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Negative Emission Technologies (NETs) can play a pivotal role in mitigating climate change by removing

CO, from the atmosphere, complementing emission reduction efforts especially as 1.5 °C Paris

Agreement targets are exceeded and historical emissions removals are required. This review
systematically evaluates the current landscape, technical performance, and scalability of key NETs,
including Bioenergy with Carbon Capture and Storage (BECCS), Direct Air Carbon Capture and Storage
(DACCS), afforestation, soil carbon sequestration and biochar, enhanced weathering, and ocean-based
methods. Technological advancements required are analyzed to highlight and enhance the efficiency,
scalability, resource requirements (land, water, and minerals), and economic viability of these solutions.
The interplay between NETs and existing emissions reduction strategies is critically examined,
emphasizing the need for synergies that maximize overall climate benefits while minimizing resource
competition. Comparative analyses highlight differences in technological readiness, energy use, and
environmental impacts, offering insights into the practical and theoretical limits of CO, sequestration for
each approach. The review also explores energy balances, cost structures, and life-cycle assessments
(LCA), identifying bottlenecks in deployment and potential areas for innovation to enhance efficiency and
reduce costs. Additionally, we evaluate the current policy frameworks that support NET development,
identifying key challenges in both governance and measurement/reporting/verification (MRV) that must

be addressed to facilitate widespread deployment. The review underscores the necessity for robust
Received 4th March 2025

Accepted 23rd May 2025 international cooperation and financing mechanisms tailored to NETSs, particularly for capacity building in

developing regions. As we pursue a net-zero future, addressing the research gaps and promoting

DOI: 10.1039/d5su00162e effective integration of NETs into comprehensive climate strategies will be crucial for mitigating the

rsc.li/rscsus long-term impacts of anthropogenic CO, emissions.

Sustainability spotlight

As global emissions continue to rise, limiting warming to 1.5 °C requires not only deep decarbonization but also large-scale carbon removal to remediate
historical emissions. This review critically examines Negative Emission Technologies (NETs)—from afforestation and biochar to Direct Air Capture and ocean
alkalinization—and their role in advancing sustainable climate solutions. By evaluating their scalability, resource needs, and integration with existing systems,
this work identifies the opportunities and trade-offs essential to global deployment. Supporting the development of NETs directly advances several UN
Sustainable Development Goals, particularly SDG 13 (Climate Action), SDG 7 (Affordable and Clean Energy), and SDG 15 (Life on Land), contributing to
a balanced and resilient path to net-zero.

Emissions Technologies (NETs), which actively remove CO,
from the atmosphere and store it over various timescales.*” CO,

1. Introduction

Climate change poses an unprecedented challenge to global
sustainability, with greenhouse gas emissions, particularly
carbon dioxide (CO,), driving the rise in global temperatures."?
While emission reduction efforts have made significant strides,
it is becoming increasingly clear that such measures alone may
not be sufficient to limit global warming to 1.5 °C above pre-
industrial levels.® This has led to growing interest in Negative
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storage security improves over time through structural,
residual, solubility, and mineral trapping, preventing leakage.
Continuous monitoring ensures long-term stability. NETS, also
referred to as Greenhouse Gas Removal (GGR) technologies,
represent a fundamental shift in climate change mitigation.
They focus not only on reducing current emissions but also on
reversing the buildup of atmospheric CO, caused by historical
emissions. These technologies offer a potential solution to
addressing both ongoing emissions and the cumulative impacts
of past emissions.

NETs encompass a broad range of approaches, from
enhancing natural carbon sinks, such as reforestation®**° and

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5su00162e&domain=pdf&date_stamp=2025-08-23
http://orcid.org/0000-0002-1474-4575
http://orcid.org/0000-0001-6047-728X
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00162e
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU003009

Open Access Article. Published on 04 luglio 2025. Downloaded on 27/04/2026 22:58:05.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical Review

soil carbon sequestration,”™ to advanced technological solu-
tions like direct air capture (DAC)."**® These technologies are
gaining prominence in climate policy discussions, particularly
as part of integrated strategies to reach net-zero emissions."”*°
Sectors that are difficult to decarbonize, including aviation and
heavy industry, stand to benefit significantly from NETS, as
these technologies can offset residual emissions that cannot be
fully eliminated by conventional means. While conventional
approaches emphasize permanent geological sequestration,
increasing attention is being given to carbon capture, utiliza-
tion, and storage (CCUS), where captured CO, is integrated into
durable products or converted into value-added fuels. Utiliza-
tion pathways include mineralization in construction materials,
bio-based carbon storage, and the production of synthetic fuels
(e-fuels) via hydrogenation or electrochemical processes. By
combining sequestration with utilization, NETs can contribute
to long-term carbon removal and the development of a circular
carbon economy, enhancing scalability and economic viability.
This integration also provides a sustainable pathway for
producing low-carbon fuels, replacing fossil fuels, and
advancing decarbonization efforts.

The inclusion of NETs in climate models, particularly in
scenarios developed by the Intergovernmental Panel on Climate
Change (IPCC), has underscored their importance in meeting
global climate goals. To achieve the Paris Agreement's target of
limiting warming to 1.5 °C,>** many models project the need for
significant CO, removal—on the order of 6 gigatons per year by
2050-but most models only consider wide-scale deployment of
a limited subset of NETs. Such global scales highlight the
necessity of widespread NET deployment, as well as the asso-
ciated technical, economic, and governance challenges. This
comprehensive review aims to provide a thorough examination
of the current status, future prospects, and implications of
NETs for climate change mitigation. It explores the technical
feasibility of various NET approaches, evaluates their potential
impact on carbon reduction targets, and highlights the multi-
faceted challenges—ranging from energy and cost efficiency to
policy integration—that must be addressed to enable successful
large-scale implementation. By doing so, the review emphasizes
the critical role of NETs in complementing emission reduction
strategies, thereby offering a pathway to achieving long-term
climate stability.

1.1 Climate change context and the need for negative
emission technologies (NETs)

Global efforts to address climate change have increased aware-
ness and prompted various initiatives; however, greenhouse
gases (GHGs) continue to in the atmosphere. The Global Carbon
Project reports that annual CO, emissions from fossil fuels and
industry hit a record 36.8 billion tonnes in 2023, up 1.1% from
2022.** This rise follows a temporary decrease during the COVID-
19 pandemic, indicating a return to pre-pandemic emission levels
and highlighting insufficient progress towards a green transition.
The energy sector, responsible for about two-thirds of global
emissions, remains the largest contributor,”** with industrial,
agricultural, and land-use changes also playing significant roles.
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The key focus is on the anthropogenic CO, contributions that
alter natural GHG exchanges, impacting Earth's climate balance
and long-term carbon storage dynamics.

The carbon budget further emphasizes the need for urgent
action. For a 1.5 °C target above pre-industrial levels, the
remaining global carbon budget as of 2020 was approximately
400 gigatonnes of CO,.”* At current emission rates, this budget
will be exhausted within a decade, stressing the immediate
need for significant reductions in emissions and the rapid
adoption of NETS.

Future climate scenarios suggest that current emission
trends will exceed the Paris Agreement targets. Projections
indicate a potential warming of approximately 2.7 °C by 2100,
surpassing the 1.5 °C and 2 °C thresholds. The IPCC models
various Shared Socioeconomic Pathways (SSPs) from rapid
decarbonization to minimal action, revealing that meeting the
Paris targets will require drastic emissions cuts and extensive
deployment of NETs to address both existing CO, levels and
residual emissions from challenging sectors. Fig. 1 shows that
despite the IPCC's explicit warnings about the severe risks of
surpassing 1.5 °C of warming, progress on setting more ambi-
tious 2030 climate targets and engaging in sectoral initiatives
has stagnated since COP26 in Glasgow. Without enhanced
government action, global GHGs in 2030 will be twice the level
permitted under the Paris Agreement's 1.5 °C limit. Current
projections indicate that with the existing 2030 targets, the
world is on a trajectory towards a 2.4 °C increase, and with
current policies, this could rise to 2.7 °C.*

1.2 Role of negative emission technologies in IPCC reports
and climate models

The inclusion of NETs in climate models has evolved as their
potential role in addressing the emissions gap has become
increasingly recognized. Initially, NETs were treated as specu-
lative or long-term solutions,**** but their prominence has
grown as scenarios focusing on limiting warming to 1.5 °C
demonstrate their necessity. In the IPCC's Fifth Assessment
Report (AR5),* technologies such as Bioenergy with Carbon
Capture and Storage (BECCS) featured heavily in long-term
mitigation pathways. The subsequent Special Report on
Global Warming of 1.5 °C,? released in 2018, expanded on the
role of NETs, reinforcing the understanding that carbon
removal will likely be required at a large scale by mid-century,
even if the models used only resolve a limited set of NETs.

Integrated Assessment Models (IAMs)*'*** used to explore
future climate and policy scenarios incorporate NETs as
a means to offset residual emissions and lower atmospheric
CO, concentrations post-2050. NETs are often treated as
a “backstop” technology in IAMs, providing a buffer that allows
for flexibility in the timing of emissions reductions across
sectors. However, their reliance on NETs has been critiqued for
potentially downplaying the near-term urgency of emissions
reductions (leading to moral hazards) and the technical chal-
lenges of large-scale deployment.

The challenges associated with scaling NETs—such as land-
use requirements for BECCS,>*' energy demands for DAC,***

RSC Sustainability, 2025, 3, 3652-3680 | 3653


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00162e

Open Access Article. Published on 04 luglio 2025. Downloaded on 27/04/2026 22:58:05.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

View Article Online

Critical Review

120
- Policies and action (High)
100 _--" - = Policies and action (Low)
-7 2030 Targets only

80

60

40

20

Global GHG emissions (GtCO,e/year)

Reductions targets
2030 19-22 GtCO,e

— Pledges and Targets (High)

- Pledges and Targets (Low)

Reductions b/w 2030 |

Reductions b/w 2040

Optimistic scenario

1.5°C compatible (High)

1.5°C compatible (Medium)

1.5°C compatible (Low)

and 2040 19-24 GtCO,e and 2050 16-23 GtCO,e
0 r T T r r T T T — — T
Reductions b/w 2050
and 2100 14-22 GtCO,e
-20
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080

= Historical

- = Linear (Historical)

Fig. 1 Global greenhouse gas emissions pathways, comparing the Climate Action Tracker (CAT) estimates of policies and action, 2030 targets
only, combined 2030 and long-term binding targets, and an optimistic pathway based on net zero targets from over 140 countries, against

a pathway consistent with a 1.5 °C temperature limit (data from Climate Action Tracker??).

and environmental concerns with ocean-based NETs**™*” have
sparked debates about their feasibility and efficacy. While NETs
may be necessary to achieve net-zero emissions, relying too
heavily on future carbon removal without concurrently
pursuing aggressive emissions reductions could lead to “miti-
gation deterrence,” delaying essential action in the near term.

Considering the importance of the topic and scope and
objectives of this comprehensive review study, Fig. 2 outlines
the logical structure and thematic progression of the review. It
begins with the context and motivation for NETs, followed by
a comprehensive classification into biological, geochemical,
and engineering-based approaches. Each NET is then assessed
through a unified evaluation framework incorporating techno-
logical readiness, CO, removal potential, resource needs, envi-
ronmental impacts, and economic feasibility. A comparative
analysis is conducted based on these criteria, leading into
a discussion on policy, governance, and monitoring, reporting,
and verification (MRV). The review concludes with identified
research gaps and recommendations, highlighting directions
for future development and integration with global climate
strategies.

2. Overview of negative emission
technologies (NETS)

NETs encompass a broad range of methodologies designed to
extract carbon dioxide (CO,) from the atmosphere and securely
sequester it over extended periods. Ultimately the goal is to
reduce the radiate forcing of the atmosphere by the presence of
excess greenhouse gases, and while CO, removal is the focus of
this review as the dominant GHG, methane removal is starting
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to receive attention too.**° Given the escalating urgency to
mitigate climate change, NETs have garnered significant
attention as potential adjuncts to traditional emissions reduc-
tion strategies. This section offers an in-depth analysis of the
different categories of NETs, elucidates their fundamental
mechanisms, and examines critical factors influencing their
deployment and effectiveness. Bibliometric analysis can be
developed to illustrate the current landscape of research in
NETs, CO, capture, DAC, carbon dioxide removal, climate
change mitigation, afforestation, and biochar. This method
identifies historical and emerging developments by analyzing
academic literature outputs, providing a comprehensive over-
view of key research areas. A systematic review of articles and
book chapters published between 2014 and 2024 was conducted
to evaluate and visualize research hotspots, trends, and fron-
tiers in NETs globally.

Publications were sourced from the Web of Science (WoS)
database, using “Science Citation Index Expanded” and
“Science Citation Index” collections. Bibliometric mapping was
performed using VOSviewer software, as depicted in Fig. 3.
Search parameters included keywords such as NETs, CO,
capture, DAC, carbon dioxide removal, climate change, affor-
estation, and biochar to ensure a comprehensive and valid data
retrieval process. This approach enables a detailed exploration
of the research landscape, identifying critical developments and
emerging trends in the field. This figure visually represents the
interconnections between key topics in carbon management,
climate change mitigation, and sustainability. Different clusters
highlight thematic groupings, such as biochar and soil
sequestration (red), carbon capture and direct air capture
(purple), bioenergy and emissions modeling (blue), and
renewable energy and governance (green). The network

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Conceptual overview and flow structure of review approach.

structure reveals strong linkages between biomass, carbon
sequestration, and climate change, emphasizing the integrated
nature of negative emission technologies and policy consider-
ations. Emerging connections between renewable energy and
CO, removal suggest increasing research focus on sustainable
decarbonization pathways.

2.1 Classification of NETs

2.1.1 Biological approaches. Biological NETs utilize natural
processes to capture and sequester carbon dioxide (CO,)
through biological mechanisms. These approaches capitalize
on the processes of photosynthesis and the inherent carbon
storage potential of living carbon-based organisms and
ecosystems. Prominent examples of biological NETs include:

o Afforestation involves establishing new forests on previ-
ously nonforested lands to sequester atmospheric CO, in
biomass and soils. Reforestation refers to restoring deforested
or degraded forest areas to enhance carbon storage in regen-
erated vegetation and soils.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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e Soil carbon sequestration: techniques involve implement-
ing practices like no-till farming, cover cropping, and organic
matter addition to increase soil carbon content. The benefits
include enhanced soil health and fertility, and potentially
improved agricultural productivity.

e Biochar: production of biochar is achieved through the
pyrolysis of biomass, which involves heating organic material in
the absence of oxygen. Its application involves adding it to soils
to enhance carbon sequestration and potentially improve soil
fertility.

e Ocean fertilization: the process involves adding nutrients
(e.g., iron) to ocean waters to stimulate phytoplankton growth
and enhance CO, uptake from the atmosphere, with at least
some biomass eventually sinking to the ocean floor. However,
this approach is controversial due to potential ecological risks,
uncertainty about carbon sequestration permanence, and
possible unintended environmental consequences.

2.1.2 Geochemical approaches. Geochemical NETs expe-
dite natural geochemical weathering processes to increase
atmospheric CO, removal. They generally employ minerals or
mineral-based materials that chemically react with CO,, form-
ing stable carbonates. Key examples include:

e Enhanced weathering: the mechanism involves the appli-
cation of crushed silicate minerals (e.g., olivine, basalt) to soils
or land surfaces to accelerate the natural chemical weathering
process, which reacts with CO, to form stable carbonates. The
objective is to increase the mineral surface area available for
CO, reactions, thereby enhancing the overall CO, sequestration
rate.

e Ocean alkalization: the mechanism involves adding alka-
line substances (e.g., lime, olivine) to ocean waters to increase
the ocean's capacity to absorb and store CO,. The added alka-
linity enhances the ocean's ability to convert CO, into bicar-
bonates and carbonates. The objective is to boost the ocean's
natural carbon sequestration processes, thereby mitigating
atmospheric CO, levels.

2.1.3 Chemical engineering approaches. Chemical engi-
neering NETs involve the use of engineered systems to directly
capture CO, from the atmosphere or point sources. These
technologies often require significant energy input but offer
high control over the capture and storage process. Key examples
include:

e Direct Air Capture (DAC): utilizes chemical/thermal/
electrochemical processes to extract CO, directly from
ambient air. DAC systems use either liquid solvents or solid
sorbents to capture CO,, which is then regenerated and
compressed. This process demands substantial energy input for
the regeneration and compression stages, impacting overall
efficiency and cost.

e Bioenergy with Carbon Capture and Storage (BECCS):
integrates bioenergy production with carbon capture and
storage. Plants absorb atmospheric CO, during growth, and
when this biomass is used for energy, the CO, emissions
produced are captured and stored underground. This technique
combines biomass energy with CO, sequestration, contributing
to net-negative emissions.

RSC Sustainability, 2025, 3, 3652-3680 | 3655
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Fig. 3 Methodology and bibliometric map of co-occurrence network of keywords.

2.2 Key principles and mechanisms

2.2.1 Carbon cycle and NETs. Understanding the global
carbon cycle is crucial for assessing the potential impact and
effectiveness of NETs. The carbon cycle describes the movement
of carbon between the atmosphere, biosphere, oceans, and
geosphere. NETs aim to enhance the natural processes that
remove CO, from the atmosphere or to create new pathways for
carbon sequestration.

Biological NETs primarily interact with the fast carbon
cycle, enhancing carbon uptake by plants and soils. These
approaches can have relatively rapid impacts but may be less
permanent. Geochemical and chemical engineering
approaches often interact with the slow carbon cycle, poten-
tially offering more stable long-term storage but with slower
immediate impacts.

The effectiveness of NETs must be considered in the context
of the entire carbon cycle, including potential feedback and
saturation effects. For example, enhancing ocean CO, uptake
could potentially reduce the ocean's future capacity to absorb
atmospheric CO,.

2.2.2 Permanence and storage considerations. The
permanence of carbon storage is a critical consideration for all
NETs. Different approaches offer varying degrees of storage
stability:

e Biological storage (e.g., in forests or soils) can be vulnerable
to disturbances such as fires, pests, or land-use changes. The
timescale of storage typically ranges from decades to centuries.

3656 | RSC Sustainability, 2025, 3, 3652-3680

e Geological storage (e.g., in depleted oil and gas reservoirs
or saline aquifers) offers the potential for very long-term storage
(thousands to millions of years) but requires careful site selec-
tion and monitoring to prevent leakage.

e Mineral carbonation (as in enhanced weathering) can
provide extremely stable carbon storage on geological time-
scales, replicating but accelerating processes found in nature.

e Assessing and ensuring the permanence of carbon storage
is crucial for the long-term effectiveness of NETs and their role
in climate mitigation strategies.

2.2.3 Energy requirements and efficiency. The energy
requirements of NETs vary widely and significantly impact their
overall effectiveness and feasibility:

e Biological approaches generally have low direct energy
requirements but may have indirect energy costs associated
with land management and monitoring.

e Geochemical approaches, particularly enhanced weath-
ering, can have significant energy requirements for mineral
extraction, grinding, and distribution.

e Chemical engineering approaches, especially DAC, typi-
cally have high energy demands for capture material regenera-
tion and CO, compression.

The energy efficiency of NETSs is crucial for their net climate
impact. If the energy used to power NETs comes from fossil fuel
sources, it could potentially offset some or all of the climate
benefits. Therefore, integration with low-carbon energy sources
is essential for maximizing the effectiveness of NETs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Major categories of NETs

NETs are categorized based on several dimensions:* technology
category,” implementation options, and® storage medium as
shown in Fig. 4. Among the six technology clusters considered
Afforestation and Reforestation (AR), Soil Carbon Sequestration
(SCS) and Biochar (BC), BECCS, and Ocean Fertilization (OF) -
four utilize photosynthesis for CO, capture. In contrast, Direct
Air Carbon Capture and Storage (DACCS), enhanced weath-
ering, and ocean alkalization employ chemical processes to
bind CO,. Each technology can further be distanced based on
the earth system (land or ocean-based) as Minx et al.** classified.

3.1 Bioenergy with carbon capture and storage (BECCS)

BECCS is a negative emission technology that has garnered
significant attention in climate mitigation scenarios due to its
potential for large-scale carbon dioxide removal. This approach
combines the production of energy from biomass with the
capture and long-term storage of the resulting CO, emissions.
Fig. 5 displays the conceptual layout of BECCS along with
sources, conversion technologies, carbon capture methods, and
storage options for BECCS. In theory, BECCS offers the dual
benefit of providing renewable energy while simultaneously
removing CO, from the atmosphere, making it an attractive
option in the pursuit of net-zero or negative emissions.

3.1.1 Technology description. BECCS technology integrates
multiple processes that collectively enable the removal of CO,
from the atmosphere through bioenergy use and carbon
storage.

View Article Online
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e Biomass production and types: energy crops are charac-
terized by high energy content and rapid growth but require
dedicated land, which may lead to potential competition with
food production. Agricultural residues include crop by-products
like corn stover and utilize existing land, though they can
impact soil health if overharvested. Forestry residues come
from logging waste, which helps reduce waste but requires
careful management to protect ecosystems. Municipal solid
waste contains organic components that can be used for energy,
reducing waste, but it requires sorting and processing to ensure
clean energy production.

e Conversion technologies:
burning biomass for heat and electricity; it is a simple method
but potentially has lower efficiency.”*** Gasification converts
biomass to syngas (CO and H,), offering higher efficiency but
requires advanced technology.*® Pyrolysis decomposes
biomass in the absence of oxygen, producing bio-oil, syngas,
and biochars; it is less mature for large-scale use.**** Anaerobic
digestion converts organic matter to biogas (methane and CO,);
it is suitable for wet biomass and waste and typically operates
on a smaller scale.*”**

e Carbon capture methods: post-combustion capture
involves CO, removal from flue gases after combustion; it is
retrofittable but energy-intensive.®**® Pre-combustion capture
entails CO, separation during gasification before combustion; it
is more efficient but requires complex design.®*® Oxy-fuel
combustion burns biomass in pure oxygen, producing CO, and
water vapor; it simplifies CO, separation but is energy-intensive
due to the oxygen production required.**”®
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e Storage options: geological storage involves the injection of
CO, into depleted oil and gas reservoirs or deep saline aquifers;
it is well-established but requires site monitoring.”*”* Miner-
alization converts CO, to stable carbonates, offering permanent
storage, but it is energy-intensive and less developed.””* Ocean

storage entails CO, injection into deep

controversial due to ecological risks and concerns about long-

term stability.”*”®

3.1.2 Current status and projects. Operational and pilot

projects:

e Drax North Yorkshire Power Station (UK): one of the largest
BECCS projects, capturing up to 8 million tonnes of CO,
annually from biomass combustion for electricity production.”

e Illinois Industrial Carbon Capture

captures CO, from ethanol production and stores it under-
ground, with an annual capacity of 1 million tonnes.*

e Stockholm Exergi (Sweden): a pilot BECCS project up to
800000 tonnes of CO, annually from biomass-powered heat

and electricity generation.®*

e Huntly Power Station (New Zealand): BECCS pilot focused
on biomass co-firing and carbon capture for potential large-
scale deployment with 953 MW capacity.*

e Rotterdam Bio-CCS (Netherlands): a demonstration project
at the port of Rotterdam aiming to capturing up to 5 million
tonnes of CO, annually from waste-to-energy and biomass

plants for offshore storage.*

3.1.3 Research and development initiatives.
e Biomass production and supply chain: focuses on sustainable
feedstock supply and logistics for large-scale BECCS.

e Conversion and capture efficiency: enhances performance
and reduces energy penalties through advanced materials and

plant design innovations.

e Novel capture technologies: investigates integration with

DAC to boost BECCS's negative emissions

e Environmental impact assessments:
assessments and studies on land use and CO, storage behavior
to ensure BECCS contributes positively to climate goals without
adverse environmental effects. A potential comparison of the

3658 | RSC Sustainability, 2025, 3, 3652-3680

CO, capture capacity of planned BECCS and DACCS projects
(2022-2030) is drawn and displayed in Fig. 6.

3.1.4 Potential and limitations. BECCS offers significant
potential for large-scale carbon removal, but its deployment is
constrained by a number of resource.

e Theoretical and practical CO, removal potential: theoret-
ical estimates for global BECCS CO, removal range from 3 to 20
gigatonnes per year by 2050,* representing a substantial frac-
tion of current global emissions. The practical potential is more
constrained, with conservative estimates suggesting 0.5 to 5
gigatonnes per year by 2050, limited by biomass availability,
land competition, and technology deployment challenges.

e Land use and biodiversity impacts: large-scale BECCS
could require 0.1 to 0.4 hectares of land per tonne of CO,
removed annually, potentially competing with food production
and impacting global food security.®** Biomass production
may lead to biodiversity loss if natural habitats are converted to
energy crop plantations; however, using marginal lands or
agricultural residues might mitigate some ecological impacts.

e Water requirements: BECCS systems require significant
water for biomass cultivation and conversion processes. Water
use varies by biomass type and technology, with potential

exacerbation of water scarcity in arid regions, impacting other
87,88

ocean waters; it is

and Storage (USA):

water uses.

e Energy balance and efficiency: the energy balance is
affected by the energy penalty of CO, capture, which can reduce
the net energy output of BECCS systems by 20-30%.5°° Effi-
ciency improvements are needed across the entire BECCS
supply chain to enhance negative emissions potential and
economic viability.

e Cost estimates and economic viability: cost estimates for
BECCS range from $80-200/tCO, *° removed, influenced by
scale, biomass type, conversion technology, and storage
methods. High costs compared to conventional emission
reduction methods may become more competitive with
increasing carbon prices and technological advancements.
Supportive policies and incentives are crucial for economic
viability.

potential.
conducts life cycle
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3.2 Direct air carbon capture and storage (DACCS)

DACCS is an emerging negative emission technology that aims to
remove carbon dioxide directly from the ambient air and store it
permanently positioning itself as a key solution for achieving long-
term carbon neutrality and offering a compelling business case
driven by carbon credits, regulatory incentives, and growing
demand for scalable carbon removal technologies. Fig. 7 shows
the major conceptual layout of DAC along with DAC types, asso-
ciated challenges and concerns, integration and applications, and
storage options for DACCS. Unlike other carbon capture methods
that focus on point sources of emissions, DACCS has the potential
to address both current and historical CO, emissions, making it
a powerful tool in the fight against climate change.

3.2.1 Technology description. An overview of DACCS tech-
nologies is provided below.

e Liquid solvent systems: hydroxide solutions (e.g., potas-
sium hydroxide) are used to absorb CO, from the air.”*** Air is
contacted with the solution via large fans or air contactors,
where CO, reacts with hydroxide to form carbonate ions. The
solution is then processed to release CO, and regenerate the
hydroxide. An example of this approach is Carbon Engineering,
which uses potassium hydroxide in its air contactor design,
involving chemical reactions to produce a pure CO, stream.”

e Solid sorbent systems: this approach employs materials,
typically amine-based compounds on porous supports, to
selectively adsorb CO, from the air.*® CO, is captured as air
flows over the sorbents; the sorbents are then heated or placed
under vacuum to release the CO, and regenerate the materials.
An example is Climeworks, which uses amine-based sorbents in

© 2025 The Author(s). Published by the Royal Society of Chemistry

modular filters, with captured CO, released by heating to
around 100 °C.*”

e Novel approaches: electrochemical systems utilize elec-
tricity to drive CO, capture and release, with electrodes
absorbing CO, when voltage is applied and releasing it when
the voltage is reversed. Cryogenic capture involves cooling air to
freeze CO, as dry ice, producing a pure CO, stream but
requiring high energy input. Membrane-based systems use
selective membranes to permit CO, passage while blocking
other gases; these systems are currently in the early stages of
development.

3.2.2 Current status and projects.
commercial-scale DAC plants.

e Climeworks' Orca Plant (Iceland): world's largest DAC
facility, with a capacity to capture 4000 tonnes of CO, per year
for geological storage.®®

e Carbon Engineering Facility (Merritt): planned facility in
British Columbia in collaboration with Huron Clean Energy,
The Upper Nicola Band, and Oxy Low Carbon Ventures, aiming
to capture 0.25 million tonnes of CO, annually for fuels.*

e 1PointFive (Texas): planned facility in Texas in collabora-
tion with Carbon Engineering, and Worley, aiming to capture
0.5 million tonnes of CO, annually for geological storage.'®

3.2.3 Potential and limitations. The following outlines the
key strengths and constraints associated with DACCS
deployment.

e Theoretical and practical CO, removal potential: the
theoretical potential for DACCS is up to 5-40 gigatonnes of CO,
per year by 2050. The practical potential is estimated at 0.5 to 5

Globally leading
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gigatonnes per year by 2050, limited by technological,
economic, and policy constraints.

e Energy requirements and sources: DACCS is an energy-
intensive process, requiring 1.5-2.5 MWh per tonne of CO,
captured.'®* To ensure net-negative emissions, DACCS must rely
on low-carbon energy sources, which may compete with other
sectors for renewable energy. Carbon Engineering's design
addresses this by integrating natural gas with carbon capture
and renewable electricity for different stages of the process.

e Land and water use: DACCS has modest land use compared
to other negative emission technologies (NETSs), primarily
associated with the generation of renewable energy. Water
requirements vary by technology: liquid solvent systems may
consume significant amounts of water, whereas solid sorbents
typically have minimal water needs.

e Cost projections and economic feasibility: current costs for
DACCS range from $250 to $600 per tonne of CO, removed.
Potential future costs could drop to $100-200 per tonne by 2030,
with long-term projections suggesting prices may fall below
$100 per tonne. Economic viability is closely tied to carbon
markets, policy support, and prevailing carbon prices.

e Scalability challenges: large-scale deployment of DACCS
requires an extensive supply chain, including the production of
materials like sorbents and air contactors. Expanding low-
carbon energy generation is critical to meet the high energy
demands of the process. Additionally, CO, transport and
storage infrastructure must scale accordingly to match capture
efforts. Strong and stable policy frameworks are essential to
support deployment, while public acceptance and social
support will be key factors for widespread adoption.

3.3 Afforestation and reforestation

Afforestation and reforestation are two closely related
approaches to negative emissions that involve increasing forest
cover to sequester carbon dioxide from the atmosphere. These
nature-based solutions have gained significant attention in
recent years as potentially cost-effective and environmentally

3660 | RSC Sustainability, 2025, 3, 3652-3680

friendly methods to mitigate climate change. Fig. 8 exhibits the
conceptual layout along with methods, goals, benefits, differ-
ences and similarities of afforestation and reforestation. While
both approaches aim to increase forest cover, they differ in their
application and have distinct implications for land use, biodi-
versity, and carbon sequestration potential.

3.3.1 Technology description. An overview of the processes
involved in afforestation and reforestation.

e Definitions and distinctions: afforestation involves estab-
lishing forests on land not forested for over 50 years, such as
marginal agricultural lands or degraded areas.®'*> Reforestation
refers to restoring forests on land that was previously forested
but later converted to other uses, through natural or assisted
regeneration or active planting.*'® The key difference is that
afforestation creates new forests, while reforestation restores
existing ones—an important distinction that influences carbon
accounting and biodiversity outcomes.

e Carbon sequestration mechanisms: forests sequester
carbon through photosynthesis, storing it in biomass such as
trunks, branches, roots, and in the soil. Carbon storage capacity
depends on various factors including tree species, climate, soil
type, and forest management practices. Over time, carbon
accumulates in both above-ground biomass and soil organic
matter.

e Forest management practices: effective forest management
practices for carbon sequestration include selecting species
adapted to local conditions with high carbon potential and
employing planting techniques that ensure high survival rates
and optimize growth. Thinning and pruning are used to
improve forest health and enhance carbon storage, while fire
management practices, such as controlled burns, help reduce
wildfire risks. Pest and disease control is essential to prevent
large-scale die-offs. Sustainable harvesting practices are imple-
mented to maintain forest cover and carbon stocks even when
timber is harvested. Additionally, carbon credits from conser-
vation efforts can generate revenue by preserving existing
forests and avoiding harvest, thereby incentivizing long-term
carbon storage.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3.2 Current status and projects. A large number of
reforestation projects are at various stages of implementation,
with notable examples including:***

e Eden Reforestation Project, Madagascar: involves the
planting of 23792493 trees, contributing significantly to
regional reforestation efforts.

e Usambara Biodiversity Conservation Project, Tanzania:
focuses on the planting of 4 672 522 trees to enhance biodiver-
sity and ecosystem restoration.

e Eden Reforestation Projects, Nepal: encompasses the
planting of 3 372 832 trees as part of broader reforestation and
climate mitigation initiatives.

e CommuniTree Project, Nicaragua: aims to restore defor-
ested areas with the planting of 1 957 352 trees, supporting local
community and environmental benefits.

3.3.2.1 National and international programs. Many countries
include afforestation and reforestation in their Nationally
Determined Contributions (NDCs) under the Paris Agreement.
REDD+ is a UN framework that provides financial incentives to
reduce emissions from deforestation and forest degradation in
developing countries. The Forest Carbon Partnership Facility,
managed by the World Bank, supports efforts to reduce emis-
sions from deforestation and degradation. The Green Climate
Fund also plays a key role by backing forest-related climate
mitigation and adaptation projects.

3.3.2.2 Monitoring and verification approaches.
sensing technologies, such as satellite imagery and LiDAR, are
used to assess forest cover and estimate biomass. Ground-based
inventories involve field measurements, including tree diam-
eter and height, to calculate forest carbon stocks. Soil carbon
sampling entails collecting soil samples to monitor changes in
soil organic carbon levels. Additionally, eddy covariance flux
towers provide real-time measurements of carbon flux between
forests and the atmosphere.

3.3.3 Potential and limitations

3.3.3.1 Global sequestration potential. the IPCC estimates
a technical potential of 0.5 to 10.1 GtCO, per year by 2050,

Remote

© 2025 The Author(s). Published by the Royal Society of Chemistry

depending on factors such as land availability, policy frame-
works, and the effectiveness of implementation.***

3.3.4 Land availability and competition. Large-scale affor-
estation and reforestation efforts face limitations due to
competing land use demands, such as agriculture, urbaniza-
tion, and biodiversity conservation. Strategic land-use planning
is essential to balance these demands and prevent negative
impacts.

3.3.5 Biodiversity and ecosystem impacts. Positive effects
on biodiversity depend on thoughtful planning; monoculture
plantations can harm ecosystems. Afforestation on grasslands
or wetlands may disrupt native ecosystems, highlighting the
importance of using native species and promoting diverse forest
structures.

3.3.6 Permanence and climate vulnerability. Forests are
vulnerable to fires, pests, and diseases, all of which can reduce
carbon sequestration or even turn forests into carbon emitters.
Fire is of particular concern, as wildfires are becoming
increasingly severe each year due to the impacts of climate
change.

3.3.7 Socioeconomic implications. Projects can offer
employment opportunities and ecosystem benefits but may also
disrupt traditional land use and livelihoods. Involving local
communities and ensuring equitable benefit-sharing are crit-
ical for the long-term success of these initiatives.

3.4 Soil carbon sequestration and biochar

Soil carbon sequestration and biochar application are two
interrelated approaches to negative emissions that focus on
enhancing the carbon storage capacity of soils. These methods
have gained increasing attention as potential strategies for
mitigating climate change while simultaneously improving soil
health and agricultural productivity. Fig. 9 displays the
conceptual layout of soil carbon sequestration along with
carbon capture, storage, and land management practices asso-
ciated with soil carbon sequestration. Soil carbon sequestration
involves implementing agricultural practices that increase the
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amount of carbon inherently stored in soil organic matter,
while biochar is a carbon-rich material produced from biomass
that can be added to soils to enhance their carbon content and
improve soil properties.

3.4.1 Processes, practices, and applications

3.4.1.1 Soil carbon dynamics. Carbon enters the soil through
plant residues and root exudates, which are decomposed by
microorganisms; some of this carbon is converted into stable
soil organic carbon, while some is released as CO,.'%*"%
Whether soil acts as a net carbon sink or source depends on the
balance between carbon inputs and losses. This balance is
influenced by factors such as climate (temperature and
precipitation), soil type, vegetation, and land management
practices.

3.4.1.2 Agricultural practices for soil carbon enhancement.
no-till or reduced tillage practices help preserve soil structure
and reduce carbon loss. Cover cropping adds organic matter to
the soil and prevents erosion, while crop rotation increases
biomass and improves overall soil health. Agroforestry inte-
grates trees into agricultural systems, boosting carbon input.
Improved grazing management enhances both productivity and
soil carbon levels. The use of organic amendments, such as
compost or manure, increases soil organic matter. These prac-
tices also offer co-benefits, including improved soil fertility,
better water retention, and greater resilience to climate
extremes.

3.4.1.3 Biochar production and application. Biochar is
produced through the pyrolysis of biomass in low-oxygen
environments, a process that converts carbon into a stable
form. Common feedstocks include agricultural residues,
forestry waste, and purpose-grown crops, all of which influence
the properties of the resulting biochar. When applied to soil—
either incorporated into the topsoil or surface-applied—biochar
improves water retention, nutrient availability, and microbial
activity, while also contributing to long-term carbon
sequestration.

3.4.2 Current status and projects

3.4.2.1 Soil carbon initiatives and policies. The “4 per 1000”
Initiative aims to achieve a 0.4% annual increase in global soil

3662 | RSC Sustainability, 2025, 3, 3652-3680

organic carbon content.'” The U.S. Department of Agriculture's
Conservation Reserve Program offers incentives for practices
that enhance soil health and carbon sequestration."*® Austral-
ia’s Emissions Reduction Fund includes soil carbon projects
that can generate carbon credits.'** Similarly, the European
Union's Common Agricultural Policy emphasizes the impor-
tance of soil health and carbon sequestration.*?

3.4.2.2 Biochar projects and commercial applications. In the
United States, companies like Cool Planet and Pacific Biochar
produce biochar for agricultural and environmental applica-
tions.'®* The European Biochar Industry Consortium actively
promotes the use of biochar across Europe.'™ In developing
countries, initiatives such as the Nepal Biochar Initiative
explore the use of biochar for agriculture and cookstove appli-
cations.”® Additionally, some carbon offset programs now
include biochar-based carbon credits."***”

3.4.2.3 Measurement and monitoring techniques. Direct soil
sampling is the standard method for measuring soil carbon,
though it is labor-intensive and costly for large-scale applica-
tion. Spectroscopic techniques, such as near-infrared spectros-
copy, enable rapid, in-field measurements. Remote sensing and
modeling approaches combine satellite data, ground-based
measurements, and machine learning to support large-scale
monitoring. Additionally, eddy covariance flux towers are used
to measure real-time carbon exchange between the land surface
and the atmosphere.

3.4.3 Potential and limitations

3.4.3.1 Global sequestration potential. The IPCC estimates
that soil carbon sequestration on croplands and grasslands has
the potential to sequester 2.3-5.3 GtCO,-eq. per year."*® Studies
suggest that the total global potential could reach up to 8-10
GtCO,-eq. per year when all land types and management prac-
tices are considered.'™ The global sequestration potential of
biochar is estimated at 0.5-2 GtCO,-eq. per year by 2050, at
a cost of $30-120 per ton of CO,, depending on feedstock
availability and application rates.**®

3.4.3.2 Agricultural productivity co-benefits. Soil carbon
sequestration practices can improve soil structure and water
retention, resulting in increased crop yields and greater

© 2025 The Author(s). Published by the Royal Society of Chemistry
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resilience to drought. Enhanced nutrient cycling from these
practices reduces the need for fertilizers, benefiting both the
environment and farming costs. Improvements in soil biodi-
versity also promote plant health and increase resistance to
pests and diseases. Additionally, the application of biochar can
enhance soil fertility, particularly in degraded soils, potentially
leading to higher crop yields.

3.4.3.3 Permanence and saturation issues. Carbon stored in
soil can be lost if land management practices change or due to
climate variations, which affects the permanence of sequestra-
tion."”* Additionally, soils can reach a saturation point beyond
which further carbon sequestration becomes difficult to ach-
ieve." The stability of biochar in soil can vary significantly, with
persistence ranging from centuries to millennia depending on
production conditions and environmental factors, necessitating
careful analysis in each specific case.

3.4.3.4 Scalability and adoption challenges.”**** Scaling soil
carbon sequestration and biochar application faces challenges
related to the need for knowledge and technology transfer to
farmers, particularly in developing countries. Initial costs and
potential yield losses during the transition to new practices can
deter adoption. Cultural and social barriers also pose chal-
lenges, as many farmers may be hesitant to shift away from
traditional agricultural methods. Additionally, the development
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of biochar production and distribution infrastructure repre-
sents a significant hurdle to widespread implementation of
these solutions.

3.4.3.5 Cost-effectiveness and economic incentives.">>**” Soil
carbon sequestration practices are often cost-effective or even
profitable due to reduced input costs and improved crop yields.
While the current cost of biochar remains high, it is expected to
decrease as production scales and technology advances.
Economic incentives, such as carbon pricing or payments for
ecosystem services, can further enhance the financial viability
of these practices for farmers. Additionally, recognizing co-
benefits—such as improved water quality and reduced
erosion—can increase the societal appeal of soil carbon
sequestration and biochar applications.

3.5 Enhanced weathering and ocean alkalinity enhancement

Enhanced weathering and ocean alkalinity enhancement are two
related negative emission technologies that aim to accelerate
natural processes of CO, removal from the atmosphere. These
approaches leverage the Earth's natural carbon cycle, particularly
the weathering of rocks and the ocean's capacity to absorb CO,, to
mitigate climate change. Fig. 10 displays the conceptual layout
along with carbon capture, chemical weathering, and mineral
formation through enhanced weathering, and Fig. 11 presents
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