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1.

Summary
CO2 regulation will become increasingly important in future powertrain development, because road
transport today is highly dependent on fossil fuels with correspondingly high CO2 emissions. Road
transport currently accounts for one third of all greenhouse gas emissions and 40% of CO2 emissions
in Switzerland. These emissions have actually increased slightly since 1990 from 15 to 16 million tons in
2016, while reductions have been achieved in the heat generation sector for example.
Under the Paris Climate Agreement, Switzerland has set itself the goal of halving CO2 emissions by
2030 compared with 1990. The reduction shall be achieved 60% domestically and 40% abroad. The
European Commission introduced CO2 emission legislation aimed at cutting CO2 tailpipe emissions of
newly registered passenger cars and delivery vehicle fleets in Europe. In Switzerland, these regulations
will be adopted and specified by the national CO2 law.
In this context, hybridization is expected to become a standard measure at least for the most relevant
passenger car segments and in some delivery vehicle classes. The first part of this report assesses the
fuel consumption reduction potential of hybridization for three car classes using the tank-to-wheel
approach. In the second part of the report, the use of synthetic methane is investigated regarding its
economic potential to support the compliance with the tailpipe CO2 legislation in Switzerland and
Europe.
Based on a hybrid electric powertrain model, three passenger car segments (compact car, mid-size car
and upper class car) were investigated regarding fuel consumption reduction in four different driving
patterns (former European driving cycle NEDC, the actual official European driving cycle WLTP, Empa’s
real drive emissions cycle near Zurich Empa RDE and the common Artemis driving cycle CADC). The
results show an energy saving potential of 18 – 40 % by optimal hybridization of the vehicles, where
the highest reduction is achieved in NEDC (32 – 38%) and the lowest in CADC (18 – 23%). In WLTP and
Empa RDE, the energy saving is at 23 – 24% for compact cars, at 27 – 28% for mid-size cars and at 28 –
30% for upper class cars.
The use of synthetic methane in a CNG-hybrid electric vehicle was investigated in the second part of
the report regarding economic feasibility and ecological aspects. The use of renewable synthetic
methane is leading to increased total cost of ownership (TCO). These additional costs may be
compensated by scale effects and by accounting for the CO2 reductions. The calculations show, that
renewable synthetic methane-powered CNG hybrid electric vehicles could achieve similar TCO as fossil
gasoline-powered vehicles.
An assessment of the CO2 emissions based on seasonal parameters shows that synthetic methanepowered compact cars achieve the same low CO2 emissions on a LCA basis as electric vehicles or
hydrogen-powered vehicles if the electricity used originates at least 90% from renewable sources.
All in all, PtG mobility could complement electric mobility especially for long distance applications with
similarly low CO2 emissions - in a medium-term perspective with TCO of today’s fossil gasolinepowered vehicles.
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2.

Requirements on the future powertrain technologies
Short and mid-term perspective (until 2030)
Exhaust emissions legislation has been one of the main drivers in powertrain technology development
in the past 30 years. Starting in Switzerland in the eighties with the introduction of exhaust gas
emission regulation for passenger cars, delivery vehicles and heavy duty trucks, new emission stages
with reduced limit values were introduced roughly every 5 years. This allowed significant reduction in
air pollution from road vehicles. Today, not everything is perfect in this respect but traffic based air
pollution in Switzerland is no longer a matter of real concern.
Nonetheless, air pollution reduction remains an important issue. It is expected that new cold-start
emission regulations will be introduced within the next few years, as also extended real-world driving
emission requirements for passenger cars and delivery vehicles. For heavy duty trucks, the regulations
are already quite extensive in this respect.
But there is no doubt that CO2 regulation will gain importance in future powertrain development
because road transport is highly dependent on fossil fuels with correspondingly high CO2 emissions.
Road transport currently accounts for one third of all greenhouse gas emissions and 40% of CO2
emissions in Switzerland. These emissions have actually increased slightly since 1990 from 15 to 16
million tons in 2016, while reductions occurred in the heat generation sector for example. 3.4 billion
liters of gasoline and 3.2 billion liters of diesel are consumed every year in Switzerland by road
vehicles, resulting in 10.2 million tons of CO2 being emitted per year by passenger cars and 1.6 million
tons by trucks

1,2

(the two most relevant segments in the traffic sector). The rest is emitted by delivery

vehicles, buses, motorcycles, trains, ships, national air transport and tank tourism (i.e. cross-border
refuelling due to fuel being cheaper in Switzerland).
Under the Paris Climate Agreement, Switzerland has set itself the goal of halving CO2 emissions by
2030 compared with 1990. The reduction must be achieved 60% domestically and 40% abroad. In
Europe, due to the higher CO2 emissions originating from electricity production, the CO2 emissions
from road traffic are less relevant than in Switzerland. Despite this, the European Commission
introduced CO2 emission legislation aimed at cutting CO2 tailpipe emissions of newly registered
passenger cars and delivery vehicle fleets in Europe. In Switzerland, these regulations have been
overtaken and specified by this country’s own national CO2 law.
CO2 target values for the new registered passenger and delivery vehicle fleets will thereby be reduced
after 2020 from 130 g/km and 175 g/km to 95 g/km and 147 g/km respectively. A further reduction of
15% after 2025 and 30% after 2030 is under discussion in the EU. In the same time frame, the content
of renewable fuels and/or the obligation to compensate for CO2 emissions from fossil fuels is to be
increased. In the heavy duty vehicle sector, a CO2 calculation tool named VECTO will be introduced. In
a first phase, heavy duty vehicle CO2 emissions will be monitored only but the introduction of a target
value is foreseeable too. Non-compliance with target values (valid for single manufacturers or a pool
of manufacturers) will not result in a sales ban, but require the payment of rather expensive sanctions,
comparable to CO2 costs of 400 – 450 CHF/t, which are by far the most expensive CO2 emissions.

1

BAFU; Emissionen von Treibhausgasen nach revidiertem CO2-Gesetz und Kyoto-Protokoll, 2. Verpflichtungsperiode
(2013–2020) (Juli 2017)

2

BFS; Mobilität und Verkehr – Taschenstatistik 2016
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In this context, hybridization is expected to become a standard measure at least for the most relevant
passenger car segments and in some delivery vehicle classes. In a first part, the potential of
hybridization is therefore evaluated in this report for three passenger car classes (compact, midsize
and upper class car) in a tank-to-wheel approach. In the second part of the report, the use of synthetic
methane is investigated regarding its economic potential to support the compliance with the tailpipe
CO2 legislation in Switzerland and Europe.
Mid and long term perspective (post 2030)
On a mid and long term time scale, CO2 emissions related to the production of the vehicles as well as
to the allocation of the energy to be used to power them are expected to be integrated into the CO2
legislation too. Such a change is already mentioned in the introduction of the current CO2 directive,
3

(recital 19) :
Greenhouse gas emissions related to energy supply and vehicle manufacturing and disposal are
significant components of the current overall road transport carbon footprint and are likely to
significantly increase in importance in the future. Policy action should therefore be taken to guide
manufacturers towards optimal solutions, taking account of (in particular) greenhouse gas emissions
associated with the generation of energy supplied to vehicles such as electricity and alternative fuels,
and to ensure that those upstream emissions do not erode the benefits related to the improved
operational energy use of vehicles aimed for under Regulation (EC) No 443/2009.
This, however, will mainly affect battery electric vehicles (BEV) and plugin hybrid vehicles (PHEV), due
to their relatively high upstream CO2 emissions which are not taken into consideration today. On the
other hand the use of renewable fuels will become more interesting as soon as their CO2 reduction
becomes accountable. Under the Swiss CO2 law, accountability for synthetic fuels shall be introduced
together with the 95/147 g/km stage after 2020.
In the mid and long term perspective, the combination of efficient vehicles with hybrid or electric
powertrains powered by renewable energy will probably be necessary. In this context, renewable
energy for mobility shall not simply be taken from other energy sectors, because these sectors would
then be more dependent on fossil energy (carbon leakage). A sustainable way to supply renewable
energy to the mobility sector would be to use renewable excess electricity available from fluctuating
sources (e.g. from solar and wind energy). This would allow the creation of additional PV-systems and
wind parks without the restriction of limited usability. Renewable excess electricity is not useable in the
electricity market, which is why converting it into synthetic fuels would not generate carbon leakage.
However, the greatest challenge presented by synthetic fuels is the business case. This report includes
an economic assessment of PtG mobility, taking into account scale effects and the ecological benefits.

3

Regulation (EU) No 333/2014 of the European Parliament and the Council of 11 March 2014
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3.

Hybridization of internal combustion engine powertrains

3.1

Introduction
Hybridization means the combination of internal combustion engines with electric motors. This allows
internal combustion engine operation to be shifted to higher loads with higher efficiency and to
recuperate kinetic energy during mechanical breaking (instead of merely dissipating it as heat). It also
allows the use of smaller, lighter engines due to the high starting torque of electric motors.
Hybrid electric powertrains were introduced on a mass production basis by Toyota more than 10 years
ago. Today, nearly 50% of the Toyota vehicles in Switzerland and Europe are sold with hybrid electric
powertrains, demonstrating that the technology has acceptable additional costs and is applicable from
small vehicles up to large SUVs.
In the following, a model for evaluating the potential of hybridization for a compact, midsize and
upper class passenger car was used.

3.2

Hybrid electric powertrain model
For simplicity, all components involved are modelled only by their power input-output behaviour. Fig.
1 shows schematically the power flows in the system. In the following, all components are described
briefly.

Fig. 1: Power flows between all involved components

Fuel:

The simulations are done with gasoline according Table 1.

ICE engine: The internal combustion engine is modelled using the Willans approach:
PICE,out = e ∙ Pfuel − P0

The parameter 𝑒𝑒 is assumed to be constant for all engine sizes. The parameter 𝑃𝑃0 is

assumed to scale linearly with the engine maximum power (defined by the “Willans loss
factor”). The maximum power itself is assumed to scale linearly with the engine mass
(defined by the “specific power”). The respective values of the parameters are given in
Table 1.
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Fig. 2 shows that this simplified approach (which does not consider any state of the
engine, such as rotational speed) is valid. The data shown in Fig. 2 is used together with
the models for the axle and gearbox to calculate the dimensionless Willans parameter as
defined above:
𝑒𝑒 =

1

𝑓𝑓 ∙ 𝜂𝜂axle ∙ 𝜂𝜂gearbox

, 𝑃𝑃0 = 𝑒𝑒 ∙ 𝑄𝑄0 − 𝑃𝑃aux ,

where 𝑄𝑄0 = 8.405 kW and 𝑓𝑓 = 2.6833 as given in Fig. 2.

Fig. 2 Dyno data (only instances with positive wheel power are plotted) from a 1.4l CNG engine

Battery:

The battery is modelled as a “real voltage source”, i.e. an ideal voltage source in series
with an internal resistance as shown in Fig. 3.

Fig. 3 Equivalent circuit of the battery model

The dependency of the open loop voltage and the internal resistance on the state of
charge of the battery are neglected. The open loop voltage is a constant value for all
battery sizes, given by Table 1. The scalable battery internal resistance, which includes all
resistances such as connection resistance and cell internal resistance, is given by the
parameter “Battery internal resistance parameter” 𝑅𝑅̅ in Table 1. The idea of this parameter

is that battery internal resistance increases with the series connection and decreases with

the parallel connection of battery cells. This parameter should therefore be multiplied by
the battery voltage and divided by the battery capacity to get the battery internal
resistance:
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𝑅𝑅bat =

𝑅𝑅� ∙ 𝑉𝑉
𝐶𝐶

Battery energy content is assumed to scale linearly with the battery mass (by the factor
“Battery specific weight”). Also, maximum battery charging and discharging power is
assumed to scale linearly with the battery mass (by the factor “Battery specific charging /
discharging power”). These power values correspond to short-term peak power flows. The
power values in Table 1 correspond to a discharge rate of 5.25 C and a charge rate of 3.38
C.
The battery (charge) capacity is calculated by dividing the battery energy content by the
nominal voltage. The SOC is updated by simple “Coulomb counting”, i.e. integrating the
battery current, which is calculated using the real voltage source model as described
above. SOE and SOC are not distinguished in the context of this work.
El. motor:

The electric motor is assumed to be a synchronous machine with permanent magnets. Its
specific mechanical power is assumed to be equal for motor and generator mode. The
parameter is listed in Table 1 as EV system specific power. This parameter includes the
mass for the motor, the inverter and all cables involved in the electric drivetrain.
The motor efficiency values are based on a typical motor efficiency map shown in Fig. 4.

Fig. 4 Efficiency map of the electric machine. Dashed black lines represent lines of constant power.

In the simulation the efficiency of the motor is assumed to depend only on the
mechanical power and is therefore averaged along lines of constant power (see Fig. 4)
resulting in Fig. 5. Table 2 lists the numerical values.
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Fig. 5 Electric motor efficiency map. The blue values are calculated from Figure 4. The values of the
orange dots are listed in Table 2

The efficiency has a different influence on the power balance depending on the direction
of the power flow:
𝑃𝑃bat ∙ 𝜂𝜂
𝑃𝑃EM,out = �
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏 ∙ 𝜂𝜂 −1

𝑃𝑃bat ≥ 0
𝑃𝑃bat < 0

The resulting normalized power map is shown in Figure 6.

Fig. 6 Power map used for the calculations. Power values are normalized by the maximum
mechanical power
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Power split: The power split is not modelled as a physical device (e.g. clutch or similar system) but
merely as a simple power balance:
𝑃𝑃ICE,out + 𝑃𝑃EM,out = 𝑃𝑃aux + 𝑃𝑃gearbox,in

Auxiliaries:

The auxiliaries are assumed to require a constant power throughout the simulations given
by the parameter in Table 1. This power requirement is rather high, as it should include
effects of e.g. air conditioning, electric heating systems, etc.

Gearbox:

The gearbox is modelled as a component with a constant efficiency as given in Table 1.
Depending on the direction of power flow, the efficiency changes definition:

𝑃𝑃gearbox,in ∙ 𝜂𝜂
𝑃𝑃gearbox,out = �
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖𝑖𝑖 ∙ 𝜂𝜂 −1

Axle:

𝑃𝑃gearbox,in ≥ 0
𝑃𝑃gearbox,in < 0

The axle is modelled with a constant efficiency (see Table 1), equivalent to the gearbox.

V. Dynamics The longitudinal vehicle dynamics are governed by the driving cycle (velocity and altitude
profile) and the vehicle parameters of total mass, drag area, and rolling coefficient.
Rotational inertia is estimated by the constant “rotating mass ratio”. This ratio is used to
correct the total vehicle mass for the calculation of the inertial forces. These values are
used to calculate aerodynamic friction, rolling friction, uphill driving and inertial forces
which are then summed to calculate the total traction force. Traction force is multiplied by
4

the velocity to give the traction power .

Vehicle Definition, Component Sizing: Electric Motor, Engine
The various different vehicles in the simulations are defined by the following two dimensionless
parameters:
 Degree of hybridization (DOH): The ratio of peak electric power to peak combined power.
 Battery mass ratio (BMR): The ratio of battery mass to total vehicle mass.
Additionally, the following constant parameters (see Table 1), are used for sizing the components:
 Vehicle base mass: The “empty vehicle” mass without the drivetrain, i.e. without the internal
combustion engine, electric motor, battery, and their respective mountings.
 Overall power to weight ratio: The ratio of peak power to total weight.
 Additional mounting weight: The ratio of additional mounting weight per component weight. A
mounting weight ratio of, for example, 30% means, that 30 kg is needed on the chassis to be able
to mount an engine weighing 100 kg.
Using these parameters, the masses of the electric motor, the engine, and the battery can be iteratively
determined. Note that some parameter combinations can be unfeasible, if the battery is not capable of
delivering the power necessary for the degree of hybridization. It is, for example, impossible to have a
HEV with a battery mass ratio of 1 % and a hybridization ratio of 80 %.

4

L. Guzzella und A. Sciarretta, Vehicle Propulsion Systems, Berlin Heidelberg: Springer-Verlag, 2013.
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Using the parameters given in Table 1, the following exemplary conventional vehicles (i.e.,
hybridization and battery mass ratio of zero) can be generated:
 Compact car: 1,260 kg with maximum power of 136 HP
 Medium-sized car: 1,423 kg with maximum power of 181 HP
 Upper class car: 1,755 kg with maximum power of 247 HP
Limitations
Apart from the modelling assumptions mentioned before, the proposed simulation model has the
following limitations:
 The dynamics of the model are limited to the battery’s state of energy. Therefore, no other dynamic
effects can be accounted for. In particular, the following effects must be neglected:
○ Thermal effects, e.g., temperature of the ICE, the electric motor or the battery.
○ Effects such as additional fuel consumption, arising from frequent turning on and off of the ICE.
 Torque characteristics are completely neglected. Thus, both the engine and the electric motor are
assumed to be able to deliver their respective maximum power at any rotational speed.
Parameters
All the simulation parameters are listed in the following two tables. Section 1 explains the usage of
these parameters in the vehicle model.
Table 1

Simulation Parameters

Empa Duebendorf, Automotive Powertrain Technologies Laboratory
Report N° 5211.01067/2

Table 2

Electric motor efficiency map. The values are visualized in Figure 5.
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3.3

Methods
The driving cycle alone is not enough to determine the fuel consumption of a hybrid electric vehicle.
For the study at hand, the goal was to compare different hybridizations of similar vehicles. By finding
and applying the optimal energy management strategy, the influence of energy management on the
fuel consumption is eliminated.
The Dynamic Programming Algorithm (DPA) is used for the optimization of the energy management
due to its ability to handle control problems and cost functions for which no closed form expressions
exist.
A brief introduction to the DPA, as well as an outline of a generic implementation, has been generated
5

by the ETH Zurich . A similar algorithm was implemented here in Java to perform this simulation study.

3.4

Driving cycles
Following 4 driving cycles are used in this study:
New European Driving
Cycle (NEDC)
 Total time: 1,219 s
 Total distance: 11.0 km
 Mean velocity: 32.5 km/h
 No altitude change

World-wide light duty
vehicle test cycle (WLTC)
 Total time: 1,800 s
 Total distance: 23.3 km
 Mean velocity: 46.5 km/h
 No altitude change

5

O. Sundström und L. Guzzella, « A generic dynamic programming Matlab function,» IEEE Control Applications, (CCA) &
Intelligent Control, (ISIC), pp. 1625-1630, 8-10 July 2009
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Common Artemis driving
cycle (CADC)
 Total time: 3,136 s
 Total distance: 59.3 km
 Mean velocity: 51.7 km/h
 No altitude change

Empa RDE Uster
 Total time: 2,894 s
 Total distance: 38.6 km
 Mean velocity: 48.0 km/h
 With altitude change

3.5

Discretization
For the Dynamic Programming Algorithm, the state and input space needs to be discretized. A finer
discretization generally leads to more accurate results but also requires more computational effort.
Therefore, a convergence study was conducted to find the optimal trade-off between accuracy and
efficiency.
State Discretization
In the context of the energy management optimization, the only state in the system is the battery state
of energy (SOE). For different hybrid vehicles (in particular for different battery mass ratios), the total
battery energy content will differ significantly. Therefore, the number of discretization points 𝑛𝑛SOE
need to differ as well. If the allowed SOE window is discretized uniformly, the difference between two
successive discrete SOE values can be referred to as Δ𝐸𝐸.

However, Δ𝐸𝐸 is not a suitable quality characteristic for the discretization: Combining a big accumulator
with a small electric machine, the Δ𝐸𝐸 required to obtain the same accuracy will probably be different
than for a combination of a small accumulator with a big electric machine.
Therefore, the dimensionless step size Δ𝐸𝐸̅ is calculated,
∆𝐸𝐸� =

∆𝐸𝐸
𝑃𝑃𝑒𝑒𝑒𝑒,𝑅𝑅𝑅𝑅𝑅𝑅 ∙ ∆𝑡𝑡′

where 𝑃𝑃el,RMS represents the RMS electric power and Δ𝑡𝑡 represents the simulation step size in seconds.

As 𝑃𝑃el,RMS is a priori unknown (since it depends on the result of the optimization), the normalized step
size Δ𝐸𝐸� can only be calculated after the simulation.
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Input Discretization
The input to the system is defined to be the engine output power.
For different engine sizes, the number of discretization points 𝑛𝑛ICE also needs to be different: A very

large engine will probably be operated mainly in the lowest 25% of its potential power range,
therefore the number of discretization points will have to be increased in this case.

Analogous to the State Discretization, the dimensionless step size ∆𝑃𝑃� is introduced,
∆𝑃𝑃� =

∆𝑃𝑃
𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼,𝑅𝑅𝑅𝑅𝑅𝑅 ′

where Δ𝑃𝑃 represents the step size, 𝑃𝑃ICE,RMS represents the RMS power output of the ICE and
∆𝑃𝑃 =

𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑚𝑚
𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼

Similarly, this normalized step size can only be calculated after the simulation.
Algorithm
As both the state and input discretization step sizes are only known after the simulation is finished, an
algorithm has been implemented which works in the following steps:
1. Simulate once with a large dimensionless step size for state and input.
2. Calculate the achieved dimensionless step sizes.
3. While the achieved dimensionless step sizes are too big, refine the respective discretization meshes.
An additional algorithm lowers the state space size. Typically, only about 5% or less of the total battery
energy is used for any of the simulated cycles (see for example Fig. 14, where only about 2% of the
total battery energy is used). It is therefore not necessary to discretize the whole admissible energy
state space.
Discretization Study
The discretization study shows that the state discretization leads to larger errors than input
discretization. With the aim of achieving a discretization error in simulated fuel consumption of less
than 1 %, the following target dimensionless step sizes were set:
 𝛥𝛥𝐸𝐸� = 5
 𝛥𝛥𝑃𝑃� = 0.05

Fig. 7 and Fig. 8 show the results of the discretization study. Additionally, exemplary simulation results
with the aforementioned target step sizes are plotted as asterisks. Both the relative error target of 1 %
and the target dimensionless step sizes are reached with all the exemplary simulations.
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Fig. 7 State discretization analysis. The dashed lines show the relative error in fuel consumption with respect to
the reference simulation with a step size of ∆𝐸𝐸� ≈ 1. The vertical red line shows the selected dimensionless
step size of ∆𝐸𝐸� = 5, while the asterisks represent exemplary simulations performed with the target
dimensionless step sizes.

Fig. 8 Input discretization analysis. The dashed lines show the relative error in fuel consumption with respect to
the reference simulation with a step size of ∆𝑃𝑃� ≈ 0.005. The vertical red line shows the selected
dimensionless step size of ∆𝑃𝑃� = 0.05, while the asterisks represent exemplary simulations performed with
the target dimensionless step sizes.
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3.6

Validation
Weight calculations
Using the parameters listed in Table 1, two realistic vehicle examples are calculated to validate the total
mass calculation. The results are shown in Table 3.
Table 3 Vehicle Mass calculation validation

Fuel consumption
Fuel consumption has been validated with data from an Audi A3 g-tron, a conventional vehicle with a
total weight of 1,408 kg and a natural gas ICE with a maximum power of 81 kW. To match this vehicle,
the following parameters were changed from the ones presented in Table 1:
 Overall power to weight ratio: 57.5 W/kg
 Vehicle base mass: 1,289 kg
 Auxiliary power consumption for Empa RDE: 500 W Auxiliary power consumption for other cycles:
400 W
The comparison between simulated and real-world fuel consumption is shown in Table 4. The value for
the real-world measurements has been converted from CNG to gasoline, based on the energy content
of the two fuels.
Table 4 Validation of fuel consumption
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3.7

Results
The results of the parameter study conducted are given in Section 6.1. Section 6.2 shows a comparison
to real-life vehicles. Some examples visualizing the different energy management strategies for the
various vehicle types are given in Section 0.
Parameter Study
Fig. 9, Fig. 10, and Fig. 11 show the results of the parameter study for a compact, mid-sized and upperclass car, respectively. The dimensionless parameters battery mass ratio (BMR) and degree of
hybridization (DOH) have been varied on a regular 15x15 grid with:
𝐵𝐵𝐵𝐵𝐵𝐵 ∈ [0, 0.3]
𝐷𝐷𝐷𝐷𝐷𝐷 ∈ [0, 0.9]

Each of the black dots in the figures represents one simulation. The vehicles to the right of the red line
have a higher fuel consumption than a conventional vehicle, i.e., a vehicle with 𝐷𝐷𝑂𝑂𝐻𝐻=𝐵𝐵𝑀𝑀𝑅𝑅=0. The blue
and red dots represent two real vehicles (blue: hybrid electric vehicle; red: plugin hybrid electric

vehicle).

White regions in the grid represent infeasible solutions. This includes:
 Infeasible parameter combinations, as explained in Section 1.2.
 For the all-electric range: Regions, where due to the power requirements, the cycle cannot be
driven with the vehicle in pure electric mode.
The following observations can be made from the results:
 The energy requirement varies with the vehicle type as well as the driving cycle. Fig. 12 shows the
fuel consumption of the optimal vehicle for the respective cycles.
 Unless the combination of hybridization ratio and battery mass ratio is very poor, the hybrid
vehicles consume less energy than the respective conventional vehicle. Fig. 13 shows the energy
saving potential of the considered vehicle types on the different driving cycles. NEDC, with a great
deal of idling and low power demand sections shows the greatest saving potentials. CADC with its
generally higher power demand, on the other hand, shows the smallest energy saving potential, as
the ICE in the conventional vehicle can often be operated at relatively high efficiency.
 The realistic cycles WLTP, CADC, and Empa RDE produce qualitatively very similar results. The
results using the NEDC cycle, with its artificial driving profile, do not always match the trends
observed from the results of other cycles. Therefore, the subsequent observations mainly concern
the former.
 For maximum fuel efficiency, the battery should be chosen to be as small as possible. However, it
must also be large enough to deliver the necessary power to the electric motor.
 A hybridization ratio between 40 % and 80 % yields best results concerning fuel efficiency for all
vehicle types and all cycles except NEDC.
 The influence of the hybridization ratio on the all-electric range is negligible.
 For a hybridization ratio between 20 % and 70 %, an increase in battery mass ratio of 1 % can be
compensated by an increase in hybridization ratio of approximately 5-6 %.
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Fig. 9

Visualization of the results of the parameter study for a compact car
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Fig. 10

Visualization of the results of the parameter study for a compact car
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Fig. 11

Visualization of the results of the parameter study for a mid-sized car
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Summary of simulations
The simulation results may be summarized as follows:

Fig. 12

Comparison of the optimal fuel consumption on the different driving cycles.

Fig. 13

Energy saving potential with different driving cycles
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Comparison to real vehicles
The blue dots in Fig. 9 - Fig. 11 represent the parameters of the VW Jetta Hybrid, while the red dots
represent the parameters of the Audi A3 e-tron. The values of the parameters of the two vehicles are
given in Table 5.
Table 5 Vehicle parameters of the two exemplary hybrid vehicles

When quantitatively comparing the fuel consumption of the simulated vehicles with the two hybrid
vehicles given in Table 5, the following points must be borne in mind:
 General vehicle parameters, such as power to weight ratio and vehicle base weight and thus total
weight are not the same for the real-life examples and the simulations. Therefore, it is not clear if
the two vehicles correspond to the simulated compact, mid-sized or upper class cars. Additionally,
for example, battery parameters might differ as well.
 The real-life fuel consumption measurements are not corrected for battery state of energy
deviations, i.e., it is possible that the vehicle ends the cycle with a different state of energy than that
with which it began. However, the fuel consumption measurements are averaged over multiple
runs, which should reduce this influence.
 The auxiliary power consumption during the measurements was only about 400 – 500 W compared
to the 1200 – 1500 W for the simulations.
 The simulated values correspond to the global optimal energy management strategy. It is, of
course, not possible to reach these values in real vehicles.
Looking at the all-electric-range plots, it becomes clear that the VW Jetta as a pure HEV does not offer
any all-electric-range, while Audi’s range estimation of 50 km matches the simulated results rather
well.
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Time resolved Exemplary Results
Due to the wide variety in vehicle types, the energy management strategies emerging from the
optimization also show some interesting behaviour. A few visualizations are given in the following
figures. As the NEDC cycle shows a digital, very unnatural velocity profile, the different strategies can
best be visualized using the NEDC cycle as an example.

Fig. 14

Simulation results of one whole cycle. The example shows the Empa RDE cycle driven by a mid-size
vehicle with battery mass ratio of 6.4 % and a degree of hybridization of 39%. Generally speaking, the
ICE is mainly used to deliver the traction power. The electric drive train is used to recuperate braking
energy and providing power in very low power demand situations. This pattern can be observed in
most of the simulations
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Fig. 15

Detail of the last part of the NEDC cycle driven by a middle class vehicle with battery mass ratio of 26 %
and a degree of hybridization of 90 %. As the maximum power of the ICE is very limited, the electric
motor is often used for support when providing the traction power. This is sometimes referred to as
“boosting”.

Fig. 16

Detail of the middle part of the NEDC cycle driven by an upper class vehicle with a battery mass ratio of
13% and a degree of hybridization of 6.4 %. As the ICE is large in this case, its use is limited to the
acceleration phases where the power demand is high. Phases of slow driving with low acceleration are
driven in pure electric mode. To compensate for the extensive use of the electric motor, the battery is
recharged by the ICE whenever it is running
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4.

Synthetic methane as fuel for CNG vehicles

4.1

CO2 emissions from road transport in Switzerland
With one third of greenhouse gas emissions and 40% of the CO2 emissions, road transport is
responsible for the largest proportion of climate-influencing gases of all energy sectors in Switzerland.
These emissions have actually even slightly increased since 1990, while they decreased for example in
the heat production sector. Private motorized road traffic in Switzerland, consisting of 4.5 million
passenger cars and 0.4 million utility vehicles, covered a mileage of approximately 91.0 billion pkm
(57.3 billion vehicle-km) and 17.2 billion tkm (6.4 billion vehicle-km), consuming 3.4 billion liters of
gasoline and 3.2 billion liters of diesel. As a result, 16.4 million tons of CO2 were produced – 10.2
million tons from passenger cars and 1.6 million tons from delivery vehicles and trucks.
As part of the Paris Climate Agreement, Switzerland has set itself the goal of cutting CO2 emissions to
50% of 1990 levels by 2030. The reduction is to be made with a minimum of 60% domestically and
maximum of 40% abroad. If these goals are transferred 1:1 to road traffic, this would mean a reduction
in road traffic-related CO2 emissions by 8.4 million tons. Of this, 5.1 million tons would have to be
reduced domestically, which corresponds to a 32% reduction in current road traffic-related CO2
emissions.
While such a CO2 reduction is feasible in the passenger car sector by switching to alternative fuels as
well as to hybridized or battery electric powertrains on a large scale, this is much more challenging for
the utility vehicles sector where diesel engines have always been designed for maximum efficiency and
high requirements on payload, range and overall costs.
The following powertrain technologies are available for a CO2 reduction in the utility vehicle sector:
● ICE powertrain efficiency increase
● Biofuels
● Hybridization
● Electrification
● Electro fuels

Low costs, but limited potential
Payload restrictions in delivery vehicle sector;
high vehicle costs
Challenging cost situation and reasonable only if
excess electricity is used

Efficiency measures applied to internal combustion engines (ICE), biofuels and mild hybridization have
limited CO2 reduction potential (5 – 20% each). Of course, this potential should be fully exploited in
future, but it alone will not be sufficient to provide the necessary CO2 reduction.
However, significant CO2 reduction can be achieved only if the vehicles are operated with renewable
energy; whether battery electric, hybrid electric or internal combustion engine powered. The main
question is, therefore, where to source the renewable energy required? If there is a simultaneous
demand in the sector of origin (e.g., electricity), it will have to be substituted by an alternative source. If
this substitution stems from fossil resources, in the worst case it is possible that increased all-over CO2
emissions may result. A clear and unambiguous CO2 reduction is achieved only when renewable
energy is used for mobility which is otherwise not useable in other energy sectors, as is the case with
“excess electricity”. In the following, electro fuels are only sourced from such excess electricity.
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Depending mainly on the price of excess electricity and the low operational hours of excess electricity
based power-to-gas facilities, synthetic methane shows significantly higher end-user fuel cost
compared with fossil gasoline or diesel even on a long-term perspective. At a first glance, synthetic
fuels seem therefore not to be competitive. This, of course, is true if only the energetic side is
compared. If scale effects are achievable and if the ecological benefit of electro fuels is accountable,
the situation may change.
4.2

Energetic evaluation
The strong expansion of fluctuating renewable electricity production, e.g. solar-PV and wind energy, is
increasingly leading to integration problems because of the mismatch to the electricity demand.
Fig. 17 shows the results of an RES simulation for Germany (RES = Renewable Energy Sources) from
Alpiq. It represents the marginal benefit of a further addition to solar PV and wind electricity as a
function of the existing production quantities of these sources. "Marginal benefit" is understood to
mean the percentage of additionally produced electricity for which there is a demand at the very
moment when the energy is produced (i.e., the electricity that can be utilized without further measures,
such as energy storage).
The part of electricity that cannot be integrated into the energy system directly accumulates as
temporary excess electricity. There is no immediate demand for this energy in the electricity market. At
worst, curtailment or annihilation is imminent.
Incidentally, the figures in Fig. 17 are taken from the idealized assumption that the German network
can be considered a "copper plate", i.e. that no regional network bottlenecks cause additional
restrictions to the use of wind and solar power.

Fig. 17

Marginal benefit of the expansion of fluctuating renewable energy (RES = Renewable Energy Sources)
(Source: Alpiq)

As Fig. 17 shows, above about 20% of the total contribution to solar PV and wind energy, special
integration measures are required. First of all, of course, the potential for storage and the load shift
(“demand side management”) must be exploited. However, numerous studies, compiled for example in
6

the “dena-Netzstudie II” , have shown that load shifts represent only a subordinate potential.

6

Integration erneuerbarer Energien in die deutsche Stromversorgung im Zeitraum 2015 – 2020 mit Ausblick
2025, dena-Netzstudie II (2010)
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The cost of pumped water and battery storage on the other hand would climb to very high levels for
the storage capacity required to cope with the high installed solar PV and wind capacities. The reason
for this is that the required capacity would have to be extremely high because of the increasingly long
storage times. During the coming 5-10 years, predominantly daily storage will be required because
periods of excess electricity generation will remain relatively short. However, with the progressive
installation of RES capacity on a longer timescale, excess generation quantities will become so large
that they cannot be consumed within days or weeks.
Battery electric mobility (BEV) is an attractive opportunity to generate additional demand during
phases with excess electricity. But this needs management systems (e.g. incentive schemes), which
forces the charging according “energy systemic” frame conditions and not according “user based”
habits.
All in all it is unlikely to solve the storage problem to the required extent with batteries, since excess
electricity is generated irregularly and therefore would need an infrastructure adapted to extreme
situations, making the concept uneconomic.
Electro fuels basically would fit well into a system with a large portion of RES since this technology
makes it possible to absorb the quantities of electricity which cannot be integrated into the electricity
market after the measures described above have been implemented. The value of such systems for a
renewable energy system is high, since electro fuels are able to de-fossilize those sectors of transport
and industry that are not, or hardly, accessible for purely electricity-based solutions. Examples are
long-haul applications, the transport logistics industry and aviation.
In Switzerland, currently about 5 TWh more electricity is produced in summer than can be used
domestically. This low-carbon electricity (from nuclear and hydropower plants) is typically exported to
European neighbour countries where, potentially, fossil electricity is substituted. Since all neighbour
countries also invest in PV systems, it is unclear if this Swiss excess summer electricity can still be
exported at reasonable prices. Furthermore, simulations of the future electricity market (such as the
Swissgrid “Sun2035” scenario after the phasing-out of the domestic nuclear power plants and
installing new renewable sources) show that renewable Swiss excess electricity could be doubled to
around 10 TWh by 2035 (Fig. 18). This renewable excess electricity would be threatened with
curtailment if no other utilization method could be made available.

Fig. 18

Electricity market scenario “Sun2035” (source: Swissgrid)
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Electro fuels could therefore play an important energetic role enabling the integration of large
amounts of renewables in the energy system; however, the economic feasibility of this is challenging.
Due to the high capital costs, the economic feasibility is given only if electro fuel facilities achieve high
operational hours. While BEV mobility faces extensive management effort to solve the electricity
storage problem, concepts with low operational hours need to be developed for electro fuels.

4.3

Synthetic methane
Production of synthetic methane
There are several types of synthetic fuels under discussion, such as hydrogen or methane (often
designated as PtG), synthetic diesel (PtL), oxymethylene ether (OME) or other hydrocarbons (e.g.
methanol). In the following, the use of synthetic methane is discussed, because synthetic methane
production has the highest degree of maturity.
The synthetic methane production involves two steps. Initially, electricity is used to separate water into
oxygen and hydrogen (electrolysis), following which hydrogen is used to convert CO2 to methane and
water in a catalytic process (methanation). Different electrolysis and methanation paths are under
development and the CO2 needed for methanation may originate from various concentrated sources
or from the atmosphere. As Fig. 19 shows, the overall efficiency today for industrialized plants is in the
range of 55% (HHV).

Fig. 19

Efficiency path for industrialized PtG plants (source: DVGW)

Synthetic methane production costs are strongly dependent on electricity prices and capital costs, as
the following simplified example shows. There are several cost calculations available, showing a rather
wide range of results. For our consideration, additional costs of 0.18 EUR/kWhLHV compared to fossil
7

natural gas are used. This is in line, for example, with FVV/LBST , assuming somehow higher electricity
costs (0.09 EUR/kWhel), while the calculations for Switzerland are done with 0.04 – 0.06 EUR/kWhel.
Additional synthetic methane costs of 0.18 EUR/kWhLHV would lead to an additional fuel price at the
fuelling station of 2.50 EUR/kg.

7

Renewables in Transport 2050, Empowering a sustainable mobility future with zero emission fuels from
renewable electricity (FVV/LBST 2016)
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5.

Business model of PtG mobility

5.1

Basic Total Cost of Ownership (TCO) analysis
In a first step, the Total Cost of Ownership (TCO) of CNG vehicles is compared in a generic fashion
8

against gasoline and diesel vehicles equipped with conventional (ICEV) and hybrid electric powertrain
(HEV):

Where:

𝑇𝑇𝑇𝑇𝑇𝑇 =

𝑃𝑃𝑃𝑃−𝑅𝑅𝑅𝑅 +(𝐹𝐹.𝐶𝐶.𝑅𝑅𝑅𝑅 ×𝐹𝐹.𝑃𝑃.×𝑀𝑀)+(𝐼𝐼.𝐶𝐶.+𝑀𝑀.𝑅𝑅.𝐶𝐶.+𝑇𝑇)×𝑎𝑎

TCO is Total Cost of Ownership [

𝐶𝐶𝐶𝐶𝐶𝐶
𝑘𝑘𝑘𝑘

], PP: is Purchase Price and RP is Resell Price, both in
𝑙𝑙

[𝐶𝐶𝐶𝐶𝐶𝐶], F.C.RW is real-world Fuel Consumption [
M is the Mileage [𝑘𝑘𝑘𝑘], I.C. are Insurance Costs [
𝐶𝐶𝐶𝐶𝐶𝐶

[

𝑎𝑎

], T are Taxes [

𝐶𝐶𝐶𝐶𝐶𝐶
𝑎𝑎

(1)

𝑀𝑀[𝑘𝑘𝑘𝑘]

𝑘𝑘𝑘𝑘
𝐶𝐶𝐶𝐶𝐶𝐶
𝑎𝑎

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟.

𝑘𝑘𝑔𝑔

𝑘𝑘𝑘𝑘

], F.P. is Fuel Price [

𝐶𝐶𝐶𝐶𝐶𝐶
𝑙𝑙

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟.

𝐶𝐶𝐶𝐶𝐶𝐶
𝑘𝑘𝑘𝑘

],

], M.R.C. are Maintenance and Repair Costs

] and a is the number of years.

Table 6 shows the capital costs (CAPEX) for a conventional compact vehicle (ICEV) with gasoline, diesel
and CNG engine. It is assumed that the CNG vehicle purchase price corresponds to the diesel vehicle
purchase price (PP), which is 12% higher (+CHF 3,000) than that of the gasoline vehicle.
For the depreciation of the gasoline and diesel vehicle a value of 55% is assumed for the period of 4
years with an annual mileage of 15,000 km/a, which results in a total of 60,000 km. For CNG vehicle, a
slightly higher depreciation value of 57% is assumed.
Table 6

CAPEX for conventional ICEV
Assumptions
Vehicle purchase price [CHF]
Depreciation, 4 a/60'000 km [%]

Gasoline

Diesel

CNG

25'000

28'000

28'000

55%

55%

57%

Reselling price [CHF]

11'250

12'600

12'040

Depreciation [CHF/a]

3'990

3'438

3'850

Interest [%p.a.]

2

2

2

CAPEX [CHF/a]

3'506

3'927

4'070

For the hybrid version (designed as full-hybrid with the capability to drive a few kilometers with low
load pure electric), an additional price of 3,000 CHF is expected for all three concepts, leading to
11 – 12% higher CAPEX (Table 7).
Table 7

CAPEX for HEV
Assumptions
Vehicle purchase price [CHF]
Depreciation, 4 a/60'000 km [%]

8

Gasoline

Diesel

CNG

28'000

31'000

31'000

55%

55%

57%

Reselling price [CHF]

12'600

13'950

13'330

Depreciation [CHF/a]

4'418

3'850

4'263

Interest [%p.a.]

2

2

2

CAPEX [CHF/a]

3'927

4'348

4'506

Hagmann J. et al, Total cost of ownership and its potential implications for battery electric vehicle diffusion
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The operational costs (OPEX) are shown for ICEV in Table 8 and for HEV Table 9. For reference
purposes, a standard fuel consumption of 5.7 l/100 km (NEDC procedure) is assumed for the gasoline
vehicle, corresponding to an energetic fuel consumption of 50 kWh/100 km respectively a standard
CO2 emission of 133 g/km. For the CNG vehicle, the same energetic fuel consumption is assumed,
leading to a consumption of 3.9 kg/100 km and a CO2 emission of 107 g/km. For the diesel vehicle, a
25% reduced volumetric fuel consumption compared to the gasoline vehicle is assumed (4.2 l/100 km,
42 kWh/100km and 110 gCO2/km).
Fuel prices for September 2018 are assumed, at 1.70 CHF/l for gasoline (95 octane), 1.75 CHF/l for
diesel and 1.65 CHF/kg for CNG (1.12 CHF/l-eq).
Table 8

OPEX for conventional ICEV (reduced CNG fuel tax)
Assumptions

Gasoline

Diesel

CNG

F.C.NEDC [l/km resp. kg/km]

0.057

0.042

0.039

F.C.RW [l/km resp. kg/km]; Assump.: +40%

0.080

0.059

0.054

Fuel prize F.P. [CHF/kg]

1.70

1.75

1.65

Mileage [km/a]

15'000

15'000

15'000

Fuel costs [CHF/a]

2'040

1'544

1'347

M.R. Costs [CHF/a]

600

660

660

Tire costs [CHF/a]

300

300

300

1'000

1'000

1'000

Veh Tax [CHF/a]

100

100

100

OPEX [CHF/a]

4'040

3'604

3'407

Ins. Cost [CHF/a]; Bonus 50%

According to chapter 3.7, a reduced fuel consumption of 25% for the gasoline and CNG-hybrids is
assumed and 20% for the diesel-hybrid (Table 9). The hybridization of diesel vehicles leads to a
reduced fuel consumption compared to gasoline and CNG vehicles, because the part-load efficiency
(where the hybrid electric powertrain is most effective) shows higher efficiencies.

Table 9

OPEX for hybrid vehicles (reduced CNG fuel tax); grey figures without changes to the conventional ICEV
Assumptions

Gasoline

Diesel

CNG

F.C.NEDC [l/km resp. kg/km]

0.043

0.034

0.029

F.C.RW [l/km resp. kg/km]; Assump.: +40%

0.060

0.047

0.041

Fuel prize F.P. [CHF/kg]

1.70

1.75

1.65

Mileage [km/a]

15'000

15'000

15'000

Fuel costs [CHF/a]

1'530

1'235

1'010

M.R. Costs [CHF/a]

660

726

726

Tire costs [CHF/a]

300

300

300

1'000

1'000

1'000

Ins. Cost [CHF/a]; Bonus 50%
Veh Tax [CHF/a]

100

100

100

OPEX [CHF/a]

3'590

3'361

3'136

For the following TCO4J/60’000km calculations (Fig. 20), a real-word fuel consumption value is used, which
of course depends on the vehicle used. In our example, a real-word fuel consumption factor of 1.4 was
used for all vehicles. The operational non-fuel costs are assumed to be the same for all vehicles, except
10% higher maintenance costs for the diesel and the CNG vehicle.
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Fig. 20

Total Cost of Ownership (TCO4J/60’000km) of a gasoline, diesel and CNG vehicle with conventional (left)
and hybrid powertrain (right) with an additional end-user price for the hybrid powertrain of 3,000 CHF
and a fuel consumption reduction of 25% for the gasoline and CNG and 20% for the diesel version. The
numbers on the bars represent the TCO per kilometer.

TCO4J/60’000km for gasoline, diesel and CNG vehicles are very similar for both the conventional and the
hybrid versions. The hybrid versions show higher capital costs (CAPEX) which are compensated by the
lower fuel costs (OPEX). However, the end-user prices for gasoline and diesel vehicles are in a clear and
well-known relationship. This is not the case for CNG vehicles. Due to the low production number and
the different technology development levels as well as the varying marketing concepts of the different
brands, the end-user-price compared to gasoline vehicles is different from manufacturer to
manufacturer. At the same time, the fuel consumption behaviour compared to gasoline vehicles is also
different and depends on the additional CNG vehicle weight (steel or carbon fibre reinforced cylinder)
and the technology development level of the CNG engine. For this reason the cost and fuel
consumption range of CNG vehicles is considered in the following.
The lower limit of the CNG vehicle end-user price range is assumed to be the same as for a gasoline
vehicle and the upper limit at +5,000 CHF. In addition, a minimal energetic fuel consumption of CNG
vehicles is assumed to be at 90% compared to a gasoline vehicle. Especially at high load driving (e.g.
highway driving or trailer operation) this is not unrealistic for modern CNG vehicles due to the high
knock resistance of CNG. In low load operation, the energetic fuel consumption of modern CNG
vehicles is quite comparable to gasoline vehicles. For less advanced CNG vehicles, on the other hand,
with steel storage cylinders and only minor engine adaptations, the energetic fuel consumption may
also be 5 – 10% higher compared to gasoline vehicles. However, both the additional end-user price as
well as the fuel consumption behaviour is important for the final TCO4J/60’000km.
Fig. 21 shows the difference in TCO4J/60’000km of the CNG vehicles for different additional end-user
prices and fuel consumptions compared with a gasoline vehicle. The lower the additional end-user
price and the lower the energetic fuel consumption ratio, the lower the TCO of CNG vehicles. The
difference in TCO ranges from +400 CHF pa for expensive and inefficient CNG vehicles down to -650
CHF pa for low cost and efficient CNG vehicles. The marks in the diagram show the reference CNG
vehicles with an additional end-user price of 3,000 CHF and the same energetic fuel consumption as a
gasoline vehicle for the conventional and hybrid powertrain (F.C.=1). While the conventional CNG
vehicle shows lower TCO in this case, the CNG hybrid electric vehicle tends to higher TCO due to the
cheaper fuel.
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Fig. 21

∆TCO4J/60’000km of the conventional and hybrid electric CNG vehicle depending from the additional enduser price and the energetic fuel consumption variation from 90 – 110% (F.C.=0.9 … F.C.=1.1) compared
to a corresponding gasoline vehicle. The green and blue points show the reference CNG vehicle cases
with 3,000 CHF additional end-user price and the same energetic consumption as gasoline vehicles.

If the additional end-user price of a conventional CNG vehicle is below 4,500 CHF and the energetic
fuel consumption is similar to the gasoline vehicles or better, CNG vehicles show lower TCO4J/60’000km
than gasoline vehicles. For hybrids, the additional purchase price of the CNG version must be below
3,000 CHF due to the lower fuel price for achieving the same TCO4J/60’000km as a gasoline hybrid electric
vehicle. The comparison of conventional and hybrid electric CNG vehicles with corresponding diesel
vehicles are shown in Fig. 22:

Fig. 22

∆TCO4J/60’000km of the conventional and hybrid electric CNG vehicle depending on the additional enduser price and the energetic fuel consumption variation from 90 – 110% (F.C.=0.9 … F.C.=1.1) compared
to a corresponding gasoline vehicle

Fig. 22 shows that CNG vehicles with the same energetic fuel consumption as gasoline vehicles or
better always show lower TCO4J/60’000km than diesel vehicles, if the additional end-user price is less than
500 CHF compared with the diesel vehicle. Only expensive CNG vehicles with higher fuel consumption
than gasoline vehicles are more expensive than diesel vehicles. The marks in the diagram show the
reference CNG vehicles with no additional end-user price compared to diesel vehicles and the same
energetic fuel consumption as gasoline vehicles. While the conventional CNG vehicle shows lower
TCO4J/60’000km in this case, the CNG hybrid electric vehicle is tends to higher TCO4J/60’000km due to the
cheaper fuel. The situation is very similar for CNG and diesel vehicles with conventional as well as with
hybrid electric powertrains.
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5.2

Additional costs of PtG-methane and its ecological value
The production costs of synthetic methane are the subject of various studies. However, they actually
9

cover a wide range: For methane, for example, Koch et al. quote 2.46 EUR/l diesel equivalent
(corresponding to 0.25 EUR/kWhchem) for the year 2050, with electricity costs accounting for 73%, while
Brynolf et al.

10

quote an average of 0.16 EUR/kWhchem for the year 2030 (share of electricity costs: 63%).

These differences are most probably due to different assumptions with regard to the size of the plants,
electricity costs and operational hours. According to Agora

11

the production costs of synthetic and

fossil fuels for large plants will approach 0.10 – 0.15 CHF/kWhchem by 2050 in comparison to 0.09
CHF/kWhchem for fossil gasoline. Our own calculations show that overall efficiency, operational hours
and electricity price are the most important cost factors.
For the following cost calculations, production costs of 0.20 CHF/kWhchem for synthetic methane are
assumed which is reasonable for 2

nd

generation PtG plants in the single-digit MW scale. This means

additional costs of 0.17 CHF/kWhchem at the fuelling station compared to fossil natural gas with an
assumed gas price at the border of 0.03 CHF/kWhchem. This would lead to increased fuel costs in our
compact car example of 1,900 CHF pa. Over a whole vehicle lifetime of 150,000 km, the use of
synthetic methane would lead to additional costs of roughly 20,000 CHF. On the other hand, synthetic
methane has a monetarizable ecological value within the draft CO2 legislation. Assuming a CO2
reduction of 70%

12

for a synthetic methane operated gas vehicle compared to a gasoline vehicle with a

standard fuel consumption of 6.6 l/100 km (corresponding to 150 gCO2/km), the ecological value can
be estimated in the range of 9,600 CHF (95 CHF per saved g CO2/km), covering nearly 50% of the
above mentioned additional fuel costs. Taking into account the ecological value only, PtG would lead
to additional costs of nearly 1,000 CHF pa, increasing the TCO4J/60’000km by 15%. Considering the
ecological value of synthetic fuels alone does not make them economically feasible – at least not
during the first phase of synthetic fuels production with rather high production costs.
In these TCO cost calculation examples, a fully developed gasoline and diesel mobility market is
compared with a PtG mobility niche market. Due to the economy of scale, niche markets are expensive
for both vehicles and infrastructures. The current share of gas vehicles in Switzerland is at 0.3% (14,000
gas vehicles in a total passenger car market of 4.5 million vehicles). Expecting an increase by a factor 4
to 1.2% within the next years, the additional vehicle production costs (due to higher production
numbers) as well as the capital costs of the fuelling infrastructure (due to a higher degree of utilization)
would therefore significantly decrease without any subsidy. These impacts on TCO are shown in the
following:
The first 3 columns in Fig. 23 show the annual TCO4J/60’000km for comparison with Fig. 20 (left diagram).
In combination with the reduced fuel taxation of CNG, very similar TCOs result for all 3 vehicle
concepts. Using synthetic methane with production costs of 0.20 CHF/kWhchem would increase the TCO
by nearly 1,900 CHF pa, which is – without considering scale effects and the ecological value – not
economically feasible. Increasing the market share of gas vehicles slightly (from 0.3 to 1.2%), would
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Brynolf Slma et al.; Electrofuels for the transport sector: A review of production cost; Renewable and Sustainable
Energy Reviews (2018)
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Frontier Economics (2018): PtG/PtL-Rechner: Berechnungsmodell zur Ermittlung der Kosten von Power-to-Gas
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Teske S., et al; Potentialanalyse Power-to-Gas in der Schweiz im Auftrag des Bundesamtes für Umwelt (2018)
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reduce the fuel costs due to lower energy-specific capital costs of the fuelling stations by roughly
13

600 CHF pa. This reduction is shown as energy costs reduction in Fig. 23 (Marker “(1)” ).
As mentioned above, compact class gas vehicles in the reference case show a 3,000 CHF higher enduser price than the gasoline vehicles and the same end-user price as diesel vehicles. To investigate
sensitivity aspects, additional costs of +1,000 CHF and +5,000 CHF instead of 3,000 CHF are evaluated
too. However, increasing the production number of gas vehicles by a factor 4 would reduce the
production costs and as a consequence the end-user price of gas vehicles. It is assumed that the
additional costs will be halved by this increase of production number. This would reduce the capital
costs of the vehicles by 220 CHF pa for the reference case (+3,000 CHF) and by 70 CHF pa respectively
360 CHF pa for the vehicles with additional costs of +1,000 CHF respectively +5,000 CHF reduction in
Fig. 23 (Marker “(2)”). The variations in these end-user price scenarios is shown in the CAPEX cost
interval markings in Fig. 23.
The ecological value of CNG vehicles was evaluated by calculating the penalty reduction per CNG
vehicle sold instead of a gasoline vehicle for the 95 g/km stage (95 CHF per additional g/km). The
ecological value is assumed in our TCO calculation as further end-user vehicle cost reduction. This
reduces the capital costs for all scenarios by 415 CHF pa, see Fig. 23 (Marker “(3)”). Finally, the
ecological value of synthetic methane is evaluated by assuming a CO2 reduction by 70% on a well-towheel basis compared to gasoline. It is assumed, that the ecological value of synthetic methane is
equally distributed over a lifetime of 150,000 km.

Fig. 23

13

TCO4J/60’000km calculation for a conventional gasoline vehicle (reference), a diesel vehicle as well as a
gas vehicle operated with CNG and with synthetic methane (PtM) - both with the current market
penetration of 0.3%. The TCO are further calculated for: (1) an increased degree of utilization of the
methane fuelling stations due to a slightly increased market penetration of gas vehicles up to 1.2%; (2)
reduced production costs/purchase price due to increased sales volumes; (3) considering the ecological
value of the gas vehicle and (4) considering the ecological value of the synthetic fuel.

CNG mobility - State-of-the-art technology; NFP70 project Renewable Methane for Transport and Mobility
Sub-contracting project report 1 (2017)
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Comparing hybrid electric powertrains, the situation is very similar (see Fig. 24). Hybrid electric vehicles
show higher capital costs but lower fuel costs, resulting in very similar TCO4J/60’000km.

Fig. 24

TCO4J/60’000km calculation for a hybrid electric gasoline vehicle (reference), a diesel vehicle as well as a
gas vehicle operated with CNG and with synthetic methane (PtM) - both with the current market
penetration of 0.3%. The TCO are further calculated for: (1) an increased degree of utilization of the
methane fuelling stations due to a slightly increased market penetration of gas vehicles up to 1.2%; (2)
reduced production costs/purchase price due to increased sales volumes; (3) considering the ecological
value of the gas vehicle and (4) considering the ecological value of the synthetic fuel.

Concluding the ecological assessment, one can say that synthetic methane has the potential for
economic feasibility based on a first owner TCO calculation, if the market penetration could be
increased slightly (scale effects), the ecological value is considered, the energetic fuel consumption is
similar to gasoline vehicles or better and the production costs of synthetic methane is at 0.20
CHF/kWhchem or lower.
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6.

CO2 lifecycle emissions comparison of electricity based vehicles
The ecological potential of new technologies is analysed by lifecycle assessment studies (LCA). For
passenger cars, several LCA studies are available

14,15,16

, showing the overall greenhouse gas emissions

of different vehicle concepts using different fuels. However, for electricity based mobility as battery
electric vehicles (BEV), hydrogen operated fuel cell vehicles (FCV) or synthetic methane operated
vehicles (PtGV), the CO2 emissions are not constant over the year due to the variations of the CO2 load
of the electricity. While the CO2 load of the Swiss electricity mix in summer is low due to a large share
of hydropower, nuclear energy and growing PV, it is significantly higher in winter due to lower
production of renewable electricity and the import of fossil energy based electricity. For the following
LCA estimation of electricity based mobility on an annual basis, the CO2 load of summer electricity is
assumed with 20 gCO2/kWhel and in winter with 200 gCO2/kWhel.
The higher the use of summer electricity in such a context, the lower the yearly CO2 emissions. The
advantage of PtG mobility is the flexibility to use summer electricity over the whole year; the
disadvantage is the overall poor efficiency. For electric vehicles, the situation is reversed: the overall
efficiency is high but the flexibility to run the vehicle in winter with electricity from summer is very low.
Hydrogen vehicles lie between battery electric vehicles and PtG vehicles in terms of both efficiency and
flexibility.
Fig. 25 shows the CO2 lifecycle emissions for fossil energy based compact vehicles (left side) as well as
for electricity based mobility (battery electric vehicle, PtG vehicle and hydrogen vehicle), taking into
account the seasonally varying CO2 load of the Swiss electricity mentioned above (right side). The CO2
emission during production of the electric and hybrid vehicle (without battery) is assumed to be 8 t
which is in line with the LCA studies mentioned above. For the battery production, a CO2 emission of
100 kg per kWh of battery capacity is assumed (battery capacity: 40 kWh). The lifetime of the vehicles
is set to 200,000 km. The fuel consumption values used are indicated in the diagram and the
corresponding CO2 emissions of the upstream end-energy production and supply are calculated using
17

the specifications of the Swiss energy label directive for passenger cars .
Fig. 25 shows that shifting from conventional to hybrid and electric powertrains leads to a CO2
reduction of 25 – 35% only if the end-energy remains from fossil sources. Shifting at the same time to
the above mentioned electricity mix, the CO2 emissions are reduced by 70%. In an energy system with
strongly varying CO2 loads (as is the case for the Swiss electricity mix) efficiency and flexibility are of
equal value, if the technologies are designed and operated in an optimal way. For example, if the
electric vehicle is equipped with an 80 kWh battery instead of a 40 kWh one, the ecological benefit is
reduced (dotted line). The same is true if synthetic methane (PtG) is produced with 20% winter
electricity instead of 10% or hydrogen is produced with 40% winter electricity instead of 20%.
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Fig. 25

CO2 life cycle emissions estimation of fossil energy based mobility for a compact car with gasoline,
diesel, methane and electric vehicle (left side) as well as of electricity based mobility for an electric, a
PtG hybrid and a hydrogen vehicle over 200,000 km.

The period of electricity with low CO2 load in summer is assumed to be in the range of 3,500 – 4,500 h,
if the PV peaks are balanced over the whole day using pumped storage hydro power plants and
12

batteries in future . In such a context, PtG mobility allows the development of the PV market without
the limitation of missing utilization even in summer. But one thing is clear: electricity based energy
carriers such as hydrogen and hydrocarbons make sense only if they use nearly no winter electricity.
The increased demand for winter electricity will continue to be associated with fossil-generated
electricity for decades.

