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Abstract Current analyses of electric mobility reveal that the
electrification of the powertrain of vehicles will change the
entire automotive value chain. This paper presents the
approach for the development of a method for the evaluation
of an economically and ecologically rewarding integration of
electric vehicles in commercial companies. First, this method
focuses on the analysis of the driving behavior of a com-
mercial vehicle fleet and the energy flow (consumption and
production) in a company. Second, it is the goal to evaluate
the potential of integrating battery electric vehicles in a
commercial company using a new developed fleet-manage-
ment system in combination with an energy- and charging-
management system. The potential of integration will be
depicted by the number of battery electric vehicles that can be
integrated, the reduction of the total costs of ownership, and
the reduction of the produced CO, emissions.

Keywords Battery electric vehicle - Commercial -
Optimization - Charge management - Energy management -
Fleet management

1 Introduction and motivation
Results of the current research programs, for example, the

BMW:i sponsored “Information and communication tech-
nology (ICT) for Electric Mobility II” [1], show: There is a
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potential for the electrification of the powertrain in the
vehicle segment of light trucks, buses, and transport vehi-
cles, which also includes the service and delivery fleets of
companies. This particular category of service and delivery
vehicles represents driving profiles and mobility pattern
systematics that indicate a high potential for the electrifi-
cation of the powertrain [2]. In addition, the use of com-
mercial vehicles is always well planned and calculated. In
addition, the vehicles return to the premises of the com-
pany at the end of the day again [3]. In contrast to a private
vehicle, the advantage of using a battery electric vehicle
(BEV) in companies is that the vehicles only have to dis-
tinguish a range between 100 and 200 km [1, 4]. As of
today, there are still some unresolved issues.

First, there is no analysis that examines commercial
companies for the potential of reducing total costs of
ownership (TCO) and CO, emissions by integrating BEVs
in combination with a fleet-, energy-, and charging-man-
agement system.

Second, the current market availability of vehicle concepts
for electric mobility is strongly limited, although the need for
specially configured vehicles for defined business areas will
continue to increase. Therefore, it is unclear which electric
vehicle concepts ought to be used prospectively in companies.
There is no method which evaluates the BEV concept
regarding battery capacity, electrical drivetrain, or maximum
charging power for the application in commercial companies.

Third, there are no holistic business models for an
economic operation of a company involving the connection
of BEVs and a fleet-, energy-, or charging-management
system. Today, there is no method which evaluates the
overall potential of including BEVs with one of these
systems in a commercial company.

These disadvantages lead to the objective of developing
a method which provides the overall potential of
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integrating BEVs in commercial companies by using
management systems. The goal of the authors’ research is
to use this method for analyzing every commercial com-
pany which wants to be consulted by the integration of
electric vehicles. The approach for this method is shown in
Fig. 1.

In the first step, an actual state analysis of the company
is made with a new developed simulative analyzing tool. In
the actual state analysis, the company has to provide the
number of current vehicles, the current fleet test data from
selected vehicles, the current energy consumption (power
and energy flow), and the current usage of different energy
producers.

In the second step, using the real data from the com-
pany, an evaluation of the potential of integrating BEVs is
made. In this optimization, a new developed tool evaluates
the cost and emission reduction potential for the company
using BEVs. This optimization is made by simulating a
consistently substitution of current internal combustion
engine vehicles in the company with BEVs. In addition,
this optimization integrates the combination of the descri-
bed fleet-, energy-, and charging-management systems.
After the simulation, the following questions can be
answered:

e How many BEVs can the individual company integrate
in their fleet without getting any mobility behavior
issues?

e Which BEV concepts can be integrated in the company:
e.g., Drivetrain topology, battery capacity?

e s it useful to integrate the BEV stupid or is one of the
management systems necessary?

e  Which TCO advantages do the BEV integration has for
the company?

e  Which CO, advantages do the BEV integration has for
the company?

After that, it is possible to constitute recommendations
for actions for the individual company and integrate the
described BEV concepts and management systems from
the optimization. On the one hand, it has to be considered
which vehicle concepts, in regard to the battery capacity
and powertrain topology, are most suitable. On the other
hand, the companies consist of energy producers (e.g.,
renewable energies) and energy consumers which have to
be combined with the existing charging infrastructure. This
new holistic method combines, analyzes, and optimizes
both energy and vehicle fleet for the commercial company.

Fig. 1 Method for the

In prior research, there are no studies which are sur-
veying the optimization potential in a company by inte-
grating a fleet of BEVs and different management systems.
In addition, no research program deals with the aim to
develop a simulative analyzing tool for commercial com-
panies by integrating BEVs and an energy-, fleet-, or
charging management.

2 Related work

The idea of integrating electric vehicles in the commercial
sector is investigated by different authors. Aichinger fol-
lows the question if it is useful to integrate electric vehicles
in the inner city logistics [5]. In [6, 7], different surveys are
examined to display the needs of the commercial vehicle
users. Gnann et al. [8] provide an overall market potential
analysis for the usage of BEVs in the German commercial
passenger transport sector.

For the proposed approach in this paper, the authors are
using mobility data which is collected in the field opera-
tional test of “Virtual Electromobility Munich” [9]. The
method of collecting, managing, and processing data
(communications with the servers) which is applied in this
field operational test can be used for the data analyzing
approach in this paper. Cauwer et al. identificated BEV use
patterns on the basis of BEV monitoring data [10].
Corcherco et al. analyzed electric vehicle fleets in different
European cities. Additional conventional vehicle and BEV
analysis were made in [11-13].

The idea of this paper is the smart combination of a
BEV fleet with an energy-, charging-, or fleet-manage-
ment system. This means that the vehicles are integrated
in an intelligent way in the commercial company. This
intelligent integration is surveyed in many papers and
research projects for the usage in the private household
and is known as “Smart Home” [14—17]. The intelligent
integration of BEVs in the commercial sector is a field
with a high new value and is only displayed in few
papers. For example, Maasman displays the usage of
renewable energies in smart factories with electric vehicle
fleets [18]. Valero-Bover et al. [19] analyzing the per-
formance of and electric vehicle fleet for the commercial
purpose, and Taefi et al. [20] are displaying a framework
to enhance the productivity of electric commercial vehi-
cles. None of them is building a holistic simulation model
which evaluates the cost and emission benefits by
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integrating a BEV fleet witch different management sys-
tems in a commercial company.

When talking about cost and emission benefits,
Samweber et al. [21] survey the question, whether and to
what extend the self-consumption of self-produced energy
can be increased using an electric vehicle and/or a sta-
tionary battery system. Quaschning et al. presenting the
chances of using photovoltaic (PV) produced energy for the
self-consumption [22]. Hacker et al. [1] presenting a TCO
model for the usage of electric vehicles in commercial
usage, and Kahlen et al. [23] displaying a profitable busi-
ness model for electric fleet owners.

The project “IRENE” [24] deals with the integration
of renewable energy and electric vehicles in existing
energy networks. The focus is to control the prospective
generated energy from renewable energy sources (PV,
wind energy, hydroelectric, and biogas systems). The
research is about the general investigation of the network
status and does not consider the self-sufficient energy
management of a commercial enterprise in combination
with the vehicle fleet. In “lokSMART” [25], the use of
local combined heat and power (CHP) plants and
renewable sources in combination with electrical buffers
and electric vehicles is investigated. In this project, the
general use and market potential are elaborated, and a
renewably-powered charging station with bidirectional
quick charge function is developed.

Nowadays, there are different approaches to control
vehicle fleets. The project “Shared e-Fleet” [26] presents
the development of a cloud-based solution for car sharing
of electric vehicles in small and medium companies. Sassi
and Oulamara describing a joint scheduling and optimal
charging problem for electric vehicles [27]. Another pos-
sible solution for an E-Mobility Fleet Management is
described in [28], where an ant algorithm is used for the
fleet-management system.

To sum up, there is many literature which analysis and
examines different questions for the integration of BEVs or
the increment of self-produced energy. There is no research
project or paper which examines the combination of dif-
ferent management systems to evaluate the cost and
emission potential for the integration of BEVs in com-
mercial companies.

3 Method development

Numerous scientific studies investigate the cost and emis-
sion optimization potential through the integration of BEVs
in a household. Brendle [15] summarizes that the objec-
tives of such an integration are usually the smoothing of the
electrical load profile, cost reduction, emission reduction,
or the development of an autarkic system.

The approach in this paper surveys the possibility to
increase different target values in commercial companies
by integrating BEVs. Specifically, for commercial com-
panies, the following target values can be optimized,
although it should be noted that these are partially inco-
herent and partially contrary targets:

e Life cycle assessment: reduction of the CO, emissions.

e Enlarge self-sufficiency: usage of self-produced energy.

e Balance the energy grid load: storage of electrical
power.

e Improve profitability of the company: TCO reduction.

e Increase the utilization of the fleet capacity: usage of
more BEVs.

For the development of the method for evaluating the
BEV integration in different companies in Fig. 1, we pro-
pose a multi-tiered approach as a research concept, which
is illustrated in Fig. 2.

This approach is based on the division of the whole
method development in a virtual and real experiment. The
virtual experiment consists of the analysis of the collected
data and the development of the simulation systems. The
real experiment consists of a real application of the indi-
vidual management systems and different BEVs in a
selected company to collect data for the evaluation of the
systems and the method.

In the first step of the virtual experiment, various com-
pany data have to be analyzed to gain knowledge of the
particularities at different commercial companies. First, the
mobility behavior of different commercial companies has
to be analyzed. The authors are using movement profiles
with speed, altitude, and GPS information of 35 vehicles
which belong to different commercial companies and have
already been collected in the VEM project [9]. Such an
analysis is necessary, because then a representative state-
ment about the driving behavior of the vehicles from the
company is conceivable. This analysis includes in total the
average travel time periods, average standing time, arrival
and departure times, and an overview of the covered dis-
tances. In addition, it is possible to simulate every trip with
a longitudinal dynamic model to gain knowledge of the
diverse energy consumption of the vehicles. In addition,
some of these companies have smart metering systems
which collect data of the energy usage in the company. The
energy and power floss is recorded for different energy
producers (e.g., a PV system) and energy consumers (e.g.,
overall load of the company). With this information, it can
be evaluated if it is possible to combine the energy pro-
ducers and the electric vehicles.

In the second step, the collected data from vehicle data
loggers and smart metering systems in selected companies
are used to develop a simulation tool for analyzing the
individual company. This simulation tool includes the
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Fig. 2 Overall concept of the
method development: virtual
and real experiment
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energy producers (e.g., PV systems) as well as the energy
consumers that are represented by the electric vehicle fleet
or an industrial manufacturing process (energy load) in the
company. Depending on the application, different electrical
energy storage devices can be included in the simulation
model. The objective of the tool is to produce a holistic
simulation model of every possible combination of vehicle
and energy systems in the company. In addition, it is
possible to evaluate the influences of the various systems to
each other. With the knowledge of the interferences in the
overall system, different applications can be developed to
optimize the entire system from an economic (reduce of
CO, emissions) and ecological (reduce of TCO) point of
view.

The third step of the virtual experiment includes the
development of three management systems which can
either integrated alone or in combination in the company to
gain more advantages in the cost and emission reduction:

e Fleet management: one of the major goals is the
development of a fleet-management or fleet-disposition
system for the integration of BEVs in a commercial
company. With this management system, it is possible
to customize a predictive fleet planning for BEVs for
increasing the fleet utilization rate. In addition, the
charging stations at the company location can be
utilized in an optimal way.

e Energy management: an energy management system
enables the optimal utilize of the available energy from
the different resources in conjunction with the vehicle
fleet. Furthermore, with the integration of an electrical

@ Springer

energy storage, it is possible to store cheap and CO,
free produced energy for the later usage. The control of
the energy flow leads to an increase of the self-
consumption rate, the increase of the self-sufficiency
level, and a decrease in the CO, emissions.

e Charging management: with the development of a
smart distribution software, it is feasible to build a
smart network between the charging stations and the
vehicles in the company. By knowing every parameter
of the BEV, it is possible to control the loading time of
both fleet vehicles and vehicles of the employees
depending on peak loads, electricity prices, and time. In
combination with the fleet-management system, the
energy self-sufficient level can increase as well as the
self-consumption rate.

In addition to these management systems, with the
illustrated analysis method, it is feasible to derive indi-
vidual and new electric vehicle concepts for companies.
These vehicle concepts differ in the size of the battery, the
drivetrain topology, the overall vehicle concept (e.g.,
transporter, light commercial vehicle, etc.), and specific
vehicle parameters (e.g., weight, aerodynamic parameters,
etc). Therefore, it is conceivable, to evaluate existing
electric vehicle concepts for commercial companies.

The virtual experiment will be accompanied by a real
experiment with real vehicles and real energy producers
and consumers in selected commercial companies. In dif-
ferent test scenarios, all company owned vehicles are
equipped with GPS data loggers which record the mobility
behavior and transmit the recorded data to the backend
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while driving. In addition, existing energy systems in the
selected companies store the real-time data of energy
producers and consumer on the backend. The developed
simulation models can be validated and optimized. In
addition, in this real experiment, the fleet-, energy-, and
charging management can be implemented with the cor-
responding hardware in the company. These systems can
now be operate regarding ecological or economical opti-
mization with the developed optimization algorithms. The
results of the usage of these systems in combination with
the BEVs will be stored on the backend and are used to
optimize these management systems and algorithms.

4 Virtual experiment

The entire investigation in the overall research concept
starts with conducting of the virtual experiment. The
advantage of a virtual experiment is that all developed
concepts, methods, and approaches can be examined vir-
tually in an affordable way. With the usage of selected
optimization algorithms, it is possible to determine the
sensitive of the TCO and emission optimization by inte-
grating BEVs into a company. Another advantage of the
simulative interpretation: in simulated energy systems and
vehicles, all parameters can be changed quickly, easily, and
adapted to specific companies.

The basis of this virtual experiment is a detailed Matlab
simulation which consists of individual sub-models.
Another way of the usage of simulation models is shown
by Unger et al. [29, 30], where the Modelica software is
used for simulating a Green Building. The entire simulation
model is shown in Fig. 3. Each sub-model has its own
interfaces that define the inputs and outputs. The sub-
models are mainly linked by a mathematical vector with
the time curve of CO, emissions, energy, and power pro-
duced and consumed by the different systems.

4.1 Sub-model: energy producer

The first sub-model includes the simulation of different
energy producers. Basically, there are different types of
energy producers which can be integrated in commercial
companies. These are:

PV systems,

Thermal power stations
Wind turbines

Biomass systems
Geothermal systems
Hydropower systems
Fuel cells

However, only the PV system, the thermal power sta-
tion, and the wind turbines are applicative to a company
because of their mass availability, the advanced state of the
art, and the easy integration to the company. To produce
the first simulation results, this paper is focusing on the
usage of a PV system. In the literature, there are many
papers which display the simulation of a PV system in
[31, 32]. The simulation sequence in this paper is based on
the work of Brendle [15] and is illustrated in Fig. 4.

The input for the PV simulation is a matrix with dif-
ferent weather parameters, which are obtained from an
online database [33]. The website provides only historical
weather data from different locations in Bavaria. For other
areas and climate zones, another database has to be used.
The focus in this approach is Southern Germany. In various
sections, different sun parameters will be calculated. With
these parameters, it is possible to calculate the global
radiation Eg g, on the inclined plane. With Eggen, the
energy and power produced by a PV system can now be
simulated.

In this simulation, we are using the electrical equivalent
circuit diagram of the two-diode model to describe the
solar cell [34]. The solar cell model is parametrized with
average values of different data sheets for a polycrystalline
solar cell. In this simulation, it is possible to vary the area,
the alignment (e.g., south-east), and the inclination of the
PV plant to investigate influences on the energy produc-
tion. By modifying these parameters, it is practicable to
simulate almost any PV plant for individual companies.

4.2 Sub-model: electric energy storage

The second sub-model in the simulation is an electrical
energy storage (EES), which consists of a battery pack of
several individual battery cells. In this simulation, lithium-
ion cells are used. The task of the EES is to store the energy
which is produced by the PV system as soon as it cannot be
loaded directly into the BEV. The simulation of the EES
shows how an additional stationary energy storage has an
influence on the economy, private consumption, and the
ecological balance of the company. The EES model con-
sists of the following modules: [35]

e Equivalent circuit model: in this simulation, an equiv-
alent circuit model of two RC elements is used. It
describes the relationship between the output terminal
voltage and the input variables: terminal current, state
of charge (SOC), and the temperature of a cell. In this
part, the current flow through the individual electrical
components and also the voltage drop is calculated. The
equivalent electrical parameters specified are not con-
stant but depend on the state of charge, the battery ages,
the current, and the temperature.
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e Aging model: the aging mechanism describes the
material change in a lithium cell, which is reflected in
a decrease of the capacity and power reduction of the
entire battery. Over the usage of several years, this
effect is not negligible. When the cell is aging, an
increase of the internal resistances and timers as well
as a decrease of the capacity is visible. In the
simulation, a factor is calculated which simulates the
aging.

e SOC model: the charge state model describes the
removable amount of charge from the battery under
nominal conditions. In addition, a normalization to the
nominal battery capacity occurs.

e Thermal model: since the temperature has a significant
influence on the reaction rates of the primary and
secondary reactions, the thermal consideration of a
battery system is of central importance. To simplify a
cell, it is assumed that the cell is homogeneous and that
the temperature distributions can be neglected within a
cell.

Therefore, the size of the battery capacity, the type of
battery cells, and the initialization SOC can be varied.
The output data of the simulation model are an SOC
parameter, a state of health (SOH) parameter, the battery
energy, the efficiency, and the electrical voltage of the
battery.

4.3 Sub-model: charging infrastructure

The third sub-model describes a Matlab model of the
charging infrastructure. In this part, the user can predeter-
mine the number of charging stations. Furthermore, the
user has the choice between different maximum powers
that can be provided from the charging station:

Single-phase AC-loading: max. 3.7 kW
Three-phase AC-loading (16 A): max 11 kW
Three-phase AC-loading (32 A): max 22 kW
DC fast loading: 50 kW

Tesla supercharger: 120 kW

On one hand, the focus in this sub-model is on the
electrical implementation of the charging station. With
electrical equivalent circuit diagrams, the basic power
electronic components can be simulated and the losses in
the charging station can be displayed. On the other hand, it
is another objective to make the charging station smarter in
contrast to the state-of-the-art charging stations. The
charging station communicates with the charging-man-
agement systems and detects autonomously when and how
much power it can transfer in the vehicle to reload the
battery of the BEV.

4.4 Sub-model: company fleet and vehicle
simulation

The last part of the simulation system is the longitudinal
dynamic simulation of an electric vehicle. With real
mobility data (velocity and acceleration profiles) of con-
ventional vehicles, it is possible to simulate the energy
consumption of various electric vehicles. Approaches for
such a simulation are described in [37-39]. The simulation
used in this paper is mostly based on the work of Jiger and
Lienkamp [36]. The basic structure of the energy con-
sumption is displayed in Fig. 5.

The input data are the basic parameters of the vehicle,
such as length, width, height, or specific component data
(motor power, capacity of the battery) and can be varied in
the simulation. In addition, the signal of trips which were
recorded by the GPS and acceleration sensors of a data
logger is used as an input. This trip consists of a time
position, acceleration, altitude, and velocity curve. With
this input data, it is possible to calculate the energy con-
sumption of a BEV in a longitudinal dynamics simulation.
The powertrain is comprised of the electrical motor,
inverter and gearbox, and the differential. To simplify the
model, the battery is a constant voltage source.

4.5 Sub-models: fleet-, energy-, and charging-
management system

It is the goal to integrate BEVs in commercial companies
to reduce TCO and emissions in the company. To gain
more advantages of the BEV usage, the authors suggest an
intelligent combination of the BEVs with a fleet-, energy-,
or charging-management system. In Fig. 4, the central
system is the fleet or disposition system, which creates the
TCO or emission optimized disposition plan for using the
vehicles in the company. The idea in this paper is to use
this disposition plan to create a charging plan for the
charging-management systems. By writing this paper, dif-
ferent methods from the literature were considered as
management systems for the usage in this approach.

An energy management system optimizes the operation
of an energy system, based on production and demanded
forecasts. Arboleya et al. presenting and efficient energy
management approach in a Smart micro grid [40]. In
[41, 42], the usage of renewable energy sources with
electric vehicles is described. Further research results and
models are displayed in [43—-45].

The primarily goal of the energy management in these
papers is an enlarged ratio of the self-consumption and thus
the charging of electric vehicles by self-produced elec-
tricity. The EMS has to monitor the energy producers and
energy consumers constantly to evaluate the energy
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Fig. 5 Basic structure of the

energy flow model [36]
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savings potential and the self-consumption optimization.
Thereby, measures for increasing the self-consumption rate
are generated, which means that the renewably generated
energy is loaded directly into the vehicle or stored in the
EES. To optimize the charging moments, first, a general
approach for the charging stops has to be done [46—48].
After that, different methods for the optimal charging of a
BEV have to be considered. Different papers, such as
[49-51], describe algorithms and strategies for the opti-
mized charging of an electric vehicle. For the integration of
BEVs, the charging of a whole electric fleet has to be
considered, as it is described in [52-54].

The objective function (cost function), in which the
optimization algorithm tries to minimize, is composed of
the following parameters: energy from the grid, power
supply, EES charge, EES discharge, EES state of charge,
vehicle battery loading, vehicle battery state of charge. In
addition, cost factors are used to weight the different
parameters.

5 Results and work in progress

In this paper, we attempted to present an approach for
developing a method for the integration of electric vehicles
in commercial companies. Since the modeling of the
individual simulation parts and management systems are
still in progress, only a few results can presented. The exact
modeling and the results of the fleet-management system
are presented in [55].

The results of other projects and papers show that there
is big potential to reduce the emissions and TCO by
increasing the self-consumption rate of self-produced
energy through the usage of BEVs in a private home. Since
there is no work on developing a method for the integration
of BEVs to commercial companies, the first simulation
results of an energy management which includes a PV
system, an energy storage, and different BEV vehicles in
the company are presented.
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Figure 6 displays the optimization for a day in the
company. The selected PV system has an area of 100 m?
and is made of polycrystalline material. The EES has a
capacity of 10 kWh, and the selected BEV vehicle was a
BMW i3. In this case, the optimization was carried out for
1 h retroactively and it is assumed that the electric vehicle
was available all day. For this simulation, a characteristic
load profile was taken out of a company. The used opti-
mization algorithm in this simulation was the Matlab given
fmincon function, because the cost function is linear with
additional linear and nonlinear boundary conditions. The
cost function has the goal to optimize the usage of self-
produced energy using the EES or the electric vehicle.

The result of the simulation in Fig. 6 shows that the
regenerative generated energy is first used for the com-
pensation of the load in the company. As can be seen, the
remaining energy between PV generated power and the
base load of the company is loaded directly into the vehi-
cle. Thus, with the energy management and the BEV
vehicle, the self-consumption rate of regenerative produced
energy in this company is increased from 61 to 100 %. If
no vehicle was available or no energy management was
integrated, the PV generated energy would by feedback in
grid for less money. In this case, a profit of 13.08 € was
gained using the self-produced energy. The EES is dis-
charged in the morning and after that the grid load is
increasing. The EES is not recharged again, because the
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consumption of the vehicle and the company exceed the
production of the PV system.

Still there are many other variations of the simulation
parameters, such as the addition of more BEV vehicles and
the variation of the charging power. These first results
show the basically integration of BEV vehicles in the
company and confirm the results of the literature described
in 4.4. In this case, it can be concluded that an energy
management system in a commercial company using a
BEV has a cost advantage. In addition, this management
system can now be integrated in the fleet-management
system described in [55] for more cost and emission
advantages. Therefore, the simulation results in this paper
have to be regarded as work in progress with more pending
results.

6 Summary

In this paper, the authors present the approach for the
development of a method for the integration of BEVs in
commercial companies with a fleet-, energy-, or charging-
management system. The proposed approach is suited in a
research project and combines a virtual and a real experi-
ment. With collecting mobility and smart metering data in
the real experiment, the simulation models in the virtual
experiment can be evaluated and iterative developed.

The approach has the goal to develop a method for the
integration of BEVs in commercial companies and to make
validated decisions if and which management system has
the most advantages for the company. These decisions are
made by simulating the energy systems and the vehicle
fleet of any company and described in the virtual experi-
ment. By describing methods, analysis, and approaches
from other research projects and papers, the authors want to
give and overview of possible solutions for developing
their own method and simulation system. In addition, the
authors display with the related work the need of such an
investigation, because there are no methods and simulation
models which combine the described approach. Further-
more, the authors want to show with the preliminary results
of an energy management system in this paper that with the
integration of a BEV, it is possible to increase the self-
consumption of own produced renewable energy.
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