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Like other hard-to-abate sectors, the cement and concrete industry is facing growing
pressure to reduce CO2 emissions. In this context, the carbonation of minerals or industrial
wastes with CO2 (CO2mineralization) is attracting growing interest in research and industry
as well as among policy makers. Despite their technical feasibility, few of these innovative
carbon capture and utilization (CCU) technologies have so far reached the
commercialization stage. Due to their low maturity and potentially higher market prices,
these technologies presently require policy support in order to realize their full sustainability
potentials. This paper elucidates which policies are considered appropriate, in the
literature, for fostering the further development and implementation of CCU
technologies and thus achieving the sustainability potential of CO2 mineralization
applications. First, we performed a meta-analysis of recent literature in order to identify
policies and measures that potentially represent barriers or incentives to the development
and deployment of CO2 mineralization technologies, and categorized them as technology-
push or market-pull policies. As a second step, we conducted an online survey of policy-
making priorities among experts in the field. This identified numerous relevant policies, of
which the majority are market-oriented. While most existing market-pull policies do
currently not support CCU technologies and would require adaptation to do so,
technology-push policies already provide support for their development. However,
while the need for technology-push support in the early development phases is still
continued, the broad spectrum of market-pull policies that are considered relevant shows
that a shifting focus of policy support is required to better address the current state of
development of CO2 mineralization technologies and their upcoming market entry.

Keywords: CCU carbon capture and utilisation, CCS, carbon capture and sequestration, CCUS carbon capture,
utilization and storage, mineralisation, carbonatisation, policy

INTRODUCTION

Cement is among the most used substances on Earth (IEA, 2019). Since 2014, global cement
production has remained consistently high at around 4 Gt per year (IEA, 2020), accounting for
approximately 7 percent of annual global anthropogenic CO2 emissions (IEA, 2020; Le Quéré et al.,
2018). Thus, the cement industry is facing the urgent necessity to reduce CO2 emissions in order to
meet national and international climate goals, and, as a consequence, to remain competitive in the
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future. Therefore, ambitious agendas and strategies are being
developed to secure the future viability of the sector, such as the
Carbon Neutrality Roadmap published by the European Cement
Association (Cembureau, 2020a) and HeidelbergCement’s
“Beyond 2020” strategy (Beumelburg, 2020). In this context,
the carbonation of minerals or industrial wastes with CO2 is
attracting growing interest in research and industry as well as
among policy makers (Schlögl et al., 2018; Sanna et al., 2014). In
such “carbonation” or “mineralization” processes, CO2 is reacted
with virgin minerals or certain types of industrial waste to form a
solid carbonate, resulting in an effectively permanent means of
sequestering CO2 (SCOT project, 2016; Sandalow et al., 2017). In
addition to their possible contribution to reducing the carbon
footprint of the construction sector, CCU technologies can create
value-added products in the form of cement-like construction
materials, such as cementitious materials, aggregates, and
concrete (Hendriks et al., 2013; IEA, 2019). Thus, they may
provide additional or more economical options for the
industry’s emission reduction strategies.

CO2 mineralization pathways are considered a promising
carbon capture and utilization (CCU) technology. These
technologies aim to utilize carbon dioxide captured from
sources—such as industrial point sources, direct air capture, or
byproducts from chemical processes—in the production of
valuable goods such as plastics, fuels, or construction materials.
The aim of most CCU technologies is to replace carbon from fossil
resources and thus reduce emissions and the use of fossil resources
(Aresta and Dibenedetto, 2010; Styring et al., 2011; Zero Emissions
Platform 2013; IASS, 2016; Group of Chief Scientific Advisors,
2018). The expected benefits of CCU pathways differ widely
between applications and depend on many factors. Therefore,
they need to be monitored and assessed individually (von der
Assen et al., 2013). The development and deployment of CO2

carbonation technologies is expected to not only contribute to
achieving Europe’s aims for decreasing overall carbon emissions,
but to also foster transitioning towards a circular economy under
certain conditions (European Circular Economy Stakeholder

Platform, 2018; Cembureau, 2020b) In addition to representing
a potential sink for CO2, mineral carbonation of certain sorts of
waste has the ability to support ambitions to reduce landfilling
(Wilson et al., 2016).

CO2 Mineralization Pathways
CO2 mineralization technologies can be grouped according to their
input materials as well as their implementation along the value
chain. In currently discussed pathways CO2 is either reacted with
selectedminerals or certain types of industrial wastes (Figure 1, left)
or is used during the curing (i.e., hardening) of conventional
concrete (CO2 curing of concrete) (Figure 1, right) to form a
solid carbonate that permanently stores CO2 (SCOT project 2016).
These processes can lead to marketable CO2-derived products for
the construction industry, such as cement additives (supplementary
cementitious materials, SCM), synthetic aggregates and CO2-cured
concrete (Hendriks et al., 2013), resulting in low-emission building
materials (i.e., cement, aggregates and concrete).

Processes using virgin minerals or industrial wastes mainly
consider calcium or magnesium-rich silicates as well as steel slag,
cement-kiln dust and fly ash as feedstocks (Sanna et al., 2014).
During the reaction, silica is produced as a byproduct, which
makes the carbonated material usable as a cement additive, thus
reducing the amount of cement that needs to be produced
(Ostovari et al., 2020; Kremer et al., 2019). However, although
carbonation products are foreseen as a cement replacement, it
must be recognized that cement is a highly standardized product
with restrictions on the content of certain trace metals. Hence
another usage with less stringent compositional specifications is
aggregates, which has been demonstrated at scale (Carbon8,
2020). Both cement and aggregate (together with water) are
used in the production of concrete. Concrete can be used in
pre-cast products or else produced in ready-mixed form, which is
transported in trucks and set on site (IEA, 2019). Concrete gains
its strength as its constituents bind together during the curing
stage. In this step CO2 can be introduced and reacts with alkaline
Earth metal oxides (e.g., calcium oxide) present in cement to form

FIGURE 1 | CO2 mineralization concepts in the cement and construction industry. (A): Carbonation of minerals or wastes (B): CO2 curing of concrete.
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stabile carbonates (Shao, 2014). CO2 can be either introduced
when mixing the concrete on site or, in the case of pre-cast
production, in curing chambers. Some methods of CO2

mineralization require less cement in the final concrete
mixture, thereby reducing CO2 emissions from cement
production. When using industrial wastes as feedstocks for
carbonation, an additional outcome is the diversion of
otherwise landfilled material. Therefore, converting waste
materials into products for the construction sector creates
economic benefits not only in terms of the value of the new
products but also by avoiding landfill costs (Sandalow et al.,
2017). Additionally, due to increasing restrictions on mining
activities and the depletion of quality aggregate sources close
to urban areas, pressures on natural aggregate resources have
increased globally (Krausmann et al., 2018). Thus, producing
CO2-based aggregates from waste-stream feedstocks may help
alleviate this pressure by reducing the extraction of virgin
materials (Turnau et al., 2019).

Aim and Scope of This Paper
Some carbonation technologies are already technologically feasible,
and many could be scaled up (IEA, 2019). Nevertheless, very few
carbonation products are currently commercially available, such as
for instance the aggregate manufactured by the United Kingdom
company Carbon8 (Carbon8, 2020). Others have not reached the
commercialization stage, or have not yet entered the market
despite being considered among the most mature CCU
technologies (Zimmermann and Kant, 2016; Sandalow et al.,
2017). Public support may be a decisive factor for
implementing CCU technologies (or at least accelerating their
advancement), otherwise their market entry is likely to be inhibited
by anticipated higher costs relative to conventional benchmark
products (Wilson et al., 2016; Sandalow et al., 2017). Thus, the
subsequent pathways of these technologies might be significantly
altered when accompanied by strategic political action (ICEF, CO2
Sciences and The Global CO2 Initiative, 2016). Therefore, this
paper focuses on the relevant political framework conditions which
could have an impact on CCU technologies, specifically in the field
of mineralization.

To better understand why—despite proven technical
feasibility—few CO2 mineralization technologies have so far
reached the commercialization stage, this paper aims to clarify
which policies are considered relevant to furthering their
development and implementation and, thus, which policies
might prove effective in unfolding the sustainable potential of
such technologies.

ASSESSMENT

To elaborate on policy requirements for the market entry of CO2-
mineralization technologies, this article presents the results of a
two-step analysis. First, we performed a meta-analysis of recent
policy reports on CCU, to identify and structure the policy
measures that are considered to be potential barriers or
incentives for the development and deployment of CO2

carbonation technologies. We also conducted an expert survey,

to complement the findings of the literature review and allow for
well-founded recommendations and conclusions on the policy
framework necessary to foster the development and sustainable
implementation of mineralization technologies.

Methods
Literature Review
As suitable material to gain insights on the perceived relevance of
policy measures for CO2 mineralization technologies, we selected
science-based reports about CCU intended for a non-scientific
audience, usually targeting policy- and decision makers (“policy
reports”). To match the particular focus of this paper, we chose
not to include scientific papers covering technical aspects of CO2

mineralization processes, since they usually lack comment on
relevant policies but instead focus on specific aspects of individual
technical pathways. As an exception, the search included
scientific papers that explicitly cover policy aspects. In order to
reflect the most current policy developments, only reports that
were published between 2010 and 2020 were selected. With
regard to the spatial references of the relevant literature, such
as the European Union or the United States, which are relevant
for policy making, we did not limit the eligibility, reflecting our
aim of including as many potential policy options as possible1.

Using these criteria, we conducted a Google search of the most
common designations for CCU technologies [CCU; carbon capture
and utili [s/z]ation; CCUS; carbon capture, utili [s/z]ation and
storage; CDR; carbon dioxide recycling; CDU; carbon dioxide
reuse; CO2 utilization] in combination with the more specific
keywords [mineralization; carbonation; policy; legislation] and
screened the results for relevant matches. The same search
protocol was used in Google Scholar to identify relevant scientific
papers. Overall, this first search identified 20 policy papers and one
scientific paper as relevant. To verify the search results and add
additional value to the sample, a second researcher conducted an
additional independent search using the same parameters. This
provided another five policy reports2. The final overall sample of 26
publications does not claim completeness; nevertheless, the two
independent scanning processes and the resulting sample provide a
sufficient degree of comprehensiveness for the purposes of this
paper (for a separate list, please see additional materials).

Online Expert Survey
Additionally, we conducted an online survey of experts in the
field of CO2 mineralization, concerning their opinions on
relevant policy measures. The survey formed part of a larger,
multi-criteria decision analysis that is currently under
review3.The survey addressed key stakeholders from the

1The methodology acknowledges that this paper does not aim to fully assess the
current policy situation in a specific region, which would require locational
constraints and associated filtering of the relevant literature
2The first literature research was conducted between November 2019 and January
2020, the additional search was undertaken in april 2020
3Till Strunge, Henriette Naims, Hesam Ostovari, Barbara Olfe-Kräutlein n.d.
“Priorities for supporting emission reduction technologies in the cement
sector—A multi-criteria decision analysis of CO2 mineralisation” submitted to
Journal of Cleaner Production on June 7th, 2021
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established industry (e.g., cement producers and other established
industry, start-ups, academia and non-governmental
organizations (NGO), who are active in the field in various
ways. The surveyed experts were first identified from the IASS
contact database, which has been created over several years in
context of dialogue events on CO2 utilization technologies and
therefore includes a large range of experts and involved
stakeholders in the field. In a second step, the contacts
compiled in this way were supplemented with further possible
participants by the members of the CO2MIN4 project
consortium. A pretest was conducted with three experts from
the consortium in order to ensure the comprehensibility and
functionality of the survey Consequently, 105 experts were
invited to take part in the survey. A final sample of 19 experts
from different stakeholder group affiliations5 completed the
survey between November 2019 and February 2020.

In the survey, the participants were asked to prioritize given
policy measures in terms of fostering CO2 carbonation
technologies in the construction sector. The research
methodology employed the analytical hierarchy process (AHP)
(Saaty, 1980; Saaty, 2008; Munda, 2016; De Montis et al., 2005;
Diakoulaki et al., 2005). AHP is a well-established method that
asks participants to compare different options, in this case
different policy measures, in a pair-wise manner. As a result,
priority scales for decision-making processes, in this case with
regard to the relevance of policies, are derived. The importance of
each policy is displayed as a percentage, with the overall sum of all
factors being 100% (Saaty, 1980).

Classification of Relevant Policies
With regard to CO2 mineralization, just as for other technology
innovations, supporting policies can be allocated in three
functional areas, namely support for early development;
incentives; and guidance for deployment and market regulation
(Castillo-Castillo and Angelis-Dimakis, 2017). Within these
functional areas, governments and funding agencies can address
technology innovation through different approaches that,
according to their objectives, can be differentiated as
“technology-push” or “market-pull” (Horbach et al., 2012).
Technology-push policies are measures that stimulate
technological development by fostering research, demonstration
projects, and deployment via funding and/or other incentives for
early development (Hendriks et al., 2013). In contrast, market-pull
policies aim to create or increase market demand for a product or
service. Market-pull policies include market-based instruments
(MBIs) and command-and-control (CAC) measures. MBIs
encourage innovation through market signals by providing
economic incentives (Ecorys, 2011; European Commission,
2009; Hendriks et al., 2013). Such policy options are manifold

and comprise instruments based on price and quantity as well as
information-based measures. Examples of price-based instruments
include tax credits or subsidies, while quota- or carbon-trading
schemes, such as the European Emissions Trading System (ETS),
are quantity-driven measures. Informational policy tools refer to
the disclosure of certain information and can include product
labelling or voluntary certification systems (Ecorys 2011). CAC
policies, or regulatory instruments, are orders backed by the force
of law, whereby non-compliance is penalized. Public authorities
may mandate a certain performance to be achieved or technologies
to be used. Standard settings or banning products from the market
are examples of such policies (Stavins, 2000; Hendriks et al., 2013).

In the following section, policies that are considered relevant
for CO2 mineralization technologies in the selected materials are
identified and grouped according to the scheme derived above
(see Figure 2) in order to foster a better understanding of at
which end policies are considered helpful for implementing CO2

mineralization technologies and accelerating their market entry.

Results
Before describing the overall outcomes of the analysis, it must be
mentioned that the literature analysis revealed that most policies
address CCU technologies as a whole and cannot be separated
from relevant policies for CO2 mineralization. Only a few of the
literature sources include specific measures to support CO2

mineralization technologies. Therefore, the first part of this
section reports the identified policy measures that potentially
represent barriers or incentives for the development and
deployment of CCU technologies in general, referring to
aspects of CO2 mineralization whenever applicable. This is
followed by discussion of specific policy measures with
relevance to CO2 mineralization only. Subsequently, the results
of the online survey are discussed.

Literature Analysis
Technology-Push Policies
The analyzed literature reflects the usefulness and necessity of
technology-push measures. Sixteen of the 26 reports on CCU

FIGURE 2 | Classification of policies (e.g., Ecorys, 2011; Groba and
Breitschopf, 2013; Hendriks et al., 2013).

4The project “CO2MIN” (033RC014) investigated the sequestration of CO2 with
simultaneous production of marketable products within the cement industry. The
project ran from June 2017 until December 2020 and was funded by the German
Federal Ministry of Education and Research (BMBF).
5Distribution of stakeholder groups in the sample: academia 7, industry established
7, industry start-up 7, NGO 2
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technologies (see Table 1 for an overview of all policy measures in
the literature) recommend increased funding of research and
development, thereby making this the highest-ranking
technology-push policy (e.g., Group of Chief Scientific
Advisors, 2018; Sandalow et al., 2017). Eleven reports
emphasize the need for more funding for upscaling and
during market implementation of CCU technologies (e.g.,
CarbonNext, 2018; IOGP, 2019). While the literature
frequently calls for additional funding, states and nations
already support CCU technologies during different
development phases. In the European Union, the main push
instruments are the EU framework programs, such as the
previous Framework Programme seven FP7 (European
Commission, n d-a), the current Horizon 2020 program
(European Commission, n d-b), and the upcoming Horizon
Europe program (European Commission, n d-c), as well as
funding made available within the Green Deal (European
Commission, 2019). A total of 61 projects on CCU
technologies were funded during the period 2008–2018 under
FP7 and Horizon 2020 for a total of €243 million (Group of
Chief Scientific Advisors, 2018). The new ETS Innovation Fund
explicitly covers CCU technologies, making further funding
available until 2030 in the European Union. In addition to
European Commission funding, some European Unionmember
states also have their own national funding programs, such as
Germany’s funding measures “CO2MIN” (Jülich, 2017) and
“CO2WIN” (BMBF, 2018). As further technology push options,
ten publications emphasize the need for improvements to
enabling infrastructures, including CO2 and hydrogen (e.g.,
(Zero Emissions Platform, 2017; CCUS Taskforce, 2018).
Technology prizes are mentioned three times as a policy

measure to push CCU technologies (e.g.,IEA, 2019) Such
prizes already exist, such as the European Horizon Prize for
CO2 Reuse (European Commission, n d-d). which awards the
winner 1.5 million euros, and the United States American
X-Prize Carbon, awarding 20 million United States dollars
(X-Prize, n d).

Thus, the main eligible technology-push policies for CCU
technologies, i.e., funding programs, are already in place at present
andwill also be available in the foreseeable future. Therefore, they can
be considered as an important incentive for the further development
of CCU technologies including CO2 mineralization. Nevertheless, for
successful rollout of the available technologies, the analyzed literature
considers the amount of available funding in all development phases
as still inadequate or not sufficiently focused (Hendriks et al., 2013).
Furthermore, barriers to funding applications may be considerable
for small companies or start-ups, and thus limit their access to
funding (Zimmermann and Kant, 2016). This is particularly relevant
for CO2 mineralization projects, since the development of
mineralized construction materials utilizing CO2 presently seems
to be of interest to start-ups (Zimmermann and Kant, 2016)
additional to the interest from major companies such as
HeidelbergCement or Lafarge. Taking this into account, all
mentioned technology-push policy options are generally valid for
CO2 mineralization technologies as much as for all other CCU
applications. The analyzed literature does not consider any specific
relevant technology-push policies with regard to mineralization.

Market-Pull Policies
Market-pull policies aim to create or increase market demand for
a product or service, either through market-based instruments
(MBIs) or command-and-control (CAC) measures.

TABLE 1 | Overview of policy measures in the analyzed reports. Green background: Policy measures that apply only to CO2-mineralization.

Type of measure Sub-classification Supportive measure Mentions

Technology-push — Increased R&D funding 16

— Increased support for upscaling/market implementation 11
— Support for infrastructure, e.g., hydrogen 10

— Technology prizes 3

Market- pull MBI price driven Reducing the cost of capital/financial risks/secure access to financing 8

MBI price driven Tax credits 7

MBI price driven REN price and/or availability 5

MBI quantity driven Credits or government mandate for use of CCU products, blending quotas 6
MBI quantity driven Government procurement 5

MBI quantity driven ETS/carbon price/carbon tax 17
MBI quantity driven ETS MIN specific mineralization 6

MBI voluntary/informational Labelling, decarbonized product mark 9

MBI voluntary/informational Support for LCA 10
CAC Issues of product quality and characteristics/ensure standards 4
CAC Waste Framework Directive/landfill taxes 2

Other relevant measures — RED und REDII, EED (SAM) 4
— End of life regulation/circular approach 3

— Support hydrogen supply/hydrogen price 3
— Establish CCU platform/network 3

— Capacity building 1
— Initiate public dialogue for more acceptance 1

— Promote public private partnership 1
— Reliable policy framework/strategy 11
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Price-Driven MBIs. Among the market-based instruments, the
analyzed literature considers price-driven policies as most
relevant. Eight reports propose reducing the cost of capital or
the financial risks, or else securing access to financing (e.g.,
Bobeck et al., 2019; International Chamber of Commerce
(ICC), 2016). Seven reports support tax credits as a means of
enhancing the market implementation of products made with
CO2 (e.g., Styring et al., 2011; Coddington 2016). Five reports
recommend ensuring the availability of renewable energy at
competitive rates (e.g., Wilson et al., 2016; Whiriskey and
Wolthuys, 2016), At present, no specific price-driven MBIs
can be identified for CO2 mineralization technologies in the
analyzed literature. For all CCU products, price-driven policy
measures might prove particularly relevant, since the lack of
economic competitiveness in CCU products is considered an
obstacle to their rollout (Olfe-Kräutlein et al., 2016).

Quantity-Driven MBIs. Quantity-driven policy instruments are
also considered influential for the market implementation of
CCU technologies. Government mandates or credits for the use
of CO2 based products (e.g., IEA, 2019; ICEF, CO2 Sciences and
The Global CO2 Initiative, 2016) including blending quotas
(Turnau et al., 2019) as well as government procurement
(e.g., CarbonNext, 2018; Sandalow et al., 2017) are
recommended six times and five times respectively in the
analysed reports. Product-blending quotas (i.e., mandatory
use of a certain amount of CCU products or low-emission
products in a certain application) could be useful in helping
CCU products penetrate conventional markets, creating
investment certainty by providing assured demand for those
products, and thus facilitate technological development and
scaling-up and making CCU products more competitive
(Turnau et al., 2019). Since public procurement accounts for
about 16% of GDP across the European Union (European
Commission, 2009), government procurement can play a
decisive role for CCU products, including CO2 mineralization
technologies, by initiating and building new product markets
and by providing early market demand for emerging
technologies (ICEF, CO2 Sciences and The Global CO2
Initiative, 2016; Sandalow et al., 2017). CO2-cured concrete
and CO2-based aggregates are examples of products which
may be included in government procurement guidelines for
construction projects. While quantity-driven MBIs have
already been implemented within the European Union’s
instrument on Green Public Procurement (GPP) with the aim
of facilitating eco-innovation processes (Day, 2005; European
Commission, 2009), products made with CO2 are not currently
eligible for any such scheme. This may be due to their early
development in some cases, but also due to a lack of reliable
knowledge about their ecological implications, and what types of
ecological and societal benefits they might involve (if any). In
contrast, an early example of an upcoming quantity-driven MBI
with relevance for CO2 mineralization is the Buy Clean
California Act (BCCA) in the United States (Department of
General Services, 2020), which aims to create a market for
construction materials (including concrete) with a low CO2

footprint, which might become applicable to CCU products.

CO2 Emission Trading Schemes as Quantity-Driven MBIs. The
role that emission trading schemes, specifically the European
ETS, may play for the market implementation of CCU
technologies has not yet been conclusively clarified. For one
thing, it is assumed that a high CO2 price is beneficial for the
economic attractiveness of CCU technologies, since carbon
pricing can incentivize the capture of CO2 and its use, or sell
it for use in the manufacture of products, given this may be a cost-
effective compliance strategy for emitters (IEA, 2019). Also
relevant is the possibility of direct recognition as a CO2

emission mitigation tool under such schemes. Currently, in the
EU-ETS Monitoring and Reporting Regulation (EC/601/2012,
MRR), captured CO₂ that is used in products must be reported
and thus excludes CCU technologies from being categorized as
emission mitigation tools.

The assessment of policy reports shows the importance
attached to such schemes. Of the 26 analyzed reports, 17 point
to the relevance of the future inclusion of CCU technologies in the
EU-ETS. Only one report generally opposes such inclusion
(Whiriskey and Wolthuys, 2016) Several reports call directly
for some sort of recognition (Hendriks et al., 2013; CO2 Value
Europe, n d), while others at least recommend examining such
options (e.g., (SCOT project, 2016; Turnau et al., 2019). However,
it is evident that application-specific assessment of any resulting
emissions is essential (e.g., CarbonNext 2018).

With regard to the exclusion of CO2 mineralization
applications in the European ETS, some of the most recent
reports reference the Schaefer Kalk ruling (Group of Chief
Scientific Advisors, 2018; Turnau et al., 2019; CO2 Value
Europe, n d). Following the European Court of Justice’s
preliminary ruling in the Schaefer Kalk case in 2017, the ETS
must acknowledge emission reduction through producing
calcium carbonates via CO2 mineralization (IOGP, 2019). The
legal precedent set by this ruling may pave the way for other CO2

mineralization technologies to be recognized in the EU-ETS or in
other emission trading systems, accounting for their ability to
permanently store CO2 (Whiriskey andWolthuys, 2016). Overall,
six reports consider the recognition of mineralization
technologies in the ETS as specifically relevant (e.g., Whiriskey
andWolthuys, 2016;Wilson et al., 2016; Group of Chief Scientific
Advisors, 2018).

Voluntary and Informational MBIs. Voluntary and
informational MBIs imply, for example, the disclosure of
certain product information, and are expressed through
product labelling or voluntary certification systems (Ecorys,
2011). Labels indicating the environmental characteristics or
other beneficial aspects of products can help to create or
increase demand for such products. In the analyzed literature,
nine out of 26 reports consider the introduction of a label for
products made with CO2 as beneficial (e.g., IOGP, 2019; Bobeck
et al., 2019), Strategies to implement a labelling system for CCU
products could either intend to indicate the presence of captured
CO2 in a product or to modify existing labelling schemes, with the
aim of giving credit for the use of CO2 in a way that reduces a
product’s life cycle emissions. Difficulties in labelling CCU
products lay, for example, in the diversity of possible products
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or in differences between intermediate versus end-products
(Sandalow et al., 2017; Olfe-Kräutlein et al., 2016; Turnau
et al., 2019). As a second policy option to foster voluntary
informational MBIs, ten reports recommend supporting the
development of standardized and transparent assessment
methods, such as life cycle assessments (LCA), with a specific
focus and applicability to CCU technologies (e.g., Coddington,
2016; Wilson et al., 2016).

Command and Control Instruments. Command and control
instruments (CAC) are regulatory orders backed by the force
of law, such as emission or product standards. In contrast to the
MBIs described above, CACs are prescriptive in nature. Many
different products that may be produced using CCU technologies
will be subject to different specific CACs. For CO2 mineralization
products, CACs are of particular importance, since construction
materials must typically meet composition-based and
performance-based codes and standards for use (Deolalkar
et al., 2015; European Standard, 2020; Müller, 2012) Such
codes and standards may inhibit or delay adoption of novel
cement or concrete products, as some will not fall under current
composition-based specifications when new feedstocks are used
(e.g., carbonated virgin minerals), even when they meet
performance requirements (Deolalkar et al., 2015; Sandalow
et al., 2017). A change to a system of harmonized
performance-based standards might accelerate the adoption
and acceptance of new, CCU-derived construction materials
(Sandalow et al., 2017; McNutt, 2015).

Reflecting this, four of the analyzed reports support the use of
testing and certification procedures in order to quickly ensure
that new products made with CO2 meet the required standards
(e.g., Sandalow et al., 2017; IEA, 2019). With particular reference
to CO2 mineralization processes, four reports highlight the need
to address issues of product quality and characteristics, and to
ensure that new products meet the relevant standards (e.g.,
GCCSI, 2011; Sandalow et al., 2017).

Policies Specific to Waste-Based Building Materials. Most of the
policy measures evaluated in the literature sample are relevant for
CCU technologies in general, which includes CO2mineralization;
and some reports add or highlight policies that are of specific
relevance to CO2 mineralization. Additionally, the reports
consider two other policy measures as specifically relevant for
waste-based building materials made with CO2, namely the EU
Waste Framework Directive (WFD) and landfill taxes (Turnau
et al., 2019; Castillo-Castillo and Angelis-Dimakis, 2017).

TheWaste Framework Directive (2008/98/EC,WFD) is an EU
CAC instrument. It is particularly important and relevant for
waste-based CO2 mineralization routes, since (in the
United Kingdom, for example) waste streams are already used
as feedstock for manufacturing building materials (Carbon8,
2020) and thus, without modification, the WFD is currently
obstructing the market adoption of such aggregates made with
products from waste incineration (Turnau et al., 2019; Castillo-
Castillo and Angelis-Dimakis, 2017).

The reduction of landfill is an important policy target in many
regions (e.g., (European Environment Agency, 2000). Landfilling

is therefore subject to taxation in several countries within and
beyond the EU, for example Denmark (DIS, n d) Finland
(Sustainable Development Goals Knowledge Platform, n d),
and Australia (NSW Environment Protection Authority, 2020)
The development of waste-based materials made with CO2 may
benefit from such taxes, since they will incur comparatively lower
costs once previously landfilled waste is instead diverted to
mineralization processes. Their scale-up might even provide
opportunities to entirely phase out the landfilling of certain
types of solid wastes, such as steel-sector fines, bauxite, quarry
fines, wood and paper ashes, or metal dust, and stabilizing their
potentially hazardous elements (SCOT project, 2016).

Additional Recommendations. The analyzed reports also
mention several other policy measures with indirect effects on
the development of CCU technologies. For example, four reports
refer to the importance of energy-related policies such as the EU
RED (Renewable Energy Directive) and EED (Energy Efficiency
Directive) (Group of Chief Scientific Advisors, 2018;
CarbonNext, 2018; Turnau et al., 2019), since the
environmental benefits of CCU technologies very often rely on
the abundant supply of energy from renewable sources. Also, the
further advancement of political measures to foster a circular
economy are considered helpful, under the condition that the
potential role of CCU technologies in circular approaches is
clarified (Club CO2, n d; Wilson et al., 2016; Schlögl et al.,
2018). Since hydrogen is used in some CCU applications such
as the production of synthetic fuels, support for greater
production of hydrogen from renewable sources and the
expansion of the required infrastructure is also mentioned as
supportive for CO2 utilization technologies (ICEF, CO2 Sciences
and The Global CO2 Initiative, 2016; Wilson et al., 2016;
CarbonNext, 2018). This has no relevance to mineralization
processes with CO2.

Furthermore, several reports recommend establishing a CCU
platform to enhance exchange among experts (Styring et al., 2011;
Wilson et al., 2016; Schlögl et al., 2018), to support educational
efforts in terms of capacity building (Wilson et al., 2016) and to
foster and initiate a public dialogue to enhance the acceptance of
CO2 utilization (International Chamber of Commerce (ICC),
2016).

Expert Survey Results
The second stage of this study surveyed the opinions of experts in
the field of CO2 mineralization on the issue of market-based
policy instruments derived from the results of the literature
analysis. The online survey included 19 key European
stakeholders from the established industry, start-ups,
academia, and non-governmental organizations (NGOs)6.

6The online survey on policies for CO2 mineralization was undertaken as part of a
larger survey of CO2 mineralization technologies, which is currently under review:
Till Strunge, Henriette Naims, Hesam Ostovari, Barbara Olfe-Kräutlein n.d.
“Priorities for supporting emission reduction technologies in the cement
sector—A multi-criteria decision analysis of CO2 mineralisation” submitted to
Journal of Cleaner Production on June 7th, 2021
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To determine which policies measures are considered
particularly relevant, survey participants were asked to
prioritize the importance of: 1) emission trading systems7 (as
the most important MBI in the literature; seeMarket-Pull Policies
section. b), 2) product labelling and standardization issues as the
visible outcomes of standardized assessments (as required in the
literature; see Market-Pull Policies section. d), 3) the EU Waste
Framework Directive as an important policy measure with regard
to mineralization products that are already available in some
countries (Carbon8, 2020) (see Market-Pull Policies section. f),
and 4) and 5) government procurement and blending quotas as
policy measures that most directly target market implementation
(see Market-Pull Policies section. b).

The survey results show that CCU experts rank governmental
procurement rules for sustainable building material as highly
relevant for the market implementation of CO2 mineralization
products, followed by a set product-blending quota for low-
emission building materials as well as adaptation or price
changes in the EU-ETS system. Although the survey responses
were relatively uniform across all policy options, the Waste
Framework Directive and product labelling and
standardization options were rated as slightly less important
(see Figure 3).

Clustering the results according to stakeholder group
affiliation, the picture is more distinct (see Figure 4). Experts
from academia and established industry regard the EU-ETS as the
major driver for implementation of CO2 mineralization
technologies. In contrast, those affiliated with NGOs and start-
ups expect governmental procurement measures to be the most
effective lever. Additionally, it becomes clear that NGOs foresee
the most effective action as involving product-blending quotas

FIGURE 3 | Prioritization of policy options: individual responses (n � 19).

FIGURE 4 | Prioritization of policy measures: group responses (n � 19, seven academia, two NGO, five industry start-ups, five industry established).

7Since only experts from the European Union were invited to participate in the
study, the “emission trading” category was specified as the EU-ETS.
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and governmental procurement measures (combined priority
score of 85%), while established industry favours almost an
equal mixture of all presented measures to foster change.

Survey participants assigned slightly different weightings to
the given policy measures compared with the original authors of
the reviewed policy reports. Whereas both cases assign similar
relevance to emission trading schemes, measures such as
government procurement and blending quotas are ranking
higher among the interviewed experts. This finding hints to
such measures being considered desirable, with immediate
positive effects on market demand for products made with
CO2, rather than counting on the indirect or long-term effects
of other policy tools.

ACTIONABLE RECOMMENDATIONS

The policies identified from the literature review were categorized
as technology-push or market-pull. In the literature, the relevance
of technology-push policies is evident. However, the literature
tends to focus on just a few instruments. Although several such
instruments are already in place, the references point to
continued demand for measures to support research and
development. With regard to market-pull policies, the
literature shows a broad variety of potentially influential
measures, but with a clear focus on emission trading schemes
and the acknowledged necessity for support in developing reliable
tools for assessing emissions throughout the entire life cycle. The
experts’ expressed priorities underline this, but additionally point
to the expected relevance of government procurement and
blending quotas.

Technology-pull policies already offer support for CCU
technologies and can mostly be considered as
incentives—bearing in mind an expressed need for an increase
in volume and focus. Market-pull policies are considered to have
major potential, for example to overcome the hurdle of higher
costs involved with CCU, but they mostly need to be either
installed or amended in order to provide incentives, rather than
presenting barriers to the further development and deployment of
CCU technologies. This finding points to the need for a change of
perspective in policy making: While there is continued need for
technology-push support in the early development phases, the
broad spectrum of required market-pull policies shows that
policy support measures must have a movable focus in order
to better address the evolving technology readiness levels (TRL)
of CCU technologies, including CO2 mineralization, and their
upcoming market entry.

Thus, in order to support CO2 utilization technologies in
general, including CO2 mineralization, in reaching markets
and unfolding their full sustainable potential, it is
recommended to design policies:

1) on the existing basis of applicable push and pull policies,
which need to be amended to fully cover CCU technologies;

2) in continuation of the technology-push policies already in
place, further extending them to cover CCU applications with
higher TRLs,

3) providing reliable long-term policy frameworks that give
industry actors confidence in deciding on CO2 utilization
pathways,

4) with a shifting focus towards a market-oriented policy mix,
helping tackle barriers to market entry and implementation.

Concerning CO2 mineralization, the relevant specific
frameworks and regulations need to be addressed and adapted
in the same ways as measures intended to support the transition
to a decarbonized industry sector.

DISCUSSION

This study aims to contribute to a better understanding of
why—despite proven technological feasibility—few CO2

mineralization applications yet reached the commercialization
stage. The methodology analyzed the policy conditions deemed
favorable to supporting the development and implementation of
CCU technologies: as described in 26 policy reports from the
recent literature; and also as expressed in an online survey of
expert stakeholders, examining the perceived influences of
technology-push and market-pull policy measures.

The review of the policy literature indicates that numerous
policy measures are regarded as currently or potentially
influential on the further development and deployment of
CCU technologies, including CO2 mineralization technologies.
In some cases, policies are considered as more relevant or only
applicable to (certain) CO2 mineralization applications. With
regard to CO2mineralization, overall, the analysis reveals that, for
the time being, such processes and products face significant
regulatory barriers and a lack of policy support, thereby
hindering or limiting their scale-up and market entry. This
may help explain why—despite their proven technical
feasibility—most of these technologies are yet to be
commercialized. Conversely, various existing policy options
already have the potential to incentivize the deployment of
CO2 mineralization technologies, on condition of some
amendment or clarification in their scope and application. In
that sense, this study provides an overview of suitable measures
available to policy-making in the pursuit of fostering the
sustainability potential of CO2 mineralization technologies.

The need to act in terms of policy making is not only shown by
the many relevant policies that have potential to support the further
development and implementation of CO2 mineralization
technologies. While the increasing technical feasibility of many
mineralization pathways during the last decade can be regarded
as a result of existing support for early development in the field by
technology-push policies, future measures now need to additionally
address their upscaling and market implementation, and do so in a
reliable and continuous manner while assessing their potential
benefits for environment and society. The necessity of a reliable
policy framework as a basis for the development of CCU innovations
is expressed explicitly in eleven of the analyzed policy reports.
Current political strategies and other initiatives (European
Commission, 2020, 2019; Cembureau, 2020a; FAZ.NET, 2021)
have already set the agenda accordingly providing the underlying
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conditions. As most recent development in the European Union, the
“Fit for 55 - package”8, announced in July 2021, outlined new
options, for example the recognition of CO2 mineralization
processes in the ETS (CO2 Value Europe, 2021), which might
offer new incentives for the implementation of CCU technologies
after its final adoption and is thusmapping out a promising pathway
for the future.

Overview of the Analyzed Policy Reports
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Klimaschutz in der Industrie Berlin.

2. Bobeck, Jeffrey; Peace, Janet; Ahmad, FatimaMaria. 2019. Carbon
Utilization: A Vital and Effective Pathway for Decarbonization.
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