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Abstract 

In this paper an alternative vehicle concept will be introduced and evaluated, which is 

called reforming methanol fuel cell range-extended electric vehicle (RMFC-REEV). It is 

basically a hybrid battery-electric vehicle with a plug-in option (PHEV) and a methanol 

powered fuel cell as range-extender. The advantages of this concept are supposed to 

be an increased range compared to a BEV and a more efficient and environmentally 

friendly range-extender compared to an internal combustion engine.  

The overall research question of the paper is: “What does a methanol based fuel cell 

infrastructure for electric vehicles look like and is the transition commercially as well as 

technically viable for Germany’s road transportation in 2015 and 2030?” The aim is to 

evaluate the RMFC-REEV concept on a multi-level basis, in order to ensure a 

comprehensive comparison with other vehicle concepts like ICEV (internal combustion 

engine vehicle), PHEV (plug-in hybrid electric vehicle) and FCEV (fuel cell electric 

vehicle) for the years 2015 and 2030.  

First, methanol is compared with gasoline and hydrogen, concerning its properties, 

safety and toxicity issues. Second, a well-to-wheel (WTW) analysis will follow, a 

combination of well-to-tank (WTT) and tank-to-wheel (TTW), which evaluates several 

selected methanol and electricity production pathways concerning WTW energy 

demand and WTW GHG emissions for comparison with the other concepts. Third, the 

evaluation of methanol infrastructure offers an insight into the total costs for 

transportation and distribution through filling stations. And as a fourth and final point, a 

total cost of ownership (TCO) calculation determines the competitiveness of the 

concept with the previously mentioned concepts from a customer’s point of view. The 

evaluation is conducted by the author’s own calculations based on a defined reference 

vehicle and profound literary data research about fuel properties, well-to-tank and tank-

to-wheel energy demands and emissions, as well as investment and operational costs 

of the vehicle.  

The results show that methanol could be a promising transportation fuel in the future, 

due to its properties on the one side, and due to the fact that it can be reproduced from 

renewable resources, like biomass, on the other side. From a commercial perspective, 

the total concept seems to be uncompetitive in 2015, mainly due to the uneconomical 

investment costs. In 2030, in contrast, the RMFC-REEV could become a highly 

competitive option, commercially as well as environmentally, provided that methanol is 

produced from renewable sources, like farmed wood, on a large-scale by then. 
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List of abbreviations  

A AC Alternating current 

B BEV Battery electric vehicle 

C CH2 Compressed hydrogen 

 CH3OH Methanol 

D DC Direct current 

 DME Dimethyl ether 

 DMFC Direct methanol fuel cell 

E EV Electric vehicle 

F FC Fuel cell 

 FCEV Fuel cell electric vehicle 

G GDL Gas diffusion layer 

 GHG Greenhouse gas 

H H2 Hydrogen 

 HEV Hybrid electric vehicle 

 HT-PEM High temperature proton exchange membrane 

I ICE Internal combustion engine 

 ICEV Internal combustion engine vehicle 

L LIB Lithium-ion battery 

 LHV Lower heating value 

 LT-PEM Low temperature proton exchange membrane 

M MEA Membrane electrode assembly 

 MOP Mobilitätspanel 

P PEM Proton exchange membrane 

 PEMFC Proton exchange membrane fuel cell 

 PHEV Plug-in hybrid electric vehicle 

R REEV Range-extended electric vehicle 

 REM 2030 Regional Eco Mobility 2030 

 RMFC Reforming methanol fuel cell 

T TCO Total cost of ownership 

 TTW Tank-to-wheel 

W WTT Well-to-tank 

 WTW Well-to-wheel 
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1 Introduction 

The road transport is still mainly based on oil-derived fuels and internal combustion 

engine (ICE) propulsion systems. This is supposed to be a significant reason for 

increasing greenhouse gas (GHG) emissions like CO2 and the related climate change. 

The IPCC (2007) defines climate change as any change of the climate over time due to 

natural variability or human activity. In its fourth assessment report, the IPCC gives a 

detailed insight into observed changes of the atmosphere, oceans and cryosphere, 

where GHG emissions play a significant role. Also other pollutants like PM10, NOx and 

VOCs, which pollute ambient air and affect human health, are generated in road 

transport. (Offer et al., 2010)  

In Germany, the total transportation sector used about 29 % of the end energy 

provided in 2009 (AGEB 2011a in Helms et al. 2011, p.5) and the corresponding CO2 

emissions in 2008 had a share of about 20 % of the total emission (UBA 2010 in Helms 

et al. 2011, p.5). Furthermore, according to ITP (2007) in Helms et al. (2011, p.5) the 

mileage of the passenger car transportation sector will increase by 14 % from 2004 

until 2025. 

In order to address these issues alternative fuels and powertrain systems are already 

partly available or are considered to be promising for a reduction of emissions in the 

future. Different electric mobility concepts are discussed, which can be hybrid electric 

vehicle (HEV) and its related concept of plug-in hybrid electric vehicle (PHEV), battery 

electric vehicle (BEV) or fuel cell electric vehicle (FCEV). The PHEV concept is 

basically a BEV with a limited-power internal combustion engine in order to extend the 

range by charging the battery via a generator. Therefore this concept can also be 

called range-extended electric vehicle (REEV) (Chan et al., 2010), (Helms et al., 2011, 

p.93). BEVs still face the problem of a low range compared to conventional vehicles. 

The reason is the limited energy storage capacity of existing battery technologies. In 

order to tackle this issue, range-extenders, such as fuel cells, are an option for 

improving the whole system. There mainly exist direct hydrogen fuel cell systems, 

which are polymer electrolyte fuel cell systems (PEMFC), direct methanol fuel cell 

(DMFC) or reforming fuel cell systems (RMFC), which include an on-board fuel 

processor for on-board hydrogen generation. RMFCs can run for example on 

methanol. In general, methanol as a fuel is considered to be a suitable solution for 

energy carriage and generation in automobiles, because methanol is a liquid and can 

be handled and stored like gasoline or diesel. In addition, methanol offers the 

possibility of being a renewable fuel if synthesised from renewable resources.  
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The discussed concept in this paper is an REEV with an RMFC as range-extender 

instead of an ICE. The goal is to evaluate the REEV-RMFC concept as a whole. This 

includes methanol synthesis pathways, methanol distribution from plant to filling 

station, methanol filling stations itself as well as the application in the vehicle. The 

major point of interest is the economic and technical/environmental viability and 

consistency of the presented e-mobility concept for 2015 and 2030 in Germany in 

comparison with gasoline and hydrogen based mobility concepts. 

Figure 1-1 illustrates the approach of concept evaluation. There are three major parts, 

which are background information, data input of various important topics and results 

including conclusions of the RMFC-REEV concept. In order to ensure a holistic 

evaluation, the concept is compared with other vehicle concepts like ICEV, PHEV and 

FCEV concerning three major topics, which are a well-to-wheel analysis based on total 

well-to-wheel energy demand and well-to-wheel GHG emissions, a large-scale 

methanol infrastructure evaluation (costs of transportation and distribution) and finally a 

total cost of ownership (TCO) evaluation.  

 

Figure 1-1: Methodology visualization 
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2 Methanol properties and production  

Methanol is an alcohol and a liquid at ambient temperature like gasoline and is 

therefore considered as a potential transportation fuel in combination with a fuel cell. 

Methanol can be derived from any carbon-containing source. On the one hand fossil 

fuels (e.g. methane, coal, crude oil) and on the other hand biomass (e.g. cellulosic 

sources like wood, biogas from animal waste or garbage, aquacultures like water 

plants and algae) are major feedstock for production. (Edlund, 2011, p.30), (Olah et al., 

2009, Chapter 12) 

The main methanol production pathway is via synthetic gas (syngas), which is a 

mixture of H2, CO and CO2. Olah et al. (2009) also indicate alternative ways, like direct 

conversion of methane (natural gas) without syngas production or the reaction of H2 

with ambient CO2. (Olah et al., 2009, 235f)  

The following paragraphs discuss the properties, production processes and sources of 

methanol as well as a comparison with other fuels like hydrogen and gasoline. 

2.1 Methanol properties 

The chemical structure of methanol is CH3OH. It is the simplest form of alcohol and a 

colourless, flammable and water-soluble liquid. It can also be called methyl alcohol or 

wood alcohol. The name wood-alcohol derives from the fact, that it can be produced 

from wood or wood by-products (Shelley, 2006). 

Methanol is highly reactive and easily adsorbs on reactive metal surfaces. This 

property makes methanol suitable as a liquid feedstock for reformers to gain hydrogen. 

For example, steam reforming of methanol yields hydrogen at a relative low 

temperature range of about 250 – 400°C, whereas methane steam reforming works at 

temperatures above 650°C. (Edlund, 2011, p.29) 

The following Table 2-1 summarizes some significant properties of methanol. The most 

important properties for further consideration are the density at 20°C of 791 kg/m³ and 

the lower heating value (LHV) of 19.5 MJ/kg. 

Property Value Unit Source 

Chemical formula CH3OH  Olah et al., 2006, p.174 

Synonyms Methyl alcohol, wood alcohol 

Appearance 
liquid, colorless,  
faint alcohol odor 

(Edlund, 2011, p.32) 
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Density at 20°C  791 [kg/m
3
] Olah et al., 2006 

High heating value    Olah et al., 2006 

 gravimetric 22.69 [MJ/kg]  

 volumetric 17.95 [MJ/l]  

Low heating value 19.5 [MJ/kg] 
(Chmielniak & Sciazko, 
2003) 

Flash point  11 [°C] Olah et al., 2006 

Auto-ignition temperature  455 [°C] Olah et al., 2006 

Boiling point  64.6 [°C] Olah et al., 2006 

Melting point  - 97.6 [°C] Olah et al., 2006 
 

Table 2-1: Properties of methanol 

 

For the storage of methanol glass, steel and stainless steel are suitable materials, 

while aluminium, copper, zinc and magnesium alloys, galvanised iron, nickel, cast iron 

and silicon iron are not. According to Methanex Corporation (2006, p.22) unplasticized 

polyvinylchloride (PVC) is resistant to methanol, whereas polyethylene (PE) corrodes 

to a certain extent. Methanol shows reactions with strong oxidizers, strong organic 

acids and strong bases. Results can be explosions or hydrogen gas generation with, 

for example, aluminium or magnesium. (IFA, 2013b), (Methanex, 2008)  

Edlund (2011) states that for example nitrile rubbers, neoprene, silicones, natural 

rubber and PTFE are suitable seal materials. For hose and tubing, plastics like PEEK, 

polyolefins or PVC are suitable, while polyurethanes (PU), polycarbonates (PC), ABS, 

epoxies and nylon should be avoided. (Edlund, 2011, p.40) After having introduced 

methanol’s properties it is further important to know how methanol is produced and 

which kind of feedstock can be used for.  

2.2 Methanol production via syngas 

The major route of methanol production is via syngas. Syngas is a gas mixture and it is 

the basis for the production of a variety of fuels like methanol, Fischer-Tropsch fuels 

(FT-diesel, FT-gasoline etc.) (Spath & Dayton, 2003), ethanol and dimethyl ether 

(DME) (Gangadharan, 2012). It can be derived from sources like natural gas 

(methane), coal, oil, waste-oil or biomass (wood, straw, sewage sludge etc.). (Höhlein 

et al., 2003, p.21) The three important chemical equations about syngas for methanol 

production are shown below. Each of these reactions is reversible, which means that 

methanol can be again processed into H2, CO and CO2.  
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Reaction Source  

CO + 2H2 ⇌ CH3OH  (Olah et al., 2009, p.236) 
(Höhlein et al., 2003, p.24) 

Equ. (1)  Syngas 

reaction No. 1 

 

CO2 + 3H2 ⇌ CH3OH + H2O (Olah et al., 2009, p.236) 
(Höhlein et al., 2003, p.24) 

Equ. (2) 
 Syngas reaction No. 2 
 

CO2 + H2 ⇌ CO + H2O (Olah et al., 2009, p.236) Equ. (3)  
Syngas reaction No. 3 

 

The methanol syngas production is based on processes like steam reforming, 

gasification or pyrolysis, whereas methanol reforming, the reverse process, also 

includes processes like partial oxidation and autothermal reforming. The type of 

process applied in syngas production strongly depends on the feedstock used.  

Figure 2-1 exhibits the possible methanol feedstock and each synthesis pathway. The 

green highlighted boxes indicate the pathways, which are going to be evaluated in 

chapter 5.1 regarding a well-to-wheel analysis. 

 

Figure 2-1: Methanol synthesis pathways from different feedstocks 
Source: Own illustration adopted from Olah et al. (2009, p.251) and supplemented with 

renewable feedstock pathway 
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needs almost pure O2, which has to be separated from air, and autothermal reforming 

is a combination of SR and POX. 

Coal is another fossil fuel and is usually gasified with steam and O2. The characteristic 

of coal gasification is the necessity of high energy input and high temperatures (900 - 

1000 °C), because the reaction requires high activation energy. The required energy 

can be supplied allothermal (from outside) or autothermal (from inside) through coal 

combustion with oxygen. (Arpe, 2007, p.16ff) 

Natural gas and coal are fossil fuels, which are not renewable. The usage of these 

primary fuels releases CO2 emissions into the atmosphere. Since CO2 is considered to 

be a major cause for global warming, renewable energy resources (biomass) are a 

promising alternative in order to decrease CO2 emissions or even provide CO2-neutral 

energy and fuels. (Olah et al., 2009, p.253)  

There are numerous carbonaceous, organic materials, which can be used for gas 

(syngas) production and further for methanol synthesis. For example, plants and 

animal waste or by-products, gas and gas by-products from biomass gasification and 

pyrolysis, waste wood, mixed municipal waste etc.. In order to make use of biomass 

thermally, electrically and/or chemically it has to be converted via three main routes. 

The thermo-chemical route requires heat and includes, among others, two main 

processes, pyrolysis and gasification. The bio-chemical route involves microorganisms 

(bacteria and enzymes), which are able to degrade biomass into small molecules. 

Anaerobic digestion resulting in methane as a product, aerobic digestion with heat as a 

product and fermentation leading to ethanol, are the main processes for this route. The 

physical-chemical route includes extraction as a process and is applied for oil-

containing plants in order to produce fuels. For further consideration only the thermo-

chemical way is considered. 

The availability of biomass for biomethanol production is of major interest, because the 

supply of enough methanol fuel should be ensured, if the RMFC-REEV should be a 

viable alternatively propelled mobility concept for the future. Considering the RMFC-

REEV scenarios in 2030, which are 1, 3 and 5 million vehicles in 2030 (compare 

chapter 4.1.2, p.15) then the end energy consumption is 8.97 PJ/a for 1 million, 26.92 

PJ/a for 3 million and 44.86 PJ/a for 5 million vehicles1 (compare chapter 4.1.2, p.15). 

The associated primary energy consumptions depend on the type of production 

process and its efficiency. If assuming an efficiency of 48 % for a farmed wood to 

                                                
1
 The basis is an annual mileage of 20,000 km with an RMFC drive share of about 35 % 
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methanol pathway (WFME) or 63 % for waste wood via black liquor to methanol 

pathway (WWME) then the following total primary energy consumptions result, which 

are given in Table 2-2. 

Feedstock 
(pathway) 

1 million 
vehicles 

3 million 
vehicles 

5 million 
vehicles 

Unit 

WFME  
(48 % efficiency) 

18.6 55.8 93.0 [PJ/a] 

WWME 
(63 % efficiency) 

14.3 42.8 71.3 [PJ/a] 

Table 2-2: Total primary energy consumption of RMFC-REEV scenarios in 2030
2
 

Source: Own calculation 

 

Thrän et al. (2011, p.125-127) deliver study results of additional biomass based 

bioenergy and biofuel production scenarios for the year 2030. It is mentioned, for 

example, that an increased land use is necessary in order to increase biomass usage. 

For a defined basis-scenario, Thrän et al. (2011, p.125-127) indicate an additional 

biomass potential of about 374 PJ in 2030, compared to the reference of 2007, due to 

an increased land use. Further it is mentioned that waste wood usage is already close 

to its maximum, nevertheless an additional potential of 64 PJ for rural conservation or 

23 PJ for additional waste wood is possible. More detailed information about basic 

biomass and bioenergy data in Germany is given online3. 

2.3 Methanol as a transportation fuel 

Methanol can be used as replacement for gasoline in combustion engines or in fuel 

cells. The following sections discuss important information about methanol, hydrogen 

and gasoline in order to enable a comparison of the methanol based concept. 

Methanol can be used as a liquid hydrogen carrier to supply fuel cells with fuel, which 

is mostly hydrogen. However, hydrogen itself is difficult in storing and distributing 

through its certain properties, which means that hydrogen has to be pressurized or 

liquefied in order to deliver an improved volumetric energy density. Methanol, on the 

other hand, can be handled and stored without pressurization as a liquid and contains 

in addition, from a volumetric viewpoint, more hydrogen than liquid hydrogen itself. The 

two main principles of methanol usage in fuel cells are either methanol reforming into 

hydrogen or direct methanol usage, usually called Direct Methanol Fuel Cell (DMFC).  

                                                
2
 Calculation basis for 2030: 15.4 kWh/100 km vehicle energy demand, 10 % efficiency gain (methanol 
consumption saving) sensitivity for 2030 and an annual mileage sensitivity of 20,000 km  

3
 See online: http://mediathek.fnr.de/ (accessed 15.10.2013) 
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Today, methanol is produced in large amounts worldwide. Natural gas based 

production is cheaper than coal based, because of increased low-cost reserves of 

natural gas due to new drilling and hydro-fracturing technology (Medina & Roberts, 

2013, p.8). In China, for example, methanol is increasingly replacing gasoline in taxis 

and public transportation (Medina & Roberts, 2013, p.8). 

Table 2-3 summarizes the most important fuel properties of methanol in comparison 

with gasoline and hydrogen. From an energetic point of view, methanol has on the one 

side a clear advantage towards hydrogen on a volume basis, but on the other side a 

disadvantage towards gasoline. However, as methanol is considered as a fuel for a fuel 

cell in this paper with an assumed higher efficiency than a gasoline driven internal 

combustion engine (ICE), the disadvantage should be relativized. In order to make the 

fuel energy content more obvious, Table 2-4 gives an overview of relations of methanol 

to gasoline and methanol to hydrogen. 

Property Unit Methanol Hydrogen Gasoline Source 

Density of liquid  
(20 °C, 101.3 kPa) 

[kg/m
3
] 791 70.811

4
 740 - 780 

(Olah et al., 2006) 
(Züttel et al., 2008, p.75) 
(Vancoillie, Demuynck, 
Sileghem, Van De 
Ginste, & Verhelst, 
2012) 
(IFA, 2013) 

Density of gas 
(at 0°C and 101.3 kPa)  

[kg/m
3
]  0.089  (Züttel et al., 2008, p.78) 

Boiling point  
(at 101.3 kPa) 

[°C] 65 - 253 30 - 210 (Vancoillie et al., 2012) 

Lower heating value 
(LHV) 

[MJ/kg] 19.5 119.9 42.9 

(Chmielniak & Sciazko, 

2003) 
(Züttel et al., 2008, p.91) 
(Vancoillie et al., 2012) 

Flammability limits  
in air 

[vol%] 6 - 36.5 4.0 - 75 0.8 - 8 

Edlund, 2011, p.33 

(Züttel et al., 2008, p.91) 

(Kolb, 2008, p.4) 

Flash point [°C] 12.2  - 42 (Edlund, 2011, p.47) 

Ignition temperature [°C] 455.0 584.85 220.0 
(Olah et al., 2006) 
(Züttel et al., 2008, p.91) 
(IFA, 2013) 

Specific CO2 
emissions 

[g/MJ] 69.1 0 73.4 
(Edwards et al., 2013a, 
p.13) 

 

Table 2-3: Comparison of fuel properties 

 

  

                                                
4
 At boiling point: - 253°C 
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1 l Methanol 

≙ 0.49 l Gasoline 

≙ 3.30 l H2 compressed (700 bar) 

≙ 0.13 kg H2  

Table 2-4: Relative comparison of fuels  
Source: Own calculations based on (Olah et al., 2006; Chmielniak & Sciazko, 2003; Ogden et 

al. 1999; Vancoillie et al. 2012; Züttel et al. 2008)  

 

Important safety and toxicity issues are summarized in Table 2-5. Methanol’s special 

characteristic is that it can cause visual impairment. The reason is formic acid, which is 

metabolized in the human body after ingestion. Gasoline’s special characteristic is that 

the ingredient Benzene can cause blood-forming organ damages depending on 

duration and intensity of exposure. Therefore, the R-phrases indicate a risk of cancer. 

Hydrogen’s only special characteristic is that it is a leak-prone and extremely 

flammable gas. There is no carcinogenic or mutagenic risk like for methanol. 

Criteria Methanol Hydrogen Gasoline 

Visibility of flames Flames are almost 
invisible 

Flames are invisible Flames are visible 

 

R-phrases R11  
Highly flammable 

 

R39/23/24/25  
Toxic when inhaled, 
when in contact with 
skin, if swallowed and 
hazard of organ 
damage 

Extremely flammable 
and leak-prone gas, 
disperses quickly and 
forms flammable and 
detonable mixtures 

R11 Highly flammable 

 

R45/46/51+53/63 
May cause cancer, 
may cause heritable 
genetic damage, toxic 
to aquatic organisms, 
possible risk for 
unborn child 

Special No risk of mutagenicity 
or carcinogenicity so 
far  

 

Absorbed methanol is 
metabolized in the 
human body to formic 
acid, which can cause 
visual impairment or 
death 

No carcinogenic, 
mutagenic or 
reproductive hazards 

Depending on duration 
and intensity of 
exposure there is risk 
of blood-forming organ 
damages. Especially 
the ingredient benzene 
is associated to cause 
Myelodysplastic 
Syndrome (MDS) or 
even Leukaemia 
(AML) 

 

Vapours may cause 
drowsiness and 
irritation of respiratory 
system 

Table 2-5: Fuel comparison overview concerning safety and toxicity 

Source: Own illustration 
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3 Fuel cell technology 

The techno-economic evaluation of a methanol based e-mobility concept in this paper 

is based on a reference car with a reforming methanol fuel cell as range-extender. The 

following sections discuss the basic fuel cell functionality and in particular methanol 

based fuel cells (RMFC and DMFC), in order to get an insight how fuel cells work.  

Basically a fuel cell is an electrochemical device, which transforms chemical energy 

stored in fuels, like hydrogen, methanol or natural gas, directly into electrical energy. 

The generated electrons flow from the anode to the cathode side of the fuel cell via an 

external circuit and produce potential. (Eichlseder & Klell, 2010, p.219), (Pollet et al., 

2012) Some pros and cons of fuel cells are summarized in Table 3-1.  

Advantages Disadvantages 

 Direct conversion of 
chemical energy into 
electrical energy  
potentially higher 
efficiencies at relatively low 
temperatures compared to 
combustion engines (e.g. 
PEMFC) 

 Still relatively high 
production costs 

 Durability and lifetime still 
insufficient for non-steady 
state usage 

 No local emission of 
pollutants and noise, even 
no CO2 if fuelled by 
hydrogen 

 High hydrogen purity 
requirement for some fuel 
cells 

 No mechanical moving 
parts in the fuel cells 

 Special requirements for 
hydrogen delivery and 
storage in retail stations as 
well as on-board 

Table 3-1: Pros and Cons of fuel cells in general 
Source: (Eichlseder & Klell, 2010, p.219) 

 

3.1 PEMFC and its derivative DMFC 

The PEMFC (Polymer Electrolyte Membrane Fuel Cell - Weber et al. (2012) and 

Stolten & Emonts (2012)) is selected for a more detailed discussion in this section, 

because it is considered to be the most suitable fuel cell type for automotive 

application. Several car manufacturers, such as Daimler, Honda or Hyundai, have 

already developed hydrogen fuel cell electric vehicles (FCEV) powered by a PEMFC 

(Stolten & Emonts, 2012, p.1091). The advantages of PMFCs are a low operation 

temperature and a fast start-up time. Additionally, it has the highest power density of all 
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types, which reduces volume. However, there also exist some disadvantages, which 

are shown in Table 3-2 below. 

Advantages Disadvantages 

 Low operation temperature 
(LT-PEM 60 - 120 °C, HT-
PEM up to 180 °C) 

 CO poisoning of catalyst 
and membrane (affects 
efficiency and durability) 

 High power density (up to 
1kW/kg)  low weight and 
size possible 

 Expensive nobel metals 
needed (e.g. Platin) 

 Unsusceptible against 
corrosion due to solid PEM 

 Difficult water management 
(dehydration and flooding) 

Table 3-2: Pros and cons of PEMFC for vehicles use 
Source: (Kurzweil, 2013, p.78), (Ehsani et al., 2010, p.444) 

 

The detailed functionality of a PEMFC and its derivative DMFC (Direct Methanol Fuel 

Cell) is shown in Figure 3-1.  

 

Figure 3-1: Layers and reactions of PEMFC and DMFC 
Source: Own illustration adopted from (Stolten & Emonts, 2012, p.133) and 

Weber et al. (2012, p.67) 

 

Both types use a solid polymer membrane as an electrolyte, e.g. Nafion, through which 

the positively charged hydrogen ions (H+) or protons diffuse from the anode to the 

cathode. The membrane is coated with the anode and cathode catalyst layer, which 

together build the so-called membrane-electrode assembly (MEA). The MEA is in 

contact with the porous and electrically conductive gas diffusion layer (GDL), which is 

necessary for the reactant delivery to the catalyst layers. While for PEMFCs hydrogen 

is the fuel, DMFCs run directly with methanol. The created protons diffuse through the 

membrane, but the electrons flow via an external circuit from the anode to the cathode 

and generate a theoretical cell potential of about 1V. (Stolten & Emonts, 2012, p.134) 
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(Ehsani et al., 2010, p.443) DMFCs are low-temperature fuel cells and can be used for 

automotive applications, but there are some issues which have to be solved. Some 

challenges are that the anode reaction is slow and that methanol degrades the 

electrolyte membrane and diffuses through the membrane to the cathode causing 

efficiency losses. Because of these issues the current DMFC efficiency is much lower 

than a PEMFC. Therefore, an RMFC (Reforming Methanol Fuel Cell) system is still a 

better choice for automotive applications, although additional components are 

necessary. 

3.2 RMFC - Reforming Methanol Fuel Cell 

A reforming methanol fuel cell (RMFC) is mainly a PEMFC, which is fuelled by 

methanol reformed hydrogen. Liquid methanol is evaporated and converted into 

hydrogen gas usually via steam reforming process. The advantages of such a system 

are the reduced emissions of CO, NOx and unburnt hydrocarbons compared to ICEs, 

the reforming process is simple for methanol compared for example to gasoline and 

liquid methanol as an energy source is much easier to store on-board than for example 

hydrogen. (Wiese et al., 1999) Compared to a hydrogen PEMFC system there are 

additional devices necessary, which are mainly: catalytic burner, evaporator and the 

reformer unit. The catalytic burner provides heat to the reformer and/or evaporator 

through burning of methanol and/or hydrogen exhaust gas from the fuel cell anode in 

order to reduce start-up time. The reformer unit (usually steam reformer) converts the 

methanol/water mixture into a hydrogen-rich gas mixture (reformate: H2, CO2, CO). A 

water-gas shift reaction transforms CO into further H2. Additional auxiliaries necessary 

for the system are compressors/ventilators for cathode and burner oxygen supply, heat 

exchangers for improved system efficiency and heat management and several pumps 

and valves. (Kurzweil, 2013, p.118) 

3.3 Hybrid fuel cell technology 

Hybrid vehicles usually are a combination of no more than two different powertrains, 

which are usually a conventional or internal combustion engine (ICE) and a battery-

powered electric motor. The reason for hybridization is the combination of each 

concept’s advantages and the minimization of disadvantages at the same time. ICEs 

have a long operating range due to the usage of high-energy-density petroleum fuels, 

but show poor fuel economy and high local emissions on the other hand. Battery 

electric vehicles (BEVs), in contrast, have a high-energy efficiency (e.g. 88 - 90 % 

electric motor efficiency at a motor speed of about 1,000 - 1,500 rpm and a motor 
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torque of about 100 - 270 Nm (Ehsani et al., 2010, p.121)) and no local emissions on 

the one hand, but a low operating range because of lower energy density of batteries 

compared to gasoline on the other hand (0.15 - 0.20 kWh/kg gravimetric energy density 

of battery (Miller, 2010, p.564) compared to 11.92 kWh/kg LHV of gasoline. (Ehsani et 

al., 2010, p.123f) But instead of an ICE, an FC can also act as a range-extender. The 

fuel cell delivers power via an electrical link to the electric motor. A generator, as for the 

ICE, is not necessary. Figure 3-2 shows a series FC hybrid configuration. 

 

Figure 3-2: Simplified series FC hybrid configuration 
Source: Own illustration based on Maume (2002) in Stolten & Emonts (2012, p.1079) 

 

An FC hybrid configuration offers some advantages compared to a pure fuel cell 

drivetrain, but there are also disadvantages. An overview is given below in Table 3-3. 

Advantages Disadvantages 

 Braking energy recovery 
possible with battery as 
energy storage system  
increased fuel economy 

 Additional costs for energy 
storage system (battery) 

 Increase of system 
complexity 

 Fuel cell can operate on 
average power, peak-power 
can be supplied by battery 

 Increased system weight 

 More complex control 
system 

 Battery covers power 
demand during fuel cell 
start-up 

 

Table 3-3: Main pros and cons of fuel cell hybridization 
Source: (Stolten & Emonts, 2012, p.1076f) 

 

The main advantages of a hybrid FC configuration are the possibility of braking energy 

recovery and the power supply by the battery, when the FC needs time for start-up. A 

major disadvantage is the increase of costs and system complexity. The costs are 

going to be evaluated for the RMFC-REEV in comparison with an ICE-PHEV and a 

pure FCEV.   

Fuel Cell Fuel tank

Power 
Converter 
(Electric 
Coupler) 

Electric 
motor

Trans-
mission

Battery

Mechanical link
Electrical link
Hydraulic link
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4 Data and methodology 

The following paragraphs introduce the main data input, which includes specifications, 

RMFC-REEV energy demand, electric drive share, methanol production costs and 

major vehicle investment costs. These topics are necessary for a profound well-to-

wheel, TCO as well as for an infrastructure evaluation. Further, a methodology 

description is also included. 

4.1 Main data input 

4.1.1 Specifications of RMFC–REEV reference model and RMFC 

The RMFC-range-extended electric vehicle is part of the so-called regional eco mobility 

project (REM 2030) in Baden-Württemberg/Germany. The goal of this regional project 

is to develop efficient future mobility concepts from a systemic point of view including 

vehicle, infrastructure and business model development. For further information the 

reader is referred to the project website5. The RMFC–REEV, as specified below, is a 

real prototype of this project. The vehicle is designed as a serial hybrid, which holds the 

fuel cell system, including the FC stack, reformer, burner and methanol tank, in the 

rear, the battery pack and power electronics in the vehicle floor and the e-motor, 

transmission and thermo-management devices in the front. Detailed specifications of 

the vehicle are given in Table 4-1.  

Specification Value Unit 

 Mass 1,100 [kg] 

 Electric range planned 80 [km] 

 Overall range (min. req.) 300 [km] 

 Battery (Li-Ion) capacity 12 [kWh] 

 RMFC power 5 [kW] 

 Methanol tank ~ 25 [l] 

 Methanol
6
 

10.5 
(estimation) 

[l/100 km] 

Table 4-1: Specifications of RMFC-REEV reference vehicle 
Source: (Berg, 2013) 

 

The most important specifications of the used RMFC system for the reference car in 

this paper are summarized below in Table 4-2.  

                                                
5
 REM 2030: http://www.rem2030.de (accessed 02.08.2013) 

6
 The methanol consumption of 10.5 l/100 km is based on an RMFC fuel consumption of 1 l/kWh, whereas 

the fuel is a mixture of 60:40 – MeOH/water, which results in a pure methanol consumption of 0.6 l/kWh. 
Further the indicated number implies that the RMFC is running continuously in order to provide power 
for charging the battery. In real the value could be lower, if considering a more efficient and only part-
time operation of the RMFC in the vehicle 
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Specification Value Unit Source 

Power output 5 [kW] (Serenergy A/S, 2013) 

Fuel 
60/40 

methanol/water 
[%] (Serenergy A/S, 2013) 

Consumption of fuel 
mixture 

1 [l/kWh] (Serenergy A/S, 2013) 

Table 4-2: Serenergy RMFC specifications 

 

4.1.2 Energy demand 

In order to propel a vehicle, energy has to be supplied. In the case of the RMFC-REEV, 

which is a serial fuel cell hybrid, electrical and chemical energy is used. The energy 

demand and subsequently also the fuel and electric consumption of the propulsion 

system is dictated by the driving cycle (Silva & Farias, 2010, p.195). The evaluation of 

the energy demand depends on the characteristics of a chosen driving cycle, 

associated with vehicle-related specifications. The most important criteria are 

resistance forces like wheel, air and climbing resistance, which occur during constant 

driving and acceleration resistance due to a vehicle’s inertia. (Stolten & Emonts, 2012, 

p.1045ff) For the RMFC-REEV a REM 2030 project driving cycle is used, whose 

specifications are shown in Table 4-3. The evaluated energy demand is based on a 

preliminary simulation study and it is used as the specific RMFC-REEV related energy 

demand for this particular driving cycle. In addition, also a general auxiliary energy 

demand is considered, which highly depends on the number of auxiliaries (e.g. air 

condition etc.), the time of usage and the ambient temperature. The total energy 

demand (driving cycle and auxiliaries) is the basis for the calculation of the electric 

consumption depending on the powertrain component efficiencies of, for example, the 

e-motor, transmission etc.  

Specification 2015 Unit Source 

Distance ~ 70 [km] (Simsek, 2013) 

Energy demand 
based on REM 2030 

11.5 [kWh/100 km] 

(Simsek, 
2013); (eLCAr 
in Helms et al. 
2011b, p.127f) 

Auxiliary energy 
demand 

2.7 [kWh/100 km] 
(eLCAr in 
Helms et al. 
2011b, p.127f) 

Table 4-3: REM 2030 driving profile specifications and energy demand 
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Table 4-4 shows a detailed overview of how the total energy demand, based on the 

REM 2030 driving cycle, including auxiliary energy demand and powertrain efficiency 

losses, is gained for the years 2015 and 2030.  

Description 2015 

2030 (efficiency  
gain sensitivities) 

Helms et al. (2011b, p.50) 
Unit 

10 % 20 % 30 % total 

0.64 % 1.22 % 1.76 % p.a. 

Energy demand based on 
REM 2030 

11.5 10.4 9.2 8.1 [kWh/100 km] 

Auxiliary energy demand 2.7 2.4 2.2 1.9 [kWh/100 km] 

Total energy demand 
based on REM 2030 incl. 
auxiliaries 

14.2 12.8 11.4 9.9 [kWh/100 km] 

Powertrain efficiency
7
 81.3 83.0 84.8 86.6 [%] 

Total energy demand 
based on REM 2030 incl. 
auxiliaries + electric 
powertrain without RMFC 

17.5 15.4 13.4 11.4 [kWh/100 km] 

Table 4-4: Energy demand calculation of RMFC-REEV for 2015 and 2030 

 

According to Serenergy A/S (2013), the RMFC fuel consumption is about 1 l/kWh and 

the fuel is a mixture of methanol and water with a ratio of 60:40. It is assumed that the 

methanol tank of the RMFC-REEV with about 25 l of volume is just for methanol 

storage and that methanol has a share of 60 % of the indicated fuel consumption. The 

assumptions result in a pure methanol consumption of 0.6 l/kWh. 

The comparison of the RMFC-REEV concept with ICEV, PHEV and FCEV is based on 

real TTW data input for a FCEV (Mercedes-Benz B-Class F-Cell as an example for a 

direct hydrogen fuel cell), for an ICEV (Audi A1 as an example) as well as for a PHEV 

(Opel Ampera as an example). In order to simplify the comparison of the different 

vehicle concepts, it is assumed that the basic energy demand of 14.2 kWh/100 km 

(REM 2030 driving cycle including auxiliary energy demand) is used for each concept. 

In reality the energy demand would probably differ according to each vehicle’s specific 

parameters. The basic specifications of the vehicles are summarized in Appendix A-2, 

p.42. 

                                                
7
 Total electric powertrain and component efficiencies are summarized in Appendix A-1, p.42 
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4.1.3 Electric drive share 

The evaluation of the electric drive share for the RMFC-REEV is important in order to 

know about the methanol or RMFC drive share and further about the methanol 

consumption. The particular drive shares can vary from day to day and from car owner 

to car owner depending on parameters, like daily route. Therefore, it makes sense to 

observe and interview car owners about their mobility behaviour to get reliable real 

data. This is exactly what the so-called mobility panel in Germany does. Since 1994 the 

panel yearly collects new data about people’s mobility behaviour, not only for car 

drivers but also for pedestrians and cyclists. The data is gained during a time-span of 7 

days, which ensures an increased probability of right assumption. (MOP, 2010), (Plötz 

et al., 2013) The data basis from the mobility panel was used and enhanced by 

simulated battery state of charges in Plötz et al. (2013) in order to get the individual 

electric drive shares. The chosen data is a small-sized privately owned REEV (range-

extended electric vehicle), which stands for a series hybrid configuration. The gained 

simulated electric drive share data is plotted against the annual mileage. An 

exponential fit appears to be suitable for a description of the data, which shows that the 

electric drive share decreases with an increasing annual mileage. 

The exponential function is shown below as Equ. (4), which is going to be used. 

Electric drive share function  

                         Equ. (4)  Electric 

drive share func tion 

 

Due to a survey analysis, about 50 % of all private car owners in Germany drive 

between 5,001 and 15,000 km a year. Even almost 65 % drive between 5,001 and 

20,000 km a year. (Statista.com, 2013) Therefore, annual mileages of 10,000, 15,000 

and 20,000 km are considered as sensitivities. 

According to Equ. (4), the following values for the electric drive share in percentage 

and RMFC drive share in kilometres are gained, shown in Table 4-5. 

(x) Annual mileage 
[km] 

(y) Electric drive 
share [%] 

RMFC drive share 
[km] 

10,000 80.25 1,975 

15,000 72.25 4,163 

20,000 65.05 6,990 

Table 4-5: Annual mileages and the corresponding electric drive shares  
and RMFC drive shares 

Own calculations based on (MOP, 2010) and (Plötz et al., 2013) 
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4.1.4 Methanol production costs 

In Germany there already exists a small-scale methanol supply infrastructure for 

methanol fuelled energy solutions by SFC Energy and according to Jülg (2013) 

methanol is available at a price of 3.75 €/l in 10 l cans. This price obviously includes 

any transportation and distribution costs, profit, as well as any taxes. In comparison, 

Methanex Corporation (2013a) indicates a price of 390 € per metric ton of methanol 

(Methanex Monthly Average Regional Posted Contract April 2013) with natural gas as 

feedstock, which is roughly 0.31 €/l. 

The methanol production, transportation and distribution costs are a crucial part for the 

TCO calculation, when talking about operational costs of a RMFC-REEV. Stahlschmidt 

et al. (2010) present production costs based on a simulation study with different 

biomass based production process types summarized below in Table 4-6. 

Type of process 
technology concept 

Feedstock 
Total process 

efficiency 
Production 
costs [€/l] 

FICFB 
Fast internally 
circulating 
fluidized bed 

Wood chips 23.8 % 1.74 

Carbo-V  Wood chips 52.2 % 0.66 

DWS 
Pressurized 
fluidized bed 

Wood pellets 
Straw pellets 

41.0 % 
0.90 
0.87 

Bioliq  
Wood chips 
Straw 

45.9 % 
0.86 
0.71 

BG-ATR 
Autothermal 
Reforming 

Biogas 48.6 % - 

Table 4-6: Diverse simulated methanol synthesis concepts  
and related methanol production costs 

Source: (Stahlschmidt et al., 2010) 

 

According to Lebaek et al. (2011), the production process used, the feedstock (wood) 

price, different plant positions and efficiencies and plant operating hours are the most 

important parameters, which have impact on the production costs. In addition, the 

methanol production costs also depend, whether a plant’s waste heat can be used for 

district heating or not. For the TCO evaluation in chapter 5.3, the production costs 

presented are used as a basis. The reference cost by Methanex Corporation (2013a) 

and the reference price of today by Jülg (2013) are applied for the scenario in 2015 and 

the biomass based costs for the scenario in 2030. Transportation and distribution costs 

are evaluated in the following paragraphs and added to the production costs to get a 

reasonable methanol end consumer price.  
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4.1.5 Methanol filling station costs  

To make the RMFC-REEV a viable vehicle concept in the future, it is necessary to 

ensure a large-scale methanol supply. Therefore, the data for transportation and 

distribution cost calculation (filling station costs) are briefly discussed.  

Filling stations costs play a major role, when talking about total infrastructure costs. In 

order to assess the impact on filling station costs it is necessary, first of all, to evaluate 

how much methanol is needed and has to be supplied. The basis for the following 

evaluation is the elaborated electric drive share depending on the annual mileage, 

which is discussed in chapter 4.1.3, p.17. Table 4-7 below summarizes the highest 

assumed yearly methanol consumption in 2030 for each assumed total vehicle number. 

The results are used for further calculations, because it implies that in this case all 

RMFC-REEVs can be supplied sufficiently with methanol fuel. 

Highest total yearly methanol 
consumption in 2030 at an  
annual mileage of 20,000 km 

Demand 
[mill. l] 

End energy 
Demand 

[PJ] 

1,000,000 RMFC-REEVs,  

15.4 kWh/100 km 
581.7 8.97 

3,000,000 RMFC-REEVs, 

15.4 kWh/100 km 
1,745.1 26.92 

5,000,000 RMFC-REEVs;  

15.4 kWh/100 km 
2,908.5 44.86 

Gasoline as reference in 2012
8
 24,730 - 

Table 4-7: Summary of highest total yearly methanol consumption 2030 

 

The distribution or filling station cost evaluation is based on study results of EA 

Engineering (1999), shown in Table 4-8. While EA Engineering (1999) and Dewitz 

(2013) consider tank costs in order to use the existing facilities as methanol tanks, 

Moriarty et al. (2009) indicate costs for E85 (ethanol blend with 85 % of ethanol) 

storage. The results of this study are chosen for comparison, because E85 is an 

alcoholic fuel, like methanol, and it requires also some similar adaptations of tanks and 

piping. The cost indications in EA Engineering (1999) are based on a tank volume size 

of about 10,000 gallons (approx. 37,900 l), which is reasonable when considering the 

values given in Appendix A-7; p.46 (costs of a new filling station with 4 tanks and a 

tank volume of 160,000 l, so each tank has about 40,000 l).  

                                                
8
 Source: (MWV, 2011), values are indicated in million tons for total passenger cars in Germany  

assumed density of gasoline is 0.74 kg/l for conversion into million litres.  
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Description Costs Unit Source 

Adding new underground tank (including 
materials and labour)

9
 

66,275 [€] 
(EA Engineering, 

1999) 

Refurbish existing gasoline underground 
tank (including materials and labour) 

20,362 [€] 
(EA Engineering, 

1999) 

Refurbish existing gasoline underground 
tank

10
 

~ 40,000 [€] (Dewitz, 2013a) 

New E85 underground tank (including 
new tank, pump, dispenser, piping, 
electric, excavation, concrete work)

11
 

44,820 [€] 
(Moriarty et al., 

2009, p.10) 

Refurbish existing gasoline underground 
tank for E85 (including tank cleaning, 
replacing of non-compatible components 
in piping and dispensers) 

8,313 [€] 
(Moriarty et al., 

2009, p.10) 

Table 4-8: Overview of tank costs for filling stations 

 

As a next step it is important to define the filling station sizes and to introduce some 

assumptions for the calculations. The EU Powertrain Coalition study (2010, p.23) 

mentions the sizes of hydrogen filling stations, which are small station (70 - 100 cars 

per day), medium station (150 - 250 cars per day) and large station (450 - 600 cars per 

day). These sizes are adopted for methanol filling stations and the number of cars per 

day functions as sensitivity (50 - 600 cars per day). Additional assumptions and 

necessary indications are given in Table 4-9. 

Assumptions Value Unit Source 

Opening time of filling station per year 365 [d/a] assumption 

Tank refill volume per car 25 [l] assumption 

Maintenance, inspection, operational costs 
etc. per year (assumed for a filling station 
with 4 tanks, no HR costs included) 

60,000 [€/a] (Dewitz, 2013b) 

Amortization period fuel tank 
(average value between 15 - 25 years)  

20 [a] (Dewitz, 2013b) 

Interest rate 8 [%] (Funke, 2012) 

Table 4-9: Additional assumptions for filling station sensitivity evaluation 

 

                                                
9
 Basis is a 10,000 gallon double-walled storage tank (approx. 37,900 l if 1 gallon = 3.7854 l); Cost 

indications of the EA Engineering study are inflation-adjusted from the year 1999 to 2013 by means of 
the online tool http://www.usinflationcalculator.com 

10
 Dewitz (2013) states that the costs could be cut by 50 %, if the whole filling station network would be 
adapted, whereas the costs highly depend on local conditions of a filling station 

11
 In order to compare the costs for methanol filling stations, E85 (ethanol blend with 85 % of ethanol) tank 
cost experience is indicated. Ethanol is an alcoholic fuel like methanol and requires similar adaptations 
of tanks and piping etc. The values are median cost values, which is based on a NREL survey 
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Further a suitable transportation method for methanol has to be defined. As methanol 

is a liquid at ambient temperature, like gasoline or diesel, it can be carried by truck as a 

liquid. The only requirement is that methanol resistant materials have to be used, like 

stainless steel or suitable plastics. The transportation cost evaluation is based on a 

semitrailer-truck with a payload of 28,000 kg and a volume of 35,398 l, which results in 

a delivered energy content of about 152 MWh. Table 4-10 shows different semitrailer 

payloads (28,000 kg for methanol and gasoline, 3,500 kg for liquid hydrogen, 950 kg 

for 500 bar and 450 kg for 200 bar), which result in different delivered energy contents 

of the fuels. In detail this means that one semitrailer of methanol equals 0.5 of gasoline, 

1.3 of liquid hydrogen, 4.8 of compressed hydrogen with 500 bar and 10.1 of 200 bar 

compressed hydrogen. When looking at the frequency of transportation for delivering 

152 MWh of fuel, than gasoline is the best option and methanol the second best.  

1 Semitrailer methanol 

≙ 0.5  Semitrailer gasoline 

≙ 1.3  Semitrailer H2 liquid 

≙ 4.8  Semitrailer H2 compressed, 500 bar 

≙ 10.1  Semitrailer H2 compressed, 200 bar 

Table 4-10: Relations of delivered energy content of different fuel semitrailers 
Source: Own illustration 

 

4.1.6 Investment costs of the RMFC-REEV 

Important components of the RMFC-REEV concerning investment costs are the 

lithium-ion battery, the fuel cell with reformer, and the vehicle costs, which include 

chassis, e-motor and power electronics. The discussions about these costs in the 

following sections are based on literature research and are conducted for 2015 and 

2030, which are the years of interest in this paper.  

4.1.6.1 Lithium-Ion battery costs 

There exist many different battery types, but lithium-ion batteries (LIB) are considered 

as the most promising technology for vehicle electrification. (Thielmann et al. 2010, 

p.9), (Thielmann et al., 2012a) In this section, battery prices of 3rd generation LIBs are 

considered from today’s point of view12.  

                                                
12

 According to Thielmann et al. (2012b, p.22) there are four battery generations defined so far. The 3
rd

 
generation refers to the increased cell voltage of 5V compared to the previous generation. The 4

th
 

generation is defined as the post-lithium battery generation, which includes for example lithium sulphur 
or lithium air batteries with increased energy density 
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The battery costs given in literature differ a lot. This has obviously two major reasons. 

First, batteries have to be distinguished in their usage either for HEVs (including 

REEVs and PHEVs) or BEVs. The second major reason is that different battery value 

chain levels are considered in literature, which are mainly cell level, module level and 

system level (Gauger, 2013).  

Some literature values are summarized below for the years 2015 and 2030. 

Source Level 2015 2030 Unit 

EU Powertrain Coalition (2010) prob. system 275 - 750
13

 250
14

 [€/kWh] 

Bünger & Weindorf (2011) system 400 250 [€/kWh] 

DfT (2008) in Offer et al. (2011) n/a
15

  152 - 227
16

 [€/kWh] 

Roland Berger (2010) cell 300  [€/kWh] 

Roland Berger (2012) cell 180 - 200  [€/kWh] 

Table 4-11: Selected LIB costs for 2015 and 2030 of different studies 

 

Derived from the table above, the following values (system level) are used for the TCO 

calculation in 2015 and 2030.  

TCO 2015 2030 Unit 

LIB costs (system level) 400 250 [€/kWh] 

Table 4-12: Selected LIB costs for TCO calculation in 2015 and 2030 

4.1.6.2 Fuel cell and reformer costs 

The fuel cell, more specifically the methanol reforming fuel cell, is the second big cost 

factor for the RMFC-REEV. These costs also differ a lot from each other in literature. 

The reasons are discussed briefly. Similar to the LIBs, also FCs can be considered in 

different product levels. Delucchi & Lipman (2010, p.46) mainly speak about the 

following levels: first, the fuel cell stack level including electrodes, electrolyte, flow field 

and housing, second, the sub-system level including auxiliaries for heating, cooling, 

water management and air-compression system and third, the system level including 

controls. In case of a reforming fuel cell system, the system includes the fuel processor 

which consists of the reactor and the reformate as well as the fuel loop. Another reason 

for the variations in the fuel cell values is that some studies consider costs depending 

                                                
13

 Medium value 457 €/kWh  
14

 Estimation for 2030, 300 €/kWh in 2020 and 174 €/kWh in 2050  - 1.83 % yearly change and a value 
of 250 €/kWh in 2030 

15
 n/a = not applicable 

16
 300 $/kWh max and 200 $/kWh min, exchange rate 23.07.2013: 1 USD = 0.7577 €  average value 
189 €/kWh 
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on assumed production volumes, while others do not have this included. For a 

reforming methanol fuel cell not only the PEM fuel cell system is a major cost factor, 

but also the reformer or processor and its further system components, like reformate 

loop, fuel loop, water pump, controls etc. Table 4-13 shows costs about latest available 

reformer and reformer fuel cell systems. Seidl (2013) states reformer costs of 

23,455 €/unit, which is compatible with a 5 kW HT-PEM fuel cell. The value includes 

auxiliaries, like air compressor, water pump, valves and reformer control.  

Jensen (2013) indicates costs of about 3,000 €/kW for a total reformer fuel cell system 

at low production volume for today and about 250 €/kW for a higher production volume 

in about 10 years’ time.  

Source Level 2013 2020> Unit 

Seidl (2013) reformer 23,455
17

 - [€/unit] 

Jensen (2013) 
total reformer 

fuel cell system 
3,000

18
 250

19
 [€/kW] 

Table 4-13: Latest reformer and RMFC system costs 

 

For further evaluation, the values from Jensen (2013) are used and adopted for 2015 

and 2030 respectively as a best case. 

4.1.6.3 Vehicle costs 

Vehicle costs in the context of this paper include costs of the chassis, e-motor, power 

electronics, transmission and other powertrain components. For the TCO calculation 

total vehicle costs are assumed. In order to derive reasonable total vehicle costs, a 

brief and more detailed insight is given in this section. While for components like e-

motor and ICE cost indications are available, other components are difficult to be 

evaluated independently. Basic data about e-motor, ICE and LIB costs are given in 

Table 4-14 below and are applied if necessary. 

Costs Value
20

 Unit Source 

E-motor  27 [€/kW] (Concawe et al. 2008 in Kley 2011, p. 60) 

ICE 30 [€/kW] (Concawe et al. 2008 in Kley 2011, p. 60) 

Table 4-14: E-motor, ICE and battery costs as a part of vehicle costs 

                                                
17

 Further information online: http://www.quintech.de/englisch/products/research/Reformer.php  
(accessed 01.09.2013) 

18
 Estimated costs at low production volume 

19
 Estimated costs at higher production volume for the year 2020 and onwards  
(estimated in 10 years’ time from now on) 

20
 Including value added tax (VAT) of 19 % for Germany 

http://www.quintech.de/englisch/products/research/Reformer.php
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For further considerations the gross chassis cost of the Audi A1 of 15,510 € is used. In 

addition to the basic chassis costs, hybrid powertrain and e-motor costs are added, 

which then serve as the total vehicle costs. An overview is given in Table 4-15 below.  

Costs 2015 2030 Unit Source 

Chassis 15,510
21

 15,510 [€] 
own calculation Audi A1 
chassis 

Hybrid 
powertrain 

1,789 1,073 [€] 
(Bünger & Weindorf, 
2011, p.87-91) 

E-motor 837 712 [€] 
own calculation based on 
Bünger & Weindorf (2011, 
p.87-91) 

Total vehicle  18,136 17,295 [€]  

Table 4-15: Derivation and overview of total vehicle costs 

 

4.1.7 Additional data and assumptions for TCO calculation 

Additional relevant data and assumptions are summarized below: 

 The vehicle costs of RMFC-REEV, PHEV and FCEV already include e-motor 

costs, depending on the power provided and hybrid powertrain cost add-up. In 

addition, the FCEV vehicle costs also include costs for the hydrogen tank. 

 All indicated values include value added tax (VAT) of 19 % (Germany). No other 

vehicle depending taxes are considered 

 The basic electric and fuel consumption values of each considered vehicle 

concept are summarized below in Table 4-16. 

Year Parameter RMFC-REEV ICEV PHEV FCEV Unit 

2
0
1
5

 

Electric consumption 0.1750  0.187  [kWh/km] 

Methanol consumption 0.1050    [l/km] 

Gasoline consumption  0.051 0.070  [l/km] 

Hydrogen consumption    0.0097 [kg/km] 

2
0
3
0

 

Electric consumption 0.1539  0.168  [kWh/km] 

Methanol consumption 0.0832    [l/km] 

Gasoline consumption  0.046 0.063  [l/km] 

Hydrogen consumption    0.0087 [kg/km] 

Table 4-16: Electric and fuel consumption overview of vehicle concepts 
Source: Own illustration 

                                                
21

 Purchase price is 17,400 € for an Audi A1 (4-doors Sportback, 4-cylinder gasoline ICE TFSI with 63 kW 
power, combined consumption of 5.1 l/100 km) Source: (Audi.de, 2013) 
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 Maintenance costs22 for the RMFC-REEV and FCEV are assumed to be 

0.019 €/km (0.001 €/km for air filter, 0.002 €/km for brake fluid change, 

0.006 €/km for brake maintenance and 0.01 €/km for tyres change) and for the 

ICEV and PHEV 0.029 €/km (0.008 €/km for oil and oil filter change and 

0.001 €/km for air filter change and 0.002 €/km for spark plugs in addition to the 

indicated values for RMFC-REEV and FCEV). The values are assumed for 

both, 2015 and 2030. Any additional costs for battery or FC stack change are 

not considered23, because it is assumed that by 2015 the lifetime of RMFCs and 

batteries can be considerably increased. By 2030 the lifetime should not be an 

issue (compare Bünger & Weindorf (2011, p.87-91)). 

 Basic input data for parameter variation within the ranges of +40 % and – 40 % 

are given below in Table 4-17. 

Parameter 2015 2030 Unit 

Methanol consumption 0.1050 0.0832 [l/km] 

Electric consumption 0.1750 0.1539 [kWh/km] 

Methanol price 3.75 1.08 [€/l] 

Electricity price 0.248 0.356 [€/kWh] 

Maintenance costs 0.019 0.019 [€/km] 

RMFC investment costs 3,000 250 [€/kW] 

Battery investment costs 400 250 [€/kWh] 

Vehicle investment costs 18,136 17,295 [€] 

Amortization period 12 12 [a] 

Interest rate 3 3 [%] 

Annual mileage 10,000 10,000 [km] 

Table 4-17: Summary of basic TCO input data for parameter variation in 2015 and 2030 
Source: Own illustration 

 

 An overview of important input parameters is given in Appendix A-3, p.43 

4.2 Methodology and setting 

The specified RMFC-REEV reference model is necessary in order to set up realistic 

scenarios of methanol consumption, the related infrastructure and supply chain 

                                                
22

 The maintenance costs are adopted from Bünger & Weindorf (2011, p.87-91) for a C-segment car, like a 

VW-Golf. As the RMFC-REEV is a B-segment classified car the costs might be a little lower. 
23

 According to Bünger & Weindorf (2011, p.87-91) applicable additional maintenance costs for the RMFC-

REEV in 2015 for FC stack and battery change would be about 0.104 €/km (0.071 €/km in addition for 
FC stack change and 0.033 €/km in addition for battery change) depending on the lifetime of each 
component 
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necessities and a total cost of ownership for the operation of such a vehicle. For a 

future evaluation of the concept the forecasting method is used. Based on today’s 

knowledge, economies of scale and learning curves help to describe and predict future 

technology improvements concerning costs and performance. (Anandarajah et al., 

2013) Cost reduction and performance improvement data, e.g. for batteries and fuel 

cells, are used and compared from various studies. In order to reduce uncertainties, 

different scenarios and/or sensitivities are presented and further described in the 

following sections. 

The RMFC-REEV concept is evaluated for two time horizons, 2015 and 2030: 

2015 

It is assumed, that in 2015 the RMFC-REEV prototype is introduced and fully functional 

according to the defined specifications. The necessary methanol for the RMFC can be 

supplied via existing infrastructure for private mobile energy solutions (compare 

chapter 0). Battery, fuel cell and reformer are based on today’s technology standard.  

2030 

In 2030, it is assumed that RMFC-REEVs are well established on the automobile 

market, whereas the market in 2030 is defined as still providing individual mobility 

solutions within a total concept of energy-saving and low-emitting solutions. 

Additionally, it is assumed that methanol can be supplied on a large-scale basis similar 

to gasoline. Biomass is a major feedstock for methanol production. Capital costs and 

operating costs of the vehicle are reduced due to economies of scale and learning. A 

best case scenario is chosen concerning capital and operating costs for a total 

evaluation. 

As the RMFC-REEV is designed as a range-extended electric vehicle, several 

operation modes are possible. It is assumed that the RMFC-REEV operation will be 

mainly a mixture of electric only and range-extender mode (hybrid modus) according to 

the aforementioned electric drive share in chapter 4.1.3. Further, assumptions of 

vehicle numbers in 2030 are necessary and are based on today’s available data. While 

the total passenger car number in Germany in 2013 is about 43.43 million, the numbers 

of EVs and Hybrids are relatively low, 7,114 and 64,995 (Kraftfahrt Bundesamt (KBA), 

2013), (compare Appendix A-4 on page 44). The federal government’s goal of EVs in 

Germany in 2020 is about 1 million, which might be difficult from today’s point of view 

(Nationale Plattform Elektromobilität (NPE), 2012). Due to the numbers above three 

scenarios are set for 2030, which are 1 million, 3 million and 5 million RMFC-REEV 

vehicles.  
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5 Results of techno-economic evaluation 

The techno-economic evaluation contains major parts like a holistic fuel pathway 

analysis (well-to-wheel analysis), an infrastructure evaluation (transport and distribution 

or filling stations) and a total cost of ownership (TCO) evaluation for the car.  

5.1 Well-to-wheel results 

In order to evaluate and compare methanol as a fuel energetically and concerning 

emissions accurately, it is necessary to consider the whole pathway of methanol, which 

is recovery of feedstock, production and distribution (transportation) of methanol and 

vehicle application. Therefore, energy efficiencies and CO2 emissions are taken into 

account, which is commonly called well-to-wheel analysis (WTW). A WTW analysis is 

set up of a well-to-tank analysis (WTT) and a tank-to-wheel (TTW) analysis. While WTT 

considers the energy efficiencies of primary energy conversion into secondary energy, 

in other words from the source to a usable transportation fuel in the vehicle tank, TTW 

considers the conversion efficiencies of transportation fuels for vehicle operation. (Klell 

& Cona, 2009, p.4), (Wietschel & Bünger, 2010, p.19) A visual differentiation of these 

terms is given in Figure 5-1. 

 

Figure 5-1: Differentiation of WTT, TTW and WTW 
Source: Adopted from Brinkman et al. (2005, p.11) 

 

The methanol pathways are shown and compared with gasoline and hydrogen 

pathways. Anything else, such as energy demand and emissions of plant construction 

or vehicle production, is not included in the WTW study. 

The first-hand assessment of energy use and CO2 equivalent GHG emissions for the 

production of transportation fuels is a comprehensive task and not possible within this 

paper. Therefore, the evaluation of methanol, gasoline and hydrogen is based on the 

JEC – Joint Research Centre-EUCAR-CONCAWE collaboration study24. It is 

specialized on Europe and delivers the latest database (release of July 2013, Version 

4). The time frame of the latest study is about 2020 - 2025 (Edwards et al., 2013c, 

                                                
24

 Available online: http://iet.jrc.ec.europa.eu/about-jec/downloads, (accessed 07.08.2013) 

Feedstock stages
Recovery, processing, 
storage, transport of 

feedstocks

Fuel  stages
Production, storage, 
distribution of fuels

Vehicle
Operation

Well-to-tank (WTT) Tank-to-wheel (TTW)

Well-to-wheel (WTW)

http://iet.jrc.ec.europa.eu/about-jec/downloads
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p.14) and therefore, it is assumed that the data are also applicable for 2030. The study 

results of the previous version (October 2011, Version 3c) function as a data basis for 

the scenario in 2015, as the indicated time frame is 2015 - 2020 (Edwards et al., 

2011b, p.12). Appendix A-5 on page 44 and Appendix A-6 on page 45 summarize the 

pathway codes and descriptions for methanol, gasoline, hydrogen and electricity, which 

are considered for evaluation and comparison in 2015 and 2030. 

For 2030 there are basically five methanol pathways considered. Two are based on 

natural gas (piped natural gas to methanol plant in EU via gasification - GPME, remote 

natural gas to methanol synthesis via gasification - GRME), one on coal (coal to 

methanol via gasification - KOME) and two on wood (farmed wood to methanol - 

WFME, waste wood via black liquor to methanol - WWME). The WWME route in 2030 

is the merged pathway of WWME1 and BLME1 in 2015. As the RMFC-REEV is 

designed as a hybrid vehicle, also electricity pathways (nine different routes) are 

considered and evaluated together with the methanol pathways later on. 

In addition, also gasoline and hydrogen routes are considered to be able to evaluate 

the results of the methanol paths. While for gasoline only a crude oil based pathway is 

regarded, hydrogen is analysed by eleven selected WTT pathways. 

5.1.1 Results overview 

The results in this section consist of total fuel pathway energy demand in kWh/km and 

total pathway GHG emissions in g CO2 eq/km, which are illustrated in Figure 5-2 for 

selected pathways of each considered vehicle concept in 2015 and 2030.  

The diagram shows the most significant results. In 2015 the RMFC-REEV is analysed 

regarding a natural gas based pathway and in 2030 regarding a biomass (farmed 

wood) based pathway. The piped natural gas to methanol pathway (GPME1b) in 2015 

is analysed together with wind to electricity (WDEL1) route. For 2030 it is assumed that 

farmed wood (WFME) is a suitable biomass feedstock in order to supply enough 

methanol fuel for the future concept and that the WTT input data can be applied for all 

cases equally. The WFME route is combined with wind to electricity (WDEL). The same 

is done with the PHEV, where instead of biomass the crude oil to gasoline pathway 

(COG1 and GCO) is combined with the mentioned electricity pathways. For the FCEV, 

the farmed wood to compressed hydrogen via gasification, electricity generation and 

electrolysis (WFEL2/CH1) route is chosen as a renewable one. 
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The total TTW energy demand including the powertrain efficiencies varies depending to 

the type of vehicle concept, but a 10 % powertrain component efficiency gain (low 

scenario) is considered for each concept equally. The TTW energy demand for the 

RMFC-REEV is given in Figure 5-2 and is 0.23 kWh/100 km in 2015 and 0.19 kWh/100 

km in 2030. Both values are representing the combined energy demand of RMFC drive 

share and electric drive share, according to the electric drive share evaluation of 80 % 

at an annual mileage of 10,000 km. The total energy demand results of the RMFC-

REEV are quite similar for both years and the selected pathways. Although the piped 

natural gas to methanol route (GPME1b) in 2015 shows a better WTT pathway 

efficiency than the farmed wood to methanol route (WFME) in 2030, 59 % compared to 

48 %, the total energy demand is lower in 2030 due to a predicted more efficient RMFC 

and electric powertrain.  

Compared to the other vehicle concepts, the RMFC-REEV seems to be highly 

competitive for both years, when considering the selected pathways. The crude oil to 

gasoline route, as relevant for an ICEV, is very energy efficient (about 85 %) compared 

to the previously mentioned methanol routes. The high WTT efficiency compensates 

the lower ICE efficiency, which is calculated in this case with about 33 %, compared to 

a calculated RMFC efficiency of about 39 %. The value of the ICE represents a best 

case, which is based on a combined ICEV consumption of 5.1 l/100 km.  

 

Figure 5-2: Energy demand results overview of various vehicle concepts in 2015 and 2030 
Source: Own illustration 
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In general, it can be noted that each combination with the wind to electricity route 

(WDEL1 or WDEL), which is applicable for the RMFC-REEV and PHEV, is favourable 

to all other alternatives investigated. 

The total GHG emissions of all pathways discussed before are also presented in Figure 

5-2. The chart shows TTW and WTT GHG emissions separately as well as the total 

WTW emissions. At first glance it can be seen that the RMFC-REEV, as specified in 

this paper, emits a relatively low amount of GHGs. In 2015, the TTW emissions are 

about 81.5 % less than for an ICEV and about 31.3 % less than for a PHEV. In 2030, 

there would be still methanol related local emissions, but the TTW emissions are not 

considered in the chart, because the feedstock considered (farmed wood) is renewable 

and can balance the emissions from a holistic point of view. In total the RMFC-REEV is 

obviously highly competitive to all other considered vehicle concepts and pathways. A 

more detailed result discussion of RMFC-REEV fuel pathways (methanol and 

electricity) is presented in the following section. 

5.1.2 RMFC-REEV results in detail 

Figure 5-3 exhibits the WTW energy demand of nine different electricity pathways in 

combination with each presented methanol route. In addition, full RMFC mode results 

(no hybrid mode) are integrated, which serve as a reference. It is obvious that, except 

with the OWEL22a (wet manure based biogas to electricity) and OWEL1a (municipal 

waste based biogas to electricity) routes, the hybrid modus is advantageous with seven 

of the nine electricity paths compared to the reference and safes energy considerably. 

Although the total electricity pathway efficiencies, except that for WWEL5 (waste wood 

to electricity via black liquor) and WDEL (wind to electricity) are lower than those of the 

methanol pathways, the energy demands can be lowered, because the TTW efficiency 

of the electric powertrain (with about 83 % in total used in the calculation) is much 

higher than together with the RMFC in series, which is about 35.7 %. As the electric 

drive share at an annual mileage of 10,000 km is roughly 80 %, it has a relatively high 

impact in total calculation, but the impact declines with increasing annual mileage.  
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Figure 5-3: WTW pathway energy demand of RMFC-REEV 2030 (hybrid modus)  
at an annual mileage of 10,000 km 

Source: Own calculation based on Edwards et al. (2013) and Edwards et al. (2013b) 

 

Figure 5-4 illustrates the WTW GHG emissions of the RMFC-REEV hybrid modus. 

Except the KOEL2 (coal to electricity), EMEL2 (EU-mix electricity medium voltage) and 

GPEL1b (piped natural gas to electricity) routes, which show high emissions in WTT 

consideration, all electricity routes in combination with the methanol pathways cause 

considerably lowered GHG emissions in total, compared with the reference. This is 

because of the fact that electricity usage in the vehicle does not cause any emissions. 

The coal based methanol route is the worst option concerning emissions. However, 

together with the coal based electricity path (KOEL2) the total emissions could be 

lowered by about 6.4 % compared with the reference, because of the fact of no local 

emissions. 
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Figure 5-4: WTW GHG emissions of RMFC-REEV (hybrid modus) 
Source: Own calculation based on Edwards et al. (2013) and Edwards et al. (2013b) 

 

The given routes in this chapter represent just a small part of the results given in the 

JEC – Joint Research Centre-EUCAR-CONCAWE collaboration studies. The selection 

criteria are basically the typical feedstock options for methanol (coal and natural gas) 

as well as renewable feedstock like waste wood or farmed wood. In order to create a 

basis for an accurate comparison, similar feedstock pathways are chosen for hydrogen 

and electricity. Gasoline is only represented by its conventional pathway with crude oil 

as feedstock. The WTW analysis in this paper only considers the fuel related energy 

demands and GHG emissions. It should be mentioned that the results and relations of 

energy demand strongly depend on which pathways are compared. While the 

electricity routes WDEL1 in 2015 and WDEL in 2030 turn out to be a favourable option 

with farmed wood to methanol (WFME), also waste wood to electricity via black liquor 

(WWEL5) is advantageous together with WFME and WWME and shows a similar value 

of energy demand.  

The results and relations of GHG emissions also highly depend on which fuel pathways 

are considered. While the combination of WFME and WDEL for an RMFC-REEV turns 

out to be favourable in comparison, also other electricity pathway combinations with 

either waste wood to electricity via black liquor (WWEL5), waste wood to electricity 

(WWEL1) and farmed wood to electricity (WFEL1) show very low WTW GHG emission. 

From a total perspective (energy demand and GHG emissions), the RMFC-REEV is 

highly competitive with all other vehicle concepts, especially if the pathway 

combinations of farmed wood to methanol (WFME) or waste wood via black liquor 
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(WWME) plus either wind to electricity (WDEL), waste wood to electricity via black 

liquor (WWEL5), waste wood to electricity (WWEL1) or farmed wood to electricity 

(WFEL1) are applied. But the ICEV, for example, could probably deliver much lower 

WTW GHG emission results, if the gasoline would be produced from biomass based 

Fischer-Tropsch synthesis and methanol or DME-to-gasoline pathways (compare 

Dahmen et al. (2012) and Trippe et al. (2013)). Also the PHEV and FCEV show better 

results with renewable feedstock based fuel production.  

After discussing pathway efficiencies and GHG emissions of methanol, hydrogen and 

gasoline, methanol is going to be evaluated in the next chapter concerning its 

requirements and costs of supply in large-scale for fuelling the RMFC-REEV. 

5.2 Infrastructure results 

The following section delivers results of the methanol transportation and distribution 

cost evaluation. Methanol transportation is done by truck delivery (semi-trailer). 

In detail, the following Figure 5-5 and Figure 5-6 show the total methanol infrastructure 

costs in €/l, which are split up into transportation and distribution (filling station) costs. 

Operational, maintenance and inspection costs of about 15,000 € per year and tank are 

considered, which do not include any human resource costs. Concerning transportation 

costs, Figure 5-5 considers a transportation distance by truck of 200 km for 2015 and 

Figure 5-6 a distance of 200 km for 2030. Both figures show the costs, depending on 

the amount of cars per day, which are served at a filling station. While the 

transportation costs per litre stay the same, the specific filling station costs decrease 

with increasing served cars per day and as a consequence also the total costs 

decrease. The transportation costs only depend on the truck investment and operation 

costs, which are 2.17 €/km for a one-way distance of up to 200 km and 2.10 €/km for a 

distance of up to 400 km. A reason for decreasing costs per kilometre might be a better 

utilization of truck and semitrailer. The cost evaluation of methanol transportation by 

truck is mainly based on data given in Bünger & Weindorf (2011) and Zech et al. 

(2012). Compared to methanol (0.00573 €/kWh for 200 km transportation distance) 

hydrogen shows costs with a factor of about 5.8 (0.0335 €/kWh) and gasoline a factor 

of about 0.46 (0.00261 €/kWh). The factors correlate with the relations given in Table 

4-10. The much higher costs for hydrogen mainly result from higher investment costs 

for the trailer, which are about 480,000 € in 2015 for compressed hydrogen trailers 

(Bünger & Weindorf, 2011, p.70). The reason for decreasing filling station costs per litre 

(investment and operation) with increasing cars per day is that the amount of methanol 
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also increases. The only difference between 2015 and 2030 is the transportation costs, 

in detail the diesel price for truck delivery, which is assumed to be 2.35 €/l in 2030 

compared to 1.56 €/l in 2015 (Schlesinger et al., 2011, p.3). According to the figures 

below, the total costs in 2015 for a filling station with 100 cars per day is about 0.04 €/l 

and in 2030 about 0.05 €/l.  

 

Figure 5-5: Generic total methanol infrastructure costs in 2015 with a transportation distance 
of 200 km and a refurbished gasoline tank 

Source: Own calculation 

 

 

Figure 5-6: Generic total methanol infrastructure costs in 2030 with a transportation distance 
of 200 km and a refurbished gasoline tank 

Source: Own calculation 
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The results, 0.04 €/l in 2015 and 0.05 €/l in 2030 (both for a filling station with 100 cars 

per day and 200 km transportation distance), are accumulated in Table 5-1. The table 

basically shows the production costs of selected methanol production pathways in 

2015 and 2030, which are supplemented with the calculated transportation and 

distribution costs of methanol. The accumulated results represent the methanol prices 

including VAT of 19 %, which are relevant later on for the TCO calculation.  

For comparison, Lebaek et al. (2011, p.93) indicate methanol distribution and profit 

values between 0.12 and 0.15 €/l and a total cost at pump between 0.57 and 0.68 €/l 

for bio-methanol (including taxes). Also the calculated total methanol infrastructure 

costs in this paragraph could be as high as mentioned before, if the transportation 

distance is about 400 km and the amount of cars served is 100 per day or less. 

Cost type 

2015 2030 

Unit Natural gas n/a
25

 Biomass 

Methanex (Jülg 2013) FICFB Carbo-V DWS Bioliq 

Production costs 0.31 - 1.74 0.66 0.90 0.86 [€/l] 

Transportation costs
26

 0.02 - 0.03 0.03 0.03 0.03 [€/l] 

Distribution costs
27

 0.02 - 0.02 0.02 0.02 0.02 [€/l] 

Methanol price  
(excl. any taxes and 
profit) 

0.35 - 1.79 0.71 0.95 0.91 [€/l] 

Methanol price  
(incl. VAT, no profit) 

0.42 3.75
28

 2.13 0.85 1.12 1.08 [€/l] 

Table 5-1: Accumulation of methanol production, transportation,  

distribution costs and value added tax (VAT) of 19 % 

 

In total, a methanol transportation and distribution infrastructure seems to be viable and 

highly competitive with hydrogen, but not really with gasoline. A disadvantage 

compared to gasoline is that methanol only has half of the energy content, which 

increases transportation costs by a factor of about 2.2 depending on which materials 

are used for transportation. It makes sense to use the existing filling station 

infrastructure in Germany and add methanol fuel capacities or refurbish existing tanks 

for dispensing methanol. Dewitz (2013) states, that it would be better and less costly to 

                                                
25

 n/a = not applicable. The feedstock used is unknown, but it could be natural gas as well 
26

 Considered transportation distance of 200 km  
27

 Considered filling station investment costs for refurbished gasoline tank and about 100 cars per day, 
which equals a small filling station according to EU Powertrain Coalition study (2010, p. 23) 

28
 End consumer price including production, transportation, distribution costs and probably profit and taxes 
as well 
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refurbish an existing gasoline tank instead of installing a new tank, which could also 

raise space problems on-site. 

The costs for a methanol filling station network to serve 5 million RMFC-REEVs in 2030 

with a total yearly methanol demand of about 2,908.53 million litres would be about 

422.5 million € with a new underground tank and about 129.8 million € with a 

refurbished gasoline tank for 6,375 filling stations. The costs could be even lower, if the 

number of filling stations equipped with methanol storage facilities is lowered (for 

example about 10.8 million € for 531 filling stations and refurbished gasoline tank). A 

lower number of methanol filling stations implies that each filling station serves more 

cars per day, in order to be able to deliver the yearly total methanol amount for 5 million 

RMFC-REEVs. In contrast, assuming that the total German filling station network 

(14,678 stations in January 2013, compare MWV (2013b)) was adapted to store and 

deliver methanol, then the total costs for adding one new tank (about 37,900 l) would 

be about 972.79 million €, and the costs for refurbishing an existing gasoline tank about 

298.88 million €. In comparison, according to EU Powertrain Coalition study (2010), a 

hydrogen supply infrastructure for 1 million FCEVs by 2020 would cost about 1 billion € 

mainly concentrating on filling stations in high-density areas like cities. From this point 

of view, a methanol based e-mobility concept has a clear advantage. A question, which 

arises in this context, is if it makes more sense for the petrol station operators to leave 

one gasoline fuel, for example, in order to supply methanol instead, or to add a new 

tank.  

5.3 Total cost of ownership results 

The TCO calculation evaluates how much the RMFC-REEV will cost in 2015 and 2030 

from a customer’s perspective. Basically, the TCO calculation considers investment 

costs on the one side and variable costs of operation on the other side. Together, both 

costs result in an annual TCO, if an assumed vehicle lifetime is applied. How the TCO 

is calculated is shown in Appendix A-8 on page 47. The formula is based on Gnann et 

al. (2012, p.12) and adopted for this paper. The investment costs are multiplied with the 

annuity factor, which is calculated on an assumed vehicle lifetime of 12 years and an 

interest rate of 3 % (Gnann et al., 2012). 

The results of the TCO evaluation are illustrated in Figure 5-7, p.37 in €/km for a 

generic annual mileage of 10,000 km and an electric drive share of 80 %, which is valid 

for the RMFC-REEV and the PHEV. The RMFC-REEV shows high total specific costs 

in 2015, which is due to high investment costs for the vehicle, the battery, and 
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especially for the RMFC. Concerning the operational cost, in detail the methanol price, 

it is obvious that a price of 3.75 €/l in case 2 is very disadvantageous, but also a price 

of 0.42 €/l does not deliver a competitive result compared to an ICEV and a PHEV. In 

2030 the RMFC-REEV seems to be highly competitive with all other concepts. A main 

reason for that is the predicted significant savings in investment costs of the RMFC 

(250 €/kW compared to 3,000 €/kW in 2015) and also battery (250 €/kWh compared to 

400 €/kWh in 2030).  

In total, the RMFC-REEV, as specified in this paper, seems to be uncompetitive in 

2015 compared with an ICEV and PHEV, but not necessarily with an FCEV. Although 

there is a huge difference between the kilowatt-hour prices, the fuel related costs in 

total of the RMFC-REEV are not significantly higher than for the FCEV, because the 

methanol drive share at an annual mileage of 10,000 km is only about 20 %. For the 

year 2030, the RMFC-REEV shows a high potential of being a competitive alternative.  

 

Figure 5-7: Total cost of ownership overview results 
Source: Own calculation 

 

In addition, the impact of parameter variations on total costs has been evaluated. 

Figure 5-8 illustrates several parameter variations between - 40% and + 40% together 

in one chart. It becomes evident that for the years 2015 and 2030 the annual mileage, 
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the amortization period and the vehicle investment costs have a significant impact on 

the total costs per kilometre. In detail, this means that the longer and higher the 

amortization period and the annual mileage, the less costs per kilometre are possible.  

 

 

 

Figure 5-8: TCO of RMFC-REEV in 2015 and 2030 depending on  
variation of various parameters 

Source: Own illustration 
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Further, some different results are shown in the following Figure 5-9 and Figure 5-10, 

which represent specific total costs in €/km depending on the annual mileage.  

Although, as mentioned before, the RMFC-REEV in 2015 is not really competitive with 

an ICEV and PHEV at an annual mileage of 10,000 km, it seems like case 1 (methanol 

price of 0.42 €/l) could become competitive with a PHEV at a mileage of about 

24,000 km and with an ICEV at a mileage of about 44,000 km. Case 2 (methanol price 

of 3.75 €/l), in contrast, becomes even more uncompetitive with increasing mileage. In 

2030, the RMFC-REEV cases 7, 8 and 9 (methanol prices of 1.12 €/l, 1.08 €/l and 

0.85 €/l) are already the most favourable options among all vehicle concepts compared 

at a mileage of 10,000 km, and it looks like all mentioned cases could be even more 

competitive with increasing mileage. The main reasons are the significant predicted 

investment cost savings for the RMFC and battery in 2030 on the one side and the 

highly competitive methanol fuel costs on the other side. 

 

 

Figure 5-9: TCO comparison of RMFC-REEV, PHEV, ICEV, FCEV in 2015  
depending on annual mileage 

Source: Own illustration 
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Figure 5-10: TCO comparison of RMFC-REEV, PHEV, ICEV, FCEV in 2030  
depending on annual mileage 

Source: Own calculation 
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6 Summary and findings 

The RMFC-REEV is specified in this paper as a PHEV with an RMFC as range-

extender and a plug-in option for the batteries. Therefore, the concept is evaluated 

concerning methanol as well as electricity production pathways. The results show that 

the concept is highly competitive with other vehicle concepts, like PHEV, ICEV and 

FCEV, concerning WTW energy demand and WTW GHG emissions, if biomass or 

renewable feedstock based production pathways are used.  

A simulated REM 2030 driving cycle energy demand is used for the RMFC-REEV as a 

basis for the total energy demand and total GHG emission calculations. The data are 

also applied for the other vehicle concepts. But the driving cycle related energy 

demand basically depends on certain vehicle specifications, which means that the 

results would be more accurate if vehicle related energy demands for a PHEV, ICEV 

and FCEV were used for evaluation.  

Furthermore, it has to be proven if the RMFC-REEV specifications are sufficient for 

daily usage, especially the RMFC, because the powertrain components are specified 

with relatively low-power rates. For example, the RMFC is specified with 5 kW, the 

battery with 12 kWh. More powerful components would increase the total costs of 

ownership considerably and would weaken the concept’s investigated competitiveness 

in 2030.  

A further research topic would be the future methanol production volume and 

production costs. If biomass, e.g. farmed wood or waste wood, should be the feedstock 

of choice for methanol and electricity production for a viable RMFC-REEV concept in 

the future, then a deeper research of biomass availability and impact evaluation on cost 

development would make sense.  
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Appendix –Diagrams and tables 

A-1 

 

Appendix A-1: Electric powertrain component efficiencies 

 

A-2 

Specification 

ICEV 

Audi A1 

(Audi.de, 2013) 

PHEV 

Opel Ampera 

(Adam Opel AG, 
2013); 

 

FCEV 

MB- F-Cell 

(Stolten & 
Emonts, 2012, 
p.1059); (Auto 

Motor und 
Sport.de, 2009) 

 

E-motor power - 111 100 [kW] 

FC power - - 80 [kW] 

LI-Battery capacity - 16 1.4 [kWh] 

Tank - 35 l 3.8 kg [l]; [kg] 

ICE power 63 63 - [kW] 

Consumption  5.1 - 0.97 kg/100 km 
[l/100 km]; 

[kg/100 km] 

Appendix A-2: ICEV, PHEV and FCEV specifications 

 

  

Powertrain efficiencies

Comment/

Source

10% 20% 30% Total change

0.64% 1.22% 1.76% Change p.a.

E-motor 90.0% 91.0% 92.0% 93.0% Source 3, p.121

Transmission 96.0% 96.4% 96.8% 97.2% Source 2, p.50 

Inverter, DC-DC converter 95.0% 95.5% 96.0% 96.5% Source 1, p.25

Battery (self-discharge incl.) 99.0% 99.1% 99.2% 99.3% Source 4, p.48

Sub-total battery + inverter 94.1% 94.6% 95.2% 95.8%

Total elec. powertrain efficiency 81.3% 83.0% 84.8% 86.6%

Sources:

1)  Canders Wolf-Rüdiger,  Asafali A.Bilal, Simulation und Vergleich von Antriebsstrukturen für 

Hybridfahrzeuge in Schäfer H., 2012, Trends in der elektrischen Antriebstechnologie für Hybrid- und 

Elektrofahrzeuge

2) Maume, 2012, Systemanalyse und Simulation eines Brennstoffzellen-Hybrid- Fahrzeugs mit 

autothermer Methanolreformierung

3) Ehsani et al., 2010, Modern Electric, Hybrid Electric, and Fuel Cell Vehicles: Fundamentals, Theory and 

Design

4) Helms et al., 2011, UMBReLA Umweltbilanzen Elektromobilität - Wissenschaftlicher Grundlagenbericht

2030 sensitivities

(efficiency gains)
2015Component

Comment:

Sensitivities based on 

Helms et al., 2011, p.48
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A-3 

 

 

Appendix A-3: Input parameter for TCO calculation  

  

2015 Unit Source

400 *€/kWh+ Source 1, p. 81

222 *€/kW+ Source 1, p. 85

3,000 *€/kW+ Source 2

15,510 *€+ Source 8

1,789 *€+ Source 1, p. 87-91

30 *€/kW+ Source 3, p. 188

27 *€/kW+ Source 3, p. 188

18,136 *€+ own calculation

22,184 *€+ own calculation

20,296 *€+ own calculation

min max

264 575

2015 Unit Source

324 *€+ own calculation

1350 *€+ own calculation

837 *€+ own calculation

2015 Unit Source

1.61 *€/l+ Source 4, p. 3

0.18 *€/kWh+ own calculation

0.248 *€/kWh+ Source 4, p. 43

9.5 *€/kg+ Source 5/7, p. 70

0.29 *€/kWh+ own calculation

Methanex 0.42 *€/l+

Jülg (2013) 3.75 *€/l+

Wood-FICFB *€/l+

Wood-Carbo-V *€/l+

Wood-DWS *€/l+

Wood-Bioliq *€/l+

0.019 *€/km+ Source 1, p.87-91

Maintenance costs ICEV and PHEV 0.029 *€/km+ Source 1, p.87-91

Amortization period (battery, fuel cell, vehicle) 12 [a] Source 6, p. 16

Interest rate of investment 3% Source 6, p. 42

Electricity price

Maintenance costs RMFC-REEV and FCEV

(without battery and FC stack change costs)

Hybrid powertrain costs 

Specific ICE costs

Specific e-motor costs

Total vehicle costs RMFC

Total vehicle costs FCEV 

Vehicle independent parameters

RMFC specific parameters

Hydrogen tank

Total e-motor costs 

based on continuous power RMFC-REEV 

Total e-motor costs based on 

peak power RMFC-REEV

Total E-motor costs assumed 

(average of continuous and peak)

Gasoline price 

Hydrogen price (1 % increase p.a. until 2030)

Vehicle dependent parameters

Lithium-ion battery costs

Fuel cell costs

RMFC costs

Chassis costs ICEV

Sources:

1) Bünger & Weindorf, 2011, Well-to-Wheel Analyse von Elektrofahrzeugen

2) E-Mail communication (Serenergy.com) 05.08.2013, 2013

3) Kley, 2011, Ladeinfrastrukturen für Elektrofahrzeuge - 

Entwicklung und Bewertung einer Ausbaustrategie auf Basis des Fahrverhaltens

4) Schlesinger et al., 2011, Energieszenarien 2011

5) E-Mail Communication (Clean Energy Partnership) 28.06.2013, 2013

6) Gann et al., 2012, Elektromobilität im Personenwirtschaftsverkehr – eine Potenzialanalyse

7) Michaelis et al., 2012, Vergleich alternativer Antriebstechnologien Batterie-, Plug-in Hybrid- und 

Brennstoffzellenfahrzeug in Alternative Antriebskonzepte bei sich wandelnden Mobilitätsstilen

8) Audi.de, http://www.audi.de/de/brand/de/neuwagen/a1.html, accessed 29.07.2013

575 *€/kg H2] Source 1, p. 85

2030

250

60

250

15,510

1,073

23

17,295

19,136

19,887

Total vehicle costs PHEV

30

2.41

0.356

11.03

0.019

2030

275

1148

712

2030

0.27

0.33

Compare Table 6-20

3%

0.029

Methanol price
2.13

0.85

1.12

1.08

12
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A-4 

 

Appendix A-4: Number of EV's and Hybrid's in Germany and yearly change 
Source: Own illustration based on Kraftfahrt Bundesamt (2013) 

 

A-5 

 

Appendix A-5: Codes and description of selected WTT pathways of  
gasoline, methanol, hydrogen and electricity for 2015 

Source: Own illustration 
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Pathway Code

COG1

GPME1b

GRME1

KOME1

WWME1

WFME1

BLME1

WFEL2/CH1

GPCH2b

EMEL1

WDEL1

Selected pathways

Description

Hydrogen (same data basis for 2015 and 2030)

Electrictiy 

Piped natural gas (4000 km) to methanol plant in EU, distribution by rail and road

Remote natural gas to methanol synthesis, transport by sea, distribution by rail and road

Coal (hard) to methanol via large plant in EU

Waste wood to methanol via gasification

Farmed wood to methanol via gasification

Waste wood via black liquor to methanol

Farmed wood to compressed hydrogen via on-site electrolysis 

(large-scale gasifier for wood --> CCGT electricity generation --> on-site electrolysis)
Piped natural gas 4000 km to central hydrogen production, pipeline distribution + on-site compression

EU-mix electricity, low voltage distribution

Wind to electricity

Crude oil based gasoline

For 2015

Gasoline

Methanol
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A-6 

 

Appendix A-6: Codes and description of selected WTT pathways of  
gasoline, methanol, hydrogen and electricity for 2030  

Source: Own illustration 
 

  

Selected pathways

GCO

GPME

GRME

KOME

WFME

WWME

WWCH1

WWCH2

BLCH1

KOCH1

KOCH1C

GPCH1b

GPCH2b

GPLCHb

WFEL2/CH1

GPEL1b/CH1

WFLH1

EMEL2

KOEL2

GPEL1b

WFEL1

WWEL1

WWEL5

WDEL

OWEL1a
OWEL22a

Hard coal to compressed hydrogen, central reformation

Waste wood to compressed hydrogen via black liquor 

Gasoline

Methanol

Waste wood  to compressed hydrogen, central gasification, pipeline distribution

Waste wood  to compressed hydrogen, on-site gasification

Wood to methanol, waste wood via black liquor

Piped natural gas 4000 km to on-site hydrogen production + compression

Hard coal to compressed hydrogen, central reformation, CCS

Wood to methanol, farmed wood in conventional gasification/synthesis plant

Coal (hard, EU-mix) to methanol via gasification

Remote natural gas to methanol via gasification, synthesis plant near gas field

Farmed wood to liquified hydrogen, central gasification, road distribution

Piped natural gas 4000 km to compressed hydrogen via on-site electrolysis

Farmed wood to compressed hydrogen via on-site electrolysis 

(large-scale gasifier for wood --> CCGT electricity generation --> on-site electrolysis)

Piped natural gas 4000 km to central production of liquid hydrogen, 

road distribution + on-site vaporization/compression

Piped natural gas 4000 km to central hydrogen production, pipeline distribution + on-site compression

Electrictiy 

Waste wood to electricity via black liquor

Waste wood to electricity, large IGCC

Farmed wood to electricity, large IGCC

Piped natural gas (4000 km) to electricity, CCGT (Combined Cycle Gas Turbine) 

Coal to electricity, IGCC  process (Integrated Gasification Combined Cycle)

EU-mix electricity, medium voltage distribution

Wind to electricity

Biogas to electricity, municipal waste (closed digestate storage), small CHP

Biogas to electricity, wet manure (open digestate storage), small CHP

Hydrogen

Crude oil based gasoline from typical EU supply, transport by sea, refining in EU, typical EU distribution and retail

Piped natural gas (4000 km) to methanol via gasification, synthesis plant in EU

For 2030
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A-7 

 

Appendix A-7: Cost overview of a new gasoline/diesel/LPG filling station  
Source: Calculation based on Brückner (2013), additional information based on (Dewitz, 

2013b) 

  

Project example of a new filling station

(4 tanks, 160,000 l tank capacity)

Overview of main components

Technical Equipment

Tanks and piping 90,000.00 €

Petrol pumps 95,000.00 €

Cash desk and customer activated terminal 25,000.00 €

Electric installation 30,000.00 €

Price board 18,000.00 €

Liquefied petroleum gas (LPG) 28,000.00 €

Level measurement device 6,000.00 €

Service station 7,000.00 €

Connection cost, CCTV, etc. 17,700.00 €

Subtotal 316,700.00 €

Shop building

Shop building 120,000.00 €

Heating, sanitary, electric installation etc. 66,000.00 €

Subtotal 186,000.00 €

Roofing

Roofing , lighting 82,000.00 €

Subtotal 82,000.00 €

Construction work

Reinforced concrete work 80,000.00 €

Outdoor facility 40,000.00 €

Drainage 25,000.00 €

Tank storage work 18,000.00 €

Building site facilities 5,000.00 €

Subtotal 168,000.00 €

Total 752,700.00 €

Additional information

Maintenace, inspection, operational costs 

(without HR costs, assumed for a filling 

station size given above)

60,000.00 € *€/a+

Replacement of petrol pump 5 - 8 [a]

Replacement of fuel tank 15 - 25 [a]
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A-8 

      
           

            
          

       
     

       
     

       
   

           

   
           

     
           

                
     

            

     
              

                
                

 

Description of variables: 

                                              

                    

    
                                                                                  

    
                         

  
       

                                 

    
       

                          

    
       

                              

  
           

                                                        

  
           

                                              

    
           

                                                     

                         

                             

     
                                   

  
                              

    
                                                     

  

  
   

  
                                                           

 

  
   

    
                                     

   
    

      
    

      
    

  

                                 

                                         

                                

 

Appendix A-8: Total cost of ownership (TCO) calculation formula 
Source: Gnann et al. (2012, p.12) 
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