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1. Introduction

The recent report by the Intergovernmental Panel on
Climate Change [1] places significant emphasis on
the requirement for carbon dioxide removal (CDR)
to reach climate goals. A promising solution is dir-
ect air capture (DAC) coupled with geological stor-
age of CO, (DACS), which is imperative for bolster-
ing defossilization endeavors. In the most auspicious
scenario DACS has the potential to remove up to 339
Gt CO, between 2020 and 2100, aligning with the
Paris Agreement targets [2]. While technically feas-
ible, DACS still requires significant deployment, with
just 27 in some instances (pilot) plants currently oper-
ational capturing a limited amount of CO, annually
[3].

To effectively scale-up DACS, careful considera-
tion of suitable plant locations is crucial for success-
ful scaling. Recent publications have explored site-
specific technical criteria such as renewable energy
potential, geological CO, storage capacity, exist-
ing CO, transport infrastructure, land and water
consumption as well as the influence of climatic
conditions [4—11].

While these factors are important, it is essential
to consider a broader range of indicators, includ-
ing socioeconomic factors, sustainability assessments,
legal frameworks, and impacts on the national eco-
nomy. Suboptimal outcomes have been observed in
many large-scale projects due to the neglect of these
non-technical factors. One example is the failure of
the Desertec project which showed how inter alia

© 2024 The Author(s). Published by IOP Publishing Ltd

overlooking non-technical factors can lead to project
failure [12-14].

Recognizing this, we propose an interdisciplinary
approach that ascertains DACS site suitability by
integrating technical, economic, sociopolitical, legal,
and environmental factors. Moreover, the paper
explores the intersection of law and policy instru-
ments, identifying specific policies and regulations
that can facilitate the implementation of these cri-
teria for setting up future DACS projects. By doing
so, this paper aims to guide micro- and macroeco-
nomic decision-making processes related to DACS
scale-up and roll-out, enabling governments to integ-
rate DACS technology into climate strategies success-
fully and investors to identify productive business
opportunities.

2. Key criteria for evaluating DACS sites

In the following, we present essential criteria for
conducting a multi-criteria based DACS project site
assessment. For this, we assume that both DAC
technology and underground CO, storage techno-
logy are already technically feasible. These criteria
are designed to assist project developers in selecting
an optimal site for implementing a DACS plant to
achieve CDR. The project developer’s perspective is
chosen because they should ideally consider the per-
spectives of all relevant stakeholders in their decision-
making process. The specific conditions of each site
will determine the appropriate DAC technology, stor-
age medium, and project size, such as capacity. When
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compiling these criteria, stakeholders who may be
affected by or have a role in DACS implementation
were considered. Eleven distinct stakeholder groups
were identified, and their potential involvement in the
siting of DACS was evaluated (please compare [15]).
A comprehensive list of 73 distinct criteria for DACS
site assessment is developed and provided on [15].
This compilation was based on an extensive review
of literature and input from experts in various dis-
ciplines, ensuring the inclusion of diverse stakeholder
perspectives. It is important to note that while this
list expands upon existing academic and policy liter-
ature, it may not be exhaustive it is furthermore not
possible to always differentiate between the criteria
clearly as they impact each other. Figure 1 provides an
aggregated version of the criteria that might be con-
sidered when selecting potential DACS sites. These
key criteria are divided into five main groups, and the
respective numbers in the full list provided in [15] are
indicated in brackets in figure 1.

In ‘Category 1’, technical facets related to capture,
transportation, storage, and availability of resources
decide the site of the project. ‘Category 2’ encom-
passes economic aspects, which include carbon pri-
cing and market dynamics. Social, organizational,
and normative elements, for instance, stability in gov-
ernance and legal certainty are evaluated in ‘Category
3. ‘Category 4’ reviews potential harm to the envir-
onment, changes in land use and unintended impacts
on air quality, and climate. ‘Category 5 reflects upon
local conditions, societal perception, and effective
strategies for stakeholder engagement.

The next section discusses how individual criteria
may be particularly applicable to certain stakeholders
and specific decisions.

3. Hypothetical site assessment for DACS

The importance of individual criteria can vary
depending on the perspective of stakeholders. To
demonstrate this, two hypothetical instances are
presented to emphasize the importance of key cri-
teria. In Instance A, a government of a medium-sized
nation in terms of territory with densely popu-
lated regions, strong economic growth, and ambi-
tious climate goals must determine how to integ-
rate DACS technology into its climate strategy and
whether to prioritize domestic or international imple-
mentation. The following criteria (please compare
the numbers in [15]) may be of utmost importance
in this decision-making process. From the ‘Climate,
Energy, and Infrastructure Requirements’ category,
the ‘availability of renewable energy’ (criteria 2—
4) is crucial due to the limited space for domestic
implementation. Furthermore, assuring good ‘per-
formance’ of DAC is vital to this case (criteria 1).
From the ‘Financial and Economic Considerations’
the government might prioritize sites that maxim-
ize domestic economic benefits (criteria 34) or have
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the best cost-benefit from a welfare perspective (cri-
teria 33). In terms of ‘Political, Legal and Institutional
Readiness’, the government could focus on criteria
such as legal readiness (criteria 62), functioning
administrative structures (criteria 63) and human
rights compliance (criteria 64), as well as political
support and existing international cooperation for
the implementation of DACS. From ‘Environmental
Factors and Climate Impact, criteria regarding the
net reduction in global warming (criteria 65) and
preventing trade-offs in other environmental impacts
(criteria 36-38, 66—71) in densely populated areas
might be vital. Lastly, in relation to ‘Public Attitudes,
Perception, and Acceptance), criteria focusing on risk
and benefit perceptions (criteria 41-46), communic-
ation strategies (criteria 49), increasing trust (criteria
50-52) and climate change awareness (criteria 56—57)
could be prioritized.

In Instance B, a global investor is seeking new
business opportunities and intends to maximize rev-
enue. The following criteria might be paramount to
this investor’s decision-making. From the ‘Climate,
Energy, and Infrastructure Requirements’ category,
the availability of infrastructure or planned devel-
opment at potential project sites (criteria 7 and 8)
is vital for successful implementation as well as the
‘availability of renewable energy’ (criteria 2—4). From
‘Financial and Economic Considerations), criteria rel-
evant to market potential, returns on investment,
and the profitability of chosen DACS projects may
be prioritized (criteria 18-31, for example). In terms
of ‘Political, Legal and Institutional Readiness) the
investor could focus on criteria that promise an
optimal cost-benefit ratio and low investment risk,
such as existing economic incentive schemes (cri-
teria 60), a functioning legal system (criteria 61)
that provides legal certainty and effective administrat-
ive structures (criteria 63). Within ‘Environmental
Factors and Climate Impact, environmental criteria
related to dynamics of the carbon market and reg-
ulatory compliance also including other environ-
mental impacts might be prioritized. From ‘Public
Attitudes, Perception, and Acceptance’, focus on risk
and benefit perception (criteria 41-46), communica-
tion and trust building (criteria 49-51), communit-
ies with favorable demographics (criteria 52-55) and
emphasis on renewables (criteria 58-59) are key to
ensure a positive reception and market potential for
the projects of the investor.

These examples demonstrate how different stake-
holders and decision-making contexts prioritize vari-
ous factors within the multi-factor criteria set for
DACS siting. The decision-making process involves
multiple criteria, and the significance of each one
can differ depending on the stakeholders’ roles and
the specific goals at hand. This variation can lead
to inherent conflicts during site selection. By using
the key criteria set, legislators can better anticip-
ate the interests of relevant stakeholders, establish
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1) Climate, Energy and Infrastructure Requirem%

impact on performance (1)

Renewable energy and

Prevailing climatic conditions
Infrastructure needs (6-8, 25)

resource availability (2-5)

Storage and reservoir

\ characteristics (9-12) j

/2) Financial and Economic Considerations\

Costs in the context of capital and operational
expenditure (infrastructure, transport, labor,
manufacturing, land, raw materials & energy) (18-24)

General economic factors of the destination
location/country (25-28,60)

Economic and financial outcome for
region (tax income, employment
effects, local content effects, regional

@over effects) (33-35) /
ﬂ) Environmental Factors and Climate Impam

Potential environmental damages (global warming
reduction potential, acidification, ecotoxicity, human
toxicity) (32,65-71)

Land use change and water scarcity considerations
(72,73)

(i

Unintended climate effects Y
(perturbation of atmospheric radiative
budget, hydrological cycle and extreme ~—

\ events) (39,40) /

Air quality (levels of air pollutants) (36-38)

the full list with respective criteria numbers please refer to [15]).

3) Political, Legal and Institutional ReadinesA

Impact of government (governance stability, business-
friendliness of host governments and local public
authorities) (27,30,60)

Social conditions / living standard in the region/country
(31,64)

Legal and institutional frameworks for business activities
(29, 60-64)

Lobbying, networking activities, and

K existing social networks (13-17)

/5) Public Attitude, Perception, and AcceptancA

Perceptions (perceived costs, benefits and risk, negative
image considerations e.g., perceived tampering with
nature) (41-46)
Communication and attitudes (trust, open
communication, attitude towards the technology) (47-52)

Demographics (age, education, gender)

Problem awareness (knowledge and

perception of climate change, moral O

Figure 1. Direct air capture and storage key criteria set with five aggregated categories and the respective criteria in brackets (*for

@)
leigation and moral hazards, relationship F?%’y

to renewables) (56-59)

appropriate incentives, and avoid imposing disin-
centives. This proactive approach not only helps
prevent conflicts but also provides clear pathways
for resolving any disagreements that may arise. The
section below explores the possibilities of incorpor-
ating these multi-factor criteria set into laws and
regulations.

The development of weighting schemes for dif-
ferent stakeholder in specific decision contexts is
not part of this perspective and remains for future
research.

4. Regulatory framework for DACS:
incorporating multi-factor siting criteria

The following political and legal actions can contrib-
ute to facilitating the rapid and large-scale deploy-
ment of DACS, particularly when informed by the
developed key criteria setmulti-factor criteria set for
siting.

General political and legal commitments for
DACS. Governments can adopt policy strategies and
plans that articulate their view on the role of CDR in
national climate policies. Setting quantitative targets
demonstrates a country’s commitment to utilize CDR
and provides a framework for assessing potential
market options for investors.

Spatial governance promoting optimal siting.
Integrating the assessment criteria into spatial plan-
ning strategies can help to identify suitable areas
for DACS deployment. Governments can strategically
assess their DACS demands and suitability of territor-
ies using the key criteria, mapping out target or prior-
ity areas. This would involve coordinating with other
sectoral spatial planning activities. If suitable areas
within a country are limited, international negoti-
ations for cooperative DACS development could be
pursued.

Positive price signals. Governments can influ-
ence the economic viability of DACS operations by
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establishing price signals through financial support
and market regulations. Applying consistent tech-
nical standards and institutional frameworks contrib-
utes to market credibility. Mandatory carbon trading
systems, like the examples in the European Union and
California [16], can be based on specific elements to
incentivize DACS operations.

Specific laws governing the permission of DACS
operations. The construction and operation of
DACS plants require compliance with various laws
and regulations, including planning and building
regulations, water and soil conservation laws, and
environmental impact assessments. Governments
can expedite procedures by adopting clear permis-
sion requirements specific to DACS. Additionally,
regulations surrounding the transport of CO, may
need to be developed or harmonized to ensure effi-
cient and safe transport. While specific regulation for
DACS siting, construction, and operation may still be
underdeveloped, many countries have made progress
in adopting or developing legislation for CO, storage,
which governs the storage of larger quantities of CO,
[17,18].

These political and legal actions, when guided by
the key criteria for DACS siting, can create favorable
conditions for rolling out DACS projects. Two addi-
tional factors must be taken into account: the tim-
ing of actions and the involvement of various stake-
holders in the legislative process. If regulations are
implemented too early or too late, they can create dis-
incentives. For example, introducing financial incent-
ives for investing in DACS before the energy sys-
tem is sufficiently decarbonized could result in higher
cumulative emissions. To prevent or address conflicts
early on, it is crucial to establish stakeholder consulta-
tion processes. This engagement can help ensure that
large-scale projects move forward without unneces-
sary delays or failures.

5. Conclusions and policy
recommendations

The multi-factor criteria set and its hypothetical
applications discussed in this perspective showed
that a vast number of criteria have an impact on
optimal DACS siting. It is therefore important to
have the developed multi-factor siting criteria at hand
when choosing a project’s site and setting up polit-
ical and legal conditions to facilitate the deployment
of DACS. Several policy recommendations with a
focus on siting can support the successful imple-
mentation of DACS and increase the attractiveness
of a site for a DACS project. Firstly, explicit com-
mitments to DACS should be outlined by govern-
ments. This can be achieved through the adoption
of policy strategies that clearly articulate the role
of CDR in national climate policies and the setting

F Harzendorf et al

of quantifiable targets to attract potential investors.
Robust spatial governance is necessary and may also
include international negotiations for collaborative
DACS development. Establishing legal frameworks
specific to DACS operations is crucial. Governments
should streamline processes by implementing DACS-
specific permission requirements and consider har-
monizing regulations surrounding CO, transport for
a more efficient and safer transfer process. While
this paper provides key criteria for DACS site assess-
ment, future research could focus on the practical
implementation of these criteria in real-life contexts
including the development of weighting schemes.
Analyzing barriers and potential solutions for wide-
scale DACS adoption and studying socio-political
dynamics and public sentiment towards DACS glob-
ally could provide valuable insights for more effective
engagement strategies.
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