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Highlights 

 We compare mobility cost of three different e-fuels, diesel, methanol, and LOHC 

 The energy market design has a major influence on the production costs of e-fuels 

 Dynamic and price-sensitive production of e-fuels can make them competitive in 2035 

 LOHC is the most cost-effective option compared to synthetic diesel or methanol 

 The optimal setup of e-fuel production is decisively affected by the market design 

 

Abstract 

Electric fuels (e-fuels) enable CO2-neutral mobility and are therefore an alternative to battery-powered electric vehicles. 

This paper compares the cost-effectiveness of Fischer-Tropsch diesel, methanol and Liquid Organic Hydrogen Carriers. The 

production costs of those fuels are to a large part driven by the energy-intensive electrolytic hydrogen production. In this 

paper, we apply a multi-level electricity market model to calculate future hourly electricity prices for various electricity 

market designs in Germany for the year 2035. We then assess the economic efficiency of the different fuels under various 

future market conditions. In particular, we use the electricity price vectors derived from an electricity market model 

calibrated for 2035 as an input for a mathematical model of the entire process chain from hydrogen production and chemical 

bonding to the energetic utilization of the fuels in a vehicle. Within this model, we perform a sensitivity analysis, which 

quantifies the impact of various parameters on the fuel production cost. Most importantly, we consider prices resulting from 

own model calculations for different energy market designs, the investment cost for the electrolysis systems and the carbon 

dioxide purchase price. The results suggest that the use of hydrogen, which is temporarily bound to Liquid Organic 

Hydrogen Carriers, is a favorable alternative to the more widely discussed synthetic diesel and methanol. 
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1. Introduction 

In 2015 the transport sector was responsible for about 24% of the global emissions of greenhouse gases (GHG) 

[1]. In order to achieve the transition to a GHG-free world economy, as described in the Paris climate agreement, 

the mobility sector needs to be decarbonized. The German government is therefore planning a 40% reduction 

in GHG emissions in the transport sector by 2050 compared to 2005 [2]. Battery-powered electric vehicles can 

be one of the elements to achieve this purpose, but due to various restrictions such as the short range, long 

charging processes, complex charging infrastructure, etc. they do not fit all requirements by the customers [3]. 

Against this background, past research has developed various options for mobility based on e-fuels [4–6]. E-

fuels have the advantage that their handling corresponds largely to the handling of today’s fuels. Existing 

transport and storage infrastructure can be used, as well as the existing distribution network of filling stations 

[4,7].  

 

In this article we compare in detail the minimum mobility costs of three different e-fuels, Fischer-Tropsch diesel 

(FTD), methanol (MeOH), and hydrogen transported in a Liquid Organic Hydrogen Carrier (LOHC). In this 

context, we particularly account for optimal setup and operation of all involved components such as 

electrolyzers, compressors or synthesis plants in reaction to fluctuating electricity prices, as well as the optimal 

use of storage facilities. A unique selling point of our analysis is that all energy-intensive processes can react 

flexibly to the electricity price and can therefore mainly be operated in hours of low prices. In this context, we 

take into account the different flexibility potential of different processes. For example, while electrolysis 

technologies can operate very dynamically, this is not yet the case for chemical synthesis today. On the basis of 

forecasts for the future development of technological possibilities and our own estimates, we therefore assess 

flexibility potentials for synthesis of the different e-fuels for the year 2035. In order to be able to compare the 

different e-fuel technologies, we derive the mobility cost per 100 km driving range based on the Euro Car 

Segment “C” of the three e-fuels considered. For this purpose, we describe the entire process chain from 

hydrogen production to fuel consumption in the car in a mathematical model. The electricity prices, which are 

of paramount importance for our results, are derived on an hourly basis for different hypothetical market designs 

in 2035 using a multilevel equilibrium model that has been developed by some of the coauthors [see 8,9].  

 

For all three considered e-fuel technologies, our results illustrate the optimal setup of different electrolysis 

technologies, synthesis reactors, tank capacities and many other variables and can therefore provide an 

indication of how those plants should be configured in the future. A comparison of mobility costs reveals how 

the relative attractiveness of the different e-fuels depends on the future market environment which determines 

the electricity prices, and moreover other key influence factors, such as CO2 purchase price or electrolysis 

investment costs. The technologies moreover differ significantly in terms of the influence of the individual 

components of the process chain on mobility costs. While with FTD and MeOH, electrolysis accounts for a 

large part of the mobility costs, with LOHC the operation of the filling station infrastructure is the decisive cost 

driver.  

 

Since the key focus of our work is on optimizing processes in times of fluctuating electricity prices (due to the 

high proportion of renewables in the electricity mix), let us describe our approach with regard to the 

consideration of future electricity prices in some detail. Electricity price fluctuation is, on the one hand, caused 

by increasing supply fluctuation (due to a perspectively higher share of renewable energy sources in the future), 
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but also the electricity market design will have a strong influence on price patterns. Beyond short-run effects 

on electricity prices, market rules affect expectations on future wholesale prices and thereby long run incentives 

to invest in electricity generation capacity. In particular, this also concerns locational decisions for power plants 

and, in consequence, decisions on the optimal expansion of the transmission lines, as shown in [8,10–12]. Also 

production costs of e-fuels and decisions with respect to locations of e-fuel production and logistics may depend 

on future electricity price patterns. In this work, a key feature is that we account in detail for these aspects. We 

derive hourly electricity prices for the year 2035 in an appropriate electricity market model with endogenous 

investment choices for generators and network expansion under the assumption of different market designs. In 

order to account for future energy market conditions, we calibrate the electricity market model with data and 

scenarios of the network development plan 2030 for Germany [13], which contains a scenario for the year 2035. 

Accordingly, all other exogenous parameters of the e-fuel process chain, such as efficiencies, pressure levels 

and costs are also approximated for 2035. Thus, our results provide a first, and to the best of our knowledge 

unique, assessment how the considered technologies compare in a 2035 energy market.  

 

Finally, let us comment on the fact that the electricity prices derived from the electricity market model are used 

as an input for the model that optimizes the process chain for e-fuel production. This approach is justified if the 

production of e-fuels does not have a significant feedback effect on electricity prices through high electricity 

consumption. This is a plausible assumption if the considered industry only accounts for a small proportion of 

total electricity consumption. In the scenario analyzed here, e-fuel production consumes only about 0.6 % of 

the total German electricity consumption. In a study on flexible industrial consumers in the German electricity 

market, [10] show that no feedback on electricity prices can be expected in this case. The current study is, 

however, a first and important step to also analyze e-fuel production on a larger scale, where an impact on 

electricity prices has to be explicitly modelled.  

 

A comparison of different synthetic fuels, especially hydrogen, methane, methanol, dimethyl ether (DME) and 

Fischer-Tropsch products like diesel, gasoline or kerosene, is carried out in various studies. In particular, [6] 

compare methane, methanol and gasoline, [7] hydrogen, methane, methanol, DME and FT-products, [14] 

methane, methanol, and DME, [15] hydrogen and methane, [16] methane, methanol, DME, FT-products and 

ammonia [17] hydrogen and FT-products. All the above mentioned studies generally assess the production costs 

and not the mobility costs of the different fuels. Since we model e-fuel production for the mobility sector and 

consider LOHC technology as a transport vector for hydrogen, we also need to take into account the filling 

station infrastructure and the consumption of fuels in cars, as this varies significantly between LOHC on the 

one hand and methanol and diesel on the other. 

 

The production of all e-fuels begins with the energy-intensive hydrogen production via electrolysis. Here, 

electricity costs have a major influence on fuel production and thus mobility cost. This is shown e.g. in [ 4,7,18]. 

Previous studies however sometimes do not model electrolysis explicitly but use specific hydrogen purchase 

prices to determine the production cost of the fuels [16,19]. While [16] focus on the small scale and flexible 

production of  methane, methanol, DME, FT-products and ammonia, [19] describe the hydrogenation of CO2 

from the off-gas of fossil thermal power plants to FT-products. 

 

More often, however, electrolysis is part of the analysis, and authors use average electricity prices, which are 

assumed to be representative for all hours of the year. In essence, this applies to the majority of studies, i.e. 

[4,6,7,14,15,18,20–23].  In the following, we provide some details on the specific setups. As mentioned above, 

[6,7,14,15] provide comparisons of various fuels. On the contrary [22] and [23] compare different transport 

technologies for hydrogen like cryogenic hydrogen or LOHCs. The methanol production is considered by 

[4,20],  while [18] focus on methane production and [21] on FT products produced by high temperature solid 

oxide co-electrolysis. In order to account for the fluctuating power generation of renewable energies, these 
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studies assume a certain annual utilization rate of the plants, which varies between a few hours per year and a 

100 % utilization rate. Due to the large impact on e-fuel production costs, both the utilization rate [4,7,18,21] 

and  electricity costs [4,7,15,18,20,21] are often part of a sensitivity analysis. 

 

Another group of studies is based on hourly generation profiles of renewable energies [17,24,25]. Here, the 

electricity costs are calculated by dividing the investment and operating cost of a PV or wind plant by the total 

amount of electricity produced. While [24] concentrate on FT production in the MENA (middle east and north 

Africa) region and [25] on hydrogen generation in Saudi Arabia, [17] compares global production sites with 

excellent conditions for renewable energies for hydrogen and FT products. 

 

Parra and Patel [26] consider a price-sensitive methane production plant, which purchases electricity on the 

Swiss wholesale market. A model called Swissmod [27] is used to calculate hourly electricity prices and thus 

determine the production costs for synthetic methane in Switzerland for various production plant sizes. 

 

A small literature [22,23] analyses different options for hydrogen transport, which is an important aspect for 

hydrogen mobility. According to [22] large transport distances justify the interim hydrogen binding to chemical 

carrier systems. Moreover, if large amounts of energy have to be stored, LOHC is particularly suitable [22,23]. 

Accordingly, in our scenarios we assume that hydrogen is temporarily bound to a Liquid Organic Hydrogen 

Carrier (LOHC) system [28].  

 

Let us finally highlight our contribution to the literature in a nutshell. First, our study considers the entire process 

chain of e-fuel production, from the electrolysis to the filling station. This has not been done in the literature 

before. It allows for a comparison between technologies that come with different cost of distribution to the 

consumer after readiness of the synthetic fuel itself. In particular, in our context it allows the comparison of 

LOHC with other synthetic fuels. Second, and importantly, we consider the impact of fluctuating electricity 

prices on production cost of the e-fuels and on the optimal setup and operation of all production facilities along 

the process chain. By using input price vectors from different hypothetical market designs, we can also 

contribute to an assessment of the impact of the electricity market design on the setup, operation, and cost of e-

fuel mobility.  

 

From a broader perspective, e-fuel- and battery-powered mobility will most likely coexist in a 2035 energy 

system. A comparison or joint analysis of both approaches is beyond the scope of this work, since a detailed 

consideration of necessary network infrastructure for large-scale battery powered mobility scenarios is of key 

importance for a credible comparison. We relegate this important question to future work. 

 

The paper is organized as follows. Section 2 introduces the technological framework and assumptions on the 

technical parameters. Section 3 presents our optimization model, while the results of the comparison are 

presented in Section 4. 

2. Calibration of parameters 

In this section, relevant parameters of the modelled process chain are specified. The indicated costs, which 

include Capital Expenditures (CAPEX), Operational Expenditures (OPEX) as well as electricity costs, are 

always stated without taxes and levies. The given CAPEX are converted into annuities at an interest rate of 4%. 

If conversion from US-Dollar (USD) to Euro is required, a rate of 1.3 USD/€ is assumed. All values are forecasts 
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for the year 2035 at an assumed today's price level.1  

For the year under review we assume that all technologies have reached the technology readiness level (TRL) 

of 9 from 10, which means that the actual systems were proven in operational environment [30]. As forecasts 

are always subject to uncertainties, selected parameters are varied in a sensitivity analysis in Section 4.3. 

The reference value for thermal energy is always the lower and never the higher heating value. 

2.1. Electrolytic hydrogen production 

Hydrogen used for the synthesis of fuels can be produced by electrolysis of water. Due to the high state of 

development and well-known future performance and cost data (Table 1), the considered electrolysis 

technologies are alkaline electrolyzers (AEL) and polymer electrolyte membrane electrolyzers (PEMEL). We 

assume that these systems can operate completely dynamically and have a minimum partial load of 0% of 

nominal load. This seems acceptable, since the underlying multi-megawatt systems are modular in design, 

which allows shutting down large electrolysis-blocks completely. The assumed pressure levels of compressed 

hydrogen from electrolysis are at the upper end of today’s technologies [7,15,31] but may be state-of-the-art in 

2035. 

Table 1. Assumptions for the considered electrolyzer technologies. 

 AEL PEMEL 

CAPEX [7,15,31] 400 000 €/MWel 500 000 €/MWel 

Depreciation periode [32,33] 20 a 20 a 

OPEX [7] 4% 4% 

Efficiency [7,15,31] 68% 72% 

Cell pressure [7,15,31] 60 bar 80 bar 

 

2.2. Hydrogen compression and hydrogen conversions processes 

Since cell pressures in the considered electrolysis technologies are quite high with 60 and 80 bar, a 

compression of hydrogen to reaction pressure is just necessary for MeOH synthesis (75 bar), when hydrogen 

comes from AEL. The electric power of the compressor can be determined according to [34]2. Accordingly, the 

installed power of the compressor between AEL and MeOH reactor can be calculated to 0.27% of thermal 

energy of the hydrogen feed gas. If, for example, the compressor is designed for 3 000 kg of hydrogen per hour 

(100 MWH2), it must have an installed power of at least 270 kWel. The required electric energy for compression 

is therefore 0.09 kWhel/kgH2. 

Since we assume a poorer dynamic operation of FT and in some scenarios for MeOH synthesis plants (see 

Section 2.2.1 and 2.2.2) compared to the electrolysis system, a hydrogen storage tank (CGH2) must be installed 

 

 
1 As most of the references used in this section state the values at an assumed today’s price level, we use the same assumptions for a 

better comparability. Furthermore, the electricity market model used to determine the hourly electricity price vectors for our analysis, 

[18], is also calibrated with historical data and forecasted values for the year 2035 at an assumed today’s price level; see also [29], who 

use a similar approach. 
2 Assumption for compression at synthesis plant: mean compressibility factor 1.0525 [35], universal gas constant: 8.3144598 J/mol*K 

[34], inlet gas temperature 293 °K, number of stages 1 [34], isentropic efficiency 0.88 [34], ratio of specific heats 1.41 [34]. 
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between these two process steps. The minimum permissible pressure of the CGH2 tank is designed for 25 bar. 

Therefore, in contrast to the MeOH synthesis at 75 bar, no additional compression stage is required for FT 

synthesis, which typically operates at 25 bar. The maximum storage pressure is limited by cell pressure of the 

selected electrolyzer system. 

The assumed installed power of the compressor from 25 to 75 bar is 1.41% of the thermal energy of the 

maximum feed gas stream into the reactor. The calculation of the required electrical work is based on the 

assumption that the tanks are on average half-filled. This results in an average pressure level of 42.5 (AEL) and 

52.5 bar (PEMEL) which is accompanied by an average electrical compression work of 0.23 kWh/kgH2 (AEL) 

or 0.14 kWh/kgH2 (PEMEL). During compression, material losses are taken into account, which are estimated 

at 0.5% of the hydrogen mass flow. Since CO2, the carbon source for MeOH and FT is supplied not in gaseous 

but in liquid form, the corresponding compression work is neglected in our model. 

Table 2. Assumptions for the feed gas compressor and CGH2 tank. 

 CGH2 Tank Compressor 

CAPEX [34,36] 13 501 €/MWhH2 730 000 €/MWel 

Depreciation [34,36] 30 a 15 a 

OPEX [34,36] 1% 4% 

2.2.1. Fischer Tropsch synthesis 

FT synthesis converts synthesis gas (a mixture of hydrogen and carbon monoxide (CO)) to a variety of 

organic compounds, mainly hydrocarbon products of variable chain length (Equation 1). Since carbon dioxide 

(CO2) is used as carbon source in this work, the required CO must first be formed in a reverse water gas shift 

reaction (RWGS) from hydrogen and CO2 (Equation 2). The FT synthesis is assumed to take place in a second 

reactor [53]. 

 

CO +  2 H2 ⇌ −(CH2) − +H2O;  ΔHR = −152 kJ mol−1     (1) 

 

CO2 +  H2 ⇌ CO + H2O;  ΔHR = +41 kJ mol−1      (2) 

 

We anticipate a minimum partial load of the underlying processes of 30% of the nominal load. Today’s 

reactors are generally not operated at partial load. In future, a reduction of the minimum partial load could be 

achieved, for example, by the parallel use of several reactors. In order to get a certain dynamic, different reactors 

could then be switched on and off. 

The estimated yield of the process is 77% diesel, 10% methane and 13% C2-C4 gases [37]. Only the diesel 

fraction of the product mixture is sold as e-fuel at the filling station. The produced gases are fed directly into 

the natural gas network at the synthesis plant at an assumed price of 30 €/MWhth [13]. The purchase price of 

the liquid CO2 is assumed to be 50 €/t [16]. 

The electrical own consumption of the whole synthesis plant is assumed to be 1.18% of the thermal energy 

of the feed gas according to [11] and [32]. 
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Table 3. Assumptions for FT synthesis.3 

 Parameters 

CAPEX [7] 400 000 €/MWproduct 

Depreciation period [4] 20 a 

OPEX [7,16] 4% 

Energy conversion efficiency [16] 83.4% 

Losses [16,38] 17% 

Reactor pressure [16,37] 25 bar 

Min. partial load 30% 

Specific own consumption of el. energy [16,39] 1.18% 

2.2.2. Methanol synthesis 

The hydrogenation of carbon dioxide to MeOH takes place in a single-stage process at 75 bar [16] with 

hydrogen and CO2 as feed gas (Equation 3). Apart from water as inevitable by-product, other by-products are 

formed in significantly lower amounts and can therefore be neglected [40].  

 

CO2 +  3 H2 ⇌ CH3OH + H2O;  ΔHR = −50 kJ mol−1     (3) 

 

The minimal partial load of the MeOH synthesis process is set to 0% of the nominal load. This is based on 

the presumption that a liquid absorption process [41,42] or process options of similar dynamic abilities are 

industrially available in 2035. 

Table 4. Assumptions for MeOH-Synthesis.³ 

 Parameters 

CAPEX [7] 300 000 €/MWproduct 

Depreciation period [4,43] 20 a 

OPEX [7,16] 4% 

Energy conversion efficiency [16] 88.6% 

Losses [16,38] 10% 

Reactor pressure [16] 75 bar 

Minimum partial load [41,42]  0% 

Specific own consumption of el. energy [16,39] 1.18% 

2.2.3. LOHC 

The LOHC technology provides hydrogen storage in form of liquids and therefore offers an opportunity for 

energy storage on a very large scale and over long periods of time without losses. As a fuel-like liquid, the 

chemically bound hydrogen can be transported to the filling station and released when required. Among the 

 

 
3 The specified performance and cost parameters refer to a plant with an output of about 200 MWproduct. 
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different LOHC compounds that have been considered, pure hydrocarbon systems offer the advantages of low 

cost and full compatibility with the existing infrastructure for liquid fuels. In the first step, the unloaded form 

of LOHC, e.g. dibenzyltoluene (H0-DBT) [44] is loaded with hydrogen in an exothermal reaction (Equation 4). 

The loaded form of LOHC, e.g. perhydro dibenzyltoluene (H18-DBT), is liquid and can be transported to the 

filling station where the hydrogen can be released in an endothermic dehydrogenation reaction (Equation 5). 

The uncharged LOHC is then returned to the synthesis plant to be hydrogenated again. The degradation rate of 

the liquid, considered as the amount to be refilled after an appropriate purification process, is assumed to be 

0.01% per full hydrogenation-dehydrogenation cycle.  

 

H0-DBT + 9H2 H18-DBT;  ΔHR = −65 kJ mol−1     (4) 

 

H18-DBT H0-DBT+ 9H2;  ΔHR = +65 kJ mol−1     (5) 

 

The here considered LOHC system dibenzyltoluene (H0-DBT) - perhydro dibenzytoluene (H18-DBT) is 

characterised by a high hydrogen storage density of 6.25 mass% H2 and also known to be suitable in terms of 

toxicity [23]. Furthermore, these compounds are already in large-scale industrial use as heat transfer oils. 

The purchase price of the H0-DBT in 2035 is assumed to be 2.500 €/ton [45]. Due to the comparatively low 

production capacity of the dehydrogenation unit at the filling station, specific own consumption of electricity is 

tripled. 

Table 5. Assumptions for LOHC plants4. 

 Hydrogenation Dehydrogenation 

CAPEX [22] 128 000 €/MWproduct 839 000 €/MWproduct 

Depreciation period [23] 20 a 20 a 

OPEX [16,46] 4% 4% 

Energy conversion efficiency 100% 100% 

Losses 0% 0% 

Energy density of H18-DBT [44,46] 6.25 wt.% 

Depth of discharge [46] 90% 

Degradation rate per cycle  0.01% 

Reactor pressure [22,28,46] 30 bar 2 bar 

Minimum partial load [47] 0% 0% 

Specific own consumption of el. energy [16,45,46] 1.18% 3.54% 

2.3. Hydrogen-to-electric-fuel efficiency 

The overall hydrogen-to-electric-fuel efficiency ηfuel is an important indicator for energy losses in the 

logistics process from the source of hydrogen to the dispenser at the filling station. For calculation of ηfuel for 

the various electric fuel options, maximum energy conversion efficiencies and all relevant losses during the 

 

 
4 The specified performance and cost parameters refer to a hydrogenation plant with an output of about 200 MWH18-DBT and a 

dehydrogenation plant with an output of 0.9 MWH2 at the filling stations. 
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handling and storing processes must be taken into account. The energy conversion efficiency ηLHV describes the 

ratio of the energy content of the resulting product to the energy content of the feed hydrogen in a process that 

is assumed to be optimal. The losses of energy during FT and MeOH synthesis can be traced back to the 

formation of water during the processes. Since no stoichiometric by-products are produced during 

hydrogenation and dehydrogenation of H0-DBT and H18-DBT, the energy conversion efficiency of the LOHC 

process is assumed as 1. 

In addition to the losses caused by stoichiometric by-products, technical plant efficiency of the synthesis and 

product upgrading processes have to be considered as well. Losses are expected to be 0.1 for MeOH synthesis 

and 0.17 for FT synthesis [16], due to the more complex product upgrading process. In contrast, neither 

hydrogenation nor dehydrogenation of LOHC systems causes significant losses apart from the mentioned very 

low level of carrier degradation. 

Table 6. Efficiency of synthesis and LOHC (de-)hydrogenation. 

 ηLHV l ηfuel 

FT-Synthesis 0.841 0.17 0.698 

MeOH-Synthesis 0.879 0.10 0.791 

Hydrogenation 1 0 1 

Dehydrogenation 1 0 1 

2.4. Released and required thermal energy 

The hydrogenations of CO2 and H0-DBT are exothermic reactions. The released heat at the temperature level 

of the synthesis conditions (considered to be above 250 °C for all processes under comparison) is of economic 

value and is therefore sold, irrespective of the exact temperature level, for 20 €/MWhth. The heat is extracted 

from the process by a heat exchanger with an efficiency of 97.5% [46]. For the endothermic dehydrogenation 

of H18-DBT at the filling station the required thermal energy is assumed to be purchased for 40 €/MWhth and 

transferred into the system with the same heat exchanger efficiency of 97.5%. Due to the various site conditions 

at different hydrogen filling stations, the heat source is not specified more precisely. Possible options include 

the combustion of natural gas, biogas or wood chips as well as solar thermal or electrothermal processes in 

combination with appropriate heat storage capacities (e.g. molten salt tanks). It is expected that suitable sites 

for LOHC-based hydrogen filling will be selected based on the availability of attractive heat sources. Heating 

with electric energy from the grid is a general and feasible option despite the comparatively higher costs. The 

sensitivity analysis in Section 4.3 takes up such a scenario. 

2.5. Transport of e-fuels 

We assume an average transport distance of 200 km by truck to the filling stations for all examined e-fuels FT 

diesel, MeOH and LOHC. When H18-DBT is transported to the filling station, it must be noted that the truck 

has to return the dehydrogenated LOHC to the synthesis plant as well (in total 400 km are assumed for LOHC 

transport).  

One of the scenarios examines the transfer of e-fuels from a northern state (Lower Saxony, LS) to a southern 

state (Baden-Wuerttemberg, BW) of Germany. Therefore, the fuels are first shipped 500 km by inland waterway 

and then transported 200 km by truck to the filling stations. Cost for transport via truck and vessel are given in 

Table 7. Note that in the LOHC case the truck and the vessel are loaded in both transport directions. For FTD 

and MeOH cost of empty return is charged together with the delivery cost. 
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Table 7. Delivery cost for e-fuels. FTD and MeOH: 500 km by vessel and 200 km by truck (empty return for both). LOHC: 2x 500 km by 

vessel and 2x 200 km by truck. 

 
 FTD MeOH LOHC 

Truck [48] 26.14 €/t 26.14 €/t 26.54 €/t 

Vessel [48] 12.05 €/t 12.05 €/t 16.70 €/t 

 

2.6. Filling station and fuel consumption of the cars 

The synthesis plants produce e-fuels for a total of 5 billion km driving distance. Since we expect that 50 

million km of fuel equivalent are sold annually at each filling station5, we assume 100 filling stations to be 

supplied by the synthesis plants.  

 Depending on the technology used, the amount of e-fuels required can be calculated by the energy 

consumption of the cars. This is assumed to be 24.31 kWh/100 km for FTD or MeOH-driven cars and 14.96 

kWh/100 km for hydrogen-powered vehicles. These assumptions are mainly based on the tank-to-wheels study 

by JEC [51], who predict the fuel consumption for several powertrain concepts for cars in the Euro Car Segment 

“C” (Volkswagen Golf, BMW 1 Series, Ford Focus etc.) for a time horizon 2020+. MeOH-powered drive 

systems are not taken into account in this study. However, the efficiency of a MeOH-fired compression-ignition 

engine is likely to be on a similar level as diesel engines [52–54]  

In case of FTD and MeOH, hybrid-vehicles with a compression-ignition engine as well as an electric motor 

are presumed. The performance criteria like top speed and acceleration are equal between all three considered 

vehicles and all cars examined have a driving range of 500 km [51] between two tank stops. The acquisition 

costs of the cars are not part of the optimization and are therefore not taken into account. If a comparison of the 

technologies including the respective vehicle costs is desired, an annuity per 100 km driven can be added to the 

mobility costs. 

 

The hourly demand for e-fuels is based on a Friday’s distribution, the day with the highest turnover and 

fluctuation. The range varies between 0.5% (3:00-4:00) and 7.8% (16:00-17:00) of the daily demand [34]. 

The system-relevant costs for a FTD or MeOH selling petrol station consist of the storage tank and the 

dispenser. The construction of a LOHC hydrogen filling station is considerably more expensive. Since the 

hydrogen is delivered in form of LOHC, the conversion to gaseous hydrogen must take place at the filling 

station. Therefore, a dehydrogenation unit is needed. The released hydrogen is compressed by a five stage 

compressor into a CGH2 storage tank with a pressure level of 925 bar [36]. This requires an electrical energy 

supply of 5.34 kWh/kgH2. Before dispensing, the hydrogen must be cooled down to –40°C [34] by a refrigeration 

system and is then filled into the vehicle's 700 bar [34] tank via the dispenser. The assumed specific energy for 

cooling is 0.27 kWh/kgH2 [34]. One cooling system is needed for each dispenser [36]. 

The number of dispensers per station required was calculated as follows: We assume that every car fills up 

the tank after 500 km of driving. This leads to 273.97 refueling operations per day and filling station, resulting 

 

 
5 The total annual driving distance of motor vehicles registered in Germany in 2016 was 725.8 billion kilometres [49]. With 14.176 petrol 

stations [50] in the country, the annual driving distance per petrol station can be calculated to about 50 million kilometres. This value is 

adopted for 2035. 
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in a maximum volume of 21.37 refueling operations between 16:00 and 17:00. Based on the average refueling 

and lingering time per vehicle of seven minutes [34], a minimum of three dispensers is required per station. 

Cost for plot, buildings or labor etc. are neglected, as they are similar for each fuel technology and are also 

offset by other sources like car wash or shop sales. 

Table 8. Assumptions for the filling stations. 

 CGH2 Tank 

@ 925 bar 

E-fuel Tank Compressor Refrigeration 

Equipment 

Dispenser 

hydrogen  

Dispenser 

FTD or MeOH 

CAPEX [34,36,45,55] 600 €/kg 192 €/m³ 4 467 000 €/MW 70 000 €/pc. 40 000 €/pc. 13 000 €/pc. 

OPEX [34,45] 1% 3% 4% 2% 1% 1% 

Depreciation period [34,45] 30 a 20 a 10 a 15 a 10 a 10 a 

 

2.7. Electricity prices 

Electricity prices are of paramount importance for the mobility cost of e-fuels, as many process steps 

especially the electrolytic hydrogen production are driven by electrical energy.  

Electricity prices on an hourly basis are included in the model that describes the process chain from hydrogen 

production to fuel consumption in the car as exogenous parameters. We, however, derive those hourly electricity 

prices for different hypothetical market designs in the year 2035 using a multilevel equilibrium model developed 

by some of the authors in Grimm et al. [9,12], which had been applied to the German electricity market in 

Grimm et al. [11]. The multilevel equilibrium model allows analyzing the long-run impact of the regulatory 

environment (i.e. pricing rules at the electricity spot market, subsidization schemes for renewables, etc.) on 

transmission, line expansion, and investment in power generation capacity, whereby the prospective long-run 

electricity prices arise endogenously. The model is calibrated with values from the scenario B 2035 of the 

network development plan 2030 [13]. The scenario is based on the assumption that the energy transition in 

Germany will continue, which is accompanied by a strong increase of fluctuating renewable energy capacities 

from 89 GW in 2014 to 175 GW in 2035 [13].  

With respect to electricity consumption the grid development plan 2030 considers various development paths 

of net electricity consumption. In doing so, different developments of the demand-increasing factors, in 

particular heat pumps and electric mobility, and the demand-reducing factors such as efficiency improvements, 

are taken into account. In previous versions of the network development plan the assumption was made that the 

countervailing effects would largely offset each other, while the NEP 2030 for the first time assumes that the 

demand-increasing effect is dominant in three of the four scenarios, including scenario B 2035, and electricity 

consumption increases as a result.6 Since these assumptions are still controversial, we kept the assumption of a 

constant development of net electricity consumption.   

Computational results for two market designs are used for the comparisons in the present paper: Electricity 

trade at a uniform price (UP) at the power exchange, which is currently implemented in Germany and a nodal 

price (NP)-based market design. 

 

 
6 In scenario 2035, net electricity consumption increases by 15.0 TWh with respect to 532.1 TWh in the reference year 2015 as result of 

an increase in electricity consumption in the heating sector by 46.0 TWh and in the transport sector (in particular electric mobility) by 

11.3 TWh and efficiency improvements of 42.3 TWh. 



12  

In a uniform price design, private companies trade electricity at a central power exchange, where the market 

clearing algorithm does not account for any transmission constraints. The result is a uniform electricity price 

throughout Germany for each hour of the day. If bottlenecks of the grid infrastructure make physical electricity 

transport infeasible for the market clearing allocation, the transmission operator re-dispatches producers and/or 

consumers. In this case, the transmission operator obliges power plants before the bottleneck to shut down the 

production and calls plants after the bottleneck to step in instead. Redispatch costs are paid by the customers 

via the network fees. The number of such interventions has increased significantly in Germany in recent times 

and is likely to expand even further as a result of the increase in renewable energies in the electricity mix 

[13,56,57]. 

In a nodal pricing design, transmission constraints and locations of electricity generators and consumers are 

taken into account upon trade at the electricity exchange. This induces hourly nodal-specific prices, which leads 

to investment incentives for power plant operators in import-constrained areas, which reduces the necessity for 

transmission line expansion. For our purpose, we consider a nodal price system based on the 16 federal states 

of Germany. 

The electricity price vectors for this article are derived using the model of Grimm et al. presented in [11], which 

is calibrated with data of the network development plan 2030 for Germany [13]. In particular, in our different 

scenarios we use the price vector from calculations for an uniform price design (UP-GER), prices from a nodal 

price solution for Lower Saxony (NP-LS), which is dominated by wind energy, and prices from a nodal price 

solution for Baden-Wuerttemberg (NP-BW), where electricity is to a large part supplied by conventional plants 

[13]. See distribution of electricity prices in Figure 1.7 The figure reveals that the prices for electricity are 

significantly more frequently below 30 €/MWh in Lower Saxony than in Baden-Wuerttemberg if nodal pricing 

is implemented. In over 25 % of the hours the prices are even equal to 0 €/MWh8. Generally, Lower Saxony 

exhibits substantially lower average electricity prices than Baden-Wuerttemberg. However, the higher amount 

of renewable energies in Lower Saxony also comes with an increased standard deviation of prices.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
7 The price vector UP-GER is determined with the model of scenario 𝑀𝐸𝑅𝐶

∗  in [11], while price vectors NP-LS and NP-BW result from 

the model of scenario 𝐹𝐵𝑅𝐶 . 
8 In  the market models for uniform and nodal pricing, we assume market-driven curtailment of renewable generators in case of negative 

prices. Therefore no negative prices occur. 
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Figure 1. Distribution of electricity prices (p) for a uniform price (UP-GER) and a nodal price market design for Lower Saxony (NP-LS) 

and Baden-Wuerttemberg (NP-BW) in the year 2035. 

Since we consider a relatively small supply of only 100 average-sized filling stations, which corresponds to 0.7 

% of all petrol stations in Germany, we assume that the considered process chain does not have a significant 

influence on electricity prices. Therefore, electricity prices derived from the model calculations enter our model 

of the process chain exogenously. In future work, the two models should be integrated in order to capture 

feedback effects on electricity prices from e-fuel mobility at larger scales. However, this would require an 

extensive adaption of the bi-level electricity market model, which would require extensive theoretical 

considerations, e.g. on conditions for a unique solution of the market stage etc. For this paper, such a model 

integration is beyond scope. 

  

3. Modelling the cost-minimal setup of the process chain for different e-fuels 

We now present a linear optimization model that covers the process chain from electrolytic hydrogen 

production to the chemical synthesis of e-fuels and the utilization of the latter in cars. The model, which is 

calibrated with the parameters described above, consists of about 80 000 variables and constraints and can be 

followed step by step in the online supplement. In the following, however, a rough overview of particularly 

relevant aspects will be given. 

 Average price Standard deviation 

 48.76 25.21 

 38.90 32.03 

 56.68 24.07 
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The objective function minimizes mobility cost 𝑚𝑐, which results in the cost-optimized design of the process 

chain from electrolysis to the filling stations.9 

The mobility costs 𝑚𝑐 results from the expenses and revenues of the process steps involved and the total driven 

distance 𝑡𝑑 of 5 billion km per year and is given by: 

 

𝑚𝑐 =
𝑒𝐸𝑙 +  𝑒𝐻𝑆 +  𝑒𝐶𝑆 +  𝑒𝑆𝑦 +  𝑒𝑇𝑟 +  𝑒𝑇𝐹 +  𝑒𝐷𝑒 +  𝑒𝐶𝐹 +  𝑒𝐻𝐹 + 𝑒𝑅𝑒 + 𝑒𝐷𝑖

𝑡𝑑 100 𝑘𝑚⁄
−

𝑟𝑇𝐸 + 𝑟𝐺𝑎

𝑡𝑑 100 𝑘𝑚⁄  
 

 

The considered components of all summands appearing in the objective function are shown in Table 9 and 

can be divided in CAPEX, OPEX (fixed cost), and variable operating costs/revenues which are further specified.  

 

Table 9. Model relevant expenses and revenues of the objective function  

Expenses Considered Components 

eEl Electrolysis CAPEX OPEX Purchased electricity  

eHS Hydrogen tank at synthesis CAPEX OPEX   

eCS Compressor at synthesis CAPEX OPEX Purchased electricity  

eSy Synthesis plant CAPEX OPEX Purchased electricity Purchased co-reactant 

eTr Transport   Purchased transport 

service  by vessel 

Purchased transport 

service by truck 

eTF e-fuel tank CAPEX OPEX   

eDe Dehydrogenation CAPEX OPEX Purchased electricity Purchased heat 

eCF Compressor at filling station CAPEX OPEX Purchased electricity  

eHF Hydrogen tank at filling station CAPEX OPEX   

eRe Refrigerator system at filling station CAPEX OPEX Purchased electricity  

eDi Dispenser at filling station CAPEX OPEX   

Revenues    

rTE Heat of hydrogenation   Sold heat 

rGa Gases from FT-Process   Sold gases 

 

For our model we assume an hourly based time horizon of one year.10 The interaction of all components 

considered in the process chain is controlled by the constraints for each of these periods. A descriptive but 

incomplete picture of the flows regulated by the constraints can be seen in Figure 2.  

 

 
9 We do not model the fact that different steps of the process chain might be operated by different players. Our approach therefore gives a 

first impression on the comparison of future mobility cost under the assumption that production cost is minimized under certain 

constraints. 
10 Due to the complexity of the bi-level electricity market model in [18], which is used to generate the electricity prices for our analysis, 

only the first week of each month is considered. The model we developed for this work therefore is also based on 2 016 instead of 8 760 

time steps. 
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The constraints can be divided into two groups: conversion and storage. The conversion constraints guarantee 

balanced mass and energy flows and limit the load or power of the processes. The storage constraints, on the 

other hand, represent inter-temporal balance and limit the storage capacities. 

 

 

By solving the model, calibrated with the parameters known from Section 2, like investment and operating 

costs, electricity prices, efficiency, pressure levels, minimum partial loads, etc., we derive minimum mobility 

costs of the respective e-fuel technology. In addition to the mobility costs, we receive further model outcomes 

such as the optimized setup of all components and their optimal operation (storage levels, loads etc.) for every 

time step. These results are evaluated in the following section.  

Note that for being able to compare the three considered e-fuel technologies, we exogenously fix the amount 

of sold fuel equivalent to 5 billion km per year. As shown in section 2.6. the number of dispensers (and 

refrigeration units in case of LOHC) for the 100 filling stations is therefore already set to 3 per site.  The setup 

of all other components of the process chain, including tanks at the filling stations, is chosen continuously 

although in reality there might exist standard dimensions. However, a modeling of discrete dimensions of the 

components would require binary variables and increase the complexity of the model substantially. The results 

of our analysis can therefore be interpreted as lower bound for the mobility cost that would arise in case of 

standard dimensions. 

4. Results 

The model results are described and discussed in the following sections. In Sections 4.1 and 4.2., the 

underlying scenarios differ only in the changed market design (4.1 Uniform prices and 4.2 Nodal prices), which 

imply different electricity price vectors [11], while all further assumptions, such as driving distance or parameter 

on efficiencies and costs, remain unchanged. In Section 4.3, selected parameters which turn out to be the most 

important cost drivers are varied in a sensitivity analysis. One of the most important factors, the electricity price, 

Figure 2. E-fuels process chain from hydrogen production to fuel utilization in the car. 
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is thus focused on from two perspectives. In sections 4.1 and 4.2 the effect of different market designs is 

investigated, which give rise to different patterns of price fluctuation that can be decisive when it comes to a 

comparison of the different e-fuel technologies. In section 4.3, also different levels of taxes and levies are 

considered, which yields insights on the effect of different price levels. 

4.1. Electricity prices from a uniform price market design 

Solving the numerical model for each of the three technologies with electricity prices in a uniform price 

environment results in a cost-optimized fuel production design, which is shown in Table 10. 

 

Table 10. Cost minimized e-fuel plant setup for a uniform price electricity market design. 

   FTD MeOH LOHC 

Electrolyzer (PEMEL) 

 

Nominal power consumption  537 MWel 362 MWel 187 MWel 

Consumed electricity  3 247 GWhel 2 117 GWhel 1 044 GWhel 

CGH2 tank Storage capacity   1 682 MWhH2   

Synthesis Production capacity  228 MWproduct 208 MWproduct 135 MWproduct 

 Consumed electricity  28 GWhel 18 GWhel 9 GWhel 

 Consumed co-reactant  510 367 t 332 759 t 378 704 t 

 Released heat  220 GWhth 205 GWhth 197 GWhth 

 Sold by-products  403 GWhth   

 Produced e-fuel  1.216 GWhe-fuel 1.216 GWhe-fuel 752 GWhe-fuel 

 

Since fuel cell cars are more efficient, less e-fuel has to be produced in case of a LOHC system than for FTD 

or MeOH. As a result, the electrolyzer and the synthesis plant can be designed in smaller scale. The largest 

electrolysis and synthesis units are required for FTD production, since just 52% of the hydrogen produced is 

bound in the form of diesel, due to the stoichiometry of the reaction and the by-products that do not end up in 

the fuel pool. We also assume that FTD synthesis is not fully dynamic and therefore a buffer storage tank must 

be provided between hydrogen production and conversion. As a result, the two process steps do not necessarily 

have to be carried out at the same time. This enables the plant operator to take advantage of favorable electricity 

prices and to suspend hydrogen production at high prices. The utilization rates of relevant processes are 

summarized in Table 11. 

Table 11. Utilization rates of relevant processes for a uniform price electricity market design. 

  FTD MeOH LOHC 

Electrolyzer  69% 67% 64% 

Synthesis  81% 67% 64% 

Dehydrogenation   - - 95% 

Dispenser  44% 44% 44% 

 

Revenue from synthesis processes can be generated by the release of heat and, in the case of FTD, by the 

sale of the by-products (C1-C4 gases). The annual produced and transported amount of e-fuels is about 101 000 
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t for FTD, 220 000 t for MeOH and 401 000 t (one-way) for LOHC. Since production fluctuates with electricity 

prices, the possible overflow of e-fuels has to be stored either by a central tank system at the synthesis plant or 

at the filling station. Since the typical underground tank size of a today’s petrol stations is about 100 m³ [58], 

even for LOHC (see Table 12), an on-site buffer storage seems feasible. Nevertheless, an additional central 

storage system could be useful to perpetuate the supply chain.  

 

Table 12. Cost minimized e-fuel tank system at the filling station for a uniform price electricity market design. 

  FTD MeOH LOHC11 

Volume   16 m³  64 m³  117 m³  

Energy  149 MWhe-fuel 278 MWhe-fuel 114 MWhe-fuel 

  

Besides the fuel tank, model-relevant components for FTD- or MeOH-based petrol stations are only the 

number of dispensers. In our analysis we assume three dispensers each (see 2.6). 

Table 13 shows the cost-optimized and far more complex LOHC filling station design. The 906 kWH2 

dehydrogenation unit and the 145 kWel compressor operate almost continuously in 8.296 equivalent full-load 

hours per year. This shows that running a LOHC filling station which is sensitive to electricity cost (e.g. because 

the dehydrogenation heat is provided by electric heating using electricity from the grid) is only possible to a 

very limited extent. This is because of the high investment cost of the dehydrogenation, compressor and storage 

components involved, which afford high utilization. 

The compressed hydrogen is buffered in a six MWhH2 (180 kg) small CGH2 tank at 925 bar, which in contrast 

to the LOHC tank, mainly compensates the short-term imbalance between supply and demand during the day. 

 The total consumption of electrical energy varies among the technologies and amounts to 1 206 GWh for 

LOHC, 2 135 GWh for MeOH and 3 275 GWh for FTD. Even for FTD, this corresponds to a share of only 

0.6% of Germany's net electricity consumption (547.0 TWh in 2035 [13]). In [10] it is shown for a comparable 

annual flexible industrial electricity consumption that no significant influence on hourly electricity prices can 

be detected. Thus, for the considered scenario the approach of exogenous electricity prices that we have chosen 

is adequate.12  

Table 13. Cost minimized LOHC based hydrogen filling station setup in a uniform price design. 

Dehydrogenation Unit 

 

Production capacity  906 kWH2 

Consumed electricity  266 MWhel 

 Consumed heat  2 072 MWhth 

Compressor Installed power   145 kWel 

 Consumed electricity  1 206 MWhel 

CGH2 tank Storage capacity   6 MWhH2 

 

 
11  In the case of LOHC we assume that one tank is needed for H0-DBT and one for H18-DBT. This doubled volume is given here. 

Nevertheless, it can be expected that in the field the tanks are subdivided into several separate sections, which are either filled with loaded 

or unloaded material. Thus, the volume of the tanks can be almost halved. 
12 In [17], the effect of a flexibilization of the German cement industry (approx. 0.5% of total electricity consumption in Germany) on 

electricity prices is analysed. Results show that the effect is negligible and that, therefore, using exogenous electricity prices is valid for 

this size of industry. 
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Refrigeration equipment Number of units   3 

 Consumed electricity  59 MWhel 

Dispenser Number of units   3 

 

The cumulative expenses and incomes of the cost-optimized processes are displayed in Figure 3 as mobility 

cost in €/100 km.13 As shown, the cost of LOHC-based hydrogen mobility is significantly lower than for MeOH 

or diesel-powered driving. This can be attributed above all to the comparatively small amount of hydrogen 

required. Due to the high hydrogen-to-electric-fuel efficiency and the low energy consumption during driving, 

the amount of hydrogen required per kilometer of travel is lowest. Nevertheless, even for a LOHC system, the 

hydrogen production costs are a dominating factor. Depending on the technology, electrolytic splitting of water 

accounts roughly for 40% to 60% of the mobility cost, with electrical energy representing 80% of the cost. 

 

 

In addition to hydrogen production, the cost of CO2 also have a major influence and amount to 0.33 €/100 km 

(MeOH) and 0.51 €/100 km (FTD), respectively. Especially due to the low degradation rate per cycle, the 

expenses for H0-DBT are negligible. Expenses for the synthesis plants differ greatly between technologies. This 

is due to the varying Nominal power consumption of the plants but also due to the different performance-related 

specific cost. With the LOHC technology, however, considerably more has to be charged for delivery to filling 

stations, caused by LOHC's lower energy density and doubled transport route.  

It is evident that a large part of the mobility cost for hydrogen via LOHC are caused by the filling station 

infrastructure, which is shown in Figure 4 in detail. 

 

 
13 A detailed overview of all components of the mobility cost for the considered scenarios of Section 4.1 and 4.2 is given in the Appendix 

[Table 23 to

 

Table 26]. 

Figure 3. Expenses per 100 km driven per e-fuel technology. 
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The dehydrogenation of H18-DBT has the largest share with 0.36 €/100 km, where 0.03 €/100 km is caused 

by the consumption of electrical and 0.17 €/100 km is caused by the use of thermal energy during this process 

step. The remaining portion is attributable to the annual investment and fixed operating costs of the plant. 

A similar picture results for the compression from 2 bar dehydrogenation pressure to 925 bar storage tank 

level, which cost about 0.28 €/100 km. Energy cost of 0.11 €/100 km are just slightly lower than the annual 

investment and fixed operating cost, which amount to 0.17 €/100 km. In contrast, costs for LOHC and CGH2 

tanks as well as for dispenser and refrigeration unit are comparatively low. A comparison of product costs in a 

uniform price design is given in Table 14. 

 

Table 14. Product costs in a uniform price design. 

 

 

 

 

 

 

 

In the interest of a better evaluation and comparison of the results, the mobility cost for conventional diesel 

is estimated. The import price of diesel fuel for Germany between 2014 and 2016 was about 42 €/ MWhth [59] 

with a crude oil import price of about 34 €/ MWhth [59]. Accordingly, the price of diesel fuel was on average 

about 124% of crude oil. Assuming this correlation and assuming an increase in the price of crude oil to 56 €/ 

MWhth [13] by 2035, a diesel price of 69 €/ MWhth can be expected for the model year. In order to achieve 

comparability, the transport to the petrol stations as well as the cost for the fuel tanks and dispensers must be 

added. The transport distance is estimated to be 500 km by ship and 200 km by truck. The cost for the tank and 

  FTD MeOH LOHC 

Hydrogen  66 €/MWhH2 65 €/MhH2 65 €/MWhH2 

E-fuel at synthesis plant  146 €/MWhe-fuel 98 €/MWhe-fuel 63 €/MWhe-fuel 

E-fuel at filling station   148 €/MWhe-fuel 104 €/MWhe-fuel 129 €/MWhe-fuel 

H0 and H18-DBT tank 0,00

Dehydrogenation 0,36

Compressor 0,28

CGH2 tank 0,01

Refrigerator 0,07

Dispenser 0,03
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Figure 4. Expenses for LOHC based hydrogen filling station per 100 km (in €/100 km) 
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dispenser are based on the values calculated from the scenario above. This increases the cost of diesel fuel at 

the petrol station to 72 €/ MWhth and the mobility cost results in 1.83 €/100km. At this point, however, a climate-

damaging fuel is compared with a CO2 reduced one. If current valid energy tax of 48 €/ MWhth in Germany 

[60] is added to the diesel price of 72 €/ MWhth, the mobility cost rise to 3.00 €/100 km, which would be still 

cheaper than for FTD but more expensive than for the other fuels. 

4.2. Electricity prices from a nodal price market design and transport scenario 

As shown in Section 4.1, electricity prices are an outstanding driver of the mobility costs and can represent 

more than 60% of the total costs. Therefore, other market designs in the electricity sector can have a significant 

impact on the economic viability of the e-fuels. As an example, we analyze mobility costs of the three 

considered e-fuels in a nodal price system, which implies lower electricity prices in regions with high supply 

capacities relative to load, high prices in rather undersupplied regions, as well as a higher fluctuation of prices 

[11]. We focus our attention on two regions with distinct price patterns in a nodal pricing (NP) design, the 

northern German state Lower Saxony (NP-LS) and the southern state Baden-Wuerttemberg (NP-BW). An 

additional scenario analyzes a setup where e-fuels are synthesized in Lower Saxony at the benefit of low 

electricity cost and are then transported (TR) to Baden-Wuerttemberg (NP-TR).  
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Table 15. Mobility costs for a uniform price (UP-GER) and a nodal price market design for Lower Saxony (NP-LS), Baden-

Wuerttemberg (NP-BW) and the transport scenario (NP-TR) in [€/100 km]. 

 UP-GER NP-LS NP-BW NP-TR 

FTD 3.61 2.41 4.06 2.43 

MeOH 2.52 1.50 2.81 1.55 

LOHC 1.92 1.36 2.10 1.55 

 

As shown in Table 15, the electricity market design has a significant influence on mobility costs of e-fuels 

if the process is set up to primarily use electricity for electrolysis and other downstream applications in low 

price periods. The costs have substantially decreased for all three technologies for the operation of the plants in 

Lower Saxony (as example, the product cost for Lower Saxony are given in Table 16). However, the production 

of e-fuels in Baden-Wuerttemberg is considerably more expensive in a nodal system than in a uniform price 

environment. Transport from the north is therefore the far cheaper alternative for supplying the southern states 

than local production. The results are shown in detail in Figure 5, 6 and 7 for FTD, MeOH and LOHC. 
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Figure 5. Mobility costs per 100 km for FTD for a uniform price market design (UP-GER), for nodal prices in Lower Saxony (NP-LS) 

and Baden-Wuerttemberg (NP-BW) and for the transport scenario (NP-TR). 
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Figure 6. Mobility costs per 100 km for LOHC for a uniform price market design (UP-GER), for nodal prices in Lower Saxony (NP-LS) 

and Baden-Wuerttemberg (NP-BW) and for the transport scenario (NP-TR). 

Figure 7. Mobility costs per 100 km for MeOH for a uniform price market design (UP-GER), for nodal prices in Lower Saxony (NP-LS) 

and Baden-Wuerttemberg (NP-BW) and for the transport scenario (NP-TR). 
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Table 16. Product costs in a nodal price market design for Lower Saxony. 

  FTD MeOH LOHC 

Hydrogen  35 €/MWh 27 €/MWh 27 €/MWh 

E-fuel at synthesis plant  96 €/MWh 58 €/MWh 27 €/MWh 

E-fuel at filling station   99 €/MWh 62 €/MWh 91 €/MWh 

 

 

The changed market design has a significant influence on the cost-minimized design of the process chain as 

shown in Table 17. In the case of production at nodal prices in Lower Saxony, the nominal power consumption 

of the electrolyzer has considerably increased for all electric fuel technologies. This enables the plant operator 

to make better use of low prices and at the same time avoid production at high prices. The resulting utilization 

rates of different components are shown in Table 17. Since this reduces the average electricity prices for 

producing hydrogen, the cheaper but more inefficient AEL is preferred over the PEMEL. The resulting stronger 

fluctuation of the hydrogen output is compensated by an increased nominal production capacity of the synthesis 

plants and, in the case of FTD, an enlarged CGH2 buffer tank. 

 

Table 17. Cost minimized e-fuel plant design in a nodal price market design for Lower Saxony  

   FTD MeOH LOHC 

Electrolyzer (AEL) 

 

Nominal power consumption  1 003 MWel 794 MWel 398 MWel 

Consumed electricity  3 439 GWhel 2 253 GWhel 1 106 GWhel 

CGH2 tank Storage capacity   8 456 MWhH2   

Synthesis Production capacity  348 MWproduct 428 MWproduct 270 MWproduct 

 Consumed electricity  28 GWhel 18 GWhel 9 GWhel 

 Consumed co-reactant  510 367 t 332 759 t 378 704 t 

 Released heat  220 GWhth 205 GWhth 197 GWhth 

 Sold by-products  403 GWhth   

 Produced e-fuel  1.216 GWhe-fuel 1.216 GWhe-fuel 752 GWhe-fuel 

 

 

Table 18. Various utilization rates in a nodal price market design for Lower Saxony 

  FTD MeOH LOHC 

Electrolyzer  39% 32% 32% 

Synthesis  53% 32% 32% 

Dehydrogenation   - - 95% 

Dispenser  44% 44% 44% 

 

In contrast, the optimal filling station design, driven primarily by demand, hardly changes at all, even for the 

more complex LOHC-hydrogen filling station. An exception is the e-fuel tank (Table 19), which gets larger due 
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to the more volatile e-fuel production and reaches more than 250 m³ for LOHC per tank. This size is likely to 

require centralized storage at the synthesis plant. 

 

Table 19. Cost minimized e-fuel tank system in a nodal price market design for Lower Saxony 

  FTD MeOH LOHC 

Volume   43 m³  184 m³  507 m³  

Energy  411 MWh 804 MWh 494 MWh 

 

For the production of e-fuels in Baden-Wuerttemberg, the optimized plant design and the utilization rates 

shown in Table 20 and Table 21 just differ slightly from the uniform price scenario. This can be explained by a 

similar degree of dispersion of electricity prices (see Section 2.7). 

 

Table 20. Cost minimized e-fuel plant design in a nodal price market design for Baden-Wuerttemberg.  

   FTD MeOH LOHC 

Electrolyzer 

(PEMEL) 

Nominal power consumption  574 MWel 381 MWel 190 MWel 

Consumed electricity  3 247 GWhel 2 117 GWhel 1 044 GWhel 

CGH2 Tank Storage capacity   1 861 MWhH2   

Synthesis Production capacity  258 MWproduct 219 MWproduct 137 MWproduct 

 Consumed electricity  28 GWhel 18 GWhel 9 GWhel 

 Consumed co-reactant  510 367 t 332 759 t 378 704 t 

 Released heat  220 GWhth 205 GWhth 197 GWhth 

 Sold by-products  403 GWhth   

 Produced e-fuel  1.216 GWhe-fuel 1.216 GWhe-fuel 752 GWhe-fuel 

 

Table 21. Various utilization rates in a nodal price market design for Baden-Wuerttemberg. 

  FTD MeOH LOHC 

Electrolyzer  65% 63% 63% 

Synthesis  72% 63% 63% 

Dehydrogenation   - - 95% 

Dispenser  44% 44% 44% 

 

 

 

4.3. Sensitivity Analysis 

The main cost drivers besides energy market design and its effect on electricity prices, which we have been 

tackled in Section 4.2, were outlined in the previous sections. In this section, a sensitivity analysis is carried out 



 25 

to analyze the influence of these parameters more precisely. For this purpose, the following parameters are 

recalibrated in seven scenarios. 

 

1. The size of the electrolyzer significantly determines the design of the process chain and the mobility 

costs and is therefore of decisive importance. However, the information on the future cost 

development of electrolysis differs widely, which is why we vary these in the sensitivity analysis. 

The investment cost of the electrolysis systems are reduced to 370 €/kWel (AEL) and 250 €/kWel 

(PEMEL). This reflects the expectation that PEMEL technology offers more potential for future 

developments in terms of reducing investment costs. 

2. The large fluctuations in electricity prices, which can be observed particularly with nodal prices in 

Lower Saxony, lead to an increase in electrolysis systems as described in Section 4.2. This 

implicitly also increases the size of the synthesis plants, which can thus become a considerable cost 

factor. In the following, therefore, a reduction in synthesis and dehydrogenation plant costs of 20 

% is assumed.  

3. The share of CO2 purchasing in the mobility costs of methanol and diesel is a relevant element and 

is directly determined by the CO2 price. Therefore the effect of a reduced CO2 price to 30 €/t is 

investigated.  

4. In the case of cost-sensitive and thus fluctuating hydrogen production, the lower partial load of the 

downstream systems is of enormous importance. In order to constantly supply the synthesis with 

hydrogen, either the electrolysis must be operated at higher prices or the hydrogen must be 

temporarily stored at high cost. In this scenario we therefore increase the minimum partial load to 

50% for FTD and MeOH. 

5. Future interest rate developments are difficult to predict. In scenario 5, we therefore consider the 

effects of a 2 percentage point rise in interest rates to 6 %. 

6. Taxes and levies are charged on the purchase of electricity in Germany. These vary greatly 

according to total power consumption, industry, grid connection level, etc. For scenario 6 we 

therefore assume that taxes and levies of 1.6 €/MWh must be paid on electricity for the production 

of e-fuels in the central factory. At the filling stations taxes and levies of 133.3 €/MWh are payed 

in a market model based on uniform prices and 129.8 €/MWh if a nodal price system is assumed. 

The derivation of the taxes and levies can be found in the online supplement in Section 2. 

7. All parameter recalibrations with a positive effect on the mobility costs (1, 2 and 3) have been 

pooled. 

8. All parameter recalibrations with a negative effect on the mobility costs (4, 5 and 6) have been 

pooled. 

 

In Table 22, we compare the benchmark scenario outlined in Sections 4.1 and 4.2 to all abovementioned 

cases 1-8. Mobility costs in a uniform price environment are determined, as well as for a nodal price system 

with and without transport between Lower Saxony and Baden-Wuerttemberg. If the cost are below 2.00 

€/100 km the respective cells are marked green in the table. Particularly high cost above 3.00 €/100 km are 

colored red. Intermediate cost appear in yellow. 
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Table 22. Results of the sensitivity analysis for a uniform price (UP-GER) and a nodal price market design for Lower Saxony (NP-LS), 

Baden-Wuerttemberg (NP-BW) and the transport scenario (NP-TR) in [€/100 km]. 

    UP-GER N-LS N-BW N-TR 

Benchmark  FTD 3.61 2.41 4.06 2.43 

MeOH 2.52 1.50 2.81 1.55 

LOHC 1.92 1.36 2.10 1.55 

1) CAPEX electrolyzer ↑ FTD 3.23 1.97 3.71 1.99 

MeOH 2.27 1.19 2.59 1.24 

LOHC 1.78 1.21 1.98 1.40 

2) CAPEX synthesis plant ↑ FTD 3.56 2.34 4.01 2.36 

MeOH 2.49 1.44 2.78 1.49 

LOHC 1.88 1.31 2.06 1.50 

3) CO2 price ↓ FTD 3.40 2.20 3.86 2.23 

MeOH 2.39 1.37 2.68 1.42 

4) Min. part load synthesis ↑ FTD 3.64 2.57 4.11 2.60 

MeOH 2.59 1.89 2.89 1.95 

5) Interest rate ↑ FTD 3.71 2.58 4.17 2.61 

MeOH 2.58 1.62 2.89 1.67 

LOHC 2.00 1.47 2.18 1.66 

6) Include high taxes and levies FTD 3.71 2.51 4.17 2.54 

MeOH 2.59 1.57 2.88 1.62 

LOHC 2.37 1.80 2.53 1.99 

7) All positive effects have been 

pooled (1 + 2 + 3) 
FTD 2.97 1.70 3.46 1.73 

MeOH 2.08 0.99 2.42 1.05 

LOHC 1.73 1.16 1.94 1.35 

8) All negative effects have 

been pooled (4 + 5 + 6) 
FTD 3.85 2.86 4.33 2.88 

MeOH 2.72 2.08 3.03 2.13 

LOHC 2.44 1.90 2.61 2.09 

 

The sensitivity analysis reveals that the LOHC technology leads to lowest mobility cost in a large share of 

the considered scenarios. However, if the e-fuels are to be transported (N-TR), methanol technology is 

sometimes the cheapest option. The highest cost per kilometer driven by the fuel consumer constantly arises for 

synthetic diesel (FTD). 

Since mobility costs are mainly determined by hydrogen production, the overall results can be significantly 

improved by reducing electrolysis CAPEX. Reduced investment cost leads to larger electrolysis nominal power 

consumption, which enables better utilization of favorable electricity prices. As a result, however, hydrogen 

production fluctuates more strongly, which requires investment in interim storage facilities or an increased 

synthesis production capacity.   

A reduction of investment costs for synthesis plants and the dehydrogenation plant imply only minor effects. 

The cost reductions can be attributed almost exclusively to the reduced annual depreciation of the synthesis 

plant. The process design is influenced only to a very limited extent. The production capacity of the synthesis 

plant increases slightly in all cases, which is always associated but also hampered by a rise in expensive 

electrolysis units. 
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The increase in the minimum partial load allowed for MeOH and FTD synthesis has a major impact on 

mobility costs and ranges from 0.03 to 0.40 €/100 km. This applies in particular to production sites with strongly 

fluctuating electricity prices such as those in Lower Saxony. Due to the required minimum partial load, the 

plant operator must either produce hydrogen at higher electricity prices or store it temporarily in larger tanks. 

Both effects can be seen in scenarios considered.  

An increase in interest rates like in scenario 5 yields an increase in mobility costs for all technologies 

examined. This is particularly important when the investment costs make up a large part of the total costs. This 

is especially the case when it comes to production in Lower Saxony and thus to particularly large electrolysis 

plants. However, the high investment costs of the LOHC filling station also have a strong negative impact on 

the result for this technology. 

Taking into account taxes and levies results in higher costs for all three technologies. The increase in mobility 

costs for LOHC is particularly strong, as a part of electricity is also required at the filling station. This is, 

however, much more affected by taxes and levies than the electricity used for hydrogen production and 

synthesis. Since the amount of electricity required at the LOHC based hydrogen filling station is just 12% of 

the total electricity consumption, LOHC is still the cheapest option in a uniform price system. 

If all levers with a positive influence are considered simultaneously, the cost of mobility decrease 

significantly. Synthetic methanol is the cheapest technology when produced in a nodal price system in Lower 

Saxony, closely followed by the LOHC technology that also yields prices around one euro per 100 km. 

In a final evaluation (Scenario 8), all negative influencing factors are combined and the mobility costs 

therfore increase sharply. Only the LOHC technology still reaches values below 2.00 €/100 km for production 

in Lower Saxony. 

5. Conclusion 

In this paper we investigated the mobility cost of the electric fuels Fischer Tropsch diesel, methanol and 

hydrogen temporally bound to a liquid organic hydrogen carrier. The focus here was on the influence of 

electricity prices resulting from different electricity market designs in scenarios where flexible components in 

the fuel production process were optimized to decrease electricity cost. The conclusion of our study can be 

summarized as follows: 

 

1) From the economic point of view, electric fuels are an alternative to conventional fuels. However, due 

to its stoichiometry and by-product formation, Fischer-Tropsch diesel is less suitable than methanol or 

hydrogen (transported and stored with liquid organic hydrogen carriers) as a future fuel. 

2) Major factors that influence production and mobility cost of fuels are (i) electrolysis investment cost, 

(ii) the CO2 procurement price (iii) and the taxes and levies on electricity. 

3) Hydrogen production costs, which are also significantly driven by electricity prices, have the biggest 

influence on the economic efficiency of electric fuels. The future design of the electricity market thus 

plays a decisive role for future mobility cost. If a nodal price system is assumed, mobility cost in low 

price areas (in our example Lower Saxony) decrease considerably by up to 40%. These conditions also 

make it economically attractive to transport fuels from the north to the south of Germany.  

 

Let us emphasize at this point that this article focuses on the economic comparison of different fuels. If the 

electricity mix consists mainly of renewable energy sources and the technologies for CO2 capture operated 

entirely on renewable energy, the entire carbon cycle can be regarded as closed for the technologies examined. 

If not, differences might arise in case the particular production patterns for the considered fuels imply different 

emissions. Note also that further ecological aspects such as the CO2 footprint of the entire production process 
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of different cars or local emissions of the powered cars have been neglected in this paper. While no undesirable 

by-products are emitted when driving a fuel cell-based electric car, local emissions of Fischer-Tropsch diesel 

and mathanol-driven cars are likely to be at a similar level as of comparable cars running on conventional fuels. 

Another important aspect is that pure methanol is a toxic liquid and today’s filling stations are not suitable to 

distribute pure methanol due to material compatibility issues. This is why most scenarios consider mixing 

methanol  with conventional fuels or Fischer-Tropsch-derived fuels, making the here considered methanol -

scenario an optimistic borderline case of what can be expected for 2035.  

Finally note that in this work, we have considered the production of electric fuels on a relatively small scale 

and could therefore assume that the process chain does not have a significant influence on electricity prices. 

However, increased fuel production would change this and would require the integration of the model presented 

in this study into the bi-level electricity market model of Grimm et al. [18], which calls for comprehensive 

theoretical considerations, e.g., conditions for a unique solution of the market model. In follow up work, we 

therefore plan to investigate the influence of increased electric fuel production on electricity prices and supply 

security in Germany. For this endeavor the preparatory work through this article is indispensable and an 

important milestone. 

Acknowledgements 

This research has been performed as part of the Energie Campus Nürnberg and is supported by funding of 

the Bavarian State Government. We thank the DFG for their support within the projects B08, and B09 in CRC 

TRR 154. We thank participants at the BB2 Workshop in Berlin, the EnCN annual conference, the ENERDAY 

in Dresden, the IAEE International Conference in Groningen, the iSEnEC in Nuremberg and the Journal 

reviewers and editors for comments, which contributed considerably, to enhance the quality of this work. 

 

References 

[1] IEA. CO2 emissions from fuel combustion: Highlights; 2017. 

[2] BMWi. Energiekonzept: Für eine umweltschonende, zuverlässige und bezahlbare Energieversorgung; 

2010. 

[3] Ball M, Wietschel M. The future of hydrogen – opportunities and challenges. International Journal of 

Hydrogen Energy 2009;34(2):615–27. 

[4] Varone A, Ferrari M. Power to liquid and power to gas: An option for the German Energiewende. 

Renewable and Sustainable Energy Reviews 2015;45:207–18. 

[5] Schemme S, Samsun RC, Peters R, Stolten D. Power-to-fuel as a key to sustainable transport systems – 

An analysis of diesel fuels produced from CO 2 and renewable electricity. Fuel 2017;205:198–221. 

[6] Hannula I. Co-production of synthetic fuels and district heat from biomass residues, carbon dioxide and 

electricity: Performance and cost analysis. Biomass and Bioenergy 2015;74:26–46. 

[7] Brynolf S, Taljegard M, Grahn M, Hansson J. Electrofuels for the transport sector: A review of 

production costs. Renewable and Sustainable Energy Reviews 2017. 

[8] Grimm V, Kleinert T, Liers F, Schmidt M, Zöttl G. Optimal price zones of electricity markets: A mixed-

integer multilevel model and global solution approaches. Optimization Methods and Software 2017:1–

31. 

[9] Grimm V, Schewe L, Schmidt M, Zöttl G. Uniqueness of market equilibrium on a network: A peak-load 

pricing approach. European Journal of Operational Research 2017;261(3):971–83. 

[10] Ambrosius M, Grimm V, Sölch C, Zöttl G. Investment incentives for flexible demand options under 



 29 

different market designs. Energy Policy 2018;118:372–89. 

[11] Grimm V, Rückel B, Sölch C, Zöttl KG. The Impact of Market Design on Transmission and Generation 

Investment in Electricity Markets; Available from: https://ssrn.com/abstract=3235262. 

[12] Grimm V, Martin A, Schmidt M, Weibelzahl M, Zöttl G. Transmission and generation investment in 

electricity markets: The effects of market splitting and network fee regimes. European Journal of 

Operational Research 2016;254(2):493–509. 

[13] ÜNB. Netzentwicklungsplan Strom 2030: Version 2017. Erster Entwurf der Übertragungsnetzbetreiber. 

[14] Hansson J, Hackl R, Taljegard M, Brynolf S, Grahn M. The Potential for Electrofuels Production in 

Sweden Utilizing Fossil and Biogenic CO2 Point Sources. Front. Energy Res. 2017;5:133. 

[15] Schiebahn S, Grube T, Robinius M, Tietze V, Kumar B, Stolten D. Power to gas: Technological 

overview, systems analysis and economic assessment for a case study in Germany. International Journal 

of Hydrogen Energy 2015;40(12):4285–94. 

[16] Tremel A, Wasserscheid P, Baldauf M, Hammer T. Techno-economic analysis for the synthesis of 

liquid and gaseous fuels based on hydrogen production via electrolysis. International Journal of 

Hydrogen Energy 2015(40):11457–64. 

[17] Fraunhofer IWES. Mittel- und langfristige Potentiale von PTL- und H2-Importen aus Iinternationalen 

EE-Vorzugsregionen: Teilbericht im Rahmen des Projektes: Klimawirksamkeit Elektromobilität; 2017. 

[18] Götz M, Lefebvre J, Mörs F, McDaniel Koch A, Graf F, Bajohr S et al. Renewable Power-to-Gas: A 

technological and economic review. Renewable Energy 2016;85:1371–90. 

[19] Smejkal Q, Rodemerck U, Wagner E, Baerns M. Economic Assessment of the Hydrogenation of CO 2 

to Liquid Fuels and Petrochemical Feedstock. Chemie Ingenieur Technik 2014;86(5):679–86. 

[20] Rivera-Tinoco R, Farran M, Bouallou C, Auprêtre F, Valentin S, Millet P et al. Investigation of power-

to-methanol processes coupling electrolytic hydrogen production and catalytic CO2 reduction. 

International Journal of Hydrogen Energy 2016;41(8):4546–59. 

[21] Becker WL, Braun RJ, Penev M, Melaina M. Production of FischereTropsch liquid fuels from high 

temperature solid oxideco-electrolysis units. Energy 2012(47):99–115. 

[22] Reuß M, Grube T, Robinius M, Preuster P, Wasserscheid P, Stolten D. Seasonal storage and alternative 

carriers: A flexible hydrogen supply chain model. Applied Energy 2017;200:290–302. 

[23] Teichmann D, Arlt W, Wasserscheid P. Liquid Organic Hydrogen Carriers as an efficient vector for the 

transport and storage of renewable energy. International Journal of Hydrogen Energy 

2012;37(23):18118–32. 

[24] Fasihi M, Bogdanov D, Breyer C. Long-Term Hydrocarbon Trade Options for the Maghreb Region and 

Europe—Renewable Energy Based Synthetic Fuels for a Net Zero Emissions World. Sustainability 

2017;9(2):306. 

[25] Al-Sharafi A, Sahin AZ, Ayar T, Yilbas BS. Techno-economic analysis and optimization of solar and 

wind energy systems for power generation and hydrogen production in Saudi Arabia. Renewable and 

Sustainable Energy Reviews 2017;69:33–49. 

[26] Parra D, Patel MK. Techno-economic implications of the electrolyser technology and size for power-to-

gas systems. International Journal of Hydrogen Energy 2016;41(6):3748–61. 

[27] Schlecht I, Weigt H. Linking Europe: The Role of the Swiss Electricity Transmission Grid until 2050. 

Swiss Society of Economics and Statistics;2015(151):125–65. 

[28] Preuster P, Papp C, Wasserscheid P. Liquid Organic Hydrogen Carriers (LOHCs): Toward a Hydrogen-

free Hydrogen Economy. Accounts of chemical research 2017;50(1):74–85. 

[29] Schill W-P, Gerbaulet C. Power system impacts of electric vehicles in Germany: Charging with coal or 

renewables? Applied Energy 2015;156:185–96. 

[30] Schmidt P, Weindorf W, Roth A, Batteiger V, Riegel F. Power-to-Liquids: Potentials and Perspectives 

for the Future Supply of Renewable Aviation Fuel; 2016. 

[31] Bertuccioli L, Chan A, Hart D, Lehner F, Madden B, Standen E. Development of Water Electrolysis in 



30  

the European Union; 2014. 

[32] Ferrero D, Gamba M, Lanzini A, Santarelli M. Power-to-Gas Hydrogen: Techno-economic Assessment 

of Processes towards a Multi-purpose Energy Carrier. Energy Procedia 2016;101:50–7. 

[33] McPherson M, Johnson N, Strubegger M. The role of electricity storage and hydrogen technologies in 

enabling global low-carbon energy transitions. Applied Energy 2018;216:649–61. 

[34] Elgowainy A, Reddi K. Hydrogen Delivery Scenario Analysis Model (HDSAM): Argonne National 

Laboratory; 2015. 

[35] Hirscher M (ed.). Handbook of hydrogen storage: New materials for future energy storage. Weinheim: 

Wiley-VCH; 2010. 

[36] U.S. Department of Energy. Fuel Cell Technologies Office Multi-Year Research, Development, and 

Demonstration Plan: Hydrogen Delivery; 2015. 

[37] Albert J, Jess A, Kern C, Pöhlmann F, Glowienka K, Wasserscheid P. Formic Acid-Based Fischer–

Tropsch Synthesis for Green Fuel Production from Wet Waste Biomass and Renewable Excess Energy. 

ACS Sustainable Chem. Eng. 2016;4(9):5078–86. 

[38] Hannula I, Kurkela E. Liquid transportation fuels via large-scale fluidised-bed gasification of 

lignocellulosic biomass. Espoo: VTT; 2013. 

[39] Clausen LR, Elmegaard B, Ahrenfeldt J, Henriksen U. Thermodynamic analysis of small-scale dimethyl 

ether (DME) and methanol plants based on the efficient two-stage gasifier. Energy 2011;36(10):5805–

14. 

[40] Pontzen F, Liebner W, Gronemann V, Rothaemel M, Ahlers B. CO2-based methanol and DME – 

Efficient technologies for industrial scale production. Catalysis Today 2011;171(1):242–50. 

[41] Albert J, Baldauf M, Reichert J, Stark K, Tremel A, Wasserscheid P. Reactor with cooling device and 

in-situ sorbents for carrying out equilibrium-limited reactions(102016204718); 2017. 

[42] Albert J, Baldauf M, Stark K, Tremel A, Wasserscheid P. Reactor and process for the conversion of 

equilibrium-limited reactions(102016210224); 2017. 

[43] Pérez-Fortes M, Schöneberger JC, Boulamanti A, Tzimas E. Methanol synthesis using captured CO 2 as 

raw material: Techno-economic and environmental assessment. Applied Energy 2016;161:718–32. 

[44] Bruckner N, Obesser K, Bosmann A, Teichmann D, Arlt W, Dungs J et al. Evaluation of industrially 

applied heat-transfer fluids as liquid organic hydrogen carrier systems. ChemSusChem 2014;7(1):229–

35. 

[45] Teichmann D. Konzeption und Bewertung einer nachhaltigen Energieversorgung auf Basis flüssiger 

Wasserstoffträger (LOHC). Zugl.: Erlangen-Nürnberg, Univ., Diss., 2014. Aachen: Shaker; 2015. 

[46] Eypasch M, Schimpe M, Kanwar A, Hartmann T, Herzog S, Frank T et al. Model-based techno-

economic evaluation of an electricity storage system based on Liquid Organic Hydrogen Carriers. 

Applied Energy 2017;185:320–30. 

[47] Fikrt A, Brehmer R, Milella V-O, Müller K, Bösmann A, Preuster P et al. Dynamic power supply by 

hydrogen bound to a liquid organic hydrogen carrier. Applied Energy 2017;194:1–8. 

[48] PLANCO Consulting GmBH, Bundesanstalt für Gewässerkunde. Verkehrswirtschaftlicher und 

ökologischer Vergleich der Verkehrsträger Straße, Bahn und Wasserstraße. Essen; 2007. 

[49] Kraftfahrt-Bundesamt. Gesamtkilometer steigen um 1,4 Prozent. [January 08, 2018]; Available from: 

https://www.kba.de/DE/Statistik/Kraftverkehr/VerkehrKilometer/verkehr_in_kilometern_node.html. 

[50] Schwandt F, Kröger T. Number of petrol stations in selected European countries in 2016. [August 13, 

2018]; Available from: https://www.statista.com/statistics/525523/number-of-petrol-fuel-filling-station-

in-europe-by-country/. 

[51] Edwards R, Godwin S, Krasenbrink A, Huss A, Maas H, Hass H et al. Well-to-wheels analysis of future 

automotive fuels and powertrains in the European context: Tank-to-wheels report (TTW), version 4a, 

April 2014. Luxembourg: Publications Office; 2014. 

[52] Murray RJ, Furlonge Hydn I. Market and Economic Assessment of Using Methanol for Power 



 31 

Generation in the Caribbean Region 2009;38:88–99. 

[53] Bechthold RL, Goodman MB, Timbario TA. Use of Methanol as Transportation Fuel; 2007. 

[54] Olah GA, Goeppert A, Prakash GKS. Beyond oil and gas: The methanol economy. 2nd ed. Weinheim: 

Wiley-VCH; 2009. 

[55] Führer J, Führer Oliver, Weingartner R. Tankstellentechnik: Aktuelle Marktentwicklungen. [November 

16, 2017]; Available from: https://www.fuehrer-weingartner.de/marktentwicklungen.html. 

[56] Bundesnetzagentur für Elektrizität, Gas, Telekommunikation, Post und Eisenbahnen. Net­work and 

sys­tem se­cu­ri­ty. [August 13, 2018]; Available from: 

https://www.bundesnetzagentur.de/EN/Areas/Energy/Companies/SecurityOfSupply/NetworkSecurity/N

etwork_security_node.html. 

[57] Wohland J, Reyers M, Märker C, Witthaut D. Natural wind variability triggered drop in German 

redispatch volume and costs from 2015 to 2016. PloS one 2018;13(1):e0190707. 

[58] Leduc S, Schmid E, Obersteiner M, Riahi K. Methanol production by gasification using a 

geographically explicit model. Biomass and Bioenergy 2009;33(5):745–51. 

[59] Mineralölwirtschaftsverband e.V. Jahresbericht 2017; 2017. 

[60] Deutscher Bundestag. Energiesteuergesetz: EnergieStG; 2006. 

 

6. Appendix 

6.1.   Results overview: Mobility costs per 100 km 

Table 23. Mobility costs per 100 km for FT-Diesel, Methanol and LOHC for a uniform price market design in € per 100 km. 

 Methanol Diesel LOHC 

Expenses 2.60 3.94 2.00 

Electrolysis 1.99 3.09 0.98 

CGH2 Tank 0.00 0.04 0.00 

Feed Gas Compressor 0.00 0.00 0.00 

Synthesis 0.15 0.23 0.05 

CO2/DBT 0.33 0.51 0.00 

Transport 0.11 0.05 0.21 

Filling station 0.01 0.01 0.76 

Revenues -0.08 -0.33 -0.08 

C1-C4 gases 0.00 -0.24 0.00 

Th. Energy -0.08 -0.09 -0.08 

Total 2.52 3.61 1.92 

 
  



32  

Table 24. Mobility costs per 100 km for FT-Diesel for a uniform price market design (UP-GER), for nodal prices in Lower Saxony (NP-

LS) and Baden-Wuerttemberg (NP-BW) and for the transport scenario (NP-TR) in  € per 100 km. 

 UP-GER NP-LS NP-BW NP-TR 

Expenses 3.94 2.74 4.39 2.76 

Electrolysis 3.09 1.63 3.51 1.63 

CGH2 Tank 0.04 0.20 0.04 0.20 

Feed Gas Compressor 0.00 0.00 0.00 0.00 

Synthesis 0.23 0.33 0.26 0.33 

CO2/DBT 0.51 0.51 0.51 0.51 

Transport 0.05 0.05 0.05 0.08 

Filling station 0.01 0.01 0.01 0.01 

Revenues -0.33 -0.33 -0.33 -0.33 

C1-C4 gases -0.24 -0.24 -0.24 -0.24 

Th. Energy -0.09 -0.09 -0.09 -0.09 

Total 3.61 2.41 4.06 2.43 

 

 

Table 25. Mobility costs per 100 km for Methanol for a uniform price market design (UP-GER), for nodal prices in Lower Saxony (NP-

LS) and Baden-Wuerttemberg (NP-BW) and for the transport scenario (NP-TR) in  € per 100 km. 

 UP-GER NP-LS NP-BW NP-TR 

Expenses 2.60 1.61 2.90 1.66 

Electrolysis 1.99 0.82 2.27 0.82 

CGH2 Tank 0.00 0.00 0.00 0.00 

Feed Gas Compressor 0.00 0.03 0.00 0.03 

Synthesis 0.15 0.29 0.16 0.30 

CO2/DBT 0.33 0.33 0.33 0.33 

Transport 0.11 0.11 0.11 0.17 

Filling station 0.01 0.02 0.01 0.02 

Revenues -0.08 -0.08 -0.08 -0.08 

C1-C4 gases 0.00 0.00 0.00 0.00 

Th. Energy -0.08 -0.08 -0.08 -0.08 

Total 2.52 1.52 2.81 1.58 
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Table 26. Mobility costs per 100 km for LOHC for a uniform price market design (UP-GER), for nodal prices in Lower Saxony (NP-LS) 

and Baden-Wuerttemberg (NP-BW) and for the transport scenario (NP-TR) in  € per 100 km. 

 UP-GER NP-LS NP-BW NP-TR 

Expenses 2.00 1.44 2.18 1.63 

Electrolysis 0.98 0.40 1.12 0.40 

CGH2 Tank 0.00 0.00 0.00 0.00 

Feed Gas Compressor 0.00 0.00 0.00 0.00 

Synthesis 0.05 0.08 0.05 0.08 

CO2/DBT 0.00 0.00 0.00 0.00 

Transport 0.21 0.21 0.21 0.35 

Filling station 0.76 0.75 0.80 0.80 

Revenues -0.08 -0.08 -0.08 -0.08 

C1-C4 gases 0.00 0.00 0.00 0.00 

Th. Energy -0.08 -0.08 -0.08 -0.08 

Total 1.92 1.36 2.10 1.55 

 

 

 

6.2.   Further sensitivity analysis scenarios 

Further sensitivity analysis scenarios are described below and illustrated in   
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Table 27. 

 

9. We allow a double overload for PEMEL. However, the efficiency between nominal power 

consumption and permitted overload decreases linearly to a minimum of 40% at double overload. 

10. The investment costs of the fed gas and filling station compressor are reduced by 20%. 

11. The CO2 price is increased to 100 €/t. At the same time, degradation rate of the LOHC is raised to 

0.1%. 

12. The dehydrogenation energy is provided by an electric heater, which operates at the respective 

hourly electricity prices. 

13. Taxes and levies on electricity purchases are assumed. These amount to 1.6 €/MWh for the 

production site and are thus on the same level as expected in scenario 6. For the filling station we 

assume lower taxes and levies of 90 €/MWh in a market model based on uniform prices and 89.7 

€/MWh for a nodal price system. The derivation of the taxes and levies can be found in the online 

supplement in Section 2. 
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Table 27. Further scenarios of the sensitivity analysis 

    UP-GER N-LS N-BW N-TR 

9) Overload electrolyzer FTD 3.57 2.39 4.04 2.41 

MeOH 2.50 1.48 2.83 1.54 

LOHC 1.80 1.25 1.98 1.43 

10) CAPEX compressor ↓ MeOH 2.50 1.48 2.80 1.54 

LOHC 1.77 1.21 1.94 1.40 

11) CO2 price ↑ and 

     degradation rate ↑ 
FTD 4.11 2.90 4.56 2.93 

MeOH 2.84 1.82 3.13 1.87 

LOHC 1.82 1.26 1.99 1.45 

12) Energy for 

dehydrogenation covered by 

electricity 

LOHC 1.95 1.35 2.16 1.62 

13) Include low taxes and levies FTD 3.71 2.51 4.17 2.54 

 MeOH 2.59 1.57 2.88 1.62 

LOHC 2.23 1.67 2.41 1.86 

 

 

 

 

 

 

 


