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Removal of carbon dioxide from the atmosphere will be required over the next decades
to achieve the Paris Agreement goal of limiting global warming to well below 2°C aiming
at not exceeding 1.5°C. Technological and ecosystem-based options are considered
for generating negative emissions through carbon dioxide removal (CDR) and several
nations have already included these in their Long-Term Low Greenhouse Gas Emission
Development Strategies. However, strategies for development, implementation, and
upscaling of CDR options often remain vague. Considering the scale at which CDR
deployment is envisioned in emission pathways for limiting global warming to 1.5°C,
significant environmental, social, and institutional implications are to be expected and
need to be included in national feasibility assessments of CDR options. Following a multi-
disciplinary and comprehensive approach, we created a framework that considers the
environmental, technological, economic, social, institutional, and systemic implications
of upscaling CDR options. We propose the framework as a tool to help guide decision-
relevant feasibility assessments of CDR options, as well as identify challenges and
opportunities within the national context. As such, the framework can serve as a means
to inform and support decision makers and stakeholders in the iterative science-policy
process of determining the role of CDR options in national strategies of achieving net-zero
carbon emissions.

Keywords: carbon dioxide removal (CDR), net-zero, climate change mitigation action, feasibility assessment,
integrated assessment (IA) frameworks, national climate strategies

INTRODUCTION

All pathways for achieving the Paris Agreement (UNFCCC, 2015) goal of limiting the increase in
global temperature to “well below 2°C” with aspirations to not exceed global warming by 1.5°C
require carbon dioxide removal (CDR) from the atmosphere (IPCC, 2018). Accordingly, the Long-
Term Low Greenhouse Gas Emission Development Strategies (LT-LEDS) proposed by national
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governments include CDR options (Thoni et al., 2020; Buylova
et al,, 2021). Hence, determining the feasibility of deployment
of the envisioned CDR options within their respective national
context is critical. Most LT-LEDS focus on strengthening natural
carbon sinks including established strategies for tackling climate
change such as afforestation/reforestation, wetland restoration
and conservation, and options for the enhancement of soil
carbon (Thoni et al., 2020). Few countries and the EU also
propose the deployment of bioenergy with carbon capture and
storage (BECCS) and direct air capture with carbon capture and
storage (DACCS) (Schenuit et al., 2021).

CDR options differ considerably in terms of their
technological maturity, carbon removal potentials, costs,
co-benefits, risks, and trade-offs (IPCC, 2018; Minx et al., 2018;
Schenuit et al., 2021). For example, afforestation/reforestation
is not new, and thus it has a high readiness level. However,
on the ground experience is mainly related to generating and
accounting for mitigation benefits but not for negative emissions
specifically and not at scale (Carton et al., 2020; Waller et al.,
2020). The same goes for international and national climate
policy, where enhancement of natural sinks has been discussed
since the inception of the UNFCCC and widely included
in national strategies, but the idea of generating net-negative
emissions has only recently begun to appear in national strategies
(Carton et al., 2020; Thoni et al.,, 2020). Other CDR options
include technical approaches for capturing carbon dioxide
(CO;) directly from the atmosphere, which are in different
development stages and in some cases tested in pilot phase (e.g.,
Dittmeyer et al.,, 2019). Each of the considered CDR options
require resources, for example, ecosystem-based CDR options
require land and water (Heck et al., 2016, 2018; Brack and King,
2021) and technical options require the supply of renewable
energy (Dittmeyer et al., 2019; Beerling et al., 2020).

CDR assessments have addressed critical technological,
economic and environmental aspects related to CDR
implementation (e.g., Fuss et al., 2018; Dooley et al., 2020).
Also approaches for assessing the effectiveness, efficiency, scale,
risk, and synergies of CDR options have been proposed and
require to be tailored to the specific context (Fridahl et al.,
2020). Hence it is pivotal to get a better understanding of the
implications and feasibility of a large-scale deployment of diverse
CDR options within the national context and as part of long-
term strategies for achieving net-zero carbon emissions (Thoni
et al., 2020; Schenuit et al., 2021). Significant challenges for the
feasibility of CDR options are to be expected in particular if CDR
were to be deployed at a scale required for achieving international
climate targets (IPCC, 2018). Among others, the deployment
and upscaling of CDR options can create a competition for
resources such as land, water, and renewable energy, posing
trade-offs with a variety of societal goals related to sustainable
development (e.g., food security, biodiversity conservation, and
renewable energy supply) (e.g., Dooley et al.,, 2018; Dittmeyer
et al,, 2019; Brack and King, 2021). While the scientific literature
addresses selected questions about environmental, technological
and economic feasibility of CDR options (e.g., Nemet et al., 2018;
Fajardy et al., 2019; Dooley et al., 2020), aspects related to societal
and institutional feasibility of the deployment and upscaling of

CDR options are underrepresented (Thoni et al., 2020; Schenuit
et al., 2021). For example, understanding societal aspects such
as public acceptance are critical for the feasibility of deployment
of CDR options, their design, and the upscaling of CDR options
and related policies (Braun et al., 2018; Cox et al., 2020, 2021).
This has also been shown, for example, by the public debates
on the controversies related to the deployment of windmills,
nuclear energy, energy crop production, and carbon capture and
storage (CCS) pilot scale deployments (Lock et al., 2014; Dauber
and Miyake, 2016; Jami and Walsh, 2017; Janhunen et al., 2018;
Gough and Mander, 2019).

CDR deployment has to happen at multiple levels of
governance and eventually has to take place at local scale within
the institutional setting of federal states and municipalities
involving public and private actors, land and infrastructure
(Schenuit et al., 2021). There is the need for comprehensive
feasibility assessments that consider the social and institutional
realities in the specific context in which CDR options potentially
have to operate (Thoni et al, 2020; Schenuit et al., 2021).
Honegger et al. (2021b) provides an assessment of possible
synergies and trade-offs of CDR deployment with the sustainable
development goals (SDGs). There is also the need to translate
such assessments to the national and sub-national context
(e.g., by focusing on indicators of national relevance). This is
in particular important for supporting participatory processes,
including public and private stakeholder engagement, in
identifying, developing and deploying CDR options, which are
required to ensure that stakeholder perspectives are adequately
taken into account (cf. Winickoff and Mondou, 2017; Bellamy
etal., 2021).

Participatory processes are also considered to be key to ensure
public acceptance (Diitschke, 2011; Honegger et al, 2021la),
and strategies of co-producing the design and deployment
of CDR options important for adequate consideration of
sustainable development broadly (Dooley et al., 2018). At an
international scale, more comprehensive assessment frameworks
for a scientific assessment of CDR options have been proposed
(e.g., Dooley et al, 2020; Forster et al.,, 2020, etc.). However,
policies and strategies for CDR remain very broad with
significant knowledge gaps when it comes to implementation
(Thoni et al., 2020; Schenuit et al., 2021). There is the need to
bridge this gap between science and policy and provide tools that
can inform participatory science-policy processes.

For example, Germany’s national long-term climate strategy
lays out possible CDR options, but vaguely discusses the
feasibility of these options, and the challenges and opportunities
they pose to the nation. The plan also acknowledges that there
are industrial and agricultural emissions that are unavoidable
(e.g., emissions related to cement and steel production or
agricultural activities), which will require the implementation of
technological CDR options to compensate for these emissions
(BMUB, 2016). There is a heavy emphasis in the plan on
ecosystem-based CDR options with a focus on enhancing carbon
sinks through sustainable forest management, the use of wood
as construction material, as well as the conservation of grassland
and peatlands (BMUB, 2016). However, it acknowledges that
ecosystems not only serve as carbon sinks but also offer
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other societal benefits and possible trade-offs are mentioned
(e.g., land competition, impacts on biodiversity and ecosystem
services). However, it remains unclear how these trade-offs
should be addressed.

There is the need for approaches that can help to elicit
and synthesize knowledge on CDR options in a transparent,
comprehensive, and inclusive manner in order to support
participatory and deliberative processes for defining the
governance of CDR within the national context (Borth and
Nicholson, 2021). Lessons learned from the assessment of
bioenergy options in Germany suggest that using indicators
tailored to specific decision-making processes can enable co-
design in collaboration with key stakeholder groups (e.g., Thrin
et al.,, 2020). Herein we propose a comprehensive framework
as a tool to assess the feasibility of deploying CDR options in
order to support and inform science-policy processes on CDR
deployment within the national and local contexts of Germany.
We consider a CDR option to be feasible if key indicators related
to implementation are deemed to pose no or few hurdles (see
Sections Environmental dimension, Technological dimension,
Economic dimension, Social dimension, Institutional dimension,
and System utility on key assessment dimensions and Section
Traffic light system on the traffic light system for assessing if
an indicator is likely to pose a hurdle to implementation). The
framework is not intended for the purpose of assessing whether
or not different CDR options are desirable mitigation options or
for enhancing their acceptance. That being said, desirability and
feasibility often overlap. For instance, for a CDR option to be
seen as politically and socially acceptable it needs to be deemed
desirable and not encounter too much opposition. Hence we
use a conditional understanding of feasibility: if hurdles to
implementation of key indicators are considered to be low then
the CDR option is likely to be more feasible. In our assessment
framework, indicators important for feasibility are defined based
on recent literature and expert elicitation involving an iterative
peer review (see also Singh et al., 2020).

Objectives of the proposed assessment framework for
CDR options:

e Provide a comprehensive framework to assess the feasibility of
CDR options including challenges and opportunities along six
dimensions: environmental, technological, economic, social,
institutional, and systemic dimensions;

e Identify co-benefits and trade-offs involved in the
implementation of CDR options, as well as interlinkages
across the assessment dimensions;

e Provide a flexible tool that will support inclusive, participatory,
adaptive and iterative science-policy processes on the design,
implementation and upscaling of CDR options in Germany;

MATERIALS AND METHODS

The comprehensive framework presented herein to assess
the feasibility of CDR options in Germany is based on
recent literature and expert elicitation (Singh et al, 2020)
involving experts of the Helmholtz Climate Initiative (https://
www.helmholtz-klima.de/en/about-us). The initiative brought

together expertise on CDR options including biomass production
for bioenergy (BE), BE combined with carbon capture and
storage (BECCS), direct air carbon capture and storage (DACCS),
and anthropogenic actions for enhancing natural carbon sinks
(nature-based solutions) (Figure 1). There is ongoing research
on these CDR options and nature-based solutions are already
being considered within Germany’s long-term climate strategy
(BMUB, 2016; Thoni et al., 2020). Besides involving experts
on the technical aspects of each CDR option, experts from the
social sciences with expertise in laws and regulations, stakeholder
participation and science-policy processes were part of this
multidisciplinary effort to ensure that the framework would
include the most relevant aspects for assessing the feasibility of
available CDR options (see Supplementary Material 1 for more
information on the experts involved).

For determining the thematic dimensions relevant for the
feasibility assessment of CDR options, the feasibility assessment
of mitigation options designed by the IPCC Special Report on
Global Warming of 1.5°C (Table 4.10 in de Coninck et al.,
2018a) served as a starting point. This was complemented by
dimensions identified for assessing the feasibility of bioenergy
strategies in Germany (Thrin et al,, 2020). Because no CDR
option has yet been deployed at a large scale, the construction of
the assessment framework was also informed by literature from
other fields, such as new technologies and large infrastructure
projects (e.g., wind energy, fossil CCS, and nuclear energy) (Lock
et al., 2014; COrange Seigo et al., 2014; Jami and Walsh, 2017;
Winickoff and Mondou, 2017; Janhunen et al., 2018), as well as
by expert consultations.

As our assessment framework focuses on Germany, we
aimed to include indicators that are relevant at the national
level, which might not be applicable and too fine grained for
a global assessment. We were therefore drawing on insights
from assessments of national Long-Term Low Greenhouse Gas
Emission Development Strategies (Thoni et al., 2020), previous
CDR assessment studies (Fuss et al, 2018), assessments of
economic barriers to the deployment of new technologies
(Agora Verkehrswende, 2020a,b) and assessments related to
the bioenergy system in Germany (Thrin et al.,, 2020). Where
possible, indicators with relevance to the German national level
were selected, for example, German-based environmental impact
assessments (UBA, 2020a).

The dimensions of the assessment framework were thus
adjusted to include criteria and indicators that address
information needs for national-scale decision-making. Criteria
and indicators already used within established planning and
assessment processes (e.g., regulatory impact assessments) were
preferred in order to ensure useful information transfer to
decision makers in Germany (Fridahl et al., 2020; Thrén et al.,
2020; see also Table 4.10 in de Coninck et al., 2018a).

Following the approach used by Thrin et al. (2020), a traffic
light system was introduced for each indicator in order to
evaluate whether or not it would likely pose a hurdle to a CDR
option. We chose a traffic light system mainly for communication
purposes. In general, red refers to an indicator that is likely to
pose a large hurdle to implementation, while green poses no
hurdle (see also similar approaches used by e.g. Boehm et al,
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FIGURE 1 | lllustration of the historical burning of fossil carbon (orange arrows), and novel approaches allowing for a more circular carbon economy (light blue arrows,
blurred) and carbon dioxide removal (dark blue arrows). Carbon dioxide removal includes point capture at the source of carbon dioxide from bioenergy production,
direct air capture and nature-based solutions. Circular carbon approaches have been faded as the framework presented herein focuses on assessing options for
carbon dioxide removal (CDR) (source: Helmholtz Climate Initiative // Tanja Hildebrandt, Creative Commons CC-BY NC 4.0 license).

2021 and Climate Action Tracker, 2021). In addition, the color
code of the traffic light system of each indicator is complemented
with a description of the ranking and thus the system is not only
dependent on this red/green color coding.

To ensure the plausibility of the selected dimensions,
criteria, indicators and the definition of the traffic light
system, we organized an internal review process involving 32
interdisciplinary experts of the Helmholtz Climate Initiative
(further information on the review process is provided in the
Supplementary Material 1). During a workshop the assessment
framework, the selection of criteria, indicators and the respective
traffic light system were reviewed by groups of experts.
These involved experts with knowledge on the technological
and biophysical processes involved in the aforementioned
CDR options (see Figure 1), experts with knowledge on and
experiences with stakeholder participation and science-policy
processes, and experts on the laws and regulations related
to climate policies in Germany. Overall, the review process
included experts from a broad range of disciplines including
environmental science (including agricultural science, climate
modeling, climate physics, ecology, geology, meteorology and

physics), social science (including economics, political science,
and law), engineering as well as business and management,
geography, resource management, infrastructure planning, and
sustainability studies.

RESULTS

The developed framework (Table 1) includes key dimensions
for assessing the feasibility of climate change mitigation options
proposed by the IPCC (de Coninck et al., 2018b) (Figure 2),
complemented with criteria and indicators as described in
the section above. The complete framework for assessing the
feasibility of CDR options with references for the selected criteria
and indicators is included in Supplementary Material 2.

The framework aims to support actors and decision makers
working at the science-policy interface (e.g., actors from scientific
organizations and government agencies) by providing (a)
guidance on relevant criteria and indicators to be considered and
included when addressing the feasibility of CDR options and (b) a
traffic light ranking system for assessing whether or not the topics
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TABLE 1 | Overview of criteria and indicators included in the assessment framework, including the traffic light system.

Criteria Indicator

Uncertain, likely large
hurdle to implementation

Likely medium hurdle

Environmental (—=) (—/+)

dimension

A1 Impact on A1.1 Outdoor air quality (with  Likely worsens Uncertain, likely worsens Likely no impact Uncertain, likely improves Likely improves
air/atmosphere an impact on human health)

A1.2 GHG emissions related
to land/sea use change

Likely increases

A1.3 Net biophysical effect on
local climate (different scales)
A1.4 Net effects of audible
noise on humans and
ecosystems

A2.1 Area demand and
competition with other area
use (land and/or sea)

Likely negative

A2 Impact on land
and sea area (from
land-use/sea-use
changes)

Likely area demand + land
under competition

A2.2 Biodiversity
(ecosystems, species, genes)

Likely negative

A2.3 Soils (chemical and
physical quality)
A3 Impact on water ~ A3.1 Ground water quality
A3.2 Water demand / local

water availability

Likely negative
Likely high water demand +
decreases water availability

A3.3 Surface water quality Likely deteriorates

A3.4 Marine water quality

Uncertain, likely increases

Uncertain, likely negative

Likely area demand + not
under competition

Uncertain, likely negative

Uncertain, likely negative

Uncertain, likely water
demand + no impact on
water availability

Uncertain, likely deteriorates

Likely no emissions

Likely no impact

Likely no area demand

Likely no impact

Likely no impact
Likely no water demand

Likely no impact

Uncertain, likely reduces

Uncertain, likely positive

Uncertain, likely reduces
demand + reduces
competition

Uncertain, likely positive

Uncertain, likely positive

Uncertain, likely reduces
water demand + increases
availability

Uncertain, likely improves

Likely reduces

Likely positive

Likely reduces demand +
reduces competition

Likely positive

Likely positive

Likely reduces water demand
+ increases availability

Likely improves

Technological
dimension

(=)

(=/+)

B1 Technology B1.1 Net energy demand vs.
efficiency/Conversion  provision

Likely net energy demand

efficiency
B1.2 CO, removed per unit of <0; Technology requires
energy produced/required energy per unit CO, removed
B2 Technology B2.1 Technology Readiness Concept is theoretically
availability Level (TRL) defined, but is not scientifically

proven yet (stage of
development: theoretical
concept/on paper)

Concept is defined, but only
some components are
scientifically proven (stage of
development: tests on
laboratory scale)

Likely no energy demand or
provision

0; The process of CO»
removal is energy neutral

Most components are
scientifically proven, but not
yet combined (stage of
development: demonstration
in deployment environment)

All components are
scientifically proven, but not
yet combined (stage of
development: pilot
implemented)

Likely net energy provision

>0; Technology produces
energy per unit CO, removed

All components are
commercially available, value
chain technically proven
(stage of development:
successful deployment,
market roll-out)

(Continued)
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TABLE 1 | Continued

Criteria

Indicator

Uncertain, likely large
hurdle to implementation

Likely medium hurdle

B3 Infrastructure

B4 Compatibility
with the future
energy system

B3.1 Compatibility of
infrastructure

B4.1 Effort for CO, collection

B4.2 Access to low carbon
energy sources

Complete infrastructure is not
available and would require
substantial efforts to be set up

Constant energy demand for
CO; capture

No access to low carbon
energy sources

Some components of the
infrastructure are not
available; they need to be
created

Flexible energy demand
(covered with fluctuating
renewables)

Some components of the
infrastructure are missing, but
existing infrastructure can be
expanded; does not require
much effort

Major share of energy used
for CO, capture

Limited access to low carbon
energy sources

All components of the
infrastructure are available,
but integration is not proven
yet

Minor share of energy
produced used for CO»
capture

All components of the
infrastructure are available
and integration is proven

No energy demand for CO,
capture

Access to low carbon energy
sources (and/or to process
energy)

Economic
dimension

==

(=/+)

C1 Market costs

C2 Dynamic cost
efficiency

C3 Transaction cost
efficiency

C4 External effects

C5 Effects on
domestic/regional
economy

C6 Investment
barriers

C1.1 Marginal removal cost (€
per unit of CO, removed)
C1.2 Opportunity cost

C2.1 Potential for cost
reductions by technological
progress

C2.2 Potential for economies
of scale

C2.3 Contribution margin of
jointly produced goods (€ per
ton of CO, removal)

C3.1 Public transaction costs

C3.2 Private transaction costs

C4.1 External costs per unit of
CO, abated/removed

C4.2 External benefits

C5.1 Potential for
domestic/regional value
added

C5.2 Potential for
domestic/regional
employment

C6.1 Capital intensity (i.e.,
share of capital cost in total
cost of CDR measure)

Higher marginal removal cost

High opportunity cost

Low potential for cost
reductions by technological
progress

Low potential for economies
of scale

No jointly produced goods

High public transaction costs

High private transaction costs

High external costs

Low external benefits

Low potential for
domestic/regional value
added

Low potential for
domestic/regional
employment

High capital intensity (high
share of capital costs in total
cost)

Moderate marginal removal
cost

Moderate opportunity cost
Moderate potential for cost
reductions by technological
progress

Moderate potential for
economies of scale

Jointly produced goods with
low contribution margin

Moderate public transaction
costs

Moderate private transaction
costs

Moderate external costs

Moderate external benefits

Moderate potential for
domestic/regional value
added

Moderate potential for
domestic/regional
employment

Moderate capital intensity
(medium share of capital
costs in total cost)

Lower marginal removal cost

Low opportunity cost

High potential for cost
reductions by technological
progress

High potential for economies
of scale

Jointly produced goods with
high contribution margin

Low public transaction costs

Low private transaction costs

Low external costs

High external benefits

High potential for
domestic/regional value
added

High potential for
domestic/regional
employment

Low capital intensity (low
share of capital costs in total
cost)

(Continued)
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TABLE 1 | Continued

Criteria

Indicator

Uncertain, likely large
hurdle to implementation

Likely medium hurdle

C6.2 Specificity of investment

C6.3 Revenue risk

High specificity of investment

High revenue risk

Moderate specificity of
investment

Moderate revenue risk

Low specificity of investment

Low revenue risk

Social dimension

(=)

(=/+)

D1 Public perception
of CDR approaches
(risks/benefits)

and/or process
D2 Social

co-benefits

D1.1 Perceived risk of CDR
BE% st in nsti
.2 Trust in institutions

D2.1 Health

D2.2 Employment

Deemed high risk

Distrust

Trade-offs/losses

Lost employment

Deemed medium risk
Low level of trust

Uncertain leading to
trade-offs/losses

Lost employment

Ambivalent risk perception

Ambivalent/neither high nor
low level of trust

No co-benefits/trade-offs

No co-benefits/trade-offs

Deemed low risk
High level of trust

Uncertain leading to
co-benefits

New employment

Deemed risk free

Very high level of trust

Co-benefits

New employment

opportunities opportunities expected opportunities expected opportunities

D3 Inclusiveness/ D3.1 Participation during Not existing Low Neither low nor high High Very high
participation different steps of the process

D3.2 National No Planned Yes

dialogue/regional planning

D3.3 Transparency of process Low degree of communication  Either low degree of Medium degree of Medium to high degree of High degree of

and low degree of access communication or low degree  communication and access communication and access communication, high degree
of access of access

D4 Ethical D4.1 Discursive legitimation Low Uncertain, leaning to low Ambivalent Uncertain, leaning to high High
considerations

D4.2 Intergenerational equity

D4.3 Ethical reservations (of High degree Slight degree Ambivalent Low degree None

resource use)
D5 Social context D5.1 Previous experience of ~ Very negative Negative Neutral/no previous Positive Very positive
(case-by-case basis) large-scale experience

development/infrastructure

projects

D5.2 Local narrative
dimension
E1 Political maturity ~ E1.1 Placement within policy ~ Not at all in any policy Agenda setting Policy formulation and policy ~ Policy implementation Policy evaluation

(as indication for
political
acceptability)

cycle

development

adoption

(Continued)
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TABLE 1 | Continued

Criteria Indicator Uncertain, likely large Likely medium hurdle
hurdle to implementation
E2 Political E2.1 Level of acceptance in Low Minor High
acceptability: policy debate
support for CDR
lpp E2.2 Government supported ~ No Under development Yes
within the current
. research on CDRs
policy landscape
E2.3 Inclusion of CDR in No Proposal available Yes
existing national and/or
regional climate strategies
E3 Legal and E3.1 Possible scale of legal Global conflict Regional and transboundary Local conflict No conflict
regulatory feasibility — conflicts conflict
E3.2 Conformity with human ~ Low Minor High

E4 Transparency
and institutional
capacity

rights

E3.3 Conformity with
environmental laws and
conservation requirements
E3.4 Conformity with climate
laws

E3.5 Regulatory effort

E4.1 Monitoring, Reporting
and Verification (MRV) system

E4.2 Integration of negative
emissions from CDR in

national emission reporting
E4.3 Integration of CDR (or

elements of CDR) in carbon
market

E4.4 Adaptive and responsive

management

E4.5 Administrative demand

No overlap with existing
regulations (high effort)

Difficult to develop

Difficult to include

High

Some overlap requiring
additional regulations (minor
effort)

Easy to develop

Easy to include

Medium

Synergies / overlap with
existing laws and regulations
(low effort)

Already existing

Already included

Low

(Continued)
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TABLE 1 | Continued

Criteria Indicator Uncertain, likely large Likely medium hurdle
hurdle to implementation
Systemic (—) (=/+)
dimension
F1 CDR potential F1.1 Max. feasible net CO» 10%< 10-30% 30-50% 50-100% 100%>
emissions removal deployed
by 2050
F1.2 Max. feasible 'near-term’
net CO, emissions removal
F1.3 Max. total sequestration
potential between 2020 and
2050
F2 CO, emissions F2.1 Max. of CO, emissions 10%< 10-30% 30-50% 50-100% 100%>
avoidance potential  avoided through deployment
(CirC potential) in 2050
F2.2 Max. CO, emissions
avoided in the 'near-term’
through deployment
F3 Permanence F3.1 Natural persistence of Decades Decades to century Centuries Centuries to millennia Millennia

F4 Verifiability

storage

F3.2 Risk of carbon loss due
to climate change and/or
natural disturbances

F3.3 Risk of carbon loss due
to anthropogenic
disturbances

F4.1 Ability to confirm the
amount of CO2
captured/avoided

F4.2 Ability to confirm the
amount of CO» stored / the
amount of increase in carbon
stock of sequestration
reservoir

F4.3 Uncertainty of estimates
for CO, removal/avoidance

High risk (i.e., high likelihood
and large carbon loss)

Unfeasible and not foreseen
to be feasible with new
technology

>100%

Medium risk (i.e., low
likelihood but high loss, or
high likelihood but low loss)

Difficult to verify but potentially
possible with new technology

100-60%

Low risk (i.e., low likelihood
and low loss)

Moderately difficult/existing
systems would need to be
adapted

60-30%

Uncertain but probably no risk
of carbon loss

Planned observation system
feasible

30-10%

No risk of carbon loss

Already possible to verify with
existing system

<10%

Red, Likely large hurdle to Implementation; Orange, Uncertain, likely large hurdle to implementation; Yellow, Likely medium hurdle; Green, Uncertain, likely no hurdle to implementation; Dark green, Likely no hurdle to implementation.
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N

FEASIBILITY OF
OPTIONS FOR CARBON
DIOXIDE REMOVAL (CDR)

FIGURE 2 | Overview of thematic dimensions included in the feasibility
assessment framework of carbon dioxide removal (CDR) options (source:
UFZ/Conor O Beoléin, Helmholtz Climate Initiative // Julia Blenn, Creative
Commons CC-BY NC 4.0 license).

addressed by the criteria and indicators could pose a hurdle to
CDR implementation. The developed framework can be regarded
as a tool for better understanding and navigating the feasibility
of CDR options. Furthermore, the assessment framework can
be adapted and complemented with indicators in accordance
with user needs such as including more fine-grained indicators
and data if needed. The assessment framework presented herein
may serve as a starting point to then be adapted to meet the
needs of particular stakeholders and national circumstances.
For example, besides applying the framework to assess the
feasibility of CDR options at a national scale, the criteria
and indicators can be adapted to assess pilot-sized projects.
Thereby, the focus of the assessment framework can also be
adapted to the specific local context depending on the respective
social-ecological, economic, legal and political situation and the
information needed by stakeholders (Fridahl et al., 2020). A case
specific adaptation of the assessment framework can address
particular information needs of stakeholders and provide more
relevant information for decision-making processes to make
CDR assessments fit-for-purpose.

Environmental Dimension

The potential impacts of deploying a CDR option on
air/atmosphere, land and sea, and freshwater bodies is
explored in the environmental dimension. The selection of
environmental criteria and related indicators is partly based on

established environmental impact assessments used in Germany
(UBA, 2020a).

Impact on the air/atmosphere (Al) includes an air quality
indicator that considers air changes that affect human health,
GHG emissions related to land/sea use changes, net biophysical
effects on local climate, and net effects of audible noise on
humans and ecosystems. For the air quality indicator, any
impacts that have implications for human health should be
considered, including changes in ground level ozone, particle
pollution (also known as particulate matter), sulfur dioxide
and nitrogen dioxide. GHG emissions related to changes in
land/sea use indicates whether the CDR measure is likely to
cause or avoid any non-CO, GHG emissions, including methane,
nitrous oxide, or fluorinated GHGs. Changes in the use of
land and sea can cause emissions of a range of GHGs, for
comparability the indicator refers to CO, equivalents using
global warming potential over 100 years (GWP100). Due to
time lags in the impact of CDR measures on GHG emissions
(e.g., forest, seagrass or peatland restoration can take decades
before reaching their full potential in GHG uptake) this
indicator considers GHG effects starting from implementation
until 2050. Net biophysical effects indicate impacts of CDR
implementation on local climate conditions due to changes
in albedo, water and heat fluxes caused by e.g., land cover
changes. The indicator on noise effects is referring to any impacts
on humans and ecosystems from audible noise caused by the
CDR option.

Impacts on land and sea (A2) include indicators for
assessing area demand resulting from CDR implementation
and related competition, impacts on biodiversity (ecosystems,
species, genes), and impacts on soil quality. While the IPCC (de
Coninck et al.,, 2018a) includes land use under the geophysical
dimension, we follow Thrin et al. (2020) and include it under
the environmental dimension as land/sea use has implications for
multiple environmental impact categories. Area demand assesses
whether the implementation of the CDR measure requires
land/sea area and if the area is under competition for alternative
uses (e.g., food production, conservation, reforestation). This
includes indirect land use impacts, with area demand being
shifted to other regions (teleconnections), which requires also
to account for related indirect emissions (Fridahl et al., 2020).
Most area demand caused by CDR options in Germany is
likely to increase land competition. However, some CDR options
can reduce competition by introducing multi-purpose use of
the affected area (e.g., paludiculture on rewetted peatlands
and restored seagrass meadows can allow alternative use of
the same area). The biodiversity indicator refers to expected
changes in ecosystems (genes to species) as a result of the
implementation of a CDR option. Impacts on biodiversity
can be assessed by e.g., changes in species richness of an
ecosystem (alpha diversity), changes in species turnover (beta
diversity) or mean species abundance. We suggest using a
biotope valuation point system established for Germany that
allows assessing habitat quality related to biodiversity and which
is also applied for determining restoration costs (Schweppe-
Kraft et al., 2020). Impacts on soil quality include changes in
chemical and physical soil characteristics including nutrients
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(e.g., nitrate or phosphate), heavy metal concentrations, soil
erosion and compaction/consolidation.

Assessing impacts on water (A3) includes indicators on the
quality of groundwater, surface water, and sea water, as well as
indicators on water demand and consequences for its availability.
In general, the indicators follow the EU Water Framework
Directive and the EU Groundwater Directive (EC, 2000, 2006).
Indicators on quality of surface water and groundwater consider
impacts on chemical composition, such as nutrient content (in
particular nitrate and phosphate), pesticides and heavy metal
concentrations (Geidel et al., 2021).

Technological Dimension

Technological performance is the key to deploying and upscaling
CDR options, as well as determining CDR efficiency (e.g., see
also Fridahl et al., 2020). This performance is evaluated under
the technical dimension. It accounts for efficiency (i.e., energetic
and CO, removal capability), market maturity, infrastructural
requirements and integration into the future energy system. The
criteria and indicators have been adapted based on the integrated
assessment framework of bioenergy strategies by Thrin et al.
(2020) and contribute to operationalizing indicators on efficiency
and scale (e.g., proposed by Fridahl et al., 2020) within the
national context of Germany.

Technology efficiency (B1) addresses two aspects: (1) the net
energy balance of the CDR option, which can either be positive
(net energy provision), neutral or negative (net energy demand);
and (2) the CO; reduction and removal efficiency per energy unit
used or produced, which describes how energy intensive a CO;
removal process is and hence the leverage potential for negative
emission generation. Availability of the technology (B2) is used
to assess the extent to which a technology is commercially
available on the market. It is described by the technology
readiness level (TRL) in terms of its stage of implementation
(laboratory, demonstration, pilot, market rollout) (DOE, 2011; as
defined by EC in HORIZON 2020 Work Programme). Another
relevant aspect for the feasibility of a CDR option is the
compatibility of the already existing infrastructure with that
needed to implement the CDR option (B3), such as availability
of plants/installations (e.g., pipelines for natural gas, hydrogen,
or CO, transportation) or the operation of ecosystem-based
options (e.g., materials and machinery for habitat restoration,
ease of access for harvesting biomass). This criterion specifically
addresses whether a suitable infrastructure already exists, or if it
has to be created before implementing the CDR option. Finally,
the compatibility with the future energy system (B4) is assessed,
which includes the operation effort of the CO, collection and also
the possibility to access low carbon energy carriers on different
stages of the option’s life cycle (Fajardy et al., 2018).

Economic Dimension
The economic criteria focus on costs related to the deployment
of CDR measures, effects of CDR deployment on the domestic
economy, as well as on potential investment barriers that might
hamper the deployment of CDR measures.

The criterion market costs (C1) analyzes the private cost for
CO; removal from the atmosphere (Minx et al., 2018). A first

indicator are today’s marginal removal cost, i. e. the cost that
needs to be spent in order to remove one additional metric ton
of CO; from the atmosphere under this CDR option. All else
being equal, a higher marginal removal cost means a higher
cost for reaching a given CO; removal target and hence a lower
cost-effectiveness from a static point of view as also stressed by
Fridahl et al. (2020). Additionally, a second indicator analyzes
the opportunity cost of applying a CDR measure, meaning that
it looks at forgone and/or restricted other economic uses of
the deployed production factors, e.g., land use (United Nations
Environment Programme, 2020). As Fridahl et al. (2020) point
out, CDR options, particularly land based ones, often compete
with alternative uses, and thus can come along with considerable
opportunity cost.

However, the cost of a CDR option might change over
time and thus can alter the relative cost-effectiveness when
compared with other CDR options. This is mirrored in the
criterion dynamic cost efficiency (C2) which aims to assess
the potential for future cost discrepancies (e.g., cost reductions)
and depends on various influencing factors. This criterion
provides an indication for future subsidy needs (Yao et al,
2020). A first indicator for this criterion is the potential for
future cost reductions due to technological advancements of
a CDR option. Another source for future cost reductions is a
potential decrease of the average production cost per unit of CDR
when the overall production of the respective CDR measure is
increased (potential for economies of scale). However, average
production cost can also increase, e.g., if increasing the scale
means higher opportunity costs of land use. A third indicator is
the contribution margin of marketable, jointly produced goods
produced by a CDR option which allows for reducing the cost
for the CDR service. The contribution margin describes the share
that the revenue of a certain product contributes to the coverage
of the fixed costs. By covering a part of the fixed costs, the
contribution margin of jointly produced goods thus reduces the
(fixed) costs that need to be refinanced by the CDR service.

Like all environmental policy instruments the deployment
of CDR options do not only come along with production
costs, but also generates transaction costs (C3), i.e., costs that
accrue for transactions that are related to the deployment of
a CDR measure, such as for using the market, for insuring
against risks, or for regulating the deployment of a CDR option
(Krutilla, 2011). High transaction costs can decrease the relative
economic efficiency of CDR measures, e.g., if a large number of
actors is involved in transactions or permanent and long-lasting
regulatory control of retention of removed CDR is necessary.
Transaction costs accrue both on the side of regulators as well
as on the side of private actors who apply CDR measures. On
the side of public actors transaction costs encompass for instance
the costs of legislative procedures or the enforcement of laws and
regulations. On the private side transaction costs can accrue due
to, for example, the compliance with laws and regulations or the
usage of the market (e.g., finding transaction partners, settlement
of trade disputes, etc.). Both higher public and private transaction
costs increase the cost of deploying the respective CDR option.

External effects (C4) of CDR options describe negative effects
or benefits to third party actors who did not choose to incur
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that damage or benefit and that accrue due to the deployment of
the respective measure. Classic examples include environmental
damages or health impacts. External effects constitute a major
economic cost and play an important role for the economic
assessment of a CDR option (Fuss et al., 2018).

Besides economic efficiency reasons, policy decisions for or
against the deployment of a certain technology are often also
based on economic policy, which is considered in the effects on
domestic/regional economy (C5) criterion. In this regard, effects
on domestic value added and employment are often analyzed in
multicriteria assessments of technology options (cf. Thrin et al.,
2020) as well as in the context of CDR options in particular
(Honegger et al., 2021a).

In a sixth criterion, the economic dimension examines
investment barriers (C6) as these might impede the
implementation of (potentially cost-effective) CDR options.
This criterion encompasses three indicators. The first indicator
looks at the capital intensity of CDR options, i.e., the share
of capital cost in the total cost of the CDR option which can
differ significantly between different CDR options (Fridahl et al.,
2020). If capital markets are imperfect, e.g., due to incomplete
information, a high share of capital intensity can restrain
investments in the respective measure (cf. Hu et al,, 2018). A
second indicator is the specificity of investment, asking for
other potential uses of the investment than the envisaged one. If
other applications for the investment are absent or significantly
reduce its value then the investment is highly specific and means
a high financial loss to the investor in case of failure, i.e., the
CDR investment might end up as a stranded asset (Minx et al.,
2018). Accordingly, a highly specific investment bears a high
risk and hence might discourage investors from investing. A
third indicator is the revenue risk of a CDR investment (cf.
Hu et al., 2018). This indicator considers the risk that revenues
fail to accrue once the investment is made. For instance, some
CDR measures may rely greatly on regulated revenues or state
subsidies, which are subject to the discretion of political actors,
while others have to cover their costs by market revenues (Fridahl
et al., 2020). A higher revenue risk indicates a larger investment
barrier. However, it is important to consider interactions
between these indicators because, for instance, a highly specific
investment might be less of an investment barrier if the revenue
risk is low.

Social Dimension

The social dimension focuses on understanding social acceptance
in a specific setting, informed by the following criteria:
public perception of CDR options, social co-benefits or costs,
inclusiveness and participation, ethical considerations, and social
context. In addition to consideration of previous (global)
assessments, as discussed above, the selection of the criteria
for the social dimension were informed by literature on social
acceptance, while recognizing that complex social processes
are not easily captured by fixed criteria and indicators. For
instance, while the assessment framework has been developed
for the national level, the criterion ‘social context’ points to
the relevance of even more fine-grained analyses (cf. Bellamy
et al, 2019). As much research on CDR options focuses

on modeled or projected policy outcomes (‘supply-side’ of
knowledge production), another consideration going into the
social dimension was to include actors’ expectations projected
to these emerging technologies and governance. In practice, this
means that we have included a broad range of criteria and
indicators, such as consideration of perceived, absolute, and/or
anticipated risks and benefits, based on input from various actors.

While public perception (D1) and social acceptance are
sometimes used synonymously in the literature, for the purpose
of this assessment framework, we treat social acceptance as
an overarching theme, for which all criteria under the social
dimension are relevant. This differentiation marks an important
methodological distinction, reflecting the fact that asking people
what they think about CDR today is not necessarily a good
indicator for how they will feel about it in the future (cf. Dowd
et al., 2015; Winickoff and Mondou, 2017; Bellamy et al., 2019).
Social acceptance can instead be understood as something that
is built over time, associated with creating trust in the process
(e.g., Mabon et al., 2013; Braun et al., 2018; Gough and Mander,
2019; Waller et al., 2020). Moreover, emerging research on social
acceptance in the context of CDR options shows that rather
than that the public lacks information, resistance to technology
deployment often stems from basic value conflicts, distrust in
authorities and institutions and perceived injustice (Winickoff
and Mondou, 2017; Markusson et al., 2020; Waller et al., 2020).
This research highlights the need for qualitative-procedural
based research on politics—the input into the policy process—as
much focus has already been given to quantitative-distributional
studies on outcomes of policies. The social dimension covers
both these aspects—input into the policy process through
considerations of inclusiveness and participation, and output
of policies through considerations of co-benefits and risks. The
proposed indicators are therefore a contribution to translating
more general indicators of CDR acceptance (e.g., as proposed by
Fridahl et al., 2020) to more specific indicators for application
within the national context of Germany.

One criterion that has been linked to positive public
perception is perceived benefits. The criterion social co-benefits
(D2) is thus linked to public perception. However, perceived
benefits and absolute or anticipated benefits are not the same
(UOrange Seigo et al, 2014). Given that CDR is not yet
implemented at large scale, anticipated social co-benefits such as
positive health effects or new jobs are relevant to give an idea
regarding acceptance in the future. While such social benefits are
critical for determining public acceptance, it should also be noted
that the selected indicators represent common discussions in the
literature, and that other social co-benefits exist (e.g., enhancing
climate resilience through ecosystem-based CDR options). When
the assessment framework is applied, it would therefore be
beneficial to consider the most important co-benefits and risks
for the specific context.

The degree of public trust has been linked to inclusiveness and
participation, transparency, and perceived fairness of processes,
but previous research also highlights that the picture is complex
and context specific (Lock et al., 2014; Jami and Walsh, 2017;
Janhunen et al., 2018). Consequently, trust is here assessed as
both public perception of trust in the process, as well as indirectly

Frontiers in Climate | www.frontiersin.org

12

May 2022 | Volume 4 | Article 758628


https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles

Forster et al.

CDR Feasibility Assessment

through assessments of inclusiveness and participation (D3)
in the knowledge and decision-making process. By way of
comparison, public perception is a criterion where we consider—
at a given moment in time—risk perception on the one hand, and
trust in the process on the other. This is also in line with literature
on CCS where perceived risks/benefits and trust in stakeholders
are the most common indicators for public perception (LOrange
Seigo et al.,, 2014).

The criterion ethical considerations (D4) goes beyond the
evaluation of direct and personal benefits to include more general
notions of what is regarded as right or good. For instance,
perceived interference with nature has been linked to negative
attitudes toward CO;-storage (Wallquist et al., 2012; Wolske
et al., 2019). The criterion also includes the linkage between
discursive legitimation and social acceptance (cf. Bickstrand and
Lovbrand, 2019). Research indicates that negative perceptions of
fracking may conjure negative feelings toward CDR (Cox et al,,
2021), and that associating CCS with bioenergy and negative
emissions could positively affect attitudes toward CCS compared
to when CCS is associated with the fossil fuel industry, for
example (e.g., Wallquist et al., 2012; Haikola et al., 2019).

Opverall, an important consideration for the choice of criteria
and indicators selected for the social dimension has been to
highlight that the socio-technical systems that CDR options are
embedded in, and the social context in which citizens decide,
matter for social acceptance. For instance, in a study about
perceptions of BECCS, Bellamy et al. (2019) show that the
support or resistance for BECCS cannot be well-understood
merely by looking at technological characteristics. Instead, public
perception is affected by the type of policy instrument (e.g.,
taxes, funding, standards) used to incentivize it. Social acceptance
has also been linked to much more local/social context-specific
factors than the more generic ones discussed above, such as
previous experience with similar projects (e.g., Braun, 2017;
Gough et al,, 2018; Cox et al.,, 2021). It is also important to note
that “the public” cannot be well-understood as one actor and
that public reaction is context specific (Dowd et al., 2015; OECD,
2017).

Institutional Dimension

The institutional dimension evaluates the political and legal
conditions for the development and deployment of CDR options.
Four criteria have been selected for this purpose: political and
institutional maturity, support for CDR within the current policy
landscape, legal and regulatory feasibility, and transparency and
institutional capacity. As highlighted by Fridahl et al. (2020),
it is important to assess the juridical compatibility of CDR
options within their respective political context and our proposed
indicators allow for operationalizing this assessment within the
German national context.

Political (and institutional) maturity (E1) can help to locate
CDR approaches in the different phases of the policy cycle,
ranging from agenda setting to policy evaluation. This criterion
could also give an indication of political acceptance, since if a
specific CDR option faces opposition, it will be less likely to
advance in the policy cycle than CDR options that are widely
accepted (Geden, 2016; Zelli et al., 2017; Pye et al., 2021).

The second criterion, political acceptability (E2), is the
institutional and public support for the different approaches
that seek to generate negative emissions within the current
political landscape. It allows for the level of acceptance to be
assessed in the political debate as indicated, for example, by the
inclusion of CDR options in national and/or regional climate
strategies (Geden and Schenuit, 2020; Thoni et al., 2020). Political
acceptability can be broadly understood as support for a policy
or measure (including a lack of opposition). This criterion is
also closely related to the policy cycle. For example, if a specific
CDR approach is a taboo topic, it means that it may not even
reach the agenda setting phase and therefore not be assessed with
respect to the policy cycle. To date, it is still difficult to assess the
political acceptability of specific CDR approaches, because of its
early stage of development and the need to anticipate governance
needs and challenges.

Legal and regulatory feasibility (E3) addresses the questions
whether CDR approaches will generate legal conflicts, i.e.,
with a view to existing laws at different levels, ie., at the
global, regional or local level and/or presents any conflicts
with legal requirements (Brent et al., 2018; Geden et al.,, 2019;
Markus et al, 2021a). Any CDR approach to be deployed
must conform with international human rights instruments (e.g.,
regarding the restriction of free use of property rights) and
various environmental laws, including general principles (e.g.,
prevention and precautionary principles), as well as rules set
out in specific legislation (e.g., at the European level: RED
II, EU-Emissions trading system) (Creutzig et al., 2013; Burns
and Nicholson, 2017; Brent et al., 2018; IPCC, 2018; Markus
et al., 2020, 2021b). This criterion is used to assess whether the
development or deployment of the CDR approach is adequately
regulated or requires the creation of a new regulation, either at
the European or national level or whether it can be integrated into
existing legal instruments (Hester, 2019; Honegger et al., 2019;
Markus et al., 2020, 2021a).

Finally, the criterion on transparency and institutional
capacity (E4) examines whether a monitoring, reporting,
and verification (MRV) system is in place to evaluate the
CO;, sequestered, and report on compliance with social and
environmental safeguards related to CDR options (Lin, 2018;
Royal Society and Royal Academy of Engineering, 2018; UBA,
2020b). To avoid introducing too much complexity, we have not
included further indicators for the quality of the MRV-system.
It is more of a first step, rather than a complete picture. That
being said, the criterion verifiability (F4) in the system utility
dimension looks at scientific and technological advancements
and uncertainty ranges of measuring systems for CDR options,
which in turn could inform MRV-assessments. This criterion
of transparency and institutional capacity (E4) also addresses
the integration of negative emissions from CDR approaches in
national emission reports and the integration of CDR approaches
in the carbon market (Geden and Schenuit, 2020). With regard to
institutional capacity, this criterion seeks to determine whether
there is adaptive and responsive management in place to evaluate
and possibly adapt mechanisms and procedures in a transparent
manner for the governance of the deployment of CDR
technologies (Armeni and Redgewell, 2015; Forster et al., 2020. It
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may be concluded whether the existing capacity is sufficient or
whether new institutions or new institutional arrangements are
required. For example, potential administrative or institutional
demands for specific CDR approaches may arise with a view to
establishing and implementing permitting regimes, monitoring
requirements, standards, control and enforcement schemes, as
well as participation in planning measures (Lin, 2018; Hester,
2019; Markus et al., 2021a). The indicator on administrative
demand addresses the effort related to building such institutional
capacity and includes aspects such as costs, time, capacity
building, etc.

System Utility

The system utility dimension describes the CDR option’s
potential for CO, removal, which relates to the effectiveness
of CDR options (e.g., addressed by Fridahl et al., 2020).
Removing CO; can have a two-fold system utility. First,
removing CO; during periods of net positive emissions can
compensate for remaining gross positive emissions and therefore
close the gap to net-zero CO,. And second, removing CO,
can enable net-negative CO, emissions and therefore would
enable the mitigation of a carbon budget overshoot. The
CDR potential (F1) criterion describes the maximum negative
emissions potential in the short and longer term (2025 and
2050), including both annual capacities and cumulative effects
over time. In addition, we include the CO, emissions avoidance
potential (F2) showing possible co-benefits of additionally
avoiding current emissions to the system. For example, emissions
from agricultural soils can be avoided by rewetting previously
drained organic soils, and in addition to that, these ecosystems
will sequester carbon. We here explicitly exclude future avoided
emissions (e.g., future anthropogenic disturbances of existing
carbon stocks), as this assessment would require additional
scenario assumptions about a future counterfactual scenario.
Permanence of CO, storage (F3) explores the risks and efforts
associated with maintaining an intact carbon stock. This includes
the natural persistence of the chosen storage reservoir over time
scales of decades, centuries to millennia, as well as the level of
risk associated with natural and anthropogenic disturbances of a
carbon stock.

Finally, verifiability (F4) indicates if adequate measuring
systems exist and are in place to confirm the amount of CO,
sequestered or captured and stored. This can be assessed by the
scientific community, for example, by verifying the amount of
carbon added to the overall carbon stock or measuring CO,
fluxes. Where possible, uncertainty estimates for CO, removal
or avoidance can be added to this criterion. The focus here is on
scientific and technological certainty, whereas the MRV-indicator
(E4.1) assesses whether on an institutional level MRV-systems
are in place as a means for creating transparency. For instance,
the measuring systems for verifying carbon dioxide removal by
a CDR option with adequate accuracy might exist (F4.3), but
there is no MRV-system in place (E4.1) to ensure transparent
accounting of the removed carbon dioxide as part of a national
accounting scheme.

Interlinkages of Dimensions

Interlinkages arise between the dimensions due to the complexity
of the reality in which CDR options operate and resulting
overlaps in the dimensions (Table 2). Here, we identify and
discuss some of these interlinkages that consequently might cause
synergies or trade-offs between objectives when CDR options are
implemented or scaled up. This can provide useful information
for decision-makers on the expected added value or unintended
side effects from CDR implementation and identify where effort
is required to harness synergies and address trade-offs.

For example, area demand (A2.1) of a CDR option,
assessed within the environmental dimension, has wide ranging
environmental (Al to A3) and social (D2 and D4) implications,
with positive or negative externalities accounted for in the
economic dimension (C4). These environmental impacts are also
subject to laws and regulations (E3) being assessed under the
institutional dimension. If the implementation and upscaling of
CDR options requires compliance with multiple environmental
laws and regulations, then CDR deployment would likely involve
a high regulatory effort (E3.5) and a need for transparency with
implications for the administrative demand (E4).

There are also overlaps between the environmental and
economic dimensions with regards to externalities (C4) (i.e.,
negative and positive impacts related to CDR deployment).
For selected environmental impacts, economic cost estimates
have been established for Germany, for example, to inform
regulatory impact assessments (UBA, 2020a). They can be
used to determine negative and positive externalities related
to environmental impacts resulting from the implementation
of CDR options. Cost estimates are also available for carbon
emissions resulting from land-use change (based on damage cost
of carbon emissions), air pollution, noise pollution, the sealing
of soils with impermeable surfaces, and the release of nutrients
to surface water, groundwater and coastal waters (UBA, 2020a).
Where CDR implementation is having positive environmental
impacts (e.g., reduce carbon emissions, enhance carbon uptake,
reduce nutrients, air and noise pollution, and reverse the sealing
of surfaces), the same cost estimates can be used to determine the
positive externalities.

Interlinkages can reveal potential correlations between
indicators as well as highlight those that bear the risk of being
considered twice in the assessment. While the former might
apply, for example, to the interlinkage of environmental impacts
and the resulting need for environmental regulation, the latter
is inherent for instance in the economic evaluation of external
effects, such as environmental damages or health impacts. This
is an important limitation of the assessment framework when
weighing different CDR options against one another. As double
consideration should be avoided in multi-criteria assessments to
prevent overweighting of particular aspects, the respective feature
should only be evaluated in one of the dimensions concerned.

The presented framework can provide an important tool to
systematically assess interlinkages in order to better understand
effort, risks, and opportunities involved in the development
and potential large-scale implementation of CDR options. This
analysis also helps identify possible stakeholder groups impacted
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TABLE 2 | Interlinkages between the dimensions of the feasibility assessment framework of carbon dioxide removal (CDR) options (interlinkages between dimensions are idicated by “||".

Environmental

Technological

Economic

Social

Institutional

System utility

Environmental

Technological

Economic

Social

Institutional

A 2.1 Area demand and
competition for other area
uses || B1 Technology
efficiency/Conversion
efficiency;

C2.1 Other external costs per
unit of CDR || A1 Impact on
air/atmosphere and A2
Impact on land and sea area
and A3 Impact on water;
C2.2 external benefits || A1
Impact on air/atmosphere and
A2 Impact on land and sea
area and A3 Impact on water;

D2.1 Health || A1.1 Outdoor
air quality and A1.3 Net
biophysical effect/effects on
local climate and A3.1
Groundwater quality;

D4.3 Ethical reservations and
D5.1 Previous experience of
large-scale projects and D5.2
Local narrative || A2.1 Area
demand and competition for
other area uses;

E3.1 Possible scale of legal
conflicts and E3.3 Conformity
with environmental laws and
conservation requirements
and E3.5 Regulatory effort
and E4.1 Monitoring,
Reporting and Verification
(MRV) system || A1 Impact on
air/atmosphere and A2
Impact on land and sea area
and A3 Impact on water;

C2.1 Potential for cost
reductions by technological
progress || B2.1 Technology
Readiness Level;

D4.3 Ethical reservations ||
B1.1 Net energy demand vs.
provision;

E1 Political maturity (as
indication for political
acceptability) || B2.1
Technology Readiness Level
and B3.1 Compatibility of
infrastructure and B4.1 Effort
of CO» collection and B4.2
Access to low carbon energy
sources;

D2.1 Health || C 4.1/4.2
External costs/benefits;
D2.2 Employment || C5.2
Potential for

regional employment;

E3.5 Regulatory effort and
E4.1 Monitoring, Reporting
and Verification (MRV) system
and E4.5 Administrative
demands || C3.1 Public
transaction costs and C3.2
Private transactions costs;

E2 Support for NET within the
current policy landscape || D3
Inclusiveness/participation;
E2.1 Level of acceptance in
policy debate || D4.1
Discursive legitimation;

E3.2 Conformity with human
rights and E3.3 Conformity
with environmental laws and
conservation requirements ||
D2.1 Health

(Continued)
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TABLE 2 | Continued

Environmental

Technological Economic

Social Institutional

System utility

System utility

F1 CDR potential and F2 CO»
emissions avoidance potential
|| A1.2 GHG emissions related
to land/sea use change;

F3.3 Risk of carbon loss due
to anthropogenic
disturbances || A2.1 Area
demand and competition for
other area uses;

E2 Support for NET within the
current policy landscape ||
B1.1 Net energy demand vs.
provision and B1.2 CO,
removed/reduced per unit of
energy produced and B2.1
Technology Readiness Level
and B3.1 Compatibility of
infrastructure and B4.1 Effort
of CO, collection and B4.2
Access to low carbon energy
sources;

E3 Legal and regulatory
feasibility || B1.1 Net energy
demand vs. provision and
B1.2 CO, removed/reduced
per unit of energy produced
and B2.1 Technology
Readiness Level and B4.2
Access to low carbon energy
sources;

E4 Transparency and
institutional capacity || B2.1
Technology Readiness Level;

F1 CDR potential || B1.2 CO,
removed/reduced per unit of
energy produced;

F2 CO» emissions avoidance
potential || B1.2 CO,
removed/reduced per unit of
energy produced;

F3.4 Storage maintenance ||
B1.2 CO, removed/reduced
per unit of energy produced;

E4 Transparency and
institutional capacity || D3
Inclusiveness/participation;
E4.1 Monitoring, Reporting
and Verification (MRV) system
and E4.4 Adaptive and
responsive management ||

D3.3 Transparency
of process;

F4 Verifiability || D3.3
Transparency of process;

F3.3 Risk of carbon loss due
to anthropogenic
disturbances || E3.3
Conformity with environmental
laws and conservation
requirements and E3.5
Regulatory effort and E4.5
Administrative demand;
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by CDR implementation and related consequences that require
participatory processes.

Traffic Light System

To assess the implications of CDR options via the identified
indicators, a traffic light system was developed. The general idea
behind the traffic light system is to provide a systematic overview
of and communicate challenges and opportunities for CDR
options. It also indicates where efforts are needed to overcome
hurdles for the implementation and deployment of CDR options,
in line with previous efforts to develop similar systems (e.g.,
Thrin et al., 2020). Our traffic light system combined with the
proposed indicators are adapted to the German national context
and the framework is, to the best of our knowledge, the only one
with this scope. There are other color coded assessments in the
field of CDR (e.g., de Coninck et al., 2018b; Honegger et al., 2019),
and other traffic light assessment systems in the field of climate
governance, for instance the Boehm et al. (2021) and Climate
Action Tracker (2021).

We regard the combination of a descriptive ranking system
together with a traffic light color coding system to be an effective
tool to support science-policy processes on CDR development
and deployment as it helps structure and evaluate the available
information on the feasibility of CDR options. The ranking
can serve as an input to and be informed by participatory
science-policy processes involving relevant stakeholders, but it
cannot replace decision making processes. The assessment is
also not meant to be policy prescriptive. For example, where an
indicator for a CDR option has been ranked with a red traffic
light color code (which means that the issue addressed by the
indicator is likely to represent a high hurdle to implementation),
the assessment does not imply that this CDR option should
be increased or abandoned. Such conclusions will have to be
drawn within participatory stakeholder processes and under
consideration of multiple decision-relevant criteria, which can be
supported but not replaced by such an assessment.

The color code of the traffic light system ranges from green
colors (no or little hurdle/effort for implementation) to yellow
color (medium hurdle/effort for implementation) to red colors
(large hurdle/effort for implementation) with five different codes
for most indicators and three (green-yellow-red) for some,
depending on the characteristics of the indicator.

In general, green traffic lights represent a high feasibility with
no or little effort/hurdles for implementation. In other words,
implementation would be possible under current conditions. In
contrast, red traffic lights indicate the need for high efforts, or
existence of large hurdles, for the implementation of the CDR
option and/or for the prevention of side effects. Yellow traffic
lights consequently indicate medium effort needed. Due to the
different nature of the dimensions, the specific logic behind the
traffic light system varies between indicators. More specifically,
the traffic light system covers three overarching logics:

Traffic light based on advancement within a given process:
Several dimensions (e.g., for El: Political maturity) have
indicators coupled with a traffic light system representing steps
in a process, where green represents that the development has
come a long way through the process, red that it has not even or

barely started. This type of logic is obvious for the technological
dimension, where the rate of technological development is
assessed, for instance based on the Technology Readiness Level
(TRL). Other examples include the policy process, included as an
indicator under the institutional dimension.

Traffic light based on improvement or worsening of the
current condition: For most indicators, current conditions (unless
specified otherwise) comprise the reference system or baseline
of the assessment and all indicators are assessed relative to this.
For example, the environmental dimension is assessed against
current environmental conditions so yellow, green, red light
classifications represent no change, improving and worsening
conditions, respectively. In contrast, indicators of the systemic
dimension assess how much CO; could be removed by certain
CDR options along different time frames and the ranking follows
order of magnitude of removal from zero/low (red) to high
(green). Many indicators of the institutional dimension also use
current conditions as the starting point, assessing for instance the
applicability of existing regulatory frameworks and institutions.
Similarly, indicators of the social dimension assess possibilities
to participate in the decision-making process against current
institutional settings, as well as trade-offs and synergies compared
with today’s world.

Traffic light based on assessment against expectations/what is
deemed low vs. high effort: For some dimensions, the expected
effort for deployment is not meaningfully assessed against
current conditions. For instance, for the economic dimension,
all interventions imply some cost. Hence, it would not be
informative to apply the same logic to the economic dimension
as that of the environmental one, since using current conditions
as a baseline would imply that all approaches would get a red
light due to associated costs. Instead, the traffic light system
for the economic dimension represents a qualitative assessment
based on what can be considered a high or low cost for different
economic indicators. Similarly, most of the indicators of the
systemic dimension have a traffic light system that corresponds
to what would arguably be deemed low vs. high effort for
deployment. For instance, high maintenance costs get a red light,
low costs a green light, and moderate costs a yellow light. The
social dimension also includes indicators that instead of current
conditions need to be assessed against what is deemed acceptable
or not, which in turn is subjective and depends on who is deciding
what is acceptable or not. For instance, what is deemed high or
low risk may differ between an expert-based impact assessment
and an assessment by the people at risk of being adversely
affected. Hence there is a need to contextualize the assessment
and to specify the underlying assumptions including whose
perspective the evaluation represents (e.g., the perspective of
technical experts vs. science vs. policy vs. practice vs. civil society
vs. etc.), and the degree of participation in and transparency of
the assessment process.

Where applicable, quantitative values are used for defining the
different colors of the traffic light system, for instance related
to emissions removed or avoided in the systemic dimension.
In most cases however, a qualitative approach to the traffic
light system is used (cf. Thrian et al.,, 2020). An advantage of
the traffic light system is to allow for flexibility in the use of
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qualitative and quantitative information as long as the underlying
assumptions are transparent. What is a high cost or risk in one
place can be medium cost or risk in another place, depending
on circumstances. A region that wants to reach net-zero carbon
emissions and has access to a range of natural carbon sinks
may judge investments in DAC too costly, while regions that
do not have any natural carbon sinks may find the costs of
DAC reasonable. Moreover, for the application of the assessment
framework, actors applying the framework to a specific case may
choose to specify the traffic lights in more detail. For example,
the indicator ‘transparency of process’ (D3.3) only specifies the
degree of communication and stakeholder access to the process.
Therefore, users applying the assessment framework to a specific
case have to define what a high or low degree means for their
context and purposes (e.g., a high/low degree of access means
that a certain number of meetings per year are open to the
public, etc.). Hence, when the assessment framework is applied
to a different national or regional context, the traffic light system
needs to be specified in more detail.

An alternative approach to assessing indicators against a
baseline or reference is to assess CDR options against one another
(comparative analysis of CDR options). For instance, for the
economic dimension, a comparative analysis of CDR options
would result in identifying options with lower or higher costs.
However, comparing CDR options against one another only
provides information about which ones require more or less
effort relative to one another, not the effort needed in absolute
terms. Another alternative would be to assess CDR options
against a reference system (cf. Thrin et al, 2020), such as
paying for CO, removal from verified CDR services, such as the
Climeworks DACCS-project on Iceland!.

However, if the reference system, as in the example given,
requires only limited land, then all land-based CDR options
would require more effort relative to the reference system, but
we would not know the expected level of effort in absolute terms.
Moreover, including a reference system outside the national
context (e.g., establishing an international trading system for
emission removal from CDR measures) would add another
layer of uncertainty, not least given the uncertainties around
international climate policies, transparency with regards to
monitoring, reporting and verification (MRV) and disagreement
around Article 6 of the Paris Agreement on internationally
transferable mitigation outcomes. Moreover, CDR potential is
limited worldwide, and not all countries that want to compensate
for residual emissions will be able to do so abroad.

DISCUSSION

Although many Long-Term Low Greenhouse Gas Emission
Development Strategies (LT-LEDS) of Parties under the
UNFCCC already include options for carbon dioxide removal
(CDR), there are still considerable uncertainties regarding the
feasibility of deploying CDR options at a large scale (IPCC,
2018). Without an understanding of the feasibility of such
CDR options the inclusion of CDR options in current national

YURL: https://climeworks.com/orca

strategies for reaching net-zero carbon emissions can involve the
risk of misleading current climate strategies. Previous research
has raised concerns about the risk of mitigation deterrence,
meaning that alone the anticipation of generating future carbon
removal could slow down action on climate change today (e.g.,
Carton, 2019; Low and Schifer, 2020; McLaren, 2020; Waller
et al., 2020). In models, the greater the contribution from CDR
options is, the slower the rate of decarbonization becomes (Holz
et al., 2018; Butnar et al., 2020). This in turn can make it difficult
to understand the magnitude of societal transformation needed,
if CDR options do not deliver as assumed in emission pathways
(Larkin et al., 2018).

There is a growing literature focusing on the feasibility of
deploying CDR options under current conditions instead of
focusing on the theoretical, technical, maximum potential in the
future (Boysen et al., 2017; Geden et al., 2018; Vaughan et al,,
2018; Asayama and Hulme, 2019; Fridahl et al., 2020; Wieding
et al., 2020; Brack and King, 2021). Assessments also highlight
the importance of policy design for CDR in order to address
potential trade-offs with other policy objectives such as achieving
the Sustainable Development Goals (e.g., Honegger et al., 2021b).

Our assessment framework contributes to this effort by
providing a comprehensive set of criteria to explore the feasibility
of CDR options within the national context of Germany. Where
possible, criteria and indicators were selected with a specific
focus on Germany in order to ensure their relevance for
and compatibility with established assessment and decision-
making processes. This includes, for example, indicators used
in national environmental and regulatory impact assessments
(UBA, 2020a) and in assessments of renewable energies (Thrin
et al., 2020). This contextualization of the assessment framework
to the national level is a first step of adapting CDR assessments
to specific decision-making contexts. We include previously
underexplored criteria in particular related to the social
and institutional dimensions that are relevant for assessing
opportunities for and barriers to the deployment of CDR
options within the current political landscape. This complements
previous CDR assessments with a more global perspective (e.g.,
Fridahl et al., 2020; Honegger et al., 2021b) and assessments with
focus on technical or environmental implications (cf. Forster
et al., 2020; Waller et al., 2020). Our national level framework,
adapted to Germany, can also function as a starting point for
discussion of what indicators and criteria are relevant for other
countries or regions.

Assessing the numerous indicators of the proposed framework
poses a challenge and requires the involvement of experts and
stakeholders from multiple disciplines and backgrounds related
to both the thematic dimensions and CDR options. This can
make the assessment process a complex and demanding task,
including the challenge of identifying adequate information and
data for each indicator. In order to address these challenges,
the rating combined with the traffic light system facilitates the
assessment of indicators in both quantitative and qualitative
terms (e.g., expert judgement in case no primary or secondary
data exists). While this system can support the assessment
of complex information from a diversity of sources (e.g.,
publications, gray literature, expert evaluation), the ranking of
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indicators also involves the simplification of information with the
risk of information loss (Barnett et al., 2008; Fridahl et al., 2020).
Therefore, it is critical to ensure the transparency of underlying
information and assumptions in order to gauge their validity and
the uncertainties involved in the assessment outcome.

Users applying the framework need to have experience
in synthesizing knowledge (e.g., working with multi-criteria
analysis) and in facilitating multidisciplinary assessment
processes. This can include users from academia, as well as
public and private agencies working at the science-policy
interface for informing the design of CDR options and policies.
Given that the ranking of indicators using the traffic light system
involves interpretation of the underlying information based
on the judgement of experts or stakeholders from different
disciplines and backgrounds, different actors may disagree in
the interpretation and ranking of indicators. Therefore, to build
credibility, relevance and legitimacy of assessment outcomes, it
is also important to be transparent about the actors involved in
the assessment process.

Experts, stakeholders, and decision makers might have
different opinions on the ranking and relevance of criteria and
indicators for determining the feasibility of a CDR option. For
example, from a technical perspective CDR options involving
CCS technology might be considered feasible by technical
experts. However, from a social perspective a lack of public
acceptance of CCS due to a different perception of the risks
involved could potentially block the implementation of CDR
options with CCS (Wallquist et al., 2012). It would arguably
be easier for DAC to find public acceptance as part of
industrial processes or integrated into air conditioning systems
together with the recycling and use of carbon compared to
implementation in large scale plants with CCS. However, high
demand for renewable energy could undermine energy efficiency
and thereby pose a trade-off for the feasibility of DAC technology
(Dittmeyer et al., 2019). Hence the assessment framework can
help to elicit such trade-offs and open up the policy debate on
the feasibility CDR options.

Furthermore, some indicators can be conceptually challenging
involving a simplification of the actual underlying processes. For
example, determining the placement of the implementation of
CDR policies within the policy cycle (E1.1) can be ambiguous
as the evolution of decisions leading to policies is often complex
with multiple policy processes taking place in parallel, at different
policy levels, involving networks and coalitions with a diversity
of interests, with policy development taking different paths
over time (Wellstead et al., 2018). Hence the evolution of
CDR policies is not a linear process as a placement within
the policy cycle might suggest. When applying the assessment
framework, it is critical to be aware of such ambiguities in
order to avoid simplistic conclusions. The indicators allow
structuring complex information, eliciting different perspectives
and discussing ambiguities within the larger context of the
multiple dimensions. Therefore, we understand the framework
to be an approach for structuring complex information, bringing
together different expertise, perspectives and knowledge types.
This can help elicit and reduce ambiguities and thereby support
an iterative science-policy process on the development and
implementation of CDR.

Starting with a comprehensive assessment framework and
using participatory and iterative processes can help to identify
and narrow down the criteria and indicators requiring closer
attention in decision making on CDR development and
implementation (e.g., indicators associated with hurdles to
implementation). Hence the process of conducting such multi-
criteria assessment is in itself an important part of generating
decision relevant information. For example, it could help to
better understand which aspects are of particular relevance
for stakeholder groups and how priorities differ. It would
also help to elicit the underlying assumptions and information
sources the different stakeholder groups use for justifying their
evaluation of CDR options and assess their relevance, credibility
and legitimacy. This benefit could potentially be lost when
aggregating the ranking of indicators into a single index (Barnett
et al., 2008; Fridahl et al., 2020).

While working with such a comprehensive assessment
framework can be challenging, it can support the identification of
expertise and stakeholder perspectives that need to be considered
in the feasibility assessment. This helps to elicit the various
perspectives of actors who are involved in or impacted by
the development and implementation of CDR options, such
as experts from academia, engineering and practice, as well
as representatives of public and private stakeholder groups.
Ensuring inclusiveness also helps build the credibility, relevance
and legitimacy of the assessment process and its outcomes
for informing decision making on CDR options (Sarkki et al.,
2015). As the framework includes indicators on assessing the
inclusiveness and transparency of processes (D3) related to CDR
development and deployment, these indicators could change
and potentially improve over time as a result of a participatory
assessment process.

In order to avoid being overwhelmed by the complexity of
information involved, the level of detail in the application of the
assessment framework can be adapted to particular information
needs and data availability, ranging from a coarse scoping of
CDR options to more detailed assessments of selected indicators.
When applying the framework to pilot projects or other national
contexts, the choice of criteria and indicators can be adapted
and specified further according to environmental and societal
conditions and particular information needs. Depending on the
information needed within a specific decision-making context,
categories of the framework can be prioritized over others.
For instance, some indicators could be set as a minimum
requirement, and the full assessment will only be carried out if
these indicators have been fulfilled (e.g., only if removal potential
is deemed to be high enough). Thereby, the traffic light system
can help identify trends in indicators, expected impacts and
related trade-offs and synergies with particular relevance for
informing decision making. However, further in-depth analysis
might be required in order to enhance the accuracy and thereby
the credibility of such findings for informing decision making.

Informing decision-making processes is a dynamic process,
which requires different levels of detail of information at different
points in time. Therefore, defining the information needed and
the level of detail of the assessment should be part of an iterative
science-policy process. While this can help to reduce complexity
and resource needs for conducting the assessment, the framework
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allows for keeping track of outstanding knowledge gaps for
achieving a comprehensive assessment of CDR options. Keeping
track of criteria and indicators that might have been overlooked
in more technical assessments can also facilitate the inclusion of
more diverse stakeholder perspectives within CDR assessments,
leading to a broader and more comprehensive debate on the
feasibility of CDR options (e.g., stakeholder perspectives on social
acceptance). As such, the framework is flexible in its application
as a tool for guiding the design of comprehensive assessment
processes of CDR options.

However, the assessment framework has its limitations in
particular in understanding systemic implications, trade-offs
and synergies between the assessed criteria, effects related to
the upscaling of potential CDR options, and indirect impacts
within and outside the national boundaries (e.g., so-called
teleconnections). It is important to note that the assessment
outcome does not prescribe conclusions for decision making
on CDR policies or implementation. For example, if societal
acceptance of a CDR option is low and rated as a hurdle to
its implementation, the consequence of this information can
include finding ways to increase its acceptance or abandoning
its implementation altogether. Such conclusions need to be
taken as part of an informed and inclusive decision making
process, which the assessment framework can support but not
replace. Ambiguities are inherent in feasibility assessments and
we hope that the proposed framework can help in making
the processes of navigating opportunities and challenges related
to CDR options more transparent. Furthermore, the presented
assessment framework is not a panacea, decision makers and
actors involved in assessing the feasibility of CDR options
might prefer different assessment approaches and processes. This
has to be taken into account when designing CDR feasibility
assessments with outcomes that ought to generate credible,
relevant, and legitimate information for decision making (Sarkki
etal., 2015).

CONCLUSIONS

Given the tremendous challenges involved in achieving net-
zero carbon emissions at a national scale and the uncertainties
prevailing in the feasibility of CDR options, it is critical to assess
the challenges and opportunities of CDR options with decision-
relevant indicators tailored for specific national contexts. We
believe that the proposed assessment framework for CDR options
can be an appropriate tool to help navigate this process. The
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