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A B S T R A C T

The German agricultural sector consumes approx. 2 billion litres of diesel annually. While sustainable fuels 
remain underutilised, shifting from diesel to low-emission options is crucial for achieving a climate-neutral 
agricultural sector as mandated by the German Federal Climate Change Act. This study therefore examines 
three on-farm renewable fuel production pathways - biogas from manure and rapeseed oil, as well as hydrogen - 
on an average German farm. The results show that hydrogen offers the most land-efficient solution, requiring less 
than 1 % land use of the other alternatives, whereas rapeseed oil proves the most cost-effective option, with 
periodical costs 26 % lower than for biomethane and 18 % lower than for hydrogen, respectively.

Abbreviations

ADAC Allgemeiner Deutscher Automobil-Club – General German Automobile 
Club

AfA
Table

Depreciation Table for General Purpose Assets

CAPEX Capital Expenditures
CBC COIN-OR Branch and Cut
CHP Combined Heat and Power Plant
DM Dry Mass
GHG Greenhouse Gas
HVO Hydrotreated Vegetable Oil
IBC Intermediate Bulk Container
JCB J.C. Bamford Excavators Limited
KTBL Kuratorium für Technik und Bauwesen in der Landwirtschaft – 

Association for Technology and Engineering in Agriculture
Lt Lifetime
Oemof Open Energy Modelling Framework
OPEX Operational Expenditures
PCo Periodical Costs
PV Photovoltaics
SCIB Solving Constraint Integer Programs
WACC Weighted Average Cost of Capital

1. Introduction

German agriculture, forestry and fishery collectively consumed over

79 TWh in 2022 [1]. The energy demands of individual farms vary 
significantly depending on their specific activities. For instance, dairy 
farms primarily rely on electricity for milking and cooling operations 
[2], whereas, piglet breeding farms require both electricity and heat [3, 
4]. Arable farming, meanwhile, is characterised by high fuel consump-
tion for operating agricultural machinery such as tractors [5,6]. Notably, 
many animal husbandry farms engage in arable or grassland cultivation, 
necessitating the use of agricultural machinery for tasks like harvesting 
and feeding. Germany's agricultural sector utilizes approx. 2 billion li-
tres of fossil fuels per year [7]. Given the German government's goal of 
achieving climate neutrality by 2045, as outlined in the Federal Climate 
Change Action Act [8], the agricultural sector must reduce its green-
house gas (GHG) emissions. Especially considering that agricultural 
activities occupy approx. 50.4 % of the land area in Germany [9], this 
highlights not only the significance of farming in terms of GHG emis-
sions but also presents a substantial opportunity to meet local energy 
demands through decentralized energy production – minimizing addi-
tional land use impact [10]. While certain aspects of farming are more 
challenging to mitigate, such as those related to animal husbandry or 
land use change, transitioning to alternative fuels presents a feasible 
opportunity for reducing GHG emissions.

The replacement of diesel-fuelled utility vehicles with alternatively 
fuelled ones is a gradual process, as agricultural machinery often re-
mains in use for extended periods (8–12 years) [11]. In future, retro-
fitting diesel-fuelled agricultural machinery to accommodate
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sustainable fuels may be an option. Most alternative fuels require spe-
cific technical systems, such as electric motors [12] or adapted com-
bustion engines [13,14]. Various alternatives exist, including 
electrically driven agricultural machinery (powered by batteries or ca-
bles), plant-based oil derived fuels (e.g. rapeseed), biomethane or 
hydrogen (pure or processed into synthetic fuels) [15]. Each option has 
its advantages and disadvantages. For instance, synthetic fuels and 
biodiesel can be used in existing machinery, but are complex to produce 
and less efficient compared to other alternatives [15]. This study aims to 
investigate these options further by evaluating the self-production of 
hydrogen, biomethane from manure and rapeseed oil. The study 
focusses on self-production, as farms have multiple options for decen-
tralized renewable energy generation. However, due to their remote 
locations, they face limited prospects for connection to a hydrogen grid. 
The advantages and disadvantages of on-site versus centralized 
hydrogen production are discussed in detail by Jordan (2022), including 
considerations of economies of scale and the logistical and energetic 
challenges associated with transporting hydrogen in centralized systems 
[16]. The self-production cost calculated in this study provide insights 
into potential market prices and the maximum feasible transportation 
costs for a centralized production. Furthermore, on-farm hydrogen 
production enhances energy independence, reducing reliance on 
external energy providers.

Battery electric and cable bound vehicles [17] are not considered due 
to the occasional high energy demands (e.g. ploughing and harvesting), 
which would require large batteries. Due to the energy requirement of 
conventional ploughing, which is approx. 44 MJ/ha [18], lithium-ion 
battery with a specific energy of around 150–200 Wh/kg would 
require a loaded battery with a mass of approx. 64 kg/ha [19]. Assuming 
a truck-mounted battery with a capacity of 400 kWh [20] this corre-
sponds to a battery mass of about 2 tons, increasing the tractors weight 
by approx. 50 % [21]. However, increasing vehicle weight has a detri-
mental effect on the soil compaction [22], which may compromise 
long-term soil health and crop productivity. Electric connections are 
typically unavailable at arable fields, making charging and cable-bound 
machinery impractical. Synthetic fuels and biodiesel are also excluded. 
Their production goes beyond production of hydrogen and biogenic 
fuels discussed here. Further research on these options can be based 
upon the findings of this study.

Thoughts on alternative fuels in agriculture are not new, as evi-
denced by previous studies. Remmele et al. (2014) conducted a 
comprehensive review of various propulsion systems through expert 
interviews [23]. Their study found that experts generally favour com-
bustion engines powered by biodiesel and plant oil. In the middle of the 
ranking, they placed agricultural machinery with batteries and com-
bustion engines fuelled with biomethane, while hydrotreated vegetable 
oils (HVO) and electric engines powered with hydrogen were ranked at 
the bottom. The present study evaluates the production of hydrogen, 
rapeseed oil and biomethane from a simulative point of view, not only 
by expert opinions.

Several options for agricultural machinery running on plant oil 
already exist, including John Deere tractors that can operate with plant 
oil under warranty [24]. Additionally, diesel engines can be retrofitted 
to use plant oil; however, these modifications are not always successful 
due to issues such as fuel injection systems plugging or combustion 
system problems caused by unsuitable fuel [25]. Research has shown 
that the operation of tractors from Deutz, Fendt and John Deere with 
rapeseed oil is feasible, with very little differences in emissions between 
diesel and rapeseed oil [26]. However, it was also found that more 
frequent engine oil exchanges are necessary due to the accumulation of 
rapeseed oil in the engine [27]. Studies have not only investigated the 
use of rapeseed oil as a fuel for agricultural machinery but also for ve-
hicles such as a retrofitted VW Golf [28], with problems arising from 

low-quality rapeseeds and poorly conducted pressing. A comparison of 
the environmental impacts of sunflower, rapeseed and soybean oil 
production found that sunflower oil has the highest impact, while those

of soybean and rapeseed oil are similar in magnitude [29]. Given these 
findings, and considering that rapeseed is a locally sourced crop in 
Germany, this study focuses on rapeseed as a fuel source and excludes 
other oil plants. Furthermore, rapeseed is the primary feedstock due to 
its dominant share in German oil crop cultivation. On average, it ac-
counts for over 90 % of the cultivated area for oilseed crops in Germany, 
with regional shares reaching 99 % in Schleswig-Holstein (around Kiel) 
and 80 % in Bavaria (around Munich) [30].

A recent study by Mathur et al. (2022) compared various biogenic 
fuels and provided an overview of current research in the field [31]. The 
authors noted that biofuels from food and non-edible sources have major 
limitations primarily due to concerns over land use. However, algae and 
microalgae-based fuels are found a promising option for future biofuel 
production.

Besides plant oil, biogas is another potential source for biogenic fuel 
in agricultural machinery. Biogas can be converted into biomethane, 
which has more consistent properties and is better suited for use in 
combustion engines [32]. Several companies have already developed or 
are testing biomethane fuelled tractors, including New Holland, which 
introduced a pilot series tractor that runs on liquid biogas [33]. They 
also produce a series of tractors powered by compressed biomethane 
[33,34]. Valtra has produced a small series of biomethane tractors since 
2011. Testing by two Bavarian research centres demonstrated that these 
tractors can provide the necessary power [35].

The topic of biofuels elicits differing opinions among authors. 
Graham-Rowe (2011) expresses concerns about biofuels regarding the 
need for water of the plants and the competition between food and fuel 
production [36]. Similarly, Monbiot (2023) emphasises the importance 
of agricultural land use in contributing to GHG emissions and suggests 
that renaturing used fields and meadows could have a positive impact 
[37]. Woods et al. (2010) conclude that biofuels can be viable if the 
energy generated by the plant is greater than the energy required for its 
production [38]. However, when comparing the land use and global 
warming potential across photovoltaics (PV), wind and biogas, B¨ ohm
et al. (2024) found that wind has the least impact, followed closely by 
PV, with biogas consistently ranking last [39]. It must be noted that this 
study is focused on electricity production, but since green hydrogen 
production relies on electricity, the results of B¨ ohm et al.’s study can be 
applied to the hydrogen context as well.

Research on using hydrogen in agricultural machinery is ongoing, 
but commercial solutions are not yet available. Several companies have 
experimented with hydrogen-powered tractors and other equipment. 
Fendt took part in the “H2Agrar” project and produced two prototypes 
of hydrogen powered tractors, mechanized with fuel cells which are 
currently being tested on farms in Lower Saxony (Germany) [40]. 
However, J.C. Bamford Excavators Limited (JCB) and New Holland have 
also experimented with fuel cells but concluded that they are not suit-
able for agricultural machinery due to their complex cooling system, 
sensitivity towards dust and vibrations and high costs [40]. Deutz offers 
a hydrogen combustion motor, which is not yet used in agricultural 
machinery [41] while Liebherr introduced a 6-cylinder hydrogen engine 
for a 50 t dredger, which is most likely suitable for agricultural ma-
chinery [40,42]. JCB has constructed prototypes of hydrogen-powered 
dredgers and tele hoist load luggers. Furthermore, they developed a 
mobile tanking station to address the challenges of infrastructure and 
large storage sizes [43]. Additionally, Rolls-Royce developed a hydrogen 
combustion engine and plans to offer retrofits of existing gas engines for 
hydrogen combustion [44]. Generally, hydrogen is emerging as a 
promising fuel for agricultural machinery with a growing trend towards 
combustion engines being preferred over fuel cells.

Research is ongoing regarding the use of hydrogen, beyond the in-
dustrial development. A literature review by Maganza et al. (2023) 
examined the possibilities of using hydrogen in greenhouses and on 
animal farms, concluding that it is a promising technology with a low 
technology readiness level [45]. A study by Janke et al. (2020) inte-
grated hydrogen into a Swedish farm using historic wind and electricity
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price data to simulate energy demand and electrolyser integration. The 
study utilized all aspects of the hydrogen production including fuel, 
waste heat for stables and oxygen to improve water quality in a rainbow 
trout pond [46]. Additionally, Zhao et al. (2024) evaluated the load 
profiles of fuel cell tractors, focusing on construction methods to opti-
mize fuel cell performance through batteries and supercapacitor inte-
gration [47]. Other studies have been conducted on the production of 
various alternative fuels focusing on a single fuel without comparison 
[48–50], while this study focuses on the comparison of the different 
alternative fuels, hydrogen, rapeseed oil and biomethane.

The GHG emissions associated with fuel production are assumed to 
be similar across various fuels, as they all require machinery and 
building construction. Fossil fuels such as diesel are produced in in-
dustrial facilities. The production facilities simulated in this study are 
decentralized and thereby may be more material intensive. However, 
decentralized production can still offer benefits by reducing trans-
portation related emissions compared to centralized production and 
distribution of fossil fuels [51]. Rapeseed oil, a renewable resource, 
releases CO 2 during combustion, but this CO 2 was previously taken from 

the atmosphere through photosynthesis. However, fertilization of 
rapeseed crops generates additional emissions [52]. Biomethane pro-
duction involves processing manure into a higher-quality fertilizer, 
which can lead to methane emissions, estimated at around 2 %, as 
methane can leave the processing units/storages or during combustion 
into the atmosphere unwantedly [53]. Methane has a global warming 
potential 25 times of that of CO 2 [54]. Additionally, concentrated feed 
for dairy cattle often relies on external nutrients, disrupting the nutrient 
cycle and creating further emissions. In operation, hydrogen produces 
no GHG emissions, as it recombines with oxygen to water [55]. How-
ever, similarly to biomethane, there can be leakages and hydrogen itself 
has a global warming potential of 7.1–9.3 compared to CO 2 [56]. A 
detailed assessment of the GHG emissions of the distinct systems is 
beyond the scope of this paper.

This study aims to conduct a comparative analysis of economics and 
land use associated with three alternative fuels produced on farms for 
the usage in agricultural machinery: biomethane from manure, plant oil 
from rapeseed and hydrogen. Specifically, it seeks to answer the 
following research questions.

1. Which fuel type can be produced most economically, and how do 
changing environmental parameters of crop rotations, cultivation 
(organic or conventional), location in Germany, influence the 
profitability?

2. How do the fuels differ regarding land use?

This study differs from previous ones by comparing three sustainable 
fuel options specifically for self-production on farms, rather than 
focusing on a single fuel type. Most previous studies neglected com-
parison between different fuels, while B¨ ohm et al.’s (2024) [39] work 
focused on electricity production options, not fuels, considering GHG 
emissions and land use. Also, agricultural machinery producers do not 
follow one single direction and did not collectively decide on one future 
fuel. Therefore, this study can help to determine the future pathway.

2. Methods

To compare the self-production possibilities of renewable fuels on 
farms, a simulation using the open energy modelling framework (oemof) 
was conducted [57,58]. Oemof is an open-source software which can be 
used to optimize energy systems based on defined “costs”. These costs 
can include financial costs, GHG emissions, land use or any other 
parameter. The framework offers flexibility in modelling, allowing users 
to adapt predefined component types (e.g. sources, sinks, converters) to 
specific needs. Thereby the simulation can optimize the sizing of the 
components and/or optimize the energy flows between the components. 
Previous studies have already utilized oemof for similar simulations, e.g.

including an optimized coupling of a local grid and a cable bound 
agricultural machine [17].

To investigate the influence of various parameters on fuel costs, a 
scenario analysis was conducted. Fig. 1 shows an overview over the 
different scenarios considered. The study integrates two locations in 
Germany: Kiel (northern region) and Munich (southern region), which 
have distinct environmental conditions such as higher wind speeds in 
Kiel and higher solar irradiation in Munich. The location is crucial for 
the production of renewable electricity from PV and wind power plants 
as it affects investment decisions [10]. Furthermore, the cultivation 
method (organic or conventional) was also examined, as organic 
farming requires diesel for mechanical weed control (like harrowing) 
and close to none for fluid herbicide application [59], while for con-
ventional farming, it is the other way round. Different crop rotations 
were considered, including rapeseed, maize and winter wheat plus 
additional grassland, which require different fostering steps and influ-
ence fuel consumption (in total and timewise) [59]. The scenarios were 
analysed from multiple perspectives including investment and opera-
tional costs and land use for the different investigated inputs (PV, wind, 
rapeseed and manure from dairy cattle kept on the farm) and the com-
parison with diesel as conventional fossil fuel.

2.1. Assumptions

Different assumptions were made for the simulation of the different 
scenarios (Fig. 1), which will be described in the following sections.

2.1.1. Assumed farm
It is assumed that the farm has 100 ha of agricultural land, which is 

the average size of farms in Germany [60]. The agricultural land is 
divided according to the cultivation method [60]: for organic farming 
50 % is used for grassland and 50 % for arable land [61], while for 
conventional farming 70 % is used for arable farming and 30 % for 
grassland [62]. The different crop rotations are based on maize, rape-
seed and winter wheat, as proposed by Mohr and Ehmcke-Kasch (2017) 
[63]. The distribution of these crops is shown in Table 1. Crop rotations 
can be viewed from two perspectives: in a single field, where the crop 
sequence changes each year, or at the farm level, where multiple fields 
bear the different crops. For the first rotation, four equal-sized fields are

Fig. 1. Overview on the different scenarios considered in this study. For all the 
types of variations two options are assumed, for the location (grey) Kiel and 
Munich, for the cultivation (light blue), organic and conventional, and for the 
crop rotations (green), one with four and another with six elements. On the last 
level the three fuel options (dark blue) are depicted. The basis scenario is 
highlighted with red circles.
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assumed, each following the same sequence. The same principle applies 
to the second rotation, which uses six fields instead of four. The culti-
vated amount of rapeseed is also considered as the amount available for 
oil production in the simulation.

Additionally, it is assumed that the farms use their own manure to 
produce biogas, which means that animals are kept on the farm. The 
animals are assumed to be dairy cattle. The feed requirement of dairy 
cattle consists of two types: basis feed and concentrated feed. Basis feed 
includes locally produced hay, grass silage or maize silage, while 
concentrated feed is high-energy feed from soybean and typically pur-
chased. The amount of feed required depends on whether the cow is in 
her lactation phase and whether it is her first lactation phase. In the 
simulation it is assumed that the cows are in their first lactation phase 
and require 3.99 t dry mass (DM) of basis feed and 2.31 t of concentrated 
feed per cow [64]. However, the costs of purchasing concentrated feed 
are not considered in the simulation as these expenses are not directly 
linked to fuel production (the primary focus of this model) but rather to 
maintain dairy cow nutrition – the cows’ central function being milk 
production. The share of DM of silage maize is assumed to be an average 
value of 32 % [65]. The number of cows kept on the farm depends on the 
amount of basis feed available from its own production (silage from 

maize and grass) and thus depends on the type of cultivation and crop 
rotation. Furthermore, it is assumed that each cow produces 17 m 3 of 
manure per year [66]. An overview on the calculations can be found in 
Table 2. It is worth noting that there is no relationship between the 
cultivation method and the ratio of maize to grass silage fed [67].

2.1.2. Weather data
The weather has a significant impact on the yield of renewable en-

ergies, particularly solar irradiation for PV production and wind hours 
and speed for wind power plants. Additionally, the weather affects 
agricultural operations. Weather data was obtained from “onebuilding” 
[68], which provides typical meteorological years (TMYs) of locations 
worldwide. TMYs are synthesized datasets designed to represent typical 
meteorological conditions of a specific geographic zone by aligning with 
long-term statistical averages. Unlike historical records TMYs are con-
structed to exclude exceptional weather events and to mitigate the 
representativeness bias inherent in individual years. To account for 
different German weather conditions two locations were chosen: Kiel in 
the north, known for high winds and proximity to the sea and Munich in 
the south, characterized by high solar irradiation. To verify the data, the 
amount of rainfall from “onebuilding” was compared with published 
rainfall data for Munich [69]. The results showed a deviation of around
5 % from the ten-year average. This suggests that the weather data is

reliable. The weather not only affects the production of renewable en-
ergies, but also crop development and yield. However, individual crop 
yields were not simulated in this study. Instead, German averages were 
assumed, as other parameters like soil quality can significantly impact 
yields. These parameters are strongly localized and difficult to assume 
for indistinct locations. Furthermore, the comparative analysis of rape-
seed yield data across the federal states of Schleswig-Holstein (Kiel) and 
Bavaria (Munich) reveals only minor fluctuations, with no consistent 
interannual or regional productivity advantage. Specifically, yields in 
Schleswig-Holstein demonstrated a 20 % reduction relative to Bavaria in 
2016, whereas by 2022, the trend reversed to a 12 % higher production 
level in Schleswig-Holstein. Overall, these variations do not support a 
sustained unidirectional yield disparity between the two regions [30].

2.1.3. Fuel demand based on fossil diesel demand
To estimate the fuel demand for agricultural machinery, crop rota-

tions and field sizes were used as a basis. However, the yearly sum of fuel 
demand is not sufficient; the timing of different cultivation procedures is 
also crucial. Therefore, weather data was combined with data from the 
KTBL using their procedure calculator for individual crops [59]. This 
calculator provides information on diesel demand per hour, operation 
hours of the individual agricultural machinery, and other relevant de-
tails for each step of the cultivation process, including the first or second 
half of the month when they are typically performed. The following 
assumptions were made.

- Distance from farm to field: 3 km
- Mechanical power output of the standard tractor used: 67 kW
- In the organic maize cultivation, no diesel demand was provided for 
chopping in the KTBL data, as it is usually done by a contractor. 
Therefore, in this study it was adopted from conventional farming.

The simulation was conducted in hourly time steps, so the data from 

the operation calculator needed to be distributed over the hours of the 
year. It is necessary to employ distinct, equal timesteps for the simula-
tion to work. The simulation employs hourly time steps to mitigate 
computational bottlenecks, acknowledging that finer temporal resolu-
tion would significantly escalate runtime without proportional gains in 
output precision for this application. Every farm is different, so the as-
sumptions may not be valid for every farm. However, slight changes 
with earlier starting times or work in later evening hours do not have 
large influences on the simulation results. Multiple assumptions were 
made: During normal operation, working days are from Monday to 
Friday, with working hours from 8 a.m. to 12 p.m. and 1 p.m. to 6 p.m.

Table 1
Overview on the areas used for the different crops (rotating) and grassland (permanent on one site) for the different crop rotations and cultivation methods.

Conventional Organic

Crop rotation 1 Crop rotation 2 Crop rotation 1 Crop rotation 2

Field size [ha] Cultivated plant Field size [ha] Cultivated plant Field size [ha] Cultivated plant Field size [ha] Cultivated plant

30.0 Grass 30.0 Grass 50.0 Grass 50.0 Grass 
17.5 Rapeseed 11.6 Rapeseed 12.5 Rapeseed 8.3 Rapeseed 
17.5 Maize 11.6 Winter wheat 12.5 Maize 8.3 Winter wheat 
17.5 Maize 11.6 Maize 12.5 Maize 8.3 Maize
17.5 Winter wheat 11.6 Winter wheat 12.5 Winter wheat 8.3 Winter wheat 
​ ​ 11.6 Maize ​ ​ 8.3 Maize
​ ​ 11.6 Winter wheat ​ ​ 8.3 Winter wheat

Table 2
Overview on the number of dairy cattle and amount of manure production per year.

Cultivation Crop Rotation Maize DM [t/a] [59] Grass DM [t/a] [59] Feed requirement [t/cow] Number of cows Manure Production [m 3 /a]

Organic 1 280 160.35 3.99 110 1870
2 185 160.35 3.99 86 1463

Conventional 1 560 120.15 3.99 170 2890
2 371 120.15 3.99 123 2091
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However, during harvest, the day of the week is irrelevant. The working 
times are adjusted to 9 a.m. to 10 p.m. Harvesting will only proceed if 
there is less than 0.1 mm of rain recorded the day before and during 
harvest. Transportation of the harvest begins 1 h after the harvesting 
process and lasts for an additional hour. Silage compaction, on the other 
hand, starts 2 h after the chocking and continues for 2 h longer than the 
chocking process itself. During the harvest, an unlimited number of 
tractors are available, unlike the normal operation in which only two 
tractors are utilized. The rotation of the grass silage begins 1 h after 
mowing starts, while swathing occurs a day later and pressing takes 
place two days after mowing begins.

2.1.4. Modelling approach
The modelling of the alternative fuel production systems is per-

formed using oemof [57]. Oemof and its sub-package, oemof.solph, offer 
the possibility of creating linear optimization problems based on the 
represented energy system, which are described in more detail in the 
following sections. The package is useable in Python. Optimization was 
conducted using open-source solvers, like the COIN-OR Branch and Cut 
solver (CBC) and Solving Constraint Integer Programs (SCIP). CBC was 
prioritized here as it is recommended by oemof.solph and is established 
in energy system modelling. The optimization is performed over a 
defined timeframe, with a fixed timestep length; in this case the time-
frame is one year with hourly timesteps. A model built in oemof.solph 
consists of multiple components, including transformers, storages, sinks 
and sources, which are connected via buses. Buses and components are 
linked through flows, which can have multiple properties assigned, such 
as costs, minimal and maximal flow rates. The minimal system consists 
of a source, a sink and a connecting bus, allowing energy to enter, leave 
and flow through the system. Transformers can be used to convert the 
energy from one type to the other, e.g., a biogas plant converts the 
manure fed into the system, using electricity, into biogas. The input and 
output flows can change units, provided the implemented conversion 
factors account for these changes.

Oemof.solph can be employed for various types of optimizations. 
One option is the investment optimization, realized in this paper, where 
several components are optimized in terms of size, depending on de-
mand and the investment costs of individual components (detailed in

Appendix 1). In this study, the components are optimized for self-
consumption, as the sale of products while dimensioning the compo-
nents through the investment optimization led to infeasibilities, likely 
due to the infinite sale of the products resulting in an infinitely large 
size. Furthermore, the goal of this study is to examine the options of in-
house production of the self-consumed fuel. The term “size” refers to the 
unit of input/output flow, not area or volume. In a second simulation, 
actual selling prices are considered, allowing the system to produce fuel 
both for self-consumption and market sale. To facilitate comparison, the 
different fuel demands are calculated in kWh, considering the efficiency 
of each engine (diesel, biomethane and rapeseed oil) or fuel cell 
(hydrogen). The assumed conversion factors for the simulated system 

are presented in detail in Appendix 2. Some simplifications were made 
during the dimensioning process, which include neglection of distinct 
component sizes or minimal capacities, as well as necessary refuelling 
stations.

2.1.4.1. Hydrogen system. The simulated hydrogen system consists of 
multiple components, as shown in Fig. 2. The system set up is adopted 
from Nnabuife et al. (2024) [70]. To produce hydrogen, the system relies 
on renewable energy sources, specifically PV and wind power plants. It 
is assumed that the renewable energies cover the electricity demand and 
no grid connection is available for buying. The PV and wind inputs are 
based on the weather data retrieved in section 2.1.2, taking into account 
the efficiencies of PV plants (20 % module efficiency [71and95]% 

inverter efficiency [72]) to convert global irradiation into electricity. 
Similarly, the efficiency of wind power plants is considered, calculated 
based on wind speed and the performance curve of an assumed small 
wind power plant produced by Halbes Energji [73]. This approach is 
also applied to the implementation of PV and wind power plants as well 
as in the two other energy systems regarded in this study. These 
renewable energy sources generate electricity, which flows into the 
“electricity bus”. This bus is connected to two main components: an 
electrolyser and a battery. The electrolyser uses purified water (0.5 
L/kWh [74]) and electric energy (1 kWh electricity for 0.65 kWh 
hydrogen [75]) to convert it into hydrogen. The purification process of 
the water is included in the system, having an efficiency of 80 % of water 
usage [74], while the electricity demand is incorporated in the

Fig. 2. Schematic depiction of the simulated hydrogen production system in oemof [58].
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electricity demand of the electrolyser [75]. Following production, the 
hydrogen is compressed to 350 bar using 0.09 kWh of electricity to 
compress 1 kWh of hydrogen [76] and stored for later use in a 350 bar 
storage with an assumed loss of 2 % during charge and discharge. Losses 
of hydrogen storages are strongly dependant on the infrastructure 
available [77]. This assumption needs to be adapted when a specific 
system is simulated. The diesel option is not considered in this simula-
tion but is compared in section 3.1.

2.1.4.2. Biomethane system. The biomethane system is also depicted in 
oemof [57] and its schematic representation can be found in Fig. 3. The 
input to this system is the manure produced by the assumed number of 
dairy cattle on the farm, as described in section 2.1.1., flowing into the 
system with a continuous flow. The time spent by the cows on the 
meadow during summer, which reduces the manure input to zero during 
daytime, are neglected. The system set up is based on the one shown by 
Stinner et al. (2015) [78]. The manure can be either stored, where no 
loss rate is assumed, or excess manure can be removed from the fuel 
production system and directly used as fertilizer. After that it is pro-
cessed in the manure biogas plant, converting 1 m 3 of manure and 3.4 
kWh of electricity [79] into 256 kWh of biogas [78]. The produced 
biogas can be stored, with an assumed loss of 2 % during discharge or 
directly treated in a scrubber, which removes CO 2 and impurities from 

the biogas, leaving only methane [80] while getting 0.96 kWh methane 
from 1 kWh biogas using 0.0001 kWh of electricity. The purified bio-
methane is used as fuel in the combustion engine of the tractor. Addi-
tionally, PV and wind power plants provide the energy required for the 
production processes, such as fermentation stirring like described in the 
previous section. The grid is only available for selling excess energy and 
not to buy electricity. As without sink, the linear equation system would 
not prove feasible.

2.1.4.3. Rapeseed oil system. In addition to biomethane and hydrogen, 
plant oil produced from rapeseed is also considered as renewable fuel in 
this study. The simulated model, depicted in oemof [57], is shown in 
Fig. 4. The model is based on the system described by Remmele et al. 
(2009) [81]. The rapeseed is assumed to be stored in a silo throughout 
the year under beneficial conditions, maintaining consistent energy 
content. From this silo, rapeseed is extracted for pressing and post 
processing, which involves multiple filtering steps to achieve the 
necessary level of purity. This entire process is incorporated into the 
“rapeseed oil production” component, where 1 kg of rapeseed is con-
verted to 3.5 kWh of oil and 0.66 kg of press cake [82] using 0.06 kWh of 
electricity [83]. After production, the oil can be stored and used as 
needed to meet the fuel demand. Oil as liquid is much easier to store 
than biomethane or hydrogen. Here the usage of Intermediate Bulk 
Container (IBC) is assumed. No losses are assumed. Notably, the energy 
required for pressing etc. is sourced from PV and wind power plants, 
rather than generated by using the rapeseed oil itself or taken from the 
grid as already described in section 0.

2.2. Economic methods

The economic analysis of the different options (biomethane, rape-
seed oil, and hydrogen) is conducted from one perspective. The invest-
ment costs in the form of periodical costs (PCo) are compared directly to 
analyse the influences of individual components and their shares. For 
calculation, formula (1) is used [57], which considers PCo, weighted 
average cost of capital (WACC), investment costs (CAPEX), costs for 
operation and maintenance (OPEX) and lifetime (lt).

PCo = CAPEX + (OPEX*lt)*
WACC*(1 + WACC) lt

(1 + WACC) lt − 1
(1)

It is assumed that the WACC is 2 %, which corresponds to the interest

Fig. 3. Schematic depiction of the simulated biomethane production system in oemof [58].
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rate of the European central bank, currently at 2.25 % since April 2025 
[84]. Subsidies for individual components or systems are not integrated 
into the calculation of the component/system costs.

2.3. Sensitivity analysis

A sensitivity analysis evaluates how variations in inputs influence 
model outputs [85]. The most important and uncertain inputs of this 
simulation are the assumed costs. Here, each component's cost is indi-
vidually adjusted by increasing from 10 % to 200 % in 10 % increments, 
and the simulation's resulting component sizes are recorded. To explore 
interdependencies, the analysis also examines how cost changes of the 
electrolyser – an exemplary component – affect the sizes of the other 
components in the system.

2.4. Land use

In addition to the economic analysis, land use is also examined in this 
study. The specific area used on each farm is considered, not considering 
the land area required for the biogas plant, electrolyser, and oil press, as 
it is considered insignificant compared to the land required for energy 
inputs. Therefore, the focus is laid on comparing the inputs required for 
production, including electricity from PV and wind power plants, 
rapeseed, and manure, which are determined by the optimization pro-
cess instead.

3. Results and discussion

This study provides a comprehensive scenario analysis. However, the 
presentation of each single scenario in detail would go beyond the scope 
of this paper. Therefore, the main trends and findings have been pointed 
out and are reflected here.

To facilitate comparison and analysis, a base scenario was estab-
lished as a reference point (see Fig. 1). It serves as a standard against 
which other adapted scenarios can be compared. The base scenario is set

in Kiel, where conventional farming is practiced employing the four-
element crop rotation. The specifications are applied to all three 
renewable fuels which are being examined.

3.1. Periodical costs

For a first assessment, the periodical costs of each alternative fuel 
option are compared to each other, as well as to changes in input pa-
rameters (location, cultivation and crop rotation). Fig. 5 provides an 
overview on the effects of the parameter variations for each fuel type. 
The figure is divided into three parts: a) rapeseed oil, b) biomethane and 
c) hydrogen. The costs are presented as PCo, which consider the total 
investment costs, the costs for operation and maintenance, lifetime, and 
split the costs into the costs per year (see formula (1)). Upon examining 
the differing scales and base scenario lines, it is evident that the annu-
ities for rapeseed oil production fall within the lowest range (13–15 T€/ 
a), followed by biomethane with annuities ranging from 50 to 57 T€/a. 
Hydrogen has the highest PCo, ranging from 75 to 88 T€/a. The dash-
dotted line in the figure illustrates the costs that would have been 
incurred if the fuel demand had been met with conventional diesel fuel, 
assuming a price of 1.7 €/l [86], resulting in total costs of approx. 6360 
€/a. Notably, diesel can be purchased at this price at a standard gas 
station. Although German farmers are entitled to a rebate of approx. 21 
cents per litre, as subsidy from the state [40]. This analysis does not 
consider such or other subsidies. Should the state opt to support one 
technology, this would necessitate adjusted simulations.

A comparison of the cost ranges of the alternative fuels analysed in 
this study with the current diesel expenses reveals that the alternatives 
are not yet competitive. Notably, the use of diesel would be approx. 58 
%, 89 %, and 92 % less expensive than constructing in-house fuel pro-
duction systems for rapeseed oil, biomethane, and hydrogen respec-
tively, when compared to the base scenario costs. Furthermore, the 
potential revenue generated from the sale of additional products pro-
duced by these facilities would not significantly alter the economic 
landscape. The rapeseed oil price is so low, that any potential earnings

Fig. 4. Schematic depiction of the simulated rapeseed oil production system in oemof [58].

L. von Rüden et al. Energy 346 (2026) 140239 

7 



from its sale would be negligible. In the case of biomethane, annual 
earnings of approx. 1800 € could be realized, but this would not sub-
stantially alter the picture. Similarly, the sale of additional hydrogen 
would only generate around 730 € per year.

3.1.1. The base scenario
Analysing the individual components reveals the primary cost 

drivers for each fuel option. The leftmost bars in Fig. 5 represent the base 
scenario in its most cost-effective configuration.

The PCo of rapeseed oil production in the base scenario are primarily 
driven by the cost of rapeseed, which accounts for approx. 81 % of the 
total costs. Although not a component itself, the rapeseed inputs are 
considered as costs, as when they are used for fuel production the

revenue for sale is lost. In total 39 % of the rapeseed harvested are 
consumed by the fuel production. Looking at the remaining PCo, the 
press has the highest share with approx. 8 %, followed by the PV power 
plant (5 %), the oil storage (4 %) and the battery (2 %). It needs to be 
considered that the actual sizes of the components are small. The press is 
able to produce approx. 22 kWh/h (2.6 l/h), which is very little and not 
available on the industrial market [81]. As the electricity is only used for 
the operation of the press, a PV power plant with a capacity of in total 
11.5 kWp combined with a 3-kWh battery storage is the optimum in the 
base case. In comparison, the oil storage is quite large with a capacity of 
3.6 m 3 . However, as the storage is assumed to be made of intermediate 
bulk containers (IBC), the periodical costs of approx. 240 €/container 
[87], are low in comparison to the other components. To be cost

Fig. 5. Fuel and scenario-specific PCo for rapeseed oil, biomethane and hydrogen, including the cost distribution of the fuel specific components for the base scenario 
(location: Kiel, cultivation: conventional, crop rotation (rapeseed, maize, maize, winter wheat) and the adapted scenarios where one parameter is altered. Location: 
changed from Kiel to Munich, Cultivation: modification from conventional to organic, crop rotation: adaption from the crop rotation with four elements to the crop 
rotation with six elements as shown in Table 1. Please be aware of the varying scales of the subfigures.
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comparative with diesel, the annual rapeseed oil production costs would 
need to reduce by approx. 60 %. As the main cost driver is the rapeseed 
input, a falling rapeseed price would be the only option to make this 
system competitive, if there is no increase of the current diesel price, due 
to shortages, rising CO 2 prices etc.

For biomethane production, manure is a necessary input that is 
assumed to be freely available from the dairy cattle on the farm as a by-
product of milk production. The biogas plant's processing converts this 
manure into a more valuable fertilizer, achieving a higher nutrient 
retention [88]. The two key components are the biomethane storage (42 
%) and the biogas plant (36 %) followed by smaller investments in PV 
(12.5 %) and wind power plants (2.3 %), biogas processing to methane 
(2.2 %), battery (1.5 %), biogas storage (1 %) and a compressor (2.5 %). 
Similarly to the oil scenario, the sizes of the individual components are 
small. The biogas plant produces approx. 19.4 kWh/h of biogas. Biogas 
plants sizes are usually measured in kW of the connected combined heat 
and power plant (CHP), not giving the amount of biogas produced. 
Therefore the size of this biogas plant is converted into kW producible by 
an imaginary CHP, which is, depending on the efficiency of the CHP a 
5.4 kW e to 9.1 kW e plant [66]. A 507-kWh biogas storage is imple-
mented. Therefore, the biogas processing unit can wash 51 kWh of 
biogas per hour, with a downstream compressor, which can compress 
the same amount of biomethane. The biomethane storage is large and 
can store 23,901 kWh of biomethane. Regarding the renewable energies, 
a 100 kWp PV and a 1.4 kW wind power plant in combination with a 
10-kWh battery storage complete the biomethane production system. To 
be a cost competitive solution compared to diesel, the costs of the 
components would need to reduce by approx. 90 % or the price to 
purchase diesel would need to rise by 9.5 times.

For the hydrogen production system, renewable electricity plays a 
crucial role. As such, the PV power plant has the highest share of the PCo 
at 42 % with an approximate size of 480 kWp. Surprisingly, in the high 
wind area of Kiel in this scenario the optimal solution does not consider 
the build-up of wind turbines. The second highest PCo is associated with 
the hydrogen storage, accounting for 38 % of the total PCo and having a 
capacity of approx. 20,600 kWh, which is equivalent to a volume of 26 
m 3 at 350 bar (800 kWh/m 3 [89]). The electrolyser accounts for 19.6 % 

of the PCo and has a capacity of 41 kW electric producing approx. 26 
kWh of hydrogen per hour. The remaining components play a minor role 
in terms of PCo. The water filtration system is not shown in Fig. 5 as it 
accounts only for 0.07 % of the PCo while processing 10.4 L per hour. 
The compressor can process approx. 26 kWh of hydrogen per hour and 
accounts for 0.4 % of the total PCo. As hydrogen is the most expensive 
technology in this comparison, the annual production costs would need 
to be reduced by 93 % or the diesel price would need to increase by 13.5 
times. However, the PV power plant is the highest cost driver, and many 
farms already have a PV power plant installed, which is currently losing 
the compensation for electricity fed into the grid by the German state, as 
it is only temporary. These power plants could be used for hydrogen 
production and thereby significantly reduce the total investment costs.

3.1.2. Location
One variation of the base scenario is the change in location from the 

area around Kiel, a city in northern Germany, to Munich, which is 
approx. 850 km south. This alteration in location leads to different 
weather conditions, integrated in the simulation. The irradiation in 
Munich is increased by 16 % compared to Kiel, while the amount of wind 
is reduced by approx. 44 %. As a consequence, new optima emerge for 
investments in PV and wind power plants as well as batteries. The an-
nuities for this scenario are depicted in Fig. 5 with the second bars from 

the left, for the respective fuel in a) to c).
Regarding rapeseed oil production, a change in location has only a 

minor influence on the PCo. The share of renewable energies in overall 
PCo is small, and reducing PV by 1 kWp has no significant impact as well 
as the reduction of press size by 5 %, due to the more constantly 
available irradiation and thereby electricity. The amount of rapeseed

needed for production remains the same, but weather conditions differ 
between locations. This leads to varying rapeseed yields per ha. How-
ever, there is no clear picture showing an increased yield at one location 
compared to another, when averaging yields from 2018 to 2023 [90]. 

Fig. 5 b) shows the biomethane production system PCo for two sce-
narios: the base scenario (leftmost bar) and the scenario in which the 
farm is located in Munich. The location of the farm has little influence on 
the optimal sizing of the system, but does lead to some changes due to 
the electricity usage in the compressor etc. Overall, costs are reduced by 
approx. 2.8 %. A key difference between the two scenarios is the size of 
the methane storage, which is reduced by 7 % in the Munich scenario. 
This is because the higher availability of solar irradiation allows for 
better timing of biogas plant operation, making a smaller methane 
storage sufficient. Additionally, there is no wind power plant in the 
Munich scenario, and the PV power plant has a similar size to the base 
scenario but with a 36 % increased battery size.

When producing green hydrogen, the renewable power plants play a 
significant role, and therefore, the location of the farm has a major 
impact on the total PCo. In the case in which the farm is located in 
Munich the total PCo are reduced by 7.5 % compared to the base sce-
nario. This reduction is mainly caused by the decrease in size of the PV 
power plant by 13 %. The higher solar energy production during spring 
and autumn allows for a better adaptation of hydrogen production to 
demand, resulting in a reduction of approx. 2 % in the size of the 
hydrogen storage. Notably, no battery is used in either of the scenarios.

3.1.3. Cultivation
The second variation of the base scenario is a change in cultivation 

method, which has a minor impact on the total amount of fuel needed, 
with a slight decrease of approx. 0.5 %. However, this change affects the 
timing and peak demands of the fuel and particularly during harvest 
time the peak is lower. The demand in spring and autumn time becomes 
more continuous. The influence on the respective investments per fuel is 
depicted in the third bar from the left in Fig. 5.

When comparing rapeseed oil production under conventional versus 
organic cultivation methods, there are only minor changes in the PCo. 
The main differences are a 0.5 % reduction in the amount of rapeseed 
needed for the production in the organic case, and an investment in a 
wind power plant combined with a reduction in the PV power plant and 
battery size. This is most likely due to the higher demand for electricity 
during spring and autumn months under organic cultivation. However, 
the share of the respective components is minor, meaning it has no major 
influence on the total PCo.

For biomethane production, switching to organic cultivation has a 
significant impact, reducing the total PCo by approx. 14 %. The bio-
methane storage and the biogas plant are the main cost drivers, and their 
sizes are affected by this change. The size of the biogas plant decreases 
by 19 %, while the methane storage is not influenced. However, the 
lower peak demands allow for a smaller biogas plant to meet these 
needs. Furthermore, the organic cultivation method eliminates the need 
for a wind power plant as the fuel consumption aligns better with solar 
irradiation, while the PV plant can be reduced by 32 %.

For hydrogen production, switching to organic cultivation has the 
opposite effect compared to biomethane production, increasing the total 
PCo by 15 %. This increase is mainly due to the addition of a small wind 
power plant with a capacity of 27.5 kW, which is necessary to account 
for the changed energy demands. As renewable energy is the only input 
for the electrolyser, the production is dependent on weather conditions. 
The organic cultivation method leads to higher demand in spring and 
autumn, and reduced peaks in summer. As a result, the sizes of the 
electrolyser and PV power plant are reduced by 20 %, while the 
hydrogen storage is even reduced by 26 %. However, the reductions in 
PCo are outweighed by the increased costs of the additional wind power 
plant.
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3.1.4. Crop rotation
The last variation of the base scenario involves changing crop rota-

tion from four elements (rapeseed, twice maize and winter wheat) to a 
new crop rotation with six elements (rapeseed, thrice winter wheat and 
twice maize). This change has a significant impact on the fuel needed for 
cultivation, as each crop has specific fostering demands. The second 
crop rotation results in approx. 9 % lower fuel demand due to slightly 
shifted and lower peak demands. The harvesting periods of rapeseed, 
winter wheat, and maize are staggered throughout July and September. 
As a result, the PCo for all three fuel production systems decrease in this 
scenario (see Fig. 5, rightmost bar).

For rapeseed oil production this has the highest impact on the 
calculated PCo. The reduced fuel consumption leads to a corresponding 
decrease in the amount of rapeseed needed for production, with a linear 
reduction of 9 %. However, since all components of the system account 
for less than 20 % of the annual costs, due to the high influence of the 
rapeseed need, the adapted investments are not significant.

For biomethane production, the total PCo are reduced by approx. 4.5 
%. The most significant reduction is seen in methane storage size, which 
decreases by about 30 %, due to the reduced peak fuel consumption and 
changed fuel consumption distribution throughout the year. Other

components also change, with a notable increase of 118 % in the biogas 
storage size, but this has a minor impact on the overall periodical costs. 

For hydrogen the total PCo are reduced by 5 %. This reduction is due 
to the linear decrease of 9 % in all components except for the hydrogen 
storage. The hydrogen storage size increases by 2 %, which has a sig-
nificant influence on the overall PCo. The reason for this increase is the 
misalignment between consumption and solar irradiation, when no 
battery is used. This leads to a need for a larger hydrogen storage to 
ensure that production can keep up with demand.

3.2. Range of the component sizes

In the previous section, the influence of individual parameters was 
described in detail. However, the simulation was conducted for a much 
broader range of options. Fig. 6 provides an overview of the component 
size ranges for each energy system, highlighting the most crucial com-
ponents. The red point indicates the size of the respective component in 
the basis scenario, while the black point represents the average size of 
the component across all scenarios. If the black point is not visible, it is 
because it overlaps with the red point. The grey bar illustrates the range 
of component sizes, with percentages at the edges of the bar indicating

Fig. 6. Overview on the component sizes variation regarding all simulated scenarios. The red point depicts the base scenario and the black point the average over all 
the scenarios. The grey bar shows the variations, while the percentages give an indication of the minimal and maximal deviation from the average. The size refers to 
the respective provided energy of the component per hour or the storage capacity.
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the deviation of the minimum and maximum size from the average. The 
size refers to the respective provided energy of the component per hour 
or the storage capacity.

Fig. 6 reveals that, across all examined scenarios, all depicted com-
ponents are consistently used, except for the wind power plant, which is 
rarely invested in, as indicated by the low average point. However, when 
an investment in wind power does occur it tends to be at the upper end of 
range, which is, when looking at the scales, with a maximum of 27 kW in 
the hydrogen scenario, very small.

Examining the rapeseed oil figures in section a) of Fig. 6, it is evident 
that the base scenario consistently exceeds the average point, with the 
notable exception of no investment in a wind power plant. The 
component size ranges are relatively narrow, particularly for the rape-
seed input, which is considered as component and is linearly dependant 
on the fuel demand. Similarly, for the PV, battery, oil storage and press 
exhibit limited variability, with a maximum deviation of 18 % from the 
average. The oil storage component displays the highest variability. 
Likely due to its status as the cheapest component per unit in this energy 
system.

In the biomethane scenario, the most striking observation is that the 
base scenario and average values coincide for the biogas plant, the 
biogas processing and the compressor. In contrast, the base scenario 
values for methane storage, PV and wind size exceed the average, likely 
due to the high fuel demand in this scenario. The battery size in the base 
scenario is below the average, as the relatively large PV and wind power 
plants reduce the need for electrical storage.

In the hydrogen system, a pattern similar to the other scenarios

emerges, with the base scenario component sizes exceeding the average 
values across all scenarios. Notably, the hydrogen storage size is nearly 
at the maximum of the range. No wind power plant is used in this 
scenario.

3.3. Sensitivity of the model to periodical cost adaptations

The PCo are assumed based on various literature sources. However, 
in real-life, a price reduction (e.g. due to economies of scale) or increases 
in PCo (e.g. due to rising material costs or to inflation) can occur. 
Therefore, an analysis of the reaction of the optimization system's 
response to changes in prices of single components (ranging from − 90 % 

to +100 % of the assumed price, in 10 % increments of the assumed PCo) 
is conducted. All components that are available for investment across all 
systems (PV, wind and battery) are analysed as well as core components 
of the systems. For the oil production, these include the oil press and oil 
storage; for the hydrogen systems the electrolyser and hydrogen storage; 
and for the biomethane system the biogas plant, biogas cleaning unit, 
and biogas and methane storage. The main goal of the optimization is in 
the sensitivity analysis as well as in the other simulations to meet the 
assumed fuel demand. The respective sensitivities are depicted in Fig. 7 
a) to c), while d) illustrates the effects of changing the PCo of one 
component (exemplified by the PCo change of the electrolyser) on other 
important components of the system.

Regarding rapeseed oil, as depicted in Fig. 7 a), it is evident that the 
battery, PV and oil press exhibit similar behaviour. A 90 % cost reduc-
tion leads to an increase in size ranging from 90 % to 120 %, whereas a

Fig. 7. Sensitivity analysis for the variation of periodical costs regarding the different fuel types a) rapeseed oil production b) biomethane production and c) 
hydrogen production whereas d) represents exemplary the effects of the periodical cost variation of the electrolyser in the hydrogen production on the other 
components in the respective system. Please be aware of the varying scales of the subfigures.
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100 % increase in cost results in reduced sizes of 25 %–55 %. In contrast, 
the oil storage is relatively economical, and the percentage change in 
costs does not lead to a noticeable change in size. The wind power plants 
behaviour could not be displayed, as there is no wind power plant 
constructed at the assumed costs. Nonetheless, when the costs are suf-
ficiently low, a wind power plant is indeed built. Specifically, at 10 % of 
the original costs, a 4-kW plant is constructed, whereas no wind power 
plant is built when the costs reach 90 % of the original PCo or higher. 

The biomethane system is illustrated in Fig. 7 b). To enhance the 
figures expressiveness, the y-axis has been broken to display two 
different scales. Notably, the wind power and biogas storage exhibit 
extremely large sizes, exceeding 1000 %, when the costs are reduced by 
90 %, as they are dimensioned very small in the first place. As the wind 
and PV power plants are the two alternatives for electricity production, 
this significant increasement in the size of the wind power plant leads to 
a corresponding 70 % reduction in PV capacity. Conversely, when the 
PCo are 30 % higher than assumed, the optimal system no longer in-
cludes a wind power plant. The biogas storage serves as buffer between 
the biogas plant and biogas processing into biomethane. Interestingly, 
when the costs are reduced to 10 % of the original value, the biogas 
storage's increased size results in a 50 % smaller biogas plant and a more 
continuous biogas production throughout the year. In contrast, the 
remaining components exhibit much lower inclinations, with the biogas 
processing and the biogas plant demonstrating a relatively minor 
response to price reductions.

Examining the hydrogen system (Fig. 7 c)), it is evident that the PV 
power plant exhibits the highest inclination rate. Notably, the wind 
power plant as well as the battery are not depicted, as they are only 
constructed, when the prices reach 40 % or 80 %, respectively, of the 
assumed prices. In contrast, the hydrogen storage is relatively insensible 
to changes in PCo, similar to the oil storage. A size reduction of 20 % 

occurs only when the PCo are increased by 90 %.
The effect of electrolyser size on other system components is illus-

trated in Fig. 7 d). As the electrolyser size increases, the required PV 
capacity decreases. This is because the electrolyser can more efficiently 
utilise periods of high solar irradiation, resulting in a slight increase in 
storage requirements.

It is striking to note that cost reductions generally have a more sig-
nificant impact than equivalent cost increases. This suggests that the 
system components are already near their minimum required size to 
meet the demand, indicating, that further reductions in size would not 
be feasible without compromising performance.

3.4. Degree of utilization of the components

While the previous sections focused on investment optimization, this 
does not provide insight into the degree of capacity utilization 
throughout the year. Table 3 provides an overview of the percentage of 
the hours per year during which the core components of each system are 
utilized, as well as the percentage of the capacity utilization when in use. 
This is presented for both options: self-consumption and additional 
selling.

An examination of Table 3 reveals that the hours of usage and ca-
pacity utilization of the production units increase when the fuel is pro-
duced not only for self-consumption but also for sale on the market. This 
trend is most pronounced for the biogas plant, where manure is 
constantly supplied at no cost and electricity demand is relatively low. 
Additionally, the presence of a battery allows for bridging periods with 
no solar irradiation or wind. This usage pattern appears more realistic, 
as biogas plants cannot be started up quickly or frequently due to the fact 
that the microorganisms involved in the process cannot be simply 
switched on and off [91]. The electrolyser's operating hours are con-
strained due to the absence of wind power plants and the reliance on PV 
power plants without battery storage. Consequently, hydrogen produc-
tion is limited to the periods with solar irradiation, which account for 
approximately 52 % of the hours in a year. In the two other scenarios

(biomethane and rapeseed oil) there are batteries and partially wind 
power plants available to extend the operating hours.

Fig. 8 shows the hydrogen storage levels throughout the year for the 
self-consumption-only scenario.

It is evident that the storage is necessary, particularly during harvest 
time when fuel demand is high. The figure illustrates that this is a long-
term storage with minimal fluctuations. High seasonal peaks in 
hydrogen demand occur during autumn, particularly coinciding with 
harvest activities, when solar irradiation has already declined. Conse-
quently, energy must be stored over extended periods – often several 
months – requiring seasonal storage capacity. In contrast, battery stor-
age is typically used for daily charge and discharge cycles, enabling 
more stable, day-to-day hydrogen production. However, batteries alone 
cannot address the seasonal imbalance between solar availability and 
demand. Therefore, even with battery integration, a hydrogen storage 
system remains essential for seasonal buffering. This explains the 
absence of battery investment in the hydrogen-based scenario, as the 
primary storage challenge is seasonal rather than daily. In contrast, the 
battery storage in the oil system is subject to daily charging and dis-
charging, depending on the photovoltaic electricity production. Con-
necting to the grid would make hydrogen production less weather-
dependent, potentially leading to reduced storage capacity re-
quirements and increased electrolyser usage times.

3.5. Land use

In addition to economic aspects, other factors such as land use are 
crucial when evaluating fuel alternatives. Fig. 9 provides an overview of 
the land needed for production, focusing only on the land used directly 
at the farm, including e.g. PV power plants or the area used for rapeseed 
cultivation. Land use is considered in relation to the total land available 
per farm, which is 100 ha.

For the hydrogen production option in the base scenario, very little 
land is required, with about 2570 m 2 needed for PV power plants. This 
represents a relatively small percentage of the total land available, 
around 0.26 %. Additionally, previous research [10] shows that many 
farms already have existing PV power plants (e.g. on rooftops) or po-
tential ones, without reducing their agricultural area.

For the biogas scenario, the land needed for PV is lower compared to 
other options, as it is not the main driver of land use. The production of 
manure has the highest influence on land use in this scenario. The 
calculation of the area needed to produce manure is based on the 
number of dairy cattle required to generate that amount of manure, 
assuming that the manure itself is the primary product of interest. The 
analysis only considers the area needed on the farm to produce the basic

Table 3
Overview on the capacity utilization of the single components as comparison 
between the only self-consumption and the surplus selling for the basis scenario.

Self-Consumption Self-Consumption and Sale

Hours in use 
during the 
year [%]

Mean capacity 
utilization [%]

Hours in use 
during the 
year [%]

Mean capacity 
utilization [%]

Oil Press 51 % 84 % 57 % 84 %
Oil Storage 82 % 47 % 48 % 23 %
Battery 31 % 42 % 33 % 60 %

Biogas Plant 57 % 57 % 94 % 80 %
Biogas
Storage

54 % 54 % 42 % 76 %

Biogas
cleaning

34 % 34 % 57 % 55 %

Methane
Storage

57 % 57 % 42 % 39 %

Electrolyser 46 % 50 % 52 % 56 %
Hydrogen
Storage

82 % 39 % 58 % 32 %
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feed for the dairy cattle, and does not account for areas in other parts of 
the world where the raw material for concentrated feed is produced. 
Taking this into consideration, biogas emerges as the least area-effective 
option, with a total area usage of approx. 11 % of the available land. 

For the rapeseed oil scenario, the largest land requirement is the 
cultivation of the rapeseed, accounting for approx. 6.5 % of the total 
farm area. In all scenarios the land required can be met with the rape-
seed production, without needing to buy additional rapeseed. The area
needed for solar energy production is negligible at 62 m 2 .

Comparing the three fuel options shows that hydrogen has the least 
impact on the land use. When the PV is built for example as an agri-
voltaic system, the land use minimizes even further [92]. This is 
particularly important to consider, as studies indicate that suitable land 
for agriculture is not uniformly available across all regions [93].

3.6. Discussion

A review of the research question reveals that for economic aspects, 
oil produced from rapeseed is consistently the most profitable alterna-
tive to diesel in all scenarios. This aligns with the existing number of 
decentralized rape oil mills in Germany, which was at 585 in 2007 [94]. 
Additionally, retrofitting tractors to use rapeseed oil is already a viable 
option in practice [25]. However, the tax reduction of agriculturally 
used diesel is not accounted for in this study, which would further

reduce the diesel price by an average of 21 cents per litre [95]. This 
advantage is unique to diesel and not applicable to other fuels like 
rapeseed oil. Furthermore, Germany currently imports rapeseed, as 
consumption exceeds production. This means that an increased demand 
from farmers producing their own fuel could drive up rapeseed costs, 
making the use of this fuel less advantageous or reduce the available 
land for the production of other crops.

Fig. 5 highlights the influence of the location, cultivation and crop 
rotation on the PCo of the different fuel options. Looking at the rapeseed 
oil PCo, they are influenced only slightly by these factors. The most 
important cost driver is the rapeseed input, which remains constant as 
long as fuel consumption does not change. Therefore, crop rotation has 
the greatest impact on rapeseed PCo. Regarding hydrogen, the location 
has the highest influence on the PCo, primarily due to high electricity 
needs and the differing efficiency of the renewable energies due to 
changes in weather conditions. For biomethane, cultivation is the most 
significant factor, driven by the reduced peak demands.

The land required for hydrogen production is extremely small, 
mainly due to the fact that only land is needed for PV and wind power 
plants. In comparison, the area required for hydrogen production is less 
than 1 % of the areas needed for the other alternatives. The area needed 
in biomethane production is based on the amount of basis feed produced 
on the farm to feed dairy cattle, where the focus is on manure as the 
primary product.

Fig. 8. Hydrogen storage content and fuel demand of the base scenario in the course of the year (starting at the 01 st of January) for the self-consumption of hydrogen.

Fig. 9. Land use comparison of the average of all scenarios for the three fuels, hydrogen, biomethane and rapeseed oil.
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Other studies have typically focused on a single fuel concept without 
comparing different diesel-replacing fuel options. However, some 
studies like Remmele et al. (2014) [23] have explored expert opinions, 
which suggest that combustion engines using biodiesel and plant oil are 
seen as the future. This is consistent with the present study's findings on 
economic aspects, which show that rapeseed oil is the most economical 
alternative. Additionally, B¨ ohm et al. (2024) [39] found that wind and 
PV have the least impact on the land use and GHG emissions compared 
to biogas. These findings are confirmed by the present study, which 
extends the analysis to include rapeseed oil and focuses specifically on 
fuel production.

The simulation presented in this study employs oemof, a linear 
optimization framework, to determine the optimal system configura-
tion. The model calculates this configuration based on demand profiles, 
which are derived from the assumptions regarding the farm's opera-
tional schedule and the diesel calculations provided by the KTBL [59], as 
well as the assumed cost parameters. Variations in these cost parameters 
may influence the selection of component sizes, as demonstrated in 
section 3.3. However, the simulation does not explore alternative system 

designs – such as varying types of rapeseed presses or different elec-
trolyser configurations – primarily because incorporation of such vari-
ations would extend beyond the scope of this study. While such 
alternatives exist, their inclusion would not significantly alter the core 
findings, as the optimization remains constrained by the fixed demand 
requirements and the absence of external fuel sources. Consequently, the 
results exhibit only marginal variability, as the system must fulfil de-
mand under the given assumptions without relying on supplementary 
inputs.

The results of this study are based on various assumptions, particu-
larly regarding costs. The assumed costs are today's costs, as predicting 
cost development in future years is challenging due to uncertainty and 
variability of market conditions. The large consequences of changes in 
cost of the single components were analysed in section 3.3. Where the 
sensitivity analysis shows, that cost reductions generally have a higher 
impact on the component sizes than equivalent cost increases. This 
suggests that the system components are already near their minimum 

required size to meet the demand, indicating, that further reductions in 
size would not be feasible without compromising performance and the 
fulfilment of the fuel demand.

Some market trends could be observed apart for the results of the 
study: biogas and oil plants have already been built and are operational. 
In contrast, hydrogen technology is still in earlier stages and has not yet 
achieved widespread adoption, so it is expected to benefit from econo-
mies of scale as the industry grows [96]. In terms of economic aspects, 
there are further opportunities for cost reduction: oil production gen-
erates press cakes as a by-product (this would reduce the PCo by approx. 
3600 €/a, when assuming a selling price of 250 €/t [97]), which can be 
sold as protein feed for animals. However, the transport can reduce the 
profit. Similarly, hydrogen production generates oxygen as a 
by-product, which could also be used or sold to reduce costs. Never-
theless, there are no oxygen demands on the farm site and transportation 
is very expensive so most oxygen usages focus on the on-site usage [98]. 
Furthermore, subsidies by the state could also shift the picture.

Farms already have experience with collaborative arrangements, 
such as machinery rings, in which they pool resources to purchase 
expensive equipment and share its use. A similar concept could be 
applied to renewable fuel production. This collaboration could lead to 
several benefits. Increased demand would drive up production volumes 
and reduce costs per kWh. Larger system sizes can be more efficient and 
cost-effective than smaller ones. Additionally, higher utilization rates for 
machinery would be achieved, as the optimal sizes calculated by the 
simulation are relatively small compared to typical system sizes.

The optimal system sizes calculated by the simulation may not be 
readily available on the market, so in a real-life implementation, it 
would be necessary to adapt the sizes to larger and more realistic values. 
This could increase PCo. Additionally, some environmental aspects were

not considered, as for example the usage of water, e.g. the water 
consumed by the plants. This aspect requires further investigation, as 
highlighted by Azma et al. (2021) [99], who emphasise the importance 
of locally specific groundwater availability in assessing the feasibility of 
such systems.

Additionally, the analysis of storage usage in section 3.4 reveals that 
the final product storages are long-term storages, providing the oppor-
tunity to store the required fuel for peak demands during harvest time. 
Integrating the fuel production system into the farm's overall energy 
system, taking into account electricity and heat demand, or collabo-
rating with another entrepreneur with a more consistent fuel demand 
could significantly increase the utilization of the production units and 
lead to lower prices per unit.

This study focussed on a single average farm, but it is also important 
to consider the applicability of these fuel concepts for the entire country. 
In Germany, approx. 2 billion litres of diesel are used every year in the 
agricultural sector [15]. Converting this to alternative fuel concepts, 
when incorporating the efficiency of the respective fuel, we get: 2.07 
billion litres of rapeseed oil, 20.4 billion kWh of biogas or 12.2 billion 
kWh of hydrogen. This would translate into a significant increase in land 
use for rapeseed production, exceeding the current amount of rapeseed 
produced in Germany by approx. 35 % and covering more than 1.6 
million ha [90]. The PV required for hydrogen would cover around 61, 
250 ha, while biomethane would require around 70 % of Germany's 
dairy cattle manure (considering the calculations of section 3.5, this is 
equivalent to 2.5 million ha of land for basis feed of the cattle, with 
conventional farming and 2.3 times the size for organic farming), with 
Germany having a total agricultural area of approx. 17 million ha for 
agricultural usage [100].

This leads to the conclusion that rapeseed oil might seem to be the 
most cost-effective option, but it is no feasible solution for every farm as 
the demand would exceed the produced amount and lead to shortages e. 
g. for rapeseed in nutrition and land transformation towards mono-
culture. Thereby, the assumed prices are expected to increase as well. 
This would lead to considerable discussion about plants used for nutri-
tion versus plants used for transportation purposes. This could especially 
be the case as the demand for rapeseed oil could only be met with 
German production by 48 % in 2022 [101].

Regarding biomethane, if effectively used, the amount of dairy cattle 
in Germany could meet the demand of the agricultural machinery and 
would simultaneously upgrade the manure. However, there is a trend 
towards a decreasing number of cattle [102], which could lead in future 
to a gap between production and demand for manure. Additionally, 
arable farms without animals do not have the option to use their own 
manure and would need to buy the required biogas. Approximately one 
third of the manure produced in Germany is already used in biogas 
plants. Currently, there are 9600 biogas plants operating in Germany, 
producing 5600 MW of electricity [103]. However, retrofitting these 
existing plants to produce biomethane for fuelling purposes seems un-
likely, especially considering that many of them already have accom-
panying CHP plants to produce electricity.

For hydrogen production, less area is needed. Furthermore, the 
simulation mostly considered electricity production via PV power 
plants, but wind is even more land efficient [39]. In addition to that, 
there are many old and new PV concepts that do not or only minimally 
use agricultural land – usage on rooftops, agrivoltaics [104], floating PV 
[105] etc.

4. Conclusion

In a nutshell, either a mixture of all the three renewable fuel options 
should be used or the focus should be upon biomethane and hydrogen, 
as hydrogen is very land efficient and there is enough manure at the 
moment to meet the fuel demand with biomethane. Rapeseed oil is the 
most economic option; however, the demand could not be met with the 
existing rapeseed production. None the less, a system with one single
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fuel, as it is right now with diesel, has several advantages, e.g. 
compatibility between different farms, as well as single structures for 
exchange and transportation. Therefore, hydrogen seems to be the best 
option as it is producible by any farm type (with animals or without) and 
faces the smallest land competition due to efficient PV and wind power 
plants. However, battery storages are important to increase the oper-
ating hours of the electrolyser during the year and make it more inde-
pendent of the irradiation and wind available. With economies of scale 
and rising prices for fossil fuels, it can become more economically 
attractive in future. Furthermore, it can be post processed into synthetic 
fuel. This approach would allow for a gradual transition to a more sus-
tainable energy source while minimizing disruptions to existing infra-
structure and operations.

5. Outlook

This research provides a solid base for future studies, which could 
extend the topic in several ways. For instance, the simulation could be 
expanded to include not only fuel demand but also heat and electricity, 
creating a more comprehensive, sector integrating concept. Addition-
ally, by focusing on individual farms, this study provides a valuable basis 
for exploring community-based energy production concepts with shared 
resources, which could potentially lead to higher profitability.

CRediT authorship contribution statement

Lea von Rüden: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Methodology, Investigation, Formal analysis, 
Conceptualization. Barbara Satola: Writing – review & editing, Project 
administration, Conceptualization. Michael Kr¨ oner:Writing – review & 
editing, Supervision, Project administration, Conceptualization. Martin 
Vehse: Writing – review & editing, Supervision, Conceptualization. 
Alexander Dyck: Supervision. Carsten Agert: Supervision.

Usage of generative AI

The authors utilized Generative AI technologies for language opti-
mization during the preparation of this work. After using this tool, the 
authors reviewed and edited the content as needed and take full re-
sponsibility for the content of the publication.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Appendix 1. Overview on the periodical costs of the different components of the systems and the costs for the fuels

Component CAPEX 
Source

Unit OPEX
Source

Unit Year Source Lifetime
[years]

Source Factor Unit Source Cost
[€/kWh]
Reference
year

Cost [€/kW] 
2020

Cost [€/kW] 
2024

Diesel – – 1.771 €/l 2024 [86] – – 9.96 kWh/l [106] 0.18 0.14 0.18
Green Hydrogen 350
bar

– – 9 €/kg 2023 [107] – – 33.33 kWh/kg [108] 0.27 0.22 0.28

PV 900 €/kW 13.3 €/kW 2024 [109] 30 [110] – – – 913.30 737.03 913.30
Wind 6250 €/kW 3750 €/kW

lifetime

2021 [111] 20 [112] – – – 10,000.00 9690.00 11,560.17

PEM 

Electrolyser 
2503 €/kW 50.06 €/kW year 2024 [96] 20 [113] – – – 3504.20 3146.77 3504.20

Li-Ion Battery 1000 €/kWh 0 ​ 2022 [114] 12.6 [115] – – – 1000.00 898.00 1071.31
Compressor 3800 €/(kg/

h)
114 €/(kg/h)a 2024 [116] 20 [116] 33.33 kWh/kg [108] 182.42 147.21 182.42

Hydrogen
Storage

450 €/kg – – 2024 [116] 20 [116] 33.33 kWh/kg [108] 13.50 10.90 13.50

Rape Oil production - 
decentral

1320.416 €/(kg/
h)

26.40832 €/(kg/h) 2007 [81] 14 [117] 3.5 kWh/kg
Raps

[81] 1690.13
[€/kg]

1948.72
[€/kg]

2324.83
[€/kg]

Rape oil storage 0.41 €/l – – 2024 [87] 14 [117] 11.316 kWh/l [81] 0.04 0.03 0.04
Manure Storage 136 €/m 3 – – 2024 [118] 20 [119] – – – 136.00 109.75 136.00
Manure Biogas Plant 7100 €/kW 284 €/kW 2017 [79] 16 [119] – – – 11,644.00 12,063.18 14,391.38
Biogas Storage 450 €/kg – – 2024 [116] 20 [116] 33.33 kWh/kg [108] 13.50 10.90 13.50
Methane 0.1197 €/kWh – – 2024 [120] – – – – – 0.12 0.10 0.12
Biogas Processing 1300 €/Nm 3 39 ​ 2022 [121] 16 [119] 6.25 kWh/m3 [66] 307.84 276.44 329.79
Methane Storage 450 €/kg – – 2024 [116] 20 [116] 33.33 kWh/kg [108] 13.50 10.90 13.50
Water Filtration 45900 €/m 3 – – 2020 [75] 20 – – – – 45,900.00 45,900.00 54,758.70
Water Storage 410 €/m 3 – – 2024 [87] 14 [117] – – – 410.00 330.87 410.00
Rape Oil 1095 €/t – – 2024 [122] – – 10443841 kWh/t [81] 0.000105 0.000085 0.000105

Appendix 2. Efficiencies of the utilized components

Component Bus Conversion factor Unit Source

Electrolyser electricity 1 kWh [75]
Electrolyser hydrogen 0.6529 kWh [75]
Electrolyser Clean water 0.0005 m 3 /kWh e [74]
Battery inflow 1 ​ [123]
Battery outflow 0.8600 ​ [123]
Water filtration Tab water 1 m 3 [74]
Water filtration Clean water 0.8 m 3 [74]

(continued on next page)
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(continued )

Component Bus Conversion factor Unit Source

Water filtration electricity 0 ​ incorporated in electrolyser [75] 
Water storage inflow 1 ​ ​
Water storage outflow 1 ​ ​
compressor electricity 0.09 kWh [76]
compressor Hydrogen in 1 kWh [76]
compressor Hydrogen out 1 kWh [76]
Hydrogen storage inflow 1 kWh ​
Hydrogen storage outflow 0.98 kWh ​
Fuel cell hydrogen 1 kWh [124]
Fuel cell Fuel kWh 0.6 kWh [124]
Diesel engine Fuel kWh 0.4 kWh [124]
Diesel engine diesel 1 kWh [124]
Manure storage inflow 1 ​ ​
Manure storage outflow 1 ​ ​
Biogas plant manure 1 m 3 [78]
Biogas plant electricity 3.44 kWh [79]
Biogas plant biogas 156.25 kWh [78]
Biogas storage inflow 1 kWh ​
Biogas storage outflow 0.98 kWh ​
Methanisation biogas 1 kWh [80]
Methanisation electricity 0.0001 kWh [80]
Methanisation methane 0.96 kWh [80]
Methane storage inflow 1 kWh ​
Methane storage outflow 0.98 kWh ​
Methane engine methane 1 kWh [125]
Methane engine Fuel kWh 0.42 kWh [125]
Rapeseed storage inflow 1 ​ ​
Rapeseed storage outflow 1 ​ ​
Rape oil production rapeseed 1 kg [82]
Rape oil production oil 3.5 kWh [82]
Rape oil production Press cake 0.66 kg [82]
Rape oil production electricity 0.06 kWh [83]
Oil storage inflow 1 ​ ​
Oil storage outflow 1 ​ ​
Oil engine oil 1 kWh [126]
Oil engine Fuel kWh 0.4 kWh [126]

Data availability

Data will be made available on request.
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[1] Bundesamt Statistisches. Primärenergieverbrauch. https://www.destatis.de 
/DE/Themen/Gesellschaft-Umwelt/Umwelt/Glossar/primaerenergieverbrauch 
-inland.html; April 29, 2024.

[2] Crosson P, Shalloo L, O'Brien D, Lanigan GJ, Foley PA, Boland TM, et al. A review 
of whole farm systems models of greenhouse gas emissions from beef and dairy 
cattle production systems. Anim Feed Sci Technol 2011;166–167:29–45.

[3] Blázquez CS, Borge-Diez D, Nieto IM, Maté-Gonz´ alez MÁ, Martín AF, González-
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Ölgewinnungsanlagen: handbuch. second ed. Gülzow: Fachagentur
Nachwachsende Rohstoffe; 2009.

[83] Fachagentur Nachwachsende Rohstoffe e. V. (FNR). Pflanzen¨ olkraftstoff. https 
://biokraftstoffe.fnr.de/kraftstoffe/pflanzenoel/; April 14, 2025.

[84] Dressler D, Engelmann K, Serdjuk M, Remmele E. Raps¨ olkraftstoffproduktion in 
Bayern: analyse und Bewertung ̈  okologischer und ̈  okonomischer Wirkungen nach 
der ExpRessBio-Methode. Straubing..

[85] European Central Bank. Key ECB interest rates. https://www.ecb.europa.eu/stats 
/policy_and_exchange_rates/key_ecb_interest_rates/html/index.en.html; May 20, 
2025.

[86] Tarantola S, Ferretti F, Lo Piano S, Kozlova M, Lachi A, Rosati R, et al. An 
annotated timeline of sensitivity analysis. Environ Model Software 2024;174: 
105977.

L. von Rüden et al. Energy 346 (2026) 140239 

17 

http://refhub.elsevier.com/S0360-5442(26)00341-5/sref25
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref25
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref26
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref26
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref26
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref26
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref27
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref27
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref27
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref28
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref28
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref28
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref28
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref29
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref29
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref29
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref29
https://www.bmel-statistik.de/landwirtschaft/bodennutzung-und-pflanzliche-erzeugung/oelsaaten
https://www.bmel-statistik.de/landwirtschaft/bodennutzung-und-pflanzliche-erzeugung/oelsaaten
https://www.bmel-statistik.de/landwirtschaft/bodennutzung-und-pflanzliche-erzeugung/oelsaaten
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref31
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref31
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref31
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref32
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref32
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref32
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref32
https://www.agrarheute.com/technik/traktoren/weltneuheit-lng-traktor-tankt-fluessiges-biogas-601230
https://www.agrarheute.com/technik/traktoren/weltneuheit-lng-traktor-tankt-fluessiges-biogas-601230
https://www.agrarheute.com/technik/traktoren/weltneuheit-lng-traktor-tankt-fluessiges-biogas-601230
https://agriculture.newholland.com/de-de/europe/produkte/traktoren/t6-methane-power
https://agriculture.newholland.com/de-de/europe/produkte/traktoren/t6-methane-power
https://press.lectura.de/de/article/neuer-biomethan-traktor-von-valtra-im-test-bei-lfl-und-tfz/9138
https://press.lectura.de/de/article/neuer-biomethan-traktor-von-valtra-im-test-bei-lfl-und-tfz/9138
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref36
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref36
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref37
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref37
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref38
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref38
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref39
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref39
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref39
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref39
https://www.agrarheute.com/technik/traktoren/agrardiesel-koennen-traktoren-wasserstoff-fahren-616294
https://www.agrarheute.com/technik/traktoren/agrardiesel-koennen-traktoren-wasserstoff-fahren-616294
https://www.agrarheute.com/technik/traktoren/agrardiesel-koennen-traktoren-wasserstoff-fahren-616294
https://www.deutz.com/de/produkte/wasserstoffmotoren/
https://www.liebherr.com/de-de/n/liebherr-raupenbagger-mit-wasserstoffmotor-feiert-weltpremiere-27130-3704916
https://www.liebherr.com/de-de/n/liebherr-raupenbagger-mit-wasserstoffmotor-feiert-weltpremiere-27130-3704916
https://www.jcb.com/de-de/campaigns/hydrogen
https://www.wochenblatt-dlv.de/feld-stall/energie/wasserstoff-fuer-traktoren-alternative-treibstoff-573043
https://www.wochenblatt-dlv.de/feld-stall/energie/wasserstoff-fuer-traktoren-alternative-treibstoff-573043
https://www.wochenblatt-dlv.de/feld-stall/energie/wasserstoff-fuer-traktoren-alternative-treibstoff-573043
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref45
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref45
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref45
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref46
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref46
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref46
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref47
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref47
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref48
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref48
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref48
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref49
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref49
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref49
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref50
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref50
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref51
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref51
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref52
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref52
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref52
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref53
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref53
https://www.umweltbundesamt.de/themen/klima-energie/klimaschutz-energiepolitik-in-deutschland/treibhausgas-emissionen/die-treibhausgase
https://www.umweltbundesamt.de/themen/klima-energie/klimaschutz-energiepolitik-in-deutschland/treibhausgas-emissionen/die-treibhausgase
https://www.umweltbundesamt.de/themen/klima-energie/klimaschutz-energiepolitik-in-deutschland/treibhausgas-emissionen/die-treibhausgase
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref55
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref55
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref56
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref56
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref57
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref57
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref57
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref58
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref58
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref58
https://daten.ktbl.de/vrpflanze/home.action;jsessionid=8AC32723B0E6C5E5E9E0A4A312942460
https://daten.ktbl.de/vrpflanze/home.action;jsessionid=8AC32723B0E6C5E5E9E0A4A312942460
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref60
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref60
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Feldfruechte-Gruenland/Tabellen/oekologisches-dauergruen-ackerland.html
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Feldfruechte-Gruenland/Tabellen/oekologisches-dauergruen-ackerland.html
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Feldfruechte-Gruenland/Tabellen/oekologisches-dauergruen-ackerland.html
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Feldfruechte-Gruenland/_inhalt.html
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Feldfruechte-Gruenland/_inhalt.html
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Feldfruechte-Gruenland/_inhalt.html
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref63
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref63
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref64
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref64
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref65
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref65
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref65
https://biogas.fnr.de/daten-und-fakten/faustzahlen
https://biogas.fnr.de/daten-und-fakten/faustzahlen
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref68
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref68
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref68
http://climate.onebuilding.org
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref70
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref70
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref70
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref71
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref71
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref71
https://www.nrel.gov/pv/cell-efficiency
https://www.nrel.gov/pv/cell-efficiency
https://photovoltaik.org/photovoltaikanlagen/solarzellen/photovoltaik-wirkungsgrad
https://photovoltaik.org/photovoltaikanlagen/solarzellen/photovoltaik-wirkungsgrad
https://www.wind-turbine-models.com/turbines/2596-halbes-1-kw
https://www.wind-turbine-models.com/turbines/2596-halbes-1-kw
https://www.get-h2.de/wp-content/uploads/geth2_factsheet_wasserverbrauch_elektrolyse.pdf
https://www.get-h2.de/wp-content/uploads/geth2_factsheet_wasserverbrauch_elektrolyse.pdf
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref76
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref76
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref76
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref76
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref77
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref77
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref78
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref78
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref78
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref79
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref80
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref80
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref81
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref81
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref81
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref82
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref82
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref82
https://biokraftstoffe.fnr.de/kraftstoffe/pflanzenoel/
https://biokraftstoffe.fnr.de/kraftstoffe/pflanzenoel/
https://www.ecb.europa.eu/stats/policy_and_exchange_rates/key_ecb_interest_rates/html/index.en.html
https://www.ecb.europa.eu/stats/policy_and_exchange_rates/key_ecb_interest_rates/html/index.en.html
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref86
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref86
http://refhub.elsevier.com/S0360-5442(26)00341-5/sref86


[87] Allgemeiner Deutscher Automobil-Club e.V. (ADAC). Spritpreis-Entwicklung: 
Benzin- und Dieselpreise seit 1950. https://www.adac.de/verkehr/tanken-
kraftstoff-antrieb/deutschland/kraftstoffpreisentwicklung/#spritpreise-die-
letzten-24-monate; August 27, 2024.

[88] Jungheinrich PROFISHOP AG & Co. KG. IBC-Container, standard-ausführung. 
https://www.jh-profishop.de/IBC-Recobulk-Gefahrgut-Ausfuehrung-UV-Schu 
tz-229660-232575/; June 27, 2024.

[89] Zietz R. Düngung: Gärreste statt Gülle einsetzen. https://www.agrarheute.com 

/energie/strom/duengung-gaerreste-statt-guelle-einsetzen-555953; May 16, 
2025.
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[101] Umweltbundesamt. Fläche. https://www.umweltbundesamt.de/daten/flaeche 
-boden-land-oekosysteme/flaeche/struktur-der-flaechennutzung#die-wichtigsten 
-flachennutzungen; September 05, 2025.

[102] Bundesanstalt für Landwirtschaft und Ernährung. Versorgungsbilanz 2022: 
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