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A B S T R A C T

Trolleybuses are electric buses than run on electric power from overhead electric
power lines (catenary) like trams do. Although is a service that dates all the way
back to 1882, it has managed to regain interest in the recent years due to the constant
electrification of various aspects of the world. This comes as a response towards en-
vironmental challenges as, even today, the majority of the energy necessary to cover
our need comes from fossil fuels, making the transition to renewable energy sources
more vital. One promising form of renewable energy source is solar energy and its
use with photovoltaic (PV) systems. An interesting implementation of such systems
is in catenary grids like trolleybus grids. Nevertheless, their integration has a low
potential as the gaps in the trolleybus schedule and the intermittent behavior of the
PV electric power leave a lot of excess PV electric energy unused. Possible solutions
to this problem could be either the storage of this excess energy in on-board energy
storage systems (OESS) or stationary energy storage systems (SESS). Besides that, in
preparation for the future, more attention is given every day to the multifunctionality
of trolleybus grids. This is related to parameters such as voltage drops, that have
important role in rendering the trolleybus grid capable of being expanded with
components other than trolleybuses, such as electric vehicle chargers.

The objective of this thesis work is to find out which energy storage systems (on-
board or stationary) are most favorable for a PV-powered multifunctional trolleybus
grid for increasing the PV system utilization and improving its multifunctionality.
Parameters related to the multifunctionality of trolleybus grids can be the yearly elec-
tric energy consumption and the voltage drops.

For the conduction of this work is used an existing, verified trolleybus grid model
of Arnhem in MATLAB® that has realistic trolleybus electric power profiles as an in-
put. By using the backward-forward sweep method are determined precise values
such as the total electric power needed, voltage drops, ohmic losses and more. Also,
is used as an existing, verified PV system model that provides the PV electric power
as an output based on measured data. Then is developed a model for the on-board
energy storage system which with the help of a constraint checking algorithm, that
simulates the energy storage technologies, it provides new, adjusted trolleybus elec-
tric power profiles that are used as input to the trolleybus grid model. Finally, for
the stationary energy storage system, the main trolleybus grid model is expanded
with storage capabilities based on voltage control and a similar constraint checking
algorithm for the storage technologies.

The results show that the impact of stationary energy storage systems on the PV
system utilization and on parameters of the trolleybus grid in general is heavily
correlated to the control strategy used. The technology, the PV system size, the trol-
leybus grid section, and the targeted outcome (improve the PV system utilization
or reduce the voltage drops) have key role to the selection of the control strategy.
The comparison of stationary energy storage systems to other energy storage sys-
tems cannot be straightforward. Besides that, on-board energy storage systems can
perform better on parameters regarding the multifunctionality of the trolleybus grid
such as the total yearly electric energy consumption and the mitigation of the sever-
ity of the voltage drops. On the other hand, stationary energy storage systems can
perform well on a wide range of parameters according to their control strategy. For
the one used in this work, they perform better on parameters regarding the PV
system utilization, managing to have a positive impact.
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1 I N T R O D U C T I O N

In this chapter is given an introductory presentation of information important for this work.
Firstly, the operational principles of a trolleybus grid and the concept of its multifunction-
ality are presented. Afterwards, the statement of the problem that led to the creation of this
work is outlined. Finally, the research objectives and the methodology of this work, as well
as the structure of this report are listed.

1.1 the trolleybus grid
Trolleybuses are electric buses than run on electric power from overhead electric
power lines (catenary) like trams do. Although is a service that dates all the way
back to 1882, it has managed to regain interest in the recent years due to the constant
electrification of various aspects of the world, including means of transportation, as
a response towards environmental challenges [9, 10].

1.1.1 Operational principles of a trolleybus grid

Those unique buses can operate in specific routes equipped with a grid of overhead
electric power lines and can be found in places all over the world [10]. To get a
better idea of the topology of a such grid, in figure 1.1 is presented a representation
of a part of a typical trolleybus grid layout along with its components.

Substation 1

+

-

Trolleybus

DC busbar 1

Section separationOverhead power lines

Feeder cable 1

Substation 2

Trolleybus

DC busbar 2

Section separation

Feeder cable 2 Feeder cable 3

Low voltage AC (LVAC)

Bilateral connection

Trolleybus

Figure 1.1: A representation of a part of trolleybus grid and its components.

As observed, the grid is divided into sections which are fed with electric power by
substations. The substations are AC to DC meaning that they are equipped with
a step-down transformer, connected to low voltage AC (LVAC), and an AC-DC
converter. The nominal voltage of a section is usually around 600 Vdc to 700 Vdc
depending of the trolleybus grid topology. Also, is important to note that one sub-
station may feed multiple sections at the same time via different feeder cables. This
is done for reasons such as minimizing the transmission losses as well as containing
possible faults to smaller areas. Those sections can have a length of a few hundred
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meters up to a couple kilometers depending on the layout of the grid and the city
that the trolleybus grid is implemented to [2].

Substations in trolleybus grids are usually unilateral, meaning that they can only
provide electric power to the trolleybus grid and not vice versa. This is due to the
diodes of the AC-DC converters in the substations [2]. An example of an occasion
that there may be electric power available that could be provided to the AC grid is
when the trolleybuses are operating in ”braking mode”. In other words, like trams,
when the trolleybuses are producing recuperating energy via regenerative braking
[11]. Usually this electric power is provided to the trolleybus grid section that the
trolleybus is operating on, or the other connected sections to the same busbar, for
the other trolleybuses to use. Nevertheless, in occasions where other trolleybuses
are not present, or the voltage gets too high, this recuperated energy has to be
wasted on resistors located inside the trolleybuses, as thermal energy. The amount
of energy to be wasted is controlled by DC-DC converter (chopper). Interesting
to note is that there can be bilateral connections too between sections that belong
to different substations. A bilateral connection is basically a controlled connection
that can be either open (isolated) or closed (connected). This kind of connection pro-
vides the opportunity for the recuperated energy to be used to even more sections
or provides a redundancy feed-in electric power route in case of an emergency [2].

Considering the overhead electric power lines, those must always be at least two.
In tram grids this is not the case as the electric path closes via the metal rails. This
is not possible for trolleybuses as their rubber tyres are very bad conductors of elec-
tricity. Thus, there are used two distinct electric power lines, one for the positive
DC pole (+) and one for the negative DC pole (-). Furthermore, catenary grids, such
as trolleybus and tram grids, may also have dual, parallel lines for each conductor
for increasing the current capacity and also for reducing the resistance to almost
half [2]. For trolleybus grids specifically this is achieved by connecting the same
pole electric power lines in a section every few hundred meters, of the going and
the returning routes.

Figure 1.2: Trolleybus and the overhead electric power lines in the city of Arnhem, the
Netherlands [© OVPro].

In figure 1.2 is presented an example of a trolleybus and the overhead electric power
lines in the city of Arnhem, the Netherlands. There, is observed how the vehicle
has to follow a specific route on the street, only where there are overhead electric
power lines available.
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1.1.2 Multifunctionality of a trolleybus grid

The multifunctionality of a trolleybus grid is a term that slowly but steadily gains
more attention. This means that the grid could be expanded with various com-
ponents besides trolleybuses. This can even go as far as giving to it microgrid
characteristics.

Some of the components that the trolleybus grid can be expanded with are:

1. On-board energy storage systems (OESS).

2. Stationary energy storage systems (SESS).

3. In-motion charging (IMC).

4. Electrical vehicles (EV) chargers.

5. Photovoltaic (PV) systems.

6. Other direct current (DC) components.

All these together can transform the trolleybus grid to a bigger, more advance grid
that will be able to cope with the energy necessities and the environmental chal-
lenges of the future. Thus, they can create the so-called ”trolleybus grid of the future”.
In this work are investigated only the first two components in conjunction with the
PV-systems but with the latter placed in the AC side of the grid. Analytical informa-
tion about them and the reason behind the choices taken is presented in chapter 2.
In figure 1.3 is presented an illustration of how the trolleybus grid of the future may
look like.

Figure 1.3: Visualization of the trolleybus grid of the future [© Suvaal 2021].

1.2 the statement of the problem
To understand better the importance of multifunctional trolleybus grids, is impor-
tant first to take a look at the motive behind it as well as its challenges. Global
greenhouse gas emissions follow an increasing trajectory in planet earth during the
last years. This comes mainly as a result to our increasing needs for energy day by
day as a society [12].
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Figure 1.4: Global greenhouse gas emissions, per country and region [1].

In figure 1.4 are presented the global greenhouse gas emissions per country and
region. As observed, the last 30 years the CO2 emissions have increased over 17

Gigatonnes. Even today, the majority of the energy necessary to cover our need
comes from fossil fuels, responsible of producing big amounts of greenhouse gas
emissions. It has already been proven that CO2 emissions do have a severe impact
on the climate change, thus degrading our standard of living [12]. Two ways to
solve this issue is either by lowering the energy used for our needs, or transitioning
to more sustainable energy sources, such as renewable energy sources [13]. The
first solution, although may be applicable for some occasions, it may not be viable
in the long run as is necessary for the human kind to use increasingly more energy
to transition to a higher level of civilization. The amount of energy extracted by
environment by a species can be used as measurable metric for the progress of it.
In other words, the abilities of a civilization are connected to the energy extraction
abilities of it according to the Kardashev scale [14]. Thus, a viable, future-proof
solution, would be to focus on renewable energy sources and energy sources with
low greenhouse gas emissions to cover our needs, while at the same time increasing
the efficiency of doing it so.

One promising form of renewable energy source is solar energy, and more precisely
its use with photovoltaic (PV) systems. Currently there are some areas that this
technology is being utilized and others that still require investigation. One of them
is the implementation of such PV systems in catenary grids like trolleybus grids
[15]. Nevertheless, currently, the integration of PV systems in trolleybus grids has
a low potential as the gaps in the trolleybus schedule and the intermittent behavior
of the PV electric power leave a lot of excess PV electric energy unused [3]. This
makes it a rather poor choice to include PV systems in such grids as their utilization
will be low.

In figure 1.5 is illustrated the issue of PV system electric power production inter-
mittency compared to the total electric power demand of substation No 12 during
day No 268 of the year in Arnhem. As can be seen, there are periods that no electric
power is demanded by the trolleybus grid while there is electric power generated
from the PV system. This leads to poor PV system utilization as the electric power
generated from it can not be all utilized. For this reason, possible solutions to this
problem should be investigated. Some of those may be either the storage of this
excess energy in on-board energy storage systems (OESS) or stationary energy stor-
age systems (SESS). Those systems are investigated as solutions in this work. More
particularly, is conducted a comparison of on-board vs stationary energy storage sys-
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tems for PV-powered multifunctional trolleybus grids. The work is a simulation
case study of the trolleybus grid of Arnhem, the Netherlands.

Figure 1.5: PV system (195 kWp) electric power production compared to the electric power
demand of substation No 12 during day No 268 of the year in Arnhem.

1.3 research objectives and methodology
Having said all the above, the main goal of this thesis can be summarized in the
following sentence:

Investigating which energy storage systems (on-board or stationary) are most favorable for
a PV-powered multifunctional trolleybus grid for increasing the PV system utilization and
improving its multifunctionality.

1.3.1 Research questions

To better specify the problem analyzed in this work, is important to form research
questions. The main goal, that is stated previously, is actually the first, main, general
research question. All the rest research questions can be summarized in table 1.1.

Table 1.1: Research questions.
No Question

1

Which energy storage systems (on-board or stationary) are most favorable
for a PV-powered multifunctional trolleybus grid for increasing the PV
system utilization and improving its multifunctionality?

2

Which energy storage systems technology in terms of their characteristics
(capacity, self-discharge etc.) is preferable for a PV-powered
multifunctional trolleybus grid?

3

What effect do these energy storage systems have on the PV system
utilization, the yearly electric energy consumption, and the voltage
drops on the trolleybus grid?

4

Which of energy storage systems’ variables (capacity, placement position
etc.) have a greater effect on each trolleybus grid parameter (PV system
utilization, yearly electric energy consumption, voltage drops)?
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1.3.2 Methodology

For the conduction of this work, an existing verified trolleybus grid model of Arn-
hem in MATLAB® that has realistic trolleybus electric power profiles as an input is
used. By using the backward-forward sweep method are determined precise values
like the total electric power needed, voltage drops, ohmic losses and more. Also, is
used as an existing, verified PV system model that provides the PV electric power as
an output based on measured data. Then, a model for the on-board energy storage
system is developed, which with the help of a constraint checking algorithm, that
simulates the energy storage technologies, it provides new, adjusted trolleybus elec-
tric power profiles that are used as input to the trolleybus grid model. Finally, for
the stationary energy storage system, the main trolleybus grid model is expanded
with storage capabilities based on voltage control and a similar constraint checking
algorithm for the storage technologies.

1.4 report structure
In figure 1.6 is presented in an illustrative way the structure of the report of this
work.

Chapter 1
Introduction

Chapter 3

Chapter 5

Chapter 6

Chapter 4

Chapter 2
Literature review

Models and parameters

Conclusions and
recommendations

Results - Impact on the
PV system utilization

Results - Impact on the
multifunctionality of
the trolleybus grid

Basic operational
principles of a trolleybus
grid, its multifunctionality,
statement of the examined
problem and research
questions.Literature review

regarding energy
storage systems,
their technologies,
and control strategies. 

Analysis of the models
used for the trolleybus
grid, the PV system, the
energy storage system, and
the on-board and stationary
energy storage system
control strategies.

Results regarding the
impact of energy 
storage systems on
the PV system utilization.

Results regarding the
impact of energy storage
systems on the
multifunctionality of
the trolleybus grid.

The conclusions
extracted from the
conduction of this work
and recommendations
for further research.

1

2

3

4

5

6

Figure 1.6: The structure of the report of this thesis work.



2 L I T E R AT U R E R E V I E W

In this chapter is presented a survey on the functionalities of energy storage systems used in
electric transport grids, their technologies, and their control strategies. The basic decisions
considering the scenarios and control strategies used for the simulations of this work are
presented in the end.

2.1 functionalities of energy storage in elec-
tric transport grids

Energy storage can have a significant role in reducing the overall CO2 emissions
and energy costs in electric transport grids [16]. This is an outcome of acting as
energy buffers for the intermittent nature of energy demanded in electric transport
grids [17]. Additionally, the integration of renewable energy sources (RES), such as
PV systems, to the electric transport grids, makes their role even more important
[15]. Thus, in an effort to transit the word to a more sustainable future, energy
storage becomes increasingly more significant day by day [13].

From analyzing the literature, the functionalities of the energy storage systems in
electric transport grids may be sorted into two main categories [18]. In one are
included those who are mainly correlated with electric power quality assurance, and
in the other are those primarily focusing on energy cost reduction. Nevertheless, the
borderline of these two categories can be vague as they are deeply interconnected
as some of the functionalities of the one category can also be assigned to the other.
It is important to go into these functionalities as they can have a significant role on
the criteria for choosing the most suitable energy storage systems for the implemen-
tation of PV systems in a multifunctional trolleybus.

2.1.1 Electric power quality assurance functionalities

These are functionalities that have as a primal role a high electric power quality de-
livery. By the term electric power quality, it is defined the extend to which the voltage,
the frequency, and the waveform delivered by an electric power supply unit comply
with its predefined specifications [19]. In the case of electric transport grids, this
term is limited only to the voltage, as in those it is used Direct Current (DC) [20, 21].

The functionalities related to electric power quality assurance are:

1. Line voltage drop reduction.

2. Transmission losses reduction.

3. Electric power peak shaving.

line voltage drop reduction Line voltage drop reduction is related to voltage
drops along the DC lines of the electric transport grid, causing vehicle cut off at very
low values and increased current drawn for the same electric power. According to
Ohm’s law, the current flow through a conductor between two points is proportional
with the voltage drop across those points [22]. This is described by equation 2.1.
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I =
V
R

(2.1)

Thus, by rearranging equation 2.1, it can be derived that the voltage between two
points of a conductor equals with the product of the current flow through the con-
ductor and the resistance between those points. This is described by equation 2.2.

V = I ∗ R (2.2)

Point A Point B
Distance AB

Current I+

-

Substation
Trolleybus

Lower voltage than point A due to voltage drop.

Figure 2.1: The effect of voltage drop between the electric power feeding point of a section
and a trolleybus in traction mode, in a simplified trolleybus grid.

In figure 2.1 is illustrated the effect of voltage drop between the electric power
feeding point of a section (point A) and a trolleybus (point B) in traction mode, in a
simplified trolleybus grid. According to Ohm’s law, there is a voltage drop between
point A and point B which is proportional to the current flowing through that
section and the total resistance of that section [22]. The magnitude of the current is
solely depended by the load, which in this case it is the trolleybus. Thus, depending
if the trolleybus needs more electric power (e.g. electric power for HVAC or electric
power for a hard acceleration), the voltage drop may get increased. Furthermore,
the resistance of the overhead electric power lines also contributes to the voltage
drop. As an electrical resistance of an object is considered its opposition to the
flow of electric current through it [22]. It is dependent on two factors which are its
geometric and material characteristics. This is described by equation 2.3.

R = ρ ∗ l
A

(2.3)

Where l is the length of the conductor, A is the cross-section area of the conductor,
and ρ is the electrical resistivity (or specific electrical resistance) of the material [22].
As a result, the resistance increases as the trolleybus (point B) gets further from the
electric power feeding point of the section (point A). In other words, the further
point B is from point A, the bigger the voltage drop is. The presented illustration
is simplified, as catenary grids such as trolleybus and tram grids, may also have
dual, parallel lines for each conductor (trams can have only one positive overhead
set of lines as the negative polarity return is done via the metal tracks), as already
mentioned. This is done for reducing the resistance to almost half.

Another solution to this problem is to increase the number of electric power feeding
points in a section. Nevertheless, this might not be a cost effective solution, as the
costs of additional electric power feeding cables and/or substations may overpass
the possible benefits. Thus, the integration of energy storage systems in electric
transport grids can provide a viable middle ground solution. Those can be either
placed in various points of the grid (stationary or SESS - Stationary Energy Storage
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Systems or off-board energy storage) or inside each catenary vehicle (on-board or OESS -
On-board Energy Storage Systems). A more analytical comparison between those two
types of storage is conducted in section 2.2.2.

figure 2.2 illustrates the effect of voltage drop between the electric power feeding
point of a section (point A) and a trolleybus (point B) in traction mode, in a sim-
plified trolleybus grid, with the integration of a stationary energy storage system
(point C). Also, in figure 2.3 is illustrated the same concept with the integration of
an on-board energy storage, inside the trolleybus (point B). For simplicity, the use of
power electronic converters is not illustrated in the figures.

Point A Point B
Distance CB

Current I1+I2+

-

Substation
Trolleybus

Voltage drop compensation due to SESS.

SESS

Point C
Current I1

C
u

rr
en

t 
I2

Figure 2.2: The effect of voltage drop between the electric power feeding point of a section
and a trolleybus in traction mode, in a simplified trolleybus grid, equipped with

a stationary energy storage.

Point A Point B
Distance AB

Current I+

-

Substation
Trolleybus

Voltage drop compensation due to OESS.

OESS

Figure 2.3: The effect of voltage drop between the electric power feeding point of a section
and a trolleybus in traction mode, in a simplified trolleybus grid, equipped with

an on-board energy storage.

As can be understood by figure 2.2, the stationary energy storage system can act as a
new electric power feeding point of the section (point C), reducing the distance be-
tween the main electric power feeding point from the substation to the section (point
A) and the trolleybus (point B). On the other hand, in figure 2.3 the energy source
now is inside the trolleybus, which theoretically limits the distance of the trolleybus
(point B) with the electric power feeding point of the section (point A) theoretically
to zero. The main downside of both of these solutions is that the maximum energy
that can be provided is limited by the capacity the energy storage systems. Also,
charging the energy storage system could potentially increase the current flow and
voltage drops in the electric power lines. The advantages and disadvantages of each
type, from reviewing the literature, are presented in section 2.2.2.
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Thus, when modeling the implementation of an energy storage system in a trol-
leybus grid, is important to take into consideration of the voltage drop on the lines
as this could have a considerable impact on the results. Depending on the distance
of the trolleybus from the energy source, it may render it less or more suitable solu-
tion for the implementation of PV systems in the a multifunctional trolleybus grid.
This is something that is taken into consideration for this work.

transmission losses reduction Transmission losses reduction is a functionality
correlated with the line voltage drop reduction as is based on the same principle. More
specifically, it is based on Joule’s first law which states that the power that causes
energy to be lost in the form of heat on a conductor in which there is a flow of direct
current, is proportional to the product of its electrical resistance and the square of
the current flowing through it [22]. This is described by equation 2.4.

P ∝ I2 ∗ R (2.4)

More practically, this translates to higher ohmic losses and voltage drops the further
the trolleybus is from the electric power feeding point of the section. As the current
is depending on the trolleybus, the variable available for reducing the losses is the
resistance of the overhead electric power lines. By implementing an electric power
feeding source closer to the trolleybus, this distance is reduced, resulting in reduced
energy losses. Thus, it can be concluded that it may also have a rather important
impact in cost savings, as it renders the system more efficient [18].

electric power peak shaving Electric power peak shaving is the reduction of
the abrupt, usually short bursts of electric power demanded by the trolleybuses
[18, 23]. These may occur due to a high electric power demand during an abrupt
phenomenon, such as a hard acceleration. They can become rather dangerous for
the trolleybus grid system as they can overwhelm the substations, leading to possi-
ble breaker trips or even permanent damage to the components of the grid, causing
disturbances [23]. Also, electric power peaks may be accompanied with higher elec-
tricity costs, especially depending on the energy measuring technique applied at
the substations [24]. The use of energy storage systems can solve this problem ade-
quately by providing part of the abrupt electric power demanded by the load, thus
relieving the strain from the main electric power feeding substation [24].

Figure 2.4: Electric power profile of trolleybus No 1 during the first day of the year in
Arnhem, with a substation with a theoretical electric power limit of 200 kW.



12 literature review

In figure 2.4 is presented the electric power profile of trolleybus No 1 during the first
day of the year in Arnhem. The trolleybus is being supplied the demanded electric
power from a substation without the integration of any energy storage system. For
the purposes of this example, an hypothetical substation electric power limit of 200

kW is assumed, indicated by the red straight line. In the graph, is observed how
the peak electric power demands (red parts of the electric power profile) during
its operation can overwhelm the capabilities of the substation and its components.
If an energy storage system was used, (i.e. on-board energy storage systems), the
demanded electric power above the capabilities of the substation could be provided
by the energy storage system. This illustrates how energy storage systems could
mitigate the issue overwhelming the substation and its components due to electric
power peak demands.

2.1.2 Energy cost reduction functionalities

These are functionalities that focus primarily on energy cost reduction. In other words,
using energy storage systems in the electric transport grid to reduce the costs of elec-
tricity consumption from the main grid.

The functionalities related to energy cost reduction are:

1. Catenary free trolleybus.

2. Energy recuperation.

3. Integration of RES.

catenary free trolleybus This functionality implies that the trolleybuses are
able to move freely on their own, by using an energy source different than the
grid. This can only be achieved by implementing energy storage systems inside
the vehicle, that need to be big enough and able to be charged in a decent rate. A
common way that this can be achieved is via in-motion charging (IMC).

Figure 2.5: The idea of in-motion charging system (IMC) [© Vossloh Kiepe].
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In figure 2.5 is presented an illustration of the idea of in-motion charging (IMC), ap-
plied on the trolleybus grid.

In-motion charging (IMC) implies that trolleybuses are equipped with an energy
storage system of a considerable capacity (e.g. a battery) that charges while the
trolleybus is roaming through the catenary grid. In other words, it acts as an ex-
tra load, storing energy from the grid in order to be used in a later stage in areas
where there is no catenary infrastructure. In those areas, the trolleybus discon-
nects from the catenary grid and can operate like an autonomous electric bus. This
can be financially beneficial as it can greatly extend the area that the trolleybuses
are serving without the need of expensive and time-consuming construction of the
necessary grid infrastructure. Also, it is rather usable for areas where there is no
possibility of catenary build, such as dense city centers and historical areas. Finally,
it provides to trolleybuses the possibility to move out of their predefined route, in
case for example there are unplanned disruptions on the road [25, 26].

Today, most trolleybuses are already equipped with an internal combustion en-
gine (usually diesel cycle) in order to cope with the aforementioned scenarios [26].
Switching from diesel internal combustion engines to electric ones, can reduce
greatly the energy cost for the trolleybuses. Also, diesel contributes greatly to the
creation of hydrocarbons in the atmosphere, which has a severe impact on the en-
vironment, thus making the transition to alternative energy storage systems vital
[13]. It is interesting to mention that in-motion charging (IMC) is also implemented
to tram grids. There, the main scope is the reduction of the need for big substations,
and the reduction of costs for overhead lines. Thus, in this case the cost reduction
is also the main functionality for this application [27, 25, 17, 28, 29].

energy recuperation By energy recuperation is meant the storage of electric en-
ergy from excess kinetic energy provided by the electrical machine of the vehicle
when it is braking. This is also known in the electric vehicle sector as regenerative
braking. This technique uses the inertia of the vehicle to generate electricity by us-
ing the electric machine of the vehicle in generating mode, and it is used when the
vehicle needs to slow down. Instead of using convectional mechanical means of
dissipating the excess kinetic energy to, it recoups some of the otherwise unused
energy to an energy storage system in order to be used in a later stage (i.e. above
a certain electric power demand threshold). Thus, it provides a sort of power load-
shifting solution to the electric transport catenary grid. This can be integrated either
with stationary or on-board energy storage systems, with the latter having the advan-
tage of reduced transmission losses of the recuperated energy [30, 31, 11].

In figure 2.6 is presented the electric power profile of trolleybus No 1 during the
first day of the year in Arnhem, with two electric power thresholds of 0 kW and
200 kW for charging and discharging a possible energy storage system respectively.
The trolleybus is being supplied the demanded electric power from a substation
without the integration of energy storage systems. In the graph, they are presented
two threshold limits indicated by the red lines - the upper electric power threshold
limit, and the lower electric power threshold limit. For the purposes of this example,
a theoretical upper and lower electric power threshold limit of 200 kW and 0 kW
respectively is assumed. The upper threshold limit indicates the electric power that
above of which could be provided by an energy storage system - in more particular
by an on-board energy storage system. On the other hand, the lower threshold limit
indicates the electric power that below of which could be stored to the the energy
storage system - in this case too an on-board energy storage system. As a result, this
causes a power load-shifting phenomenon of the demanded electric power by storing
excess energy via recuperation to the energy storage system and using it in a later
stage for electric power demands higher than a set electric power threshold value.
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Currently, most catenary electric vehicles, waste the recuperated energy to resis-
tors in the vehicle, if they are not able to send it to other electric power consuming
vehicles in the same section, such as other trolleybuses and trams. This only helps
in preserving the braking system as it does not need to provide all the braking force
necessary for the vehicle to stop. It is interesting to mention also that the higher the
speed of the vehicle, the stronger the breaking force is from the energy recuperation
[30, 31, 11].

Figure 2.6: Electric power profile of trolleybus No 1 during the first day of the year in
Arnhem, with two electric power thresholds of 0 kW and 200 kW for charging

and discharging a possible energy storage system respectively.

integration of res Finally, another functionality of energy storage systems
that gets increasingly more attention is the integration of RES to the electric trans-
port grids [32, 33]. More particularly, this is mainly referred to the integration of PV
systems, because electricity production from photovoltaic panels is also DC, making
their integration to the catenary grid an interesting sector for research [34, 35].

Currently, the integration of PV systems in trolleybus grids has a low potential
as the gaps in the trolleybus schedule and the intermittent behavior of the electric
power provided by the PV systems leave a lot of excess produced energy unused
[15, 16]. In other words, the timetables of the trolleybuses (or trams) do not match
the electricity production schedule of the PV systems. This results in leaving a lot
of energy provided from PV systems unused [36, 37]. Thus, the implementation of
energy storage systems to confront this issue is important. By using either station-
ary or on-board energy storage systems, the energy produced by PV systems can be
stored and used in the electric transport grid when needed [38]. This can greatly
increase the utilization percentage of the PV systems, making them a more effective
solution of providing electric power from green energy sources as well as more fi-
nancially viable to be implemented to trolleybus grids [35, 39, 40].

The implementation of PV systems (or any RES) in any electrical grid has already
become a necessity in order to adequately reduce the amount of CO2 emissions on
the planet [13]. Thus, all possible ways that this can be achieved should be evalu-
ated, and the integration of energy storage systems in electric transport grids is one
of them.
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2.2 technologies of energy storage systems in
electric transport grids

Energy storage systems used in electric transport grids can vary depending on their
technology [17]. More specifically, this can be due to targets and goals set hierarchi-
cally by the designers of the system. For example, when the main goal is to achieve
electric power peak shaving, then is usually preferred an energy storage system with
small capacity but with high discharge capabilities. Similarly, when the goal focuses
on other functionalities such as the the integration of RES, then should be utilized
an energy storage system with high capacity but not necessarily high discharge
capabilities [41]. Thus, each functionality of the energy storage implementation in
the electric transport grid can be best satisfied by a specific energy storage system
technology. This is something worth noting for the completion of this work.

Besides the technology of the energy storage systems, key role to their implementa-
tion in the electric transport grid has their placement position. As briefly explained
in section 2.1, their position can be either somewhere in the grid (stationary), or in-
side the vehicle itself (on-board). These are two different approaches, each one with
its advantages and disadvantages [17]. Those are analyzed below.

2.2.1 Characteristics of various energy storage systems

The technologies of energy storage systems have been developing with a fast pace
during the last years [42]. As the necessity to lower CO2 emissions gets more signif-
icant day by day, production of electricity from RES acquires an increasingly more
important role [13]. Thus, in order to confront the intermittency issues derived by
the nature of the RES, energy storage technologies need to be evolving constantly
[43, 44, 45].

Energy storage systems can be categorized into six main categories depending on
their technology [42].

1. Chemical batteries.

2. Capacitors.

3. Flywheels.

4. Compressed and liquid air storage.

5. Thermal storage.

6. Superconducting magnetic storage.

Considering the implementation of energy storage systems in trolleybus grids, those
are found to usually be chemical batteries, capacitors, and flywheels [30, 46, 47].
This is due to their advantages compared to the rest, in various sectors. Some of
them are their energy density, power density, cycle efficiency, self-discharge, response time,
and power capital cost, energy capital cost [42, 48].

In table 2.1 is presented a comparison of the characteristics of various energy stor-
age systems. With red are highlighted technologies of energy storage systems fre-
quently used in trolleybus grids.
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Table 2.1: comparison of the characteristics of various energy storage systems.
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Some important chemical battery types used in trolleybus grids are lithium-ion (Li-
ion) batteries, and nickel cadmium (NiCd) batteries [9]. It is interesting to note that
lithium-titanate-oxide (LTO) batteries are gaining more attention as they seem to be
able to provide much higher charging and discharging currents compared to the
other types of batteries, such as lithium-ion (Li-ion) [56, 60, 16]. Capacitors and su-
percapacitors (SC) are also frequently used in transportation grids. Their ability to
provide and receive high currents in a very short time makes them suitable for uses
with high electric power peaks, such as the abrupt acceleration of the trolleybuses
[30]. Finally, flywheels are also commonly used in trolleybus grids as their main
advantage compared to other storage methods is their robustness. Nevertheless,
usually they are limited of providing energy only for a short period of time [98, 46].
Deeper analysis for those energy storage systems is presented in section 2.4.

2.2.2 Placement of energy storage systems in electric transport grids

As already mentioned, the placement position of the energy storage systems in the
electric transport grid has a significant role in their integration to the system. The
two main categories according to placement, on-board and stationary are accompa-
nied with advantages and disadvantages. Thus, according to the desired goal, either
of them or their combination may be suitable to be used [41].

on-board energy storage By using the term on-board energy storage in the
electric transport grid, is meant a small energy source system, usually an electric
battery or supercapacitors (SC), positioned inside the catenary vehicle. This is mainly
used to store and supply the recuperating and a part of the accelerating electric
power respectively [100]. It is not actively charged with extra electric power from
the grid. Thus, it is able to satisfy only some of the functionalities described in
section 2.1. Nevertheless, references can be found in the literature for on-board en-
ergy storage systems which also provide more functionalities, such as catenary free
vehicle roaming [30, 47, 27, 25, 17]. This comes down to the definition of the term
on-board. Technically, an energy storage with a bigger capacity, placed in the vehicle,
can still be considered as ”on-board”. Nevertheless, in this work, the term on-board is
only used following the first definition. In the case that the vehicle is equipped with
an energy storage system big enough to provide the opportunity for catenary free
roaming and be actively charged with electric power from the grid, this is referred
as in-motion charging (IMC).

The on-board energy storage systems, due to their small capacity size, have the ad-
vantage of being more affordable than the stationary energy storage systems, which
translates to lower capital costs of installation [100, 26]. They are also easier to
implement as, usually, they do not require any major modifications to the cate-
nary grid. Existent vehicles, such as trolleybuses or trams, can be modified and
retrofitted with those rather easily [101]. Thus, their implementation can provide
many benefits with a rather low initial capital cost of installation [100, 26].

Nevertheless, they also do come with disadvantages. One of those is their lim-
ited range of functionalities. On-board energy storage systems provide a fast and
easy implementation of storage to electric transport grids, but with limitations con-
sidering their storage capabilities. Due to their small capacity size, they may not be
suitable for adequately storing the provided amount of energy from RES and more
specifically from PV systems. The limits of their capabilities are easily reachable by
most of the aforementioned functionalities such as line voltage drop reduction, electric
power peak shaving, and energy recuperation. This means that although they may seem
like a promising choice right now, in the long run they will not be able to cope with
the increased need for functionalities, such as the integration of RES in the grid [24].
Finally, is interesting to note that the added traction demand from the additional
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weight of the vehicle due to the on-board energy storage system is insignificant com-
pared to the gain from the functionalities they offer.

In table 2.2 are presented the main advantages and disadvantages of the on-board
energy storage in electric vehicle transport grids as concluded from the literature.

Table 2.2: Advantages and disadvantages of on-board energy storage systems in the electric
transport grids.

Advantages Disadvantages
Low installation capital costs. Limited functionalities.
Easy retrofitting. Unpromising for future grids (with PV systems).
Easy to be replaced. Uncontrolled charging scheme.

stationary energy storage Stationary energy storage, implies that an energy
storage system is connected directly to the electric transport grid and it is not placed
on the vehicles [16]. It can can be either placed on the AC side or the DC side, either
on the DC busbar or the overhead electric power lines of a section. For this work, is
examined only its placement on the DC side.

Substation

+

-

Trolleybus

SESS

DC busbar

Section separationOverhead power lines

SESS

Feeder cable

Substation

+

-

Trolleybus

DC busbar

Section separationOverhead power lines

Feeder cable Feeder cable Feeder cable

Low voltage AC (LVAC)Low voltage AC (LVAC)

Figure 2.7: Stationary energy storage implemented to a substation DC busbar (left) and on
the overhead electric power lines of a section (right) of the trolleybus grid,

without the illustration of power electronic converters for simplicity.

In figure 2.7 is presented the implementation of a stationary energy storage to a sub-
station DC busbar (left) and on the overhead electric power lines of a section (right)
of the trolleybus grid. For simplicity, the use of power electronic converters is not
illustrated in the figures.

Stationary energy storage offer a wider range of functionalities than on-board and
are implemented with bigger energy capacities [102]. This is rather important es-
pecially for the integration of RES and PV systems in the electric transport grids.
They provide the opportunity for the intermittent energy provided by the PV sys-
tems to be stored to a great extent, and to be used by the vehicles in the catenary
grid when needed [103]. This renders them a future-proof investment, which will
be able to cope with the increasing demand of functionalities for the future. Fur-
thermore, since they are stationary, placed to already known location of the electric
transport grid, their control strategy is easier to be optimized for a more efficient
operation [36]. In this work the stationary energy storage is placed on the section
and a suitable position is found after simulations that favors primarily the PV sys-
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tem utilization while providing a compensation to the voltage drops on the section.

Nevertheless, this storage method is also accompanied by some disadvantages. The
most important is the high capital cost for the installation of the energy storage
systems. This is something that comes as a result from the big energy capacities
usually used in stationary storage [104]. The majority of energy storage technolo-
gies still suffer from high power and energy capital costs [53, 61]. That is why is
important for technological developments in the energy storage sector to continue
to progress, in order to be created cheaper energy storage systems. Finally, since
they are bigger, heavier, and usually costlier, this makes them more difficult to be re-
placed in the future. For this reason, surveys should be conducted of which energy
storage system technology should be installed and where. This of course increases
their cost even further and hides the risk of providing a limited functionalities flex-
ibility for the future, in case the survey is not good enough [104].

In table 2.3 are presented the main advantages and disadvantages of the stationary
energy storage in electric vehicle transport grids as concluded from the literature.

Table 2.3: Advantages and disadvantages of stationary energy storage systems in the electric
transport grids.

Advantages Disadvantages
High energy capacities. High installation capital costs.
Promising for future grids (with PV systems). Grid modifications necessary.
More flexible and controllable charging scheme. Expensive to be replaced.

Choosing the most suitable type of energy storage systems regarding their charac-
teristics and placement has a significant role for the scope of this thesis work. Is
important to always keep in mind the final goal of the work, which is the finding
which energy storage system between on-board and stationary is most suitable for
a multifunctional trolleybus grid. Thus, the technology and placement that best
accomplish that should be chosen, simulated and evaluated. In this work, both
placements scenarios are simulated, compared, and evaluated.

2.3 control strategies of energy storage sys-
tems in electric transport grids

The implementation of energy storage systems in electric transport grids must be
accompanied by the suitable control strategy for their operation. While their tech-
nology is important for achieving the desired results, without the proper strategy
for their optimal control, they may not be able to provide those results adequately
[105]. For this reason, is important to discover the suitable control strategy for the
goals of this work. For choosing the most suitable control strategy several factors
should be taken into account.

The three most important factors are concluded to be:

1. The technology and characteristics of the storage systems.

2. Their placement in the electric transport grid (on-board or stationary - section
and/or busbar).

3. The final goal - such as increasing PV systems utilization and/or reducing
voltage drops.

Depending on the technology of each energy storage system, the proper strategy
must be chosen [105]. For example, if a specific type of batteries is used, such as
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nickel cadmium (NiCd) or lead-acid (Pb-acid), the operation of which is more depen-
dent on their state of charge (SoC) compared to other energy storage systems, then
this must be taken into account in the control strategy. This will ensure that they
may not to get discharged to a very low level which can cause permanent dam-
age to them [51]. On the other hand, if for example supercapacitors (SC) are used,
then should be taken into account that they are able to provide a high discharging
current but for only a short period of time [48, 52]. Thus, for each energy storage
technology, there are specific criteria that must be met for their optimal control.

Furthermore, the placement of the energy storage systems in the electric transport
grid has a significant impact on the control strategy that should be used [18]. De-
pending if the stationary energy storage used is placed on the busbar, in the begin-
ning of the section, or at the end, the suitable strategy must be used. For example,
stationary energy storage systems usually have a larger energy capacity than on-
board, thus they can store energy provided by PV systems during the day and can
be used during the night [103]. In any case, the most important factor behind each
control strategy is the desired final goal that needs to be achieved. This is what
defines the whole process of creating a suitable control strategy. An interesting
example is the work of [106] in which the main goal is the reduction of energy
consumption in public transport of the trolleybus system in Gdynia, Poland. The
desired goals may vary for each design, as observed in [107] where the main goal
is energy conservation and emissions reduction or in [108] where the main goal is
to ensure electric power flow and balance in the grid. It is interesting to explore
some examples in order to realize how versatile the final goals may be and how
deep going into them can benefit this work.

Firstly, [47] proposes an energy management strategy based on dynamic modelling
for dual source trolleybus. Their goal is to reduce grid peak electric power in on-line
mode and energy consumption in off-line mode, thus improving economy. Also,
[109] proposes a rule-based energy management for dual-source electric buses ex-
tracted by wavelet transform. In this case, their goal is to ensure durability for the
batteries and electric power grid stability, delaying the batteries lifespan and reduc-
ing the size of the storage needed. Finally, [110] proposes a strategy for optimal
control of reversible substations and wayside storage devices for voltage stabiliza-
tion and energy savings in metro railway networks. Their goal is the optimal control
of reversible substations and wayside storage devices for energy savings and volt-
age stabilization as well as the maximization of the recovered energy.

As is observed, the control strategies can vary to a great extend depending on the
desired goal. The logic behind each control strategy may be more or less complex
depending on that and on how accurately this is wanted to to be achieved. That
is why it is necessary for simulations to be conducted and each control strategy to
be specifically customized for the specific electric transport grid that is applied to.
This should always kept in mind while modelling the trolleybus grid in this thesis
work. Thus, for this work is preferable for a rule-based control strategy based on
voltage control to be used. This is done as is found in the literature as the con-
trol strategy scheme with the most advantages. More deep analysis regarding the
control strategies used for this work is presented in section 2.4.2 and chapter 3. To
get a better picture about the control strategies that can be found in the literature
and their implementation to electric transport grids, a comparison of literature in-
formation is presented in table 2.4. As is observed, when there is a stationary energy
storage system analyzed, there is also implemented a PV system. This makes more
promising the increase of PV utilization with the help of a stationary energy storage
system rather than an on-board energy storage system.
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Table 2.4: Comparison of literature information of control strategies of energy storage
systems in the electric transport grid.
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Table 2.4 (continued): Comparison of literature information of control strategies of energy
storage systems in the electric transport grid.
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2.4 scenarios and control strategies principles
After the literature search considering the functionalities of energy storage in trol-
leybus grids, the technologies of such systems, and their control strategies, are
presented the decisions for the execution of the simulations of this work. First, are
presented the scenarios according to the type and the characteristics of the energy
storage systems, and then are presented the control strategy principles based on
which the simulations will be conducted on, both for on-board and stationary energy
storage systems.

2.4.1 Scenarios

Taking into consideration the information found in the literature, for this work are
chosen to be simulated four total scenarios of three different energy storage systems
technologies. More specifically, the scenarios are presented in table 2.5.

Table 2.5: Simulation scenarios.
On-board energy storage system Stationary energy storage system
Supercapacitors (SC) Flywheels
Lithium-Titanate-oxide batteries (LTO) Lithium-Titanate-oxide batteries (LTO)

These technologies for energy storage systems have been deemed as the most promis-
ing for use in electric transport grids and most interesting for investigation com-
pared to others. This is because is observed that they are been used in that sector
increasingly more, as manufactures are transitioning from more traditional energy
storage systems (such as nickel cadmium (NiCd)) to these. This is especially visi-
ble for the case of lithium-titanate-oxide (LTO) batteries, which their use has been
increasing in the electric transportation sector during the recent years [16]. This
comes down to the rapid development of these technologies, which made them a
more suitable solution for this kind of applications. Furthermore, hybrid energy
storage systems can also be found in transportation grid systems but they are not
examined in this work. This is because their modeling is more complex than the
modeling of a non hybrid energy storage system. Thus, for the purposes of this
work, it has been deemed more important for more time to be put on the compar-
ison of the effects of on-board vs stationary energy storage systems rather than the
effects of single vs hybrid technologies of energy storage systems.

Nevertheless, it should be mentioned that the installation of some of the selected
energy storage systems, are more suitable for either to be implemented as an on-
board energy storage systems or stationary energy storage systems. In other words,
they may express better results in only one of those two cases. For that reason, it
is interesting to observe the characteristics of the energy storage systems selected,
from table 2.1 in order to estimate which solution might be more preferable for ei-
ther on-board or stationary energy storage methods.

Supercapacitors (SC) have very small energy density but extremely large power den-
sity when compared to the other energy storage systems, and especially electro-
chemical batteries [48]. This translates to having the capability of providing and
receiving high currents, making them rather suitable for providing functionalities
such as electric power peak shaving [25]. Nevertheless, having around the same energy
capital costs as lithium-ion (Li-ion) batteries, renders them an expensive solution for
stationary energy storage due to their small energy density [48]. Thus, they seem as
a promising choice to be implemented as on-board energy storage systems.
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Lithium-titanate-oxide (LTO) batteries follow the trend of supercapacitors (SC). They
express a smaller energy density than lithium-ion (Li-ion) batteries but larger power
density [57, 56]. More specifically, it is observed to have characteristics similar to
a lithium-ion (Li-ion) and supercapacitors (SC) hybrid system. This means that they
are able to provide a middle ground with the best of both of these two worlds. In
this case too their rather poor energy density and comparable energy capital costs
with lithium-ion (Li-ion) batteries, might make them also an expensive solution to be
used as a stationary energy storage method [58]. Nevertheless, Lithium-titanate-oxide
(LTO) batteries express a high energy capacity in per cell level [60]. This means
that, although they can provide and accept considerable amount of current, when
used in small capacities - approximately up to 20 kWh - their string voltage is not
high enough to translate to high electric power [111]. Thus, in this case they may
be preferable to be used as a stationary energy storage system as the larger capaci-
ties used in those occasions can enable them to accommodate larger electric powers
providing much greater results for the analyzed configurations of energy storage
systems investigated in this work. However, it is also interesting to examine the
results when used as on-board energy storage systems since this technology gains
more and more interest everyday to be used for in-motion charging (IMC), where
bigger capacities are used.

Flywheels have similar behaviour with lithium-Titanate-oxide (LTO) batteries but with
a bit lower power density than them [48, 49]. Their major disadvantages are their
self-discharge and their response time when used in large scale power applications,
which can have an order of magnitude of some seconds rather than milliseconds
compared to other energy storage systems [42]. For the examined application of
this work, the flywheel system sized for the power levels necessary, which are in
the order of 200 kW, does not impose a response time larger than a second. Thus, it
is not taken into consideration in this work. Also, their indicated storage time can
be rather small, having an order of magnitude of some seconds to several minutes,
meaning that they usually have a considerable self-discharge rate [48, 86]. That is
why it is interesting to observe the results occurred from their implementation as
a stationary energy storage system. Due to practicality reasons and easiness of ac-
quisition of commercially available flywheel systems for micro-grid applications, it
would be preferable to be used as a stationary energy storage system. In figure 2.8
is illustrated a 3D render of a flywheel farm and its components.

Figure 2.8: 3D render of a flywheel farm and its components [© Beacon Power™].

2.4.2 Control strategies

For the efficient operation of the various types of energy storage systems, a suitable
control strategy must be chosen for each one of them. The control strategy is re-
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sponsible for respecting the constrains of the energy storage system while trying to
accomplish the main goal as accurately as possible. The main goal of this work is
the comparison of the utilization of the electric power provided by the PV system
implemented in the AC side of the substation supplying the trolleybus grid, by us-
ing on-board vs stationary energy storage systems. Thus, it aims at finding which
of those two energy storage systems is more favorable in maximizing the electric
power provided by the PV system so is not injected into the AC grid, as well their
impact for the rendering the trolleybus grid ready for the future. This may have as
a result the need for a smaller PV system size as well as a smaller capacity of energy
storage system, which may translate to smaller costs. Nevertheless, constraints for
each case should be taken account when trying to achieve this goal.

After research in literature, is observed that the vast majority of the already im-
plemented control strategies in the catenary electric transport grids are mainly rule-
based [26, 106, 9, 109, 28, 18]. A rule-based system is a system that applies human
implemented rules, following a pre-decided logic. It is a logical program that uses
predefined rules to make choices and deductions for performing automated actions.
This assumes that there is an expected behaviour by the system and its components,
which makes it predictable to changes. Usually, the more cases of rules there are,
the more the system is capable to operate adequately under extreme conditions
[112]. The key dilemma and problem when it comes to the implementation of PV
systems and on-board or stationary energy storage systems is the fact that the first are
moving along with the trolleybus. Thus, the intermittency problem of PV system
electric power generation and trolleybus scheduling always exists. Also, since on-
board energy storage systems are not able to be charged actively with extra electric
power drawn from the grid, their control for charging and discharging is limited
and mainly has to do with the electric power profile of the trolleybus. On the other
hand, stationary energy storage systems seem more promising for increasing the PV
system utilization since they are present always at the specific section of the trolley-
bus grid that they are installed to. Nevertheless, their control strategy should be
tuned and developed for the specific part of the grid that they are installed to.

For the completion of this work are used rule-based strategies, both for the con-
trol of the on-board and the stationary energy storage systems. More specifically, for
the on-board energy storage system is used a technique of electric power peak shaving
with positive and negative thresholds for determining the electric power for dis-
charging and charging the energy storage system respectively. For the stationary
energy storage system is used a technique of voltage control and PV electric power
generation estimation, which according to specific voltage values measured at the
connection point of the energy storage system with the section and an estimation
of the electric power generated from the PV system by using a photoresistor at the
location of the energy storage system, is determined the electric power either to be
charged or to be discharged. More details about their logic of operation and their
creation as models are presented in chapter 3.

2.5 conclusions
In this chapter has been presented a survey on the functionalities of energy storage
systems used in electric transport grids, their technologies, their control strategies,
and the basic decisions considering the scenarios simulated in this work. Energy
storage systems on trolleybus grids can vary on their provided functionalities, tech-
nologies, placement, and control strategies. For each case, a specific type of energy
storage system can provide a higher benefit for specific parameters. In the next
chapter (chapter 3) are presented and analyzed the various models used for the
conduction of the simulations.
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In this chapter are presented the models used for the simulations of this work along with the
selected values of their parameters. Firstly, the model of Arnhem’s trolleybus grid and the
model of the PV system are presented. Afterwards, the model of the energy storage system
is presented, while at the end, the control models of the on-board and the stationary energy
storage systems are presented. All models are created in MATLAB®.

3.1 arnhem trolleybus grid model
For this work to have a solid scientific basis, the comparison and analysis of on-board
vs stationary energy storage systems has been made using a real case study using
the model of the trolleybus grid of the city of Arnhem, the Netherlands. Therefore,
in this section are presented the operational principals of the model used for this
work as well as which sections of it are decided to be simulated. It is important to
be clarified that the model presented has been created by a third party of people
and is analytically described in an article in a published journal [2]. Thus, since this
model has already been tested and verified in an other work, no deep and analytical
description is given for it here.
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Figure 3.1: Map of Arnhem’s trolleybus grid [© Connexxion].

In figure 3.1 is presented a map of Arnhem’s trolleybus grid provided by Connexxion.
The trolleybus grid of Arnhem has been selected as a case study as is considered to
be one the biggest trolleybus grids in north-west Europe and the largest one in the
Benelux Union. Besides that, Arnhem’s trolleybus grid is selected to accommodate
the trolley2.0 project which means that it will be enlarged with various components,
and mainly in-motion charging (IMC) capabilities. This renders it a perfect candidate
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for a case study as it can be examined how and to what extend will be able to
accommodate other possible components such as EV chargers, as well as on-board
and stationary energy storage systems, transitioning to a multifucntional trolleybus
grid.

3.1.1 Operational principles of the model

The trolleybus grid of Arnhem has in total six (6) operating lines (1. De Laar West -
Velp, 2. Centraal Station - De Laar West, 3. Burgers Zoo - Het Duifje, 5. Schuytgraaf
- Presikhaaf, 6. Centraal Station - Elsweide/HAN, 7. Geitenkamp - Rijkerswoerd).
Regarding its construction, it consists of forty-four (44) sections and eighteen (18)
substations. One substation can provide electric power to one, two, or more sections
at the same time. This is especially profound on sections located close to the city
centre. The grid has bilateral connections too. This means that two or more sections
that are being fed with electric power by different substations can be connected to
each other allowing electric power to flow from one to another. This can improve
the efficiency of the system as a whole as now there is more freedom for the elec-
tric power to flow between larger parts of the grid, increasing the possibility of the
recuperated energy to be utilized rather than to be wasted on the internal resistors
of the trolleybuses.

In figure 3.2 is presented the flow chart of the algorithm on which is based the
logic of operation of the trolleybus grid model of Arnhem. The model of trolleybus
grid of Arnhem is created using MATLAB® and is based on the backward-forward
sweep method [113]. It is designed to run in per section level, meaning that it
can simulate one section of the grid per simulation run, for a selected period of
time; days or a whole year. The user defines the desired section to be simulated, if
the simulation should be conducted by taking the possible bilateral connection into
consideration, and the period of the simulation. Then the algorithm, based on that
inserted data, loads and sorts the already known positions and electric powers of
the trolleybuses, as well as all the necessary data for the conduction of the simu-
lation. That data may be the section length, the substation DC nominal voltage at
the rectifier output, the resistance of the selected section etc. After that, the opera-
tion of the algorithm is basically straight forward as it follows the principle of the
backward-forward sweep method. It is important to note that the model is a steady
state model and does not take into consideration transient phenomena. In [2] is
described why this approach is used and why it does not impose limitations to the
results.

For each simulated time instance, which is one second for this case, the algorithm
calculates the currents of all the DC components of the trolleybus grid based on
their already known, measured, and estimated electric powers of the trolleybuses,
using the substation DC voltage as a slack node. Then, based on their calculated
currents, it calculates the new voltage of each trolleybus, that occurs due to voltage
drop. After that it goes back and recalculates the currents based on the new calcu-
lated voltages. This loop, which represents one second of simulation, continues as
many times is necessary for the algorithm to converge within a preset margin - i.e.
if the the values of the currents between two consecutive loops do not change more
than a preset value. In [2] is given a thorough and analytical explanation of the
structure of the code and how often neglected characteristics of trolleybus grids in
other works, such as recuperated energy, auxiliary loads like HVAC, bilateral con-
nections, and the exact nominal voltage of the substations, can have a significant
impact on the results. At the end, the model provides information regarding the
total electric power demanded, the voltage, the current, and the transmission losses
in the simulated section of the model.
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Figure 3.2: Algorithm flow chart of the grid model logic [2].

3.1.2 Simulation parameters

From the above, is clear that the model used is detailed and analytical enough to
provide high quality results considering the implementation of various components
in it. More particularly, in this work, those components are the trolleybuses with
on-board energy storage systems or with stationary energy storage systems. It should
be noted that at every time only one of those two systems will be simulated and not
both of them as a combination. Thus, it can be extracted data regarding the impact
on the PV system utilization of those two different energy storage systems, on the
total electric energy consumption, and the impact on voltage drops.

Regarding the parts of the trolleybus grid to be simulated, are decided three sec-
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tions to be simulated, two of which belong to the same substation. More specifically,
those are sections 23 and 24 that both belong to substation 12 and section 25 that
belongs to substation 9. The substations for both cases do not feed with electric
power any other sections. The first two sections are located in the north-west side
of the trolleybus grid and are considered to have a normal amount of traffic but far
less than the amount of traffic observed in sections located close to the city centre.
Section 25 on the other hand is located in the centre of Arherm and is considered to
have high traffic compared to to the other two. The reason that those sections are
selected is so the intermittencies in electric power demands to be evaluated both
for a case with low traffic and with high traffic. Note that when multiple sections
are fed with electric power from the same substation, the implementation of the
stationary energy storage system is made only to one of them. For this work, consid-
ering substation 12, is chosen section 23 to be the one having the stationary energy
storage systems. Considering the on-board energy storage system, is chosen for all
trolleybuses to be equipped with it at the same time.

Figure 3.3: Sections 23 and 24 on CAD map of Arnhem’s trolleybus grid [© Connexxion].

Figure 3.4: Section 25 on CAD map of Arnhem’s trolleybus grid [© Connexxion].

In figure 3.3 is presented the part of the map of the trolleybus grid of Arnhem fo-
cused on sections 23 and 24 while in figure 3.4 is presented the part of the map
of the trolleybus grid of Arnhem focused on section 25. It should be noted that
although nearby sections of section 25 are marked with the same colour, section 25

is the only one that is provided with electric power by substation 9.
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From the trolleybus grid map is observed that section 23 is bilaterally connected
with section 2. Bilateral connections do play a significant role in a DC grid like
this as they provide the possibility of electric power exchange between sections [2].
Nevertheless, in this work they are not taken into consideration for one major rea-
son. That is the time limitation considering the simulations duration. In order for
one simulation run to be conducted for one section which is not bilaterally con-
nected, for a whole year and without any energy storage systems implemented, is
required approximately ten (10) minutes. If the same simulation is to be conducted
with a bilateral connection taken into consideration, the simulation time increases to
forty-five (45) minutes. Those numbers are then increased enormously with the im-
plementation of energy storage systems and especially with stationary, as observed
during the conduction of this work. This renders quality assuring the extracted
results very time consuming. The results, without bilateral connections, are still
accurate as they provide comparable data for the various energy storage systems
technologies and placements used in this work. Furthermore, the total simulation
time is decided to be a whole year as this is vital for providing accurate results
regarding the PV system utilization, which should be evaluated in yearly basis.

Information regarding the selected sections for the conduction of the simulations
is presented in table 3.1. The feeder cable resistance and the section resistance are
multiplied by the number of two due to the two electric power lines required to
complete a DC system; positive and negative. Only the section resistance is then di-
vided by the number of two due to the two parallel electric power lines that exist in
those sections. Their existence has as a purpose the reduction of the total resistance
as described in section 2.1.1.

Table 3.1: Information of simulated grid sections.
Parameters Section 23 Section 24 Section 25
Nominal voltage (V): 686 686 677

Length (m): 850 1400 860

Feed-in point, west to east (m): 80 1310 100

Feeder cable length (m): 98 118 180

Section resistance (mΩ/m): 0.172*2/2 0.172*2/2 0.172*2/2

Feeder cable resistance (mΩ/m): 0.0283*2 0.0283*2 0.0283*2

3.2 pv system model
Before going through the operational principles of the PV system model, is impor-
tant first to analyze possible placement positions of such systems in catenary grids.
More specifically, the PV systems used for trolleybus grid implementation can be
divided into two basic categories depending on the part of the grid that are con-
nected to.

Possible placement positions of PV systems in trolleybus grids:

1. On the DC side, either on the busbar or anywhere on the overhead electric
power lines of a section.

2. On the AC side of the substation between the transformer and the AC to DC
power electronic converter.

In figure 3.5 is presented the implementation of a PV system to a substation DC
busbar (left) and on the AC side (right) of the trolleybus grid. For simplicity, the
use of power electronic converters is not illustrated in the figure.
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Figure 3.5: PV system implemented to a substation DC busbar (left) and on the overhead
electric power lines of a section (right) of the trolleybus grid, without the

illustration of power electronic converters for simplicity.

Both of the above possible placements come with advantages and disadvantages.
Usually, the first configuration is preferred for such applications as the nature of
the electric power provided by PV systems is DC [15]. Thus, by implementing the
PV system directly to the DC side, and especially to the overhead electric power
lines of the sections, the trolleybuses can directly utilize the provided electric power
without the extra losses of a DC to AC and then a AC to DC power electronic
converter. This reduces the converter and transmission losses and can increase the
efficiency of the system. It can also help compensate for the voltage drops in the
sections by acting as another electric power source besides the substation. If the
PV system is placed on the DC busbar then it would be able to provide its electric
power to all the sections connected to it, again with reduced losses caused by the
absence of extra power electronic converters. Nevertheless, in all cases that the PV
system is connected to the DC side, is not able to provide electric power to the main
AC grid due to the substation’s power electronic converter diodes. Thus, when the
PV system electric power generation exceeds the load demand in the DC grid, then
the electric power available from the PV system cannot be utilized. This requires
the electric power to be wasted or to be stored.

On the other hand, if the PV system is placed on the AC side of the substation,
this provides the possibility for the excess electric power produced, which may not
be able to be utilized by the trolleybus grid, to be injected into the AC grid. This
of course has drawbacks compared to placing the PV system to the DC side as now
the electric power provided from it has to travel through multiple power electronic
converters and longer distances to get to the DC grid loads. Also, now the PV
system itself is not able to provide a compensation for the voltage drops in the trol-
leybus grids when high electric power demands occur. Finally, when the PV system
is available to provide electric power to the main AC grid in periods where the
trolleybus grid demand is lower than the PV system electric power generated, there
may occur phenomena of harmonics that could be injected in the AC grid, causing
electric power quality issues [19].

3.2.1 Operational principles of the model

Considering the PV system model, in this case too like the Arnhem trolleybus grid
model, has been created by a third party of people and is analytically described in
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an article in a published journal [3]. Thus once again, since this model has already
been tested and verified in an other work, only the basic principles of operation are
presented here.

The model is a simulation of the energy provided from the installed photovoltaic
panels as an output and its discretion is one second. As described in [3], the model
is advanced enough and takes into consideration multiple parameters such as the
solar altitude, the solar azimuth, the global horizontal irradiance (GHI), the diffuse
horizontal irradiance (DHI), the ambient temperature, the ground temperature, the
wind speed and more. These values are extracted from a global meteorological
database using the Meteonorm software. Also, although shading due to clouds is im-
plemented in the model, shading from other panels is not taken into consideration
as is considered enough spacing between the panels to avoid that. For the model to
take shape, is used a commercial mono-crystalline PV panel module from Astroen-
ergy. More specifically is used the AstroSemi 365W PV panel with a rated power of
365 Wp, an efficiency of 19.7%, and a total surface area of 1.85 m2 [3]. In figure 3.6
is presented the simulated electric power output of the PV system generation in
Arnhem per PV panel area in W/m2 for a whole year.

Figure 3.6: Yearly simulated electric power output in W/m2 of the PV system generation in
Arnhem [3].

3.2.2 Simulation parameters

For this work is assumed that the PV system is placed on the AC side of the sub-
station. Is also assumed to be placed very close to the substation so when electric
power is being demanded from the trolleybus grid, the majority of is provided by
the PV system with minimal transmission losses. So, in this work, after the simula-
tions with the various energy storage systems implemented in the trolleybus grid,
is measured the impact in the total demand from the substation, out of which is
calculated how much has been supplied by the PV system. This is presented in
equation 3.1 with Pload the total load electric power demand of the trolleybuses,
Pgrid the electric power delivered from the AC grid, and PPV the PV generated elec-
tric power. Placing the PV system to the AC side is chosen because the goal of this
work is to compare on-board vs stationary energy storage systems for a multifunc-
tional trolleybus grid. This includes also increasing the renewable energy share,
which in this case is PV system utilization, but without focusing in finding optimal
ways to implement a PV system into the DC trolleybus grid. Also, as mentioned
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earlier, placing the PV system to the AC side increases the probability that excess
generated energy will be used rather than be wasted, something important since it
is unlikely that any energy storage system may be sufficient enough to store 100%
of the excess generated energy from the PV system.

UPV ≜

∫
year(Pload − Pgrid)dt∫

year PPVdt
(3.1)

Considering the sizes of each installed PV system feeding with electric power each
substation, those are chosen based on the necessary sizes for achieving an energy-
neutrality ratio equal to one (ζ=1) without the implementation of an energy storage
system. This is done to be used as a reference for the comparison of the various
energy storage systems used for the conduction of this work. As described by equa-
tion 3.2, the energy-neutrality ratio is defined as the ratio of the yearly produced
energy by the PV system divided by the yearly demanded energy by the load.

ζ ≜

∫
year PPVdt∫
year Ploaddt

(3.2)

In addition to those terms, it is important to introduce the term of direct load
coverage (Λ), described by equation 3.3. This is the fraction of the load that can
be directly supplied by the output of the PV system. It is possible to combine
equation 3.1 and equation 3.2 and create equation 3.4, ignoring all power electronic
converter losses [3].

Λ ≜

∫
year(Pload − Pgrid)dt∫

year Ploaddt
(3.3)

Λ = ζ ∗ UPV (3.4)

As concluded from [3] and confirmed in this work too, in table 3.2 are presented
the sizes of the the PV system implemented in substation 9 (section 25) and the
PV system implemented in substation 12 (section 23 and section 24) for an energy-
neutrality ratio equal to one (ζ=1) without the implementation of an energy storage
system. It is important to note that those values are acquired after taking into
consideration the power electronic converter losses. More particularly, since the PV
system is placed at the AC side, there will be a portion of energy used directly by
the trolleybus grid and another one first sent to the AC grid and re-used later. As
described in [3], this efficiency is assumed to be n∗ ≈ 0.957.

Table 3.2: PV system sizes for an energy-neutrality ratio equal to one (ζ=1) without the
implementation of an energy storage system.

Substation 9 Substation 12
PV system size (kWp) 129 195

3.3 energy storage system model
The energy storage system has a key role for the conduction of this work. For
this reason is important that it represents the selected technologies adequately. The
model for the various variations of energy storage systems has been developed from
the ground up for the purposes of this work and is the same both for the scenarios
of the on-board and the stationary energy storage systems. It is based on a constraint
checking algorithm where by using a desired electric power as an input, either for
charging or discharging, is determined the amount of energy to be stored or to be
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discharged respectively. It has multiple variables as input such as capacity of the
energy storage system (Wh), string voltage (V), string resistance when charging (Ω),
string resistance when discharging (Ω), string number, power electronic converter
efficiency (%), upper state of charge (SoC) limit (%), lower state of charge (SoC) limit
(%), self-discharge (% per day), maximum accepted electric power when charging
(W), and maximum provided electric power when discharging (W). By using the
parameters regarding the characteristics of the strings, the model calculates the dy-
namic electric power related charging efficiency (%) and the dynamic electric power
related discharging efficiency (%). Note that response times (ramp-up and ramp-
down times) are not implemented in the model since the technologies selected for
this kind of applications, in combination with their capacities, provide a responses
times less than a second, which is less than the simulation discretion of the model.

3.3.1 Operational principles of the model

In figure 3.7 is presented the flow chart of the algorithm on which is based the op-
eration of the model. The flow chart represents one simulated second.

First, in Step 1, the model reads the desired electric power to be stored or to be
utilized. This electric power is the output of the controller of either the on-board or
the stationary energy storage systems. The discretion between those two states is
done by using a positive or a negative sign. More specifically, a negatively signed
electric power is used for discharging while a positively signed one is used for
charging.

Then, in Step 2, the model determines if the current simulated second is the first
one of the simulated day. If this is true, the model goes to Step 2-A where it checks
if this is also the first simulated day of the year. If this is also true, then it proceeds
to Step 2-B where it uses a 60% initial state of charge (SoC). This value has been
selected as a random, indicative value. In case this is not the first simulated day of
the year, then the model uses as an initial state of charge (SoC) the one from the
end of the previous day as can be seen in Step 2-C.

Going to Step 3, the model then checks if the decided desired electric power by
the controller of the on-board or the stationary energy storage systems, either to be
stored or to be utilized, is bigger than what the technology of the specific energy
storage system is allowing it to handle. If it is, then it follows Step 3-A where it sets
the maximum electric power it can handle as a limit and provides or stores energy
with an electric power according to its capabilities. If it is not, then the model con-
tinues to the next step. In this work, this value is fixed one, and not a dynamic one
related to the state of charge (SoC).

In Step 4 is determined and calculated the charging or the discharging efficiency.
Both of those efficiencies are dynamic, meaning that they are dependent on the
value of the exchanged electric power. In equation 3.5 and equation 3.6 are pre-
sented the formulas for calculating the dynamic charging and the discharging effi-
ciencies of an energy storage system. Those take into consideration the total string
resistance (either for charging or discharging), the string voltage, and the string
number. Note that is used a 98% efficiency for the power electronic converter at all
times as this is concluded as an indicative efficiency for a typical power electronic
converter.

ncharging = (
1

1 + StringResistance ∗ ElectricPowerDecided
StringVoltage2∗StringNumber

) ∗ nconverter (3.5)

ndischarging = (1 − StringResistance ∗ ElectricPowerDecided
StringVoltage2 ∗ StringNumber

) ∗ nconverter (3.6)
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Continuing to Step 5, the model is now able to calculate the new state of charge
(SoC) of the energy storage system. This is possible by knowing the state of charge
(SoC) for the previous simulation instance, which in this case is the previous second,
as well as the decided electric power by the controller to be charged or discharged
and the capacity of the energy storage system. The equation, based on which is
calculated the new state of charge (SoC), is presented in equation 3.7.

SoC(t) = SoC(t − 1) +
ElectricPowerDecided ∗ ncharging/discharging

Capacity
(3.7)

Going to Step 6, the model now sees if the new calculated state of charge (SoC)
is within the allowed bandwidth given by the user. In other words, if it is lower
than the upper limit and higher than the lower limit. In case that this is not true,
the model proceeds to Step 6-A. In this step, it calculates only the portion of the
decided electric power necessary to push the state of charge (SoC) to the accepted
limit but without exceeding it. This happens either for charging or discharging. In
other words, it uses only part of the electric power provided or demanded so that
the state of charge (SoC) remains within the acceptable bandwidth. Also, as de-
scribed by equation 3.5 and equation 3.6, the charging and discharging efficiencies
are related to the electric power provided or demanded respectively. Nevertheless,
for this step only (Step 6-A), are used charging and discharging efficiencies the
ones as if the whole electric power was available for charging or discharging. This
is done as the rise in calculation time in MATLAB® is increasing exponentially if the
precise charging or discharging efficiencies would to be found. Nevertheless, this
does not impose a measurable error to the results as the difference in the efficiency
does not alter significantly between those two occasions. If the state of charge (SoC)
is already within the selected bandwidth, then the model proceeds to the next and
final step.

Finally, in Step 7, the model calculates and deducts from the state of charge (SoC)
the amount of energy corresponding to the selected self-discharge. By self-discharge
is meant the energy lost due to parasitic losses, usually in form of heat. Thus, this
is not a usable energy and for this reason the model just lowers the state of charge
(SoC) of the energy storage system. Interesting to note is that the model has the
possibility to use different self-discharge rates for an active or idling status. Also, if
the state of charge (SoC) gets below the lower limit due to self-discharge, the model
only charges the energy storage until it reaches the operational bandwidth again.

Besides the aforementioned capabilities of the model, are implemented also some
others, some of which are used and some are not. One capability of the model is to
use static charging and discharging efficiencies. This means that the user is able to
input specific values (%) to be used as charging and discharging efficiencies, rather
dynamic ones which depend on the charging/discharging electric power. Also, the
model has the possibility to accept or provide different amounts of electric power
depending the state of charge (SoC), both for charging and discharging. More
specifically, the model provides the opportunity to the user to form three discreet
zones in the usable state of charge range, and decide the maximum electric power
that can be handled at each one. Those zones can be different for charging and dis-
charging. Although this provides the opportunity for a more complex model to be
used for simulations, preliminary results showed that for this kind of applications,
this does not affect the results noticeably. Also, is quite difficult for precise values
to be determined since the manufactures do not provide this kind of information in
their data-sheet. Thus, in this work, this functionality of the model is not utilized.
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Figure 3.7: Algorithm flow chart of the energy storage system.

3.3.2 Simulation parameters

As already presented in table 2.5 in section 2.4, the technologies to be used for
the on-board energy storage systems are supercapacitors (SC) and lithium-titanate ox-
ide (LTO) batteries while for the stationary energy storage systems are flywheels and
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lithium-titanate oxide (LTO) batteries. In that section, are described also the charac-
teristics of each technology.

For the conduction of this work, has been concluded as a best approach to use
existing, commercially available energy storage systems. In that way, is possible to
use the provided data-sheet from the manufactures and use their data as an input
to the energy storage system model. Attention has been made to choose brands
which provide products of a technology which are suitable for this kind of applica-
tion. This is because different brands can provide an energy storage system of the
same technology but with different characteristics. Although usually those charac-
teristics are fairly similar between each other as the systems are expressed by the
same technology, they may have a significant impact if they fall at opposite ways of
their possible spectrum rage.

on-board energy storage system In this work are chosen to be used three
different capacities for the on-board energy storage system. Those are 1.5 kWh, 3

kWh, and 4.5 kWh. Those capacities are chosen since they are within the spectrum
of capacities used for such applications [111, 114, 115, 116].

Considering the supercapacitors (SC), is chosen to be created a bank using mod-
ules manufactured by Maxwell® Technologies. More specifically is chosen to be
used the BMOD0165 P048 C0B module. The characteristics of this module are pre-
sented in table 3.3. To create the desired capacities of 1.5 kWh, 3 kWh, and 4.5 kWh,
strings of multiple modules must be created. More precisely, are created strings of
14 modules, which have a total capacity 742 Wh each rated at 672 V. In table 3.4 are
presented the capacities and strings configurations for the on-board energy storage
system with supercapacitors (SC) used in this work while figure 3.8 is presented a
picture of the BMOD0165 P048 C0B module from Maxwell® Technologies.

Table 3.3: Maxwell® Technologies BMOD0165 P048 C0B module characteristics [4, 5, 6].
Variable Value
Capacity (Wh) 53

Module voltage (VDC) 48

Module resistance when charging (Ω) 0.006

Module resistance when discharging (Ω) 0.006

Upper state of charge (SoC) limit (%) 100

Lower state of charge (SoC) limit (%) 0

Self-discharge (% per day) 11.3
Maximum accepted and provided electric power when
charging and discharging respectively (W)

3,408

Table 3.4: Capacities and string configurations for on-board energy storage system with
supercapacitors (SC) [4, 5, 6].

Theoretical
capacity
(kWh)

Number of
modules
per string

Number of
parallel
strings

Actual
capacity
(kWh)

Maximum accepted and
provided power (kW)

1.5 14 2 1.484 95.424

3 14 4 2.968 190.848

4.5 14 6 4.452 286.272

It is interesting to note that the manufacturer claims a 100% depth of discharge
(DoD) with a long lifetime for this product. Nevertheless, in this work has been
chosen to be used a more sensible range from 95% to 20% [61]. This is done as in
this way is extended the life-time of the energy storage system and is accounted
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any probability of premature aging of the modules. Regarding the self-discharge, is
assumed constant and not to be affected by the state of charge (SoC) levels. Further-
more, in this work is assumed that the power electronic converter, or the arrays of
them, are capable of handling all the electric power exchanged by the energy stor-
age system. Thus, they do not impose a limitation to the maximum electric power
accepted or provided by the energy storage system. Also, the actual capacities used
in the model are slightly lower than the theoretical ones. This comes down to the
arrangement of the modules in strings. The configurations used are the ones that
best satisfy the desired theoretical capacities.

Figure 3.8: Maxwell® Technologies BMOD0165 P048 C0B module [© Maxwell®

Technologies].

Considering the lithium-titanate oxide (LTO) batteries, in this case too is chosen to be
created a bank using modules manufactured by Altair® Nanotechnologies. More
specifically is chosen to be used the 24V 70AH battery module. The characteristics
of this module are presented in table 3.5. Similarly to supercapacitors (SC), to create
the desired capacities of 1.5 kWh, 3 kWh, and 4.5 kWh, strings of multiple mod-
ules must be created. Nevertheless, since one module is already 1.5 kWh, while its
voltage is considerably lower compared to the voltage levels found in the trolleybus
grid, it has been decided for three different string configurations to be used for the
different capacities. In other words, the for the case of 1.5 kWh is used one string
of one module, for the case of 3 kWh is used one string of two modules, while
for the case of 4.5 kWh is used one string of three modules. This is decision has
been made since the voltage of as single module is significantly small. Arranging
the modules in series helps to increase it, making it easier for the power electronic
converter to handle. This is something that has been found as a severe drawback of
the lithium-titanate oxide (LTO) batteries; in small capacities are simply not able to
accept or to provide a considerable amount of electric power, making them a non
promising solution to be used as on-board energy storage system. In table 3.6 are
presented the capacities and strings configurations for the on-board energy storage
system with lithium-titanate oxide (LTO) used in this work while in figure 3.9 is pre-
sented a picture of the 24V 70AH battery module from Altair® Nanotechnologies.

In this case too the manufacturer claims a 100% depth of discharge (DoD) with
a long lifetime for this product, but again for the same reasons as for supercapaci-
tors (SC), has been chosen to be used a more sensible range from 95% to 20%. Once
again the self-discharge is assumed to be constant and not to be affected by the state
of charge (SoC) as well as is again assumed that the power electronic converter, or
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the arrays of them, are capable of handling all the power exchanged by the energy
storage system and are not imposing a limitation to it.

Table 3.5: Altair® Nanotechnologies 24V 70AH battery module characteristics [7].
Variable Value
Capacity (Wh) 1,500

Module voltage (VDC) 24

Module resistance when charging (Ω) 0.0045

Module resistance when discharging (Ω) 0.0043

Upper state of charge (SoC) limit (%) 100

Lower state of charge (SoC) limit (%) 0

Self-discharge (% per day) 0.1 [62]
Maximum accepted and provided electric power when
charging and discharging respectively (W)

12,000

Table 3.6: Capacities and string configurations for on-board energy storage system with
lithium-titanate oxide (LTO) batteries [7].

Theoretical
capacity
(kWh)

Number of
modules
per string

Number of
parallel
strings

Actual
capacity
(kWh)

Maximum accepted and
provided power (kW)

1.5 1 1 1.5 12

3 2 1 3 24

4.5 3 1 4.5 36

Figure 3.9: Altair® Nanotechnologies 24V 70AH battery module [© Altair®

Nanotechnologies].

stationary energy storage system In this work are chosen to be used three
different capacities for the stationary energy storage system depending from which
substation the simulated section is fed with electric power. Those capacities are 129

kWh for section 25, 195 kWh for section 23, and 1 MWh for both sections. The
concept behind choosing those capacities for the stationary energy storage system
is to have a capacity that represents an hourly energy storage system solution and
one that is significantly bigger. Thus, the 129 kWh for section 25 and 195 kWh for
section 23 are chosen since the PV system sizes used at the substations of those sec-
tions are 129 kWp and 195 kWp respectively, as described in section 3.2. The bigger
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1 MWh capacity is chosen to be used for both sections as an indicative solution of
a big size of an energy storage system. This will provide information of how the
results are affected by the limitation of the capacity of the energy storage system.
A capacity bigger than 1 MWh may not be feasible to be implemented in reality
since the amount of space necessary for the chosen technologies of energy storage
system increases drastically. This imposes difficulties for their implementation in
dense city centers.

Considering the flywheels, is chosen to be used an array of them provided by Amber
Kinetics. More specifically is chosen to be used the M32 flywheel. The characteris-
tics of this flywheel are presented in table 3.7. As far as the creation of the desired
capacities is concerned, multiple flywheels are connected in parallel to create an
array. Each flywheel can be independently implemented to the grid and multiple of
them connected to it are treated as a parallel array. The biggest limitation of these
flywheels is their low power of only 8,000 W that are able to handle at any given
time. This limitation is more profound the smaller the total capacity of the array
is. A solution to this issue would be to be used a different flywheel provided by
Beacon Power™. Nevertheless the flywheels provided by this manufacturer have
a significantly higher self-discharge of 240% per day. Preliminary results showed
extremely poor behaviour by using this brand and type of flywheels for stationary
energy storage system. Thus, is preferred the one manufactured by Amber Kinet-
ics. The big difference in the self-discharge of those two brands of flywheels lies in
the fact that the one from Amber Kinetics utilizes an magnetically elevated bearing
while the whole flywheel is in vacuum. This has as a result a significant reduction
in losses. In table 3.8 are presented the capacities and array configurations for the
stationary energy storage system with flywheels used in this work while in figure 3.10

is presented a picture of the M32 flywheel from Amber Kinetics.

Table 3.7: Amber Kinetics M32 flywheel characteristics [8].
Variable Value
Capacity (Wh) 32000

Module voltage (VDC) 550-750

Round trip efficiency (%) 86

Self-discharge (% per day)
11.625 (coasting)
18 (active)

Maximum accepted and provided electric power when
charging and discharging respectively (W)

8,000

Table 3.8: Capacities and array configurations for stationary energy storage system with
flywheels [8].

Theoretical
capacity
(kWh)

Number of
modules
per string

Number of
parallel
strings

Actual
capacity
(kWh)

Maximum accepted and
provided power (kW)

129 1 4 128 32

195 1 6 192 48

1000 1 31 992 248

Like the decisions regarding the simulations for the on-board energy storage system,
in this is case too is used a usable state of charge (SoC) range from 95% to 20%.
This is done for the same reasons as before that mainly have to do with the life-time
of the energy storage system. Also, are made the same assumptions regarding the
self-discharge and the power electronic converter. Regarding the actual capacities
of the created arrays, like for the case of supercapacitors (SC), this comes down to the
arrangement of the flywheels in arrays.
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Figure 3.10: Amber Kinetics M32 flywheel [© Amber Kinetics].

For the lithium-titanate oxide (LTO) batteries used for the stationary energy storage
system, those are the same ones as the ones used for the on-board energy storage
system. Everything that is implied for that case and has already been described,
including all the aforementioned assumptions, is implied for this case too. Thus,
in table 3.9 are presented the capacities and strings configurations for the stationary
energy storage system with lithium-titanate oxide (LTO) used in this work.

Table 3.9: Capacities and string configurations for stationary energy storage system with
lithium-titanate oxide (LTO) batteries [7].

Theoretical
capacity
(kWh)

Number of
modules
per string

Number of
parallel
strings

Actual
capacity
(kWh)

Maximum accepted and
provided power (kW)

129 21 4 126 >million
195 21 6 189 >million
1000 21 32 1008 >million

3.4 control strategy of the on-board energy stor-
age system

Considering the control strategy of the on-board energy storage system used in this
work, is rather simple and straightforward. As discussed in section 2.2.2, an on-
board energy storage system is meant only to accept recuperated power provided by
the trolleybus implemented to during regenerative braking and to provide electric
power to it after a certain electric power demand value. In other words, it is not
meant to be exchanging any electric power with the trolleybus grid directly.

3.4.1 Operational principles of the controller

The basic control strategy that is used for this kind of energy storage system is to
get charged when there is recuperating power provided from the trolleybus and to
get discharged when the electric power demand of the trolleybus goes above a cer-
tain electric power threshold value. This is presented in figure 2.6. It is important
to mention that the electric power provided from the on-board energy storage sys-
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tem is only the one that correlates to the electric power above the set electric power
threshold value. In this way, by using a smaller capacity of energy storage system
can be satisfied to a great extend all electric power quality assurance functionalities.

In figure 3.11 is presented the binary tree chart of the rule-based control strategy
used for the on-board energy storage system simulated in this work. The control
strategy presented is meant to be working for each second, which is the time dis-
cretion used for the simulations of this work. When the trolleybus electric power
is positive the trolleybus is demanding electric power, while when is negative it is
providing electric power via regenerative braking. The output of the controller is a
decided, desired value of electric power either to be stored to the on-board energy
storage system or to be provided by it. This value is the input to the energy system
model which is described in section 3.3.

Bus power > 
power threshold

Bus power ≥ 0

Discharge with 
bus power above 
power threashold

Stand-by

Charge with bus 
power below 0 kW

Yes

YesNo

No

Figure 3.11: Binary tree chart of the rule-based control strategy used for the on-board energy
storage system.

Figure 3.12: Electric power profile of trolleybus No 1 during the first day of the year in
Arnhem, with two electric power thresholds of 0 kW and 120 kW for charging

and discharging a possible on-board energy storage system respectively.
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It is interesting to see the the working principles of the controller for the on-board
energy storage system with the help of an example. In figure 3.12 is presented the
electric power profile of trolleybus No 1 during the first day of the year in Arnhem,
with two electric power thresholds of 0 kW and 120 kW for charging and discharg-
ing a possible on-board energy storage system respectively. This figure is similar to
figure 2.6 but with the difference that the upper electric power threshold is now set
at 120 kW instead of 200 kW.

In figure 3.13 is presented the shaved electric power of trolleybus No 1 during
the first day of the year in Arnhem, with two electric power thresholds of 0 kW
and 120 kW for charging and discharging a possible on-board energy storage system
respectively. In other words, is presented only that part of the trolleybus electric
power which is above the electric power threshold of 120 kW and below of 0 kW.
This figure represents the desired electric power to be charged or to be provided
by the on-board energy storage system. This has as an effect for the state of charge
(SoC) to increase or decrease.

Figure 3.13: Shaved electric power of trolleybus No 1 during the first day of the year in
Arnhem, with two electric power thresholds of 0 kW and 120 kW for charging

and discharging a possible on-board energy storage system respectively.

In figure 3.14 is illustrated the state of charge (SoC) of an on-board energy storage
system of 3 kWh, with constant charging and discharging efficiencies of 95% and
upper and lower limits of 95% and 5% respectively when is handling the shaved
electric power of trolleybus No 1 during the first day of the year in Arnhem, with
two electric power thresholds of 0 kW and 120 kW for charging and discharging
it respectively. For example purposes only, no other parameters are used for this
model - i.e. self-discharge, maximum/minimum electric power etc.. Note that a
power electronic converter efficiency of 98% is also taken into account.

Finally, is created a new electric power profile for each trolleybus depending on
the state of charge (SoC) of the on-board energy storage system. If it is full, then the
regenerative power is provided back to the trolleybus grid or it gets wasted to the
on-board resistors, as it is done without the implementation of an on-board energy
storage system. If on the other hand the on-board energy storage system is empty,
the demanded electric power above the upper electric power threshold is provided
entirely by the trolleybus grid, again, as it is done without the implementation of an
on-board energy storage system. In figure 3.15 is depicted the electric power profile
of trolleybus No 1 during the first day of the year in Arnhem, with two electric
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power thresholds of 0 kW and 120 kW for charging and discharging an on-board
energy storage system respectively, after the implementation of one of 3 kWh, with
constant charging and discharging efficiencies of 95% and upper and lower limits of
95% and 5% respectively. Similarly as before, a power electronic converter efficiency
of 98% is also taken into account.

Figure 3.14: State of charge (SoC) of an on-board energy storage system of 3 kWh, with
constant charging and discharging efficiencies of 95%, upper and lower limits

of 95% and 5% respectively, and a power electronic converter efficiency of 98%,
when is handling the shaved electric power of trolleybus No 1 during the first

day of the year in Arnhem, with two electric power thresholds of 0 kW and 120

kW for charging and discharging it respectively.

Figure 3.15: Electric power profile of trolleybus No 1 during the first day of the year in
Arnhem, with two electric power thresholds of 0 kW and 120 kW for charging

and discharging an on-board energy storage system respectively, after the
implementation of one of 3 kWh, with constant charging and discharging

efficiencies of 95%, upper and lower limits of 95% and 5% respectively, and a
power electronic converter efficiency of 98%.
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3.4.2 Simulation parameters

Regarding the simulation scenarios of this work, are used five (5) different cases of
upper electric power threshold values. Those are 60 kW, 80 kW, 100 kW, 120 kW,
and 140 kW. Those values are used for all energy storage technologies simulated
for the on-board energy storage system. A value of 100 kW or 120 kW is found to
best balance the energy to get discharged to the energy available for charging in a
yearly basis. Thus, threshold values around those values are chosen to best see the
impact on the PV system utilization. More specifically, the lower values of 60 kW
and 80 kW will lead to more electric power to be discharged than charged. Values
of 100 kW to 120 kW create a balance between electric power to be charged and
to be discharged while values of 140 kW and above will have as a result for more
electric power to be charged than discharged.

3.5 control strategy of the stationary energy
storage system

In contrast to the control strategy of the on-board energy storage system described in
section 3.4, the control strategy of the stationary energy storage system can become
significantly more complex depending on the goal that is targeted. Since the main
goal of this work is increasing the PV system utilization, the control strategy of the
stationary energy storage system is built around that. More specifically, its goal is
increasing the PV system utilization while targeting to keep the total yearly energy
used the same. Considering the effects of it to the voltage drops, this strategy tar-
gets to minimize them in a yearly basis but it does not jeopardize decreasing the PV
system utilization to compensate for the possible voltage drops. In other words, it
tries to achieve the targeted goal as safely as possible, prioritizing the PV system at
all times without taking risks that could decrease the PV system utilization. Many
and different control strategies can be built for similar applications. Nevertheless,
most of them can be categorized into three main categories.

The categories of the control strategies for stationary energy storage systems are
those:

1. Optimized mainly for increasing the PV system utilization.

2. Optimized mainly for favouring parameters related to the multifunctionality
of the trolleybus grid (reduction of voltage drops, reduction of transmission
losses, increase of recuperation of braking energy etc.).

3. Optimized both for increasing the PV system utilization and favouring param-
eters regarding the multifunctionality of the trolleybus grid - middle ground.

The control strategy used in this work falls mainly into the first category. In general
when a control strategy has one goal rather than multiple it tends to be easier to
achieve. On the other hand, if a middle ground approach would to be used, to
acquire good results then it would be necessary either for the implementation of a
more complex system into the trolleybus grid, such a telecommunications systems
where the electric powers of each load would be known to the controller of the sta-
tionary energy storage system, or for a significant amount of resources to be located
for research and development for charging methods that do not require the use of
advanced measuring devices except of those that measure the voltage at the connec-
tion point of the stationary energy storage system.

In this work, the controller of the stationary energy storage system is able to uti-
lize two pieces of information from two different sources. One is the measured
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voltage via a voltage measuring device at its connection point with the trolleybus
grid. This is utilized to estimate when a electric power load is present at the section
of the trolleybus grid and how big this may be. As already discussed in section 2.1.1,
electric power loads create voltage drops depending on their magnitude and their
position on the section. Similarly, an increase in voltage may be observed when
there is generation of electric power from the regenerative braking of the trolley-
buses. As described in section 3.1, the model is based on steady state operation.
Thus no measurements of transient phenomena can be taken into consideration for
this control strategy. The other piece of information that the controller of the sta-
tionary energy storage system has access to is a precise estimation of the generated
electric power from the PV system. This is easily achieved via a small photoresistor
or a small PV panel located at the point of the stationary energy storage system.
Via this, the controller of the stationary energy storage system has knowledge of the
electric power generation of the PV system at each instance in time, which is located
at the AC side of the grid close to the substation as described in section 3.2. Since
the stationary energy storage system is located somewhere on the section of the trol-
leybus grid, the distance from it and the PV system can vary from a few meters
up to around 1.5 km in some cases. Thus, the measurements regarding the electric
power generation of the PV system taken at the connection point of the stationary
energy storage system with the trolleybus grid can be used as an accurate indicator,
since the distance is short enough for the same meteorological phenomena to oc-
cur. Finally, is important to note that the controller of the stationary energy storage
system has knowledge of other constant parameters too, such as its position on the
section, the resistance of the overhead electric power lines, the nominal substation
voltage, as well as the time of the day. In figure 3.16 is presented an example of a
photoresistor. Its size is a few millimeters in every direction and it incredibly cheap.

Figure 3.16: GL5516 LDR photosensitive resistor (photoresistor).

3.5.1 Operational principles of the controller

In figure 3.17 is presented the binary tree chart of the rule-based control strategy
used for the stationary energy storage system simulated in this work. The stationary
energy storage system may be charged only when there is electric power generation
from the PV system and not dense traffic. More analytically, the controller charges
it when it observes a voltage equal to that of the substation for a couple seconds or
when it observes a constant voltage for a couple seconds that is not the one of the
substation.

When voltage is equal to the one of the substation for a couple of seconds, the
controller concludes that no other electric power loads are present on the section.
Thus, it can charge with electric power equal to the one generated by the PV system.
Since the controller can accurately estimate the electric power generation from the
PV system and is aware of its position on the section, it can also accurately estimate
the transmission losses. Thus, it charges the stationary energy storage system with
the amount of electric power necessary not to overpass the generated electric power
at the location of the PV system. In other words, it reduces the demanded electric
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power to account for the transmission losses - i.e. 100 kW demanded at the connec-
tion point of the stationary energy storage system may be 102 kW at the position of
the substation where the PV system is located at. If the controller does not account
for the transmission losses, it may demand more electric power than the PV system
is generating at each instance. Thus it may charge the stationary energy storage
system with electric power not provided by the PV system.
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YesNo

No
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estimated power to 

reach the Vtarget

YesNo

Discharge with
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before
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Figure 3.17: Binary tree chart of the rule-based control strategy used for the stationary
energy storage system.

If on the other hand the controller observes the same voltage for a couple seconds
but is different than the one of the substation, it concludes that there is traffic idling
on the section. As found out from simulations, the traffic idling at the section at
each instant is usually only one trolleybus. As described in [2], trolleybuses idling
may be using either an electric power of around 5 kW for their auxiliary systems,
or of around 45 kW for their auxiliary systems and the HVAC system, either for
cooling or heating. In that case, the controller based on the measured voltage, tries
to estimate if the electric power load observed in the section is 5 kW or 45 kW. It
does that by calculating the theoretical voltage at that point if there was an electric
power load of 5 kW or of 45 kW. This is presented by equation 3.8, where Vsubstation
is the voltage of the substation, RSESS is the resistance of the electric power lines
from the substation to the stationary energy storage system connection point with
the section including the feeder cable length, and P5kW or 45kW is either the 5 kW
or the 45 kW of electric power. Then, it compares that voltage with the measured
one and if it is within a range of ±5 V, it chooses the electric power that is best
represented by that voltage. This is possible since the electric power load of 45 kW
causes a significantly bigger voltage drop at any point of the section compared to
the 5 kW one. Thus, the controller is able to differentiate rather accurately which
one of those two occasions may occur.
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Vindicator =
Vsubstation+

√
V2

substation−4∗RSESS∗P5kW or 45kW

2
(3.8)

To get a better understanding about the voltage drop on the section in regard to the
distance for different constant loads, in figure 3.18 is illustrated the voltage drop vs
distance for the constant electric power demands of 5 kW (blue) and 45 kW (green),
for one trolleybus in section 23 of the trolleybus grid of Arnhem. As observed from
table 3.1, section 25 is very similar to section 23 thus it presents a similar voltage
drop behaviour. Only if the electric power generation from the PV system is bigger
than the electric power load of the idling trolleybuses, the controller charges the
stationary energy storage with the difference - i.e. if there is 100 kW of electric
power generation from the PV system and the controller concludes that there is
idling traffic on the section demanding 45 kW, then it charges the stationary energy
storage system with 100-45 = 55 kW, minus the transmission losses. In case the PV
system is able to cover the whole electric power demand, then the controller sets
the stationary energy storage system to stand-by mode.

Figure 3.18: Voltage drop vs distance for the constant electric power demands of 5 kW
(blue) and 45 kW (green), for one trolleybus in section 23 of the trolleybus grid

of Arnhem.

For all charging modes, the charging of the stationary energy storage system stops
when the controller observes dense traffic in the section. This is done when the con-
troller observes an unexpected big fluctuation of the measured voltage that does
not correspond to a possible voltage fluctuation due to fluctuation in the electric
power demanded by itself. In other words, when there is a big fluctuation in the
voltage, that usually means that an electric power load has entered the section - i.e.
a trolleybus. Thus, the controller decides to stop charging and go into stand-by
mode, not discharging either. By this, is avoiding to take any risks to further charge
or discharge, and possibly increase the energy consumption or decrease the PV sys-
tem utilization respectively.

Regarding the discharge, if there is no electric power generation from the PV sys-
tem, the controller of the stationary energy storage system discharges with a decided
electric power based on a target voltage within a voltage bandwidth zone. If the
measured voltage is below the voltage bandwidth zone the controller targets the
middle of it, which is the target voltage to reach, and estimates the discharging elec-
tric power necessary to reach it. This estimation is done using equation 3.9 where
Vtarget is the target voltage, which is the middle of the voltage bandwidth zone,
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Vmeasured is the measured voltage at the connection point of the stationary energy
storage system with the trolleybus grid, and RSESS is the resistance of the electric
power lines from the substation to the stationary energy storage system connection
point with the section including the feeder cable length. It should be noted that
this equation is just an estimation for the case that there is one electric power load
in the section that causes that voltage drop. Nevertheless, it works adequately and
provides adequate voltage support even when used for cases with multiple electric
power loads causing the measured voltage drop. If the measured voltage is within
the voltage bandwidth zone, then it goes into the same state as it was in the previous
instance. In other words, if in the previous instance the stationary energy storage
system was in stand-by mode, it stays like this. If it was discharging with a specific
amount of electric power, then it discharges again with the same amount of electric
power. Finally, if the measured voltage is above the voltage bandwidth zone, then
the controller sets the stationary energy system to stand-by mode. In figure 3.19 is
illustrated a discharging scheme example of the stationary energy storage system
with a target voltage of 650 V and a voltage bandwidth of 20 V.

Pdischarge =
Vtarget ∗ Vmeasured − V2

measured
RSESS

(3.9)

Figure 3.19: Stationary energy storage discharging scheme example with a target voltage of
650 V and a voltage bandwidth of 40 V.

In a nutshell, using this control strategy, is prioritized the charge of the stationary en-
ergy storage system with electric power provided by the PV system while avoiding
taking the risk of discharging when there is electric power generation from it. Thus,
this control strategy avoids acting in a way that may decrease the PV system utiliza-
tion in order to try to decrease the voltage drops. Because it is targeted to charge
safely only when this is no traffic or when there is idling traffic, it can accurately
and safely calculate how much electric power to demand, not to draw more what
the PV system provides at that each instance. This comes as an adequate solution
to the original problem of the PV system utilization in trolleybus grids which is the
intermittency in PV system electric power generation and the trolleybus schedule –
i.e. at the gaps where there are no trolleybuses. Since the stationary energy storage
has to discharge also, this is done by targeting a certain voltage to achieve, thus
helping to reduce the severity of voltage drops but only when there is no electric
power generation from the PV system. More specifically, the effect of this control
strategy of the stationary energy storage to the voltage drops is described below.
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The magnitude and the density of voltage drops are affected by this control strategy
of the stationary energy storage in the following ways:

1. With electric power generation by the PV system and no or idle traffic: they
get increased from none to whatever the charging electric power cause them
to become – around 30 V drop on average in magnitude.

2. With electric power generation by the PV system and dense traffic: they re-
main the same as without an stationary energy storage system.

3. Without electric power generation by the PV system and no traffic: they re-
main the same as without an stationary energy storage system.

4. Without electric power generation by the PV and dense traffic: they are re-
duced, according to the set target voltage.

This control strategy is a yearly optimized control strategy as the intensity of charg-
ing changes during the year depending on the intensity of sun during the year and
the changes in the traffic schedules. For this work, has been deemed more logical to
focus on that since the PV system utilization is something that should be evaluated
in a yearly basis. Thus, is clear that if the stationary energy system is large enough
and if the year ends with the same state of charge (SoC) at the stationary energy
system as the when it started, the yearly energy used should be the same while the
PV system utilization should be increased. That is of course the ideal case scenario.
In reality there are loses on the lines, the self-discharge of the energy storage system
and the possibility that the control strategy may not be 100% accurate. The latter is
explained by charging with electric power higher than the supposed corresponding
one of the generated by the PV system. This is something to be taken account when
analyzing the results of this work.

3.5.2 Simulation parameters

As described in section 3.1, the sections that are simulated which are equipped
with a stationary energy storage system are section 25 (substation 9) and section
23 (substation 12). Besides the amount of solar energy provided to the PV system
throughout the year, the amount of energy charged in a yearly basis depends also
on the schedule and the amount of traffic in the simulated sections. Thus, since the
charging scheme remains the same for all simulation scenarios, is clear that the high
traffic sections, such as section 25, may provide less opportunities for the stationary
energy storage to get charged compared to the low traffic ones, such as section 23.
Also, the size of the PV system used has a key role on the amount of energy that
can be stored as smaller systems provide less energy during the year. This is some-
thing to be kept in mind at this work since those differences may change the energy
balance of charging-discharging of the stationary energy storage system, causing dif-
ferent effects on the behaviour of its state of charge (SoC).

It is important to note that voltage control used for this control strategy means
that the stationary energy storage system can only estimate the situation on the sec-
tion that is placed to. Thus, for section 23, which is fed with electric power provided
by substation 12, the PV utilization may be increased, but the total energy consump-
tion of the substation will be definitely increased. This is because substation 12 also
feeds with electric power section 24. Thus, the stationary energy storage system may
be getting charged with electric power provided by the PV system that is possibly
already being utilized on section 24. This problem could easily be avoided with a
simple communication link between the stationary energy system and the substation
of the simulated section. Via this communication link, the controller could know
the total demanded electric power of the other sections which are fed with electric
power by the same substation. This is something that is not implemented here.
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Figure 3.20: Voltage drops vs distance for the whole year for section 23 of the trolleybus
grid of Arnhem without the implementation of an stationary energy storage
system, and the selected positions of placement of one for the simulations of

this work (red circles).

Figure 3.21: Voltage drops vs distance for the whole year for section 25 of the trolleybus
grid of Arnhem without the implementation of an stationary energy storage
system, and the selected positions of placement of one for the simulations of

this work (red circles).

Regarding the discharging scheme, for all simulations of this work is utilized a tar-
get voltage which is at the middle of a voltage bandwidth zone of 20 V. The voltage
bandwidth zone is set in such a way that the upper bandwidth limit is one volt
lower than the voltage of the substation that feeds with electric power the simu-
lated section. This one volt reduction is done for safety reasons, accounting for a
margin of error to avoid possible overshoots of the voltage above the nominal volt-
age of the substation, causing electric power quality assurance issues. These values are
chosen as they are targeted to provide the best case scenario for the reduction of the
voltage drops. This also means that the stationary energy storage system discharges
rather aggressively and this is something that should be kept in mind when looking
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over the results of this work. The 20 V bandwidth is chosen as is found to provide
an adequate margin for error when estimating the electric power for discharging,
preventing overshoots that may cause the measured voltage to jump from values
below the lower bandwidth limit to values above the upper one. In equation 3.10

is presented the calculation of the target voltage for the discharging scheme of the
control strategy of the stationary energy storage system, where Vsubstation is the volt-
age of the substation and Vbandwidth is the bandwidth in volts, which is 20 V for this
work.

Vtarget = (Vsubstation − 1)− Vbandwidth
2

(3.10)

Regarding the placement of the stationary energy storage system, as described in
section 2.2.2, in this work is decided to be place on each simulated section of the
trolleybus grid of Arnhem. More analytically, multiple locations are used in order
to observe the effects of its position in relation to the PV system utilization and the
voltage drops. Those locations are decided according to which ones express the
most severe voltage drops in a yearly basis, which are usually are the trolleybus
stops. Those positions are chosen as those are considered to be needing the most
support for reducing the severity of voltage drops. More precisely, for section 23

the selected positions of an stationary energy storage system are at 400 m, 650 m,
and 825 m while for section 25 are at 435 m, at 650 m, and 750 m. In figure 3.20

and in figure 3.21 are illustrated the voltage drops vs distance for the whole year
for section 23 and section 25 respectively of the trolleybus grid of Arnhem without
the implementation of an stationary energy storage system. With red circles are
highlighted the selected positions of placement of a stationary energy storage system
for the simulations of this work. Is interesting to note that for both cases the electric
power feeding point is placed fairly close to the beginning of the section. In cases
where it is placed in the middle of the section, then a control of the stationary
energy storage system using a voltage control based scheme would become rather
challenging. This is because, depending on the position of the stationary energy
storage, the measured voltage will be able to provide information about the traffic
on the section only up to the point of the electric power feeding point position.
Thus, the controller is able to get an estimation only for part of the section and not
for the whole length of it. This is something not analyzed in this work.

3.6 conclusions
In this chapter have been presented the models used for the simulations of this
work such as the model of Arnhem’s trolleybus grid, the model for the PV system,
the model of the energy storage system along with the simulation parameters, and
the control models of the on-board and the stationary energy storage systems. The
creation and the complexity of any model has to do with the specific goal that is
targeted. Different goals require models of different complexity. This is especially
observed for the case of the control strategy of the stationary energy storage system
where different strategies can provide significantly different results. In the next
chapter (chapter 4) are presented the results regarding the impact of on-board and
stationary energy storage systems on parameters regarding the PV system utilization.



4 R E S U LT S - I M PA C T O N T H E P V
S Y S T E M U T I L I Z AT I O N

In this chapter are presented the results from the simulations of this work regarding the
impact of energy storage systems on the PV system utilization. First, a brief explanation
regarding terms important for the interpretation of the results is given, while afterwards,
the results regarding the impact of on-board and stationary energy storage systems on the
PV system utilization are presented.

4.1 general notes regarding the simulations
To get a better understanding of the cases simulated in this work, in table 4.1 and
in table 4.2 are presented the simulated scenarios for on-board and stationary energy
storage systems respectively. Is those are summarised all the decisions presented in
chapter 3.

Regarding the on-board energy storage systems, the various electric powers repre-
sent the various upper electric power thresholds while for the stationary energy
storage systems the various distances represent the various positions in respect to
the beginning of the section. It is important to note that for each simulated case
there are a set of extra simulations that account for the different PV system sizes. In
this work, the PV system size is always presented in percentage (%) in respect to a
PV system size for ζ=1 without energy storage. More analytically, regarding the on-
board energy storage systems, those are eleven (11) per simulation case (10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, 110%). Since the PV system is placed
on the AC side of the electric grid, as described in section 3.2, those simulations are
conducted after the simulation of each section. They are based on a comparison of
the demanded electric power by the substation and the supplied electric power by
the PV system to that substation, requiring for each simulation only a few seconds.

For the case of stationary energy storage systems, each system is aware of the
amount of electric power provided by the PV system at any given time, as de-
scribed in section 3.5. Thus, for each case multiple simulations must be conducted
that account for the different PV system sizes. More specifically, the various PV
system sizes are five (5) (10%, 25%, 50%, 75%, 100%). This increases drastically the
total simulation time since each simulation that correlates to each PV system size re-
quires around twenty (20) minutes to be conducted. This is why a lower resolution
of PV system sizes is used for the stationary energy storage systems. Finally, is im-
portant to mention that for each simulation case is implemented either an on-board
or a stationary energy storage system for each simulation and not both of them at
the same time.

53
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Table 4.1: On-board energy storage system simulation scenarios.
Substation 12 - section 23 & section 24

Supercapacitors (SC) Lithium-Titanate oxide (LTO)
1.484 kWh 2.968 kWh 4.452 kWh 1.5 kWh 3 kWh 4.5 kWh

↓ ↓ ↓ ↓ ↓ ↓
60 kW 60 kW 60 kW 60 kW 60 kW 60 kW
80 kW 80 kW 80 kW 80 kW 80 kW 80 kW
100 kW 100 kW 100 kW 100 kW 100 kW 100 kW
120 kW 120 kW 120 kW 120 kW 120 kW 120 kW
140 kW 140 kW 140 kW 140 kW 140 kW 140 kW

Substation 9 - section 25
Supercapacitors (SC) Lithium-Titanate oxide (LTO)

1.484 kWh 2.968 kWh 4.452 kWh 1.5 kWh 3 kWh 4.5 kWh
↓ ↓ ↓ ↓ ↓ ↓

60 kW 60 kW 60 kW 60 kW 60 kW 60 kW
80 kW 80 kW 80 kW 80 kW 80 kW 80 kW
100 kW 100 kW 100 kW 100 kW 100 kW 100 kW
120 kW 120 kW 120 kW 120 kW 120 kW 120 kW
140 kW 140 kW 140 kW 140 kW 140 kW 140 kW

Table 4.2: Stationary energy storage system simulation scenarios.
Substation 12 - section 23

Flywheels Lithium-Titanate oxide (LTO)
192 kWh 992 kWh 189 kWh 1008 kWh

↓ ↓ ↓ ↓
400 m 400 m 400 m 400 m
650 m 650 m 650 m 650 m
825 m 825 m 825 m 825 m

Substation 9 - section 25
Flywheels Lithium-Titanate oxide (LTO)

128 kWh 992 kWh 126 kWh 1008 kWh
↓ ↓ ↓ ↓

435 m 435 m 435 m 435 m
650 m 650 m 650 m 650 m
750 m 750 m 750 m 750 m

4.2 on-board energy storage systems
In figure 4.1 until figure 4.12 is illustrated the PV system utilization vs PV system
size vs upper electric power threshold for on-board energy storage systems equipped
with supercapacitors (SC) or lithium-titanate oxide (LTO) batteries of various capacities
for substation 12 and substation 9 in 3D form. The same plots in 2D form are
presented in figure 4.13 until figure 4.24 with the case without any energy storage
system to be presented with red. The dotted black line indicates the value of PV
system size after which the PV system utilization for the case of no storage starts to
become greater that the rest of the cases. Note that a different PV system utilization
scale is used for the two substations (20% to 60% for substation 12 and 15% to 35%
for substation 9) to best represent the range of values observed for each one.
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Figure 4.1: Substation 12 PV system utilization vs PV system size vs upper electric power
threshold for on-board energy storage system equipped with supercapacitors (SC)

of 1.484 kWh.

Figure 4.2: Substation 12 PV system utilization vs PV system size vs upper electric power
threshold for on-board energy storage system equipped with supercapacitors (SC)

of 2.968 kWh.

Figure 4.3: Substation 12 PV system utilization vs PV system size vs upper electric power
threshold for on-board energy storage system equipped with supercapacitors (SC)

of 4.452 kWh.
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Figure 4.4: Substation 12 PV system utilization vs PV system size vs upper electric power
threshold for on-board energy storage system equipped with lithium-titanate oxide

(LTO) batteries of 1.5 kWh.

Figure 4.5: Substation 12 PV system utilization vs PV system size vs upper electric power
threshold for on-board energy storage system equipped with lithium-titanate oxide

(LTO) batteries of 3 kWh.

Figure 4.6: Substation 12 PV system utilization vs PV system size vs upper electric power
threshold for on-board energy storage system equipped with lithium-titanate oxide

(LTO) batteries of 4.5 kWh.
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Figure 4.7: Substation 9 PV system utilization vs PV system size vs upper electric power
threshold for on-board energy storage system equipped with supercapacitors (SC)

of 1.484 kWh.

Figure 4.8: Substation 9 PV system utilization vs PV system size vs upper electric power
threshold for on-board energy storage system equipped with supercapacitors (SC)

of 2.968 kWh.

Figure 4.9: Substation 9 PV system utilization vs PV system size vs upper electric power
threshold for on-board energy storage system equipped with supercapacitors (SC)

of 4.452 kWh.



58 results - impact on the pv system utilization

Figure 4.10: Substation 9 PV system utilization vs PV system size vs upper electric power
threshold for on-board energy storage system equipped with lithium-titanate

oxide (LTO) batteries of 1.5 kWh.

Figure 4.11: Substation 9 PV system utilization vs PV system size vs upper electric power
threshold for on-board energy storage system equipped with lithium-titanate

oxide (LTO) batteries of 3 kWh.

Figure 4.12: Substation 9 PV system utilization vs PV system size vs upper electric power
threshold for on-board energy storage system equipped with lithium-titanate

oxide (LTO) batteries of 4.5 kWh.
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Figure 4.13: Substation 12 PV system utilization vs PV system size for various upper
electric power thresholds for on-board energy storage system equipped with

supercapacitors (SC) of 1.484 kWh.

Figure 4.14: Substation 12 PV system utilization vs PV system size for various upper
electric power thresholds for on-board energy storage system equipped with

supercapacitors (SC) of 2.968 kWh.

Figure 4.15: Substation 12 PV system utilization vs PV system size for various upper
electric power thresholds for on-board energy storage system equipped with

supercapacitors (SC) of 4.452 kWh.
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Figure 4.16: Substation 12 PV system utilization vs PV system size for various upper
electric power thresholds for on-board energy storage system equipped with

lithium-titanate oxide (LTO) batteries of 1.5 kWh.

Figure 4.17: Substation 12 PV system utilization vs PV system size for various upper
electric power thresholds for on-board energy storage system equipped with

lithium-titanate oxide (LTO) batteries of 3 kWh.

Figure 4.18: Substation 12 PV system utilization vs PV system size for various upper
electric power thresholds for on-board energy storage system equipped with

lithium-titanate oxide (LTO) batteries of 4.5 kWh.
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Figure 4.19: Substation 9 PV system utilization vs PV system size for various upper electric
power thresholds for on-board energy storage system equipped with

supercapacitors (SC) of 1.484 kWh.

Figure 4.20: Substation 9 PV system utilization vs PV system size for various upper electric
power thresholds for on-board energy storage system equipped with

supercapacitors (SC) of 2.968 kWh.

Figure 4.21: Substation 9 PV system utilization vs PV system size for various upper electric
power thresholds for on-board energy storage system equipped with

supercapacitors (SC) of 4.452 kWh.
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Figure 4.22: Substation 9 PV system utilization vs PV system size for various upper electric
power thresholds for on-board energy storage system equipped with

lithium-titanate oxide (LTO) batteries of 1.5 kWh.

Figure 4.23: Substation 9 PV system utilization vs PV system size for various upper electric
power thresholds for on-board energy storage system equipped with

lithium-titanate oxide (LTO) batteries of 3 kWh.

Figure 4.24: Substation 9 PV system utilization vs PV system size for various upper electric
power thresholds for on-board energy storage system equipped with

lithium-titanate oxide (LTO) batteries of 4.5 kWh.
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OESS - Substation 12 – Comparison of capacities.
For the case of supercapacitors (SC), when comparing the various capacities (fig-
ure 4.1 to figure 4.3 and figure 4.13 to figure 4.15), is observed a very similar PV
system utilization response in regard to the PV system size for the various up-
per electric power thresholds. This shows that an on-board energy storage system
equipped with supercapacitors (SC) with an energy capacity larger than at least of
1.484 kWh does not provide any significant change in the results for a low traffic
substation. Regarding the case of lithium-titanate oxide (LTO) batteries (figure 4.4 to
figure 4.6 and figure 4.16 to figure 4.18), similar behaviour is observed but with a
note. More specifically, although comparing the various capacities is observed that
the PV system utilization response in regard to the PV system size for the various
upper electric power thresholds is quite similar, is observed that the smaller the
energy capacity is, the smaller the spectrum of differences is for the different upper
electric power thresholds. In other words, the smaller the energy capacity is, the
less impact there is to a change in the PV system utilization compared to the case
without any energy storage system implemented. This comes down to the limi-
tations of the lithium-titanate oxide (LTO) batteries regarding the amount of electric
power that they can accept or provide in small capacities, as described in section 3.3,
in Table 3.6. In small capacities, lithium-titanate oxide (LTO) batteries are limited to
such an extend in accepting or providing electric power that their implementation
to on-board energy storage systems does not provide any significant benefit. Thus,
this proves the initial speculation that lithium-titanate oxide (LTO) batteries would
not perform adequately enough for increasing PV system utilization when imple-
mented in on-board energy storage systems for low traffic substations.

OESS - Substation 12 – Comparison of upper electric power thresholds.
For the case of supercapacitors (SC), for all three cases of capacities (figure 4.1 to fig-
ure 4.3 and figure 4.13 to figure 4.15), is observed that lower electric power thresh-
olds provide the biggest PV system utilization increase, for PV system sizes smaller
than 55% compared to the case without any energy storage system implemented.
Nevertheless, for PV system sizes bigger than that, this behaviour gradually changes
for increasingly more, different values of upper electric power thresholds, and at
100%, the PV system utilization compared to the case without any energy storage
system implemented has either not changed or even decreased up to 0.5 percentage
points for the majority of the different electric power thresholds. The same behav-
ior is observed for the case of lithium-titanate oxide (LTO) batteries (figure 4.4 to
figure 4.6 and figure 4.16 to figure 4.18). Again the differences in PV system utiliza-
tion for the various upper electric power thresholds are small – i.e, a more similar
response between each electric power threshold. For both supercapacitors (SC) and
lithium-titanate oxide (LTO) batteries, this shows that if is utilized a PV system which
is sized originally for an energy-neutrality ratio of ζ=1 without energy storage for
a substation of low traffic, the implementation of on-board energy storage systems
may provide a decrease in the PV system utilization or at best not provide any
change at all. This phenomenon is interesting and has to do with the properties
of the section or sections that are supplied with electric power from the substation.
More specifically, this is more evident for sections with low traffic, or for sections
which are shorter where trolleybuses are less likely to frequently stop. The fewer
times the trolleybuses have to stop the less time there is regenerative braking en-
ergy being produced. Thus, fewer times the on-board energy storage system is able
to store electric energy not letting other trolleybuses to be provided by it, and conse-
quently, force them to be provided with electric power provided by the substation,
which in turn may be provided with electric power by the PV system.

OESS - Substation 12 – Comparison of technologies.
As can be understood from the aforementioned results, lithium-titanate oxide (LTO)
batteries provide a much smaller spectrum of possible results for PV system uti-
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lization regarding different capacities and different electric power thresholds, when
compared to supercapacitors (SC). For smaller PV system sizes and for higher capac-
ities of lithium-titanate oxide (LTO) batteries, are observed the best cases for their
implementation. Nevertheless, the results show a worse overall behavior compared
to supercapacitors (SC) when used in on-board energy storage systems for substations
with low traffic.

OESS - Substation 9 – Comparison of capacities.
For the case of supercapacitors (SC), when comparing the various capacities (fig-
ure 4.7 to figure 4.9 and figure 4.19 to figure 4.21), is observed the same behavior as
with the one for substation 12. More specifically, is once again observed a very sim-
ilar PV system utilization response in regard to the PV system size for the various
upper electric power thresholds. The same behavior as substation 12 is observed
for the case of lithium-titanate oxide (LTO) batteries too (figure 4.10 to figure 4.12 and
figure 4.22 to figure 4.24). More specifically, is observed that the smaller the energy
capacity is, the smaller the spectrum of differences is for the different upper electric
power thresholds. Thus, for once again, even for substations with higher traffic
such as substation 9, lithium-titanate oxide (LTO) batteries exhibit a limited benefit
when implemented as on-board energy storage systems.

OESS - Substation 9 – Comparison of upper electric power thresholds.
For the case of supercapacitors (SC), for all three cases of capacities (figure 4.7 to
figure 4.9 and figure 4.19 to figure 4.21), is observed that almost all electric power
thresholds provide a higher PV system utilization increase, for PV system sizes
smaller than 90% compared to the case without any energy storage system imple-
mented. This is quite a different behavior compared to the one observed for a low
traffic substation such as substation 12. Even for PV system sizes bigger than 90%
this behaviour does not change, except for the case of 60 kW of upper electric power
threshold. Especially for the case of 100 kW of upper electric power threshold, the
PV system utilization is increased throughout almost the whole PV system size
spectrum of around 1.5 percentage points. The same behavior is observed for the
case of lithium-titanate oxide (LTO) batteries (figure 4.10 to figure 4.12 and figure 4.22

to figure 4.24), but again with smaller differences in PV system utilization for the
various upper electric power thresholds – i.e, a more similar response between each
electric power threshold, exactly like for the case of substation 12. This shows that
if is utilized a PV system which is sized originally for an energy-neutrality ratio
of ζ=1 without energy storage for a substation of high traffic, the implementation
of on-board energy storage systems may provide an increase in the PV system uti-
lization for the majority of upper electric power thresholds. This phenomenon is
based on the same logic as described for substation 12. Substation 9 is a high traffic
substation, thus providing more time instances when trolleybuses produce electric
energy via regenerative braking. Thus, the on-board energy storage system is more
times able to store this electric energy, not letting other trolleybuses to be provided
by it, forcing them to be provided with electric power provided by the substation,
which in turn may be provided with electric power by the PV system.

OESS - Substation 9 – Comparison of technologies.
Once again, from the aforementioned results, lithium-titanate oxide (LTO) batteries
provide a much smaller spectrum of possible results regarding different capacities
and different electric power thresholds, when compared to supercapacitors (SC). Sim-
ilarly to the case of substation 12, for smaller PV system sizes and for larger capac-
ities of lithium-titanate oxide (LTO) batteries, are observed the best cases, beneficial
for their implementation. In general, lithium-titanate oxide (LTO) batteries seem to
provide a bigger benefit when implemented to a high traffic substation compared
to a low one, but still provide worse results compared to supercapacitors (SC).
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Figure 4.25: Substation 12 PV system utilization vs direct load coverage Λ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 1.484 kWh.

Figure 4.26: Substation 12 PV system utilization vs direct load coverage Λ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 2.968 kWh.

Figure 4.27: Substation 12 PV system utilization vs direct load coverage Λ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 4.452 kWh.
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Figure 4.28: Substation 12 PV system utilization vs direct load coverage Λ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 1.5 kWh.

Figure 4.29: Substation 12 PV system utilization vs direct load coverage Λ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 3 kWh.

Figure 4.30: Substation 12 PV system utilization vs direct load coverage Λ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 4.5 kWh.
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Figure 4.31: Substation 9 PV system utilization vs direct load coverage Λ for various upper
electric power thresholds for on-board energy storage system equipped with

supercapacitors (SC) of 1.484 kWh.

Figure 4.32: Substation 9 PV system utilization vs direct load coverage Λ for various upper
electric power thresholds for on-board energy storage system equipped with

supercapacitors (SC) of 2.968 kWh.

Figure 4.33: Substation 9 PV system utilization vs direct load coverage Λ for various upper
electric power thresholds for on-board energy storage system equipped with

supercapacitors (SC) of 4.452 kWh.
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Figure 4.34: Substation 9 PV system utilization vs direct load coverage Λ for various upper
electric power thresholds for on-board energy storage system equipped with

lithium-titanate oxide (LTO) batteries of 1.5 kWh.

Figure 4.35: Substation 9 PV system utilization vs direct load coverage Λ for various upper
electric power thresholds for on-board energy storage system equipped with

lithium-titanate oxide (LTO) batteries of 3 kWh.

Figure 4.36: Substation 9 PV system utilization vs direct load coverage Λ for various upper
electric power thresholds for on-board energy storage system equipped with

lithium-titanate oxide (LTO) batteries of 4.5 kWh.
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To get an overall image of the effect of the the on-board energy storage systems to the
trolleybus grid, is interesting to observed the response of the PV system utilization
in regard to the direct load coverage Λ. In figure 4.25 until figure 4.36 is illustrated
the PV system utilization vs the direct load coverage Λ for various upper electric
power thresholds for on-board energy storage systems equipped with supercapacitors
(SC) or lithium-titanate oxide (LTO) batteries of various capacities for substation 12

and substation 9.

For all simulated cases (figure 4.25 to figure 4.36), is evident that the direct load
coverage Λ is increased compared to the case without any energy storage system
implemented. This is also the case for the lithium-titanate oxide (LTO) batteries, even
if the increase is smaller compared to the one for the supercapacitors (SC). This shows
that for all cases the use of on-board energy storage systems can help the system
achieve the same PV system utilization as the one with a PV system sized for an
energy-neutrality ratio ζ=1 without energy storage, while using a smaller PV sys-
tem size. This phenomenon is observed both for substation 12 and substation 9

and is more profound for the cases of supercapacitors (SC) irrespectively of their en-
ergy capacity, with an upper electric power threshold of 100 kW. This is because
an upper electric power threshold of 100 kW is found to provide the best balance
of energy used and stored from the regenerative braking. Similarly, for the cases
of lithium-titanate oxide (LTO) batteries, this phenomenon is again present, both for
substation 12 and substation 9, independently of their energy capacity but with an
upper electric power threshold of 60 kW. This is logical due to their limited elec-
tric power that they can provide, which translates to a lower total electric energy.
A lower upper electric threshold means that the on-board energy storage is able to
provide more times electric power thus increasing the total provided electric energy,
even if the maximum provided electric power is small. As a result, this increases
the probability of them getting discharged, thus being more times available to get
charged via the energy provided from regenerative braking.

In appendix A are provided extra graphs both for on-board energy storage systems.
More specifically are provided graphs regarding the the PV system utilization vs
energy-neutrality ratio ζ for various upper electric power thresholds for on-board
energy storage systems equipped with supercapacitors (SC) or lithium-titanate oxide
(LTO) batteries of various capacities for substation 12 and substation 9. Also are
provided graphs that illustrate the direct load coverage Λ vs energy-neutrality ratio
ζ for various upper electric power thresholds for on-board energy storage systems
equipped with supercapacitors (SC) or lithium-titanate oxide (LTO) batteries of various
capacities for substation 12 and substation 9.

4.3 stationary energy storage systems
In figure 4.38 until figure 4.45 is illustrated the PV system utilization vs PV system
size vs position for stationary energy storage systems equipped with flywheels or
lithium-titanate oxide (LTO) batteries of various capacities for substation 12 and sub-
station 9 in 3D form. The same plots in 2D form are presented in figure 4.46 until
figure 4.53 with the case without any energy storage system to be presented with
red. Note that a different PV system utilization scale is used for the two substations
(20% to 60% for substation 12 and 15% to 35% for substation 9) to best represent
the range of values observed for each one. At this point it is crucial to mention that
the control strategy implemented for the stationary energy storage system is highly
affecting the results. Since is a control strategy developed having yearly energy
storage charging and discharging schemes in mind, it is not very favorable to be
used with flywheels. This is because of their very high self-discharge compared to
lithium-titanate oxide (LTO) batteries.
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SESS - Substation 12 – Comparison of capacities.
For the case of flywheels, when comparing the various capacities (figure 4.38 to fig-
ure 4.39 and figure 4.46 to figure 4.47), is observed quite a different PV system
utilization response in regard to the PV system size for the various positions. More
specifically, is observed a slightly higher overall increase in PV system utilization
for a stationary energy storage system equipped with a larger energy capacity of
flywheels compared to a one with a smaller one, with a response which is almost
identical for each position. For the case of a larger capacities of flywheels, for all
PV system sizes, the state of charge (SoC) was close to zero by the end of the first
week of the year. This is an outcome mainly due to the selected control strategy
and not a generalizable conclusion that flywheels are a bad energy storage technol-
ogy. This leads for all positions to express the same behavior. In other words, the
stationary energy storage system was empty, or at least below the lower state of
charge (SoC) limit by the end of the first week of the year, which means that all the
energy that was provided by the PV system and was stored, was lost as heat due to
self-discharge. This is observed in figure 4.37 where is illustrated an example of the
state of charge (SoC) of a stationary energy storage system equipped with flywheels
of 992 kWh placed at 650 m on Substation 12 and a PV system size of 100%. This
also means that the stationary energy storage system was never able to provide any
electric power and thus help with the voltage drops. In contrary, for smaller capac-
ities of flywheels, there is still a considerable increase in the PV system utilization
compared to the case without any energy storage implemented for all positions,
but is not the same for all positions for PV system sizes larger than 25%. It is also
overall lower compared to the case of a larger capacities of them. This happens
because in a low traffic substation where there are more intermittencies, a small
energy capacity stationary energy storage system is more likely to get full, thus not
being able to store more electric energy provided by the PV system, even with the
high self-discharge of flywheels. For the case of lithium-titanate oxide (LTO) batteries,
when comparing the various capacities (figure 4.40 to figure 4.41 and figure 4.48 to
figure 4.49), is observed a similar PV system utilization response in regard to the PV
system size for the various positions. This shows that an stationary energy storage
system equipped with lithium-titanate oxide (LTO) batteries, if placed in a substation
with high traffic, needs to be considerably larger since the control strategy used
renders it full, not being able to accept any more electric energy by the PV system.

Figure 4.37: State of charge (SoC) of a stationary energy storage system equipped with
flywheels of 992 kWh placed at 650 m on Substation 12 and a PV system size of

100%.
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Figure 4.38: Substation 12 PV system utilization vs PV system size vs position for stationary
energy storage system equipped with flywheels of 192 kWh.

Figure 4.39: Substation 12 PV system utilization vs PV system size vs position for stationary
energy storage system equipped with flywheels of 992 kWh.
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Figure 4.40: Substation 12 PV system utilization vs PV system size vs position for stationary
energy storage system equipped with lithium-titanate batteries of 189 kWh.

Figure 4.41: Substation 12 PV system utilization vs PV system size vs position for stationary
energy storage system equipped with lithium-titanate batteries of 1008 kWh.
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Figure 4.42: Substation 9 PV system utilization vs PV system size vs position for stationary
energy storage system equipped with flywheels of 128 kWh.

Figure 4.43: Substation 9 PV system utilization vs PV system size vs position for stationary
energy storage system equipped with flywheels of 992 kWh.
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Figure 4.44: Substation 9 PV system utilization vs PV system size vs position for stationary
energy storage system equipped with lithium-titanate oxide (LTO) batteries of

126 kWh.

Figure 4.45: Substation 9 PV system utilization vs PV system size vs position for stationary
energy storage system equipped with lithium-titanate oxide (LTO) batteries of

1008 kWh.
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Figure 4.46: Substation 12 PV system utilization vs PV system size for various positions for
stationary energy storage system equipped with flywheels of 192 kWh.

Figure 4.47: Substation 12 PV system utilization vs PV system size for various positions for
stationary energy storage system equipped with flywheels of 992 kWh.
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Figure 4.48: Substation 12 PV system utilization vs PV system size for various positions for
stationary energy storage system equipped with lithium-titanate batteries (LTO)

of 189 kWh.

Figure 4.49: Substation 12 PV system utilization vs PV system size for various positions for
stationary energy storage system equipped with lithium-titanate batteries (LTO)

of 1008 kWh.
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Figure 4.50: Substation 9 PV system utilization vs PV system size for various positions for
stationary energy storage system equipped with flywheels of 128 kWh.

Figure 4.51: Substation 9 PV system utilization vs PV system size for various positions for
stationary energy storage system equipped with flywheels of 992 kWh.
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Figure 4.52: Substation 9 PV system utilization vs PV system size for various positions for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 126 kWh.

Figure 4.53: Substation 9 PV system utilization vs PV system size for various positions for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 1008 kWh.
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SESS - Substation 12 – Comparison of positions.
For the case of flywheels, when comparing the various positions (figure 4.38 to fig-
ure 4.39 and figure 4.46 to figure 4.47), is observed that for the case smaller ca-
pacities, the further the stationary energy storage system is placed from the electric
power feeding point, the higher the PV system utilization is. This has to do with the
selected positions and the discharging scheme. Since are selected positions with se-
vere voltage drops, the further away the stationary energy storage system is placed
from the electric power feeding point, the more likely is for these voltage drops
to be more severe. Thus, the stationary energy storage system can discharge more
frequently and have more frequently the availability to get charged again. This in-
creases the PV system utilization since the stationary energy storage system control
strategy targets to charged with electric energy provided by the PV system. For the
case of larger capacities of flywheels, as already described, those express the same
response for each position since the stationary energy storage system is basically
empty due to self-discharge. For the case of lithium-titanate oxide (LTO) batteries,
when comparing the various positions (figure 4.40 to figure 4.41 and figure 4.48 to
figure 4.49), is observed that for all capacities, there is a higher PV system utiliza-
tion the further away the stationary energy storage system is placed from the electric
power feeding point. This happens due to the same reasons as explained for the
case of flywheels.

SESS - Substation 12 – Comparison of technologies.
As can be understood from the aforementioned results, flywheels perform overall
worse compared to lithium-titanate oxide (LTO) batteries when it comes to be used in
stationary energy storage systems in conjunction with the specific control strategy.
Their very high self-discharge compared to lithium-titanate oxide (LTO) batteries may
render them empty rather quickly, thus not being able to provide any electric power
to the trolleybus grid. On the other hand, lithium-titanate oxide (LTO) batteries pro-
vide a much better solution for this kind of applications especially when placed at
positions with severe voltage drops. Those positions are are usually further away
from the electric power feeding point. The results presented reflect substations with
low traffic.

SESS - Substation 9 – Comparison of capacities.
For the case of flywheels, when comparing the various capacities (figure 4.42 to fig-
ure 4.43 and figure 4.50 to figure 4.51), is observed a similar PV system utilization
response in regard to the PV system size for the various positions. There is however
an exemption for the case of smaller capacities placed close to the electric power
feeding point, when the PV system size becomes bigger than 75%. This happens as
the closer the selected position is to the electric power feeding point, the smaller is
the severity of the voltage drops. Thus the stationary energy storage system is not
able to discharge as much using this control strategy. For all the other cases, the
PV system utilization increases approximately by the same amount for all positions.
This is once again the result of a stationary energy storage system which is mainly
empty, caused by the high self-discharge of flywheels. Both the high self-discharge
and the high traffic found in this substation, do not provide ideal conditions for
the stationary energy storage system to get charged, when using this control strat-
egy. This happens only slightly, for bigger PV system sizes, as there is more electric
energy provided by the PV system throughout the year. The same response is ob-
served for the lithium-titanate oxide (LTO) batteries too (figure 4.44 to figure 4.45 and
figure 4.52 to figure 4.53). Although their self-discharge is much smaller compared
to flywheels, the high traffic found in this substation simply does not provide enough
time gaps where there is no or idling traffic to give the opportunity to the stationary
energy storage system to get charged. This happens mainly for PV systems larger
than 60% and the implemented control strategy has a main role for that.
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SESS - Substation 9 – Comparison of positions.
For both cases of flywheels and lithium-titanate oxide (LTO) batteries, when compar-
ing the various positions (figure 4.42 to figure 4.45 and figure 4.50 to figure 4.53), is
observed a very similar PV system utilization response in regard to the PV system
size for all positions, especially for smaller PV system sizes. This is the case for
all capacities and the reason that this happens is the same one as explained when
comparing the capacities; an empty stationary energy storage for the most cases due
to the lack of enough time gaps where there is no or idling traffic in high traffic
substations that provide the opportunity for the stationary energy storage system to
get charged, using this specific control strategy.

SESS - Substation 9 – Comparison of technologies.
Comparing the two technologies the results are quite different compared to the ones
from substation 12. Flywheels are still a poor choice when it comes to be used in
stationary energy storage systems in conjunction with a yearly optimized control
strategy for the same reasons as before. Nevertheless, when a stationary energy stor-
age is used in a high traffic substation using a yearly optimized control strategy,
even lithium-titanate oxide (LTO) batteries perform similarly to flywheels since there
is not enough available time instances throughout the year to get charged to be full.
Thus, they end up performing similarly to flywheels since they are mainly empty,
especially for PV system sizes smaller than 75%.

To get an overall image of the effect of the the stationary energy storage systems
to the trolleybus grid, is interesting to observed the response of the PV system uti-
lization in regard to the direct load coverage Λ. In figure 4.54 until figure 4.61 is
illustrated the PV system utilization vs the direct load coverage Λ for various posi-
tions for stationary energy storage systems equipped with flywheels or lithium-titanate
oxide (LTO) batteries of various capacities for substation 12 and substation 9.

For all simulated cases (figure 4.54 to figure 4.61), is evident that the direct load
coverage Λ is increased compared to the case without any energy storage system
implemented. Like for the case of on-board energy storage systems, this shows that
for all cases, the use of stationary energy storage systems can help the system achieve
the same PV system utilization as the one with a PV system sized for an energy-
neutrality ratio ζ=1 without energy storage, while using a smaller PV system size.
This phenomenon is evident both for substation 12 and substation 9 and is more
profound for the cases of flywheels, irrespectively of their energy capacity, with a
position further away from the electric power feeding point. This happens mainly
due to the high self-discharge of the flywheels which renders them more available to
be charged with energy provided by the PV system but in reality, this energy most
of the times is wasted in the form of heat. Similarly, for the cases of lithium-titanate
oxide (LTO) batteries, this behavior is again present for both substation 12 and sub-
station 9, independently of their energy capacity, and similarly is more profound
for a position further away from the electric power feeding point.

In appendix A are provided extra graphs stationary energy storage systems. More
specifically are provided graphs regarding the PV system utilization vs energy-
neutrality ratio ζ for various positions for stationary energy storage systems equipped
with flywheels or lithium-titanate oxide (LTO) batteries of various capacities for sub-
station 12 and substation 9. Also are provided graphs that illustrate the direct load
coverage Λ vs energy-neutrality ratio ζ for various positions for stationary energy
storage systems equipped with flywheels or lithium-titanate oxide (LTO) batteries of
various capacities for substation 12 and substation 9.
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Figure 4.54: Substation 12 PV system utilization vs direct load coverage Λ for various
upper electric power thresholds for stationary energy storage system equipped

with flywheels of 192 kWh.

Figure 4.55: Substation 12 PV system utilization vs direct load coverage Λ for various
upper electric power thresholds for stationary energy storage system equipped

with flywheels of 992 kWh.
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Figure 4.56: Substation 12 PV system utilization vs direct load coverage Λ for various
upper electric power thresholds for stationary energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 189 kWh.

Figure 4.57: Substation 12 PV system utilization vs direct load coverage Λ for various
upper electric power thresholds for stationary energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 1008 kWh.
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Figure 4.58: Substation 9 PV system utilization vs direct load coverage Λ for various upper
electric power thresholds for stationary energy storage system equipped with

flywheels of 128 kWh.

Figure 4.59: Substation 9 PV system utilization vs direct load coverage Λ for various upper
electric power thresholds for stationary energy storage system equipped with

flywheels of 992 kWh.
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Figure 4.60: Substation 9 PV system utilization vs direct load coverage Λ for various upper
electric power thresholds for stationary energy storage system equipped with

lithium-titanate oxide (LTO) batteries of 126 kWh.

Figure 4.61: Substation 9 PV system utilization vs direct load coverage Λ for various upper
electric power thresholds for stationary energy storage system equipped with

lithium-titanate oxide (LTO) batteries of 1008 kWh.
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4.4 conclusions
In this chapter have been presented the results from the simulations of this work
regarding the impact of on-board and stationary energy storage systems on the PV
system utilization. After has been given a brief explanation regarding terms impor-
tant for the interpretation of the results, there were presented the results regarding
the impact of the on-board and the stationary energy storage systems on the PV sys-
tem utilization.

On-board energy storage systems are more beneficial to be used when equipped
with supercapacitors (SC) of small capacities, as there is no additional benefit in us-
ing larger ones. It is more beneficial if placed at higher traffic substations with
upper electric power thresholds of 80 kW - 100 kW for PV system sizes up to 90%.
Nevertheless, even for a PV system size that represents the best-case scenario, which
is usually a small one, the expected PV system utilization increase is less than 1.5
percentage points while for a PV system size of 90% it is around 0.5 percentage
points. From the simulations, the best overall case scenario is for an on-board energy
storage system equipped with supercapacitors (SC) of small energy capacity, placed
at a high traffic substation with a PV system size of 80% and with an upper electric
power threshold of 100 kW. This provides an all around best scenario with a PV
system utilization increase of around 1 percentage point.

On the other hand, the impact of stationary energy storage systems on the PV system
utilization and on the trolleybus grid in general is heavily correlated to the control
strategy used. As described in section 3.5. For each technology, PV system size,
trolleybus grid section, and preferred results (improve the PV system utilization
or favour parameters related to the multifunctionality of the trolleybus grid) there
should be a specific control strategy. Thus, it is safe to conclude that the compar-
ison of stationary energy storage systems to other energy storage systems cannot
be straightforward. For this control strategy, stationary energy storage systems are
more beneficial to be used equipped with lithium-titanate oxide (LTO) batteries of
small or large capacities. For high traffic substations they perform well for small
PV system sizes while for low traffic substations they perform well for high PV
system sizes. Usually, it is more beneficial if placed to positions further away from
the electric power feeding point since the severity of voltage drops is higher there,
rendering them more able to discharge. From the simulations, the best overall case
scenario is for an stationary energy storage system equipped with lithium-titanate ox-
ide (LTO) batteries of small energy capacity, placed at a high traffic substation with
a PV system size of 75%. This provides a PV system utilization increase of around
6.5 percentage points.

In the next chapter (chapter 5) is analyzed the impact of on-board and stationary
energy storage systems on parameters related to the multifunctionality of the trolley-
bus grid, such as the total yearly electric energy consumption and the voltage drops
occurred.



5
R E S U LT S - I M PA C T O N T H E
M U LT I F U N C T I O N A L I T Y O F T H E
T R O L L E Y B U S G R I D

In this chapter are presented the results from the simulations of this work regarding the
impact of energy storage systems on the multifunctionality of the trolleybus grid. First,
the impact of on-board and stationary energy storage systems on the yearly electric energy
consumption of the trolleybus grid is evaluated, and afterwards, the results regarding their
impact on the voltage drops occurred in the trolleybus grid are analyzed.

5.1 yearly electric energy consumption
When implementing an energy storage system in a trolleybus grid, either on-board or
stationary, is interesting to observed how it may affect parameters that are correlated
to the multifunctionality of the trolleybus grid. More specifically, in this section is
analyzed the impact of each type of energy storage system on the total electric
energy demand from one low traffic and one high traffic substation in a yearly
basis.

5.1.1 On-board energy storage systems

In figure 5.1 until figure 5.4 are presented the graphs of the yearly electric energy
supplied by the substation vs upper electric power threshold for on-board energy
storage systems equipped with supercapacitors (SC) or lithium-titanate oxide (LTO)
batteries for various capacities for substation 12 and substation 9, with the case
without any energy storage system to be presented with a red line.

Regarding on-board energy storage systems equipped with supercapacitors (SC) (fig-
ure 5.1 and figure 5.3), for both substations is observed a similar response for each
capacity and for the various upper electric power thresholds. More particularly, is
observed that for both technologies and for the majority of cases, the reduction of
the yearly electric energy supplied by the substation is around 18%. Even for the
smaller capacities this number rarely goes below 16%. The best cases are observed
for upper electric power thresholds of 60 kW to 100 kW and for capacities close to
3 kWh, but all the rest cases provide all around good results as well. This behavior
is based on the fundamentals of operation of on-board energy storage systems as de-
scribed in section 2.2.2. Since on-board energy storage systems are specifically made
to be charged with electric energy provided by regenerative braking by the trolley-
buses, is logical that they utilize electric energy possibly otherwise wasted on the
resistors of the trolleybuses. Of course this electric energy could be utilized for pow-
ering other trolleybuses on the section, but the results prove that the intermittencies
of trolleybuses providing electric power to the trolleybus grid due to regenerative
braking and of the trolleybuses being able to accept this electric power at any given
point are many. Thus, on-board energy storage systems equipped with supercapaci-
tors (SC), even of small capacities, are a great choice to be used for reducing total
yearly electric energy consumed in a trolleybus grid, providing a positive impact
on the multifunctionality of the trolleybus grid, while at the same time increasing for
some cases the PV system utilization, as described in section 4.2. This is the case
for both low traffic and high traffic substations.
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Figure 5.1: Substation 12 yearly energy supplied vs upper electric power threshold for
on-board energy storage system equipped with supercapacitors (SC) for various

capacities.

Figure 5.2: Substation 12 yearly energy supplied vs upper electric power threshold for
on-board energy storage system equipped with lithium-titanate oxide (LTO)

batteries for various capacities.
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Figure 5.3: Substation 9 yearly energy supplied vs upper electric power threshold for
on-board energy storage system equipped with supercapacitors (SC) for various

capacities.

Figure 5.4: Substation 9 yearly energy supplied vs upper electric power threshold for
on-board energy storage system equipped with lithium-titanate oxide (LTO)

batteries for various capacities.
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On the other hand, regarding on-board energy storage systems equipped with lithium-
titanate oxide (LTO) batteries (figure 5.2 and figure 5.4), for once again is observed
for both substations the same response for each capacity and for the various upper
electric power thresholds. Although the results are obviously worse compared to
the case of supercapacitors (SC), in this case too is observed a reduction in the total
yearly electric energy supplied by the substation. More specifically, this reduction
does not change significantly with the various upper electric power thresholds, but
it does change with the various capacities. This is due to the more electric power
that the on-board energy storage systems can accept or provide when larger capac-
ities of lithium-titanate oxide (LTO) batteries are used, as described in section 3.3.
Thus, for smaller capacities the yearly electric energy reduction is around 4% while
for larger ones is around 9%, for both substations and for the majority of upper
electric power thresholds. It is interesting to note that for smaller upper electric
power thresholds the reduction in the yearly electric energy consumption is larger
compared to larger ones. This happens for the same reason the PV system utiliza-
tion is higher for smaller values of upper electric power thresholds, as described is
section 4.2; the on-board energy storage system equipped with lithium-titanate oxide
(LTO) batteries is more times able to accept electric power for charging, resulting
in increasing the electric energy stored in per year basis although the maximum
electric power that it can accept at any given instance is small.

5.1.2 Stationary energy storage systems

As far stationary energy storage systems are concerned, the results are interesting
but overall expected. In figure 5.6 until figure 5.17 are presented the graphs of the
yearly electric energy supplied by the substation vs PV system size for stationary en-
ergy storage systems equipped with flywheels or lithium-titanate oxide (LTO) batteries
for various positions for substation 12 and substation 9, with the case without any
energy storage system to be presented with a red line. The PV system size is used
at the x axis is because is directly correlated to the charging scheme of the stationary
energy storage system. Thus, for this control strategy, for smaller PV system sizes
less electric energy is able to be stored compared to larger ones.

From the graphs regarding the stationary energy storage systems equipped with
flywheels (figure 5.6 to figure 5.8 and figure 5.12 to figure 5.14), is observed a similar
trend for each capacity and for each PV system size, correlated to each position.
More analytically, is observed that for smaller PV system sizes, the total yearly elec-
tric energy supplied by the substation increases slightly, around 1% for both substa-
tions, while for larger ones increases around 5% to 12% for substation 12, and 5% to
8% for substation 9, compared to the case without any energy storage implemented.
The percentage increase is given as a range (5% to 12% for substation 12 and and
5% to 8% for substation 9) because different capacities have different impact on
the PV system utilization. More specifically, for larger capacities of flywheels the
increase is larger (12% for substation 12 and 8% for substation 9), while for smaller
ones is lower (5% for both substations). This happens because flywheels, as already
described in section 3.3, is a technology with high self-discharge. Thus, most of the
times tends to be empty, not being able to provide the stored electric energy back to
the trolleybus grid, as already illustrated in an example in figure 4.37. Since is used
a yearly optimized control strategy, the stationary energy storage system is actively
charged by the trolleybus grid only in periods of PV system electric power genera-
tion and no or low traffic. Nevertheless, as already explained, the majority of the
stored electric energy is lost due to the high self-discharge and as a result, the sta-
tionary energy storage system in a yearly basis consumes more electric energy than
it actually provides back to the grid. Important to note is that the majority of this
extra electric energy is considered green electric energy which is provided by the PV
system. Substations of lower traffic tend to suffer more from this phenomenon since
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the time gaps where there is no or idling traffic at the same time with electric power
provided by the PV system, are more. Regarding the capacities, for smaller ones, is
possible even for flywheels to become full using this control strategy, especially for
high PV system sizes and substations with low traffic. This is observed in figure 5.5
where is illustrated an example of the state of charge (SoC) of a stationary energy
storage system equipped with flywheels of 192 kWh placed at 650 m on Substation
12 and a PV system size of 100%. This means that for a larger capacity the stationary
energy storage system is more able to get charged, thus consuming more electric
energy. The problem for smaller capacities lies again in the self-discharge. The
stationary energy storage system may become full for some periods but it quickly
looses this energy due to self-discharge. As a result, it is constantly charging to
recover the electric energy lost and not providing it back to the trolleybus grid. In
general, stationary energy storage systems equipped with flywheels of any size, using
this control strategy, do not provide promising results regarding their impact on the
yearly consumed electric energy, mainly due to their high self-discharge.

Figure 5.5: State of charge (SoC) of a stationary energy storage system equipped with
flywheels of 192 kWh placed at 650 m on Substation 12.

Regarding stationary energy storage systems equipped with lithium-titanate oxide
(LTO) batteries (figure 5.9 to figure 5.11 and figure 5.15 to figure 5.17), is observed
that for all cases and for all substations, the yearly electric energy supplied by
the substation has remained the same or increased at most 1.5%. This shows that
lithium-titanate oxide (LTO) batteries, using this control strategy, are more promising
solution compared to flywheels regarding their impact on the multifunctionality of the
trolleybus grid. Consuming the same amount of electric energy while increasing
the PV system utilization means that a bigger portion of this electric energy is
considered green, provided by the PV system. The results confirm the logic behind
the control strategy described in section 3.5; since the stationary energy storage is
only charged with electric power provided by the PV system and provides it back in
times when there is no electric power generation by the PV system, the equilibrium
of energy used should be the same, assuming that the year ends with the same
state of charge (SoC) as when it begun. The small increase in the consumption of
yearly electric energy is due to the possibility that the control strategy may not be
able to achieve 100% accurately its goal regarding the charging and discharging
schemes, and due to transmission losses. In any case, stationary energy storage
systems equipped with lithium-titanate oxide (LTO) batteries of any size, using this
control strategy, provide promising results regarding their impact on the yearly
consumed electric energy, mainly because of their low self-discharge.
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Figure 5.6: Substation 12 yearly energy supplied vs PV system size for stationary energy
storage system equipped with flywheels placed at 400 m.

Figure 5.7: Substation 12 yearly energy supplied vs PV system size for stationary energy
storage system equipped with flywheels placed at 650 m.

Figure 5.8: Substation 12 yearly energy supplied vs PV system size for stationary energy
storage system equipped with flywheels placed at 825 m.
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Figure 5.9: Substation 12 yearly energy supplied vs PV system size for stationary energy
storage system equipped with lithium-titanate oxide (LTO) batteries placed at 400

m.

Figure 5.10: Substation 12 yearly energy supplied vs PV system size for stationary energy
storage system equipped with lithium-titanate oxide (LTO) batteries placed at

650 m.

Figure 5.11: Substation 12 yearly energy supplied vs PV system size for stationary energy
storage system equipped with lithium-titanate oxide (LTO) batteries placed at

825 m.
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Figure 5.12: Substation 9 yearly energy supplied vs PV system size for stationary energy
storage system equipped with flywheels placed at 435 m.

Figure 5.13: Substation 9 yearly energy supplied vs PV system size for stationary energy
storage system equipped with flywheels placed at 650 m.

Figure 5.14: Substation 9 yearly energy supplied vs PV system size for stationary energy
storage system equipped with flywheels placed at 750 m.
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Figure 5.15: Substation 9 yearly energy supplied vs PV system size for stationary energy
storage system equipped with lithium-titanate oxide (LTO) batteries placed at

435 m.

Figure 5.16: Substation 9 yearly energy supplied vs PV system size for stationary energy
storage system equipped with lithium-titanate oxide (LTO) batteries placed at

650 m.

Figure 5.17: Substation 9 yearly energy supplied vs PV system size for stationary energy
storage system equipped with lithium-titanate oxide (LTO) batteries placed at

750 m.
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5.2 voltage drops
Besides the impact of the on-board and stationary storage systems on the yearly elec-
tric energy consumption, a key role to the multifunctionality of the trolleybus grid
has their impact on the voltage drops. Thus, is interesting to observe what is the
effect on those, and if it possibly can render the trolleybus grid more ready for a
transition to the ”trolleybus grid of the future”. In order to have a reference regarding
the voltage drops occurred in the trolleybus grid without the use of any energy
storage system, in figure 5.18 and figure 5.19 is illustrated the minimum voltage per
simulation instance on section 23 and 25 respectively, for a whole year without the
implementation of any energy storage system.

Figure 5.18: Section 23 minimum voltage per simulation instance for a whole year for no
energy storage system implemented.

Figure 5.19: Section 25 minimum voltage per simulation instance for a whole year for no
energy storage system implemented.

As observed in figure 5.18 and figure 5.19, the two sections which are provided with
electric power by substation 12 and substation 9 respectively, express a different
behaviour regarding the voltage drops occurred. This is due to the different traffic
intensity that they encounter as well as the different physical characteristics found
in each one of them. The most important physical characteristics usually are their
length and the number of trolleybus stops in them. More specifically, section 23 is
considered a low traffic section which generally could be interpreted as an indicator
that the voltage drops are not so severe compared to section 25 which is considered



96 results - impact on the multifunctionality of the trolleybus grid

a high traffic section. This is because the lower the traffic is, the less times the
trolleybuses are likely to need to stop and start again, thus needing more power
that cause the spikes of voltage drops. This is observed in the graphs too, where
the overall voltage drops for section 25 (figure 5.19) are more severe compared to
the ones for section 23 (figure 5.18).

5.2.1 On-board energy storage systems

In figure 5.20 until figure 5.31 are presented the graphs of the minimum voltage on
the section per simulation instance for the whole the year for on-board energy stor-
age systems equipped with supercapacitors (SC) with upper electric power threshold
of 80 kW and 100 kW, for various capacities for section 23 and section 25. The
reason that are presented the voltage drops for specific scenarios only is because
those graphs serve as an indication of the effect of on-board energy storage systems
to the voltage drops of the trolleybus grid, but only for the cases that seem to be
more promising for increasing the PV system utilization. Thus, are selected on-
board energy storage systems equipped with supercapacitors (SC) and only with an
upper electric power threshold of 80 kW or 100 kW, as those seem to provide the
best balance between the electric energy to be stored and to be used in a yearly basis.

For both sections, and for all capacities (figure 5.20 until figure 5.31), is observed
a larger overall reduction in voltage drops for the case of an upper electric power
threshold of 100 kW. This is because, as already described many times, an upper
electric power threshold of 100 kW is found to provide a better balance between
electric energy to be used and electric energy to be stored, which is available via
regenerative braking, in a yearly basis. Thus, the on-board energy storage system
is more likely to never be completely empty or full, and more likely to be able to
provide electric energy or to have the capacity to store it respectively. Although an
upper electric power threshold of 80 kW also provides a benefit in reducing voltage
drops, especially for sections of low traffic, the benefit is not as noticeable com-
pared to an upper electric threshold of 100 kW. Furthermore, when comparing the
various capacities, is obvious that on-board energy storage systems equipped with
supercapacitors (SC) of larger capacities tend to provide better reduction in voltage
drops. This is because, as before, a larger capacity means that the on-board energy
storage system is less likely to be completely empty or full, thus being able more
times to help with the voltage drops by providing power. Also, it is important to
mention that for both sections the voltage without any energy storage implemented
never goes below 600 V. This already is a very good start regarding the voltage
drops. For all cases and for both sections, an upper electric power threshold of 100

kW in combination with a capacity of supercapacitors (SC) of 2.968 kWh is found to
be more ideal in reducing the voltage drops. This provides already good results
and increasing the capacity to 4.452 kWh does offer a linear scale increase in the
benefits of reducing the voltage drops. Thus, for an on-board energy storage system
equipped with supercapacitors SC of a capacity of 2.968 kWh and an upper electric
power threshold of 100 kW, the overall reduction in voltage drops is around 20 V
to 40 V for section 23 and 10 V to 20 V for section 25. It should be mentioned
that this reduction is more profound to some periods of the year than others - i.e.
during summer months. This has to do with the state of charge (SoC) trend of
each on-board energy storage system in each trolleybus and if it has electric energy
available to provide at the peaks of electric power demands. It is expected that on-
board energy storage systems equipped with lithium-titanate oxide (LTO) batteries do
not provide descent results in regard to reducing the overall voltage drops. This is
due to their reduced capabilities in accepting and providing high values of electric
power at any given time, as described in section 3.3. For this reason, they are not
analyzed in this section of this work.
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Figure 5.20: Section 23 minimum voltage per simulation instance for a whole year for
on-board energy storage system equipped with supercapacitors (SC) of 1.484

kWh and an upper electric power threshold of 80 kW.

Figure 5.21: Section 23 minimum voltage for per simulation instance a whole year for
on-board energy storage system equipped with supercapacitors (SC) of 2.968

kWh and an upper electric power threshold of 80 kW.

Figure 5.22: Section 23 minimum voltage per simulation instance for a whole year for
on-board energy storage system equipped with supercapacitors (SC) of 4.452

kWh and an upper electric power threshold of 80 kW.
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Figure 5.23: Section 23 minimum voltage per simulation instance for a whole year for
on-board energy storage system equipped with supercapacitors (SC) of 1.484

kWh and an upper electric power threshold of 100 kW.

Figure 5.24: Section 23 minimum voltage for a whole year for on-board energy storage
system equipped with supercapacitors (SC) of 2.968 kWh and an upper electric

power threshold of 100 kW.

Figure 5.25: Section 23 minimum voltage per simulation instance for a whole year for
on-board energy storage system equipped with supercapacitors (SC) of 4.452

kWh and an upper electric power threshold of 100 kW.
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Figure 5.26: Section 25 minimum voltage per simulation instance for a whole year for
on-board energy storage system equipped with supercapacitors (SC) of 1.484

kWh and an upper electric power threshold of 80 kW.

Figure 5.27: Section 25 minimum voltage per simulation instance for a whole year for
on-board energy storage system equipped with supercapacitors (SC) of 2.968

kWh and an upper electric power threshold of 80 kW.

Figure 5.28: Section 25 minimum voltage per simulation instance for a whole year for
on-board energy storage system equipped with supercapacitors (SC) of 4.452

kWh and an upper electric power threshold of 80 kW.
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Figure 5.29: Section 25 minimum voltage per simulation instance for a whole year for
on-board energy storage system equipped with supercapacitors (SC) of 1.484

kWh and an upper electric power threshold of 100 kW.

Figure 5.30: Section 25 minimum voltage per simulation instance for a whole year for
on-board energy storage system equipped with supercapacitors (SC) of 2.968

kWh and an upper electric power threshold of 100 kW.

Figure 5.31: Section 25 minimum voltage per simulation instance for a whole year for
on-board energy storage system equipped with supercapacitors (SC) of 4.452

kWh and an upper electric power threshold of 100 kW.
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5.2.2 Stationary energy storage systems

In figure 5.32 until figure 5.43 are presented the graphs of the minimum voltage
on the section per simulation instance for the whole the year for stationary energy
storage systems equipped with lithium-titanate oxide (LTO) batteries for various ca-
pacities, for PV system sizes of 50% to 100%, for section 23 and section 25 and placed
at 825 m and 750 m respectively. The reason that only these specific scenarios are
presented is same as on-board energy storage systems; those graphs serve as an in-
dication of the impact of stationary energy storage systems to the voltage drops of
the trolleybus grid but only for the cases that seem to be more promising for the PV
system utilization. Thus, are selected stationary energy storage systems equipped
with lithium-titanate oxide (LTO) batteries, placed at a position further away from the
electric power feeding point and only with PV system sizes of 50% to 100%.

Regarding section 23 (figure 5.32 to figure 5.37), which is considered a section with
low traffic, is observed the same overall effect on the voltage drops throughout the
year for all cases. More specifically, for all cases is observed an overall reduction in
the voltage drops of around 10 V but with a note. The reduction of the voltage drops
is not observed at the peaks, but in the overall ”dense” parts of the graph of the
voltage drops. More specifically, the stationary energy storage system, with this spe-
cific control strategy, provides an increase in the density of the voltage drops while
reducing their magnitude. Nevertheless the majority of the peaks are still present.
This has to do with the control strategy used and how aggressive the discharging
scheme is. As described in section 3.5, the control strategy for the stationary energy
storage system used in this work does not let it to discharge when there is dense
traffic and electric power available from the PV system, in order not to take any
risks and possibly decrease the PV system utilization. Thus, although throughout
the year there is an overall reduction of the magnitude of the voltage drops, the ma-
jority of the peaks still exist. Those are peaks that exist when there is dense traffic
on the section while there is also electric power generated by the PV system. Also,
is interesting to note that for some cases there are observed some minor increases
in the voltage drop peaks. This is more profound for the cases of larger PV sys-
tem sizes and especially for sections with low traffic. This is because the charging
scheme of the control strategy aims to charge the stationary energy storage system
with as much as possible electric energy provided by the PV system, when there is
no traffic or when there is idling traffic. Nevertheless, there may be occasions where
the charging scheme may not be 100% accurate when selecting the electric power to
charge with. As a result, this leads to occasions where it may demand more electric
power or demand electric power in time instances where it should not. This cause
the voltage to drop even further for a very short period of time, which is usually a
couple of seconds. Nevertheless, these occasions are very rare throughout the year
and they usually have a magnitude of 2 V to 3 V.

Regarding section 25 (figure 5.38 to figure 5.43), which is considered a section with
high traffic, again is is observed the same overall effect on the voltage drops through-
out the year for all cases, as already described for section 23. Nevertheless, in this
case the reduction in the voltage drops compared to the case without any energy
storage implemented is more profound at the peaks. It is clearly observed that es-
pecially for larger PV system sizes the reduction in the voltage drops is around 10

V, which is a considerable decrease of the voltage drops.

For all cases of stationary energy storage systems is observed that their impact on
the voltage drops can be favorable for reducing them but is highly connected to
their control strategy. Thus, it would not be fair to directly compare them with
on-board energy storage systems without keeping that in mind, and without trying
different controls strategies, more optimized for achieving that.
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Figure 5.32: Section 23 minimum voltage per simulation instance for a whole year for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 189 kWh placed at 825 m and an PV system size of 50%.

Figure 5.33: Section 23 minimum voltage per simulation instance for a whole year for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 189 kWh placed at 825 m and an PV system size of 75%.

Figure 5.34: Section 23 minimum voltage per simulation instance for a whole year for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 189 kWh placed at 825 m and an PV system size of 100%.
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Figure 5.35: Section 23 minimum voltage per simulation instance for a whole year for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 1008 kWh placed at 825 m and an PV system size of 50%.

Figure 5.36: Section 23 minimum voltage per simulation instance for a whole year for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 1008 kWh placed at 825 m and an PV system size of 75%.

Figure 5.37: Section 23 minimum voltage per simulation instance for a whole year for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 1008 kWh placed at 825 m and an PV system size of 100%.
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Figure 5.38: Section 25 minimum voltage per simulation instance for a whole year for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 126 kWh placed at 750 m and an PV system size of 50%.

Figure 5.39: Section 25 minimum voltage per simulation instance for a whole year for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 126 kWh placed at 750 m and an PV system size of 75%.

Figure 5.40: Section 25 minimum voltage per simulation instance for a whole year for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 126 kWh placed at 750 m and an PV system size of 100%.
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Figure 5.41: Section 25 minimum voltage per simulation instance for a whole year for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 1008 kWh placed at 750 m and an PV system size of 50%.

Figure 5.42: Section 25 minimum voltage per simulation instance for a whole year for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 1008 kWh placed at 750 m and an PV system size of 75%.

Figure 5.43: Section 25 minimum voltage per simulation instance for a whole year for
stationary energy storage system equipped with lithium-titanate oxide (LTO)

batteries of 1008 kWh placed at 750 m and an PV system size of 100%.
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5.3 conclusions
In this chapter have been presented the results from the simulations of this work
regarding the impact of on-board and stationary energy storage systems on the mul-
tifunctionality of the trolleybus grid. First were presented the results regarding the
impact of the on-board and the stationary energy storage systems on the yearly elec-
tric energy consumption of the trolleybus grid, and after that were analyzed the
results regarding their impact on the voltage drops occurred in the trolleybus grid.

On-board energy storage systems equipped with supercapacitors (SC), even of small
capacities, are a great choice to be used for reducing the total yearly electric en-
ergy consumed in a trolleybus grid, providing a positive impact its multifunctional-
ity while at the same time increasing, even briefly, for some cases the PV system
utilization. On the other hand, on-board energy storage systems equipped with
lithium-titanate oxide (LTO) batteries, although they provide also a reduction in the
yearly electric energy consumed, they perform overall worse compared to the ones
equipped with supercapacitors (SC). Regarding their impact on the voltage drops,
on-board energy storage systems equipped with supercapacitors (SC) are considered
to provide much more benefit in mitigating the voltage drops in the trolleybus grid
compared to the ones equipped with lithium-titanate oxide (LTO) batteries, for both
low and high traffic substations. From the simulations, for an on-board energy stor-
age system equipped with supercapacitors SC of a capacity of 2.968 kWh and an
upper electric power threshold of 100 kW, the overall magnitude reduction in volt-
age drops is around 20 V to 40 V for section 23 and 10 V to 20 V for section 25,
compared to the case without any energy storage system implemented. Capacities
larger than that do not provide a linear increasing in benefit of mitigating voltage
drops.

On the other hand, stationary energy storage systems equipped with flywheels of any
size produce overall worse results regarding the yearly electric energy consumed in
the trolleybus grid, compared to ones equipped with lithium-titanate oxide (LTO).
Although the increased yearly electric energy consumed is mainly considered to be
green, provided by the PV system, their high self-discharge means that this stored
electric energy is lost in the form of heat. The same is not observed for the case of
stationary energy storage systems equipped with lithium-titanate oxide (LTO) batter-
ies, where the total yearly electric energy consumed remains almost the same with
the case of no energy storage implemented. Regarding their impact on the voltage
drops, stationary energy storage systems equipped with lithium-titanate oxide (LTO)
batteries are considered to provide much more benefit in reducing voltage drops in
the trolleybus grid compared to the ones equipped with flywheels. From the sim-
ulations is concluded that the impact of stationary energy storage systems, on any
parameter of the trolleybus grid, is deeply interconnected with their control strat-
egy. Thus, for the specific one used in this work, regarding the reduction of voltage
drops, is found in general to be more beneficial to be used on sections of high traffic,
and PV system sizes of 75% to 100%.

In the next chapter (chapter 6) are presented the conclusions from this work re-
garding both on-board and stationary energy storage systems. Also, are presented
recommendations for improvements and further research, that could possibly help
provide better results for the scope of this work.



6 C O N C L U S I O N S A N D
R E C O M M E N DAT I O N S

In this chapter are presented the conclusions of this work regarding the impact of on-board
and stationary energy storage systems on the PV system utilization and the multifunction-
ality of the trolleybus grid. Also, recommendations for improvements and further research
are presented, that could possibly help provide better results for the scope of this work.

6.1 conclusions
The conclusions from the results of this work are divided into three subsections.
First are presented the conclusions regarding on-board energy storage systems, then
are presented the conclusions regarding stationary energy storage systems, and af-
terwards are presented general conclusions regarding both types of energy storage
systems. Before proceeding to the conclusions, it is rather important to remember
the research questions that this work is based on. The research questions were pre-
sented in section 1.3, in table 1.1.

The research questions are:

1. Which energy storage systems (on-board or stationary) are most favorable for
a PV-powered multifunctional trolleybus grid for increasing the PV system
utilization and improving its multifunctionality?

2. Which energy storage systems technology in terms of their characteristics (ca-
pacity, self-discharge etc.) is preferable for a PV-powered multifunctional trol-
leybus grid?

3. What effect do these energy storage systems have on the PV system utiliza-
tion, the yearly electric energy consumption, and the voltage drops on the
trolleybus grid?

4. Which of energy storage systems’ variables (capacity, placement position etc.)
have a greater effect on each trolleybus grid parameter (PV system utilization,
yearly electric energy consumption, voltage drops)?

6.1.1 On-board energy storage systems

The following conclusions provide answers to research questions 2, 3, and 4.

• Larger capacities of on-board energy storage systems equipped with supercapac-
itors (SC) do not provide a significant change in results between each other, both
for high traffic and low traffic substations. They provide slightly better results for
lithium-titanate oxide (LTO) batteries mainly due to the higher amount of electric
power that they can accept and provide.

• An upper electric power threshold of 80 kW - 100 kW provides the best re-
sults for PV system utilization for on-board energy storage systems equipped with
supercapacitors (SC) for PV system sizes up to 55% - 65% for low traffic substations
and up to 90% for high traffic substations.
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• Regarding the technologies, on-board energy storage systems equipped with lithium-
titanate oxide (LTO) batteries, especially of small capacities, do not provide adequate
results for PV system utilization compared to the ones equipped with supercapaci-
tors (SC) for any upper electric power threshold, both low traffic and high traffic
substations.

• Direct load coverage Λ is increased for all cases with best overall scenarios for
on-board energy storage systems equipped with supercapacitors (SC) with upper elec-
tric power threshold of 100 kW, and on-board energy storage systems equipped with
lithium-titanate oxide (LTO) batteries with an upper electric power threshold of 60

kW, independently of the traffic of the substation. A higher direct load coverage
Λ means it can be achieved the same PV system utilization with the case with no
energy storage implemented while having a smaller PV system.

• The intermittencies of trolleybuses providing electric power to the trolleybus grid
due to regenerative braking and of the trolleybuses being able to accept this elec-
tric power at any given point are many. Thus, on-board energy storage systems
equipped with supercapacitors (SC) provide a great choice for reducing the overall
yearly electric energy consumption of the trolleybus grid. The ones equipped with
lithium-titanate oxide (LTO) batteries still provide a reduction in the total yearly elec-
tric energy consumed but not as high as the ones equipped with supercapacitors (SC).

• On-board energy storage systems equipped with supercapacitors (SC) are consid-
ered to be more favorable in reducing voltage drops in the trolleybus grid compared
to the ones equipped with lithium-titanate oxide (LTO) batteries. Capacities above 3

kWh do not provide a linear decrease of voltage drops while a more suitable upper
electric power threshold is the one of 100 kW.

6.1.2 Stationary energy storage systems

The following conclusions provide answers to research questions 2, 3, and 4.

• Larger capacities of stationary energy storage systems equipped with flywheels,
using this control strategy, provide a better PV system utilization for substations
with high traffic but this is due to their large self-discharge which renders them
more times empty and able to accept further electric energy provided by the PV
system. Smaller capacities of stationary energy storage systems equipped with fly-
wheels and lithium-titanate oxide (LTO) batteries as well as larger capacities of the
latter technology, can get full using this control strategy, thus reaching a plateau in
increasing the PV system utilization.

• For most cases and substations and using this control strategy, the further away
the position of the stationary energy storage system is, the higher the PV system
utilization may be, as in those positions the severity of the voltage drops is higher
thus rendering the stationary energy storage system more times empty and available
to store electric energy provided by the PV system.

• Regarding the technologies, stationary energy storage systems equipped with fly-
wheels, no matter of the capacity, do not provide preferable results regarding the PV
system utilization compared to the ones equipped with lithium-titanate oxide (LTO)
batteries, using this control strategy. Although it seems that the PV system utiliza-
tion is increased for all the cases for this technology, in reality all the electric energy
is lost in the form of heat due to self-discharge.

• Direct load coverage Λ is increased for all cases with best overall scenarios for sta-
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tionary energy storage systems equipped with lithium-titanate oxide (LTO) batteries,
irrespectively of their size and positions placed on a high traffic substation, using
this control strategy. A higher direct load coverage Λ means it can be achieved
the same PV system utilization with the case with no energy storage implemented
while having a smaller PV system.

• Stationary energy storage systems equipped with flywheels of any size, using this
control strategy, do not provide promising results regarding their impact on the
yearly consumed electric energy mainly due to their high self-discharge. Although
the increased yearly electric energy consumed is considered to be mainly green
electric energy provided by the PV system, this is lost in the form of heat due to
self-discharge and not given back to the trolleybus grid. On the other hands, the
ones equipped with lithium-titanate oxide (LTO) batteries manage to keep the yearly
electric energy consumption almost the same with the case without any energy stor-
age implemented. This is due to their low self-discharge and their more optimal
operation with the specific control strategy.

• Stationary energy storage systems equipped with lithium-titanate oxide (LTO) batter-
ies are considered to be more favorable in reducing voltage drops in the trolleybus
grid compared to stationary energy storage systems equipped with flywheels. It is
important to note that it has been concluded that the impact of stationary energy
storage systems on any parameter on the trolleybus grid is deeply interconnected
with the control strategy used. Thus, for the specific control strategy used in this
work, is found to provide more benefit regarding the reduction of voltage drops for
sections of high traffic and PV system sizes of 75% to 100%.

6.1.3 General

Before proceeding to the general conclusions, it is important to remember that the
impact of stationary energy storage systems on the PV system utilization and on
parameters regarding the trolleybus grid in general is heavily correlated to the con-
trol strategy used. As described in section 3.5, for each technology, PV system size,
trolleybus grid section, and targeted outcome (improve the PV system utilization
or favour parameters related to the multifunctionality of the trolleybus grid) there
should be a specific control strategy. Thus, it is safe to conclude that the compari-
son of stationary energy storage systems to other energy storage systems cannot
be straightforward.

The following conclusions provide answers to research question 1.

• Generally, on-board energy storage systems can perform better on parameters re-
garding the multifunctionality of the trolleybus grid such as the total yearly electric
energy consumption and the mitigation of the severity of the voltage drops. On
the other hand stationary energy storage systems can perform well on a wide range
of parameters according to their control strategy. For the one used in this work,
they perform better on parameters regarding the PV system utilization, managing
to have a positive impact on those. For all cases, not matter the technologies and
the various parameters, is observed that the direct load coverage Λ is increased.

6.2 recommendations for further research

Getting close to the end of this thesis work, after overviewing all the results, it is
interesting to propose recommendations for improvements and for further research.
Those have as an main target to possibly provide higher quality of results and an
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extension of this work to a larger set of possible solutions. More specifically, the
recommendations are divided into two basic categories; those related to on-board
energy storage systems, and those related to stationary energy storage systems.

• Recommendations regarding on-board energy storage systems
It would be interesting to see the effect of hybrid energy storage systems using two
different technologies, such as lithium-ion (Li-ion) batteries with supercapacitors (SC)
or flywheels with supercapacitors. This could provide interesting results by using the
benefits of two different energy storage technologies. Also, it would be engrossing
to observe the behavior of such systems when used with an energy system model
that has response times (ramp-up and ramp-down times) implemented in it. This
could provide more realistic results and provide information of how important the
use of such parameters really is.

• Recommendations regarding stationary energy storage systems
As already mentioned multiple times in this work, the control strategy of the station-
ary energy storage system has a key role to its behavior and thus its impact to either
the PV system utilization or the multifunctionality of the trolleybus grid. It would
be intriguing to observe the behavior of such energy storage systems when used
with different controls strategies Those could be ones more focused on mitigating
the voltage drops, or ones achieving the best of both worlds, by increasing the PV
system utilization and reducing the voltage drops. In conjunction to that, it would
be interesting to observe how a control strategy that uses a telemetry technology,
wired or wireless, impacts on those parameters and if it is actually beneficial to
be used instead of a control strategy based on voltage control. Finally, in this case
too like on-board energy storage systems, it would be interesting to see how hybrid
energy storage systems would behave, as well as if response times (ramp-up and
ramp-down times) could have a measurable impact on the results.
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A A P P E N D I X

Extra plots for on-board energy storage systems
In figure A.1 until figure A.6 are illustrated the PV system utilization vs energy-
neutrality ratio ζ for various upper electric power thresholds for on-board energy
storage systems equipped with supercapacitors (SC) or lithium-titanate oxide (LTO)
batteries of various capacities for substation 12.

In figure A.7 until figure A.12 are illustrated the direct load coverage Λ vs energy-
neutrality ratio ζ for various upper electric power thresholds for on-board energy
storage systems equipped with supercapacitors (SC) or lithium-titanate oxide (LTO)
batteries of various capacities for substation 12.

In figure A.13 until figure A.18 are illustrated the PV system utilization vs energy-
neutrality ratio ζ for various upper electric power thresholds for on-board energy
storage systems equipped with supercapacitors (SC) or lithium-titanate oxide (LTO)
batteries of various capacities for substation 9.

In figure A.19 until figure A.24 are illustrated the direct load coverage Λ vs energy-
neutrality ratio ζ for various upper electric power thresholds for on-board energy
storage systems equipped with supercapacitors (SC) or lithium-titanate oxide (LTO)
batteries of various capacities for substation 9.
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Extra plots for stationary energy storage systems
In figure A.25 until figure A.28 are illustrated the PV system utilization vs energy-
neutrality ratio ζ for various positions for stationary energy storage systems equipped
with flywheels or lithium-titanate oxide (LTO) batteries of various capacities for sub-
station 12.

In figure A.29 until figure A.32 are illustrated the direct load coverage Λ vs energy-
neutrality ratio ζ for various positions for stationary energy storage systems equipped
with flywheels or lithium-titanate oxide (LTO) batteries of various capacities for sub-
station 12.

In figure A.33 until figure A.36 are illustrated the PV system utilization vs energy-
neutrality ratio ζ for various positions for stationary energy storage systems equipped
with flywheels or lithium-titanate oxide (LTO) batteries of various capacities for sub-
station 9.

In figure A.37 until figure A.40 are illustrated the direct load coverage Λ vs energy-
neutrality ratio ζ for various positions for stationary energy storage systems equipped
with flywheels or lithium-titanate oxide (LTO) batteries of various capacities for sub-
station 9.
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Figure A.1: Substation 12 PV system utilization vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 1.484 kWh.

Figure A.2: Substation 12 PV system utilization vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 2.968 kWh.

Figure A.3: Substation 12 PV system utilization vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 4.452 kWh.
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Figure A.4: Substation 12 PV system utilization vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 1.5 kWh.

Figure A.5: Substation 12 PV system utilization vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 3 kWh.

Figure A.6: Substation 12 PV system utilization vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 4.5 kWh.
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Figure A.7: Substation 12 direct load coverage Λ vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 1.484 kWh.

Figure A.8: Substation 12 direct load coverage Λ vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 2.968 kWh.

Figure A.9: Substation 12 direct load coverage Λ vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 4.452 kWh.
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Figure A.10: Substation 12 direct load coverage Λ vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 1.5 kWh.

Figure A.11: Substation 12 direct load coverage Λ vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 3 kWh.

Figure A.12: Substation 12 direct load coverage Λ vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 4.5 kWh.
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Figure A.13: Substation 9 PV system utilization vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 1.484 kWh.

Figure A.14: Substation 9 PV system utilization vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 2.968 kWh.

Figure A.15: Substation 9 PV system utilization vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 4.452 kWh.
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Figure A.16: Substation 9 PV system utilization vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 1.5 kWh.

Figure A.17: Substation 9 PV system utilization vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 3 kWh.

Figure A.18: Substation 9 PV system utilization vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 4.5 kWh.
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Figure A.19: Substation 9 direct load coverage Λ vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 1.484 kWh.

Figure A.20: Substation 9 direct load coverage Λ vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 2.968 kWh.

Figure A.21: Substation 9 direct load coverage Λ vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with supercapacitors (SC) of 4.452 kWh.
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Figure A.22: Substation 9 direct load coverage Λ vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 1.5 kWh.

Figure A.23: Substation 9 direct load coverage Λ vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 3 kWh.

Figure A.24: Substation 9 direct load coverage Λ vs energy-neutrality ratio ζ for various
upper electric power thresholds for on-board energy storage system equipped

with lithium-titanate oxide (LTO) batteries of 4.5 kWh.
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Figure A.25: Substation 12 PV system utilization vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with flywheels of 192

kWh.

Figure A.26: Substation 12 PV system utilization vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with flywheels of 992

kWh.
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Figure A.27: Substation 12 PV system utilization vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with lithium-titanate

oxide batteries of 189 kWh.

Figure A.28: Substation 12 PV system utilization vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with lithium-titanate

oxide batteries of 1008 kWh.
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Figure A.29: Substation 12 direct load coverage Λ vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with flywheels of 192

kWh.

Figure A.30: Substation 12 direct load coverage Λ vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with flywheels of 992

kWh.
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Figure A.31: Substation 12 direct load coverage Λ vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with lithium-titanate

oxide batteries of 189 kWh.

Figure A.32: Substation 12 direct load coverage Λ vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with lithium-titanate

oxide batteries of 1008 kWh.
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Figure A.33: Substation 9 PV system utilization vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with flywheels of 128

kWh.

Figure A.34: Substation 9 PV system utilization vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with flywheels of 992

kWh.
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Figure A.35: Substation 9 PV system utilization vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with lithium-titanate

oxide batteries of 126 kWh.

Figure A.36: Substation 9 PV system utilization vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with lithium-titanate

oxide batteries of 1008 kWh.
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Figure A.37: Substation 9 direct load coverage Λ vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with flywheels of 128

kWh.

Figure A.38: Substation 9 direct load coverage Λ vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with flywheels of 992

kWh.
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Figure A.39: Substation 9 direct load coverage Λ vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with lithium-titanate

oxide batteries of 126 kWh.

Figure A.40: Substation 9 direct load coverage Λ vs energy-neutrality ratio ζ for various
positions for stationary energy storage system equipped with lithium-titanate

oxide batteries of 1008 kWh.
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