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Over the past two years, the European Union, Norway, Iceland, and the UK have increased climate ambition and aggressively pushed forward an agenda to pursue climate neutrality or net-zero emissions by mid-century. This increased ambition, partly the result of the Intergovernmental Panel on Climate Change's landmark findings on limiting global warming to 1.5°C, has also led to a renewed approach to and revitalized debate about the role of carbon capture and storage and carbon dioxide removal. With increasing climate ambition, including a mid-century climate neutrality goal for the whole European Union, the potential role of technological carbon dioxide removal (CDR) is emerging as one of the critical points of debate among NGOs, policymakers, and the private sector. Policymakers are starting to discuss how to incentivize a CDR scale-up. What encompasses the current debate, and how does it relate to CDR technologies' expected role in reaching climate neutrality? This perspective will highlight that policy must fill two gaps: the accounting and the commercialization gap for the near-term development of a comprehensive CDR policy framework. It will shine a light on the current status of negative emission technologies and the role of carbon capture and storage in delivering negative emissions in Europe's decarbonized future. It will also analyze the role of carbon markets, including voluntary markets, as potential incentives while exploring policy pathways for a near-term scale-up.
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INTRODUCTION

Three years ago, the Intergovernmental Panel on Climate Change released its Special Report on 1.5°C, outlining the potential role of CDR in meeting global climate targets in all four of its illustrative scenarios. With the world procrastinating substantial emissions reductions, overshooting global climate targets has become more likely, necessitating the scale-up of CDR technologies to balance out difficult or impossible-to-reduce emissions in sectors like aviation and agriculture on the pathway to net-zero, and eventually draw down historical emissions. Europe's vision for climate neutrality1 was first presented in “A Clean Planet for All” communication in 2018 (European Commission, 2018a) and became the foundation of the European Green Deal a year later (European Commission, 2019). To pave the way toward climate neutrality by 2050, the EU raised its 2030 climate target in the recent Climate Law (European Commission, 2021b), with the Fit for 55 package laying the groundwork for its implementation.

Policy is needed to enable at scale deployment of technological CDR for three key reasons. First, little progress toward reducing emissions increases the likelihood of the need for CDR. Second, technology innovation experience has shown that it will take decades to make these technologies available at scale. Third, increased climate ambition in the near term means CDR will need to be scaled sooner. Drawing up CDR policy today would bolster the EU's position as a climate leader. Moreover, by enabling early investment in technological CDR solutions and thereby progressing commercialization and lowering the cost of these technologies, EU policy can support global access to CDR in the long term.

For successful deployment of CDR technologies, the policy must fill two gaps: the commercialization and the accounting gap, as currently, the EU policy only aims to enable a few demonstration projects. The commercialization gap is the gap between a few demonstration projects and at-scale deployment with technologies able to be deployed by climate policy, such as the EU Emissions Trading System (EU ETS) only. The commercialization gap needs to be filled by policy enabling (1) cost reductions (2) CO2 transport and storage infrastructure (3) access to affordable financing and (4) compressing deployment timelines, to enable a large scale-deployment of CDR technologies (Nagabhushan et al., 2021). Addressing the accounting gap is critical to demonstrate that actual CDR is delivered and because incentive mechanisms can only be designed for quantifiable CDR approaches (Tamme, 2021).

The paper concludes that the EU provides a promising comprehensive climate policy framework where CDR is already included in some areas. These policies are likely to be able to drive CDR deployment once the technologies are commercialized via a technology-specific innovation policy. Thus, more must be done to ensure accurate accounting and that the technologies are commercialized in time to deliver on climate ambition.



DEFINING CARBON DIOXIDE REMOVAL

The IPCC defines CDR as anthropogenic activities removing CO2 from the atmosphere and durably2 storing it in geological, terrestrial, or ocean reservoirs, or in products3 (IPCC, 2018). Tanzer and Ramírez have pointed out a high variance in how existing literature interprets CDR, and suggest a list of four criteria to determine whether a climate solution or technology can deliver greenhouse gas removal4 (Tanzer and Ramírez, 2019).

CDR can be achieved through natural and technological approaches, ranging from biomass, soils, and oceans to storage in deep geological formations. Specific approaches like biochar and bioenergy with carbon capture and storage (BECCS) can be considered a mix of natural and technological approaches. Some approaches use biomass to draw CO2 from the air; others like direct air capture with carbon storage (DACCS) and enhanced weathering remove CO2 directly from the air. While some models, such as the illustrative P1 of the IPCC 1.5 degree report (IPCC, 2018), show that climate goals may be achieved without technological CDR options, the limited progress in making substantial emissions reductions and the challenges each solution faces suggests that a mix of CDR options will be needed.

Technological CDR approaches which rely on geologic CO2 storage include three steps: (1) CO2 is captured from the atmosphere, either directly or through biomass, (2) the CO2 is compressed and transported to the location of geologic storage, and (3) CO2 is injected to geologic formations for safe and permanent storage.

This perspective focuses mainly on the technological approaches of CDR—BECCS, and DACCS—in the context of the policy design under the European Green Deal.



THE EMERGING DEBATE ON THE ROLE OF CARBON DIOXIDE REMOVAL

The climate neutrality vision proposed in the European Green Deal and adopted in the Climate Law has substantially increased the interest in CDR. The indispensable role of CDR in achieving climate neutrality in Europe and potentially net negative emissions thereafter has led countries, corporations, cities, and regions to learn more about a range of CDR approaches, including BECCS and DACCS.

Stakeholders have voiced concerns that if emission reductions are not prioritized, CDR as a flexibility mechanism in getting to net-zero could delay climate action and water down the mitigation ambition (Carton et al., 2020). There is no common understanding of CDR's role and at least three different rationales are frequently put forward for considering CDR in public policy: (a) balancing out residual emissions from effectively-impossible-to-decarbonize sectors (like agriculture) for achieving a permanent steady state of net-zero emissions, (b) temporarily balancing out residual emissions from hard-to-decarbonize sectors (like construction, heavy industry, and heavy transport), while solutions for these sectors are being developed and just transformations with job-transitions are taking place, and/or (c) to return to historical CO2 concentrations through a phase of global net-negative emissions after achievement of complete decarbonization (Honegger et al., 2021b).

While it is widely accepted and evident from all mid-century net-zero pathways that emission reductions will need to be strongly prioritized over CDR, it is also clear that it takes time and effort to develop new policies and scale up removals as needed. Moreover, more research and consultations will be needed to understand the socio-environmental impacts of CDR technologies, particularly in a sustainable development context. Research has shown that even a portfolio approach of CDR options might still have potentially negative implications for SDGs. Early recognition of tradeoffs and lessons learned from other technology scale-ups need to be integrated into governance and policy frameworks, and future-oriented policy must aim to minimize negative interference of technology ambition with the achievement of the SDGs, and be designed to enhance them (Honegger et al., 2021a). To conclude, policy needs to reflect both the pressing need to deliver near-term reductions and carefully govern socio-environmental impacts, while also preparing the innovation landscape for delivering CDRs in the medium-to-long term.

Currently, the slowly emerging policy debate evidences no definitive agreement, neither on the role of CDR technologies nor the necessary scale of CDR. While discussions among policymakers are yet to delve deeper into this topic and have to find consensus, the research community has kickstarted their analysis, and suggested specific thresholds and considerations for setting separate emission reduction and CDR targets (McLaren et al., 2019; Geden and Schenuit, 2020).



THE ROLE OF CDR IN CLIMATE NEUTRALITY: STATUS AND POLICY

The European Commission has stated that “In the long run, DACCS has a real potential for technological development and could become the predominant technological option to remove CO2 from the atmosphere in an energy system dominated by cheap renewable energy and batteries” (European Commission, 2018b). Indeed, CDR technologies such as DACCS are expected to deliver significant emissions reductions on the road to climate neutrality in the European Union and globally.

On the international level, the International Energy Agency's Net-Zero Scenario, a total of 2.4 Gt CO2 is captured in 2050 from the atmosphere through bioenergy with CO2 capture and DACCS, of which 1.9 GtCO2 is permanently stored and 0.5 Gt CO2 is used to provide synthetic fuels in particular for aviation (IEA, 2021). In the IPCC's illustrative scenarios, cumulative technological CDR until 2100 ranges from 151 GT in P2 to 1191 GT in P4 (IPCC, 2018).

For Europe, while there is a lack of comprehensive and technology-inclusive scenarios, the scenarios analyzed in the EU's communication include up to around 250 mtpa of CO2 being removed via DACCS and BECCS in 2050 across various scenarios (European Commission, 2018b).

With regards to technological CDR, the agenda is often aligned with carbon capture and storage technologies. However, there is no single DACCS facility operating at scale5 today, and just one in planning in the United States. There are about ten or so direct air capture pilot and demonstration plants across Europe, mostly demonstrating the Climeworks technology, with a total of 15 facilities operating globally (IEA, 2020). Other examples include the Carbfix project in Iceland, the only DACCS facility that stores the CO2 underground. Climeworks also launched its 4000 tons/year Orca facility in September 2021 in Iceland (Carbfix, 2021).

Regarding BECCS, while there are several projects underway in Europe (Carbon180, 2021), including waste-to-energy plants, the Decatur Illinois BECCS facility in the United States is the only one currently operating at scale. In Europe, Drax's bio-energy CCS power station in the UK is currently in early development. The development of pilot facilities is promising, but now the technologies need to bridge the gap to at-scale deployment. This includes the pressing need to reduce costs.

While the scientific case for scaling CDR technologies is clear, there are three reasons why policy needs to support a near-term, at-scale deployment of CDR facilities, which lays out the case for filling the commercialization and accounting gaps.

First, there is a general misconception that there is sufficient time to test current, widely-adopted decarbonization technologies as main mitigation strategies before deploying more advanced decarbonization technologies like carbon capture, removal, and storage. This misconception invokes sufficient time to have a hierarchy of decarbonization technologies, i.e., that one can deploy the cheapest and politically most favored solutions first, see if they can eliminate emissions on their own, and then proceed to deploy other technologies. However, despite repeated warnings by scientists, the systems transformation at the level required to be on track to meet climate goals has not been delivered. This increases the likelihood of an emissions overshoot, requiring CDR. Coupled with the fact that the Intergovernmental Panel on Climate Change (IPCC, 2018) demonstrated that the sooner emissions are reduced, the better the chance at fending off the worst effects of climate change, it has become increasingly clear that all decarbonization options need to be deployed as soon as possible to achieve net-zero emissions by mid-century. A technology-inclusive approach that allows for multiple different technologies would increase the chances of reaching climate goals, as it would provide for a range of decarbonization technology options, mitigating the risk of any technology failing. Moreover, against the backdrop of climate change constituting a global problem, advanced economies like the European Union need to invest in decarbonization options to bring down their cost and make them available for other regions at more affordable prices. This includes CDR technologies.

Second, considering the history of innovation of primary energy production technologies, it has taken on average 20 years for technologies to reach a 1% market penetration level which is regarded mainly as an inflection point for a technology (Kramer and Haigh, 2009). This is a deft analogy because primary energy production technologies are similar in scale, complexity, additionality, and new infrastructure requirement. Moreover, the investment risk profiles of new technologies are similar to other clean energy technologies at early stages. At a 1 % market penetration level, typically, hundreds of billions of dollars have been spent on technology development and early project deployment to reach the point of providing 1% of the world's primary energy production. Evidence suggests that it then takes about 30 additional years to get a threshold of 20–30% of primary energy demand, underlining the challenges of scaling technologies fast and within the required timeframe to achieve net-zero emissions. This provides evidence of the challenges of scaling these technologies in a short amount of time and supports the arguments of developing policies to scale them in the near term.

Third, as laid out in its new 2030 target to achieve at least a 55% emissions reduction below 2010, the EU's increased ambition necessitates CDR technologies to be scaled sooner. As the impact assessment states: “Increased ambition increases clarity on the pace of emissions reductions required (…) increasing the role of CDRs in our economy” (European Commission, 2020b). Moreover, CDR could also be considered a pathway to deliver climate change mitigation at different speed across the Member States to reach the 2030 goal and beyond, effectively contributing toward the collective goal.

To fill the commercialization gap and considering these implications of the innovation timeframe, an EU policy framework must speed up deployment timelines through enabling key success factors, including cost reductions, CO2 networks, access to affordable investment, and compressing deployment timelines. Cost reductions are necessary to enable more effective deployment at a cheaper price and would eventually enable comprehensive climate policy such as carbon pricing to be the sole driver of technology deployment. Lower cost through deployment and learning-by-doing would also de-risk the technologies, and attract more investors, enabling more affordable capital to flow into CDR. Access to existing infrastructure such as CO2 transport and storage would also make it much easier to build additional CDR facilities.

Fortunately, it is expected that DACCS and BECCS will benefit from the overall push to deploy point-source carbon capture and storage technologies. This includes the CO2 infrastructure build-out currently underway in the Nordics and the Netherlands and is already evidenced by new partnerships built around these projects. For example, Climeworks announced a collaboration with the Northern Lights Project, a CO2 transport and storage project off Norway's coast (Farmer, 2021). The Government of Norway committed some €2B to the project, covering initial capital investment and 10 years of operating expenses. By lowering the cost of transport and storage cost, which can be significant through achieving economies of scale, CO2 transport and storage networks are essential enablers of CDR deployment. Moreover, Orsted, Aker Carbon Capture, and Microsoft also announced a Memorandum of Understanding to explore retrofitting one of Orsted's biomass facilities in Denmark (Ørsted, 2021).



PATH FORWARD, BUILDING ON THE CURRENT POLICY LANDSCAPE

As outlined above, the policy must serve to speed up commercialization timelines and enable the four success factors. This section will make the case that current EU policy is expected to enable some demonstration projects, but falls short of enabling at-scale deployment—evidencing the commercialization gap.

Over the following years, EU policy-making will be guided by aligning existing sectoral legislation—such as the EU ETS and the Effort Sharing Regulation—with the new 2030 and 2050 climate targets through the Fit for 55 package proposed by the European Commission in July 2021. This comprehensive climate policy reform is an opportunity to provide clear rules and policy pathways for CDR, as ultimately, the emerging policy framework described below is expected to drive the investments in CDR demonstrations in the near term.

The EU ETS currently covers around 40% of EU emissions and will be key to eventually driving investment in commercialized technologies on its own. Established as the world's largest cap and trade system, its carbon price is over 50€ in mid-2021.

One of the policies in the EU ETS toolbox is the EU Innovation Fund, a capital support mechanism for innovative technologies financed by auctions of EU allowances. Worth 22B€ at the current EU ETS allowance price, it is relatively small compared to the ambition. The Fit for 55 package proposes a doubling of its capacity and also including carbon contracts for difference (CCfDs). Innovation Fund's first round of applications was oversubscribed by a factor of 20. An analysis of the applications indicates that a handful of the submitted projects can deliver “net CDR,” while around a fifth of total applications include carbon capture, utilization, and storage technologies (European Commission, 2020d). The Innovation Fund could indeed drive investment in CDR demonstration projects in Europe and form an essential risk-reduction tool to enable access to additional private capital for demonstration projects, and perhaps for further projects that could benefit from the grant and technology-specific incentive mechanisms alike. First-mover demonstration projects also make outsized contributions for cost reduction opportunities. However, due to its limited size and the funds being shared across a range of technologies, it is unlikely to be sufficient for at-scale commercialization.

The Trans-European Energy Networks Regulation, also known as TEN-E, is critical for transboundary CO2 transportation networks and thus enabling CO2 infrastructure success factors. TEN-E establishes criteria for projects (Projects of Common Interest) that have access to a list of benefits, including access to funding from the Connecting Europe Facility. In the ongoing revision, the European Commission proposed to continue including cross-border CO2 pipelines in the scope of TEN-E while resisting stakeholder requests to include the entire value chain of carbon capture and storage, including alternative CO2 transport options such as rail, barge, ship, and truck, along with geologic CO2 storage (European Commission, 2020c). CDR advocates argue that a broader inclusion of CO2 infrastructure would provide more certainty for project development. It would further incentivize long-term investment by demonstrating government commitment to the necessary infrastructure.

Establishing a well-designed cross-border CO2 infrastructure in Europe is especially relevant in the context where the access CO2 storage is not distributed evenly among countries. The hubs and cluster design of several CCS projects in development illustrates the need for CO2 to cross several country borders to be transported to storage sites. It helps address the chicken and egg problem; capture carbon is needed to invest in the infrastructure to transport and store it, but firms are unlikely to support investment in capture without this infrastructure. Furthermore, geologic storage inclusion would alleviate the inequitable distribution of geologic storage resources among member states (Pozo et al., 2020). This argument becomes particularly relevant regarding technological CDR, as it is only permanent when coupled with geologic storage while providing transnational benefits of lowering the overall CO2 concentration already in the atmosphere.

Overall, the currently existing European policy framework, with expected and necessary revisions forthcoming, is well-established to enable initial demonstration projects and anchor infrastructure to be built and offers promising opportunities for integrating incentive mechanisms for CDR.



FILLING THE ACCOUNTING AND COMMERCIALIZATION GAPS

To commercialize CDR technologies, two gaps must be filled by policy and regulation: the accounting gap and the commercialization gap.

Addressing the accounting gap is critical to demonstrate that actual CDR is delivered and because incentive mechanisms can only be designed for quantifiable CDR approaches (Tamme, 2021). This goes for CDR in general and more specifically in the context of the newer CDR approaches, including DACCS, that are not currently covered by sectoral climate policies. Below the authors provide an outline of opportunities for improvement in existing policies and pathways to improve the policy framework.

To address the accounting gap, the European Commission is preparing a regulatory framework carbon removal certification (CRC) to be proposed by 2023 (European Commission, 2020a). Commission communication on restoring sustainable carbon cycles, expected at the end of 2021, will “identify key elements to build a robust and credible framework allowing for authentic, transparent and verifiable carbon removals to be certified” (European Commission, 2021c). Preparation of this policy faces a two-fold challenge: (1) CRC should meaningfully incentivize the deployment of CDR approaches while (2) also supporting the notion of prioritizing emission reductions over removals, especially in the decades leading up to climate neutrality. Different levels of permanence among CDR approaches, coupled with challenging monitoring, reporting, and verification when it comes to nature-based approaches, will add to the complexity. Developing robust accounting rules that can be used to design policies for incentivizing CDR will also facilitate the commercialization of CDR technologies. The preparatory work on the CRC framework has already started, and it is expected to become operational in 2024–2025.

To address the commercialization gap, the policy must enable the four success factors to be met, while providing a long-term incentive for continued investment to build multiple facilities beyond just demonstration projects.

Policy options that could work on the Member State level include policies addressing upfront investment barriers and both CAPEX and OPEX economics of CDR projects. Many of the US projects under development received grants for feasibility and front-end-engineering design (FEED) studies (Beck, 2020) (Zapantis et al., 2019). While the initial public investment is relatively low—in the order of millions—such FEED study grants can help overcome initial barriers to investment by covering upfront cost even if the outcome is uncertain. To address financing gaps and draw in traditional financing, capital grants could increase certainty and demonstrate government commitment. These could be additional to capital grants to those offered through the EU Innovation Fund.

Moreover, CCfDs are gaining traction across Europe as incentive mechanisms for next-generation clean energy technologies, such as hydrogen. Their imperative is bridging the gap between the actual cost of decarbonization technologies and the price of a benchmark, i.e., the EU ETS if coupled with geologic storage of CO2. The rationale for CCfDs is that the EU ETS carbon price is not high enough to incentivize technology uptake without complementary innovation policies. They have successfully supported the commercialization of renewable energy technologies in the form of feed-in tariffs, thus poised to integrate innovation objectives vis-à-vis existing climate policy. The new proposal for the revision of the EU ETS suggests CCfDs as part of the Innovation Fund (European Commission, 2021a). Moreover, specific instruments are discussed in several Member States. The Dutch SDE++ closed its first round of funding for decarbonization technologies. It offers a 15-year CCfD for the delta between an agreed price and the EU ETS carbon price. These mechanisms can generate sufficient funding to enable multiple projects.

While policymakers need to flesh out how to fill the commercialization gap, other mechanisms could help with project economics to accelerate the deployment of CDR technologies in Europe. First is the not well-known California Low Carbon Fuel Standard CCS Protocol. Second is carbon pricing, including compliance and voluntary carbon markets.

Counterintuitively, California's Low Carbon Fuel Standard (LCFS) incentivizes DACCS investment anywhere globally, including Europe. Trading at around $200/t of CO2, the LCFS aims to reduce the emissions intensity of fuels consumed in California by 20% by 2030. Recognizing that CO2 emissions are a global problem, the LCFS incentivizes DACCS projects anywhere in the world, as long as they adhere to the LCFS CCS protocol's rules (Townsend and Havercroft, 2019). Working with private-sector stakeholders to deliver projects under the California LCFS might also open international collaboration opportunities on innovation and knowledge sharing (Beck and Livingston, 2019). However, policymakers should ensure accurate accounting, potentially aligning different policies.

DACCS and BECCS have also gained a lot of interest in the voluntary carbon markets since 2020 as over a thousand companies have already set net-zero targets. Currently, there are no methodologies for DACCS and BECCS projects under the major voluntary market standards6 and the transactions take place outside the main standards. Some examples from Europe include Climeworks from Switzerland selling subscriptions for CDR from the air and the Puro.earth CDR marketplace in Finland offering a range of CDR products and preparing a methodology for BECCS and geologically stored carbon (Puro.earth, 2021).

Given that the current Nationally Determined Contributions under the Paris Agreement fall well short of the 2C target (let alone the 1.5C) (UNEP, 2020), the voluntary markets could play a role in bridging the mitigation gap to achieve the Paris Agreement temperature goal. However, the potential overlap in activities under compliance and voluntary markets, such as potential double claiming of emission reductions or removals, must be carefully tackled. As an example, more than 10 companies in Sweden are planning to implement BECCS between 2025 and 2030 (Schenuit et al., 2021). Some of these BECCS operators intend to supply removal credits to voluntary as well as compliance markets (Fridahl and Lundberg, 2021). Hence, both the governments and voluntary market actors will need to work together to ensure that double claiming risks are mitigated.



MOVING FORWARD: POLICY DESIGN FOR SCALING UP CDR UNDER THE EUROPEAN GREEN DEAL

This perspective aimed to give an overview of CDR technology and policy in the European Union. CDR technology commercialization is necessary in the near term because (1) the world will likely overshoot its climate goals—and is expected to do so as a global collective—highlighting the importance of investing in a diverse portfolio of decarbonization options as soon as possible. (2) History has shown that the commercialization of technologies takes several decades and can only be accelerated with adequate policy, which in itself has multi-year led times, and (3) higher EU climate ambition increases the importance of CDR technologies, both to address hard-to-abate sectors and deliver net-negative emissions, but there are two significant gaps: commercialization and accounting.

Yet, a policy must be designed to deliver on technology and climate ambition, including cost reduction, drawing in affordable finance, addressing CO2 geologic storage and transport infrastructure needs, and accelerating deployment timelines. While the EU already has robust climate policy frameworks amenable to the inclusion of CDR incentives, there is an innovation policy gap that needs to be bridged to enable the large-scale commercialization of CDR technologies. There are several ways this gap could be filled, including through CCfDs and other CAPEX mechanisms and establishing robust greenhouse gas accounting for CDR approaches, incentivized by carbon removal certification framework.

The role of emission reductions and removals in the mitigation of climate change will change over time. Emission reductions will be prioritized on the path to net-zero. However, net-zero by mid-century is a point on the journey to addressing the climate crisis, not the final goal. Thus, CDR will become the main driver to deliver on climate ambition in the second half of the century.
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FOOTNOTES

1Climate neutrality is defined as achieving net-zero emissions of all greenhouse gases (European Commission, 2018a), as opposed to carbon neutrality target that would include only CO2 emissions.

2“Durability” and “permanence” are used interchangeably in literature. In order to meet the long-term temperature goal of the Paris Agreement, CO2 should be stored out of the atmosphere for at least hundreds of years. Shorter timescale (decades) would result in captured CO2 to be released back to the atmosphere before the mitigation goals are met. The permanence of geologic CO2 storage, if managed properly, is over a thousand years (Bergman and Rinberg, 2021).

3IPCC definition includes existing and potential anthropogenic enhancement of biological or geochemical sinks and direct air capture and storage, but excludes natural CO2 uptake not directly caused by human activities.

4Greenhouse gas removal is a broader term compared to CDR. It covers removal of all greenhouse gases, including CO2. CDR is the main type of greenhouse gas removal currently explored, due to the relative abundance of CO2, its long atmospheric lifetime, and its chemical reactivity which make CO2 an appealing candidate for removal (Bergman and Rinberg, 2021).

5Capturing 500,000 tons of CO2 or more.

6Clean Development Mechanism, Gold Standard, Verified Carbon Standard, American Carbon Registry, Climate Action Reserve, Plan Vivo.
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