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Abstract

The commercial vehicle market is often referred to as an early adopter market for plug-in electric ve-

hicles (PEVs) [1]. This paper seeks to analyse driving profiles of a conventional commercial vehicle

fleet. In order to determine the market diffusion of electric vehicles, a simulation model is developed to

optimise and electrify vehicle fleets strategically. The analysis aims at determining PEV-potentials for

an observation period of six years and to estimate the influence of different factors on the economic and

technical potential for PEVs. We conclude that commercial vehicle fleets can economically be electrified

in the year 2020. In favourable conditions, battery electric vehicles (BEVs) can substitute every second

conventional vehicle. However it becomes apparent, when varying the input parameters of our estimates,

that the economic potential is very sensitive to traction battery prices, vehicle prices and energy costs.
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1 Introduction

In 2013, 4.5 million vehicles (passenger vehicles
and light-duty vehicles) were on duty in 1.6 million
corporate vehicle fleets in Germany. Vehicle fleets
are of special relevance because they represent an
important part of the initial market for passenger
cars and light-duty vehicles and exhibit twofold an-
nual kilometres travelled [2].

According to Sierra Club (2016) vehicle fleets
in the USA own only 7% in the overall vehicle
stock, but are responsibe for more than 35% of
the transport-based fuel consumption [3]. The Fed-
eral Republic of Germany owns the highest share
of new registered commercial vehicles among the
western industrial nations. In 2016, 65% of all new
vehicles were registered as commercially used ve-

hicles [4]. This is by far the highest share of com-
mercially registered vehicles in the international
comparison [5]. Therefore, electric vehicles repre-
sent an important lever to reduce greenhouse gas-
emissions in motorised commercial transport.



2 Data and methodology
2.1 Driving profiles

In order to analyse the PEV-potential in vehicle
fleets, relevant driving profiles are required. For
a large collection of driving profiles in commer-
cial traffic, Motor Traffic in Germany (KiD) is the
only available German data source [6]. Though,
the observations cover only insufficient informa-
tion of vehicle fleet affiliation, Fraunhofer IAO col-
lected data in the joint-project ‘STAR-Fleet Anal-
ysis® with STAR COOPERATION. The database
contains 13 different vehicles with about 864 trips,
representing the driving behaviour of a section of
the company’s vehicle fleet with an observation
time of three weeks.

Table 1: Characteristics of driving profiles

Criteria STAR-Fleet
Data collection GPS-tracking
Avg. observation period | 16.3 days

Total number of profiles | 13
Avg. VKT per day 59.9 km
Total numer of trips 864

In Table 2 we display the overall vehicles kilome-
tres travelled, the average daily driving distance,
the driving-/parking-ratio as well as the calculated
annual mileage.

Table 2: Analysis of driving profiles

Total Average| Share Calcu-
§ dis- daily driving/ | lated
g tance dis- parking | annual

[km] tance [%] mileage

[km] [km]

1 | 1,198 | 48.86 | 0.05/0.95 | 17,834
2 | 717 38.04 | 0.03/0.97 | 13,886
3 |433 2746 | 0.03/0.97 | 10,024
4 | 935 46.13 | 0.04/0.96 | 16,837
5 | 1,021 | 46.19 | 0.04/0.96 | 16,859
6 | 1,625 | 69.74 | 0.04/0.96 | 25,456
7 | 1,315 | 76.87 | 0.06/0.94 | 28,056
8 | 149 30.1 0.02/0.98 | 10,987
9 | 37 14.55 | 0.02/0.98 | 5,309

10 | 172 11.66 | 0.01/0.99 | 4,254

11 | 626 41.59 | 0.04/0.96 | 15,182
12 | 596 37.07 | 0.03/0.97 | 13,529
13 | 854 53.25 | 0.04/0.96 | 19,437

In Figure 1 the cumulative distribution function
(CDF) of the vehicle kilometres travelled (VKT)
per day is shown, displaying the percentage (ab-
scissa) of trips according to their daily driving dis-
tance in the ordinate. We observe that around 86%
of all day trips do not exceed 100 km. The aver-
i%e%ali(ly distance is 59.95 km, while the median is
. m.
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Figure 1: Histogram and cumulative distribution func-
tion of daily driving distances.

In Figure 2 the daily driven distances of each vehi-
cle are displayed as a boxplot. The boxplot com-
bines different position parameters like the lower
and upper quartile, the median as well as outliers
within a chart and gives a quick overview of the
distribution of the values [7]. Furthermore, in the
form of a blue dot, the arithmetical mean value of
the daily driving distance for each vehicle is shown.
It can be seen that the daily driving distance of indi-
vidual vehicles varies. Given the daily driving dis-
tance, the vehicles can be divided into two clusters.
Cluster one consists of the vehicles 4, 7, 11, 12 and
13, which have the highest driving distances with
a simultaneously large scattering. Cluster two con-
sists of more than half of the vehicles which have
low daily driving distances of less than 50 km.
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Figure 2: Boxplot of daily driving distances of 13 vehi-
cles in fleet.
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2.2 Methodology

Given the above mentioned data, we use agent
based modelling to analyse driving profiles by sim-
ulating the battery profile and to receive the techni-
cal PEV-potential. Hence, real driving behaviour
along with individual characteristics, such as the
annual mileage as well as various technical spec-
ifications, are taken into account for each driv-
ing profile [8]. The technical PEV-potential de-
lineates whether a battery electric vehicle (BEV)
would be feasible to operate the whole driving
profile with a fixed battery size, or in the case
of hybrid vehicles such as plug-in hybrid ve-
hicles (PHEV) or electric range-extended vehi-
cles (EREV), what electric driving share could be
achieved. In a second step, considering the spe-
cific PEV-potential of a driving profile, the eco-
nomic potential is determined. Applying a microe-
conomic approach, we determine the Total Cost of
Ownership-Analysis (TCO) for every driving pro-
file individually. Analysed propulsion technologies
are gasoline (ICE-SI), diesel (ICE-CI), liquefied
petroleum gas (LPG), plug-in hybrid, extended-
range electric vehicles, battery electric vehicles and
fuel cell electric vehicles (FCEV). Thus the aim is
to find the profiles vehicle option with the lowest
TCO in a given year [9].

An observation period of six years is being anal-
ysed, starting in the year 2015 up to the year 2020.
Given the technical and economic potential, a dy-
namic programming approach is carried out to de-
termine the most suitable propulsion technology
for every driving profile in each year of the obser-
vation period. Starting with the optimal propulsion
technology in each year for a vehicle (micro-level),
this inductive approach allows to derive an eco-
nomically optimal fleet policy (macro-level), which
heads to a minimisation of the TCO of a vehicle
eet.

With the driving profiles described above we calcu-
late the battery state of charge (SOC):

SOC) say(t+1) =

SOvasvavy(t) - wAtp : Ces,a,y
min(SOCyp s a.y(t) + Aty - CPoc,, ’is,a,y)l

for the given electric propulsion technologies
PHEV, EREV, BEV and FCEV [9],[10]. Therefore,
the vehicle segment s, the propulsion technology a
and its corresponding battery capacity « in year y
for every driving profile p are taken into considera-
tion. The annual TCO is given by:

iD,S,a,Y

TCO.] iD,S,a,Y + ]Opeq;

p.s,ay — Jeapex

To determine the jeapex the equivalent annuity
method is used

(14 2)F 2

AF:(1+z)L—1

in which AF is the annuity, z denotes the interest
rate and L is the holding period. We choose z = 5%
and L = 1 year throughout this paper.

P8,y
]capea: -

((NCPsqy) - AF — RWps.0.4)-
(1+VAT)

NCP denotes the net tPrice of a vehicle with propul-
sion technology a of vehicle segment s in year y.
RW denotes the residual value, which is modeled
ulsizng a hedonistic price index according to [11] and
[12].

PyS,aY
]opex -

((Sepys,a,y “Cesay dey+
Skp,s,a,y ) cks,a,y ) dky + dmsya,y)

CAMy - (14 VAT)) + Ly,

The annual operating expenses jopex are given for

a propulsion technology by their specific electric
or conventional consumption (c, or ck), multiplied
with the respective costs for electricity (d,) and
fuel (dy) plus the costs for service and maintenance
(d,). Because all these parameters are standard-
ised values per kilometre, they must be multiplied
accordingly by the travelled annual mileage (AM).
Beyond that, the vehicle tax (/) must be added to
determine the annual operating expenses for a vehi-
cle. However, hybrid vehicles (e.g. EREV/PHEV)
are an exemption. Because hybrid vehicles unite
conventional as well as electric propulsion tech-
nologies, the travelled annual mileage consists of
an electric (s.) and a conventional driving portion
(st). Therefore, the shares in electric and conven-
tional driving portions are multiplied by the spe-
cific consumption and the energy costs.

2.3 Techno-economical parameters

The parameters are anticipated values for Germany
in the year 2020. The vehicle specific values for
a exemplary middle class car are given in Table 3.
We assume fuel prices at 1.26 Euro/l for gasoline
and 1.10 Euro/l for diesel plus 0.15 Euro/kWh for
electricity. Value-added tax (VAT) of 19 % is added
to fuel and electricity prices.

The charging power depends on the utilised charg-
ing infrastructure. Since there are different driving
and parking strategies for the corporate fleet vehi-
cles, multiple charging scenarios apply. Depending
on the location, the vehicles can be charged at the
enterprise location, at public charging stations or
at the drivers home location. Given the location of
the charging event, the power rates of the charging
event varies, ranging from 3.7 kW (private), 11 kW
(enterprise location and public) to 50 kW (public).

'The battery will be discharged if driven mileage w in time interval At, is bigger than zero or charged otherwise.
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Table 3: Techno-economical parameters for medium sized vehicle in 2020.

Parameter ICE-SI | ICE-CI | LPG PHEV | EREV | BEV FCEV
Investment [Euro] 25.869 | 26.893 | 29.590 | 31.976 | 34.656 | 32.944 | 57.257
Battery capacity [kWh] - - - 12 28 45 2
Electricity consumption [kWh/km] | - - - 0,184 | 0,196 0,196 -
H;-consumption [I/km] - - - - - - 0,95
Fuel consumption [1/km] 0,065 0,053 0,072 0,063 0,072 - -
Maintenance [Euro/km] 0,0723 | 0,0723 | 0,0723 | 0,0673 | 0,0531 | 0,0587 | 0,0637
Tax [Euro/anno] 161 227 94 33 24 0 0

3 Results

3.1 Simulation of driving profiles

In Figure 3 the initial logbooks of all 13 vehicles
are displayed in a three-day extract (10" to the 12
October 2016) from the observation period. Each
line represents a vehicle. The travel times of a ve-
hicle are applied in blue colour horizontally over

the time. In addition, the colour depth of a bar il-
lustrates the length of a trip. The legend of Figure
3 shows that the darker the colour the longer the
driven distance. Examining the displayed observa-
tion period the course of a day can recognised. Fur-
ther, the number of journeys per vehicle varies con-
siderably. Two of the vehicles show no journey in
this exemplary elective period of observation. The
average trip length during this extract of the obser-
vation period is 8.52 km.
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Figure 3: Logbook of the analysed thirteen vehicles for a three-day extract. The legend illustrates the length of

single trips.
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In Figure 4 the simulation of an exemplary driv-
ing profile of a BEV and an observation period of
seventeen days is given. In the top panel the sim-
ulated vehicle status is displayed (driving, park-
ing elsewhere or at the company, charging at the
company/public or private). While in the middle
panel the travelled distance is displayed, the bot-
tom panel shows the corresponding battery state of
charge. In the analysed observation period a dis-

tance of 1315.1 kilometres in total was travelled
with an average mileage of 69.7 km per day. It can
be recognised that during the course of a day a ve-
hicle can be charged at the enterprise location and
at drivers residence over night. Charging events at
public charging infrastructure are not to be regis-
tered. The longest travelled single trips amounts
to 76 km, this leads with the preceding journeys in
sum to a battery discharge of 29.13 kWh.
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Figure 4: BEV-simulation of a driving profile for the observation period of seventeen days. The top panel shows
the states of the simulated electric vehicle. The middle panel displays the travelled distance, while the bottom

panel shows the corresponding SOC.

3.2 Technical potential
Determination of technical potential for BEV

In this subsection the technical potentials for bat-
tery electric vehicles are described. In Table 4 the
relative technical BEV-potentials - depending on
the vehicle segment - are displayed for the years
2016, 2018 and 2020. On this occasion the relative
technical potential depicts the share of the vehicles
whose driving profile can be realised by a BEV (in
a specific vehicle segment).

It can be observed that in the small vehicle seg-
ment two thirds of the vehicles can be operated
as a BEV. Concerning the medium sized vehicles
an increased technical BEV-potential of about 78%
arises. The greater annual mileage travelled in this
segment are offset by the bigger battery capacity
and the accordingly increasedg range of BEVs.

Table 4: Relative technical potential for battery electric
vehicles and small- and medium sized vehicles in the
years 2016, 2018 and 2020.

2016 2018 2020
Small vehicles: 66,6 % | 66,6 % | 66,6 %
Medium vehicles: | 77,8 % | 77,8 % | 77,8 %

Determination of electric driving share

In Figure 5 the simulated electric driving shares for
PHEYV and EREV and the years 2016 and 2020 are
plotted over the annual mileage travelled. It can be
recognised, that EREVs obtain higher electric driv-
ing shares than PHEVs. Comparing the simulated
years 2016 and 2020, it can be seen that with ris-
Ing battery capacity also the electric driving share
increases. This is illustrated by the first-order poly-
nomial fits, which are plotted for the two propul-
sion technologies and the years analysed. It can be
concluded that - independent of the observed year -
with increasing annual mileage the electric driving
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share of both propulsion technologies decreases.
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Figure 5: Simulated electric driving shares for PHEV's
and EREVs in medium sized vehicle segment.

Charging curve for electric vehicles
In this subsection, load curves are derived which

reflect the charging behaviour of all driving pro-
files with technical BEV potential over the three-

W
o

week observation period. Figure 6 shows the sim-
ulated charging behaviour for charging at the com-
pany location, at publicly available charging infras-
tructure and private charge poles with the result-
ing charging curves. In the case of private charg-
ing, charging is understood over night at the home
location of the vehicle driver. It can be observed
that the electric vehicles are mainly charged at the
company location. There is no charging at public
charging columns over the entire observation pe-
riod. Concerning the private charging, equally dis-
tributed charging events are clearly visible. Look-
ing at the cumulative peak charging performance,
it becomes evident that the level at the company
and in the private sector are approximately equal
and add up to about 29 kW. Regarding the charged
amount of energy, it can be said that the charged
energy at the private sites with 1076.42 kWh pre-
dominates over the company site with 810.82 kWh.
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Figure 6: Resulting load curves for charging electric vehicles at enterprise location, at public charging stations and

drivers residences (over night).
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3.3 Economic potential

Figure 7 shows the TCO-optimal propulsion tech-
nologies for each driving profile in the years 2015
to 2020. (with a holding period of one year). The
costs for the charging infrastructure are not in-
cluded in this analysis. It can be seen that by 2017,
combustion vehicles (ICE-CI and ICE-SI) domi-
nate the analysed vehicle fleet economically. From

2018 onwards, an increasing diffusion of PHEVs in
the investigated vehicle fleet appears. By the end of
the observation period in 2020, 50% of the driving
profiles can be technically and economically oper-
ated as BEV while ICE-Cls lose their economic
relevance. For the propulsion technologies LPG,
EREV and FCEV, no economic potential can be
seen over the entire observation period.
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Figure 7: TCO-optimal propulsion technologies for each driving profile in the years 2015 to 2020.

3.4 Uncertainty analysis

In order to test the robustness of the analysis, a
Monte Carlo simulation is performed in this sec-
tion. A stochastic alternation of the input parame-
ters is analysed taking into account random draw-
ing in 10,000 simulation runs.

Figure 8 displays the results of the Monte Carlo
simulation for an exemplary medium-class vehicle
and the propulsion technologies BEV, PHEYV, ICE-
CI and ICE-SI with their total operating costs per
kilometre in the years 2016 and 2020. In each sim-
ulation run, a single random number is drawn for
each input parameter, according to its given distri-

bution function [13]. It can be seen that the TCOs
of all propulsion technologies are influenced by the
variation of the parameters. The maximum vari-
ance takes place in 2016 for BEVs and amounts to
0.171 Euro per kilometer travelled. Furthermore,
the cost of kilometres for PHEV, ICE-CI and ICE-
SI will increase between 2016 and 2020, whereas
the cost per kilometre travelled will decrease for
BEV. On one hand, this can be explained by the
lower costs for the traction battery between the
years, which leads to a significant reduction in the
total operating costs for battery-electric vehicles.
On the other %and this phenomenon is due to the
LI}C{eased fuel costs for combustion and hybrid ve-
icles.
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Figure 8: Monte Carlo Simulation for variation of input parameters. Depicted are the TCO for different propulsion

technologies in the years 2016 (blue) and 2020 (red).

4 Conclusions and discussion

The aim of this paper is to provide a techno-
economical potential analysis for strategic optimi-
sation and electrification of vehicle fleets. The
application of the model showed that there exits
a diversity of technically and economically rele-
vant propulsion technologies for commercial vehi-
cle fleets in the observation period between 2015
and 2020. It also becomes evident that electric
{)ropulsion systems have a roughly constant techno-
ogical potential over the observation period. Fur-
ther, it can be stated that at the beginning of the
observation period, vehicles with conventional in-
ternal combustion engines are favourable in eco-
nomic terms. Battery electric vehicles in particular
can only be economically viable when operated at
a later date.

The model results, calculated on the basis of the
case study, illustrate that up to 50% of the investi-
gated vehicles in a fleet will be able to be operated
economically as electric vehicles in 2020. The re-
sults further show that plug-in hybrid and battery-
electric vehicles make the bulk of the electrified
drivetrain architectures. Under economic aspects
fuel cell vehicles can play no role in vehicle fleets
by the year 2020. The results of the case study in
relation to CO, emissions reveal that a substantial
reduction in emissions is possible through electrifi-
cation of the drivetrain. By means of the electrifi-
cation and optimisation of the investigated vehicle
fleet a relative CO; reduction to 31,7% is possible.

The sensitivity analysis further shows that in addi-
tion to fuel costs, particularly the price of traction
batteries, affects the diffusion of electric vehicles
in a vehicle fleet significantly.
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