCTs, CCUS directly targets emitted CO2, offering a dis-
tinct pathway for mitigation. As illustrated in Figure 1, CCUS is not 
an isolated solution but part of an integrated system that connects 
global policy drivers, biotechnological carbon conversion pathways, 
advanced materials for CO2 capture, and carbon credit markets. This 
integrated perspective highlights the role of CCUS in enabling carbon-
negative systems through the coupling of technological innovation, 
regulatory frameworks, and market-based mechanisms.

CCUS systems are generally structured into three main stages: 
CO2 capture, transport and storage, and utilization. Captured CO2 can 
be stored in geological formations or reused as a raw material in 
industrial processes, contributing to the development of circular 
carbon economies (Dziejarski et al., 2023). Recent advances have 
increasingly highlighted the potential of biotechnological approaches 
within CCUS, particularly for sustainable CO2 conversion under mild 
operational conditions.

2.1 Carbon capture technologies

Current strategies for CO2 abatement during fossil fuel combus-
tion are traditionally categorized by their integration into the thermal 
cycle: post-combustion, pre-combustion, and oxy-combustion (Hadi 
et al., 2025). Post-combustion remains the most industrially mature 
approach due to its “end-of-pipe” nature, allowing for seamless inte-
gration into existing infrastructure. This process involves the selective 
sequestration of CO2 from flue gases, typically via chemical absorption 
using aqueous amine-based solvents (e.g., monoethanolamine) or 
novel ionic liquids. The flue gas enters an absorption column where 
the basic solvent captures the acidic CO2 molecules. Subsequently, the 
CO2-rich absorbent is transferred to a regeneration unit; thermal 
stripping breaks the solute-solvent bond, yielding a high-purity CO2 
stream and recycling the lean solvent back to the absorber (Hadi et al., 
2025; Rathore, 2025).

In contrast, pre-combustion capture is primarily deployed in 
Integrated Gasification Combined Cycle (IGCC) and steam methane 
reforming facilities. This route involves the initial gasification of car-
bonaceous feedstocks to produce synthesis gas (syngas), a mixture of 
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H2 and CO. The CO is further processed via the water-gas shift 
(WGS) reaction to maximize CO2 concentrations. The resulting CO2 
is then separated, leaving a hydrogen-rich fuel. From a biotechno-
logical perspective, this H2-rich stream is of particular interest as a 
potential electron donor for gas-fermenting acetogens 
(Rathore, 2025).

Oxy-combustion utilizes nearly pure oxygen (>95%) for fuel oxi-
dation rather than ambient air. This modification eliminates atmo-
spheric nitrogen from the combustion chamber, resulting in a flue gas 
dominated by CO2 and water vapor. Following simple dehydration 
and compression, the CO2 is easily isolated, significantly reducing the 
energetic penalty associated with gas separation (Hadi et al., 2025).

While the aforementioned routes focus on concentrated point 
sources, Direct Air Capture (DAC) utilizes solid adsorbents or liquid 
hydroxides to extract CO2 directly from ambient air. Although ther-
modynamically and economically intensive due to the extreme dilu-
tion of CO2 in the atmosphere (~420 ppm), DAC offers unique 
geographic flexibility. By decoupling the capture site from industrial 
hubs, DAC units can be strategically co-located with geological stor-
age sites or biorefineries powered by stranded renewable energy, 
thereby optimizing the circular carbon economy (Dziejarski et 
al., 2023).

While the aforementioned routes focus on concentrated point 
sources, Direct Air Capture (DAC) addresses the mitigation of atmo-
spheric CO2 from decentralized origins through the use of solid adsor-
bents or liquid hydroxides. Despite offering unique geographic 
flexibility by decoupling capture sites from industrial hubs, DAC 
remains thermodynamically and economically constrained by the 
extreme dilution of CO2 in the atmosphere (~420 ppm) (Dziejarski et 
al., 2023). Recent evaluations in the United States corroborates these 
barriers, estimating a removal potential of 19 Mt. CO2·yr.−1 at net 
delivered costs between $200 and $300 tCO2

−1 (McQueen et al., 2020). 
Even with the integration of low-cost geothermal or nuclear energy, 
which may refine capture costs to approximately $205 and 
$233 tCO2

−1, respectively, the process remains highly capital-intensive. 
Consequently, the viability of DAC within a circular carbon economy 
depends on strategic co-location with geological storage or 

biorefineries powered by stranded renewable energy to compensate its 
significant energetic penalties.

2.2 Carbon capture utilization (CCU) routes

In addition to carbon capture and storage (CCS) techniques, a 
complementary strategy is carbon capture and utilization (CCU), 
which seeks not only to isolate CO2 but also to use it as a raw material 
in production cycles, adding economic value and reducing fossil 
resource consumption (Liu E. et al., 2023). The routes involve chemi-
cal, biotechnological, photochemical, and electrochemical conversions 
of carbon into different products. In chemical conversion, CO2 can be 
transformed into synthetic fuels (such as methanol, ethanol, and 
syngas), polymers, and mineral carbonates used in cement and con-
struction materials (IEA, 2026). Hydrogenation, carboxylation, and 
cycloaddition processes make it possible to generate high value-added 
chemical products, such as methanol and urea, which already have 
industrial applications (Chen et al., 2022; Qu et al., 2023).

In parallel, biological routes, which use microalgae, cyanobacteria, 
and CO2-fixing yeasts, have stood out for producing biomass, lipids, 
and bioplastics, combining carbon mitigation with the generation of 
renewable bioproducts. More recent approaches, such as electrochem-
ical and photoelectrochemical routes, explore the direct use of solar 
or wind energy to convert CO2 into reduced compounds, representing 
a connection between decarbonization and clean energy (Dziejarski 
et al., 2023).

Microalgae-based carbon dioxide removal (CDR) can be deployed 
through offshore cultivation systems or within integrated biorefinery 
platforms, each presenting distinct techno-economic profiles. From a 
techno-economic assessment (TEA) perspective, offshore cultivation, 
typically using floating photobioreactors (PBRs), offers a theoretical 
sequestration potential of 1–5 GtCO2 per year, with estimated capture 
costs ranging from $25 to over $125 per ton of CO2. However, its 
feasibility is strongly constrained by high energy demands (3,700–
176,000 kWh per ton CO2), as well as capital and operational costs 
associated with offshore infrastructure, installation, and maintenance. 
While the use of wave and current energy for mixing can partially 

FIGURE 1

Integrated framework of biotechnological CCUS, policy drivers, and carbon market mechanisms for carbon-negative systems.
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offset energy inputs, system durability and siting constraints remain 
critical challenges (Constant et al., 2024).

In contrast, integrated algal biorefineries, such as the Combined 
Algal Processing (CAP) model developed by NREL, demonstrate 
more structured economic pathways by coupling biomass conversion 
with product valorization. For an nth-plant scenario processing 565 
dry tons per day, the total capital investment is estimated at $339.5 
million, with a minimum fuel selling price (MFSP) of $2.56 per gallon 
gasoline equivalent. Notably, feedstock costs dominate the overall eco-
nomics, making the integration of high-value co-products (e.g., poly-
urethane precursors) essential to improve process viability and reduce 
fuel costs (Davis et al., 2020).

2.3 Life cycle assessment (LCA) and 
environmental evaluation

The environmental effectiveness of carbon capture, storage, and 
utilization technologies depends on a life cycle assessment (LCA), 
capable of determining the net carbon balance of each process. The 
LCA considers direct and indirect emissions associated with capture, 
transport, conversion, and energy use, making it possible to obtain a 
realistic measure of climate impact. Some studies indicate that when 
the CO2 conversion process depends on fossil energy sources, the 
result may be neutral or even positive in emissions, reducing the envi-
ronmental benefit. On the other hand, integration with renewable 
sources and the use of residual energy or process heat significantly 
increase the sustainability of CCU routes. In addition to the emission 
balance, the LCA also allows the evaluation of energy efficiency, 
sequestration duration, and collateral environmental impacts, provid-
ing support for public policies and industrial decisions. Thus, system-
atically incorporating LCA is essential to validate the real sustainability 
and strategic role of CCU within the set of low-carbon technologies 
(da Cruz et al., 2021).

The assessment of Technological Readiness Level (TRL) provides 
an objective parameter to analyze the stage of development and readi-
ness for industrial application of low-carbon technologies. This 
metric, which ranges from 1 (proof of concept) to 9 (full commercial 
operation), allows comparison of the degree of development, demon-
stration, and feasibility of each technology. The TRL classification is 
widely used to map innovation progress and technological risk associ-
ated with each carbon mitigation route. In the context of carbon cap-
ture, utilization, and storage (CCUS) technologies, TRL makes it 
possible to identify the stages closest to commercial viability, as well 
as those that still require advances in performance, operational stabil-
ity, system integration, and cost (Bui et al., 2018; Dziejarski et al., 
2023). Table 1 presents the TRL of the main carbon capture, storage, 
and utilization technologies.

Carbon capture technologies such as post-combustion absorption 
with amines and pre-combustion syngas separation are the most 
mature approaches (TRL 8-9), with established industrial deployment. 
Current challenges are primarily associated with reducing energy pen-
alties and operational costs, which strongly influence life cycle assess-
ment (LCA) outcomes. In particular, solvent regeneration in 
post-combustion systems remains energy-intensive, affecting both 
economic viability and net emission reductions. Oxy-combustion 
technologies are less mature due to the high energy demand for 
oxygen production, while direct air capture (DAC), still at pilot scale, 

faces significant limitations related to energy consumption, material 
degradation, and high cost per ton of CO2 captured (Bui et al., 2018).

CO2 storage technologies exhibit higher maturity, especially geo-
logical storage (TRL 9), which achieves confinement efficiencies above 
99% in large-scale projects such as Sleipner (Norway) and Quest 
(Canada). LCA studies generally indicate favorable emission balances 
for this approach, provided that monitoring and reservoir manage-
ment ensure long-term containment. However, these requirements 
contribute to operational costs and influence environmental perfor-
mance. Alternative options, including mineral carbonation and ocean 
storage, remain at demonstration stages due to kinetic limitations, 
high pretreatment costs, and environmental uncertainties, particularly 
regarding marine impacts. Nevertheless, mineralization offers poten-
tial for permanent CO2 fixation (Dziejarski et al., 2023).

Carbon utilization (CCU) pathways show variable maturity and 
environmental performance. Thermochemical processes are techno-
logically advanced and economically established, but their benefits 
depend on the carbon intensity of the energy supply, as highlighted by 
LCA analyses. In contrast, biotechnological, electrochemical, and pho-
toelectrochemical routes remain at early development stages, con-
strained by efficiency, stability, and energy integration challenges. 
Their future viability depends on reducing costs and coupling with 
renewable energy to ensure net emission reductions and overall sus-
tainability (Dziejarski et al., 2023).

3 Global policy drivers for bio-based 
carbon mitigation

3.1 Evolution of global climate governance 
and bioenergy policy

Global climate governance is increasingly directing efforts toward 
the strategic development of biofuels and biotechnology-based path-
ways for carbon mitigation and negative emissions. Over successive 
Conferences of the Parties (COPs) under the United Nations 
Framework Convention on Climate Change (UNFCCC), the role of 
bioenergy has focused on sector-specific mitigation option toward a 
more strategic component of integrated climate and energy systems. 
This transition reflects both the growing urgency of achieving net-zero 
targets and the recognition that scalable, near-term solutions are 
required alongside longer-term structural transformations.

The last 30th Conference of the Parties (COP30), held in Belém, 
Brazil, in November 2025, was widely regarded as an inflection point 
for enhancing climate ambition and accelerating the implementation 
of the Paris Agreement, particularly in response to the outcomes of 
the Global Stock take (UNFCCC, 2025). COP30 placed strong empha-
sis on translating national commitments into actionable pathways, 
with priority areas including greenhouse gas (GHG) emission reduc-
tions, climate finance for developing countries, renewable energy 
deployment, preservation of forests and biodiversity, climate justice, 
and the consolidation of global carbon market mechanisms.

This focus on implementation marked a clear evolution from 
earlier COPs, notably COP26 in Glasgow (2021), which primarily 
sought to consolidate political consensus around mitigation goals. 
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COP26 culminated in the Glasgow Climate Pact, a landmark agree-
ment that, for the first time in COP outcome documents, explicitly 
called for the “phasing down of unabated coal” and the elimination 
of fossil fuel subsidies (Wise, 2021). While this represented a signifi-
cant normative shift in global climate discourse, the treatment of 
biofuels and bio-based mitigation options remained fragmented and 
largely sectoral.

3.2 Biofuels in international climate policy

At COP26, biofuels, including ethanol, biodiesel, and Sustainable 
Aviation Fuel (SAF), were primarily discussed as complementary 
solutions for decarbonizing hard-to-abate sectors such as aviation, 
maritime transport, and heavy-duty road transport. Countries with 
established biofuel industries, particularly Brazil and the United 
States of America, highlighted their immediate contribution to GHG 
mitigation, emphasizing that biofuels represent a “here-and-now” 
solution based on mature technologies and existing infrastructure 
(Abbas et al., 2021). In contrast to electrification pathways, which 
often require extensive new infrastructure and long deployment time-
lines, biofuels were positioned as readily deployable substitutes for 
fossil fuels capable of delivering near-term emissions reductions 
(Field et al., 2020).

Despite these advantages, the biofuels agenda at COP26 was over-
shadowed by broader and more contentious debates surrounding 
fossil fuel phase-out, climate finance, and equity between developed 
and developing nations. Moreover, biofuels faced persistent skepticism 
from some countries and environmental organizations due to histori-
cal sustainability concerns. These included risks associated with indi-
rect land-use change (ILUC), deforestation driven by feedstock 

expansion, biodiversity loss, and potential threats to food security 
arising from commodity monocultures (Salonen, 2025). As a result, 
biofuels at COP26 were largely framed as technical mitigation tools 
rather than as strategic pillars of a coordinated global transition, and 
no major international coalition emerged to guide their sustainable 
expansion.

The policy landscape began to shift significantly in the post-
COP26 period, reflecting a growing recognition that achieving net-
zero and net-negative emissions will require a broader portfolio of 
solutions, including bio-based and biotechnological approaches. This 
shift culminated in the launch of the Global Biofuels Alliance (GBA) 
during the G20 Summit in New Delhi in September 2023. As illus-
trated in Figure 2, the emergence of the GBA represents a transition 
from the fragmented and reactive treatment of biofuels at COP26 
toward a more strategic and globally coordinated approach.

Led by major biofuel-producing and consuming countries, most 
notably Brazil, the United States and India, which together account for 
the majority of global ethanol production and consumption, the GBA 
was conceived as a platform to accelerate the sustainable adoption of 
biofuels worldwide (Rajput and Pathak, 2025). Its establishment under 
the G20, a forum representing the world’s largest economies, imme-
diately conferred political visibility, scale, and legitimacy that had been 
absent from earlier COP-based discussions. Unlike the diffuse gover-
nance structures surrounding biofuels in 2021, the GBA brings 
together governments, international organizations such as the 
International Energy Agency and the World Bank, and private-sector 
actors, creating a more focused mechanism for policy coordination 
and investment mobilization (Herens et al., 2022).

The objectives of the GBA extend beyond increasing biofuel vol-
umes. Central to its mandate is the development of harmonized 

TABLE 1  Technological readiness level (TRL) assessment of the main CO2 capture, storage, and utilization technologies.

Category Technology Operating principle TRL stage Main challenges References

Capture Post-combustion Chemical absorption of CO2 from exhaust 

gases using amine-based solvents; thermal 

regeneration of the solvent.

TRL 9 Energy penalty, solvent 

degradation, operational cost.

Bui et al. (2018)

Capture Pre-combustion Fuel gasification into syngas (CO + H2); 

conversion/shift to separate CO2 before 

combustion.

TRL 7 Process complexity, initial 

investment, energy integration.

Kazemifar et al. (2022)

Capture Oxy combustion Combustion in O2 (instead of air) produces 

a CO2- and water vapor-rich stream, 

facilitating separation.

TRL 4–7 Cost and efficiency of oxygen 

separation, boiler integration.

Kazemifar et al. (2022)

Capture Direct air capture 

(DAC)

Extraction of CO2 directly from ambient air 

using adsorbents/absorbents; regeneration 

to release pure CO2.

TRL 8 High energy consumption and 

cost per tCO2; need for 

renewable/low-carbon energy.

Kazemifar et al. (2022)

Storage Geological storage Injection of supercritical CO2 into deep 

geological formations.

TRL 9 Long-term monitoring, risk of 

local leakage, regulatory 

requirements.

Dziejarski et al. (2023)

Storage Chemical 

absorption

Reaction of CO2 with amines and solvents. TRL 9 Slow kinetics, high-cost thermic 

energy and high water 

consuption.

Mohamed et al. (2025)

Utilization 

(CCU)

Thermochemical 

conversion

Hydrogenation and chemical routes to 

produce methanol, urea, carbonates, etc.

TRL 7–9 Need for low-carbon hydrogen 

(green H2), catalytic efficiency, 

energy cost.

Dziejarski et al. (2023)
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sustainability standards, certification schemes, and lifecycle carbon 
accounting methodologies aimed at addressing the environmental and 
land-use concerns that constrained biofuel deployment at COP26 
(Mensah and Yankson, 2025). In addition, the GBA functions as a 
knowledge and technology hub, promoting the exchange of best prac-
tices and policy experiences, including successful national programs 
such as Brazil’s RenovaBio (Chandel et al., 2021), and supporting 
capacity-building initiatives in biomass-rich regions of the Global 
South (Agnew and Zheng, 2025). By explicitly linking biofuels to 
energy security, rural development, and just transition objectives, the 
GBA reframes biofuels as instruments of both climate mitigation and 
sustainable development (Brandão et al., 2021).

3.3 Biotechnology in carbon mitigation policy

The relevance of biotechnology for carbon mitigation and nega-
tive emissions is expected to increase as COP30 and subsequent cli-
mate processes prioritize scalable implementation, cost-effectiveness, 
and integration across energy and industrial systems. Emerging 
research highlights the potential of decentralized bioreactors employ-
ing engineered carbon-capturing organisms, hybrid bio-electrochem-
ical systems coupling renewable electricity with microbial CO2 
fixation, and the development of global biocarbon markets to incen-
tivize biological carbon removal (Li et al., 2020; Fawzy et al., 2022; 
In-na et al., 2022). Effective policy frameworks will therefore need to 
address biosafety, robust lifecycle assessment, ecological risks, and 
equitable deployment. In this evolving policy context, biotechnology 
stands out as a critical pillar supporting the transition from climate 
ambition to actionable, negative-emission solutions.

3.4 Regional perspectives on CCUS policy

Climate and CCUS policies vary significantly across regions such 
as the European Union (EU), China, and the Middle East, reflecting 
differences in economic priorities, resource availability, and techno-
logical focus. In the EU, frameworks such as the European Green Deal 
promote the integration of CCUS into broader climate neutrality 

strategies through regulatory support, financial incentives, and large-
scale project development targeting emissions from industrial and 
energy sectors (Fan et al., 2025). China has progressively incorporated 
CCUS into its policy agenda since the 12th Five-Year Plan; however, 
its implementation remains constrained by limited legal enforcement, 
insufficient market incentives, and low public awareness, despite pro-
jections of increased deployment in power and chemical industries by 
2040 (Jiang et al., 2020). In the Middle East, CCUS is primarily associ-
ated with energy system optimization in fossil fuel–dependent econo-
mies, although the expansion of these technologies requires more 
robust and coordinated policy frameworks.

Across these regions, common challenges include regulatory 
uncertainty, limited risk management mechanisms, and insufficient 
integration of CCUS into national climate strategies, all of which affect 
financial viability and large-scale deployment (Zhang, 2021). 
Emerging efforts to link CCUS with biotechnological approaches 
remain limited but are gaining attention as complementary pathways 
for carbon mitigation. In particular, biotechnology-based solutions are 
increasingly recognized in regions such as South America, while the 
EU and China are beginning to explore the integration of bio-CCUS 
with hydrogen and bioenergy systems to enhance overall climate per-
formance (Huang et al., 2023; Chu et al., 2024).

Overall, the advancement of CCUS at a global scale will depend 
on the development of coherent policy frameworks that combine 
regulatory clarity, economic incentives, and public engagement, along-
side interdisciplinary strategies that integrate biotechnological and 
conventional carbon capture approaches.

4 Carbon-negative bio-based systems: 
biofuels, biochar, and biochemicals in 
integrated biorefineries

Carbon-negative renewables such as biofuels, biochar, and bio-
chemicals represent innovative solutions at the intersection of energy 

FIGURE 2

Policy-driven evolution of biofuels in the realm of global climate governance (COP26-G20-COP30).
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production and environmental preservation (Clauser et al., 2021; Fawzy 
et al., 2022; Buffi et al., 2024). These approaches are embedded within 
biotechnological carbon-negative systems, which rely on biomass pro-
duction and biological or thermochemical conversion pathways to 
actively remove CO2 from the atmosphere while generating value-added 
products, thereby supporting a circular and sustainable bioeconomy.

Within this framework, bioenergy with carbon capture and stor-
age (BECCS) and biochar emerge as core biotechnological negative 
emissions technologies (NETs), while biofuels and biochemicals func-
tion as key intermediates in integrated biorefinery platforms. BECCS 
combines bioenergy production with geological CO2 storage, enabling 
significant carbon removal alongside energy generation, with net 
energy gains of approximately 18 GJ per tonne of CO2 captured. 
Despite its relatively advanced technological maturity and cost-effec-
tiveness, its large-scale deployment is constrained by sustainable bio-
mass availability, land use, and water demand.

Biochar, in turn, represents a decentralized carbon sequestration 
strategy based on the thermochemical conversion of biomass. It pro-
vides moderate energy recovery (~15 GJ per tonne CO2) and offers addi-
tional environmental co-benefits, such as improved soil fertility and 
reduced nutrient loss. However, its overall mitigation potential is limited 
by feedstock availability and uncertainties related to long-term carbon 
stability in soils. Table 2 reinforces that no single technology can achieve 
carbon neutrality independently. Instead, integrated biorefinery systems 
must combine biofuels, biochar, and carbon capture strategies such as 
BECCS, complemented by non-biological solutions like DAC, to balance 
performance, cost, scalability, environmental impacts, and technological 
maturity in the transition toward net-zero and carbon-negative systems.

4.1 Biofuels: ethanol, biodiesel, sustainable 
aviation fuels (SAF), biogas, and 
biohydrogen

Biofuels represent a central strategy of global decarbonization, 
offering renewable alternatives to fossil fuels in different sectors 

(Khan et al., 2021). Their capacity to harness biological feedstocks 
and circular carbon flows, through photosynthesis, biomass recy-
cling, and waste valorization, links them to energy transition, 
greenhouse gas (GHG) mitigation, and sustainable resource use. 
Among the diverse portfolio of bioenergy, ethanol, biodiesel, sus-
tainable aviation fuel (SAF), biogas, and biohydrogen constitute the 
most prominent options, each contributing to the reduction of 
carbon intensity across transportation, industry, and distributed 
energy systems. The United States, Brazil, and India have done a 
remarkable progress in ethanol blending in transportation fuels. 
India has successfully blended 20% ethanol by 2025 and aimed to 
blend 30% by 2030. This progress made India as the third-largest 
ethanol producer in the world. Similarly, India is a making a signifi-
cant progress in biogas development leading to country’s energy 
security. According to the Government of India, Ministry of 
Petroleum and Natural Gas (2026) brought support for biomass 
collection and aggregation and infrastructural reforms with 170 
plants commissioned and over 250 under construction. The country 
has ambitiously plan to set up least 2,000 plants across the country 
by 2030.

Carbon-negative biofuels are produced from biomass that absorbs 
more CO2 during cultivation and processing than is released across its 
entire life cycle, including production, distribution, and combustion 
from biomass that absorbs more CO2 from the atmosphere during its 
cultivation and processing than is released throughout the entire pro-
cess, including manufacturing and combustion (Bello et al., 2020; 
Jeswani et al., 2022). This balance is typically achieved through 
Bioenergy with Carbon Capture and Storage (BECCS), advanced ther-
mochemical processes, or highly efficient use of waste feedstocks 
(Bello et al., 2020).

Building on this broader context, ethanol plays a foundational role 
in decarbonizing light-duty transport due to its mature infrastructure 
and compatibility with gasoline engines (Shirazi et al., 2020; Abel et 
al., 2021). Produced mainly from sugarcane in Brazil and corn in the 
United States, with annual global production exceeding 100 billion 

TABLE 2  Comparative assessment of carbon-negative technologies based on performance, cost, scalability, environmental impact, and technology readiness.

Technology Performance 
(Capacity/Energy)

Estimated cost 
(per t CO2)

Scalability Environmental 
impact

TRL Reference

Biofuels (BES) High energy yield 

(~33.6 GJ/t CO2); replaces 

fossil fuels

$206 (levelized cost) Limited by sustainable 

biomass availability

Risk of indirect land use 

change (iLUC)

9 (Shahbaz et al., 

2024)

BECCS Removal of 0.5–5 GtCO2/

year; net energy gain of 

~18 GJ/t CO2

$408 (levelized cost); 

ranges $100–200

Requires large land 

area (380–700 Mha) 

and water

Risk of CO2 leakage; high 

water footprint and 

biodiversity impacts

7–9 (Jones and Albanito, 

2020; Shahbaz et al., 

2024)

Direct air capture 

(DAC)

Removal of 0.5–5 GtCO2/

year; high energy demand 

(~11.95 GJ/t CO2)

$250–600; potential 

reduction to ~$100 by 

2050

Low land use, but 

limited by massive 

energy and chemical 

demand

High water use (8 m3/t 

CO2) and energy; risk of 

thermal overshoot if it fails

6–8 (Jiang et al., 2020)

Biochar Removal of 1–1.8 GtCO2/

year; net energy gain of 

~15.6 GJ/t CO2

$392 (levelized cost); 

ranges from $54 to 

$757

Requires 40–260 Mha 

for dedicated biomass

Improves soil fertility and 

productivity; reduces 

albedo; low water use

4–7 (Smith, 2016; 

Shahbaz et al., 2024)

Geological 

sequestration 

(CCS)

Capture efficiency ~90%; 

capacity to store thousands 

of GtCO2

$12–111 (capture 

only)

Dependent on 

availability of suitable 

geological sites (e.g., 

saline aquifers)

Risk of groundwater 

contamination and soil 

acidification due to leakage

9 (Woolf et al., 2016; 

Pant et al., 2023)
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liters per year, ethanol offers substantial lifecycle GHG reductions 
relative to fossil gasoline, especially when produced from sugarcane 
or advanced lignocellulosic pathways (Pereira et al., 2019; Haus et al., 
2020). In this regard, the work of (Prado et al., 2024) exemplifies how 
biorefinery integration can enhance carbon efficiency, as they devel-
oped a Fenton-assisted hydrodynamic cavitation pretreatment to con-
vert sugarcane bagasse into second-generation ethanol. This approach 
achieved glucan and xylan hydrolysis yields of 86 and 72%, respec-
tively, and an ethanol productivity of 0.54 g·L−1·h−1 in fed-batch fer-
mentation, demonstrating an efficient lignocellulosic conversion route 
aligned with sustainable and carbon-negative biorefinery concepts.

While ethanol addresses the light-duty sector, biodiesel extends 
biofuel-driven decarbonization to heavy-duty vehicles, maritime 
transport, and agricultural machinery, applications where diesel 
engines currently dominate. Produced through the transesterification 
of vegetable oils, waste cooking oils, and animal fats, biodiesel lowers 
net CO2 emissions by recycling carbon stored in biological lipids (Ali 
Ijaz Malik et al., 2024). The emergence of renewable diesel 
(hydrotreated vegetable oil, HVO) enhances this decarbonization role 
by enabling high-blend or drop-in use in existing engines without 
performance drawbacks (Gren et al., 2021; d’Ambrosio et al., 2023). 
Together with ethanol, biodiesel demonstrates how biofuels can decar-
bonize distinct but complementary segments of the transporta-
tion sector.

Even with these advances, certain sectors, specially aviation, 
require drop-in fuels that replicate the properties of fossil jet fuel. In 
this context, Sustainable Aviation Fuel (SAF) has become a corner-
stone of aviation-sector decarbonization, particularly because electri-
fication and hydrogen remain distant for long-haul flights (Ng et al., 
2021). Although global production remains below 1% of aviation fuel 
demand, SAF can reduce lifecycle emissions by 50–90% depending on 
feedstock and conversion pathway (Okolie et al., 2023; Braun et al., 
2024). Technologies such as HEFA, ATJ, and Fischer–Tropsch synthe-
sis convert waste lipids, biomass residues, and municipal solid waste 
into certified, drop-in jet fuels (Okolie et al., 2023).

Recent studies have explored advanced Biomass-to-Liquid (BtL) 
concepts based on syngas fermentation, in which biogenic residues are 
converted through a two-stage biological process (syngas → acetic 
acid → triacylglycerols) operating under mild temperature and pres-
sure conditions (Detsios et al., 2024). This biotechnological approach 
can significantly reduce operational expenditures compared to con-
ventional catalytic synthesis. From a techno-economic perspective, 
feedstock costs represent approximately 60–75% of total SAF produc-
tion costs, and biological BtL routes have been shown to achieve a 
minimum jet fuel selling price (MJSP) of 1.83 €·L−1, which is competi-
tive with the estimated 1.50–2.00 €·L−1 range reported for FT and ATJ 
pathways (Detsios et al., 2024). These results highlight the importance 
of integrating biotechnological conversion routes with existing refin-
ery infrastructure to reduce capital risk and ensure the long-term, 
economically viable supply of SAF.

Beyond transportation, biofuels also contribute to decarboniza-
tion in the energy and waste-management sectors. Biogas, produced 
via anaerobic digestion of manure, sewage sludge, food waste, and 
crop residues, plays a dual role by displacing fossil natural gas while 
mitigating methane emissions that would otherwise escape from 
unmanaged organic waste (Jameel et al., 2024). When biomethane is 
subsequently compressed to high pressures (typically 200–250 bar), it 
is referred to as compressed biogas (CBG). In this form, CBG becomes 
functionally equivalent to compressed natural gas (CNG), enabling its 

use as a renewable transport fuel in light- and heavy-duty vehicles 
without major engine modifications (Marconi and Rosa, 2023).

CBG represents a particularly attractive decarbonization pathway 
for the transport sector, as it combines the advantages of gaseous fuels, 
high combustion efficiency and low particulate emissions, with a 
renewable carbon origin. Life-cycle assessments indicate that CBG can 
achieve substantial greenhouse gas emission reductions, and in some 
cases net-negative emissions, when derived from waste-based feed-
stocks and coupled with avoided methane emissions from manure or 
organic waste management (Noussan et al., 2024). Moreover, CBG can 
be locally produced and consumed, reducing fuel transport require-
ments and strengthening regional circular bioeconomy models.

From a systems perspective, the integration of biogas upgrading 
and CBG production creates direct links between waste valorization, 
renewable energy generation, and sustainable mobility. This positions 
CBG not merely as a derivative of biogas, but as a strategic biofuel 
capable of contributing to decarbonization targets in sectors where 
electrification remains challenging, particularly in public transport, 
freight logistics, and municipal vehicle fleets.

Looking further ahead, biohydrogen represents an emerging but 
strategically important frontier in the biofuel-based decarbonization 
landscape. Produced through biological pathways such as dark fer-
mentation, photofermentation, and microalgal biophotolysis, biohy-
drogen supports the transition to hydrogen-based energy systems that 
can decarbonize steelmaking, chemical production, and high-temper-
ature industrial processes (Li et al., 2022; Sharma et al., 2023). 
Although commercial deployment remains limited, biohydrogen can 
achieve carbon-neutral or even carbon-negative outcomes when 
derived from biomass residues or coupled with carbon capture and 
storage (CCS) (Sharma et al., 2023). In this sense, biohydrogen com-
plements more mature biofuels by addressing sectors that require deep 
decarbonization beyond what conventional renewable fuels can 
deliver.

Collectively, these biofuels illustrate how biological systems offer 
multiple, sector-specific pathways for reducing the carbon footprint 
of global energy systems. Their continued development anchored in 
sustainable feedstocks, efficient conversion technologies, and support-
ive policy frameworks, will be essential for achieving mid-century 
climate targets and accelerating the transition toward a resilient, low-
carbon global bioeconomy.

4.2 Biochar and carbon sequestration

Other technologies essential for achieving net-negative emissions 
can be realized through advanced thermocatalytic processes and cata-
lytic enhancements, which represent key characteristics relevant to the 
application of biochar (Adhikari et al., 2024). Biochar is a carbon-rich, 
low-cost, and highly stable material obtained through the thermo-
chemical conversion of waste biomass (e.g., pyrolysis, hydrothermal 
carbonization, torrefaction, and gasification) (Weber and 
Quicker, 2018).

Hydrothermal liquefaction (HTL), pyrolysis, torrefaction, and 
gasification are thermochemical biomass conversion processes that 
differ significantly in operating conditions, mass transfer mechanisms, 
and product yields. HTL uses high-pressure hot water to convert wet 
biomass into bio-crude with relatively high liquid yields and efficient 
mass transfer due to the aqueous medium, making it suitable for wet 
feedstocks (Aboelela et al., 2023). Pyrolysis thermally decomposes 
biomass in the absence of oxygen, with slow pyrolysis favoring char 
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production (~35% yield), fast pyrolysis maximizing bio-oil (~50% 
yield), and flash pyrolysis achieving up to 75% bio-oil yield; mass 
transfer limitations are influenced by heating rate and particle size, 
with faster heating improving volatile release (Aboelela et al., 2023).

On the other hand, torrefaction is a mild pyrolysis at 200–300 °C 
that partially decomposes hemicellulose, improving biomass grind-
ability and energy density; it reduces mass transfer resistance in sub-
sequent processes like pyrolysis or gasification by increasing 
permeability and thermal conductivity (Gouws et al., 2021). 
Gasification operates at higher temperatures (typically >800 °C) with 
limited oxygen to produce syngas; torrefied biomass enhances gasifi-
cation efficiency by reducing moisture and increasing energy content 
but may lower overall exergetic efficiency if volatiles from torrefaction 
are not utilized effectively. Mass transfer in gasification involves com-
plex heat and reactive gas transport, often more intensive than in 
pyrolysis or torrefaction due to higher temperatures and reaction rates 
(Perera et al., 2021).

Biochar possesses several notable properties, including high 
porosity and substantial cation exchange capacity, that enable its use 
in diverse applications. Commonly, biochar is applied as a soil amend-
ment to improve soil structure, fertility, and microbial activity (Singh 
et al., 2022). Additionally, it can function as a catalyst in chemical 
reactions, a water purification adsorbent, a composite additive, or 
even a precursor for advanced carbon materials (Weber and Quicker, 
2018; Zhang et al., 2022). Other emerging applications include energy 
storage, carbon sequestration, air purification, animal feed supple-
ments, and enzyme immobilization supports (Oni et al., 2019).

Figure 3 presents an integrated biorefinery framework in which 
biochar production, carbon capture and stabilization, and the synthe-
sis of bio-based fuels and chemicals are interconnected within a cir-
cular, carbon-negative system. Lignocellulosic or algal biomass is 
thermochemically converted into biochar or nanobiochar, enabling 
long-term carbon sequestration while supplying functional materials, 
whereas carbon capture and storage technologies recover biogenic or 
industrial CO2 and redirect it into downstream processes. Captured 
CO2 and biomass-derived intermediates are subsequently transformed 

into biofuels, biochemicals, bioplastics, and algae-based high-value 
products, collectively illustrating how synergistic integration of bio-
energy, biocarbon, and biochemical pathways can reduce greenhouse 
gas emissions and enhance the sustainability of industrial 
bioprocesses.

Recent advances have expanded biochar’s potential for pollutant 
remediation and energy storage. The integration of biochar and acti-
vated carbon with photocatalytic materials such as TiO2 enhances 
both adsorption and degradation of contaminants (Liu et al., 2024; 
Laishram et al., 2025). The synergy between biochar’s porosity, acti-
vated carbon’s functional groups, and TiO2 oxidative capability forms 
a promising platform for removing persistent organic pollutants from 
water systems (Prado Mendonça et al., 2025). These multifunctional 
composites highlight biochar’s flexibility as a bridge between carbon 
capture, environmental remediation, and clean energy technologies.

Biochar also shows promise in supercapacitor applications, where 
its high surface area and conductivity make it suitable for energy stor-
age (Pabba et al., 2025). Chemical activation introduces functional 
groups that enhance its electrochemical performance, making it an 
attractive material for next-generation energy devices.

4.3 Bioplastics and biochemicals

Bioplastics and biochemicals produced from biomass residues and 
captured biogenic CO2 represent key components of carbon-negative 
biorefineries, enabling long-term carbon storage in materials while 
displacing fossil-derived products and reinforcing circular bioecon-
omy pathways. Supporting the feasibility of biopolymer production 
from agricultural residues, Tagne et al. (2024) reported the synthesis 
of pullulan (a polysaccharide used in pharmaceutical, cosmetic, and 
food applications) using xylose derived from sugarcane bagasse, 
achieving 28.62 g·L−1 after 120 h of fermentation in a bubble column 
reactor following hydrolysis and detoxification. Similarly, Li et al. 
(2023) investigated microbial communities involved in polyhydroxy-
alkanoate (PHA) production from food waste and sludge, assessing 
substrate degradability on a chemical oxygen demand (COD) basis 

FIGURE 3

Integrated biorefineries for negative-emissions pathways via biofuels, bioplastics, and carbon capture and utilization.
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and achieving yields of 0.60–0.69 g COD PHA·g−1 CODS. Through 
metagenomic analysis, the study identified cooperative microbial net-
works and novel genera capable of efficiently converting diverse 
municipal waste substrates into bioplastics.

Beyond fuels and materials, biochemicals serve as building blocks 
for plastics, adhesives, and solvents. Their carbon-negative potential 
increases when atmospheric or biogenic CO2 is directly incorporated 
during synthesis. Advances in biorefinery and bioconversion tech-
nologies enable the transformation of biomass residues into high value 
biochemicals, reducing fossil dependency and promoting circular use 
of waste.

5 Metal–organic frameworks as 
advanced materials for CO2 capture 
and utilization

Metal–organic frameworks (MOFs) are widely recognized as 
advanced materials for CO2 capture due to their high surface area 
and molecularly tunable porosity. Gulati et al. (2023) highlight that 
these properties enable MOFs to concentrate high CO2 loadings 
around catalytically active sites, effectively acting as “microreac-
tors” that enhance reaction yields and selectivity. Complementing 
this perspective, Kong and Chen (2024) detail specific modification 
strategies, such as the creation of open metal sites (OMSs), which 
function as Lewis acids to attract CO2 molecules via electrostatic 
interactions, and the introduction of amine groups that establish 
Lewis basic sites for efficient chemisorption, even under direct air 
capture (DAC) conditions. In addition, Purvika et al. (2024) 
emphasize the critical role of pore size control for molecular siev-
ing, enabling the selective separation of CO2 from complex gas 
mixtures, such as flue gases, through architectures that hinder the 
diffusion of larger molecules, such as N2 and CH4.

With respect to CO2 utilization and conversion, MOFs serve as 
highly versatile platforms for the synthesis of value-added products, 
including methanol, ethanol, and olefins. Xu L. et al. (2023), Xu X. et 
al. (2023) explain that the high tunability of these materials allows the 
incorporation of active metals, such as Cu and Zn, via ion exchange 
or doping, resulting in superior selectivity toward alcohols compared 
with conventional porous oxides. According to Gulati et al. (2023), the 
structural design of MOFs facilitates the atomic dispersion of active 
sites, making them ideal supports for the development of single-atom 
catalysts (SACs) that minimize particle aggregation and enhance effi-
ciency in photocatalytic and electrocatalytic processes.

Purvika et al. (2024) further note that the construction of 
advanced heterojunctions, such as S-scheme architectures, between 
MOFs and semiconductors is an effective strategy to promote elec-
tron–hole separation while preserving the strong redox capability 
required for multielectron CO2 reduction. Finally, Kong and Chen 
(2024) observe that the transformation of MOFs into derived materi-
als, such as nitrogen-doped porous carbons, significantly improves 
electrical conductivity and thermal stability, overcoming critical bar-
riers to the industrial application of these technologies.

Despite these promising properties, several challenges remain for 
the large-scale implementation of MOF-based technologies. One of 
the main limitations concerns scalability and production cost, as many 
MOFs are synthesized through solvothermal routes that require 

high-purity organic ligands, long reaction times, and significant sol-
vent consumption. These factors increase production costs and limit 
industrial feasibility. Although recent advances have explored greener 
and scalable synthesis strategies, such as mechanochemical synthesis, 
microwave-assisted methods, and continuous flow processes, further 
research is required to develop cost-effective manufacturing routes 
capable of producing MOFs at industrial scale without compromising 
structural quality or performance.

Another critical issue relates to the long-term structural and 
chemical stability of MOFs under realistic operating conditions. Many 
MOF structures exhibit sensitivity to moisture, high temperatures, and 
acidic gases commonly present in industrial streams, which can lead 
to framework degradation, pore collapse, or loss of catalytic activity 
over time. Ensuring long-term durability is therefore essential for 
practical applications in CO2 capture and conversion. Strategies such 
as the design of water-stable frameworks, the incorporation of stron-
ger metal–ligand bonds, and the development of MOF-derived mate-
rials (e.g., porous carbons or metal oxides) have been proposed to 
enhance stability while preserving catalytic functionality. Nevertheless, 
comprehensive studies addressing catalyst regeneration, structural 
stability under cyclic operation, and long-term process integration 
remain necessary to fully assess the technological viability of MOF-
based systems for carbon capture and utilization.

6 Methods of carbon credit, carbon 
credit analysis and carbon credit 
certification

Carbon credits can be divided into two main categories: permits 
and certificates. A permit grants an entity the right to emit a certain 
amount of greenhouse gases (GHG) into the atmosphere, whereas a 
certificate serves as third-party verification that an organization or 
individual has removed or avoided the emission of one ton of CO2 
equivalent (CO2eq) (Woo et al., 2021).

The carbon credit market can also be divided into different catego-
ries: mandatory and voluntary, allocation and offset, and international 
and regional. Mandatory markets are regulated by law and establish 
compulsory GHG emission reduction targets, whereas voluntary mar-
kets are based on non-mandatory climate actions undertaken by com-
panies or individuals. Compliance markets are created through 
national, regional, or international regulations that mandate compa-
nies and governments to account for their greenhouse gas emissions. 
In contrast, voluntary markets operate outside of these regulatory 
frameworks, allowing organizations to trade carbon credits at their 
discretion. Prominent examples of compliance markets include those 
in the European Union, California–Quebec, New Zealand, China, and 
the Republic of Korea. In both volume and value, compliance markets 
are substantially larger, for instance, in 2019, they traded approxi-
mately 3 billion tCO2 valued at USD 23 billion, whereas voluntary 
markets traded only 104 million tCO2 worth USD 282.3 million (Woo 
et al., 2021; Hidalgo-Leon et al., 2025).

Allocation market involves trading emission allowances distributed 
by the government to entities such as industrial facilities, and energy 
companies. Offset market enables companies or projects to finance 
carbon reduction or climate initiatives to compensate their GHG emis-
sions. There are two main types of carbon offsetting schemes: 
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sequestration and forestalling. Offsetting by sequestration involves 
removing carbon from the atmosphere and storing it in another form, 
such as through natural carbon sinks. This can be achieved by enhancing 
carbon uptake in forests, for example, via activities like tree planting, 
reforestation, afforestation, and improved forest management. Entities 
implementing sequestration-based projects earn forest carbon credits, 
which represent the quantifiable removal or reduction of CO2 through 
these forest-related actions. In contrast, offsetting by forestalling focuses 
on preventing emissions that would otherwise occur, for example, by 
adopting cleaner technologies or protecting ecosystems that would have 
been degraded or deforested (Woo et al., 2021; Triana and Ota, 2024). 
International carbon market allows trading of carbon credits between 
countries, while regional market restricts transactions within a nation’s 
borders (Woo et al., 2021).

Voluntary carbon markets (VCM), aligned with offset markets, 
represent a valuable alternative for industrial sectors known as major 
GHG emitters, such as construction and paper manufacturing, which 
often face difficulties in reducing emissions due to the nature of their 
operations. In a cap-and-trade system, organizations that emit less than 
their allowed limit can sell their surplus credits to those exceeding their 
targets, providing an economic incentive for emission reductions and 
flexibility for firms unable to meet their goals through internal mea-
sures. In this context, to meet decarbonization goals, often established 
by customers or stakeholders, companies frequently rely on carbon 
credits to achieve their targets (Zhao and Chen, 2022; Gupta and 
Rakshit, 2023; Ong et al., 2025). The VCM has expanded rapidly in 
recent years, with over 286 million credits generated in 2023, compared 
to just over 5 million in 2007. Valued at around US$2 billion in 2021, 
the market is projected to reach US$10–40 billion by 2030, with forest-
based carbon credits expected to dominate. However, the VCM has 
faced increasing scrutiny over the environmental integrity of its credits, 
following reports of over crediting and limited real impact. These con-
cerns have prompted regulatory attention, with authorities now push-
ing for greater transparency and accountability to ensure the market’s 
credibility and effectiveness (Delacote et al., 2024).

On the other hand, VCM remains highly controversial. In theory, 
carbon offsets offer an efficient mechanism to achieve climate goals by 
enabling emissions reductions at lower costs. In practice, however, 
implementation has proven problematic. Critics argue that offsets 
often allow high-emitting companies to delay or avoid meaningful 
transformations in their operations and technologies, effectively 
undermining genuine decarbonization efforts. Others view the system 
as a form of greenwashing, providing corporations with a facade of 
climate responsibility without delivering substantial environmental 
benefits. Carbon offsetting should be treated as an interim and com-
plementary measure, not a substitute for direct emission reductions. 
It must be carefully managed to ensure that offset initiatives supple-
ment rather than replace broader public and private climate actions, 
maintaining alignment with long-term decarbonization and sustain-
ability goals (Trouwloon et al., 2023; Delacote et al., 2024).

The lack of transparency in voluntary carbon credit transactions 
remains a major and urgent issue. Although carbon offset programs 
now publish more project information—such as documentation, prov-
enance, and credit transfers—data remain incomplete and inconsis-
tent. Assessing broader co-benefits is even more difficult, particularly 
regarding how projects affect local communities, what compensation 
is provided, and their non-CO2 environmental impacts, including bio-
diversity and water management (Delacote et al., 2024). To address 
these issues and mitigate the financial risks associated with the 

voluntary carbon market (VCM), several traditional approaches can 
be applied, such as strengthening corporate governance, enhancing 
market regulation, and adopting established certification systems (van 
der Burg et al., 2023; Trouwloon et al., 2023; Xu et al., 2023; Delacote 
et al., 2024; Alharbi and Hussain, 2025). Furthermore, several techno-
logical approaches have emerged to address these challenges and create 
more transparent and reliable carbon credit markets, such as the appli-
cation of blockchain technology and the Internet of Things (IoT) (Woo 
et al., 2021; Boumaiza and Maher, 2024; Alharbi and Hussain, 2025).

Delacote et al. (2024) suggest strengthening transparency require-
ments within the existing third-party certification framework as a key 
solution. Project developers selling carbon credits and firms purchasing 
them could commit to sharing verified transaction data, possibly with a 
short delay to protect commercial interests. As the voluntary carbon 
market remains unregulated at the international level, developing cred-
ible frameworks and registries has become essential to build legitimacy—
an effort that has accelerated in recent years. Woo et al. (2021) suggested 
the use of blockchain technology to increase transparency and reliability 
over carbon credits, this technology operates on distributed ledger tech-
nology, a shared database that all participants can access and update 
simultaneously. Each user, with proper credentials, can remotely access 
the system, ensuring all copies of the ledger are synchronized and cur-
rent. These ledgers can store economic, social, and environmental data, 
among others. Tokenization converts legal rights or valuable information 
into digital tokens—such as carbon tokens (NRT, Carbon Credit) repre-
senting one ton of CO2 reduction, or payment tokens (NORI, VERDE, 
OCEAN). This digital representation enables transparent and immutable 
transactions, as every new block is added only after all participants reach 
consensus, confirming transaction validity. Once generated, each block 
becomes a permanent and transparent record shared across the network, 
enhancing trust, traceability, and efficiency in digital and environmental 
markets (Woo et al., 2021; Alharbi and Hussain, 2025).

Aligned with blockchain technology, the Internet of Things (IoT) 
serves as a valuable complement. IoT devices equipped with sensors 
and data-collection systems can monitor real-time carbon emissions, 
enabling accurate tracking and verification. The IoT, comprising inter-
connected physical objects (like computers, mobile devices, and sen-
sors) facilitates continuous data exchange over the Internet. However, 
when based solely on wireless sensor networks, IoT systems face secu-
rity and privacy vulnerabilities. Integrating IoT with blockchain over-
comes these issues, as blockchain’s cryptographic and consensus 
mechanisms ensure data authenticity, immutability, and transparency. 
This combination enhances trust and automation in carbon credit 
trading, allowing for the use of smart contracts to monitor enterprise 
emissions and ensure fairness in carbon market transactions 
(Boumaiza and Maher, 2024; Alharbi and Hussain, 2025).

Regulatory initiatives are also emerging. The European Parliament 
has moved to restrict “carbon-neutral” claims based solely on offsetting, 
classifying such practices as misleading if they fail to clarify the role of 
offsets in environmental claims. Similarly, the United States Commodity 
Futures Trading Commission has expressed interest in addressing envi-
ronmental fraud in carbon markets. In California, Assembly Bill 1305 
now mandates information disclosure for all entities operating within 
the state, marking a concrete step toward greater accountability and 
transparency in carbon credit transactions (Delacote et al., 2024). Other 
examples include countries such as Netherlands, Italy, Japan, and the 
United States, which have developed different methodologies to reliably 
assess carbon credits derived from aquaculture, seaweed, macroalgae, 
and seagrass projects (van der Burg et al., 2023).
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Governance in the carbon market is evolving after years of limited 
oversight on how companies use credits for climate claims. While assur-
ance frameworks already exist on the supply side, new public, private, 
and hybrid models are emerging to regulate the demand side. Authorities 
such as the United Kingdom Competition and Markets Authority’s 
Green Claims Code and Australia’s Competition and Consumer 
Commission’s guidelines on green marketing have issued guidelines on 
green claims, and both the EU and US Securities and Exchange 
Commission proposed disclosure standards in 2022. Meanwhile, private 
initiatives like the Voluntary Carbon Market Integrity initiative and 
Gold Standard released guidelines to ensure credible offset use. The 
International Organization for Standardization, in partnership with the 
British Standards Institute, is developing standards for terms such as 
carbon neutrality and net zero. Together, these efforts aim to increase 
transparency, accountability, and consistency in corporate climate claims 
linked to carbon credits (Trouwloon et al., 2023).

7 Value-chain enhancement in 
biorefineries through carbon trading

Carbon trading can enhance the profitability of biorefineries by 
adding a new revenue stream to their product portfolio. It is well 
established that diversifying the range of products in a biorefinery 
increases overall profitability and, in some cases, can make the facility 
more attractive to investors (Shibukawa et al., 2023). Table 3 presents 
examples of biorefinery studies that considered carbon credits as a 
potential source of revenue.

As shown in Table 2, different types of biorefineries producing a 
variety of products can incorporate carbon credits as an additional 
revenue stream. It can also be observed that various forms of carbon 
credits may be generated, such as those derived from carbon capture 
and storage (CCS) or carbon sequestration processes.

Biochar is a carbon-rich material derived sustainably from resid-
ual biomass, offering long-term stability carbon capture (lasting 100–
1,000 years) and multiple benefits for greenhouse gas. Recognized as 
a negative emission technology, biochar represents an affordable, scal-
able, and durable solution for carbon dioxide removal and sustainable 
climate mitigation It has a global carbon sequestration potential esti-
mated between 0.2 and 6.6 Gt CO2-eq per year, positioning it as a key 
contributor to a growing billion-dollar market (Adhikari et al., 2024). 
The biochar market has recently begun expanding, largely driven by 
the rising demand for carbon dioxide removal credits generated 

through biochar production. However, growth remains constrained 
by limited market demand, restricted access to capital, and other 
structural barriers. Despite these challenges, biochar presents a sig-
nificant opportunity to connect forest thinning projects, which help 
reduce wildfire risks, with carbon-beneficial uses for low-value wood 
biomass, including logging residues, treetops, branches, and small-
diameter trees. This linkage not only supports forest management and 
wildfire mitigation but also contributes to carbon sequestration and 
sustainable biomass utilization (Elias et al., 2024).

Adhikari et al. (2024) conducted a study aimed at enhancing 
carbon stability through biochar production and application, thereby 
creating additional opportunities for carbon credit generation. The 
results provide valuable insights for biochar producers and users by 
identifying production parameters that favor high carbon stability. 
The study also confirms that carbon stored in biochar is stable and 
durable, reinforcing its potential as an effective carbon dioxide 
removal strategy. Elias et al. (2024) conducted a market analysis on 
integrating carbon credits with biochar production and identified sev-
eral key challenges. The study highlighted that the carbon market 
must sustain high carbon prices, implement subsidies or other mecha-
nisms to reduce feedstock biomass costs, and leverage economies of 
scale to lower biochar prices while increasing production. 
Nevertheless, the authors noted that as the biochar industry continues 
to grow, the coupling of biochar production with carbon credits pres-
ents significant potential to expand both the pace and scale of deploy-
ment. Although other products can be derived from residual biomass 
(such as biofuels) biochar stands out as a viable alternative due to its 
lower initial investment requirements.

Techno-Economic Assessment (TEA) combined with Life-Cycle 
Assessment (LCA) are powerful tools for evaluating how carbon credit 
influence the economic performance of biorefineries. For instance, 
Fanourakis et al. (2024) and Pinto et al. (2022) performed integrated 
TEA and LCA analyses for ethanol biorefineries using different feed-
stocks. Fanourakis et al. (2024) investigated the use of olive tree prun-
ings for the co-production of ethanol and antioxidants, while Pinto et 
al. (2022) evaluated a conventional Brazilian integrated first (1G) and 
second (2G) generation ethanol biorefinery processing sugarcane juice 
and bagasse.

Fanourakis et al. (2024) highlight that CCS adoption entails high 
capital and operational costs due to its complex infrastructure. To sup-
port large-scale deployment, the European Union has introduced fund-
ing and policy mechanisms, while economic viability also depends on 
consumer willingness to pay for carbon-negative products and policy 
incentives like carbon taxes or subsidies. Environmentally, integrating 

TABLE 3  Examples of biorefineries incorporating carbon credits as an additional source of revenue, categorized by the type of biomass utilized, the bioproduct obtained, and the type of carbon 

credit generated.

Biorefinery/bioproduct Biomass/Bioresources Carbon credit Reference

Kraft pulp mill Wood Storage and capture (Granacher et al., 2024)

Bioethanol Olive tree pruning Storage and capture (Fanourakis et al., 2024a)

Biochar Woody biomass Capture and forest restoration (Elias et al., 2024)

1G and 2G ethanol Sugarcane Sequestration (Pinto et al., 2022)

Biochar Hardwood, municipal organic waste and other 

agricultural residues

Sequestration (Adhikari et al., 2024)

1G ethanol and biodiesel Sugarcane Capture and storage (Klein et al., 2019)

Biodiesel Macauba oil Capture (Adhikari et al., 2024)
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CCS into biorefineries can drastically reduce carbon footprints and even 
achieve net-negative emissions, though scaling up remains challenging 
due to the need for extensive infrastructure, CO2 capture systems, trans-
port networks, and storage facilities, as well as a reliable biomass supply.

Pinto et al. (2022) stated that integrating 1G and 2G sugarcane 
biorefineries can reduce overall CO2 emissions by up to 15%, lowering 
the global warming potential and significantly increasing the net pres-
ent value through the commercialization of decarbonization credits. 
Large-scale ethanol production using advanced technologies can fur-
ther benefit from trading decarbonization credits, helping to over-
come economic barriers associated with mitigation process 
integration. Additionally, innovative strategies, such as enhancing CO2 
absorption by sugarcane crops, could further boost the environmental 
performance and profitability of sugarcane biorefineries.

Other kinds of biorefineries were also assessed for carbon credits, 
for example, Granacher et al. (2024) studied how a kraft pulp mill can 
support energy transition mitigation carbon release. Opportunities to 
supply bio-based alternatives for the transportation sector, provide 
renewable electricity storage and balancing, and deliver district heating 
were evaluated considering price, impact, and demand variability, 
including the emission mitigation potential of carbon capture. All 
options studied reduce emissions and supply energy carriers with lower 
environmental impact than conventional counterparts, their profitabil-
ity depends heavily on market conditions. Investments in geological 
sequestration and mineralization can drastically cut emissions but are 
currently not economically viable, as product revenues fail to offset 
costs. However, future policy developments and emission credit incen-
tives could improve the competitiveness of sequestration technologies.

8 Conclusions and future perspectives

Biotechnological innovations are increasingly recognized as critical 
components of low-carbon strategies, particularly within carbon cap-
ture, storage, and utilization (CCUS) systems. This review has demon-
strated that CCUS technologies exhibit heterogeneous maturity levels, 
with conventional capture and geological storage approaches reaching 
near-commercial deployment, while emerging utilization pathways. 
Across these technologies, life cycle assessment (LCA) and techno-
economic analyses consistently highlight that energy demand, process 
integration, and carbon intensity of inputs are decisive factors in deter-
mining overall environmental performance and cost-effectiveness.

The analysis further shows that biotechnological approaches offer 
distinct advantages for carbon mitigation, including operation under 
mild conditions, high selectivity, and the ability to convert CO2 into 
value-added products such as biofuels, bioplastics, and biochemicals. 
When integrated with thermochemical and catalytic systems, such as 
hybrid biochar–metal–organic framework (MOF) materials, these 
technologies can enhance capture efficiency, improve product selectiv-
ity, and enable more flexible carbon utilization pathways. In parallel, 
advances in thermochemical biomass conversion and carbon utiliza-
tion routes underscore the importance of optimizing mass transfer, 
energy efficiency, and reaction kinetics to maximize yields and mini-
mize environmental impacts.

From a policy perspective, the review highlights a transition from 
fragmented climate strategies toward more coordinated frameworks 
supporting bio-based carbon mitigation, including international ini-
tiatives and regional CCUS policies. However, persistent challenges 

remain, particularly regarding regulatory clarity, risk management, 
and the integration of biotechnological solutions into existing climate 
and energy systems. The incorporation of robust carbon accounting, 
certification schemes, and carbon market mechanisms emerges as a 
key enabler for translating technological performance into economic 
value and incentivizing large-scale deployment.
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