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Summary

The purist and award winning vehicle demonstrator CULT (Cars Ultra Light Technologies) of Magna
Steyr, originally equipped with an innovative 3-Cylinder 600 ccm CNG engine with direct CNG
injection, has been rebuilt into the 48V eCULT electric vehicle at UAS/FH-Joanneum. This concept
study - performed by students and lecturers - shall prove whether an extremely lightweight 4-seater
electric vehicle equipped with two relatively small 48V e-motors is feasible in city driving and shall

evaluate it's environmental impact.

In the pure electrified version a powertrain with two 15 kW asynchronous 48V e-motors from series

production including two reduction transmissions for each front wheel has been chosen.

The paper confirms that both projects — the original CULT and the new eCULT version - deliver
satisfying city driving performance. In normal city speeds the eCULT provides more active and

smooth driving performance, above 70 km/h the more powerful CNG version is superior.

In terms of energy consumption and CO3, the eCULT concept provides about 30% better results,
although in manufacturing especially the battery requires higher energies, which has been

concluded in a parallel LCA (Life Cycle Analysis).

Keywords: BEV (Battery Electric Viehicle); Demonstration; light vehicle, LCA (Life Cycle Analysis)

EVS32 International Electric Vehicle Symposium 1



1 CULT Vehicle Introduction

Figure T CULT vehicle

The original CULT (Cars Ultra-Light Technology) feot was backed by a consortium of seven industrial
and scientific partners under the leadership of Mafteyr, a company of the Magna International grou
The other project partners were: FACC (know-howhi@ aeronautic sector), 4a manufacturing (known for
the highly innovative sandwich material ‘CIMERAhe Technical University of Vienna (responsible dér
powertrain tasks, especially the implementatio€NIG direct injection and the hybrid functionalifigthe
Austrian casting institute OGI (all casting tas&s)well as the Polymer Competence Center Leober. PCC
(determination of the material data) and the Umsitgrof Leoben for the production processes oftfibe
composites.

The targets for the four-seater car CULT were aweght of 600 kg and C£emissions lower than 50 g
COy/km in the NEDC driving cycle [1]. These visionddgas should also be turned from a concept into a
real prototype (see Fig. 1).

The CULT vehicle is a prototype demonstration viehfeaturing lightweight technologies and has been
positioned among competitor vehicles such as To@tar Smart. The vehicle concept is based on ai-mul
material chassis.

The main objective of the vehicle concept was tmalestrate C@emissions lower than 49 g/km, but with
the added constraint that the cost of the CULTaletshould not exceed costs of similar benchmaklcles
by more than EUR 3,000.-. Thus, the vehicle remaffesdable for the end customer, especially if'th&al
cost of ownership’is considered. [1]

1.1. Weight Reduction Approach

Fundamentally, the main variables identified tocaeplish a significant C&reduction were ‘aerodynamics’,
‘rolling resistance’, ‘efficiency increase’, ‘ligiveight design’ and the ‘powertrain’ (CNG directdnfion).

In the CULT project, each of these variables weldressed in an adequate work package. Howevdrisin t
chapter the focus will be on the topic of ‘lightgbt design’, because achieving the ambitious wegglal
is a prerequisite for attaining all the other goals
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In order to reduce the vehicle weight significar{tlye objective is to reduce the original weigh©96D kg
by 300 kg) while making sure that the vehicle i affordable, a holistic approach is necessary.

This approach — shown in Fig. 2 — is based on tpik&s, namely ‘functional integration’, ‘matetia
substitution’ and ‘downsizing/exploitation of sedany effects’.

Base 900 kg

¢ Integration of functions

(cancellation of parts)
ca. -80kg

* New materials

selective usage of lightweight materials
ca. -100kg ( ge of lightweig )

¢ Donwsizing
(& use of secondary effects)

Weight reduction up to 300 kg

Engine: 660 cm®

Target weight
600 kg

Figure 2: Holistic approach to weight reduction ia @ULT project

Functional integration means that every part has to fulfill as many fiomst as possible in order to reduce
the number of parts. One example is the possibi@reltion of conventional interior trim componetg
designing the inner structural parts in such a thaythey already have a surface ready for lanonati

Substitution of materials means the targeted use of lightweight materiaégsb@n fiber compounds,
magnesium, etc.).

Downsizing/exploitation of secondary effectexpresses the idea that a vehicle that is sigmifig lighter
will need smaller and lighter (and normally chedpssmponents which satisfy the same functional
requirements. For example, such a lightweight eads smaller brakes for the same braking distam¢be
powertrain delivers the same performance evereitlibplacement and the number of cylinders arecestiu

The cost reduction as a result of ‘functional imédipn’ and ‘downsizing/exploitation of secondaffeets’
leads to a partial compensation of the additionat cesulting from the substitution of materials.

1.2. Weight result achieved

With this approach a total vehicle weight of 67RBgbwas achieved. Although the actual value faltsrshf
the original target of 600 kg by 12 %, this is padue to the fact that the adopted CNG powertiraimlves
additional weight by micro hybridization. But fdre purpose of optimizing GQmissions, the benefit of
increased efficiency of the powertrain compenstiedpenalty of the slightly higher weight.

Compared to A-segment benchmark vehicles equippi#d s&v CNG powertrain, the CULT weighs
approximately 400 kg less. In particular, the bodyhite (147 kg) and the doors & closures (62 &) best
in class.

The work on weight reduction led to the developn@rightweight modules — of which the most impoitta

is the lightweight body as expected. In line whk totto “choosing the right material in the rigkace”, a
multi-material approach was chosen for the bodysi@wn in Fig. 4, cast aluminum nodes were combined
with aluminum profiles, a firewall from the sandWimaterial ‘CIMERA, a fiber compound underbody and
glass fiber reinforced thermoplastics.
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Sandwich
parts 5%

Carbon fiber
duroplast 8%

Aluminium
profile 27%

Glass fiber
thermoplast 10%

Steel
7%

Aluminium

Aluminium sheet 26%

cast 17%

(weight%)

Figure 3: CULT body concept

The big challenge of such a multi-material conégfte joining technology of the different matepairings
and the risk of corrosion caused by the differeéndbe electro-chemical potential. In particuldrnaaterial
combinations involving carbon fiber show criticarmsion behavior. Within the scope of the CULTjpot,
many tests were performed to identify the fatigieednd corrosion resistance of joining partneid jaming
elements. [1]

2 Powertrains

2.1 CNG Powertrain

The original CULT vehicle was equipped with a 3xegiler 600 ccm CNG engine from the Japanese Kei-Car
market with direct CNG injection, micro belt-starggenerator (BSG) hybridization (12 V belt integei
and automated transmission. [3]

One of the main hybrid features in the CULT vehigtes the adaption of a BSG on the transmission side
(BSG-Transmission, see Fig. 4) instead of the cotimeal layout including the BSG device in the kghitve

of the internal combustion engine (BSG-ICE). Dudéeclutching the ICE and the lack of the draguern

the decelerating state, the amount of the recuparanergy could be increased. The ultra-light ekehi
concept and a BSG maximum motoring power of 1.4eiAble stationary speeds up to 35 km/h to be driven
purely electrically. [2]
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BSG-Transmission

Belt-Starter-Generator linked with
transmission input shaft

Supporting following hybrid functions:

— * Sopla
®  Generator management +
O recuperation
Combustion —> O = Boost
Engine o ® Electrical driving at low vehicle speeds

Clutch __ :E
Transmission >

Belt- _)!: . )
Starter-

Generator

Figure 4: CULT CNG powertrain concept with mild hybriation

The benefit of the micro-hybrid approach, includingelligent generator management and recuperation,
dominated in spite of the minor additional weidghp to 2.8 kW maximum power in the generating state
could also be used for recovering brake energyréfbee, it is possible to partly compensate thesoamption

of the different electrical devices.

2.2 New electric powertrain

At the UAS Joanneum students performed paper studtiasidering several electric powertrains. It was
concluded that the variant shown in Fig. 5 will the best compromise between performance goals,
affordability and availability of components.

In fact, the idea was to combine two Renault Twiayertrains with the ultra-light chassis of the QUL

Reduction Gear

I

E-motors

~
=} 2 inverters

]

Battery

Renault Twizy vehicle with rear
electric powertrain and battery (blue)

eCULT Vehicle

Figure 5: Principal layout of the e CULT powertraimcept
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The original CNG powertrain and the CNG tank hasnbeemoved from the vehicle and an electric
powertrain utilizing a double drivetrain has bedagted to the chassis.

As can been seen in Fig. 6 an entangled arrangevhén¢ two drive units had to be chosen as the use
transmission has a preferred rotation direction sméh this arrangement both transmissions cantaiain
this preferred direction. Otherwise modificationghe transmission would have been necessary.

Figure 6: Drive units arranged in the front of tli& AT vehicle

The photo in Fig. 7 shows the installation of the tdrive units using an auxiliary frame and thianfie
utilizes the same mounting positions as the CNGneng

Figure 7: Photo of the eCULT's front with subframel amilled cooling devices for the inverters

A further major component is the high voltage lithinickel manganese cobalt oxide (NMC) tractionevgt
The battery consists of 84 cells, where 6 cellsraparallel and 14 of those packages are in sef@sh cell
has a nominal voltage of 3.7 V and a capacity of @M. This results in an overall nominal voltaget8 V
and 18,8 kWh energy. The battery is managed bytmized battery management system, which balances
the individual packages of 6 cells in the batt#vith this setting it is possible to draw 600 A donbusly
out of the battery. The two inverters are limited00 A each, not to exceed this limit and guaatéong
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lifetime of the battery. With the limited chargingrrent, it is able to charge the battery withative cooling
system what reduces the weight and also the coiyplExthe system.

The battery location in the vehicle can be sedfign8. The battery box used the space availabdeuine
rear seats and under the trunk. Initially, the plas to use the space in the tunnel to accommduateattery
cells (round types), but after choosing 84 LG potelts the space of the tunnel was used for thiedyat
management system (BMS), the power distributiose$uthe DC/DC inverter for the 12V board battery a
the on-board charger.

Figure 8: CAD design of the battery installation ahdto the battery box

3 Specification Comparison

The specifications for both powertrains are giveable 1. Comparing the power, the CNG powertigin
stronger by 17 kW, which also promises better parémce at higher speeds and loads.

The ICE engine offers 47 kW whereas the two electrotors can only provide 30 kW, although at low
speeds the electric powertrain provides an appratgly 40 Nm better torque. This leads to better
acceleration capability as can be seen in Table 2.

Due to the demanded affordability, the electric pdvain has been kept simple and cheap and dodéswet
any active cooling devices, all systems are onlylem by convection or by the headwind. So it was no
possible to choose high end components like PSMmoliquid cooled high performance inverters, etc.
These decisions need to be reconsidered when gimgsihe production of a higher number of such clelsi

or even a series production.
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Table 1: Comparison between powertrain componerttseof CULT and CNG CULT

ICE Powertrain Electrical Powertrain
3-cylinder CNG ice engine Asynchronous eMotor
Displacement 658 cm? Inverter 48V /400 A
Engine Mixture formation Direct injection
Power max. 47 kw (@ 5000 rpm) Power max. 2 x15 kW
Torque max. 103 Nm (@ 2500 rpm) Torque max. 2 Wi
Automated transmission Reduction gear  Comex
Gears 6 Ratio 7,13
Transmission o Blocked
Dry slump lubrication differential
Electrical oil pump No oil pump
CNG Type 4 Carbon 60 Ah LG Li-
fiber high pressure 50 [, 8 kg CH4 at 200 bar| lon 84 Cells| 18 kWh
Energy Storage vessel 14s6p
Avalla_ble net 16 KWh
capacity
Belt-Starter-Generator 12V
Power max. generating 2,8 kW DC/DC 13,8 V /50 Amax
converter
Electrical Power max motoring 1,4 kW On-board 48V /25A
charger
Components
\oltage electrical 4, , Voltage level | 12V /48V
system
On-board battery 12V /38 Ah On-board 12V /38 Ah
battery

4 Testing preparation

4.1 Coast down test

In order to accurately determine the energy consiompf the vehicle at the chassis test bench and i
simulation, the rolling resistances had to be deitezd. Therefore, a coast down test had to be peei.

In a coast down test, the vehicle is acceleratedhigher speed (in this case 100 km/h) and thasted to
standstill. During this procedure, the speed ofutbkicle needs to be measured. This data is thed tas
determine the deceleration of the vehicle, i.evigliag the rolling resistances.

The test itself was performed on a runway at thignég Military Airport. Vehicle speed and time were
measured via a VBox using GPS data. The test ylalesults from four runs in each direction, fromietth
the rolling resistances were calculated.

In order to simulate the vehicle’s rolling resistarat different speeds on a chassis dynamometerds to
be modelled as follows:

F(‘U) = FO +F117+F2172. (1)

Fo represents a constant part due to rolling frigtiBna linearly increasing viscous resistance, apd F
represents the vehicle’s air resistance, whichaleguared dependency on velocity.
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In the first step the vehicle velocity was numdhcdifferentiated in order to determine the decaf®n over
time. In order to eliminate the influence of thenimial runway’s inclination,

Aine = gSina (2)

was subtracted. It was possible to calculate tiyteanf inclinationo for every measurement step from the
available GPS data.

In the second step, the acceleration was multigdiethe sum of the vehicle’s mass and a mass reqtiag
the inertia of its rotating parts, in order to cddde the force acting on the car at different dpeguring
coasting.

The last step consisted of approximating a polyabeguation via the least squares method:
F(v) = 113,14 + 0,8761v + 0,0279v2. 3)

600 |

500 |

£ 400

300}

200 |

100%

vin km/h

Figure 9: Model of the vehicle’s rolling resistaace

4.2 Chassis dynamometer tests

Two testing cycles were performed on the chassisbiench: NEDC and the new WLTC. The use of these
predetermined cycles provides a basis on which [fossible to compare the dynamometer resultseto th
simulation. Constant velocity tests in ten km/tpstaep to 100 km/h were also performed in ordex&rene

the stationary energy flows in the vehicle.

The obtained measurement data was evaluated by BLMR\ file, which delivered power and energy
consumption.

4.3 Simulation

In order to understand the results of energy flawd energy consumption in any phase and as a base f
further optimisation steps, a simulation model wasup in MatLab Simulink. The power was determined
via the simulation before the battery and afterdheetric motor. In simulation the driving cycle EBC,
WLTC) can be selected too. The parameters obtdnoata the coast down test were used in the simulatio
to determine the torque applied to the motor sfdfe efficiency of the motor was also considerethi
simulation.
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Figure 10: NEDC Simulation output

5 Energy Consumption & Driving Performance

For the determination of the driving range of tl@&JeT and the assessment of the accumulated energy
consumption in the use phase in the following ¢ifele assessment, only NEDC measurements from the
chassis dyno have been taken, representing an ari@agy consumption. As in the very beginning @f th
original CULT Project the decision has been made te vehicle will not be certified and registefed
public roads, tests can be only performed at tasks$ or at the chassis dyno. Some of the vehifda®ires

like cameras instead of mirrors are too advanceldhah compatible with current legislation.

Table 2: Energy consumption and driving performacmmparison between eCULT and CNG CULT

ICE Powertrain Electric Powertrain
Max. Speed km/h 130 112
4 s *with corrected,
0 - 30 km/h | reasonable shifting 3,1 s
. durations
Accelerations
0 - 50 km/h 8 s* 6,2s
0-70km/h | 11 s* 11,8 s
0-80km/h | 12 s* 14,09 s
Elasticity 30-50 4 s* 34s
30-70 6 s* 8,1s
30-80 8 s* 11,9s
8 kg CNG 16 kWh net capacity
Range (City / NEDC)
> 300 km (8 kg CNG ~ 150 km
long torque interruptg
Empirical evaluation during shifting (2 Gen. very . smooth
acceleration
AMT!)
Energy consumption 2,8kg CNG  bothin real drive - | 11 kWh

EVS32 International Electric Vehicle Symposium

10



Due to the higher power the CNG CULT has a moractive maximum speed compared to the eCULT. As
expected the eCULT is more agile in the lower spa@ges resulting in better accelerations andieiigst
values, whereas the ice powertrain is gaining bégares at higher speeds.

Both concepts proof that they are feasible for ditying, the eCULT provides a better drivabilityreormal
urban speeds, the 47 kW of the CNG engine — ofseodrprovides a wider application range especially
considering highways in the outskirts of citiesr fat application the power the electric poweninaeed to

be increased. Nevertheless the eCULT got the hidyfnear acceptance, also due to the smoother aatieles
without torque interrupts.

Both concepts proof that they are feasible for ditying, the eCULT provides a better drivabilityreormal
urban speeds, the 47 kW of the CNG engine — ofseodrprovides a wider application range especially
considering highways in the outskirts of citiesr Hwat application also the power the electric pra@n
need to be increased. Nevertheless the eCULT gohitfher driver acceptance, also due to the smoothe
accelerations without torque interrupts.

6 Life Cycle Analysis Comparison

In parallel and based upon the former analysis@tbnventional CNG CULT, a life cycle assessmie@Y)
of the electric CULT was performed. The goal osthbmparative assessment was to analyze different
propulsion systems including impacts related tantguspecific energy mixes.

6.1 LCA Setup

The general framework and the boundaries for th& &€ording to ISO 14040 are as follows:

« three major chapterBroduction Phase(including processing of materials and manufactdiggarts
and subcomponentd)se Phasdcovering the actual consumption of the productanrassessment
including upstream emission from fuel productior auditional product flows) anéind of life
Phase(parts, materials and subcomponents being recyedvered and/or disposed, here in this
analysis excluded as safe data for battery reaqyelie not available yet).

* The inventory analysis is based on the data basamnt 3.4, the former analysis was based on
Ecoinvent 2.2 (El), therefore correction factoryéndeen applied; data have been also imported
from the latest IPCC assessment report (AR5, 20d8grence processes and materials were
modelled in the latest SimaPro v8.5 LCA-softwahes €ML baseline impact assessment method
was applied in version 3.05 using the carbon faotp(GHG100a) as main indicator for
environmental performance shown in this paperddé Fig.12.

« Total amount of driving emissions are influenceddayr components:
- Upstream emissions from electricity and fuel pragug; CQ and BS removal (CNG)
- Midstream emissions from feedstock transportatimhteansformation losses
- Downstream emissions from fuel dispensing, gastieams$port, charging losses
— Combustion of fuel (in case of CNG CULT, zero offsgemissions for eCULT)

¢ The Lilon-battery pack was assumed to use 200 kge&cfkWh; data are based on a study by M.
Romare and L. Dahllof of the IVL Swedish Environrt@Research Institute [5].

« Market-specific datasets of Austria, Germany aaty Iteflect respective country mixes, including
electricity production, transport, and transformatiosses.

* For actual greenhouse gas data for diesel, p&eaodsene and natural gas lead by Exergia S.A [6]
was consulted.
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Figure 12: LCA framework and procedure

The former CNG CULT LCA assumed off-gas emissidns @g CQ per kilometer based on simulation
and measurement results acc. NEDC. This scenamiaims unchanged in this new setting. Additionally,
this setting includes now upstream, midstream awahdtream emissions for both the CNG CULT and
the eCULT. This enables a comparability betweenwetechnologies, as the eCULT inherently does
not produce any emissions from combustion, butte of electricity is accompanied with upstream
emissions. The boundary conditions for the assa#sofi¢the use phase are as shown in Table 3:

Table 3: LCA system comparison of compared CNG CULTe@ULT

CNG CULT

eCULT

Functional Unit

1,4 person passenger trans

bort pdrdon passenger transp

prt

profile acc. NEDC

(2,8 Kg CNG in real drive)

Mileage 150.000 km 150.000 km
Curb weight 680 kg 780 kg (due to battery weig
Operational 2,16 kg CNG/100 km 8,5 kWh/100 km

(11 kWh/100 km in real drive

Markets

AT/DE/NT

AT/DE/NT

6.2. Results

Depending on the source and location of the prinesugrgy used for further utilization as fuel (CN@)
electricity, different indirect emissions have ® d¢onsidered. Additionally, different energy efficcies of
the two different vehicle concepts lead to diffeareamplete vehicle results. Ongoing discussionghé
search for an ideal vehicle concept for a susténmobility of the future have to consider the camaltion
of vehicle’s efficiency and energy sourcing effiuig.
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Figure 12: LCA Results for GHG emissions of CNG CULTeGULT

The results of this study shown in Fig. 13. displt greenhouse gas emissions for both CNG CULT an
eCULT are quite the same in Germany regardimgronmental impact, category climate change. Téssilt
can be explained because of lower up-, mid- & ddmiasn GHG emissions for Northern Europeartural
gas sources provided to Germany. In addition ta, 881G emissions from electricity market mix for
consumers in Germany are relatively high due tov@es’s amount of coal power plants.

In Italy and Austria different energy resourceswsed and consumed compared to the German manket. U
mid- & downstream GHG emissions from electricitgaratural gas consumption caused by driving vehicle
in these markets show a different picture: thetetadly driven eCULT powered with market specific
electricity consumer mixes available in Italy andsfia is favorable to the natural gas fueled y\eMBNG
CULT.

This is explained by longer transport distances higther losses during natural gas transportatich an
distribution on Austrian market on the one hand.tmother hand there are higher environmental atspa
of liqguefied natural gas production, e.g. imporie&European’s south. Rising amounts of naturallizessed
on shale gas extraction, so called fracking gasimaported to Europe and amongst others fed irgtdt#ian
natural gas distribution network.

Overall results of the conducted LCA show that telecsehicles have a big potential to decrease GHG
emissions. The trend to increase the share of @nlevenergies is expected, not only in the invastidjand
shown three European markets Austria, Italy andr@ay. The environmental footprint of CNG vehicles
could also show decreasing GHG emissions, if tectyi feasible synthetic gas production would be
promoted. But in fact, trends show an increasénalesgas imports to Europe.

Considering this trend towards renewable elecyrimibduction, today’s comparison between fossil pea
CNG CULT and electric powered eCULT could show @éa difference in LCA results focusing GHG
emissions in the future.

7 Conclusions

e The project proved that — although limited by hunaawa financial resources — it was possible to
realize an attractive electric vehicle with offbleelf components, when students, lecturers and
industry (financial sponsoring) work together.

e The original CULT with the CNG engine has achieapgroximately 60 g C&km in the European
test cycle. The results achieved with this configion comprising a vehicle weight 680 kg have
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proved that it is possible to achieve lower &missions compared to an electrically driven vehic
considering the European electricity generation (B0 g CQ/km).

The electric powertrain of the eCULT consists 0b 8 V drive units, one for each front wheel,
providing 15 kW/70 Nm each. The 18 kWh battery basn located in the area over the rear axle
and under the rear seats. The tunnel in which €& @nk had originally been located is used for
the BMS, the onboard charger, the DC/DC converidrthe on board 12 V battery.

Both vehicle concepts have proven to be sufficientcity driving without major disclaimers
regarding acceleration and drivability. The driviypiof the original CNG CULT was a bit disturbed
by long shifting processes in the hydraulic AMT toe first generation AMTs. Naturally the
drivability of the eCULT without shifting causedrtpie interrupts convinces from the very
beginning. The range of the e CULT — of coursereughly half than the range of its CNG precursor.
That means a doubled frequency of recharging faotantial customer compared to refueling the
CNG variant.

Surprisingly small differences were calculated tloe environmental impact of the two variants
under the chosen boundaries excluding the recyolitige carbon fiber CNG tank and the recycling
of the battery, especially in Germany. As expecsed, also shown in other studies, the production
of the powertrain components for the electric varzuses higher G&eq emissions primarily due
to the production of the battery. Considering thecteicity production in different areas less
emissions are calculated for the eCULT in Austrid Haly, as in these countries the use of coal for
electricity production is not so high compared tr@any. In addition to that, the CNG resources
used in the German market show lower&@Q emission compared to Italian and Austrian ntarke
This is due to shorter distances of transport hadhare of liquefied natural gas based on imported
shale gas.

Finally it can be concluded that both powertramsthe ultralight vehicle CULT are well suited for
city driving and represent a step in the right cliem towards sustainable mobility. Their carbon
footprints are almost similar. Of course, if ther@dad for carbon free mobility is inevitable, the
eCULT would be the better choice provided thateleetricity production has changed to renewable
sources.
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