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Abstract Germany 2050: For the first time Germany reached a balance between its sources of
anthropogenic CO, to the atmosphere and newly created anthropogenic sinks. This backcasting study presents
a fictional future in which this goal was achieved by avoiding (~645 Mt CO,), reducing (~50 Mt CO,) and
removing (~60 Mt CO,) carbon emissions. This meant substantial transformation of the energy system,
increasing energy efficiency, sector coupling, and electrification, energy storage solutions including synthetic
energy carriers, sector-specific solutions for industry, transport, and agriculture, as well as natural-sink
enhancement and technological carbon dioxide options. All of the above was necessary to achieve a net-zero
CO, system for Germany by 2050.

Plain Language Summary Here a net-zero-2050 Germany is envisioned by combining analysis
from an energy-system model with insights into approaches that allow for a higher carbon circularity in

the German system, and first results from assessments of national carbon dioxide removal potentials. A
back-casting perspective is applied on how net-zero Germany could look like in 2050. We are looking back
from 2050, and analyzing how Germany for the first time reached a balance between its sources of CO, to

the atmosphere and the anthropogenic sinks created. This would consider full decarbonization in the entire
energy sector and being entirely emission-free by 2050 within three priorities identified as being the most
useful strategies for achieving net-zero: (a) Avoiding- (b) Reducing- (c) Removing emissions. This work is a
collaboration of interdisciplinary scientists with the Net-Zero-2050 cluster of the Helmholtz Climate Initiative
HI-CAM.

1. Introduction

Let's take a look at a possible future Germany that has reached its net-zero CO, emissions goal by 2050. What are
the measures that have contributed to reaching this net-zero system? And what kind of implementation efforts are
associated with this portfolio of measures?

In this perspective, we outline how a carbon-neutral system for Germany in 2050 could look like, following three
strategies of avoiding, reducing, and removing CO, emissions. We envision a net-zero-2050 Germany by combin-
ing analysis from an energy system model with insights into approaches that allow for a higher carbon circularity
in the German system, and first results from assessments of national carbon dioxide removal (CDR) potentials.
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This work is a collaboration of interdisciplinary scientists with the Net-Zero-2050 cluster of the Helmholtz
Climate Initiative (HI-CAM, 2021; Net-Zero-2050, 2021).

While previous studies illustrated several forward-looking pathways for Germany on how to reach a climate-neu-
tral or greenhouse-gas neutral Germany by 2050 (e.g., Duscha et al., 2019; Giinther et al., 2019; Prognos
et al., 2020), here we assume a possible, but still hypothetical, net-zero carbon future and look back on how this
goal was achieved. This unique perspective allows us to take a novel, goal-oriented view on the challenge of
net-zero CO, emissions in Germany and accordingly enables discussions on how we (as a society) would like
to achieve such a goal. This study brings together the different aspects needed to achieve net-zero CO, across
the energy, industry, agriculture, and transport sectors and provides the first expert estimates of German CDR
potentials based on the most recent literature. Distinct from previous studies, we here include options of large-
scale CDR in the form of technological CDR—Ilike bioenergy combined with carbon capture and storage as well
as direct air carbon capture and storage (DACCS)—and natural carbon sinks enhancement—like soil carbon
management, reforestation, peatland rewetting, and seagrass restoration.

This study concentrates on CO, rather than CO,-equivalent emissions, following the scientific reasoning of (net)
zero CO, targets based on the transient climate response to cumulative CO, emissions (Matthews et al., 2009; Rogelj
et al., 2018). We also make sure to exclude any existing natural carbon sinks like existing forests, but concentrate on
the potential of anthropogenic enhancement of carbon sinks, again following the best scientific evidence (Matthews
et al., 2009; Rogelj et al., 2018). While this study takes into account the feasibility of CDR options with regard to
possible scale of implementation within Germany and discusses implementation obstacles, we are not aiming to
design a most cost-effective CDR implementation scenario. The summary of the article includes an overview of the
net-zero CO, system for Germany in 2050, illustrating the contributions of each single measure to reaching this goal.

With this study, we aim to highlight the potentials of net-zero options for Germany as an example case, the asso-
ciated implementation efforts needed for such a possible net-zero CO, system as well as possible obstacles that
need to be overcome. The epistemic value of this piece is the transparency of the underlying and often disregarded
assumptions of future visions of net-zero.

2. An Envisioned Net-Zero Germany in 2050

Germany 2050: For the first time Germany reached a balance between its sources of anthropogenic CO, to
the atmosphere and anthropogenic sinks created. Germany therefore is now in line with the target set by the
UNFCCC back in 2015 (Paris Agreement, 2015). This target had been put into EU law in the early 2020s (Coun-
cil of the European Union, 2020).

Back in the early 2020s, there were heated debates on how rapidly Germany should decrease its emissions.
Climate movements argued that industrialized countries like Germany need to take their global responsibility
and ensure a just transition for all, while big fossil fuel companies argued for a longer transitioning time and
compensation for stranded investments in the fossil economy (cf. e.g., Bals, 2018; FFF, 2021; France 24, 2019;
ITUC, 2020; Wehrmann, 2021). This challenge of finding a balance of phasing out fossil fuels, for example,
by increasing the price on carbon, without placing too much of a burden on workers within the fossil economy
(Baber, 2019; Jetten et al., 2020), initially caused delays in climate action. Finally, in 2021 the political climate
within Germany changed, making it impossible to further delay ambitious climate action and catalyzing the
necessary system transformation (BMU, 2021).

Due to this delayed action, Germany's emitted carbon budget now, in 2050, is above what some consider Germa-
ny's fair share of emissions in terms of distribution per equal-per-capita approach or the scientific advice from for
example, the Helmholtz Climate Initiative, which proposed a budget of 6.9 Gt CO, from 2021 onward (Mengis
et al., 2020).

2.1. But How Does Our Carbon-Neutral Society Look Like Today Compared to 2020?

Since 2020 we have seen a 5% decrease in German population while economic growth has continued along the
long-term trends as projected back in 2020 (e.g., Kemmler et al., 2020; StBA, 2017). With 79 million inhabitants,
Germany today generates about a third more gross domestic product (GDP real) compared to 2020. The decline
in population has not been able to compensate for the trend toward single households, with the result that a rather
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constant living space and number of households have to be supplied with heat. However, by continuing an ambi-
tious thermal insulation strategy and by high thermal standards for new buildings, the energy demand of buildings
could be strongly reduced. The shift toward a service-oriented society has continued at the expense of industry
and the primary sectors, for which production accordingly remains close to their 2020 levels. Furthermore, the
upward economic trend has also led to an increase in freight transport. However, a reverse trend has been initiated
for individual automobile transport, through a series of measures, such as improved public transport, car sharing,
biking, and walking, as well as parking management in cities.

Germany finally achieved net-zero CO, by pursuing three major strategies: (a) avoiding emissions by replac-
ing fossil fuel-based energy production with renewable energy (RE), but also increasing energy efficiency and
extending energy storage systems; (b) reducing emissions from hard-to-abate sectors, such as the chemical, steel
or cement industry, the transport sector, and agriculture—here, sector-specific efforts were undertaken to reduce
remaining emissions; and finally (c) compensating residual emissions by removing CO, from the system—
so-called CDR measures have been put in place, which range from natural carbon sink enhancement to creating
anthropogenic sinks by technological carbon capture and permanent storage (see box 1 for more info).

The linear economy that we had followed until 2020, took fossil energy carriers to produce goods, and
generate energy and heat. The resulting CO, got dumped into the atmosphere (see yellow arrows in
Figure 1). Considering that over 85% of CO, emissions back in 2020 were caused by energy provision
(see Figure 4), a net-zero carbon economy significantly depended on the reduction of energy demand and
the substitution of fossil fuels and materials through renewables (“avoid”), the reduction of CO, emis-
sions within sectors where avoidance was not possible, as well as the re-use of remaining CO, emissions
in circular carbon approaches (“reduce”), and the deposition of CO, in carbon storage sites to compensate
for any remaining positive emissions (“remove”) (Paris Agreement, 2015).

New technologies allowed us to change the linear approach into a circular one and even remove CO,
from the atmosphere: DACCS combines technologies that first capture CO, from the ambient air through
chemical processes with carbon dioxide absorbing materials, and purify and concentrate this CO, to
sequester it in geological storage sites (producing negative emissions; e.g., HI-CAM, 2020). However,
all these processes are energy intensive and put an additional strain on the energy system, thus they are
effective if supplied by RE (HI-CAM, 2020).

In the case of direct air carbon capture and use, the captured CO, is converted into hydrocarbon fuels and
materials with the help of H, and RE (e.g., Dittmeyer, et al., 2019). These fuels and materials can be used
as substitutes for fossil carbon materials and fuels in industrial processes and even the aviation sector,
thereby reducing emissions in sectors for which emissions are otherwise hard to abate (e.g., Airbus, 2020;
Billig et al., 2019; Dittmeyer, et al., 2019).

Bioenergy and Carbon Capture and Storage (BECCS) is the process which combines generation of
energy (e.g., electricity, heat, biofuels) from biomass with capturing and storing of the otherwise emitted
CO, in geological storage sites (e.g., Furre et al., 2019; Gluyas & Bagudu, 2020; Knopf & May, 2017;
Porthos, 2019; Swennenhuis, et al., 2020). Since the carbon in the biomass is taken out of the atmosphere
by the plant during their growth and then actively removed from the system through permanent storage,
negative emissions are achieved.

In addition, we can manage or restore natural systems that allow us to reduce CO, emissions from those
systems or even enhance natural carbon sinks on land and the ocean. For example, by restoring drained
peatlands through rewetting, CO, emissions from these soils are avoided (e.g., Leifeld et al., 2019;
Tanneberger et al., 2021). Changing our agricultural practices increases organic and inorganic soil carbon
content (e.g., Al-Kaisi & Yin, 2005; Dold et al., 2017, 2019; Haddaway et al., 2017; Kell 2011; Sander-
man, 2012; Trost et al., 2013; Verma et al., 2005; Wei et al., 2021; Zornoza et al., 2016). And lastly, we
can get the ocean to take up more carbon, by restoring or protecting seagrass meadows, allowing for their
expansion (e.g, Alongi, 2018; Eriander, et al., 2016; Greiner, et al., 2013; Infantes et al., 2016; Infantes &
Moksnes, 2018; Moksnes et al., 2018; Postlethwaite et al., 2018; Prentice et al., 2020).
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Figure 1. Illustration of historical linear carbon economy burning fossil carbon (yellow arrows), and novel approaches allowing for a more circular carbon economy
(light blue arrows) and carbon dioxide removal measures (dark blue arrows) (source: Helmholtz Climate Initiative//Tanja Hildebrandt).

3. Avoiding CO, Emissions

Looking back from the year 2050, the most cost-effective strategy of reaching net-zero CO, was avoiding emis-
sions from major emitters by transforming toward a more sustainable energy supply. The energy sector, which
was the main emitter of CO, emissions from the combustion of fossil fuels, managed to curb most of its annual
660 Mt CO, emissions from back in 2019 through massive transformation efforts. For that the energy system
focused on three pillars: (a) reducing energy consumption, (b) electrification of heat, power, and transport supply,
tapping the potential of sector coupling, and (c) supplying the necessary green hydrogen and hydrocarbons as
renewable commodities and for long term energy storage.

3.1. Reduction of Energy Demand Through Higher Energy Efficiency

Societal changes in Germany have led to a successful decoupling of economic growth and energy demand.
Behavioral changes, avoiding rebound effects, and a more efficient energy use, were key to reduce the overall
energy demand. For example, the ambitious strategy to substantially improve thermal insulation of the building
stock and to introduce high-end thermal standards for new buildings contributed to a final energy demand reduc-
tion of around 50% by 2050 (Fritz et al., 2019; Pregger et al., 2013; see Supporting Information for scenario
comparison). Other measures range from increasing efficiency in heating and waste heat use in industry to apply-
ing more efficient and electrified power trains in transport. Eventually, large shares of the efficiency potentials
were implemented, saving roughly a third of final consumption while maintaining equal energy services (see
Figure 2). Shifting efficiency losses to the power supply was avoided by a simultaneous transition toward effi-
cient and renewable power production.
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Figure 2. Final energy demand in 2050 and energy savings from efficiency
measures relative to 2020 (own calculations based on Kemmler et al., 2020).

efficiency improvements were the precondition for increasing utilization of heat pumps. Electricity has become
the backbone of heat supply in buildings, providing direct electric heating, but also hydrogen and synthetic gas,
where a retrofit was not possible. Coupling both the heat and power sectors thus provides mutual benefits (see
also Gea-Bermidez et al., 2021; Jimenez-Navarro et al., 2020; Zech et al., 2019).

Due to the necessary sector coupling, electricity consumption has more than doubled in recent decades (BMWi,
2020a). The simultaneous decarbonization of electricity generation required a massive and accelerated expan-
sion of photovoltaic (PV) and wind power plants beyond any records held before 2020. The increase in capacity
(average of 10 GW per year) for both PV and wind power plants lead to 240 GW of wind capacity and more than
370 GW of PV capacity in 2050. Additional infrastructure was key to balancing the now almost completely renew-
able power sector: grid expansion, battery storage, demand side management, and increased power exchange in
the European Transmission System predominantly compensate for short-term fluctuations.

3.3. Green Hydrogen, Synthetic Energy Carriers and Biofuels for Energy Storage

Roughly half of the power system in Germany today is dedicated to the production of RE -based synthetic fuels—
hydrogen, synthetic methane (CH,), and liquid hydrocarbons (see “H,, syngas, synfuels” category in Figure 3).
Green hydrogen is predominantly produced by electrolysis of water. Hydrocarbon fuels (also called electro-fuels)
are made of green hydrogen and CO, via so-called Power-to-Liquid processes (Agertet al., 2020; Kasten, 2020;
Roeb et al., 2020).

The fluctuating and regionally unequally distributed RE supply within Germany, the regionally unequal provi-
sion of storage capacity as well as the necessary long-range transport of energy required an extensive and still
continuing expansion of the power transmission grid by almost 90% relative to 2020 and the establishment of an
infrastructure for the import, distribution and storage of synthetic fuels (see Supporting Information S1).

Given that Germany is geographically far from high solar irradiation areas, synthetic fuels are imported by
already developed infrastructure (pipelines or commercial tankers) from North Africa and Middle East countries
(Liebich et al., 2021). These fuels can be produced to a large extent by concentrated solar power which is coupled
with thermochemical cycles or electricity generation and simultaneous water desalination (Olwig et al., 2012).
For the import and trade of green hydrogen across the EU and its partners the certification “CertifHy” imple-
mented by the EU was essential, since it enabled a wide-ranging trade of green molecules (Veum et al., 2019;
White et al., 2021).

Today, most of the infrastructure that had been used for natural gas back in 2020 was transformed to transport
and store hydrogen. Most of the hydrogen grid was ready for use when the so-called hydrogen backbone was
completed in the year 2040 (Wang et al., 2020).
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Figure 3. Supply structure power system, including electricity supply to heat and transport sectors in Germany in 2050 (own
calculations based on Fette et al., 2020; Kemmler et al., 2020; Zech et al., 2019).

Next to lithium-ion batteries and pumped hydro storage, which cover for short-term variability, synthetic meth-
ane and hydrogen are mainly used for intermediate and long-term storage in caverns, in the northern and central
parts of Germany. Former hydrocarbon reservoirs in the southern part of Germany and pressure tanks are now
the backbone for energy.

4. Reducing CO, Emissions

Although Germany has reached the goal of an overall carbon neutral society, some CO, emissions remain even
in 2050. The second strategy hence was to reduce emissions from all the sectors for which emissions are hard to
abate, like industry, parts of the transport system, and agriculture. For each of those sectors, individual strategies
were developed and implemented to reduce their CO, emissions as far as possible.

4.1. Solutions for Sectors With Hard-to-Abate Emissions - Industry and Transport

With the help of synthetic energy carriers like green hydrogen, synthetic methane, synthetic liquid hydrocarbons,
and biofuels, emissions from otherwise unavoidable fuel demands could be reduced (IRENA, 2020; Sharmina
et al., 2020). The necessary carbon for the production of synthetic fuels and gases now comes from remaining
point source emitters, like cement or lime factories, for which inherent process-based emissions remain hard to
abate (Plaza et al., 2020). Those facilities have been retro-fitted with CO, capture modules.

In many industrial applications, hydrogen could be directly implemented to substitute fossil fuels (e.g., coal,
crude oil, or natural gas) either as energy carriers or as raw material. For primary steel production, the coke-based
blast-furnace route has first been replaced by hydrogen-based direct reduction (Bhaskar et al., 2020) and lately
also by electricity-based electrowinning (Fischedick et al., 2014). Given that renewable electricity is used, this
enabled to reduce emissions of German steel production by about 82% relative to the 2020s (Harpprecht et al.,
in preparation).
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Ammonia production underwent a similar transition. In 2020, hydrogen required for ammonia was produced
from natural gas via steam-reforming (DECHEMA, 2017). Nowadays, 100% of hydrogen demand for ammonia
production is supplied through water electrolysis, which makes it completely emission-free (Dittrich et al., 2020).

For cement plants, emissions could be reduced by 64% relative to 2019 through the transition to RE, a reduced
clinker to cement ratio, and novel carbon capture technologies (see Supporting Informationfor details). All
newly built plants are now equipped with carbon capture technologies of oxyfuel (Schneider, 2019; Voldsund
et al., 2019) and LEILAC (Low Emissions Intensity Lime & Cement; Hills et al., 2017; LEILAC, 2017). To
substantially reduce process-based emissions, cement, and lime production sites needed to be linked to the CO,
grid to permanently store 8.8 Mt CO, each year.

Synthetic liquid hydrocarbons like gasoline, diesel, kerosene, methanol, or dimethyl ether not only supply the
chemical industry (e.g., for polymer production), but also serve as a complementary solution in the transporta-
tion sector (for heavy freight, maritime transport, and aviation; Millinger et al., 2021). Electrified private and
public transportation are now part of zero-emission city concepts. The bulk of rural transportation is also electri-
fied with larger ranges of electric vehicles and an improved charging stations infrastructure. In addition, public
transportation in rural areas now relies mainly on demand responsive transport services (Sorensen et al., 2021).
Nevertheless, mobile applications which cannot store energy in batteries (e.g., aviation, navigation, rail, and
heavy duty), became users of green hydrogen or green fuels (Ehrenberger et al., 2021). Today, one-third of all
passenger vehicles rely on hydrogen and biofuels, aircrafts for short and medium distances have been operated
with hydrogen since the year 2035 (Airbus, 2020). In the same way, long-range cargo logistics transport still relies
on carbon-based fuels.

4.2. Solutions for Sectors With Hard-to-Abate Emissions - Agricultural and Organic Soils
4.2.1. Agricultural Soils

Today, farmers extensively apply techniques such as the state-of-the-art fertilizer, tillage, and irrigation scheme
in Germany. Organic fertilizers (OF) are now preferred over mineral fertilizers, because the latter have a larger
carbon footprint, and the former return organic material back to the soil (Hasler et al., 2017). OF are applied on
soils with highest carbon storage potential or traditionally low OF application, such as crop production areas in
East Germany (Don et al., 2018; Lal et al., 2015). Thereby, farmers actively avoid CO, emissions by preserving
the carbon stock in the soils. Furthermore, biochar is applied to the soils to increase the amount of recalcitrant
carbon (Bai et al., 2019; Smith, 2016). Where mineral fertilizer application is still required, acidifying nitro-
gen fertilizers are avoided or nitrification inhibitors are applied to allow continued carbonate weathering (Elrys
et al., 2020; Liebig et al., 2018; Robertson, 2014). Precision farming with high-resolution soil maps support the
effective distribution of fertilizer, so that they are now applied in optimized amounts and period of time. OF
pelleting supports precision farming (Delin et al., 2018; Liu et al., 2017; Romano et al., 2014). Where applicable,
conservation tillage was introduced to reduce CO, emissions from the topsoil (Bai et al., 2019; Baker et al., 2007;
Dold et al., 2019; Haddaway et al., 2017). Frequency, tillage depth, and tillage method were improved, and turn-
ing tillage with the mouldboard plow was avoided (Al-Kaisi & Yin, 2005). Regulated deficit irrigation and drip
irrigation reduced CO, emissions, because microbial activity is reduced under dry soil conditions, and carbonate
weathering is accelerated (Sanderman, 2012; Trost et al., 2013; Wei et al., 2021; Zornoza et al., 2016). The use
of carbonate-enriched irrigation water is avoided to reduce CO, release from irrigation water (Sanderman, 2012;
Verma et al., 2005). These changes in agricultural and land management practices reduced CO, emissions by
around 1.9 Mt CO, annually in Germany relative to the 2020s.

4.2.2. Peatland Rewetting

Back in the early 2020s, more than 98% of the organic soils (about 1.8 Mha) were drained mainly for agricultural
use (Tanneberger et al., 2021; Trepel et al., 2017). Therefore, already in the late 20th century, efforts to raise the
water table of peatlands to the surface were undertaken to avoid oxidation and the consequent CO, release to
the atmosphere (Joosten et al., 2017). Since 2020 about 50,000 ha of German peatlands were set to be gradually
rewetted each year (Abel et al., 2019).
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The net annual CO, fluxes in peatland ecosystems are strongly dependent on their management, and land use
(Leifeld et al., 2019; Petrescu et al., 2015). New sustainable management approaches, like the implementation of
paludicultures following the rewetting were applied to selected drained peatlands, allowing for continued utiliza-
tion of these areas for agriculture and forestry (Joosten et al., 2017). These management options were essential to
turn our peatland ecosystems from a source of CO, to a sink.

Rewetted peatlands today prevent about 15 Mt of CO, emissions from previous agriculturally used areas (Buendia
etal.etal., 2019), and even enable permanent carbon sequestration of 2.7 Mt CO, per year (see Supporting Infor-
mation), in addition to advocating other co-benefits like biodiversity, water quality, and filtering out nutrients.

S. Removing CO,

Despite all efforts to avoid and reduce CO, emissions, net-zero-2050 CO, emissions in Germany could only be
reached because the remaining gross positive emissions released into the atmosphere are compensated by gross
negative emission achieved by CDR. Two main strategies were followed to achieve negative emissions: (a) the
enhancement of natural carbon sinks by restoring natural ecosystems across land and coastal sea and (b) the
implementation of negative emission technologies combined with permanent carbon storage facilities. While the
former provided additional benefits for biodiversity and ecosystem services and avoided substantial amounts of
future emissions from ecosystem deterioration the latter mainly served as a necessary means to achieve net-zero
CO, emissions.

5.1. Natural Sink Enhancement
5.1.1. Agricultural Practices to Increase Organic Top-Soil Carbon

Today, in 2050, agricultural soils function as areas of CDR by increasing biomass production and hence increased
CO, uptake during carboxylation in the photosynthetic process of crops. Accordingly, soils are enriched with soil
organic carbon over time, taking up additional CO, until a new carbon equilibrium is reached. The effectiveness
of soil for CDR is quantified as the ratio of carbon build-up and carbon inputs (Wiesmeier et al., 2020).

The challenge of the first approach was to intensify crop production for securing food security, while reducing
CO, emissions from agriculture and land-use (Bai et al., 2019; Lal, 2019; Taylor et al., 2016). Crop production
systems that act as carbon sinks or carbon neutral are now used: For example, growers transitioned to improve
crop rotations from C3 to C4 crops, which typically have higher net ecosystem production than C3 crops (Dold
et al., 2017). For the 2020-2050 period measures to improve crop rotations stored additional 97 Mt CO, in the
soils. In addition to that, crop residues in the field were increased by preferring crop varieties with deep and dense
root systems (Don et al., 2018; Kell, 2011). Cover crops with deep root system, high biomass production, and
nitrogen-fixing symbiosis are now grown during the off-season of summer crops to prolong the period of photo-
synthetic carboxylation on the field (Bai et al., 2019; Don et al., 2018; Poeplau & Don, 2015), storing 44 Mt CO,
in agricultural soils. Further, the use of agroforestry systems on 10% of the cropland increased soil carbon stocks
by another 36 Mt CO,. Finally, the successful intensification of agricultural practices freed low-yielding field
patches to be converted to pasture and forest, as they have higher carbon sequestration rates per land unit (Don
et al., 2018; Morgan et al., 2010). The conversion of 10% of low-yielding cropland to each pasture and forests
increased the carbon stock by 38 Mt CO,, and 41 Mt CO,, respectively.

5.1.2. Seagrass Restoration and Recovery at the German Coast

To maximize their ability to sequester carbon, efforts to extend seagrass meadows area in Germany were imple-
mented already during the 2020s. While active restoration was conducted in the Baltic Sea, seagrass meadows
in the North Sea were left to regenerate naturally after measures (like peatland rewetting) were implemented to
improve water quality, the main stressor back in the 2020s (Dolch et al., 2017). Seagrass meadows reach maturity
and therefore their maximum carbon sequestration rates after approximately 18 yr (Eriander et al., 2016; Infantes
etal., 2016; Infantes & Moksnes, 2018; Marba et al., 2015; Moksnes et al., 2018). In contrast to land-based plants,
the burial potential of seagrass meadows thereafter remains at this high level, the stock does not saturate.

Today, over 80% of this theoretically habitable available area has mature seagrass meadows along the German
coast, that is an additional 306,400 ha and 9,780 ha along the Baltic and North Sea coast, respectively. The
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restored and now matured Zostera marina-dominated seagrass meadows in the Baltic Sea sequester carbon at a
mature rate of 39.4 g¢ C/m?/yr (averaged from Greiner et al., 2013; Marba et al., 2015; Prentice et al., 2020). The
carbon sequestration in the North Sea is slightly less with 24 g C/m?%/yr for Zostera noltei-dominated meadows
(averaged and adjusted from Alongi & Alongi, 2018; Postlethwaite et al., 2018; Prentice et al., 2020). Today, the
total area of seagrass along the German coastlines (Baltic and North Sea) sequesters approximately up to 454 kt
CO,/yr.

5.2. Technological Carbon Dioxide Removal With Geological Carbon Storage

Bioenergy supported the energy transition in (a) providing flexible electricity to compensate for fluctuations
coming from variable RE sources, such as wind and solar power, (b) renewable heat implementation, and (c)
providing options for carbon capture and storage. Today, point source carbon capture at bioenergy power plants
provides a bulk of the CO, that is transported to permanent storage sites, and therefore produces negative emis-
sions. The main sources of biomass used for bioenergy generation are forestry and agricultural by-products
and residues and organic waste which is predominantly generated within Germany (Billig et al., 2019; Thréin
et al., 2020). Germany took advantage of its existing biogas plants system and supported retrofitting of biogas
plants with CO, capture units. This process allowed an annual removal of 11.3 Mt of biogenic CO, from both
biogas-fueled cogeneration plants (biogas CHP) as well as biomethane plants (Billig et al., 2019). A part of faded
out coal-fired power plants was also converted to handle sustainable biomass sources as feedstock and retrofitted
with carbon capture units (enervis, 2021; Wi, 2020b). They now serve as centralized sources of biogenic CO,
for carbon removal providing roughly 16 Mt of biogenic CO, as a negative emissions source.

Another source of CO, for permanent carbon storage to achieve negative emissions are direct air capture facilities.
These plants provide the option to produce concentrated CO, taken directly from the atmosphere. However, since
this process is rather energy-intensive (mostly heat but also power), and therefore inefficient in low insolation
areas like Germany, another solution was found: Today, almost every big office or retail building has an air carbon
capture unit integrated in the heating, ventilation and air-conditioning (HVAC) system capturing a total of 17 Mt
CO, (Dittmeyer et al., 2019; HI-CAM, 2020). The hotter summers caused an expansion in air conditioning needs
for buildings, and this demand was used to retrofit existing HVAC-systems as well as install new HVAC-systems
which are now included in the CO, transportation and storage system. In total, technological CDR now needs to
remove ~50 Mt of CO, each year to be stored permanently on and off-shore.

CO, storage was a difficult topic in Germany back in 2020, but already in the mid-2020s, a number of success-
ful off-shore initiatives had been started in the Dutch, Norwegian and British North Sea corridors, providing
the possibility of permanent CO, storage in saline aquifers or depleted gas fields (Furre et al., 2019; Gluyas &
Bagudu, 2020; Porthos, 2019; Swennenhuis et al., 2020). Back then, German CO, was transported across borders
and stored in sites belonging to neighboring countries. Initially, the transport was done via ships on federal water-
ways to limit new infrastructural impact. As the safe and lucrative operation of these forerunner off-shore storage
sites became apparent to the German public and policymakers, steps were taken to make use of the 3.8-23.9 Gt
of storage capacity offered by the German North Sea subsurface (Knopf & May, 2017).

Transport to those storage sites today is provided by a cost-optimized pipeline network dedicated to CO,
connected to decarbonized industrial clusters and collection hubs (IEA Energy Technology Perspectives, 2020;
Yeates et al., 2020). While ensuring the delivery of decentral negative emissions from bioenergy and HVAC
direct air carbon capture plants to an offshore storage site, this network also allowed for transporting emissions
from hard-to-abate industry point sources toward synfuel production plants.

Beyond that, off-shore projects had strengthened the confidence in CO, storage technologies. Follow-up on-shore
carbon storage projects were initiated within Germany, allowing underground storage of CO, in a temporary
manner in a number of disused, geological storage sites. Established underground storage capacities in porous
aquifers amount 20.4-115.3 Gt CO, (Knopf & May, 2017). Furthermore, favorable conditions for CO, miner-
alization in geothermal plants such as demonstrated in Iceland (Gislason & Oelkers, 2014) have been proven in
Germany as well (Banks et al., 2021). Technological development in this field had gained momentum and, with
the large-scale industrial development of deep geothermal energy, it now contributes to the permanent storage of
CO, in Germany.
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Figure 4. Comparison between CO, emission systems in 2019 and 2050.
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Including illustrations of avoided, reduced, and removed emissions that led to Germany still emits about 60 Mt of gross positive CO, emission.
achieving net-zero by 2050. LULUCEF, land-use, land-use change and forestry;

CDR, carbon dioxide removal.

The emissions come from remaining fuel combustion activities mainly waste

combustion and industrial processes, as well as from land use and agricul-

tural practices. Those remaining emissions are now compensated by gross
negative emissions. Measures that enhance natural sinks like agricultural practices to increase organic top-soil
carbon, reforestation of vacated agricultural areas, peatland rewetting, and seagrass restoration and recovery
are able to take up almost 12 Mt CO, every year. This is in addition to a small amount of anthropogenic carbon
sinks that had already existed back in 2020, like harvesting wood products. The remaining negative emissions
are achieved through technological CDR measures combined with permanent carbon storage in German on-and
off-shore sites. Bioenergy combined with carbon capture and storage contributes about 28 Mt CO, each year,
decentralized HVAC implemented DACCS systems provide 17 Mt CO, each year.

The net-zero system shows clearly that for developed countries like Germany, avoiding CO, emissions was the
largest contribution for achieving net-zero CO, emissions. The fact that over 85% of gross positive emissions back
in 2019 were still emitted by fossil fuel combustion activities, shows the enormous potential of the transition to
carbon-free energy sources. Beyond that any energy intensive technologies that allow for a higher carbon circu-
larity or carbon removal in our current 2050 system, were only realizable because sufficient carbon-free energy
is available.

Natural-sink enhancement CDR solutions usually experience a higher acceptability than technological measures
in Germany (Bertram & Merk, 2020; Braun et al., 2018; Merk et al., 2019), also because of positive co-benefits
like biodiversity and ecosystem restoration. And while they significantly contribute to removing CO, from the
atmosphere today, they are not able to stem the whole burden left by hard-to-abate emissions by themselves.
Accordingly, technological CDR measures including permanent carbon storage were required to achieve today's
goal of net-zero CO, emission in Germany. This is in direct contrast to the climate policy back in the 2020s, which
exclusively referred to natural sink enhancement for negative emissions (BMU, 2012).

7. Outlook - Obstacles That Need to Be Overcome for a Net-Zero CO, in Germany by
2050

In this backward-looking story, we imagined how a possible future Germany could look like, that achieved its
net-zero CO, emissions goal in the year 2050. Our fictional future focuses strongly on technological achieve-
ments rather than rapid societal transformations based on behavioral changes at the individual and collective level
(e.g., animal husbandry, consumption, travel), or far-reaching international compensation (Anderson et al., 2020;
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Kuhnhenn et al., 2020; Larkin et al., 2018; Paterson, 2020; Van Vuuren et al., 2018). Instead, we include ambitious
transformations in the energy and industry sectors, in infrastructure for RE carriers as well as substantial changes
in land-use and agricultural practices including peatland rewetting, as measures to reduce our gross positive CO,
emissions by over 90%.

However, Germany does not currently have any unmanaged areas. Next to the area demand for the necessary and
unpreceded increase in the volume of RE capacity and the substantial increase in the power grid that will have
to be accommodated, any terrestrial CO, reduction and removal measure will have to be achieved by changing
land-use practices and management options rather than applying them to unused land. This is especially true
for balancing area demand for agriculture, peatland rewetting, top-soil carbon enhancement, and reforestation
(Boysen, Lucht, & Gerten, 2017; Boysen, Lucht, Gerten, Heck, et al., 2017), limiting the overall carbon removal
potential by natural-sink enhancement for Germany to about 12 Mt CO, per year. In contrast to what is envi-
sioned in the German Climate law, as well as in its Nouvella (BMU, 2021; Bundesministerium der Justiz und fiir
Verbraucherschutz, 2019), nature-based solutions alone are not enough to compensate for the remaining positive
emissions. In order to achieve net-zero, we include estimates for HVAC systems (which put an additional strain on
the energy system) and existing biomass power plants to be equipped with carbon capture systems for permanent
carbon storage.

Removal potential is, however, merely one side of the story. CDR options currently face a number of obstacles,
including infrastructure needs, missing economic incentives as well as problematic public perception (Benrath
et al., 2020; Schumann et al., 2014). Similar to the transformation needed for RE carriers, CDR with geological
carbon storage would need an infrastructure for transporting and storing CO,. For large-scale CO, transport over
land, pipeline networks are known to be the most economical solution. All while minimizing the infrastructure
impact by adhering to pre-existing gas pipeline layouts (Yeates et al., 2021), the CO, network could also be seen
as an opportunity to dynamize less-industrialized Federal states. As such, proximity to a CO, pipeline route
would become synonymous with net-zero industrial development. And while once built the infrastructure would
be cost-efficient, the largest obstacle would be the initial investment. Paired with the substantial energy cost, the
same is true for retro-fitting HVAC systems with DAC systems, and the retrofitting of existing bioenergy plants
with carbon capture systems, which brings us to another obstacle for CDR options in general.

The European emissions trading system does not currently create incentives for removing CO, from the atmos-
phere (Daggash & Mac Dowell, 2019). A revision of the EU-wide CO, trading system to include CDR measures
will be a challenge as CDR measures have different time spans of retention and bear diverse risks of unintended
re-emission (Lomax et al., 2015) while the ETS creates a uniform price signal. Regulations not only need to
reward the removal of CO, emissions but also to financially penalize their intended and unintended re-emis-
sion to generate an efficient market outcome. To account for such differences, complementary technology-spe-
cific policy instruments (either market-based or regulatory instruments) could be implemented to correct for
market distortions and create a level playing field for the competition between the different mitigation measures
(Lehmann et al., 2020). However, in order to pay attention to the financial limitations of public households,
carbon pricing should constitute the main driver for a cost-effective achievement of net-zero CO, emissions in
Germany allowing limiting state subsidization to remaining market distortions (Lehmann et al., 2020).

Finally, all net-zero options discussed in this article, including repurposing of areas within Germany infrastruc-
ture expansion, changed agricultural practices, and carbon storage, need public support. Ensuring a just transi-
tion out of the fossil economy that accounts for trade-offs and an equitable sharing of costs, seem to be critical
in order to avoid societal conflicts (e.g., Bals, 2018; Wehrmann, 2021). Research on social acceptance shows
that rather than a lack of knowledge, resistance to technology development can be better understood by more
overarching concerns such as basic value conflicts, perceived fairness, and failures of trust in governing insti-
tutions such as regulatory authorities and technical advice bodies (Markusson et al., 2020; Waller et al., 2020;
Winickoff, 2017). A good example for this is the previously successful public outreach concept for the Ketzin
pilot CO,-storage project, where an open and transparent dialogue with all stakeholders was started from the
very beginning (Martens et al., 2015). In another context, changes in mindsets and practices for farmers could
be initiated by changes in the Common Agricultural Policy (CAP) of the EU. The CAP is currently undergoing a
reform process. If set aside a large enough part of payments to farmers for eco-schemes that incentivize environ-
mental and climate action, more farmers would apply management practices that reduce CO, emissions or even
provide negative emissions (European Commission, 2019). Through the provision of comprehensive guiding
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materials (Lampkin et al., 2020), as well as an open discussion process involving all relevant stakeholders (e.g.,
BMEL, 2019) to effectively implement such eco-schemes, climate actions could play an important role in future
farming management. In this way acceptance of negative emission technologies including permanent carbon
storage could be achieved by expanding public debates to develop common ways forward, while responsibly
assessing and governing such emerging net-zero technologies (Winickoff, 2017).

With this piece, we aim to foster political and societal debates on how we want to achieve net-zero CO, in
Germany. Bold decisions need to be taken, be it for rapid societal transformations, far-reaching international
compensation or investments into technological developments. Our vision for Germany in 2050 is one possible
outcome. A different question is—do we describe a desirable net-zero-2050 future?

Conflict of Interest

The authors declare no conflicts of interest relevant to this study.

Data Availability Statement

The data used for calculating CO, emissions from cement and steel by 2050 in the study are available at the
Figshare repository via https://figshare.com/s/d6c12db8cb33939fe304. The study on two experimental rewetted
peatland sites is based on datasets available at http://www.europe-fluxdata.eu/ (DE-Zrk & DE-Hte).

References

Abel, S., Barthelmes, A., Gaudig, G., Joosten, H., Nordt, A., & Peters, J. (2019). Klimaschutz auf Moorboden-Losungsansditze und best-practice-
beispiele. Greifswald Moor Centrum-Schriftenreihe. (Selbstverlag, ISSN 2627-910X), 84 S.

Agert, C., Brand, U., Deniz, 0., Dyck, A., Ehrenberger, S., Christian Gils, H., et al. (2020). Wasserstoff als ein Fundament der Energiewende Teil
2: Sektorenkopplung und Wasserstoff: Zwei Seiten der gleichen Medaille. Retrieved from https://www.dlr.de/content/de/downloads/publika-
tionen/broschueren/2020/wasserstoffstudie-teil-2.pdf?__blob=publicationFile&v=4

Airbus. (2020). ZEROe towards the world’s first zero-emission commercial aircraft. Retrieved from https://www.airbus.com/innovation/
zero-emission/hydrogen/zeroe.html

Al-Kaisi, M. M., & Yin, X. (2005). Tillage and crop residue effects on soil carbon and carbon dioxide emission in corn-soybean rotations. Journal
of Environmental Quality, 34(2), 437-445. https://doi.org/10.2134/jeq2005.0437

Alongi, D. M. (2018). Seagrass meadows. In D. M. Alongi (Ed.), Blue carbon-coastal sequestration for climate change mitigation. Springer
International Publishing. https://doi.org/10.1007/978-3-319-91698-9

Anderson, K., Broderick, J. F., & Stoddard, I. (2020). A factor of two: How the mitigation plans of “climate progressive” nations fall far short of
Paris-compliant pathways. Climate Policy, 20, 1290—1304. https://doi.org/10.1080/14693062.2020.1728209

Baber, Z. (2019). Climate change and the yellow vest movement. Economic and Political Weekly, 54(34), 24. Retrieved from https://www.epw.in/
journal/2019/34/commentary/climate-change-and-yellow-vest-movement.html

Bai, X., Huang, Y., Ren, W., Coyne, M., Jacinthe, P.-A., Tao, B., et al. (2019). Responses of soil carbon sequestration to climate-smart agriculture
practices: A meta-analysis. Global Change Biology, 25(8), 2591-2606. https://doi.org/10.1111/gcb.14658

Baker, J., Ochsner, T. E., Venterea, R. T., & Griffis, T. J. (2007). Tillage and soil carbon sequestration—What do we really know? Agriculture,
Ecosystems, & Environment, 118(1), 1-5. https://doi.org/10.1016/j.agee.2006.05.014

Bals, C. (2018). RWE lawsuit: First test case in Europe to clarify responsibilities of carbon majors for climate change. Germanwatch (blogpost).
Retrieved from https://www.germanwatch.org/en/15999

Banks, J., Poulette, S., Grimmer, J., Bauer, F., & Schill, E. (2021). Geochemical changes associated with high-temperature heat storage at
intermediate depth: Thermodynamic equilibrium models for the DeepStor site in the Upper Rhine Graben, Germany. Energies, 14(19), 6089.

Benrath, D., Flamme, S., Glanz, S., & Hoffart, F. M. (2020). ELEGANCY: Enabling a Low-Carbon Economy via Hydrogen and CCS. FM
ERA-Net Deliverable D5.5.3: CO2 and H2 Infrastructure in Germany—Final Report of the German Case Study, 2020-08-31, Ruhr-University
Bochum, ACT Project Number:271498, Retrieved from https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.5.3_
co2_h2_infrastructure_germany.pdf

Bertram, C., & Merk, C. (2020). Public perceptions of ocean-based carbon dioxide removal: The nature-engineering divide? Frontiers in Climate,
2, 594194. https://doi.org/10.3389/fclim.2020.594194

Bhaskar, A., Assadi, M., & Nikpey Somehsaraei, H. N. (2020). Decarbonization of the iron and steel industry with direct reduction of iron ore
with green hydrogen. Energies, 13(3), 758. https://doi.org/10.3390/en13030758

Billig, E., Decker, M., Benzinger, W., Ketelsen, F., Pfeifer, P., Peters, R., et al. (2019). Non-fossil CO, recycling—The technical potential for
the present and future utilization for fuels in Germany. Journal of CO2 Utilization, 30, 130-141. https://doi.org/10.1016/j.jcou.2019.01.012

BMEL (Federal Ministry of Food and Agriculture). (2019). Discussion paper: Arable Farming Strategy 2035, prospects for productive and
diverse crop farming. Retrieved from https://www.bmel.de/SharedDocs/Downloads/EN/Publications/ackerbaustrategie-en.html

BMU. (2012). Langfristszenarien fiir den Ausbau der erneuerbaren Energien in Deutschland bei Beriicksichtigung der Entwicklung in Europa und
global:Leitstudie 2011. Im Auftrag des Bundesministeriums fiir Umwelt, Naturschutz und Reaktorsicherheit (BMU). Retrieved from http://
www.dlr.de/dIr/Portaldata/1/Resources/bilder/portal/portal_2012_1/leitstudie2011_bf.pdf

BMU. (2021). Revised Climate Change Act sets out binding trajectory towards climate neutrality by 2045, 12.05.2021 | Press release No.
098/21 | Climate, Retrieved from https://www.bmu.de/en/pressrelease/9586/

MENGIS ET AL.

12 of 16


http://webmail.gfz-potsdam.de/SRedirect/35600BBE/figshare.com/s/d6c12db8cb33939fe304
http://www.europe-fluxdata.eu/
https://www.dlr.de/content/de/downloads/publikationen/broschueren/2020/wasserstoffstudie-teil-2.pdf?__blob=publicationFile%26v=4
https://www.dlr.de/content/de/downloads/publikationen/broschueren/2020/wasserstoffstudie-teil-2.pdf?__blob=publicationFile%26v=4
https://www.airbus.com/innovation/zero-emission/hydrogen/zeroe.html
https://www.airbus.com/innovation/zero-emission/hydrogen/zeroe.html
https://doi.org/10.2134/jeq2005.0437
https://doi.org/10.1007/978-3-319-91698-9
https://doi.org/10.1080/14693062.2020.1728209
https://www.epw.in/journal/2019/34/commentary/climate-change-and-yellow-vest-movement.html
https://www.epw.in/journal/2019/34/commentary/climate-change-and-yellow-vest-movement.html
https://doi.org/10.1111/gcb.14658
https://doi.org/10.1016/j.agee.2006.05.014
https://www.germanwatch.org/en/15999
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.5.3_co2_h2_infrastructure_germany.pdf
https://www.sintef.no/globalassets/project/elegancy/deliverables/elegancy_d5.5.3_co2_h2_infrastructure_germany.pdf
https://doi.org/10.3389/fclim.2020.594194
https://doi.org/10.3390/en13030758
https://doi.org/10.1016/j.jcou.2019.01.012
https://www.bmel.de/SharedDocs/Downloads/EN/Publications/ackerbaustrategie-en.html
http://www.dlr.de/dlr/Portaldata/1/Resources/bilder/portal/portal_2012_1/leitstudie2011_bf.pdf
http://www.dlr.de/dlr/Portaldata/1/Resources/bilder/portal/portal_2012_1/leitstudie2011_bf.pdf
https://www.bmu.de/en/pressrelease/9586/

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2021EF002324

BMWi. (2020a). Energiedaten und -szenarien. Retrieved from https://www.bmwi.de/Redaktion/DE/Infografiken/Energie/Energiedaten/Energie-
traeger/energiedaten-energietraeger-27.html

BMWi. (2020b). EEG Novelle 2021—Entwurf eines Gesetzes zur Anderung des Erneuerbare Energien—Gesetzes und weiterer energierechtlicher
Vorschriften.

Boysen, L. R., Lucht, W., & Gerten, D. (2017). Trade-offs for food production, nature conservation, and climate limit the terrestrial carbon dioxide
removal potential. Global Change Biology, 23(10), 4303—4317. https://doi.org/10.1111/gcb.13745

Boysen, L. R., Lucht, W., Gerten, D., Heck, V., Lenton, T. M., & Schellnhuber, H. J. (2017). The limits to global-warming mitigation by terrestrial
carbon removal. Earth's Future, 5(5), 463—-474. https://doi.org/10.1002/2016ef000469

Braun, C., Merk, C., Ponitzsch, G., Rehdanz, K., & Schmidt, U. (2018). Public perception of climate engineering and carbon capture and storage
in Germany: Survey evidence. Climate Policy, 18(4), 471-484. https://doi.org/10.1080/14693062.2017.1304888

Buendia, E. C., Tanabe, K., Kranjc, A., Baasansuren, J., Fukuda, M., Ngarize, S., et al. (2019). In T. Hiraishi, T. Krug, K. Tanabe, N. Srivastava,
J. Baasansuren, M. Fukuda, et al. (Eds.), 2019 refinement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories: Wetlands.

Bundesministerium der Justiz und fiir Verbraucherschutz. (2019). Bundes-Klimaschutzgesetz (KSG). Retrieved from https://www.gesetze-im-in-
ternet.de/ksg/BJNR251310019.html

Council of the European Union. (2020). Proposal for a Regulation of the European Parliament and of the Council establishing the framework for
achieving climate neutrality and amending Regulation (EU) 2018/1999 (European Climate Law)—Partial general approach. General Secre-
tariat of the Council. Retrieved from https://www.consilium.europa.eu/media/46514/st12261-en20.pdf

Daggash, H. A., & Mac Dowell, N. (2019). Higher carbon prices on emissions alone will not deliver the Paris Agreement. Joule, 3(9), 2120-2133.
https://doi.org/10.1016/j.joule.2019.08.008

DECHEMA. (2017). Technology study: Low carbon energy and feedstock for the European chemical industry. Retrieved from https://dechema.
de/dechema_media/Downloads/Positionspapiere/Technology_study_Low_carbon_energy_and_feedstock_for_the_European_chemical _
industry.pdf

Delin, S., Engstrom, L., & Lundkvist, A. (2018). Optimal placement of meat bone meal pellets to spring oats. Frontiers in Sustainable Food
Systems, 2(27). https://doi.org/10.3389/fsufs.2018.00027

Dittmeyer, R., Klumpp, M., Kant, P., & Ozin, G. (2019). Crowd oil not crude oil. Nature Communications, 10, 1818. https://doi.org/10.1038/
s41467-019-09685-x

Dittrich, M., Gerhardt, N., Schoer, K., Diinnebeil, F., Becker, S., von Oehsen, A., et al. (2020). Transformationsprozess zum treibhausgasneu-
tralen und ressourcenschonenden Deutschland-GreenMe. UBA Climate Change 03/2020.

Dolch, T., Folmer, E. O., Frederiksen, M. S., Herlyn, M., van Katwijk, M. M., Kolbe, K., et al. (2017). Seagrass. In S. Kloepper et al. (Eds.),
Wadden Sea Quality Status Report 2017. Wilhelmshaven, Germany: Common Wadden Sea Secretariat. Retrieved from https://qsr.wadden-
sea-worldheritage.org/reports/seagrass

Dold, C., Biiyiikcangaz, H., Rondinelli, W., Prueger, J., Sauer, T., & Hatfield, J. (2017). Long-term carbon uptake of agro-ecosystems in the
Midwest. Agricultural and Forest Meteorology, 232, 128-140. https://doi.org/10.1016/j.agrformet.2016.07.012

Dold, C., Hatfield, J. L., Prueger, J. H., Sauer, T. J., Moorman, T. B., & Wacha, K. M. (2019). Impact of management practices on carbon and
water fluxes in corn-soybean rotations. Agrosystems, Geosciences, & Environment, 2, 1-8. https://doi.org/10.2134/age2018.08.0032

Don, A., Flessa, H., Marx, K., Poeplau, C., Tiemeyer, B., & Osterburg, B. (2018). Die 4-Promille-Initiative “Bdéden fiir Erndhrungssicherung
und Klima”: Wissenschaftliche Bewertung und Diskussion méglicher Beitrige in Deutschland. Retrieved from https:/literatur.thuenen.de/
digbib_extern/dn060523.pdf

Duscha, V., Wachsmuth, J., Eckstein, J., & Pfluger, B. (2019). GHG-neutral EU2050—A scenario of an EU with net-zero greenhouse gas emis-
sions and its implications, on behalf of the German Environment Agency. Umweltbundesamt. Retrieved from https://www.umweltbundesamt.
de/sites/default/files/medien/1410/publikationen/2019-11-26_cc_40-2019_ghg_neutral_eu2050_0.pdf

Ehrenberger, S., Seum, S., Pregger, T., Simon, S., Knitschky, G., Kugler, U. (2021). Land transport development in three integrated scenarios for
Germany—Technology options, energy demand, and emissions. Transportation Research Part D: Transport and Environment, 90, 102669.
https://doi.org/10.1016/j.trd.2020.102669

Elrys, A. S., Raza, S., Elnahal, A. S. M., Na, M., Ahmed, M., Zhou, J., & Chen, Z. (2020). Do soil property variations affect dicyandiamide
efficiency in inhibiting nitrification and minimizing carbon dioxide emissions? Ecotoxicology and Environmental Safety, 202, 110875. https://
doi.org/10.1016/j.ecoenv.2020.110875

Eriander, L., Infantes, E., Olofsson, M., Olsen, J. L., & Moksnes, P. O. (2016). Assessing methods for restoration of eelgrass (Zostera marina L.)
in a cold temperate region. Journal of Experimental Marine Biology and Ecology, 479, 76-88. https://doi.org/10.1016/j.jembe.2016.03.005

European Commission. (2019). The post-2020 common agricultural policy: Environmental benefits and simplification. Retrieved from https://
ec.europa.eu/info/sites/default/files/food-farming-fisheries/key_policies/documents/cap-post-2020-environ-benefits-simplification_en.pdf

Fette, M., Brandstitt, C., Gils, H. C., Gardian, H., Pregger, T., Schaffert, J., et al. (2020). Multi-Sektor-Kopplung-Modellbasierte Analyse der
Integration erneuerbarer Stromerzeugung durch die Kopplung der Stromversorgung mit dem Wéiirme-, Gas-und Verkehrssektor. Retrieved
from https://elib.dlr.de/135971/

FFF (Fridays For Future). (2021). “March 19”. Retrieved from https://fridaysforfuture.org/march19/

Fischedick, M., Marzinkowski, J., Winzer, P., & Weigel, M. (2014). Techno-economic evaluation of innovative steel production technologies.
Journal of Cleaner Production, 84, 563-580. https://doi.org/10.1016/j.jclepro.2014.05.063

France 24. (2019). “La CGT et les Gilets jaunes manifestent a 1'unisson” https://www.france24.com/fr/20190205-france-cgt-gilets-jaunes-
greve-manifestation-unisson-paris

Fritz, S., Pehnt, M., Mellwig, P., & Volt, J. (2019). Planned staged deep renovations as the main driver for a decarbonized European building
stock. ECEEE Summer Study Proceedings. 7. Make buildings policies great again (eceee.org).

Furre, A. K., Meneguolo, R., Ringrose, P., & Kassold, S. (2019). Building confidence in CCS: From Sleipner to the northern Lights project. First
Break, 37(7), 81-87. https://doi.org/10.3997/1365-2397.n0038

Gea-Bermudez, J., Jensen, I. G., Miinster, M., Koivisto, M., Kirkerud, J. G., Chen, Y., & Ravn, H. (2021). The role of sector coupling in the
green transition: A least-cost energy system development in northern-central Europe towards 2050. Applied Energy, 289, 116685. https://doi.
org/10.1016/j.apenergy.2021.116685

Gislason, S. R., & Oelkers, E. H. (2014). Carbon storage in basalt. Science, 344(6182), 373-374. https://doi.org/10.1126/science.1250828

Gluyas, J. G., & Bagudu, U. (2020). The endurance CO, storage site, blocks 42/25 and 43/21, UK North Sea. Geological Society, London,
Memoirs, 52(1), 163-171. https://doi.org/10.1144/m52-2019-47

Greiner, J. T., McGlathery, K. J., Gunnell, J., & McKee, B. A. (2013). Seagrass restoration enhances “blue carbon” sequestration in coastal waters.
PLoS One, 8(8), €72469. https://doi.org/10.1371/journal.pone.0072469

MENGIS ET AL.

13 0f 16


https://www.bmwi.de/Redaktion/DE/Infografiken/Energie/Energiedaten/Energietraeger/energiedaten-energietraeger-27.html
https://www.bmwi.de/Redaktion/DE/Infografiken/Energie/Energiedaten/Energietraeger/energiedaten-energietraeger-27.html
https://doi.org/10.1111/gcb.13745
https://doi.org/10.1002/2016ef000469
https://doi.org/10.1080/14693062.2017.1304888
https://www.gesetze-im-internet.de/ksg/BJNR251310019.html
https://www.gesetze-im-internet.de/ksg/BJNR251310019.html
https://www.consilium.europa.eu/media/46514/st12261-en20.pdf
https://doi.org/10.1016/j.joule.2019.08.008
https://dechema.de/dechema_media/Downloads/Positionspapiere/Technology_study_Low_carbon_energy_and_feedstock_for_the_European_chemical_industry.pdf
https://dechema.de/dechema_media/Downloads/Positionspapiere/Technology_study_Low_carbon_energy_and_feedstock_for_the_European_chemical_industry.pdf
https://dechema.de/dechema_media/Downloads/Positionspapiere/Technology_study_Low_carbon_energy_and_feedstock_for_the_European_chemical_industry.pdf
https://doi.org/10.3389/fsufs.2018.00027
https://doi.org/10.1038/s41467-019-09685-x
https://doi.org/10.1038/s41467-019-09685-x
https://qsr.waddensea-worldheritage.org/reports/seagrass
https://qsr.waddensea-worldheritage.org/reports/seagrass
https://doi.org/10.1016/j.agrformet.2016.07.012
https://doi.org/10.2134/age2018.08.0032
https://literatur.thuenen.de/digbib_extern/dn060523.pdf
https://literatur.thuenen.de/digbib_extern/dn060523.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/2019-11-26_cc_40-2019_ghg_neutral_eu2050_0.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/2019-11-26_cc_40-2019_ghg_neutral_eu2050_0.pdf
https://doi.org/10.1016/j.trd.2020.102669
https://doi.org/10.1016/j.ecoenv.2020.110875
https://doi.org/10.1016/j.ecoenv.2020.110875
https://doi.org/10.1016/j.jembe.2016.03.005
https://ec.europa.eu/info/sites/default/files/food-farming-fisheries/key_policies/documents/cap-post-2020-environ-benefits-simplification_en.pdf
https://ec.europa.eu/info/sites/default/files/food-farming-fisheries/key_policies/documents/cap-post-2020-environ-benefits-simplification_en.pdf
https://elib.dlr.de/135971/
https://fridaysforfuture.org/march19/
https://doi.org/10.1016/j.jclepro.2014.05.063
https://www.france24.com/fr/20190205-france-cgt-gilets-jaunes-greve-manifestation-unisson-paris
https://www.france24.com/fr/20190205-france-cgt-gilets-jaunes-greve-manifestation-unisson-paris
https://doi.org/10.3997/1365-2397.n0038
https://doi.org/10.1016/j.apenergy.2021.116685
https://doi.org/10.1016/j.apenergy.2021.116685
https://doi.org/10.1126/science.1250828
https://doi.org/10.1144/m52-2019-47
https://doi.org/10.1371/journal.pone.0072469

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2021EF002324

Giinther, J., Lehmann, H., Nuss, P., & Purr, K. (2019). Resource-efficient pathways towards greenhouse-gas-neutrality—RESCUE. Umweltbun-
desamt. Retrieved from https://www.umweltbundesamt.de/en/rescue/summary_report

Haddaway, N. R., Hedlund, K., Jackson, L. E., Kitterer, T., Lugato, E., Thomsen, I. K., et al. (2017). How does tillage intensity affect soil organic
carbon? A systematic review. Environmental Evidence, 6(1), 30. https://doi.org/10.1186/s13750-017-0108-9

Harpprecht, C., Simon, S., & Naegler, T. (in preparation). Decarbonization of the iron and steel sector—Germany as a case study.

Hasler, K., Broring, S., Omta, O. S. W. F., & Olfs, H.-W. (2017). Eco-innovations in the German fertilizer supply chain: Impact on the carbon
footprint of fertilizers. Plant, Soil and Environment, 63(12), 531-544. https://doi.org/10.17221/499/2017-pse

HI-CAM. (2020). Factsheet No. 04. Thema: Direct Air Capture. Hg. v. Helmholtz Klima Initiative. Hermann von Helmholtz-Gemeinschaft
Deutscher Forschungszentren e.V. Berlin. Retrieved from https://www.helmholtz-klima.de/sites/default/files/medien/dokumente/Fact-
sheet%2004_Direct%20Air%20Capture.pdf

HI-CAM-Helmbholtz Climate Initiative. (2021). Mitigation. Retrieved from https://helmholtz-klima.de/projekte/mitigation

Hills, T. P,, Sceats, M., Rennie, D., & Fennell, P. (2017). LEILAC: Low cost CO, capture for the cement and lime industries. Energy Procedia,
114, 6166-6170. https://doi.org/10.1016/j.egypro.2017.03.1753

IEA Energy Technology Perspectives. (2020). Special Report on Clean Energy Innovation—Accelerating technology progress for a sustainable
future. Retrieved from https://www.iea.org/reports/energy-technology-perspectives-2020

Infantes, E., Eriander, L., & Moksnes, P. O. (2016). Eelgrass (Zostera marina) restoration on the west coast of Sweden using seeds. Marine
Ecology Progress Series, 546, 31-45. https://doi.org/10.3354/meps11615

Infantes, E., & Moksnes, P. O. (2018). Eelgrass seed harvesting: Flowering shoots development and restoration on the Swedish west coast.
Aquatic Botany, 144, 9-19. https://doi.org/10.1016/j.aquabot.2017.10.002

IRENA. (2020). Reaching zero with renewables: Eliminating CO, emissions from industry and transport in line with the 1.5°C climate goal. Abu
Dhabi: International Renewable Energy Agency.

ITUC (International Trade Union Confederation). (2020). “Climate Change” https://www.ituc-csi.org/climate-change?lang=en

Jetten, J., Mols, F., & Selvanathan, H. P. (2020). How economic inequality fuels the rise and persistence of the yellow vest movement. Interna-
tional Review of Social Psychology, 33(1), 2. https://doi.org/10.5334/irsp.356

Jimenez-Navarro, J. P., Kavvadias, K., Filippidou, F., Pavi¢evié¢, M., & Quoilin, S. (2020). Coupling the heating and power sectors: The role of
centralized combined heat and power plants and district heat in a European decarbonized power system. Applied Energy, 270, 115134. https://
doi.org/10.1016/j.apenergy.2020.115134

Joosten, H., Gauding, G., Tannerberger, F., Wichmann, S., & Wichtmann, W. (2017). Paludiculture: Sustainable productive use of wet and rewet-
ted peatlands. In A. Bonn, T. Allott, M. Evans, H. Joosten, & R. Stoneman (Eds.), Peatland restoration and ecosystem services: Science, policy,
and practice. Cambridge University Press. © British Ecological Society 2016. Ch. 17. Published by.

Kasten, P. (2020). E-fuels im verkehrssektor. Retrieved from https://www.oeko.de/fileadmin/oekodoc/E-Fuels-im-Verkehrssektor-Hintergrund-
bericht.pdf

Kell, D. B. (2011). Breeding crop plants with deep roots: Their role in sustainable carbon, nutrient, and water sequestration. Annals of Botany,
108(3), 407-418. https://doi.org/10.1093/aob/mcr175

Kemmler, A., Kirchner, A., Auf der Maur, A., Ess, F., Kreidelmeyer, S., Piégsa, A., et al. (2020). Energiewirtschaftliche Projektionen und Folge-
abschditzungen 2030/2050, Dokumentation von Referenzszenario und Szenario mit Klimaschutzprogramm 2030. Prognos AG, Fraunhofer ISI,
GWS, Prognos AG.

Knopf, S., & May, F. (2017). Comparing methods for the estimation of CO, storage capacity in saline aquifers in Germany: Regional aquifer based
vs. structural trap based assessments. Energy Procedia, 114, 4710-4721. https://doi.org/10.1016/j.egypro.2017.03.1605

Kuhnhenn, K., Costa, L., Mahnke, E., Schneider, L., & Lange, S. (2020). A societal transformation scenario for staying below 1.5°C. Heinrich
Boll Foundation and Konzeptwerk Neue Okonomie.

Lal, R. (2019). Eco-intensification through soil carbon sequestration: Harnessing ecosystem services and advancing sustainable development
goals. Journal of Soil and Water Conservation, 74(3), 55A—61A. https://doi.org/10.2489/jswc.74.3.55a

Lal, R., Negassa, W., & Lorenz, K. (2015). Carbon sequestration in soil. Current Opinion in Environmental Sustainability, 15, 79-86. https://doi.
org/10.1016/j.cosust.2015.09.002

Lampkin, N., Stolze, M., Meredith, S., de Porras, M., Haller, L., & Mészaros, D. (2020). Using eco-schemes in the new CAP: A guide for manag-
ing authorities. Brussels: IFOAM EU, FIBL, and IEEP. Retrieved from https://orgprints.org/37227/

Larkin, A., Kuriakose, J., Sharmina, M., & Anderson, K. (2018). What if negative emission technologies fail at scale? Implications of the Paris
Agreement for big emitting nations. Climate Policy, 18, 690-714. https://doi.org/10.1080/14693062.2017.1346498

Lehmann, P., Korte, K., Gawel, E., Johrens, J., & Lambrecht, U. (2020). Technology neutrality for sustainable transport: Critical assessment of
a postulate-summary. Agora Verkehrswende. Retrieved from https://www.agora-verkehrswende.de/fileadmin/Projekte/2019/Technologieneu-
tralitaet/Agora-Verkehrswende_Technology-Neutrality-for-Sustainable-Transport.pdf

Leifeld, J., Wiist-Galley, C., & Page, S. (2019). Intact and managed peatland soil as a source and sink of GHGs from 1850 to 2100. Nature Climate
Change, 9, 945-947. https://doi.org/10.1038/s41558-019-0615-5

LEILAC (Low Emissions Intensity Lime & Cement Project). (2017). Low emissions intensity lime & cement. European Union Horizon 2020
Research & Innovation Project. Retrieved from www.project-leilac.eu/

Liebich, A., Frohlich, T., Miinter, D., Fehrenbach, H., Giegrich, J., Koppen, S., et al. (2021). System comparison of storable energy carriers from
renewable energies. Final report commissioned by German Environment Agency (UBA), Texte 40/2021.

Liebig, M., Reeves, J., Osborne, S., Riedell, W., Schmer, M., Jin, V., & Sainju, U. (2018). Long-term soil ph change in rainfed cropping systems:
Is acidification systemic? Paper presented at the Proceedings of Great Plains Soil Fertility Conference.

Liu, S, Lin, F., Wu, S., Ji, C., Sun, Y., Jin, Y., et al. (2017). A meta-analysis of fertilizer-induced soil NO and combined NO + N,O emissions.
Global Change Biology, 23(6), 2520-2532. https://doi.org/10.1111/gcb.13485

Lomax, G., Lenton, T. M., Adeosun, A., & Workman, M. (2015). Investing in negative emissions. Nature Climate Change, 5(6), 498-500. https://
doi.org/10.1038/nclimate2627

Marba, N., Arias-Ortiz, A., Masqué, P., Kendrick, G. A., Mazarrasa, 1., Bastyan, G. R., et al. (2015). Impact of seagrass loss and subsequent
revegetation on carbon sequestration and stocks. Journal of Ecology, 103(2), 296-302.

Markusson, N., Balta-Ozkan, N., Chilvers, J., Healey, P., Reiner, D., & McLaren, D. (2020). Social science sequestered. Frontiers in Climate,
2(2). https://doi.org/10.3389/fclim.2020.00002

Martens, S., Conze, R., de Lucia, M., Henninges, J., Kempka, T., Liebscher, A., et al. (2015). Joint research project CO,MAN (CO,MAN
Reservoir Management): Continuation of research and development work for CO, storage at the Ketzin pilot site. In A. Liebscher (Ed.),
Geological storage of CO2—Llong term security aspects, Advanced Technologies in Earth Sciences (Vol. 22, pp. 1-32). Springer. https://doi.
org/10.1007/978-3-319-13930-2_1

MENGIS ET AL.

14 of 16


https://www.umweltbundesamt.de/en/rescue/summary_report
https://doi.org/10.1186/s13750-017-0108-9
https://doi.org/10.17221/499/2017-pse
https://www.helmholtz-klima.de/sites/default/files/medien/dokumente/Factsheet%2004_Direct%20Air%20Capture.pdf
https://www.helmholtz-klima.de/sites/default/files/medien/dokumente/Factsheet%2004_Direct%20Air%20Capture.pdf
https://helmholtz-klima.de/projekte/mitigation
https://doi.org/10.1016/j.egypro.2017.03.1753
https://www.iea.org/reports/energy-technology-perspectives-2020
https://doi.org/10.3354/meps11615
https://doi.org/10.1016/j.aquabot.2017.10.002
https://www.ituc-csi.org/climate-change?lang=en
https://doi.org/10.5334/irsp.356
https://doi.org/10.1016/j.apenergy.2020.115134
https://doi.org/10.1016/j.apenergy.2020.115134
https://www.oeko.de/fileadmin/oekodoc/E-Fuels-im-Verkehrssektor-Hintergrundbericht.pdf
https://www.oeko.de/fileadmin/oekodoc/E-Fuels-im-Verkehrssektor-Hintergrundbericht.pdf
https://doi.org/10.1093/aob/mcr175
https://doi.org/10.1016/j.egypro.2017.03.1605
https://doi.org/10.2489/jswc.74.3.55a
https://doi.org/10.1016/j.cosust.2015.09.002
https://doi.org/10.1016/j.cosust.2015.09.002
https://orgprints.org/37227/
https://doi.org/10.1080/14693062.2017.1346498
https://www.agora-verkehrswende.de/fileadmin/Projekte/2019/Technologieneutralitaet/Agora-Verkehrswende_Technology-Neutrality-for-Sustainable-Transport.pdf
https://www.agora-verkehrswende.de/fileadmin/Projekte/2019/Technologieneutralitaet/Agora-Verkehrswende_Technology-Neutrality-for-Sustainable-Transport.pdf
https://doi.org/10.1038/s41558-019-0615-5
http://www.project-leilac.eu/
https://doi.org/10.1111/gcb.13485
https://doi.org/10.1038/nclimate2627
https://doi.org/10.1038/nclimate2627
https://doi.org/10.3389/fclim.2020.00002
https://doi.org/10.1007/978-3-319-13930-2_1
https://doi.org/10.1007/978-3-319-13930-2_1

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2021EF002324

Matthews, H., Gillett, N., Stott, P., & Zickfeld, K. (2009). The proportionality of global warming to cumulative carbon emissions. Nature, 459,
829-832. https://doi.org/10.1038/nature08047

Mengis, N., Simon, S., Thoni, T., Stevenson, A., Goerl, K., Steuri, B., et al. (2020). Defining the German carbon budget. Retrieved from https://
www.netto-null.org/imperia/md/assets/net_zero/dokumente/2_carbonbudget_2021_10_web.pdf

Merk, C., Klaus, G., Pohlers, J., Ernst, A., Ott, K., & Rehdanz, K. (2019). Public perceptions of climate engineering: Laypersons’ acceptance at
different levels of knowledge and intensities of deliberation. GAIA—Ecological Perspectives for Science and Society, 28, 348-355. https://doi.
org/10.14512/gaia.28.4.6

Millinger, M., Tafarte, P., Jordan, M., Hahn, A., Meisel, K., & Thrin, D. (2021). Electrofuels from excess renewable electricity at high vari-
able renewable shares: Cost, greenhouse gas abatement, carbon use, and competition. Sustainable Energy Fuels, 5, 828-843. https://doi.
org/10.1039/d0se01067g

Moksnes, P. O., Eriander, L., Infantes, E., & Holmer, M. (2018). Local regime shifts prevent natural recovery and restoration of lost eelgrass beds
along the Swedish west coast. Estuaries and Coasts, 41(6), 1712-1731. https://doi.org/10.1007/s12237-018-0382-y

Morgan, J. A., Follett, R. F., Allen, L. H., Del Grosso, S., Derner, J. D., Dijkstra, F., et al. (2010). Carbon sequestration in agricultural lands of the
United States. Journal of Soil and Water Conservation, 65(1), 6A-13A. https://doi.org/10.2489/jswc.65.1.6a

Net-Zero-2050. (2021). About net-zero-2050. Retrieved from https://netto-null.org/about_us/index.php

Olwig, R., Hirsch, T., Sattler, C., Glade, H., Schmeken, L., Will, S., et al. (2012). Techno-economic analysis of combined concentrating solar
power and desalination plant configurations in Israel and Jordan. Desalination and Water Treatment, 41(1-3), 9-25. https://doi.org/10.1080/
19443994.2012.664674

Paris Agreement. UNFCCC. (2015). I: Proposal by the President (Draft Decision) (United Nations Office, Geneva, Switzerland).

Paterson, M. (2020). “The end of the fossil fuel age”? Discourse politics and climate change political economy. New Political Economy, 26,
1-936. https://doi.org/10.1080/13563467.2020.1810218

Petrescu, A. M. R., Lohila, A., Tuovinen, J.-P., Baldocchi, D. D., Desai, A. R., Roulet, N. T., et al. (2015). The uncertain climate footprint
of wetlands under human pressure. Proceedings of the National Academy of Sciences, 112(15), 4594-4599. https://doi.org/10.1073/
pnas.1416267112

Plaza, M. G., Martinez, S., & Rubiera, F. (2020). CO, capture, use, and storage in the cement industry: State of the art and expectations. Energies,
13, 5692. https://doi.org/10.3390/en13215692

Poeplau, C., & Don, A. (2015). Carbon sequestration in agricultural soils via cultivation of cover crops—A meta-analysis. Agriculture, Ecosys-
tems & Environment, 200, 33—41. https://doi.org/10.1016/j.agee.2014.10.024

Porthos. (2019). Porthos project. CO, reduction through storage beneath the North Sea. Published by Port of Rotterdam Authority, Energie Beheer
Nederland B.V. (EBN) and N.V. Nederlandse Gasunie. Retrieved from https://www.rotterdamccus.nl/wp-content/uploads/2019/07/Brochure-
Rotterdam-CCUS-Porthos-EN-3.pdf

Postlethwaite, V. R., McGowan, A. E., Kohfeld, K. E., Robinson, C. L. K., & Pellatt, M. G. (2018). Low blue carbon storage in eelgrass (Zostera
marina) meadows on the Pacific Coast of Canada. PLoS One, 13(6), €0198348. https://doi.org/10.1371/journal.pone.0198348

Pregger, T., Nitsch, J., & Naegler, T. (2013). Long-term scenarios and strategies for the deployment of renewable energies in Germany. Energy
Policy, 59, 350-360. https://doi.org/10.1016/j.enpol.2013.03.049

Prentice, C., Poppe, K. L., Lutz, M., Murray, E., Stephens, T. A., Spooner, A., et al. (2020). A synthesis of blue carbon stocks, sources, and accu-
mulation rates in eelgrass (Zostera marina) meadows in the northeast Pacific. Global Biogeochemical Cycles, 34, €2019GB006345. https://
doi.org/10.1029/2019GB006345

Prognos, Oko-Institut, Wuppertal-Institut. (2020). Towards a Climate-Neutral Germany. Executive Summary conducted for Agora Energiewende,
Agora Verkehrswende and Stiftung Klimaneutralitdt. Retrieved from https://static.agora-energiewende.de/fileadmin/Projekte/2020/2020_10_
KNDE/A-EW_195_KNDE_WEB_V111.pdf

Robertson, G. (2014). Soil greenhouse gas emissions and their mitigation. Encyclopedia of agriculture and food systems (pp. 185-196). San
Diego: Elsevier. https://doi.org/10.1016/b978-0-444-52512-3.00097-8

Roeb, M., Brendelberger, S., Rosenstiel, A., Agrafiotis, C., Monnerie, N., Budama, V., et al. (2020). Wasserstoff als ein Fundament der Energie-
wende Teil 1: Technologien und Perspektiven fiir eine nachhaltige und ékonomische Wasserstoffversorgung. Retrieved from https://www.dlr.
de/content/de/downloads/publikationen/broschueren/2020/wasserstoffstudie-teil-1.pdf?__blob=publicationFile&v=6

Rogelj, J., Shindell, D., Jiang, K., Fifita, S., Forster, P., Ginzburg, V., et al. (2018). Mitigation pathways compatible with 1.5°C in the context
of sustainable development. In V. Masson-Delmotte, P. Zhai, H.-O. Portner, D. Roberts, J. Skea, P. R. Shukla, et al. (Eds.), Global Warming
of 1.5°C. An IPCC Special Report on the impacts of global warming of 1.5°C above pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the global response to the threat of climate change, sustainable development, and efforts
to eradicate poverty.

Romano, E., Brambilla, M., Bisaglia, C., Pampuro, N., Pedretti, E. F., & Cavallo, E. (2014). Pelletization of composted swine manure solid frac-
tion with different organic co-formulates: Effect of pellet physical properties on rotating spreader distribution patterns. International Journal
of Recycling of Organic Waste in Agriculture, 3(4), 101-111. https://doi.org/10.1007/s40093-014-0070-2

Sanderman, J. (2012). Can management-induced changes in the carbonate system drive soil carbon sequestration? A review with particular focus
on Australia. Agriculture, Ecosystems, & Environment, 155, 70-77. https://doi.org/10.1016/j.agee.2012.04.015

Schneider, M. (2019). The cement industry on the way to a low-carbon future. Cement and Concrete Research, 124, 105792. https://doi.
org/10.1016/j.cemconres.2019.105792

Schumann, D., Duetschke, E., & Pietzner, K. (2014). Public perception of CO, offshore storage in Germany: Regional differences and determi-
nants. Energy Procedia, 63, 7096-7112. https://doi.org/10.1016/j.egypro.2014.11.744

Sharmina, M., Edelenbosch, O. Y., Wilson, C., Freeman, R., Gernaat, D. E. H. J., Gilbert, P., et al. (2020). Decarbonizing the critical sectors of
aviation, shipping, road freight, and industry to limit warming to 1.5°C-2°C. Climate Policy, 21, 1-20.

Smith, P. (2016). Soil carbon sequestration and biochar as negative emission technologies. Global Change Biology, 22(3), 1315-1324. https://
doi.org/10.1111/gcb.13178

Sorensen, L., Bossert, A., Jokinen, J. P., & Schliiter, J. (2021). How much flexibility does rural public transport need? Implications from a fully
flexible DRT system. Transport Policy, 100, 5-20.

StBA. (2017). Aktualisierung der 13. koordinierten Bevilkerungsvorausberechnung—Basis 2015. Retrieved from https://www.destatis.de/DE/
ZahlenFakten/GesellschaftStaat/Bevoelkerung/Bevoelkerungsvorausberechnung/AktualisierungBevoelkerungsvorausberechnung.html

Swennenhuis, F., Mabon, L., Flach, T. A., & de Coninck, H. (2020). What role for CCS in delivering just transitions? An evaluation in the North
Sea region. International Journal of Greenhouse Gas Control, 94, 102903. https://doi.org/10.1016/j.ijggc.2019.102903

Tanneberger, F., Able, S., Couwenberg, J., Dahms, T., Gaudig, G., Giinther, A., et al. (2021). Towards net-zero CO, in 2050: An emission reduc-
tion pathway for organic soils in Germany. Mires and Peat, 27(5), 17. https://doi.org/10.19189/MaP.2020.SNPG.StA.1951

MENGIS ET AL.

15 of 16


https://doi.org/10.1038/nature08047
https://www.netto-null.org/imperia/md/assets/net_zero/dokumente/2_carbonbudget_2021_10_web.pdf
https://www.netto-null.org/imperia/md/assets/net_zero/dokumente/2_carbonbudget_2021_10_web.pdf
https://doi.org/10.14512/gaia.28.4.6
https://doi.org/10.14512/gaia.28.4.6
https://doi.org/10.1039/d0se01067g
https://doi.org/10.1039/d0se01067g
https://doi.org/10.1007/s12237-018-0382-y
https://doi.org/10.2489/jswc.65.1.6a
https://netto-null.org/about_us/index.php
https://doi.org/10.1080/19443994.2012.664674
https://doi.org/10.1080/19443994.2012.664674
https://doi.org/10.1080/13563467.2020.1810218
https://doi.org/10.1073/pnas.1416267112
https://doi.org/10.1073/pnas.1416267112
https://doi.org/10.3390/en13215692
https://doi.org/10.1016/j.agee.2014.10.024
https://www.rotterdamccus.nl/wp-content/uploads/2019/07/Brochure-Rotterdam-CCUS-Porthos-EN-3.pdf
https://www.rotterdamccus.nl/wp-content/uploads/2019/07/Brochure-Rotterdam-CCUS-Porthos-EN-3.pdf
https://doi.org/10.1371/journal.pone.0198348
https://doi.org/10.1016/j.enpol.2013.03.049
https://doi.org/10.1029/2019GB006345
https://doi.org/10.1029/2019GB006345
https://static.agora-energiewende.de/fileadmin/Projekte/2020/2020_10_KNDE/A-EW_195_KNDE_WEB_V111.pdf
https://static.agora-energiewende.de/fileadmin/Projekte/2020/2020_10_KNDE/A-EW_195_KNDE_WEB_V111.pdf
https://doi.org/10.1016/b978-0-444-52512-3.00097-8
https://www.dlr.de/content/de/downloads/publikationen/broschueren/2020/wasserstoffstudie-teil-1.pdf?__blob=publicationFile%26v=6
https://www.dlr.de/content/de/downloads/publikationen/broschueren/2020/wasserstoffstudie-teil-1.pdf?__blob=publicationFile%26v=6
https://doi.org/10.1007/s40093-014-0070-2
https://doi.org/10.1016/j.agee.2012.04.015
https://doi.org/10.1016/j.cemconres.2019.105792
https://doi.org/10.1016/j.cemconres.2019.105792
https://doi.org/10.1016/j.egypro.2014.11.744
https://doi.org/10.1111/gcb.13178
https://doi.org/10.1111/gcb.13178
https://www.destatis.de/DE/ZahlenFakten/GesellschaftStaat/Bevoelkerung/Bevoelkerungsvorausberechnung/AktualisierungBevoelkerungsvorausberechnung.html
https://www.destatis.de/DE/ZahlenFakten/GesellschaftStaat/Bevoelkerung/Bevoelkerungsvorausberechnung/AktualisierungBevoelkerungsvorausberechnung.html
https://doi.org/10.1016/j.ijggc.2019.102903
https://doi.org/10.19189/MaP.2020.SNPG.StA.1951

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2021EF002324

Taylor, L. L., Quirk, J., Thorley, R. M. S., Kharecha, P. A, Hansen, J., Ridgwell, A., et al. (2016). Enhanced weathering strategies for stabilizing
climate and averting ocean acidification. Nature Climate Change, 6(4), 402—406. https://doi.org/10.1038/nclimate2882

Thrén, D., Cowie Annette, L., & Berndes, G. (2020). Roles of bioenergy in energy system pathways towards a “well-below-2-degrees-Celsius
(WB2)” world: Workshop report and synthesis of presented studies. A strategic inter-task study carried out with cooperation between. /EA
bioenergy tasks (Vol. 40, pp. 44-45). IEA Bioenergy.

Trepel, M., Pfadenhauer, J., Zeitz, J., & Jeschke, L. (2017). In H. Joosten, F. Tanneberger, & A. Moen (Eds.), Mires and peatlands of Europe:
Status, distribution and conservation (pp. 413-424). Stuttgart: Schweizerbart Science Publishers.

Trost, B., Prochnow, A., Drastig, K., Meyer-Aurich, A., Ellmer, F., & Baumecker, M. (2013). Irrigation, soil organic carbon and N,O emissions.
A review. Agronomy for Sustainable Development, 33(4), 733-749. https://doi.org/10.1007/s13593-013-0134-0

Van Vuuren, D. P., Stehfest, E., Gernaat, D. E. H. J., van den Berg, M., Bijl, D. L., de Boer, H. S., et al. (2018). Alternative pathways to the 1.5°C
target reduce the need for negative emission technologies. Nature Climate Change, 8, 391-397. https://doi.org/10.1038/s41558-018-0119-8

Verma, S. B., Dobermann, A., Cassman, K. G., Walters, D. T., Knops, J. M., Arkebauer, T. J., et al. (2005). Annual carbon dioxide exchange
in irrigated and rainfed maize-based agroecosystems. Agricultural and Forest Meteorology, 131(1), 77-96. https://doi.org/10.1016/j.
agrformet.2005.05.003

Veum, K. C., Barth, F., Winkel, T., VanHoudt, W., & Altmann, M. (2019). Taking CertifHy to the next level; roadmap for building a dual hydro-
gen certification infrastructure for guarantees of origin and for certification of renewable hydrogen in transport.

Voldsund, M., Gardarsdottir, S. O., De Lena, E., Pérez-Calvo, J. F., Jamali, A., Berstad, D., et al. (2019). Comparison of technologies for CO,
capture from cement production—Part 1: Technical evaluation. Energies, 12(3), 559. https://doi.org/10.3390/en12030559

Waller, L., Rayner, T., Chilvers, J., Gough, C. A., Lorenzoni, 1., Jordan, A., & Vaughan, N. (2020). Contested framings of greenhouse gas removal
and its feasibility: Social and political dimensions. WIREs Climate Change, 11, e649. https://doi.org/10.1002/wcc.649

Wang, A., van der Leun, K., Peters, D., & Buseman, M. (2020). European Hydrogen Backbone—How a dedicated hydrogen infrastructure can be
created. Retrieved from https://gasforclimate2050.eu/?smd_process_download=1&download_id=471

Wehrmann, B. (2021). RWE sues Netherlands for two billion euros compensation over the state's 2030 coal exit. Retrieved from https://www.
cleanenergywire.org/news/rwe-sues-netherlands-two-billion-euros-compensation-over-states-2030-coal-exit

Wei, C., Ren, S., Yang, P., Wang, Y., He, X., Xu, Z., et al. (2021). Effects of irrigation methods and salinity on CO, emissions from farmland soil
during growth and fallow periods. Science of the Total Environment, 752, 141639. https://doi.org/10.1016/j.scitotenv.2020.141639

White, L. V., Fazeli, R., Cheng, W., Aisbett, E., Beck, F. J., Baldwin, K. G., et al. (2021). Towards emissions certification systems for international
trade in hydrogen: The policy challenge of defining boundaries for emissions accounting. Energy, 215, 119139. https://doi.org/10.1016/j.
energy.2020.119139

Wiesmeier, M., Mayer, S., Helming, K., Don, A., Franko, U., Steffens, M., & Kogel-Knabner, 1. (2020). CO, certificates for carbon sequestration
in soils: Methods, management practices, and limitations.

Winickoff, D. E. (2017). Public acceptance and emerging production technologies. The next production revolu-
tion (p. 277). Retrieved from https://www.oecd-ilibrary.org/science-and-technology/the-next-production-revolution/
public-acceptance-and-emerging-production-technologies_9789264271036-12-en

Yeates, C., Schmidt-Hattenberger, C., & Bruhn, D. (2021). Heuristic methods for pipeline network design. TCCS 2021, June 2021, Trondheim,
Virtual conference.

Yeates, C., Schmidt-Hattenberger, C., Weinzierl, W., & Bruhn, D. (2020). Comparison of heuristic methods for achieving minimum-cost capaci-
tated networks with a new metaheuristic based on node valency. engrXiv, 17. https://doi.org/10.31224/osf.io/eqczh

Zech, D., Ullrich, S., Wiilbeck, H.-F., Stuible, A., Wapler, J., Valenbreder, P., & Schroder, G. (2019). Evaluation des Marktanreizprogramms zur
Firderung von Mafinahmen zur Nutzung erneuerbarer Energien im Wéiirmemarkt im Forderzeitraum 2015 bis 2018. Retrieved from https://www.
erneuerbare-energien.de/EE/Redaktion/DE/Downloads/Berichte/evaluierung-marktanreizprogramm-2018.pdf?__blob=publicationFile&v=3

Zornoza, R., Rosales, R. M., Acosta, J. A., de la Rosa, J. M., Arcenegui, V., Faz, A., & Pérez-Pastor, A. (2016). Efficient irrigation management
can contribute to reduce soil CO, emissions in agriculture. Geoderma, 263, 70-77. https://doi.org/10.1016/j.geoderma.2015.09.003

MENGIS ET AL.

16 of 16


https://doi.org/10.1038/nclimate2882
https://doi.org/10.1007/s13593-013-0134-0
https://doi.org/10.1038/s41558-018-0119-8
https://doi.org/10.1016/j.agrformet.2005.05.003
https://doi.org/10.1016/j.agrformet.2005.05.003
https://doi.org/10.3390/en12030559
https://doi.org/10.1002/wcc.649
https://gasforclimate2050.eu/?smd_process_download=1%26download_id=471
https://www.cleanenergywire.org/news/rwe-sues-netherlands-two-billion-euros-compensation-over-states-2030-coal-exit
https://www.cleanenergywire.org/news/rwe-sues-netherlands-two-billion-euros-compensation-over-states-2030-coal-exit
https://doi.org/10.1016/j.scitotenv.2020.141639
https://doi.org/10.1016/j.energy.2020.119139
https://doi.org/10.1016/j.energy.2020.119139
https://www.oecd-ilibrary.org/science-and-technology/the-next-production-revolution/public-acceptance-and-emerging-production-technologies_9789264271036-12-en
https://www.oecd-ilibrary.org/science-and-technology/the-next-production-revolution/public-acceptance-and-emerging-production-technologies_9789264271036-12-en
https://doi.org/10.31224/osf.io/eqczh
https://www.erneuerbare-energien.de/EE/Redaktion/DE/Downloads/Berichte/evaluierung-marktanreizprogramm-2018.pdf?__blob=publicationFile%26v=3
https://www.erneuerbare-energien.de/EE/Redaktion/DE/Downloads/Berichte/evaluierung-marktanreizprogramm-2018.pdf?__blob=publicationFile%26v=3
https://doi.org/10.1016/j.geoderma.2015.09.003

	Net-Zero CO2 Germany—A Retrospect From the Year 2050
	Abstract
	Plain Language Summary
	1. Introduction
	2. An Envisioned Net-Zero Germany in 2050
	2.1. But How Does Our Carbon-Neutral Society Look Like Today Compared to 2020?

	3. Avoiding CO2 Emissions
	3.1. Reduction of Energy Demand Through Higher Energy Efficiency
	3.2. Transforming the Power, Heat and Transport Systems From Fossil to RE
	3.3. Green Hydrogen, Synthetic Energy Carriers and Biofuels for Energy Storage

	4. Reducing CO2 Emissions
	4.1. Solutions for Sectors With Hard-to-Abate Emissions - Industry and Transport
	4.2. Solutions for Sectors With Hard-to-Abate Emissions - Agricultural and Organic Soils
	4.2.1. Agricultural Soils
	4.2.2. Peatland Rewetting


	5. Removing CO2
	5.1. Natural Sink Enhancement
	5.1.1. Agricultural Practices to Increase Organic Top-Soil Carbon
	5.1.2. Seagrass Restoration and Recovery at the German Coast

	5.2. Technological Carbon Dioxide Removal With Geological Carbon Storage

	6. Summary - A Net-Zero CO2 System in Germany
	7. Outlook - Obstacles That Need to Be Overcome for a Net-Zero CO2 in Germany by 2050
	Conflict of Interest
	Data Availability Statement
	References


