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Direct air capture (DAC) combined with subsequent storage (DACCS) is discussed as one promising carbon dioxide removal option. The aim of this paper is to analyse and comparatively classify the resource consumption (land use, renewable energy and water) and costs of possible DAC implementation pathways for Germany. The paths are based on a selected, existing climate neutrality scenario that requires the removal of 20 Mt of carbon dioxide (CO2) per year by DACCS from 2045. The analysis focuses on the so-called “low-temperature” DAC process, which might be more advantageous for Germany than the “high-temperature” one. In four case studies, we examine potential sites in northern, central and southern Germany, thereby using the most suitable renewable energies for electricity and heat generation. We show that the deployment of DAC results in large-scale land use and high energy needs. The land use in the range of 167–353 km2 results mainly from the area required for renewable energy generation. The total electrical energy demand of 14.4 TWh per year, of which 46% is needed to operate heat pumps to supply the heat demand of the DAC process, corresponds to around 1.4% of Germany's envisaged electricity demand in 2045. 20 Mt of water are provided yearly, corresponding to 40% of the city of Cologne‘s water demand (1.1 million inhabitants). The capture of CO2 (DAC) incurs levelised costs of 125–138 EUR per tonne of CO2, whereby the provision of the required energy via photovoltaics in southern Germany represents the lowest value of the four case studies. This does not include the costs associated with balancing its volatility. Taking into account transporting the CO2 via pipeline to the port of Wilhelmshaven, followed by transporting and sequestering the CO2 in geological storage sites in the Norwegian North Sea (DACCS), the levelised costs increase to 161–176 EUR/tCO2. Due to the longer transport distances from southern and central Germany, a northern German site using wind turbines would be the most favourable.
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1 Introduction

The correlation between the increase in atmospheric CO2 concentration and the rise in global temperature has been sufficiently documented (IPCC, 2023). In line with the Paris Agreement, the German government's target is to achieve climate neutrality from 2045 by substituting fossil fuels and offsetting unavoidable residual emissions. This offset can be implemented through the use of negative emission technologies that belong to the broader set of carbon dioxide removal (CDR) measures (Renforth et al., 2023). It is, however, unlikely that only one technology alone will be able to meet the demand; rather, a portfolio of negative emission technologies is needed (Minx et al., 2018; Rueda et al., 2021). Current long-term energy and climate scenario analyses focus mainly on a mix of negative emission technologies options strongly related to energy technologies, namely bioenergy with CO2 capture and storage (BECCS) and direct air capture with subsequent CO2 storage (DACCS). Therefore, their possible use must also always be considered in the context of the entire energy system. Each of the options interact with it in different ways and has different impacts on the environment, as discussed by Smith et al. (2016) on the basis of six environmental impact categories. Direct air capture (DAC) is limited primarily by its high demand for electrical and thermal energy. Other factors, such as costs and potential water requirements, can also affect the viability of this technology (Smith et al., 2016; Fasihi et al., 2019; Rueda et al., 2021). While a large number of studies are already available on the use of BECCS, fewer studies and concepts exist with regard to DACCS (Minx et al., 2018). Therefore, this paper focuses solely on the DAC technology.

Although various papers discuss the future development of DAC (National Academies of Sciences, 2019; McQueen et al., 2021b; Ozkan et al., 2022), DAC technology has only been demonstrated at a few plants worldwide so far. As a result, there is at present only limited knowledge about the long-term costs and resource requirements of large-scale implementation (Fasihi et al., 2019; McQueen et al., 2020; Hanna et al., 2021; Lackner and Habib, 2021). The largest plant currently in existence, operated by the Climeworks firm, removes 4,000 tCO2/year from the atmosphere by means of adsorption. A plant with a removal capacity of 1 MtCO2/year is being developed by the Carbon Engineering firm based on absorption (IEA, 2022). However, other processes for capturing CO2 from the atmosphere are also being trialled worldwide (Ozkan et al., 2022).

Up to now, there have been only a few studies that indicate the concrete potential of DAC implementation. Lux et al. (2023) analyse a CDR demand using DAC in the European energy system of 288 MtCO2/year while considering an annual removal of 5% of European emissions in 2050 relative to 1990. For Germany, the demand for DAC is analysed in the context of climate neutrality studies. These studies indicate a need for negative emissions of between 45 and 90 MtCO2/year to achieve climate neutrality in 2045, of which between 17 and 59 MtCO2/year are provided by BECCS and between 15 and 38 MtCO2/year by DACCS (Luderer et al., 2021; Samadi and Lechtenböhmer, 2022; Kullmann and Stolten, 2023). Borchers et al. (2022) analyse 13 CDR options for Germany (various DACCS, BECCS and natural sink enhancement concepts). They attribute a CDR potential of 150 MtCO2/year at centralised DAC farms and an additional 15 MtCO2/year at decentralised plants in combination with ventilation and air conditioning systems. However, none of the studies analysed provide a structural implementation analysis for DAC plants. Specific resources and cost estimates to implement DAC for countries or regions were only found for the U. S. state of California. Baker et al. (2020) describe the possibility of making California carbon-neutral by 2045 by removing 125 MtCO2/year. This includes a DAC implementation strategy of 16 MtCO2/year until 2045.

To the best of the authors' knowledge, there is no assessment of a potential implementation of DAC plants in Germany. The goal of this study is therefore to analyse and comparatively classify the resource requirements (land use, renewable energy and water) and costs of possible DAC implementation pathways for Germany.

The remainder of the paper is organised as follows: Section 2 describes the current state of the art as well as providing a comparison of the existing DAC processes, followed by the methodology and calculation of the chosen indicators. In Section 3, the technical design of four case studies describing potential implementation strategies is presented. Finally, the results regarding the costs and resource consumption are discussed in Section 4, whilst conclusions are drawn in Section 5.



2 Materials and methods

In order to answer the research question, the different DAC technologies are compared and the DAC technology that appears to be most advantageous for Germany in the time horizon considered is selected. We determine a target value for the quantity of CO2 extracted by DAC to achieve German climate neutrality (x MtCO2/year) based on a meta-scenario analysis. This target value serves as the basis for the cost and resource analysis, which we examine in four case studies. Within the case studies, different combinations of technical systems (DAC, heat pump and compressor) and renewable energy systems (PV or wind turbines) are defined using literature-based data and then scaled to the capacity required to achieve German carbon neutrality (Figure 1).
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FIGURE 1
 Methodological framework of the study. Source: own representation.



2.1 Selection of a specific DAC technology for the analysis

According to Ozkan et al. (2022), two DAC technology approaches have already been implemented at several demonstration plants and are thus at an advanced stage of development (Table 1). The adsorption process, on the one hand, requires a heat level of ~100°C (“low-temperature”) and is based on a design that enables small-scale solutions on a container basis. Here, adsorption and desorption in vacuum take place cyclically in the same technical space. As a result, the technical components are exposed to strong pressure, temperature and humidity fluctuations, which must be taken into account in the choice of construction materials. Due to the changing process phases, continuous operation is only possible by staggering the operation of several modules (Beuttler et al., 2019). Some “low-temperature” DAC systems produce water as a by-product. The amount varies depending on the adsorption medium and environmental conditions. Fasihi et al. (2019) reported that between 0.8 and 2 tonnes of water are captured per tonne of CO2. However, due to the additional energy required, it is reasonable to minimise the amount of water produced. There are currently 17 adsorption plants in operation, mainly in Europe. All plants are operated by the Climeworks and Global Thermostat (IEA, 2022).


TABLE 1 Comparison of the two most proven direct air capture processes.
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The absorption process, on the other hand, works at a heat level of 900°C (“high-temperature”). The separation of absorption and desorption ensures continuous operation at ambient pressure reduced stress on components due to temperature and pressure swing, as well as protection of the plant components. In contrast to the “low-temperature” approach, this process requires water. According to Ozkan et al. (2022), the water consumption comes to 1–13 tH2O/tCO2. The process can be applied in central large-scale solutions. As both large equipment components such as the calciners or steam slakers and high-temperature process heat are required, significantly larger capacity blocks than the one used in the adsorption process are needed, which makes upscaling by adding more units more complex. The only pilot plant, currently operated by the Carbon Engineering firm, uses natural gas with a downstream carbon capture and storage (CCS) process to produce the required high temperature (Keith et al., 2018). Alternative heat sources could be hydrogen, electricity or concentrating solar power. In addition, McQueen et al. (2021a) describe the possible use of an all-electric calciner, which is not yet commercially available and its development is therefore difficult to predict. Besides the companies mentioned above, numerous other companies are also working on DAC on a laboratory and pilot scale and exploring further DAC approaches (IEA, 2022; Ozkan et al., 2022).

Compared to high-temperature heat, low-temperature heat is much easier to provide using renewable energy or waste heat from industry. Due to its small-scale design, smaller energy potentials can also be utilised or it can be easier to develop smaller sites. In contrast, the generation of high-temperature heat in a system based on renewable energy, as is intended in Germany by 2045 at the latest, would require large-scale DAC plants that burn hydrogen, for example, or use concentrating solar power or nuclear energy. The available climate neutrality studies for Germany, however, assume that green hydrogen, which will be scarce for a long time, should only be consumed in “no-regret” applications like synthetic aviation fuels, feedstocks and green steel production. The use of concentrating solar power is not realistic in Germany, however, due to limited direct normal irradiation potential. The use of an electrical calciner in combination with renewables or nuclear energy is also difficult to predict due to the low level of technological development. Furthermore, the use of nuclear power is not an option due to the German nuclear phase-out by 2023 but would be an option for other countries (McQueen et al., 2021a). Therefore, to perform the intended analysis, the “low-temperature” process was chosen as the basis for a reference plant for a potential rollout in Germany. This technology appears to be most advantageous for Germany in the time horizon under consideration due to its need for process temperatures of around 100°C and its ability to provide (instead of requiring) water in the process (Beuttler et al., 2019; National Academies of Sciences, 2019).



2.2 Selecting a climate neutrality scenario for deriving a DAC target

Based on a meta-scenario analysis, an exemplarily DAC quantity required to achieve climate neutrality in Germany is determined as a target value. This target value serves as the basis for the cost and resource analysis. All scenarios known to the authors, which are in line with the German government's target for a climate-neutral Germany by 2045, require the capture and the permanent storage of CO2 or its use as feedstock. They differentiate between natural and technical sinks as well as between process emission related CCS and negative emissions. However, not all of these options are examined in the various scenarios. In 2045, the need for CO2 capture is given as 55–116 MtCO2/year (Figure 2), whereby different assumptions, framework conditions and focuses of the authors shape the results differently (Boston Consulting Group, 2021; Deutsche Energie-Agentur, 2021; Luderer et al., 2021; Prognos et al., 2021; Fraunhofer-Institut ISI, 2022; Kullmann and Stolten, 2023). The possibility of using DAC is mentioned in all of these studies, but only Prognos et al. (2021), Fraunhofer-Institut ISI (2022), and Kullmann and Stolten (2023) state specific amounts of DACCS in their basic scenarios for 2045. Boston Consulting Group (2021) provide for additional DAC quantities in the event that the measures on land use, land use change and forestry (LULUCF) do not come into effect as envisaged in their baseline scenarios (see the split line). Luderer et al. (2021) rely primarily on the use of BECCS, although they do not exclude the possibility of using other measures for CDR (see the split line).
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FIGURE 2
 Comparison of German climate neutrality scenarios for the reference year 2045 regarding their assumed CO2 capture measures. Source: own representation.


The demand for negative emissions in our analysis is based on Prognos et al. (2021), using their CNGE 2045 (‘‘Climate-Neutral Germany”) scenario. This scenario was chosen because it appears to be the most transparent scenario regarding the assumptions on different CO2 capture measures, for example the use of “low-temperature” DAC and its assumed energy consumption. Furthermore, it presents a kind of a middle-of-the-road scenario among the three scenarios that envisage the use of DACCS [CO2 capture rates of 15, 20, and 38 MtCO2/year according to Prognos et al. (2021), Fraunhofer-Institut ISI (2022), Kullmann and Stolten (2023), respectively]. The CNGE 2045 scenario represents an integrated scenario that takes into account greenhouse gas emissions from the energy, industry, transport, buildings, agriculture and waste management sectors and considering the manifold interconnections between these sectors. In this way the emissions are reduced by 65% to 438 MtCO2/year in 2030 and by 95% to 65 MtCO2/year in 2045, compared to 1990 levels. So-called unavoidable, remaining emissions in 2045 result primarily from agriculture and, to a low extent, from individual industrial sectors and waste management, whose emissions cannot be further reduced for various reasons. To compensate for these, the authors envisage negative emissions through BECCS and DACCS (along with other options). Together, the demand for CDR measures is increased to 65 MtCO2/year in 2045, of which 20 MtCO2/year is removed by DACCS. This 20 MtCO2 is defined as our target value for the quantity of CO2 to be extracted by DAC.



2.3 Definition of the case studies

In order to assess the impacts of installing the derived DAC capacity, in Section 3, four case studies on possible DAC implementation pathways are defined. They differ in terms of the choice of region and the respective renewable energy generation, namely onshore wind turbines and photovoltaics (PV). Regions in northern, central and southern Germany are selected in order to analyse different framework conditions with regard to the renewable energy potential or the CO2 transport distance. Electrical air-source heat pumps are considered to meet the heat demand of the DAC plants. It is assumed that the CO2 extracted from the atmosphere will be prepared for transport to the coast via CO2 pipelines. Based on current corporate plans, the port of Wilhelmshaven (WHV), located on the German part of the North Sea, is taken as a possible port for CO2 transfer (OGE, 2023) to potential storage sites in the North Sea. The cost and resource analysis is conducted for each case study and the results are presented both specifically (per tonne of CO2) and in absolute figures. All assumptions regarding costs and resources are for 2045, using literature-based expectations regarding technical developments and extrapolations.



2.4 Carbon capture efficiency

Even if only renewable energy or waste heat is used to operate the DAC plant, the carbon capture efficiency, defined as the ratio of carbon captured to carbon removed, is usually <1. This is because, in addition to the emissions from operation, the embodied emissions generated during the production processes of the facilities required must also be taken into account. Deutz and Bardow (2021), for example, calculate an efficiency of 96.5% for a similar DAC system in the case of wind and PV, based on 2050. Terlouw et al. (2021) analyse the highest efficiency in countries with a low-carbon electricity mix and the use of waste heat. Since we assume a nearly climate-neutral economy in Germany in 2045, there will be almost no emissions from domestic production processes. However, since the UN Framework Convention on Climate Change (UNFCCC) only considers domestic greenhouse gas emissions in the national GHG emission balance, we neglect possible embodied emissions from production abroad in order to be consistent with the chosen CNGE 2024 scenario. We therefore assume that the carbon removed by the DAC plants installed in Germany corresponds to the same amount of carbon captured.

The efficiency of the DAC process is also strongly influenced by the ambient conditions and the process engineering parameters. Wurzbacher et al. (2012) demonstrate that the adsorption time and humidity have a direct influence on the adsorbed amount of H2O and CO2, while the temperature has only a minor effect. This only becomes relevant when it gets warmer than 50°C (Sendi et al., 2022), which is not the case in Germany. The higher the humidity in the environment, the more CO2 and H2O can be bound by the adsorbent. However, the amount of adsorbed H2O increases more than CO2. Therefore, a favourable CO2/H2O ratio for the adsorption process occurs at low humidity (Sendi et al., 2022). This advantage is based on the fact that the desorption of water causes an additional thermal energy requirement, which should be avoided for efficiency reasons. As the humidity only varies slightly between the analysed regions in Germany over the course of the year (Climate Data, 2024), we assume no difference in energy demand. Furthermore, it is assumed that the adsorption and desorption processes of the DAC systems in the different case studies are operated at the same rhythm, so that the adsorption time is also assumed to be constant.



2.5 Defining central energy demand parameters

In every case study, the electricity required to operate the technical systems (DAC, heat pump and compressor) is assumed to be supplied by renewable energy plants based on an annual balance. This means that the amount of energy produced over the course of a year is equal to the amount of energy consumed by the technical systems over the same period. The parameters described below, and the corresponding sources are listed in Table 3 for the technologies selected in the case studies.

The required capacity of the renewable energy systems (PRE) in kW is derived from the total annual electrical energy demand of the technical systems (Eel,total) in kWh and the annual specific electrical energy yield of the renewable energy systems based on the region-specific full load hours (FLHRE) in h (Equation 1). Eel,total is divided into the direct electricity demand (Eel,direct) of DAC and compression unit and the electricity demand (Equations 2, 3). Eel,PowerToHeat resulting from the heat (Eth,hp), that is required by the DAC technology and provided by a heat pump. Eel,PowerToHeat is calculated by applying the heat pump's coefficient of performance (COP) (Equation 4). The specific heat demand (eth,sp) and the specific electricity demand (eel,sp), defined as the energy demand per tonne of CO2, are multiplied by the annual amount of CO2 removed (nCO2) to determine the total energy demand per DAC, air-source heat pump and compression unit (Eel,DAC, Eth,hp and Eel,c, respectively) (Equations 5–7).
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where
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Storage options for heat and electricity and storage capacities are not considered in this analysis. Instead, it is assumed that surplus electricity is fed into the grid and taken out of the grid at the time of underproduction (the resulting possible margin of error is addressed in the discussion). The energetic and material flows as well as the interconnection of the modules are shown schematically in Figure 3.


[image: Figure 3]
FIGURE 3
 Schematic illustration of the basic energetic and material flows in the modelled cases. Source: own illustration.


Using hourly feed-in time series for renewable energy plants and an assumed constant demand profile for the DAC modules with maintenance intervals, the extent to which the DAC modules can be supplied self-sufficiently is examined. For this purpose, the degree of self-sufficiency (D) is defined, which indicates what percentage of Eel,total can be provided directly by the renewable energy systems (Eel,RE). To determine Eel,RE, the energy quantities provided by the renewable energy systems at time t [ERE(t)] are summed up over 8,760 hours (Equation 8). If the energy production at time t exceeds the energy demand Eel(t), that means if ERE(t) > Eel(t), only the share of renewable energies required to cover the energy demand is added.
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The electrical capacity of the heat pump (Php) is calculated by dividing the electric demand of the heat pump (Eel,PowerToHeat) by the FLHhp of the air-source heat pump (Equation 9). Similarly, the electrical capacity of the compressor (Pc) is determined by the electric demand of the compressor (Eel,c) and the FLHc of the compressor (Equation 10).
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2.6 Deriving resource consumption and costs

Table 3 lists the main resource consumptions and cost assumptions described below as well as the corresponding sources. The land use is differentiated with regard to the building area of the technical systems (Ap) and the area for renewable energy provision (ARE), including the necessary clearance areas due to shading. For this purpose, the specific building area of the individual technical systems (DAC technology, compressors and air-source heat pumps) (asp,tech.sys) and the renewable energy plants (asp,RE) is multiplied by the number of the corresponding plants capacity (Ptech.sys and PRE, respectively) (Equations 11, 12).
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The total water production (Wtotal) is calculated using the specific water production values of the DAC system (Wsp.production) times the amount of CO2 removed (nCO2) minus the operational water consumption of the renewable energy plants, which is the specific consumption (wsp.consum) per kWh times the electricity provided by the renewable energy plants (Eel,total) in kWh (Equation 13). Only the direct water use is considered, while any water consumption in the life cycle of the technical systems is not included in our analysis.
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The capture costs are expressed both as the total investment costs (CAPEXtotal) and the levelised cost of carbon dioxide (LCOCO2DAC) and refer to newly built plants of the year 2045. The CAPEX results from the sum of the costs of the technical systems (CAPEXtech.sys) plus the renewable energy systems (CAPEXRE; see Table 3) (Equation 14).
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The LCOCO2DAC consist of the annuity CAPEX, the annual fixed costs (OPEXfix) and the annual variable costs (OPEXvar) (Equation 15). The interest rate, expressed as weighted average cost of capital (WACC), and the depreciation period (m) to determine the annuity factor (a) are determined individually for each technology, based on literature values. All costs are allocated to the annual amount of CO2 removed (nCO2) (Equation 16). It is assumed that the WACC for the DAC plants, heat pumps, and compressors are of the same order of magnitude, while PV and wind turbines have lower WACC. The basic assumption for the latter is that there is less uncertainty about the economic viability of the renewable energies. Although the CO2 capture and treatment by the DAC technology, along with the associated compressor and heat pump, are subject to a common risk of failure, the renewable energy plants can still operate even if the CO2 capture and treatment fails. This represents a separate business model based on electricity marketing, resulting in a lower risk of capital loss and therefore, a lower WACC.
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Additionally, the cost of CO2 transport and sequestration are estimated. Since detailed network planning is not part of this paper and costs may vary considerably depending on the future CO2 grid design and the scaling, only rough figures from the literature are used. In order to make the LCOCO2DAC from the different case studies comparable, first the onshore transport cost LCOCO2Trans.Onshore from the respective regions to the port of WHV are estimated, taking into account the transport volume of 20 MtCO2/year in each case study. The cost of DAC plus the onshore transport to WHV are then calculated in Equation 17 as,
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In order to provide the total cost of DACCS, the costs for offshore CO2 transport and storage (LCOCO2WHVtoS) must be added (Equation 18). Here, it is assumed that the captured CO2 will be transported by offshore pipeline to a potential storage site in the Norwegian North Sea.
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3 Design of the case studies


3.1 Defining the location of DAC plants

In order to highlight the different impacts of powering DAC facilities using renewable energy from either PV or wind turbines, the resource impacts and the costs are analysed along four case studies. These differ in the choice of region (variation of both the distance to the port of WHV and the renewable energy potential) for the technical systems (Table 2, Figure 4). Regions in southern, central, and northern Germany were chosen so that they are close to trunk lines for CO2 transport as outlined for a planned CO2 network by OGE (2023).


TABLE 2 Design of the cases.
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FIGURE 4
 Illustration of the locations of the selected regions in cases I–III. Source: own illustration, based on a CO2 trunk line as part of a future CO2 network roughly outlined by OGE (2023).


Case I: In south Germany, Ulm (750 km to WHV), which is close to the start of the planned CO2 network, is selected. Due to the high solar irradiation in southern Germany (Borchers et al., 2022), only coupling with PV is considered.

Case IIa and case IIb: In central Germany, a CO2 grid feed-in from the Rhenish lignite mining area (Garzweiler, close to the city of Cologne) is considered (400 km to WHV). Here, the “Delta Rhine Corridor,” “Rhenish coalfield cluster,” and “WHVCO2logne” (OGE, 2023) projects overlap, which is why the probability of implementing a CO2 strategy is high. Furthermore, because of the planned coal phase out in Germany by 2030, the Rhenish lignite mining area is presently undergoing a strong transition with major renewable energy projects being planned (MWIKE.NRW, 2022) and new innovative industries potentially emerging. In this regard, both the application of PV and the implementation of wind turbines with regional average values are being considered. This region might also become highly relevant due to its proximity to the Ruhr area, as climate-neutral CO2 will also be needed in the future to supply the chemical clusters there for the production of green feedstock.

Case III: In northern Germany (distance to WHV 100 km), only the combination of coastal near onshore wind turbines using the prevailing high wind potential (Borchers et al., 2022) and DAC is examined.

In line with the CNGE 2045 scenario, the thermal energy is provided by electrically driven air-heat pumps in all cases. This avoids the need to build additional infrastructure to transport heat or hydrogen for heat generation. In addition, compression of the captured CO2 to 150 bar is considered, which prepares the CO2 for transport. Other possible cases, such as the use of industrial waste heat, are considered in the discussion section.



3.2 Framework conditions

Since high FLH are required to operate DAC plants economically (Fasihi et al., 2019), 7,000 FLH are assumed for the DAC plants. This is also in accordance with the selected CNGE 2045 scenario. However, due to the assumption of high DAC-FLH compared to the much lower FLH of renewable electricity production, the question arises as to which grade of DAC plant self-sufficiency might still be justifiable. On the one hand, the direct coupling of DAC plants with electricity producers does not place any load on the power grid. On the other hand, volatile renewables are unlikely to match the steady energy demand of a DAC plant, so that full self-sufficiency would lead to high investment costs. Therefore, connexion to the German electricity grid is assumed. Since the general conditions of the energy market in 2045 are very uncertain, it is assumed for the sake of simplicity that the exchange itself is cost- and resource-neutral. The degree of self-sufficiency D (Equation 8) is used as an auxiliary variable to represent additional storage requirements. In order to determine D, feed-in time series given by Entsoe (2021) are adapted to the selected regions. They are compared with the assumed constant demand profile of the DAC modules with maintenance intervals, and the times of over- or underproduction are identified. This is then used to analyse the times when electricity has to be drawn from the grid or fed into the grid. Alternative designs, such as excessively increasing the size of renewable energy plants and feeding surplus energy into the national power grid, were not taken into consideration.



3.3 Technology data

In this section, the core data used for the calculation and the assumed technological progress of the main technologies (DAC, heat pump, compressor, and PV and wind turbines) are derived (see Table 3). Cost data from literature sources have been inflation adjusted to the base year 2020 using data from the Statistisches Bundesamt (2023).


TABLE 3 Assumed key data for the plants under consideration for 2045.
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3.3.1 Direct air capture

When considering the key figures for DAC technology, it is important to bear in mind that this is a technology at the demonstration stage. Projections up to 2045 are subject to great uncertainty and depend on many factors. In this paper, a DAC plant capacity of 4,000 tCO2/year is assumed, which corresponds to the largest “low-temperature” DAC plant (“Orca”) currently in operation. The small-scale container-based design, however, will allow larger or smaller plants to be built in the future by interconnecting several containers (“Orca” also already consists of stacked containers). While the selected plant size equals 0.26 m2/(tCO2·year), larger plants are expected to reduce the specific land use to 0.07 m2/(tCO2·year) (Deutz and Bardow, 2021). However, since the DAC plant area is only a fraction of the area covered by PV and wind energy plants used for electricity and heat generation (Terlouw et al., 2021), this upscaling effect is negligible. Moreover, larger DAC plants would not necessarily be more energy efficient than smaller systems, since their main energy consumption results from the temperature increase of the adsorbent in order to release the CO2 from the adsorbent (Wurzbacher et al., 2012; Sendi et al., 2022). Therefore, we have refrained from analysing a virtually upscaled large plant.

In contrast to widely varying information on the current energy demand, assumptions for 2045 are becoming increasingly similar. Our assumptions rely on Hanna et al. (2021) and National Academies of Sciences (2019) who state the minimum energy demand of a DAC system as 944 kWhth/tCO2 and 286 kWhel/tCO2. Fasihi et al. (2019) indicate an energy demand of 1,102 kWhth/tCO2 and 182 kWhel/tCO2 by 2050.

In contrast, there is great uncertainty regarding the future costs. Hanna et al. (2021) calculate the CAPEX in 2050 at 711 EUR/(tCO2·year), while Fasihi et al. (2019) assume cost of 199 EUR/tCO2·year. Both estimate the OPEX at 4% of the annuity investment cost. While Hanna et al. (2021) assume an expansion of DAC capacity of 50 MtCO2/year by 2030 (inter alia, due to a supposed lack of production capacity), Fasihi et al. (2019) assume a capacity expansion of up to 473 MtCO2/year by 2030 in their base case. This is the main reason for the large cost differences, as Fasihi et al. (2019) already achieve the highest cost reduction by 2030 due to early assumed learning effects. This paper is based on the conservative figures taken from Hanna et al. (2021), as it seems unlikely that the capacities assumed by Fasihi et al. (2019) for 2030 will be reached in the next 6 years at the current level of expansion.

The annuity factor (Equation 16) is determined using a WACC of 8% and a depreciation period of 25 years (IEA, 2022). The assumption for the WACC is also in line with the current trend regarding the average WACC according to KPMG (2023). IEA (2022) reports a water production range of 0.8–2 tH2O/tCO2, depending on the respective climate conditions. Since a decrease in water production results in energy savings, for this study a constant production rate of 1 tH2O/tCO2 is assumed until 2045.



3.3.2 Air-heat pumps

A heat level of ~100°C is required to operate the DAC process. The temperature level can be provided by a variety of technologies or by using waste heat. This paper focuses on heat supply via an industrial air compression heat pump. Other heat sources like geothermal, ocean or seawater are not considered, in line with the assumption of the CNGE2045 scenario. The assumed COP of 2.85 is in line with Deutz and Bardow (2021) and DEA (2016b). The depreciation period is set at 20 years and the WACC at 8%. The CAPEX are assumed to be 720,000 EUR/MW and the OPEX are estimated at 700 EUR/(MW·year) (OPEXfix) and 1.6 EUR/MWh (OPEXvar) (DEA, 2016b). There is no requirement for water consumption and the land requirement is estimated at 600 m2/MW (DEA, 2016b).



3.3.3 Photovoltaics

To generate electricity from PV, large ground-mounted tracking systems with a generation capacity of 40 MW per unit are considered. The yearly performance per MW for 2045 is estimated at 1,306 MWh/MW in case I and 1,197 MWh/MW in case IIa. The values were calculated based on Kost et al. (2021) with an annual increase in FLH of 0.34% and correspond to a performance of 1,200 and 1,100 MWh/MW in 2020, respectively (World Bank Group, 2023). The depreciation period is estimated to be 30 years (DEA, 2016a) and the WACC at 3.7% (Kost et al., 2021). The specific space requirement is 14,000 m2/MW, while the CAPEX are estimated at 350,000 EUR/MW and the OPEX at 9,000 EUR/MW (DEA, 2016a). The operational water consumption, in particular that which is required to clean the PV surface, is assumed to be 0.045 tH2O/MWh (Jin et al., 2019).



3.3.4 Onshore wind turbines

Electricity generation from large-scale onshore plants is assumed to take place in cases IIb and III with a generation capacity of 6 MW per unit. For this paper, values from Kost et al. (2021) were used, which indicate yields of 1,800 MWh/MW from inland wind turbines (case IIb) and 3,200 MWh/MW from wind turbines near the coast (case III) for 2020. Accounting for a yearly increase in FLH of 0.5%, the turbines are predicted to produce 2,039 and 3,625 MWh/MW in 2045, respectively. The depreciation period of the plants is estimated at 25 years (DEA, 2016a), while the WACC stands at 4.2% (Kost et al., 2021). The land requirement is differentiated according to building area and distance area, whereby the distance area includes the building area. For a 6 MW wind turbine, a building area of 4,800 m2 (800 m2/MW) and a distance area of 300,000 m2 (50,000 m2/MW) is set. The CAPEX are estimated at 1,020,000 EUR/MW. The OPEXfix and the OPEXvar are estimated at 12,000 EUR/MW and 1,3 EUR/MWh, respectively. According to Jin et al. (2019), no operational water consumption is assumed.



3.3.5 Compressors

The CO2 is compressed to a pressure of 150 bar and prepared for transport via pipeline. In line with the operating time of the DAC plants, 7,000 FLH are assumed. The estimated depreciation period is 25 years, the WACC is set at 8%, and the electricity demand is estimated at 101 kWh/tCO2 (Deutz and Bardow, 2021). The CAPEX are assumed at 4 EUR/(tCO2·year) and the OPEX are estimated at 5% of CAPEX. The required space is calculated by multiplying the throughput per hour with the specific value of 0.3 m2/(tCO2·hour) (DEA, 2021).




3.4 CO2 transport and storage

CO2 transport cost estimates vary significantly from source to source (Sleiti et al., 2022). Since the development of a potential CO2 transport net in Germany is also currently highly speculative, CO2 transport cost can only be calculated very roughly. For a rough estimate, data from Sleiti et al. (2022) are taken, who compiled corresponding data from ZEP (2011) for transporting a capacity of 20 MtCO2/year, the capacity we also consider for DAC. The onshore transport cost LCOCO2Trans.Onshore for transport from the different regions to the port of WHV are calculated using the figures given for onshore pipelines, inflation-adjusted from 2010 to 2023.

LCOCO2Trans.Onshore (case I) = 1 EUR/tCO2 assuming a distance of 100 km,

LCOCO2Trans.Onshore (cases IIa and IIb) = 4 EUR/tCO2 assuming a distance of 400 km,

LCOCO2Trans.Onshore (case III) = 7.5 EUR/tCO2 assuming a distance of 750 km.

For the offshore transport cost, it is assumed that the captured CO2 will be transported by offshore pipeline to a potential storage site in the Norwegian North Sea, 1,000 km away from the port of WHV. Similar to the onshore transport, inflation-adjusted costs of 14 EUR/tCO2 are derived.

Storage cost of 18 EUR/tCO2 for a potential deep saline aquifer are conservatively assumed in line with DEA (2021) based on a WACC of 8%. Transport and storage costs together result in LCOCO2WHVtoStorage of 34 EUR/tCO2.




4 Results

Table 4 shows the values resulting from the implementations of the DAC technology in 2045. In addition, the key figures are compared with the consumption for Cologne, the fourth largest city in Germany with 1.1 million inhabitants. However, it should not be assumed that the resource and energy consumption is directly related to the city of Cologne. The purpose is to illustrate the order of magnitude of the calculated values.


TABLE 4 Results of the four cases as analysed for 2045.
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4.1 Energy demand

Through the use of heat pumps, the entire final energy demand of the DAC plants is supplied electrically. The electric heat generation accounts for 46% of the final energy demand. The total electrical energy demand of 14.4 TWh/year corresponds to 1.4% of Germany's electricity demand as determined in the CNGE 2045 scenario for 2045. It corresponds to 45% of the electricity demand of private households in the city of Cologne in 2019 (Stadt Köln, 2022). It is about one third lower than what is assumed in the CNGE 2045 scenario for the operation of the DAC plants (20.7 TWh/year). This might be due to the fact that the scenario assumes more conservative learning rates for the DAC technology, resulting in a higher specific energy demand.

Due to the different energy producers and the different FLH, the electrical capacity to be installed varies for the use of PV from 11.0 GW (case I) to 12.0 GW (case IIa), which represents 3.0 and 3.3% of the PV capacity that is assumed to be installed for the whole of Germany by 2045. In the case of wind turbines, it varies from 7.1 GW (case IIb) to 4.0 GW (case III), which is equivalent to 4.9 and 2.8% of what is assumed for Germany by 2045, respectively. While the onshore wind turbines achieve 81% (case IIb) and 82% (case III) self-sufficiency, the use of PV modules only leads to 44% (cases I and IIa) self-sufficiency. This is due to the fact that the 7,000 FLH assumed for the DAC plants cover only 80% of the year, which leads to a structural undersupply, especially in months with limited solar hours.



4.2 Land use

The land required by the DAC plants itself amounts to 7.5 km2 which corresponds to 2% of the area of the city of Cologne. The land use due to electricity production is more than 90% greater. 161.4–175.4 km2 are required for PV construction, which corresponds to 42–44% of the area of the city of Cologne. However, the extent to which an area can be optimally used for solar energy generation depends on its orientation and location and additionally influences the area required. While the building area for onshore wind turbines is about 4.0–2.4 km2, large areas of 352.5–198.3 km2 are required between the turbines. This area corresponds to 51 and 89% of the area of Cologne.



4.3 Water use

It is assumed that water is produced as a by-product in the DAC process at a rate of 1 tH2O/tCO2. In addition, only the process-related water consumption or process-related water utilisation is considered; the upstream and downstream demand or production in the life cycle is not assessed. The operational water demand of PV, in particular for cleaning the PV modules, leads to a reduction in the water produced by ~0.032 tH2O/tCO2, while no operational demand is assumed in the case of wind energy (see Section 2.6). Thus, a quantity of 19.4 MtH2O/year is provided in the cases I and II.a, and 20 MtH2O/year in the cases II.b and III. These figures correspond to 42 and 44% of Cologne's water demand, respectively (based on average German per capita water consumption of 45.6 KtH2O/year) (Bdew, 2023). 2.1 Mt (cases I and II.a) and 2.2 Mt (cases II.b and III) of hydrogen could be produced stoichiometrically if the water were used as a feedstock. These figures only serve to illustrate the order of magnitude. The provision of potable water or hydrogen involves further expenses for facilities and infrastructure that have not been considered here.



4.4 Cost of direct air capture

Figure 5 illustrates both the resulting cost of capturing CO2 (coloured areas) and the cost of subsequent transport and storage of CO2 (grey areas). Just considering the capture and compression of 20 MtCO2/year, costs of 2.4–2.7 billion EUR/year are incurred, which equal specific costs of 125, 126, 138, and 126 EUR/tCO2 in cases I, IIa, IIb, and III, respectively. The largest cost driver is the DACCAPEX (62–68% of the total cost), which makes reducing the technology cost key to cost-effective operation. It should be noted that the absolute values of DACCAPEX and DACOPEX do not change across the four case studies, as no regional differences in operating parameters were assumed (Section 2.3). The renewable energy plants share increases from 13% (case I) to 21% (cases IIa and III) to 20% (case IIb) if CO2 is only captured. The higher value of wind energy in case IIb compared to case III is explained by the fact that only 50% of the FLH is achieved inland compared to the coast. Including transport and storage too, the share of renewables decreases to a range of 9–16%, respectively.
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FIGURE 5
 Comparison of the levelised costs LCOCO2 of the four cases as analysed for 2045 (coloured areas refer to DAC only, while the full bars refer to DACCS). Costs are shown in Euro per tonne of CO2. Source: own illustration.


The LCOCO2DAC in case I represents the most cost-effective removal cost, but the removal costs in cases IIa and III are also of about the same order of magnitude (difference of 0.6 and 0.4%). However, due to the assumption that the captured CO2 will be transported to the port of WHV, the much longer transport distance from the location in southern Germany results in higher additional costs (7.5 EUR/tCO2 in case I) than for the sites in central Germany (4 EUR/tCO2 in the cases IIa and IIb) and northern Germany (1 EUR/tCO2 in case III).

As a result, case III achieves the most cost-effective LCOCO2DACtoWHV of 127 EUR/tCO2. Case IIa also achieves lower LCOCO2DACtoWHV costs than case I (130 instead of 132 EUR/tCO2). Both cases benefit from shorter transport distances to the port. However, it should be noted that wind turbines achieve a higher proportion in terms of energy supply, whereas PV is subject to higher generation fluctuations. Compensating for this volatility is associated with costs that are not calculated in this study, but are discussed below.

If also considering the transport of CO2 from Germany to the assumed storage sites in the Norwegian North Sea with subsequent storage, an additional 34 EUR/tCO2 must be added. This finally results in total LCOCO2DACCS of 166, 164, 176 and 161 EUR/tCO2 in cases I, IIa, IIb, and III, respectively.




5 Discussion


5.1 Classification of the findings

To capture and subsequently compress CO2 to 150 bar within Germany, LCOCO2DAC of 125 to 138 EUR/tCO2 were determined for 2045. Including transport to the port of WHV and the subsequent offshore transport and storage, the LCOCO2DACCS were found to be 161–176 EUR/tCO2. These results are within the range of Lux et al. (2023), who calculated costs of 60 to 140 EUR/tCO2 with progressive assumptions and 160–270 EUR/tCO2 with conservative assumptions for a capture rate of up to 288 MtCO2/year in the EU. Their figures also include the costs of storing the CO2 of about 10 EUR/tCO2. Lehtveer and Emanuelsson (2021) state costs of 170–180 EUR/tCO2, calculated for both sunny and windy regions. Capture costs are lower in sunny regions (central Spain, therefore a higher PV share) than in windy regions (Ireland, therefore a higher wind share). As in Lux et al. (2023), their cost assumptions include the cost of sequestration. Furthermore, the reported specific costs for 2050 in Hanna et al. (2021) of between 130 and 220 EUR/tCO2, depending on the renewable energy supply and whether or not energy storage is used, are of about the same order of magnitude. Young et al. (2023) point out that all previous cost studies have set the cost escalation up to a FOAK plant too low and therefore assume excessive cost reductions due to the learning process starting too early. According to their assumptions, globally, costs of 200–550 USD/tCO2, corresponding to 185–500 EUR/tCO2, result for the solid sorbent technology considered here in 2050.

Apart from the amount of land used by the renewable energy plants and the transportation distance to the coast, the results of the three regions differ primarily in terms of the costs of renewable energies. Thereby, the combination of PV systems in south Germany with the DAC process (case I) was determined to be the most cost-effective option for CO2 capture (without transport and storage). However, this is only valid under the simplified assumption of cost- and resource-neutral feed-in and feed-out to the electricity grid. In reality, only 44% self-sufficiency is achieved. Compared to cases IIb and III, both using wind turbines with 81% and 82% self-sufficiency, this implies that a larger amount of electricity has to be provided and taken up by the electricity grid. This is likely to result in additional costs that are currently not included in the cost calculations.

As the future market situation cannot be estimated, the potential additional costs are discussed on the basis of a worst-case scenario in 2023. When analysing electricity spot market prices from 2023, it can be seen that 87% of the trading volume was between 0 and 0.15 EUR/kWh and around 99% between −0.05 and 0.2 EUR/kWh (Netztransparenz, 2024). Considering only the 87% case and assuming that non-usable amounts of electricity from our case regions are sold at the least favourable time (0 EUR/kWh) and the same amounts are purchased at the most expensive time (0.15 EUR/kWh), additional costs of 0.15 EUR/kWh may be incurred. This would result in additional LCOCO2DAC of 60, 60, 20, and 19 EUR/tCO2 in cases I, IIa, IIb, and III, meaning a surcharge of 49, 49, 15, and 16%, respectively. Figure 6 illustrates the development of the potential additional costs in general as a function of the electricity procurement costs that cannot be covered by the direct use of the assumed renewable energy plants. It further shows that the use of wind turbines in combination with DAC is advantageous compared to PV from prices of <0.01 EUR/kWh (case III) and <0.05 EUR/kWh (case IIb). The higher self-sufficiency of cases IIb and III thus leads to a much lower burden on the electricity grid, which might be advantageous for the energy transition strategy. This is in line with Lehtveer and Emanuelsson (2021) who conclude that DAC technology demonstrates high performance especially in interaction with wind turbines.
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FIGURE 6
 Comparison of the LCOCO2DAC of the four cases with additional electricity procurement costs for the energy feed-in and feed-out from the grid. Source: own representation.


A large-scale implementation of DAC facilities in coastal areas of northern Germany has the further advantage of heavily reduced CO2 transport costs from inland to a port if the captured CO2 is to be transported farther to storage sites in the North Sea. Considering both the greater self-sufficiency and lower transport costs, our results suggest that a northern German DAC implementation strategy in combination with onshore and offshore wind parks is to be considered advantageous compared to the south.

Overall, the specific CO2 removal costs must be put into perspective when considering that the European Union's emissions trading scheme price is already moving between 80 and 100 EUR/tCO2 in 2023. Since the price can be expected to rise in line with the political targets in the EU and globally, even higher costs than calculated would become economically viable. For example, a maximum allowances' price of around 160 EUR/tCO2 in the EU by 2030, inflation adjusted to EUR2022, is expected according to a survey conducted by Kopernikus-Projekt Ariadne (2022). Furthermore, other advantages are to be expected from rolling out a German DAC strategy, such as national value creation, the generation of technical know-how, leading by example and, associated with this, a large export market.



5.2 Uncertainties

This paper only provides an initial overview of the costs and resources involved in DAC implementation. The energy yields from renewable energy plants and the calculated land requirement correspond to high potential values that can be achieved in Germany. The figures thus represent the minimum land requirement and most effective energy yield, which will probably be exceeded if a national DACCS strategy is implemented. Analysing and forecasting renewable energy yields from different locations is a highly complex process that depends on a wide range of factors. Simplified assumptions for energy production have been used, which are associated with certain inaccuracies and are not applicable to specific locations. However, since the share of the costs for renewable energy production (PV or wind turbines) is only 13–21% of the LCOCO2DAC, even considerably worse locations would not have a major impact on the resulting costs.

As shown above, the DACCAPEX contributes 62–68% of the total cost of CO2 capture. Therefore, three key parameters are varied to determine their influence on the DACCAPEX, which are the technology learning rate, the FLH and the WACC.

(1) The greatest uncertainty with regard to the LCOCO2 is the 2045 cost assumption for the DAC technology due to its relatively low technology readiness level of 6 on a scale of 1–10 (IEA, 2022). The literature data on the DACCAPEX, which are based on learning rates and other assumptions, vary by up to 260% (Fasihi et al., 2019; Breyer et al., 2020; DEA, 2021; Hanna et al., 2021). If the relatively low DACCAPEX of 196 EUR/(tCO2·year) (Breyer et al., 2020, see Section 3.3.1) is applied instead of the DACCAPEX of 724 EUR/(tCO2·year) (Hanna et al., 2021) we used in our calculation, the LCOCO2DAC would decrease from 125 to 138 EUR/tCO2 to 58 to 68 EUR/tCO2. If such a low DACCAPEX were reached in the future, the share of the costs for renewable energy production would increase to 25–37% in our four cases. In that case, it would be essential to actually look for high-potential renewable energy regions.

(2) The FLH of the DAC plant is a factor that affects the CO2 removal capacity per DAC unit. Assuming 8,500 instead of 7,000 FLH, which we used in our calculation, the LCOCO2DAC decreases by 17–18% from 125 to 138 EUR/tCO2 to 102.9 to 115.1 EUR/tCO2. At 5,500 FLH, the LCOCO2DAC increases by 18–20% from 150.2 to 162.4 EUR/tCO2 (Figure 7). Due to higher FLH and the resulting change in the total electricity demand over time, the degree of self-sufficiency decreases from 44 to 40% in cases I and IIa, from 81 to 72.6% in case IIb, and from 82 to 73.3% in case III. In contrast, it increases to 53% in cases I and IIa, to 87.6% in case IIb, and to 89.2% in case III when the FLH is reduced. This shows that lower FLH requires a higher number of DAC units, resulting in higher investment costs. Conversely, a lower number of DAC units resulting from higher FLH results in a lower investment cost. Higher FLH requires a more constant energy supply, which is contrary to the operation of renewable energies and is reflected in the development of the degree of self-sufficiency. The resulting increase in feed-in and feed-out processes into and from the electricity grid leads to higher LCOCO2, as discussed in Section 5.1. Conversely, lower FLH results in a higher degree of self-sufficiency and fewer exchange processes with the electricity grid, leading to lower additional costs. The optimal FLH therefore depends on various influencing factors that needs to be analysed and evaluated individually for each specific site.
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FIGURE 7
 The impact of full load hours (FLH) and weighted average cost of capital (WACC) on the development of the LCOCO2. Source: own representation.


(3) Different WACC rates are applied in the studies on the cost development of DAC, be it 2% by Lux et al. (2023), 5% by Sendi et al. (2022), or 7% as an “average” of 5.6% and 11.7% by Fasihi et al. (2019). Hanna et al. (2021) use a WACC of 0%, based on the assumption of government-mandated expenses. This illustrates both the range of economic assumptions and the uncertainty that exists in this area. Varying the WACC by −4% or +4% compared to the 8% we used in our calculation (4 and 12%) shows that the LCOCO2DAC decreases by around 22 to 24% and reaches a range of 95.1–107.3 EUR/tCO2 or rises by 19–21% to 151.5–163.8 EUR/tCO2, respectively (Figure 7).

Figure 7 also illustrates that both an increase in the FLH (second column) and a decrease in the WACC (the fifth column), can achieve similar cost reductions. However, increasing the FLH is associated with high uncertainties regarding the feed-in and feed-out processes in a future energy market (Section 5.1), while a lower in the WACC could be brought about by creating a positive investment environment. This is in line with Young et al. (2023), who emphasise that larger projects need political incentives to reduce the cost of capital in the long term. Possible approaches include institutional financing, state-owned enterprises, the application of feed-in tariffs, production tax credits, or, according to Hanna et al. (2021), government-mandated expenses.

What will be crucial for large-scale availability is the production capacity of DAC technology, as not only Germany but also a large part of the international community will have a demand for negative emissions. While Hanna et al. (2021) assume a global DAC demand of up to 2.3 GtCO2/year by 2050 regarding capacity constraints, Fuss et al. (2018) even estimate a demand of up to 5 GtCO2/year from 2050 onwards. The IPCC scenarios calculate a requirement of 220–360 GtCO2 in the second half of century (IPCC, 2023), which corresponds to rates of 4.4–7.2 GtCO2/year (of which DAC, however, would only account for part). To meet such a high demand, industrial production lines are needed, which usually involve long planning, construction and start-up phases, which is why the industry's growth rate can be quite a critical obstacle (Hanna et al., 2021). At the same time, large-scale production of DAC plants offers the opportunity to quickly realise cost reductions in manufacturing. This needs to be considered in a global context and has not been analysed in this paper.

Another uncertainty describes the cost of CO2 transport, since an estimate of transport volumes heavily depends on future development of German or European CO2 transport networks. The continued use of fossil fuels combined with CCS would lead to a high CO2 transport volume, while greater electrification and a hydrogen strategy, only taking into account CCS for “unavoidable” CO2 emissions such as from cement factories, would reduce the CO2 transport demand. Since the transport costs depend significantly on the transport distance, solutions with short transport distances within north Germany would have cost advantages.



5.3 Further needs of research

In addition to the case studies considered here, a number of other factors are conceivable that could have a relevant influence on costs and resource consumption. These should be weighed against each other in an integrated analysis in order to pinpoint optimal locations.

In order to reduce or avoid CO2 transportation costs, an alternative would be to instal the DAC plants close to CO2 storage sites. However, since previous publications do not indicate any political ambition to enable CO2 storage in Germany at this point in time (Merk et al., 2022), an approach using offshore storage was chosen. If regional storage sites were to be included, an optimal relationship between renewable energy yields, storage capacity and transportation costs might be found. In addition to the issue of transport costs, onshore CO2 storage may lead to greater public acceptance, which could, for example, in turn lead to shorter implementation periods and cost reductions in planning.

Furthermore, the question of an appropriate heat supply is likely to have a relevant influence both on resources and costs. Since about 46% of the electricity demand is converted into heat if heat pumps are assumed as in our model, a large amount of electricity could be saved if waste heat were to be used. Borchers et al. (2022) and Baus and Nehr (2022) describe the possibility of combining DAC with ventilation and air conditioning systems. Another option would be the use of waste heat from industry, for which various studies have identified a high potential (Brueckner et al., 2017; König et al., 2019). For the most part, the existing waste heat is in the low-temperature range and would therefore harmonise well with the “low-temperature” DAC technology. The small-scale design, as a further benefit of the “low-temperature technology,” allows the DAC capacity to be customised based on the quantity of waste heat or moving air mass in the air conditioning systems. While low-cost or even cost-neutral heat would lead to a reduction in the LCOCO2, an adapted decentralised use and transport strategy would have to be developed which would involve the bundling of small quantities of CO2 and might therefore be more costly. Additionally, it should be considered that DAC systems require high FLH to be operated economically, which depend on a relatively constant energy supply.

This also raises the question of the optimal size of the DAC systems. The system capacity assessed in this paper corresponds to a CO2 removal of 4,000 tCO2/year, which means that 6,258 DAC facilities would be required to remove 20 MtCO2/year from the atmosphere, considering the assumed 7,000 FLH. Larger DAC systems, such as the “Mammoth” system planned by Climeworks which will sequester 36,000 tCO2/year, would only require 696 facilities. The size of the plants in an optimised system could then depend on the proximity to industrial waste heat sources and the distance to CO2 pipelines. Furthermore, scaling the system size could also reduce the specific space requirement.

Lehtveer and Emanuelsson (2021) state that considering LCOCO2 alone can be misleading and that, instead, the impact of such technical systems on the overall energy system needs to be considered in order to facilitate informed decisions. Therefore, an extended analysis should consider the integration of DAC plants into the energy system. A cost optimisation of the overall system consisting of electricity and DAC plants under the secondary condition of the amount of CO2 to be captured and the available land potential might provide further information for an implementation strategy.

Another question arises regarding the process- and environment-dependent parameters described in Section 2.3. To make strategic decisions in favour for or against a German or European DAC (CS) strategy, it is necessary to conduct a more detailed analysis of the resource consumption and costs. Additionally, external factors such as humidity or the availability of a continuous renewable energy supply must be further examined and their impact presented. As a continuation of this work, site-specific analyses and implementation strategies might be employed in regions that are identified as more advantageous than Germany.

In general, the intended implementation of such a complex new system also requires far more than just a techno-economic analysis (Viebahn et al., 2019; Fujimori et al., 2023). From a holistic point of view, further assessment aspects such as ecological effects, legal considerations regarding the concrete regulatory framework and questions of social acceptance as well as synergy effects with other infrastructure projects such as CO2 transport for conventional CCS or the planning of a hydrogen pipeline network should be examined. These and similar questions should be addressed in a comprehensive technology assessment and investigated with broad stakeholder participation, as is the case with other technologies of this scale.

In addition to the amounts of DAC for geological storage considered here, there could be further demand for DAC in the provision of green feedstock for industry. This is needed to produce synthetic chemicals and fuels such as sustainable aviation fuels from green hydrogen. Cases IIa and IIb in particular were chosen as exemplary locations close to energy-intensive industry (for example refineries in Cologne and chemical parks in the Ruhr area). Only low transportation costs would then have to be added to the LCOCO2 derived here. But the conversion of the Rhenish lignite mining area itself to a climate-neutral region is also likely to increase the demand for CO2 for power-to-x processes. Accordingly, further studies on the integration of DAC into a regional economy would be necessary.

Likewise to the possible need for DAC for carbon capture and utilisation, the need for DACCS is also very difficult to estimate. While the CNGE 2045 scenario selected assumes 20 MtCO2/year for DACCS in 2045, Kullmann and Stolten (2023) indicate a need for DACCS of up to 38 MtCO2/year. This could increase significantly if other negative emission potentials such as BECCS or natural sinks cannot be used (Figure 2). Moreover, if the ambitious reduction pathway to reduce greenhouse gas emissions by 95% cannot be implemented (“overshooting”), additional residual emissions would need to be offset by negative emissions. Furthermore, none of the existing climate neutrality scenarios for Germany takes into account the non-CO2 effects of aviation which might also have to be offset by further removals from the atmosphere. In particular, much greater efforts will be needed to achieve the high levels of net-negative emissions (getting below zero) mentioned that the IPCC considers necessary in its scenarios (IPCC, 2023).

Last but not least, the need for larger CO2 removal capacities requires further analyses for planning and implementation. If, for example, 200 MtCO2/year had to be offset by DACCS instead of the 20 MtCO2/year analysed, this would mean 10 times the building area for the DAC systems of 7.5 km2 under the given assumptions. A 10-fold electricity demand in the amount of 144 TWh/year would correspond to 14% of the total German electricity demand in 2045. Taking into account the higher energy demand and land use, the question arises as to whether Germany can meet the infrastructural, energy, environmental, and political implications of such a scenario or whether cooperation with countries with more favourable renewable energy (“hot spots”) and larger areas might be necessary.




6 Conclusion

The costs and resources examined in this paper show that the main challenges for implementing DAC in Germany are the space requirements for the energy supply itself. Since long runtimes are important to operate DAC economically, the combination with fluctuating renewable energies leads to an imbalance in the generation and use of electrical energy. In this paper, energy storage technologies have not been considered, which means that surplus electrical energy must be fed into the grid and additional electrical energy must be purchased in times of low renewable energy generation.

Our results show that the cost of DAC in Germany might reach 125–138 EUR/tCO2 (only capture and compression) and 161–176 EUR/tCO2 (including transport and sequestration), if no additional electricity balancing costs are considered. The combination of onshore wind turbines in the north with the DACCS process was identified as the most cost-effective option. Even though the combination of DAC and PV has slightly lower costs for capturing CO2 (0.4%), it only achieves 44% self-sufficiency. In contrast, the use of wind turbines has a self-sufficiency of up to 82%. This is also shown by the worst-case analysis, according to which possible additional costs for feed-in and feed-out processes to and from the electricity net come to 60 EUR/tCO2 in the case of photovoltaics and only 19 EUR/tCO2 in the case of wind energy in the north. Further advantages include the resulting lower load on the electricity grid (and possible associated cost savings), as well as the short transport distances to CO2 storage sites in the North Sea. Furthermore, significant quantities of electricity are currently being transported from north to south Germany due to regional imbalances between generation and demand, which means that additional consumers with low space requirements are better off in the north. This leads to a reduction in the load on the power grid. Therefore, the expansion of energy-intensive DAC plants should be encouraged in northern Germany.
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Case | Case lla Case llb Case lll
Direct air capture
Site - South Central Central North
Number of direct air capture plants - 6,258 (each of 4,000 tCO,/year)
Total CO, capture quantity Mt/year 200
Energy key figures
Power production unit = Photovoltaics Onshore wind turbines
Installed electrical capacity MW 11,002 12,002 7,050 3,966
Installed thermal heat pump capacity MW 2,699
Degree of self-sufficiency (D) % 44% 44% 81% 82%
Resource requirements
Electrical energy demand (Eetotal) GWh/year 14,372
of which direct electricity demand (Eqgirect) | GWhlyear 7,743
of which heat demand (Ey,powerTotteat) GWh/year 6,628
Total land use (Arg) km? 161.4 1754 359.5 205.3*
of which power production km? 154.0 168.0 352.5* 198.3*
Net water provision (Wiota) MtH,O/year 19.4 20.0
Cost
Total investment costs (CAPEX) Mil. EUR 23,855 24,205 27,195 24,049
LCOCO2prc EURACO, 1246 126.1 137.6 1255
LCOCO2pciowny EUR/CO, 132.1 130.1 1416 1265
LCOCO2paces EUR/tCO, 166.1 164.1 1756 160.5

*Includes the necessary distance between the individual wind turbines.






OPS/images/fclim-06-1353939-t003.jpg
Direct air Compressor Air-heat pump Photovoltaics Onshore wind

capture turbine
Sources [1,2,3] [1,7) (4] [5.6] [5.6]
Capacity 4,000 2,284 40 6
Unit tCO/year tCOy/h MW MW
Energy demand 286/944 101/0 285 - -
(electricity/heat)
Electricity production 1,394 3,635
Unit KWh/tCO, KWh/tCO, MWhy/MWhg MWh/(MW-year) MWh/(MW-year)
Water demand 0.045 -
Water provision 1 - -
Unit tH,0/tCO, tH,0/MWh -
Building area (distance 026 0.03 600 14,000 568 (50,000)
area)
Unit m?/(tCO; - year) m?/(tCO; - year) m* /MWy, m*/MW m?/MW
CAPEX 724* 4 720,000 350,000 1,020,000
Unit EUR/(tCO;, - year) EUR/(tCO;, - year) EURMWy EURMW EURMW
OPEX (fix/var)* 11%/0 02/0 1,600/0 9,000/0 12,000/1.3
Unit EUR/CO, EUR/(tCO; - year) EUR/MWy EUR/MWH (fix) EUR/MWh (var)
Base year 2018 2020 2020 2020 2020
WACC 8 8 8 37 42
Unit % % % % %
Life time 25 25 20 30 25
Unit Years Years Years Years Years

*Inflation adjusted to EUR2020 based on Statistisches Bundesamt (2023).
Sources: [1] Deutz and Bardow (2021); (2] Hanna et al. (2021); [3] IEA (2022); [4] DEA (2016b); [5] Kost et al. (2021); [6] DEA (2016a); [7) DEA (2021).
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transport distance*®

1 South Germany Air-heat pumps Photovoltaics Compressors 750 km
Ila Central Germany Air-heat pumps Photovoltaics Compressors 400 km
b Central Germany Air-heat pumps Onshore wind turbines | Compressors 400 km
i} North Germany Air-heat pumps Onshore wind turbines | Compressors 100 km

* Average distances from the selected regions to the port of Wilhelmshaven are assumed based on OGE (2023).
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