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In its latest assessment report the IPCC stresses the need for carbon dioxide removal (CDR) to counterbalance residual emissions to achieve net zero carbon dioxide or greenhouse gas emissions. There are currently a wide variety of CDR measures available. Their potential and feasibility, however, depends on context specific conditions, as among others biophysical site characteristics, or availability of infrastructure and resources. In our study, we selected 13 CDR concepts which we present in the form of exemplary CDR units described in dedicated fact sheets. They cover technical CO2 removal (two concepts of direct air carbon capture), hybrid solutions (six bioenergy with carbon capture technologies) and five options for natural sink enhancement. Our estimates for their CO2 removal potentials in 2050 range from 0.06 to 30 million tons of CO2, depending on the option. Ten of the 13 CDR concepts provide technical removal potentials higher than 1 million tons of CO2 per year. To better understand the potential contribution of analyzed CDR options to reaching net-zero CO2 emissions, we compare our results with the current CO2 emissions and potential residual CO2 emissions in 2050 in Germany. To complement the necessary information on technology-based and hybrid options, we also provide an overview on possible solutions for CO2 storage for Germany. Taking biophysical conditions and infrastructure into account, northern Germany seems a preferable area for deployment of many concepts. However, for their successful implementation further socio-economic analysis, clear regulations, and policy incentives are necessary.
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Introduction

In order to meet the climate protection goals of the Paris Agreement (PA) and to keep global warming well-below 2°C, global action to reduce greenhouse gas (GHG) emissions to zero (or net-zero) is needed (UNFCCC, 2015). To limit global warming to 1.5°C, the remaining carbon budget from 2020 onwards would allow us to emit another 440 (230, 670) gigatonnes (Gt) CO2 globally (Matthews et al., 2021). The median amount of Carbon Dioxide Removal (CDR) included in the IPCC's 1.5° scenarios with limited overshoot amounts to 7 Gt CO2 per year in 2050, high overshoot scenarios are at 9 Gt CO2 per year in 2050 (Rogelj et al., 2018). The CDR measures in these scenarios have two functions: (1) they compensate for emissions up until the point net-zero is reached, potentially allowing more time to transition to a carbon neutral system, and (2) reaching substantial net-negative emissions (especially in overshoot scenarios) by removing previously emitted carbon dioxide. However, as stated by Zickfeld et al. (2021), one ton emitted might not equate to one ton removed.

Next to far-reaching mitigation actions, which would require systems transformation in the areas of energy, industry, land use, and transportation, CDR measures would compensate for remaining, hard-to-abate emissions to reach net-zero. However, the implementation of such CDR measures would require its very own infrastructure. To achieve the global goals of the PA, countries need to fulfill ambitious GHG reduction targets in line with their national carbon budgets. The revised Germany's Climate Change Act (KSG, 2021) pushes the climate neutrality goal to 2045 and strives for negative emissions after 2050. The permissible emission budget per sector for the years 2020–2030 has been set to 5.53 Gt CO2 − eq. For the years beyond 2030 the annual reduction targets will be announced in 2024 for the period 2031–2040, and no later than in 2032 for the period 2041–2045 (KSG, 2021).

Allocation of emission quota is a pivotal element of a country's emission reduction strategy. This distribution at the national level is a balance of many factors, including environmental effectiveness, equity, political feasibility, economic efficiency and technical requirements (Höhne et al., 2003, 2014; Gignac and Matthews, 2015). Given Germany's capacities, abilities and responsibilities, a remaining CO2 budget of 6.9 Gt (1st January 2021 until net-zero) seems to be a reasonable option (Mengis et al., 2021). It takes into account the infrastructural lock-in in Germany that needs to be overcome and reaches equal-per-capita emissions by 2035 (Mengis et al., 2021). Nevertheless, to stay within the assumed carbon budget of 6.9 Gt CO2 for Germany, net-zero CO2 emissions have to be achieved. This implies that supportive mitigation efforts such as the deployment of CDR measures are inevitable as some residual emissions sources, e.g., agriculture, industrial processes, or aviation, will be hard to completely eliminate (cf. Geden and Schenuit, 2020). The amount of CDR required will depend on the progress in reducing emissions. In case we succeed in reducing fossil fuel and industry emissions by 85% in 2050, 1.9 Gt CO2/year would need to be removed through CDR in Germany (Mengis et al., 2021). Other studies range between 36 and 63 megatonnes (Mt) of CO2 per year for remaining, hard-to-abate emissions in Germany (Ariadne Report, 2021; Mengis et al., 2022), which in turn translates into the CDR needed for reaching net-zero. Pozo et al. (2020) allocate a cumulative CDR quota of 5–18 Gt CO2 between 2018 and 2100 to Germany based on responsibility, capability and equality considerations.

In contrast to “conventional” mitigation where emissions from the use of fossil fuels or industrial processes are reduced or avoided, CDR measures, sometimes referred to as “unconventional” climate change mitigation measures (Geden and Schenuit, 2020), take CO2 directly out of the atmosphere. Such atmospheric CO2 removal can occur by enhancing natural sinks of ecosystems or through technological processes. If anthropogenic carbon sinks exceed anthropogenic emissions to the atmosphere, so-called net negative CO2 emissions can be achieved.

Natural sink enhancement (NSE), also called nature-based solutions or natural climate solutions, encompasses a variety of ecosystem-based options, which focus on ecosystem restoration or the increase of naturally occurring processes that sequester carbon. Those measures may relate to forests (re- and afforestation), wetlands (e.g., peatland rewetting), seas (seagrass meadows, salt marshes), or soils (restorative agriculture). Depending on the measure the captured CO2 is then sequestered in above ground biomass, top-soils, peats or sediments, which influence the permanence of the CO2 storage.

Technology-based solutions [or geochemical-based CDR (Schenuit et al., 2021)], like direct air carbon capture and storage (DACCS), remove CO2 by using either chemical or physical processes to separate CO2 from the ambient air. Unlike NSE (and bioenergy with carbon capture and storage–BECCS), DACCS requires large amounts of energy and is thus a costly CDR measure. While the plants are expected to become cheaper in the future due to economies of scale and mass fabrication, energy demand and associated costs may remain high. However, in case of DACCS, the area demand per ton of CO2 captured is smaller compared to other CDR options.

Bioenergy with carbon capture and storage is a hybrid approach of the two previously mentioned concepts (UNEP, 2017; Bellamy and Osaka, 2020). In this process, CO2 is captured from the atmosphere by biological net primary production (nature-based capture) which is further used to generate bioenergy. The CO2 which could be released in this conversion process is captured (technology-based capture) and stored underground. If the biomass life cycle emissions are lower than the carbon captured, BECCS may provide negative emissions. BECCS is not a one-technology concept, it encompasses a wide portfolio of technological options, which follow the same principle: they convert biomass into energy (electricity, heat, fuels), capture CO2 generated in this process, and store it under the ground or in long-lived products. The most common BECCS technology applied to date is bioethanol production with CCS, since it delivers high-purity fermentation CO2 and thus provides a cost-competitive CDR solution with sequestration cost of $60 or less per ton of CO2 (Sanchez et al., 2018). At such rate this option may compete with some natural sink enhancement solutions, such as afforestation, biochar, soil carbon sequestration or enhanced weathering (Minx et al., 2018). Other promising bioenergy technologies to be coupled with CCS include direct combustion of biomass for generation of heat and/or power (CHP), biomass gasification or pyrolysis for biofuels production, or anaerobic digestion for biogas production with CHP or for upgrading to biomethane. Unlike DACCS, BECCS produces energy, but its land demand (and related impacts) is higher.

Although CDR provides a wide range of highly differentiated solutions, none of them can be treated like a silver bullet for addressing climate change (Minx et al., 2018). They need to become a part of national GHG removal strategies and be incorporated into existing national infrastructures, among further development of renewable energies or improvement of energy efficiency. Only in such combinations they can enable countries to achieve their national emission targets.

CDR options are at different stages of maturity, including both well-researched and widely deployed options (e.g., afforestation) as well as options in a relatively early stage of development (e.g., ocean alkalinity enhancement). These differences between the various CDR option maturity levels lead to many uncertainties around the feasibility of their deployment, especially at larger scales (Low and Schäfer, 2020).

There is no “one-fits-all” solution. Thus, the deployment of CDR measures in each country or region needs to be tailor-made, both in terms of selecting best-fitting CDR options and defining their individual parameters and implementation aspects. This information needs to cover more than just techno-economic elements and be coherent among different CDR concepts. Therefore, in this study we present a portfolio of CDR options (technology-based, hybrid and NSE), which we embed specifically into the German context (e.g., biophysical and techno-economic). Each option is presented along a possible implementation example and assessed with regard to the following two analytical questions:

• How do experts envision and describe exemplary CDR concepts in Germany?

• What is the technical potential of the CDR concepts and their individual contribution to a net-zero carbon dioxide emission in Germany?

Our aim is to provide a harmonized dataset on different CDR options. These structured considerations can further serve as a basis for comparison and deeper evaluations of different CDR options as well as indicate pathways with the highest potential to support achieving net-zero CO2 emissions in Germany.



Materials and methods

In the following section we will describe how we selected CDR options that we identified for Germany, how we collected and checked the data for the CDR concepts, and how we finally calculated CO2 removal potentials for Germany.

Our methodological approach is presented in the following steps:

1. Selection of CDR options available in Germany.

2. CDR concepts development and description.

3. Data collection review and quality control.

4. Calculation of CO2 removal potential.


Selection of CDR options available in Germany

There are many CDR options already identified and described in the scientific literature (e.g., Oschlies and Klepper, 2017; Fuss et al., 2018; IPCC, 2018, 2021). In this paper we selected and described options that are or likely will be available for deployment in Germany.

To provide a possibly wide portfolio of options, our selection was based on their general availability:

• Spatial availability–occurrence of geographical conditions which enable or facilitate their deployment, e.g., natural presence of seagrass meadows or areas suitable for peatlands, availability of biomass (type and amount), etc.

• Technology and market availability–maturity of CDR option in terms of its readiness to be deployed, e.g., state-of-the-art technologies.

However, our selection does not aim to provide an exhaustive list of options but rather is targeted to present possible examples.



CDR concepts development

There is vast information available on individual CDR options (Minx et al., 2018). Yet, it is scattered across many different research fields and levels of assessment (from laboratory to global scale). Putting this information into context by designing dedicated CDR concepts makes it not only more manageable but also increases the relevance of their assessment for decision making since national (German) conditions (such as land availability, biomass potentials, existing infrastructure, or priorities in energy policy) shape and influence their prospective implementation.

On the basis of a literature review, experts' knowledge on CDR options and an analysis of German conditions, we prepared exemplary concepts of selected CDR options, which can be implemented in reality. For each CDR concept, we created a tabular fact sheet with a unified set of indicators (see Supplementary materials) that serves as a tool for organizing the collected information. This allowed us to achieve a coherent description across selected CDR options.

In the fact sheets, information on the CDR concepts is further classified into eight categories which cover different aspects of the CDR systems:

• Concept characteristics–addresses general parameters of the concept.

• Input–specifies the option's resources requirements.

• Output–specifies expected CO2 removal and co-products generated by the CDR.

• Environmental parameters–address impacts on, among others, soils, water system and biodiversity.

• Economic parameters–address the economic performance of the option.

• Systemic parameters–consider potentials, permanence and verifiability.

• Permission–addresses compliance with regulations.

• Scalability–expresses reproducibility of the CDR unit.

Each above mentioned category comprises a set of specific parameters which are listed and described in Table 1.


TABLE 1 Fact sheet design and description of individual parameters.
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A limitation of the current study is that we have not considered socio-political parameters for the development of the CDR concepts. The main reasons behind this choice is that (1) there is relatively little socio-political information available on CDR options in Germany, (2) for this paper we focus on quantitative information whereas much of the available information about socio-political parameters comes from qualitative studies. Within the overarching research project (Cluster I of the Helmholtz Climate Initiative1), broader assessments including socio-political parameters are carried out. In other words, the focus on quantitative information about the different CDR options is a delimitation of scope rather than a normative statement about what parameters are most important. Clearly, socio-political parameters matter for the deployment of CDR options (see e.g., Buck, 2016; Honegger et al., 2020; Morrow et al., 2020; Waller et al., 2020).



Data collection review and quality control

The data collection process has been conducted on each CDR option by dedicated assessment teams and CDR experts. Diverse data channels have been used by CDR experts including peer-reviewed literature, reports, results of simulation exercises and modeling and expert assessment for the data collection. For a literature review, a standard literature surveying (hand-selection process) as well as a systematic review using the search engine of Scopus has been carried out.

Since the data collected concerned different CDR options, it was essential to ensure a coherent integration of data into the fact sheets. Therefore, the units used in individual parameters have been standardized across all options and their integrity and quality has been checked with the respective experts.



Calculation of CO2 removal potential

The ability of CDR options to avoid or remove CO2 from the atmosphere is a key parameter which describes their CO2 emission mitigation potential. In our study, we adopted the approach of Mengis et al. (2022), and focused on “(...) CO2 rather than CO2-equivalent emissions, following the scientific reasoning of (net) zero CO2 targets based on the transient climate response to cumulative CO2 emissions (Matthews et al., 2009; Rogelj et al., 2018)” as a necessary condition for temperature stabilization.

Avoided emissions express the amount of CO2 that has not been emitted to the atmosphere as a result of actions which lower or prevent CO2 emissions, i.e., shift to the renewable energies use, change in land-use practices or human behavior. Removed emissions express the amount of CO2 removed from the atmosphere and durably stored in geological, terrestrial, or ocean reservoirs. These individual storage options provide a certain bandwidth for the storage durability as, e.g., for soil carbon sequestration a minimum 100 years is reached (Dynarski et al., 2020), whereas for geological CO2 storage, several thousands of years may be achieved (Kempka et al., 2014). Such removal may be realized through enhancement of biological or biochemical sinks and DACCS. The natural CO2 uptake, which is not caused by human intervention, is not regarded here as CO2 removal (IPCC, 2018). If the overall process removes more emissions from the atmosphere than it emits, it can be addressed as a negative emissions technology (NET). In this paper we quantify the CO2 removal potential of selected CDR options by multiplying the emissions removed by one CDR unit by a number of possible units deployed by 2050 (Equation 1):
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Apart from the option's emission reduction potential, we also estimate its technical implementation potential by taking into consideration the option's maturity level, availability of infrastructure, biophysical conditions, and scalability. Such a combination allows both the assessment of the possible dynamics of option implementation and the designation of the general readiness of the system for deployment.

The maturity level of a certain technology is often expressed as the Technology Readiness Level (TRL) (DOE, 2011). The TRL categorizes technologies into nine levels according to their maturity and scale of deployment: from being formulated (TRL1-2), through laboratory tests (TRL 3-4), demonstration (TRL 5-6), and pilots in a relevant environment (TRL 7-8) to market rollout (TRL 9). Progression to a higher TRL comes with an effort of further research, financial investment and/or policy support (Bui et al., 2018). Estimating a TRL of a CDR measure is not a straightforward task. First, not all concepts are strictly technology-based, and second, sometimes separate components of individual measures differ in their development stage (Hepburn et al., 2019). For this reason, in this study we do not adhere strictly to the common TRL classification (e.g., as defined by EC in HORIZON 2020 Work Programme2). Instead, we express the maturity of a certain concept by indicating the maturity of its components and level of their integration (see Annex 1 in Supplementary materials).

Taking these factors into consideration, 13 CDR exemplary options were selected for this study as being prospective for deployment in Germany by 2050. The options are shortly described in Section Results, whereas the details are displayed in the fact sheets (see Supplementary materials). Additionally, a fact sheet on CO2 storage solutions has been created, complementing the information for the hybrid and technology-based options. This separation of the carbon storage component was dictated by the current legal situation in Germany, which does not allow underground storage of CO2 and thus limits the full application of BECCS and DACCS in Germany [see Section Geological carbon dioxide storage solutions (concept 14)]. Because of this separation, we refer to BECC and DACC when we talk about exemplary CDR concepts presented in our study, which do not have an integrated CO2 storage component, and to BECCS and DACCS when we talk about the general concepts with the storage component. We use expert knowledge from different CDR fields to further identify some of the key characteristics of these options (e.g., concerning their economic parameters, permanence of storage, or scalability) and to develop the fact sheets and dedicated CDR concepts (see Section CDR concepts portfolio).




Results


CDR concepts portfolio

Following selection criteria (Section Selection of CDR options available in Germany), our portfolio includes six technology options for BECC, two concepts of DACC, and five NSE options. Storage solutions were described as an additional concept (Figure 1).


[image: Figure 1]
FIGURE 1
 Overview of the selected CDR options. Circled numbers correspond to the numbering of CDR concepts in the paper and represent following options: 1–BECC: biomass combustion CHP; 2–BECC: biogas CHP; 3–BECC: paludiculture for biogas CHP; 4–BECC: macroalgae for biogas CHP; 5–BECC: pyrolysis for biocoal production; 6–BECC: gasification for biofuels production; 7–DACC: centralized; 8–DACC: decentralized; 9–NSE: peatland rewetting; 10–NSE: afforestation of cropland; 11–NSE: SOC, cover crops; 12–NSE: SOC, ERW; 13–NSE: seagrass meadows Baltic Sea; 14–geological storage solutions (source: UFZ/Malgorzata Borchers, Helmholtz Climate Initiative // Julia Blenn, Creative Commons CC-BY NC 4.0 license).


BECC is considered as one of the most viable and cost-effective options to achieve negative emissions (Babin et al., 2021), but there are concerns related to its possible negative impacts on land use (competition for arable land and water) and biodiversity (IPBES-IPCC, 2021; IPCC, 2021). To avoid negative interactions with the environment, only sustainable sources of biomass should be taken into account. This can include considerations such as favoring the usage of by-products, residues and waste, sourcing the biomass from sustainable agricultural and forestry practices, including novel approaches like paludiculture, or growing biomass in marine environments (e.g., macroalgae farming). In Germany, thanks to favorable geographical conditions and supporting funding programs for bioenergy provision [e.g., Renewable Energy Act (EEG, 2000 and later modifications), Biofuels Quota Act (BioKraftQu, 2006 and later modifications)], various types of biomass are already available and used for energy production (e.g., waste and residues, woody and agricultural biomass, energy crops). However, the German natural conditions also show a potential for growing new types of biomass, i.e., macroalgae or paludiculture biomass, and therefore, they have also been included in our portfolio. We also describe four terrestrial and one marine NSE (so-called “Blue Carbon,” Nellemann et al., 2009) options–all based on ecosystems that naturally occur in Germany. They include practices which either restore (e.g., peatland rewetting) or manage (e.g., soil carbon sequestration) existing ecosystems to increase their CO2 capture and storage properties. Considering the coastal regions of Germany, we also examined coastal vegetation systems like seagrass meadows and salt marshes due to their ability to capture CO2 from the air and store it as organic carbon in biomass and below the ground. In our portfolio we also include DACC technologies, which are geographically independent with prerequisites being free space and access to energy sources.

Because climate mitigation requires immediate action, our portfolio consists exclusively of options whose maturity level is high enough to ensure possible implementation within a decade or sooner (assuming no social and legal constraints/barriers).

We shortly describe our CDR concepts below and enclose their details in the fact sheets provided in the Supplementary materials.


BECC–Combustion of woody biomass for heat and power co-generation (concept 1)

As Germany planned a coal phase-out by 2038 (KVBG, 2020), the conversion of coal-fired power plants to biomass may not only make a substantial contribution to the rapid reduction of CO2 emissions but also support on multiple levels (e.g., economic, social) a system with largely existing infrastructure. Our concept assumes the use of a 500 megawatts electric (MWel) CHP plant fueled by wood pellets equipped with post-combustion, monoethanolamine (MEA)-based capture units, which could remove 2.99 Mt CO2 per year. If 10 out of 18 currently operating coal-fired CHP plants (with minimum 500 MWel capacity) (BNetzA, 2021) would be converted to biomass and retrofitted with CCS units, approximately 30 Mt of CO2 could be removed annually (Donnison et al., 2020). However, the use of woody biomass in large power plants is likely to significantly increase the overall demand for biomass including the need for biomass imports (Erlach et al., 2019). This is likely to cause direct and indirect land use impacts with negative environmental effects on forest ecosystems within and outside of Germany including additional carbon emissions resulting from land use change (Birdsey et al., 2018; Schlesinger, 2018).



BECC–Gasification of woody biomass for biofuels production (concept 2)

Gasification is a well-developed technology for the conversion of fossil fuels and waste. Biomass as feedstock has been investigated intensively and large pilot and demonstration plants have been erected and operated worldwide (Rauch et al., 2014). The technology is mature for market implementation. Small scale facilities for CHP applications in the kilowatt (kW)-range are already commercialized (Patuzzi et al., 2021). Large scale conversion plants would aim at the production of several hundred thousand tons of synthetic hydrocarbon fuels per year. CO2 is an inevitable by-product in autothermal gasification but can be separated by common means as already conducted in existing plants with fossil fuels. Our concept - a gasification plant of 100 megawatts thermal (MWth) capacity - could remove 60 kilotonnes (kt) CO2 per year. If scaled up, it could provide removal of 3.72 Mt CO2 by 2050. However, if this application leads to an increase in the use of woody biomass, it can also lead to direct and indirect land use impacts with negative environmental effects on ecosystems and additional carbon emissions from land use change (Birdsey et al., 2018; Schlesinger, 2018).



BECC–Pyrolysis of woody biomass for biocoal production (concept 3)

Pyrolysis is well-established for fossil fuels, but also for biomass feedstocks. Fast pyrolysis aims at the production of liquid fuels, which are used as heating oil today. CO2 is a by-product here as well as in slow pyrolysis, which favors the production of biocoal (Tripathi et al., 2016). This product can be used energetically, but also for carbon storage in soil applications. The impact of biocoal additions to soil have been investigated in a number of studies, considering a variety of soil-physical factors like dry density, water and nutrient exchange, pore volume and distribution and the like (e.g., Lehmann and Joseph, 2015). Naturally, long term investigations have not been finished so far. Also the number of studies investigating biocoal stability is constantly increasing (Lehmann et al., 2006; Leng et al., 2019). Biocoal stability can serve as an indicator to assess the carbon sequestration potential of biocoal. There are several methods for estimating the stability of biocoal, one of which is pyrolysis temperature (Leng et al., 2019). According to a rule of thumb, biocoal produced at higher temperature is expected to be more stable and thus persistent then low temperature char like hydrochar. While for the latter some decades have been derived as medium life time, for pyrochar average life times between 100 and over 1,000 years have been estimated, depending on a number of parameters (environmental conditions, type of coal and feedstock used, soil use/treatment, investigation method). The presence of volatile, accessible organic molecules favors microbial attack, consequently leading to faster decomposition than mineralization by slow oxidation of the carbon by air. Derived from the existing studies, correlations for the mean residence times were suggested. As an example, Lehmann et al. (2009) estimated a carbon loss by around 20% in 500 years when 10 % of labile carbon was contained in the pyrochar. Other studies gave similar results (Kuzyakov et al., 2009, 2014) using biochar from grass pyrolysis (mean residence time > 400 years). Interestingly it was found that incubation test in a laboratory environment led to higher biocoal degradation rates than open air tests. However, comparison and interpretation of the existing studies is difficult and for sure further investigations are required. Anyhow, in terms of carbon storage related to climate effects, biocoal stabilites of several hundred years can be reasonably assumed or need to be assured by appropriate processing and soil application.

Several technology providers entered the market already offering small to medium size conversion technologies. Our concept–a 50 MWth plant–could provide removal of 100 kt CO2 per year. Assuming the use of 10 Mt of wood per year, which equals 15.5% of 66.8 Mt of wood used energetically today (FNR, 2018), 12.2 Mt CO2 could be removed annually if this technology would be implemented. Both the gasification and pyrolysis CDR numbers are based on the assumption that around 10 Mt of wood used energetically today in Germany are utilized. The lignocellulose feedstock potential is around twice as much, if non-woody biomass is included.



BECC–Biogas production for co-generation of heat and power (concept 4)

With around 9 000 operating biogas plants (FNR, 2020), Germany has the biggest potential to explore this technology as a prospective option for bio-CCS in Europe. As estimated by Billig et al. (2019), in 2050 around 11.3 Mt of biogenic CO2 could be captured from both biogas CHP and biogas upgrading plants based on wastes and residues. However, due to the upcoming termination of feed-in tariffs, limitations of support for “post-subsidy plants” and no long-term alternative support mechanisms (EEG, 2021), sustaining this potential can be possible only in a short term period (until ~2024–2027), and the future is highly uncertain (Scheftelowitz and Thrän, 2016). Our concept uses a medium sized, 500 kilowatts electric (kWel), biogas CHP plant which generates biogas from a mixture of feedstock, i.e., 50% wastes and residues, 20% cow manure and 30% energy crops, as described by Thrän (2019). CO2 is separated in a post-combustion, MEA-based process. The annual removal per plant equals 3.15 kt CO2. Assuming that until 2050 ~4,000 biogas plants with minimal capacity of 500 kWel would be retrofitted with carbon capture units, around 12.6 Mt CO2 could be removed. The technical parameters of the biogas plant and capture unit described in this section have also been adapted for further two biogas-based concepts which differ in the type and amount of biomass used (concepts 5 and 6, Sections BECC–Paludiculture-sourced biomass for biogas production for co-generation of heat and power (concept 5) and BECC–Macroalgae farming for biogas production for co-generation of heat and power (concept 6), respectively).



BECC–Paludiculture-sourced biomass for biogas production for co-generation of heat and power (concept 5)

Paludiculture is the use of wet ecosystems such as wetlands and peatlands for multiple purposes, including biomass and bioenergy production (Wichtmann et al., 2015). In our concept, we use it as a feedstock for biogas production with heat and power co-generation. Restored wetlands and peatlands can be used for paludiculture including the production of biomass for bioenergy, which is already practiced in a pilot site (Agrotherm GmbH3). Combining bioenergy production from paludiculture with CCS has not been done yet. However, using biomass from paludiculture could generate multiple benefits not only for generating negative emissions but also for CO2 mitigation, climate change adaptation and biodiversity conservation. In Germany, large areas of wetlands and peatlands have been drained in the past for agricultural production. These drained areas are causing large carbon emissions−43 Mt CO2 per year in Germany alone (Tanneberger et al., 2021), and 2 Gt globally (Joosten, 2009; Joosten et al., 2016)–due to the ongoing degradation of the peat soils. Restoring these peatlands and wetlands by reversing the drainage and increasing the water table to the soil surface reduces carbon emissions substantially (Günther et al., 2020). In addition, establishing paludiculture on restored wetlands has considerable benefits for biodiversity by resembling more natural habitats, restoring the natural water cycle benefiting climate change adaptation (buffering impacts of droughts and floods) and retaining nutrients with benefits for water quality (Tanneberger et al., 2020, 2022). Given the substantial benefits of paludiculture for addressing multiple challenges related to climate change, biodiversity and water quality, the use of paludiculture for BECCS could be considered a sustainable biomass source and a low-risk/low-regret option for CDR. In Germany paludiculture is estimated to be applicable on an area of at least 215,000 hectares (Scholwin and Siegert, 2020). Such an area could provide feedstock for ~156 biogas CHP plants with 500 kWel capacity each, which would provide a removal of 0.49 Mt CO2 per year.



BECC–Macroalgae farming for biogas production for co-generation of heat and power (concept 6)

A BECC feedstock which could bypass the problem of competition for land is macroalgae (seaweed) biomass cultivated in the marine environment. Seaweeds have proved suitability for bioenergy production because of their notably high growth rates and high polysaccharide and negligible lignin content (Chung et al., 2013; Fernand et al., 2017; Kim et al., 2017). Thus, macroalgae biomass, together with microalgae biomass, are regarded as a feedstock for the third generation biofuels production (Montingelli et al., 2015). The macroalgae breeding and cultivation technologies have been well-developed and matured with successful deployment, especially in Asian countries (e.g., China, Japan and South Korea). In Germany, a new structure for mariculture of brown macroalgae (Saccharina latissima) has been developed and tested off the North Sea coast (so-called “Offshore Ring,” e.g., Buck and Buchholz, 2004). A preference for offshore locations for macroalgae cultivation in Germany have also been suggested by Fernand et al. (2017). The German North Sea exclusive economic zone (EEZ) covers 20,600 km2, which could potentially be utilized. Meanwhile, the increasing number of offshore wind farms in the German North Sea EEZ could expand the feasible area for anchoring cultivation infrastructures (Deutsche WindGuard GmbH, 2020). Cultivation of macroalgae does not require use of arable land or freshwater. Combined with ecological engineering aquaculture (e.g., the Integrated Multi-Trophic Aquaculture, IMTA), macroalgae cultivation can bring further ecological and socioeconomic benefits by alleviating eutrophication and increasing bioremediation capability and aquaculture productivity (Wartenberg et al., 2017; Gao et al., 2020). There are ~250 biogas power plants with >400 kWel capacity each operating in the North Sea coast area in Germany (coastal districts in the states of Lower Saxony and Schleswig-Holstein). If those plants would be retrofitted with CCS units, it could provide removal of approximately 0.79 Mt CO2/year.



DACC: Centralized and decentralized options (concepts 7 and 8)

Processes called Direct Air Carbon Capture, or short DACC, are technological solutions to filter CO2 from the atmosphere. The systems use specific chemical interactions of the CO2 with special materials to bind it and therefore remove the greenhouse gas from the air. DACC-processes generally function as a two-step process: capture and regeneration (Heß et al., 2020). While captured, air is moved along the specialized material, called sorbent. This sorbent can be either a strong alkaline solution or a solid. Only the CO2 reacts with the sorbent and forms covalent bonds, while most other components of the air are inert to the sorbent. Only water vapor also bonds to the sorbent. The CO2-depleted air leaves the DACC-unit and the loaded sorbent is left behind. When sufficient loading is reached, the DACC changes to the regeneration step and the flow of air is shut down (Fasihi et al., 2019). To release the CO2, the strong bonds must be broken by heating the sorbent. There are two different designs: on the one hand the Low Temperature (LT)-DACC uses solid amine sorbents, which are regenerated using steam at around 100°C (Deutz and Bardow, 2021), and on the other hand, High Temperature (HT)-DACC uses an alkaline solution, which must be regenerated at 900°C (Keith et al., 2018). While LT-DACC can use numerous heat sources, the high temperatures for HT-DACC can only be reached by combustion processes. The amount of heat needed is very similar for the two systems with roughly 1,500 kilowatt-hour per ton of CO2 removed (Heß et al., 2020). In addition, DACC needs to be supplied with 300 kilowatt-hour electric power per ton of CO2 removed, mainly for the fans, driving air through the absorber and the vacuum pumps in case of LT-DACC and the combined power demand of the process equipment at HT-DACC plants (such as pumps, fans, stirred tanks, etc.) (Heß et al., 2020). The application of DACC units is, therefore, heavily dependent on external constraints like energy supply or available construction land. While HT-systems are usually only feasible at large scales (~1 Mt of CO2 per year), LT-DACC could potentially be fit into small scale systems and deployed in a decentralized application, e.g., into ventilation systems of buildings, reducing the required area (Dittmeyer et al., 2019).

Since the deployment of DACC is heavily dependent on external factors, giving a potential is rather difficult. In the case of a decentralized implementation, an approximation via the current installed ventilation rate is possible (HICAM, 2020). For this parameter there are only numbers for the EU available (Kemna and Moreno Acedo, 2014). If calculated per capita, it would be possible to filter up to 100 Mt of CO2 per year in Germany (Kemna and Moreno Acedo, 2014; Eurostat Press Office, 2015). If only large buildings would be equipped (over 2,500 m2 of floor space), the number would shrink to 15 Mt CO2 a year (Stottrop and Flüshöh, 2007). Other constraints such as space requirements or lower capture rates could further decrease the potential, yet, if compared to the DACC needed in Germany, it could play a significant role. Prognos (2021) calculate the demand for DACC in Germany to be somewhere between 20 and 600 Mt CO2 a year, depending on the decarbonisation scenario. The remaining DACC would have to be installed in big DACC farms, which are, large centralized DACC plants with several adsorber/absorber units and a large combined capture capacity in the Mt range. Considering the typical size of such a farm of ~1 Mt CO2 captured per year and the associated energy demand, it is questionable if this technology is possible within the German territorial boundaries.



NSE–Peatland rewetting (concept 9)

Peatlands are areas with naturally accumulated thick layers of dead organic material (peat) (Joosten and Clarke, 2002). Undrained peatlands, situated between upland and water as a subclass of wetlands, accumulate peat in soils owing to incomplete decomposition of plant material and animal remains under water-saturated conditions (Rydin and Jeglum, 2013). Degraded peatlands, largely caused by drainage for agriculture and forestry, are responsible for ~5% of the total 2014 global anthropogenic CO2 emissions despite their mere ~0.4% coverage of global land surface (Joosten et al., 2016). In Germany, more than 5 % (47 Mt CO2-eq per year) of GHG emissions originate from drained organic soils. Across the globe, both public and private efforts to restore degraded peatlands are increasing as their benefits for providing multiple ecosystem services including carbon storage and the avoidance of CO2 emissions are increasingly recognized and acknowledged to outweigh the needs for drainage-based agriculture and forestry on peatlands (Bonn et al., 2016). In Germany, more than 98% of the organic soils (about 1.8 Mha) are drained mainly for agricultural use (Trepel et al., 2017; Tanneberger et al., 2021). With appropriate planning to reconcile with the demands of agricultural land use and water use, rewetting these drained peatlands offers cost-effective low-hanging fruits to avoid up to 43 Mt of CO2 emissions in the agricultural sector alone with additional multiple benefits for biodiversity and ecosystem services.



NSE–Afforestation of cropland (concept 10)

Forests are land areas >0.5 ha with trees >5 m height and canopy cover >10% and without predominant agricultural or urban use (MacDicken, 2013). The anthropogenic land use change (LUC) of forests substantially affected carbon emissions over the last centuries. It was estimated that LUC from natural forests to cropland and pastures globally emitted on average 1,569 Gt CO2-eq between 1765 and 2005 (Kim and Kirschbaum, 2015). Afforestation is the LUC to forest by active seeding/planting or natural rejuvenation of trees (MacDicken, 2013). The focus here is on afforestation of cropland because this LUC has reportedly the highest sequestration rates (Kim and Kirschbaum, 2015). The afforestation of cropland to secondary forests will sequester atmospheric carbon as soil organic carbon (SOC) and in biomass at rates of 2.2 and 2.8 tons of CO2 per ha per year, respectively (Kim and Kirschbaum, 2015). The focus for afforestation measures should lie on marginal agricultural land, which has been subjected to land use change in the past years (Meyer and Früh-Müller, 2020). There is an estimated 3.3 Mha of marginal land in Germany suitable for plant production (Gerwin et al., 2018), of which a fraction may be also appropriate for afforestation. This estimate may also include non-cropland, however, this is outside the scope of this proposed concept. Winter cereals and winter rapeseed, apart from maize, are the most common field crops in Germany, covering 6.97 Mha of agricultural land (Griffiths et al., 2019). Winter crops can often not be combined with cover crops [see Section NSE–Soil organic carbon sequestration–cover crops (concept 11)], and are considered here for afforestation. A proposed conversion of 10% of the area at a rate of 0.5% per year to secondary forests could sequester 72 Mt CO2 between 2020 and 2050 in Germany.



NSE–Soil organic carbon sequestration–cover crops (concept 11)

Soil organic carbon sequestration as a natural sink enhancement measure for atmospheric CO2 capture has gained interest in the past years. Especially cropland soils have been of interest, because these soils (1) are highly managed, (2) are generally SOC depleted compared to natural ecosystems, and (3) cover vast areas on the planet. Including cover crops into the cropping cycle can reportedly increase SOC with a mean sequestration rate of 1.2 tons CO2 ha/year (Poeplau and Don, 2015). In Germany, ~2.2 Mha cropland are already grown with cover crops (DESTATIS, 2018; Griffiths et al., 2019), meaning that growers have implemented this management option. Another 2 Mha of cropland (potato, sugar beet, summer cereals, and corn) may be suited for cover crops in crop rotations. Assuming that an additional 2 Mha of cropland are seeded with cover crops by 2050 with an annual 2% increase in cover crops, ~44 Mt CO2 can be removed from the atmosphere.



NSE–Terrestrial enhanced weathering (concept 12)

Increased weathering, both on land and on the seafloor, is one of the major natural responses of the Earth system to elevated atmospheric CO2 concentrations or temperature (Archer, 2005). This naturally occurring weathering process is the main drawdown of anthropogenic CO2 emissions over time scales of thousands to hundreds of thousands years (Archer and Brovkin, 2008). Enhanced rock weathering as a CDR measure accelerates this process to capture CO2 by weathering carbonate and silicate minerals that are spread in powdered form on terrestrial surfaces like agricultural soils. In principle, a variety of natural or artificial sources of alkalinity can be used, but the focus here is on limestone or silicate rocks, like basalt. These rocks release positively charged magnesium or calcium ions when weathered. During this reaction, CO2 is converted into carbonate and bicarbonate ions by consuming protons (i.e., “acid”), allowing the soils to absorb atmospheric CO2 (Beerling et al., 2020). Basalt is mined mainly in the central part of Germany (BGR, 2017), with annual production rates per quarry of between 0.1 and 4.9 Mt rock with a maximum mining capacity of 32 Mt. There is substantial electric energy demand associated with this CDR option from extraction (18.8 MJ/t), crushing (5–10 MJ/t), and grinding (0.6–2 GJ/t) of silicate rocks. Taking one of the larger quarries as a reference, 4 Mt of basalt spread over cropland in Germany would allow for 0.727 Mt CO2 to be removed from the atmosphere, at a cost of about 120–140 million $US and an energy demand of 2.492–8.112*106 GJ (calculations based on Moosdorf et al., 2014 and Beerling et al., 2020). If scaled up to maximum mining capacity (i.e., 32 Mt silicate rocks), approximately 5.82 Mt CO2/year could be removed by enhanced rock weathering applied on 0.6 Mha of cropland by 2050.



NSE–Blue carbon: Seagrass meadows and salt marshes (concept 13)

In addition to increasing associated biodiversity, seagrass meadows and salt marshes are already making an important contribution to mitigating man-made climate change. In Germany, these ecosystems absorb an estimated amount of around 132 kt of CO2 annually. As natural CO2 sinks, the existing ecosystems are valuable resources for Germany.

Salt marshes are among the most efficient carbon sequestering ecosystems in the world and occur naturally along the German Wadden Sea coast on an area of about 23,250 ha. Salt marsh sediments provide an environment that allows long-term storage of organic carbon derived either from autochthonous primary production in the salt marsh or from imported allochthonous organic material from adjacent ecosystems (Müller et al., 2019).

Similarly, seagrass can sequester significant amounts of carbon. Seagrasses are found in the southeastern North Sea (area about 18,000 ha), where they grow on tidal flats, and on the German Baltic coast, where sublittoral seagrasses occur (area about 28,500 ha). A large part of the CO2 is absorbed by the seagrass during photosynthesis. Another part comes from organisms that live in these systems and absorb CO2 via respiration. When seagrasses die, they sink to the sea floor where the CO2 is stored as carbon. Still another portion comes from particles such as plankton that the dense seagrass canopy trap.

The expansion of natural CO2 sinks is considered a carbon removal measure and can make an additional contribution to achieving climate goals. However, almost the entire Wadden Sea is under nature protection, and thus active measures aiming at the reestablishment or new establishment of seagrass beds or salt marshes are not allowed. By improving the general conditions, e.g., water quality through sewage treatment plants or adjustments to regulations of fertilizer use on agricultural land, the seagrass bed area can increase and the natural CO2 uptake by seagrass could amount to a total 19.1 kt in the North Sea each year.

In the Baltic Sea, natural seagrass meadow expansion of up to 5,672 ha is also possible through consistent implementation of EU-wide nutrient reduction targets (defined in the Baltic Sea Action Plan, BSAP) (Bobsien et al., 2021). In order to accelerate the slow recolonization, it is also possible to actively renaturalize such habitats in the Baltic Sea. The goal of these measures is also to increase the size of the existing seagrass meadows nearby, and essentially restore an area that once had seagrass. Already today one can implement such activities to increase the natural CO2 sink. Assuming an additional 42,750 ha would be colonized with seagrass by 2050, doubling the existing area, about 103 kt of CO2 could be sequestered from the atmosphere annually. However, these values are still subject to great uncertainty because there is little data on the rate of carbon sequestration, in stark contrast to information available on carbon pools. It is important to understand that seagrass beds reach their full potential after ~18 years (Marbà et al., 2015; Eriander et al., 2016; Infantes et al., 2016; Infantes and Moksnes, 2018; Moksnes et al., 2018). This means that the sooner we implement this measure, the sooner we can realize the full potential of seagrasses.

Seagrass meadows and salt marshes in the North Sea and Baltic Sea hold the seafloor together because their complex roots and root stems prevent water movement from stirring it up. This creates fine-grained sediments that are virtually devoid of oxygen. These inhibit microorganisms from breaking down the carbon stored in the soil into its component parts, which would produce CO2 that would be released into the ocean.

As a result, the carbon in the sediment and biomass is basically stored for several centuries to millennia. However, the actual storage capacity of seagrass beds depends on multiple factors. Temperature and depth are generally the most important limiting factors for seagrass beds. Thus, warming waters and sea level rise may affect their distribution and reduce their range. In addition, increased wave action and storm surges due to extreme weather events associated with climate change are detrimental to seagrass habitats. Strong movements due to storms also stir up the soil and expose buried carbon fixed in the sediment.

Assuming that by 2050 the entire area that can potentially sustain seagrass beds is vegetated (97,750 ha) and healthy seagrass beds absorb CO2 according to their maximum, mature sequestration potential, ~122 kt of CO2 could be removed from the atmosphere annually. As the development of salt marshes and their CO2 uptake potential depend on many factors and as it is unknown whether erosion predominates or they increase in area, we assume that salt marshes absorb by 2050 as much CO2 as they do today. Altogether, a total of 200 kt CO2 could be removed from the atmosphere at the coasts of Germany every year.



Geological carbon dioxide storage solutions (concept 14)

Geological storage at an industrial scale (i.e., captured CO2 >400,000 tons/year) offers the capacity to lock CO2 outside of the atmosphere within the vast porous space of the Earth's underground. Technological CDR solutions, such as BECCS and DACCS, are associated with this CO2 storage option and enable large-scale removal of CO2 from the atmosphere as a significant negative emission contribution to climate mitigation efforts. In this context, the chapter only deals with geological CO2 storage.

Captured CO2 can be permanently stored into a deep underground geological reservoir of porous rock (e.g., sandstone) overlaid by an impermeable layer of cap rocks, sealing the reservoir and preventing the CO2 from upward migration out of the storage formation. Worldwide, there are several types of suitable CO2 storage reservoirs available, e.g., deep saline aquifer formations, depleted oil and gas reservoirs, unmineable coal beds and basalt rock formations (IPCC, 2005). Deep saline aquifer formations, offering the largest storage capacity, are layers of porous and permeable rocks saturated with saline formation water (brine). They are widely distributed across the globe in onshore and offshore sedimentary basins, and in Germany, the North East German Basin provides the major part of the country's saline aquifer assets. When CO2 is injected into a reservoir, it flows through the rock pores, filling the pore space and displaces the saline formation water. Usually, the captured CO2 is compressed into a liquid of increased density for efficient transport, ease of injection and reduced storage space requirement. The reservoir must be located at depths >800 meters to retain the CO2 in a dense liquid (supercritical) state (IPCC, 2005). The injected CO2 is permanently trapped in the reservoir through several mechanisms: (i) structural trapping by the geological formation and its seal, (ii) solubility trapping in the formation water, (iii) residual trapping as gas in the rock pores, and (iv) mineral trapping by reacting with the reservoir rocks to form carbonate minerals. The shares of trapping mechanisms and their dominance depend on the individual storage site's characteristics and contribute to a safe, reliable and effective CO2 storage over the years (Kempka et al., 2014). Environmental parameters are required to be controlled by a long-term monitoring program along the whole storage life-cycle, and energy and economic parameters depend on the location, size and site specific characterization of the storage project. Depending on the regional conditions and the technical parameters of the project, the resulting additional expenses for CO2 conditioning and storage are indicated in the literature within cost bandwidths (Chen and Morosuk, 2021; Smith et al., 2021).

Until the end of 2019, a number of 19 large-scale CCS facilities with permanent CO2 storage were in operation worldwide (GCCSI Report, 2019). The most prominent and longest running project is the Sleipner CCS facility with off-shore storage in the North Sea since 1996 and with about 20 Mt of CO2 stored so far, offering a technology readiness level of TRL 9 (Kearns et al., 2021). A comparable on-shore CO2 storage in a saline aquifer formation is presented by the Quest project, with a storage of about 4.8 Mt CO2 since 2015 (Shell Canada Ltd. Report, 2019).

In Kearns et al. (2017), a total global storage capacity has been estimated at between 8,000 Gt and 55,000 Gt, based on a methodology of estimated average CO2 storage capacity per cubic kilometer of sedimentary rock. For Germany, Knopf and May (2017) used an updated volumetric CO2 storage capacity approach which provided an estimate of about 40 Gt of regional aquifer based capacity assessment.

Due to the given constraints of the national act of carbon dioxide storage (KSpG, 2012) in Germany, the only currently available option to permanently store larger amounts of CO2 is seen in transportation to the North Sea fields, which is offered by the industrial-scale offshore projects, e.g., Northern Lights (Norway), Porthos (The Netherlands), and Net-Zero Teesside (UK) - also known as projects of common interest (PCI).

Another option would be an intermediate storage of CO2 together with its subsequent usage as part of a decarburization cycle. For this application, the already injected CO2 is back-produced on demand from the storage reservoir and returned into a chemical cycle as raw material for further chemical reactions, e.g., together with hydrogen for a methanation process toward synthetic fuels (Graves et al., 2011). In Germany the demonstration of efficient CO2 back-production has been successfully conducted at the Ketzin CO2 pilot storage site (Martens et al., 2015).



Data collection

The collected data for the 13 CDR and storage concepts is presented in tabular fact sheets included in Supplementary materials.




Technical potential of options deployment
 
Options readiness for deployment

CDR options, whether technology- or ecosystem-based, come at different stages of development–some have been demonstrated as viable and are already widely deployed (e.g., afforestation), some may need more research and/or investment to advance and be put on the market (e.g., decentralized DACC).

In our portfolio, we present options which have been largely successfully demonstrated at different scales in deployment environments - e.g., from small projects to commercial-scale projects (Table 2). All selected ecosystem-based options are proven practices which could be implemented and/or expanded in Germany immediately. On the other hand, most technology-based options would require a few years to be successfully deployed (Table 2). This is related to the fact that some of their elements, even though they are mature, still need to be integrated (e.g., retrofitting bioenergy plants with CCS). Only DACC and ERW would require more time for implementation, due to a need for their further development. In case of DACC, a pilot application in real ventilation systems would be necessary, and ERW would need to be further tested to deliver conclusive results.


TABLE 2 Overview of the CDR concepts considered in the study with current scale and estimated time of deployment of CDR options.
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However, an option's implementation time is not only a function of their maturity, but is also influenced by societal factors such as public acceptance and/or political support. Those factors may either speed up or slow down their deployment (see Section Discussion).



Carbon dioxide removal potential of options for Germany

The amount of CDR that will be deployed in the next 30 years is highly uncertain. Estimates as to what would be the appropriate amount of CDR deployment in Germany range from 3 to 18 Gt CO2 between today and 2100, depending on the historical responsibility, capability and global equity (Pozo et al., 2020). In addition, annual CO2 removal demand to reach net-zero CO2 emissions strongly depends on the actions to reduce and avoid emission in the coming years. In the following paragraph we will accordingly discuss the CDR options through the perspective of their respective system utility, i.e., how much CO2 can they remove to achieve national net-zero targets.

With regards to annual CO2 removal potential, our concepts differ widely, ranging from 34 tons to 2.9 million tons per year per concept (Figure 2). The by far highest specific removal potential of a single CDR concept can be realized with BECC, specifically with biomass combustion for CHP in former coal-fired power plants, followed by centralized DACC (1 Mt CO2/year) assuming that effective CO2 storage can be implemented. Other BECC and DACC options present smaller CO2 capture potential which ranges between 3,150 and 100,000 tons CO2 per unit. For NSE, the potential is expressed in the amount of CO2 removed per hectare per year, and varies from 1.5 to 9.5 tCO2/ha/year, with enhanced rock weathering having the highest removal potential per area.
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FIGURE 2
 Overview of CO2 removal potential of selected options. (A) Scalability of options expressed as a number of units available for deployment by 2050 and CO2 removal potential. (B) Amount of CO2 removed per unit of energy generated by BECC technologies. (C) Amount of CO2 removed per unit of energy used by DACC technologies. (D) Amount of CO2 removed per hectare by NSE options.


It is also important to consider the near-term deployment potentials of the different options. While NSE are partly already deployed today, and could potentially be expanded, most of the high-tech options would need 5–10 years to reach market readiness (see Section Options readiness for deployment). This lower maturity level is an important characteristic considering the cumulative CDR potential between 2020 and 2050, as delays in the deployment of CDR options cause reduced cumulative CDR potential.

Considering scalability of the CDR options, a more comprehensive picture of CDR potential can be drawn. Large-scale BECC deployment is limited by the amount of available biomass and number of bioenergy plants that would be available for retrofitting. DACC is mostly limited by its cost and access to renewable energy supply. Most of the NSE are limited by the available area. Taken each of these limiting factors into account, the BECC potentials range from 0.5, 0.8, 3.72, 12.6, 14, 29.9 Mt CO2/year for paludi- and macroalgae-fed biogas CHP, gasification, mixed feedstock biogas CHP, pyrolysis and biomass combustion CHP, respectively. For the DACC options the potential ranges between 15 and 150 Mt CO2/year, for the decentralized and centralized approach, respectively. The potential is based on the assumption that 15% of the largest buildings in Germany can be equipped with DACC units and an area one hundredth as big as the agricultural area (115,100 ha) can be utilized to install DACC farms. And finally, the projected CDR potentials for the NSE measures are found to be between 0.06, 2.3, 3.3, 3.5 and 5.8 Mt CO2/year for seagrass restoration, cover crops, peatland rewetting, afforestation and enhanced rock weathering, respectively. In Figure 2 we present the efficiency of the different CDR concepts to remove CO2 with regard to their potential to scale up, energy provision and demand (for the hybrid and technical solutions) and land/water area (for NSE).





Discussion


Bringing CDR options closer to deployment-bottlenecks and open questions

There are many different options for CDR available today – from technological to hybrid and natural solutions. The principles of many options are already well-researched. However, their real-life implementation is a process which cannot be based only on general assumptions. Our CDR concepts combine German framework conditions with their respective performance parameters to help bring CDR from the general conceptual level to the ground. They show not only the possible methods of CDR in Germany but also how they could look like in reality, in a more manageable, one-unit scale (i.e., easier to locate, run necessary calculations, evaluations and scaling).

In principle, German natural conditions and technology availability enable the implementation of diverse CDR options. While we are aware of the fact that some, if not all, of the CDR options discussed here will cause various side-effects, e.g., GHG generation in peatlands and short-lived halocarbons from macroalgae farming (Leedham et al., 2013; Ziska et al., 2013; Tanneberger et al., 2021), we wanted to concentrate on the technological readiness and potentials of these options within the German context. More comprehensive assessments will need to follow (see Thoni et al., 2020). Using our CDR concepts in combination with the analysis of German geophysical conditions, we determined an approximate area on which a given option could be applied and how much CO2 per hectare it could remove. Such information represents a crucial first step to understanding the feasibility of CDR deployment and can be understood as a measurement for maximum potential. To better understand the actual removal potential, social, political, and legal parameters need to be considered as well, as these may represent hurdles to deployment and thus reduce the actual removal potential (cf. Boysen et al., 2017; Geden et al., 2018; Wieding et al., 2020).

Economic viability of CDR options is also highly variable and dependent on the technologies and their characteristics. Regarding renewable energy-based options, the Budget Scenario by Simon et al. (2022), which aims at implementing a 100% renewable energy system by 2050 for Germany, requires considerable investment in technologies and infrastructure. In the short term, fuel costs determine overall costs to two thirds, whereas their share decreases from 2030, while power exchange costs increase. This is due to CO2 emission costs being eliminated while phasing out fossil fuels. Considering energy security, increasing costs for energy imports also highlight that different energy systems are subject to dynamic changes of the economic circumstances. Future viability and reliability of CDR options are therefore sensitive and must be considered in a holistic approach, which, as a downside, increases the number of uncertainty parameters in modeling and for interpretation of feasible outcomes.

In this section, we highlight some of the most important bottlenecks and open questions that need further consideration, as highlighted in previous literature, focusing on the German context (Hahn et al., 2020). In other words, we see that the CDR potential of a single approach is limited under incremental implementation of the CDR concepts within an existing landscape and infrastructure. Hence, in addition to technological feasibility, a portfolio of concepts needs to be demonstrated and tested with regard to market implementation as well as socio-political acceptance. For example, the most mature option with an additionally high CDR potential is biomass combustion with CHP – an option which assumes retrofitting a coal-fired plant to burn biomass, which for certain industry actors can be attractive, especially in the light of the upcoming coal-phase out (KVBG, 2020). Such concepts can thus build on pre-existing infrastructure, as well as already tested technology, e.g., in the UK (Drax Group, 2018) or Denmark (Orsted Media Relations, 2016). However, if deployed at scale, their demand for resources (e.g., wooden pellets) may be a limiting factor, if no imports are taken into account (Thrän and Schindler, 2021). Moreover, previous research indicates that model assumptions for future biomass production for BECCS rely on optimistic views on increased agricultural efficiency, as well as land-use changes that may interfere with other societal goals such as food security, biodiversity, and cultural services, and could cause, inter alia, loss of ecosystems, replacement of natural ecosystems for monocultures, and pollution (Dooley and Kartha, 2018; Daggash et al., 2019; Dooley et al., 2020). These are all important factors that would need to be critically reviewed if BECCS options were to be moved closer to deployment in Germany. If such risks are deemed insurmountable and the impacts socially and ecologically unacceptable, they will, consequently, reduce the potential for BECCS. However, in comparison with the other CDR options, the integrated energy provision of BECCS is a significant advantage, especially in the light of ongoing energy transition and related strong need for renewables.

Scaling is not only an issue in sustainable biomass sourcing for large scale BECCS application. NSE are typically implemented in smaller units and therefore need different support and permission schemes than technical facilities. Some practices are already in use or tested in Germany, especially in urban areas (e.g., Kabisch et al., 2016) but the scale on which they could be implemented to maximize CO2 capture has not been evaluated yet.

The CDR concept approach clarifies the options for CO2 removal for Germany with regard to BECC, DACC and NSE under the consideration of technical, infrastructural and biophysical conditions. However, the relevant bottleneck for long term storage, which enables BECC to BECCS and DACC to DACCS is carbon storage, which is still not fully addressed in Germany. Theoretically, Germany has large potential for permanent CO2 storage as well as multiple storage scenarios–local storage, offshore storage or a combination of these may all be envisaged. The choice of storage options is in turn closely tied to the organization of CO2 emitters and CO2 transportation networks around the storage sites. Indeed, the establishment of a CO2 transportation network and CO2 source clustering could represent a strategic opportunity for economic development. For instance, proximity to a storage site or even a CO2 transportation network may offer an easy path to carbon neutrality for hard-to-abate industries such as cement or lime (Hills et al., 2017). Emitters may be clustered regionally, as spatial clusters in view of a local onshore storage site, or instead form a unique national network with a large unique storage location (or neighboring storage locations). While both scenarios are technically feasible, varying costs, political will and social acceptance will determine the chosen implementation. CO2 storage is currently restricted to pilot-scale research endeavors and no new storage sites can currently be proposed (KSpG, 2012), although some emerging signs seem to indicate that politicians are reconsidering German CO2 subsurface storage (Drucksache 19/25295, 2020; Drucksache 19/30724, 2021). Offshore storage in a select few, large North Sea storage sites may reduce geological prospection and storage costs but a significant CO2 transport network will be required. On the other hand, onshore regional storage may require less infrastructure investment but storage availability is not uniform among German federal states and there is no legal support for CO2 storage in Germany (KSpG, 2012). Moreover, public acceptance of CO2 storage in Germany is currently low (Tcvetkov et al., 2019) while acceptance for CCU is higher (Linzenich et al., 2019). In addition to low public support for CCS, the public's knowledge about CCS is also low (Merk et al., 2019). Hence, all options which rely on CCS may face a delay of unknown duration or insurmountable hurdles if acceptance is never generated. Early CCS projects generally faced limited public acceptance or outright public opposition for underground storage and transportation of CO2 in pipelines, although research indicates that public acceptance is higher for Bio-CCS than CCS of fossil fuel emissions (Dütschke, 2011; Wallquist et al., 2012; Otto and Gross, 2021). Previous research suggests that reintroducing CO2 storage firmly within the public debate may require a fine balancing of communication and lobbying to inform of the low risks and numerous opportunities associated with CO2 storage, while avoiding association with the failed CCS impetus in Germany of the late 2000's (Linzenich et al., 2019).

When it comes to public acceptance of CDR in general, interfering with nature is often seen as problematic, and thus less technology heavy options could be more acceptable (Wallquist et al., 2012; Wolske et al., 2019, e.g., afforestation preferred over BECCS and DACCS). For instance, in addition to perceived risks of storage especially related to leakage, data from Germany shows that BECCS-options are also seen as problematic by the public because of concerns with regards to biodiversity impacts4. Similarly, data from the US and UK shows that for enhanced weathering people are generally concerned about downstream effects on oceans (Spence et al., 2021). That being said, also NSE like rewetting peatlands can be perceived as interfering with nature, if areas have been drained for a long time and thus perceived as naturally dry (Ziegler et al., 2021). In general, many CDR options could potentially cause trade-offs to other societal goals, such as energy- and food security, or cause health implications, or land-use conflicts (Honegger et al., 2020). This includes NSE like afforestation, which can have negative social and ecological impacts, such as loss of biodiversity, land-use conflicts, and high resource use, in particular, if forest plantations are established in previously non-forested areas, replace natural ecosystems and are established without the consent of local communities (e.g., Smith and Torn, 2013; Honegger et al., 2020). Societal impacts are, however, highly dependent on scale of implementation and need to be understood within their specific local context (Honegger et al., 2020). Acceptance is often associated with trust and seen as something that is built over time (e.g., Waller et al., 2020). Public participation in the decision making process has been highlighted as important for building trust and acceptance (e.g., Dütschke, 2011; Merk et al., 2019; Cox et al., 2021). According to Honegger et al. (2021), while Germany has well developed participatory governance processes in general, not enough has been done for public engagement around CDR, which in turn makes it more challenging to build social acceptance around these measures.



Distribution patterns

The location of different CDR options depends to a large extent on biophysical conditions occurring in the country of deployment. This parameter is inextricably linked to NSE, as these options are based directly on the occurrence of certain natural conditions and ecosystems. However, hybrid options like BECC and purely technology-driven options like DACC also rely to a different degree on natural conditions (e.g., proper conditions to grow different types of biomass in case of BECC, and intensity of insolation and wind for production of electricity for DACC).

Apart from biophysical conditions, some CDR options are accompanied by additional energy demand (especially DACC), and some generate energy (like BECC). Therefore, the energy supply also plays an important role. The required transformation of the energy system on the path to achieve net zero CO2 emissions by 2050 will further accelerate extensive societal and economic changes. The extension of the electrical grid, pipeline siting, various storage potential to be exploited and resistance against the phase out of coal-fired power plants affect different regions of Germany to varying degrees and scales. This, together with diverse levels of acceptance for decarbonization measures across Germany, could lead to strong regional differences in application potentials of technologies, which in turn could restrict a speedy transition. For instance, divergences can result from different resource allocation, which is especially important considering renewable energy. German photovoltaic (PV) power potential is allocated mostly in the South (The World Bank, 2019), whereas the northern regions can provide less of this resource. Contrastingly, the mean wind power density is located mostly in the North-West coastal regions and in few mountainous areas (except the South of Germany) (DTU Wind Energy, 2021). These natural resource occurrences are determining CDR options availability as well as future changes in energy supply by illustrating requirements for expansion in installations and infrastructure (Simon et al., 2022). Corresponding to PV potential, storage options needed for CO2 are mostly allocated in the northern half of the country, with some locations also in the center and South of Germany (Müller and Reinhold, 2011).

The energy intensive industries are located mostly in the West and South of Germany and in several highly agglomerated regions, which coincide with the density of population (GTAI, 2020; BBSR, 2021). These agglomerations also correspond to the highest emissions, which is where CO2 storage should be located to minimize transport. However, capacities for that are not matching the geographical location of emitters (Emissionshandelsstelle, 2018).

For the CDR concepts presented in the preceding sections, a regional allocation scheme that illustrates explicitly the implementation potential in Germany can be developed (Table 3). This scheme is based on the current status of biomass and renewable energy availability, type of area (terrestrial or marine) and degree of urbanization. In this table, concerning the geographic distinction, the country has been split into five main areas: the north, east, south, west, and center. Generally, the cardinal direction provided by the regional classification and the distinction according to federal states should be understood only as a fluid concept and not as a fixed distinction, since resources and potentials cannot be measured by administrative boundaries. Assigning the CDR options to the mentioned regions further depends on technological flexibility, scale of the options deployment, degree of decentralization, and the nature of the concept itself (e.g., marine options are not implementable on land). The latter also informs the additional distinction of the area type in Table 3, as urban and rural areas are characterized by different implementation abilities (e.g., concepts with need for agricultural products are relatively infeasible to implement in highly urbanized regions). Additionally, marine areas are introduced to capture the needs of concepts which use offshore-based technologies or marine CDR processes.


TABLE 3 Distribution patterns of CDR options.
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The applicability of the regional disaggregation is marked by either a ‘+', which stands for moderate implementation in the specific area that may be limited on certain conditions, ‘++' stands for high implementation potential.

For BECCS, different options depend strongly on suitable biomass availability. As agricultural and forestry residues and waste are widely occurring feedstocks, it is difficult to set clear regional restrictions for implementation of technologies based on these resources. Among BECC concepts, an exception can be macroalgae- and paludiculture-based concepts, which have stronger limitations as they can only work in marine or rural areas with specific biophysical conditions (e.g., suitability for restoring peatland). DACC implementation is connected to the specific renewable energy potential and thus follows along the power potentials of either wind (relatively higher potential in the north) or PV (relatively higher potential in the south). For larger, centralized DACC-facilities one of the most important location factors is the availability of renewable energy in sufficient quantities. Therefore, we assume these plants will follow the potential of renewable energy sources, with a secondary preference for less expensive construction land in rural areas (Heß et al., 2020). On the other hand, decentralized HVAC-integrated DACC-systems primarily require suitable buildings in which they can be implemented. The selection of renewable energy supply must be decided on a more local, case-by-case basis. On-site generation of renewables has to be complemented with other energy sources, such as industrial waste heat, which is more readily available near industrial and urban centers (Dittmeyer et al., 2019).

If there are further specifications of the type of region where a concept can be implemented, it is noted in brackets in Table 3. For instance, with biogas for CHP, regions of deployment in Germany are generally not restricted to either north, south, etc., but in urban areas the option depends on bio-waste, and in rural regions, agriculture is a prerequisite for implementation.

Overall, it is important to account for the different perception of concepts that are implementable and spatially diffused (Rhoden et al., 2021). Especially considering the expansion of renewable energy, and depending on the context of a concept, the regional effect on the landscape, and thus on the need of environmental conditions, can differ strongly.



Setting the CO2 removal potential in context

Beyond the different bottlenecks and hurdles for implementation, in order to understand the potential contribution of CDR options to reaching net-zero CO2 emissions, the estimated CO2 removal potentials should be compared with the actual CO2 emissions in Germany. In 2020, Germany emitted 644 Mt CO2, mostly coming from the energy sector (211 Mt CO2), industry sector (163 Mt CO2), and transport sector (144 Mt CO2) (UBA, 2021). Noteworthy in this context is that energy production by fossil fuel combustion across sectors amounts to over 90% of current CO2 emissions in Germany.

If Germany would achieve its 88% reduction in emissions relative to 1990 by 2040, this amounts to annual emission of 130 Mt CO2, which would have to be entirely eliminated or compensated for within 5 years (KSG, 2021). While central DACC units could theoretically provide 150 Mt CO2 capture per year if limited by area demand alone, constraining DACC by energy provision limits its potential to about 16 Mt CO2 (Ariadne Report, 2021). No other CDR option alone can provide the necessary order of magnitude of carbon removal to compensate for 130 Mt CO2/year. In total, BECC options could provide about 62 MtCO2, half of which would be provided by biomass CHP. This option however, would need large amounts of woody biomass as feedstock. As for the enhancement of natural carbon sinks, we find that enhanced rock weathering, afforestation and peatland rewetting are the options which show the highest CDR potentials (5.8, 3.5 and 3.4 Mt CO2/year, respectively). In total, we assess the CDR potential of the five selected NSE options in Germany to be in the order of magnitude of 15 Mt CO2/year. Our overall estimated CDR potential in the year 2050 amounts to about 240 Mt CO2/year, which is reduced to 91 Mt CO2/year if the central DACC option were constrained by energy supply. While single CDR options are constrained differently and therefore single potentials vary, our estimate of the overall CDR potential agrees well with the order of magnitude of 103–116 Mt CO2/year identified in the Ariadne Report (2021).

This conclusion clearly illustrates that CO2 removal can only compensate for a very small share of today's emissions in Germany. Moreover, the maturity of the options illustrates that most of the CDR options might only be deployed in 5–10 years' time. In other words, in the coming decade, the focus should be laid on mitigating emissions in the first place rather than relying on negative emission technologies for removing emissions after they have been emitted. In Figure 3, we present the potentials of analyzed CDR concepts, along with their relation to current German CO2 emissions and projected residual emissions in 2050.
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FIGURE 3
 CDR potential of analyzed concepts in comparison with estimates of current CO2 emissions in Germany (UBA 2021), projected residual emissions for 2050 (Mengis et al., 2022) and CDR potential in Germany (Ariadne Report, 2021). BECC: based on all analyzed BECC concepts, likely requiring imports of woody biomass; DACC: based on decentralized DACC concept, excluding centralized DACC due to energy constraints; NSE: based on all analyzed NSE concepts. The indicated potentials for BECC and DACC do not include possible constraints due to legal restrictions for geological CO2 storage in Germany.




Limitations and further research demand

The definition and description of exemplary CDR concepts was performed with experts in the different fields, using the–to our knowledge–best available information. However, we know that also within the expert fields there are uncertainties in the optimized design and performance of the concepts, which is also affecting the data quality of our fact sheets. Larger data collections can help to reduce these uncertainties in the future, and we propose to use this study as a starting point to broaden the database of CDR concepts for CO2 removal in Germany.

Additionally, in our assessment we focused mainly on technical and CO2 removal related criteria. For implementation of CDR concepts, a broader view on societal and political aspects is necessary. With regard to economic, environmental or social aspects, the fact sheets will need more harmonization, e.g., by commonly agreed indicators (see Fridahl et al., 2020; Förster et al., 2022).

We also did not consider interactions between the CDR concepts, especially when it comes to their upscaling. In general, for each concept, competition by increased market potential is facilitating market penetration and ensures cost-efficiency. In technologies, further innovation support enables efficiency gains and cost reductions (Hepburn et al., 2019). Among that, concepts can compete for land and resources, and the deployment of one option may reduce the potential of implementation of another concept. This makes it essential that a regionally specific CDR portfolios are developed in order to avoid possibly conflicting solutions.




Conclusion

CDR is discussed as a relevant measure to reach the temperature goals of the Paris Agreement not only globally but also in national contexts. Different CDR measures are available and their implementation depends on site specific conditions, such as biophysical conditions, existing infrastructure and regulations. In our study, we investigated near-to-market-options for CDR in Germany, which we depicted in 13 concepts and systematically described in fact sheets (see Supplementary materials). These concepts are based on the current situation and allow incremental implementation of CDR options during the next decade. The CDR concepts cover technical, hybrid, and natural sink enhancement options with CO2 removal in a range from 34 tons (Baltic Sea seagrass meadows) to 3 megatonnes CO2 (biomass combustion CHP) per concept, and with costs ranging from −45 (minimal estimate for cover crops; Fuss et al., 2018) to 800 € (maximal estimate for DACC; Heß et al., 2020) per ton of CO2 removed (see Supplementary materials for details). With their elaboration in fact sheets, a substantial database has been generated which can be further used in climate research and policy actions, such as research and demonstration of CDR options, as well as climate and energy scenario development.

With regard to the overall CO2 removal potential, 10 of the 13 CDR concepts provide technical removal potential of at least 1 million tons CO2 per year, so a combination of concepts is necessary to achieve the necessary impact for the climate targets. Options with the highest CO2 removal potentials are: DACC farms (150 Mt CO2/year), BECC: biomass combustion with CHP (29.9 Mt CO2/year), DACC combined with HVAC systems (15 Mt CO2/year), BECC: pyrolysis (14 Mt CO2/year), BECC: biogas CHP (12.6 Mt CO2/year), NSE: enhanced rock weathering (5.82 Mt CO2/year), NSE: afforestation of cropland (3.49 Mt CO2/year), NSE: peatland rewetting (3.35 Mt CO2/year), and NSE: cover crops (2.34 Mt CO2/year). Our overall, maximized estimation of CDR potential of analyzed options in 2050 varies from 91 to 240 Mt CO2/year, mostly depending on the scale of deployment of DACC farms. However, it should be noted that this potential can further decline, e.g., if the future availability of biomass for BECC application decreases, there are further constraints in renewable energy supply for DACC or limitations in CO2 storage. Compared to Germany's total actual CO2 emissions of 644 Mt CO2 (data from 2020; UBA, 2021) and the estimated hard-to-abate emissions of 36–63 Mt CO2 in 2050 (Ariadne Report, 2021; Mengis et al., 2022), it seems that CDR could theoretically provide sufficient potential to counterbalance the residual emissions. However, it should not be considered as a primary mitigation measure, but as a complementary option following emission reductions and avoidance.

Taking biophysical conditions and infrastructure into account, northern Germany seems preferable for many concepts. Necessary next steps needed to enable their successful implementation and include consideration of economic aspects, societal perception and political frameworks (Cherry et al., 2018; Nemet et al., 2018). Therefore, in general, a comprehensive framework like the SDGs can foster political action to deployment and give guidance to a German approach to bring technology concepts to the market (see also Honegger et al., 2020). Participatory processes and a focus on good governance can relieve some of the barriers to implementation (Honegger et al., 2018). They need to be applied highly region-specific as the federal structure of the political background and the geographical feasibility potentials of technologies (centralized or decentralized) differ strongly and require careful place-based consideration. Specifically for the hybrid and technical carbon dioxide removal options (BECCS and DACCS), implementation strongly depends on the availability of carbon storage options, which are currently constrained by laws in Germany and can only be unlocked by changing the current regulations on carbon storage.
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