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The 2015 Paris Agreement aims to strengthen the global response to climate change,
and to maintain an average global temperature well below 2◦ C, with aspirations
toward 1.5◦ C, by means of balancing sources and sinks of greenhouse gas emissions.
Following this, the importance of carbon dioxide removal in global emission pathways
has been further emphasized, and Negative Emissions Technologies (NETs) that capture
carbon from the atmosphere and remove it from the system have been put in
the spotlight. NETs range from innovative, engineered technologies, to well-known
approaches like afforestation/reforestation. These technologies essentially compensate
for a shrinking carbon budget coupled with hard-to-abate future emissions, and a
historical lack of action. However, none has been deployed at scales close to what is
envisioned in emission pathways in line with the Paris Agreement goals. To understand
the potential contribution of NETs to meet global emission goals, we need to better
understand opportunities and constraints for deploying NETs on a national level.
We examine 17 Long-Term Low Greenhouse Gas Emission Development Strategies
(LT-LEDS), and discuss them in the context of available NETs feasibility assessments.
Our mapping shows that most countries include NETs in their long-term strategies,
and that enhancement of natural sinks is the most dominating type of NET in these
strategies. In line with many feasibility assessments, LT-LEDS focus on technical and
biophysical considerations, and neglect socio-cultural dimensions. We suggest that
feasibility assessments at the national level need to be more holistic; context-specific
and comprehensive in terms of aspects assessed.
Keywords: Negative Emissions Technology (NET), net-zero, UNFCCC (United Nations Framework Convention
on Climate Change), Long-Term Low Greenhouse Gas Emission Development Strategies (LT-LEDS), feasibility
assessment, integrated assessment modeling (IAM), pathway, IPCC SR15
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INTRODUCTION

Nemet et al., 2018; Roe et al., 2019; Robb et al., 2020), reviews
or syntheses of multiple dimensions or comparison of NETs
(Oschlies and Klepper, 2017; Minx et al., 2018; Waller et al.,
2020), and combined feasibility assessments (IPCC, 2018). These
assessments accordingly differ in scope and how feasibility
is operationalized.
The emergence of a new technology requires a scientific
and technical evaluation. Technical assessments are conducted
at all innovation stages to ensure solutions to emerging
problems. Most attention in the scholarly literature has been
given to research and development activities (R&D), whereas
demonstration and upscaling have received less attention (Nemet
et al., 2018). Technical assessments may focus on parameters
related to technology efficiency and/or availability, and are
important tools for assessing technological feasibility. Often
technological feasibility is expressed as the maturity level of a
certain technology, known as the Technology Readiness Level
(TRL) (DOE, 2011). The TRL is composed of nine stages
that progress sequentially from the conceptual stage (TRL 1),
to commercial scale deployment (TRL 9)—a process that for
complex technologies can take up to 30 years (Haszeldine et al.,
2018). Progression to a higher TRL requires further research,
financial investment and policy support (Bui et al., 2018).
Currently, proposed NETs are at different maturity levels, but
most have not advanced past the demonstration stage (TRL
6) (Lomax et al., 2015). In addition, separate components of
individual NETs can range in TRL (Hepburn et al., 2019).
In contrast to technology-focused (focus on specific NET)
or dimension-specific studies (e.g., focusing on technological,
ecological, or economic aspects), reviews of NETs often compare
multiple feasibility dimensions and/or NETs. Here, feasibility is
often defined by carbon sequestration potential and efficiency,
deployment costs and timeline, which correspond to the TRL
and risks (Oschlies and Klepper, 2017). Combining multiple
dimensions in the assessment can highlight temporal, spatial,
and technological aspects enabling or hindering the scale-up
potential of a technology (Minx et al., 2018; Forster et al., 2020).
Assessments of NETs have been criticized for being too narrow
in their evaluation of what enabling conditions need to be met,
with most focusing on geophysical, technological, and economic
aspects (Oschlies et al., 2017; Mengis et al., 2019; Kreuter et al.,
2020; Waller et al., 2020).
Finally, a comprehensive assessment of a range of NETs
across multiple feasibility dimensions has been carried out by the
IPCC (see SR15). Here, feasibility is broken down into several
dimensions, ranging from economic, technological, institutional,
socio-cultural, ecological, and geophysical, operationalized with
accompanying indicators (de Coninck et al., 2018a). Feasibility
is assessed based on the barriers that exist for a specific NET.
Enabling conditions, such as financial support, institutional
capacity and innovation, are seen as affecting the feasibility of
options (technologies, actions, and measures), and can accelerate
and scale up systemic transitions. SR15 also identified where
there was no or limited evidence for feasibility and underlined
existing research gaps, the most obvious ones being the lack
of evidence for institutional and socio-cultural feasibility for
many NETs. Moreover, in order to enable an assessment of these

The 2015 Paris Agreement of the United Nations Framework
Convention on Climate Change (UNFCCC) aims to strengthen
the global response to climate change, limiting the increase in
global temperature to “well below” 2◦ C, with aspirations toward
1.5◦ C (United Nations, 2015). Importantly, the agreement
specifies that the long-term temperature goal should be achieved
by means of balancing sources and sinks of greenhouse gas
emissions. To understand options and emission pathways
compatible with this objective, the Intergovernmental Panel
on Climate Change (IPCC) produced the Special Report on
1.5◦ C global warming (SR15) (IPCC, 2018; Livingston and
Rummukainen, 2020). SR15 shows that all emission pathways
consistent with a 1.5◦ C warming limit require near-term carbon
dioxide removal at large scale in addition to reduced emissions
(also Fuhrman et al., 2019; Gough and Mander, 2019).
Negative Emissions Technologies (NETs) capture and remove
carbon from the system (see Table 1 for a comprehensive list).
Their rationale is: the more emissions that can be removed,
the more room for maneuver in terms of (a) residual hard-toabate emissions in the future and/or (b) closing the ambition
gap, i.e., compensating for lack of action in the past (Renforth
and Wilcox, 2019; Forster et al., 2020; Markusson et al.,
2020). In this paper, we explore how the feasibility of NETs
deployment is operationalized in assessments and analyze NETs
coverage in national Long-Term Low Greenhouse Gas Emission
Development Strategies (LT-LEDS), with an emphasis on how
feasibility of NETs is understood, and argue that holistic
assessments of NETs deployment at the national level are
urgently needed.

FEASIBILITY OPERATIONALIZED IN NETs
ASSESSMENTS
Within the last 10–15 years research into NETs and their
feasibility has increased and multiple new ideas on how to
remove carbon dioxide from the atmosphere have emerged.
Emission pathways from Integrated Assessment Models (IAMs)
most prominently feature Bioenergy with Carbon Capture and
Storage (BECCS) and afforestation/reforestation (IPCC, 2018).
While some approaches, such as afforestation/reforestation, have
a long history in climate mitigation, the envisioned deployment
scale in these pathways exceeds anything that has been deployed
before (Fajardy et al., 2019; Carton et al., 2020). As NETs have
not yet been scaled up, assessing the feasibility of deploying such
technologies at a larger scale inevitably involves uncertainties
about their implementation, effectiveness, and side effects (IPCC,
2018). These are so far mostly addressed by modeling studies,
which bring about their own uncertainties (see section Feasibility
Discussions, Oschlies and Klepper, 2017; Minx et al., 2018;
Mengis et al., 2019).
Assessing the feasibility of NETs can be described as a
process, with different assessments of feasibility carried out at
different moments in time. These range from specific assessments
like technology- or dimension-focused (e.g., Fuss et al., 2018;
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TABLE 1 | Overview of 15 Long-Term Low Greenhouse Gas Emission Development Strategies (LT-LEDS) submitted to the United Nations Framework Convention on Climate Change (UNFCCC) as of July 2020.
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Strategies were analyzed with respect to covered Negative Emissions Technologies (NETs) and feasibility dimensions. Only information related to NETs specifically is displayed with the addition of Carbon Capture Use and Storage
(CCUS), but not general information about climate mitigation. Bénin and the Marshall Islands had also submitted LT-LEDS but were excluded from this table because Bénin addresses only a timeframe until 2025 (not 2050, like the
other nations) and the Marshall Islands do not mention NETs. We have not considered supporting documentation other than for the EU as their supporting document was clearly highlighted in the brief UNFCCC submission. Information
was coded to all relevant categories. Dimensions: Bio-geophysical, e.g., removal potential, permanence, geological storage. Technological, e.g., technology availability and efficiency, resources, management practice. Ecological, e.g.,
biodiversity, ecological impact, non CO2 -emissions. Economic, e.g., investment, costs, economic production. Institutional, e.g., policies or legal frameworks, political acceptance, institutional capacity. Socio-cultural: public acceptance,
social co-benefits, participation. NETs: Soil carbon sequestration (SCS), Agricultural practices to enhance organic carbon sequestration in soils; Biochar, application of very stable organic carbon from pyrolysis on agricultural soils;
Forestry, afforestation, reforestation, Improved Forest Management (IFM), and storage of carbon in harvested forest products; Wetland, rewetting and restoring terrestrial wetlands including peatlands; Blue Carbon, restoration or
plantation of seagrasses, salt marshes or mangroves; Weathering, enhanced weathering in terrestrial ecosystems; BECCS, Bioenergy with Carbon Capture and Storage; DACCS, Direct Air Capture (with Carbon Storage). Other CCUS
(e.g., fossil-based CCS, Enhanced Oil Recovery (EOR), or industrial CCS) generally do not generate negative emissions, and are not implemented with this purpose. Deployment of CCUS and NETs are, however, interlinked in different
ways e.g., development stages, research, and political motivations and risks. Ocean NETs like fertilization and alkalinity were excluded from the analysis because these approaches could be seen as outside the scope of the UNFCCC
with its focus on national territory including the coastal zone but not international waters. Ocean NETs are discussed under other international conventions, including the Law of the Sea, and the London Convention and Protocol.
X, included in LT-LEDS (intention, plan, project, and/or in some way further developed); (X), mentioned as an option/possibility for the future but not further developed.
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X
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implementation of specific NETs within a country (e.g., technical
scalability or social acceptance).
Most strategies use a conditional understanding of
NETs feasibility, identifying enabling conditions/barriers to
deployment such as costs or knowledge gaps (e.g., Canada,
Portugal, and US in the context of BECCS). However, countries
differ in how they operationalize these conditions. For instance,
Portugal currently excludes BECCS due to high costs, mentioning
it only as a possible option for the future, while for instance the
US and the UK explore different pathways with and without
BECCS. In our mapping, we have also included Carbon Capture
Usage and Storage (Table 1, “other CCUS”) without bioenergy
even though they do not generate negative emissions because
they are relevant for the development of BECCS and may impact
their social acceptance (cf. Lock et al., 2014; Thomas et al., 2018).

dimensions, for this global scale assessment to be applicable at the
national level, it must be adapted accordingly.

NETs AT THE NATIONAL LEVEL: INSIGHTS
FROM 17 LT-LEDS
The Paris Agreement requests countries to submit Nationally
Determined Contributions (NDCs), and invites them to submit
LT-LEDS to the UNFCCC. Here, we focus on the LTLEDS, as NETs are more likely to be addressed in long-term
considerations. As of September 2020, 16 countries plus the
European Union (EU) had submitted their LT-LEDS (Table 1,
Supplementary Material)1 .
NETs are highlighted as important for achieving the Paris
Agreement’s goal (e.g., Canada, EU, Japan, Slovakia, and UK),
and in particular enhancements of natural sinks feature most
heavily in the LT-LEDS examined in the present study (Table 1).
It is important to note, however, that the land-use sector is
often treated as a whole, without clearly separating negative
emissions (cf. Dooley and Gupta, 2017; Minx et al., 2018). There
is a degree of flexibility in the LT-LEDS with several countries
including pathways where enhancement of natural sinks is
essential for compensating for residual emissions, while BECCS
feature in some pathways providing more time to transform
society; without BECCS, emissions need to be reduced faster (e.g.,
EU, UK, and US). The notions of feasibility of NETs deployment
vary in scope, level of detail and focus (see Table 1). For instance,
Canada, the UK and the US consider a broad range of NETs,
whereas Fiji focuses on enhancement of natural sinks including
a comprehensive strategy for Blue Carbon and Germany focuses
on forests, wetlands and peatlands.
The LT-LEDS feature examples of specific pilot studies,
research, and deployment initiatives for NETs [e.g., dedicated
research program (UK), funding for soil carbon potential
and BECCS-pilot (US), and mangrove restoration projects
(Singapore)]. However, the general level of detail on how NETs
would be deployed is low. Such knowledge will be needed to
scale up NETs deployment on a national level and it could
also be instrumental in bridging the gap between global IAM
assessments and action on the ground.
In terms of feasibility dimensions, national LT-LEDS
generally incorporate a narrow view, i.e., focusing mostly on
bio-geophysical and technological dimensions (Table 1). In
addition, for NETs that focus on the enhancement of natural
sinks, environmental dimensions are considered to a larger
extent, while these dimensions are less pronounced for more
technology-heavy NETs. For all NETs, socio-cultural feasibility
is underrepresented. In summary, the LT-LEDS indicate which
NETs are considered within the political reality of a country
(indicating political feasibility), but they often do not provide
a detailed assessment of the current status of research and

FEASIBILITY DISCUSSIONS
The feasibility assessments and national LT-LEDS discussed
herein foreground two different albeit interrelated discussions
regarding feasibility that are relevant in the context of NETs
deployment. The first discussion starts with a given policy goal
and asks what is needed to reach this goal. This question is
typically investigated using modeling, and the answer is typically
that NETs are needed at a large scale to complement other
mitigation approaches (e.g., IPCC, 2018). Examples include
IAMs that look for pathways to limit temperature rise at a given
level, and national strategies on how to reach net-zero emissions.
The second discussion instead starts with the NETs and asks
questions regarding necessary enabling conditions or barriers
to deploy NETs. This discussion can be narrow; focusing
on a specific technology or dimension, or it can be broad
comparing NETs and dimensions. As shown herein, both
feasibility assessments and LT-LEDS tend to focus on biogeophysical, technical, and to some extent economic dimensions,
neglecting socio-cultural dimensions.
SR15 is perhaps the most prominent example of featuring
both discussions. The report relies strongly on results from IAMs
to identify feasible emission pathways to limit the increase of
the average global temperature to 1.5◦ C, in turn feeding into
the broader IPCC assessment of mitigation options (Low and
Schäfer, 2020). It also, however, highlights a range of NETs
and includes a comprehensive set of feasibility dimensions with
indicators. That said, only some dimensions are comprehensively
assessed in the context of NETs—most prominently geophysical,
technological and economic dimensions (de Coninck et al.,
2018b). Socio-cultural, institutional and to some extent ecological
dimensions are not comprehensively assessed due to the
lack of underlying research, instead highlighted as important
uncertainties (de Coninck et al., 2018a,b).
Feasibility in the IAM-context equals model solvability, which
in turn depends on model assumptions (Low and Schäfer,
2020). IAMs focus on a techno-economic context, excluding a
range of other dimensions that could hinder or enable actual
deployment (Fuss et al., 2014; Forster et al., 2020). If not revised
carefully, such an approach may facilitate even highly improbable

1 At

the moment of writing, it is unclear how many more LT-LEDS are to be
expected, as they are not mandatory. Once/if more LT-LEDS are made available,
a more comprehensive analysis would be possible. The current paper should thus
be seen as a contribution to a rapidly unfolding debate, not a comprehensive and
final overview.
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FIGURE 1 | Percentage of Long-Term Low Greenhouse Gas Emissions Development Strategies (LT-LEDS) that cover a given NET, considering one of six feasibility
dimensions. This is a compilation of the analysis from Table 1, the percentage is calculated as the number of LT-LEDS that include (=1) or mention (=0.5) a NET and
feasibility dimension, relative to the total number of considered LT-LEDS, excluding Benin and the Marshall Islands (N = 15). The category “other CCUS” in gray refers
to CCUS techniques without bioenergy. These do not produce negative emissions, but are included as reference based on their interlinkage with BECCS (see also
section NETs at the National Level: Insights From 17 LT-LEDS).

and US). When feasibility of NETs deployment is addressed, this
is typically narrowly framed, excluding most prominently sociocultural dimensions (Figure 1). This leaves many important
questions unanswered and thereby limits the credibility of the
underlying assumptions made in the LT-LEDS.
A narrow understanding of feasibility generated by, for
example, considering the potential of NETs in isolation from
one another rather than as a portfolio, or not considering sociocultural or institutional dimensions, risks creating unrealistic
expectations regarding the potential of NETs deployment
(Fajardy et al., 2019; Low and Schäfer, 2020). This is problematic,
because it has been shown that for example social acceptance can
be an important barrier to the deployment of new technologies
(Lock et al., 2014; Dowd et al., 2015). A narrow feasibility
discussion focusing on what can be done (technically), risks
losing sight of the normative foundation of climate policy
discussions, namely the future we want. While there is a growing
social science and humanities literature on NETs, it is important
that these disciplines are properly integrated into research
projects and policy assessments, complementing or challenging
dominating narratives (Markusson et al., 2020, Waller et al.,
2020). This would provide breadth to consider the risk that
NETs might not be feasible at large scale, as well as adequately
exploring alternative futures (Buck, 2016; Beck and Mahony,
2018; McLaren et al., 2019; Low and Buck, 2020). Asking critical

pathways to appear feasible. For example, when coupled with
discounted future costs for action on climate change, a narrow
understanding of NETs feasibility can fabricate a high reliance
on future NETs and justify delayed action (Köberle, 2019; Rogelj
et al., 2019). A recent study found that assumptions built into
IAMs about NETs deployment could amount to an additional
temperature rise of 1.4◦ C if these technologies do not deliver as
assumed (McLaren, 2020).
In terms of the diversity of NETs considered in IAMs,
BECCS, and afforestation/reforestation dominate. This can partly
be understood based on traditions in IAM climate modeling
focusing on the energy sector and emissions, rather than
suggesting that these approaches are more feasible or more
desirable than others (Fuhrman et al., 2019). This predominance,
however, introduces a bias in the assessments toward a higher
perceived feasibility for these technologies.
The LT-LEDS are developed following the Paris Agreement,
“mindful of ” its long-term temperature goal (Articles 4 and 2
of the Paris Agreement). Consequently, they feed into and relate
to a feasibility-of-the-goal discussion. As illustrated in Table 1,
NETs have a role to play in most LT-LEDS communicated thus
far. While some countries communicate that the deployment
of NETs is important to fulfill the Paris Agreement, they also
highlight a number of hindering conditions that need to be
addressed, including costs and knowledge-gaps (e.g., Canada, EU,
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et al., 2020). Moreover, socio-cultural dimensions are not only
potential barriers to deployment, but can also be potential drivers
(Beck and Mahony, 2018; Fajardy et al., 2019; Waller et al., 2020)
and thus holistic assessments need to embrace this dynamism.
Finally, it is important to recognize that the discussion on
feasibility of NETs deployment is bound up with discussions
regarding the feasibility of reaching specific policy goals in the
future. NETs are commonly described as a necessary means
to reaching these goals, supported by emission pathways
generated by IAMs. However, IAMs assume NETs can
be deployed at a large scale. Looking at the technology
development rate of NETs, it is uncertain if NETs can be
timely scaled-up in line with model assumptions (Nemet
et al., 2018). It is therefore important that assumptions made
about future deployments of NETs are complemented with
holistic feasibility assessments. With new NDCs due in 2020
and the submission of LT-LEDS further encouraged, now is
the time to holistically assess NETs deployment, so that in
the future these strategies are more firmly anchored to the
national context.

questions about feasibility is a first step to opening up the debate
regarding the way forward, rather than taking it for granted.
Moreover, to better understand socio-cultural dimensions of
NETs, such as participation and acceptance, a broader range
of actors included in the knowledge-making process could help
us better understand local realities of NETs deployment [e.g.,
Markusson et al. (2020)].

MOVING FORWARD: HOLISTIC
FEASIBILITY ASSESSMENTS AT THE
NATIONAL LEVEL
Because many NETs are still at an early stage of development,
uncertainties remain regarding the feasibility and implications
of their large-scale deployment (Fuss et al., 2014, 2018; Low and
Schäfer, 2020). Thus far, the debate on NETs has predominantly
been held at a global level, and it has previously been suggested
that we need to better understand feasibility of NETs deployment
at the national level (de Coninck et al., 2018a; Fajardy et al.,
2019). In this paper, we have seen that many national strategies
include NETs in their long-term mitigation portfolio to meet
their national goals and contribute to the fulfillment of the
Paris Agreement. However, when it comes to feasibility, focus
is given to some dimensions (bio-geophysical, technological),
while others, primarily socio-cultural, are neglected (Table 1,
Figure 1). Turning to feasibility assessments, we found that
these range in scope from focusing on specific components of
technologies, to broad, global, assessments. Regardless of the type
of assessment, these too tend to provide little information on
socio-cultural as well as institutional dimensions. Going forward,
new tools are needed to inform and catalyze a discussion with and
for national policy that are: (1) scaled down and context-specific
and (2) comprehensive in terms of dimensions covered.
The LT-LEDS analyzed for this paper generally specify a
goal and a pathway, but lack the comprehensive assessment
that would help to improve our understanding about concrete
challenges and trade-offs at the national level, and the realistic
potential of NETs at the global level. In theory, a holistic
feasibility assessment could cover an almost endless number
of enabling and/or hindering conditions. Holistic feasibility
assessments therefore need to reflect their specific purpose, and
be tailored to the national context (Oschlies and Klepper, 2017;
Fajardy et al., 2019). NETs vary in nature, and not all will be
suitable for all countries, as the LT-LEDS also indicate. For
instance, some countries are geologically not suitable for CO2 storage (e.g., Singapore’s LT-LEDS), while others face social or
institutional barriers for certain NETs (Fridahl and Lehtveer,
2018; Geden et al., 2018). Moreover, NETs are neither static
nor singular and can be broken down into components or
procedural steps (e.g., TRLs as described in section Feasibility
Operationalized in NETs Assessments). In addition, they need
to be understood in relation to other societal goals such as
energy security and sustainable development at the national
level, as well as trade-offs resulting from the maximization
of one ecosystem-service (carbon sequestration) before others
(Dooley and Kartha, 2018; Fajardy and Mac Dowell, 2018; Carton
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