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ABSTRACT

Requirements to mobility are changing worldwide due to a focus on environment and
resource protection and a simultaneous increase of mobility needs. Accordingly, the focus
in automotive development shifts to the use of alternative energies for vehicle propulsions
in order to reduce emissions. The amount of emission reduction by using alternative drive
systems depends on marginal conditions, such as the energy mix structure, climate
conditions and the vehicle’s usage profile. The individual usage profile contains
characteristic values such as the number of trips, trip duration and length, as well as the
velocity distribution. These characteristic data are individual for each user and differ from
the values derived through test cycles such as e.g. the NEDC or the JC08. Accordingly,
for the current market analysis and future trends prediction, different user profiles have
to be considered and analysed. Within this paper, real world driving data recorded within
the German project RuhrautoE will be analysed. The focus lies on evaluation criteria that
differentiate between countries due to local framework conditions. In this context, the
costs and emissions of different propulsion systems are compared between Germany and
China. Afterwards an outlook on Malaysia is given for these criteria. Hitherto, such an
approach is rarely considered for Malaysia. Conventional and alternative fuel vehicles as
well as electrified vehicles (EV) are compared within this paper. All car models
considered are based on real vehicle series to ensure a valid common basis. As expected,
the consumptions of all analysed propulsion systems are higher for real driving data than
for the NEDC. Then the consumption costs of the electric vehicle are the lowest in
Germany and China, but not in Malaysia, where a gas driven vehicle (LPG) achieves the
best results. Though, while electric cars can reduce well-to-wheel emissions by 82 % in
Germany, there is no reduction possible in China as long as the fossil proportion during
the generation of electricity is not reduced. However, EV can reduce the local emission
in high traffic areas. According to our estimation, EV are not profitable in all considered
countries due to the Total Cost of Ownership.

Keywords: Green energy technology; electric mobility; driving pattern; total cost of
ownership; China; Malaysia; drive train.

INTRODUCTION
The global population growth and the increasing urbanisation lead to a high demand for

mobility. As a result, the increasing energy consumption, rising CO2 emissions and
limited fossil resources create global challenges to sustainable mobility. Driven by the
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political, social and technical megatrends, sustainable and energy efficient drive solutions
dominate current vehicle development strategies [1]. In addition to a further optimisation
of conventional drives in terms of energy efficiency, alternative and electrical drive
systems can make a high contribution to emission reduction [2]. As shown in several
studies, the energy consumption of a vehicle is affected by a wide range of factors
covering i.e. the road type (urban, highway) or the driving and usage behaviour [3-7].
These user individual factors are represented in real usage profiles. For vehicle
development, as well as current and future market analysis, real usage profiles have to be
used in order to gain realistic consumption data, which differ from the data derived
through test cycles like the New European Driving Cycle (NEDC) [8]. For an evaluation
of drive systems not only the consumption but particularly the resulting emissions and
cost data play an important role. Thus, a realistic evaluation of different drive systems not
only requires real usage profiles but also a holistic approach considering local framework
conditions such as cost structure or energy supply.

A high barrier for the purchase of electrified vehicles is constituted by the high
purchase costs. In contrast, the operating costs are lower due to low energy prices. A
common method to calculate the overall costs within a certain period including the cost
change over time from the user’s perspective are the Total Costs of Ownership (TCO)
models. There is a high range of factors affecting the TCO. A very detailed TCO model
is proposed by Al-Alawi and Bradley [9] aiming to cover all possible influencing factors
and their change over time. However, the used cost values represent the US-market.
Another TCO calculation is introduced by the German national platform for electric
mobility [10]. Here, three factors are considered: purchase costs, value loss and
maintenance costs. The vehicle purchase costs are calculated by the vehicle basic costs
and specific powertrain components. Hou [11] introduces a TCO model for China to
optimise battery size for Plug-in hybrid electric vehicles. The TCO model includes
battery, fuel, electricity, and salvage costs. Due to different local framework conditions
such as energy prices, the TCO as well as emissions differ between countries. Research
on a comparison of TCO and emission values for different countries is rare.

The range of vehicle models considered in this paper cover conventional and
alternative fuel vehicles such as gasoline, Diesel, CNG (Compressed Natural Gas) and
LPG (Liquefied Petroleum Gas), as well as battery electric and plug-in hybrid electric
vehicles for all vehicle classes. Within this analysis, the mentioned propulsion systems
are compared to each other based on real usage profiles. The effects of different charging
scenarios and various battery sizes on suitability and efficiency are considered and
discussed in [12]. This study aims to conduct a cross-national evaluation of these vehicle
drives, wherefore the relevant parameters will be configured due to the local conditions
of Germany, China and Malaysia.

METHODS AND MATERIALS

Dataset

In this paper, driving data based on GPS and collected in the Rhine-Ruhr region in
Germany is considered, whereas this region is representative for a major conurbation in
Germany. In total, 40,000 km of travelled distance is covered. During more than 3,300
trips on board data, loggers recorded e.g. the velocity as well as the GPS position
(longitude, latitude, altitude) of the vehicle every second. The used vehicles are both
electric and hybrid cars provided to private and commercial users through a car sharing
system. Considering that plenty of different people drive vehicles in car sharing, the
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average of different driving styles and their driving profiles can be considered. It is
assumed as a hypothesis that the collected dataset is comparable to the driving data of
Chinese and Malaysian conurbations. Presently, projects are initiated to gather real
driving data in China and Malaysia. The results of these data acquisition tasks are foreseen
for subsequent publication.

Vehicle Propulsion Systems

In this paper, conventional and alternative fuel vehicles, as well as electrified vehicles
(EV), are compared. To ensure a valid common basis for the comparison of vehicles with
different drive trains, all car models considered are based on real vehicle series,
respectively. However, as there is no real vehicle series with all mentioned power trains
on the market, partly fictitious vehicles are used. That means that the vehicle parameters
stay the same except for the powertrain. To realise this concept, a mass model is used,
which evaluates the additional weight resulting through an integration of alternative drive
trains based on a conversion design model as well as the needed battery size for a certain
range. The reference car within this paper belongs to the subcompact category. The used
vehicle models cover in detail models of internal combustion engine vehicles (ICEV) with
a gasoline, diesel, CNG (Compressed Natural Gas) as well as a LPG (Liquefied Petroleum
Gas) engine. Furthermore, models for a battery electric vehicle (BEV) with centre drive
and a battery of 19 kWh and a serial plug-in hybrid electric vehicle (PHEV) with a battery
of 5 kWh are used. A detailed description of the simulation models and the weight model,
as well as an analysis of the consequences due to the different battery sizes of a PHEV is
givenin [2, 12-14].

Evaluation Criteria

The vehicle drives are evaluated based on their consumptions and emissions as well as on
the Total Cost of Ownership (TCO). It is also assumed that the electric vehicle can realise
all the trips independently of the battery capacity and that the battery of the electrified
vehicle is always fully charged at the start of a trip.

Consumption

In combination with the recorded driving data, the simulation models of the different
propulsion systems enable the generation of realistic energy consumptions. Specifically,
this means that not the average, but the actual fuel and electricity consumption for each
trip will be considered in the comparison. Thus, the possibility is covered that plug-in
hybrid electric vehicles can realise trips for example under purely electric power. Because
of the different physical units, the comparison of consumptions is based on the costs. The
considered costs per unit of energy are shown in Table 1. It is distinctive, that there is a
factor of about 1.5 between the German and Chinese prices for fuel. The costs for
electricity in Germany are more than twice as high as in China.

Table 1. Cost per unit of energy for Germany [15-17] and China [18-21]

Germany China
Diesel 1.350 €/1 0.900 €/1 6.110 CNY/I
Gasoline 1.493 €/1 1.010 €/1 6.880 CNY/I
LPG 0.634 €/1 0.470 €/1 3.196 CNY/I
CNG 1.040 €/kg 0.640 €/kg 4.340 CNY/kg

Electricity 0.292 €kWh 0.120 €kWh 0.810 CNY/kWh
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Emissions

The legislation all over the world will focus even more on the emission of vehicles in the
future. Thus, greenhouse gas (GHG) emissions play an important role in comparing
vehicle drives. For this purpose, it is essential to consider both the direct emission at the
vehicle (tank-to-wheel, TTW), as well as the indirect emission of the energy provision
(well-to-tank, WTT). The addition of both yields the well-to-wheel (WTW) emission.
According to the definitions in the Kyoto Protocol, GHG emissions are measured in CO»-
equivalents (COze). Table 2 contains the regarded factors for Germany and China.
Sources for China are data derived by [22-24], which were converted into comparable
units.

Table 2. Well-to-wheel emission factors for Germany [25, 26] and China [22-24].

Germany China
Diesel [kgCO2e/l] 3.150 3.635
Gasoline [kgCO2e/l] 2.800 3.109
LPG [kgCO2e/1] 1.900 2.002
CNG [kgCO2e/ky] 3.070 4.234

Electricity [kgCO.e/kWh] 0.593 (electricity mix) 0.982 (electricity mix)
0.136 (green power)

As shown in Table 2, the CO2-equivalents of Germany are in any case lower than
the Chinese factors. The main reason is that the electricity in China is generated mostly
from fossil fuels reaching a proportion of 78%, while 3% belongs to renewable energy
sources. Studies regarding China’s future power source structure indicate that coal will
continue to dominate the electricity mix in the near and mid-term future [27]. Other
factors are the plant and transmission efficiency. Since electricity is often transmitted over
great distances to urban customers, an additional loss of electricity due to long distance
transmission reaches 6.5% [27] and is slightly higher than in Germany, where the
transmission energy loss is 4% [28]. For Germany, the table gives two factors for
electricity [25]. On the one hand, for the German electricity mix, where less than 22%
belongs to renewable energy sources and on the other hand for pure green power, where
it is assumed that all electric energy comes from renewable sources. The factor for the
German electricity mix is more than four times higher than the CO2-equivalent for pure
green power.

Total Cost of Ownership

In order to evaluate the overall costs arising for a customer within a certain period of time,
a Total Cost of Ownership (TCO) Model is implemented. Similar to [29, 30] the
parameters cover the vehicle purchase costs, variable costs, fixed costs and consumption
costs shown in Figure 1. Differences due to country specific cost structures are considered
and significant parameters are marked grey in Figure 1.

p
m
r,=axP *1-b—Fr— 1
v purchase ( 15000[km]) ( )

Eq. (1) contains the purchase price Ppurchase, the yearly mileage m in km, the holding
period p as well as the factors a and b, which differ between the drivetrain technologies
and vehicle size and are shown in Tab. 3 for sub- and compact vehicles.
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Table 3. Residual value factors for (sub-) compact vehicles [29].

Drivetrain a b
ICEV (Gasoline) 0.7185 0.0955
ICEV (Diesel) 0.7004 0.0764

As there is no extensive range of statistics for the loss in value of electrified
vehicles, within this paper it is assumed that the factors of the ICEV with a diesel engine
can also be applied to the BEV and the PHEV. Given the limited data available for the
residual value of vehicles in the Chinese market [18], the same assumptions regarding the
salvage costs are made for Germany and China.

ICEV ] [ PHEV ] [ BEV ]
Purchase [ Depreciation ] [ Depreciation ] [ Depreciation ]
Costs ( Capital commitment ] [ Capital commitment ] [ Capital commitment ]
\ J L interest interest interest
( . \ [ Costs for tires, servicing and maintenance ]
Variable L
Costs [ Lubricants ]
J
. ) [ Taxes ]
Fix costs
[ General inspection ]
. J
( \ I
i i i Gasoline +
Consumption Gasoline/Diesel/ [ U ] [ Electricity ]
Costs CNG/LPG Electricity

Figure 1. Parameters in TCO Model [29].

The purchase price covers the sales price and additional costs as registration fees
and taxes. In this context, the sales prices for alternative drivetrain vehicles are calculated
based on a conventional reference vehicle. The detailed calculation is described and
verified for German as well as for Chinese vehicles in [2, 13]. The purchase price for the
Chinese TCO model is adjusted to the countries framework conditions and therefore a
purchase tax of 10% before value added tax (VAT) and a registration fee of 500 CNY
[31] is added. Additionally, the sales price is reduced by subsidies. Subsidies contain
national as well as local subsidies, but are only applied to vehicles produced in China. An
overview is shown in Table 4 [32]. Electric vehicles produced in China are also exempt
from the purchase tax, while the tax still has to be paid for imported EVs. In addition,
custom dues of 25% and a consumption tax between 1% and 40% depending on the
vehicle’s cylinder capacity are charged for imported vehicles.

The Operation Tax of Vehicle and Ship is calculated according to the engine
displacement and differs between provinces. For a subcompact car with an engine
displacement between 1.0l and 1.61, a yearly tax rate of 420 CNY has to be paid in Beijing
[31]. EVs are also exempt from this tax [32]. Insurance costs are calculated based on the
sales price P_MSRP without subsidies. The compulsory accident liability insurance
amounts to a yearly rate of 950 CNY for passenger vehicles with less than six seats [31].
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An additional optional commercial insurance is provided containing a third party liability
insurance, damage insurance, glass insurance, passenger insurance, vehicle scratch
insurance. With a coverage of 100 000 CNY, the overall insurance costs can be
summarised to

C = 2647 .2+ P, * 2.0566%. )

insurance

Maintenance costs in China are set to an average of 500 CNY/5000 km [21]. For variable
and fix costs in Germany, [2] is taken into account.

Table 4. Subsidies for private vehicles in China 2015 [32].

Region Criteria* PHEV[CNY] BEV [CNY]
Nationwide R > 50 km 35000
80 km <R < 150 km 35000
150 km <R <250 km 50 000
R>250 km 60 000
Beijing Battery capacity 3000/kWh 3000/kWh
(max: 50 000) (max: 60 000)
Shanghai Vehicle unit 30 000/vehicle 40 000/vehicle
Changchun Vehicle price 20% of vehicle price  20% of vehicle
(max: 40 000) price (max: 45 000)

*R = electrical range in km
RESULTS AND DISCUSSION

Based on the investigated criteria, the propulsion systems can be evaluated. Furthermore,
and due to the same real driving data a cross-national comparison is possible and the
effects of different local legislation and country specific frameworks can be analysed.

Consumption

The simulated consumptions based on the real driving data of all ICEVs and the BEV are
22-24% higher than in the NEDC. In contrast, the determined fuel consumption of the
PHEV is 15% lower than in the NEDC, even though the energy consumption is 52%
higher. The reason for that is the greater electrically driven distance. Based on the
consumptions and prices for fuel or electricity, the consumption costs for the conurbation
driving data can be determined as shown in Figure 2.

In Germany as well as in China, the consumption costs of an ICEV with a gasoline
engine are the highest. Contrastingly, the battery electric vehicle has the lowest
consumption costs in China, while in Germany the alternative fuel vehicles are most
favourable regarding these costs. The average German fuel and electricity costs of the
PHEYV are between these of both conventional ICEV. In China, the costs of the PHEV are
a bit lower as compared to the vehicle with diesel engine.
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Figure 2. Costs of consumption in €/100 km for Germany and China [13].

Emissions

On the basis of the simulated absolute consumption data derived from the real world
driving pattern, the CO2-emissions per km are calculated with the WTW-emission factors
(Table 2) for the investigated drive systems for Germany and China. The results are
shown in Figure 3. It can be seen that for Germany, emissions can be generally reduced
by using alternative drive trains. Thereby the energy mix plays an important role. BEVs
using electricity from Germany’s energy mix reduce 22% of the emissions of a gasoline
combustion engine driven vehicle, whereas by using the green power mix, a reduction of
82% may be achieved. For China, electric vehicles are not able to reduce the total
emissions. In our study, the PHEV even produces the highest emission values. The
emission reduction potential provides vehicles using natural gas, which produce the
lowest emissions.
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Figure 3. CO2e Emissions per km for Germany and China [13].

According to our estimation, electric vehicles cannot reduce emissions in China
as long as the fossil proportion during the generation of electricity is not reduced.
However, a local emission reduction in high traffic areas can be achieved due to zero
TTW-emissions. A general improvement regarding WTW emissions are gas vehicles.

TCO
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The average yearly Total Costs of Ownership for the reference vehicle are shown in
Figure 4 for Germany as well as for China. For the calculation, a holding period of 12
years and a mileage of 25,000 km per year were assumed. As import costs are considered
for China, a higher sales price and therefore higher purchase costs result compared to
Germany. In contrast to Germany, subsidies are provided in China, which is why
subsidised electric vehicles are also considered in this study even though imported
vehicles are excluded from subsidies by now. Although the purchase cost decrease for a
BEV through subsidies achieves 38.5%, an EV is not profitable compared to an ICEV in
terms of costs for both countries under the assumed conditions.

7000 €
6 000 €
5000 €
4000 €
3000 €
2000 €
1000 €

-€

DE CN DE CN DE CN  CN-sub.| DE CN

ICEV-gasoline ICEV-diesel PHEV BEV

B Purchase costs  EdVariable costs @ Fix costs Consumption costs

Figure 4. Average costs per year in Germany (DE) and China (CN).
Proposal For A Comparison To Malaysia

Until now, real world driving data based research on alternative and electrified drivetrains
in terms of TCO and emissions is rarely considered for Malaysia. In this study, a first
proposal for a comparison is made based on the presented approach.

Consumption

Under the same conditions assumed for analysing Germany and China, the costs of
consumption were derived based on the energy prices adapted for Malaysia, as shown in
Table 5. The results in Figure 5 point out that similarly to China, the consumption costs
for a PHEV and particularly for the BEV are lower than for a conventional vehicle. The
usage of a BEV can reduce gasoline consumption costs by 35%. With a reduction by 37%,
the LPG vehicle shows the lowest consumption costs. In total, the consumption costs are
much lower compared to Germany and China.

Table 5. Cost per unit of energy for Malaysia [33-35] .

Malaysia
Diesel 0.490 €/1 2.050 RM/I
Gasoline 0.490 €/1 2.050 RM/I
LPG 0.240 €/1 1.030 RM/I
Electricity 0.090 €kWh 0.360 RM/kWh
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Figure 5. Costs of consumption per 100 km in the case of Malaysia.

Emissions

In Malaysia’s energy mix, natural gas (40%) and coal (48%) are the primary fuels for
power generation, while renewable energies account for 7.6%, with a share of 7.4% hydro
[36]. Since Malaysia has renewable energy resources such as biomass and biogas from
oil palm wastes, mini hydro, solar and municipal solid wastes, a target of 5.5% (without
hydro) of the energy mix was set in 2002 for 2010 [36]. Although the development of
renewable energies is rather slow, some long term energy forecasts estimate a reduction
of coal and gas in the energy mix for 2022, even though in near future the fossil fuel rate
will grow [36]. Research on WTW-Emissions in Malaysia is still limited. According to
the Intergovernmental Panel on Climate Change (IPCC) the Emission factor for electricity
in Malaysia was 0.465 kgCO2e/kWh in 2005 [37], which is much lower than for China
and Germany. However, a further development of fossil resources for electricity
generation in Malaysia will result in an increased emission of GHG and will hinder
Malaysia from achieving its target of reducing carbon emission to the environment, which
is why the governmental power section expansion plan has to be reconsidered according
to [36].

TCO

For comparability reasons, the same reference vehicle model as used for analysing
Germany and China is necessary. However, the chosen model is not available in
Malaysia, which is why the purchase price is calculated assuming it as an imported
vehicle in Peninsular Malaysia. Imported vehicles are subjected to excise duties based on
the engine displacement listed in Table 6. In addition, an import duty accrues, which
amounts to 30% for fully imported (CBU) and 10% for locally assembled (CKD) cars
[38]. By further adding 6% Goods and Service Tax (GST), the total CBU retail price is
calculated with 146% of the original retrial price before tax. This amount is verified with
imported vehicles available on the market in Malaysia. For the purchase price calculation,
the registration fee, inspection and handling fees, number plate fee and HP ownership
endorsement fee has to be added in a total sum of 677 RM. The variable costs contain tire
costs with an average tire price of RM 160 per piece [39]. The yearly road tax differs for
private vehicles due to the engine capacity and is currently 20 RM for the reference
subcompact vehicle [40], while the calculation of servicing and maintenance costs
contains three normal services for RM 200 and one major service for RM 450 per year
[39]. Insurance costs are considered with RM 2500 per year. Due to the high variability,
toll fares are not considered in this study
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Table 6. Excise duties for imported motor cars (CBU and CKD) in Malaysia.

Engine Displacement [cc]  Excise Duties (%)

< 1,800 75
1,800 - 1,999 80
2,000 - 2,499 90
> 2,500 105

Under the same conditions as for Germany and China, the average yearly TCO
are estimated (Figure 6). Similar to China, the purchase costs are the major proportion
due to the high import fees. Compared to the ICEV, the yearly average purchase costs are
extremely high for the PHEV (1500€) and BEV (2000€). In contrast, the BEV can only
save 235€ due to lower fuel, variable and fix costs a year. The total average TCO of the
BEV and PHEV for Malaysia are higher than for Germany but lower than for China not
regarding subsidies. On the other hand, the TCO of the ICEVs are the lowest in Malaysia
compared to Germany and China, which mainly results from the low fuel costs.

6,000 €

5,000 € B “
]

4,000 €
3,000 € ] G

2,000 € LS
1,000 €

-€
ICEV-gasoline ICEV-diesel PHEV BEV

M Purchase costs P Variable costs O Fixcosts Fuel costs

Figure 6. Average costs per year in Malaysia.
CONCLUSIONS

In this study, a cross-national evaluation of propulsion systems based on real driving data
was conducted focusing on consumption, emissions and TCO. The results show that it is
important to consider local framework conditions in the calculation of the evaluation and
use real world driving data. The evaluation using the recorded driving data shows that
while the battery electric and the alternative fuel vehicles are suitable in all considered
countries to reduce consumption costs, the position is different in the case of the CO>
emissions. In China, electrified cars cannot reduce the GHG emission because of the
currently high fossil proportion during the generation of electricity. In contrast to China,
the battery electric cars in Germany could contribute an enormous reduction of emissions,
provided that pure green power is used. Gas powered vehicles offer a huge potential in
all considered countries. In reviewing the Total Cost of Ownership, the battery electric
car is more expensive than the conventional drives, despite its low consumption costs in
all analysed countries. Malaysia’s fuel costs for gasoline and diesel are much lower than
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in Germany and China and consequently the price difference between the consumption
costs of ICEV and BEV in Malaysia is lower. As a result, the TCO of electric vehicles
compared to ICEVs are much higher in Malaysia than in China and Germany.
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