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Abstract 

The use of electric fuels (e-fuels) enables CO2-neutral mobility and opens therefore an alternative to fossil-fuel-
fired engines or battery-powered electric motors. This paper compares the cost-effectiveness of Fischer-
Tropsch diesel, methanol, and hydrogen stored as cryogenic liquid (LH2) or in form of liquid organic hydrogen 
carriers (LOHCs). The production cost of those fuels are to a large extent driven by the energy-intensive 
electrolytic water splitting. The option of producing e-fuels in Germany competes with international locations 
with excellent conditions for renewable energy harvesting and thus very low levelized cost of electricity. We 
developed a mathematical model that covers the entire process chain. Starting with the production of the 
required resources such as fresh water, hydrogen, carbon dioxide, carbon monoxide, electrical and thermal 
energy, the subsequent chemical synthesis, the transport to filling stations in Germany and finally the energetic 
utilization of the fuels in the vehicle. We found that the choice of production site can have a major impact on 
the mobility cost using the respective fuels. Especially in case of diesel production, the levelized cost of 
electricity driven by the full load hours of the applied renewable energy source have a huge impact. An LOHC-
based system is shown to be less dependent on the kind of electricity source compared to other technologies 
due to its comparatively low electricity consumption and the low cost for the hydrogenation units. The length 
of the transportation route and the price of the filling station infrastructure, on the other hand, clearly increase 
mobility cost for LOHC and LH2. 
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1. Introduction 
 
The energy supply of most economies in 2019 is strongly dominated by fossil fuels. In order to 
achieve the 2° target formulated in the Paris Climate Agreement, this share must be drastically 
reduced [1]. In many applications, fuel substitution by direct electrification is possible and 
reasonable. Examples are the use of heat pumps to provide heating for buildings or battery-powered 
mobility systems for individual transport in the short- and medium-haul segment [2]. 
In other sectors it is much more difficult to replace fossil fuels. Especially in some segments of the 
mobility sector, liquid fuels have considerable advantages over batteries due to their high energy 
density and simple re-fuelling systems. This applies in particular to aviation and shipping, but also 
to non-electrified railway lines, trucks, building machines, mining machines and cars on long-haul 
journeys [3–5]. The sustainable synthesis and use of these fuels can be an appropriate way to 
defossilize the abovementioned applications. For this purpose, established fuels such as diesel, 
kerosene or methane can be used, or new fuels, such as hydrogen, methanol, ammonia or dimethyl 
ether may be established. 
Synthetic fuels can be produced in a number of different ways [6]. In this paper, we examine the 
generation of synthetic fuels using hydrogen from electrolytic water splitting. The production of so-
called electrofuels, electric fuels or e-fuels is highly energy-intensive. Hence the electricity costs are 
of considerable importance for the total costs of the fuels. It may therefore be an interesting option 
to produce the fuels at locations where the the levelized cost of renewable electricity are particularly 
low and high capacity utilization rates (CUP) are to be expected. The energy-dense fuels can then 
be transported to the world's energy consumption centres at comparatively low costs. This paper 
therefore compares different locations with regard to their suitability for low-cost e-fuel production 
und transport to Germany and also distinguishes between four widely discussed e-fuel candidates. 
Niermann et al. [7] and Reuß et al. [8] compare the transport cost for different e-fuel like compressed 
or liquid hydrogen, N-ethylcarbazole, dibenzyltoluene, 1,2-dihydro-1,2-azaborine, formic acid,  
methanol, naphthalene, toluene for different transport distances. Niermann et al. focus on the long-
distance transport via tanker or pipline and Reuß et al on the supply of hydrogen filling stations by 
pipeline and truck. However, these studies do not cover hydrogen production or the energetic 
utilisation of e-fuels. The influence of the production site for the water electrolysis and the 
production of different fuels is analyzed in [9–11] for sites like Brazil, Morocco, Egypt, Somalia, 
Iceland or the German Bight. In [12–17] fuel cost are calculated in specific case studies. For 
example, in Heuser et al. [12] the LH2 transport from Patagonia to Japan is investigated, in Gulagi 
et al. [13] the transport of liquid synthetic natural gas from Australia to East Asia or in Teichmann 
[15] the hydrogen transport from Canada to Germany via liquid hydrogen or as carbazole LOHC 
system. Timmerberg and Kaltschmitt [16] show the transport of H2 from North Africa to Europe via 
pipeline. 
An analysis of the energetic utilisation of different e-fuels in light duty vehicles is provided in Runge 
et al. [18] or Bongartz et al. [19]. In Bongartz et al. hydrogen production is not part of the study, but 
the influences of hydrogen purchasing cost are varied in a sensitivity analysis. Runge et al., on the 
other hand, focus on hydrogen production under the assumption of different electricity market 
designs in Germany.  
This paper reports a techno-economic investigation of the production of e-fuels in seven regions 
worldwide, which are excellent for different kinds of renewable energies. The e-fuels examined are 
diesel, methanol and hydrogen, whereby the latter is transported either bound to a dibenzyltoluene 
(H0-DBT)/perhydrodibenzyltoluene (H18-DBT) Liquid Organic Hydrogen Carrier (LOHC) system 
or as cryogenic liquid at -253°C. The economic comparison of the fuels is finally based on the 
mobility cost. We define these as fuel costs incurred by a 100 km drive with a compact car. The 
decision to evaluate mobility cost and not only e.g. the heating value based cost of fuels is motivated 
by the fact that both, the filling station set-up and the propulsion system, differ drastically between 
the technologies. In our opinion, a comparison of the e-fuels with each other is only valid if the 
complete chain up to the power train is evaluated. The resulting mobility cost are only valid for the 
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compact car described. However, the relative performance is also meaningful for heavier cars, buses, 
trucks or trains by scaling. 
For the evaluation of the mobility cost we set up a mathematical model, which covers the complete 
process chain, from the electricity generation in the different regions over the fuel production up to 
the transport of the fuels to the filling stations in Germany and the energetic utilization in the car. 
The result is a process design optimized for location and fuel, which provides information about the 
best interplay of different technologies and applications. 
The paper is organised as follows. Section 2 introduces the seven different production sites. Section 
3 briefly explains all model relevant process steps and summarizes all necessary assumptions before 
the mathematical model is schematically presented in Section 4. The results are finally shown and 
interpreted in section 5. 

2. Production sites 

The production sites considered in this paper are primarily selected for their excellent conditions for 
various renewable energies. At the same time, good access to the sea is necessary to transport the 
fuels by tanker to the consumption centres in other parts of the world1.  In arid areas access to the 
sea is also needed to produce fresh water for electrolysis. In addition, a low population density and 
thus low local energy demand is essential in order to produce surpluses for export. Regions where 
there had been serious political unrest in the past were also excluded from this study. The selection 
made considers the regions shown in Figure 1. 
 

Patagonia in Argentina (2) and Karas in Namibia (5) represent scenarios, which are strongly linked 
to a specific renewable energy technology: While Patagonia is one of the most promising locations 
for wind energy, the State Karas in Namibia is known for its very high solar radiation. The Egypt 

 
1 To simplify matters, we assume that the ports already exist and that no further investment, e.g. in pumps, is necessary. As 
other studies, e.g. Heuser et al 2019 [12], show, the costs for this infrastructure are comparatively low even for liquid 
hydrogen. 
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Figure 1. Production sites considered in this study on a PV-potential map in electricity output (Solar 
resource data obtained from the Global Solar Atlas, owned by the World Bank Group and provided by 
Solargis [1] )  
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scenario on the Gulf of Suez (6) and West Australia (7) combines high wind speeds and good solar 
radiation. Labrador in Canada (3) and Iceland (4) have beside very good wind conditions a very high 
potentials for hydropower. In addition, Iceland (4), just like the Atacama Desert (1) is known for its 
attractive geothermal sites. 

3. Process steps and Calibration of undelying parameters 

The geographical remoteness of the production locations makes it necessary to provide all the 
required resources for the production of e-fuels such as electrical and thermal energy, hydrogen, 
carbon dioxide and monoxide on site. By-products like water, unwanted products of Fischer-Tropsch 
synthesis such as C1-C4 gases or waste heat are reused in the processes wherever possible. The 
relevant technologies at each process step are described in the sections 3.1-3.6 below. The indicated 
cost, which include capital expenditures (CAPEX), operational expenditures (OPEX) as well as cost 
for fresh water, dibenzyltoulene, fuel, electricity and heat, are always stated without taxes and levies. 
The given CAPEX are converted into annuities at an interest rate of 6%. If conversion from US-
Dollar (USD) to Euro is required, a rate of 1.3  USD/€ is assumed. The annual operating costs 
(OPEX) are always given in relation to the investment costs per year. All values are forecasts for 
the year 2035 at an assumed today's price level. For the year under review we assume that all 
technologies have reached the technology readiness level (TRL) of 8 from 9, which means that the 
actual systems were proven in operational environment [20]. The reference value for thermal energy 
is always the lower and never the higher heating value. 

3.1. Electricity supply 
The model set up allows five different technologies for renewable electricity generation. At any 
location, the production of electricity via wind turbines and PV systems is possible. A Nordex 
N131/3000 wind turbine with 3 MW and a hub height of 149 m is assumed as the reference wind 
power installation. Today, such so-called low-wind turbines are not suitable for locations with an 
average wind speed of more than 10 m/s. Nevertheless, it is assumed that technological progress in 
turbine construction will make it possible to use such turbines for significantly higher wind speeds 
in the future [10]. For the PV system, we distinguish between cheaper but tilted modules and slightly 
more expensive systems that follow the sun along a horizontal axis. The optimal tilt of the panels 
for the fixed modules has been derived from Jacobson and Jadhav 2018 [21].  
The hourly-based generation profiles for the variable renewables were calculated with the open 
license online tool Renewables.ninja, which provides sufficient accuracy [22]. Since electricity 
generation from renewable energies such as wind and sun depends on the weather and therefore the 
hourly capacity utilization rates and the annual equivalent full load hours can vary greatly, we always 
choose the year in which the equivalent annual full-load hours deviate least from the mean value of 
all five years considered (2014-2018). The resulting annual equivalent full-load hours for all 
generation technologies at each production location are shown in Table 1. For hydro and geothermal 
power plants a constant production with a capacity rate of 91%, or 8000 full load hours, has been 
assumed [9].  
 

Table 1. Equivalent full-load hours for renewable energies 

 longitude latitude Wind PV 
(tilted) 

PV 
(tracked) Hydro Geo-

thermal 

1. Atacama Desert in Chile - 70 - 25 3031 2218 3139 0 8000 
2. Patagonia in Argentina - 69 - 48 6136 1574 2097 0 0 
3. Labrador in Canada - 63 57 5056 1166 1459 8000 0 
4. Iceland - 17 64.5 5264 858 1088 8000 8000 
5. Karas in Namibia 17 - 27 3687 2067 2842 0 0 
6. Gulf of Suez in Egypt 34 28 4959 1939 2592 0 0 
7.West Australia 117 - 26 4763 1884 2466 0 0 
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Model-relevant parameters for the different renewable electricity production technologies are listed 
in Table 2 
 

Table 2. Assumptions for renewable energies 

 Wind PV (tilted) PV (tracked) Hydro Geothermal 

CAPEX [9,14] 1 260 €/kWel 718 €/ kWel 790 €/ kWel 2 389  €/ kWel 2 434 €/ kWel 

OPEX [9] 2.50 %/a 1.50 %/a 1.50 %/a  2.50 %/a 2.00 %/a 

Lifetime Period [9] 20 a 25 a 25 a 50 a 30 a 

 
In order to flatten fluctuations in electricity production, the electrical energy can either be curtailed 
or buffered in batteries located near the generation plants. After production and eventual storage, the 
electrical energy is transported 200 km via transmission line to the e-fuel production site near the 
port. If a Fischer Tropsch process is assumed, light gases (C1-C4) are formed as by-products. These 
can be stored and used in a gas turbine to generate electricity and thus compensate fluctuating 
electricity generation from variable renewable sources. Model-relevant assumptions regarding the 
batteries, transmission lines and converter stations are given in Table 3. 
 

Table 3. Assumptions for electricity transport and storage 

 Battery Transmission line Converter 
pair station 

C1-C4 
Storage 

Combustion 
turbine 

CAPEX [14,23–
26] 

125 €/kWhel 612 €/(MWel*km) 180 €/kWel 50 €/MWh 550 €/kWel 

OPEX [14,23–
26] 

3.00 %/a 0.85 %/a 1.00 %/a 2.00 %/a  3.00 %/a 

Lifetime Period 
[14,23–26] 

20 a 50 a 50 a 50 a 30 a 

Efficiency 
[14,23–26] 

97.00% 98.40%/1000 km 98.60%  43.50%  

 

3.2. Electrolysis 
The required hydrogen is produced by electrolytic water splitting. For economic and ecological 
reasons, part of the water demand will be covered by recycling from the various chemical processes, 
where water is formed as a by-product. In the water-rich regions of Patagonia, Labrador and Iceland, 
the remaining water is purchased for 0.5 €/m³. In the desert regions of Chile, Namibia, Egypt or 
Australia, seawater has to be desalinated. Two technologies are available in our model for this 
purpose. Either reverse osmosis (SWRO) or if sufficient waste heat is available a multi-effect 
distillation (MED) can be installed. A water tank can be used to regulate the water balance. 
 

Table 4. Assumptions for water desalination. 

 SWRO MED Water Tank 

CAPEX [26] 15 120 €/(m³*h) 18 888 €/(m³*h) 65 €/m³ 

OPEX [26] 4.00 %/a 2.74 %/a 1.30 %/a 

Lifetime [26] 30 a 25 a 30 a 

Electricity demand [26] 3 kWh/m³ 1.5 kWh/m³ - 

Heat demand [26] - 32 kWh/m³  - 

 
Two different electrolysis processes - alkaline electrolysis (AEL) and polymer membrane 
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electrolysis (PEMEL) are considered in our model for water splitting. After production, the 
hydrogen is either fed directly into the conversion plant or temporarily stored in a buffer tank. The 
pressure level of the tank varies between a minimum of 25 bar and a maximum of 60 or 80 bar, 
which corresponds to the cell pressure of the electrolysis. If the feed gas pressure of the reactor is 
above the pressure level of electrolysis or storage, a compressor is installed. All assumptions for the 
electrolyzers, tanks and compressors are listed in Table 5.  
 

Table 5. Assumptions for electrolyzers and CGH2 Tanks. 

 AEL PEMEL CGH2 storage Compressor 

CAPEX [3,27–30] 400 €/kWel 500 €/kWel 450 €/kgH2 730 €/kWel 

OPEX [3,29,30] 4 %/a 4 %/a 1 %/a 4 %/a 

Lifetime periode [8,12,29–
31] 10 a 10 a 30 a 15 a 

Efficiency [3,27,28] 68 % 72 %  variable2 

Pressure [3,27,28] 60 bar 80 bar 25 – 60 or 80 bar  

 

3.3. Carbon capture and H0-DBT 
In addition to hydrogen, CO2 is needed for the synthesis of methanol and diesel. Since fuel 
production takes place in remote areas and thus CO2 cannot be purchased from other processes such 
as ammonia, ethylene, steel or cement production [32], we assume that the gas must either be 
separated from ambient air with a direct air capture plant (DAC) or, if circumstances permit, from 
bioenergy. Due to the lower land use, the possibility of using it also in desert-like areas and the 
expected technology learning curve and the associated lower cost per ton, we concentrate on the 
DAC technology [33]. There are several technologies to separate CO2 from ambient, like membrane 
separation, cryogenic distillation, absorption or adsorption method. Due to the favourable economic 
perspective and the availability of waste heat, we assume an adsorption process based on an amine-
type solid sorbent [34,35]. With the help of fans, surrounding air is sucked into the open system. At 
ambient conditions, the CO2 binds to the solid sorbent. After closing the valves, the adsorbed CO2 
is released by increasing the temperature of the system to approximately 100°C [35]. After the CO2 
has been released, the sorbent can be cooled to ambient conditions again and is ready for another 
cycle.  The nearly pure CO2 stream (purity > 99%) [35] must either be compressed to reactor pressure 
for further use or, if not directly used, compressed to the assumed storage pressure. 

 
Table 6. Assumptions for carbon capture. 

 DAC-plant CO2 storage CO2 compressor 

CAPEX [35,36] 2 522 880 €/(tCO2*h) 220 €/ tCO2  224 615  €/(tCO2*h) 

OPEX [35,36] 4 %/a 2 %/a 2.5 %/a 

Lifetime [35,36] 28 a 50 a 30 a 

Electricity demand [35] 0.214 MWhel/tCO2  Variable1 

Heat demand [35] 1.393 MWhth/tCO2   

 
In order to set up an entire LOHC process chain, large quantities of the LOHC storage compound 
dibenzyltoluene (H0-DBT) are required. The amount of H0-DBT needed corresponds to the volume 
of all storage capacities in the entire supply chain. This applies to the fixed storage facilities at the 

 
2 The efficiency of the compressors varies between different technological compositions due to the different inlet and outlet 
pressures. 
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hydrogenation plant at the loading location, to the filling stations at the destination of hydrogen 
transport (in the destination in  Germany), but also to every ship and trailer. Since the number of 
ships and trailers and the size of the storage tank at the hydrogenation plant vary depending on the 
production location, the quantity cannot be determined in advance but is calculated in our model 
endogenously. Due to purification processes prior to each hydrogenation step, the H0-DBT is 
assumed to not lose any value over the assumed depreciation period of 20 years. Therefore, only the 
interest burden over these 20 years is considered as effective cost. In addition, there are annual costs 
caused by losses and thus necessary replacement of H0-DBT during the purification process, which 
are assumed to be 0.01% per full hydrogenation-dehydrogenation cycle [18]. The estimated cost of 
the H0-DBT for the year 2035 is 2 500 €/t [37]. 

3.4. Synthesis / Liquefaction 
The conversion of the feedstocks into the four different e-fuels Fischer Tropsch diesel (FTD), 
MeOH, hydrogen-rich LOHC (H18-DBT), and LH2 differs greatly among the technologies. 
For Fischer Tropsch-synthesis, a two-stage process is assumed in which CO is generated from CO2 
and H2 in a first step by reverse water gas-shift reaction (RWGS) according to equation 1. In a second 
step, the Fischer Tropsch-reaction follows, for which we assume a yield of 77% diesel and 23% light 
gases like C1-C4 after hydrocracking [38]. Dynamic operation of the Fischer Tropsch process chain 
is generally not possible. In order to achieve a certain flexibility, we assume several reactors which 
can be switched on and off individually. For our model we therefore assume a minimum partial load 
of 30%.  

  
 
CO! + 	H! ⇌ CO + H!O; 	ΔH" = +41 kJ mol#$     (1) 
 
CO + 	2	H! ⇀ −(CH!) − +H!O; 	ΔH" = −152 kJ mol#$    (2) 
 

The RWGS is an endothermic reaction that reaches almost full conversion at temperatures around 
830°C [39]. The energy required for this can be provided either by electric heating or by a gas burner, 
which is fired by the by-product gases of the FT-Synthesis. The efficiency of burner and electric 
heater is assumed to be 80% and 99 % respectively [40].  
 
Methanol production from H2 and CO2 can be carried out according to equation 3 in a single-stage 
process with a yield of almost 100% methanol, with the exception of the unavoidable by-product 
water [41]. The minimum partial load is set to 0% of the nominal load. This is based on the 
assumption that in 2035 a liquid absorption process [42,43] or process options with similar dynamic 
capabilities will be industrially available. 
 
CO! + 	3	H! ⇌ CH%OH + H!O; 	ΔH" = −50 kJ mol#$    (3) 
 

Compared to synthetic diesel or methanol, LOHCs offer the ability to store hydrogen without the 
use of CO2. Instead of CO2, a liquid organic compound is hydrogenated. The hydrogen-rich 
compound can easily be stored and transported in the existing infrastructure network for liquid fuels. 
On demand, the hydrogen is released in an endothermic dehydrogenation reaction and the hydrogen-
lean compound is ready for another hydrogenation cycle.  
The LOHC system dibenzyltoluene (H0-DBT)/perhydrodibenzyltoluene (H18-DBT) considered in 
this evaluation has a hydrogen capacity of 6.2 mass % [44]. However, the effective storage density 
can deviate from this value, since both, complete hydrogenation and dehydrogenation, are 
unfavourable due to lower productivities [45]. Therefore we assume a depth of discharge (≙ 
hydrogenation rate of the hydrogen-rich compound - hydrogenation rate of the hydrogen-lean 
compound) of 90 % [40], which leads to an effective storage density of 5.6 mass % or 1.87 kWh/kg. 
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H0-DBT + 9H2 ⇌ H18-DBT; 	ΔH" = −65 kJ mol#$    (4) 
 
H18-DBT ⇌ H0-DBT+ 9H2; 	ΔH" = +65 kJ mol#$    (5) 

 
Liquid hydrogen is produced by the cooling, expansion and liquefaction of hydrogen. The final 
product has a temperature of approx. 20 K and a volumetric energy density of 2.36 kWh/l [46,47]. 
The efficiency of the liquefaction process is strongly dependent on the load of the system. Since the 
underlying model is linear, we assume an average specific energy consumption of liquefaction of 
7.18 kWh/kg, which refers to a partial load of 75% according to the IDEALHY conceptual process 
design [48]. Compared to the other fuels investigated, which chemically bind hydrogen, losses in 
the form of boil-off must be taken into account for LH2. The following boil-off values are assumed:  

 
• Stationary tanks: 0.03%/day [49] 
• Tanker: 0.2%/day [50] 
• Reloading (tank at liquefier -> tanker; tanker-> tank at German harbour; tank at German 

harbour -> truck; truck->tank at filling station): each 2% [49]. 
 

Depending on the scenario and the distance from the production site to the German port, the total 
losses due to boil-off range between 12 and 15 %. 

 
Technical and economic assumptions for the various conversion processes are shown in Table 7.  

 
Table 7. Conversion process 

 
FTD MeOH 

H0-DBT 

Hydrogenation 

H18-DBT 

Dehydrogenation 
Liquefaction 

CAPEX3 [3,8,48] 183 €/kWout 137 €/kWout 51 €/kWout 839 €/kWout 493 €/kWout 

Lifetime period 
[15,48,51,52] 

20 a 20 a 20 a 20 a 20 a 

OPEX [3,40,48,53] 4 %/a 4 %/a 4 %/a 4 %/a 4 %/a 

Energy conversion 
efficiency [18,53] 

83.4 % 88.6 % 100 % 100 % (100 %) 

Losses [18,48,53–56] 17 % 10 % 1.33 % 0 % 1.65 % 

Reactor/Feed pressure 
[8,38,40,48,53,57] 

25 bar 75 bar 30 bar 2 bar 25 bar 

Min. partial load 
[18,42,43,48,58] 

30% 0% 0% 0% 25% 

Electricity demand 
[18,37,48,53,59] 

0.39 kWhel/kgH2 0.39 kWhel /kgH2 0.39 kWhel /kgH2 1.18 kWhel /kgH2 6.78 kWhel /kgH2 

 
While some of the described processes release thermal energy, others require heat. Therefore it 
makes economically sense to utilize as much waste heat as possible. Any additional heat demand 
must be produced in other ways. Heat at a medium temperature (MTH) of approximately 100°C, as 
required for both CO2 production and desalination by MED, can be covered by a variety of processes 
and sources. The various exothermic hydrogenation reactions take place at a temperature between 
230 and 250°C [38,41,44]. If in the case of FTD production a gas turbine is used to generate 

 
3 The investment costs are based on a plant capacity of 2 000 MW respectively 0.9 MW for the dehydration 
plant at the filling station. 
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electricity from the by-products of the Fischer-Tropsch process, the 610°C [60] hot exhaust gas can 
also be used as a heat source for the medium temperature level. If additional thermal energy is 
required, this can be covered by electrode boilers or large heat pumps. The latter use the 70°C [28] 
hot waste heat of the electrolysers and increase this to 120°C. In order to decouple the supply and 
demand, a sensible thermal energy storage system e.g. based on pressurized hot water or stone is 
used [61]. 
In the underlying model, heat must be continuously transferred from one medium to another. To 
simplify matters, it is assumed that all heat transfer units applied have an efficiency of 97.5 % [40].  
 

Table 8. Middle Temperature Heat (MTH) 

 Heat pump Electrode boiler MTH storage 

CAPEX  [10,26,35] 572 €/kWel 300 €/kWel 20 €/kWhth 

Lifetime [10,26,35] 25 a 20 a 30 a 

OPEX [10,26] 3% 2.5% 1.5 % 

COP/Efficiency [10,62] 4.5 99% 95% 

Self-discharge [26]   0.2 %/d 

 
Table 9 Model relevant temperatures 

 Temperature in°C 

Middle Temperature Heat (MTH) 

Heat pump_in 70 

Heat pump_out 120 

FT-Synthesis [38] 230 

MeOH-Synthesis [41] 250 

H0-DBT-Hydrogenation [44] 250 

Gas turbine_out [60] 610 

MTH-Storage_min 80 

MTH-Storage_max  120  

DAC regeneration [35] 100 

High Temperature Heat (HTH) 

Light gas burner (C1-C4) 1500 

RWGS [39] 830 

3.5. Transport 
The produced e-fuel, will be transported by tanker to the Bremerhaven seaport in Germany and from 
there by truck to the filling stations in the country. The first part of the route will be covered by 
conventional tankers for FTD, MeOH and H0-DBT/H18-DBT. Hydrogen transport as a cryogenic 
liquid requires ocean-going LH2 carriers, which do not exist on an industrial scale in 2020. For our 
analysis we therefore adopt the concept of Kawasaky Heavy Industries [50] which is slightly 
adjusted by Heuser et al. [12]. In order to achieve better comparability, we have equated the lifetime 
as well as the utilization of the two ship concepts. 
Beside CAPEX, OPEX and fuel cost, we assume expenditures for canal passage (Suez Canal: 93 
500 €/ship passage, panama canal:  80 500 €/ship passage) and harbour fees [63].  
After the arrival of the e-fuels in Bremerhaven, the fuels are reloaded into trailers and then 
transported by truck to their final destination.  
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Table 10 Assumptions for overseas and domestic transportation 

 Tanker (FTD, 
MeOH, H18-

DBT) 
Tanker (LH2) Truck 

Trailer (FTD, 
MeOH, H18-

DBT) 
Trailer (LH2) 

CAPEX  [7,8,12] 35 Mio € 500 Mio € 160 T€ 150 T€ 860 T€ 

OPEX [7,8,12] 5 %/a 2 %/a 12 %/a 2 %/a 2 %/a 

Lifetime [7,8]  15 a 15 a 8 a 12 a 12 a 

Net capacity [7,8,50] 75 000 t 11 360 t  28 t 4.3 t 

Un-loading time [7,8,12] 48 h 24 h  1.5 h 3 h 

Speed4 [7,12] 28 km/h 33 km/h 35-75 km/h   

Fuel consumption [7,8,12] 56 t/day 211 t/d 35 l/100 km   

Fuel cost5  653 €/t 653 €/t 0.66 €/l 0.66 €/l 0.66 €/l 

Utilization [7,8] 95 % 95 % 22.83 %  22.83 % 22.83 % 

3.6. Filling station 
We assume that sufficient e-fuel will be produced for 10% of the German passenger car fleet. The 
exact fuel demand can be calculated by the number of cars [66], the average kilometres driven per 
year [67] and the consumption of the vehicles (see below). The fuels are sold at filling stations, 
which are allocated to the 16 federal states of Germany according to the car share of each state (see 
Table 17 in the appendix). We estimate that a filling station will sell on average 50 000 000 km fuel 
equivalent as it does 2019 [18,68,69]. Assuming that one car re-fuels every 500 km, 274 re-fuelling 
operations are carried out daily at each filling station. The hourly demand reaches its peak between 
5 p.m. and 6 p.m. in which 8% of the daily operations occur [70]. Based on the average filling time 
of 7 minutes and the assumption that even at peak time only 50% of the dispensers are occupied 
[71], a number of 5 dispensers per filling station can be derived. In addition to the dispensers, the 
volume of the fuel tanks is also determined exogenously and amounts to 180 m³ for all technologies 
[72]. The cost of the diesel and methanol filling station are thus determined, since no further 
components are considered. In the case of H0-DBT/H18-DBT and LH2, on the other hand, the 
structure of the filling station is much more complex since in both cases gaseous hydrogen is filled 
in 700 bar vehicle tanks. 
The LH2 is compressed by an LH2 pump and then evaporated at a pressure of 950 bar [71]. The 
electricity consumption of LH2 pump and evaporator is assumed to be 0.1 respectively 0.6 
kWhel/kgH2 [70]. The gaseous hydrogen is then temporarily stored in a buffer tank with a pressure 
range of 875-950 bar [8]. Just before the filling process, the hydrogen is cooled to -40° C by a 
refrigeration equipment, consisting of a chiller and a heat exchanger, with a power consumption of 
0.27 kWhel/kgH2 [29]. 
In the case of H0-DBT/H18-DBT, the first step is to release the hydrogen from the H18-DBT in a 
dehydrogenation process. The heat required to cover the enthalpy of the reaction is purchased at the 
filling station for 40 €/MWhth [18] and is transferred to the system via a heat exchanger. Possible 

 
4 The speed depends for the truck transport on the distance travelled. It is assumed that from a distance of 200 
km the maximum speed of 75 km/h will be driven. For the distance between 0 and 200 km, the speed 
increases linearly from 35 to 75 km/h. The assumed distances from Bremerhaven to the filling stations are 
shown in Table 17 in the Appendix. The average speed for all trucks, weighted according to the number of 
filling stations in the various federal states, is 54 km/h and the average distance 469 km. 
5 It is assumed that the tanker runs on heavy fuel oil and the trucks on diesel fuel. In the period between 2013 
and 2017, the import prices in Germany were 98% for heavy fuel oil and 126% for diesel fuel compared to 
the import prices of crude oil [64]. This ratio is used to determine the fuel costs for 2035, when the crude oil 
price is assumed to be 664 €/t [65]. 
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sources for thermal energy could be natural gas, wood chips, electricity or solar thermal energy. 
After dehydrogenation, the gaseous hydrogen must be compressed from two bar reactor pressure to 
950 bar storage pressure, which requires 5.4 kWh/kgH2 [18] of electrical energy. From this step, the 
filling station design of a H0-DBT/H18-DBT filling station corresponds to that of an LH2 based one. 
The electricity prices at the filling station are based on hourly values. They are derived for the year 
2035 using a multilevel equilibrium model developed by some of the authors in Grimm et al. [73,74] 
and applied to the German electricity market in Grimm et al. [75]. The multilevel equilibrium model 
allows the analysis of the long-term effects of the regulatory framework (i.e. pricing rules at the 
electricity spot market, subsidization schemes for renewable energies, etc.) on transmission line 
expansion, and investments in electricity generation capacity, whereby the prospective long-term 
electricity prices arising endogenously. Taxes and levies on electricity were neglected due to their 
limited predictability. Instead, a CO2 price in the electricity sector of 51 €/tCo2 is assumed, which is 
consistent with the assumption of the scenario framework for 2035 of the German network 
expansion plan [76]. The resulting spot market prices have an average value of 60.39 €/MWh and a 
standard deviation of 29.49 €/MWh and can be studied in more detail in the supplementary 
information. 
Besides the filling station design, the e-fuels also differ in terms of energy utilisation in the vehicle. 
Data from the JEC Report [25] for the period 2020+ are used as a reference for consumption. A 
consumption of 14.96 kWh/100 km is given for hydrogen-powered fuel cell vehicles. For FT-diesel, 
on the other hand, a hybrid drive with a consumption of 24.31 kWh/100 km is assumed, whereby 
we assume that a methanol-powered car, which is not investigated in the cited study, should have 
comparable consumption like diesel [77–79]. The investment and other operating cost for the 
passenger car are neglected in this study. They should be at a relatively comparable level for hybrid 
and fuel cell technologies for the period under consideration in 2035 [4,80]. 

 
Table 11. Assumptions for the filling stations. 

 E-fuel tank  
FTD, MeOH 

or DBT 

E-fuel tank  
LH2 

Com- 
pressor 

LH2 pump Evaporator CGH2 tank 
@ 925 bar 

Refrigeratio
n equipment 

Dispenser 
hydrogen  

Dispenser 
FTD or 
MeOH 

CAPEX [29,30,37,71,81] 192 €/m³ 87 €/kg 1 846 €/kWel 1 538 €/kg/h 508 €/kg/h 762 €/kgH2  53 846 €/pc.  30 769 €/pc. 13 000 €/pc. 

OPEX [29,37] 3 % 2 % 4 % 3 % 3 % 1 % 2 % 1 % 1 % 

Lifetime period [29,37] 20 a 20 a 10 a 10 a 10 a 30 a 15 a 10 a 10 a 

 

4. Modelling of the cost-minimal setup of the process chain for different e-fuels and 
production sites 

In this section we describe the model that we establish to calculate the cost-optimal process design 
and to compare the locations and e-fuel technologies. We start with the selection and dimensioning 
of renewable producers and terminate at the optimized filling station design and its cost-minimal 
operation. The model, which can be followed step by step in the online supplement, is on an hourly 
basis and hourly values are determined for all 575 000 process variables (like loads, mass flows, 
filling levels etc.). 688 000 constrains control the mass and energy flows within and between the 
several process steps. The objective function, given in equation 6 minimizes the mobility cost 9:&,( 
of each of the fuels F∶= {FTD, MeOH, DBT, LH2} and production sites P∶= {Chile, Argentina, 
Canada, Iceland, Namibia, Egypt, Australia}.  
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9:&,( =
<= + <&,( + >&,( + =&,( + ?&,( + @&,(

AB
100C9

									for	all				G ∈ @,			J ∈ K			 

(6) 

The mobility cost 9:&,(  results from all expenses of the process steps involved and the total driven 
distance AB of 65 billion km per year. Table 12 shows all processes and applications as well as the 
purchased goods considered in the model. 

 
Table 12 Higher-level variables and sub processes 

Name Description Considered processes Considered purchased goods 

!"!,# Electricity 
supply 

Wind power, PV-power (tilted & tracked), 
hydropower, geothermal power, C1-C4 
tank , C1-C4 power plant, battery, 
transmission line 

 

!!,# Electrolysis Desalination plant (SWRO & MED), 
water tank, electrolysis (PEM & AEL), 
CGH2 tank, H2 compressor 

Fresh water 

#!,# Carbon capture 
/ H0-DBT 

Heat pump, electrode boiler, MTH 
storage, DAC plant, CO2 tank, CO2 
compressor 

H0-DBT 

"!,# Synthesis / 
liquefaction 

Synthesis & liquefaction plant, e-fuel tank   

$!,# Transport Transport via tankers, trucks and trailer  Heavy fuel oil, diesel oil 

%!,# Filling station e-fuel tank, dehydrogenation plant, LH2 
pump, evaporator, H2 compressor, CGH2 
tank, refrigeration equipment, dispenser  

Electrical & thermal energy 

 
The calculated mobility cost are to be seen as lowest achievable values under the assumed 
conditions. The model is based on a perfect foresight scenario whereby, for example, no safety stock 
of the different storage tanks is required. In addition, we consider a cost-based system without taxes 
and levies and without the consideration of strategic behavior. The reason is basically that taxes and 
levies cannot be foreseen and cost based outcomes will be most informative concerning the relative 
potential of the different technologies. The value of this work therefore lies -above all- in the relative 
comparison of the different e-fuels and production sites and the cost composition of mobility with 
these kind of fuels. 

5. Results 

Solving the model for all assumed e-fuels and sites lead to the results presented in Figure 42. The 
figure shows the mobility cost in €/100 km at different sites and for all considered technologies. The 
subsections then provide further details from our analysis. Section 5.1 describes global trends in the 
six considered cost categories Electricity supply, Electrolysis, Carbon capture / H0-DBT, Synthesis 
/ liquefaction, Transport and Filling station. In section 5.2.1 - 5.2.4 the effects of the individual 
production sites on the four considered e-fuels are examined in more detail. 
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5.1. General trends 
Figure 2 shows the mobility cost in €/100 km for all calculated scenarios. It can be seen that the 

use of synthetic diesel always leads to the highest mobility cost. This can mainly be attributed to the 
rather poor overall efficiency of the process chain. On the one hand, high by-product formation and 
material losses occur during production and on the other hand, the fuel is used less efficiently in a 
diesel engine compared to hydrogen which is fed to a fuel cell. Therefore, more electricity is needed 
as an input factor per 100 km driving distance than with the other technologies. This is reflected in 
the large bars for Electricity supply in which all expenses in the country of production for electricity 
generation, storage and distribution are summarised (see Table 12). 

Table 13 compares the energy consumption of all e-fuels per 100 km driving distance and details 
the kind of energy and the location of energy consumption for each e-fuel. The latter differs very 
clearly between the technologies. Since only negligible energy consumption is needed at the 
methanol and diesel filling stations, all energy required as an input factor is electricity in the country 
of e-fuel production. For H0-DBT/H18-DBT and LH2, a certain amount of electrical energy must 
be provided at the filling station in Germany. This is significantly higher for H0-DBT/H18-DBT 
than for LH2, which can be explained primarily by the energy-intensive compression of hydrogen. 
In addition to electrical energy, a H0-DBT/H18-DBT system also requires the purchase of thermal 
energy to drive the endothermic release of H2. 

 

Figure 2 Mobility cost of all fuels at all production sites 
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Table 13 Energy consumption for 100 km driven in kWh/100 km6 

 FTD MeOH H18-DBT LH2 

El. energy @ production site 72.29 47.31 21.47 27.20 

El. energy @ Germany 0 0 3.06 0.43 

Th. energy @ Germany 0 0 4.24 0 

Total 72.29 47.31 28.77 27.63 

 
Among the six categories shown in the chart, Electricity supply cost are often the dominant factor. 

In particular this applies to technologies with high electricity consumption in the country of 
production. The same applies to the Electrolysis and Synthesis / liquefaction, which must be 
designed on a relatively large scale for FTD and MeOH since more hydrogen is needed per 100 km 
driven. For liquid hydrogen, however, the high specific cost of the liquefaction plant is significant 
and has a major influence on the total cost. 

 
The cost shown for Carbon capture refer only to the CAPEX and fixed OPEX of the DAC-plant 

and related components like heat pumps, electric boiler, heat storage, CO2 pressure tanks or 
compressors (see Table 12). If the cost for Electricity supply in proportion of the CO2-related 
technologies in relation to the total electricity consumption is added, a more comprehensive value 
for the production cost of CO2 results (see Table 14), which corresponds to latest studies [35,82]. 
Since different conditions are found at the different locations and thus influence the technologies 
used, the CO2 costs also differ. In addition to the site specific costs, also the specific e-fuel 
technology influences the cost for carbon capture. The Fischer-Tropsch process is more exothermic 
than methanol synthesis. In addition, the enthalpy of the exhaust gas from the burning the C1-C4 
side products in a power plant can also be used to cover the heat demand in the case of the Fischer-
Tropsch process. Therefore, more free waste heat is available for CO2 capture in Fischer-Tropsch 
diesel production compared to the methanol process. As a result, additional heat generators, such as 
heat pumps or electric boilers, are much smaller in case of FTD and the costs for CO2 separation are 
therefore reduced. 

 
Table 14 Carbon capture cost 

 Chile Argentina Canada Iceland Namibia Egypt Australia 

FT-Diesel [€/t] 48.41 51.93 47.81 47.81 57.04 55.76 52.8 

Methanol [€/t] 53.18 62.01 52.47 52.47 75.29 68.23 63.45 

 
While the cost for Electricity supply for diesel are the highest, it can be transported particularly 

cost-effectively due to its high energy density. The share of the overall transport cost amounts to a 
maximum of 3.8%, which is considerably lower compared to LH2 at up to 33.7%. The energy-
specific transport cost are listed in Table 15. Note, that the distribution costs within Germany are 
often more expensive than the transport costs from the producing countries to Germany. 

 

 
6 The consumption of electrical and thermal energy in Germany is independent of the e-fuel production location. The 

electricity produced in the individual countries may, however, differ to a certain extent, e.g. due to different electrolysis or 
desalination technologies or the use of batteries, electric heaters or heat pumps, etc. The data in row one of Table 9 are 
therefore the mean values of all sites.  
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Table 15 Transportation distance in km and cost in €/MWh 

Oversea transport from: distance FTD MeOH H18-
DBT 

LH2 

Chile 13 500 2.7 5.9 17.6 37.3 

Argentina 13 500 2.5 5.5 16.4 36.8 

Canada  5 400 1.1 2.5 7.5 15.4 

Iceland 2 300 0.6 1.4 4.0 7.5 

Namibia 10 500 2.0 4.4 13.1 28.8 

Egypt 7 200 1.6 3.6 10.8 20.7 

Australia 17 600 3.4 7.5 22.3 48.6 

Domestic transport within Germany Ø 469 2.7 6.0 17.9 17.7 

 
In order to achieve better comparability with other studies, Table 16 shows the import cost of the 

various fuels at the port in Germany. It therefore does not include the cost for domestic transport 
and the filling station infrastructure and is given in €/MWh. 

 
Table 16 Cost at German Harbour in €/MWh 

 FTD MeOH H18-
DBT 

LH2 

Chile 137 96 86 106 

Argentina 148 111 95 120 

Canada 131 89 70 85 

Iceland 130 88 65 78 

Namibia 215 163 122 149 

Egypt 184 141 111 134 

Australia 166 119 107 135 

 
The cost for the filling stations do not depend on the location of the production of the e-fuels, 

since production fluctuations are compensated by buffer storage at the synthesis/liquefaction plant. 
Therefore, the tank size at the filling station is assumed to be constant (with respect to the volume) 
for all e-fuels. As for diesel and methanol only costs for tank and dispenser are assumed, the financial 
expenditure for the filling station is almost negligible and amounts to 0.4 – 1.1% of the later mobility 
cost. In contrast, for the hydrogen-based LOHC and LH2 concepts, the filling station design is much 
more complex and therefore more costly. The cost structure of these two concepts is compared in 
Figure 3. Here it can be seen that, in addition to the high CAPEX and fixed OPEX for the 
dehydrogenation unit and the compressor, energy procurement costs are particularly significant for 
hydrogen provision from H18-DBT. The costs for thermal energy for dehydrogenation and 
electricity for compression amounts to 0.16 €/100 km or 0.36 €/kgH2. 
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5.2. Comparison of the different e-fuels 
In the following sections 5.2.1 to 5.2.4, the mobility cost of the different production sites are 

compared for each e-fuel, separately. The underlying optimized process design for each scenario 
can be found in Table 18 to Table 21 in the appendix. 

 

5.2.1. Fischer Tropsch Diesel  
Solving the numerical model for each of the seven location for Fischer-Tropsch diesel results in 

a cost-minimal process design, of which the cost structure is shown in Figure 4.  
 

Figure 3 Comparison of costs structure for DBT and LH2 
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The mobility cost for diesel are within a range of 3.25 €/100 km for production in Iceland and 

5.31 €/100 km in Namibia. The underlying process design is given in Table 18 in the appendix. It is 
noticeable that as soon as a non-weather-dependent power generation technology like hydro and 
geothermal power is available, these options are preferred, even if the levelized cost of electricity 
are higher. By using hydropower or geothermal energy, all downstream processes such as 
electrolysis, DAC or synthesis achieve very high capacity utilisation rates (UCR), which reduces the 
specific costs of these plants. In addition, the capacity of the power grid can be reduced in this way 
and buffers or storage tanks for electrical energy, water, CO2, H2 or diesel can be almost completely 
omitted. This trend can also be observed, albeit to a lesser extent, for regions with solely variable 
renewable energies like wind and solar energy. It can be seen that a mix of wind and PV-systems is 
installed in three of four scenarios. In this way, the two technologies complement each other and 
increase the number of annual full load hours. This also applies to locations that are actually 
particularly suitable for the use of solar energy. Hence wind turbines are also installed in very sunny 
regions like Namibia, Egypt or Australia. In order to perpetuate the load in the transmission grids 
and at the electrolysers, batteries are installed in the very sunny locations. Nevertheless, two 
electrolysis technologies are being used to react to the fluctuating supply of electricity. The more 

Figure 4. Mobility cost for FTD at different production locations 
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expensive but more efficient PEMEL meets the base load and has with 0.54-0.91 a very high UCR. 
The AEL, on the other hand, is mainly used to cover peak loads with a UCR of 0.45 - 0.72. 
Due to the high energy density of diesel, transportation costs from the production site to Germany 
account for only a very small share of the final mobility cost and do not vary greatly between the 
sites. 

Figure 5 shows exemplary the Sankey diagram of the optimized Fischer-Tropsch diesel 
production process design in Egypt.  

 

 

5.2.2. Methanol 
Mobility cost with sustainably produced methanol vary between 2.30 €/100 km with imports from 

Iceland and 4.13 €/100 km with imports from from Namibia. Here, again, these two sites form the 
upper and lower boundaries: Iceland, dominates by cheap and steady hydroelectric power, and 
Namibia, with favourable conditions for PV but low capacity utilisation rates (UCR) of the plants. 

In particular, the improved overall efficiency of methanol production compared to diesel is 
reflected in lower mobility cost. As a result, less H2 and CO2 are required per one hundred kilometre 
driven. The electrical energy required for this is also preferably obtained from stable sources such 
as hydropower or geothermal energy. Since we assume total flexibility of the methanol synthesis 
process, the dependence of the costs on a constant energy source is not as high as with diesel, as 
smaller storage systems are required. The transport costs from the country of production to Germany 
differ considerably between the locations. In the case of production in Australia, about 0.14 €/100 
km are attributable to transport by sea. For delivery from nearby Iceland, on the other hand, the 
amount is only 0.03 €/100 km. 
 

5.2.3. H0-DBT/H18-DBT 
A comparison of the mobility cost on the basis of H0-DBT/H18-DBT shows that a large 

proportion of the cost can be attributed to the installation and operation of filling stations in Germany 
but also to the transport within Germany. Both shares are constant for all production sites and are 
analysed in Section 5.1.  

Due to the good efficiency of the entire chain, the costs for the supply of electrical energy are 
relatively low.  Since electricity is not required in such large quantities overall, the deviation of 
electricity supply costs are not as significant as for other technologies. Nevertheless, permanent 
power generators are preferred over volatile power generation at the electricity production site, as 
higher CUR can be achieved. 

 
 

Figure 5. Sankey diagram of the diesel production in Egypt 
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The transport costs of the H0-DBT/H18-DBT are particularly high due to the comparatively low 

energy density of the liquid. But the length of the overseas transport route also has a second negative 
impact on H0-DBT/H18-DBT costs. A longer transport route also means that more H0-DBT 
material has to be purchased. Thus, the cost of LOHC inventory in the system increases directly in 
relation to the length of the transport route. Altogether, the supply chain requires between 466.66 
and 1176.40 kt H0-DBT. In our scenario, 0.5 kt must be replaced annually due to degradation. 
Furthermore, 246.92 kt are always bound at the filling stations and 55.47 kt in the trailers in 
Germany. Between 0 kt in Chile, Iceland and Canada (constant operation) and 25.63 kt in Egypt are 
stored in the buffer tank at the hydrogenation plant to compensate for seasonal fluctuations in 
production. The amount of carrier material bound on the ships ranges from 163.78 kt for the supply 
chain to Iceland to 851.42 t for Australia.  

However, mobility cost only vary very little between the locations, making H0-DBT/H18-DBT 
ideal for locations with higher electricity prices or lower full load hours. 

Figure 6. Mobility cost for MeOH at different production locations 
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5.2.4. Liquid Hydrogen 
Similar to hydrogen mobility based on H0-DBT/H18-DBT, the filling station infrastructure costs 

for hydrogen mobility based on LH2 reflect a considerable part of the mobility cost. These are 
between 11 and 17% of the total cost. In contrast to H0-DBT/H18-DBT technology, however, the 
use of energy in Germany is considerably smaller (see Table 13), as energy-intensive liquefaction 
takes place abroad. The increased demand for electricity in the country of production and the higher 
losses resulting from the boil-off lead to higher costs for electricity supply and electrolysis compared 
to H0-DBT/H18-DBT. The liquefaction plant accounts for about 12 - 18% of the total costs. The 
high specific costs of the plant and the assumed minimum partial load of 25% make a high CUR 
reasonable and lead to the installation of hydrogen storage tanks and battery buffer tanks in 
Argentina, Namibia, Egypt and Australia. For LH2, the influence of the transport route is particularly 
large. This can be attributed to the quite high CAPEX as well as the higher specific heavy fuel oil 
consumption of the LH2 tanker. For Australia, oversea transport cost account for almost 24 % of 
mobility cost. 

Figure 7. Mobility cost for H0-DBT/H18-DBT at different production locations 
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6. Conclusion 

In this paper we have compared the mobility cost for the four e-fuels Fischer-Tropsch diesel 
(FTD), methanol (MeOH), dibenzyltoluene/perhydrodibenzyltoluene (H0-DBT/H18-DBT) and 
liquid hydrogen (LH2). For this purpose a mathematical model was developed, which covers the 
entire process chain from the generation of electricity in countries with excellent conditions for 
renewable energies to the utilization of the fuels in the car in Germany. In addition, seven production 
sites were compared which could be particularly suitable for the production of e-fuels in the future. 
At five of seven investigated locations, H0-DBT/H18-DBT is the most favourable option under the 
chosen boundary conditions and assumptions. Cryogenic technology (LH2) has the lowest costs for 
imports from Iceland and Canada due to the short transport distances. Diesel production, on the other 
hand, leads to the highest costs in every scenario. In general, it can be said that the production site 
has a considerable influence on the subsequent mobility cost in Germany. The main factors are the 
different electricity generation costs and capacity utilisation rates as well as the transport distance. 

The costs of diesel production are to a large extent attributable to the electricity supply costs. 
Since the process chain is comparatively inefficient, more electrical energy has to be generated in 
the first stages of the chain. Diesel production is therefore particularly sensitive to the conditions for 

Figure 8. Mobility cost for LH2 at different production locations 
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renewable energies in the country of production. Efficiency and cost improvements could be 
achieved in the future through the development of CO2 electrolysis, in which synthesis gas is 
produced directly from water and carbon dioxide in a electrolysis cell [83]. However, this technology 
is still at development stage and needs to show better durability and slower cell degradation prior to 
its use on large-scale for volatile renewable energies [84]. 

The lowest amount of electrical energy in the country of e-fuel production is needed for the 
provision of the H-18-DBT LOHC hydrogen carrier. Therefore, the variation of the production costs 
in the individual countries is small for this technology. Due to the comparatively low adjusted energy 
density of only 1.87 kWh/kg, transport costs account for a relatively large share of mobility cost. 
The same applies to the costs of the filling station, which are particularly high for a H0-DBT/H18-
DBT-based hydrogen filling station due to the dehydrogenation and compression costs. Options for 
reducing these costs are, for example, the use of more efficient ionic compressors [85] or the use of 
waste heat, e.g. from compression or other processes, to cover a part of the dehydrogenation heat. 
In a more distant future, the use of direct LOHC fuel cells [57] could drastically reduce filling station 
infrastructure costs. This technology, which is currently only available on a laboratory scale, allows 
the loaded H18-DBT to be used on-board of the vehicle as hydrogen-rich fuel for the fuel cell. The 
remaining products are water (that includes oxygen from air) and H0-DBT. The latter is discharged 
at the filling station in exchange with charged H18-DBT. H0-DBT can then be recharged in a 
subsequent hydrogen storage and distribution cycle. The direct LOHC fuel cell option allows for 
heat integration between the endothermal hydrogen release and the exothermal hydrogen 
electrification on-board of the vehicle. Thus, the heat consuming LOHC dehydrogenation process 
at the filling station and the maintenance-intensive compression of hydrogen to 700 bar are not 
longer required with this option. 

For the process chain with liquid hydrogen, the filling station costs are also significant, however, 
not as high as for H0-DBT/ H18-DBT. One reason for this is that most of the conversion energy is 
needed at the liquefier and thus in the country of production where electricity is cheap. Therefore, 
the later mobility cost are more dependent on the type of energy source in the country of production.  

The production and mobility cost calculated and presented here have to be regarded as the lowest 
attainable limit, since the mathematical model applied is based on perfect foresight and no strategic 
behaviour of the various actors involved. Furthermore, a cost-based approach was chosen that 
neglects taxes and levies, exept of a CO2 price, which affects electricity prices in Germany (see 
section 3.6). In practice, therefore, prices are likely to be above the calculated minima. However, 
the relative differences between the various production sites and e-fuel technologies should remain 
valid when taking these circumstances into account. 

In this study we have refrained from comparing the greenhouse gas emissions of the individual 
technologies. Due to the complex process chain, a complete life-cycle assessment would have to be 
carried out to examine the CO2 footprint of all processes. This is not part of this study. However, it 
can be estimated that the transport of diesel and methanol leads to particularly low CO2 emissions 
due to their high energy density. In contrast, the good overall efficiency and the associated smaller 
design of the entire process chain could lead to particularly favourable results for LOHC and LH2. 

To conclude, we like to comment on the compatibility of the different technologies considered in 
this contribution with our existing fossil fuel-based filling stations. High compatibility allows for a 
step-wise transition to the here-discussed renewables-based fuels. Fischer-Tropsch diesel from CO2 
hydrogenation with renewable hydrogen requires no adaptations of existing filling stations as it is 
chemically very similar to fossil, syngas-based diesel. The same holds true in case of methanol if 
only small parts of methanol are added to conventional Otto fuel. Pure methanol handling at filling 
stations is considerable more complex and may come with the exchange of certain installations and 
safety measures due to the acute toxicity of methanol. For H0-DBT/ H18-DBT converted at the 
filling station to 700 bar hydrogen, the existing underground storing tanks at the filling station can 
be further used, however, a dehydrogenation unit, a compressor unit and a high pressure hydrogen 
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dispenser must be installed in addition. Concepts to provide these installations in a 20 ft container 
placed above the existing underground liquid storage tanks of a conventional filling station are under 
way. Finally, LH2 transport to the hydrogen filling station is not state-of-the art today and different 
technical options to connect cryogenic delivery to the filling station with compressed hydrogen 
purchase at the dispenser have to be evaluated in detail. In any case, the LH2 path cannot build on 
any existing infrastructure of existing, fossil fuel-based filling stations.  
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Table 17 Transportation distance for domestic transport in km and cars per state 

 
   Distance from 

Bremerhaven 
Cars per state 

Baden-Württemberg 700 6 521 643 

Bavaria 740 7 845 761 

Berlin 500 1 202 829 

Brandenburg 480 1 407 031 

Bremen 100 290 188 

Hamburg 220 783 255 

Hesse 450 3 658 894 

Lower Saxony 440 848 812 

Mecklenburg Western Pomerania 200 4 674 059 

Northrhine-Westphalia 280 9 950 324 

Rhineland Palatinate 480 2 482 960 

Saarland 590 629 613 

Saxony 540 2 135 861 

Saxony-Anhalt 370 1 205 202 

Schleswig Holstein 310 1 639 337 

Thuringia 430 1 179 434 
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Table 18 Process chain set up and capacity utilization rate (CUR) for Fischer-Tropsch diesel (FTD) 

    Chile Argentina Canada Iceland Namibia Egypt Australia 
    Value CUR Value CUR Value CUR Value CUR Value CUR Value CUR Value CUR 
Electricity supply Wind [GW]     8.49 0.64         2.23 0.35 8.38 0.50 7.38 0.53 

PV (tilted) [GW]                      7.26 0.19 
PV (tracked) [GW]                 16.93 0.28 7.18 0.17     

Hydro [GW]        5.70 0.91 5.70 0.91            

Geothermal [GW] 5.70 0.91                         
Battery [GWh]               10.00   3.95       

Transmission line [GW] 5.19 1.00 7.54 0.72 5.19 1.00 5.19 1.00 13.02 0.46 7.32 0.76 7.25 0.74 

Light gas storage [GWh]     100.21          100.00   128.59   101.33   
Light gas Power plant [GW] 0.05 1.00 1.09 0.17 0.05 1.00 0.05 1.00 2.46 0.07 1.64 0.13 0.32 0.51 

Produced Electrizity [GWh] 45 878.32   49 349.49   45 870.07   45 870.07   49 952.82   49 058.02   48 113.25   
Electrolysis Purchased fresh water [kt]     2 738.57   2 738.57   2 738.57               

Desalination (SWRO) [kt/h] 0.31 1.00           0.96 0.33 0.38 0.82 0.51 0.61 

Desalination (MED) [kt/h]                             

Water tank [t]     0.63          5.39      2.11   
AEL [GW]     3.37 0.72         7.59 0.45 1.17 0.74 2.19 0.56 

PEMEL [GW] 4.86 1.00 3.25 0.79 4.86 1.00 4.86 1.00 3.03 0.54 4.83 0.84 4.18 0.89 

CGH2 storage [GWh]     6.62           37.37       14.63   
Produced H2 [GWh] 30 646.43   30 646.43   30 646.43   30 646.43   30 657.81   30 646.43   30 646.43   

Carbon capture Heat Pump [GW] 0.27 1.00 0.13 0.78 0.27 1.00 0.27 1.00 0.13 0.73 0.07 0.86 0.13 0.88 

Electrode boiler [GW]                          
MTH storage [GWh]     26.42           20.56   37.09   12.34   

DAC plant [kt/h] 0.76 1.00 0.84 0.91 0.76 1.00 0.76 1.00 0.82 0.93 0.83 0.92 0.85 0.90 

CO2 storage [kt]     17.17           3.24   9.14   4.61   
CO2 Compressor [GW] 0.10 1.00 0.11 0.91 0.10 1.00 0.10 1.00 0.10 0.93 0.10 0.92 0.10 0.90 

Produced CO2 [kt] 6 690.07   6 690.07   6 690.07   6 690.07   6 690.07   6 690.07   6 690.07   
Synthesis Synthesis [GW] 2.42 1.00 3.09 0.78 2.42 1.00 2.42 1.00 2.88 0.84 2.96 0.82 2.87 0.85 

Efuel tank [GWh]     83.79           30.79   94.30   52.63   

Produced e-fuel [GWh] 15 933.21   15 933.21   15 933.21   15 933.21   15 933.21   15 933.21   15 933.21   
Transport Tanker [pc.] 2.20   2.20   1.00   0.54   1.75   1.26   2.80   

Purchased heavy fuel oil [kt] 42.67   42.67   19.39   10.48   34.05   24.56   54.46   

Trucks and trailer [pc.] 489.46   489.46   489.46   489.46   489.46   489.46   489.46   

Purchased diesel fuel [kt] 13.11   13.11   13.11   13.11   13.11   13.11   13.11   
Filling station E-fuel tank [MWh] 1 751.44   1 751.44   1 751.44   1 751.44   1 751.44   1 751.44   1 751.44   

Dispenser [pc.] 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 

Sold e-fuel [MWh] 12 079.76   12 079.76   12 079.76   12 079.76   12 079.76   12 079.76   12 079.76   
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Table 19 Process chain set up and capacity utilization rate (CUR) methanol (MeOH) 

    Chile Argentina Canada Iceland Namibia Egypt Australia 
    Value CUR Value CUR Value CUR Value CUR Value CUR Value CUR Value CUR 
Power supply Wind [GW]     6.51 0.56         5.88 0.34 7.22 0.41 5.04 0.54 

PV (tilted) [GW]                   5.21 0.16 
PV (tracked) [GW]                 7.38 0.23 5.34 0.12     

Hydro [GW]       3.83 0.91 3.83 0.91          

Geothermal [GW] 3.84 0.91                         
Battery [GWh]    1.92         10.00   6.14      

Transmission line [GW] 3.49 1.00 5.05 0.74 3.49 1.00 3.49 1.00 8.02 0.52 5.29 0.71 4.79 0.75 

Produced Electrizity [GWh] 30 573.67   31 750.54   30 562.92   30 562.92   32 271.43   31 210.11   31 215.77   
Electrolysis Purchased fresh water [kt]     3 579.50   3 571.09   3 571.09               

Desalination (SWRO) [t/h] 0.41 1.00          0.88 0.46 0.46 0.89 0.60 0.68 
Desalination (MED) [t/h]                             
Water tank [t]             0.65         
AEL [GW]     1.87 0.56         3.17 0.50 0.40 0.84 1.33 0.65 
PEMEL [GW] 3.17 1.00 2.57 0.85 3.17 1.00 3.17 1.00 3.17 0.53 3.17 0.90 3.05 0.77 
CGH2 storage [GWh]     7.83           19.03       4.76   
H2 Compressor [GW]    0.03 0.85       0.06 0.87    0.05 0.77 
Produced H2 [GWh] 19 981.45   20 012.83   19 981.45   19 981.45   20 043.62   19 991.43   20 009.58   

Carbon capture Heat Pump [GW] 0.38 1.00 0.41 0.86 0.38 1.00 0.38 1.00 0.39 0.94 0.39 0.92 0.47 0.80 

Electrode boiler [GW]     0.05 0.61         0.05 0.21 0.03 0.54     
MTH storage [GWh]    11.10         0.63   5.72   6.28   

DAC plant [t/h] 0.50 1.00 0.55 0.90 0.50 1.00 0.50 1.00 0.57 0.87 0.53 0.94 0.57 0.88 

CO2 storage [t]    5.10         0.06   3.88   3.78   
CO2 Compressor [GW] 0.09 1.00 0.10 0.90 0.09 1.00 0.09 1.00 0.11 0.87 0.10 0.94 0.10 0.88 

Produced CO2 [kt] 4 361.92   4 361.92   4 361.92   4 361.92   4 361.92   4 361.92   4 361.92   
Synthesis Synthesis [GW] 1.82 1.00 2.15 0.85 1.82 1.00 1.82 1.00 2.09 0.87 2.03 0.89 2.36 0.77 

E-fuel tank [GWh]    67.57         27.92   69.18   54.58   
Produced e-fuel [GWh] 15 933.21   15 933.21   15 933.21   15 933.21   15 933.21   15 933.21   15 933.21   

Transport Tanker [pc.] 4.89   4.89   2.22   1.20   3.90   2.82   6.24   

Purchased heavy fuel oil [kt] 94.98   94.98   43.15   23.32   75.79   54.67   121.22   

Trucks and trailer [pc.] 1 089.50   1 089.50   1 089.50   1 089.50   1 089.50   1 089.50   1 089.50   
Purchased diesel fuel [kt] 29.18   29.18   29.18   29.18   29.18   29.18   29.18   

Filling station E-fuel tank [MWh] 786.84   786.84   786.84   786.84   786.84   786.84   786.84   

Dispenser [pc.] 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 
Sold e-fuel [MWh] 12 079.76   12 079.76   12 079.76   12 079.76   12 079.76   12 079.76   12 079.76   
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Table 20 Process chain set up and capacity utilization rate (CUR) for dibenzyltoluene (H0-DBT/H18-DBT) 

    Chile Argentina Canada Iceland Namibia Egypt Australia 
    Value CUR Value CUR Value CUR Value CUR Value CUR Value CUR Value CUR 
Power supply Wind [GW]     2.99 0.55         1.68 0.35 3.27 0.41 2.35 0.54 

PV (tilted) [GW]                   2.30 0.16 
PV (tracked) [GW]                 4.31 0.25 2.51 0.11     

Hydro [GW]       1.76 0.91 1.76 0.91          

Geothermal [GW] 1.76 0.91                         
Battery [GWh]    0.84         5.37   2.87      

Transmission line [GW] 1.60 1.00 2.32 0.73 1.60 1.00 1.60 1.00 3.56 0.54 2.46 0.70 2.23 0.74 

Produced Electrizity [GWh] 14 037.20   14 417.97   14 033.17   14 033.17   14 591.88   14 144.38   14 378.51   
Electrolysis Purchased fresh water [kt]     2 677.36   2 677.36   2 677.36               

Desalination (SWRO) [t/h]             0.19 0.81 0.03 0.85 0.11 0.82 

Desalination (MED) [t/h] 0.31 1.00             0.28 0.54 0.31 0.91 0.30 0.70 
Water tank [t]             0.81         

AEL [GW]     0.89 0.85         1.39 0.70 0.18 0.85 0.87 0.79 

PEMEL [GW] 1.58 1.00 1.29 0.67 1.58 1.00 1.58 1.00 1.53 0.43 1.58 0.91 1.34 0.70 
CGH2 storage [GWh]                             

Produced H2 [GWh] 9 987.15   9 987.15   9 987.15   9 987.15   9 989.74   9 987.24   9 988.58   
Dibenzyltoluene Bought H0-DBT [kt] 970.04   997.59   605.99   466.66   850.70   712.52   1 176.34   
Synthesis Synthesis [GW] 1.12 1.00 1.52 0.74 1.12 1.00 1.12 1.00 2.02 0.56 1.25 0.90 1.53 0.73 

Efuel tank [GWh]     46.90           26.38   43.63   37.51   

Produced e-fuel [GWh] 9 854.32   9 854.32   9 854.32   9 854.32   9 854.32   9 854.32   9 854.32   
Transport Tanker [pc.] 8.90   8.90   4.04   2.18   7.10   5.12   11.35   

Purchased heavy fuel oil [kt] 172.73   172.73   78.48   42.40   137.82   99.42   220.44   
Trucks and trailer [pc.] 1 981.24   1 981.24   1 981.24   1 981.24   1 981.24   1 981.24   1 981.24   
Purchased diesel fuel [kt] 53.07   53.07   53.07   53.07   53.07   53.07   53.07   

Filling station E-fuel tank [MWh] 350.53   350.53   350.53   350.53   350.53   350.53   350.53   
Dehydrogenation unit [MW] 0.90 0.95 0.90 0.95 0.90 0.95 0.90 0.95 0.90 0.95 0.90 0.95 0.90 0.95 

H2-Compressor [MW] 0.14 0.95 0.14 0.95 0.14 0.95 0.14 0.95 0.14 0.95 0.14 0.95 0.14 0.95 

CGH2-tank [MWh] 5.40   5.40   5.40   5.40   5.40   5.40   5.40   
Refrigeration Equipment [pc.] 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 

Dispenser [pc.] 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 

Bought electricity [MWh] 1 521.40   1 521.40   1 521.40   1 521.40   1 521.40   1 521.40   1 521.40   
Bought heat [MWh] 2 111.74   2 111.74   2 111.74   2 111.74   2 111.74   2 111.74   2 111.74   

Sold e-fuel [MWh] 7 471.06   7 471.06   7 471.06   7 471.06   7 471.06   7 471.06   7 471.06   
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Table 21 Process chain set up and capacity utilization rate (CUR) liquid hydrogen (LH2) 

    Chile Argentina Canada Iceland Namibia Egypt Australia 
    Value CUR Value CUR Value CUR Value CUR Value CUR Value CUR Value CUR 
Electricity supply Wind [GW]     3.95 0.55         1.53 0.34 4.21 0.41 3.06 0.54 

PV (tilted) [GW]                   3.30 0.16 
PV (tracked) [GW]                 6.54 0.25 3.34 0.11     

Hydro [GW]       2.28 0.91 2.26 0.91          

Geothermal [GW] 2.33 0.91                         
Battery [GWh]    1.12         7.62   3.81   0.50   

Transmission line [GW] 2.12 1.00 3.06 0.73 2.08 1.00 2.06 1.00 5.00 0.51 3.24 0.69 2.99 0.75 

Produced Electrizity [GWh] 18 571.47   18 943.84   18 177.24   18 034.11   19 095.30   18 403.37   19 109.19   
Electrolysis Purchased fresh water [kt]     3 093.44   3 027.87   3 004.03               

Desalination (SWRO) [t/h] 0.35 1.00          0.61 0.58 0.39 0.90 0.48 0.74 

Desalination (MED) [t/h]                             
Water tank [t]             1.19         

AEL [GW]     1.13 0.64         2.41 0.45 0.24 0.73 1.03 0.61 

PEMEL [GW] 1.83 1.00 1.45 0.79 1.79 1.00 1.78 1.00 1.44 0.56 1.78 0.92 1.52 0.83 
CGH2 storage [GWh]     5.93           14.80   0.31   10.76   

Produced H2 [GWh] 11 533.83   11 539.21   11 294.65   11 205.72   11 468.66   11 352.01   11 671.46   
Liquefaction Liquefaction [GW] 1.29 1.00 1.49 0.87 1.27 1.00 1.26 1.00 1.39 0.92 1.41 0.90 1.51 0.87 

Efuel tank [GWh]    45.43         12.55   46.17   30.27   

Produced e-fuel [GWh] 11 343.53   11 345.40   11 108.29   11 020.82   11 255.46   11 160.98   11 467.39   
Transport Tanker [pc.] 2.84   2.84   1.23   0.61   2.24   1.59   3.65   

Purchased heavy fuel oil [kt] 207.56   207.56   89.93   44.91   163.99   116.07   267.11   

Trucks and trailer [pc.] 827.33   827.33   827.33   827.33   827.33   827.33   827.33   

Purchased diesel fuel [kt] 19.41   19.41   19.41   19.41   19.41   19.41   19.41   
Filling station Efuel tank [MWh] 424.80   424.80   424.80   424.80   424.80   424.80   424.80   

LH2 pump [MW] 1.38 0.62 1.38 0.62 1.38 0.62 1.38 0.62 1.38 0.62 1.38 0.62 1.38 0.62 

Evaporator [MW] 1.36 0.62 1.36 0.62 1.36 0.62 1.36 0.62 1.36 0.62 1.36 0.62 1.36 0.62 
CGH2-tank [MWh] 0.75   0.75   0.75   0.75   0.75   0.75   0.75   

Refrigeration Equipment [pc.] 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 

Dispenser [pc.] 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 5.00 0.27 
Bought electricity [MWh] 216.25   216.25   216.25   216.25   216.25   216.25   216.25   

Sold e-fuel [MWh] 7 471.06   7 471.06   7 471.06   7 471.06   7 471.06   7 471.06   7 471.06   

 


