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Abstract: The use of fossil fuel and artificial nitrogen fertilizer in German agriculture is a wicked
problem. The incumbent system allows access to nutrition, but relies on unsustainable fossil fuel,
produces greenhouse gas emissions along the whole production chain, and nitrogen pollution. This
article uses the Interdisciplinary Transition Innovation, Engineering, and Management (InTIME)
method for German agriculture systems with data from FAO and the German Ministry For Food
And Agriculture. The purpose of this article is a rigorous analysis of the complex agriculture system
and the development of feasible opportunities for sustainable carbon downshifting. Sustainability
indicators are biodiversity loss, fossil-fuel use, mineral depletion, energy use, carbon emissions and
eutrophication. The results indicate that the technology-based solution of “green hydrogen” as a
substitute for fossil hydrogen in the fertilizer production decreases the sustainability of the agriculture
system. The most promising results arise from shifting consumption of meat and animal-based
products to a more plant based diet, and transitioning to organic agriculture. Net-zero sustainability
goals and a reduction in eutrophication are achieved by 75% downshift of animal products and
the upscaling of organic agriculture. Strategic scenarios to achieve the results are developed and
recommendations for policy implementation to ease the transition are examined.

Keywords: transition engineering; InTIME method; energy transition; greenhouse gas emissions;
hydrogen; agriculture; fertilizer

1. Introduction

Climate scientists claim with high confidence that the rapid downshift of unsustain-
able hydrocarbon fuel and energy-intensive materials is required [1–3]. This statement, of
downshifting unsustainable practices by the amount required by science to mitigate climate
change risks, is not common in policy or business strategies. The more common approach
seeks substitutions of more sustainable fuels or materials without affecting current prac-
tices [4,5]. The Transition Engineering approach has recently emerged from roots in energy,
waste, and travel-demand management [6]. Transition Engineering methods, tools, and
standards of practice have been developing to deal with the particularly complex problems
of rapidly achieving net-zero requirements. To mitigate global warming below 1.5 ◦C
with a 50% probability means keeping cumulative world CO2 emissions since 1850 below
3000 GtCO2 [3]. At the current rate of 38 GtCO2/a and a cumulative of around 2500 GtCO2,
a minimum downshift of 7% per year in carbon-equivalent emissions, and thus fossil fuel
extraction, is necessary to meet climate targets. Transition Engineering requirements are
an 80% downshift of fossil-fuel production and pollution by 2030, while creating new
real values by increasing resilience, biocapacity and social wellbeing [6]. In moving be-
yond energy-substitution strategies for improving sustainability, the complexities of whole
systems become the overriding challenge [7].
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Transition Engineering addresses so-called wicked problems. A problem is said
to be wicked when there are no technically implementable and economically viable
solutions [8]. Policy pathways and roadmaps usually look at future potential technol-
ogy uptake [4,5,9–12], but Transition Engineering focuses on immediately implementable
projects. Firstly, a wicked problem involves assets, products, activities, and practices that
are successful but not sustainable. A wicked problem has origins in the historical interplay
of actions and decisions where no apparent mistake was made, thus no clear corrective
measure was indicated. A wicked problem is systemic; there may be harms arising from
the practice that are disconnected from the upstream or downstream benefits of the practice.
Wicked problems are complex and challenging to address locally because of global value
chains. They are immune to typical linear problem solving found in engineering due
to their circular nature and urgent time scale [6,13]. Finally, wicked problems involve
emergent systems behaviour and thus resist energy or technology substitutions imposed by
policy or planning [14]. A complex emergent system changes organically, as actors create
and build new artifacts and organizations (in much the same way plants grow new roots,
branches and leaves, and the whole plant’s systems accommodate and integrate the new
structures). Current practices and products that use fossil fuels oftentimes pose wicked
problems [6]. A new energy technology cannot substitute into a complex emergent system
without adaptations in the incumbent system and integration of new operational conditions.
The Transition Engineering approach represents an advancement in the prevalent energy
substitution assumptions and uses a strategic analysis of complex systems in the context of
their emergent behaviour [15].

The Transition Engineering approach is used in this article to investigate the wicked
problem of the reliance of German agriculture on artificial nitrogen fertilizer manufac-
tured from fossil natural gas. The issue of fossil-fuel use in food production is of high
importance [16–18]. The aim of this article is to identify the opportunities for the transition
of unsustainable material flows and activities in German agriculture. The results are based
on investigations of strategic options for downshifting fossil natural gas in fertilizer use and
the identification of clear pathways for achieving agricultural sustainability. The objectives
are the analysis of both material and energy flows through the agricultural system; the
study of the historical development of fertilizer use; and the breakdown of the scientific
literature and policies on national and European levels on decreasing unsustainable re-
source use in agriculture. A new systemic perspective for downshifting carbon emissions
in German agriculture allows to connect both upstream and downstream processes from
fertilizer production to food output. Numerical investigations evaluate the sustainability
of multiple agricultural pathways involving technological solutions, agricultural practices,
and behavioural changes. Scenarios are graded according to their harm mitigation po-
tential for emissions, eutrophication, energy, land, and mineral use. The assumption of
fossil-fuel substitution with “green hydrogen” for nitrogen-fertilizer production is quanti-
tively evaluated and criticised. The application of the Transition Engineering approach,
tools and methods to this case study is a useful addition to the growing experience in the
emerging field.

The article begins with an in-depth review of the issue of the unsustainability of
German-agriculture fertilizer use, the food production system, and related complex problems.
The unsustainability issue is described by defining the wicked problem in Section 2. Then,
German agriculture practices and material inputs are quantitively analysed and metrics are
presented, reviewing historic and current aspects of German agriculture, and its fertilizer
use in Section 3. The strategic scenario analysis of pathways for carbon-emissions downshift
is carried out in Section 4. The results of the analysis and a future shift project are discussed
in Section 5, followed by the summary and final conclusions.

Methods

The InTIME method (Interdisciplinary Transition Innovation, Engineering, and Man-
agement) has been developed to address wicked energy-transition problems [6] and applied
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in a number of studies for industry and government [19–21]. Gallardo [22] used Transition
Engineering methods in freight-supply-chain strategy development on the North Island
of New Zealand. Bai [23] applied the InTIME method to personal transport transition in
cities using Beijing, China, as a case study. Results highlighted the high risk associated
with scenarios relying entirely on technological solutions. The safest and most readily
implementable scenarios involved demand-side management and downshifts in energy
and resources use. For example, it has been assessed that the energy supply for a remote
research facility is too expensive with a combination of wind turbines and batteries. The
economically and ecologically more favourable solution was demand-side management to
adapt to wind-speed patterns and thus rule out the need for additional energy storage [21].
The restrictions of certain licence plates in Beijing did not lead to an increase in more
sustainable transport mode shares. Whereas it was demonstrated that the re-design of
sub-districts to allow for shorter commuting distances decreased car and fuel dependency
by the habitants [23].

The InTIME method is a process for dealing with complex wicked problems. The
method is used for the Transition Engineering of existing systems to low-energy, mineral,
and natural resource consumption while uplifting quality of life, environmental capacity
and real value [6]. The seven steps of the InTIME method are depicted in Figure 1. The
preliminary stage is to define the wicked problem for a specific place and a particular
essential activity. In this study, the place is the country of Germany, and the essential activity
is agricultural food production for the current population using the existing agricultural
land area.
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The first step in the InTIME method is to examine the history of the essential activity
in the location, starting in 1911. Knowledge of historical trends allows the understanding
of how past systems fulfilled the studied essential need while using less energy. Observing
dynamic changes and their implications over time creates new insight for potential solu-
tions. The second step is taking stock of the current system and gathering the necessary
data to understand the interconnectivity of economics, social and political aspects of the
system. Step three is the analytical exploration of the near future as assumed in current
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popular culture, science, and policy. The third step is called “crash testing” the scenarios of
current solution ideas, technologies, and policies. A crash test estimates technical feasibil-
ity, based on thermodynamics, materials, assembly, infrastructure, and energy return on
energy invested. Crash testing new or proposed technologies uses the development vector
analysis tool to evaluate the probability of overcoming all of the development hurdles
within the time needed to meet climate-safe conditions [6]. Step four is a pathbreak exercise
for the place and essential activity in a future, where the identified unsustainable energy
and material flows of today have downshifted to the safe levels identified by science. In
step five, the timeline is again set to today and the necessary changes in today’s system,
initiated by triggers, are examined [24]. This leads to step six, in which shift projects are
developed iteratively to safely and gradually retreat from fossil fuels. In the seventh step,
the implications and consequences of the realisation of the shift project are examined. The
future economic opportunities, social capital, and environmental regeneration that would
follow from the transition project are estimated. The structure of this article follows the
InTIME method steps with the sections indicated in Figure 1.

Another Transition-Engineering tool used in this study is the strategic analysis of
complex systems (SACS) [6]. This tool can be used in concept-generation, back-casting, and
scenario-development stages. The SACS tool has three steps. The first step creates the Possi-
bility Space. This includes brainstorming of all the levers that stakeholders believe could be
pulled in the system to change its behaviour to a more sustainable future. The possibilities
are classified and arranged in a matrix according to whether they involve infrastructure and
energy supply (columns) or end-use technology and behaviour (rows). The intersections
of rows and columns define a candidate and are referred to as a strategic scenario. In step
two, the Feasibility Space is built by assessing the technical practicability and the resource
availability of the strategic scenarios in the Possibility Space. Step three is the generation of
the Opportunity Space. This step analyses the strategic scenarios according to quantitative
metrics of merit. The combination of technical feasibility; probability of development in
the target timeframe; availability of materials and resources; risks; costs; energy return on
energy invested; and any other metrics of merit facilitate consideration of complexity. The
strategy poses an analytical engineering analysis of development opportunities.

2. Wicked Problem of Artificial Fertilizer in Germany

The fossil fuel embedded in artificial fertilizer use is a wicked problem, as illustrated
by the circular analysis tool in Figure 2.
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Here, the essential activity is providing access to nutrition to people in Germany.
Artificial fertilizers work excellently, the production is legal, meets health and safety
standards and is profitable. As fossil gas is required for manufacture, the system will
continue to draw down a finite resource and is, thus, not sustainable. The need for nutrition
in Germany is being met by using artificial fertilizer. Nutrient poverty in Germany is one
of the lowest in global comparison [25]. There are alternative Bio and organic products
on the market [26], at a higher price [27]. There is pressure to change the system to meet
government emissions targets and to reduce pollution and reliance on imported natural
gas [10,28]. Substantive changes remain challenging due to a locked-in infrastructure
and debt in conventional agricultural practices, with 47% of loans for working-capital
purposes and a liability-to-asset ratio of around 30%. Total outstanding loans in the
German agricultural sector amount to EUR 52 billion [29]. Additionally, 40% of the revenue
structure comes from animal output [30].

In the year 2020, Germany emitted a total of 739 Mt of greenhouse gases [31]. In 2019,
agriculture was responsible for 60.6 Mt of greenhouse gas emissions or 8.2% of total national
emissions. The emissions from agriculture arise from energetic fermentation in the gut of
animals, N2O volatilising and leaching from agricultural soil, manure management and
the production of nitrogen fertilizer (see Figure A1a) [32–34]. The main source of fertilizer
is nitrogen (56%) followed by potash (17%), kalium (14%), phosphate (9%), and phosphor
(4%). Thus, nitrogen accounts for the highest share in fertilizers [35]. Nitrogen fertilizers can
be artificial (ammonium nitrate, urea, sulphate of ammonia, anhydrous/aqueous ammonia)
or organic (compost, manure, sodium nitrate, industrial by-products). Artificial nitrogen
fertilizer is mostly synthesized by the Haber–Bosch process, using natural gas as a fuel and
as feedstock. More than half of nitrogen fertilizers are synthesized from natural gas (see
Figure A1b) [36,37].

Figure 3 gives German agriculture nitrogen-fertilizer inputs of fossil hydrocarbon and
the related outputs including pollution.
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In the Haber–Bosch process, one part of nitrogen and three parts of hydrogen are
stoichiometrically converted to produce two parts of ammonia. Thereby, nitrogen accounts
for a mass fraction of
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XN2 = 0.823 kgN2/kgNH3 and hydrogen accounts for a mass fraction
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of
.
XH2 = 0.177 kgH2/kgNH3 [38]. Ammonia is the main source of nitrogen for the further

fertilizer production. Hydrogen as an integral educt for the Haber–Bosch process is cur-
rently mostly refined from natural gas by steam methane reformation, which produces
greenhouse-gas emissions [39].

In German agriculture, the overall nitrogen-based fertilizer use is 4920 kt/a, with 47%
calcium ammonium nitrate, 15% urea, 13% fluid fertilizers (a mixture of urea and ammo-
nium nitrate), 14% others, and 11% mixture with potash and phosphorous fertilizers [39–43].
The share of ammonia is 1821 kt (stoichiometrically calculated from total nitrogen intake).
The mass and energy flows of the fertilizer production are depicted in Figure A2. The
total annual energy demand for nitrogen-fertilizer production is 5.40 ∗ 104 TJ/a. Ammo-
nia accounts for 5.79 ∗ 104 TJ/a, ammonium nitrate accounts for 2.07 ∗ 102 TJ/a, calcium
carbonate accounts for 2.27 ∗ 102 TJ/a, urea accounts for 2.08 ∗ 102 TJ/a, and nitric acid
releases 4.59 ∗ 103 TJ/a by the recoverable waste heat of its production process [39,41–43].

The fertilizers, both artificial and organic, are spread on crops and fields. Germany
uses 1500 kt of artificial nitrogen, of which 450 kt leach into soils and waterways and 150 kt
volatilize in the form of N2O. In parallel, the animal stock produces 1240 kt of nitrogen from
manure, of which 992 kt is recovered and treated and the rest (248 kt) is left on pastures. Of
the treated manure, 694 kt of nitrogen are applied on crops, of which 144 kt volatilize and
216 kt leach (see Figure 4) [36,37].

Sustainability 2022, 14, x FOR PEER REVIEW 7 of 25 
 

 

Figure 4. Artificial and organic nitrogen fertilizer used and emitted in German agriculture (data 

obtained from [36,37]). 

3. Management Study of Past, Present and Future Scenarios 

This section works through the first three steps of the InTIME Method, taking a 

systemic perspective and relying on research of the literature and government sources. 

First, the metrics are set out for the analysis, then, different future scenarios to the 

business-as-usual (BAU) case in the literature are compared and possible, less 

unsustainable future courses identified. 

Fossil Fuel Use Index 

The Fossil Fuel Use Index describes to the amount of fossil fuel used by a scenario 

related to the fossil-fuel use of the BAU case. The system boundaries include the fossil fuel 

needed to produce ammonia by fuel and feedstock. 

Energy Use Index 

The Energy Use Index analyses the ratio of energy used in a scenario to the energy 

use of the BAU case. Included energy expenditures account for the necessary primary 

energy to produce artificial-fertilizer and energy investments in new infrastructure. 

Mineral Depletion Index 

The Mineral Depletion Index specifically aims to demonstrate the demanded new 

material mining for technology scenarios. It is assumed that Germany is assigned a share 

of the global mineral stocks in proportion of its GDP. Mineral extraction rates will be 

considered. 

Biodiversity Loss Index 

The Biodiversity Loss Index analyses the agricultural land use of a scenario in 

relation to the BAU. This includes the land use for growing crops as well as the land use 

dedicated to animal farming and meadows and pastures. 

Carbon Emission Index 

Artificial Fertilizer
1499 kt N

Manure
1240 kt N

Effective N used
60 %

N leached
30 %

N volatilised
10 %

Manure treated
80 %

Manure left on
pastures

20 %

Effective N used
33 %

N volatilised
15 %

N leached
22 %

Treatment losses
30 %

Effective N used
50 %

N volatilised 20 %

N leached 30 %

Figure 4. Artificial and organic nitrogen fertilizer used and emitted in German agriculture (data
obtained from [36,37]).

3. Management Study of Past, Present and Future Scenarios

This section works through the first three steps of the InTIME Method, taking a
systemic perspective and relying on research of the literature and government sources.
First, the metrics are set out for the analysis, then, different future scenarios to the business-
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as-usual (BAU) case in the literature are compared and possible, less unsustainable future
courses identified.

Fossil Fuel Use Index

The Fossil Fuel Use Index describes to the amount of fossil fuel used by a scenario
related to the fossil-fuel use of the BAU case. The system boundaries include the fossil fuel
needed to produce ammonia by fuel and feedstock.

Energy Use Index

The Energy Use Index analyses the ratio of energy used in a scenario to the energy use
of the BAU case. Included energy expenditures account for the necessary primary energy
to produce artificial-fertilizer and energy investments in new infrastructure.

Mineral Depletion Index

The Mineral Depletion Index specifically aims to demonstrate the demanded new
material mining for technology scenarios. It is assumed that Germany is assigned a
share of the global mineral stocks in proportion of its GDP. Mineral extraction rates will
be considered.

Biodiversity Loss Index

The Biodiversity Loss Index analyses the agricultural land use of a scenario in relation
to the BAU. This includes the land use for growing crops as well as the land use dedicated
to animal farming and meadows and pastures.

Carbon Emission Index

As for the Carbon Emission Index, here, the relation of carbon equivalent emissions
of a scenario to the BAU carbon equivalent emissions are to be explored. The emissions
of agricultural soils, fertilizer production, energetic fermentation of stockbreeding and
manure management are considered.

Eutrophication Index

The Eutrophication Index describes the ratio of leaching nitrogen in a scenario to
the BAU case. The relative share of leaching nitrogen is assumed to be the same and the
absolute values are compared. This metric deals with the overall fertilizer use of a scenario
and the implied eutrophication issues.

3.1. Historical Development of Artificial Fertilizers in Germany

The historic evaluation of the role of nitrogen fertilizer in German agriculture aims to
deliver an enhanced understanding of the evolution of the wicked problem over time. This
evaluation begins with the non-industrialized agriculture of Europe in the 19th century
and focusses on their nitrogen supply, agricultural practices, and dietary aspects.

At the beginning of the 19th century, three different ways of supplying agricultural
land with nitrogen were in use: the application of manure and bone meal, the enrichment
of manure with forest litter or hay and the cultivation of legumes in between crop rotation.
The need for further fertilization raised with a growing population, an already close to
maximum land use and increasing nutrient poverty in soils. Before the end of the 19th
century, three different methods to produce mineral fertilizer were discovered. Coke
oven gas (commonly used for lighting purposes) from the gasification of coal contained
0.7–1.5% ammonia in the form of ammonium nitrate with a nitrogen content of 21%. In
South America, natural nitrogen sources occurred too. The extraction of sodium nitrate in
the Atacama Desert in Chile showed a nitrogen content of 15–16% but was energy- and
water-intensive in its production. Another source of nitrogen was the dung of sea birds
from islands near Peru, which contained 14% nitrogen but the dung stocks were depleted
in just 35 years [40,44,45].

In 1895, Frank and Caro synthesized lime nitrogen from calcium carbide at 1000–1100 ◦C
(later 700 ◦C) with nitrogen from air. In 1903, Birkeland and Eyde were able to synthesize
nitric acid from nitrogen oxide and water. The nitrogen oxide was produced by an air stream
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through an electric arc at 3500 ◦C. Both processes were energy intensive and could only be
maintained with cheap hydropower [40]. In 1908, Haber patented his ammonia synthesis
from nitrogen and hydrogen. It took 5 years for the first industrial ammonia reactor to be
built with the help of Bosch [40]. Since 1913, the production of synthetic nitrogen-based fertil-
izers has grown steadily. Nevertheless, the application of manure and bio-fixation accounted
for the biggest intake of nitrogen in 1930, with a 20% share of synthetic nitrogen [45].

Since the 1950s, the nitrogen input (fertilizer and fodder) to output (protein supply
to humans) ratio has been generally positive and witnessed a rise from 1 to 3 in the 1980s.
The overall protein intake rose between the 1950s and the 1980s, with a threefold rise in the
share of animal-based protein intake [46]. In 1960, natural gas replaced coal in the provision
of hydrogen, following a massive saving in the energy consumption of the process and
rising capacities. Those effects fuelled the rising share of artificial nitrogen fertilizers in
Germany until the consumption peaked in the late 1980s. Since then, and with the fall of
the Soviet Union, crop yields increased with the declining use of synthetic nitrogen-based
fertilizers, due to a more efficient agriculture [45].

In combination with a more efficient agriculture and the ever-rising application of
synthetic nitrogen-based fertilizers, Germany was able to overcome self-sufficiency for beef,
sugar, rye, and wheat in 1980. Between 1990 and 2016, a 20% emission reduction in the
agricultural sector was achieved. This was due to less stockbreeding in east Germany after
reunification and better fertilizer management in general [10]. Today, the Haber–Bosch
process makes up 80% of the world-wide industrial nitrogen production and uses four
times less energy and land than in 1900 [40,44,45].

The conclusion is that even past methods of fertilizing were not necessarily sustainable.
Agriculture evolved along inefficient industrial ammonia production towards the well-
engineered system of today. Cheap natural gas enabled the production of generally efficient
mineral fertilizer and the over-fertilization of fields. There has been research to optimize
the necessary nitrogen intake. Today, agriculture is the most efficient with less land, less
energy, and less fuel use per nutrient output. Agriculture relies on the Haber–Bosch process.
However, this system is still wasteful due to over-fertilization, diets, consumption, and
food waste.

3.2. Current Data

Germany has a total land area of 35 Mha. As shown in Figure 5, a third is covered by
established or regenerating forest. Half of the country is used as agricultural land and the
rest corresponds to man-made infrastructure including roads or buildings. Agricultural
land can be divided in two main categories. Crop land covers 8.6 Mha or 46.9% of total
agricultural land. Crop land has permanent uses, including fruit trees, and temporary
uses, with crops harvested and sown on a yearly or less basis. Meadows and pastures
occupy 7.7 Mha or 42.2% of total agricultural land. The number includes permanent
and temporary pastures and grassland [47]. A total of 76% of the crop land is dedicated
to grains and cereals (maize, wheat, barley). Oilseeds (rapeseed, sunflower) cover up
10%. Vegetables (potatoes, peas, beans) cover 7%, of which half is dedicated to potatoes.
Sugar beet uses 5% of the crop land. The remaining 2% is used by fruits, shrubs, and
berries (apples, grapes, strawberries) [48]. Fodder for farm animals takes up 57% of cereal
production (around 25 million tons). A total of 10% of cereal production (4.5 Mt) is used as
energy crops for bioethanol and biodiesel production. Only 20% (9 Mt) go to direct human
consumption [49]. One third or 12 Mt of the overall food production is wasted across the
production chain [50,51]. A total of 56% of the cumulated food waste is avoidable, whereas
households account for 40% of avoidable wastage [51].

The animal stock head numbers are converted in livestock units (LSU) to allow com-
parison across animals. One LSU in Germany occupies 1.1 ha of agricultural land, on
average [52]. A total of 50% of meadows and pastures are dedicated to dairy cows and cat-
tle. Pigs use 39% of that land. The remaining land is covered by chickens (4%), laying hens
(4%) and other animals (3%), including turkeys, ducks, sheep, goats, etc. [48]. From mead-
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ows and pastural land and considering the crop output going to farm animals, an estimated
11.4 Mha is dedicated to farm animals, which represents 62% of total agricultural land.
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The agricultural sector produces 3559 kcal/capita/day with 105 gProtein/capita/day,
149 gFat/capita/day and 448 gCarbs/capita/day. Animal products (meat, dairy, and eggs)
provide 1086 kcal/capita/day with 64 gProtein/capita/day and 81 gFat/capita/day. Meat
and animal fats provide half of the calories and protein [53]. For reference, the British NHS
recommends a daily calory intake of 2500 kcal/capita/day for men and 2000 kcal/capita/day
for women depending on age, metabolism and levels of physical activity [54].

Germany is self-sufficient for its potatoes, dairy products, meat, and cereal production [49].
Other products require complementary importations. A detailed overview of the nutritional
output of German agriculture is given in Table A1.

3.3. Future Expectations, Policies and Technology Scenarios

In this section, the range of proposed policies, technologies, and actions proposed in
scenarios in the scientific literature, in the Climate Action Plan of the German government,
and in the European Farm-To-Fork policy are reviewed. The objectives are limitations of
nitrogen losses in the process of fertilizer application, of harvest and post-harvest losses,
and of over-all food waste. Measures for a reduction in nitrogen-fertilizers use to mitigate
the associated harms are:

• Limit losses in food production and food waste [55,56];
• Limit over-production with focus on public health [56];
• Change in diet, specifically reducing meat [7,57–59];
• Technical innovation, particularly renewable energy hydrogen [33,60];
• Change in agricultural practice, including digital technologies [61–64];
• Adequate pricing policy, including pricing on energy intensity, incentivising bio-

physical values and costing of externalities [58].
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The scientific literature on German agriculture addresses the need for a change in
policy to reduce harms, and critically examines misleading policy [65,66]. Two suggested
changes in policies are the limitation of nitrogen surplus per hectare and higher prices
for nitrogen fertilizer [66]. Technical innovations have been proposed: chemical washing
for the exhaust air of livestock breeding, substitution of urea with calcium ammonium
nitrate, reduction in manure treatment losses and improved manure and artificial-fertilizer
application [66,67]. It is suggested to recouple land use and livestock breeding, and to use
low-protein pig food [65,67].

The agriculture component of the German Climate Action Plan for 2030 [10] aims to
reduce emissions by 15% below the 2017 benchmark, and sets the following objectives:

• No limitation of production;
• Competitiveness of agriculture;
• Resource efficiency;
• Sector coupling;
• Digital technologies;
• Precision agriculture.

Furthermore, the Climate Action Plan sets the target for a nitrogen surplus reduction
by 20% from 70 kgN/ha in 2021. The economic signal is to reduce emissions from ammonia
production by making them subject to an emission trading scheme. Mainly technical
measures are proposed: low-emission application techniques and fertilizer technology,
gastight manure storage, research towards the interplay between NH3 and N2O from
fertilizers, reduction in the energy demand of stationary and mobile agriculture technology
and more renewable energies. An increase in organic agriculture from about 10% as of 2020
to 20% in 2030 is encouraged. Measures on the downshift of greenhouse gas emissions
in stockbreeding are mentioned as well but are not sufficiently described in the Climate
Action Plan for 2030.

The sustainability of agriculture is also well-represented on the European policy level
in the Farm To Fork strategy [28], with the common objectives being:

• Reduction in fertilizer use;
• Reduction in emissions from stockbreeding;
• Increase in organic farming;
• Shift in diets and consumption patterns;
• Reduction in food waste

Similar to the German national targets, it is encouraged to generally reduce the use of
fertilizer through improved nutrient management and precision agriculture. The emissions
from stockbreeding are to be reduced through innovative feed additives. An increase in or-
ganic agriculture is incentivised through subsidies for sustainable farming practises under
the Green Direct Payment policy [68]. In addition to the German national targets, the impor-
tance of a dietary transition and a shift in consumption patterns are highlighted. This policy
angle aims to fight obesity and over-consumption. It acknowledges the unsustainability
and health overshoot of current energy, meat, sugar, fat, and salt consumption. Plant-based
diets with a higher share of fruits, and less red and processed meat is encouraged.

A shift to organic agriculture has been considered to be more sustainable by the scien-
tific literature and policy strategies. The general advantages in comparison to conventional
agriculture are environmental friendliness, increased soil carbon levels, decreased soil
erosion, higher energy efficiency, and lower fossil-fuel consumption [63,69]. Nevertheless,
there are issues about organic agriculture in comparison to conventional agriculture that
need to be addressed:

• Smaller yields and less yield stability [63,70,71];
• Increased labour costs [63,72];
• Secured supply of sufficient nutrients to a growing population [63,64,69];
• Decreasing yields due to decreasing nutrient availability while upscaling [69];
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• Susceptibility to pest outbreaks, high weed pressure and changing N availability,
which can lead to yield instability [69].

The yields highly depend on crop rotation, weather conditions, and soil management
practices [63,71]. Yields from organic agriculture outperform yields from conventional
agriculture in droughts, because of improved water-holding capacity in the soil [63,69]. The
overall costs are similar to conventional farming, while labour costs are increased [63,72].
If ecological externalities and the provision of ecosystem services are factored in, organic
agriculture is more profitable than conventional agriculture [63]. Organic livestock farms
often require less labour per head, whereas general cropping can require from 29% less to
68% more labour per hectare depending on the country [70]. Labour-intensity differences
between organic and conventional farming also depend on farm size and structure [70].
In general, organic agriculture alone will not be able to supply sufficient nutrition to a
growing population with current diets and consumption patterns [63,64,69]. Regarding the
current interplay between organic and conventional farms, there is no clear evidence that
organic farms are profiting from conventional pest control on nearby farms. Thereby, the
high biodiversity in organic farming could benefit natural pest control [69].

Crash Test of the Hydrogen for Fertilizer Scenario

The first examined scenario investigates the potential of implementing technological
solutions to downshift greenhouse gas emissions [73]. Substituting hydrogen from electrol-
ysis of renewable electricity for natural gas in the artificial fertilizer manufacture is the most
popular policy in Germany [73]. For the crash-test analysis, the population, agricultural
production, and land area were set at current levels. Since wind power is Germany’s
largest renewable energy source [74], new offshore wind farms and new energy-storage
and conversion facilities are assumed to provide the electricity [75,76]. It is expected that
the electrolyser is operated throughout the whole year and that the batteries compen-
sate the necessary daily renewable energy fluctuation and secure supply security. The
electricity from wind power is converted to hydrogen in a proton-exchange membrane
(PEM)-type electrolyser. The PEM technology is more suited to ramping than technologies
such as alkaline or solid oxide electrolysers [77]. Li-Ion battery technology with a nickel–
manganese–cobalt (NMC) cell chemistry was chosen with respect to applications in similar
supply security projects [78].

The rated power of the electrolyser is calculated from the yearly needed hydrogen
output using typical offshore-wind utilization factors. The capacity of the battery storage
system is derived from the daily energy that is needed to be supplied with respect to a
limited depth of discharge and the mean round-trip efficiency. The lifetime of the capital
plant is set to be the lifetime of the wind turbines and is assumed to be 20 years [79].
The construction of new Haber–Bosch plants is not considered. The full explanation of
modelling assumptions and references for the assumptions of this scenario are listed in
Tables A2–A5.

The results show that 16.1 GWh/a of energy is required for the electrolysis. This
translates into 6.12 GW of installed wind power, 3.06 GW of electrolysis capacity and
116.6 GWh battery capacity. The lifetime-levelized embodied energy in the capital equip-
ment is 3132 TJ/a for wind turbines, 253 TJ/a for electrolysers and 233,223 TJ/a for bat-
teries. The GHG emissions reduction compared to the methane-fed Haber–Bosch process
is 4.6 MtCO2eq/a, whereas the added lifecycle emissions from the new capital equipment
are 0.25 MtCO2eq/a for wind turbines, 0.04 MtCO2eq/a for electrolysers, and 0.94 MtCO2eq/a
for batteries. The capital investments are EUR 25,713 million for the wind turbines, EUR
1041 million for the electrolysers, and EUR 58,307 million for the batteries. The most critical
material, iridium, is required for the electrolysis with a total loading of 2.3 t. The batteries
require a cobalt loading of 56 kt and graphite loading of 187 kt.

The hydrogen scenario reduces the natural-gas consumption for nitrogen fertilizer pro-
duction to zero. The primary energy for the other production processes, as for ammonium
nitrate, urea, calcium carbonate, and nitric acid, are not considered due to their relatively
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insignificant shares compared to the energy consumption of the ammonia production. The
scenario has the same biodiversity loss and eutrophication as in the BAU current system,
since no change in diet, fertilizer use, population size, or agricultural practice are assumed.

Results show that emissions increase to 102% for the hydrogen scenario over the BAU.
The energy use index rises to 214% over the BAU scenario. The cost of the new infrastructure
is more than one-hundred times (12,753%) that of today’s German agriculture GDP. The
mineral depletion results are shown in years of production in Table 1. Both iridium and
cobalt need more than seven years of global production. It should be further noted that
emissions from the production of ammonia are significantly lower than emissions from
fertilizer application and meat and dairy animals.

Table 1. Mineral depletion of the technology scenario.

Iridium Copper Graphite Nickel Cobalt

Production years 7.63 2.17 3.78 1.53 8.90

The crash-test results show that the hydrogen scenario for fertilizer production is not
feasible for immediate massive decarbonisation. The costs are high, and the scenario de-
pletes precious materials and consumes more energy than the current system. Calculations
are available in the Supplementary Materials Excel Workbook.

4. Strategic Scenario Analysis for Future German Agriculture

This section executes the strategic scenario analysis for the emissions reduction from
German agriculture and its nitrogen use. Firstly, scenarios are developed and will be
tested on their general feasibility in the second part. In the third segment, the feasible
scenarios will be evaluated by the predefined metrics in detail. The outcome will form the
opportunity space for the future of German agriculture and food.

4.1. The Possibility Spaces

From the system overview of German agriculture in Figure 6, scenarios for analysis
are identified.
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(1) Hydrogen substitution. Replacing fossil gas with renewable hydrogen was already
examined in depth by the crash test.

(2) Ammonia production efficiency optimisation. This is an efficiency scenario, since the
Haber–Bosch plant could be thermodynamically optimized to reduce the natural gas
intake and thus lower the energy use and emissions.

(3) Improvements in use and storage of fertilizer. The nitrogen surplus per hectare is to be
limited through improved practice and the measurement of leaching and volatilizing
nitrogen.

(4) Agriculture practices transition to organic. This includes switching from conventional
to organic agriculture and using state-of-the-art best practice.

(5) Diet transition. The share of animal products in the diet consumption is reduced.

Nutrition production capacities will remain constant, any reduction in food waste is
considered to be surplus that can be sold in international markets.

4.2. Feasibility Analysis

The proposed measures in the possibility analysis are categorized as technological
solutions, changes in agricultural practice, and changes in dietary aspects. The research
review in the historical section provides the analysis for technical efficiency improvement
in the Haber–Bosch process, and for decrease in nitrogen surplus on the fields. In addi-
tion, the historical development showed no significant reduction in fertilizer use despite
parallel rising efficiencies (rebound effect or Jevons’ Paradox). The effects of sustainable
agricultural practices and the reduced consumption of animal products are well-researched
in the literature, and the positive environmental impacts have been assessed but not yet
implemented (see Section 3.3). The hydrogen scenario was assessed as not feasible in the
crash-test analysis.

4.3. Opportunity Analysis

Three scenarios were analytically investigated and compared to BAU: the vegetarian,
the vegan, and the organic scenario. The detailed calculations can be extracted from the
Excel Workbook. The BAU scenario acts as a benchmark. The vegetarian scenario assumes
that no more meat is produced and consumed. Still, this enables the consumption of animal-
based products such as cheese, milk, or eggs. Laying hens and dairy cows are still bred.
Wheat is used as a proxy for protein production and canola as a proxy for fat production.
The vegan scenario assumes that no more meat and no other animal-based products are
produced and consumed. Protein and fat are supplied as in the vegetarian scenario. Soy
acts as a proxy for the combined fat and protein production from the remaining vegetarian
products. This simplifies nutrient intake but serves as an indicator for the changes implied
by a vegetarian or vegan diet. The organic scenario assumes that German agriculture shifts
from 10% organic agriculture as of today to 100% in the future. This implies no more use of
artificial fertilizer. The soil is supplied with nitrogen by growing integrated Leguminosae,
the application of manure and other natural sources. Regulations for livestock breeding are
also enforced. The assumptions for the vegetarian, vegan and organic scenarios are listed
in Tables A6 and A7.

In Table 2, the results of the strategic scenario analysis are presented (the technology
scenario is added just for the sake of completeness). The vegetarian scenario shows a land
gain of 26%, a 48% reduction in carbon emissions, and a reduction by 11% in eutrophication.
The fossil-fuel use and the energy use are both increased by 47%. The vegan scenario
reduces the land use by 33% and the carbon emissions by 63% and decreases eutrophication
by 6%. The fossil-fuel use and energy use are increased by 71%. The organic scenario
completely withdraws from fossil fuel, but it needs a 29% increase in land use, which
is unfeasible in the boundaries of Germany. Still, organic agriculture would lower the
emissions by 33% and the eutrophication by 74%. For comparison, the technology scenario
with electrolytic H2 eliminates fossil-fuel dependence but does not improve, and even
worsens, the BAU Scenario.
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It is demonstrated that no single scenario can lead to an over-all decrease in today’s
unsustainability without violating natural boundaries. A combination of scenarios must be
taken into consideration. The vegetarian, vegan and organic scenarios do yield promising
results on some metrics—thus, the advanced analysis aims to identify scenarios in which
all metrics can be improved. The advanced scenarios incorporate the positive effects of
organic agriculture on fossil-fuel use, energy use, carbon emissions, and eutrophication and
the positive effects of fewer animal products on biodiversity loss, carbon emissions, and
eutrophication. The advanced scenario analysis examines how the share of animal products
in an organic agriculture context influence the biodiversity loss, the carbon emissions, and
the eutrophication. Fossil-fuel use and energy use in fertilizer production are non-existent
in organic scenarios, since no artificial fertilizers are applied. Different shares of animal
products in an organic context are examined as shown in Figure 7. It is important to
highlight that the x axis intentionally truncates at 20%, because organic agriculture still
relies on animal integration.

Table 2. Opportunity Analysis of the basic scenarios.

Scenario Fossil Fuel
Use Index

Energy
Use Index

Biodiversity
Loss Index

Carbon
Emission Index

Eutrophication
Index Sum

BAU 1.00 1.00 1.00 1.00 1.00 5.0
Vegetarian 1.47 1.47 0.74 0.52 0.89 5.1

Vegan 1.71 1.71 0.67 0.37 0.94 5.5
Organic 0.00 0.00 1.29 0.77 0.26 2.3

Electrolytic H2 0.00 2.14 1.00 1.02 1.00 5.2
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An agricultural system with the same land use as the BAU scenario but with sig-
nificantly lower carbon and nitrogen emissions is obtained with at least 60% reduction
in animal products. Land use acts as a hard boundary condition, since deforestation is
seen as unacceptable in Germany [80]. Another boundary is the extent to which carbon
emissions must be downshifted. The common goal of 80% decarbonization across sectors
would allow maintaining 25% of the current animal products in the diet. Table 3 further
lists the indices for a share of 40% and 25% animal products. The 60%-reduction option
cuts carbon emissions by 69% and the eutrophication by 81%. The 75% reduction reduces
carbon emissions by 81% and the eutrophication by 93%.
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Table 3. Opportunity Analysis of advanced scenarios.

Scenario Fossil Fuel
Use Index

Energy
Use Index

Biodiversity
Loss Index

Carbon
Emission Index

Eutrophication
Index Sum

Organic, 25%
Animal Products 0.00 0.00 0.92 0.19 0.07 1.17

Organic, 40%
Animal Products 0.00 0.00 0.99 0.31 0.11 1.40

5. Discussion
5.1. Results of the Opportunity Analysis

The Opportunity Analysis uncovered that a pure vegetarian or vegan diet, or a change
to organic agriculture with maintaining the BAU diet, are not sustainable opportunities for
German agriculture and its nitrogen-fertilizer use. For the vegetarian and vegan scenarios,
land gain is enabled by the reduced animal livestock and the related fodder cultivation.
The reduction in carbon emissions and eutrophication is a combination of lower energetic
fermentation and lower fertilizer use in general due to the decreased land that needs
fertilizing. The increase in energy use and fossil-fuel consumption is due to the increased
need for artificial fertilizer with declining manure availability. For the organic scenario, the
increase in land use is rooted in the higher land use per animal in organic farming for current
diets. In addition, changes in the fertilizing technique require more land use for crops than
conventional agriculture. Since no more artificial fertilizer is used, carbon footprint and
eutrophication are eradicated. The technology scenario showed that a substitution of fossil
fuel in the fertilizer production system decreases the sustainability. This result highlights
that the reason for the associated harms of German agriculture do not solely arise from
fossil-fuel use embedded in artificial fertilizer.

The fossil-fuel use and energy expenditure of the dietary scenarios and the land use of
the organic scenario are too high. The issues of fossil-fuel use and energy consumption are
overcome by the co-application of organic agriculture and dietary changes. Thus, a certain
reduction in animal products is an important part of the transition. The results show that
at least a 60% reduction in meat and animal-based products is possible with no fossil-fuel
or energy expenditures, and significant carbon and nitrogen emission downshifts while
at least maintaining the current land use. This enables the consumption of almost half of
the animal products of today while consequently increasing agriculture’s sustainability. A
75% reduction in animal products would lead to an 80% downshift in carbon emissions.
These findings go along with the main recommendations of the literature (see Section 3.3),
stating that a change in diet and a shift towards more organic agriculture are powerful
measures for the decarbonization of agriculture and fertilizer use. A 60–75% reduction in
meat products would result in consumption diets similar to the 1960s–1970s [46].

5.2. Shift Project

Shift projects are necessary to safely retreat from fossil-fuel use and to deliver the
scenarios that are deemed as feasible opportunities for carbon downshift. Shift projects
allow to address the wicked problem directly. The wicked problem is defined as the use of
energy, supplied by either fossil fuels or renewable energies, and the associated agricultural
practices and consumption patterns. A successful sustainable shift project must have
a multi-capital outcome. Two of the most important outcomes are economical capital
(revenue, business opportunities) and social capital (trust, cooperation) [6,14].

Our propositions to policy makers on the national level is the investigation of a large-
scale introduction of organic agriculture with an at least 60% reduction in animal products.
Two basic transitions arise: shifting today’s mostly conventional agriculture to organic
agriculture and reducing the animal product consumption while maintaining the high level
of the present nutrient supply. It is recommended to set the aim to reach these goals by 2050
to meet policy climate targets. This translates into a 3 percentage point increase in organic
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agriculture and a 1.5 percentage point reduction in animal-product consumption per year
from now on (2022). The resulting challenges for today’s take off of future change are:

• A shift to organic agriculture is expensive considering embedded infrastructure in-
vestments, certifications, and labour [63];

• The debt accumulated from previous investments in BAU infrastructure [29];
• The loss of income from German animal-product exports [81];
• A change in diet is an engagement in behavioural aspects of people [82];
• The loss of international market competitiveness [29].

To overcome the challenge of the cost of conversion from conventional to organic
agriculture, governmental modelling and research support, plus subsidies, should be used
as an incentive for farmers to change their agricultural practice. It is suggested to put
forward grants to reduce debt from previous BAU infrastructure investments and coupling
them to farmers’ willingness to change their practice in the future. For example, a 50% shift
to organic could provide debt relief of 50%. Further economic measures should focus on
reducing energy dependence in other sectors, such as individual transportation, to free up
household spending that can be redirected towards better but more expensive food. Farm
cooperatives (in German, Genossenschaften) are encouraged, which can secure long-term
social and financial capital with potential increased community involvement and shorter
production circuits [83].

The challenge of the dietary change can support the agriculture transition. In recent
years, the revenues of animal-product substitutes has increased significantly [84]. This
supports the theory of Anthropogenic System Dynamics; the availability of affordable alter-
natives to unsustainable practices enables people to shift their behaviour [85]. Conversion
of industrial animal-product facilities to produce meat substitutes is suggested. Meeting
targets to limit over-consumption, avoidable waste and over-fertilization will positively
influence the commercial balance to finance the shift. At the moment, prices in German
supermarkets are one of the lowest in Europe relatively to the mean income per capita [86].
Even so, the needs for the healthy nutrition of people with a smaller income and reliance
on social care must still be met if food prices increase in the future. Still, a decrease in food
waste and over-consumption lead to freed up spending.

Nevertheless, any change of the current system puts Germany’s competitivity at risk.
The influx of cheaper, non-organic produce would negate the country’s efforts to reach
sustainability. European strategies remain committed to increase sustainability, and the
implementation of a protective “Carbon Border Adjustment Mechanism”, as proposed in
the Fit-For-55 strategy, would be advantageous [87].

Ramping up the incentives for increased organic farming is suggested, according to
the necessary annual 3 percentage point rise in the share of organic farming. New policies
should include control and correction mechanisms for meeting annual targets. Similarly,
the financial situation of food prices should be monitored in parallel to adapt the support
according to price changes. In parallel, impulses for food-waste reduction and lowering of
over-consumption can be given by education in schools or awareness campaigns in food
stores. A monitoring system for food waste should be implemented to keep track of the
effectiveness of incentives. An already-declining trend in animal-product consumption is
acknowledged [88], so the rate of increase in alternatives to animal products should be kept
high to meet the annual 1.5 percentage point target.

6. Summary and Conclusions

This article developed and evaluated scenarios for the decarbonization of German
agriculture and its nitrogen-fertilizer use. The methods to accomplish the analysis are the
InTIME Method and the strategic scenario analysis. The evaluation of the fertilizer use of
German agriculture reveals that the core of unsustainability lies in the use of energy, either
supplied by fossil-fuel or renewable energies, to produce nitrogen fertilizer. This efficient and
currently affordable system enables unsustainable agricultural practices and behaviour. The
harms of the system manifest in carbon emissions from energetic fermentation and artificial-
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fertilizer production, in N2O emissions from soils and manure treatment, in eutrophication
from leaching nitrogen, in biodiversity loss, and in energy dependence. The results of the
strategic scenario analysis indicate that technological solutions are not sustainable and do not
decrease harms. Said solutions are substituting fossil fuels with hydrogen from electrolysis
with renewable energies and efficiency increases in industrial fertilizer production. The use
of “green hydrogen” as a fossil-fuel substitute does not succeed in achieving sustainability.
The sources of unsustainability and the harms are stretched out throughout the whole
production chain of agriculture and must be tackled with more systemic approaches. It is
concluded that the problem does not revolve around the production methods of artificial
fertilizer but the activities that are carried out by using it.

The findings show that at least a 60% reduction in animal-product consumption with
a shift to organic agriculture can be operated without increasing current land use. This will
significantly decrease the harms of carbon emissions and eutrophication. Change will move
the fertilizer supply of German agriculture away from fossil fuel, making it independent of
natural gas imports. Five pivotal recommendations with consideration of economic- and
social-capital generation were compiled to ease the reduction in meat consumption and
a change to organic agriculture: subsidies and debt relief for farmers to change toward
organic agriculture, the formation of agriculture cooperatives, the encouragement of plant-
protein meat substitutes, the adaptation of the financial support system for lower income
households, and regulations to decrease waste and over-consumption.

Future research should focus on the implementation of the recommendations. This
involves the careful analysis of the regulatory system and policies of German agriculture.
It should be researched how the recommendations fit into existing frameworks and how
new frameworks for regulations and policies need to be designed to incorporate a more
sustainable agriculture. The influence of geo-political events in recent history in Europe
affecting the fossil-fuel supply should be researched, to determine their role as triggers for
agricultural system change. The large-scale application of organic agriculture is challenging
and needs proper place-based research and development. Perhaps the biggest challenge
of changing policies that assume renewable hydrogen will substitute fossil fuels can be
assisted by the results of this study.
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Appendix A.2. Tables

Table A1. Detailed nutritional overview of German agriculture (data obtained from [53]).

Type Organic Coefficient

BAU calorie production(kcal/capita/day)
Total 3554

From animal products 1086
Dairy products and eggs 442

Meat and animal fat 607
Other 2468

BAU protein production (g/capita/day)
Total 105.4

From animal products 64.03
Dairy products and eggs 33.86

Meat 25.89
Other 41.37

BAU fat production (g/capita/day)
Total 149.05

From animal products 80.67
Dairy products and eggs 23.66

Meat and animal fat 54.94
Other 68.38

BAU carbs production (g/capita/day)
Total 447.74

Table A2. General assumptions for the technology scenario.

Amount NH3 Lifetime Offshore Wind [89] Full Load Hours Offshore
Wind [76]

Lifetime PEM Electrolysis
System (Stack) [90]

1821 kT 20 a 4380 h/a 10 a

Maximum equivalent full
cycles NMC battery Calendric lifetime NMC battery Lower heating value H2 Full load hours PEM

electrolysis system

5000 10 a 33.3 kWh/kg 8760 h

Table A3. Energy-related assumptions for the technology scenario.

Energy Impact NH3 [91] Embodied Energy Offshore
Wind [92]

Embodied Energy PEM
Electrolysis System [93]

Embodied Energy NMC
Battery [94]

31.8 kJ/kT 2,842,500 kWh/MW 230,000 kWh/MW 0.56 kWh/MWh

Efficiency PEM
electrolysis system Efficiency NMC battery Depth of Discharge

NMC battery

60% 90% 20–90% SOC

Table A4. Cost and environmental assumptions for the technology scenarios.

Emission Factor Haber Bosch
Process (Methane Fed) [33]

Emission Factor Off-Shore
Wind [79]

Specific Investment Cost
Offshore Wind [95]

Emission Factor PEM
Electrolysis System [93]

2.55 tCO2/tNH3 9.3 gCO2/kWh 4.2 M€/MW 122 kgCO2/kW

Specific investment cost
PEM electrolysis system [96]

Emission factor NMC
battery [94]

Specific investment cost
NMC battery system [78] German agriculture GDP

170 €/kW 80.4 kgCO2/kWh 250 €/kWh 6670 M€
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Table A5. Relevant material uses for the technology scenario.

PEM Electrolysis System Material
Use [90] Wind Turbine Material Use [79] NMC Battery Material Use [94]

Ir: 0.75 kg/MW, Pt: 0.075 kg/MW, Cu:
4.5 kg/MW Cu: 397.6 t/MW

Graphite: 1.6 Mt/GWh, Ni:
1.44 Mt/GWh, Mn: 0.5 Mt/GWh, Co:

0.48 Mt/GWh

Worldwide material production [97–102]

Ir: 6.86 t/a, Pt: 180 t/a, Cu: 19.1 Mt/a, Graphite: 1.1 Mt/a, Ni: 2.44 Mt/a, Mn: 70.83 Mt/a, Co: 0.14 Mt/a

Table A6. Organic land use Coefficients (data obtained from [103]).

Type Organic Land Use Coefficient

Fruits and Berries 1.31
Vegetables and Legumes 1.19

Grains and Cereals 1.27
Oil Seeds 1.23

Sugar Beet 0.95
Buffaloes 1.67

Cattle (excluding dairy) 1.67
Dairy cows 1.40

Goats 1.68
Pigs 1.85

Sheep 1.68
Chickens (excluding laying hens) 3.05

Laying Hens 2.51
Turkey 1.68
Ducks 1.68
Geese 1.68

Table A7. Production replacement factors for vegetarian and vegan diets (data obtained from [53]).

Production
Replacement kcal/Person/Day/ha gCarbs/Person/Day/ha gFat/Person/Day/ha gProtein/Capita/Day/ha

Wheat 7.49 ∗ 10−4 1.73 ∗ 10−4 3.84 ∗ 10−6 3.01 ∗ 10−5

Canola 4.68 ∗ 10−4 / 5.21 ∗ 10−5 /
Soy 4.27 ∗ 10−4 2.89 ∗ 10−5 1.91 ∗ 10−5 3.49 ∗ 10−5
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