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Summary

Trolleybuses use electricity for movement. This electricity may be generated in a non-renewable way, contributing
to the devastating effects of climate change [1]. In this work, a case-study on the Arnhem trolley grid is executed
to reach the following objective:

Investigating the attainable renewable energy share of the Arnhem trolleybus grid while minimizing
the need for seasonal storage.

The research is limited to the use of PhotoVoltaics (PV) and wind energy as energy sources.
First a model for the trolley grid load must be established. In this work, the year-round bus loads on the

substations are constructed with a bottom-up approach. Velocity and power measurements for each bus line are
combined with the timetables of the buses to construct the location and magnitude of the bus loads in the Arnhem
grid throughout the year. Next, the bus loads are separated into the different grid sections. Finally, the grid sections
are combined into substations.

Initially, the PV was placed on the substations (between the transformer and the rectifier) to allow grid dump
into the AC-grid. The sizes of the PV systems were optimized on the basis of a net social benefit criterion. It
was found that 13 of the 18 substations should not have PV installed and that the remaining substations should
only have a few percent of an energy neutral system installed (maximum 23%). The overall increase in renewable
energy share (RES) with this approach is 8.2%. Simply increasing the PV size and curtailing the excess PV to limit
grid dump is not a successful strategy to improve the RES due to the inconsistent stream of bus traffic under the
substations. The extra installed PV will send a larger power share to the AC-grid.

To increase the RES further, stationary energy storage was sized. It was found that for a substation with a
constant stream of traffic and for a substation with inconsistent traffic, two PV and storage combinations have
potential. A 50% energy neutral system with 10 KWh of storage can be an affordable option that can increase the
RES to 35% while using the Arnhem grid to provide seasonal storage for 25% of the PV (for both substations). To
increase the RES further, an 80% energy neutral PV system could be installed with 0.5 to 1 MWh of storage for the
constant traffic substation and between 200 and 400 kWh for the inconsistent traffic substation. In both cases, the
PV utilization increases to 55-60% while the grid dump is 25-30% for the constant traffic substation and 18-24%
for the in consistent traffic substation. It makes sense that the constant traffic substation needs more storage, since
the PV system is six times larger. Increasing the PV system with 20% increases the RES by 5-10% while the grid
dump increases by 10-15%. Increasing the storage size would make the systems too expensive.

Finally, a third approach was suggested. Instead of sizing the PV systems for the individual substations, an
energy system is sized for the combined grid load. In this way the base load is higher, and the peaks are reduced.
Furthermore, the PV system is combined with a wind system. Wind has a better seasonal fit with the grid load
while PV has a better daily fit. It was found that a system with 49% wind and 51% PV has the highest power
utilization by the buses (55%). For this system – and a 100% PV and 100% wind system – the power utilization
with varying storage sizes was investigated. It was found that a PV system has a higher power utilization up to 30
MWh of storage. Furthermore, the hybrid system outperforms both the wind and the PV systems up to 100 MWh
of storage, if more storage is installed the wind system is the better option. The most promising option is to install
the hybrid system with 5-10 MWh of storage. This system could power 72% to 78% of the Arnhem grid directly,
while using the AC grid for 22% to 28% as seasonal storage. Moreover, with this system the CO2 emissions could
be decreased by 80% over a 30-year span.
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Chapter 1: Introduction

In this introduction, first the working principle of the trolleybuses and their power systems (combined trolley systems)
are explained. Second, the challenges within these trolley systems are described and finally how the work in this
thesis can contribute to solving these challenges.

1.1 What is the trolley system?
The scientific interest in buses powered with overhead lines (trolleybuses) has sparked in the last years and with
it the challenges that it faces [2, 3, 4]. To understand the challenges in the trolley grids, the trolleybus grid itself
should be understood first. Therefore, in this section the essentials of the trolleybus grid are explained. A trolleybus
is similar to a regular bus except for its energy supply, see figure 1.1.

Figure 1.1: Schematic of the trolley system

Trolleybuses are fed power through the pantograph on top of the bus that connects to overhead power lines.
The sections are colored in different colors to illustrate which substation powers what sections. One line is powered
by the traction substation via the DC busbar and the feeder cables. The other line forms the return path for the
current. A substation can power multiple sections with its feeder lines, but not all sections are powered by the
same substation. Where one substation stops powering the overhead lines from one side, another substation will -
after a physical separation of the overhead lines - start powering the other side of the overhead lines. This physical
separation is called the section separation. This section separation is necessary to protect the remaining sections
of the grid when failures on one section occurs. The momentum of the bus transports the bus across the section
separation. The grid operator can decide to connect sections from different substations together. In this case the
sections are physically connected. However, it is up to the grid operator to make the trade-off between grid safety
and the possibility for substations to assist each other.

The concept of trolleybuses and their respective grids are very old. The first trolleybus was already in operation
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in 1882 [5]. However, the fact that the grids are old, does not mean that they are outperformed by diesel or battery
buses. To understand why the interest in trolley systems has gone up, the trolley system has to be compared with
it competitors.

It is well known that diesel-powered buses cause air pollution in their immediate environment and contribute
to the rising CO2 concentrations and consequently, climate change [6]. As a replacement for diesel-powered buses,
many cities are starting to introduce battery-powered buses [7]. However, due to the high energy and power demands
of the buses, the batteries must be large and consequently heavy and expensive. Moreover, the battery-powered
buses need to be charged at a slow rate to maximize the battery lifespan. The buses might need to be charged
throughout the day, resulting in lower operational times. Moreover, in special cases when the buses need to be used
for extended periods, this will be more difficult (e.g. public holidays, defective buses etc.)

Trolleybuses omit these problems, but come with the problem of being less flexible with regards to overtaking
other buses and taking detours. Besides, the interconnecting of multiple cities is a lot more difficult. Finally, the
investment into the infrastructure of the trolley grids is costly.

However, a recent technological development called In-Motion-Charging (IMC) helps to overcome these draw-
backs. IMC is a technology that combines the benefits of battery-powered buses with trolleybuses, as illustrated in
figure 1.2.

Figure 1.2: Schematic of In-Motion-Charging [8]

The buses are equipped with small (light and cheap) batteries, that are discharged when the bus is driving
without overhead lines and are charged when the buses are driving with overhead lines. Therefore, the bus can
easily overtake other vehicles, take detours, drive to other nearby cities with a trolleybus grid without local air
pollution and possibly without CO2 emissions. Because of these benefits, research is devoted to IMC [3, 4, 9].

There is also a reason for the renewed interest in the old grids. This has to do with changes in our energy loads
and generation and the fact that trolley grids are DC powered.

Back in the day when the grid was installed, the main loads where candescent light bulbs and motors, both of
which can be AC powered. Moreover, the energy supply was taken care of solely by traditional electricity plants
- like coal or gas plants - that use steam generators to produce AC power. However, nowadays, most household
loads are DC powered and more and more electricity is generated decentralized using solar photovoltaics (PV)
which generates DC power [10]. An example of the powering of a low voltage DC (LVDC) load by solar PV via the
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medium voltage AC (MVAC) grid is provided in figure 1.3. In figure 1.4, the same PV is connected in a DC grid
to power the LVDC load. It is evident from the examples that the connection into the DC grid results in higher
efficiency operation. The inverter, power correction unit and the rectifier add significantly to the overall system
cost and efficiency.

Figure 1.3: PV connected into HVAC tranmission grid powering a DC load

Figure 1.4: PV connected into DC grid powering a DC load

Since the grid is DC-based and the load and generation are also DC-based, the trolley grids are prime candidates
to be used for more applications than moving buses. Using the grid for other applications than transporting buses
is called grid multi-functionality. Examples of multi-functionality are integration of electric vehicle (EV) charging
poles and street lightning into the LVDC grid directly [9, 11]. From an energy efficiency standpoint this makes
sense, because the batteries in the EV’s are DC powered. In [11], K.A Smith et al. compares the integration of EV
charging points on the existing street lightning network of the UK (LVAC) and compares it to the integration of
EV charging in a LVDC grid. Their main conclusions are; distribution losses are lower and energy efficiency of the
charger is higher.

In many places, some form of multi-functionality is considered for the existing trolley grid infrastructure. In
Arnhem, Solingen, Prague, Gdynia, Eberswalde, Szeged and possibly many more cities are considering intergating
some form of grid multi-functionality in their trolley grids [8]. Now that we understand why interest in the trolley
systems is renewed, it is important to understand the challenges that the systems face.

1.2 Challenges in trolleybus systems
The main motivation for this work is the energy use of these trolley grids. Especially with the developments in
the trolley systems (eg. larger buses, IMC buses, grid multi-funcitionality) the electricity demand is increasing.
Unfortunately, the majority of this power is still regenerated in a non-renewable way, contributing to global warming
and to climate change [12, 13]. Furthermore, the grids are low voltage and due to the large load peaks, large voltage
drops occur. This results in increased transmission losses and may cause the currents to exceed the rated current of
the overhead lines. Moreover, this may hinder the developments of the trolley grids. More information about how
these voltages drops occur and an example of voltage drop in the trolley grid in Arnhem, the Netherlands can be
found in appendix B. In this work however, the focus is not on improving the robustness of voltage the overhead
lines, but rather on increasing the renewable energy share of trolley grids.

To see how large the CO2 contribution of trolley systems are, the emissions of the trolley grid in Arnhem, the
Netherlands have been approximated. The average energy use per km in Eberswalde, Germany is 2 kWh per km
[14]. Similar values were later found for the trolleybuses in Arnhem, the Netherlands. These values are presented
in the figure below.
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Figure 1.5: Energy per km for trolleybuses in Arnhem, the Netherlands

The observant reader may have noticed that line 4 is not shown in the figure. The reason for this is because the
line was discontinued in 1950. For Arnhem, the trolley grid the annual energy consumption is around 6 GWh [15].
In the Netherlands, the average electricity consumption per household is around 2800 kWh, therefore the trolley grid
has an electric energy demand equivalent to over 2000 households. Now that we have established that the Arnhem
trolley grid consumes a substantial amount of energy, the energy use has to be related to CO2 emissions. In the
Netherlands, the electricity is mostly generated in a non-renewable way. The energy mix for electricity generation
by source is shown in figure 1.6 [16].

Figure 1.6: Energy mix for the Netherlands [16].

To find the CO2 impact of the electricity generation, the sources have to be linked to their emissions.
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The emissions per energy source are shown in table 1.1 [17].

Table 1.1: CO2 emissions per source [17]

Source kg CO2eq/ kWh
Coal 820
Oil 820
Natural gas 490
Biofuels 740
Waste Varying
Nuclear 12
Hydro 24
Solar PV 48
Wind 11

By combining the energy mix with its carbon footprint, the CO2 emissions for the Arhem grid are estimated
at around 3300 Mton. The final step is to relate the CO2 emissions with impact on global warming and climate
change. It has long been established that CO2 emissions have effect on climate change [18]. Moreover, it was found
that human-induced climate change results in global warming, which brings along massive costs due to humans
having to adapt to the new environment [1]. Furthermore, it was found that anthropogenic CO2 has irreversible
effects on climate change [13]. The importance of sustainable electricity is listed seventh of the 17 most important
goals for the 21st century by the United Nations [19].

There are two ways to reduce the CO2 emissions of the trolley systems. The first is to reduce the energy
consumption. This could be done by reducing the consumption of the buses or by reducing the transmission losses.
Alternatively, a renewable energy source could be used to decrease the use of non-renewable energy. Reducing the
energy consumption of trolleybuses could be done by installing on-board energy storage. In [20] Stana et al. size
on-board supercapacitors (SC) to reduce distribution losses and optimize braking energy recuperation. In their
conclusions they state that up to 50% of the power demands during acceleration can be supplied by SC’s, thereby
limiting the distribution losses between 19.31% and 24.25% on a distance up to 2km. In this work, however, the
focus is on introducing a renewable energy source to reduce the CO2 emissions.

1.3 Problem statement
Sizing a renewable energy system gives a trade-off between power utilization by trolleybuses and dump to the
surrounding grid. It is important to minimize this dump, because of technical, economic and contractual reasons.
For technical reason, it could be that the old connections to the MVAC grid are not physically capable of exporting
the power. In this case, the power export is physically limited. Moreover, since the PV or wind systems are likely
to be large, offsetting does not apply anymore rather a feed-in-tariff may apply. By offsetting, the imported and
exported energy are subtracted from each other and the consumer only pays for the left over imported energy.
With a feed-in-tariff, the prices between the exported and imported power are different. If there is no sun and or
no wind, the price difference can be significant. Finally, the operator of the grid has to be in agreement with the
distribution grid operator about the export of energy. This may also limit the export of PV or wind. To make the
work practical, the focus is entirely on the trolley grid of Arnhem, the Netherlands.

1.4 Research Objectives
The main research objective is:

Investigating the attainable renewable energy share of the Arnhem trolleybus grid while minimizing
the need for seasonal storage.
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The below table shows an overview of the research questions and where they are answered in this work.

Figure 1.7: Research questions

First a renewable energy source should be selected. Next, it should be decided where the energy system is con-
nected to the trolley system. This could be on the DC-side (DC- busbar or sections) or on the AC-side (substation).
Next, the size of the energy system should be established. After the system is designed, the system performance
should be analysed. The first questions is about the fraction of energy that is directly utilized by the PV. This
question shows how large the mismatch between generation and bus load is and motivates the use of energy storage.
For the last question, the generation is coupled with storage to quantify the effects on energy utilization.

1.5 Research Scope
This work is about sizing and placement of renewable energy in the Arnhem trolley grid with the aim of increasing
the renewable energy share. The analysis is purely technical. Investigating ways to reduce the trolleybus loads or
decrease transmission losses are not part of this research. Furthermore, power flow calculations across the overhead
lines are also not executed. These calculations require a detailed topology of the overhead lines, which was not
shared with the TU Delft at the time of writing. Rather, a constant energy loss of 16.7% was conservatively assumed
for power flow on the overhead lines. Moreover, the effects of IMC, grid multi-functionality and bilateral connects
are not researched. Finally, the research is focused only on the trolley grid of Arnhem. Therefore, city-specific
parameters cannot be compared and the conclusions are limited to the Arnhem grid.
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1.6 Project workflow and report organization
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Chapter 2: Literature Review

The bus load and the bus traffic must be modeled as well as the energy generation and storage systems. In this
chapter, literature on which the research is based is discussed. The gaps in the literature are identified, establishing
the ground for this research.

2.1 Bus load
First realistic bus load profiles need to be established. These profiles form the basis of the load on the substations.
In literature a standard bus velocity cycle is often used, see figure 2.1. [21, 22, 23, 24]

Figure 2.1: Bus velocity and power profile [21]

In this profile four different stages are considered; I) acceleration, II) constant speed, III) coasting and IV)
braking. For the acceleration stage, Newton’s second law is considered.

FT = m · a+ FR (2.1)

Here FT is the traction force, m and a are the mass and the acceleration of the bus, respectively. FR are the
resistive forces acting on the bus. These resistive forces consist of the roll force, drag force and the gradient force.
The roll resistance is approximated by the deformation or abrasion of the tires [25]. The drag force is caused by air
friction. The gradient forces are the gravitational forces om the bus, depending on the incline of the road.

For the constant velocity stage, the acceleration is set to zero. For the coasting stage, the traction force is set to
zero. For the braking stage, the bus is assumed to decelerate as quickly as it accelerates (0.5 m/s2).

To make the profiles more realistic, in [21], speed reduction and standstill time are are varied with the traffic
conditions. Four levels of traffic are considered: no traffic, low traffic, medium traffic and high traffic. These traffic
conditions are assigned to times in the day and impact the probability that buses are delayed by nodes on the route.
How the authors constructed these traffic conditions was not published.

To my knowledge, the modelled bus velocity and power has not been compared with measurements on the bus.
For illustration, in figure 2.2, measurements from an Arnhem trolleybus are shown.
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Figure 2.2: Sample of bus velocity measurement

It is evident that the velocity profile shown in figure 2.1 gives a too simplistic image of the actual velocity.
In figure 2.3a and 2.3b the computed and measured power profiles are compared.
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(a) Example bus load computed [9]

(b) Example bus load measured in Arnhem

Figure 2.3: Comparison between calculated and measured bus loads.

From these figures, two things are apparent. First, the simple power model does not capture the dynamics of
the real bus load. Second, the simple power model does not include power for the heating, ventilation and AC
(HVAC) of the buses. In figure 2.3b, the fraction of the loads of the HVAC are visible as the power plateaus at
around 40 kW. The fraction of the bus load to support the HVAC can be up to 35% in the summer and up to 43%
in the winter [14]. To accurately model the bus loads, the HVAC loads can therefore not be ignored.

In this work, the modeled velocity and power profiles are replaced by measured profiles for all the bus routes.
The velocity measurements are used as input for a bus load model [26]. The calculation of the bus power profiles
was already done by researchers of the HAN university and shared with TU Delft.
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2.2 Bus traffic
The bus traffic must be incorporated to compute the loads under each substation. In literature, no instances have
been found of a complete modeling of the bus loads for an entire trolley grid.

In [27], the authors aim to optimize the design for stationary supercapacitors for train systems. In their approach,
they go in detail about how the voltage of the trains and the current in the overhead lines can be calculated, see
figure 2.4.

Figure 2.4: Equivalent circuit of single side DC contact line [27]

The approach suggested in this paper can be useful for computing the voltages and currents for all the nodes in
the Arnhem trolley grid. It is important to note that trolley buses do not have a low resistance return path at the
ground. Therefore, the current in the overhead lines should be doubled. However, power flow calculations in the
overhead lines are not part of this work. In the paper, the authors account for two buses on a single section which
may leave at varying times. Furthermore, they assume that the mean value of the power drawn by each train for
each position can be identified by a probabilistic analysis [28]. A probability analysis for bus loads is a lot more
difficult than for trains, since the load is a less predictable. Furthermore, in the Arnhem grid, often more than two
buses are on a single section (see figure 3.9).

There are publications with more than two trolley buses on a single section. In [29], the authors compare seven
buses on a single line to investigate the effects of energy-saving due to battery-assisted buses recuperating the braking
energy. An even more complex traffic scenario can be found in a paper from the Wuppertal university. In this
work, they explore the loads on the substations for a future trolley grid (with EV charging, PV and battery-assisted
buses). The authors consider 46 conventional trolleybuses with an additional five battery-assisted trolleybuses on
one line for the Monday bus schedule [23]. This paper resembles the aim of this thesis the best.

However, this paper does not capture the complexity proposed in this work. In this thesis, the bus traffic for
seven bus lines are considered with buses from multiple lines that may be crossing. Moreover, the bus traffic shall
be simulated for the entire year instead of a single day. Besides, in [21], the simplified velocity and power profile
(figure 2.1) are used.

To recap, this work aims to expand upon the current literature by using measured bus velocity and power values
instead of simplified profiles. In addition, the bus traffic for all buses in the Arnhem grid for the whole year shall
be computed. To my knowledge, this has never been done before for trolley systems.

Now that the literature on the modelling of the bus loads and the traffic has been scrutinized, it is important
to do the same for renewable energy integration in these systems.
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2.3 Renewable energy integration in low voltage transit grids
In this thesis, wind and PV energy are both considered as the renewable energy source. In figure 2.6, the advantages
and disadvantages of each source are listed. Below each category is discussed.

Figure 2.5: Advantages and disadvantages of PV and wind integration in trolley grids.

PV produces DC-power and wind produces AC-power. Both may have their advantages in a trolley system.
The PV has a higher energy efficiency if its placed on the DC-side and wind has the advantage if it is placed on the
AC-side (connected to the MVAC grid). PV has a better diurnal generation profile than wind, because the solar
profile matches the load profile of the grid better. Therefore, less short-term energy storage is required. Moreover,
PV is more urban-friendly than wind, the wind characteristics may be affected a lot by the city. Therefore, wind
energy cannot be harvested close to the sections, which leads to transmission losses. In addition, PV can be scaled
better by adding more panels.

The benefit of wind energy as source are more specific to the location of the trolley grid. In the Netherlands,
wind energy has the benefit of a better fitting seasonal profile because the energy consumption of trolleybuses rises
(due to heating) in the winter. Moreover, the Arnhem grid has summer bus schedules that have a reduced number
of bus trips. The wind potential is the also highest in the winter. The last category is cost. In figure 2.6, the
trends for the Levelized Cost of Electricity (LCoE) and the action prices for onshore wind, offshore wind and PV
are shown.
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Figure 2.6: Price trends for onshore wind, offshore wind and PV [30].

Globally, the costs for onshore wind are equal to that of PV. However, the price drop for PV is steeper. In the
Netherlands, the LCoE is lower for onshore wind than for solar PV in the Netherlands [31]. The cost for offshore
wind is higher than the cost for PV.

Despite the lower cost for wind (in the Netherlands), the preferred renewable energy source is PV. This is
because the PV is modular and urban-friendly. It can be placed close to the trolley grid at multiple locations.
Furthermore, if needed, the PV system can easily be expanded. Later it was found that the seasonal mismatch
between PV generation and bus load is large, the PV system is then expanded with a wind system.

PV has succesfully be integrated into LVDC grids before in the form of microgrids [32]. A microgrid is a group
of interconnected loads and distributed energy resources within clearly defined electrical boundaries that acts as a
single controllable entity with respect to the grid. A microgrid can connect and disconnect from the grid to enable it
to operate in both grid-connected or island-mode. In this way a microgrid is similar to a trolley grid. However, one
crucial difference between solar PV integration in microgrids and trolleygrids is the unpredicability of the position
of the loads on top of the unpredictability of the time occurrence of the loads and generation. Therefore it is much
more difficult to size and place the solar PV and stationary storage for trolleybus grids than microgrids. This is
the main challenge with integrating solar PV in trolley grids.

PV is has also been integrated in transit grids before. Publications on integration of solar PV into train net-
works were found [33, 34, 35, 36]. However, often the PV was placed on top of the train, which is different from the
stationary placement proposed in this work [33, 34, 35]. Only one paper proposed to place the PV on the station
[36]. For train grids, the traffic and load are easily modelled because they are predictable. Therefore, non of the

17



papers go into detail about how they accomplished this. Furthermore, the main aim of the papers is not to increase
the renewable energy share as much as possible, rather it is to power auxiliary power (eg. lightning, EV’s at the
train station). Therefore, these papers only vaguely resemble the aim of this paper.

Integration of PV into tram networks was described by [37]. Insights from this paper are interesting for increasing
the voltage profile robustness and thereby reducing transmission losses. Moreover, tram systems are comparable
to trolley systems as they are both DC-powered at low voltage (600 to 900 VDC in this article). Given their
identical power requirements, the voltage drops experienced by both systems are comparable. In this paper, the
PV is sized based on the available area on the tram shelters. The PV is combined with supercapacitors to supply
the peak power demands of the trams. The aim of the article is to find an economic optimum for the amount
of supercapacitors connected in parallel and series for each tram stop. For this a random searching optimization
problem was established. This is an algorithm that based on some initial guesses tries to minimize an objective
function by trial and error. The objectives in this function are the costs associated with: the energy stored into
the SC’s, the energy losses and the energy produced by the PV. The results show that the system remains within
the voltage and current ranges for all simulation times, however the voltage drops to almost 600V at one time.
This suggests that the economically optimum found in this paper does not yield the best setup for reducing voltage
drops. Moreover, the effects of the SC integration on the power demands of the trams shows that the SC’s hardly
make a difference for the power demands of the trams. This is likely because the size of the PV is only 12 kWp,
which is very small in comparison to the loads of the trams. Moreover, the PV profile proposed in this paper is a
perfect profile for a summer and a winter day. These profiles are in practice unrealistic, see figure 2.7.

Figure 2.7: PV power profiles December and July [37]

The optimization in this paper is aimed at making a cost effective energy storage which may help to make the
voltage profile more robust and reduce transmission losses. However, for increasing the renewable energy share the
storage has little impact. Furthermore, only one line of 1.8 km was simulated with a single tram for 5 minutes.
Therefore, a lot of the challenges for this work are not adressed in this paper.

PV integration in metro systems is also already investigated [38, 39]. In [38], the authors perform a feasibility
study on the M1 light metro line in Istanbul to use PV on top of metros in combination with batteries and new
LED lamps to replace the energy inefficient fluorescent lights. Their objective was to show that PV and storage
on metros can perform niche power applications (like replace the lighting). They estimate that their system has a
payback time of 7.5 years, which - considering the lifetime of the system - make it a cost effective investment.

In [39], PV is integrated on a larger scale into a MVAC network (35kV) after inverting. With their work, the
authors aim to improve the power factor of the AC power that is rectified for the metros. They do this by using
the inverter of the PV to generate a reactive power. This reactive power cancels the reactive power of the grid and
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therefore increases the power factor from 0.9 to 0.96. However, the trolley grid is DC powered and therefore has a
power factor of one. The aim of this paper thus only vaguely resembles the aim of this work.

Integrating PV into trolley grids has been proposed before by researchers of the Univerisity of Wuppertal, Ger-
many. In [9] M. Salih et al. apply an adapted Newton Raphson power flow algorithm (ANR) that they developed
in [40] to the nearby Solingen trolleybus grid to determine the electrical state (voltage across the nodes and power
flow towards the nodes) of all grid nodes (components connected to the grid) at all times. In this NRA they include,
trolleybuses with IMC, solar PV and grid multi functionality (EV charging). The approach suggested here may be
interesting for the Arnhem grid if the PV is placed on the sections. However, to compute power flow calculations
the topology of the overhead lines need to be known. At the time of writing, the topology of the Arnhem grid has
not been shared with TU Delft. Therefore, power flow calculations are not possible. The method for power flow
calculations and methods for PV placement on sections is placed in the final section of this literature study called
future research.

Moreover, in [9], the authors modeling approach for the solar PV is rather simplistic. In short, they create a
’realistic’ solar profile, based on a prefect solar profile for the coordinates of Solingen and the introduction of a
semi-randomized cloud factor (between 0 and 1), which depends on the seasons. See figure 2.8.

Figure 2.8: Ideal and realistic PV power profiles [24]

The reduction factor is based on a fit with data from the 2016-2017 data set for Wuppertal, Germany. In the
paper, the authors do not go into detail about how good the profile fits the measured data.

In this thesis, a different approach is selected. Measured data from nearby KNMI stations have been interpo-
lated and used as input for a stochastic model to create realistic solar data. This was automatically excucted by
Meteonorm [41]. Now that the renewable energy source is selected, the location where the energy system connects
to the trolley system should be decided.

2.4 Placement of the PV system
Before the PV and storage can be sized, it is important to analyse the possible locations where the PV and storage
systems could be placed. In this work, the assumption is made that PV and storage are placed at the same location.
Therefore, are three possible combinations where PV and storage can be placed; on the substation (AC-side) or on
the DC-busbar or section (DC-side). The three options are shown in figures 2.9, 2.10 and 2.11, .
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Figure 2.9: Option 1: PV and storage at the substation

Figure 2.10: Option 2: PV and storage on the DC-busbar
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Figure 2.11: Option 3: PV and storage on the section

In literature, PV is often placed directly on the overhead lines (DC-side) [9, 22, 24]. Placement of PV on
the sections results in more sources from which the buses can be powered and consequently lower voltage drops
and transmission losses in the overhead lines (see appendix B). Placement of PV on the DC-busbar results in
lower resistance transmission between the sections. Moreover, DC-side placement has the advantage over AC-side
placement when it comes to energy efficiency. However, DC-side placement has important disadvantages compared
to AC-side placement. If - for a substation - the PV generation is larger than the bus load, the excess PV cannot
be send to the AC-grid due to the rectifier. This power either has to be stored or wasted. By placing PV on the
DC-side, a significant part of the PV power may be wasted.

Since the objective of this work is to increase the renewable energy share, AC-side placement has been selected.
Another reason to choose the AC-side was the requirement for a grid topology. Placement of PV on the DC-side
requires power flow computations in the overhead lines, for this purpose the amount of parallel overhead lines should
be known. For the AC-side, the topology is also necessary to do the power flow calculations, however in this work
a constant power flow loss of 16.7% is assumed for transmission over the overhead lines. Energy storage should be
included to reduce the mismatch between generation and load. There are two positions where the energy storage
could be located; on the trolleybuses or on the ground. If the storage were to be placed on the trolleybuses, the
storage cannot be used to reliably store the renewable energy. If the bus drives from one section to a section that
is isolated, the intermittent source cannot use it to store power anymore. In addition, the storage size on a bus
is limited due to the mass and size constraints. This limits the amount of PV that can utilized by buses. In this
work, the main aim is to increase the renewable energy share of the trolleybuses as much as possible. Therefore,
stationary storage was selected.

2.5 Research gap
This thesis aims to expand upon the current literature by simulating the bus loads on a complete trolley grid for
a whole year with measured bus and PV data. In the current literature, simplistic and inaccurate models have
been used to calculate the bus load and PV generation. The velocity profiles and power profiles shown in literature
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do not represent the actual profiles accurately. Moreover, the simplistic bus power profiles do not account for the
HVAC power requirements. In practice, the HVAC requires a significant share of the overall bus power.

This work aims to further expand on the way bus traffic is modelled. Thus far the trolleybus traffic has only
been simulated for one line maximum for a single day. In this thesis, seven bus lines with interconnected sections
shall be simulated for an entire year.

Finally, integrating solar PV into trolley grids has been proposed before. However, the methods for simulating
the PV are based on an ideal PV profile that receives a semi-random reduction factor based on the seasons. In this
work, the PV shall be modelled using data from the nearby weather stations. Furthermore, the PV temperature
and efficiency calculations shall be done on the basis of a fluid dynamic model for actual solar panels[42]. In this
way, this research provides a more thorough way to simulate the PV that has not been applied to trolley grids
before.
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Chapter 3: Models

In the previous chapter, we have established that a model is necessary that simulate the bus loads for the entire
Arnhem grid year-round. In this chapter this model is described in detail. Afterwards, a model is described for the
PV. However, first the Arnhem trolley grid is introduced.

3.1 Research method: A case-study on the Arnhem grid
To answer the research questions the work has to take a pragmatic turn. Therefore, the Arnhem trolley grid is used
for a case-study. In this section an overview of the Arnhem trolley grid is presented and the case-study is explained
in detail.

The Arnhem trolley grid is the one of the largest trolley grids in West-Europe and is the only trolley grid in
the Benelux that is still operational. Furthermore, the Arnhem trolley grid is one of the grids that is selected
for the trolley2.0 project and will therefore support IMC buses in the future[8]. Also, there are plans to add grid
multi-functionally to the Arnhem grid. The load on the Arnhem grid will therefore increase in the coming years.
An overview of the trolleybus grid of Arnhem is shown in figure 3.1.

Figure 3.1: Arnhem grid overview

There are seven trolleybus lines in Arnhem (lines 1,2,3,5,6,7 and 9). Only lines 1,2,3,5,6 and 7 have been
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modeled, as there was no data available for line 9. This is because line 9 is a new line that has been operation only
since December 2017. This line may be modeled if data from this line becomes available.

The remaining lines are divided into 44 sections. Furthermore, there are 18 substations, which are indicated
by the red dots. The CS substations are the substations near the central station and are a collective of substation
4, 9 & 21. The HQ substations are the substations near the head quarters of connexxion and are comprised of
substation 3 6. The connection of the feeder cables with the overhead lines is poorly visible in the graph and is
not relevant for AC-side placement, since the PV is placed on the substations and not the sections.

It has been confirmed by Connexxion that there are bilateral connections in the Arnhem grid, however the
precise topology of the grid has not been shared with TU Delft. Therefore, it was decided to model the grid
as being unilateral (the substation can only feed the sections its connected to with the feeder cables). Bilateral
connectivity may be added to the model later, the insights of this model may still be useful at locations with
unilateral connections. Although the grid may differ in size from other trolley grids, the general topology of the
grid is similar. Therefore it is reasonable to assume that the model proposed here can be extrapolate to other
trolley grids.

3.2 Bus data
Kiepe Electric GmbH - the electrical component supplier of the trolleybuses - has collected data on the trolleybuses
as commissioned by the HAN university. These measurements have been executed from December 2018 to January
2019 while the buses where in normal operation. Table 3.1, shows the number of measurements per line and the
distance of that line.

Table 3.1: Bus measurements by HAN university [26]

Line No. Source to destination No. of trips Length of one trip [km]
1 Velp to Oosterbeek 11 11.5
1 Oosterbeek to Velp 12 11.5
2 Arnhem Central to De Laar West 10 8.5
2 De Laar West to Arnhem Central 8 8.3
3 Het Duifje to Burger Zoo 8 9.8
3 Burger Zoo to Het Duifje 11 10.3
5 Presikhaaf to De Zeis 8 14
5 De Zeis to Preshikhaaf 8 14
6 De Laar West to HAN 7 12
6 HAN to De Laar West 7 11.5
7 Rijkerswoerd to Geitenkamp 8 12.6
7 Geitenkamp to Rijkerswoerd 8 12.6

At the time of writing, not all this data was made available to TU Delft. For each line in both directions, the
measurements with the highest average bus power and the lowest average bus power were accessible to TU Delft
for the use of bus load simulations. Furthermore, the monthly energy output of the substations is provided for the
years 2016, 2017 and 2018. To construct the bus loads for each substation year-round, the raw power measurement
data needs to be processed and in combination with the traffic data used to construct the power output of the
substations. The aim is to emulate the measured substation output while preserving realistic bus power profiles.
How this was done is described in detail in section .

In this chapter the various models that are used in this work are discussed in detail. First the bus power model
is explained, followed by the PV model and finally the storage model is discussed.
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3.3 Modelling the bus load under the substations
First a model for the bus power demand under each substation must be established, without this model the case-
study cannot take place. The grid model is constructed from a bottom-up approach; measured data from the buses
in combination with bus schedules is used to build up the power demands on each section and subsequently on
each substation. Before the model is explained in detail it is important to scrutinize the input data for the model first.

As input data for the grid model, power and velocity measurements on the trolleybuses as well as the bus
schedules have been used. In Arnhem there are six trolley lines that each operate on a different bus schedule in
both directions. In addition, there are five different bus schedules depending on the day of the year. Namely, a
workday, Saturday, Sunday, summer-workday and summer-Saturday bus schedule. The summer bus schedules are
active from 30 June to 17 August 2019. The Sunday schedules remain unchanged throughout the year. These
schedules can be found online [15]. From the bus schedules, the time that the bus arrives at the first bus stop has
been used as input for the model, the bus movement is based on the measured data.

In figure 3.2, the bus velocity - as measured by Kiepe Gbmt - is shown. In the bus trip of around 40 minutes
the bus is often changing velocity, this is expected because of the varying traffic situations, the road topology and
the bus stops. In figure 3.3, it is clear that these accelerations have a major impact on the bus power consumption.
The first few minutes of the measurement the velocity of the bus is zero. Since we would like to use this profile to
indicate the bus movement from the moment when the bus leaves the first stop, the zero-velocity measurements at
the beginning were removed. Of course, it could be that buses are standing still for an extended period of time at
the first stop, however this behaviour was deemed unrealistic for normal bus operation.

Figure 3.2: Sample of bus velocity measurement

In figure 3.3, the power of a bus has been plotted.
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Figure 3.3: Sample of bus power measurement

From this plot we can see that the continuous accelerating and braking has a major impact on the power profile.
When the bus is braking the power drops below zero. At these times, the bus is functioning like a generator that is
trying to send power back to the overhead lines. When there is another bus under the same substation that requires
power - or in case of bilateral connections even under another substation - the bus can transfer its braking power to
that bus. However, when there is no recipient of the bus power, the power gets fed to braking resistors and wasted
as heat.

Another thing that should be noted from the plot are the power plateaus at around 40 kW. These plateaus are
the result of the Heating,Ventilation and Air-Conditioning (HVAC) and auxiliary power requirements of the bus
when the bus is not using power for movement. The climate control in the bus is operated based on a temperature
sensor(s) that measure whether the temperature inside the bus is within the set temperature range. If the temper-
ature is not within the range, the climate control will power the HVAC at 38.4kW to correct the temperature. It
is therefore clear that the HVAC demands most of the non-movement power and that this power is not negligible.
Especially on cold days the HVAC energy can be significant, amounting to almost 50% of the total bus energy
[26]. The auxiliary power is only one or two kW and is therefore negligible. Unfortunately, the measurements were
carried out from December 2018 to January 2019 [26]. Since the aim is to use the measured power data sets to
compute the power of the substations year-round, the power data had to be corrected for the HVAC power.

First the HVAC power had to be removed from the measured data. The HVAC power profile was recreated
by multiplying the HVAC trigger signal (0 or 1) with the HVAC power of 38.4kW. This profile was then sub-
tracted from the measured data to yield the clean power profiles, see figure 3.3. Here again the first few minutes
of measured data were removed. It was later found that the HVAC power is also set to zero if the bus load is
higher than 300 kW to prevent overheating of the overhead lines, however this is not considered in this work.
The impact of this assumption is not likely to have a large effect on the bus load profile. From figure 3.3 it can
be seen that the 300 kW only happens in the acceleration peaks of the bus and are only sustained for small duration.

The idea behind the model is to use the power and velocity data from the buses to determine where in the
grid the bus is drawing what power. Later on, the PV is sized according to the energy and power demands of the
substations. The steps below give a simplified illustration of the logic behind the grid power model.
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Figure 3.4: Stages of the grid load model

The first stage has already been discussed in section 3.3 and the second stage is trivial. Therefore, the explanation
shall continue from stage three on-wards.

3.3.1 Stage 3: Create bus loads for days
Initially, the simulation was carried out for each line in both directions and for each bus schedule. A matrix was
established with alternating bus location and bus power data columns. The values from all the buses cannot be put
into the same two columns because if there are multiple buses on the same line at the same time the last bus to be
computed will override the values of the previously computed bus. The bus values can also not be added together
in the same two columns because the locations of the buses will then not be accurate anymore and they cannot be
grouped into sections later on. Moreover, the power values can also not be added together because this mean that
the buses are sharing power in the whole line without considering transmission losses. Of course, power sharing
in the whole line is not realistic, especially if you take into account the assumption of unilateral connections. To
save on computational time, it was checked for each bus if a set of the earlier used columns was available (eg. that
earlier bus is no longer active for that trip) and if this was the case the new bus was put into that set of columns.
According to the bus schedules, not all buses drive the entire line. Some buses start at the central station (CS) and
drive to the end of the line, while others begin at the first bus stop and stop at CS. In this work, it was assumed
that measurements are used till the time that they enter the CS or from the time that they leave the CS. The
waiting time of the buses is unknown, because it is not clear how the buses transition from one line to another at
the CS. In this transition time, the buses may be heated or cooled, but this is not taken into account in the model.
This approach resulted in a matrix for each line for each day with a different bus schedule.

3.3.2 Stage 4: Creating year-round bus loads
The bus values for each line for the days with different bus schedules were now made into year matrices for each
line. This was done by appending the rows of the bus data from different days according to the calendar. Making
year matrices out of day matrices increases the computational burden considerably. However it was still decided
to do it early on in the model because of the chosen approach for incorporating the HVAC power demands of the
buses. This approach is discussed in the next step.
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3.3.3 Stage 5: Construct the climate control power demands of the buses
The process for creating the HVAC profiles is shown in figure 3.5.

Figure 3.5: HVAC power construction logic

Starting from the left, the bus schedules in combination with the measurements are used to see if a bus is
currently active on that line. To clarify, by active a bus that undertakes a trip is meant. If this is the case a 1
is placed in the first column of matrix for that instance in time. If there is no bus a 0 is placed in that location
instead. Similar to the structuring of the bus locations and powers, if multiple buses are active at the same time
the next column receives the 1 and so on. Year matrices can be constructed with the use of the year calendar.
These new matrices contain the signal for when the HVAC could be on. But as we have seen in figure 3.3, it does
not mean that the HVAC is active when the bus is active.

To compute the actual HVAC power, the logic continues at the top-right of the logic chart. It was observed
from the power measurements that the HVAC operates in cycles of approximately five minutes. In these five minute
blocks the climate control turns on the HVAC for a fraction of the time. If a lot of HVAC power is required, the
on-time is close to the cycle time. HVAC power reuirements are low, the on-time is close to zero. This observation
lead to the approach for estimating the HVAC power without the need to establish a thermodynamic model, which
would be outside of the scope of this work.

In [26], the researchers try to construct an energy-balance for the Arnhem trolleybuses but conclude that all but
one variables are trip specific and relate to each other. Therefore it would be difficult to get an accurate general
HVAC power model. The researchers continue by correlating the average HVAC power with the ambient temper-
ature, since this is the only parameter that is not trip specific. This is shown in figure 3.6. Here, the black dots
show the average HVAC power for the each bus trip as a function of the ambient temperature. However, since the
measurements are conducted in the winter the ambient temperature range is only between -1 °and 12 °. Therefore,
the fit is not usable for the entire year.
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Figure 3.6: Average HVAC power as a function of ambient temperature [26].

To get a better approximation of the HVAC power, formula 3.1 was used to come up with a general power
balance across the bus has been constructed for ambient temperatures in the range of -20 °to 40 °Celsius [26].

Q̇net = U ·A · (Tamb − Tcab) + ṁfreshair · (eamb − ecab) + ṁdoorair · (eamb − ecab) · ndo + np · Q̇p (3.1)

In this formula Q̇net is the net heat flowing in and out of the bus. The first term represents the heat losses
through the vehicle body, here U is the overall heat transfer coefficient of the bus, A is the area of the bus, Tamb and
Tcab are the ambient temperature and the cabin temperature, respectively. The second term represents the heat
exchange due to fresh air circulation, here ṁfreshair is the mass flow rate of fresh air flowing through ventilation of
the bus, eamb and ecab are the enthalpies of the outside and inside air. The third term represents the momentary
heat exchange due to opening of doors at the bus stops, here ṁdoorair is the mass flow rate of air through the open
doors and ndo is the number of doors that open. Finally, the forth term represents the metabolic heat gain from
the people inside the bus, here np is the number of people on the bus and finally Q̇p is the heat generated per person.

Although the heat balance across the bus is continuously changing, the climate control does not follow the same
dynamic behaviour. Therefore, the assumption was made to assume average values for the inputs of the formula
with exception of the ambient temperature.

The values that have been assumed are stated in table 3.2.
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Table 3.2: Input variables for equation 3.1

U 40 W/(m2*k) Convective heat transfer
assumed

A 72 m2 Only for sides, roof and bottom
of bus

ṁfreshair 2 kg/s

Mass flow of fresh air -
ventilation (6120m3/h for 100%
of the time, air density of 1.225

kg/m3)

Tcab 294 K Inside temperature (21°)

ecab 294000 J/kg Enthalpy of inside air

ṁdoorair · ndo 0.6 kg/s
Mass flow of fresh air - doors

(25% of the time doors are open
at a volume flow of 10000 m3/s)

np 20 [-] Number of people on the bus

Qp 100 W Metabolic heat generation per
person

For U 40 w/(m2*k) was assumed because this is close to the convective heat transfer coefficient for unforced
convection at 10m/s, which is assumed to be the average bus velocity. This is in accordance with the measured
data. For the area of the bus only the side, bottom and roof of the bus have been assumed as areas that transfer
heat, because these areas experience the 10m/s air flowing by. The heat transfer across the other areas is negligible
compared to these areas. Furthermore, the ṁfreshair has been assumed to be 2.0 kg/s. This is equivalent to 6120
m3/hr at an air density of 1.225kg/m3 which is the air flow rate for 12m long buses in Turkey at around 30 degrees
Celsius [43]. Due to a lack of a specification sheet this value is also taken for the Arnhem trolleybuses. The higher
temperature in Turkey could be compensated by the longer bus length of 18m. Furthermore, ṁdoorair · ndo is taken
as one value of 0.6 kg/s. This is was based on the assumption that the doors are open 25% of the time with an air
flow of 10000 m3/s which is equivalent to a tiny breeze. Finally, it is assumed that there are on average 20 people
on the bus with each a metabolic heat generation of 100 watts. The 100 watts is based on the assumption that a
person eats approximately 2000 calories per day.

The final step in relating the HVAC power to ambient temperature is the coefficient of performance (COP) of
the climate control. The COP is calculated with the following formula:

COP = Peffective climate control

Pconsumed climate control
(3.2)

Since the climate control is removing or adding energy to the bus, the COP can be higher than unity. For the
heating operation of climate control a COP value of 4 is assumed and for the cooling process a COP of 5 is assumed.
The average HVAC power can then be calculated by equation

P̄cc =
˙Qnet

COP (3.3)
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Admittedly, due to a lack of information, some of the inputs for the energy balance are educated guesses.
However, in the temperature range, the data fits nicely. Therefore, it was assumed that the climate control power
could be estimated with this approach within the range of -10°to 40°. The results of this approach together with
the measured values from Kiepe GmbH are plotted in figure 3.7.

Figure 3.7: Comparison between the calculated and measured climate control average power demands

Since the results are similar to the measured data and because the approach is practical, this method was
selected for the work in this thesis. However, the method has some major assumptions which could give significant
errors in the approximation of the overall bus load. First of all, the buses are assumed to be at at a temperature of
21 °C. At the start of the day and during breaks this is not the case and the climate control temporarily needs to
do more work to reach the desired set point. Furthermore, it could be that the climate control was just operational
for a bus arriving at the final bus stop, but is now used for a new bus in the reverse direction. The climate control
will then be operational for a longer duration than necessary.

It is clear that modeling the HVAC in this method results in the errors listed above, but how much this affects
the actual HVAC output is not known and can be found by comparing the model with more measured data.
However, the errors are assumed to be small since the extra HVAC power to reach the steady-state temperature
can be reached within a fraction of the time of a workday. Moreover, the error of using the HVAC for longer than
necessary on the ends of the lines can be in the worst case result in 5 minutes of additional HVAC power per line,
which is not a lot considering the trip durations.

To get more accurate results a thermodynamic model could be constructed, but for this model to be working
properly a lot of trip specific inputs are required. In addition, this model would - without a doubt - increase the
computational burden. It is therefore only recommended to construct such a model if a very detailed HVAC power
profile is required.

Now that we have a method for relating the HVAC loads to the ambient temperature, the logic in figure 3.5
can continue at the top right. Next, the ambient temperature for the Arnhem needs to be used to compute the
actual HVAC loads. The per-minute ambient temperature data from nearby weather stations has been used. For
the temperature data, the following locations have been used: Deelen (7km, NL), Kalkar (39km, DE), Soesterberg
(45km, NL), Volkel (41km, NL), De Bilt and Hupsel (53km, NL). The selection of stations and the interpolation has
been automatically carried out by Meteonorm. Furthermore, the data ha a resolution of one minute and is based
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on a data set from 2000 to 2009 for temperature variables and 1991 to 2010 for the irradiance data. Meteonorm
generates realistic data by applying a stochastic model to the data.

By holding each fifth weather data point for 300 seconds - and removing the other points- the data was made
into per-second data. Then a matrix was constructed that relates the ambient temperature for each second with
the average HVAC power. Next,the on-time of the HVAC for each 5 minute interval was calculated using equation
3.4.

ton = tcycle ·
P̄actual

Prated
(3.4)

Here ton is the on time of the HVAC and tcycle is the cycle time of the HVAC which was found to be 5 minutes
from empirical measurements. P̄actual is the average load of the HVAC based on the heat balance over the bus
(equation 3.1 and the COP. Finally, the Prated is the rated HVAC power of 38.4 KW. In the third column of the
matrix the rated power of 38.4 kW was placed in the first cells up-to the value of ton. The remaining cells are zero.
In this way, a matrix with HVAC powers based on the ambient temperature was constructed for the year.

The final step was bringing it all together, the year HVAC signal matrices were multiplied with the HVAC power
matrix. In this way the HVAC powers for all the bus lines for the whole year were computed.

The first drawback of this approach is the computational burden later on in the model since clean bus power is
already constructed for the year, this yields a lot of data.

Moreover, since the lines are not exactly multiples of five minutes long, the average HVAC power is not equal to
what it should be based on the ambient temperature. To find how significant the error could be three parameters are
accounted for; the relative error for each power, the absolute error for each power and the probability of occurrence
for each power.

The first thing that can be concluded is that the duration of the line correlates with the error of the HVAC
power. The smaller the duration, the larger the error because the final five minute block is a larger part of the line.
Moreover, if the duration of traveling the line is just a little bit longer than a multiple of five minutes, the relative
error is large for low HVAC powers. This is because the duration of the final block is short. However, since this is
for low HVAC powers, the absolute error could still be low. The opposite is true for lines that are almost a new
multiple of five minutes. Here the relative overall error is low, but stays constant at higher HVAC powers. It was
found that the largest absolute error for each line occurs where the duration of traveling the line is the closest to
n+ 0.5 times the duration. Where n is the number of five minute blocks.

In figure 3.8, for each line the relative and absolute error for each line has been plotted for the measurement
that was the closest to n+0.5 the line duration. The largest error occurs for line two, in the direction of Zuid-Laren
to Arnhem Central which is the shortest line.

(a) Relative error for each line (b) Absolute error for each line

Figure 3.8: Error per line

The maximum error in the HVAC power is 2.1kW at 21.5kW of heating, which occurs at 5-6 °C (according to
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figure 3.7). At these temperatures, HVAC power is around 40% of total power. This makes the maximum error
around 4%. In practice the error is a lot lower, because this only occurs for the shortest line in the winter. An
error of between 1.5 % and 2.5% is more realistic. Considering the error that already exists due to the method of
correlating the HVAC power to the ambient temperature, errors within these ranges are acceptable for the purpose
of this model. Now that it is established that the HVAC model is sufficiently accurate, the HVAC for the whole
year was added to the clean bus profiles for the year, resulting in the realistic bus power profiles.

3.3.4 Stage 6: Divide the line into sections
Now that we have constructed the realistic bus profiles for the lines, it is important to group the values under the
different sections. If we know what buses are under the same substation simultaneously, power sharing between
the buses can be accounted for. For each section a matrix was erected. Values from the matrices of the lines were
put into the section matrices on the basis of the location columns next to the power columns. First the lengths
of all sections had to be measured. This was accomplished by measuring the lines in both directions with the
measurement tool of Google Maps. The results can be found in appendix C. The bus data is organized similarly
to how it was done initially for the lines. Alternating location and power columns are placed in the matrix. The
power values can still not be added together, because then the buses would share power without transmission losses.
The logic for power sharing between buses is explained in the next stage. Figure 3.9, gives us the first inside into
the traffic on the sections. Here - for illustration purposes- the traffic on each of the sections has been shown in a
heatmap. The darker the color, the more buses are present at the section on the same time. The time is plotted
for 25 hours because the bus schedule for a workday for this line operates till 1 AM. For the days with a different
bus schedule, the results are shown in Appendix D.
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The first thing that is apparent from the figure is the large variation in traffic between the sections. This is
logical, sections at the out skirts are expected to have less traffic than sections in the center. It is also clear that
traffic simulations for trolleybuses that have been reported in literature do not capture the traffic that a real trolley
grid experiences. Substations may have to power lots of buses simultaneously, considering that the substations
power multiple sections.

Next, the columns of the sections under the same substations were put next to each other in substation power
matrices. The implicit assumption here is that the substations cannot share power with each other. We know that
this is not everywhere the case in the Arnhem grid, however due to a lack of information, we still decided to make
this assumption. Parts of the Arnhem grid are likely to operate with unilateral connections and so are (parts of)
other trolley grids.

3.3.5 Stage 7: Power sharing between buses
Buses that are under the same substation are able to share power with each other via the overhead lines. In this
section, the logic of how this was incorporated in the model is discussed. In figure 3.10, the logic for power sharing
between buses is illustrated.

Figure 3.10: Logic for power sharing among buses

First, we must know for all the buses under the substation if they are operating in motor or generator mode. If
they are operating in generator mode, the buses try to send power back into the trolley grid. In the model, this power
was divided by 1.2 to account for 16.7% transmission losses. A constant line loss of 16.7% was assumed because
at this stage the grid topology is unknown, therefore no reliable input can be used for power flow calculations. It
could - for instance - be that there are a lot of parallel overhead lines in the city centre. The current would then
be divided among the overhead lines to feed to the buses, thereby reducing the power losses. The 16.7% losses was
established as a conservative estimate. In the Gdynia, Poland network the average transmission losses are 8.5%.
However, transmission losses of 15% and higher have been found [44].

If the buses are using power, the power remains unchanged. Next, the powers from all the buses under the
substation are summed. If the overall power is negative, the power must be set to zero. This is because the
substations cannot feed power back to the AC grid due to the rectifiers. Hence, the power is fed to braking resistors
on the buses. If the power is equal to or higher than zero, this power must be multiplied by 1.2. It is important to
note that for the simulation it was assumed that the buses cannot recuperate their own braking energy. Some newer
buses have batteries and or supercapacitors on board. However, older trolleybuses have backup diesel generators.
Since the Arnhem grid operates a variety of buses, it was assumed that no buses have on-board storage yet. It is
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recommended to investigate the option of buses using their own power though, as this can save up to 20% of the
total bus energy [29].

3.3.6 Stage 8: Verification
Now that the model has been constructed, it is important to validate the results from the model. In figure 3.11, the
overall grid energy that was measured by Connexxion is compared with the grid energy that has been computed by
adding the annual energy from the substations. As said before, HAN has shared the bus measurements with the
highest energy and the lowest energy. For the model, initially the plan was to use both data sets to see which one
matched the sum of the substation powers provided by Connexxion best. However, after using the minimal energy
bus trips, it was found that the results matched the measurements reasonably well. Due to time constraints, it was
decided to use this data set before analysing the maximum energy data set. In figure 3.12, the annual measured
energy output under each substation is compared with the computed output.

Figure 3.11: Arnhem trolley grid energy consumption

Figure 3.12: Substation energy consumption
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Overall, the difference between the measured grid load and the computed grid load is 14%. The main reason
for this may be that the losses in the overhead lines are assumed to be 16.7%. This assumption is likely to high as
this number for a similar grid in Gdynia is 8.5% [44]. Later, it was found that 10% transmission losses in overhead
lines is a common assumption [45].

However, at the substation level, the profiles match reasonably well. Substations 3 & 6 and 4,9 & 21 are
grouped together as HQ and CS. These substations together provide power to their sections, but it is not clear how
much each substation contributes. A general trend that was observed is that substations in the centre of the grid
consume less energy than was calculated with the model. The opposite is true for substations in the outskirts. This
observation shows that there are bilateral connections between the substations and that outside substations aid the
inside substations in their power demands. Placing the PV in the city centre has two benefits: the first benefit is
that the power does not need to travel all the way from the outside substations, which will result in lower energy
losses. The second benefit has to do with the observation that the city centre is busier than the outskirts. More
power from the PV will therefore flow directly into the trolley grid as oppose to the MVAC grid. This will therefore
raise the renewable energy share of the grid further. It can also be seen that the energy for the CS substation is
massively off. Part of the reason could be because the stand still time of the buses at the CS is larger than normal
in the measured data. It was found that the calculations are precise enough for this work. If the overhead line
topology becomes available, it may be interesting to repeat the simulations with power flow calculations.

Next, the monthly loads for the PV are analyzed to see if there are no abnormalities on a monthly scale. In
figure 3.13, the monthly variation in bus load is illustrated.

Figure 3.13: Grid monthly energy

In July and August there is a drop in power, due to a reduced number of buses on the lines because of the
summer schedules. In the winter months, the bus load is higher due to higher HVAC loads. The months look as
expected.

The next step is to investigate the power profile of the grid. This profile is plotted in figure 3.14.
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Figure 3.14: Grid power consumption

Here, the workday load peaks are visible, followed by the lower peaks in the weekend. However, in this plot the
effect of varying climate control power is not visible. This is because even when the climate control is not used as
much (eg. the spring), there are still moments when it is active at rated power while the buses are accelerating.
Therefore, the power peaks are of constant magnitude throughout the year.

To see the variations in the grid load on all time scales, figures 3.15 and 3.16 show the long-term and short-term
load variations. In figure 3.15, the year is plotted with the average powers for the days, weeks and months. In
figure 3.16, the average powers for the hours, minutes and seconds is shown.
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Figure 3.15: Annual grid load profile

The effects of varying HVAC load is clearly visible throughout the year. A 25% difference between June and
December is found. Both months use the non-summer bus schedules, therefore it can be concluded that the HVAC
demands vary a lot throughout the year. The daily fluctuations are mainly the result of buses not driving in the
night. To further investigate the load behaviour of the grid, two days were analyzed for short term load variations.
In figure 3.16a, the second, minute and hourly power averages are shown for the 21st of June. In figure 3.16b, this
is done for the 22nd of December, since the winter solstice of 2019 fell on a Sunday (which operates with a different
bus schedule). Both days use the same bus schedule for a workday that is not in the summer. In both plots, the
day starts with a load, this is due to the buses driving till 1 AM.
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(a) Grid load profile 21st of June (summer solstice)

(b) Grid load profile 22nd of December

Figure 3.16: Grid power consumption

It is clear that in both cases the load in the morning and evening increases, this is because there are more buses
driving at these times. Furthermore, in both cases the hourly variation in the afternoon is low. This is because the
ambient temperature and the bus schedules in this time frame are not varying much. In the evening the load in
both plots drops, this is due a reduced number of buses driving.
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Furthermore, on the minute and second time scales, the variation may be large due to accelerating and deceler-
ating buses. Another reason for the minute scale variation may be that buses are beginning or ending their trips.
Now that we have looked at the grid load, it is important to study the individual sections and substations to see if
there are no abnormalities in the load profiles. These load profiles are shown in appendix E and confirm that there
are no abnormalities present.

In conclusion, in this section the steps to make the substation load profiles from the bus load profiles have been
outlined and the model has been validated on the based of an energy comparison with measured data sets. Finally,
it was observed that the load profiles contain no abnormalities. It was therefore assumed that the results yield a
usable representation of a the Arnhem trolley grid. In the next section, the PV model is explained.

3.4 Modelling the solar PV
In this section the input data for the solar PV model is analyzed first. Afterwards, the model is explained and
validated.

3.4.1 Input data
As stated before, Arnhem does not have a KNMI station, the data used for the model is a mix from other stations.
For the radiation data, the locations that were used are; Wageningen(16km, NL), De Bilt(49km, NL), Bocholt
(48km, DE), Cabauw(65km, NL), Bochum(113km, DE) and Osnabrueck (151km, DE). For the temperature data,
the following locations have been used: Deelen (7km, NL), Kalkar (39km, DE), Soesterberg (45km, NL), Volkel
(41km, NL), De Bilt and Hupsel (53km, NL). The selection of stations and the interpolation has been automatically
carried out by Meteonorm [41]. Furthermore, the data ha a resolution of one minute and is based on a data set from
2000 to 2009 for temperature variables and 1991 to 2010 for the irradiance data. Meteonorm generates realistic
data by applying a stochastic model to the data.

Since the Netherlands is located in the Northern Hemisphere, the optimum model azimuth is 0°(south facing).
The optimum inclination is less straightforward and was iteratively determined by changing the inclination and
analyzing the global horizontal irradiance for a tilted plane. This value can be calculated by hand using the Direct
Nominal Irradiance (DNI), Diffuse Horizontal Irradiance (DHI) and the Global Horizontal Irradiance (GHI) for a
non-tilted plane. However, Meteonorm has an option to automatically compute the GHI for any tilt angle, so this
option was chosen instead.

In table 3.3 the annual solar energy per m2 for varying inclination angles is illustrated.

Module tilt angle (θM) GHI potential (kWh/(m2 ·yr)
0 990
10 1092
20 1122
30 1152
36 1159
37 1161
38 1160

Table 3.3: Energy yield as a function of module tilt

The optimum module tilt is 37°. It is therefore assumed that the modules will be facing to the south under
the optimum inclination. Considering these design choices, we can now scrutinize the weather input data for the
model. In this section first the GHI and ambient temperature are discussed as they are the most important input
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parameters. Then the assumptions that had to be made about the ground temperature and the cloud coverage are
talked about. The other input parameters for the model can be found in appendix F. In figure 3.17 the GHI and
the ambient temperature are plotted.

Figure 3.17: Ambient temperature and GHI data [41]

As expected the ambient temperature and irradiance are higher in the summer than in the winter and the
profiles look realistic. However, the ambient temperature may be a slight underestimate in comparison with today’s
measurements due to global warming. Small variations in ambient temperatures only have small effect on the
module performance, and therefore this small underestimate is accepted for this work.

As stated before, some assumptions had to be made about the ground temperature and the cloud coverage.
For both the ground temperature and cloud coverage, the same dataset has been used as the other parameters
but with hourly resolution. The cloud coverage is quantified in the Octa scale, where zero means no clouds at all
and eight means complete overcast. Since no information was available on how much cloud coverage and ground
temperature change per minute, it was therefore decided to replicate each hour datapoint for 60 times without
introducing randomization. The cloud coverage and ground temperature can be found in appendix F. Now that we
have discussed the meteorological data. It is time to discuss the PV model.

3.4.2 PV model
In this section, the PV model is explained and its outputs are used to validate its use in this work. The goal
of the PV model is to convert the input irradiance (GHI) into usable power in a realistic way. For this work we
assume that this is realised when the solar power is converted to AC power. Cable losses and interconnection
losses between the panels are not within the scope of this thesis and are assumed to be neglible (and compensated
for by the overhead line transmission losses of 16.7%). In the model the efficiency of the modules depend on the
module temperature and the irradiation on the modules. There are several methods for calculating the module
temperature. The module temperature has effect on the module efficiency and consequently the energy output
of the modules. It is therefore important that the module temperature is calculated in a precise manner. Three
models for calculating the module temperature have been compared. These models are the Nominal Operating Cell
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Temperature (NOCT) Duffie-Beckman (DB) and a Fluid Dynamic (FD) model. The NOCT model is the simplest
of the three and computes the module temperature on a linear correlation with the ambient temperature and the
irradiance. Due to its simplicity, the model gives large errors with changes in wind speed. The DB model is an
extention of the NOCT model using an additional empirical term to take the wind speed into account. Although this
model is more accurate than the NOCT model it still fails to accurately capture the effect changing meteorological
parameters on the module temperature. The output for the module temperature at varying wind speeds is shown
in figure 3.18. In this work, a FD model has been used. The model is recreated from the Solar Energy book and
applied to the setting of Arnhem [42].

Figure 3.18: Module temperature as a function of wind speed [42].

3.4.3 The Fluid-Dynamic model
The module temperature is calculated with equation 3.5.

TM = αG+ hcTa + hr,skyTsky + hr,grTgr

hc + hr,sky + hr,gr
(3.5)

Here α is the absortivity of the module, G is the irradiance on the module, Ta, Tgr and Tsky are the ambient
temperature, ground temperature and the sky temperature, respectively. Finally, hc is the overall convective heat
transfer coefficient of the module, hr,gr and hr,sky are the heat transfer coefficients with the ground and the sky and
can be estimated with equations 3.6 and 3.12.

hr,sky = εtopσ(T 2
M + T 2

sky)(TM + Tsky) (3.6)

hr,gr. = εbackσ(T 2
M + T 2

gr.)(TM + Tgr.) (3.7)

It is clear that hr,gr and hr,sky depend on TM and thus need to be solved iteratively. According to Smets. et al,
nearly exact solutions are obtained after five iterations [42]. The overall convection transfer is made up of forced
and free convection and can be calculated by taking the cubic root of the cubes of forced and convective coefficients
[46].

h3
mixed = h3

forced + h3
free (3.8)

Convective heat transfer has to do with the movement of fluids. This movement can either be free or forced.
Free convection occurs when the fluid moves due to temperature differences in the fluid. On the other hand, forced
convection happens when a fluid is moved by external forces. Furthermore, forced convection may induce turbulent
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or laminar flow while free convection only induces laminar flow. Turbulent flow has a greater heat transfer than
laminar flow and both scenarios should therefore be studied separately [47].

The laminar and turbulent heat transfer coefficients of the forced flow can be calculated with the following
equations [42]:

hlam.forced = 0.86Re−0.5

Pr0.4 ρcairw (3.9)

hturb.forced = 0.028Re−0.2

Pr0.4 ρcairw (3.10)

Where Re is the Reynolds number that expresses the ratio of inertial to viscous forces,

Re = wDh

v
(3.11)

Where w is the wind speed at the height of the PV array, Dh is the hydraulic diameter of the module, which is
used as a relevant length scale, and v is the kinematic viscosity of the air. Pr is the Prandtl number which is the
ratio between the momentum diffusivity and the thermal diffusivity. It is considered to be 0.71 for air [48]. ρ and
cair are the density and the heat capacity of air. The hydraulic diameter of a rectangle - and thus a solar panel - is
given as

Dh = 2LW
L+W

(3.12)

To calculate the free heat transfer coefficient we must look at the Nusselt number Nu, which expresses the ratio
between the convective and conductive heat transfer [49].

Nu = hfreeDh

k
= 0.21(Gr · Pr)0.32 (3.13)

Here k is the heat conductivity of air and Gr is the Grashof number, which is the ratio between buoyancy and
viscous forces,

Gr = gβ(T − Ta)D3
h

v2 (3.14)

Here, g is the acceleration due to gravity on Earth and β is the volumetric thermal expansion coefficient of
air, which can be approximated to be β = 1

T . Equation 3.13 can be rearranged to find the free convective heat
coefficient. Now that we have found both the free and forced convective heat transfer coefficients we can calculate
the mixed convective coefficient with equation 3.8.

This mixed convective coefficient is valid for the top surface of the module, the heat transfer coefficient for the
rear surface was scaled from the top surface by using the Installed Nominal Operating Cell Temperature (INOCT)
conditions that are provided by the manufacturer [49].

First an energy balance across the module is constructed,

αGM − hTc (TINOCT − Ta)− hr,sky(TINOCT − Tsky) = hBc (TINOCT − Ta)− hr,gr.(TINOCT − Tgr.) (3.15)

Next, we define R as the ratio of the actual to the ideal heat loss from the back side,

R =
hBc (TINOCT − Ta) + εbackσ(T 4

INOCT − T 4
gr.)

hTc (TINOCT − Ta) + εtopσ(T 4
INOCT − T 4

sky) (3.16)

If we then substitute equation 3.15 into equation 3.16 we get equation 3.17 which we can solve with the INOCT
specifications from the manufacturer. R can then be multiplied with hTc to get HB

c . Finally, hc can be computed
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by adding both heat transfer coefficients.

R =
αGM − hTc (TINOCT − Ta) + εbackσ(T 4

INOCT − T 4
gr.)

hTc (TINOCT − Ta) + εtopσ(T 4
INOCT − T 4

sky) (3.17)

Some other input parameters for the temperature model are still lacking; the sky temperature, the wind speed
at module height, the absortivity of the module and the front and rear side emissivity of the module. I will quickly
explain the assumptions that were made for these parameters.

First the sky temperature is computed based on the cloud coverage [49]. If the cloud coverage is six octa or
higher, the sky is seen as cloudy. If the cloud coverage is below six octa, the sky is presumed clear. A cloudy sky
temperature can be calculated with equation 3.18 and a clear sky temperature with equation 3.19 [50] .

Tsky = TAmbient (3.18)

Tsky = 0.0052 · TAmbient3/2 (3.19)

Wind speed in the atmosphere is different at different heights. Therefore, the wind speeds needs to be scaled to
the module height.

w = wr(
yM

yr
) 1

5 (3.20)

In equation 3.20, yM and yr are the module and anemometer heights, respectively [49]. Furthermore, the factor
1/5 is based on the surroundings, which are assumed to be open country [42]. However, this parameter should be
changed based on the location where the PV would installed.

The absortivity of the module depends on the reflectivity and the efficiency of the module.

α = (1−R)(1− η) (3.21)

As is typical for solar modules, the reflectivity is assumed to be 0.1 [49]. Furthermore, the emissivity of the
glass front and rear surfaces are 0.84 and 0.89, respectively [51].

Now that we have looked at the meteorological data and the temperature model, it is time to select the solar
panels. I have selected the ’AstroSemi 365W’ mono-crystalline panels from Astronergy. Mono-crystalline panels are
premium solar panels which have a higher efficiency than poly-crystalline solar panels. These panels are also used
in the largest solar park in the Netherlands [52]. The panels have a rated output of 365Wp at STC and a module
efficiency of 19.7% at STC. Further specifications can be found in appendix G.

Now that all the inputs for the model are discussed, it is time to look at the model performance. In figure 3.19,
the module temperature is plotted for the summer months.
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Figure 3.19: Module and ambient temperature for the summer months

It is clearly visible that the module temperature has the same trend as the ambient temperature, which makes
sense since hcTa contributes a lot to the module temperature. Furthermore, there are two days at the beginning of
June when the module temperature is almost equal to the ambient temperature. This can be explained by the lack
of irradiance on these days, which can be seen in figure 3.17. In the night the module temperature may drop below
the ambient temperature. The lowest module temperature are found when the sky is clear. This is in line with the
expectations, and therefore the model found to be operating properly.

The next step in sizing the PV is to achieve the dynamic efficiency. The manufacturer of the solar modules have
expressed the nominal efficiency. However, the actual efficiency of the modules are affected by a lot of parameters.
In this work, I have considered the module temperature and the radiation on the models to have affect on the
module efficiency, as is recommended by Smets et al. [42].

The module efficiency can be calculated with equation 3.22.

η(TM, GM) = η(25°C,GM)[1 + κ(TM − 25°C)] (3.22)
Here the overall module efficiency depends on the module efficiency based on the module irradiance that is

corrected for the module temperature. κ correlates the module temperature with the module efficiency.

κ = 1
η(STC)

∂η

∂T
(3.23)

For c-Si cells, the typical value for κ is -0.0035/°C. However, κ can be calculated precisely if the partial derivative
of efficiency as a function of module temperature is known.

For this purpose we need to look at the temperature coefficients that are provided by the manufacturer. As-
troEnergy states that the modules have a power temperature coefficient of -0.34%/°C. This coefficient can be used
to calculate the power output at the maximum power point by scaling the power output at STC.

PMPP(TM, GSTC) = PMPP + ∂PMPP

∂T
(STC)(TM − TSTC) (3.24)
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The module efficiency based on the varying module temperature can be calculated with

η(TM, GSTC) = Pmpp(TM, GSTC)
GSTCAM

(3.25)

Here AM is the module area. Finally, the partial derivate of efficiency as a function of module temperature can
be calculated by rearanging equation 3.26.

η(TM, GSTC) = η(STC) + ∂η

∂T
(STC)(TM − 25°C) (3.26)

Next we need to calculate the efficiency for the actual irradiance. Here we must first calculate the power output
at the maximum power point at this irradiance level.

Pmpp(25°C,GM) = FF · VOC(25°C,GM)ISC(25°C,GM) (3.27)

In figure 3.20, the dynamic efficiency for the summer months is plotted.

Figure 3.20: Module efficiency as a function of GHI and module temperature

It can be seen that the dynamic efficiency is on average lower than the static efficiency. This is because the
static efficiency is determined at 1000 w/m2 and 25 °C. From the second subplot it can be seen that the module
temperature is much higher than 25 °C. This is in part the result of heating due to the high irradiance levels. The
efficiency profile looks as expected and is therefore deemed valid for this work.

The final part of the PV model is to generate the power output of the modules. This is done by multiplying the
dynamic efficiency by the GHI. Since data with a minute-resolution is used as an input, the values need to be made
into values with a resolution of seconds. This is done by interpolating between the two data points and adding a
small randomization of 2% to maintain the dynamic nature of the data.

The final validation of the PV model is illustrated in figures 3.21, 3.22 and 3.23. Here the monthly PV generation
is showed, followed by the yearly power profile and the short time PV fluctuations for the 21ŝt of June and December
are presented.
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Figure 3.21: Monthly PV energy yield

Figure 3.22: PV generation
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Figure 3.23: PVgenerationforshortscale

The results look realistic under the assumptions of the model. However, it is important to remember that the
assumptions of no cable losses, no (mutual) shading and static converter losses are not realistic. It should be kept
in mind however, that this is not the aim of the PV model. The model should yield results for a general PV
system, where the location specific conditions can be included in a later stage. In this section we have looked at the
input data of the PV model, the underlying assumptions of the model, the model itself and validated its performance.

To summarize, in this chapter the methods have been described in detail. First the grid power model was
introduced. This model consists of 8 stages that are used to model the trolley grid. Furthermore, a PV model is
explained. In this model a dynamic efficiency of the modules is calculated with a fluid dynamic model. The module
yield is calculated based on the irradiance and the module temperature. In the next section, the models are used
to size PV systems for the grid.
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Chapter 4: PV results

In this chapter, it is investigated what parameters have effect on the PV system size. Furthermore, PV systems
without storage are sized for each substation and the performance is analyzed.

4.1 Sizing a PV system for a trolley grid - theory
From an energy perspective two parameters are important for evaluating the performance of a PV system. What
fraction of the PV energy power goes to the buses (PV utilization) and what fraction of bus load is powered by the
PV. The PV utilization and the PV powered bus demand are calculated with equations 4.1 and 4.2 respectively.

UPV = EDC

EDC + EAC
(4.1)

UBus = EDC

Eload
(4.2)

In both equations EDC is the PV energy powering to the DC-grid (trolleybuses). Moreover, in equation 4.1 EAC
is the energy powering the AC-grid. Finally, Eload is the load of the trolleybuses.

A system with a high PV utilization but little bus load that is PV powered uses its PV effectively, but has little
impact on making the buses greener. This system is likely undersized. On the other hand, a system with low PV
utilization and with much bus load powered by PV dumps most of its power to the MVAC grid but is still able
to have a large impact on the making the bus power more sustainable. This system is oversized. The optimal PV
system therefore has a high PV utilization and provides much of the bus load.

There are many parameters that affect the PV performance, in this work the parameters are grouped in three
clusters; bus parameters, grid parameters and city parameters.

The bus parameters have to do with the load of the buses, these include the mass of bus and whether a bus
has an on-board battery for In-Motion-Charging (IMC). A heavier bus or a bus that charges an on-board battery
requires more power.

The second group of parameters are the grid parameters. These parameters have to do with the length of the
sections, the number of sections under a substation, the consistency of traffic under the substations. In this group
also the size of the PV systems included.

The final group of parameters are the city parameters. The hours of sun light and the average ambient tempera-
ture are important city parameters, because they affect the PV output and the climate control power requirements
of the buses. Further city parameters are a long list of section specific conditions like; the number of bus stops
under a substation, the number of stop lights, the inclination of the road, other traffic on the section, etc.

In this thesis the bus parameters and the city parameters are not considered. It is assumed that bus loads are
as measured by the HAN university with the exception of the HVAC. Buses with IMC are not considered in this
work. The city parameters are also not varied in this work, because this thesis is concentrated on a case study of the
Arnhem trolley grid only. However, two grid parameters are considered. These are the consistency of traffic under
the substations and the size of the PV systems. In this work, the consistency of traffic is defined as the fraction of
time buses are under a substation . A substation with a large fraction of time with buses is said to have a constant
stream of traffic, and a substation with a low fraction of time of buses is has an inconsistent stream of traffic. Why
both parameters are important is discussed next.

The first parameter on the list is bus traffic. Whether a bus is driving under a substation affects the PV uti-
lization. The larger the percentage of time a bus is under the substation, the more time the PV could send its
power to the bus and the higher the PV utilization becomes. Only in case of a very oversized PV system this
may not be true. A similar relation holds true for the bus load. The longer the sun is up, the larger the fraction
of the bus load could be supplied by PV. The maximum attainable bus load that could be met with the PV is
therefore a lot higher in the summer than in the winter. The reason for this is because the buses are driving
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a larger fraction of the time when the sun is up. Substations that contain sections that are subject to constant
stream of traffic during the day time are therefore promising candidates for PV. There are two more traffic related
parameters that effect the PV system performance: The number of sections under a substations and if substations
are bilaterally connected with each other. Both these parameters affect the possibility that the PV system could use
its energy to power buses. In the case of bilaterally connected sections, the domain that the PV could feed power
to increases. This makes the base load on the substations more consistent and increases the time that the PV can
power the buses. However, the substations with larger loads may lose some of the load to other substations. The
recommended size of the PV systems for these substations may consequently be lower, while the PV utilization rises.

The second parameter is the size of the PV system. The larger the PV system, the greater the effect on the
bus load. Unfortunately, the trade-off is that the system will dump more of its power into the Arnhem grid and
therefore the PV utilization drops.

4.2 Effects of traffic on the PV system
First the traffic under each substation is investigated. This is done with equations 4.3 and 4.4.

FPV→Bus = tGHI ∩ tbus

tGHI
(4.3)

FBus←PV = tGHI ∩ tbus

tbus
(4.4)

FPV→Bus is the time in the year that PV and buses are both available divided by the time that the sun is
available. FBus←PV is the time in the year that PV and buses are available divided by the time that the buses are
driving. The first term gives the fraction of time that the PV could ideally feed the buses. The second term gives
the fraction of time that the bus load could ideally be met with PV. In both equations, tGHI and tbus denote the
seconds per year of active sun power and at least one bus under the substation. For the whole year, two vectors are
constructed with a second resolution, that have 0 when there is no bus or no GHI and a 1 when there are buses and
GHI. The results are shown in figures 4.1 and 4.2. Note that CS stands for Central Substations and are substations
4,9 & 21 combined. HQ stands for head quarters and denotes the location of Connexxion’s head quarters, this is
the combined effort of substations 3 & 6.
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Figure 4.1: Fraction of time PV could (partially) power the buses

In figure 4.1, on the y-axis the fraction of time the PV could ideally power the buses. The actual PV utilization
will be lower, because the magnitude of PV and bus load will not be equal at the times that they are both available.
It can be concluded that placing PV on all substations may not be desired. The ideal PV utilization for sections
with low traffic, like substations 7, 18 and 19 is only slightly higher than 20%. Placing PV on these substations
only makes sense if these substations have a storage medium installed. Even if these substations are bilaterally
connected to neighboring sections, placing PV there would be sub-optimal. This is because the PV would then
be exported from the section to the other substation(s) resulting in increased transmission losses. Fortunately, the
figure also shows that substations with a lot of traffic (constant traffic), like CS could have an ideal PV utilization
of almost 80%. PV on these substations may be installed without bilateral connections or energy storage.
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Figure 4.2: Fraction of time a bus is driving when there is sun light

Figure 4.2 shows the fraction of bus demand that can be met with the PV. From the figure it can be concluded
that the variation between substations is small and that the bus load varies between 60 and 70%. The values cannot
go above 70%, because 30% percent of the time buses are driving when the sun has yet to rise or is already set.
The variation between substations has to do the with bus schedule. It is also important to note that reaching these
values requires a large PV system, because all power spikes of the buses need to be provided by PV. A system of
this size would have a low PV utilization, hence a trade-off has to be made. Finally, the values likely have a high
variation throughout the year. Low in the winter and high in the summer.

4.3 Sizing PV systems for the substations
In this work, the PV size was varied between 10% energy neutral up to 150% energy neutral (EN) in steps of 10%
for all substations. An energy neutral PV system produces as much energy as the load of the substation for the
year. For illustration, the results for the HQ substation (high traffic) and substation 7 (low traffic) have been shown
in figure 4.4. These substations have been considered, because the measured annual energy corresponds nicely to
the computed energy (see figure 3.12)
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Figure 4.3: Performance of PV systems with varying sizes for high traffic (CS) and low traffic substation (10)

From these plots it is clear that the higher traffic substation has a better PV utilization than the low traffic
substation for all system sizes. Unfortunately, for both systems the sizing of PV does come with large compromises.
For the PV on CS a 70% PV utilization can be achieved, sadly this would only yield an increase of 7% in the
renewable energy share. In contrast, if a large PV system is installed 40% of the bus load can be PV powered,
however this would be accompanied by large power dumps in the AC grid. The prospect for the PV system on
substation 10 are even worse. For (very) small PV systems, the PV utilization approaches the ideal PV utilization
of figure 4.1, for (very) large PV systems the fraction of bus load powered by PV approaches figure 4.2. These
findings show that PV potential for increasing the renewable energy share while minimizing the use of the AC-grid
for seasonal storage is low. Moreover, increasing the PV system size and curtailing is also not a promising solution
because of the diminishing returns for large PV systems. Especially for low traffic substations storage is therefore
essential.

In case a sole PV system is to be installed, an optimum system size can be estimated. If we consider that the
power from the PV to the substation is a benefit and the power from the PV to the Arnhem grid is a cost, we can
find the highest net social benefit by finding the maximum for benefit minus cost. In this work, the weights of the
costs and benefits are equal. In reality, they could be set to specific criteria.

In figure 4.4, the optimal PV sizes for all substations are shown on the y-axis and on the x-axis the FPV→Bus is
shown. In the figure, the size of the markers are proportional to the PV system size.
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Figure 4.4: Correlation between optimal PV system size and FPV→Bus

The graph shows that there is a correlation between bus traffic and PV size. It is also clear that ideal PV
utilization is not the only contributing factor to the PV size. Moreover, for most sections the costs are always
higher than the benefits, which means that the marginal costs are always higher than the marginal benefits. Which
by definition means that no matter the size of the PV system, the system will always send more power to the Arnhem
grid than the buses. The optimal system size is therefore, no PV system. It is also apparent that the substations
that should have PV installed, only need a maximum of 23% of the EN size. If the orange line is extrapolated to x
is one, the maximum recommended PV system size can be approximated for a system with a consistent base load.
In the Arnhem grid this is about 45%. To increase the recommended PV size further, a storage system is required.
In the next chapter the performance of the PV systems is investigated.

4.4 PV system performance
In this section, first the PV utilization and the bus demand powered by PV is investigated to examine the energy
performance of the PV. Next, the research focuses on a high traffic and low traffic substation to illustrate the
short-term and long-term energy and power mismatch between the bus load and the PV generation.

In figure 4.5, the bus demand met by PV is plotted against the PV utilization.
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Figure 4.5: PV performance for all substations

From this plot it can be concluded that the PV on the best performing substation can only provide 13% of the
bus demand and still sends 38% of its energy to the MVAC grid. Overall, a PV system of this size could increase
the renewable energy share of the grid by 8.2%. In table 4.1, the PV size and the annual energy to the buses and
the MVAC grid are displayed.

Table 4.1: PV system specifications

Substation PV size (kWp) To buses (MWh/yr) Dump (MWh/yr)
2 19 13 9
HQ 158 113 69
CS 145 102 65
14 61 39 32
15 11 7 6

While computing the yearly PV utilization and the fraction of bus load that is PV powered is certainly useful,
it does not tell the whole story. The PV power can vary a factor six between summer and winter and the bus
power demands vary with a factor 2 between summer and winter as well (except winter is higher). Therefore, the
mismatch between power supply and demand will be high. For substation HQ (high traffic) and substation 15 (low
traffic), the monthly energy shares to the buses are shown in figures 4.6a and 4.6b.
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(a) Monthly bus energy demand and PV - Substation HQ

(b) Monthly bus energy demand and PV - Substation 15

In both figures the orange bar represents the energy from the PV that is directly utilized by the buses. The
light blue bar represents the energy that is generated by PV but dumped in the AC-grid and the dark blue bar
represents the remaining energy demands of the buses. In figure 4.6a, it is clear that the fraction of the energy from
PV powering the buses is a lot higher in the summer than in the winter. In like manner, the dump in the Arnhem
grid is a lot higher in the summer as well. In figure 4.6b, it is hardly visible that the PV system has an impact
on increasing the renewable energy share at all. Two things are evident from the figures; to reach high levels of
renewable energy share in the trolley grid, both PV systems need seasonal energy storage. In addition, the storage
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must be large because it needs to supply the large energy demands of the winter. It is also clear that the low traffic
substation benefits more from small scale storage, since this storage would be similar to increasing the consistency
of traffic for that substation.

Finally, the PV systems should be evaluated on a power level. This is important because the power level tells us
what power is exchanged with the AC-grid and what the peak power intake and export are. The connections from
the substations to the AC-grid are designed for a specific rated power. If the import or export of power is higher
than this limit, the power exchange is physically limited. Moreover, it is common that the trolley grid operator is a
contractual agreement with the Distribution System Operator (DSO) about the maximum power exchange between
grids. This may also limit the maximum power exchange. Finally, the peak power intake or export are critical
criteria for designing an energy storage system. It should be noted that the next chapter does not actually use the
peak power exchange as part of its design. Parallel/series configuration and type of storage are not in the scope of
this work.

Figure 4.7 show the power exchange for substation HQ (high traffic). The power exchange is positive when PV
provides more power than the buses and vice versa.

Figure 4.7: Power flow for high traffic substation (HQ)

On the left side a boxplot is shown of the power flow through the HQ substation for the whole year. The right
boxplot also shows the power flow through the HQ substation, but here the times when the mismatch is zero are
excluded. The left plot gives an accurate representation of the power flow, while the right gives more inside in the
power profile.

The line in the boxplot show that the median power exchange is negative, this makes sense since the PV is
only sized for 23% EN. The limits of the box show the 25th and 75th percentile of power exchange. The end of the
whiskers show the final statistically significant limits. Finally, the red values are the individual outliers and show
the peak powers that are expected only a few times in the year. The maximum power dump of the PV is around
250 kW while the maximum import is 1.5 MW.
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Figure 4.8: Power flow for low traffic substation (15)

In figure 4.8 the power level for substation 15 (low traffic) is plotted. Here, the median is closer to zero. This
means that the average import of the substation is lower. Also the peak import is a lot lower than for the HQ
substation. Moreover, it seems like there are no instances when the substation is exporting power. This is not the
case because the power utilization is only 52% but because the PV system is so small in comparison to the bus load
the export is not visible.

To recap, in this chapter we have discussed what parameters have effect on the PV performance in trolley grids.
Furthermore, the effects of bus traffic and PV system size on the PV utilization and the PV powered bus load have
been investigated in detail. A correlation was found between the consistency of bus traffic and the PV system size.
In addition, PV systems were sized for each substation on the basis of a net social benefit criterion. It was found
that 13 of the 18 substations were not eligible for PV. The substations that should receive PV, should only have a
few percent of the energy neutral size installed with a maximum of 23% for substation HQ. Finally the performance
of the PV systems was analyzed. The PV utilization of all substations is in the range of 55 to 62%, while the
fraction of PV powered bus load is only 8.2%. For substation HQ (high traffic) and substation 15 (low traffic) the
monthly variation between generation and load and the power exchange on the substations were displayed. These
plots showed that the mismatch between PV and load on the short-term and the long-term is significant for both
substations and that energy storage should be installed to increase the renewable energy share further. This option
is investigated in the next chapter.
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Chapter 5: Results for PV and storage

In this chapter, a storage model is introduced and applied to the PV systems. Finally, the performance of the new
systems are analyzed.

5.1 Energy storage
In figure 5.1 the storage system is shown.

Figure 5.1: Overview of the storage system

Starting from the left, the bus load is subtracted from the power generation for each substation leading to the
power mismatch. The logic controller checks if it is possible to charge or discharge the storage system based on its
state of charge (SoC). The SoC is the fraction of total storage that is filled at that instant in time. It is only possible
to charge a storage medium if the SoC remains within the upper and lower charge limits. These charge limits depend
on the storage medium, but for the model the charge limits of lithium-ion battery storage were assumed. At the
end of the section, the choice for lithium-ion batteries is explained. Figure 5.2 shows the logic controller.

Figure 5.2: Logic controller of the storage system
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The 1 is the mismatch between the generation and load. The controller first checks if this mismatch is higher or
lower than zero. The 2 is the state of charge of the previous moment. The controller checks if the state of charge
is within the upper limit (UL) and the lower limit (LL) of the storage. If the output to the switch is 0, the storage
medium is charged or discharged. If the output to the switch is 1, the power is imported or exported to the MVAC
grid instead.

The price of lithium-ion batteries has come down a lot the last decade and is competing with lead-acid batteries
over the lifetime of the system [53, 54]. Although the price is steadily declining, lithium-ion batteries are much
too expensive for seasonal storage and seasonal storage is a requirement to make the system energy neutral. For
this purpose chemical storage could be used in the form of hydrogen or ammonia, but chemical storage suffers from
large conversion efficiency losses. Two issues with lithium-ion batteries are the degradation and self-discharge of
the batteries over time. However, for batteries to self-discharge, they have to not be used for some time and a
real feasible storage size can only store energy in the range of days to weeks. Therefore, these storage systems are
continuously charged and discharged. The degradation of the batteries remains an issue, but this issue is worse
for lead acid batteries [55]. Therefore, it was decided to use the characteristics of lithium-ion batteries. The lower
limit, upper limit and initial SoC are 0.2 ,0.95 and 0.5, respectively. An efficiency of 95% has been assumed for
charging and discharging of the batteries. In this simple model, no ramping constraints for the battery power are
assumed. Moreover, how the storage cells are connected with each other is not within the scope of this work. In
figure 5.3, the SoC of the storage is shown for an 90% EN PV system for substation HQ to validate the working of
the storage medium.

Figure 5.3: State of Charge of storage for an 90% energy neutral PV system on substation HQ

The black lines indicate the lower and upper charge limits of the storage. In this example, the system has a PV
utilization close to one, because the upper limit of the storage is only reached for a short amount of time. However,
the fraction of PV powered bus load is lower, because from February to April power has to be imported from the
AC-grid. Furthermore, the storage is empty at the end of the year. In this work, it is assumed that the storage is
charged to the initial SoC by importing energy from the AC-grid. Next, the storage medium is sized for the PV on
the substations
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5.2 Sizing the energy storage
In this section the storage is sized the PV system proposed in the previous chapter. Later, the PV and storage are
resized to improve the system performance.

In figure 5.4, the effects of storage on the power utilization and PV powered bus load are shown. The storage
was in this scenario sized to allow no grid dumping.

Figure 5.4: Effect of storage on PV system

The storage sizes are shown in table 5.1.

Table 5.1: Storage sizes for PV system

Substation Storage size (kWh)
2 2
HQ 480
CS 375
14 30
15 2

Since the PV systems are much smaller than the bus load, the majority of the energy shall be imported. Energy
storage is not going to change that. Although it is technically possible to place storage on the substations it is
not recommended, this is because the storage will not be used outside the summer. If lithium-ion batteries are
used for storage, then the storage is expensive if you account for the investment costs and compare it with the few
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operational hours. In addition, lithium-ion batteries discharge over time, which would make the case even worse.
One could of course make the storage smaller, so that is used more throughout the year. However, this would reduce
the effect on bus demand. Overall, placing storage is not recommended for these PV systems. The overall bus load
that is provided by PV is 13.5%.

This is not to say that PV and storage do not have potential for increasing the renewable energy share. However,
the PV and the storage should be sized together instead of sizing storage for a PV system that is optimized for
operation without storage.

To find an optimum PV and storage combination for each substation, one could attempt to define a cost function
to minimize. However, this approach would be rested on a lot of assumptions. Rather, in this thesis, an appropriate
PV and storage range is derived by analysing a variety of PV and storage systems. In figure H.1 and 5.6 this is
shown for substation HQ (high traffic) and substation 10 (low traffic), respectively. The system sizes are shown in
table H.1.

Table 5.2: PV system sizes for substation HQ (high traffic) and substation 10 (low traffic)

Size Substation HQ (kWp) Substation 10 (kWp)
1.0 EN 746 120
0.9 EN 671 108
0.8 EN 596 96
0.7 EN 522 84
0.6 EN 448 72
0.5 EN 373 60

Figure 5.5: PV impact as a function of PV size and storage size - substation HQ

In figure H.1, the performance of a variety of PV and storage sizes are shown for substation HQ. In the left plot
the effects of the different PV and storage sizes on the fraction of PV powered bus load are displayed, the right plot
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shows the effect on utilization of the PV power. The fraction of the bus load powered by PV does not converge to
the energy neutral size of the PV system for large storage systems as one may suspect. The reason for this are the
losses for charging and discharging the energy storage system. The plot shows that there are two combinations of
PV and storage that may perform best. The first combination is a small PV system (0.5 EN) with small storage
(10 kWh). With this combination 35% of the bus load is powered by PV and 30% of the PV is dumped in the
AC-grid. Increasing the PV size for this storage does not yield much increase in the PV powered bus load, but it
does increase the dump in the AC-grid. Another promising option is to install a larger PV system (0.8 EN) with 0.5
to 2 MWh of storage. These systems provide 55-60% of the bus load, with 25-30% dump in the AC-grid. Installing
an energy neutral PV system with 200 to 500 MWh of storage to achieve no dump in the AC-grid is in practice to
expensive.

Figure 5.6: PV impact as a function of PV size and storage size - substation 10

For a poor traffic substation, small storage sizes can make a big improvement in the PV utilization and the
PV powered bus load. This is because the second and minute matching of PV and load are worse for these sec-
tions. For the 0.5EN PV system it is recommended to invest in a small storage size (up to 10 kWh or smaller).
These systems are cheap and have a limited dump of only 30% (which may be manageable because of the small
PV system) and still increase the renewable energy share with 32%. To increase this share the other option is
to install larger PV (0.8EN) with large storage (200-400 KWh). These systems supply 55-60% of the bus load,
with a dump of 18-24%. Again, the energy neutral PV with 50 MWh of storage is economically not feasible. The
minimal storage size was set on 10 kWh. Since, it was found that the logic for the storage system does not work
for smaller sizes. The logic controller checks if the storage medium is between lower and upper limit, and then
subtracts or adds power. However, if the storage medium is approaching one of the limits, the addition or subtrac-
tion of power could push the storage medium over its physical limitations. This could be avoided by adding an
additional logic step that limits the amount of power that could be drawn or stored based on the left-over energy
in the storage. However, the problem was identified late and could therefore not be changed due to time constraints.

Figures H.1 and 5.6 showed that powering over 60% of the bus load with PV is not feasible, since the storage
medium cost becomes to high. In the next section a different approach for sizing the PV is suggested to reduce the
storage costs. In this approach, a PV system is sized to power the aggregated grid load instead of the load from all
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individual substations. This will reduce the peak powers and create a more stable base load. Therefore, a higher
PV utilization could be achieved with the same storage size. The mismatch for an aggregated energy neutral PV
system and the trolleybus load is shown in figure 5.7.

Figure 5.7: Monthly bus load and PV generation

Since the mismatch is large on a seasonal scale, the PV system is expanded with a wind system to improve the
seasonal matching between generation and load.

To recap, in this chapter energy storage mediums are sized for PV systems. First this was done for the PV
systems according to the net benefit optimization of the previous chapter. However, it was found that these PV
and storage systems have little impact on supplying the bus loads. Next, for high traffic (HQ) and low traffic (10)
substations, the PV and storage have been resized for a large range. For both substations, two promising PV and
storage combinations were found. The first option is to install small PV (0.5EN) with small storage (10kWh or
lower), this option is relatively cheap but only supplies 35% of the bus loads. The other option is to go for a larger
PV system (0.8 EN) with larger storage (0.5 to 2 MWh for substation HQ, 200 to 400 kWh for substation 10).
These systems supply 55-60% of the bus loads. It can be concluded that the inclusion of storage systems yield a
large improvement. However, to increase the renewable energy share above 60%, a different approach needs to be
adapted. This approach is outlined in the next chapter.
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Chapter 6: Increasing the renewable energy share;
the aggregated approach

In previous chapter it was found that PV and storage systems could increase the renewable energy share to around
60% for low and high traffic substations. In this chapter, an aggregated approach is suggested to further increase
the renewable energy share. In this chapter, the PV and storage are not sized for individual substations, but rather
for the grid as a whole. Furthermore, to improve the matching of the power generation with the bus loads, the PV
system is combined with a wind system.

6.1 A simple wind power model
For this work a simple wind model is constructed. The hub height, rotor radius, cut-in, cut-out and rated wind
speed are copied from a reference 5 MW turbine from NREL and are provided in table 6.1 [56].

Table 6.1: Parameters for the wind model [56].

Hub height (m) 90
Rotor radius (m) 63
Cut-in wind speed (m/s) 3
Cut-out wind speed (m/s) 25
Rated wind speed (m/s) 11.4

The same wind data that was used for the PV model is used again for the wind model. This may not be optimal,
since the wind speeds are higher near the sea. However, since the power is used in Arnhem it makes sense that
the turbine is placed there as well. Moreover, the data had to be scaled to the hub height of the turbine. The
data was originally measured at ten meters above ground. Since the wind speed varies a lot in the lower part of
the atmosphere, the wind speed data had to be scaled to the hub height. This scaling is done in two steps, first
to 60 meters and then to 90 meters. Scaling from ten to 60 meters is done using the log wind profile this is a
semi-empirical fit that applicable for scaling wind speed in the atmospheric boundary layer. The fit is appropriate
until a height of 60 meters, because until that height the surface roughness may affect the wind speed. Above 60
meters, the power profile is used. The log wind profile and the power wind profile can be calculated with equations
6.1 and 6.2, respectively.

u(z2) = u(z1) ln((z2 − d)/z0)
ln((z1 − d)/z0) (6.1)

u(z3) = u(z2)
(
z3

z2

)α
(6.2)

Here z1, z2 and z3 are the heights at which wind speeds u1, u2 and u3 occur. u1, u2 and u3, are the wind speeds
at 10,60 and 90 meters, respectively.

z0 is the surface roughness in meters. The rougher the surface, more it reduces wind speed at lower altitudes.
For wind turbines on land, a surface roughness of 0.3 meters is commonly assumed. For the model I therefore also
decided to use 0.3 meters [57].

α is the power factor and it depends on the atmospheric conditions. It is common practice to assume that the
atmosphere has on average a neutral stability. This means that the atmosphere neither assists nor resists vertical
movement. For these conditions a power factor of 1

7 is empirically derived. The measured and computed wind speed
at 60 and 90 meters are shown in Appendix F.
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Now that we have the established input data and the parameters of the wind turbine we can calculate the power
output of the turbine. A wind turbine converts the kinetic energy of the wind into rotational energy, which is finally
converted to electrical energy in the generator. The kinetic energy of the wind can be calculated with equation 6.6.

E = 1
2mv

2 (6.3)

Here m is the mass of the wind and v2 is the wind speed squared. Mass is equal to the volume of the wind (Q)
and the density of the wind (ρ).

E = 1
2ρQv

2 (6.4)

Next, the volume of the wind can be expressed as the cross-sectional area of the wind reaching the blades times
the length of the wind column. The length of the wind column depends on how long we measure the incoming wind.
To calculate the power of the wind, the volume flow of wind can be expressed as the cross-sectional area times the
wind velocity instead.

P = 1
2ρAv

3 (6.5)

Moreover, the area of the blades can be expressed as pi times the radius squared.

P = 1
2ρπr

2v3 (6.6)

Now we have reached the formula for kinetic power in the wind with parameters that we can fill in. However,
the turbine is not able to extract all the power from the wind. The limit for power extraction is the Betz-limit,
derived by German physicist Albert Betz. He derived that the maximum theoretical limit of power extraction is
59.3%. [58] In practice this limit is lower.

To calculate the actual fraction of power that is harnessed by the turbine we can use the power at rated wind
speed. From the cut-in wind speed up to the rated wind speed the wind turbine aims to extract the maximum
power from the wind. From the rated wind speed to the cut-out wind speed the turbine aims to extract the rated
power for which the turbine was designed, in this case 5 MW. It does this by lowering the fraction of power it
extracts from the wind. To get the fraction of power extracted from the wind - referred to as the capacity factor -
we can rewrite equation 6.7 to 6.8.

P = 1
2ρπr

2v3cp (6.7)

cp = P
1
2ρπr

2v3 (6.8)

We evaluate 6.8 at the rated wind speed and find a power factor of 45%.
Now we can use the wind speed data and equation 6.7 to calculate the power for the whole year. However, if

the wind speed is below the cut-in or above the cut-out wind speed the power is set to zero. Furthermore, if the
power is above the rated wind speed and below the cut-out wind speed the power is set to 5 MW.

Now we need to see if the 5MW turbine has the right size for the trolleybuses. In this work, the turbine is sized
to make the trolley grid energy neutral. We can do this by comparing the yearly energy yield of the turbine with
the energy demand of the grid. It was found that the turbine was oversized and the rated power that was required
is 3.4MW instead. For this crude model a wind turbine of 3.5MW with small losses is therefore assumed. For this
turbine the radius was scaled to 53m. The other parameters are kept the same. The power output of the turbine
for the winter and summer months is shown in figure 6.1.
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Figure 6.1: Power output of wind turbine in winter and summer

As expected, the winter the average wind speed is higher than in the summer, the profiles look realistic.

6.2 Sizing a hybrid (PV and wind) power system
In figure 6.2 the monthly grid load and PV and wind generation are shown. From the figure it is evident that
wind has a better seasonal match with the grid load than PV. However, wind has the downside of having a worse
short-term match with the grid load. This is illustrated in figure 6.3. In this figure, the grid load is compared with
the PV and wind generation for the second week of March to show the short-term matching of the profiles. The
month March was selected, because in this month the grid load and wind and PV generation fit best.
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Figure 6.2: Monthly bus load and PV and wind generation

Figure 6.3: Bus load and PV and wind generation for 2nd week of March

A system that consists of PV and wind could give a good trade-off between short-term and long-term generation
and load matching. In figure 6.4, the ratio PV and wind has been varied between 100% PV and 100% wind in steps
of 5%. Near the optimum of 50% wind and 50% power, the ratio was varied for every percent.
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Figure 6.4: Combination of wind and solar energy

It was found that the optimum ratio for Arnhem is 51% PV and 49% wind. The power utilization for a 100%
wind system is 41% with the load, while a PV system has a utilization of 43%. The hybrid system has a power
utilization of 55%. Because the hybrid system consists of roughly equal PV and wind it is interesting to see how it
performs with support of storage. In the final section, the storage is varied for the PV, wind and hybrid systems to
investigate how the system performance improves.

6.3 Sizing storage system for the PV, wind and hybrid power systems
In table 6.2, the sizes for the power systems are shown.

Table 6.2: Sizes of aggregated systems

PV (MWp) Wind (MW)
PV 8.6 (1.0 EN) 0
Wind 0 3.5 (1.0 EN)
Hybrid 4.3 (0.51 EN) 1.75 (0.49 EN)

In figure 6.5 the power utilization for the PV, wind and hybrid systems are shown for varying storage sizes. In
figure 6.6 the same data is plotted till a maximum storage size of 100 MWh. The power utilization for each system
is calculated with equation 4.1.
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Figure 6.5: Power system performance with varying storage sizes

Figure 6.6: Power system performance with varying storage sizes - up to 100 MWh

It is evident that no system can eliminate AC-grid dump completely in a economically feasible manner. Which
system performs best depends on the storage size that is installed. The hybrid system is the preferred system up to
100 MWh of storage, after that the wind system performs better. The PV system performs better than the wind
system until 30 MWh of storage.

Since PV and storage have a higher power utilization than wind for small storage sizes, the PV system is
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recommended over a wind system. However, the hybrid system outperforms both systems and should be installed
to attain the maximum renewable energy share in the Arnhem trolley grid. An EN hybrid system with 5-10 MWh
of storage could make the energy supply of the whole Arnhem grid renewable, while using the AC-grid for 23-28%
of the energy storage. As a first estimation, this system looks most promising because the storage may still be
affordable.

6.4 CO2 assessment of the hybrid system
In this section the equivalent CO2 emissions (eq.CO2 emissions) of the hybrid system are compared with the current
grid emissions. The comparison in this chapter is simple and should give an impression of the emission savings that
could be obtained.

First some basic assumptions for this analysis should be explained. It is assumed that the analysis is performed
for 30 years, which is the lifespan of the PV and wind systems. Furthermore, it is assumed that there are no changes
to the load of the grid and the composition of the energy mix (see figure 1.6). In reality, the load of the trolley grid
will likely increase and the energy mix will become more renewable. Furthermore, it is assumed that the emissions
in table 1.1 incorporate the total emissions for the energy sources, are applicable for the Netherlands and do not
change in 30 years.

If we assume that the power generated by the hybrid system are for 51% generated by PV and 49% generated
by wind and that the system has 7.5 MW of lithium-ion batteries installed (very large), the eq.CO2 emissions can
be computed.

Wind has an eq.CO2 emissions of 11g per kWh and the total emissions are therefore 30 Mton per year. PV
has an eq.CO2 emissions of 48g per kWh and the total annual emissions are 137 Mton. Furthermore, lithium-ion
batteries have a eq.CO2 emissions of approximately 1 Mton per kWh [59]. The eq.CO2 emissions of the battery
system is 5000 Mton. Tesla PowerWalls are large lithium-ion batteries that are commercially available (in the US),
these batteries have a 10-year warranty on performance [60]. Therefore, for this simple comparison it is assumed
that the battery system will last for 10 years. The result is an 80% decrease in the overall eq.CO2 emissions in the
30-year lifetime of the system. The results are summarized in table 6.3.

Table 6.3: Equivalent CO2 emission comparison between business as usual and hybrid system.

Business as usual Hybrid system + storage
Wind 3Energy per year (GWh/yr) 6
PV 3

552 Wind 11Emissions per energy (g eq.CO2/kWh)
PV 48

Extra emissions (Mton eq. CO2) 0 Battery system 15000
Total emissions in 30-years (Mton eq. CO2) 9.9E+04 2.0 E+04
Emission reduction with hybrid system 80%

To summarize, in this chapter PV and wind have been combined to power the aggregated load of the trolley
system. It was found that a hybrid system with 51% PV and 49% wind has the highest power utilization of 55%.
For this system and for 100% PV and 100% systems, the storage system size was varied. The hybrid system with
5 to 10 MWh of storage seems the most promising system. This system can achieve 72% to 78% power utilization
while exchanging the left-over power with the AC-grid. Finally, a CO2 assessment of the system showed that the
system can reduce the equivalent CO2 emissions by 80% when compared to the business as usual scenario over the
lifetime of the system.
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Chapter 7: Conclusions and Recommendations

In this final chapter first the conclusions of the work are listed. Then limitations of the work are discussed, followed
by the recommendations. Finally there are suggestions for future work.

7.1 Conclusions
The whole thesis project started with one objective in mind:

Investigating the attainable renewable energy share of the Arnhem trolleybus grid while minimizing
the need for seasonal storage.

RQ1: What renewable energy source has the most potential for increasing the renewable energy share?

In this work, PV and wind are both considered as possible renewable energy sources for increasing the renewable
energy share in trolley grids.

From a practical point of view, PV has advantages over wind. These advantages are; the modules are more
urban-friendly and are modular. It has the added benefit that it produces DC power which could be added to the
sections directly at a higher energy efficiency and could make the voltage profile more robust and reduce transmission
losses. The cost for onshore wind and PV are comparable.

From an energy point of view the choice between PV and wind is less obvious. An aggregated PV system
without storage, size to make the trolley grid energy neutral has a PV utilization of 43%. For a wind system this
wind utilization is 41%. Aggregated means that power systems are sized for the grid load as a whole and energy
neutral means that the annual energy generation of the power systems is equal to the grid load. The key Wind has
a better seasonal fit with the grid load, since the trolleybus load increases in the winter due to Heating, Ventilation
and AC. The wind generation also increases in the winter. In addition, in the summer different bus schedules are
active. Therefore, the total number of buses decreases in the summer. It was found that a system with 49% wind
and 51% PV has the highest direct power utilization of 55%. difference between PV and wind is that PV has a
better daily fit with the grid load and wind has a better seasonal fit. This is because the trolleybus load increases
in the winter due to Heating, Ventilation and AC. The wind generation also increases in the winter. In addition,
in the summer different bus schedules are active. Therefore, the total number of buses decreases in the summer. It
was found that a system with 49% wind and 51% PV has the highest direct power utilization of 55%.

In practice, the PV system is preferred over the wind system because of the practical reasons and because the
PV power utilization can improve a lot with small storage. Wind works better with large storage, but in practice
this is too expensive.

Nonetheless, it is recommended to install a hybrid system (51% PV and 49% wind) instead. This system gives
the best trade-off between the short-term and long-term matching of the PV and wind and can reach a power
utilization of 55%.

RQ2: Where should this renewable energy source be connected to the trolley grid system?

In this work, the PV is placed on the AC-side at the substations (between the transformer and the rectifier).
Here the excess PV can be send to the AC-grid. This wouldn’t be possible at the DC-side because of the rectifier
in the substation and the PV has to either be stored or wasted.

However, the bus load at the substations is inconsistent and therefore the PV was powering the AC-grid most of
the time. Therefore the recommended system is an aggregated power system. This system can power the combined
load of the trolley grid and thereby have a more consistent base load and reduced power peaks. It can be connected
to the medium-voltage AC grid.

RQ3 & RQ4: What size should the PV system be and how much power is directly utilized by the buses (without
storage)?
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For each substation a PV size has been established that maximizes the net social benefit of PV energy to the
buses (benefit) and PV energy to the AC-grid (cost). Many substations have an inconsistent stream of traffic;
therefore, the PV cannot send its power to the buses most of the time and consequently for thirteen of the eighteen
substations the recommended PV size is no PV. The substations that should receive PV according to the optimiza-
tion should only have a few percent of an energy neutral PV system installed. Since only 8.2% of the bus load is
directly supplied by PV, the PV system should be supported by energy storage. Simply increasing the PV size and
curtailing the excess PV to limit grid dump is not a successful strategy to improve the renewable energy share of
the trolleybuses due to the inconsistent stream of bus traffic under the substations. The extra installed PV will
send a larger share of its power to the AC-grid.

RQ5: How does the renewable energy utilization improve with energy storage?

To improve the PV system, storage was added to the PV that was sized to maximize the net social benefit.
However, since the PV generation is much smaller than the bus load, the storage has limited effect on improve the
PV utilization. The storage is primarily used to store energy in the summer (when the PV is overproducing), but
its use drops throughout the year. A better approach is to size the PV and storage at the same time. In this work
this was done for a low and high traffic substation. The PV system size was varied between 50% energy neutral
and 100% energy neutral and the storage was varied between 10 KWh and 1 GWh for both substations. Two
combinations have potential. A 50% energy neutral system with 10 KWh of storage can be an affordable option
that can increase the renewable energy share to 35% while using the Arnhem grid for 25% of the PV storage (for
both substations). To increase the renewable energy share further, an 80% energy neutral PV system could be
installed with 0.5 to 1 MWh of storage for the high traffic substation and between 200 and 400 kWh for the low
traffic substation. In both cases, the PV utilization increases to 55-60% while the grid dump is 25-30% for the
high traffic substation and 18-24% for the low traffic substation. It makes sense that the high traffic substation
needs more storage, since the PV system is six times larger (due to the larger bus load). Increasing the PV system
with 20% increases the renewable energy share by 5-10% while the grid dump increases by 10-15%. Increasing the
storage size would make the systems too expensive.

To maximize the renewable energy, share the Arnhem grid, a third approach was suggested. Instead of sizing
the PV systems for the individual substations, an energy system is sized for the aggregated grid load. In this way
the base load is higher, and the peaks are reduced. For the hybrid system – and a 100% PV and 100% wind system
– the power utilization with varying storage sizes was investigated. It was found that a PV system has a higher
power utilization up to 30 MWh of storage. Furthermore, the hybrid system outperforms both the wind and the
PV systems up to 100 MWh of storage, if more storage is installed the wind system is the better option. The most
promising option is to install the hybrid system with 5-10 MWh of storage. This system could power 72% to 78%
of the Arnhem grid directly, while using the AC grid as storage for the remaining power. A simple CO2 balance
showed that this system could reduce the equivalent CO2 emissions by 80% over a 30-year span.

7.2 Limitations
The conclusions from this work come with some limitations. The most important limitation is that the case-study
is carried out in only one grid. The result of this is that performance of the systems is only evaluated under one
set of city parameters (like meteorological parameters), the potential for PV and storage in warmer climates is
a lot different than it is in the Netherlands. Two important reasons for this hypothesis are because the ambient
temperature is higher, therefore the buses need less or no heating in the winter. Heating can constitute up to 43%
of the total bus load in the winter for the Arnhem trolleybuses [14]. Moreover, the warmer climate have more
equivalent sun hours per day. Therefore, the energy output of the PV is higher than it is in Arnhem. Consequently,
the PV output in the summer is also higher and the demand for storage increases again. Finally, if the trolley grid
is located closer to the equator, the variation in sun hours per day is smaller and the seasonal variation between
PV and bus load is smaller as a result.

Other limitations of this work have to do with a limited knowledge about the trolley system. The topology of
the overhead lines and an overview of which sections are bilaterally connected was not shared during the this work.
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Bilateral connections allow substations to power each others bus load through the section separations. This has a
large effect on the short time scale matching between PV and bus load and may improve the potential for PV on
substation with a low consistency of traffic by a lot. However, since the grid operates to minimize power losses,
the PV on busier substations may lose some load to neighboring substations. Therefore, the PV utilization for
busier substations may drop. In this work, it was found that substations are bilaterally connected in the Arnhem
grid but which substations in specific is not known.Furthermore, the lack of the topology of the overhead lines
means that the power flow on the overhead lines cannot be computed accurately. It could be, for instance, that
sections near the city centre have many parallel lines to power the buses. The current in each line would be lower
and the transmission losses would be lower. In this work, therefore a constant restive loss of 16.7% was assumed
instead. Due to this limitation, not only can the losses for power flow on the overhead lines not accurately be
assessed, also placement of PV directly on the section is not possible. Placing PV on the sections could - on top of
increasing the renewable energy share - increase the voltage where the voltage drops the most. This would reduce
transmission losses and better equip the PV for developments in the trolley system (e.q. In-motion-Charging of
buses and grid multi-functionality). Moreover, the Heating, Ventilation and AC (HVAC) of the buses demands a
large fraction of the total bus load. It is therefore important that the HVAC load is simulated accurately. For this
work, only a correlation between ambient temperature and average HVAC power in the range of 1 to 12 degrees was
available. To increase the range for the whole year a simple heat balance across the bus was constructed. However,
a specification of the buses was lacking. Finally, only two sets of measurements for each bus trip in both directions
was made available. These data sets are from trips with the highest and lowest overall energy. By using a dataset
that represents the average energy per trip or by combining multiple data sets, the power profiles may become
more representative. In this work only the data sets with the lowest overall energy have been used. For line 1, the
difference between the mean average energy per trip and the minimal energy per trip is 15%.

The final limitation of this work is time. The location specific characteristics (mutual shading, cable losses etc.)
of the solar panels was were not considered. Furthermore, the only storage constraint that is accounted for is that
the storage medium remains within the lower and upper states of charge, the ramping constraints and design of
the storage medium was also not accounted for. The assumptions for the wind model are more rough still. It was
assumed that the turbine has the same design as a 5 MW turbine with a scaled down radius. In practice, the forces,
moments, and losses for the turbine have to be calculated carefully. In this work, only an small loss was arbitrarily
assumed. Furthermore, the location for the turbine was not optimized. Finally, the CO2 impact of the various
systems has not been quantified.

7.3 Recommendations
In this section the recommendations on how to improve the work are shared. These recommendations are grouped
in three categories below

• Grid model

– Improve the HVAC power estimation. Preferably, this is done by using more measured data in a wider
ambient temperature range. Otherwise, a specification sheet for the trolley bus could improve the
accuracy of the input parameters for the heat balance.

– Repeat the HVAC power estimation but turn of the climate control when the bus is using 300 kW or
more. In practice, above this limit the climate control is turned off. This is not included in this work.

– Compute the power flow over the overhead lines instead of assuming a constant power loss of 16.7%
– Include bilateral connections to investigate the effects on power sharing and renewable energy potential.
– Use multiple sets of measured velocity and power data of the buses to see how much the data sets vary

and to get a more representative bus power profile.

• Results
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– For the aggregated approach the power system does not need to be close to the trolley grid. Therefore, the
PV and wind could be located at more suitable locations. Furthermore, the location specific conditions
and their affects on the location and performance of the renewable energy systems must be established.

– Change the ratio between PV and wind for the hybrid system and investigate the power utilization
within the 5-10 MW storage range. The fact that a 51% PV and 49% wind system has the best power
utilization without storage does not mean that it has the best utilization with storage.

– In figures H.1 and 5.6 (the plots with PV and storage sweeps for the high and low traffic substations)
shows that there are two storage ranges where the PV utilization jumps up. In appendix H, a first
approach is suggested to relate these storage ranges with storage times. It is recommended to investigate
if there are storage time scales for which the storage should be sized to optimally support the PV.

• General

– Repeat the work in this study for another trolley grid. This shows how well the results are generalize-able
and how large the effects of city parameters are.

– Investigate how the trolleybuses transition from one bus line to another at the central station and time
how long the buses are there on average.

– Model the bus traffic on line 9.

7.4 Future work
The first recommendation for future work is to investigate DC-side placement of PV. On top of increasing the
renewable energy share, the PV could help improve the voltage profile of the overhead line. These challenges are
listed in appendix B. Since the overhead lines are low voltage, they suffer from voltage drops, especially if there are
multiple buses that are accelerating. By placing PV on the sections, not only does the voltage profile remain more
robust, as a result the transmission losses in the overhead lines decrease. Moreover, the grid is better prepared for
the load increase in the future due to In-Motion-Charging buses (buses that charge a battery while attached to
the overhead lines) and grid multi-functionally (EV charging, LED street lights, etc.). In appendix H interesting
insights for PV sizing and placement and storage sizing and placement are shared.

Finally, it is recommended to investigate which storage medium is best able to support the PV and to investigate
where on the section the PV and storage may placed.
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Appendix A: Comparison between AC and DC
power distribution

Back in the day of Nikola Tesla and Thomas Edison the debate between AC or DC voltage systems for power
distribution was settled. In the end Tesla’s AC system won the battle, because of several reasons [61, 62]:

1. Without modern power electronics it is difficult to increase the voltage of DC distribution lines, resulting in
high currents which lead to large resistive losses. On the other hand, for AC power simple transformers could
be used to boost the voltage.

2. The loads of the 19th century where primarily electric motors and light bulbs, both are AC operated.

3. Traditional electricity plants - like coal or gas plants - use steam generators that produce AC power.

For these reasons it made sense that an AC power grid would be installed. However, in the present day our
use and generation of power has changed dramatically. Researchers are now interested in using DC power grids to
overcome some of the drawbacks that AC power grids have.

Drawbacks of AC power distribution

In AC power lines, the voltage and current are phase-shifted by some degree. Voltage and current without any
phase-shift produce so-called active power and 180°-shifted voltage and current signals produce reactive power, this
is shown in figure A.1a and figure A.1b.

(a) Voltage and current 0°phase-shifted (b) Voltage and current 180°phase-shifted

It should be noted that the amount of power does not change. However, reactive power cannot be used to
do work. To increase the amount of usable power, the phase-shift between the voltage and the current must be
minimized. This is where the power factor is introduced. Completely reactive power can equivalently be expressed
as having a power factor of zero and active power has a power factor of one. To get the power factor closer to unity
a power factor correction (PFC) unit needs to be installed, this power factor correction unit adds to the cost of the
system and reduces the overall efficiency.

Moreover, a single-phase AC system may experience large power fluctuations at lower frequencies. As the
polarity changes, the voltage and consequently the current change direction also. Therefore, there must be point
where the output power is zero. The lower the frequency of the AC power, the larger this power fluctuation will
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be. To achieve a more stable output power, multiple wires with AC power phase-shifted with regards to each other
may be added. In practice a 3-phase system, with each phase shifted 120°with respect to each other is used. This
was found to be the economical optimum configuration. Figure A.2 shows the difference in power output between
three single phases and 3-phase power.

Figure A.2: Single phase AC versus 3-Phase AC; power output

There is one more practical reason to use a 3-phase AC system: Because the currents in each wire are shifted
by 120°, the superposition of these currents is - under ideal conditions - always zero. In other words; if one wire
is powering the load, the other wires will form the return path for the current, see figure A.3. A 3-phase system
would - therefore - in principle need only three wires to operate. However, in practice four wires are often used to
enable a return path if the wires are out of sync. In conclusion, AC power distribution requires three or four wires,
while DC power distribution only requires two wires. AC distribution cables will thus be heavier and more expensive.

Figure A.3: Single phase AC versus 3-Phase AC; current output
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Drawbacks of DC power distribution

One drawback of DC power is in the system protection. Both DC and AC systems are protected by mechanical
system breakers. If the system does not operate within the design specifications (eg. high currents), the system
breakers will open the system and stop the current flow to protect the system.

In AC systems this will be done as close as possible to the zero voltage crossing. At this point, there is little
to no current flowing and the breaker can open without much heat generation. In DC systems, the voltage - and
therefore - the current are not periodic (see figures A.4a and A.4b). Therefore there will never be a moment when
the breakers can open when there is no voltage. Opening the circuit will result in a large charge build up in the
breaker, the voltage on the breaker will then rise to the voltage of the source. If the voltage is large and the distance
between the breaker and the circuit is not too large, the breaker could discharge using the circuit by ionizing the
surrounding air. These arcs generate a lot of heat and could - in the worst case - make the breakers catch fire.

(a) Voltage in AC power flow (b) Voltage in DC power flow
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Appendix B: The power-induced voltage prob-
lem

The main challenge in trolley grids is the power induced voltage problem.
To move a trolleybus along a section, the substation has to provide power. If only one bus is on the section,

this can be illustrated with the equivalent circuit shown in figure B.1.

Figure B.1: Equivalent circuit with one bus

Here the line is modelled as a resistance, this assumption is valid because the reactive part of the impedance is
negligible. The electric power demanded by the bus can be expressed as follows:

Pbus = Ibus ∗∆Vbus (B.1)

Where Ibus is the current flowing from the substation to the bus and ∆Vbus is the voltage drop across the bus.
By considering Ohm’s law, ∆Vbus can be equivalently be written as:

∆Vbus = Vsubstation − Ibus ∗ 2Rline (B.2)

Rline can be rewritten as:

Rline = ρ ∗ l
A

(B.3)

Where ρ is the resistivity of the line in ohm times meters is the line length in meters and A is the cross-sectional
area of the wires in meters squared. From this relation, it is obvious that the resistance of the line is proportional
to the length of the line. If we then substitute equation B.3 into equation B.2 we get:

∆Vbus = Vsubstation − Ibus ∗ 2(ρ ∗ l
A

) (B.4)

From this equation it can be concluded that the voltage drop across the bus depends linearly on the current
to the bus and the distance that this current needs to travel to reach the bus. Since the voltage is low ( 700Vdc)
and the power can be high (300kW for a single bus), the current can spike. This results in large voltage drops.
Therefore acceleration of a bus far from the substation yield the worst-case scenario for a section with a single bus.
If multiple buses are on the same section at the same time the voltage drop would be worse, see figure B.2 for the
electrical representation of a section with n buses.
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Figure B.2: Equivalent circuit with n buses

The voltage across the n’ed bus can be expressed as:

Vbusn = Vsubstation − 2[
n∑
i=1

IbusiR1 +
n∑
i=2

IbusiR2 + ...+ IbusnRn] (B.5)

To accentuate the significance of the voltage drop in the overhead lines, an example from the Arnhem trolleybus
grid is illustrated in figure B.3. The average voltage on this section is around 660V, however it was found that the
voltage drops to 525V during measurements on this particular section. The power to the buses is limited when the
voltage on the line drops below 500V. In a report by Liandon it was found that this happened multiple times in
the trolley bus grid of Arnhem, the Netherlands. [63].

Figure B.3: Voltage drop example from Arnhem trolley grid - with kind permission of Arnhem University of Applied Sciences

Now that it is clear that large voltage drops do occur it is essential to explain why this is important. Large
voltage drops could give problems for the grid for various reasons:

1. Large losses, due to the large currents.
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2. Low voltage transmission requires high currents; these could exceed the maximum current of the overhead
lines. This forces the circuit breakers to break the circuit until the current is reduced.

3. Problems with voltage operation range of the DC/DC converter for other grid applications.
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Appendix C: Section lengths Arnhem

In this appendix the section lengths for the Arnhem grid are presented. These lengths are obtained by measuring
the bus routes - in both directions - using the measurement tool of Google Maps. The lengths are used to divide
the buses from each line into the individual sections.
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Appendix D: Bus traffic for all bus schedules
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Appendix E: Load profiles of sections and sub-
stations

These power profiles are important, because they are used for the sizing of the PV. Later on, when the PV is sized,
the degree of utilization of the PV will be investigated on the basis of these power profiles. Moreover, the power
profiles could show unexpected behaviour on the substations, which would indicate that there are errors in the
model.

E.1 Section power profiles
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E.2 Substation power profiles
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Appendix F: Meteorological input parameters

In this appendix the meteorological data that has been used in this work is presented. The radiation data, the
locations that were used are; Wageningen(16km, NL), De Bilt(49km, NL), Bocholt (48km, DE), Cabauw(65km, NL),
Bochum(113km, DE) and Osnabrueck (151km, DE). For the temperature data, the following locations have been
used: Deelen (7km, NL), Kalkar (39km, DE), Soesterberg (45km, NL), Volkel (41km, NL), De Bilt and Hupsel
(53km, NL). The selection of stations and the interpolation has been automatically carried out by Meteonorm.
Furthermore, the data ha a resolution of one minute and is based on a data set from 2000 to 2009 for temperature
variables and 1991 to 2010 for the irradiance data. Meteonorm generates realistic data by applying a stochastic
model to the data.

Figure F.1: GHI Arnhem - based on 1991 to 2010 data
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Figure F.2: Ambient temperature Arnhem - based on 2000 to 2009 data

Figure F.3: Ground temperature Arnhem - based on 2000 to 2009 data
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Figure F.4: Wind speed Arnhem - based on 1991 to 2010 data

Figure F.5: Cloud coverage Arnhem - based on 1991 to 2010 data

The next plot shows the wind speed scaled with the log and power law from 10m to 60m to 90m.
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Figure F.6: Example of wind speed at 10m, 60m and 90m
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Appendix G: PV module specification sheet
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For Global Market

355W~365W
CHSM60M(BL)-HC Series (166)

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.

Tier 1 No.1
Bloomberg PHOTON 2020 TOP

Performance

DNV GL

Incredible Power for Small Body
AstroSemiTM

COMPREHENSIVE CERTIFICATES

Monocrystalline PV Module

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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05-2020http://energy.chint.com

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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Appendix H: Future work insights

H.1 Literature
Trolley grids experience voltage drops due to the large peaks in loads and the low voltage of the overhead lines.
It is not the aim of this work to improve the robustness of the overhead lines, but the simulations of the bus load
and the bus traffic may be used for this in the future. With this in mind, the following literature may be useful for
future work.

A paper by the University of Wuppertal, by M. Wazifehdust et al. goes in depth about the placement of PV
into the Solingen grid [22]. First an empty LVDC test grid is modeled, then the substations are added and the
PV is added to all nodes that can support PV. Afterwards the bus traffic is simulated according to the timetables.
Then the ’zone of influence’ (ZoI) of the PV panels is determined. ZoI is non-specifically defined by the authors as
To what ’extend’ a solar PV panel can power a load. The ZoI is determined in three different ways;

1. Based on a set distance between the solar PV and the load (max 500m).

2. Based on a maximum voltage difference between the solar PV and the loads

3. Based on maximum power losses that may occur between the solar PV and the loads.

The first way of calculating the ZoI is rather simplistic, but this method does not take into account the cross-
sectional area of the overhead lines. The cross-sectional area influences the resistance that the lines have and
therefore affect the losses of the power. See Equation H.1, for a reminder of this relation.

Rwires = ρ ∗ l
A

(H.1)

Where Rwires is the resistance of the wires, ρ is the specific resistance of the cable in ohm per meter, l is the
length of the wires and A is the cross-sectional area of the wires.

The problems with this simple method are that the losses of the PV to the load may differ for each 500m and
that the sections in the Arnhem grid are at most 1.5km. Therefore, this method would allow too few places to put
the solar PV and thus yield a poor optimization.

Method two and three take the resistance into account, but determine this resistance in different ways.

In the second method, first the current coming from the solar panels during rated performance is calculated.

IPV = PPV

VPV
(H.2)

Then the maximum allowable voltage difference between the solar PV and the loads is arbitrarily established.
The maximum resistance is then calculated by dividing this voltage difference by the maximum current from the
PV panels. See equation H.3.

R = ∆V
IPV

(H.3)

In the third method, the ZoI is determined based on the maximum allowable losses.
First the maximum current from the PV panels is calculated (see equation H.2. Then the maximum relative

losses (ν) are arbitrarily defined. The maximum lost power can then be calculated by multiplying ν with the power
through wires. See equation H.4.

Plosses = P ∗ ν (H.4)

xxxv



Finally, the maximum resistance can then be calculated by dividing the maximum power losses by the maximum
current squared.

R = Plosses

IPV
2 (H.5)

After establishing the ZoI of the solar PV, the theoretical power that nodes can deliver determined. This was
done by comparing the ideal PV power profile with the feed-in-power of the nodes (which depends on the ZoI). The
lower the resistance (or distance for method 1), the higher the feed-in-potential of the PV. Finally, the nodes were
selected to which the PV should be connected. This was done by summing the Feed-In-Power (FIP) of the nodes
for each ZoI and then checking which node has the largest feed-in-potential.

The authors then proceeded to size the solar PV. They did this with the objective of maximizing the utilization
of the PV. First, they summed all the FIP’s for a ZoI for all nodes. This is the ideal amount of power that all
nodes can deliver within a specfic ZoI, refered to as the feed-in-power profile of a ZoI. Then the PV sizes of each
node were changed. This was done to change the feed-in-power profile in such a way that most of the power in that
ZoI was delivered by the PV instead of the substation. To determine the relative input of PV to the total input, a
utilization factor was introduced. See equation H.6.

U = PPV

PTotal
(H.6)

Here U is the utilization factor. The sizes of all PV nodes were iterated, so that U is maximized.

This seems like a promising approach, however the validation of their model is lacking, since the authors do not
show the timetable of the buses or the power coming from each node. They only conclude that a utlization factor
of 90% could be reached with a total PV size of 100kWp. Moreover, the effects of the PV on the grid characteristics
are not discussed.

In [24] the team goes in-depth in finding the optimal placement for stationary storage with integrated solar PV.
A case study on the trolleybus grid of Solingen is conducted to validate the model. Storage is necessary for the
Solingen grid, because the grid - just like the Arnhem grid - is unidirectional. This means that no excess energy
can be fed into the MVAC grid. First the powerflows in the grid are computed, by executing their Adapted Newton
Raphson power flow algorithm (ANR). [40]. The outputs of the ANR are the voltages of all the nodes in the
network and the branch resistances. The current between storage node x and node k can be calculated by dividing
the differences between the node voltages by the resistance of the branch, see equation H.8.

Ixk = ∆Vxk
Rxk

(H.7)

The authors go on to establish the maximum current that may be caused by operation of the storage by
subtracting the current Ixk from the maximum allowed current on that branch Ixk,max.The actual current coming
from the storage is limited by the branch with the lowest current margin (∆Imin).

∆Ixk = Ixk,max − Ixk (H.8)

The authors then used this calculated current to perform a sensitivity analysis, instead of performing an ad-
ditional ANR. First they checked the voltage of node k. If this voltage was at least 5% higher than the nominal
voltage, the storage medium is discharging and if the voltage is at least 5% lower than the nominal voltage, the
storage medium is charging. Within the 5% ranges, the storage medium is assumed to be not operating. The
voltage change of node k is determined by multiplying the current moving from or towards the node by the sensi-
tivity matrix. This is the inverse of the admittance matrix. The sensitivity matrix is basically the resistance of the
branches and the nodes connected to node k.

∆Vk = S ∗∆Ik (H.9)
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where

∆Ik ≤ ∆Ixk,min (H.10)

By adding ∆Vk to Vk, Vk,new was established. This new voltage should of course remain below the rated voltage
and above the minimum voltage. The power from or to node k can be calculated by multiplying the new voltage
with the current.

Pk,storage = Vk,new ∗∆Ik (H.11)

Finally, the authors introduce two constraints to optimize the storage. Constraint A is the maximization of the
usage of the storage medium. This is done by maximizing the absolute energy that flows in and out of the storage
medium by integrating the power flow for all simulation times. Constraint B minimizes the difference between the
overall energy flowing in to the storage and out of the storage. This constraint was necessary to have a similar
state of charge at the beginning and end of the simulation. The state of charge is how much the storage medium is
charged as a fraction of the maximum energy that the medium can store. Since the model cannot be optimal for
both constraints at the same time, weights were introduced.

A maximize Ek,abs =
t∑
0

∣∣Pk,storage(t))
∣∣ (H.12)

B minimize Ek,nom =
t∑
0

∣∣Pk,storage(t))
∣∣ (H.13)

This article gives interesting insights in the placement methodologies for the storage. Furthermore, the con-
straints can be used to approximate the power from or towards the storage medium. This is interesting, when the
utilization of the storage medium is to be minimized. The approach proposed here could be interesting for the
storage placement on the DC-side. Especially, if the PV and the storage are not at the same location and the
overhead lines have to be shared for power transfer. However - for the AC-side placement - line sharing does not
occur. The storage sizing constraints could still prove useful for the AC-side placement.

PV in LVDC may give fluctuations in voltage, if the MPPT response time is too quickly.

H.2 Approach for relating storage size to time scale
In figure H.1 and 5.6 this is shown for substation HQ (high traffic) and substation 10 (low traffic), respectively. The
system sizes are shown in table H.1.
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Table H.1: PV system sizes for substation HQ (high traffic) and substation 10 (low traffic)

Size Substation HQ (kWp) Substation 10 (kWp)
1.0 EN 746 120
0.9 EN 671 108
0.8 EN 596 96
0.7 EN 522 84
0.6 EN 448 72
0.5 EN 373 60

Figure H.1: PV impact as a function of PV size and storage size - substation HQ

What is interesting from both plots are the two knee points that occur at different storage sizes. This raised
the question if these storage sizes can be related to time scales of the mismatch between PV generation and bus
load. The time that storage can be used depends on the magnitude of the mismatch between generation and load.
However, in this work, average storage sizes for a range of time scales are approximated. Moreover, the analysis is
limited to the energy neutral PV systems.

Since the annual energy output of the PV system is by design equal to the annual load of the buses. It is not
possible to take the mean of an average for a time period for the whole year, since this will be zero. To work around
this, we could define a relevant time window in the year for which the storage system is sized. In this work, this
time window is found by taking the average from PV generation minus bus load with an average per day for the
whole year. The result is shown in figure H.2.
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Figure H.2: Moving daily average PV generation minus load - Substation HQ

From the figure it can be approximated that the time that PV generation is larger than the bus load is from
mid March till mid September. Since the purpose of the storage is to store the excess energy of the PV, the storage
window is between mid March and Mid September. Next, the average storage energy for the following time scales
second, minute, hour, day, week and month is approximated with equation H.14.

Estorage = mean( ¯PVsubs − Loadsubs) · t
0.375 · 3.6 ∗ 106 (H.14)

Here mean( ¯PVsubs − Loadsubs) denotes the mean of the mismatch of the average of the time scale within the
time window. For example, for the minute time scale, first the average for the minute mismatch between mid March
and mid September is calculated, then the mean of this average is taken. To get the mismatch per minute this
mismatch needs to be multiplied by 60. Now we have the energy that should be stored in kJ. The final two steps
are to convert it to MWh and divide it by 0.375. This division by 0.375 is done because of the assumption that
the storage system is half full at the beginning of charging (LL = 0.2, UL = 0.95, SoC = 0.575). The result is
an approximation of the average storage size required to store the mismatch between generation and load for one
minute. This process is repeated for the other time scales and the results are shown on the top x-axis in figure H.3
for energy neutral PV systems. The top x-axis therefore does not show time, but it shows the average time that
the storage could sustain the bus load in the sizing window. The storage size is shown on the bottom x-axis. The
aim of these plots is to identify for what time range the PV should be installed, in this time range the variation in
load and the variation in PV are minimal and the storage is optimally utilized.
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Figure H.3: Storage sizes for energy neutral PV systems

In both plots there are two areas for storage sizes that are promising. One is in the hour-day range, this is
because the hourly generation of the PV and the bus load are relatively constant throughout the year. Therefore
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storage in this size range may be used throughout large parts of the year. Another area is in the month storage
range. For small PV systems this may be an option, but for large PV systems investing in these storage sizes is too
expensive.
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