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ABSTRACT

The transport sector in the EU is responsible for 30% of its yearly energy consumption and 27% of its
greenhouse gas emissions, as oil and gas products still have a leading role in the transport sector sup-
ply [16]. The use of electricity from renewable energy sources (RES) for transport, however, is a possible
and mature alternative to fossil fuels and combustion motors. One of the most effective electrification
solutions for the urban transport is offered by the trolleybus grids [19]. These transportation networks
can become more sustainable and efficient by the direct integration of RES and storage. Among the
several RES possibilities, solar photovoltaic (PV) energy is the most promising and also most studied
source for this type of application because of its modularity and cost, offering the possibility of dis-
tributed green generation at the different substations of the grid. Moreover, both the trolleygrid and
the PV are DC, which removes one power conversion step.

A recent study on the Arnhem grid in the Netherlands, however, has shown that distributed PV ne-
cessitates large storage and/or large exchange with the grid – a situation that is defined as low ”PV
Utilization” (PVU) [54]. Fortunately, some substations did offer the interesting potential of a high PVU.
In order to understand the feasibility of supplying trolleygrids with PV, it is necessary to identify which
parameters impact the PVU, and in which manner.

This thesis allows to draw some estimations for the feasibility of the application of PV in the trolleybus
grids. This is done by identifying a set of Key Performance Indicators (KPIs) and studying their cor-
relation to the PVU for two trolleybus grids, namely Arnhem (the Netherlands) and Gdynia (Poland).
The selected KPIs are: Sunshine duration, yearly irradiance, substation load demand, number of sec-
tions fed by one substation, section length, bus traffic density under a section, and the HVAC (heating,
ventilation, air conditioning) requirement of the bus brought on by the local weather.

To estimate the load on the grid substations, first, velocity profiles of the buses were created from
available measurements and introducing random traffic lights and bus stops probability. These profiles
were translated into a bus power demand using a vehicle model (courtesy of HAN University of
Applied Sciences) and a developed HVAC model. This, coupled with the timetables, created the input
to a MATLAB trolleygrid model. The PV system output was obtained from a MATLAB PV model and
local weather data for each city. The PV system integration potential was assessed in terms of both
how much of the PV energy is used (PVU) and the fraction of the load that is covers (Load Coverage,
LC).

The results of the simulation show different trends for the studied parameters. Sunshine duration
and yearly irradiance levels between the two cities have a strong impact on the LC, with a maximum
variation of 10 percentage points, while they do not affect noticeably the PVU, with 1 percentage point
variation. The spread-out Arnhem layout causes an increase in the number of the substations in grid,
and a reduction of their size. This was found to be a disadvantage when integrating PV in trolleygrids,
when compared to the denser Gdynia grid. As a matter of fact, the increase in power demand and in
the number of sections supplied by one substation, both cause an improvement of the PV utilization
and the load coverage. Although the average section length does not seem to show a PVU or LC trend,
the higher bus traffic under a substation is found to present higher PVU and LC values. It is also
observed that removing the HVAC system from the substation supply brings reductions of in the PVU
and LC reaching up to 35 and 14 percentage points, respectively. This was not an expected result, as
the yearly heating demand curve and the yearly PV generation curve present opposite trends.

In conclusion, it was found that the potential of integrating PV into the trolleygrid in Gdynia is higher
than that in Arnhem, with better results both in terms of PV utilization and load coverage. The more
centralised traction system found in Gdynia, with higher average demand of the substations, average
number of sections and of buses supplied by a substation, together with the higher number of lines
and buses running in this grid and the better environmental conditions all favour the integration of PV
when compared to the Arnhem trolleygrid.

iii



Additionally, the introduction of Stationary Storage coupled with the PV systems at substation level is
studied, and it is found that it can improve substantially the performance of the PV systems, reaching
values of PV utilization in the range of 90% or higher and levels of load coverage of approximately 40%.
The enhancement of PVU and LC is high especially for smaller substations which see increases by up
to 60 and 30 percentage points, respectively. This shows that, coupled with storage, PV integration is
still feasible for substations with unfavourable KPIs values.
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1 INTRODUCT ION

The introduction chapter is used to give the main definitions and a general explanation of the problem that this
master thesis project will contribute to solving. First, the reasons and the interest in the research project are
explained. Then, a brief overview of the trolleybus traction system is given, followed by an explanation of how
PV and storage are integrated in the grid. Finally, the objectives of the research project are outlined.

1.1 Research interest and purpose

The transport sector in EU is responsible for 30% of total energy consumption and 27% of greenhouse
gas emissions [16]. Looking at the pie charts in Figure 1.1, it is possible to notice that the transport
sector has 19% and 29% share of the Total Final Consumption (TFC) of the Netherlands and Poland
respectively [35]. These two countries are taken as reference, since Arnhem and Gdynia are located
respectively in the former and in the latter. The trolleybus grids used for the two case studies are
located in these two cities. Among all sectors that emit CO2, the transport sector is the second fastest
growing, after industry, and it represents from 22% to 24% of global Greenhouse gas (GHG) emissions
from fossil fuel sources [63].

In Europe, the total amount of carbon dioxide emissions coming from road traffic in urban environment
accounts for 40% [16]. Taking into consideration these data and the instability of liquid fuel prices,
which has a negative impact on countries’ economies, it becomes necessary to introduce and increase
the share of alternative energy sources in transportation. The use of electricity for transport is a possible
and mature alternative to liquid fuel and combustion motors. However, oil products still have a leading
role in the transport supply, with a share of 93% of the total final consumption of the transport sectors
of the Netherlands and Poland [35], as can be seen from the pie charts in Figure 1.2. Today, electric
vehicles have increased in use, from scooters to buses Electricity, however, still has a minor contribution
of the energy consumption of this sector, supplying 2% and 1% of the transport energy demand in
the Netherlands and in Poland [35]. Up to today, the most effective way of supplying electricity to

Figure 1.1: Total Final Consumption (TFC) per sector of the two countries of interest: the Netherlands (Arnhem
trolleygrid) and Poland (Gdynia trolleygrid) [35]
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Figure 1.2: Total Final Consumption (TFC) per source of the Transport Sector of the two countries of interest: the
Netherlands (Arnhem trolleygrid) and Poland (Gdynia trolleygrid) [35]

urban means of transport is still through overhead lines of rail vehicles (unipolar) and trolleybuses
(bipolar) [19].

The need of renovation of urban transportation systems also stems from the continuous increase of car
dependency of European populations. Towns and cities in Europe are facing mobility challenges due
to urbanization and increase of the population density in urban areas. The strong dependency on cars
to cover all types of routes and distances has consequences on high GHG emissions in the cities, but
also on space consumption. As a matter of fact, buses perform better both in terms of sustainability,
also due to the higher passenger capacities, and in terms of space-efficiency [25]. In the contest of
renovation, the electrification of urban transport and the reduction of emissions find possible solutions
in the existing trolleybus structures. The renovation of these systems towards more sustainable and
greener solution can include both the introduction of renewable sources of energy to supply the grid
and of storage systems to increase the efficiency and reliability of the system. By observing the charts
in Figure 1.3, the dependence of the two countries of interest on Coal, Oil and Gas for electricity
generation is clear. The reason behind proposing alternative solutions to supply the trolleybus systems,
is found in these pie charts. The electrification of urban transport is partially answering the need of
renovation of the urban transportation, since the electricity is mainly generated by highly emitting
sources of energy. The electrification of transports can alleviate a number of contemporary issues
connected to urban environments when inducing the reduction of the health hazards and olfactory
discomfort to passengers caused but the tailpipe emissions of the vehicles, because of lower heat and
noise emissions and the lack of motor vibration [31]. Electric vehicles also have higher efficiencies and
cause lower emissions, in [43] it is demonstrated that fully-electric buses have the potential to reduce
carbon dioxide emissions by up to 75%. However, it is necessary that renewable energy sources in
the electricity mix is increased, in order to increase on a long-term basis the sustainability of electric
mobility.

The renovation of trolleybus systems towards more sustainable solutions, through the integration of
renewable sources of energy, answers to the need of electrification and reduction of emissions of the fast
growing transport sector. The integration of storage can facilitate the transition to renewable sources
providing a solution for the mismatch between load and demand and for voltage regulation. Between
the multiple possibilities of supplying the loads through renewable energy systems, PV energy is the
most promising and also most studied source for this type of application. Its modularity and urban
friendly characteristics, make it an interesting option to supply through zero-emission sources the
trolleybus grids.

After discussing the reasons why trolleybuses are interesting to research upon and why we the focus
will be on the integration of renewable sources in the trolleygrids, in the next sections the reader finds
an introduction of the system. First, the trolleybus system is presented, followed by an introduction on
what introducing PV and storage in the grids actually means.
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Figure 1.3: Electricity generation per source of the two countries of interest: the Netherlands (Arnhem trolleygrid)
and Poland (Gdynia trolleygrid) [35]

1.2 What is a Trolleybus and what is a Trolleybus grid?

Trolleybuses are electric road vehicles used in urban context, which are powered by means of an over-
head catenary line. This is formed by power cables that are installed above the roads travelled by the
buses. In Figure 1.4, a schematic representation of the structure of a trolleybus traction grid is provided.
The direct current (DC) traction network (overhead cables) is divided into power supply sections to
which electrical power is supplied from traction substations. The supply areas are galvanically sepa-
rated from each other and cannot exchange power between them. This division of the overhead cables
is necessary to reduce the voltage drops along the lines and for maintenance purposes, since it allows
to operate the system also when a portion of it is disconnected [66].

As can be seen in Figure 1.4, the sections are individually powered by feeders (subterranean power
wires), which can vary in relation to the specific grid characteristics (distance of the substation from
the grid, type of installation, temperatures, etc.). The DC busbars of the substations, together with
the catenary and the feeder cables form what is called the low voltage (LV) DC traction grid. The
substations of the trolleybuses are supplied by medium voltage (MV) AC power grids. In the traction
substation both voltage reduction from medium to low voltage and transformation from AC to DC oc-
cur [12], respectively through a transformer and a rectifier. The voltage is decreased from the medium
voltage of the AC grid, between 6 and 35 kV, to the DC voltage required. The nominal DC voltage
amounts to 600 V or 725 V, which represent the standard input voltages of the vehicles. However, due
to the voltage drops in the catenary lines and in the feeder cables the nominal output voltage from the
substations is kept higher, in the range of approximately 10% [12]. This value can vary according to the
distance of the substation from the catenary lines, to the power requirements, and other characteristics
of the grid and the cables which can increase/reduce the voltage drops along the lines.

Trolleybuses are equipped with electrical motors which covert the electric energy supplied through
the pantographs by the overhead power cables to kinetic energy. Electrical machines are capable of
operating with bidirectional flows, which means that trolleybus traction motors can also convert kinetic
energy into electric energy [18]. This happens when the vehicles are braking, and the speed of the
vehicle is decreased, causing a reduction of the vehicle’s kinetic energy. This energy can either be
dissipated or transformed in electric energy (generator mode of the traction motor). The generated
energy, increased in voltage by the traction inverter, is partly used to power bus auxiliaries or is directed
to the overhead lines. The connection of the buses to the catenary lines allows bidirectional flow of
electricity to and from the buses. In the case of absence of a consumer, in a conventional system
without storage accumulators, the energy is sent to the braking resistors and dissipated as heat. In [18]
M. Bartłomiejczyk and M. Połom identify three ways to re-use recovered energy: it can be consumed
by auxiliaries, by other vehicles or accumulated in storage systems. A flow diagram is provided in
Figure 1.6, to show the flow of recuperated energy. Consumption for non-traction purposes of the
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Figure 1.4: Schematics of a trolleybus traction system (LVDC grid and connection to MVAC grid) - reworked
from [54]

vehicle is the most effective form of energy recovery utilization. What is not used from the auxiliaries
should be returned to the supply system [18].

Figure 1.5: Braking vehicle - recouped energy flow [18]

In order to effectively return electric energy to the supply system the generated voltage must be higher
than the one in the overhead lines. Therefore, high substation voltage levels can significantly reduce
the utilization of recovered energy. The other condition to share recovered braking energy with other
buses is that the sender and the consumer should be in the same power supply section of the grid.
As discussed in the previous paragraph, the sections are galvanically isolated between them, and
therefore power exchange is not allowed. For this reason, in supply sections with high traffic density,
the recuperation efficiency can reach values of 40%. However, in supply area with low traffic the
energy re-use system fails. In case of low traffic intensity or hilly areas, traction substations should be
equipped with a storage system to increase recuperation efficiency. In [41], Yasunori Kume et al. study
the effects of introducing LI-ion batteries in a railway system to temporarily store the regenerative
power. A maximum reduction of 25.2% for the peak demand is achieved in their study due to the
storage integration. In [34], Hitoshi Hayashiya et al. compare different methods to re-use regenerative
braking energy in terms of the effect and of the cost that it introduces in the system. The authors
concluded that the most promising solution to use recouped energy in DC traction power supply
systems is the introduction of energy storage systems, through which 600 MWh per year are estimated
to be saved, accounting for 4-8% reduction of the total traction power of the studied railway traction
grid.
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Another method to improve energy consumption efficiency by increasing the utilization of braking
energy in a railway traction system is proposed in [38]. The authors present a strategy to restore the
regenerative braking energy to the AC utility grid through reversible substations. The results obtained
in [38] showed that introducing bidirectional substations to harvest recouped energy can have beneficial
effects also on the power quality. However, substations in trolleygrids are usually unidirectional, which
means they are characterised by unidirectional diode rectifiers which do not allow to send energy back
to the medium voltage grid [51, 64]. It is a crucial element to take into consideration, since reversible
substations would allow to send back to the MVAC grid the energy in excess in the LV trolleybus DC
grid.

In order to exchange power between them, two buses have to be in sections supplied by the same
substation. In conventional power supply systems, as explained in [9], each section of the overhead
contact line is supplied from one substation only. Supply areas are galvanically isolated from each
other and cannot exchange power between them. The utilization of recuperation energy from a braking
vehicle could be improved if supply areas were to be joined with neighbouring substations, allowing
the flow of recuperated energy between sections. In [9], Mikołaj Bartłomiejczyk presents the findings
from his study on bilateral power supply in the trolleybus grid in Gdynia, Poland. In Figure 1.6,
one can find a comparison between a standard supply system and a bilateral supply system. As
shown in the pictures, allowing power flow between sections not only increases the chance in finding a
consumer of regenerated energy but allows also to reduce voltage losses in the overhead catenary lines.
As a matter of fact, through bilateral supply one section can be fed from two substations or from two
supply points of the same substation, reducing like this the load currents in the lines. The findings of
this study on bilateral power supply, conducted by Mikołaj Bartłomiejczyk, is that in lines with higher
traffic and higher usage of braking energy recovery, the implementation of bilateral supply significantly
reduces the voltage drops and the transmission losses. While, in lines with low traffic conditions and
low capability of re-using regenerated energy, the bilateral connection brings to noticeable increases in
recuperation effectiveness and a slight reduction of energy transmission losses.

Figure 1.6: Comparison of vehicle current distribution between different supply traction substations.
In (a) a standard unilateral supply system, in (b) a bilateral supply system with two substations, in (c)
bilateral supply system with one substation [9]

The characteristics of the substations and of the supply system adopted in a traction grid have a strong
impact on the energy consumption and the power flow within the system. The type of substations,
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their dimension and their number and distribution in the grid can vary considerably for different trol-
leybus traction grids. The spatial structure of the overhead line has a significant impact on the energy
consumption of the system, affecting transmission losses and determining the usage of the regenera-
tive braking [17]. In [19], Mikołaj Bartłomiejczyk and Marcin Połom make a distinction between three
different structures of the power supply systems: central power supply, unilateral decentralized power
supply and bilateral decentralized power supply. A central system is characterised by large substations,
which cover large supply areas, while a decentralized system has smaller substations densely arranged
and located in proximity of the overhead line supply points. Central power supply structures, char-
acterised by large substations supplying large areas, incur in large transmission losses. From a point
of view of the recuperation of braking energy though, having the vast supply areas of the central sup-
ply system creates better conditions for the re-use of braking energy ensuring the largest number of
potential consumers on the line. Decentralized power supply systems are preferable when aiming to
minimize transmission losses since distances and cable lengths are significantly reduced and with it
also the costs of maintaining the cable network. A solution proposed from the authors is to have bilat-
eral supply for overhead lines, which allows to enlarge the area where the recovered energy can flow
by connecting the supply areas, keeping the small distances between substations and reduced cable
lengths. This is the distinction between unilateral and bilateral decentralized power supply systems. In
Figure 1.7 and 1.8 two examples are provided to show the different characteristics of a centralised and
decentralised supply. In Figure 1.9, an example of the inclusion of bilateral supply for a decentralised
system is given.

1.3 What does PV and Storage Integration in a Trolleygrid mean?

The integration of Photovoltaic (PV) modules in traction grids is a possible solution to supplying a
fraction of the load of the grid through emission-free sources. However, the potential of introducing
PV may vary in relation to where the grid is located and its characteristics. But what do we mean by
potential of PV systems integration in trolleygrids? And, how are PV and storage systems integrated in
the grid? Before investigating the possible causes of the variation of the feasibility of the application, we
want to understand how to measure the success of integrating PV and how the PV system is connected
to a trolleybus grid.

When speaking about PV system integration potential, the intention is to investigate the effectiveness
of the PV generation in supplying the load. This is measured investigating both how much of the PV
energy is used by the trolleybus system and how much load is covered by the PV generated energy.
These two elements provide an overview of how well the PV systems can perform in relation to the
traction grid operation.

The integration of storage is studied as a variable affecting the potential of PV integrated in traction
grids. For this reason in particular, the storage is coupled with the PV system in order to maximise
the PV utilization while minimising the transmission losses between the two systems. As a matter of
fact, the high variability of the load and of the generation, especially on short-term scale, limits the
possibility of using all the generated energy [12]. For this reason, the potential of PV integration when
the system is equipped with a battery energy storage system is measured in the same way. This means
that the success in the PV system integration is studied based on the effectiveness in using the PV
energy. The utilization of the battery system is also analysed to size the system appropriately.

Photovoltaic (PV) and storage systems can be connected to a trolleygrid with the same or separate
connection points and they can be connected at substation level, on the AC or on the DC side, or
directly to the traction network [12, 15]. Each point of connection of PV and storage systems has
different advantages and disadvantages which are discussed further in Chapter 2. Since PV and storage
will be studied as an integrated system, with the same connection point to the trolleybus grid, three
configurations are possible: PV and storage connected to the AC side of the substations, represented in
Figure 1.10, PV and storage connected to the DC busbar of the substation, shown in Figure 1.11, or PV
and storage directly connected to the overhead lines, as in Figure 1.12. For the purpose of this Master
thesis project, it is decided to study the potential of integrating PV (and PV coupled with storage) on
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Figure 1.7: Example of centralized supply system [19]

Figure 1.8: Example of decentralized supply system, one-side sup-
ply [19]

Figure 1.9: Example of decentralized supply system with bilateral
supply [19]
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the AC side of the substations. In Figure 1.13 and Figure 1.10, the schematics of the system with PV
only and with PV and storage integrated are found.

The main reasons why this configuration is picked are here explained. Connecting the PV system on
the AC side reduces the efficiency of the connection, since the generated energy has to be converted
from DC to AC and to AC and DC again, increasing like this the losses. DC-to-AC conversion (and
vice versa) cannot be performed without losses. The output energy of an inverter (AC) is lower than
the input (DC). The efficiency of the inverter generally varies within 95% and 98%. The efficiency can
change based on the DC input power and voltage [42]. AC-to-DC conversion is highly dependant
on the power and voltage levels required, and it can range from 60-95%. However, high efficiency
conversion is assumed for this study with rectifier efficiencies of 95% [53]. Installing PV on the DC
side would reduce the losses by 5-10%, however, it would not allow to send the energy in excess back to
the MVAC and would introduce strong voltage fluctuations in the traction grid due to the intermittent
power generation. The short-term variability of the PV output can present power fluctuations of 45-90%
of the rated power of the system. The location of the grid and the installed PV capacity have an impact
on the magnitude of the voltage fluctuations [22]. For this reason, a power control system based on the
measurement of the voltage levels across the networks should be implemented to limit the variation
of the busbars voltages to the minimum, introducing multiple complications also in the modelling
of the system which are outside the scope of this project [12]. The other reason, is that substations
in trolleygrids are usually unidirectional, which means they are characterised by unidirectional diode
rectifiers which do not allow to send energy back to the medium voltage grid [51, 64]. This not only
has an impact on the transmission losses, due to the higher rates of dissipation of regenerated braking
energy which is not used, but also on the potential integration of photovoltaic (PV) systems in the grid.
If PV systems were to be placed on the DC side of unidirectional substations, all the PV generated
energy which is not used by the load must be curtailed, since it cannot be sent back to the MVAC grid.
Unidirectional substations could be replaced with reversible or bidirectional substations equipped with
inverters that allow bidirectional operation. However, this would imply a deep modification of the
trolleybus system as well.

Installing storage on the AC side also allows simpler control systems, but it does not allow to store
and use regenerated braking power. The main disadvantage of installing storage systems on the AC
side, besides the reduction of the utilization rate of braking energy, is that the batteries are not used
for voltage regulation, and therefore present a reduction in their utilization potential [24,36]. However,
since the utilization of the PV systems and its temporal match with the load are the main focuses of
this project, storage is placed on the AC side to maximise the PV generation utilization and therefore
potential of integration.

1.4 Research Scope and Contributions

In order to generalise the possibility and the potential of supplying DC trolleygrids with emission-
free generated energy it is necessary to understand which parameters mostly influence the energy
requirements of the trolleybus grid and the potential of integrating renewable energy sources in the
network. This study allows to draw some conclusions and recommendations for the application of PV
and stationary storage in trolleybus grids, taking into consideration the variability of the characteristics
of the grid and its location. The idea is to evaluate and quantify the differences between trolleybus
systems in different cities and identify set of indicators that can be used to assess the feasibility and
the potential of integrating PV systems in trolleygrids. The impact of these indicators on the grid
components, load, PV and storage is studied to define the set. After this, a study on the selected
indicators is performed to determine their impact on the integration of PV in the trolleybus grids of
Arnhem and Gdynia. The final scope is to develop generic recommendations and a method to assess
the potential of integrating PV in trolleybus grids located in different cities.

The research scope can be summarised through the following question:

What parameters affect the integration potential of PV systems in trolleybus traction grids of dif-
ferent cities, and how?
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Figure 1.10: Schematics of a trolleybus traction system with integrated photovoltaic energy
generation and battery energy storage system, both on the AC side of the
substation - reworked from [54]

Figure 1.11: Schematics of a trolleybus traction system with integrated photovoltaic energy
generation and battery energy storage system, connected to the DC busbar of
the substation - reworked from [54]

Figure 1.12: Schematics of a trolleybus traction system with integrated photovoltaic energy
generation and battery energy storage system, connected to the traction net-
work - reworked from [54]
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Figure 1.13: Schematics of a trolleybus traction system with integrated photovoltaic energy generation system -
reworked from [54]

1.5 Research Questions and Report Structure

The research objective, namely the study of the impact of different parameters on the integration of PV
in trolleygrids, is divided in 3 major research questions which give structure to the research and also
will guide the reader through the report. In this section the research questions are identified and then
an overview of the report structure is given.

Question 1
What parameters have an impact (qualitatively) on the components of an integrated trolleybus grid
(PV, BESS, load), and to what extent?

Question 2
How does the potential of PV integration vary for different cities in respect to selected study-indicators
(quantitatively)?

1. How do environmental parameters affect the potential of PV integration in trolleygrids?

2. How does the configuration of the substations (power, number and length of sections) affect the
potential of PV integration in in trolleygrids?

3. How does bus traffic affect the potential of PV integration in trolleygrids ?

4. How do the HVAC requirements affect the potential of PV integration in trolleygrids?

5. How does the introduction of bilateral connections between sections affect the PV integration in
trolleygrids?

Question 3
How does the introduction of stationary storage affect the feasibility of integrating PV in trolleybus
grids?

In Table 1.1, an overview of the chapters where the answers to the research questions can be found is
given.

Report Structure
The Report is formed by six core chapters, excluding the introduction. In Table 1.2, an overview of the
content of the chapters with a small summary is provided. In the next chapter and extensive review
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Table 1.1: Research questions and report chapters
Research Question Chapter of Interest

Key Performance Indicators
What parameters have an impact (qualitatively)

on the components of an integrated trolleybus grid
(PV, BESS, load), and to what extent?

Chapter 3

PV potential assessment
How does the potential of PV integration vary

for different cities in respect to selected
study-indicators (quantitatively)?

Chapter 5

PV potential assessment
with storage integration

How does the introduction of stationary storage
affect the integration of PV in trolleybus grids?

Chapter 6

of the existing literature is given, followed in Chapter 3 by an explanation of the research framework
and methodology. In this same chapter the study on the indicators is reported. In the following
section of the report, Chapter 4, the models used to simulate the operation of the two trolleybus grids
are discussed. The structure of the models, the main equations and assumptions can here be found.
Finally, Chapter 5 and Chapter 5, are used to provide the results of the simulations and to analyse the
impacts of the previously studied indicators on the potential of integrating PV and storage in the two
trolleygrids. In particular, the former focuses on the study performed on PV integration, while the
latter contains a review of the results of integrating PV coupled with Storage. The last chapter is used
to draw the conclusions of the research and draw some recommendations for the integration of PV in
trolleygrids and for future work.

Every chapter ends with a section dedicated to a short summary of the content and to the main
takeaways of the chapter.

Table 1.2: Report structure and content of the chapters

Content Title

Chapter 1
Trolleybus system brief description, with a short

explanation of how PV and storage are connected.
Definition of research motivation, scope and questions.

Introduction

Chapter 2
Review of existing literature. Two main topic blocks:
electric vehicles energy demand and PV and storage

integration in traction grids.
Literature Review

Chapter 3
Research framework and methods are presented.

Data collection and analysis, identification and study
of the parameters and introduction to the modelling part.

Methodology

Chapter 4
Presentation of the models developed and used to

perform the research project: PV model, bus models,
storage model and grid models.

Models

Chapter 5

Results obtained for the operation of Gdynia and Arnhem
trolleybus grids. Analysis of the impact of selected

study-parameters (from Chapter 3) on the potential of
integrating PV systems in trolleygrids.

Results: Grid operation
and PV integration

Chapter 6
Results obtained when introducing battery storage

systems coupled with PV and analysis of the
PV system performance. Feasibility analysis.

Results: PV and storage
coupled integration

Chapter 7

Conclusions and recommendations for PV integration in
trolleybus grids, with and without including storage.

Recommendations for future work and possible
improvements and next steps.

Conclusions
and Future Work



2 L I TERATURE REV IEW

The aim of this chapter is to provide an overview of the existing research and to discuss relevant literature upon
which this research is built. The additional goal is to identify the research gap which this Master thesis project
aims to fill.

At the end of each section a Summary of what is discussed in the respective paragraphs is provided.

2.1 Energy consumption in trolleybus grids

The electricity consumption of electric vehicles (and therefore trolleybuses) varies in relation to many
external factors. In [16], Mikołaj Bartłomiejczyk and Robert Kołacz analyse and quantify the energy
consumption of trolleybuses. The energy supplied to the electric vehicles from the relative power
source (which can be a traction network, an autonomous generator or a traction battery) is intended for
traction and non-traction needs, which can be divided in non-traction requirements during movement
(actual energy used to grant comfort on-board to passengers) and non-traction requirements during
stops. The energy consumption distribution for different purposes is shown in the flow diagram in
Figure 2.1. The aim of this section is to understand what parameters affect the energy demand of
electric vehicles, and to what extent. The existing research on this topic is taken into consideration
when defining the indicators that will be used to assess the PV potential integration.

Figure 2.1: Distribution of electric energy consumed by vehicles between traction and non-traction needs [16]

Non-traction energy requirements can account for up to almost 50% of total energy consumption,
reaching peaks of 70% during winter [16]. The magnitude and the variation of the non-traction energy
needs depend on the location where the EV (electric vehicle) is used, since they are strongly connected
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to the weather conditions and temperature levels. For this reason, existing research on the effects of
environmental conditions on electric vehicles demand is discussed.

The characteristics and topography of the city, are what affects the traction requirements of the elec-
tric buses the most. In particular, city-dependant parameters as traffic, stops and road gradients are
researched upon, together with individual and unpredictable parameters as the driving behaviour.

2.1.1 Ambient conditions and environmental effects

Many studies on the integration of PV in traction systems grids, do not consider the impact that
environmental-related factors may have. However, these are demonstrated to have a significant effect
on electric vehicles energy demand, in particular on the auxiliary loads [47]. Most of the research in
this direction is done on electric cars, not specifically on trolleybuses. However, similar conclusions
can be drawn for the trolleybus energy consumption.

In [47], Kai Liu et al. explore the “Interactive effect of ambient temperature on auxiliary loads” and
try to improve the accuracy in estimating the energy consumption of the vehicles based on sparse real-
world observations. The observed temperature during the trips analysed in the paper ranged from
5.5 to 36.6°C. In Figure 2.2, the distribution of the collected data showing the relationship between the
energy efficiency of the vehicle and the ambient temperature. As one can see, the energy consumption
per kilometre varies consistently with temperature, and outside the range from 10 to 30°C the variances
exhibited were larger. The third-order polynomial used for fitting the asymmetrical “U” distribution,
in red, is the one that gave the best fit. The authors built different models to have an estimation of the
temperature dependence of energy consumption and found that the heater impact in the consumption
is not always higher than the AC. As a matter of fact, from the results it appears that the heater may
consume less energy than the air conditioner for specific temperature ranges. Another finding of the
study is that there is a considerable amount of losses coming from an ‘inappropriate’ use of the AC and
heating systems, namely AC remaining in operation at low temperature, heater during high ambient
temperatures or situations in which both air conditioner and heater were in operation at the same time.
Eradicating this unreasonable use of the vehicle auxiliary loads would save on average 9.66% of the
electricity used per kilometre.

Figure 2.2: Energy consumption per kilometre as a function of ambient temperature, observations and fitted poly-
nomial [47]

The research done by Mikołaj Bartłomiejczyk and Robert Kołacz on the auxiliary power demand of
electrical buses [16], also demonstrates the impact of air temperature on the vehicle energy consump-
tion. In the article three aspects are presented: the influence of ambient and the influence of traffic
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congestion on the energy demand of auxiliaries (which will be further discussed in one of the next
paragraphs) and the statistical aspect of auxiliary loads. Based on real-world measurements from ve-
hicle data loggers’ systems it is shown that energy consumption for non-traction needs has a strong
influence on the total energy consumption of the system. The collected data allowed to quantify the
dependence of the external temperature on the energy consumption. In Figure 2.3 the average total
consumption per kilometre of a trolleybus is presented as a function of the difference between inside
and outside temperatures. From this graph, it is possible to conclude that limiting the difference in
temperature between the surroundings and inside of the vehicle would reduce energy consumption
for non-traction purposes.

Figure 2.3: Overall vehicle power consumption as a function of the difference between ambient temperature and
internal temperature, trend of the data [16]

In Figure 2.4 the energy consumption and daily average ambient temperature during a year are plotted.
The relationship between energy consumption for non-traction purposes and outside temperature is
evident. What is also clear from the graph, is the lack of dependency of energy consumption for
traction needs on outside temperature.

Figure 2.4: Average energy consumption and daily average outside temperature as a function of the time of the
year [16]

In [39], Kiran Kambly and Thomas H. Bradley, present a study on the climate effect on the range of
electric vehicles, showing the dependence of energy requirements of EVs on regional and temporal
differences. Although for this study the EV ranges are less interesting, the focus on cabin thermal
conditioning energy requirements of the article is a relevant topic. The variables given as input in the
model (coming from the National Solar Resource Database) include Ambient Temperature, Relative
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Humidity and Solar Irradiation. The model simulates the dynamics of thermal comfort within the
vehicle evaluating the power requirements of air conditioning and heaters to maintain the passenger’s
thermal comfort. This requires the modelling of the climate at different locations and times (of the day
and of the year), the thermal response of the vehicle and its HVAC system, and the energy consump-
tion of the vehicle. The results show that both outside ambient conditions and the thermal comfort
conditions within the vehicle cabin strongly affect the energy consumption of the HVAC system of the
vehicle and therefore have a strong impact on the total energy consumption and in the case of EVs
on the fluctuations of the available range. The authors found that the EV range varies considerably in
relation to the moment of the trip and the location of the city. The reduction of the range is most pro-
nounced in the middle portion of the day when temperatures and solar load are highest. The EV range
variation from a maximum of 128 km to a minimum of 95 km, varying the moment and the location of
the trip, demonstrates the strong impact that environmental conditions have on electric vehicles energy
consumption.

From these studies it is possible to conclude that the trolleybus grid load varies considerably through-
out the year, due to the weather variations. The energy demand of a traction grid is expected to be
strongly dependant on its location and the respective environmental data.

2.1.2 Road gradients

Distances, driving patterns and driving conditions affect the energy consumption of electric vehicles.
Within all the factors which affect the driving conditions, road gradients are considered as one of the
most significant factors influencing the vehicle energy consumption [48, 68].

In [68], the authors develop a model to analyse how different rode slopes affect the EV’s electricity con-
sumption, considering also different traffic conditions. The developed model takes into consideration
how the gravitational forces influence the vehicle and which impact this has on uphill and downhill
roads on the driving behaviour. In Figure 2.5, the effects of the gravitational force on the vehicle
driving behavior on the uphill/downhill road are shown. In the illustration, θ is the tilt angle, g is
the gravitational acceleration and m is the vehicle mass. Driving up- and down-hill will respectively
increase and reduce the power demand by a factor mg sin θ. The numerical results obtained show that
the energy consumption of EVs vary with road gradients: the demand of the vehicles increases with
the increase of the tilt angle on uphill roads, it decreases with the increase of the tilt angle on downhill
roads and it always increases with the length of the uphill section. Through the recovery of braking
energy downhill roads the energy consumption is reduced even further.

In [48], the researchers want to investigate the effect of the gradient of the roads on the vehicles energy
consumption in Aichi prefecture in Japan, using GPS tracking data and digital elevation map (DEM)
data for the analysed roads. A trip-base model is used due to relatively sparse data and the contin-
uously varying slope of the streets is assigned to 12 categories of road steepness. The percentage of
each total trip distance in each category describes the variation of the gradient of each trip. The results
of the simulations demonstrate that the impact of road gradient on energy consumption increases al-
most linearly with the absolute value of the gradient and that thanks to the possibility of regenerating

Figure 2.5: Illustrations of the electric vehicle’s gravitational force on uphill (a) and downhill (b) [68]
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braking energy EVs are more efficient than fuel vehicles, especially in hilly/mountainous areas where
regenerating plays a central role in energy consumption.

2.1.3 Bus type and bus traffic

The system’s characteristics have an impact on the total energy consumption expected. This aspect
is very relevant for this study, since when modelling and researching different networks in different
cities it is important to take into consideration how the systems differ in terms of bus types and bus
schedules. Therefore, some previously performed studies are here discussed, in relation to the effect
on the grids energy consumption of the types of buses and of the frequency of the bus rides.

In the analysis of Marc Gallet et al. on the energy demand of electric buses for public transport
networks [31], the authors take into consideration the 3 different types of electric buses covering the
routes in Singapore: single-decker, double-decker and articulated buses. The median value of the total
energy demand for a terminus-to-terminus journey ranges from 28.7 kWh to 45.0 kWh, depending
on the bus type. The median values of the specific energy demand obtained by the model based on
the collected data are 1.6 kWh/km, 2.3 kWh/km and 2,5 kWh/km, for single-decker, double-decker
and articulated buses respectively. In Figure 2.6 the reader can see how the specific energy demand is
distributed based on the vehicle type (with SD=single-decker, DD=double-decker and AB=articulated
bus). Although the article [31] does not deal specifically with trolleybuses, these results are valuable
also for our research, not only because the consumption of electric buses is comparable to that of
trolleybuses due to the fact that their mobility characteristics are very similar [13], but also because
this analysis allows us to have a feeling of order of magnitude of the energy consumed by the vehicles
based on the bus type and passenger capacity.

Figure 2.6: Distribution of the specific energy demand averaged over a journey per bus type [31]

In [54], the average values of the energy consumption of the Arnhem trolleybuses along each line are
organised in a bar chart. This is shown in Figure 2.7. The data used to create the chart are also the
ones available for this master thesis project. As one can see the values are distributed around a value
of 2 kWh/km.

Another aspect affecting the energy consumption, is the number of trolleybuses running and their
frequency. This has an impact on the number of buses in the grid and the overall power requirements
of the trolleybus substations throughout the year. When considering regenerated energy from braking,
trolleybus traffic has a significant impact on the utilization rate of this energy [18]. As a matter of
fact, part of the recouped energy is re-fed back to the power grid and if no consumer is found in the
supply area the energy must be dissipated as heat in the braking resistors (unless storage is available).
Therefore, the degree of utilization of regenerated energy from braking is strongly connected to the
average number of trolleybuses that can be found in a supply area. In [18] the authors show that during
weekdays when trolleybus traffic intensity (meant as the average number of buses on a power supply
area) is higher 70% of the recovered energy is absorbed, while during off-work days when the bus
frequency is decreased by 50%, the ability of the network to re-use the energy is reduced by 40%-60%
(in the case studied this energy is not dissipated but stored in a supercapacitor). In Figure 2.8, one can
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Figure 2.7: Energy demand for the Arnhem bus type, for each direction of each line of the trolleybus system [54]

see the effectiveness of recuperation as a function of the trolleybus average number in the supply area
of the substation.

Figure 2.8: Recuperation effectiveness ken plotted as a function of the average number of vehicles in the supply
area N [18]

2.1.4 Traffic, stops and ”Eco-driving”

Traffic, stops and driving conditions have impacts on different components of the network. Analysing
and studying previous research projects, one can notice how the variability in speed of the vehicle
and the continuous starts and stops affect the energy consumption for traction purposes of the trol-
ley/electric buses. However, these parameters also have an influence on other aspects as non-traction
and auxiliary energy consumption of the vehicles, transmission losses, utilization of regenerative brak-
ing, utilization of integrated PV systems and finally also on storage and in motion charging. In this
paragraph an overview of the ongoing discussion and research on the topic is given.

Traffic and Stops
In [16], Mikołaj Bartłomiejczyk and Robert Kołacz estimate the influence that traffic congestion can
have on the energy demand of auxiliaries. The congestion of road traffic affects both traction and
non-traction energy needs. For traction needs the energy consumption is strictly related to the vehicle
velocity and its variation. An increase in speed implies an increase in the traction requirements. On the
other hand, speed reduction and traffic congestion have a negative impact on the non-traction energy
needs of the vehicles. The authors analyse the dependence of energy consumption on commercial
speed and on the adherence to the timetable (quantifying the delays caused by the congestion of road
traffic along the trolleybus lines). Figure 2.9a and 2.9b, from the paper, demonstrate that commercial
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speed has a strong impact on energy consumption for non-traction purposes (especially in winter)
and show how this affects the total consumption of the vehicle. The effect of the delay on the energy
consumption of the vehicle is shown in Figure 2.10. The conclusion drawn from the authors based on
the result is that improving the traffic flow and reducing road congestion would lead not only to an
increase in the attractiveness of the transport service but also to a reduction of the energy consumption
of the vehicles. For this reason, they recommend introducing separate dedicated lanes for public
transport vehicles.

(a)

(b)

Figure 2.9: Scatter plot of the average energy consumption measured as a function of commercial speed for (a)
winter and (b) spring season (the discontinuous lines are trend lines for the measured data points) [16]

Traffic has a negative effect also on the transmission losses in the network. As demonstrated in the
study of Mikołaj Bartłomiejczyk et al. [17], high traffic intensity sections have higher transmission
losses due to the higher power requirement of the sections. The increase in power demand leads to
the increase in the current flowing through the cables and therefore causes higher transmission losses
which are directly proportional to the resistance and to the square of the current. High traffic intensity
sections present losses of almost double the grid average value. As a matter of fact, in some high traffic
sections transmission losses of 15.3% and 13.6% are found, which should be compared to the trolleybus
grid average of 8.5%. High traffic intensity, however, improves the use of recuperation energy. In fact,
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Figure 2.10: Scatter plot of the average energy consumption measured as a function of the traffic delays in the
summer season [16]

the conducted analysis demonstrates that the parts of the supply system with low traffic intensity
generate poor conditions for regenerative braking usage.

In [12], the author explores the potential of PV integration in the trolleybus grid of Gdynia in Poland.
The analysis conducted is based on a simulation done implementing the Monte Carlo method to in-
clude the uncertainty of the PV generation and the variability of the load. In this context, traffic is also
taken into consideration as a variable, and the effects that the intensity of traffic in different sections
of the grids has on the utilization of the PV generated energy. In the study 3 variants are proposed in
which PV system size, connection type and traffic conditions of the supplied areas change. In Table 2.1
an overview of the 6 cases explored by the author can be found. The variability of the load limits
the possibility to fully utilize the PV generated energy. However, the increase of traffic intensity and
the increase of the supplied area generate better conditions for PV utilization, since they increase the
regularity of the load. The conclusion drawn from the simulation results is that the increase of the
substation load caused by traffic intensity allows to have a higher PV generated energy utilization. In
Figure 2.13, the utilization of the PV capacity installed for the 6 cases presented in Table 2.1 is shown.
For cases IA and IB, which represent high traffic intensity sections, the PV energy used is always higher.

Table 2.1: Six case studies from paper [12] - PV integration in the Gdynia trolleybus grid

Label PV system size
PV connection to
the supply system

Supply area
characteristics

Supply system
characteristics

IA 500 kW Substation busbars
High traffic intensity

and heavy load
Unilateral

IB 500 kW Substation busbars
High traffic intensity

and heavy load
Bilateral

IIA 50 kW Substation busbars
Small supply area

and lower load
Unilateral

IIB 50 kW Substation busbars
Small supply area

and lower load
Bilateral

IIIA 50 kW
Traction network

(in weak point of network)

Single supply section,
small supply area with

limited energy recuperation
Unilateral

IIIB 50 kW
Traction network

(in weak point of network)

Single supply section,
small supply area with

limited energy recuperation
Bilateral

As discussed above, traffic has an influence on trolleybuses total energy consumption. This also means
that if the buses are equipped with traction batteries for catenary free operation, the size and the charg-
ing/discharging cycles of the battery will be influenced by the traffic trends in the city. The analysis of
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accurate energy demand profiles is necessary to determine battery capacity, to design optimal charging
strategies and to define the charging infrastructure characteristics and requirements for the function-
ing of trolley- and electric buses [31]. In [49], the authors propose a method to size and determine
an electric bus powertrain powered by hybrid energy storage, which establishes accurate energy re-
quirements based on GPS data to characterize local traffic conditions. The research demonstrates how
the implementation of accurate traffic parameters allows to prevent inaccuracies on the estimation of
energy needs, which is crucial when sizing a traction battery for autonomous running of vehicles.

In [10], a case study of the practical application of In Motion Charging (IMC) in Gdynia trolleybus grid
is presented. The author aims to provide some guidelines for boundary conditions in the designing of
an In Motion Charging system. In the discussion of the results of the case study also traffic is included
in the analysis. The presence of traffic can strongly influence the charging and discharging cycles of
the on-board traction battery. In particular, traffic could lead to an increase in energy consumption
above nominal values, which in a situation of catenary free operation could cause issues if the batteries
are not charged enough or if the terminals are not equipped with systems that allow for charging of
traction batteries.

After looking into the effects of traffic, it is possible for us to conclude that also the stopping frequency
will have an impact on the buses’ energy consumption and on most of the things mentioned above.
High stopping frequency means: high frequency of acceleration and deceleration phases with high
power peaks, low velocity and more traffic. As a matter of fact, the study done by Marc Gallet et al. [31]
also demonstrated how the number of stops per km affects the average speed and the total energy
consumption of the buses. A route with a high number of stops causes a higher energy consumption
not only due to the reduction in speed and the increase of idle/reduced speed time which increases the
auxiliary power demand, but also due to the increased frequency of high energy-intensive acceleration
phases. What is also highlighted is the effect of overall traffic: not only congestion of road traffic causes
the energy demand to increase, but also passenger traffic plays an important role affecting the weight
and the energy needed for non-traction purposes.

Driving behaviour and ”Eco-driving”
The impact of traffic on energy consumption profiles of trolleybuses has been discussed above, however
not only external driving conditions influence the energy requirements. Studies demonstrate that also
driving behaviour and the management of driving conditions have an effect on the energy demand of
electric buses, and that the optimization of driving cycles can improve the energy efficiency of traction
systems.

The impact on energy demand of EVs of driving characteristics is studied in [20]. The authors analyse
the effect of the driving behaviour and style on total energy consumption, SOC utilization and range
of electric vehicles. A common driving cycle is used to show the substantial energy savings that can be
obtained when consciously reducing the amount of acceleration and deceleration throughout the travel.
It is demonstrated that a different driving-style can have up to 30% impact on the energy consumption
(between a moderate and an aggressive driving mode) over the driving duty considered for the case
study. Allowing the driver to minimise periods of frequent acceleration and deceleration and allowing
longer periods of steady-speed motion can bring to meaningful energy savings.

In [46], Kai Liu et al. propose new models to estimate the actual efficiency of electric vehicles, analysing
the impact that heterogeneity in driving behaviour and traffic conditions have on energy efficiency,
based on long-term daily trip-based data. The objective is to demonstrate to what extent the variability
of energy demand is dependent on variations of traffic conditions and driving habits. The heterogeneity
at the driver level was found to have a considerable effect on energy consumption and to contribute
meaningfully to the variability of the consumption of the vehicles per km.

Including this factor in the analysis is not easy but moderate driving behaviour can lead to have a more
regular load and therefore could have an effect on the utilization rate of PV generated energy and on
the sizing of integrated storage.
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2.1.5 Summary - EVs energy demand

The electricity consumption of electric vehicles (trolleybuses) varies in relation to many external fac-
tors and this should be taken into consideration when modelling and analysing the network energy
demand. In this section different causes of energy consumption increase are analysed: external en-
vironment conditions, road gradients, bus type and bus traffic, traffic congestion, stops and eco-
driving.

Ambient temperature is the first element to be analysed, many studies demonstrate the strong impact
of this variable on the auxiliaries load. The energy consumption of the HVAC system of the vehicles is
affected by temperature and relative humidity variations of the surroundings [39]. The relation between
energy consumption for non-traction purposes and outside temperature is demonstrated from previous
research. It is also concluded in some papers that since energy demand for auxiliaries accounts for up
to almost 50% of total energy consumption, reaching peaks of 70% during winter [16], the main way to
reduce consumption in transport is to reduce the auxiliary loads. Therefore, environmental conditions
cannot be excluded from the analysis on energy consumption of electric trolleybuses.

It is shown that the demand of the vehicles increases with the increase of the tilt angle on uphill roads
and decreases with the increase of the tilt angle on downhill roads. The energy demand increases also
with the length of the uphill section [68]. The effect of road gradients on energy consumption and
regenerated energy is discussed further, and is it also demonstrated that the impact of road gradient on
energy consumption increases almost linearly with the absolute value of the gradient and that thanks
to the possibility of regenerating braking energy EVs are more efficient than fuel vehicles, especially
in hilly/mountainous areas where regenerate energy plays a central role in energy consumption [48].

Other two important aspects that have an impact on the energy consumption of a trolleygrid are the
types of buses used and the frequency of runs. The consumption of energy varies with the bus type,
with its weight, dimensions and passenger capacity [31] and with the number of trolleybuses running
simultaneously in the grid [18]. Trolleybus traffic has a significant impact on the utilization rate of
regenerated energy and on the effectiveness of recuperation.

Finally, traffic, stops and eco-driving solutions impact on the grid requirements is questioned and
discussed. Traffic is found to have a negative impact on the energy demand for non-traction needs, on
the power peaks due to continuous stops and on the transmission losses [16, 17]. On the other hand,
traffic congestion is demonstrated to increase the use of regenerated energy and the PV utilization. In
sections with more intensive traffic conditions the two latter elements are performing better [12]. A
route with a high number of stops causes a higher energy consumption not only due to the reduction in
speed and the increase of idle/reduced speed time which increases the auxiliary power demand [16],
but also due to the increased frequency of high energy-intensive acceleration phases. Eco-driving
solution is proposed by multiple studies to reduce the energy requirements, since the heterogeneity
at the driver level is found to have a considerable effect on energy consumption and to contribute
meaningfully to the variability of the consumption of the vehicles per km.

To conclude, all the factors discussed in this section are found to have a significant impact on the
power/energy requirements of the electric vehicles, therefore of the trolleybuses, and of the traction
grid. Some of these parameters seem to be inducing variations also in the utilization of PV energy when
integrated. To what extent can these parameters affect how successfully PV systems are integrated
in the trolleybus traction grids?
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2.2 PV and storage integration in traction systems

In the context of sustainable development and of electrification of the transport sector, renewable
energy and storage systems both have a central role. The renovation of the urban transport system
towards solutions which allow a reduction of GHG emissions, led to the exploration of possibilities of
integrating renewable technologies and storage devices in traction grids, which are proven to be one
of the most effective options to supply electricity to the urban transport network [19]. In this section,
different solutions for the integration of PV and storage systems are discussed. First, we will look into
PV integration in the traction grids, then into storage and finally into the combination of the two. As
one will notice, not all the results lead to the same conclusions.

2.2.1 PV systems integration

The integration of photovoltaic systems to supply public traction systems is being explored. Its world-
wide availability, urban friendly and sustainable characteristics together with the forecast cost price
reduction of the technology [3], make this solution worth exploring. Literature show that different so-
lutions have been explored in various countries, not only for trolleybus but also railway and tramway
systems.

In [33], the authors research the potential of introducing PV systems on the roofs of the railway stations
and analyse the issues encountered. The first problem they take into consideration is the influence of
the surrounding buildings’ shadows on the generation. Especially during winter season, long shadows
from southern direction reduce eminently the PV generation. 20% shadow on the panel results in 60%
decrease of the output. The influence of building shadows is shown for June 22

nd and December 11
th in

Figure 2.11. When introducing PV systems in urban areas this issue should be taken into consideration.

Figure 2.11: Effect of shadows on PV generation [33]

Another problem tackled by the authors in [33], is related to spatial and temporal mismatch between
generation and consumption. On one hand, introducing PV systems along the railroad track continu-
ously is not effective due to the fact that consumption happens in stations which are located discretely.
Therefore, there is an issue related to the spatial distribution of generation and load. In terms of
temporal mismatch, the observation is that the loads of the stations are heavy and maximum during
peak hours, which happen in the morning and in the evening, while the PV generation peaks during
midday. An average day load and generation curves are plotted in Figure 2.12. This causes a temporal
mismatch between generation and load that should be covered either by transferring the residual en-
ergy to other stations or storing the excess. In this study, a storage solution with Lithium batteries is
discussed, which will be further analysed in one of the next subsections.
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Figure 2.12: Temporal mismatch between PV generation and load [33]

In [12], Mikołaj Bartłomiejczyk presents a stochastic analysis, based on the Monte Carlo method, of the
potential of PV systems supplying the trolleybus grid in Gdynia. Through the stochastic simulation,
the author takes into consideration both the random nature of the load and the uncertainty of solar
generation. The study proves that it is possible to reach 80% of PV utilization in the trolleybus grid
under certain conditions, despite the variability of the energy demand. Moreover, the author concludes
that the PV utilization is highly dependent on the substation’s load and that the former increases
with the latter. Another finding which is worth mentioning, is the influence of the upper limit of the
generated voltage, which allows better use when it is higher. Finally, the results also show how bilateral
connections always improve the ability of the system to use the solar energy, but, in particular, how this
strongly impacts the sections with lower load. The author suggests some values of installed PV power
in relation to the dimension of the supplied substation and to the type of connection (to the substation
busbars or to the network directly). In Table 2.1, the summary of the 6 studied cases for PV integration
are reported. In Figure 2.13, the reader can find a bar chart showing the PV generation use in the 6

cases. As one can see, the solution ’B’ for all cases, which introduces bilateral connections, always has
a better performance. Also, case I (both A and B scenarios) is presenting always better performances.

Figure 2.13: Utilization of the PV generated energy as a function of the installed PV capacity for the six cases [12]

The study presented by M. Wazifehdust, D. Baumeister et al. [64], propose two methods to determine
the optimal placement and sizing of PV systems and electric vehicle charging stations in the Solingen
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LVDC trolleybus grid. As in common trolleybus systems, all substations are operated unidirectional.
In relation to the PV integration, the authors study different methods to determine the the zone of
influence of the PV generation, based on length of the overhead fed, on voltage differences along the
lines and maximum losses. The nodes (all interconnection points) to which the PV systems should
be connected to have optimal performance are selected based on the zones of influence identified, the
simulated nodes’ feed in potential and the size of the system. The results of this study show that the
nodes chosen as optimal locations for PV integration are on the heavily travelled routes and therefore
have a higher energy demand. Moreover, all the selected nodes are characterised by the largest feed-in
potential.

In [54], a study on the effects of integrating PV systems in the Arnhem trolleygrid is performed. Some
interesting takeaways are found and here reported. The first one confirms the limitation in the appli-
cation of PV systems in trolleygrids due to the temporal mismatch between load and generation. As a
matter of fact, in Figure 2.14 the reader can find the ideal fraction of load covered with PV for all the
substations in Arnhem grid. The bar chart shows the fraction of time in which a power requirement
is simultaneous to PV generation, regardless of the magnitude of the two. As one can see, there is a
physical limit, which is due to the seasonal mismatch between demand and generation caused by the
increase in demand and the significant reduction of generation in winter.

Figure 2.14: Fraction of time in which a bus can be at least partially supplied by PV generated energy

In the same report, it is concluded that the increase in traffic conditions (in terms of fraction of time in
which PV and bus are matching in time) induces an increase in the PV capacity that can be installed
at the substation level and of its performance. The increase in traffic causes the variation in load
coverage between 5% to 15% between different substations and of utilization of PV generated energy
between 55% and 65%. The analysis does not quantify the impact of traffic, however it compares the
effectiveness of integrating PV in substations with different traffic conditions, showing how this has an
impact on the potential of integrating PV.

2.2.2 Summary - PV integration

PV systems integration in traction grids has been partly studied, and the main issues and key findings
are here reported:

• The utilization of PV generation is strongly dependant on the type of connection to the trolleybus
grid and on the location of the connection [12].

• The utilization of PV generation is strongly affected by the section-substation supplied character-
istics: traffic, bus frequency, power demand [12, 64].
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• The temporal and spatial mismatch between load and generation has an impact on the utilization
of the PV systems and this can be improved by the introduction of bilateral connections, as shown
in [12], and of storage devices as commented in [33] and further discussed in the next paragraphs.

To conclude, this section offers some interesting food for thought. The characteristics of the power
supply areas seem to have a strong influence on the integration of PV in traction grids. The traffic
intensity in the sections, the power requirements of the substations and the bus traffic all seem to
increase the PV performance. Are there specific values for which the increase of these parameters
induces a better PV use? Is it possible to identify a range for these parameters in which the PV
performance is improved?

2.2.3 Storage systems integration

Integrating energy storage systems could be beneficial to increase the utilization of the recovered brak-
ing energy, as demonstrated in [18, 34, 41]. Storage systems can be used also to reduce the voltage fluc-
tuations, decreasing the voltage drops caused by consecutive accelerations and stabilizing the network
voltage [24]. Finally, energy storage systems can effectively increase the utilization of PV generated en-
ergy, as shown in [24, 33, 52]. This last function will be further discussed in the next subsection. In this
subsection different studies related to the introduction of storage systems in urban transport traction
systems are discussed to have an overview of existing literature on the topic.

The studies on the integration of storage in traction transport grids vary in terms of type of technology
implemented and type of connection to the grid. As a matter of facts, super-capacitors (SCs) and
batteries have been widely studied in two different applications: on-board or off-board. This means
that the storage system can either be installed on the vehicles or in one or more points of the network,
typically connected to or close to a substation, these solutions are respectively named on-board and
stationary storage [23]. The use of super-capacitors for storage applications is frequently studied beside
battery systems. The reason behind this choice related to the power characteristics of super-capacitors,
which allow to have a fast response to high peak power requirements, to the high efficiency and long
lifetime. Moreover the implementation of these devices is easier, since the state of charge of the SCs
can be determined just by measuring the voltage difference at the terminals [8].

On one side, mobile applications of storage units are used for peak power demand shaving during
the acceleration of vehicles and allow catenary-free operation. The peak shaving feature of on-board
storage has beneficial effects on the network in terms of reduction of transmission losses in the lines,
of limitation of voltage drops due to high power requirements and of improvement of the utilization
of recovered braking energy. The regenerated energy from braking can be stored without incurring in
transmission losses to reach stationary storage, introducing like this an increase in energy efficiency
of the vehicle. However, mobile storage has the disadvantage of the weight and the space it requires
on the vehicles [8]. Through on-board storage higher efficiencies of the trolleygrid system can be
reached, but more capacity has to be installed due to the modularity required. On the other hand,
stationary storage systems are more effective in supporting the contact lines when installed on the DC
side of the substations. The increase in size of the networks, in frequency and passenger capacitance
of the buses, can have a damaging effect on the lines and the power quality, due to overloading of the
lines. Stationary storage connected to the traction grid, can support it and improve the supply lines
performance [24]. The advantage of stationary storage when compared to on-board is that it has no
real restrictions in terms of weight and space requirements and that it can recover energy from several
braking vehicles at a time. However, due to the voltage boundaries of the contact line, not all the
braking energy can be stored. As a matter of fact, if a vehicle is too far from the storage system it will
not be able to store all the energy because of the losses in the lines. The reduction of line losses will
also remain unvaried, due to the fact that contrary to the on-board storage situation, the current in the
lines will be similar as in the no-storage case [8]. On-board storage allows to supply locally the buses
without requiring power from the catenary. In Table 2.2, the comparison of the results of the paper
comparing on-board and stationary storage are provided. A range of energy savings is provided in the
tables since two scenarios are provided in the research.
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Table 2.2: Comparison of stationary (DC connected) versus on-board Energy storage systems (ESS) [8]
Stationary storage On-board storage

Number of ESS needed 6 55 (5/vehicle, 11 vehicles)
ESS usable energy capacity [kWh] 4.53 1.46

Total energy capacity needed [kWh] 27.18 80.3
Energy savings [%] - high traffic 11.7 - 16.1 19.6 - 26.3

Energy savings [%] - moderate traffic 17.1 - 22.3 22.8 - 29.3
Energy savings [%] - low traffic 25.7 - 33.4 29.3 - 35.8

In particular, R Barrero et al. in [8] simulated 2 scenarios: one with high (optimistic scenario) and
one with low (base scenario) efficiency of vehicle components. The authors propose a model based
on quasi-static method, to simulate power flow in a metro grid including unidirectional substations,
vehicles and stationary energy storage systems on- and off-board. In the base scenario, during the
night energy savings reached 29.5%, while they achieved only 29.9% at peak times. In the optimistic
scenario, under low traffic conditions, 36.3% of energy savings are achieved. When simulating the off-
board storage, not only the size but also the distribution and connection points have to be optimised.
For this reason, the simulation consisted in a sensitivity analysis to find the optimal stationary storage
system which would allow to have a reduction in energy consumption which was globally comparable
to that of on-board storage. Also in this case both scenarios (base and optimistic) and traffic conditions
are simulated. It is interesting to notice, that for the stationary storage case higher energy savings in
higher traffic intensity conditions are reached. While in the case of on-board storage, the results show
that the potential introduction of mobile storage is higher in lower traffic conditions. However, the
maximum energy savings in the stationary case would be lower both for the base scenario, 25.7%, and
for the optimistic one, 33.4%. If on-board storage is performing better in terms of energy savings, the
capacity of storage installed is considerably higher in the optimized solutions found: 27.18 kWh for
stationary and 80.3 kWh for on-board.

In [41], as discussed above, Yasunori Kume et al. Study the effects of introducing Li-ion batteries in a
railway system to temporarily store the regenerative power. The results show that the connection of
the storage energy system to the substation reduces the energy consumption by storing and re-using
regenerated energy. Comparing the yearly power consumption before and after the installation if is
found that the power consumption was reduced of 12.8%.

In [23], the authors study the effect of the introduction of storage systems in a tramway network and
provide a comparison in terms of energy and cost efficiency between storage technologies and their con-
nection to the traction system. The variants on which the analysis is based are the following: stationary
lithium batteries or stationary supercapacitors, on-board lithium batteries or on-board supercapacitors.
For simplicity, this study uses the same dimensions for on-board and off-board storage, to give a clear
indication of the weaknesses and strengths of the options. The introduction of storage in the system
has the purpose of increasing the utilization of regenerated braking energy. The results of the study
show that energy savings can be increased with the introduction of storage systems. In particular, the
greatest advantages are obtained if several storage systems are installed along the line, with distancing
between them based on the effective reach of the energy storage device. Also from the cost/benefit
point of view stationary systems represented the best solution. Finally, batteries are picked as pre-
ferred technology due to the equivalence in performance and to being more competitive in terms of
investments. Battery stationary energy storage systems are, therefore, the storage option selected for
this study. The investment effectiveness found in this paper and the forecast reduction in prices that
the technology will undergo [36] make it the most interesting and competitive option.

In [11], Mikołaj Bartłomiejczyk shows the impact of installing a supercapacitor connected to a substa-
tion in Gdynia trolleybus grid. The characteristics of the area supplied by the substation in question,
namely the hilly terrain and the reduced size of the supply area, caused high amounts of recuperation
energy and insufficient number of vehicles which could receive this energy. This led to the decision
of installing a supercapacitor connected to the substation, to store the excess regenerated energy and
re-use it when needed. The collected data and results of the study demonstrated that introducing a
supercapacitor system into service in a specific substation resulted in a decrease of about 12% of the
total energy demand. This number is relatively small due to the fact that the running vehicles did not
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have a recuperation system, the author expects the energy savings to reach 25% energy savings result-
ing from accumulation in the energy storage system if all the exploited vehicles would be equipped
with regenerative braking systems.

2.2.4 Summary - Storage integration

Storage integration in the grid has been demonstrated to have high potential in terms of energy savings,
especially when combined with systems which allow the re-use of regenerative energy from braking.
On-board and off-board solutions both lead to a reduction in the energy consumption and to an
increase in stability of the grid. The trade-off is connected to the availability of space and weight on
the vehicle, to the available funds, to the storage capacity required and to the functions of the storage
system. As discussed, off-board can reach similar energy savings with lower capacities, but for instance
does not allow catenary-free operation and high utilization of regenerative braking.

To conclude, battery stationary energy storage systems are the storage option selected for this study.
The higher cost-effectiveness found and the limited interest in energy recuperation for this research,
together with the forecast reduction in prices for the Li-ion battery technology [36] make it the most
interesting and competitive option. In the next section, some former studies on combined PV and
storage integration in traction grids are discussed.

2.2.5 PV and storage integration

In this Master thesis project, the introduction of storage in the grid is functional to the implementation
of PV systems. The aim is to study how the inclusion of storage affects the potential of supplying
trolleygrids with PV generated energy. For this reason, previous literature on the combined integration
of photovoltaic and storage is now reviewed. PV integration has been studied less than storage, also
due to the reduced number of options in the integration compared to storage devices. Research on
combined PV and storage in traction grids is very limited.

In [33], Hitoshi Hayashiya et al. propose a study on the potentials, peculiarities and prospects of
introducing solar power generation systems in a railway network. As previously discussed, the results
of the research demonstrated the existence of a temporal and spatial mismatch between PV generated
energy and the load (temporal mismatch effects are shown in Figure 2.12). The authors introduce the
topic of storage systems as a solution to limit the mismatch between generation and load by storing
and re-using the energy when required. This type of implementation of storage systems is what is
interesting for this research. Understanding the effects of including storage and the feasibility of this
application are the main goal. In [33], a combined system of 78 kW of PV capacity and 240 kWh of
Lithium-ion battery capacity are installed connected to a station of the railway. The measurements
show that this system allows to reduce the energy draw from the grid and that on many days the
station is able to operate without emissions, which means that all the energy required from the grid
was supplied from the combined PV and storage system. PV plus battery system was overall able
to cover the station demand completely for 128 days out of 277, demonstrating like this that large
energy savings can be achieved combining these two technologies. In Figure 2.15, the concept of
having a ’zero-emission’ station is illustrated. The energy generated by the PV modules which is not
directly used by the load, is stored and used when the PV generation is not enough to cover the load
demand (for instance during night time). This increases the potential of PV integration both in terms of
utilization of the PV generated energy and in terms of load covered with the renewable output (directly
or indirectly).

Research on the integration of PV and storage in traction grids is ongoing in Solingen, Germany. In [52],
M. Salih, D. Baumeister et al. deal with the challenges and the impact that the integration of battery
assisted trolleybuses, PV units and EV charging stations would have on the LVDC trolleybus grid.
When realising the vehicle power profile, both bus and environment characteristics (traffic, number of
passengers, topography, etc.) are considered. The storage system studied in this research is formed
by on-board traction batteries that charge directly from the overhead lines. Therefore, a different



28 literature review

Figure 2.15: ’Zero-emission’ station supplied by direct and indirect PV generation [33]

application of storage is proposed, which causes the focus of the research to be on the effect of the
increase in the load of the grid due to the charging of the batteries from the overhead lines. The PV
system is modelled as an ideal source with random cloud reduction factors to make the simulation
more realistic. The simulation results show that the grid seems capable of handling the operation of
battery assisted trolleybuses without impacting the grid infrastructure. However, the simulation is
done for only one bus, and the increase in number of trolleybuses equipped with traction batteries
could destructively influence grid stability. No major insights or results are provided in relation to
the effects of PV integration. Therefore, one can conclude that this research is still incomplete when
speaking about combined PV and storage integration.

In [24], Flavio Ciccarelli et al. analyse the impact of the integration of a photovoltaic system and a
stationary super-capacitor in the tramway network in Naples. Their study proposes an optimization
method based on the minimization of a cost function to optimize size and utilization of PV and storage.
The aim of the paper is to determine feasibility of integrating PV and storage. To do this the size,
distribution and utilization of the PV systems are optimised. Together with this, also the optimal size
of the energy storage system, the time needed to charge the super-capacitors and the reduction of the
losses are found. The results of the optimization process shoe that an optimal solution can be found,
which demonstrates the technical feasibility of integrating PV and storage in a railway traction system.

A simulation of PV and storage combined integration in a railway network is performed in [40]. A
model of the metro line in Istanbul is proposed to study the feasibility of using a PV system to supply
the interior lighting of urban rail vehicles. The simulation involves the use of solar panels on the vehi-
cles’ roof and an on-board battery system. This allows us to see how this application is different from
what is studied in this thesis project, due to the limited load that has to be supplied and the on-board
characteristics of storage. The introduction of the battery bank allows to increase the utilization of re-
generative energy from braking, obtaining like this additional energy savings. According to the results,
the designed PV and battery system can supply the daily power demand and bring to a reduction of
power consumption up to 50% when LED lights are used. A payback time of 7.5 years is found based
on some rough estimations of the systems costs, which allow to define the solution as cost-effective if
a 20-year lifetime is assumed.

2.2.6 Summary - PV and storage integration

In [24] show that the introduction of PV and storage at the station of a railway network, allow to
have 128 days out of 277 with zero-emissions. The station was supplied completely by the direct and
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indirect use of PV generation for more than 46% of the days of operation. In [32] and [40], simulations
of PV and storage systems integration in traction networks are proposed. In both cases the technical
feasibility was demonstrated.

The combined effect of PV and storage has been only partially studied and for different type of applica-
tions. The results of the research are not complete and leave a lot of space for further studies. Although
multiple studies demonstrate the feasibility of the application of PV and storage [24, 33, 40], these all
differ in type of application. As a matter of fact, on-board and stationary storage are both considered
and on-board PV is also considered in the case presented in [40].

2.3 Research Gap

Research has been done on the integration of storage and of PV systems in traction systems, however
the potential of this application has not been studied in relation to the characteristics and the location
of the trolleygrids. In the previous sections of the chapter, the reader finds an extensive review of the
existing literature. When speaking about integration of PV and storage systems multiple studies have
been conducted. Although multiple studies demonstrate the feasibility of the application of PV and
storage [24, 33, 40], these all differ in type of application. In this thesis project the focus is set only on
trolleybus traction grids and on the integration of PV and storage in this type of systems. Literature is
very limited in terms of justification and assessment of the performance of the PV systems in traction
grids. Research is especially very limited for trolleybus grids. The analysis of the discussed studies
allows us to have some results that guarantee the possibility in terms of costs and the positive effects
of this solution. This makes this option an interesting topic to research more upon, since it seems to
be inducing a reduction of the energy drawn from the MVAC grid and therefore to an increase in the
share of renewable energy in the transport sector and a reduction of the GHG emissions. What are the
elements that cause the variation in the potential of integrating PV systems in trolleygrids?

The aim of this study is to examine, define and select city-/location-/trolleygrid-related parameters that
are expected to have an impact on the different components of the trolleybus system under analysis:
load, PV and storage. The effect of these parameters on the integration of PV in the trolleybus system
is then studied and assessed, by comparing per each of the selected parameters the results obtained for
grids of different cities. In particular this projects uses Arnhem and Gdynia grids as case studies. The
research will develop further by investigating the potential of PV integration when stationary storage
systems are also introduced in the trolley-grid system.

2.4 Summary and takeaway points of the chapter

In this chapter the reader finds an extensive review of the existing literature. In particular, this can be
divided in two main thematic groups: Electric vehicles energy demand and PV and Storage integra-
tion in traction grids. Each section of the literature review is concluded with a summary of the key
points of each topic group to which the reader can refer. The aim of the chapter is to understand what
can cause the load to vary and to discover the feasibility and interest in PV and storage integration in
traction grids.

Through the discussion of existing literature, the gap in research is identified. Many variables are found
to have an impact on the energy demand of electric vehicles: traffic, road gradients, environmental
characteristics, etc.. PV integration, with and without storage, appears to be a feasible solution to
reduce the emissions of trolleybus grids, but why is the performance of PV systems integrated in
different traction grids different? What are the elements that cause the variation in the potential of
integrating PV systems in trolleygrids of different cities? And, what is their effect on the performance
of PV?
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In this chapter the methodology and the research approach are briefly presented, followed by an overview of
how data collection and analysis is performed. The last part of the chapter is dedicated to the study of the Key
Performance Indicators (KPIs), the impact that these have on the trolleybus systems with integrated PV and
storage, and the selection of the parameters to use in this research project. All these elements, together with
the existing relevant literature, constitute the basis required to start the simulations. In the next chapter, the
discussion on the methods used is completed with the details of the models used for the simulation of the operation
of the trolleybus grids.

3.1 Methodology and Research Approach

Figure 3.1 represents the flow chart of the research approach. PV integration in trolleygrids is defined
as starting point, since through the study of existing literature its feasibility and interest is established.
The content enclosed in the green square is the thesis core, with Literature and Data as inputs to the
research project. The analysis of the characteristics of the trolleybus grids and their location lead to
the definition of the Key performance indicators (KPIs) which will be used to interpret the simulation
results and draw recommendations on the PV potential integration. On the other side, storage integra-
tion is investigated in terms of effects on the PV system performance in the trolleygrids. Models and
assumptions are used to simulate the operation of the grids, of the PV systems and the Energy storage
systems.

Figure 3.1: Methodology flow diagram step by step from PV integration to the analysis on how PV potential varies
in different grids - own work

The interest in photovoltaic integration in traction grids, specifically in trolleybus grids, is described
in the Introduction chapter (1) and in the Literature Review Chapter (2), where the research gap is
also identified. This project is focused on understanding the impact that the characteristics of the
trolley-grids and of their location have, together with the presence of energy storage systems, on the
potential of PV integration. Literature related to trolleybuses and traction grids, electric vehicles energy
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consumption and the integration of storage and photovoltaic in traction grids is firstly studied. The
literature review allows to have a solid theoretical and experimental base to start with.

The second step in the methodology is also related to inputs: data collection and data analysis. The
data for Gdynia and Arnhem are gathered, sorted, analysed and organised as inputs for the models.
Due to the large amount of data required this process is time demanding. For the two cities data related
to the environment, the location, the trolleygrid and the trolleybuses are gathered and organised. The
next section goes more into depth on the methods used to gather, organize and analyse the data for
the two cities.

The identification of the KPIs uses of the data in input: existing literature and the collected data on
the two grids. Therefore, this can be defined as the third step in the research framework and it is
discussed in the last section of the chapter. This step consists of a research on the parameters which
have an impact on the functioning of trolleybus grid systems with PV ans storage integrated. The aim
is to define a set of indicators that can be used to assess the potential of integrating PV systems in
trolleygrids.

The final step before the analysis of the results is the modelling of the grid operation. The models
created and used are a Bus Load model, including HVAC model and bus velocities, grid model, to
simulate the whole year operation, PV generation model and Storage model. In Chapter 4, an extensive
description of all the models used and created is provided, together with a brief validation of the
outputs of the new codes.

In Figure 3.2 the methodology flow chart is divided into the four blocks identified in the previous
paragraphs, namely: Existing Literature, Data Collection and Data Analysis, KPIs selection and study and
Models, which are the 4 steps that are necessary to obtain the tools and the outputs to analyse the
potential of integrating PV and storage in trolleybus grids.

Figure 3.2: Methodology flow diagram: identification of 4 main steps of the research to get to the results - own
work

3.2 Data Collection and Data Analysis - Arnhem and Gdynia

Data collection is a process consisting of gathering observations, measurements and details of the
systems that will be studied. The aim of the research, the type of data required and the methods
and procedures to collect, store and process the data have to be considered before starting the data
collection. In Chapter 1 and Chapter 2, the scope of the research project are identified. Based on the
research questions, it is possible to conclude that the aim is to gain insights on the reasons of the
variation of the potential of integrating PV in trolley grids and measure these variations. The data to be
collected is quantitative data which can be expressed in numbers and graphs and be analysed.



32 methodology

When speaking about PV system integration potential, the intention is to investigate the effectiveness
of the PV generation in supplying the load. This is measured investigating both how much of the PV
energy is used by the trolleybus system and how much load is covered by the PV generated energy.
These two elements provide an overview of how well the PV systems can perform in relation to the
traction grid operation.

The first part of the data collection process can be defined as ’Secondary data collection’. Existing
datasets that have previously been gathered from other sources are found. The sources used can be
classified as: existing literature, university research groups, researchers working on the same topics
and private/government companies. The collected data through this process is:

• Weather data for the cities of Arnhem, Gdynia, Szeged and Athens

• Technical data of the trolleygrids of Arnhem and Gdynia:

– Power system parameters (grid configuration, number of substations and sections, section
division, number of buses used in the grids, energy requirements)

– Substation and section parameters (Voltage levels, cable types, capacity of substations)

– Bus characteristics (volume, weight, electrical motor characteristics, presence of on-board
batteries)

• Measurements of the buses operation in the Arnhem grid:

– Power and velocity profiles measurements in Arnhem grid (2 per direction of each bus line)

– Voltage and current measurements at bus connection point to the overhead lines for the
same runs

– Bus operation signals measured during the same runs (pedal signals, HVAC on/off signals,
time, etc.)

• Maps of the trolleybus lines and of the division into sections of the two trolleygrids, Arnhem and
Gdynia

The second part of the data collection process is more ’experimental’. Unfortunately, a limited amount
of data is found on the cities and on how the traction grid is integrated in them. In particular the
following elements are missing:

• Bus Stops positions

• Distances travelled by the buses (full bus lines and between bus stops)

• Location of traffic lights in the cities

• Road gradients of the streets travelled by the buses

• Bus stops timetables

• Length of the sections in which the overhead lines are divided

• Supply points of each section (feed in points from substations)

The first five items are necessary to simulate the bus operation in the grid and the travelling of the
buses in the two different cities.

In order to gather these data, Google Maps and OpenStreetMap websites are used. The distance
between two following bus stops is measured for all the bus stops in the two grids through Google
Maps. After identifying the location of the traffic lights through OpenStreetMap, their position along
each line is measured on Google maps. In parallel, by looking at the travelling distances on foot on
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Google maps, the gradients of the roads are registered. This process is very time demanding, due
to the necessity of performing it for 6 bus lines in Arnhem and for 12 bus lines in Gdynia. Finally,
the schedule of the buses is retrieved from the bus transport companies of the two cities (respectively
Breng and ZKM, in Arnhem and Gdynia).

These data are then organised in tables and prepared to be used as inputs for the simulations. In
Appendix D an example of the tables made to store the data on the bus positions, section lengths,
traffic light positions and timetables can be found. Together with this, a brief explanation of the
process to store the data is provided.

To conclude, in Table 3.1 an overview and comparison of the main data collected for the two trolleygrids
in Arnhem and in Gdynia is provided. In this table synthetic information is provided for the reader
to have an overview of the two systems being studied and the differences between them. In Figure 3.3
and 3.4, the maps of the section division of the two trolleygrids are provided. The different colours in
the grid identify different sections. For the Arnhem grid map, sections are colour coded based on the
substation that is supplying them. For the Gdynia grid map, the substation are shown and indicated
on the map with the connection to the supply points in the sections.

Table 3.1: General characteristics of the trolleygrids of the two cities - comparison
Gdynia (Pl) Arnhem (Nl)

12 Number of Bus Lines 6

84 Number of buses 54

30 Number of sections 43

10 Number of Substations 18

3 Section/Substation ratio 2.4
2.8 Bus/Section ratio 1.0
8.4 Bus/Substation ratio 2.3

600-1800 Substation Ratings [kW] 800-1000

675-704 Substation Voltage [V] 630-720

1.3 Length of sections - average [km] 1.1
2 (4) Parallel Lines 2

Multiple Bus Type Multiple
1225 Average Yearly Irradiance [kWh/m2] 1165

4.4 Average daily sunshine duration [h] 4

3.3 KPIs definition and study

In this section the Key Performance Indicators (KPIs) which are used to assess the potential variation
of PV integration in the trolleygrids are discussed. In particular, these parameters are here explained
and analysed based on the impact that they are expected to have on the trolleybus systems. The
identification of the parameters is done considering their relation to city and location of the grid and
the impact that they have on the integration of PV and Energy Storage systems in the trolleybus grids.
After defining the KPIs, some recommendations on how to use them to assess the PV integration
potential are given. Together with this, some indicators are selected and prioritised for this study. As
a matter of fact, not all the indicators are used in this study to compare the results obtained for the
grid models of the two cities. In the dedicated subsection, the reader will find more information on the
selected study-parameters.

3.3.1 KPIs Definition and Evaluation

The Key Performance Indicators can be grouped into 3 categories: environmental-related parameters,
city-related parameters and trolleybus system-related parameters, which can be subdivided further into
grid- and bus-parameters. The reader finds here the list, definition and explanation of each parameter.
KPIs are given in order based on the category they are part of.
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Figure 3.3: Arnhem trolleygrid structure: map of the division in sections - Connexxion

Environmental-related parameters

• Yearly Irradiance
The yearly irradiance as a KPI represents the average yearly radiation at a specific location. It is
an expression of the irradiation received on a horizontal plane at a certain location on average
during one year time. The insolation decreases with the latitude (in absolute values) to reach
its maximum in equatorial territories. It can be expressed in power or energy terms. The aver-
age yearly irradiance as expressed in Table 3.1, indicates the annual solar irradiation at for the
optimally tilted modules. This value can be used for basic PV system sizing to calculate the
equivalent sun hours at a location, namely the hours in which there is a solar irradiance of 1000

W/m2. In the next chapter, in the PV modelling section, the calculation of the irradiance on a
solar module and its effects on the modules performance is given. This indicator is used to assess
the impact of the weather on the potential of a PV system integrated in the trolleygrids. The
indicator will be expressed as power per unit area (W/m2).

• Sunshine Duration
This KPI defines the absolute or percentage value of hours, in which the sun is actually illumi-
nating the surface of the earth. The World Meteorological Organization defines the sunshine
duration as “the number of hours for which the direct solar irradiance is above 120 W/m2”. This
data is influenced not only by the sunrise and sunset times, but also by the cloudiness. The
variation of cloudiness and of cloud types causes the variation of the irradiance intensity, which
affects the sunshine duration [67]. The physical quantity used to measure the sunshine duration
(SD) is time and the units are seconds, minutes or hours. Relative and percentage quantities can
also be used in specific cases [62]. In this study the SD is expressed in “hours per day” or in
“daily sunshine hours”. This parameter has an impact on the PV installed capacity and on the
time in the day during which the load is able to see and use the PV generated energy. Therefore,
it determines the long term temporal mismatch between load and generation in the grid, which
causes the need of energy storage options to cover it. Thus, this indicator can also affect the
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Figure 3.4: Gdynia trolleygrid structure: map of the division in sections - PKT
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storage capacity requirements and the type of storage required. Together with the average yearly
irradiance it can be useful to categorise the locations’ potential for PV integration.

• Ambient Temperature
As discussed in Chapter 2, ambient temperature strongly affects the energy consumption of elec-
tric vehicles due to the variation of HVAC power requirements that temperature variations cause.
Not only the energy demand of the traction grid is affected by this parameter. As a matter of facts,
the ambient air temperature has an impact also on the PV efficiency and on the battery lifetime.
With the increase of ambient temperature, the output voltage of the solar panels decreases and
the short circuit current slightly increases, causing a reduction in the power output [27]. There-
fore, the location can affect the performance of the PV system and depending on the location and
on the weather conditions different PV modules might be more suitable for different applications.
In [3], the effect of temperature on the modules is analysed as well and the authors underline the
importance of considering this parameter when sizing and simulating the performance of a PV
system. Another important variable affected by ambient temperature is the battery lifetime. In
the case of high temperatures operation, although the performances of the battery are increased
the total lifetime of the battery is decreased and therefore the number of cycles is reduced. The
interest in this KPIs can be related to its strong connection to the change in location and the effects
that different climates can have on the integration of PV and storage in the trolleybus grids.

City-related parameters

• Road Gradient
Road gradients are included in the bus demand model since they have a significant impact on
the load variability and on the power peaks. As discussed thoroughly in the literature review
chapter, the influence of gradients on energy consumption is not negligible. Uphill and down-
hill roads significantly affect the energy demand and the mismatch between PV generation and
energy demand. Sections with downhill roads prevalence will require different PV/Storage ra-
tios compared to section with uphill roads, due to the very diverse demand profiles that they
generate. Also in terms of regenerative braking road with different gradients have different accel-
eration/deceleration profiles which cause different necessity of storage for energy recuperation
from braking and to cover power peaks caused by the acceleration phases. In terms of different
cities, this parameter can highlight how the structure of a city impacts the potential of PV integra-
tion in traction grids, but it can also provide some recommendations on where it is best to place
PV or to build a trolleygrid in relation to the hilliness of the city.

• Traffic Intensity and presence of dedicated lanes
Road traffic congestion strongly affects the energy demand of buses both in terms of traction and
of non-traction (HVAC) energy needs. The presence of traffic, as discussed in Chapter 2, has a
significant impact on the HVAC requirements. In [16], the relation between commercial speed
and delay and the auxiliary energy requirements is shown (this characteristics can also be found
in Figure 2.10). The traffic intensity affects the bus energy demand but has a strong impact also
on the integration of the new sustainable technologies in the grid. The increase in traffic in supply
sections that are fed by PV can increase noticeably the utilization of the solar generated energy.
As a matter of facts, the increase in traffic congestion causes a reduction in travel speed and
therefore an increase in the time that the vehicle spends in the area supplied by the PV system
and/or by the stationary energy storage system. Moreover, the continuous phases of acceleration
and deceleration cause peaks in power demand and increases in regenerated energy and this
affects the integration of storage technologies to smoothen the power demand curve.

Proposed as possible solution to traffic congestion in multiple studies discussed in Chapter 2, the
presence of dedicated lanes can have a strong impact on the traffic conditions experienced by the
bus and therefore on the energy requirements and on the travel time of buses in supply areas
that are fed by PV and/or stationary storage. The impact of Dedicated Lanes can be explained as
elimination of the effects of traffic on the system: reduction of time spent in certain sections and
therefore effects on the PV utilization and on the storage to increase self-consumption, reduction
in frequency of acceleration/deceleration phases and therefore of storage requirements to cover
peaks in power and regenerative energy waste.
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• Number of stops
The number of stops of a bus affect the power and energy requirements. Continuous and frequent
stops cause continuous and frequent peaks in power and braking energy recuperation. This not
only affects the load variability and the stability of the grid, but also has an effect on the storage
in terms of peak shaving requirements and on the PV utilization due to the reduction of the
regularity of the load. The increase in time spent in a section fed by PV generated energy due
to continuous stops, would increase the PV utilization especially in the case in which on-board
storage is included and the charging of the batteries is done through the catenary line.

• Number of passengers and passenger flow
The number of passengers on- and off-boarding influences the weight and the energy demand of
the buses in terms of traction and non-traction (HVAC) energy requirements. This variable also
has an impact on the number of buses and on the overall load of the system, due to passenger
flow peaks during the day, and consequently the inclusion of additional lines and the increase
in bus traffic. This affects the efficacy of the PV and storage integration due to daily and sea-
sonal fluctuations of passenger numbers. Another important variable to consider in relation to
passenger traffic is the extremes of this interval: high variations in passenger traffic during the
day cause high variations of energy demand (peak and night figures have very different trends
during the day). This could strongly affect the PV utilization and also the installed PV capacity.

• Eco-driving solutions
Different driving modes can be defined based on the acceleration and deceleration trends. It is
demonstrated that aggressive driving behaviour, characterized by continuous acceleration and
deceleration moments, has a significant impact on the energy consumption of an electric vehicle
and that the energy savings obtainable by limiting the frequency of acceleration and deceleration
throughout a driving cycle are noticeable. In [20], it is shown that the energy consumption
difference between a ‘moderate’ and an ‘aggressive’ driving mode can reach 30%. The effect
of aggressive driving behaviour will be taken into consideration as increased number of power
peaks in the demand and will be considered in relation to the structure of the system in the
various cities. This parameter can strongly affect the sizing and the utilization of PV and storage
in the grid and the installed capacity ratio between the two, due to the reduction of load stability
that it causes which decrease the PV utilization and due to the storage requirements to cover
peaks in power and to store the regenerated energy.

Trolleybus system-related parameters

• Substation Voltage
The substation voltage has strong impacts on the power flow in the grid. As a matter of fact
the substation voltage affects transmission losses, regenerative braking and bilateral connections.
The different voltage levels in the grids determine the current requirements to cover the power
demand of a bus in a certain position of the section, the voltage requirements to send power
back to the overhead lines and have power exchange between buses and also the distribution of
power between two sections which are bilaterally connected. The substation voltage sets regulates
the voltage on the sections that are supplied. Very small variations of voltages can change the
power flow in the grid. Therefore, the analysis which could be conducted on substation voltage
is a sensitivity analysis to understand what impact every small variation of the system has on
integrating PV. The comparison of the two grids, characterised both by a 30V or higher variation
will provide no indication of the impact of the voltage levels on PV. In particular, the correlation
between substation DC voltage setting and the operation of PV on the AC sides is negligible.

• Section Lengths and Number of sections per substation
This indicator is more complex and actually contains 2 different parameters which give an overall
indication of the substation configuration in terms of size. The size of the substation varies in
relation to the power requirements, the number of section fed and the overhead km served. The
effect of an increasing number of sections fed by a substation can induce an increase in the power
requirements, due to the higher probability of supplying at least one section. Increasing section
lengths on the other hand, namely the km of overhead lines supplied by the same feed in point,
has an impact on the energy demand due to the increase in transmission losses that this can
cause. However, increasing the length of a section could be beneficial in terms of utilization of



38 methodology

regenerated energy. This due to the fact that the probability of having multiple buses on the
same section would increase with the section length. This indicator will be used to assess what
impact the length of sections and their distribution under substations have on the integration of
PV systems.

• Substation Load Demand
The Substation Load Demand gives an indication of the substation size in terms of energy/power
demand. The size of the substation varies in relation to the power requirements, the number of
section fed and the overhead km served. The previous indicators related to the section distribu-
tion under the substations provides an indication of the size of the substation more related to
the spatial distribution. This KPI can provide general information on the size of the substation
in terms of demand. Together with the previous indicator, this will be used to understand the
effects of the size of the substations and their distribution in the grid on the integration of PV.

• Cables Type
The transmission of current through the power lines causes losses that cannot be neglected. The
type of cable used for the overhead lines and for the feeders has a huge impact on the losses and
therefore on the power requirements. In Arnhem and in Gdynia 630 mm2 copper and aluminium
wires are used as feeder cables, respectively in the two cities, and 100 mm2 copper cables are
used for the catenary. The difference between cable types is limited between the two case studies,
therefore this parameter is used in the simulations but it is not used to assess the impact that the
cable variation has on the potential of integrating PV systems.

• Parallel Lines
In order to reduce transmission losses, compensatory connections between fractions of the over-
head lines are introduced [14]. One of the modifications of the overhead cables included in the
modernisation process of the trolleybus traction grids, is to connect certain intervals of the over-
head cables for the two directions of travel in order to reduce the losses of power transmission.
As a matter of fact, when supplying power to a bus in a section these connections allow to split
the required current into two fractions (or more if more cables are combined between them) and
therefore to reduce the losses caused by the transmission of high currents. This allows to reduce
the effective resistance of the catenary (thus the transmission losses) in certain circumstances in
half (if the connections are done between 2 cables). In sections with high bus traffic intensity,
where multiple buses could be found in the same position, multiple lines can exist for the same
travel direction. In this case the combination of multiple overhead lines could bring to a benefi-
cial reduction of the voltage drop along the line. In the cases of Arnhem and Gdynia trolleygrids,
overhead lines are connected in parallel. In both systems only 2 lines are connected in parallel
most of the times. There are some exceptions in Gdynia, where the number of lines in parallel
can become 4, in high traffic bus stops and in deposits.

• Bus Type
The bus energy requirements depend on the type of bus used in the catenary of the different
cities. It has been discussed, considering previous studies, that buses vary in type, weight and
dimension and this can cause meaningful differences in the grid characteristics in terms of en-
ergy and voltage requirements. The integration of PV and storage in terms of size is therefore
influenced by the average bus requirements in the networks.

• Bus Traffic
As assessed in the literature review chapter, the simultaneous presence of more than one bus on
the same supply section has an impact on the energy demand of the section, on the peaks in power
and the voltage drops in the section. Having multiple buses in the same power supply section
allows the increase in energy exchange between the buses and lower transmission losses between
them, which has an effect on the load regularity, on the utilization of the regenerated braking
energy, on the necessity of storage to increase regenerated energy use and on the utilization of
the PV generated energy. Bus traffic influences all the individual components of the system and
the integration and combination of the components in a system.

• Presence of OESS
The presence of on-board energy storage systems strongly influences the requirement of addi-



3.3 kpis definition and study 39

tional stationary storage systems, the power demand of the buses (also due to the increase in
weight that this causes) and the regenerative energy utilization. As a consequence, it also im-
pacts the integration of the PV in the grid in terms of sizing and capacity, but also in terms of
regularity of the load and mismatch with the demand. On-board storage can reduce power peaks
and generate a more stable load which can increase PV utilization on one side but can reduce the
capacity required on the other side.

• Presence of Bilateral Supply
Bilateral supply, as explained when discussing the existing literature on the topic, can strongly in-
fluence the network operation. Bilateral connections between sections allow power flow between
sections and therefore between different supply areas (of the one or two substations). This has an
impact in the size, the modularity and the effectiveness of PV and stationary storage integration
in the grid. The range in which the PV and stationary storage can supply buses is increased by
bilateral supply, and the interruption of bilateral connection would reduce the utilization of PV
generated energy and the range of influence of the storage system. On-board storage would also
be affected, in particular due to the impact of bilateral supply on the power exchange between
buses. The presence of bilateral supply in a system can bring to a completely different optimal
point for the integration of PV and storage in the grid, in terms of sizing and location.

• HVAC requirements
The energy consumption of the electric trolley buses, as extensively discusses in Chapter 2, is
expected to vary considerably in relation to the moment of the trip and the location in which it is
performed. The energy consumption of the HVAC system of the vehicles is affected by temper-
ature and relative humidity variations of the surroundings, which is strongly connected to the
place in which the vehicle operates. It is also found in some of the papers that the energy demand
for auxiliaries can account for almost 50% of total energy consumption in some cases, reaching
up to 70% during winter [16]. In relation to the effect of the HVAC energy requirements on the
mismatch between load and generation, the seasonal variation of the HVAC power requirements
has an impact on the seasonal mismatch. As a matter of fact, PV generation is characterised by a
reverse U-shape trhoughout the year, with high generation in summer months and lower genera-
tion during the winter months. Therefore, in very hot climates, with very high Air Conditioning
and Ventilation requirements during the summer, the seasonal match between generation and
load is improved by the HVAC requirements. On the other hand, cold climates are expected to
have higher mismatch between generation and load due to the steep increase in demand during
winter months when high heating requirements happen.

• Regenerative energy dissipated
High dissipation rates of regenerated energy imply that energy storage could be used to store the
recouped energy in order to supply it later to the grid (either to the same bus or to another bus
when it reaches the supply section). This parameter is influencing therefore the size and the type
of storage which should be integrated in the grid. If the regenerative energy is stored and reused
the utilization of PV could be reduced.

The indicators are also classified based on the impact they are expected to have on the different com-
ponents of the system that is being analysed. The parameters are therefore evaluated and analysed
changing the component(s) of the system on which they are expected to have an impact on. The
different components of the system on which the impact of the parameters is studied are:

• Effect on the photovoltaic generation and efficiency (PV)

• Effect on the Stationary Energy Storage System size and efficiency (SESS)

• Effect on the load, namely on the bus energy consumption (BUS)

• Effect on the PV utilization and on the load seeing the PV, when the load actually receives and
uses the PV generated energy (PV ∩ BUS)

• Effect on the PV and storage combination and optimization, how the parameters affect the storage
of PV energy and the variation of PV self-consumption (PV ∩ SESS)
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• Effect on the storage utilization and on the load seeing, when the load sees and uses the storage
system to provide energy, to cover power peaks (SESS ∩ BUS)

• Effect on the integration of PV and SESS in combination with the load, cumulative effect on the
whole system (PV ∩ SESS ∩ BUS)

As one can see, not only the expected effect of the KPIs on the individual system components is
analysed, but also how the indicators are expected to affect the integration between subsystems is
researched upon.

The table shown in Figure 3.6 highlights the differences in the expected impacts of the different param-
eters on the subsystems and system components. The colours in the table range between green, yellow
and red, on a scale going from 1 to 5, in which red identifies the highest impact (5/5) and green the
lowest (1/5), as per Figure 3.5.

Figure 3.5: Colour coding (1-5) of KPIs Table in Figure 3.6 (How to read the table)

The table is colour-coded to convey and highlight the fact that each parameter has a different influence
on the system and that some parameters are expected to affect more (or less) some parts of the system
with respect to others. Also, what one can notice by just having a look at the table is that almost all
the parameters affect the load, namely the buses’ energy requirements throughout the year. Another
observation that can be done is that few of the identified KPIs have an impact on the PV and only one
on the storage element, however it is important to notice that most parameters affect PV and storage
in combination with the load and therefore the overall performance of the system.

3.3.2 KPIs selection criteria and comparison strategies

Once the Key Performance Indicators are identified and explained, a range of parameters is selected for
this study. It is decided to select only a limited number of parameters for multiple reasons: availability
of data, type of analysis performed and time constraints. The first element is the data that are in
our disposal. As mentioned previously, retrieving data for the traction grids of the two cities was a
long process and not all the data were found. For instance the information on traffic, dedicated lanes,
passenger flow and power profiles are insufficient for both cities. For this reason, some indicators are
excluded on one side and on the other side it was necessary to reproduce velocity profiles for the grids
in order to simulate the bus operation. The second point is the type of analysis done on the KPIs. In
this study the focus is to obtain some indications of the impact of the indicators on the potential of
PV for different trolleygrids of different cities. To do this the operation and configuration of the grid
in Arnhem and Gdynia are compared. The two systems are analysed based on their characteristics,
their analogies and differences to establish the impact of the selected indicators on them. Some of
the parameters identified though are more suitable for sensitivity analysis rather than to be used to
compare the performance of the two grids. This because either they are found to not vary significantly
or because it would be possible to find a trend only when varying the parameter a considerable amount
of times. Here is where the last element, time constraints, becomes relevant. Simulating the yearly
operation of the two grids repeatedly is not possible due to their high time consumption. Finally, the
attention was placed also on having a balance within the study on the effects that the indicators have
on load, PV and mismatch. Therefore, the aim is to try to select the KPIs also to have an overview of
the effects on these three elements.

In Figure 3.7 the type of comparison and the difficulty elements for each parameter are described.
Highlighted in green are the KPIs selected for this thesis research.
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3.4 Summary and takeaway points of the chapter

The research is developed in four blocks:

1. Literature Review

2. Data collection and organization

3. Definition of Key Performance Indicators (KPIs)

4. Models and simulations

After this, the analysis of the effects of the KPIs on the integration of PV in trolleygrids is performed,
based on the results obtained from the simulations.

The first two elements of the list form the inputs to the research project: the existing literature study
and the data and measurements required, based on the research questions defined in Chapter 1. In this
chapter in the second section the reader can find an explanation of the data collection and organization
process. This can be divided into two main parts ’Secondary’ and ’Experimental’ data collection. The
required input data can be considered quantitative. In Appendix D, the reader can find an example of
the tables generated to organise the data for the trolleygrid of Arnhem and Gdynia.

After collecting data for the Gdynia and the Arnhem grid, used as case-studies for this research, and
analysing it, a set of Key Performance Indicators (KPIs) is identified. The aim is to generate a system
which allows to assess the potential of integrating PV systems in trolleygrids through the evaluation
of the KPIs. A qualitative study on the impacts of the KPIs on the trolleybus system is also provided.
The parameters are classified based on their type, environmental-, city- and trolleybus system-related
parameters, and also based on the impact on the system. In Figure 3.6, the reader can find a colour-
coded table with an overview of the KPIs and their qualitative impact on the components of a trolleybus
system with integrated PV and stationary storage. In Figure 3.7, the type of analysis performed and
the selection of KPIs is summarised.

In the next chapter, the modelling part is dealt with in detail, from an overview of the structure to the
equations, the physical and mathematical models implemented and the assumptions made.
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Figure 3.6: KPI effect on PV, Storage and load and their integration in the system based on the relations between
the components - colour-coded table



3.4 summary and takeaway points of the chapter 43

Figure 3.7: KPIs comparison methods and notes on data availability and further study interests (highlighted in
green the selected KPIs)
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In this chapter, the reader will find a detailed explanation of the models used to perform the simulations of the two
trolleygrids of Arnhem and Gdynia. In Figure 4.1, the reader can find a diagram explaining the modelling process
and illustrating the different components of the model. The simulation of the grid yearly operation is obtainable
only through previous modelling of the other elements. The model is built with bottom-up approach, starting
from the bus components to the modelling of the substation and grid operation. The results obtained from the
simulations are analysed in the next chapter. The reader in the next section will find in order the description of
the following models: PV generation, HVAC, Velocity and power profiles, Storage and Grid operation. In the last
section of the chapter an analysis of the errors introduced in the simulations due to parallel lines approximations
is made.

4.1 PV Model

In this section the explanation and derivation of the PV model used to compute the PV generation in
the different cities is given. The aim of the section is in first place to give an overview of the inputs to
the model and then to illustrate how the PV model was built, what the outputs of the model are and
which assumptions are made. Through this model it is possible to find the first recommendations for
cities based on the comparison drawn between the cities in relation to the environmental KPIs defined:
Yearly irradiance, Sunshine duration and Air temperature. This analysis is done in the next chapter
and it supports the evaluations done on the variation of the potential of PV integration in trolleybus
grids.

4.1.1 Input data and Module tilt range selection

In this subsection the input data for the model and the method to determine in which range to look for
the optimal tilt angle for the modules in the different cities are explained. Observing the latitude of the
locations, 52° for Arnhem (Nl) and 54.5° for Gdynia (Pl) we can expect the PV modules to be installed
at slightly different tilt angles and to have very similar azimuth. As a matter of facts, the optimal
tilt angle decreases with the decreasing latitude in the Northern Hemisphere and since the cities are
located close to each other and both in the Northern Hemisphere it is expected that the modules will
be installed facing south.

Before downloading the weather data for the modules optimal tilt and azimuth from the Meteonorm
database, a first calculation is done in order to select the range of tilt and azimuth angles in which the
optimal combination can be found. In the next paragraphs the equations used to find these values are
given and the further steps to select the input data to feed in the PV model are illustrated. In first place,
the following weather and irradiance data are retrieved from Meteonorm:

• Solar altitude (aS)

• Solar azimuth (AS)

• Global horizontal irradiance (GHI)

• Diffuse horizontal irradiance (DHI)
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Figure 4.1: Flow diagram illustrating the connections between the different models and the overall modelling
structure
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From this data the DNI, SVF, AOI and all the irradiance components on the tilted modules have been
calculated. Here below, the equations from [3] used to find the parameters listed above.

• Direct Normal Irradiance (DNI)

DNI =
GHI − DHI

cos(aS)
(4.1)

In equation 4.1, DNI stands for Direct Normal Irradiance and is computed from GHI, DHI and
solar altitude data from Meteonorm database.

• Sky View Factor (SVF)

SVF =
1 + cosθM

2
(4.2)

with θM in 4.2 being the solar module tilt.

• Angle Of Incidence (AOI)

cos (γ) = cos
(π

2
− θM

)
cos (aS) cos (AM − AS) + sin

(π

2
− θM

)
sin (aS) =

= cos (aM) cos (aS) cos (AM − AS) + sin (aM) sin (aS)
(4.3)

if cos (aM) cos (aS) cos (AM − AS) + sin (aM) sin (aS) > 0
with γ being the angle of incidence, namely the angle formed between the considered surface
normal and the incident direction of the radiation [3].

• Direct irradiance on tilted module (GM,dir)

GM,dir = DNI · AOI (4.4)

if aS > 0 and AS − π
2 ≤ AM ≥ AS +

π
2 otherwise GM,dir = 0

with DNI and AOI, Direct normal irradiance, calculated in 4.1, and angle of incidence, as in 4.3,
respectively.

• Diffuse irradiance on tilted module (GM,diff)

GM,diff = DHI · SVF (4.5)

with DHI and SVF, Diffuse horizontal irradiance data and Sky View Factor, as in 4.2, respectively.

• Reflected irradiance on tilted module (GM,refl)

GM,refl = GHI · α(1− SVF) (4.6)

With α being the albedo of the surroundings, chosen to be 0.2 (average for city).

• Global irradiance on tilted module (G)

GM = GM,dir + GM,diff + GM,refl (4.7)

No Shading Factor is considered, however the space required for the installation in the feasibility
analysis takes into consideration the shades. This is explained further in the respective section of
Chapter 6.

The optimal azimuth angle and the tilt angle range of the PV module are identified through an iteration,
in which the yearly irradiance per square meter on the modules in the two locations is calculated for
each combination of azimuth and tilt. The results are shown in Figure 4.2 and Figure 4.3. In this way
the optimal ranges of tilt and azimuth angles are found, for which the yearly irradiance on the modules
is maximised. Like this the optimal tilt is then identified by downloading the weather data for each
angle and finding the maximum yearly generation.

After this, per minute data from Meteonorm are been downloaded at the optimal azimuth angle (mod-
ules facing south - 180°) for every angle in the optimum tilt angle range to find the best module
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Figure 4.2: Gdynia - optimal PV module tilt range and azimuth identification (own work)

Figure 4.3: Arnhem - optimal PV module tilt range and azimuth identification (own work)

inclination that maximises PV generation. In Figure 4.2 and Figure 4.3 the optimum angles and the
Direct and Diffuse irradiance components on the tilted module are indicated. In relation to the azimuth
of the modules, the azimuth is kept constant at 180° (modules facing south). This because, by means
of the first approximation it is found that the maximum variation is of +/-1° around 180°. Moreover,
the energy yield variation during the year with the application of the azimuth variation of 1° is not
significant. Therefore, for simplicity, time expense and applicability this small variation is neglected
for all the cities and 180° azimuth angle is used.

(a) (b)

Figure 4.4: Optimal angles and global and diffuse PV module irradiance for (a) Gdynia and (b) Arnhem (own
work)

At this point, the data that is necessary for the PV model is downloaded from Meteonorm, selecting
the correct and optimal combination of tilt and azimuth angles. The input data given to the PV model
is one year data of:

• Per minute global irradiance on the tilted modules

• Per minute air temperature

• Per minute wind speeds at 10m from ground level

• Per hour sky and ground temperature

• Per hour cloud cover factor
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Figure 4.5: Representation of the heat exchange between the PV module surfaces and the surroundings [3]

As seen above, the main inputs of the PV generation model are meteorological data retrieved from Me-
teonorm, however also the modules characteristics are given as input to the model. The selected mod-
ule is the ‘AstroSemi 365W’ mono-crystalline panels from Astroenergy. Mono-crystalline PV modules
are still the best performing modules with highest efficiencies between the modules that are largely
distributed. Moreover, these modules have been used in previous research, which will allow us to
benchmark our research better, and have been installed in the largest Dutch solar park in Groningen .
The solar modules have 365 Wp rated power and 19.7% efficiency. The PV module specification sheet
can be found in Appendix A.

4.1.2 PV model: Module Temperature and Efficiency Calculation

To compute the PV module working temperature during the year the Fluid-Dynamic model is used.
The module temperature is estimated as a function of meteorological parameters. This model develops
through the calculation of the energy balance between the PV module and the external surroundings.
The model presented is based on Appendix G of the [3] book. Three types of heat transfer are con-
sidered: conduction, convection and radiation.Considering all the heat contributions, the heat transfer
balance for the PV module can be written as:

αGM − hc (TM − Ta)− εbackσ
(

T4
M − T4

ground

)
− εtopσ

(
T4

M − T4
sky

)
= 0 (4.8)

Before explaining all the heat transfer contributions, it is important to go through the two main as-
sumptions of the model:

• The module temperature is considered to be uniform. This assumption is not fully realistic since
PV modules are constituted by different materials building the layers surrounding the solar cells.
The aim is to evaluate the temperature of the solar cells, which are affected by temperature when
generating. However, this assumption is justified, since the cells not only have very low thickness
but also low heat capacity when compared to the other layers. Therefore the PV module is
considered as one piece and the working temperature of the module to be uniform.

• The balance is set equal to zero because the module temperature is considered to be constant
over each time step considered. This means that we are considering a steady state condition and
that the actual exponential decay seen from the temperature is not considered.

Moving now to describing the heat transfer components considered in equation 4.8. Three types of heat
transfer between the PV module and the surroundings are included in the energy balance: conduction,
convection and radiation. They are illustrated in Figure 4.5 and further explained here:

• Solar Irradiance: αGM
Where α is the module absorptivity, defined as the fraction of incident radiation converted into
thermal energy in the module. This value can be calculated from the Reflectivity R and Efficiency
η of the module through:

α = (1− R)(1− η) (4.9)
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• Heat transfer due to convection from the front and rear sides of the modules, depending on the
surrounding air: hc (TM − Ta)
Where hc stands for the overall convective heat transfer coefficient considering both top and back
of the module and Ta denotes the air temperature.

• Radiative heat exchange between ground and rear module surface: εbackσ
(

T4
M − T4

ground

)
Where εtop is the emissivity of the back of the module and is assumed to be 0.89, σ is the Stephan
Boltzmann constant (5.670 · 10−8 W

m2K4 ) and Tground the ground temperature.

• Radiative heat exchange between sky and upper module surface: εtopσ
(

T4
M − T4

sky

)
Where εtop is the emissivity of the front glass of the module and is equal to 0.84, σ is the Stephan
Boltzmann constant (5.670 · 10−8 W

m2K4 ) and Tsky the sky temperature.

The conductive heat exchange between the module and the mounting structure can be neglected due
to the very small areas if the contact points. To solve the thermal energy balance equation, the first step
is to linearize the equation considering that:

(a4 − b4) = (a2 + b2)(a + b)(a− b) (4.10)

The energy balance can thus become linear with respect to the module temperature TM by defining
hr,sky and hr,ground in equations 4.11 and 4.12 respectively,

hr,sky = εtopσ
(

T2
M + T2

sky

) (
TM + Tsky

)
(4.11)

hr,ground = εbackσ
(

T2
M + T2

ground

) (
TM + Tground

)
(4.12)

and rewriting the energy balance equation 4.8 as:

αGM − hc (TM − Ta)− hr,sky

(
TM − Tsky

)
− hr,ground

(
TM − Tground

)
= 0. (4.13)

Rearranging equation 4.13, the formula can be expressed as a function of TM as in 4.14. However, since
hr,sky and hr,ground in the formula also depend on TM, the equation has to be solved through iterations
assigning an initial module temperature and recalculating hr,sky and hr,ground at every iteration.

TM =
αG + hcTa + hr,skyTsky + hr,groundTground

hc + hr,sky + hr,ground
(4.14)

Further explanation on the derivation of the thermal model can be found in Appendix G of the [3]
book. In particular, it is possible to find more detailed information on the convective heat transfer
coefficients and on how they are calculated for the top and the back surface of the PV module and on
the evaluation of this model in comparison with other options. As mentioned in the section related to
the inputs to the model, Tsky and Tground are given as inputs in the model as for the measurements of
the wind speeds, useful for the convective heat transfer coefficients calculation. It is important to notice
that the wind speeds are measured through anemometers that are usually installed at 10m, therefore
the wind speeds experienced from the PV module have to be scaled through:

w = wr

(
yM

yr

) 1
5

(4.15)

The second part of this section is dedicated to the description of how the PV module efficiency is calcu-
lated based on the module operating temperature, computed as above, and on the incident radiation on
the module. Let us first have a look at the the effect of temperature of the PV module performance. On
the module’s data sheet provided by the manufacturers the temperature coefficients are given. These
values represent the effect of the deviation of the solar cell temperature from 25°C at STC.The temper-
ature coefficients are usually given for Voc, IscandPmpp. The Power at the maximum power point of the
module at TM and STC irradiance GSTC can be calculated as:

PMPP (TM, GSTC) = PMPP +
∂PMPP

∂T
(STC) (TM − TSTC) (4.16)



50 models

with ∂PMPP
∂T (STC) power temperature coefficient. From this the efficiency can be calculated as:

η (TM, GSTC) =
Pmpp (TM, GSTC)

GSTCAM
(4.17)

where AM is the module area. Rearranging equation 4.17, the efficiency temperature coefficient
∂η
∂T (STC) can be obtained:

η (TM, GSTC) = η(STC) +
∂η

∂T
(STC) (TM − 25◦C) (4.18)

Quantifying the effect of irradiance variation on solar cell performance is less straightforward than for
the effect of temperature. This because this data is not provided as for the temperature variation in the
data sheet from the manufacturers. The Power at the maximum power point, at STC temperature and
varying GM can be computed as:

Pmpp (25◦C, GM) = FF ·VOC (25◦C, GM) ISC (25◦C, GM) (4.19)

in which FF stands for Fill’in factor which varies differently in relation to the type of module, for mono
crystalline silicon the maximum variation of the FF for irradiance between 1 and 1000

W
m2 is about 23%.

Further derivation of these equations can be found in Chapter 20 of SOLAR ENERGY book [3].

η (TSTC, GM) =
Pmpp (25◦C, GM)

GMAM
(4.20)

Finally, to estimate the overall module performance the following equation is used:

η (TM, GM) = η (25◦C, GM) [1 + κ (TM − 25◦C)] (4.21)

where the first term represents the effect of irradiance and the second that of temperature, with κ
computed as:

κ =
1

η(STC)

∂η

∂T
(4.22)

representing the temperature effect on the performance relatively to the STC conditions efficiency.

4.2 HVAC model

The HVAC model proposed is based on a thermodynamic heat exchange model. The total heat require-
ments for the two buses in Arnhem and in Gdynia grid are calculated throughout the year. The HVAC
power output is per second dataset of the requirements to meet the inside cabin comfort conditions for
the passengers. When integrating these data in the grid operation a 5-minute duty cycle is generated.
The HVAC power is fixed at a the nominal value of 36.5 kW (value obtained from Arnhem measure-
ments), and the time in which the HVAC is on and off varies based on the amount of energy needed
to meet the HVAC requirements obtained from the thermodynamic model. Here, all the modelling of
the HVAC is presented. Therefore, in the section of grid operation simulations, when speaking about
adding HVAC power to traction power, we have to consider the HVAC 5-minute duty cycle curve.

4.2.1 HVAC Thermodynamic Model

The total heat requirements are made up of multiple components:

• Qtransfer - Conductive and convective heat transfer load
This term represents the conductive and convective heat losses through the vehicle body due to
the difference in temperature between the cabin and the external environment.
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• Qventilation - Ventilation heat load
This term represents the heat loss due to air ventilation and air circulation, required to guarantee
the correct income of fresh air and oxygen within the cabin and to maintain the correct air
quality. This heat component is determined by the inside-outside temperature difference and
by the difference in humidity.

• Qdoors - Door opening ventilation heat load
This term is also characterised by air ventilation, in this case due to the opening of the doors
for passenger transit. This heat component is determined by the inside-outside temperature
difference and by the difference in humidity.

• Qsolar - Solar heat load
This term represents the solar heat gain due to solar radiation: direct, diffuse and reflected
radiation components are included.

• Qmetabolic - Metabolic heat load This term represents the metabolic heat gain caused by the pres-
ence of people on the bus. This heat components depends on the number of passengers and on
the characteristics of the passengers and their behaviour, some assumptions are made to include
these elements.

The measured data from Meteonorm in input in the model are: relative humidity per hour during one
year, global and diffuse irradiance on a horizontal plane per hour during one year, air temperature
per minute during one year. Other than these, other data are given in input to calculate the different
heat components. In each sub-paragraph the different heat components are calculated and explained
and the data in input are reported in the respective tables. Before describing each heat load, the main
HVAC design parameters and main assumptions of the model are discussed.

When calculating the heat loads thermal comfort requirements inside the bus cabin are taken into
account. As discussed in [45], passengers feel thermally uncomfortable when air temperature within
the bus cabin is high, solar radiation is strong through the glass windows and the air movement and
circulation is low. Being public transport a service, it is necessary to take into consideration not only
measures to reduce the energy requirements of heating, ventilation and air-conditioning in the buses
but also to balance these measures with the passengers’ satisfaction and thermal comfort when on-
board. The thermal comfort requirements are addressed in terms of cabin temperature and humidity,
in relation to climate and expected passenger clothing in summer and winter with people involved in
a sedentary activity. The method to calculate air re-circulation is strongly affected by temperature and
humidity differences. The mass flow rate is taken as constant and is not varying due to the passenger
transit, since passenger number is assumed to be constant in time for the HVAC model. Considering
what mentioned above and based on ASHRAE standard 62 (1999) [1] the design parameters for the
HVAC have been selected and reported in Table 4.1

Table 4.1: HVAC model - Inside temperature and humidity requirements
Parameter Value Description

Twinter 21°C Winter cabin internal temperature
Tsummer 25°C Summer cabin internal temperature
RHcab 60% Humidity in the cabin throughout the year

Other major assumptions are introduced in the model:

1. The vehicle is considered to be composed of 2 parts: windows and body. For the sake of simplicity,
the vehicle body is considered to be equal throughout the whole bus and the windows and doors
to be only one layer of glass [58]. In future research, if the model wants to be developed further,
this assumption should be modified to evaluate heat loads differently based on the different
characteristics of the façades of the bus.

2. The vehicle dimensions are chosen to be an average of the dimensions of the buses used in the
different trolleybus grids (see Table 4.2).
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3. In every city (and therefore in every trolleybus grid) multiple types of buses are used, which vary
also in geometrical dimensions. In this model only one type of bus per city is used, which is
chosen to be the average of the geometrical characteristics of the bus types of the city.

4. No passenger transit is considered. In the model the number of passengers on board is constant
and the time in which the doors are open is fixed.

5. The proportion between glass and aluminium components on each façade is based on [58]. In
the paper the author identifies the surface areas of glass and aluminium body and the same pro-
portions are used and applied to the geometrical dimensions of the bus in question. In Table 4.2
the fraction and the surface area of each material in every façade of the bus is shown.

6. The bus speed is assumed to be constant in time and to define the velocity to use an average of
the registered velocities in Arnhem and of the Braunschweig driving cycle has been used, namely
10 m/s.

7. Other smaller assumptions are made in the model and will be further explained in the respective
paragraph.

Table 4.2: HVAC model - Bus surface area, composition and characteristics
Component Fraction[%] Tilt[°] τ S [m2] Gdynia S [m2] Arnhem

Front
Glass 44.0%

90°
0.76 3.64 3.93

Body 56.0% 0 4.63 5.00

Rear
Glass 26.8%

90°
0.76 2.21 2.39

Body 73.2% 0 6.06 6.54

Left
Glass 30.2%

90°
0.76 12.70 18.93

Body 69.8% 0 29.42 43.83

Right
Glass 31.0%

90°
0.76 13.07 19.48

Body 69.0% 0 29.05 43.28

Bottom/Top Body 100.0% 0° 0 33.05 45.72

Total
Glass 18.2%

-
0.76 31.63 44.72

Body 81.8% 0 102.20 144.37

Total 100% - 133.83 189.09

Qtransfer - Conductive and convective heat transfer load

This term represents the conductive and convective heat losses through the vehicle body due to the
temperature difference between the cabin and the external environment. This difference in temperature
induces heat transfer through the vehicle surfaces: heat will transfer from inside to outside during
winter and from outside to inside during summer. The equation used to quantify the heat loss due to
conductive and convective heat transfer is [2]:

Qtransfer = U S (To − Ti) (4.23)

With S being the surface area, To the outside surface temperature, which is considered to be equal to
the outside air temperature in this model, Ti the inside surface temperature, which is here considered
the same as the inside temperature requirement and therefore 21°C in winter and 25°C in summer.
Finally U is the heat transfer coefficient which includes both conductive and convective characteristics
of the vehicle body. U is computed as:

U =

(
1
ho

+
λ

k
+

1
hi

)−1
(4.24)

In equation 4.24, ho and hi are respectively the outer and inner surface convection coefficients, λ the
thickness of the element and k the conduction coefficient of the material. The convection coefficients
can be found through equations 4.25, in which v is the inner and outer air velocity respectively for the
inner and outer surface coefficient [58]. The air velocity varies between inside and outside space and
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therefore the convective coefficients differ. The inner air speed is considered to be negligible, while the
outer air speed is considered to be equal to the mean bus speed, namely 10 m/s.

hi = 9 + 3.5vi
0.66

ho = 9 + 3.5vo
0.66

(4.25)

The material properties and the convective coefficients are reported in Table 4.3. The geometrical
characteristics of the considered buses are tabled in Table 4.2.

The heat transfer load must be computed separately for different materials and therefore 2 components
are calculated for the two bus parts considered: body and windows.

Table 4.3: HVAC model - Conductive and convective heat load parameters (from [58])
Parameter Value Description

hinside 9
W

m2K Inner surface convection coefficient

houtside 25
W

m2K Outer surface convection coefficient

kglass 1.05
W
mK Glass thermal conductivity

kbody 0.2 W
mK Body thermal conductivity

λglass 0.005 m Glass thickness
λbody 0.0017 m Body thickness

Qventilation - Ventilation heat load

This term represents the heat loss due to air ventilation and air circulation, required to guarantee
the correct income of fresh air and oxygen within the cabin and to maintain the correct air quality.
For breathing, passengers consume oxygen and since the vehicle cabin volume is limited, fresh air
is necessary to meet the oxygen level requirements. According to the American Society of Heating,
Refrigerating, and Air Conditioning, in their “Ventilation for Acceptable Indoor Air Quality” Standard
[1], the recommendation is to supply 8 L/s of fresh air per passenger. The heat load due to air
exchange between the cabin volume and the outside environment is determined by the inside-outside
temperature difference and by the difference in relative humidity. It can be calculated through the
following equation:

Qven = Vvenρ cp (To − Ti) + Vven (RHo − RHi) [4775 + 1.998 (To − Ti)] (4.26)

The first term of equation 4.26 represents the sensible heat load, while the second part calculated the
latent heat load. In Table 4.4 the parameters used in the above equation are reported and described.

Table 4.4: HVAC model - Ventilation heat load design parameters
Parameter Value Description

vaverage 10 m/s
Average speed of the bus

(Arnhem and Braunschweig data considered)
Vaverage 0.32 m3/s Average air flow at 10 m/s [1]

ρair 1.225 kg/m3 Air density at 15°C

c 1006
J

kgK
Air heat capacity in the temperature range

considered at atmospheric pressure of 1.013 bar

Qdoors - Ventilation heat load due to door openings

This term is also characterised by air ventilation, in this case due to the opening of the doors for
passenger transit. It represents the momentary heat flow related to the door opening at the bus stops.
This heat component is determined by the inside-outside temperature difference and by the difference
in humidity [1], but also depends on the number of doors opened and the time during which the doors
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are open [60]. For the HVAC model the doors are considered to be open 25% of the time, estimated
from the data available from Arnhem trolley-grid, and the number of doors opening is chosen as 2.
The other consideration to be done is on the volumetric flow rate of the air, which is different from
that of the ventilation heat component. All the necessary data is summarised Table 4.5, except for air
properties which can be found in Table 4.4. Equation 4.27 is what has been used to compute this heat
load component.

Qdoors = tdoor ndoor Vdoorρ cp (To − Ti) + Vdoor (RHo − RHi) [4775 + 1.998 (To − Ti)] (4.27)

Table 4.5: HVAC model - Ventilation through door openings
Parameter Value Description

Vdoor 2.78 m3/s Average air flow through the doors when open
tdoor 25% Percentage time in which the doors are open
ndoor 2 Number of doors opening simultaneously

Qsolar - Solar heat load

This term represents the solar heat gain due to solar radiation: direct, diffuse and reflected radiation
components are included. The large windows on both sides of the bus cause the mean radiant tem-
peratures in the vehicle to be high . This heat gain to irradiance contributes to the heating in winter
and increases the air conditioning requirements in summer and therefore has to be considered when
modelling the HVAC system. Some assumptions are made also for this component:

• Only the transmitted component of the radiation is considered. Due to the continuous movement
of the bus the air flow surrounding the vehicle body is considered to absorb the absorption heat
gain of the material through convection.

• The transmission factor of the glass surfaces is chosen to be 0.76 [61].

• Based on the assumption above, the aluminium body of the vehicle, considered as an opaque
surface with null transmissivity, is excluded from this calculation and therefore the top and the
bottom surfaces are totally excluded together with all the components which are not made out of
glass.

• The direction of the bus is not varying and the four surfaces are considered to be facing south
at all time. This assumption was made taking into consideration the fact that other components
of the heat load have been excluded and that only transmission through glass is considered.
However, this assumption might be modified in the future.

The equations used to compute the solar heat load are now shown. The total heat gain due to radia-
tion can be computed as the sum of direct, diffuse and reflected components, which are respectively
correlated to the direct, diffuse and reflected irradiance on the glass surfaces of the bus.

Qsolar = Qdir + Qdif + Qrefl (4.28)

The direct, diffuse and reflected components of the irradiance on the surfaces are computed through
equations 4.4, 4.5 and 4.6 [3] and then used to find the heat gain due to the different components of
the irradiance, according to equation 4.29 [58].

Qirr = SτGirr (4.29)

Where S and τ are the surface area and transmissivity, respectively and Girr the relative irradiance
component: direct, diffuse and reflected. When calculating the various components it is important to
keep in mind that the tilted surfaces are the vehicle’s body surfaces and not solar modules anymore.
Therefore,the tilt angle of the surfaces considered is always 90°, since the top and bottom surfaces of
the vehicle are not included in this calculation, as mentioned in the assumptions above.
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Qmetabolic - Metabolic heat load

This term represents the heat gain due to the presence of passengers on the bus. Metabolic activities
occurring inside the human body create heat and humidity which is constantly released to the cabin
air through the body tissues. This heat generated from the body depends on the characteristics of
the passengers and their behaviour. As previously mentioned no passenger flow is considered for
this model (since data are scarce), therefore the number of passengers in the bus cabin is assumed
to be constant. The selected amount is of 40 passengers, which is the average mid-capacity of the
considered buses, including both seated and standing available spots. For this reason the metabolic
heat production rate of the passengers is taken as average between that of standing and of sitting,
namely 65 W/m2. The passenger metabolic rate differs from the driver’s, which is an average made
between the rate of a car driver and the one of a heavy vehicle driver resulting in 120 W/m2 [2]. In
Table 4.6, the reader can find the overview of the so far explained data.

Table 4.6: HVAC model - Conductive and convective heat load parameters [58]
Parameter Value Description

npassenger 40

Number of passengers on the bus on average
between seated and standing

Mpassenger 65 W/m2 Average metabolic heat per passenger’s surface
(average between seated and standing)

Mdriver 120 W/m2 Average metabolic heat per driver’s surface

The total metabolic heat load can then be computed as:

Qmetabolic = Qdriver + npassengers Qpassenger (4.30)

The metabolic load of a person, without considering the behaviour which has been already taken into
account, depends on their weight and height according to the following equation [28]:

Qperson = Mperson ADU (4.31)

With Mperson being the metabolic rate of the person and ADU the DuBois area which is used to estimate
the surface area of a person from ones weight and height. The equation used to compute the DuBois
area is here shown [28]:

ADU = 0.202 ·Weight0.425Height0.725 (4.32)

Due to the fact that the number of passengers is fixed, also weight and height of the passengers on-
board is not varying in time. Nevertheless, country statistics are taken into account to compute the
metabolic heat gain on the bus in the different countries. Average men and women weight and height
are found and the fraction of the country population is accounted for as the gender fraction on the bus.
In Table 4.7 these values can be retrieved.

Table 4.7: HVAC model - Dutch and Polish demographic data

Parameter
Netherlands Poland

Description
Women Men Women Men

Height [26] 1.7 m 1.84 m 1.65 m 1.8 m Average population height per sex
Weight [26] 73.2 kg 87.9 kg 71.5 kg 89 kg Average population weight per sex

Population % 50.20% [4] 49.80% [6] 51.54% [5] 48.46% [7] Female and male population %

Output

The proposed thermodynamic model gives as output the HVAC power requirements curve for the
two cities throughout the year. In Figure 4.6, the HVAC demand for Arnhem and Gdynia is plotted, in
orange and blue respectively. The curves follow a similar U-trend, with high power requirements in the
winter and lower requirements in the summer. If the temperature and irradiance trends characterising
the two cities are checked, in ??, it is then possible to understand the reasons for this shape. In both
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Figure 4.6: Per second HVAC power requirement during one year in Gdynia and Arnhem - simulation output

cities the low winter temperatures induce a substantial heating load during the winter, on the other
hand, the mild summer climate with temperatures that fluctuate around an average of 25°C.

It is important to consider that the operating temperatures of the HVAC system, set at 21°C and
25°C, respectively in summer and winter, are standard temperatures which could vary based on the
comfort requirements and expectations of each country and population. This means that if the inside
cabin temperatures are reduced the curves would flatten slightly with an increase in power demand
during the summer to reach lower temperatures inside and decrease in winter since the difference in
temperature between outside and inside would be reduced.

4.2.2 5-minute duty cycle generation

The analysis of the measured data coming from the Arnhem grid bus operation, reveals the existence
of the HVAC power duty cycle. As a matter of fact, when checking the HVAC current requirements
this on/off cycle is detected. For this reason, this behaviour of the HVAC system is re-proposed in the
simulations. The HVAC demand is adapted to the cycle found and the new yearly requirements are
obtained based on the thermodynamic power demand and on the duty cycle.

The duty cycle time, tcycle, is 300 seconds, or 5 minutes. The on time, ton, of the HVAC system for
each cycle is calculated based on the average power requirements of the bus in the cycle period. It is
calculated as:

ton = tcycle
PHVAC

Prated
(4.33)

where PHVAC is the average power requirement in the 5 minutes and Prated is the nominal HVAC power,
namely 36.5 kW.

4.2.3 Validation of the HVAC model output

The auxiliaries power demand can reach shares of 50-70% of the total power demand of the buses
throughout the year, of which more than 80% is consumed by the HVAC system [16]. These data are
found also in this model, with HVAC consuming up to 40% of the overall substation loads throughout
the year. Since this is a newly built component of the model, it is necessary to validate the outputs of
the simulations comparing them to the measured data available.
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For Arnhem trolleybus grid operation, data are available on the power consumption of the substations
throughout the years. In order to understand the impact that the HVAC has on the load demand and
the variations that it causes throughout the year a comparison is made between the energy require-
ments registered in January and in May. In the two plots, in Figure 4.7 and 4.8, the per unit values of
the energy demand for the Arnhem grid are reported. In the former, the measured data for Arnhem
substations during 4 years is plotted. On the y-axis the January requirements and on the x-axis the
May requirements are found. As one can see January’s demand is on average 1.55 times the demand
registered in May. In Figure 4.8, the simulation results are plotted for 2020 for all the sections of the
grid. The same graph is provided, with January and May per unit values of energy demand on the
y- and on the x-axis respectively. What can be seen is that the outputs of the simulations present a
very similar trend and that the January demand is 1.36 times the May one. The difference between the
measured and the simulated data is of 12%, which is reasonable, especially when considering that 2020

is taken into consideration for the simulations which has been a warmer year compared to 2019, 2018

and 2017 and which presents lower trends only with respect to 2016. However, as one can see from
Figure 4.9, January presented higher temperatures in 2020 also in comparison to 2016 [29].

Figure 4.7: Comparison between January and May
data - HVAC demand effect, measured
data

Figure 4.8: Comparison between January and May
data - HVAC demand effect, simulated
data (2020)

It is decided to plot the comparison between these two months in order to evaluate the impact of the
HVAC on the energy requirements of the grid. As a matter of fact, these two months present the same
timetables and schedules, except for possible holidays, but different weather characteristics. In fact,
comparing January with one of the summer month would not be fair, due to the reduced number of
runs that summer timetables present.

4.2.4 HVAC on-off switching analysis

Another finding coming from the analysis of the measurements conducted in Arnhem trolleygrid is
related to the on/off switching of the HVAC happening during the on time of the duty cycle, as can
be seen in the plot in Figure 4.10. The HVAC current is plotted against the expected HVAC duty cycle
current, and what can be noticed is that in some instants in time the conditioning system is turned
off during the on-time of the duty cycle. The measurements are not registered per second, for this
reason in Figure 4.10, the current is plotted against the time in which the data is measured, however to
avoid confusion the time is not indicated. The measured data is registered every ∆T, with ∆T being a
varying fraction of one second.

A study is conducted on the possible reasons and triggers of the HVAC system and some conclusions
are drawn. However, the limited knowledge on the signals used to perform this analysis caused by
imprecise explanations received by who performed the measurements do not allow us to complete it
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Figure 4.9: Average temperature increase per month for each year, with respect to the 20th century average values
[29]

and draw final conclusions. The impact of the HVAC system and auxiliaries on the energy demand
of vehicles is substantial, reaching peaks in which it covers 70% of the demanded bus power. For this
reason, it is strongly suggested to further research on the reasons and the signals that are inducing the
switching off of the HVAC during the on-time of the duty cycle.

Figure 4.10: HVAC measured current compared to the expected duty cycle operation

The conclusions and findings so far are here provided, followed by a description of how this is then
implemented in the simulations.

1. The switching off of the HVAC system happens only if the bus is moving
The turning off of the HVAC system during the on-time of the duty cycle occurs only in times
in which the vehicle is moving. In Figure 4.11, it is possible to see that when the velocity of the
vehicle is zero then there are no instants in which the current is dropping to zero.
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Figure 4.11: HVAC measured current compared to the expected duty cycle operation, plotted together with bus
velocity profile

2. The switching off of the HVAC system can be related to the regeneration of braking power
Figure 4.12 shows the HVAC signal and a signal called REKEA. It is possible to notice from
this plot that in multiple occasions the turning off of the HVAC power during the on-time, is
connected to the REKEA signal going to zero. REKEA, for what is known, is a 1/0 signal which
is on in the times in which it is possible to regenerate braking power. In the plot this signal is
multiplied by 100 for visualization purposes. The auxiliaries, namely HVAC, lightning, ticket
machines and all the system components which have a power requirement which is not related
to the movement of the bus, are likely to be the first receivers of regenerated power.

Figure 4.12: HVAC measured current plotted with the REKEA signal - relation between the HVAC operation and
regenerative braking

In Figure 4.13, the same plot as in Figure 4.12, is provided but now also the actual bus power
requirements and the braking power are plotted. In the moments in which regeneration is not
possible, so when REKEA signal goes to zero, the HVAC system seems to be turned off if the bus
is braking. The REKEA signal probably represents a limit for the bus and not for the overhead
lines. When REKEA is off, the bus cannot use the regenerated power, therefore this is entirely
sent to the DC grid instead of being used by the bus.
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Figure 4.13: HVAC measured current relation with regenerative braking and REKEA signal - analysis of braking
power use

3. The switching off of the HVAC system can be connected to 2 variables predicting the available
catenary power and the desired bus power
One other condition that seem to be closely matching the switching off of the heating and ven-
tilation system of the buses is when the desired traction power is higher than the available traction
power. In all the moments in which this condition is verified, the HVAC system turns off, in order
to reduce the desired power. This is shown in Figure 4.14, where the two variables are plotted
together with the auxiliaries power requirements. However, these two variables, the desired trac-
tion power and the available traction power, cannot be reproduced with the available measured data.
Different options are tested including velocity and power derivatives, voltage and current levels
and overhead signals. The two variables have the appearance of simulated or predicted values,
however no indication on how they are obtained is provided and it was not possible to model
them

Figure 4.14: HVAC measured current relation with predicted available and desired traction power

Since it is not possible to reproduce the signals mentioned above without having more information on
them, the on/off switching of the HVAC system is reproduced imposing a cap on the power require-
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ments. At every simulated second, if having the HVAC power on causes the demand to exceed the
power limit then it is switched off and turned on only when, always according to the duty cycle, the
total power (traction + HVAC) is below the threshold. This is selected based on the specifics of the
electric motors installed in the two buses in Arnhem and Gdynia.

4.3 Velocity and Power Profiles Generation

In this section, it is possible to find a description of the model used to generate velocity profiles for
the different lines of the two cities. It became necessary to build this model, once it was clear that the
available data would not be enough to simulate properly the operation of the two trolleygrids. As a
matter of facts, the available velocity measurements are 2 for each line in each direction for the Arnhem
trolleybus system only. This means that for each line in each direction the velocity profile is repeated
throughout the whole year and that for the trolleygrid in Gdynia no measurement is available. This
model, used to simulate the driving cycle of the buses, is necessary to cover for the missing data and
to allow us to compare the operation of the two trolleygrids, with similar velocity cycles in terms of
acceleration/deceleration phases along the different lines.

4.3.1 Input data to the model

In order to recreate velocity profiles for the buses on the lines of the two cities a lot of data is needed
in input. In first place, the existing measurements from Arnhem and the Braunschweig driving cycle
data are imported in the model and used to generate a set of single velocity cycles, a single cycle from
0 m/s to 0 m/s, in Figure 4.15 the complete Braunschweig driving cycle placed side by side to the
set of single velocity cycles generated from this set of data (in Figure 4.16. The measurements for the
Arnhem grid are registered not per second but per varying fraction of second. For this reason, before
splitting the various velocity cycles coming from the measurements on each line, all the data have
been transformed in per second data. Only after this, all the driving cycles for both directions and all
lines (therefore in total 12 driving cycles for ’Arnhem minimum’ measurements and 12 for ’Arnhem
Maximum’) have been put in a single vector and then divided into isolated velocity cycles from 0

to 0m/s. In appendix Appendix B the reader can find in Figure B.1, Figure B.3 and Figure B.2 the
plots of the three datasets including all the isolated velocity cycles generated from the Braunschweig
driving cycles, the ’Arnhem minimum’ data and the ’Arnhem maximum’ data.The measured data from
Arnhem and the Braunschweig data form the base data-set which is used to create full profiles for the
different bus lines in Gdynia and Arnhem. In the next subsection the steps to generate the velocity
profile for each line are given, but first the other input data are explained.

Figure 4.15: The complete Braunschweig driving cycle
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Figure 4.16: The Braunschweig data-set divided in single velocity cycles from 0 m/s to 0 m/s plotted against the
travelled distance

Once the 3 data-sets of isolated velocity cycles are created (Braunschweig, Arnhem minimum, Arnhem
maximum), the distance travelled is calculated for every cycle and then all the additional required data
to cover the other inputs needed from the velocity profile generator model is gathered. In particular,
the missing inputs to the model for each line are:

1. The three timetables: Weekdays, Saturday and Sunday Holidays (which will also be used to
simulate the whole grid operation)

2. The distance between subsequent bus stops
For reference, find an example of Arnhem Line 1 (Oosterbeek to Velp) bus stops positions along
the line in Figure 4.17.

Figure 4.17: Arnhem Line 1 (Oosterbeek to Velp) bus stop positions along the line

3. The position of the traffic lights along the line
For reference, find an example of Arnhem Line 1 (Oosterbeek to Velp) traffic light positions along
the line in Figure 4.18
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Figure 4.18: Arnhem Line 1 (Oosterbeek to Velp) traffic lights positions along the line

After gathering all this information for each line of Gdynia and Arnhem grids, all the inputs to the
model are ready.

4.3.2 Velocity profiles generation model

In the previous subsection, the inputs required for this model are discussed. Here, the reader will find
all the necessary steps to obtain the velocity profile of a bus line.

Step 1
The bus stops and the traffic lights positions are ordered in one vector. This allows the model to identify
all the possible stops that the bus could have during this run.

Step 2
The stops are associated to their duration. The traffic lights are considered to be zero-duration stops.
This because all the stops between to subsequent official bus stops have to fit in the scheduled duration
of the travelling from the previous to the following bus stop. This means that a vector is generated
with zeros corresponding to a traffic light stop and the duration of the bus stops from the timetables
corresponding to the official bus stops.

Step 3
Not all stops happen at each run: a traffic light might be green and a bus stop might have now on/off-
boarding passengers. For this reason in this step the actual stops for the run are identified in relation
to three probability scenarios of stopping. In Table 4.8, one can find the parameters that define these
three scenarios: Weekday, Saturday, Holiday. For each line at the last bus stop, the bus always has
100% probability of stopping. In some lines other additional bus stops are set to have 100% stopping
probability, as for example Arnhem Central station for Arnhem bus lines.

Table 4.8: Velocity Profiles - Three scenarios with different stopping probabilities

Traffic Scenario
Probability of stopping

at a traffic light
Probability of stopping

at a bus stop
High Traffic 60% 70%

Medium Traffic 40% 60%
Low Traffic 40% 50%

Step 4
The duration is re-calculated based on the actual stops that the bus is making. If the bus skips one
stop the time it has to reach the following stop becomes the sum of the duration of the two subsequent
stops. Namely, if bus leaves from A and stops directly at C, skipping bus stop B, the duration of the
travel from A to C will be the sum of the duration between A and B and B and C.At this point we have
the actual stops and the available time to perform these stops and for the bus run.
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Step 5
At this point, the identified single velocity cycles from the data-sets previously generated have to be
associated to the stops that the bus is making along the line. This is done by associating the velocity
cycle that best matches the analysed bus stop in terms of distance travelled. The duration is also taken
into account, but at a second stage. In Figure 4.19, one can find the flow diagram representing the
algorithm used to select and match the velocity cycle to the bus stop. The diagram represents the
selection of velocity cycles for one stop of the bus (valid both for traffic lights and bus stops). This is
repeated for every actual stop (as found in Step 3) along the line.

As previously stated, there are three data-sets of single velocity cycles, these will be used to generate
different profiles along the same line. In particular, one can see which data-set is used to simulate
which velocity profile in the outputs subsection in Table 4.9. This means that the velocity profile is
generated using the single velocity cycles from the indicated database and that 4 velocity profiles are
generated in total for each direction of each line. It is important to mention that one extra cycle is
generated compared to the scenarios using the Braunschweig data-set to compare the results obtained
from two different types of data with no difference in terms of probability of stopping and schedule.

Step 6
Once a velocity cycle (or a combination of two velocity cycles) is selected for each stop made from the
bus the full velocity profile is created by stacking each cycle after the other. Finally, the position of the
bus is calculated at every second for the whole velocity profile.

These six steps are repeated for every direction of every line in Arnhem and Gdynia (for a total of 18

lines). As previously mentioned for each direction of each line 4 velocity profiles are created. In the
next subsection the outputs of the model are briefly discussed.

4.3.3 Velocity Profiles - Outputs

The velocity profile generator model is used to recreate the driving cycles of the buses during the year
in the grids along all the possible routes travelled. The outputs of the model reflect these needs, but
also take into consideration the fact that simulating a different velocity profile for every run would
cause a noticeable increase in the code running time. This increase in memory requirements and code
running time is not justified, considering that no big change would be found in the velocity and power
profiles also if they were to change at every bus run. For this reason a limited number of velocity
profile is produced to simulate each line. Overall 4 velocity profiles are obtained for each direction of
every line using the different scenarios. In order to avoid repeating the same one along the year, the 3

different scenarios (weekday, Saturday and holiday) are used to simulate different profiles. The change
in scenario represents a variation of road and passenger traffic conditions, namely a variation of the
probability that the bus has of stopping at a traffic light and at a bus stop. In Table 4.8 the reader can
find the stopping probabilities used for each scenario respectively. In Table 4.9 the summary of the
characteristics of the 4 velocity profiles obtained for each direction of every line are given.

Table 4.9: Velocity Profiles - outputs characteristics
Output

Velocity Profile
Traffic Scenario

Velocity cycles
data-set used

Timetable used

Weekday High traffic Arnhem minimum Weekdays
Saturday Medium traffic Arnhem maximum Saturday
Holiday Low traffic Arnhem minimum Holiday

Braunschweig High traffic Braunschweig Holiday

Finally, in Figure 4.20 an example of velocity profile output is provided. The simulated velocity profiles
is compared to the measured one of the same line. As one can see the two profiles differ in number of
stops, moments of peaks in velocity and of breaks, but present similar trends.
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Figure 4.19: Flow diagram explaining the process to associate a velocity cycle to a bus stop (own work)
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Figure 4.20: Comparison between Arnhem V2O data measured and simulated

Validation of the velocity profiles

In this section, the outputs of the generated velocity profiles are briefly analysed in comparison to the
measurements performed in Arnhem. The model is created to increase the variability and use profiles
that differ between them in time for the simulation of the grid operation. Therefore, the performance
of the velocity profiles generation model is measured in relation to the characteristics of the profiles
and not comparing how they develop in time. The purpose as mentioned is not to reproduce the same
profiles as the measured ones, but to have multiple velocity profiles with similar characteristics but
variable in terms of number of stops (based on the traffic for instance), distribution of the velocity
cycles in time, position in time. In Table 4.10, the overview of the average values for the Arnhem
velocity profiles are reported both for measured and simulated outputs.

Table 4.10: Average values obtained from velocity profiles simulations compared to the actual measurements of
the bus drives

Simulation Measurement
Peak speed [km/h] 58.1 56,3

Average speed [km/h]
(without stops)

25,8 26,4

Average speed [km/h]
(with stops)

19.7 18,4

Peak acceleration [m/s2] 1.5 1.5
Peak deceleration [m/s2] -1.9 -2.0

Number of stops 26 23

On average, the peak speed and the average speed of the simulated profiles is higher. However, when
looking at the average speed without considering the time in which the bus is not moving (v=0 km/h),
it is possible to see that on average the speed is higher for the measured data. This can be related
also to the number of stops. The increased number of stops of the simulated profiles induces more
acceleration moments and shorter breaks at the stops. When skipping stops the bus must stop for more
time in order to conform to the timetable. The peaks in acceleration and deceleration are very similar.

If we plot the distribution of the average and maximum velocity characteristics for each line in Arnhem,
we obtain what is shown in Figure 4.21. It can be observed from the plots that the simulation and
measured values fall in the same range of values along the different lines of the trolleygrid. However,
for the maximum speeds for directions AC2DLW and HD2BZ for example, the simulated velocity
profiles are all characterised by higher maximum speeds with respect to the measured data. For line
DLW2HAN instead all the simulations present lower maximum speeds. It is difficult to assess if this
is due to the fact that the measurements dataset is formed only by two velocity profiles per line, and
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therefore it does not allow to see how the velocity profiles change with varying traffic conditions
and passenger traffic. As a matter of fact, on average the simulated profiles present more widely
distributed characteristics. This is a positive outcome since the aim was to increase the variability of
the data. However, sticking to the three lines used as examples, the fact that the simulated profiles all
present higher or lower maximum (or average) speeds compared to the measured data could also be
related to the fact that the assembling of the velocity profiles is independent from the characteristics of
the road in terms of slopes and location. This can cause some errors if very hilly or very central streets
are crossed from the buses along the line.

Figure 4.21: Distribution of average (left) and maximum (right) speed data for simulated and measured velocity
profiles in Arnhem

4.3.4 Power Profiles Generation

In order to simulate the operation of the two trolley-grids for one year, it is necessary to reproduce the
power profiles of the buses. The main input to the generation of the power profiles are the previously
generated and explained velocity profiles, the accelerating and braking pedal signals to introduce
torque limits, the road gradients of the streets travelled from the buses of the different lines and the
characteristics of the trolleybuses used. In the next subparagraph the reader finds the details of how the
braking and accelerating pedal signals are recreated. The following subparagraph gives an overview
of the model created from HAN University that has been used to simulate the power profiles from
speed measurements. In this case, the model is used with inputs that are also simulated instead of
measurements. The road gradient data are collected through google maps and the bus characteristics
can be found in [15], page 28. The bus characteristics are used from HAN university researchers to
build the power model, therefore they are kept constant when simulating the buses in Arnhem. For
Gdynia instead, a different bus type is used, with different physical/geometrical characteristics but
also different electric motor. Although multiple bus types are used in both grids, especially in Gdynia,
not all are simulated due to the unnecessary and extensive increase of the modelling time that this
would require. The characteristics used are the ones of the most common trolleybus type in the two
grids. The different characteristics of the electric motors are presented when discussing the model
created by HAN university.

Braking and Accelerating Pedal Signals Analysis and Generation

In order to check the status of the bus and to regulate the motor torque accordingly, researchers from
HAN University use the braking an accelerating pedal signals measured during the bus rides. Since
all the data used in this simulation has been modelled and not measured, the available measurements
from Arnhem trolleygrid can be used, but only as reference to build new ones from the simulated
velocity profiles.
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The measured signals of braking and accelerating pedals from bus rides in Arnhem are analysed
together with the measured power and velocity profiles to find a trend in the data. The objective
of the data analysis is to associate the on/off pedal signals respectively to accelerating and braking
moments, in order to recognise braking and accelerating moments in velocity profiles and rebuild the
pedal signals for the simulated data. The idea is to understand the characteristics of the velocity profile
when the pedal signals are activated. To do this the derivative of the velocity of the bus is calculated.

In Figure 4.22 and Figure 4.23, the histograms of the distribution of the velocity derivatives are given.
The first one, represents the probability that a certain positive velocity derivative is associated to a
power requirement. This allows us to define what is the minimum positive velocity derivative to have
70% probability that in that moment the bus is accelerating due to the pressing of the acceleration
pedal, and not because of other causes (as downhill streets). In the second figure, the same thing is
done with the reduction of speed. Namely, the negative derivative limit is defined, below which there
is 70% probability that the reduction in velocity is caused by the activation of the braking pedal and
not due to other causes (as uphill streets).

Figure 4.22: Positive velocity derivative associated to
a power requirement, probability higher
than 70% marked in red

Figure 4.23: Negative velocity derivative associated
to regenerated power, probability higher
than 70% marked in red

Once these two limits are defined, the pedal signals are recreated with the condition that if the deriva-
tive of the velocity is above the positive threshold at instant t and is still positive at instant t+1, then the
accelerating pedal signal should be ON. On the other side, id the derivative of the velocity is below the
negative threshold at instant t and is still negative at instant t+1, then the braking pedal signal should
be ON. In Figure 4.24 and Figure 4.25, the reader can find the comparisons between the measured
pedal signals and the recreated data. One can notice that the modelled acceleration pedal signal is
matching well the measured data and that the braking pedal signal simulation seems to be performing
less well. However, when looking back to the derivative histograms in Figure 4.22 and Figure 4.23, one
can notice how the probability of being mistaken for the braking pedal is higher than for the other one.
Taking 70% of probability of having power regenerated means that there is still 30% chance that it is
not the case. For the accelerating signal the probability shoots to one soon after the set limit, while this
does not happen for the braking pedal. This accuracy is more than enough for the use of these data
in the model, as a matter of facts it is tested that increasing the probability to 90% does not make a
difference in terms of the output obtained from the power profile model.

Power model - HAN University

In this section the model that is used to reproduce the power demand profiles of the buses from
the velocity profiles is discussed. In the previous sections the required inputs are discussed. To
simulate the power requirements of the buses, a control curve is used, characterised by a region in
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Figure 4.24: Validation of the simulated acceleration
pedal signal, comparison between mea-
surement and simulation

Figure 4.25: Validation of the simulated braking pedal
signal, comparison between measure-
ment and simulation

which constant torque is imposed, while maximising the power and a region in which the torque is
maximised at constant rated power. Therefore, these regions can be defined as partial and full load
regions respectively. In Figure 4.26 and 4.27, the plots of the torque and power curves are provided for
the Arnhem and Gdynia bus, respectively on the left and on the right side. It is possible to see that the
rated bus power for Arnhem and Gdynia buses are different and that also the rotational speed limits
differ. This is because the two electric motors installed in the buses have different specifics, as can be
seen from their datasheet included in Appendix B.

Figure 4.26: Torque and power control curves for Arn-
hem buses - power profiles model

Figure 4.27: Torque and power control curves for Gdy-
nia buses - power profiles model

The model is based on the calculation of the traction power obtained as

Pmechanical = Tmotor ·ωmotor (4.34)

where Tmotor and ωmotor are respectively the electric motor torque and rotational speed at all times.
The motor torque is calculated as the sum of the wheel, friction and inertia torque components and
the rotational speed as the wheel rotational speed multiplied by the gear ratio. In Appendix B the
equations can be found.
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Once the motor torque is calculated it is controlled through the curves previously mentioned: constant
torque and constant power, based on the rotational speed of the motor. Finally, once the values of
the mechanical power are obtained they are added to the braking power regenerated by the system.
This last component is calculated through a transfer function characterised by experimental coefficients
found by HAN University.

4.4 Storage Model

The integration of an energy storage system is used to study its effects on the potential integration of PV
at substation level. Therefore, the model created simulates the operation of a Stationary Battery Energy
Storage System (BESS) connected on the AC side of the substations, coupled with the PV system. The
BESS is seen from the DC side as an AC source of electricity together with PV and the grid. The feed
in point of the three generation units is the same. The integration of storage is meant to increase the
self consumption and therefore the PV utilization and reduce both the grid power requirements and
the PV generated power dump into the AC grid.

As mentioned in Chapter 2, one of the drawbacks of installing stationary storage compared to on-board
storage is the reduction of the possibilities of recouping braking energy. In this case, with stationary
storage installed on the AC side, there is no possibility of recovering and storing braking energy due
to the unidirectional operation of the inverter. In the simulation all the power that is not exchanged
between buses on the same section or on sections of the same substation is burnt in the braking resistors.
The effectiveness of the BESS is therefore only associated to the PV component and has no impact on
the reduction of energy consumption due to energy recuperation.

In Figure 4.28, the reader can find a flow chart representing the algorithm behind the storage model.
The model is simply simulating the operation of a battery system, considering its depth of discharge,
its charging and discharging efficiency and the power and capacity ratings of the system. For these
parameters, Tesla Powerpack characteristics have been used as reference. Powerpack is chosen as
reference since it is battery storage systems designed for commercial and utility scale, and because
of its high performance and scalable design. In Table 4.11 the battery specifics which are considered
useful for our simulation are reported [59]. The depth of discharge is limited to the range 5% to 95%
to increase the lifetime of the battery, and propose a conservative scenario of battery use, although this
is not a limitation imposed by Tesla on the product (the indicated DoD is 100%).

Table 4.11: Tesla Powerpack system specifications [59]
Parameter Datasheet value

Maximum power 130kW (AC)
Energy Capacity 232 kWh (AC)
System Efficiency

(round-trip efficiency - 4h system)
89.5% (AC)

Depth of Discharge 100%

The initial State of Charge (SOC) of the battery is 50%. Due to the fact that the starting point of the
simulation is the beginning of the year, the battery will be used as source of energy rather than as
storage since the PV generation level will be low. Starting from higher SOC increases the use of the
battery on the first day when it is completely discharged in any case. Therefore, the halfway value
of 50% has been picked as initial SOC point. The BESS model simulates the operation of the system
by checking the available capacity within the battery. If in discharge mode the model checks whether
drawing a certain amount of energy from the battery allows it to keep the SOC level higher than 5%,
while in charge mode the check will be on the available storage capacity, namely on the possibility of
storing a certain amount of energy without bypassing the limit of 95% SOC. Once these checks are
performed, the battery will supply (in case of discharge) or store (in case of charge) either the total
amount of energy or a fraction of it. The remaining part of the load that is not covered by the PV or
the battery system will be supplied by the AC grid, while the PV excess which cannot be stored will be
dumped in the AC grid. Before checking the SOC of the BESS the system defines the charge/discharge
status computing the difference between total load and generation.



4.5 grid models 71

Figure 4.28: Flow diagram of the mismatch power management and of the storage operation (own work)

To summarise, the load is covered in order of priority by direct PV, stored PV or AC grid energy and the
PV energy is, again in order of priority, directly used to supply the demand of the trolleygrid, stored in
the BESS or sent to the AC grid. The ideal situation would involve having no participation of the AC
grid and being able to supply directly and indirectly the load with PV and storage. However, due to the
big temporal mismatch, both on the long and on the short term, between load and PV generation, this
is not possible without installing a huge capacity of storage, which not only would make the system
extremely expensive but would also reduce the battery utilization without improving considerably the
PV utilization which can reach very high values also with reasonable BESS dimensions. The analysis
on the storage performance coupled with PV is given in ??.

4.5 Grid Models

In this section, the overall grid operation modelling is explained. This section can divided in 3 main
parts. As one can see also from the diagram in Figure 4.1, once the power profiles are obtained and the
HVAC yearly requirements are simulated, first the yearly operation of the grid is modelled, and then
the operation at section and substation level is modelled. Therefore, first the yearly operation model
and then the two section models for Arnhem and Gdynia respectively are here described.

4.5.1 Yearly Operation of the grid

In order to obtain the yearly power and energy requirements of each substation, it is necessary to
simulate the operation of the grids in the two cities for the whole year and the energy requirements at
section level. In order to find the yearly power profiles of the buses travelling attached to the overhead
lines, the operation of the buses along each line is modelled following the timetable of the specific line
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for the day of the year in question. Therefore, it is necessary to have as input the timetables of the
different types of days for Gdynia and Arnhem and the calendar of the year, to know which timetable
to use on every day. The modelled year is 2020, leap year, therefore composed of 366 days. It is
decided to model this year for a matter of comparison with previous models and simulations ran in
other studies. In relation to the timetables, in Arnhem for each line 6 different types of timetables are
identified, while in Gdynia only 3 different types are given. In Table 4.12, the possible types of days
during the year are listed. For each day type, a corresponding timetable for each line is available.

Table 4.12: Types of days and of timetables for Arnhem and Gdynia trolleybus grids
Arnhem Timetables Gdynia Timetables
”Regular weekday”

”Regular weekday””Summer weekday”
”School Holiday weekday”

”Regular Saturday”
”Regular Saturday”

”Summer Saturday”
”Sunday and holidays” ”Sunday and holidays”

The total number of trolleybuses operating in Arnhem and in Gdynia are found to be 54 and 84,
respectively.

The steps to obtain the yearly power profiles for two grids are equal and here listed and explained.

Step 1
The first step is to gather all the timetables for the lines of the different grids in both directions and
organise them in runs. In other terms, the bus schedules are analysed to select which runs can be
subsequent and covered by the same bus. As an example, if a bus leaves from Oosterbeek Station
(terminus at one end of line 1 in Arnhem) at 8:16 in the morning and arrives at Velp Beekhuizenseweg
(terminus at the other end of the same line) at 9:00, it will not cover the 8:56 run, but the 9:26 run. The
timetable is reconstructed to follow one bus. The output of this step is 54 timetables for the 54 buses
that are necessary to cover the scheduled runs in Arnhem and 84 timetables for the 84 buses that are
required to cover all the runs in the Gdynia trolleygrid.

Step 2
Once the timetables per bus are generated, a matrix indicating the line and the direction of the bus next
run and one containing the instant in the day in which it will happen are created, in order to import
this information in Matlab. Using these matrices the model can define the location of the buses in the
grid both in space and in time and can identify the section providing the demanded power at all times.

Step 3
The code takes as inputs the number and type of day, and all the information generated so far. Based
on the day the bus schedule is defined (as previously mentioned there are 6 different schedules in
Arnhem and 3 in Gdynia) and based on the time in the day the HVAC requirements are identified. It is
important to define the HVAC requirements in relation to the time of the year due to the non-negligible
variations during the year. At this point the duty-cycle of the HVAC is created and the HVAC power
demand profile is available.

Step 4
At this point the daily power requirements for each bus used during the day are created. A power
profile between high, medium and low traffic (see Figure 4.2.4) is selected based on the type of the day
and associated to each run of the buses. The power profiles obtained from the Braunschweig velocity
cycle are never used. The HVAC and additional auxiliaries power is then added to the power profile
of each run. In the case in which the bus is not moving for more than 10 minutes, the HVAC power
demand will automatically be set to zero. While the bus moves within the DC traction grid, its power
is supplied by different substations. Knowing the direction of the run and the moment in which the
run starts through the velocity profiles the position in time of the buses is found. This allows the model
also to detect the section in which the bus is at all times and therefore the substation feeding the bus.

Steps 3 and 4 are repeated for every day of the year to generate the power demand of each bus running
in the grid throughout the whole year.
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Step 5
The power profiles, the auxiliaries power profiles, the velocity profiles, the positions of the buses and
the corresponding section of the grid are all saved in different matrices for each day. Every matrix
has the number of columns equal to the number of buses in the grid (which is 54 and 84 for Arnhem
and Gdynia respectively) and rows being the second in the day in which there is the specific power
demand. The matrices are saved for each day, therefore 366 files are saved containing the information
for each day.

These data points are saved to further analyse the demand not in terms of buses but at section and
substation level. In this way it is possible to test and study the potential of integrating PV at substation
level and the effects of the different parameters on it.

In the next subsections the two section models used for Arnhem and Gdynia, in order, are discussed.

4.5.2 Arnhem Power Flow Section Model

In Arnhem trolleygrid, two types of sections can be found: linear sections and ”fork” sections. If the
first type is easy to simulate, since at every moment there can be only one bus at a certain distance
from the supply, the second type is characterised by a more complex structure which involves multiple
branches being connected to each other to form a single power supply section. In Figure 4.29 and
4.30 the schematic of the two sections is proposed. Moreover, some sections of the trolleygrid are
connected between each other through bilateral connections. This implies that these sections have
to be simulated together if bilateral connections are introduced, since the two feed in points of the
two sections feed both the buses on one and the other section based on the bus position and on the
potential difference between the feed in point voltage levels. In some situations, the connection between
two sections generates a non-linear structure, generating a ”fork” configuration. Therefore, when
simulating sections which are bilaterally connected two other cases are introduced: linear bilateral
sections, in Figure 4.31, and ”fork” bilateral sections 4.32. Overall, to simulate the Arnhem grid four
power flow models are required to simulate the four cases presented: linear sections without bilateral
connections, ”fork” sections without bilateral connections, sections bilaterally connected that form a
linear structure, sections bilaterally connected that form a ”fork” configuration.

Figure 4.29: Electrical schematic of a linear sec-
tion - power flow section model
Arnhem

Figure 4.30: Electrical schematic of a ”fork” sec-
tion - power flow section model
Arnhem

”Fork” sections are not simulated making use of power flow calculations, due to the limited amount of
time the simulation of these sections was not finalised and the model is still presenting many points
without a proper solutions throughout the year. For this reason, for these sections (which account for
7/44 sections of the grid) an assumption is made and they are simulated as the sections of Gdynia grid,
with fixed transmission losses. The losses selected are chosen as an average between the losses of the
sections they are connected to, since no literature is found on section transmission losses in Arnhem.
All previous research introduces extreme assumptions (as no feeder cables) which would introduce a
higher error than the average value that is picked. An improvement to the work proposed is simulating
the operation of the grid with the complete fork section model.
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Figure 4.31: Electrical schematic of two sections bilaterally
connected, forming a linear structure

Figure 4.32: Electrical schematic of two sections
bilaterally connected, forming a
”fork” structure

Some sections are bilaterally connected to two other sections. This is the case for sections 13+14+8

and for 12+16+17 (refer to section map in Figure 3.3). For these two cases some extra assumptions
are made. In Figure 4.33a and 4.33b the actual schematic and the schematic of how the sections are
modelled are proposed respectively in the top and bottom figure. As the reader can see from the
schematic representation, the modelling of this specific case is split into two simulations. One of the
sections, in the figure section n3, characterised by lower voltage levels and higher power requirements
with respect to the neighbouring section, is simulated bilaterally connected to the neighbouring section
without any traffic on it. Therefore, section n2 is seen as an extra feed in point for section n3. Then,
sections n1 and n2 are simulated with their respective bus traffic, connected in parallel. The total power
requirements of section n2 will be computed as the sum of the requirements obtained from the two
simulations.

(a) Schematic of section connected bilaterally to two other sections

(b) Schematic of modelling method for a section connected bilaterally to two other

Figure 4.33: Electrical schematic of 3 sections connected bilaterally

Power Flow Calculations
The underlying theory of the models of all types of sections is related to the calculation of voltages
and currents in all the points in which there is a power requirement or supply along the section. The
substation voltage, fixes the voltage level of the section at the supply point. At every second the buses
on the section are found and their power requirements and positions are stored in two vectors. Based
on the power required (or produced in case of regenerative braking power) and on the position of
the bus the voltage drop along the line and the current are computed. The resistance of the overhead
cables is calculated using the Total distance approximation assumption for the parallel lines, explained in
??. Along all the catenary only 2 lines are connected in parallel. However sections 6 and 19 do not have
parallel connections and therefore for these sections the voltage drop along the lines will be doubles.
The calculation of the voltage and current in all the points in which there is a power flow is done
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through an iteration, since multiple buses can be found at the same time under the section, inducing
a multi-point optimization problem. This is done for every second of the year for every section of the
trolleygrid. As a matter of fact, bus power and position are variable in time and the voltage of the
catenary will vary based on these two elements.

The simulation of bilaterally connected sections works in the same way, however this time the optimiza-
tion sees two supply points. This means that the voltage levels now are determined by two different
points: the two feed in point of the different sections. The iteration to find a solution takes longer
then in this case since the current sent from each substation is optimised based on the voltage drop
occurring in both sections. These simulations can take up to 60 times more than the simulations of
a single section, increasing the computational time from 15min simulation per section to 3h per sec-
tion. For this reason, not all sections are also simulated when bilaterally connected. Some sections are
picked to study the effects of bilateral connections on the simulation outputs and on the PV integration
performance.

4.5.3 Gdynia Transmission Losses Section Model

The amount data related to the location of the substations, to the feeder cable lengths and characteristics
and to the location of the feed in points along each section, for the Gdynia trolleygrid is very limited.
Therefore, it is not possible to use the power flow model for the Gdynia section simulations. In [14], the
authors propose a study on a method to calculate the transmission losses for a trolleybus traction grid.
One of the grids used to perform the study is Gdynia grid. The method used by the researchers in the
paper consist of measuring the voltage drop between the substation DC output and the bus connection
point to the catenary. The voltage is measured in time at the two points and together also current and
position of the bus are registered. In this way the power lost in transmission is estimated in time, and
the location of the bus is used to estimate the section in which there is a power requirement.

The data found in this paper related to the transmission losses in each section of the grid is used
to simulate the operation of each section. Power exchange is allowed within one section but section
of the same substations are not exchanging power between them. Therefore the regenerated braking
power which is not used in the section is considered to be burnt in the braking resistors. The same
assumption is made in Arnhem grid. In Table 4.13 the values for the transmission losses calculated
for every section of the grid are reported. The introduction of a fixed transmission loss factor reduces
the precision of the model since there is now simulation of the power flow in the grid. On average
though, this assumption allows to have a good estimation of the substation requirements. Using the
power flow model to calculate the section power demand would introduce in the simulations even
more assumptions and errors, since there is a lot of information missing on the structure of the grid
in Gdynia. Due to the fact that the data on the losses is provided per section and has been measured
and previously researched upon allows us to consider it as a good estimation of the losses to expect in
each section. Moreover, installing the PV systems on the AC side of the substations allows us to have
the same amount of results for Gdynia as for Arnhem, since the power requirements of the substation
is what is relevant for the research. The voltage levels and the power flow increase the accuracy of the
simulation and the results, however are not relevant for this study, if not in terms of losses that they
induce.

The section numbers identify the substation (with the first digit) and the section (second digit) numbers.
In red the worst sections are highlighted. High transmission losses are expected in these three sections.
1/6 is a very long section and 2/3 and 3/2 are high traffic sections. The other sections present lower
transmission losses, spread around an average of 7.5%.

4.5.4 Validation of the Grid Model Outputs

In the next paragraphs an overview of the model outputs is provided and compared to the available
data. First, Arnhem grid operation simulation outputs are analysed, followed by the data for Gdynia
trolleygrid.
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Table 4.13: Transmission losses per section in Gdynia grid
Substation/Section Number Section losses [%]

1/1 4.90

1/2 9.80

1/3 3.40

1/4 9.10

1/5 7.80

1/6 14.00

2/1 6.00

2/2 5.00

2/3 15.30

3/1 8.20

3/2 13.60

3/3 2.80

4/1 5.70

4/2 9.50

4/3 5.50

5/1 8.70

5/2 2.50

5/3 4.80

6/1 7.70

6/2 11.70

6/3 7.80

7/1 5.70

7/2 9.50

8/1 4.10

9/1 7.20

10/1 10.90

10/2 8.40

10/3 6.10

10/4 7.20

10/5 9.50
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Arnhem Trolleygrid

The simulation outputs for Arnhem grid are compared to measurements of the yearly energy require-
ments of each substation during three different years: 2019, 2018 and 2017. In Table 4.14, the overview
of the data found is provided and in Figure 4.34 the simulation output for each substation is plotted
in a bar chart together with the measurements performed. In the plot, some substation numbers are
circled in blue. These represent the substation that present lower matches between simulated and mea-
sured values, namely the ones in which the modelled value differs from all the three measurements.
As a matter of fact, the measurements in some cases also noticeably differ between them, introducing
in the validation an extra difficulty.

Figure 4.34: Bar chart - comparison between simulated and measured energy demand values for each substation
in Arnhem grid

However, analysing the substations which are found to be differing the most it is possible to notice
by looking at the difference between the measured values, that these substations present variations
in the energy consumption through the different years. The model used so far, does not include the
possibility of connecting bilaterally some of the sections of different substations and does not allow
power exchange between the sections of the same substation. All the substations that have been circled
in Figure 4.34 are actually substation under which multiple sections are connected in parallel with
sections of other substations or with high traffic, in the case of Central Station. In Figure 3.3 the map of
the sections of Arnhem trolleybus grid is provided, in which also substations and bilateral connections
are shown. Some of the substations which present big differences are here analysed to understand
what the reasons of this offset could be.

• Substation 1 is formed by two sections which are connected bilaterally with substation 12 and
CS. Substation 1 is probably providing to CS an amount of yearly energy that can cover for some
of the excess found for that substation. Moreover, if substation 12 is feeding a part of substation
1 it will probably increase the coverage of substation CS that 1 has even more.

• Substation CS is a high traffic substation, with multiple sections fed by it. Therefore, allowing
also power exchange between the sections under the same substation can reduce the energy
requirements of the substation. However, Central Station is formed by 3 different substations
number 4, 9 and 21. The connection and dependence between the three substations is not clear.
For this reason assuming power exchange between all the sections would be a strong assumption.
If the three substations have 3 different DC busbars the power exchange will not be possible.
These three substations are all characterised by low voltage levels, which allow us to assume that
when bilateral connections are active CS substation will be heavily supported by the neighbouring
substations.

• Substation 14 is formed by 3 sections which are ache connected bilaterally to a section of a
different substation: 13, 16 and CS. Substations 13 and 16 are probably partly contributing to the
energy demand of substation 14 and this would explain the lower value presented in these two
substations.
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• Substation 15 is characterised by a very long section which is partially fed from another section
bilaterally. Not considering bilateral connections increases considerably the voltage loss and the
losses along the catenary of that section.

• Substation 17 is feeding also a section of substation 2, which partially can explain also the dip
in the data registered in 2019 for substation 2 if the connection was introduced in that year.
Moreover, section 40 (supplied by this substation) is characterised by very hilly roads, this might
be the cause of the underestimation, since the road gradient data is not gathered with high
precision but retrieved from Google Maps and since the velocity profiles are not adapted to the
road gradients.

Table 4.14: Arnhem grid simulation outputs compared to measured data (bilateral connections are not included
in the simulations)

Substation
Number

Simulation
[MWh]

(no bilateral conn.)

Measured
[MWh]
(2019)

Difference
(2019)

1 171.8 231.6 -25.8%
2 420.6 190.7 120.5%

HQ 930.9 1149.2 -19.0%
CS 947.4 289.8 226.9%
5 212.9 317.6 -33.0%
7 241.1 265.5 -9.2%
8 212.4 232.6 -8.7%
10 160.7 194.3 -17.3%
11 292.5 335.9 -12.9%
12 220.2 294.9 -25.3%
13 216.6 265.3 -18.4%
14 479.3 320.4 49.6%
15 276.0 99.0 178.8%
16 344.6 426.9 -19.3%
17 261.9 657.8 -60.2%
18 178.9 164.3 8.9%
19 82.6 97.2 -15.0%
20 312.6 133.7 133.8%

Total 5962.9 5666.7 5.2%

Due to the time limitation and to the complicated structure of some of the sections, the bilateral
connection modelling will be limited to certain sections. This will allow us to verify the assumptions
made on bilateral connections and to assess its effects.

Introduction of bilateral connections
Three groups of sections are simulated with bilateral connections. The modelled sections are all in
Arnhem trolleygrid and all linear, they all present a simple structure (no ’fork’). In Figure 4.35, the
reader can find a bar chart presenting the variations in energy demand with the application of the
bilateral connections in (a) and the voltage levels of the substations feeding the respective sections.

The first set of sections is formed by sections 2 and 23. In Figure 4.36, the map of the two sections
is shown. When sections are bilaterally connected the section insulator is indicated by an orange box,
while if they are not connected it is indicated by a white box. As one can see, the section 2 and 23 are
connected between them and not with the other neighbouring sections. Indicated with a circle and the
number of the section is the supply point of the section. It is possible to see that the feed-in points
are located at the opposite ends. This is the reason why when connecting bilaterally the two sections
the overall energy consumption is considerably reduced. The sum of the energy demand of the two
sections goes from 160 MWh to 110 MWh. This means that the application of the bilateral connections
induces the reduction of losses by 50 MWh. Section 2 is still supplying more power than 23 since the
substation voltage is considerably higher.
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Figure 4.35: Effect of bilateral connections on 3 groups of sections in terms of energy demand (a) and voltage
levels of the sections (b)

Figure 4.36: Map of sections 2 and 23 in Arnhem grid

The second group is defined by the connection between section 3 and section 37. In Figure 4.38, the
map of the two sections is shown. A similar situation as the one presented above is found in this case.
The two sections are connected bilaterally between them and insulated with the other neighbouring
sections. Also, the supply points are found at the two opposite ends of the sections with respect to
the connection between the two. Also in this case the total energy demand is reduced by 10 MWh.
The reduction in this case is lower since the total length of the two sections combined is lower, 1470 m
compared to 2150 of the previous set. Finally, the demand of section 3 is noticeably increasing and the
opposite trend is found for section 37. This is due to the voltage levels. Section 3 is supporting section
37 supplying the buses on the latter section.
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Figure 4.37: Map of sections 3 and 37 in Arnhem grid

The last set of sections studied is the combination of section 13, 14 and 8. In this case the simulation
is split in 2 due to the fact that the three sections are connected between them, namely section 14 is
connected bilaterally both with section 13 and section 8. What can be seen is that the overall energy
consumption is reduced, from 330 MWh to 260 MWh and that the share of supply is also rearranged.
The supply point of section 14 is at the beginning of the section, close to the connection with section 13.
For this reason, since section 13 is 1670 m long, section 14 is partially supplying its load. On the other
side, section 8, although with lower voltage level, can support section 14. As a matter of fact, section 8

presents very low traffic conditions and a total length of 100 m. For this reason it can supply the buses
on section 14 which are close to section 8 reducing the transmission losses.

Figure 4.38: Map of sections 13, 14 and 8 in Arnhem grid
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Gdynia Trolleygrid

The validation of the outputs of the grid simulation for Gdynia trolleygrid is more complicated due to a
lower availability of measurements and data, as previously mentioned. The validation is performed top
down, comparing the obtained results with previous studies conducted on the same DC traction grid.
The copious availability of previous research allows to benchmark the results, even if in a fragmented
way. The comparison is done with different papers and in Table 4.15 below the results are reported.
The simulations proposed in this study are compared to data coming mainly from 2011 and 2014. This
not only to attribute to the fact that most of the available measurements to benchmark the results were
registered during those years, but also to have a fair comparison. As a result of the very scarce data to
use for the simulations and to reduce the number of assumptions made when modelling, the reference
scenario for the Gdynia trolleygrid is with 0% vehicles with on-board batteries, 0% lines with IMC and
a total of 12 lines. During the years, following the progress in research on traction systems, IMC and
on-board batteries have been implemented and trolleybus new lines are served from the LVDC traction
grid. Therefore, to compare the results of this model, we will refer to the same scenario in time and
not to the latest status of the grid.

Table 4.15: Verification of the model output Gdynia

Parameter Simulation Available data Average data Difference [%]
Number of buses 84 85 85 -1.2%

Energy consumption [kWh/km] 1.72

1.90

1.86 -8.3%
1.2 - 2.5

1.45

1.98 - 2.15

Average mileage [km/veh] 103
51.67 56.26 56.26 -8.2%

Total vehicle km [km] 106
4.34 4.96 4.96 -12.5%

Average speed [km/h] 19.0
15.5

15.9 19.5%
14-18

What can be seen from the comparison, is that although the number of buses in use in the simulation
seem to be consistent with the number of running buses, 84 against the existing 85 [66], the simulated
bus energy consumption appears to be lower than the measured one, 1.7kWh/km versus 1.9kWh/km
[10, 65, 66]. The simulation performed in this study excludes the possibility of operation without
catenary for the buses and of charging/discharging on-board batteries. In motion charging appears
to be an option in 4 different lines in the Gdynia grid and the presence of on-board batteries would
cause an increase of the energy consumption. Another assumption introduced in the models is that
only one type of bus is used in the Gdynia trolleygrid. However, this is not the case and also larger
buses (18m instead of 12m) are being used, increasing like this the average bus consumption. Finally,
the assumptions made for the HVAC energy demand model could be a cause of the reduction of the
consumption, since less strict inside temperature conditions are considered in the model. This is also
confirmed when we look at the distribution of the energy demand of substation 2 in Gdynia.

When comparing more specific data as the consumption throughout the year of one substation, Substa-
tion 2, we find very similar results, with a percentage difference on average in the year of approximately
10% and a total yearly consumption that is 5% different from the measured data. In Figure 4.39a, the
plot of the comparison of the energy consumption in the different months of the year measured [12]
and simulated is shown. What can be seen, is that the discrepancy increases in the summer months.
This might be related to the assumptions made to simulate the HVAC operation, on the irradiance
effect on the bus heating (refer to Section 4.2 for the details and assumptions made for this model).
However, the measured data must also be questioned, since it is an unexpected result to have higher
energy consumption during the summer months than in the spring/autumn months. This result could
be related to multiple causes. The first cause could be identified in the inside-cabin temperature re-
quirements which might be set during summer at the same level as in spring and autumn, this would
cause a noticeable increase in the AC requirements due to the higher temperatures (in Appendix A the
reader can find the temperature characteristics in Gdynia throughout the year). Another possibility is
that the measurements presented in [12] and plotted in Figure 4.39a have been taken in 2016. As a
matter of facts, between the 29th June and the 1st July 2016 to cover the shortage of buses during the
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Open’er Festival, trolleybuses were equipped with high-capacity lithium-ion batteries to serve extra
routes in Gdynia and Sopot [10]. The vehicles covered using auxiliary drive long sections of the routes
without catenary. The occurrence of the festival not only caused the number of buses to increase but
also introduced routes without catenary, which imply that the buses would then charge while covering
routes with overhead lines. A combination of these two elements, would explain the increase in the
error of the model in the months that go from June to August, as can be seen in Figure 4.39b.

(a) Comparison between simulated and measured monthly energy requirements for Substation 2 in
Gdynia

(b) Comparison between simulated and measured monthly energy requirements for Substation 2 in
Gdynia - percentage error

Figure 4.39: Gdynia grid-validation of the model outputs: Substation 2 energy requirements

One final point of comparison is related to the average speed during the different days of the week. Al-
though these data are also reported, from [66], these are coming from 2013. At this point no dedicated
lanes were present for the trolleybus rides, while they have been implemented in the following years.
Therefore, although a noticeable difference in the average speed is found between the simulation and
these measurements, it is the only data that are found in literature, and have not been confirmed in
any other paper, and still the values found are within 20% difference from these.
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4.6 Parallel lines approximation analysis

In this section, the reader finds a study on the approximation used in the simulations to compute the
voltage drop along the overhead lines, in a section. In particular, this subsection discusses the per-
centage error caused by the approximation used to calculate the voltage drop when the bus is moving
along the catenary in one section (one supply point), in presence of connections between parallel lines
of the catenary. In order to reduce transmission losses, compensatory connections between fractions of
the overhead lines are introduced [14]. One of the modifications of the overhead cables included in the
modernisation process of the trolleybus traction grids, is to connect certain intervals of the overhead
cables for the two directions of travel in order to reduce the losses of power transmission. As a matter
of fact, when supplying power to a bus in a section these connections allow to split the required cur-
rent into two fractions (or more if more cables are combined between them) and therefore to reduce
the losses caused by the transmission of high currents. This allows to reduce the effective resistance of
the catenary (thus the transmission losses) in certain circumstances in half (if the connections are done
between 2 cables). In sections with high bus traffic intensity, where multiple buses could be found in
the same position, multiple lines can exist for the same travel direction. In this case the combination of
multiple overhead lines could bring to a beneficial reduction of the voltage drop along the line. Before
starting with the analysis of the approximation used in the models, in the next paragraphs a brief
analysis of the effect of parallel connections is given starting from the voltage drop problems in the
traction grid.

4.6.1 Voltage drops along the line with and without parallel connections

While moving along the catenary the bus is supplied with power from a substation. If we focus on
a single section supplied in one point from one of the substations, with one bus moving along the
overhead line section (no bilateral connections are here considered) we can represent its equivalent
circuit as shown in Figure 4.40. As one can see, the lines are modelled as resistive components, this is
an assumption which can be introduced since the impedences along the overhead cables are negligible
in comparison to the resistances. The resistance of the line increases with the distance of the bus from
the supply point of the section according to 4.35

Rline = ρ
l
A

(4.35)

Where ρ is the resistivity of the cable in Ohm/m, l the length and A the cross-section area of the wires,
respectively in m and m2.

Figure 4.40: Equivalent electrical circuit of one supply section with one bus

Through Kirchhoff’s Voltage Law and Ohm’s Law, the voltage drop across the bus can be found though
equations 4.36 and 4.37. In 4.36 Kirchhoff’s law applied to the equivalent circuit of the section and in
4.37 the equation rearranged to find the voltage across the bus and replacing VR according to Ohm’s
law and equation 4.35.

VSupply − 2VR −VBus = 0 (4.36)
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VBus = VSupply − 2IBusρ
l
A

(4.37)

From these last equations, it can be concluded that the voltage drop along the line, which is also the
difference between the supply and the bus voltages, once the cables are selected is only affected by the
distance of the bus from the supply and the power requirements of the bus. As a matter of fact the
electric power demand of the bus can be computed as:

PBus = VBus ∗ IBus (4.38)

In Figure 4.41, the voltage drop is plotted for different powers (from 0 to 300kW with steps of 20kW)
and as a function of the distance from the supply point. The supply voltage is 700V in this example.
This image graphically shows and confirms what discussed so far: the voltage drop along the line
increases with increasing power and with increasing distance from the supply point due to the increase
in current and in distance travelled by the current respectively.

Figure 4.41: Voltage drop along one supply section due to the travelling of one bus as a function of bus power
and distance from the supply point (0m)

The introduction of connections between the overhead lines of the two driving directions can sensibly
reduce the losses along the lines, thus the voltage drop, due to the decrease in current carried by the
cables. In Figure 4.42 one can find the equivalent circuit of one section with the overhead lines of the
two direction combined. For simplicity, the return wire is omitted (or considered to be behind the
other cables, for both driving directions).

Using this figure as reference, the equation to compute the bus voltage when compensatory connections
are introduced is now derived. In Figure 4.42 and in the equations that will follow abbreviations
and symbols are used, the reader can always refer to the Nomenclature for the list of symbols and
abbreviations used, however, here the useful nomenclature for the next calculations is explained:

• Vsupply - supply point voltage

• Vbus - bus voltage (voltage drop across the bus)

• R - resistance of one line (does not account for the return)

• ls - distance between two subsequent parallel connections

• ltotal - total distance of the bus from the supply point

• lsingle - distance of the bus from the last parallel connection before its position (with respect to
the supply point)
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Figure 4.42: Electrical representation of the two traveling directions lines connected in parallel in one supply
section of the grid, with one bus travelling on it (own work)

• lparallel = ltotal − lsingle - length of the line connected in parallel between the bus and the supply
point

Making use of equation 4.35, Kirchhoff’s current and voltage laws and Ohm’s law the following equa-
tion is obtained for the calculation of the bus voltage when the two lines are combined and both are
used to supply the current to the bus:

Vbus = Vsupply − 2 ∗ R
2
∗ lparallel ∗ I − 2 ∗ R ∗ lsingle ∗ I ∗ (1−

lsingle

2 ∗ ls
) (4.39)

This equation can be re-written as in 4.40 to highlight the quadratic dependence of the bus power on
voltage, when the power is calculated as a function of resistance and voltage only.

Vbus =
Vsupply +

√
V2

supply − 4 ∗ (2 ∗ Pbus ∗ R ∗ ( lparallel
2 + lsingle −

l2
single
2∗ls ))

2
(4.40)

In equations 4.39 and 4.40 the resistance along the line is multiplied by 2 since also the resistance and
the voltage drop across the return line have to be considered when applying Kirchhoff’s voltage law.

The difference between equations 4.37 and 4.39 is that in the second one the parallel connections are
considered and used to send current to the bus with reduced losses. As a matter of fact, in equation
4.39, with parallel connections, only half of the current is transmitted through each of the two cables
until l < lparallel and then in the last fraction of the section where the bus is located the current splits
in the two wires differently, based on the distance between the connections ls and the position of the
bus between the twolsingle. The transmission losses along the line are calculated as:

Ploss = I2
bus ∗ R (4.41)

Therefore, the reduction of the current through the cables induces a quadratic reduction of the power
lost in transmission.

In Figure 4.43, the voltage drop across the line with varying electric power demand and distance from
the supply point (at 0m) is shown for the scenario without parallel connections, represented by solid
lines, and with parallel connections every 300m, in dashed lines. The presented example, considers to
have a total section length of 1000m (max distance from the supply point reached) and a supply voltage
of 700V. This supply voltage is chosen since all the substation voltages of the two cities fall around this
value.

In Figure 4.44, the same scenario is shown but this time with a lower distance between two subsequent
compensatory connections, namely of 100m. In order to visualize more clearly the impact of the
voltage drop on the distance between two parallel connections, the same situation as for the previous
two cases is shown in Figure 4.45, but representing only the parallel connection option with 100m or
300m distance between two connectors, in solid and dashed lines respectively.
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Figure 4.43: Voltage drop along a power supply section in function of bus power and distance from the supply
point (0m) with and without parallel connections every 300m, in dashed and solid lines respectively

Figure 4.44: Voltage drop along a power supply section in function of bus power and distance from the supply
point (0m) with and without parallel connections every 100m, in dashed and solid lines respectively

By looking at the figures, it is evident how the voltage drop along the lines is strongly affected by the
presence of these connectors through the overhead grid. This is true especially for high powers and
long distances, where in percentage the voltage drop is reduced up to 26% at 1000m distance from the
supply and 300kW power demand, in this scenario (1000m section length and 700V). If the voltage is
reduced to 680V for instance the voltage increase is of 32.5% at 1000m distance from the supply. At
1150m distance from the supply point and 700V supply voltage, the difference between the two bus
voltages reaches 45.5%! This also means that the section length can be increased if lines are connected
between them.

Another thing that can be observed by looking at Figure 4.45, that the reduction of the distance between
subsequent contacts reduces the voltage drop even further. This is due to the fact that with an increase
of the space between two connections, the bus distance from a connection is on average higher. For
instance, if lines are connected every 100m the bus would find its self at 50m max from one of the
connections. While if lines are connected every 300m the bus can arrive to be up to 150m away from
one of the connections. The proximity of two subsequent connections increases the benefit of this
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Figure 4.45: Voltage drop along a power supply section in function of bus power and distance from the supply
point (0m) with parallel connections every 100-300m, in solid and dashed lines respectively

application, allowing a larger fraction of ltotal to be in parallel. The higher is the ratio between lparallel
and ltotal the lower the transmission losses will be.

4.6.2 Approximation used in the simulation and consequent error

After understanding the reason why parallel lines are introduced and the benefit that they have on the
system, the analysis on the error committed due to the approximation used to compute the bus volt-
age is discussed. Two different approximation methods are tested: Total distance approximation and
Total current approximation. Both have the goal to simplify the calculations and reduce the simulation
time and both introduce additional assumptions on the part of the section where the bus can be found,
namely on the current passing through lsingle.

Total distance approximation
In this approximation the bus is considered to be at distance ltotal from the supply point and lparallel
is considered to be equal to ltotal . If we look at equation 4.37, the third term containing lsingle is
neglected and in the second term lparallel becomes now ltotal . This means that no distinction is made
between the sections in which the lines carry the same amount of current (half of the total if 2 lines are
connected in parallel) and the last fraction in which the bus is, between two connections. In Figure 4.46,
a representation of how the equivalent circuit looks like for this case is given.

Figure 4.46: Electrical representation of the Total distance approximation method (own work)
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Making use of the same equations used to derive the actual bus voltage, this model be re-derived. In
equation 4.42 the voltage from Kirchhoff’s voltage law to find the bus voltage approximation, and in
4.43 the same expression but in function of bus power instead of bus current.

Vbus = Vsupply − 2 ∗ R
2
∗ ltotal ∗ I (4.42)

Vbus =
Vsupply +

√
V2

supply − 4 ∗ Pbus ∗ R ∗ ltotal

2
(4.43)

Total current approximation
In this approximation the bus is considered to be at distance ltotal from the supply point and lparallel
and lsingle are still present and defined. However, the third term of equation 4.37 is modified, because
the current is assumed to be passing all through lsingle and not through the upper line as well. A
representation of this situation can be found in Figure 4.47.

Figure 4.47: Electrical representation of the Total current approximation method (own work)

Again, using the same methods, the bus voltage can be derived and in 4.44 the voltage from Kirchhoff’s
voltage law in 4.45 the same expression but in function of bus power can be found respectively.

Vbus = Vsupply − 2 ∗ R
2
∗ lparallel ∗ I − 2 ∗ R ∗ lsingle ∗ I (4.44)

Vbus =
Vsupply +

√
V2

supply − 4 ∗ Pbus ∗ R(lparallel + 2lsingle)

2
(4.45)

When simulating the grid operations some assumptions are made in order to reduce the running
time of the code. However, when including approximations and assumptions, it is good practice to
know the effect that these have on the results. For this reason, in this subsection the error introduced
when approximating the calculation of the bus voltage along the line is analysed. Different grids have
different supply voltages, section lengths and different distances between parallel lines connections.
Moreover, the bus power and the bus distance from the supply points are continuously changing. These
elements are taken into consideration to have a general overview of the effects that the approximation
on the voltage has on the results. In particular the voltage drop will be analysed with varying bus
power, bus position along a section and the distance between two subsequent connections following
the intervals indicated in Table 4.16 (in which EoS stands for End of Section). Section length and supply
voltage are also variable, but are fixed prior simulation.

As seen in the previous paragraphs the bus voltage is what is calculated differently, the equations used
to compute the actual bus voltage and the total distance approximation bus voltage are 4.40 and 4.43

respectively. From these two equations the error is computed as:

Error[%] =
Vbus −Vbus−aprx

Vbus
∗ 100 (4.46)
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Table 4.16: Parameters involved in the parallel lines approximation analysis and their variation range
Parameter Variation Range

Pbus = Bus Power [0:20:300] kW
ltotal = Bus Position [0:10:EoS] m

Distance between // [100:50:300] m

We will now go through the results obtained and analyse the impacts of the parameters variation on
the error. The simulated section is a section in Arnhem grid, with substation voltage of 716V and
1300m long. This section has been chosen because of its length. The supply point in very long sections
is usually placed in the middle in order to reduce transmission losses and voltage drops. The supply
voltage effect on the error is also assessed at the end of this subsection the reader can find the results
for the total distance approximation.

When looking at the maximum errors committed with the two approximations analysed, shown inn
Figure 4.48, it is possible to see that the Total distance method is a better approximation to use. It
performs almost 5 times better than the Total current method and therefore, the analysis on the Total
distance approximation and its error are only discussed. This method of calculating the voltage drop
when parallel connections are introduced is also the one that is used in the grid models. In Appendix C,
the reader can find some plots showing the results of the other approximation.

Figure 4.48: Maximum errors introduced when simulating the operation of one bus moving along a section with
parallel connections. Both approximations are shown

Although only the Total distance approximation is analysed, in Figure 4.49 the voltage drop as a function
of the distance from the supply point and with different bus power requirements is plotted also for the
Total current method. One can compare the results obtained with the two approximations:

• Both approximations have a linear variation of the voltage in relation to the position of the bus

• Total distance approximation varies linearly only with the total distance of the bus and is not
affected by the variation of the position of the parallel connections

• Total current approximation varies linearly with the distance of the bus with respect to the posi-
tion of the connection between the lines that immediately precedes the bus and with respect to
the total distance from the supply point

• No approximation takes into consideration the connection that is following the bus position,
which is considered in the actual bus voltage calculation

Total distance approximation error analysis
Starting from the first parameter in Table 4.16, the effect of increasing bus power on the error of the
approximation is assessed. In Figure 4.50 the error of the approximation is plotted against the distance
of the bus from the supply point. Each of the represented curves have different bus power requirements



90 models

Figure 4.49: Voltage drop along a power supply section in function of bus power and distance from the supply
point with parallel connection every 300m. Actual voltage drop in dotted line, total distance approx-
imation of the bus voltage in solid and total current approximation in dashed.

ranging from 0 to 300kW as indicated in Table 4.16. The plotted curves are all referred to the scenario
in which the connections between the lines are located at 300m one from the other. This scenario is
represented because the variation in the error is more visible than in the other conditions and since the
error here reaches its maximum. However, in Appendix C the reader can find the plots of the power
variation effect also for the other tested distances between the parallel connections.

Figure 4.50: Error introduced using the total distance approximation of the bus voltage, plotted as a function of
the distance from the supply point (0m), with parallel connections every 300m. Increasing power
requirements are shown, with every curve representing a power demand

It is possible to see from Figure 4.50 that the error in the approximation is increasing with the increasing
voltage drop. The Total distance model approximates better the actual bus voltage when the bus power
is limited and when the bus is positioned close to the supply point. With increasing distance from
the supply and electric power requirements, the voltage drop and the transmission losses increase (as
previously discussed and as shown in Figure 4.41), and the approximation also performs worse.

We have discussed that with increasing distance from the supply point the error committed by intro-
ducing the approximation increases. However, as one can notice from Figure 4.50, there are points
along the line in which the approximation method has 0% error and matches with the actual bus volt-
age calculation. These points are where the compensatory connections between the lines are located:
in this example this happens every 300m. By looking at Figure 4.51, one can see how the error goes to
zero when the bus position is equal to the location of one of the parallel connections. This is visible
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also when looking at the voltages in figure Figure 4.49. This result is expected from this approximation,
since the total distance model considers that at every point the bus is fed by perfectly connected in par-
allel cables. This means that according to this model, at every point of the line the bus is finding a
compensatory connection with the other traveling direction cable, which in reality it is only true every
100-300m.

It can be already concluded, by what discussed so far and by the graphs analysed, that this approxi-
mation always underestimates the voltage drop.

Figure 4.51: Error introduced using the total distance approximation of the bus, plotted as a function of bus
distance from the supply point (0 m) and of varying distance between parallel connections - at 300

kW power requirements

Focusing on the distance between parallel connections, referring to Figure 4.51, the error is increasing
with increasing distance between the lines. Again, the higher the voltage drop the higher the error.
Finally, by picking a random point in the supply section, it is possible to demonstrate that not only
the absolute position of the bus plays a role but also its relative position within each fraction of line
between to subsequent connections. Although the error is higher overall if the distance between the
parallel connections is longer, based on the relative position of the bus within two connections it can
happen that this is not the case. As an example, 700m distance from the supply point is taken. In
Figure 4.52a and 4.52b one can see where this point is located along the 1300m supply section and
where is is relatively located within two parallel connections. When the bus is at 700m distance from
the supply, the error in the approximation is lower for the case in which parallel connections are at
250m one from the other rather than in the case in which they are at 200m from each other, as shown
in Figure 4.52c.

To conclude this analysis, a research on the effects of varying the supply voltage is performed. The
reduction of the line voltage causes the overall increase in current for the same power requirements
of the bus and therefore and increase in transmission losses and in the voltage drop. Moreover, if
the same voltage difference between the approximation and the actual value is found at lower voltage
levels, this will have in percentage a higher error. Therefore, it is expected that at lower voltages the
error in the approximation will increase. This is confirmed by the simulations and is represented in
Figure 4.53
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4.7 Summary and takeaway points of the chapter

In Figure 4.1, the model structure is presented. A lot of data is necessary as input to the models, and it
is summarised in the white parallelograms. In the flow diagram the model components are presented
and the connections between them are shown. Three main modelling groups can be identified:

• Load model
Formed by:

– Bus load model: HVAC model, velocity generator model and power profile generator model
(HAN University model)

– Yearly grid operation model

– Section power model

• PV generation model

• PV and storage integration model

The modelling of storage is functional to the analysis of the integration of PV in the trolleygrid. For
this reason, this model is considered to be part of the third component and does not represent a model
itself. Moreover, the storage element is simulated (storage model flow diagram in Figure 4.28) without
going into detail in the internal electrochemical processes, while the PV model proposed accurately
estimates the PV module temperature through a fluid-dynamic thermal model and its generation
through an efficiency model, both function of meteorological data.

In order to study the integration of PV in trolleygrids, it is necessary also to derive the power profile of
the substations throughout the year. This is done by simulating the bus operation in the grid and on
every section of the catenary in the grid. In order to simulate the yearly grid operation, the bus power
profiles are generated through a combination of three models: velocity profiles generation, traction
power profile generation and HVAC demand.

Velocity and power profiles are created for the two directions of all the lines of Arnhem and Gdynia
system. In Figure 4.19 the flow chart explaining the process to associate the velocity cycles to the stops.
Once the traction power is obtained from the velocity profiles and the HAN University power model,
the yearly operation of the grid is simulated based on the scheduled runs. The HVAC demand is added
based on the time of the year in which the bus is running. This is formed by a duty-cycle with varying
duration based on the HVAC requirements. These are simulated through an energy balance model.

The last steps are the creation of section yearly power profiles and the integration of PV and storage
model. The former is done through the generation of section schedules, so based on the movements
of buses under the specific section. The PV and Storage integration model is the combination of the
previous models, integrated together based on the substation of interest.

In the last section of the chapter, an analysis of the error introduced in the model due to the approxi-
mation of the voltage drops in presence of parallel connections along the overhead lines is provided.
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(a) Characteristics of the position based on the distance between parallel connections along the line

(b) Fraction of section between two subsequent parallel connections travelled by the bus

(c) Error variation in relation to the position of the bus between two subsequent parallel connections

Figure 4.52: Error introduced using the total distance approximation of the bus voltage, varying in relation to the
position between two subsequent parallel connections. Example: bus at 700m from the supply point.
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Figure 4.53: Error introduced using the total distance approximation of the bus voltage as a function of bus
distance from the supply point (0 m) and supply voltage, at 300 kW power requirement and with
parallel connections every 300m



5 RESULTS : GR ID OPERAT ION AND PV
INTEGRAT ION POTENT IA L

In this chapter the results of the simulations are analysed and discussed. Before analysing the impact of the KPIs
(selected in Chapter 3) on the results obtained for PV integration in the two trolley grids (Gdynia and Arnhem),
the results of the yearly operation of the two systems are compared. The effect of the Indicators on the PV potential
is then analysed and some examples are proposed.

5.1 Substations of Arnhem and Gdynia: Yearly operation results

Before discussing the results found on the potential of integrating PV in the two grids, an overview of
the structure of the two grids and of the results obtained from the simulation of the yearly operation of
the two systems is given. In the previous chapters, the traction grids have already been described based
on the data available for the two (see Table 3.1 and the relative section in Chapter 3). However, the
aim of this section is to provide the reader with the data obtained from the simulations and with the
required information on the substation to evaluate the performance of PV integration. The information
on the grid that can be found in the paragraphs below is related toç

• Energy and power demand

• Bus traffic

• Section number and section length

• Transmission losses

• General grid configuration

A summarising table with a comparison between the grids and their substation configuration is given
at the end of the section in Table 5.3.

Arnhem DC trolleygrid
Arnhem trolleygrid is formed by 18 substations, feeding 1 to 5 sections each, for a total of 43 sections.
From the simulations, 42 buses are found to be necessary to cover all the bus runs in the grid. These
data are summarised in Table 5.3. Due to their position in the city and to the distribution of the traffic
the sections are characterised by different power and energy requirements. As a consequence, the
substations vary in size based on the location and traffic conditions of the sections they supply. In
Table 5.1, the outputs of the model for the substations of the Arnhem trolleygrid are summarised. The
total energy demand of the grid is 5.8 GWh and is distributed in 18 substations, with an average yearly
energy demand of 324 MWh. Arnhem substations present an average of 6.5% transmission losses, lower
than the average value found for trolleybus grids of 10% [54]. The distribution of the load in smaller
substations placed closer to the sections that they are supplying allows to reduce the transmission
losses, due to the proximity of the substations to the feed-in points on the catenary. The overhead lines
are covering in total almost 50km with only 42 buses. This leads to a spread of the bus traffic in the grid
and to low traffic levels in the different sections. The average number of buses simultaneously having a
power requirement under the same substation is 1. Also, 50km are covered by 44 sections, which gives
an average of 1.1km length for each section. These characteristics contribute to the low transmission
losses: low traffic levels induce low currents, while short sections offer low resistance paths. Having
low traffic levels, though, causes low utilization of regenerated braking energy, due to the absence of
other buses on the same section, which therefore must be burnt in braking resistors. For this study

95
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buses are considered to be exchanging power only within the section and not with all the buses in the
sections supplied by the same substation. This is an assumption made due to the uncertain values of
the substation voltages and must be kept in consideration at all times.

Table 5.1: Substation simulation outputs and characteristics - Arnhem

Substation
Number

Supplied
Sections []

Energy
[MWh/year]

Substation
Losses [%]

Yearly Av. #
of buses

Max #
of buses

Av. Supplied
Section

length [km]

Total
Substation
km covered

1 2 168 6.19 0.5 3 1090 2180

2 3 412 6 1.2 6 1113 3340

HQ (3,6) 4 912 7.51 2.8 10 1113 4450

CS (4,9,21) 5 928 3.51 4.6 14 468 2340

5 3 209 5.7 0.6 4 993 2980

7 2 236 5.46 0.8 2 1330 2660

8 2 208 6.71 1 3 2255 4510

10 1 157 7.41 0.5 3 1590 1590

11 2 287 6.08 1.3 5 1175 2350

12 2 216 5.03 0.7 3 1125 2250

13 2 212 5.22 0.5 3 1035 2070

14 3 470 6.16 1.1 5 1203 3610

15 2 270 7.52 0.8 3 1545 3090

16 2 338 4.22 1.1 4 985 1970

17 2 257 4.47 1 3 1050 2100

18 2 81 5.71 0.2 1 1155 2310

19 2 175 7.25 0.8 2 1325 2650

20 2 306 7.42 1.1 5 1595 3190

Gdynia DC trolleygrid
Gdynia trolleygrid is formed by 10 substations, feeding 1 to 6 sections each, for a total of 30 sections.
From the simulations, 84 buses are found to be necessary to cover all the bus runs. Due to the posi-
tioning and the characteristics of the sections around the city, as for Arnhem, different sections and
different substations are characterised by traffic levels and different power and energy demand. An
overview of the outputs of the yearly operation model is given in Table 5.2 for each substation in terms
of power and energy requirements, number of sections supplied, average and maximum number of
buses simultaneously under the substation, and the km covered by the overhead lines at section and
substation level. The total energy demand of the grid, 7.5 GWh, is subdivided over 10 substations
which, on average, have a yearly load of 745 MWh. Just by looking at this data, it is possible to con-
clude that the decentralization characterizing Arnhem grid is not found in this traction system also.
Although the total energy requirement of Gdynia grid is by 30% higher than that of Arnhem system,
at substation level the average load is actually double of that found in Arnhem. The higher number of
buses, consequence of the higher number of bus lines (12 against 6) and bus runs, together with the
lower number of substations cause the traffic levels of the Polish grid to be noticeably higher with an
average of 3 buses simultaneously operating under the same substation. The higher traffic levels and
the more centralised structure of the grid, cause the transmission losses to increase, with an average
of 8.5% at grid level, higher than in Arnhem by 2 percentage points. Also, the number of sections in
which the overhead lines are divided into is lower, 30 compared to 43 in Arnhem. Although the total
amount of km is lower in Gdynia, 40km, the section lengths on average are found to be 1.3km, and
therefore higher than for Arnhem. However, the increase in traffic levels and section lengths could be a
positive feature when considering the energy braking recovering rates, due to the higher probabilities
of finding buses on the sections.

Based on the review of existing literature on DC traction grids and based on the results obtained, some
conclusions can be drawn in relation to the performance of the grids and some predictions can be made
on the potential of PV integration in the systems of the two cities. The higher traffic levels coupled
with the lower level of decentralization in the Gdynia trolley grid cause higher transmission losses but
also could allow the increase in regenerative power utilization. The same factors are expected to have a
positive effect also in terms of PV utilization. As concluded in [12], higher traffic and enlarged supply
areas are increasing the chance of the buses to be located under substations supplied by PV generated
energy. In the next section the results of this study related to PV integration in the grid are discussed
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Table 5.2: Substation simulation outputs and characteristics - Gdynia

Substation
Number

Supplied
Sections []

Energy
[MWh/year]

Substation
Losses [%]

Yearly Av. #
of buses

Max #
of buses

Av. Supplied
Section

length [km]

Total
Substation
km covered

1 6 905 9.1 3.3 9 1423 8540

2 3 1298 8.9 6.6 18 1150 3450

3 3 616 9.3 2.7 11 1007 3020

4 3 867 7 3.4 12 900 2700

5 3 686 6 3.2 10 793 2380

6 3 1301 9.1 4.7 14 1717 5150

7 2 268 8 0.9 5 2100 4200

8 1 54 4.1 0.5 3 1100 1100

9 1 310 7.2 1 6 1370 1370

10 5 1136 9.2 4.3 12 1393 6965

further. These results will allow to quantify the impact of traffic, section length and centralization on
the PV integration and its feasibility.

Table 5.3: Comparison of the data outputs for the two grids - simulation results
Parameter Gdynia (Pl) Arnhem (Nl)

Number of Bus Lines 12 6

Number of buses 84 54

Number of sections 30 43

Number of Substations 10 18

Section/Substation ratio 3 2.4
Bus/Section ratio 2.8 1.0

Bus/Substation ratio 8.4 2.3
Average bus traffic per substation 3.1 1.1

Total Energy demand [GWh] 7.5 5.8
Average substation energy demand [MWh] 745 324

Average substation transmission losses [%] 8.5 6.56

Length of the grid [km] 39 49

Length of sections - average [km] 1.3 1.1

5.2 PV integration in trolleygrids - the effect of the KPIs

The aim of this section is to provide the reader with the results related to the integration of PV in the
trolleygrids. The PV systems are placed on the AC side of the substations in order to allow the excess
PV generation to be sent back to the AC grid without curtailing. ‘Curtailment’ refers to the action of
restricting or denying the flow of generated energy, resulting in the decrease of a plant’s output. This
would be necessary if the PV system is installed on the DC side. In fact, substations in trolleygrids are
usually unidirectional, which means they are characterised by unidirectional diode rectifiers that do
not allow to send energy back to the medium voltage grid [51,64], as discussed in Chapter 2. Therefore,
placing the system on the DC side would not allow to send the excess back to the MVAC grid. An
analysis is performed on every substation of the two traction grids, Arnhem and Gdynia, to find their
performance in terms of PV Utilization and Load coverage. This will be further explained in the
following subsection while discussing also how the PV sizing is done. After this the effects of the KPIs
(identified and selected in Section 3.3 of Chapter 3) is studied. Finally, three illustrative comparisons
between different substations are presented followed by an overall evaluation of the performance of
the two grids.
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5.2.1 PV Utilization, Load Coverage and PV system sizing

The indicators identified and used to analyse the variation of the potential of integrating a PV system
in a specific substation are:

1. PV Utilization
This factor represents the percentage of solar power which is directly used to cover the load of
the trolleygrid (5.1), and can be computed as:

PVU =

∫
t Pload − Pgrid dt∫

t PPV dt
=

Load Covered with PV
Yearly PV Energy

(5.1)

with Pload the total load power demand, Pgrid the AC grid power demand and PPV the PV gener-
ated power.

2. Load Coverage
This factor is the fraction of the load that can be supplied by the direct output of the PV system,
and it can be calculated with through the following equation:

LC =

∫
t Pload − Pgrid dt∫

t Pload dt
=

Load Covered with PV
Yearly Load

(5.2)

with with Pload the total load power demand and Pgrid the AC grid power demand.

These two factors are used to give an indication the effectiveness of PV integration, both in using the PV
generated power and in covering the load. They are both computed for all the substations of the two
grids while varying the PV capacity installed between 50kWp and 800kWp. These limits are introduced
to have a range in which the installation would be realistic and feasible. Installing less than 50 kWp,
would mean that a very small fraction of the load is covered, as will be demonstrated by looking at
the next plots and as seen in [54]. Installing more than 800kWp would not be feasible in terms of
space requirements, but also would drastically reduce the utilization of the PV generated energy. In
Figure 5.1a and Figure 5.1b, the PVU and the LC for 2 substations are shown. Substation 2 and 9 of
the Gdynia grid, plotted in the two figures, differ by size, number of bus runs and schedules, number
and length of the supplied sections, road gradients, temporal match between load and generation,
etc.. These elements may all play a different role on the effectiveness of integrating PV and should be
isolated and analysed separately. Substation 2 and 9 of the Gdynia grid exemplify the typical PVU and
LC curves for large and small substations.

Another parameter used to assess the potential of the PV system integration, is the fraction of time in
which the PV generated power is able to cover the load. This parameter is proposed in terms of total
and partial (20%) coverage of the load. This will be used mainly to compare the performance of PV
installed in different substations and the overall potential of PV integration in Arnhem and Gdynia
grid. The fraction of time in which the PV generation covers the load is computed as:

FPV→Bus =
t(PPV >= Pload)

3600 · 24 ·Days in a year
(5.3)

This indicator represents the time in the year in which there is a load and this load can be partially
or totally covered by PV generated energy. The fraction is computed over the total year length. It
combines the fraction of time in which there is a load and the fraction of time in which the load is
covered in one unique indicator.

In order to proceed with the analysis, the PV systems have to be sized for each substation. The
sizing can be done either based on power or on energy requirements. The energy yield sizing method
is excluded for this study, due to the fact that using this method the temporal mismatch between
generation and load is completely neglected. Accounting only for yearly yields means comparing the
yearly energy generation and demand, without accounting for any temporal distribution of the two.
Therefore, it could be possible that the power requirement is very low and constant throughout the year
or very high in some months and very low in others, and this would not be taken into account. The
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(a) PVU and LC curves for Substation 2 in Gdynia grid (Yearly demand 1298 MWh)

(b) PVU and LC curves for Substation 9 in Gdynia grid (Yearly demand 310 MWh)

Figure 5.1: Comparison between PV Utilization (PVU) and Load Coverage (LC) in substations of different sizes

same for the PV generation. Since PV generation and load vary considerably during the year because
of the variance in irradiance and temperature levels, it is imprecise to compare them in terms of yearly
energy. The sizing of the PV systems for each substation is done based on the power demand and the
installed PV capacity is calculated as:

PPV =
Pload
0.25

=
Yearly Average Power

Capacity Factor
(5.4)

Where 0.25 represents the average capacity factor for utility scale PV systems around the world [21].
In this paper, an analysis of the capacity factor for utility scale installation is proposed. The capacity
factor varies in relation to the location, the size of the system and the DC to AC inverter ratio. This
value of 25% is taken as an average of the values proposed in [21]. Once the sizes of the PV systems
are identified for every substation, the PV utilization and the Load Coverage for the given installed PV
capacity are found from the curves previously generated. In Table 5.4 the data can be found for all the
substations of both grids. The size and PVU and LC found are used to evaluate the effects of certain
parameters on the effectiveness and feasibility of applying PV to supply the traction substations. These
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parameters are the Key performance Indicators identified and selected in Chapter 3. In the previous
paragraphs, the explanation of how the sizing is done for all the substations is provided together with
the outputs: PV capacity, PVU and LC for each substation. Now, these data are used to study the
impact of the KPIs on the PVU and on the LC. Does the KPI impact the PVU? Does it impact the LC?
What effect does the KPI have on PVU and LC?

Table 5.4: PV size for all the substations (Arnhem indicated in green and Gdynia in red) with the respective values
of PV Utilization (PVU) and Load Coverage (LC)

Substation Number PV capacity [kWp] PVU [-] LC [-]
8 25 (< 50) - -

18 38 (< 50) - -
10 73 0.318 0.1243

1 78 0.3022 0.1195

19 82 0.3526 0.1398

8 97 0.3778 0.1533

5 97 0.3298 0.1338

13 99 0.2801 0.1145

12 100 0.3852 0.1564

7 110 0.3992 0.1616

17 119 0.4194 0.1686

7 122 0.4231 0.1799

15 126 0.3981 0.1611

11 133 0.4524 0.182

20 142 0.4252 0.1721

9 141 0.3871 0.1653

16 157 0.4139 0.1686

2 192 0.4686 0.1915

14 218 0.4596 0.1872

3 280 0.5077 0.2175

5 312 0.55 0.2363

4 395 0.5761 0.248

1 412 0.5749 0.2473

HQ (3,6) 424 0.6071 0.2486

CS (4,9,21) 432 0.6248 0.2561

10 517 0.6296 0.2709

2 591 0.5914 0.2547

6 592 0.6327 0.2725

The analysis is organized in subsections based on the KPI that is being studied, to follow the order
of the sub-questions of research question number 2, identified in Chapter 1. Therefore, the impact of
environmental parameters is studied first. Then the effects that the substation configuration in terms
of section number, length and power requirements is assessed, followed by the analysis of the impact
of bus traffic, HVAC requirements and presence of bilateral supply on the potential integration of PV
in trolleygrids.

5.2.2 KPIs Study: Environmental-related parameters

In order to assess the impact that the climate has on the potential of PV integration in the trolleygrid
of a city, an analysis is conducted on the effects of relocating the grids in a city with a different climate.
The idea is to keep the load constant and change the generation to see the effects that this has on the
PV Utilization and on the Load coverage. To do this, the traction power is used, in this way the load
is completely independent from the environmental parameters. The HVAC is set to zero and the grid
operation is simulated neglecting the heating, ventilation and air conditioning loads, but including
extra auxiliaries as lighting, screens and ticket validation machines. Therefore, the demand side does
not depend on the environmental data. Four different sets of environmental data are used, based on
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the weather data of cities in which trolleygrids can be found. The cities used in this study are: Gdynia,
Arnhem, Szeged and Athens.

To compare the results of PV integration when varying the location of the grid, the PV size has to
be fixed based on the load only, therefore, the size of the solar system is found based on power
requirements rather than on energy requirements, as per Equation 5.4. In this way, the size of the
PV system installed is kept constant in all the cities with different climates and the outputs of this
system are compared in relation to the effectiveness in supplying the traction load. The PV capacity
installed is calculated based on the traction power instead of the total power demand for this analysis.
The idea is to relocate the grid, ans therefore maintain the same characteristics in terms of city and
trolley-system and move them in a different location, characterised by different daily sun hours and
different irradiance levels. Keeping constant all the other KPIs, therefore all the variables that can affect
the load and its matching level with PV generation, the impact of the environmental-related KPIs can
be assessed.

The results analysed here are the ones coming from the simulations of the Gdynia trolleygrid. Due to
the close similarity of results in terms of environmental analysis, Arnhem is only briefly shown at the
end of the analysis. The study performed and the conclusions drawn are valid for both cities and are
based on the observation of both.

In Figure 5.2, the curves of PV utilization and load coverage for a substation in Gdynia (number 2) are
plotted for varying environmental data. In solid line the simulation with Gdynia weather data, dashed
Arnhem data, dotted Athens data and dot-dash line Szeged. From the plot, the different variation rate
between the PVU and the LC can be seen. The load coverage is very similar between Gdynia and
Arnhem, however it presents large variations when moving the traction system to Athens or Szeged.
The PVU on the other side, presents narrow variations for all the cities.

Figure 5.2: PV Utilization and Load Coverage variation with varying environmental data and PV generation
(Substation 2 of the Gdynia grid, environmental data of: Gdynia, Arnhem, Athens and Szeged)

In order to analyse the impact that the weather has on the potential of PV integration in traction grids,
the variation of PVU and LC is analysed for a fixed PV capacity when varying the city. In Figure 5.3
and 5.4, the PV utilization and the load coverage are plotted as function of the average yearly radiation
[W/m2] and the average daily sun duration. The dimension of the bubbles in the graph quantifies the
median value of PVU and LC for all the substations in Gdynia. It is possible two notice that the PVU
median value is not affected noticeably by the variation of environmental data. On the other hand
the LC varies by more than 10 percentage points. Also, the utilization of PV energy is reduced while
increasing average sunshine duration and radiation while the load coverage increases.
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Figure 5.3: PV Utilization median values for Gdynia substations plotted as a function of Average Radiation and
Sunshine duration

Figure 5.4: Load Coverage median values for Gdynia substations plotted as a function of Average Radiation and
Sunshine duration

To understand why the load coverage is increasing significantly while the PV utilization is slightly
decreasing, in Figure 5.5, 4 weeks of Gdynia traction load and PV generation in Gdynia and Arnhem are
plotted. Gdynia is characterised by 4.36 sun-h/day with an average 139.35 W/m2 radiation. Athens is
characterised by 7.56 sun-h/day with an average 211.24 W/m2 radiation. Relocating the grid in Athens
from Gdynia causes a PV utilization reduction of 1.31 percentage points (from 50.17% to 48.86%), and
a load coverage increase by 10.01 percentage points (from 21.66% to 31.67%). What are the reasons
behind the different trend?

When looking at the four weeks in the year, it is possible to see that the utilization of the PV generated
energy is not visibly increased. The energy generated by PV is exceeding the load more frequently
in Athens. The increase in generation is followed by an increase of the PV energy that is dumped in
the grid. Therefore, a slight reduction in the utilization is expected. Due to the increase in the total
energy generated and used by the load (since the load coverage is increasing) the fraction of PV used
decreases, but not significantly. On the other hand, as mentioned, the increase in PV generation causes
the load covered to be much higher when the traction grid is simulated in Athens. As one can see
in Figure 5.5, the load area (in light blue in the week plots) has a higher fraction covered by the ”PV
Athens” line than by the ”PV Gdynia” yellow area. As a matter of fact, in the winter months when
there is a bigger difference between the generation curves, the load is also higher and therefore able to
use all the PV energy. In the summer the difference between the generation curves is reduced and a
similar fraction of the load is covered.
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Figure 5.5: Load coverage with changing environmental data: weeks of the year load vs generation in Gdynia and
Athens

Both the effect of the Sun Duration and Radiation Level are considered when observing the week plots.
The increase in sun duration allows to cover more hours, so extends the load coverage ’horizontally’,
while the increase in radiation levels causes the increase in the peak and a ’vertical’ extension of the
load area covered by PV generated energy. In winter the difference between the generation in the two
cities is noticeable both in terms of sunshine duration (horizontal extension) and in terms of radiation
intensity (vertical).

To draw some conclusions on the environmental KPIs: sun duration and yearly radiation (or yearly
irradiance) have an impact on the potential integration of PV in terms of how much load is possible to
supply through the PV generated energy. The PV utilization though presents minimal reduction when
increasing the sunshine duration and the irradiance due to the higher rates of energy dump. However,
this reduction is limited. Integrating PV systems in the same grid located in a different city can induce
a different potential and feasibility. As a matter of fact, this could reduce the size of PV installed and
obtain similar results. The integration of storage in combination with PV could increase even more the
feasibility of supplying traction grids in cities characterised by specific environmental parameters.

In Figure ??, the values obtained for Arnhem grid are shown. The PVU and the LC present lower
values, but similar trends as analysed in the previous paragraphs.

(a) PV Utilization median values for Arnhem substations (b) Load Coverage median values for Arnhem substations

Figure 5.6: PVU (a) and LC (b) variations due to the change of environmental data - sunshine duration and
irradiance
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5.2.3 KPIs Study: Substation configuration effect (section number, section length and
power requirements)

The first elements investigated related to the trolleygrid system are the section number and total section
length covered by one substation. The PV Utilization and the Load Coverage are plotted against the
number of sections Figure 5.7 and the average length of the sections found under the substation in
Figure 5.8. It can be seen that the increasing number of sections causes a parabolic increase of the PV
Utilization and of the Load coverage. The variation of PV utilization and load coverage induced by
the increase in average length of the sections found under one substation does not present a proper
trend. In both cases, the number of sections and the average section length, the PVU and LC variations
follow similar trends, however, the former presents higher variations. The PVU has a higher variation
range than the Load Coverage. Due to the seasonal mismatch between load and generation there is a
physical limitation in the amount of load that can actually be covered by PV generated energy. The
proposed fitting for the data is parabolic, second degree polynomial, in the case of the analysis on the
effect of the number of sections 5.7.

Figure 5.7: PV Utilization and load coverage variation when varying number of sections supplied by the substa-
tion

The average length of the sections (5.8) supplied by one substation is not presenting a clear trend in the
data. The expectations on this parameter were that the increase in km causes the increase in probability
of finding a bus and supplying power to it and the increase in transmission losses which would both
enhance the PV utilization. When observing the plots though, not only this trend is not found, but also
both LC and PVU seem to be slightly decreasing when the average section length is increased. This can
be explained by considering the effect of the parameter on regenerated energy utilization. The increase
in the section length does actually cause the increase in probability of having more buses to supply
on the section, however this higher chance of having buses on the same section induces an increase
in the utilization of regenerated energy and therefore a lower energy requirement at substation level.
Therefore, analysing the section length alone does not provide any trend, since the variation in PVU
and LC are affected also by the traffic on the sections and the possibility of using regenerated power.

The PV utilization and Load coverage are also plotted as a function of the total kilometers of overhead
lines supplied by the substations. The plot, in Figure 5.9, confirms that increasing the number of
sections covered has a strong impact on the potential of PV. As a matter of fact, when plotting PVU
and LC against the total km covered by the substation, which is a parameter that includes both the
number of sections and the section lengths, the values of PVU and LC, although not properly fitted by
a regression model, are marginally increasing with the increasing number of km. This is due to the
fact that increasing the km by increasing the number of sections instead of their lengths allows the PV
generation to be used by more buses without increasing the possibility of power exchange between
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Figure 5.8: PV Utilization and load coverage variation when varying average section length supplied by the sub-
station - No trend

buses. More buses are found under the same substations simultaneously although they are not in the
same section and therefore are not exchanging power. One of the assumptions made until this point is
that regenerative power is exchanged between buses only if in they are connected to the same section
of overhead line.

Figure 5.9: PV Utilization and load coverage variation when varying the amount of the total number of km covered
by the substation

In Figure 5.1, two substations with large and small power and energy demand are shown. Although
the curves are following similar trends for the two, the performance of the PV systems (varying the
capacity) appears to be weaker for the substation with lower yearly yield (Figure 5.1b). A study on the
impact of substation size on the potential of integrating PV is proposed to verify the veracity of this
observation. In Figure 5.10 and 5.11 the reader can find the plots with both PVU and LC variations for
varying energy and power requirements of the substation.

The results for both energy and power requirements effects on the PV performance are fitted with a
exponential regression model. The R2 values found are always higher than 0.9, indicating a good fit
of the regression model. However, also in this case, it is possible to notice that the data seem to be
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Figure 5.10: PV Utilization and Load coverage variation with varying energy requirements of the substation

Figure 5.11: PV Utilization and Load coverage variation with varying power requirements of the substation

reaching a plateau of approximately 0.6 when the energy requirements are equal or higher than 900

MWh (or the power requirements are equal or higher than 100 kW on average). The distribution
of the values shows that for small substation the performance of PV integration is strongly affected
also by limited variations in the size of the substation. On the other hand, for large substation with
energy requirements that are higher than 600 MWh/year the PV performance is not strongly affected
by variations in the load.

To conclude the study on the impact of the size and configuration of the substation on the PV utiliza-
tion, the effects of the power and total km are studied together. An overall coefficient representing
the substation dimension is defined as the product of the substation average power requirements and
the total km of overhead lines supplied by the substation. This will be defined as ”Substation Service
Coefficient”. In Figure 5.12 the PVU data are plotted against the product of power and km of the sub-
station. The PVU and the LC rapidly increase with substation service variations when the size is lower
than 250 kWkm, and reach a plateau after that. Again the regression model proposed, rational second
degree function, fits the data properly. To verify whether the space or power size of the substation
have a stronger impact on the performance of the PV systems, the power and km sizes are also plotted
against each other to see the effects of one and the other on the PV utilization.
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Figure 5.12: PV Utilization variation with varying substation service coefficient: power and km size

In the bubble plot presented in Figure 5.13 the bubble size represents the PVU fraction and on the
y- and x-axis the total km and average power requirements are found respectively. It is possible to
establish, by observing the variation in the PV utilization levels, that the variable that has a stronger
effect is the average power requirement of the substation. Therefore, the impact of increasing the radius
of influence of the PV system in terms of km seems to be affecting less the PV potential than actually
increasing the number of sections fed and the power size of the substation, which is expected due to
what has been seen in the previously presented plots.

Figure 5.13: PV Utilization variation with varying substation dimension: power and km size in contrast
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5.2.4 KPI Study: Substation bus traffic effect (Number of buses simultaneously
powered by the substation at any moment)

The study of the effects of the varying number of buses simultaneously powered by one substation
is also performed, to understand the effects that bus traffic has on the PV potential. In the previous
paragraphs, it is concluded that increasing the section length does not really affect the performance
of PV, due to the balanced effect of increasing the load, the transmission losses and the regenerative
braking use. The increase in the numbers of buses seemed to be playing a neutral role increasing the
load but also the regenerative energy utilization. To asses the impact of bus traffic the PV Utilization
and the Load Coverage are plotted as functions of the average number of buses found under the
substations during the year. In Figure 5.14, the plot is shown.

Figure 5.14: PV Utilization and Load Coverage variation with varying substation bus traffic, yearly average num-
ber of bus simultaneously connected to the catenary supplied by the substation

It is possible to observe how the values of PV utilization and load coverage follow similar trends
between them and how again PVU presents a larger variation range than LC. The proposed regression
model, rational function, performs well with both datasets fitting the regression with R2 > 0.9. Also in
this case the curve presents stronger variations for lower bus traffic and reaches a ’saturation’ point in
which the PVU and LC do not increase anymore when the average number of buses under the section
is higher than 3.

To conclude this section, it is interesting to understand the relation between the size of the substation
and the traffic and the effects that the two have on the PV performance. In Figure 5.15, a 3D scatter
plot is shown with the PV utilization plotted as a function of both indicators. The values of the PV
utilization can be classified in levels based on the number of sections under the substations and the
average traffic is increasing with the increasing number of sections. This is expected considering the
fact that a higher number of sections corresponds to a higher probability of having a bus being supplied
by the substation. From the plot though it is possible to see the trend identified in Figure 5.14. The
increase in the average bus traffic causes an increase in the PV Utilization for all the substations, with
an intensified effect on the smaller substation with lower number of sections. It is possible to confirm
also from this chart, that once the average number of buses reaches values that are higher than 3 no
big variation in PVU is registered.
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Figure 5.15: PV Utilization variation with varying section number and bus traffic

5.2.5 KPIs Study: HVAC requirements effect

The heating, ventilation and air conditioning system energy requirements can strongly vary throughout
the year. Moreover, as seen in the literature review, the HVAC share of the total power demand can
reach values 50-70% in some periods of the year [16]. In Arnhem and in Gdynia, the HVAC energy
requirements are especially high in the winter months due to the low temperatures found in the two
cities and the consequent high heating load. In Figure 4.6, the HVAC power demand throughout the
year for a bus in Gdynia and in Arnhem is shown. It is possible to notice how, for these two cities, the
demand curve is significantly higher in winter than in summer and that the curves are characterised
by a U-shape throughout the year.

Different substations can be characterised by different HVAC demands based on the bus traffic, based
on the number of sections fed by the substations and on the amount of time in which a bus can be
found under a substation. However, although the HVAC may be scaled differently for each substation,
the shape of the demand of the system throughout the year is the same. In Figure 5.16, the HVAC
demand of one bus (before the implementation of the duty cycle) and the PV generation (per unit
surface) curves are plotted for Arnhem (the same plot is found for Gdynia). The two curves present
inverted U-shapes. If on one side the HVAC shows the peaks at the extremes of the year, the PV
generation has the opposite distribution peaking in the summer months.

Figure 5.16: HVAC power demand and PV power generation throughout one year (Arnhem characteristics)
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When we look at the power requirements of the substations throughout the year, we can observe a
similar trend. In Figure 6.10, the substation power demand is plotted against the PV generation. The
seasonal mismatch between generation and load is characterised by high load and low generation in
winter and high generation and low load in summer.

Figure 5.17: Substation power demand and PV power generation throughout one year (Arnhem characteristics)

Removing the HVAC power requirements from the substation load, gives us the profile of the trac-
tion power throughout the year. The traction power is independent from the seasonal variation of
temperature and irradiance. The only possible variation in the load throughout the year is related to
the modification of the bus schedules during the different periods of the year. The traction power is
plotted against the PV generation in Figure 5.18. The traction power is found to be almost constant
through the year, with a fixed decrease in the summer months due to the implementation of a different
timetable which reduces the bus runs. Both in the total and the traction power profiles, it is possible to
some dips in the power demand which represent the Sunday traffic.

Figure 5.18: Substation traction power demand (no HVAC) and PV power generation throughout one year (Arn-
hem characteristics)

By looking at the power profiles in the figures above, with and without HVAC requirements, it is
expected that removing the HVAC power demand would have a positive effect on the potential of
integrating PV. The effects of removing the HVAC demand on the integration of PV are studied to
define whether it would be bring any improvement to the PV potential to supply the HVAC differently.

For this analysis, as for one on the environmental data, the PV system for each substation is sized
based on the traction power demand. The obtained PV Utilization and Load coverage values are
compared to the ones obtained for the total demand of the substation to draw some conclusions on the
effects of removing the HVAC power demand. In Figure 5.19 and 5.20 the PVU and LC variations when
removing the HVAC power demand are shown. The size of the bubbles in the the two charts represents
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Figure 5.19: Reduction of the PV Utilization (PVU) due to the removal of the HVAC load
from the substation power requirements

Figure 5.20: Reduction of the Load Coverage (LC) due to the removal of the HVAC load
from the substation power requirements

the decrease in PV utilization and Load coverage found when removing the HVAC requirements from
the substation load. The bubbles are distributed in the graph based on the substation total energy
requirements (with HVAC) and the fraction that the HVAC covers (in percentage).

The results show that for no substation removing the HVAC has a positive effect on the PV performance.
As one can read from the figures, the reduction in PV Utilization for the different substations can go
from a minimum of 3 percentage points to a maximum of 35 percentage points in the worst case. The
load coverage is also reduced by 1 percentage points to 14 percentage points. This result is unexpected
but can be explained. Removing the HVAC power demand induces the reduction of the load and the
increase in regenerated power, which can both strongly affect the PV Utilization. In Figure 5.11 the
effects of the reduction of the power requirements of a substation on the PV integration are shown.
The elimination of the HVAC can cause a reduction of the demand of up to 40%. As can be seen in the
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plots in Figure 5.19 and 5.20, the HVAC can account for 13-43% of the total power demand. Secondly,
removing the HVAC means having more regenerated power in the LVDC grid, since the first used of
regenerated power is removed. As a matter of fact, the bus auxiliaries (HVAC+others) are the first
consumers of the recouped braking energy. This means that, removing the HVAC, more power will
be sent to the overhead lines and therefore shared between buses, reducing the substation load even
more.

Some last observations can be done on Figure 5.19 and 5.20. The different colours of the bubbles
represent the two cities, Arnhem in blue and Gdynia in orange. What can be seen is that smaller
substations are affected more by the removal of HVAC. This is expected since the reduction in size seen
by these substations moves them along the steeper part of the line in Figure 5.10, where small variations
of power demand cause higher differences in PVU and LC. Finally, it is possible to observe how the
overall performance of the substations in Gdynia is found to be better. Also smaller substations, due
to their better characteristics in terms of km, number of section and traffic perform better than those in
Arnhem.

5.2.6 KPIs Study: Bilateral Connections effect

The simulation of bilaterally connected sections is only partial. This is due to the fact that the model
was not completed yet. As mentioned in Chapter 4, multiple types of sections and interconnections
between sections exist and therefore multiple models have to be made. The progress in the models is
not enough to simulate all the sections and especially to simulate all the sections with the appropriate
bilateral connections. The limited amount of outputs is mainly caused by the high computational time
required to run the model for bilaterally connected sections, which can take up to 6-7 hours, and by
the limited precision of the outputs for more complicated sections. These simulation started in the
last month of the research and therefore the time constraints had a strong impact on the amount of
obtainable outputs.

The model has been run for 4 bilaterally connected sections. The outputs of these simulations allow
us to see the effect of the connections for 3 different substations. In Figure 5.21, the PVU and LC
values of the substations after the bilateral connections are activated are shown. The previous values
are indicated by a red cross, while the new data points are represented by a green square. The red
arrows represent the shift between the two points.

Figure 5.21: Effect of bilateral connections on the PV utilization (PVU) and load coverage (LC)
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It is difficult to draw conclusions based on these three values only. However, some observations can
be made. In first place, one can notice that the introduction of bilateral connections between sections
of different substations always causes a reduction of the demand of the substation. This decrease in
the energy requirements is caused for all the sections by the minimization of the transmission losses.
The activation of the bilateral connections allows to supply buses through 2 substations instead of
one, minimizing the losses due to the balanced division in power between the substations based on
the location of the bus and its distance from each of them. The split of power between the two feed
in points is also connected to the voltage levels of the two substations. A higher supply voltage will
induce a higher power share of the substation. When observing the plot in Figure 5.21, it is possible to
see that one substation has a higher drop in energy consumption. This is related to the fact that one or
more sections of the substation are fed by the bilaterally connected section. This of course generates an
increase in the power requirements of the substation that is feeding an increased number of buses. In
the plot the substation in question is not represented, due to the fact that not all the sections supplied
by the substation have been simulated. In Chapter 4, the results obtained when introducing bilateral
connections are further discussed.

The second, and last, observation that can be made is that the reduction in energy demand induced
by the bilateral connections is not necessarily causing a drop in the PV performance. The new values
obtained for PVU and LC of the newly simulated substations actually are placed very close to the
regression curve or above. From the data it could be seem that a new curve could be drawn with
slightly higher PV performance. This might be caused by the fact that allowing power exchange
between sections generates a more constant and distributed load. The fact that the two sections feed
simultaneously buses on both sections increases the average bus traffic found under the section and
the the number of sections fed by the same substation. We have seen that both elements have a positive
effect when speaking about integrating PV in traction substations.

Although some minor observations are made, the analysis of the effect of connecting sections between
them in the whole grid is far from complete. This will be one of the main recommendations for future
related work.

5.2.7 Comparison between substations: overall effect of the studied KPIs

The aim of this section is to compare the results obtained for PV integration for some substations
to verify the effect of the studied Key Performance Indicators on the integration of PV in different
substations.

Comparison between substation 2 and 6 in Gdynia - large substations

The first comparison proposed is between two substations in Gdynia trolleygrid, specifically numbers
2 and 6. These two substations are both characterised by high energy requirements. They have very
similar size in terms of energy and of power requirements and the same number of sections supplied.
They present different bus traffic and section lengths. In particular, substation 2 has higher bus traffic
with an average of 6.6 buses compared to the 4.7 of substation 6, but lower km covered 3450 km
against 5150 km. Another factor that is relevant for this analysis, is the ’service’ coefficient, obtained
by multiplying the average substation power and the total km. Substation 2 and 6 present the same
average power requirement of 148kW. Multiplying the total km and power we obtain, respectively for
2 and 6, 510 kWkm and 763 kWkm. All these data are summarised in Table 5.5, together with the PV
capacity installed the PVU and LC.

Table 5.5: Substation 2 Gdynia and 6 Gdynia comparison between PV performance
Substation

number
Energy
[MWh]

Number
of sections

Total
subs. km

Average
bus traffic

Service coeff.
[kWkm]

PV cap
[kWp]

PVU
[-]

LC
[-]

2 - Gdynia 1298 3 3.45 6.6 510 591 0.5914 0.2547

6 - Gdynia 1301 3 5.15 4.7 763 592 0.6327 0.2725
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In Figure 5.22, the PV Utilization and the Load Coverage curves for the two substations are plotted.
Substation 6 performs better both in terms of PV utilization and Load coverage for all PV Capacities.
If the PV system is sized as per Equation 5.4, the PVU of substation 6 is found to be by 4 percentage
points higher and the LC by almost 2 percentage points than substation 2, as can be seen from the data
reported in Table 5.5.

Figure 5.22: Comparison between PV Utilization and Load Coverage of substations 2 and 6 in Gdynia trolleygrid
when varying PV size

When looking at the plots of the effects of average bus traffic and of the Service coefficient, it is possible
to see that the shift from 6.6 average buses to 4.7 induces lower variations in the PV performance than
the shift from 763 kWkm to 510 kWkm. Moreover, the difference found between the PVU and LC
is limited due to the similarity found between the two substations: energy and power requirements
and number of sections. The PVU an LC range in which the substation are found is very similar. To
compare specific substations it is interesting also to check the temporal distribution of the load. In
Figure 5.23 the fraction of time in which the load is in each period of time through the day is plotted.
The daytime is subdivided in 4 time periods:

• 4-8 : in this time period the presence of sun light is variable throughout the year depending on
the season. 4AM is the earliest sunrise time and 8AM the latest in Gdynia.

• 8-15 : in this time period there is always sun light. The variability of PV depends only on the
weather conditions.

• 15-21: this time period is also characterised by variable sunlight. At 15 the earliest sunset happens
on the shortest day and at 21 the latest.

• 21-4: during these hours there is never sunlight throughout the year.

Another factor that may influence the better performance of substation 6 compared to substation 2 in
Gdynia, is how the bus runs under the substation are happening. As a matter of fact, substation 6,
in orange in Figure 5.23, is characterised by more runs in the period 8-15 and less in the period 21-4.
These two time ranges are the ones in which the PV systems operate at best and at worst throughout
the year, respectively.

Comparison between substation 1 and 16 in Arnhem - small substations of different sizes (lower than
cap)

The second comparison proposed is between two substations characterised by different energy require-
ments, but which are both in the region in which the regression model proposed for the PVU and LC
presents a steep slope. The energy requirements of substations 1 and 16 of Arnhem grid, are both lower
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Figure 5.23: Comparison between the distribution in time of the load of substation 2 and 6 in Gdynia

than 400 MWh/year. By referring to the plot in Figure 5.10, one can see where the two substations are
placed. In Table 5.6, the details of the two substations are provided. They present the same number
of sections and similar total overhead cable length supplied, however substation 16 has double energy
requirements and bus traffic. These two factors have a strong effect on the PV performance and as
a result we see that the PVU and LC of the larger station are noticeably higher. The PV utilization
presents a value by 11 percentage points higher and the load coverage by 5 percentage points.

Table 5.6: Substation 1 Arnhem and 16 Arnhem comparison between PV performance
Substation

number
Energy
[MWh]

Number
of sections

Total
subs. km

Average
bus traffic

Service coeff.
[kWkm]

PV cap
[kWp]

PVU
[-]

LC
[-]

1 - Arnhem 168 2 2.18 0.5 43 78 0.3022 0.1195

16 - Arnhem 338 2 1.97 1.1 77 157 0.4139 0.1686

When observing the variation of PVU and LC for the two substations in Figure 5.24, one can see that the
load coverage at the same PV capacity installed is always higher for the smaller substation. Reducing
the load does cause an increase in load coverage and intuitively this makes sense, since a fraction of
the load that is not supplied is basically removed. However, the PV systems are sized according to the
power requirements of the substation. Therefore, if in substation 1 a PV capacity of 160 kWp (as in
substation 16) is installed, the LC would actually be higher reaching a value around 20%, but the PV
utilization would not be optimised and present values of 22% approximately.

Comparison between substation 7 and 9 in Gdynia - small substation with different section number and
load distribution in time and space

The last comparison presented is between the two smallest substations of Gdynia grid, numbers 7 and
9. This example is provided to show the effect of the number of substation and the total length of the
catenary fed by the substations on the PV system performance. The effects of the temporal distribution
of the load throughout the day are also analysed for this case. Although no trend is found when
plotting the data of all the substation as a function of their distribution in time, for some substations a
correlation between the performance of PV and the bus timetables can be seen.

In Table 5.7, the overall details of the to stations can be found. Substation 7 presents lower energy
demand, but higher number of sections and length of catenary supplied. As a matter of fact, the
overall Service coefficient of this substation is higher than the one of substation 9. The potential of
integrating PV in substation 9 in Gdynia is lower than in substation 7. The PVU is 4 percentage points
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Figure 5.24: Comparison between PV Utilization and Load Coverage of substations 1 and 16 in Arnhem trolleygrid
when varying PV size

Table 5.7: Substation 7 and 9 in Gdynia grid comparison between PV performance
Substation

number
Energy
[MWh]

Number
of sections

Total
subs. km

Average
bus traffic

Service coeff.
[kWkm]

PV cap
[kWp]

PVU
[-]

LC
[-]

7 - Gdynia 268 2 4.20 0.9 128 122 0.4231 0.1799

9 - Gdynia 310 1 1.37 1 48 141 0.3871 0.1653

and the Load coverage 1.5 percentage points higher for the latter substation. The increase in the spatial
distribution of the load causes the improvement of the performance of the PV system installed in the
smaller substation. Another interesting point of comparison between the two is the daily temporal
distribution of the load. This is plotted in Figure 5.25. Substation 7 timetables are characterised by
runs that happen by approximately 55% of the time in the period going from 8 to 15, which is the time
range in which there is always sunlight throughout the year. On the other hand, substation 9 has 53%
of its runs happening in the variable time periods, so either between 4 and 8 or between 15 and 21.
This has a strong impact on the variability of the match between generation and load. In Figure 5.26,
the match between PV generation and load in time throughout the year is plotted.The effect of having
higher share in variable periods of time during the day is evident from this bar chart. In the summer
months, when the sunrise is at its earliest hour and the sunset at its latest substation 9 has higher match
between load and PV generation, while in the other months substation 7 performs better.
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Figure 5.25: Comparison between the distribution in time of the load of substation 7 and 9 in Gdynia

Figure 5.26: Comparison between the fraction of time in which PV generation and power demand happen simul-
taneously for substation 7 and 9 in Gdynia

5.2.8 Comparison between results of the two grids

This section has the aim of analysing the overall performance of the integration of PV in the two grids
and drawing some conclusion on the reasons of the different results obtained for the two traction
systems, located in Arnhem and Gdynia.

In table Table 5.9 and Table 5.10 the results of PV integration are provided for all the substations of
the two grids. In Table 5.8, a synthesis is made of the most important findings. The potential of
integrating PV in the Gdynia trolleygrid is higher than in the Arnhem trolleygrid. By observing the
data reported in this summarising table, it is possible to see that Gdynia is outperforming Arnhem on
all the parameters, with better results both in terms of PV utilization and load coverage.

The more centralised traction system that can be found in Gdynia favours the integration of PV. In fact,
this characteristics of the system causes the increase in the rating of the substations and therefore of
the expected power requirements under each of them. The Gdynia grid is characterised on average
by a higher amount of sections and of total km covered by each substation. Also, the higher number
of lines and buses running in the grid improves the results of PV since the increase in traffic is not
followed by an increase in sections and of substations.
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Table 5.8: Results of PV integration in the Arnhem and Gdynia grid
Arnhem Gdynia

Average PVU 41.3% 54.1%
Average LC 16.7% 23.3%

Load covered with PV [MWh] 1100 1827

Fraction of total load [%] 18.8% 24.6%
PV Energy Excess [MWh] 1608 1377

Fraction of total PV Energy [%] 66.5% 42.9%

Table 5.9: PV integration results in Arnhem trolleygrid - PV Utilization and Load Coverage effects on energy
demand and PV energy excess

Substation
Number

PV capacity
[kWp]

PVU
[-]

LC
[-]

PV covered load
[MWh]

Remaining load
[MWh]

PV energy
[MWh]

PV Excess
[MWh]

1 78 0.302 0.120 20.1 147.9 70.3 12.4
2 192 0.469 0.192 78.9 333.1 173.2 112.6
5 97 0.330 0.134 28.0 181.0 87.6 51.4
7 110 0.399 0.162 38.1 197.9 99.6 51.8
8 97 0.378 0.153 31.9 176.1 87.6 58.8
10 73 0.318 0.124 19.5 137.5 66.2 27.7
11 133 0.452 0.182 52.2 234.8 120.1 59.2
12 100 0.385 0.156 33.8 182.2 90.5 65.1
13 99 0.280 0.115 24.3 187.7 89.3 56.0
14 218 0.460 0.187 88.0 382.0 196.6 151.1
15 126 0.398 0.161 43.5 226.5 113.9 83.7
16 157 0.414 0.169 57.0 281.0 141.9 83.4
17 119 0.419 0.169 43.3 213.7 107.4 68.4
18 38 0.146 0.06112 0.0 81.0 0.0 0.0
19 82 0.353 0.140 24.5 150.5 74.0 9.0
20 142 0.425 0.172 52.7 253.3 128.3 79.3

CS (4,9,21) 432 0.625 0.256 237.7 690.3 389.6 284.3
HQ (3,6) 424 0.607 0.249 226.7 685.3 382.6 353.5

Total 41.26% 16.70% 1100.1 4741.9 2418.8 1607.6

Table 5.10: PV integration results in Gdynia trolleygrid - PV Utilization and Load Coverage effects on energy
demand and PV energy excess

Substation
Number

PV capacity
[kWp]

PVU
[-]

LC
[-]

PV covered load
[MWh]

Remaining load
[MWh]

PV energy
[MWh]

PV Excess
[MWh]

1 412 0.575 0.247 223.8 680.4 390.9 166.5
2 591 0.591 0.255 330.6 967.2 560.4 229.2
3 280 0.508 0.218 134.0 481.5 265.5 130.9
4 395 0.576 0.248 215.0 651.9 374.4 158.9
5 312 0.550 0.236 162.1 523.0 295.8 133.3
6 592 0.633 0.273 354.5 945.9 561.2 206.4
7 122 0.423 0.180 48.2 219.1 115.9 67.0
8 25 0.142 0.0624 0.0 0.0 23.8 20.4
9 141 0.387 0.165 51.2 257.9 134.0 82.3
10 517 0.630 0.271 307.7 827.5 490.3 182.0

Total 54.14% 23.25% 1827.2 5554.4 3212.2 1376.9

To conclude this section, a comparison between the fraction of time in which the load and the PV
generation match is provided. The bar charts provided in Figure 6.10 show the fraction of time in
which the substation load is covered partially (20%) 5.27a or fully (100%) 5.27b by the PV generation
for each substation (substation numbers indicated on the x-axis). On average only 21% of the time the
load is partially covered and 11% of the time is fully covered. For Gdynia only the two values are of
22% and 10.4% and for Arnhem 20.8% and 11.72%. On average Arnhem substations have a higher full
coverage of the load but lower partial. This could be related to the shift of one hour in the sunset and
sunrise times which probably allows to increase the number of fully covered runs during the summer.
As a matter of fact, the time periods are all moved of plus one hour for Arnhem, moving the first time
period starting time to 5 and the ending time of the evening period at 22. This allows to have more runs
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in light period during summer since fewer runs are found to be happening between 4 and 5 compared
to 21 and 22.

(a) Fraction of time in which the PV generation can supply at least 20% of the load throughout the year for each substation

(b) Fraction of time in which the PV generation can supply the whole load throughout the year for each substation

Figure 5.27: Temporal mismatch between PV generation and load: fraction of time in which PV covers the load
through the year - Arnhem in blue and Gdynia in orange
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5.3 Summary and takeaway points of the chapter

In this chapter the reader finds the analysis conducted on the impact of selected Key Performance Indi-
cators on the potential of integrating PV systems in trolleybus traction grids. The indicators studied in
this chapter are: the environmental-related parameters, the substation power requirements, the number
of sections supplied by the substation, the average section length of the sections supplied, the average
bus traffic under the section, the HVAC requirements and the activation of bilateral connections.

The increase in average radiation levels and sunshine duration causes the increase in load coverage
(Figure 5.4) and better PV performance in terms of amount of energy used to supply the load. However,
the PV utilization is constant or lower (Figure 5.3) when the generation is increased due to the increase
of sun hours and irradiance. This is due to the increase in excess generation which is dumped in the
grid.

The substation load demand and its configuration has a strong impact on the potential of integrating PV.
For very small substations the variation in power/energy requirements cause strong variations in PVU
and LC. The values of PVU and LC seem to reach a plateau after a certain substation size (Figure 5.10

and 5.11). The increase in number of sections fed by a substation also causes the improvement of both
PVU and LC, as noticeable from the values plotted in Figure 5.7. The increase in section length instead
does not affect the integration of PV (Figure 5.8). As a matter of fact, not trend is found in the output
values of PVU and LC.

Higher average bus traffic levels induce higher PVU and LC. Similar trends of the data are found for
this indicator as well, causing a rapid increase in PVU and LC for small values and reaching a peak
and a plateau after the value of 3 buses supplied simultaneously on average. This trend is visible in ??.

Removing the HVAC demand causes the reduction of the PV utilization (Figure 5.19) and Load cov-
erage (Figure 5.20) for all the substations. This is an unexpected result, probably due to the flattening
of the load curve caused by the HVAC removal.

Finally, bilateral connections are only partially studied. The introduction of bilateral supply seems to
be favouring the integration of PV although it causes the overall reduction of the substations’ loads.

To conclude, 3 comparisons are made between different substations of the grids, analysing the potential
of integrating PV for each of them. An overview of the performance of the two trolleygrids is given
as conclusion to the chapter. The lower average substation energy demand, the bus traffic distribution
and the substation configuration in Arnhem grid generate a lower potential for PV integration in
comparison to Gdynia trolleybus system.
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In this chapter, first the effects of adding storage (coupled with the PV system at substation level) on the potential
of integrating PV is assessed. Then, a brief analysis of the feasibility of integrating these systems in the grids is
presented.

6.1 Storage integration effects on the PV potential

In this section, the reader can find a study on the effects of integrating storage coupled with PV at
substation level. The storage system taken into consideration in this study is a battery energy stationary
storage system (BESS), which is placed on the AC side with the PV system. The BESS is seen from the
DC side as an AC source of electricity together with PV and the grid. The feed in point of the three
generation units (grid, PV and storage) is the same. The integration of storage is meant to increase the
self-consumption and therefore the PV utilization and reduce both the grid power requirements and
the PV power dump into the AC grid. As mentioned in Chapter 2, one of the drawbacks of installing
stationary storage compared to on-board storage is the reduction of the possibilities of increasing the
utilization of regenerative braking energy. In this case, with stationary storage installed on the AC side,
there is no possibility of recovering and storing braking energy due to the unidirectional operation of
the inverter. The effectiveness of the BESS is therefore only associated to the increased use of PV
energy and has no impact on the reduction of energy consumption due to energy recuperation. As
mentioned in the Models chapter (4) the battery systems taken as reference are the Tesla Powerpack
systems, due to their modularity to the fact that they provide utility scale highly performative energy
storage systems.

The impact of storage introduction is studied with respect to its effect on the potential of PV integration.
Therefore the PV utilization and the Load Coverage factors are used also in this case to assess the
impact of storage in the grid. In Figure 6.1a and Figure 6.1b the same substations (2 and 9 of Gdynia
grid) presented at the beginning of the previous chapter are shown. The curves represent the variation
of PVU and LC at varying PV capacity installed when storage is included. Multiple lines are plotted
to represent the increase in storage capacity which is done in steps of 230 kWh, capacity of one Tesla
Powerpack. In both cases the solid line is the case with no storage installed (discussed in the previous
chapter). The number of batteries is varied based on the PV generation. The maximum number of
batteries represents, for each substations, the capacity that is necessary to install in order to avoid
dumping PV energy in the MVAC grid. Indicated with a vertical red line in the two plots is the
PV capacity size selected from the previous analysis on PV integration, based on Equation 5.4. For
substation 2 this is approximately 590 kWp and for substation 9 140 kWp.

The two substations have different sizes: substation 2 and 9 have respectively 1298 MWh and 310

MWh yearly energy requirements, an average of 6.6 buses supplied against 1, 3 sections fed compared
to 1 and a km range of 3.45 km against the 1.37 of substation 9. The comparison between the two is
proposed to see the effect of including storage in two substations with opposite characteristics. What
can be observed comparing the plots, is that the introduction of one battery in the smaller substation
allows to increase the PVU up to values of 90%. On the other side, for the larger substation the
increase in PVU and LC are less significant due to the higher load. What can be noticed in both
cases is that increasing the number of batteries does not linearly improve the PVU and the LC. The
improvement of these two indicators reaches a saturation point and from that point onward installing
extra batteries causes only a slight variation of PV utilization and load coverage. In order to evaluate
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(a) PV Utilization and Load coverage with varying PV capacity [50-800]kWp and number of batteries
(Nbatt) between [0-22]·230kWh - substation 2 Gdynia (PV system size indicated by the red line)

(b) PV Utilization and Load coverage with varying PV capacity [50-800]kWp and number of batteries
(Nbatt) between [0-4]·230kWh - substation 9 Gdynia (PV system size indicated by the red line)

Figure 6.1: PV Utilization and Load coverage with varying PV capacity and number of batteries installed for
substations of different sizes

also the performance of the battery system connected to the PV, another indicator is defined: the battery
energy storage system utilization.

This is defined as:

BESSU =

∫
t Pdischarge dt

Days of the year ·Cap ·DoD
=

Energy Discharged
Available Capacity

(6.1)

Where, Pdischarge is the power discharged every second from the battery system, 366 are the days in
2020, Cap is the total capacity of the battery system (which is 230kWh multiplied by the number of
batteries) and DoD (0.9) is the Depth of Discharge.

Through this indicator the cycles of discharge of the battery are estimated [44]. The utilization of
the battery provides information on the amount of storage capacity that is used. This means that
the indicator can reach values that are higher than one if multiple charge/discharge cycles a day are
performed. If the BESS experiences a full discharge cycle on a daily basis then the battery utilization
will be 100%. This allows us to understand to what extent the battery is being used and avoid over-
sizing the storage system. In Figure 6.2a and Figure 6.2b, the levels of utilization of the batteries are
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shown. Again, in the plots the number of batteries is varied from one to the maximum amount, which
represents the capacity that is necessary to avoid PV excess dump in the AC grid.

(a) Battery utilization with varying number of batteries (Nbatt) between [0-22]·230kWh - substation 2

Gdynia (PV system size indicated by the red line)

(b) Battery utilization with varying number of batteries (Nbatt) between [0-4]·230kWh - substation 9

Gdynia (PV system size indicated by the red line)

Figure 6.2: Utilization of the Battery Energy Storage Systems integrated in two substation of different sizes

What can be seen is that increasing the number of batteries causes the reduction of the utilization of
the storage system, namely the reduction of the charge and discharge cycles carried out throughout
the year. The number of batteries in the two plots goes from 1 to maximum, from the top to the
bottom line. The vertical red line represents the PV capacity size, for substation 2 590 kWp and for
substation 9 140 kWp. If we fix these values and check the BESS utilization, we see that the maximum
number of batteries that can be installed to have at least 50% utilization are 4 and 1 respectively for
the large substation (2) and the small one (9). Installing more batteries, in both cases, would cause
a rapid decrease of the utilization of the storage system and a minor increase in PV utilization and
load coverage. In Table 6.1 and Table 6.2 an overview of the effects of introducing storage in the
two substations is presented. In particular, the results of the case in which the number of batteries is
selected to have zero dump are provided in Table 6.1 and the case in which it is picked to have at least
50%utilization are given in Table 6.2.
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Table 6.1: Substation 2 and 9 in Gdynia grid - comparison between performance without and with BESS in the
zero energy dump case

Without BESS - baseline With BESS - Zero dump
Substation

number
PV cap
[kWp]

PVU
[%]

LC
[%]

PV dump
[MWh]

Batteries
[number]

PVU
[%]

LC
[%]

PV dump
[MWh]

BESSU
[%]

2 - Gdynia 591 59.14 25.47 229 22 96.32 41.57 0 12.52

9 - Gdynia 141 38.71 16.53 82 4 94.19 40.65 0 24.53

Table 6.2: Substation 2 and 9 in Gdynia grid - comparison between performance without and with BESS in the
BESS utilization (BESSU) >50%

Without BESS - baseline With BESS - BESSU >50%
Susbtation

number
PV cap
[kWp]

PVU
[%]

LC
[%]

PV dump
[MWh]

Batteries
[number]

PVU
[%]

LC
[%]

PV dump
[MWh]

BESSU
[%]

2 - Gdynia 591 59.14 25.47 229 4 90.11 38.89 37 57.40

9 - Gdynia 141 38.71 16.53 82 1 89.41 38.58 7 89.67

Although in the tables the data for only two substations are reported, it is possible to see that the
increase of number of batteries from one case to the other induces limited variations in the PVU and
LC values, respectively by 5% and 2 percentage points. On the other hand, in order to have zero
energy dump in the AC grid the number of batteries is increased to a point in which the utilization
of the storage system drops to values of less than a third than what is found in the optimised case of
utilization ¿50%. The beneficial effect of introducing storage is seen not only in the PVU and LC values
that are effectively increased in both cases, but also when looking at the energy dump. In fact, also in
the case in which the number of batteries is optimised to have an utilization of more than 50% the PV
energy dump in the AC grid is reduced by 84% and 91%, respectively for substation 2 and 9.

The reduced utilization of the battery storage system when increasing the number of batteries included,
is visible also by the state of charge variation throughout the year. The State of Charge of the BESS
in the two cases proposed, no excess dump in the grid and battery utilization higher than 50%, is
plotted both for substation 2 in Figure 6.3 and substation 9 in Figure 6.4. The significant increase in the
number of charge and discharge cycles occurring when the number of batteries is decreased is clear
from the plots. Another observation that can be done is on the seasonal mismatch. It is possible to
notice how the battery operation is concentrated between March and October. In the winter months
all the PV generated energy, which is limited compared to the rest of the years generation as shown
in Figure 6.10, is directly used by the load. Thus the battery is never charged and therefore never
used to supply the load either. As expected, in order to increase the load coverage further it would
be necessary to introduce either a long term storage system to shift the load from summer to winter
months and which would compensate for the low PV output during the colder and darker months.

After the analysis proposed for the two substations in Gdynia, some general conclusions are drawn on
the potential of integrating PV systems coupled with storage for all the substations in the two grids.
The two cases used to assess the performance of storage introduction in the traction grid are presented
in the previous sections and here summarised:

• Battery energy storage system is sized to avoid PV excess to be dumped in the MVAC grid. The
sizing condition used is: Pdump=0.

• The Battery energy storage system is sized based on the battery utilization. Therefore, the sizing
condition for this case is: BESSU>50%

In the plots that are presented next, these two cases are analysed and compared to the no battery
scenario. In Figure 6.5, the PV utilization variation is presented for the three cases. In the previous
chapter, the effects of the substation size on the PV system effective integration are studied. It is
concluded that the increase in energy requirements induces higher levels of PVU and LC. As can be
seen in Figure 6.5, the introduction of storage is more effective for smaller substations that had limited
potential with only PV. As a matter of fact, the battery systems, appropriately sized for each substation,
bring all the substations, independently from the size, to similar levels of PV utilization. In Figure 6.6,
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Figure 6.3: State of Charge variation for the Battery energy storage systems installed in substation 2 in Gdynia
grid for the two cases proposed in the analysis (no dump and BESSU >50%)

Figure 6.4: State of Charge variation for the Battery energy storage systems installed in substation 9 in Gdynia
grid for the two cases proposed in the analysis (no dump and BESSU >50%)

the LC variation for all the substations after the introduction of the BESS is plotted. The observations
done so far for the PVU can be made for the LC also. From the two plots the comparison between
the two cases, zero dump and high battery utilization, can also be done. The increase in the number
of batteries to reduce to zero the PV excess energy dump in the grid does not bring along significant
improvement of the performance of the PV and storage coupled system.

In Figure 6.7, the number of batteries for the two cases is shown. It can be seen that in order to have
zero dump of PV excess the number of batteries can be increased by 15 batteries, which corresponds to
3.45 MWh of storage capacity. However, the additional battery capacity not only does not significantly
increase the PVU and the LC but causes the battery utilization to drop. The plot in Figure 6.8 shows the
increase in utilization that the battery system experiences when the capacity is reduced. Imposing the
BESSU to be higher than 50% causes an increase in BESSU of around 45 percentage points on average.
It has to be noted also that smaller substations never reach a battery utilization of 50% or higher. This
is why some points lay on the x-axis. These substations are excluded from the analysis, since their
dimensions do not allow to have significant PV integration potential, not even when storage is added.

The number of batteries to reach the ’zero dump’ condition presents some peaks. If we look at Fig-
ure 6.7, there are 3 cases in which the increase in number of batteries is higher than expected, the
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Figure 6.5: PV Utilization levels without battery energy storage system (BESS), in the zero dump and in the
BESSU>50% scenarios

Figure 6.6: Load coverage levels without battery energy storage system (BESS), in the zero dump and in the
BESSU>50% scenarios

substations with 175 MWh, 212 MWh and 1298 MWh energy requirements. When we look at the
distribution of the load in the day we can see that these three substations have higher shares of runs
happening during night hours. In particular, going in order of increasing energy demand, the first
substation presents 12.5% of its runs during night time against an average of 8.4% for all the substa-
tions. The second substation (212 MWh) shows better results due to the fact that the fraction of runs
happening in the night has a share of 10.2%. Finally, the substation with 1298 MWh energy demand,
is the high demand substation with the highest rate of night runs, accounting for 9.1% of the runs of
the day on average throughout the year. In all three cases this not only implies lower match with the
PV profile, but also a decrease in the runs happening through out the day and in PV direct use.

The next plot provides some interesting insights related to the dump of PV excess energy that is
not used by the load. In Figure 6.9, the energy dump in the two cases for all the substations is
shown, compared to the dump happening when no storage is included. The increase in the size of the
substations causes a linear increase in the excess energy. The introduction of batteries induces a strong
reduction of the energy dumped. In the zero dump scenario there is no energy dump, since this is
the sizing condition. However, one can see that the energy excess is extremely reduced also when the
storage capacity is selected based on the battery utilization.
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Figure 6.7: Comparison between the number of batteries installed in the two scenarios: zero energy dump and
battery utilization > 50%

Figure 6.8: Battery utilization increase when reducing the number of batteries from zero dump scenario to high
battery utilization scenario condition

To conclude, the introduction of storage is highly effective in terms of PV performance and of manage-
ment of the excess energy generation. The smaller substations are the ones that are mostly affected
by the integration of batteries, seeing increases in PVU by more than 60 percentage points in some
cases and in LC by 20 percentage points and higher. The energy dump is strongly reduced for all the
substations also in the case in which the sizing of the battery system is done through the condition on
its utilization. The further increase in batteries to reach zero energy dump is not a feasible solution due
to the high amounts of extra capacity required. Not only it is not feasible, but it is also not interesting
in terms of performances since it does not cause significant improvements in the PV utilization and
load coverage. The final conclusions can be drawn looking at Figure 6.10a and 6.10b. These bar charts
represent the fraction of time in which the PV and storage system are able to supply the load. What
can be seen in first place is that the fraction of time in which the load is partially covered by the PV
generation, for at least 20%, increased by 3 percentage points. However, the fraction of time in which
the load is completely covered improved by 7 percentage points. This means that the introduction of
battery storage systems induces an improvement in the temporal mismatch, especially favouring the
overall load coverage. The increase in the fraction of time in which the load is partially covered is
limited by the seasonal mismatch between PV generation and demand, and as we have observed from
the SOC plots, the storage system does not allow major improvements. This is due to the short-term
characteristics of the storage method chosen.
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Figure 6.9: Comparison between the PV excess energy dumped between the two scenarios (zero energy dump
and battery utilization > 50%) and the no storage case

(a) Fraction of time in which the PV generation can supply at least 20% of the load throughout
the year for each substation

(b) Fraction of time in which the PV generation can supply the whole load throughout the year
for each substation

Figure 6.10: Temporal mismatch between PV generation and load: fraction of time in which PV covers the load
through the year - Arnhem in blue and Gdynia in orange

The integration of storage in this project is functional to the PV potential. This means that the aim
is to assess its impacts on the variation of the PV performance. However, it is possible to see in the
plots that substations have different responses to storage integration. It would be interesting to study
what are the causes of successful integration of storage and if any of the KPIs plays a role on this. In
Figure 6.11 and 6.12, two plots are provided showing the variation of BESSU and of Energy dump with
the size of the substation. As one can see, some possible trends can be found. However, it would be
interesting to perform this study through a sensitivity analysis, varying the storage size of smaller and
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equal steps for all the substations to see what the effects are on each of them. This will be included in
the recommendations for future work.

Figure 6.11: Battery utilization in the two scenarios used for the sizing of the storage
system

Figure 6.12: Energy dump trends for the two sizing options and the case with no
storage

6.2 Feasibility of installing PV and Storage in the traction grids

This last section is dedicated to a brief analysis on the feasibility of the PV and storage integration. In
Table 6.3 and 6.4, an overview of the size of the PV and battery systems installed for each substation in
Arnhem an Gdynia are provided.

The results show that a total surface of 2.6 hectares and 3.4 hectares are required to install the systems
in Arnhem and in Gdynia. This value is obtained considering an area of approximately 3.7 m2 per
module which is found to be the optimal installation in the Groningen PV system project using the
same PV modules [55]. These numbers all refer to the case in which all the substations are fed by
a PV+battery system (excluding the smaller substations for which 50% battery utilization cannot be
reached). In Gdynia 3.4 MWp of PV modules and 5.3 MWh of battery storage would be necessary to
supply the traction grid. The traction grid is not autonomous with the integration of PV and storage,
but is still dependant on the MVAC grid. Overall in Gdynia 3 GWh per year would be supplied by
the PV and battery system out of a total demand of 7.4 GWh. In Arnhem, a total of 2.5 MWp and 4.8
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MWh PV and battery systems would be required to supply the load, with storage sized based on its
utilization. Also in this case the load would be covered partially from these sources and would still be
dependant on the MVAC grid. Overall, 2.2 Gwh out of 5.8 GWh of total demand would be supplied
from the PV plus storage system. Both in Gdynia and in Arnhem, the smallest and less performative
substations are excluded. In these substations it is not possible to reach a battery utilization of more
than 50% and therefore they are considered not appropriate for the analysis.

To conclude, in Table 6.5, the investment costs and payback time for the two systems are shown. This
calculation is done very roughly, just to provide an idea of the investment costs and the time in which
the system would be paid back. The installation costs for PV are taken as 700e/kWp [37] and compared
to [30], while storage costs are estimated considering a system price of around 250e/kWh of capacity
installed [50], considering the reduction in price that the Li-ion battery systems are undergoing in
these years. Finally, to compute the yearly savings the commercial electricity prices are used, 13.76

cente/kWh in the Netherlands [57] and 13.43 cente/kWh in Poland in 2019 [56].

It is possible to see that only after 9 and 10 years, for Gdynia and Arnhem, the installation would
generate revenues. If one considers 20/25 years of lifetime, this makes the investment effective since
it would generate revenues for half of the installation lifetime. These numbers are a very rough esti-
mation of the actual costs. The study of the feasibility and optimization of the installations should be
performed again in a more precise way. For example, location issues and land permission and costs
are not considered. In many cases one PV+battery system could be supplying multiple substations,
minimizing space and costs of the Balance of System. It is found by playing with the numbers, that
installing the PV+storage systems in only a few substations could reduce the Payback time further. For
future work, it would be interesting to study an optimization method accounting also for costs and
availability of space.

Table 6.3: PV and storage system sizing for every substation in Arnhem grid

Substations
PV capacity

[kWp]
PV modules

Surface
[m2]

Batteries
(BU>50%)

Storage capacity
[kWh]

1 78.4 215 799 1 230

2 191.6 525 1950 2 460

HQ (3,6) 424 1162 4316 3 690

CS (4,9,21) 431.6 1183 4394 3 690

5 96.8 266 988 1 230

7 109.6 301 1118 1 230

8 96.8 266 988 1 230

10 0 0 0 0 0

11 133.2 365 1356 1 230

12 100.4 276 1026 1 230

13 98.8 271 1007 1 230

14 218.4 599 2225 2 460

15 125.6 345 1282 1 230

16 156.8 430 1598 1 230

17 119.2 327 1215 1 230

18 0 0 0 0 0

19 0 0 0 0 0

20 142.4 391 1453 1 230

Total 2523.6 6922 2.6 hm2 21 4830
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Table 6.4: PV and storage system sizing for every substation in Gdynia grid

Substations
PV capacity

[kWp]
PV modules

Surface
[m2]

Batteries
(BU>50%)

Storage capacity
[kWh]

1 412 1129 4194 3 690

2 591.2 1620 6018 4 920

3 280.4 769 2857 2 460

4 394.8 1082 4019 3 690

5 312 855 3176 2 460

6 592.4 1624 6032 4 920

7 122 335 1245 1 230

8 0 0 0 0 0

9 140.8 386 1434 1 230

10 517.2 1417 5264 3 690

Total 3362.8 9217 3.4 hm2 23 5290

Table 6.5: Payback time and investment costs
Gdynia Arnhem

PV investment 2.35 M€ PV investment 1.77 M€
Storage investment 1.36 M€ Storage investment 1.24 M€

Yearly savings -0.41 M€ Yearly savings -0.30 M€
Payback time 9.2 years Payback time 9.9 years

6.3 Summary and takeaway points of the chapter

The integration of Battery Energy Storage Systems coupled with PV at substation level is discussed in
this chapter, in which a study is conducted on the effect that the integration of battery energy storage
systems (BESS) has on the PV performance. The effectiveness of introducing BESS is also measured
through the PV Utilization (PVU) and the Load Coverage (LC), since the aim is to study its impact on
the PV integration.

The analysis of two scenarios is proposed. In the first one, the battery system is sized based on the
amount of capacity required to avoid any PV generation excess to be dumped in the grid (’Zero dump’).
The second scenario is the one in which the BESS is sized based on the utilization of the system, so the
number of batteries is chosen to have at least 50% of battery utilization. This analysis allowed us to
conclude, that increasing the storage capacity installed over a certain limit reduces the battery system
utilization (Figure 6.8) and does not bring significant improvements in the PV performance (Figure 6.5
and 6.6).

The introduction of BESS coupled with the PV systems at substation level increases substantially the
performance of the PV systems, reaching values of PV utilization in the range of 90% or higher and
levels of load coverage of approximately 40%. The enhancement of PVU and LC is high especially for
smaller substations which see increases by up to 60 and 30 percentage points respectively.

Finally, the feasibility of the introduction of PV and storage is studied. The rough estimation of the
investment costs provide a total payback time of 9-10 years for the two grids. This makes the project
cost-effective if the lifetime considered is 20-25 years.



7 CONCLUS IONS AND FUTURE WORK

In this last chapter the conclusions drawn through this research project are summarised, followed by an overview
of the limitations of the project and the possibilities of extension of the work.

The transport sector in EU is responsible for 30% of total energy consumption and 27% of greenhouse
gas emissions. Investigating in possible solutions to reduce the energy consumption and the emissions
of urban transport is the context in which this thesis project is developed. Electrifying and supplying
through emission-free sources urban means of transport is a possible solution. In this research project,
we investigated on the potential of introducing Photovoltaic (PV) systems in trolleybus traction grids
in different cities. In particular, Arnhem and Gdynia trolley-grids are used as case studies. When
speaking about PV system integration potential, the intention is to investigate the effectiveness of the
PV generation in supplying the load. This is measured investigating both what fraction of the PV
generated energy is used by the trolleybus system compared to the total generation (PV Utilization 5.1)
and what fraction of the load is covered by the PV generated energy (Load Coverage 5.2). These two
elements provide an overview of how well the PV systems can perform in relation to the traction grid
operation.

Different solutions for PV integration are possible, here we study the effects of the structure of the grid
and of the characteristics of the city on the integration of PV at substation level on the AC side. Finally,
the impact of coupling the PV systems with battery energy storage systems (BESS) is assessed. The
storage system is studied in terms of PV performance, however also the battery utilization is assessed
considering the daily charge and discharge cycles performed throughout the year 6.1.

A number of challenges is faced during the project, which induces the increase in the time that is
necessary to prepare the modelling inputs and the simulation program structure. The limited amount
of available data of the grids and measurements from the grid operation, required us to generate data
ourselves in order to simulate the trolleygrid system operation. In relation to this data on bus routes,
schedules and city topography are used to create velocity profiles of the trolleybuses. The introduction
of simulated input data increases the error in the outputs and some limitations to the model which will
be further discussed in the next section. Overall, the main contributions of this Master Thesis project
are:

• An extensive review of the existing literature on the causes of electric vehicles energy demand
variations and on the integration of PV and storage systems in traction grids of different types

• The definition of a set of Key Parameter Indicators (KPIs) that can be used to evaluate the poten-
tial of integrating PV systems in different cities

• A model generating velocity profiles for different city and route characteristics, based on existing
measured velocity cycles

• A study on some selected KPIs, between the identified ones, to assess their impact on PV integra-
tion in trolleygrids

• A study on the effect of storage introduction coupled with the PV systems integrated at substation
level

• An comparison between the results of different substations and of the two trolleygrids in Arnhem
and in Gdynia.
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We answered to the research questions we identified in Chapter 1.

Question 1
What parameters have an impact (qualitatively) on the PV integration in a trolleygrid, and to what
extent?

An extensive research is done on the parameters, identified as Key Parameter Indicators (KPIs), to
determine the effects that they are expected to have on the traction grids. The effects are studied in
terms of expected intensity of the impact and also on which component of the system is expected to be
affected more. A set of KPIs is defined based on the literature study performed and on the available
data of the two trolleygrids. This set of parameters can be used as base to determine the effectiveness
of the PV integration based on the values found for each city. They are classified in terms of effects
on the system components and on the relation between different parts of the trolleygrid system. They
are divided in three groups based on if they are considered environmental-, city- or trolleybus-system-
related parameters. In Figure 3.6, the table with the outputs of this study is given. The table is colour
coded based on the intensity of the impact of each indicator. A brief explanation of what is the cause
of the impact of the parameter on the system component is also provided.

Not all the parameters are selected and used further in the quantitative assessment of the impact on the
PV integration due to limited availability of data, time limitations and appropriate method of analysis
suggested. The analysis of the impact of all the KPIs should be concluded in future works in order
to develop a framework which would allow to draw general recommendations on the application of
PV. Based on the values found for each indicator, it will be possible to define the expected potential of
integrating PV. For the KPIs which have not been studied yet, possible analysis and research methods
are briefly proposed.

Question 2
How does the potential of PV integration vary for different cities in respect to selected study- indica-
tors (quantitatively)?

1. How do environmental parameters affect the potential of PV integration in trolleygrids?
It is possible to conclude that the environmental parameters, as sunshine duration and yearly
irradiance, have a strong impact on the Load Coverage (LC), while do not affect noticeably the
PV Utilization (PVU). The increase in average radiation levels and sunshine duration induce a
linear increase in the Load Coverage (LC) factor. The PV Utilization, as mentioned, is less affected
and sees a slight reduction in cities in which the radiation levels are much higher. In Figure 5.4
and 5.3, the reader can find the two plots representing the LC and PVU variation with respect to
the radiation and the daily sunshine duration. The maximum variation of LC reaches values of
10 percentage points, while only 1 percentage point PVU variation is registered for the weather
data analysed. The trend found for these two parameters is caused by the fact that the same PV
system installed in cities with different irradiance data will present an increase in the generation,
however since the load is constant this will be followed by an increase in excess energy dumped
in the grid. The load coverage increase is limited by the temporal mismatch and the seasonal
mismatch of load and generation.

2. How does the configuration of the substations (power, number, length of supplied sections) affect the
potential of PV integration in in trolleygrids?
The average power/energy requirements of the substation strongly affect the integration of PV
and its performance. The increase in energy and power demand induces the increase of both
PV utilization (PVU) and load coverage (LC). This is shown in Figure 5.11 and Figure 5.10. The
decentralization of trolleybus systems causing the increase in number and the reduction in size
of the substations will reduce the potential of integrating PV in the trolleygrid.

The conclusion on the negative effect on PV performance of decentralising the traction-grid,
is confirmed when the effect of the number of sections supplied by a substation is studied. In
Figure 5.7, the trends for the PVU and LC with varying number of sections is shown. The
increase in number of sections fed by a substation induces a parabolic increase in the PVU and
LC fractions.
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Increasing the length of the sections is expected to have a positive impact, due to the increase in
the probability of having more buses under the substation and therefore having a higher power
requirement. Moreover, the increased transmission losses should also favour the integration of
PV, inducing an increase in the demand. However, as can be seen from Figure 5.8, making the
sections longer seems to have no impact on the performance of PV. As a matter of fact, no trend
is found in the data. This could be related to the face that the increased probability of having
an extra bus on the section causes also a higher chance of power exchange between buses. The
increased rates of regenerative breaking probably balance out the other elements.

An overall ’service coefficient’ is defined as the product of the total km of overhead lines sup-
plied and the average power requirements of a substation. This parameter is used to obtain an
indication of the effect of substation size both in terms of spatial and quantitative power require-
ment distribution. The trends found when plotting this indicator for all the substations of the two
grids, show a fractional function trend which reaches a plateau for sizes larger than 500 kWkm.
When comparing the effect of km and kW, the power requirements play a bigger role and have a
stronger effect on the potential of integrating PV at substation level.

The size of the substation and the distribution of substations in the trolleygrids have a strong im-
pact on the potential of integrating PV. All the curves used to fit the data found for the substation
seem to reach a plateau and a saturation point over which the increase of the studied indicator
has a very limited or null effect on the performance of PV.

3. How does bus traffic affect the potential of PV integration in trolleygrids ?
The increase in the average bus traffic under a substation causes the improvement of the PV
system performance. In Figure 5.14 the values of PV utilization and Load Coverage found for all
the substations are provided and a fitting model is proposed. A very similar regression model
is found, as the one discussed for the substation size and configuration. Also the impact of bus
traffic is strong for variations in low number of buses supplied and reach a saturation after the
value of 3 buses. The PVU and LC seem to both reach a plateau after this point, and therefore
any further increase in bus traffic does not improve the PV performance anymore.

4. How do the HVAC requirements affect the potential of PV integration in trolleygrids?
The HVAC power demand of a bus causes the seasonal variability of the load. In Figure 6.10,
one can see the opposite curves presented by the HVAC requirements and the PV generation
throughout the year. Through this study it is demonstrated that, in spite of the opposite trends
characterising the HVAC requirements and the PV generation, removing the HVAC demand
reduces the potential of integrating PV. As a matter of fact, although switching off the HVAC
system causes a more constant load throughout the year, both the PV utilization and the load
coverage experience a reduction when this test is done. The PVU variation can reach values of
up to 35 percentage points drop and the LC of maximum 14 percentage points. The increase
in the fraction of the total substation energy demand covered by the HVAC system on average
induces a higher drop in the PV performance.

It is also concluded that the better characteristics in terms of substation configuration and bus
traffic, cause a limited variation when removing the HVAC. As a matter of fact, the characteristics
of some substations in Gdynia allow to confine the negative effect of removing the HVAC power
demand.

5. How does the introduction of bilateral connections between sections affect the PV integration in trolley-
grids?
The effect of introducing bilateral connections between sections of different substations is studied
only partially due to modelling and time constraints. The model to simulate the operation of all
the sections of the grid with and without bilateral connections is not complete yet and this does
not allow to simulate the operation of the whole grid. The results for 3 substations are plotted in
Figure 5.21. The reduction in energy demand induced by the bilateral connections for the three
substations is not necessarily followed by a decrease in PV performance. The variation in PVU
and LC are negligible although reductions in energy demand are significant.
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Although it is difficult to draw conclusions by the observation of the performance of 3 substations
only, it is possible to say that the introduction of bilateral connections seem to be beneficial for
the performance of the trolleygrid and the integration of PV. This because the reduction in energy
demand (and in losses) induces a reduction of PV capacity required without undermining the
performance of the system.

Question 3
How does the introduction of stationary storage affect the integration of PV in trolleygrids?
Stationary storage (battery energy storage system or BESS) is introduced coupled with PV at substation
level. This means that the battery system is used only to increase the PV self-consumption and improve
the match between PV generation and load. The storage system is not used to supply any other service
to the trolleygrid.

The introduction of BESS coupled with the PV systems at substation level increases substantially the
performance of the PV systems, reaching values of PV utilization in the range of 90% or higher and
levels of load coverage of approximately 40%. The enhancement of PVU and LC is high especially
for smaller substations which see increases by up to 60 and 30 percentage points respectively for the
former and the latter. In Figure 6.5 and 6.6, the plots related to the increase in PVU and LC are shown.

The analysis of two scenarios is proposed. In the first one, the battery system is sized based on the
amount of capacity required to avoid any PV generation excess to be dumped in the grid. The second
scenario is the one in which the BESS is sized based on the utilization of the system. The number of
batteries is chosen to have at least 50% of battery utilization. When comparing the results of these two
cases, some conclusions are drawn:

• The increase in capacity to reach zero energy dump does not induce high variations in the PV
utilization (PVU) and in the load coverage (LC). An average of +3.5 percentage points increase
in PVU and of +1.5 percentage points in LC are registered. Therefore, the PV performance is not
affected significantly (Figure 6.5 and 6.6).

• The battery system utilization (BESSU) drops considerably, with reductions in the utilization by
-45.5 percentage points, when increasing the battery size to avoid dumping energy in the MVAC
grid (Figure 6.8).

• The reduction in energy dump experienced by the system in the second scenario is on average of
93.5% (Figure 6.9).

This allows us to conclude that increasing the storage capacity installed over a certain limit reduces the
battery system utilization and does not bring significant improvements in the PV performance.

The introduction of storage enhances PV performance, increasing the utilization of PV, the temporal
match between PV and load (from 20% to 24%) and the load coverage. However, it is possible to
observe that both PVU and LC reach limits. The first is restrained by efficiencies and losses while the
second one is strongly affected by the seasonal mismatch between load and PV.

7.1 Recommendations and Future Work

Starting from the data in input and the models used, some limitations are found in the proposed
research method. Moreover, the developed methods to assess the potential of integrating PV in trolley-
bus traction grids can be used to extend the results to other cities and should be completed though the
study of the missing KPIs.

The first limitation in this work is the amount of available data. One of the recommendations is to
repeat the work with an increased number of measurements. In particular, this is true for the Gdynia
grid, for which everything was simulated due to the complete absence of measured data. This limits
the precision of the power profiles obtained for the runs of the buses throughout the grid. The
recreation of power profiles has two main limitations. The first is related to the fact that the velocity
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profiles are generated without taking into account the road gradients, the presence of other vehicles and
traffic congestion in the streets and passenger flow. Therefore, the power profiles generated might see
peaks in power due to high accelerations in steep roads which would not be there in real conditions.
Also, the power profiles are generated with a fixed passenger load. The second thing reducing the
accuracy of the generated power profiles is the error introduced when using the HAN University
model. Although this model is adapted to the buses used in the two grids, with the respective power
and torque control curves, this model is subject to errors up to 30% especially when regenerative
energy is concerned. To conclude, the first suggestion for future work is to increase the amount of
measurements or to increase the accuracy of the model used to generate the velocity profiles and the
one created by HAN university to create power curves from the velocities.

Secondly, the study develops a set of KPIs that can be used to assess the potential of PV integration
in trolleygrids. However, although the indicators have been identified and the set developed and
organised, not all the KPIs have been studied to define the impacts that they have on the PV integration.
Due to the limitations in time and data, 5 indicators have been studied thoroughly and 1 has been
briefly discussed. In order to complete the table, which can then be used to identify directly the
potential of PV integration, the investigation on the other KPIs should be completed, starting from
the bilateral connections effect. Some research methods are proposed for the indicators that have not
yet been studied.

The third recommendation is to complete the work and confirm the obtained results once the power
flow calculations model for all the types of sections is completed. For this research only linear sections
are modelled through power flow calculations. Once the models to simulate all the types of sections
and of connections are ready, the work should be repeated. Through these models the hypothesis
made on the bilateral effects can also be confirmed or proven to be wrong.

Moreover, the study has been conducted for two cities. The introduction of other trolleygrids in the
analysis would not only allow to confirm the results but also to understand if the plateau trend found
in the PV utilization and Load coverage are actually a good representation of the data. The introduction
of a very centralised trolleybus traction grid could allow us to understand whether after reaching a
certain value of power, number of sections and bus traffic the PVU and LC are still constant or whether
they start decreasing.

Another future work that would be interesting to perform is to repeat the analysis introducing PV and
storage on the DC side. This should increase the utilization of both PV and storage, since the efficiency
would be increased and the battery would perform also ancillary services as voltage regulation and
increase in the regenerated power use. However, this would require a model to simulate the voltage
control in the network which would be necessary when connecting everything on the DC side.

In relation to the introduction of storage in the grid, as mentioned in Chapter 6, some additional study
could be performed. It is found that substations have different reactions to the integration of storage
based on their energy demand. However, future work could focus on the effects that the KPIs have
on the effectiveness of storage integration. A sensitivity analysis, with smaller and constant variation
of the storage capacity, can be used to understand why the BESS works better in some substations and
what potential storage has when integrated coupled with PV. Another check that should be performed
is on the distribution of the dumped power throughout the year, instead of focusing only on the total
energy dump.

To conclude, once the KPI study and the table is completed this framework to assess the potential of
PV introduction in trolleygrids should be tested and verified for other traction grids. This would allow
to have a general overview of the elements to consider before deciding whether to introduce PV and
storage in the trolleygrids.



B IBL IOGRAPHY

[1] Refrigerating American Society of Heating and Air Conditioning. Ashrae standard, “ventilation
for acceptable indoor air quality,” ashrae standard 62, 1999.

[2] Refrigerating American Society of Heating and Air Conditioning. ASHRAE Handbook of Fundamen-
tal. 2001.
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KEY FEATURES

+5W OUTPUT POSITIVE TOLERANCE

INNOVATIVE PERC CELL TECHNOLOGY

REDUCE SHADOW LOSS

REDUCE INTERNAL MISMATCH LOSS

PID RESISTANCE

Guaranteed 0~+5W positive tolerance ensures power output reliability.

Excellent cell efficiency and output.

Effectively reduces the effect of shadow on the module surface.

Reduces mismatch loss and improves output.

Excellent PID resistance at 96 hours (@85℃ /85%) test, and also can be
improved to meet higher standards for the particularly harsh environment.
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Bloomberg PHOTON 2020 TOP

Performance

DNV GL
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THE-STATE-OF-THE-ART APPEARANCE
Full black designed for a better aesthetic appearance and building 
integration.

Underwritten by
International Insurer 

INNOVATIONAL HALF-CELL TECHNOLOGY
Improves the module output, decreases the risk of mirco-crack, enhances 
the module reliability.

First solar company which passed the TUV 
Nord IEC/TS 62941 certification audit. 

IEC TS 62941

12-year Warranty for Materials and Processing
25-year Warranty for Extra Linear Power Output
(1st year ≤ 2.0%, 2nd~25th years ≤ 0.55% / year)

98.00%

84.80%
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STC rated output (Pmpp)* 355 Wp 360 Wp 365 Wp

Rated voltage (Vmpp) at STC 33.24 V 33.49 V 33.73 V

Rated current (lmpp) at STC 10.68 A 10.75 A 10.82 A

Open circuit voltage (Voc) at STC 39.80 V 40.14 V 40.41 V

Short circuit current (Isc) at STC 11.15 A 11.21 A 11.29 A

Module efficiency 19.2% 19.5% 19.7%

Rated output (Pmpp) at NMOT 264.7 Wp 268.5 Wp 272.2 Wp

Rated voltage (Vmpp) at NMOT 30.99 V 31.22 V 31.45 V

Rated current (Impp) at NMOT 8.54 A 8.60 A 8.65 A

Open circuit voltage (Voc) at NMOT 37.42 V 37.74 V 37.99 V

Short circuit current (Isc) at NMOT 8.97 A 9.02 A 9.08 A

Temperature coefficient (Pmpp) - 0.34%/°C

Temperature coefficient (Isc) +0.04%/°C

Temperature coefficient (Voc) - 0.27%/°C
Nominal module operating 
temperature (NMOT) 44±2°C

Maximum system voltage (IEC/UL) 1000VDC

Number of diodes 3

Junction box IP rating IP 68

Maximum series fuse rating 20 A

ELECTRICAL SPECIFICATIONS

MODULE DIMENSION DETAILS

CURVE

PACKING SPECIFICATIONS
① Weight (module only) 20.0 kg
② Packing unit 31 pcs / box

Weight of packing unit
(for 40‘HQ container) 661 kg

Number of modules per
40‘HQ container 806 pcs

① Tolerance      +/- 1.0kg
② Subject to sales contract

© Chint Solar (Zhejiang) Co., Ltd. Reserves the right of final interpretation. please contact our company to use the latest version for contract.

MECHANICAL SPECIFICATIONS
Outer dimensions (L  x  W  x  H) 1765 x 1048 x 35 mm

Frame technology Aluminum, black anodized

Module composition Glass / EVA / Backsheet (black)

Front glass thickness 3.2 mm

Cable length (IEC/UL) Portrait: 350 mm
Landscape: 1200 mm

Cable diameter (IEC/UL) 4 mm² / 12 AWG
① Maximum mechanical test load 5400 Pa (front) / 2400 Pa (back)

Fire performance (IEC/UL)   Class C (IEC) or Type 1 (UL)

Connector type (IEC/UL) MC4 compatible

STC: Irradiance 1000W/m2, Cell Temperature 25°C, AM=1.5
NMOT: Irradiance 800W/m2, Ambient Temperature 20°C, AM=1.5, Wind Speed 1m/s

① Refer to Astronergy crystalline installation manual or contact technical department.
   Maximum Mechanical Test Load=1.5×Maximum Mechanical Design Load.
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B LOAD MODEL - VELOC I TY AND POWER
PROF I LES ELECTR IC MOTOR DATA -SHEETS

In this Appendix additional details on the load models are provided. In particular, the reader can find in this
chapter the data-sets used to simulate the Velocity profiles, the equations used in the HAN university power
model to find the bus powers and the motor data-sheets for the electric motors of Arnhem and Gdynia buses.

B.1 Velocity Profiles data-sets

Here the reader can find the data used as input to the velocity profile generator model. The isolated
velocity cycles, defined as one travelling cycle from one stop to the other, are used to generate the
complete velocity profiles. This is done by combining the individual velocity profiles based on their
duration and the distance travelled.

In Figure B.1, B.2 and B.3 the plots of the data-sets are shown. The Braunschweig, the Arnhem -
maximum and the Arnhem - minimum single velocity cycles grouped together are shown. As one can
see, the data-sets coming from Arnhem measurements contain much more elements. As a matter of
fact, the Braunschweig velocity cycle is a simulated velocity profile and therefore some of the isolated
cycles are repeated. The measured data coming from Arnhem are real measured data, and present all
the variability and unpredictability of real life data. Therefore, no single velocity cycle (form 0 m/s to
0 m/s velocity) presents the same characteristics. These vary in terms of maximum speed, acceleration
and deceleration moments, length in time and travelled distances.

Figure B.1: Braunschweig single velocity cycles data-set, plotted versus the travelled distance
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Figure B.2: ’Arnhem maximum’ measurements single velocity cycles data-set, plotted versus the travelled distance

Figure B.3: ’Arnhem minimum’ measurements single velocity cycles data-set, plotted versus the travelled distance

B.2 HAN University bus power model equations

This model is used to calculate the power requirements of the buses from their velocity characteristics.
Through this set of equations the motor torque and rotational speed are computed. First the forces on
the bus are calculated:

• Rolling resistance force

Froll = Mbus · g · Croll · cosθ (B.1)

with Mbus the bus mass, g the gravitational acceleration, Croll the rolling coefficient and θ the
road inclination

• Gravitational force (due to road gradients)

Fgrav = Mbus · g · sinθ (B.2)
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• Aerodynamic force

Faero =
1
2
(vbus + vwind)

2 · ρ · Cd · Af (B.3)

with vbus the bus speed, vwind the wind speed, Af the bus frontal surface and Cd the drag
coefficient

• Inertia force

Finertia = Mbus · Cinertia · abus (B.4)

with Cinertia the inertia coefficient and abus the bus acceleration

From these four components the traction force is computed as:

Ftraction = Froll + Fgrav + Faero + Finertia (B.5)

The wheel torque can then be found as:

Twheel = Ftraction · rwheel (B.6)

with rwheel the wheel radius.

After this the motor torque and rotational speed can be computed. The latter is found through Equa-
tion B.7, while the former as in Equation B.8 is the gear torque is positive (and the electric motor is
working as a generator) or through Equation B.9 if negative (with electric motor consuming power).

wmotor = ngear ·
vbus

rwheel
(B.7)

with ngear the gear ratio and rwheel the tire radius.

Tmotor =
Tgear

ηgear
(B.8)

with ηgear the gearbox efficiency.
Tmotor = Tgear · ηgear (B.9)

with ηgear the gearbox efficiency.

The gearbox torque is computed as the sum of Twheel, as in B.6, over the gear ration, Tfriction and Tinertia.
These two terms are found respectively as:

Tfriction =
Pgear

wmotor
(B.10)

with wmotor the rotational speed of the motor and Pgear the idling power loss due to friction,

Tinertia = Igear · (∆wmotor) (B.11)

with Igear the gear inertia and ∆wmotor the motor rotational speed variation in time.

Now that both motor torque and rotational speed are found the mechanical power is computed as the
product of the two.

B.3 Arnhem Electric motor datasheet
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B.4 Gdynia Electric motor datasheet



Type of motor - asynchronous, squirrel cage, low voltage

Design - special 

Mechanical execution - for horizontal operation

Shaft end - one, conic

Cooling - IC01

Bearings - roller bearings: “DE” side NU 314 Em1 C3

“NDE” side 6312 C3

Motor with supply cables type Radox 4GKW-AX-EMC-L

Rotation speed sensor: MHRM 12G2501 

3-phase induction motor designed for driving of trolleybus. Motor in special execution, 
hanging, with feet. Motor desinged for supply from frequency inverter.

Speed control:

from 0 to 1780rpy at T=const.;

STDa280-4A
kW -- --- -V A rpm Hz % kg °C %

125 S1 3-phase 400  3 226 1784 60 93,8 0,85 650 Both
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C PARALLEL L INES APPROX IMAT ION STUDY

In this Appendix some additional plots for the Total distance approximation method are provided, followed by the
brief analysis of the other method studied to approximate the voltage drops along the overhead lines in the case in
which parallel connections are implemented.

C.1 Total distance approximation error analysis

In this section some additional plots related to the analysis of the total distance approximation and the
error committed when applying it are provided. In Figure C.1, C.2, C.3 and C.4 the plots of the error
in the approximation are shown. The curves represent the error introduced in the simulations when
the total distance approximation is used with varying bus power and position. The four plots differ by
the distance between the parallel connections, going respectively from 100 m to 250 m in steps of 50 m.
As one can see the increase in power and in distance from the supply point (at 0 m) cause the increase
in the error introduced. Also, the higher the distance between two subsequent connections the higher
the error committed when making the assumptions for this approximation.

Figure C.1: Error introduced using the total distance approximation of the bus voltage, plotted as a function of
the distance from the supply point (0 m), with parallel connections every 100 m. Increasing power
requirements are shown, with every curve representing a power demand level

C.2 Total current approximation error analysis

The same analysis presented for the Total distance approximation method is now briefly proposed
for the total current approximation. In Chapter 4, the assumptions introduced for this method are
explained. Here only the results are provided.

In Figure C.5 and ??, the variation of the error introduced with this method are shown. As one can see
also in this case the error is increasing with:
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Figure C.2: Error introduced using the total distance approximation of the bus voltage, plotted as a function of
the distance from the supply point (0 m), with parallel connections every 150 m. Increasing power
requirements are shown, with every curve representing a power demand level

Figure C.3: Error introduced using the total distance approximation of the bus voltage, plotted as a function of
the distance from the supply point (0 m), with parallel connections every 200 m. Increasing power
requirements are shown, with every curve representing a power demand level

• Distance of the bus from the supply point (the higher the voltage drop, the worse is the expected
performance of the model compared to the actual voltage levels),

• Distance between subsequent parallel connections. In both plots different connection points are
simulated and it is possible to see that increasing the distance between parallel connections the
error committed by using the approximation method increases,

• Power requirements of the bus. In C.5 the error is plotted for a bus demand of 100 kW, while in
C.6 the error for 300 kW is shown. It is possible to see that the increase in power requirements
causes always an increase in the error introduced.

Also, by observing these plots it can be concluded that this approximation is always overestimating
the voltage drop.

When picking a random point in the supply section, it is possible to demonstrate that not only the
absolute position of the bus plays a role but also its relative position within each fraction of line between
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Figure C.4: Error introduced using the total distance approximation of the bus voltage, plotted as a function of
the distance from the supply point (0 m), with parallel connections every 250 m. Increasing power
requirements are shown, with every curve representing a power demand level

Figure C.5: Error in the Total current approximation with varying distance from the supply and distance between
parallel connections, at 100 kW bus power demand

to subsequent connections. This is demonstrated, in Chapter 4, also for the other approximation
method. Although the error is higher overall if the distance between the parallel connections is longer,
based on the relative position of the bus within two connections it can happen that this is not the case.
As an example, 700m distance from the supply point is taken. In Figure C.7a and C.7b one can see
where this point is located along the 1300m supply section and where is is relatively located within two
parallel connections. When the bus is at 700m distance from the supply, the error in the approximation
is lower for the case in which parallel connections are at 250m one from the other rather than in the
case in which they are at 200m from each other, as shown in Figure C.7c.

To conclude this analysis, a research on the effects of varying the supply voltage is performed. The
reduction of the line voltage causes the overall increase in current for the same power requirements
of the bus and therefore and increase in transmission losses and in the voltage drop. Moreover, if
the same voltage difference between the approximation and the actual value is found at lower voltage
levels, this will have in percentage a higher error. Therefore, it is expected that at lower voltages the
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Figure C.6: Error in the Total current approximation with varying distance from the supply and distance between
parallel connections, at 300 kW bus power demand

error in the approximation will increase. This is confirmed by the simulations and is represented in
Figure C.8.



xiv parallel lines approximation study

(a) Characteristics of the position based on the distance between parallel connections along the line

(b) Fraction of section between two subsequent parallel connections travelled by the bus

(c) Error variation in relation to the position of the bus between two subsequent parallel connections

Figure C.7: Error introduced using the total current approximation of the bus voltage, varying in relation to the
position between two subsequent parallel connections. Example: bus at 700m from the supply point.
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Figure C.8: Error introduced using the total current approximation of the bus voltage as a function of bus distance
from the supply point (0 m) and supply voltage, at 300 kW power requirement and with parallel
connections every 300m



D GR ID OPERAT ION - DATA IN INPUT AND
OUTPUTS

In this Appendix an example of the tables used to simulate the grid operation (schedules, distribution of bus stops
and traffic lights in the grid) is provided. The tables of the simulation outputs with all the characteristics of the
grid are then provided.

D.1 Input data organization

One line is taken as example to show the work that is done for all the lines of the two grids. The data
is organised in tables containing information on the bus stops and traffic lights location along the lines,
the sections and respective substations crossed while travelling along the lines and the timetables of
the buses throughout the different days of the week. The line used as example is line 22 of Gdynia
grid.

Bus Stops and Traffic Lights
First the bus stop position along each line are found. The distance between the stops and the distance
of each stop from the starting point are retrieved through Google Maps. In Figure D.1 and D.2, the
tables for line 22 of Gdynia grid are shown. This work is done for both directions of each line. As one
can see, the position of the traffic lights is also registered in the tables. The location is identified as the
distance travelled from the bus before meeting the traffic light.

Another thing included in these two tables is the timestep between two subsequent bus stops. These 3

timetables (weekday, saturday and sunday) together with the distance between each stop, are used to
pick the appropiate single velocity cycle. This should be matching the distance travelled and ahould fit
in the timestep.

Section lengths and substations
The second set of data required to simulate the grid operation is the information on the distribution of
the sections in the grid. To do this, the sections crossed by the bus along each line are saved. Together
with this the distance travelled by the bus in each section crossed, are also measured through Google
Maps. In Figure D.3 and D.4, the tables containing this information for line 22 of Gdynia grid are
provided. One can see that the location in terms of section and substation of each stop are given,
together with the length covered by each section in the line. The substation voltage is also included in
this type of table.

Timetables per line and per bus
The bus schedules for the different day types are downloaded and saved from the respective transport
companies Breng and ZKM, in Arnhem and Gdynia respectively. The timetables though, have to be or-
ganised in terms of bus runs. This is done by matching with a specific bus each trip. In Figure D.5, D.6
and ?? the timetables organised per leaving and arriving time at the terminals are shown, respectively
for Weekday, Saturday and Sunday schedules. These tables are shown for Gdynia, in which 3 different
schedules are found. For Arnhem grid, the same is done for 6 schedules (Summer Weekday, Summer
Holiday, Summer Saturday, Saturday, Weekday and Holiday).

As one can see, the timetables are colour coded based on the buses that are performing each run. The
arrival time at the terminal station is adapted to the duration of the full run with the respective velocity
profile (High traffic, medium traffic or low traffic) used for each day. In this way, the runs performed by
each bus for each line are defined. Indicated in red are the bus runs which are delayed. In Figure D.8,
D.9 and D.10 the timetables of the buses serving line 22 of Gdynia grid are shown. In the tables, step
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represents the second in the day at which the run starts and string is the code of the velocity profile to
chose. It identifies the line and the direction of the run of the bus.

Figure D.1: Table containing the bus stop and traffic light positions along line 22 in Gdynia grid - Direction 1
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Figure D.2: Table containing the bus stop and traffic light positions along line 22 in Gdynia grid - Direction 2

D.2 Output data tables for Gdynia and Arnhem grids

The section and substation data output from the simulations in terms of grid structure, losses, section
lengths, energy requirements and bus traffic are shown in the next tables.
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Figure D.3: Table containing the sections and substations crossed by the buses travelling along line 22 in Gdynia
grid - Direction 1

Figure D.4: Table containing the sections and substations crossed by the buses travelling along line 22 in Gdynia
grid - Direction 2
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Figure D.5: Weekday schedule, adaptation of the timetable to the bus runs for each direction of line 22 in Gdynia
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Figure D.6: Saturday schedule, adaptation of the timetable to the bus runs for each direction of line 22 in Gdynia
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Figure D.7: Sunday schedule, adaptation of the timetable to the bus runs for each direction of line 22 in Gdynia
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Figure D.8: Weekday schedule, bus runs coded with steps and strings for each run of line 22 in Gdynia

Figure D.9: Saturday schedule, bus runs coded with steps and strings for each run of line 22 in Gdynia

Figure D.10: Sunday schedule, bus runs coded with steps and strings for each run of line 22 in Gdynia
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Figure D.11: Gdynia outputs: section codes, substation voltages, number of sections per substation



d.2 output data tables for gdynia and arnhem grids xxv

Figure D.12: Gdynia outputs: system, section and substation transmission losses



xxvi grid operation - data in input and outputs

Figure D.13: Gdynia outputs: section lengths, substation average section length and substation total overhead km
fed
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Figure D.14: Gdynia outputs: section and substation energy demand
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Figure D.15: Gdynia outputs: section and substation average and maximum bus traffic
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Figure D.16: Arnhem outputs: substation voltages and number of sections per substation
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Figure D.17: Arnhem outputs: system, section and substation transmission losses
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Figure D.18: Arnhem outputs: section lengths, substation average section length and substation total overhead
km fed
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Figure D.19: Arnhem outputs: section and substation energy demand
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Figure D.20: Arnhem outputs: section and substation average and maximum bus traffic
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