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Abstract

Language: English
A consortium consisting of Scania, JOAB, Powercell Sweden AB, KTH, and Renova

collaborated to design and engineer a fuel cell-powered refuse truck within a FFI-funded
project. The refuse truck has been operational in Gothenburg since 2020, with a hydrogen gas
infrastructure of one refuelling station at the time of this work. From 2020 to 2023, the fuel
cell has gone through driving and standing still tests. Real drive data on the truck's system and
fuel cell was recorded. The databases were unsynchronised in time, hence data

synchronisation was required.

This thesis began with the main aim of developing an accelerated stress test for the fuel cell
based on this application. Additionally, the aim was to evaluate the ageing of the fuel cell.
Due to the available variables, fuel cell ageing was based on deterioration of fuel cell powers

at constant temperatures and currents.

A test cycle (or power cycle) based on refuse truck test driving was developed instead. By
utilising the established “k-means clustering” method on fuel cell power cycles, a test cycle
representative of the truck operation from 2020 to 2023 was made. The test cycle was
validated based on a statistical criterion, although verification and further work are required.
After 141.80 hours of fuel cell power requests no ageing could be identified. More data from
refuse truck operation is needed, also considering that an additional hydrogen refuelling
station will be put in place in 2023 in Gothenburg, hence the drive pattern might vary. In this
context, however, the results from this thesis lay the foundation for future research and offer

an approach to study the fuel cell truck.

Keywords: Fuel cells, hydrogen, refuse truck, accelerated stress test, degradation




Language: Svenska
Ett konsortium bestaende av Scania, JOAB, Powercell, KTH och Renova samarbetade for att

designa och konstruera en brénslecellsdriven sopbil inom ett FFI-finansierade projekt.
Sopbilen har sedan dess varit 1 drift i Goteborg fran 2020 till 2023, med en vétgasinfrastruktur
bestdende av en tankstation vid tidpunkten for detta arbete. Under den tiden har brénslecellen
genomgatt kor- och stillastdende tester. Verkliga kordata pa sopbilens system och brinslecell

registrerades. Databaserna var osynkroniserade i tid och dirfor krdvdes datasynkronisering.

Detta examensarbete inleddes med huvudsyftet att utveckla ett accelererat aldringstest for
brianslecellen baserat pad denna applikation. Ett ytterligare syfte var att utvérdera
brianslecellens aldrande. P4 grund av de tillgdngliga variablerna baserades brinslecellens

aldrande pa forsamring av elektrisk effekt vid konstanta temperaturer och strommar.

En testcykel (eller effekt-cykel) baserad pa testkdrningen av sopbilen utvecklades istillet.
Genom att anvinda den etablerade metoden "k-means clustering" pd brinslecellens
effekt-cykler skapades en testcykel som var representativ for sopbils-korning fran 2020 till
2023. Testcykeln validerades baserat pa ett statistiskt kriterium, verifiering och ytterligare
arbete krdvs dock. Efter 141,80 timmars brédnslecellsdrift kunde ingen éldring identifieras.
Mer data fran sopbilen behdvs och faktumet att ytterligare en vétgastankstation kommer att
installeras under 2023 i Goteborg innebér att sopbilens kdrmonster kan forandras. Resultaten
frdin denna avhandling ldgger dock grunden for framtida forskning och erbjuder ett

tillvdgagangssatt for att studera den brénslecellsdrivna sopbilen.

Keywords: Brinsleceller, vitgas, sopbil, accelererat &ldringstest, aldring
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1. Introduction

This chapter sets the stage for this thesis by introducing the background and purpose of this
work, highlighting its significance in contributing towards national and global climate goals
and future research. As denoted by the title, the focal point of this report revolves around the
comprehensive evaluation of real drive data obtained from a refuse fuel cell truck. Delving
into the complexity of the real drive data, this chapter also introduces the key research

questions that will be addressed throughout the thesis.

1.1 Background

The European Union (EU) and its member states have the climate target of cutting greenhouse
emissions by 40% until the year 2030. Some countries, such as Sweden, have the ambitious
goal of cutting emissions from domestic transport by 70 % until the year 2045. [1] As of
2021, in Sweden 31 % of CO, emissions come from the transportation sector only. This
includes both personal cars and e.g. industrial trucks. [2] To decarbonise the transportation
sector, battery electric vehicles (BEVs) are regarded as a viable option for personal cars. In
heavy-duty (HD) vehicle applications (trucks and buses) [3] one technology that is

increasingly more researched is polymer electrolyte membrane fuel cells (PEMFCs). [3], [4]

A consortium consisting of Scania (the truck and bus manufacturer), JOAB (the truck body
manufacturer), Powercell Sweden AB (the fuel cell developer), and Renova (the waste and
recycling company) collaborated to design and engineer a fuel cell-powered refuse truck
within the FFI-funded project. After several months of development, the truck was
successfully built and has been operational in Gothenburg since 2020, although not in official
service until April 2023. This innovative project aims to promote a sustainable and
emissions-free transportation solution for heavy-duty vehicles. KTH is involved in the
project, responsible for analysing real-world driving data. The refuse truck operates within the
Gothenburg area. It is equipped with a powertrain consisting of a PEMFC-stack and a battery
module. The truck, referred to as Albert, shown in Figure 1.1, weighs approximately 15
tonnes and carries 28 kg of hydrogen gas for fuel. The fuel cell serves as a supplementary
power source, supporting the battery by charging it, supplying power to auxiliary devices, and
assisting the electric-motor unit (EMU). Currently, the truck has been primarily driving within
the Gothenburg region for drive testing; from April 2023 it is employed for the collection of

cardboard in urban and extra-urban areas of the city.
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Figure 1.1 A PEMFC refuse truck operational in Gothenburg refereed as Albert. [5]

The refuse truck is a pilot and has therefore gone through test-driving prior to April 2023. The
focus of this thesis is the evaluation of real-drive data recorded between early 2020 until
March 2023. The data processing was performed on MATLAB in the division of applied
electrochemistry - KTH. This thesis studied FC ageing and developed a test cycle for
PEMFCs based on the real-drive data. The work of this report served as a foundation for

future studies on the project that involved the FC refuse truck.

Current research on PEMFCs primarily focuses on exploring novel materials that offer
enhanced durability and reduced cost. Another area of interest is the development of test
protocols and analytical tools that can simulate real-world scenarios of PEMFC operation.
Researchers also aim to identify the most common causes of cell degradation and FC failure.
[6], [7] The main obstacles to commercialising automotive PEMFCs lie in their cost and
durability. The efficiency of PEMFCs during operation is influenced by various factors,
including cell design, materials, and electrochemical and transport phenomena. Studies have
demonstrated that PEMFC vehicles experience the highest degradation rates during
startup/shutdown (SU/SD) and transient operation, which occur more frequently in
transportation applications compared to stationary ones. [8], [9] Therefore, there is a need for
efficient testing methods for FCs that save time and materials in the transportation sector. This
is essential to show that FCs are a viable technology in the transition to electrification of

transportation.




The reasons why research on PEMFCs for HD vehicle applications has increased are due to
the benefits that the technology can provide. In Sweden, drivers of trucks in service are
typically allowed a maximum drive time of 9 hours per day. [10] During this time, a
significant portion is often spent on highways. Consequently, trucks require a substantial
energy storage system capable of providing sufficient range for long-distance missions. FCs
in general have higher specific energy than batteries. [8], [11] For HD BEVs to achieve the
same mileage, increased battery size, hence BEV weight, becomes a necessity. This results in

reduced freight capacity and higher energy consumption for propulsion.

Although not yet at a commercial scale, HD vehicle applications based on PEMFCs have
been proven to be a viable solution and some pilot examples have been demonstrated. One
notable research paper on PEMFCs for HD vehicles involved bus application. In Whistler
Resort Community, 20 FC buses with a Ballard HD6 Module were deployed in 2010.
Real-drive data was collected to develop an Accelerated Membrane Durability Test (AMDT)
protocol for PEMFC vehicles. The AMDT reduced testing time and achieved successful
results. [12] Another study, conducted in Taiwan, examined the performance of FC
hybrid-drive electric forklifts. The vehicles used a PEMFC with auxiliary power modules
(lithium 1on battery and super capacitor) for driving and lifting. Real drive data showed power
segregation linked to operator habits. [13] An ongoing initiative supported by the EU is the
Revive project, which commenced in 2018 and is scheduled to conclude in 2024. The primary
objective of this project is to design, evaluate, and field-test several FC refuse trucks in urban
environments. [14] The subsequent section summarises the real drive data and interviews

conducted.




1.2 The real drive data

The powertrain of the refuse truck, that this thesis covers, consists of a LT-PEMFC stack and
a battery module. The LT-PEMFC can deliver a gross maximum power of 80 kW. Real-drive
data was collected with two separate loggers. One logger records the FC data, and the other
one records the system part of the truck i.e. signals on the central area network (CAN). The
CAN includes the traction battery data. Data recording begins once the truck ignition is

activated (i.e. the keys are inserted in the truck and the system is switched on).

The logged data consist of many system variables which are not of interest for this work.
However, the variables of interest involve electrochemical data from both the LT-PEMFC and
battery (e.g. current, voltage and state of charge (SOC)); and refuse truck data (e.g. vehicle

speed, mass and geo-coordinates).

The FC refuse truck this thesis works with is a pilot. Thus, the usage pattern of the truck has
changed with time. This was observed in the data. In addition to this, most of this consists of
test driving between sites and few actual testing of the PEMFC. The desired data for this
thesis were the ones where the truck was operational. Some files were therefore disregarded.
Other signs of usefulness were if variable(s) of interest did not contain corrupted data, e.g.

undefinable not a number-points (labelled NaN in the data vectors).

In addition to the loggers, two interviews were held with Renova representatives on separate
occasions, 2023-01-26 and 2023-05-02 respectively. The first involved the person responsible
for the project at Renova and the second the person which usually operates the truck. In the
first interview it was revealed that the refuelling station was out of service almost the entire
2022, with some exceptions. The interviewee also informed that parking, safety (in case of
accidents) and refuelling protocols for Hydrogen trucks were not established at the time of the
interview. Plans for establishing a second refuelling station close to Renova facility in 2023

are in motion.

The second interviewee, the only driver of the truck at that time, told about the impressions he
had about the refuse truck after operating it in April 2023 in relation to the new technology
used. The driver was positive about the refuse truck, emphasising that the truck is quiet when
comparing it with internal combustion engine refuse trucks. However, he thought that he still

had to get used to learning how to drive efficiently to minimise Hydrogen fuel consumption.
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However, after that there were hardly any issues with the truck, unless they were due to the

refuelling station.

1.3 Research questions

The refuse FC truck, referred to as Albert, driving in Gothenburg is a pilot study. This master
thesis is therefore conducting research on this case study. Due to limitations in Hydrogen gas
refuel infrastructure in Gothenburg and the Covid-19 pandemic, the testing of the refuse FC
truck has in some periods been delayed. In spite of this, exploring the potential of the test
truck, evaluation of the usage pattern and the FC durability in this application were points of
interest. To contribute to HD PEMFCs studies, lay groundwork for future work and analysis

of the refuse truck application, the following research questions were considered in this thesis.

1. Development of a test cycle that ought to represent a typical single day driving pattern
followed by the truck.
2. Quantification and, if possible, forecasting of degradation/ageing of the fuel cell

performance in this pilot truck.

1.4 Thesis outline

The next chapters in this thesis will cover the following: Chapter 2 lays foundation for the test
cycle development i.e. the basics of the FC and what causes failure mechanisms. In addition,
examples of accelerated stress tests and their load cycles are included for reference. Chapter 3
explains the methodology: the steps taken to reach the aims of the research questions. In
Chapter 4 are the main results introduced. Comments and discussions on the main results and
the work of this report are in chapter 5. The report closes up with a remarks and conclusions

section in Chapter 6.
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2 PEMFCs basics

A PEMFC in essence converts the chemical energy of Hydrogen and Oxygen into electrical
work, producing water as a product and heat as a by-product. The theoretical maximum work
and heat output based on the reversible cell voltage can be determined through the

fundamental principles of chemistry and thermodynamics. [15]

2.1 Electrochemical thermodynamics

The chemical process of a PEMFC involves Hydrogen gas being supplied to the anode, where
Hydrogen oxidation reaction (HOR) takes place, while simultaneously Oxygen reduction
reaction (ORR) occurs at the cathode. HOR is depicted in reaction (I), ORR in reaction (II)
and the full cell reaction of the fuel cell is depicted in reaction(III).

Anode: H, - 2H" + 2¢ )
Cathode: 10, + 2H" + 2¢° >H0 (In)
Full cell: 10, + H,~ H 0(l) (11T

By utilising the stoichiometry and specific heat of formation of the reactants and product in
reaction (III), the thermodynamic properties listed in Table 2.1 can be derived. These
properties, presented under standard conditions (p = 1 atm, T = 298.15 K), vary with
temperature and pressure. Higher temperatures lead to increased specific enthalpy and
entropy. In this example does the properties belong to the higher heating values (HHV) of
(I10). [15]

Table 2.1. The standard” specific enthalpy, entropy and free energy from reaction ( IIT).

Specific enthalpy, Specific entropy, Specific Gibbs free energy,
AH [kJ/mol] AS [kJ/K.mol] AG=AH-TAS [kJ/mol]
H,O (1) -285.8 -0.163 -237.2

*Standards conditions p =1 atm, T =298.15 K [15]

Table 2.1 shows that the water formation reaction in reaction (III) releases heat (exothermic)
and results in a decrease in gas entropy (AS). Simultaneously, the surroundings experience an
increase in entropy due to the released heat, which is given by TAS. The total electrical work
that a PEMFC can generate, represented by the Gibbs free energy of the cell (AG), is
proportional to the standard cell potential (E°-; [V]) as described by equation (IV).

12




AG
=— (V)

E e
n represents the number of electrons involved in the redox reaction (in this case, n=2), and F =
96 485 [C/mol] represents Faraday's constant. Under standard conditions, the maximum
theoretical cell voltage of a PEMFC is E°., = 1.229 V. The theoretical or thermodynamic

efficiency, n, can be defined using equation (V).

_ "Available work" _ AG (V)
T]T " "Total energy inthe system" ~  AH
In the same standard conditions, the theoretical maximum efficiency is ny = 83 %. The cell
potential in an ideal PEMFC is determined by various physical factors, which can be

described by the Nernst equation (VI) for the Hydrogen/Oxygen FC.

E
Ideal Cell Cell n PHZO

p .p °°
= F° Y
=E_ (T) +— ln( ) (VD
The Nernst equation demonstrates how the cell voltage of a PEMFC is influenced by factors
such as the partial pressures of reactants and product, temperature (T [K]), and partial
pressure (P [bar]). [15] The Nernst equation (VI) is important because the FCs run on the

anode and cathode pressures i.e. higher pressures result in higher voltage meaning more

power is produced.

2.2 Dynamic conditions

Under dynamic conditions, electrochemical phenomena cause deviations from ideal behaviour
in the cell. Voltage losses occur due to activation, ohmic, and concentration polarisation
effects at current density levels low, medium and high. Figure 2.1, the polarisation curve,
depicts the relationship between cell voltage, current density, power density, and efficiency.
The black line in the figure is the cell voltage. Low current densities between 0.0 and 0.2
A/cm? is the activation region i.e. an activation energy of the HOR and ORR is needed to start
the reactions. Medium current densities between 0.2 and 1.2 A/cm? is the ohmic region (linear
part of the voltage curve). The linear voltage drop is caused by the resistance of the
conduction of ions in the polymer electrolyte membrane (PEM). High current densities
between 1.2 and 1.5 A/cm? is the concentration region. The reactant gases are consumed in
such a rate that concentration gradients appear i.e. lower reactant gas partial pressures at the

electrodes. As described by equation (VI), the cell voltage decreases at lower gas pressures.

[16]-[18]
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n upv P[W cm™2
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Figure 2.1 Cell voltage, voltage efficiency and Power density vs. current density. Black line: cell voltage U; grey
line: power density. Picture is modified from. [8]

Figure 2.1 provides insights into the impact of loss phenomena on cell performance. Higher
current densities result in lower power densities and efficiencies. [16]-[18] The efficiency
depicted in the figure 2.1, known as voltage efficiency (), measures the deviation of the cell
voltage from the reversible open circuit voltage (OCV) (in this case, E°¢;; = 1.229 V). It can
be calculated using equation (VII).

T] _ ECell _ ECell (VII)
Eldeal Cell 1225

2.3 Components & properties

The components and their properties have to be carefully chosen, designed and manufactured
in PEMFCs. A simple depiction of a single PEMFC is illustrated in Figure 2.2. The figure
shows also the reactant/product schematic. When LT-PEMFCs operate as in Figure 2.2,
typically a temperature range of 60-80°C is used for operation. The PEMFC in the figure is
constructed by the components: BP = Bipolar plate; G = Gasket; GDL = Gas diffusion layer;
CL = Catalyst layer; PEM = Polymer electrolyte membrane.

14




Channel

Load

Figure 2.2 The construction of a PEMFC and the gas reactant schematic. Picture is modified from [19].

The schematic in Figure 2.2 can be explained as follows: Hydrogen gas is transported through
the BP, GDL and reaches the CL (anode side) where reaction (I) (HOR) occurs. While the
electrons are transported through the external circuit at which the load to be powered is
connected, the Hydrogen cations are then transported through the PEM towards the CL
(cathode). Similarly, Oxygen gas is transported to the CL (cathode side) where reaction (I)
(ORR) occurs. The CL and the PEM make up for what is called the membrane electrode
assembly (MEA), which is the heart of the PEMFC. [20] The MEA components functions and

properties are summarised in Table 2.1.

Table 2.1 The main components in a PEMFC and their desired properties. [6], [17]

Component Function Material Properties
CL Speed up HOR and ORR. Pt or Pt-alloy Catalytic surface area uniformity
transportation of protons  nanoparticles on carbon Porosity. Protonic conductivity.
and reactants. support with
an ionomer.
PEM Transportation of protons. Perfluorosulfonic Low electric conductivity. Good
Electric insulator. acid e.g. Nafion. [20] protonic conductivity.
Hinder gas to cross Electrochemical inertness. Gas
through. non-permeability.

PEMFCs have significant potential for applications like portable energy storage and
autonomous systems, with a thermodynamic efficiency of up to Ny yyy = 83 %. The lower
heating value (LHV) (water gas product instead of liquid) theoretical efficiency is Nr, gy =
94.5 %. [6], [15] However, real-world PEMFCs exhibit voltage efficiencies ranging from
40-60 % (LHV). [21] The efficiency and ageing of PEMFCs can be negatively impacted by

chemical and physical changes, making durability a key area of research. [§]
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2.4 Research on PEMFCs

The non-ideality of the PEMFC components are due to unwanted processes occurring,
efficiency of component functions and degradation of component properties. The unwanted
processes include both transport and (electro)chemical phenomena. FC tests today aim at
replicating conditions which happen in real applications, such as real-driving conditions. To
achieve proper representability of the FC application, understanding of the conditions and

mechanisms that lead to FC failure 1s imperative.

2.4.1 Stressors & degradation mechanisms

The CL and PEM are the key components that significantly impact the efficiency of a
PEMFC. Under various operating conditions, temporary or permanent efficiency losses can
occur within a PEMFC. These efficiency losses are due to multiple stressors which are

summarised in Figure 2.3.

Stressors Nature of Degradation Failure FC part
stressors mechanism mechanism attacked
— Radical
High ) — " attack
T - Polymer
L — » membrane
N

frf
lonomer
degradation
ow
LA Membrane
dehydration
Potential -

=
growth

CO
Starvation adsorption

High
Humidity
L

Pt-
electrocatalyst

Loss of ECSA

Cycling

=
N C-support
Sulphur >
= CO, GDL
[ Imp:nf:ties Carbon ) \ | e—
Sulfur corrosion d _

Figure 2.3 Summary of PEMFC stressors and degradation mechanisms. ECSA = Electrode Catalyst Surface
Area; C-support = Carbon-support. [18, p. 09]

Stressors in a PEMFC can result in chemical, thermal, and mechanical degradation. Chemical
degradation occurs due to radical attacks, leading to a loss in proton conductivity within the
PEM. Thermal degradation can occur at temperatures above 80 °C and freezing temperatures,

negatively impacting ionic conductivity and increasing gas permeability. [22] Mechanical
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degradation may arise from manufacturing defects and varying levels of relative humidity

within the PEM. [3], [23]

Specific stressors, such as Start/Stop events (SU/SD), induce changes in the cathode potential,
causing the reverse reaction of Hydrogen oxidation and Oxygen reduction to occur, along
with temporary gas starvation. These conditions, coupled with high potentials, contribute to
Pt-catalyst degradation and carbon corrosion within the PEMFC. [24], [25] Consequently,

these stressors cause irreversible efficiency loss and accelerate degradation.

The expected lifetime of stationary PEMFC applications is 30 000 hours, while for personal
cars, it is around 5,000 hours (when the PEMFC is the primary power source). [26] Dynamic
load conditions, such as urban driving, involve frequent acceleration and braking, unlike
stationary applications where the load remains relatively constant over time. [18] PEMFCs in
PEMFC and battery systems in HD vehicle applications have shown to exceed 25 000 hours
of system lifetime. [27] The PEMFC aids the battery by charging it, thus minimising stress

conditions such as voltage cycling.

2.4.2 Testing protocols for mimicking of real-life operations

Two methods commonly used for evaluating FC durability are steady-state tests (SST) and
accelerated stress tests (AST). However, SSTs are often considered impractical due to their
lengthy duration and high costs. For instance, conducting an SST on PEMFCs in a light-duty
(LD) vehicle would require approximately 5000 hours of testing, involving daily hours of
operation to simulate real driving conditions. Additionally, the use of Hydrogen in such tests
adds to the expenses. ASTs on the other hand, typically last between 70 and 1000 hours. ASTs
offer a more practical approach, particularly for testing the durability of PEMFC vehicles.[28]

To replicate realistic usage patterns, researchers design AST protocols based on real-world
driving data. While a single AST protocol may not cover all aspects comprehensively, it aims
to investigate the effects of specific stressors encountered in real-life environments where
PEMEFC vehicles operate. [7] Especially in vehicle applications, dynamic cycling stressors

result in the greatest degradation of PEMFCs. [28]

Several examples of test protocols exist, including the PEMFC durability test protocol
developed by the U.S. Department of Energy (DOE) in 2007 (Figure 2.4) [7][29], the New
European Drive Cycle (NEDC) introduced in 2016 (Figure 2.5) [30], and protocols developed
as part of the ID-fast project, concluded in 2021 (Figure 2.6). [31]
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The AST examples are all developed for LD PEMFC vehicles. As illustrated in Figures
2.4-2.6, AST protocols contain different amounts of repeated urban drive cycles. What also
differentiates them is what traffic environment they represent, thus the duration of each drive
cycle. However, each exhibits low and high load sections in the protocols. The more modern
ASTs include more SU/SD cycles as seen in Figures 2.5 and 2.6. The real duration of ASTs
are not highlighted in the figures, these are but the drive cycles that are to be repeated some

amount of time.

3. Methodology

In this work a test cycle representative of a FC refuse truck's typical day of operation is
developed. Additionally, the evaluation of any degradation to the FC performance is carried
out using both a qualitative and quantitative approach. The methodology begins with

describing the data processing and the data filtration employed on the refuse truck data.

3.1 Data processing

In the beginning two large sets of data were provided by PowerCell (FC-set) and Scania
(S-set), respectively. Due to the quality of the data, a large portion of files were not used for
the first research question in its initial formulation. The FC-set comprises 727 files, while the
S-set consists of 1416 folders containing multiple files. The variables of interest in the S-set
include battery and user display data, among others. For a comprehensive overview of the

variables from both sets, see Table 3.1.

The two datasets consisted of different recording lengths and dates. Therefore, a
synchronisation was required. Moreover, the two loggers were recorded using different
frequencies, hence the FC data had to be down-sampled to 10 Hz. However, the
synchronisation revealed that there were only a few times when the truck was doing refuse
truck service work. This was identified by examining the truck's geographical coordinates in
the synchronised files, which revealed that the truck primarily travelled between PowerCell
and Scania facilities in Gothenburg, probably for some driving tests. Since the vehicle weight
data was not reliable, see Appendix Al, and the FC power profile showed a variety of
characteristics, no indication of recurring refuse material collection or refuse truck

duties/usage patterns could be detected.
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Table 3.1 The variables of interest from the FC- and S-dataset.

FC-set S-set’

Time [urcy™ Time [UTC]
FC stack current’ [A] Battery current [A]

FC stack voltage [V] Battery State of charge [%]

FC cell average voltage [V] Battery voltage [V]
Pressure, H,, in [barG] Vehicle speed [km/h]
Pressure, air, in [barG] Longitude [degrees]
Pressure, coolant, in [barG] Latitude [degrees]
Temperature, air, in [°C] Altitude [degrees]
Temperature, coolant, in [°C] Vehicle mass [tonnes]
Temperature, coolant, out [°C] H, amount in the tank (H,%) [%]

“The S-set contains many more signals, these were the ones useful for the goal of this study; "UTC = Universal time clock;*** Gross.

The variables of interest shown in Table 3.1 are the data series that this thesis was limited to.
The thesis focused on the FC part of the truck. For this reason, the S-set served merely as an
indicator of what the truck was doing; contextualising the FC load requirement in relation to
the truck duty. Additionally, the stack temperature of the FC was assumed to be homogeneous
although it was not provided in the logger. As a temperature reference, the average of the
coolant temperatures (T,,) in Table 3.1. was used to compare polarisation curves recorded at

different FC temperatures in order to quantify any FC ageing (research question 2).

The data was processed using MATLAB. The variable nature of the data, explained in section
1.2, was explored during the data treatment. As a result, it became necessary to filter the
datasets in order to extract the relevant data for addressing research question 1. The data
processing attempt of all the files was set out to be automated, analysing one FC set file at the
time. The variance of the data was dependent on when it was recorded: new attributes of the

files appeared later on the timeline of the data recordings.

Many FC-sets contained data recorded by the logger while the FC was completely inactive.
To extract the files where the FC was delivering power when the truck was in service filters

were applied, basing the filtration on the FC stack gross power, P [kW]. This was calculated
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with equation (VIII). The filtration of the FC set is summarised in the domain chart in Figure

3.1.

P = EStack ' IStack (VIII)

Where Eg, [V] is the stack voltage and I, [A] is the stack current. If the FC delivered
nearly zero power throughout the file i.e. P(max) = 0, the file was not included for the
analysis. P(max) = 0 is represented as the blue domain in Figure 3.1 while P(max) > 0 the

magenta coloured domain.

When looking into FC files manually, PEMFC corrupted recordings were discovered. These
exhibited cell average voltages that were either negative or above OCV (i.e. approximately 1
V). These were not of use for either research question, hence they were removed because they
were deemed unhelpful. The theoretical number of cells in the PEMFC stack served as an

indicator of usefulness. The number of cells, N [-], can be calculated with equation (IX).

N =E (IX)

Stack/ECell

Eca [V] 1s the average cell voltage. If N is beyond the real number of cells, 455, with a
tolerance of 5 i.e. N # (450 460) then the FC-file was considered potentially not useful and
analysed manually. Verification of this is presented in Appendix A2. If any of the FC
temperatures in Table 3.1 and the coolant average temperature are outside the range of
LT-PEMFC operating temperature i.e. T # [40 80]°C at P(max), then the files are saved for
later investigation. This is because they were considered a file of potentially FC testing

(Figure 3.1 yellow domain). The FC files of use are represented by light blue in Figure 3.1.

T(P(max)) = [40, 80] °C
T(P(max)) # [40, 80] °C N_cells = (450, 460) number of cells

P(max) = 0

727 PowerCell
files

Figure 3.1 A domain chart representing the FC set and the subsets created from the data filtration.
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For what concerns the S-set, the vehicle mass signal was deemed to lack accuracy and
precision, see Appendix Al. Hence, collection and compressing of refuse material could not
be deduced in the data. Also, first recording of the vehicle mass began from 2021-06-11. The
time of FC and S-set recordings did not begin or end at the same time, the time difference was
not constant between the sets. The H, % signal did not appear in the data until recordings from

2021-10-12 and onwards.

Also the S-set required filtration, as summarised by the domain chart in Figure 3.2. The
duration of the recorded files varied ranging from less than 1 minute to over 1 hour and the
S-set files which shared dates with the FC set were but a portion (red domain in Figure 3.2).
The extraction of the synchronisation signals were automated. The battery power (P), SOC,
vehicle speed, and FC power was considered useful for performing the synchronisation and
verifying it. However, signals could be empty or corrupted (values of zero or NaNs in vectors)
in some files and was deemed un-useful. These are depicted SOC = {} and P = {} in Figure
3.2. SOC and P signals which were of no use are represented by yellow and blue respectively

in Figure 3.2.

P={ {Renova file dates} € {PowerCell dates}

B 1416 Renova files

Files from Renova used for analysis

A\(B U C)

Figure 3.2. A domain chart representing the S set and the subsets created from the data filtration.

The synchronisation development was finalised as an iterative process; discrepancies had to

be discovered. The subsequent section describes the synchronisation procedure.
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3.2 Synchronisation

When constructing the programme for the synchronisation, errors and irregularities had to be
detected before optimisations could be made. To save computational time, files from the
FC-set were down-sampled from 100 Hz to 10 Hz using the MATLAB “downsample”
function. [33]

Because H,% signals appeared later in the files, to utilise files recorded prior to the
availability of H,%, FC and battery power are used for synchronisation. SOC and vehicle
speed data are used for verifying the synchronisation. The synchronisation process is
explained using one example of FC data shown in Figure 3.3. Additional examples of

synchronisation can be seen in Appendix A3.
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Figure 3.3 FC power cycle, used as example file for the synchronisation.

Two synchronisation methods were explored: dynamic time warping (DTW) [34] and cross
correlation (CC). [35], [36] However, neither method gave results that were satisfactory for
this work. Figure 3.4 illustrates the FC power in comparison to battery power, highlighting the
dynamic behaviour of the battery. Although other instances of FC operation displayed
dynamic behaviour (see Appendix Al-A4), the DTW and CC methods encountered

difficulties in handling such diverse datasets.

Owing to these challenges, a third method, designed for this particular work, was employed
(called the binary method (BM)) in this work. The method in essence transforms the FC and
battery power into binary sets and shifts the battery data in time if a criterion is met in that
time position. The fixed or reference time is thus the FC datetime. The transformed version of

Figure 3.4 can be observed in Figure 3.5.
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Figure 3.4 FC and battery power versus time. Figure 3.5 Binary sets of the data in Figure 3.4.

The bins represent time intervals of operation above a fixed or adjustable power output
threshold. Through an iterative process, the final criteria for the FC-set was established: if the
absolute value of FC power exceeded 10 kW, the binary set element was assigned a value of
1; otherwise, it was set to 0 (Figure 3.5.). For the S-set, an adjustable criterion was required
due to the transient nature of the battery power profiles. If the absolute value of the battery
power exceeded the average battery power, the binary set element was assigned a value of 1;
otherwise, it was set to 0. In some cases, adding a constant value, such as 0.05 kW, to the

criteria improved the precision of the transformation and synchronisation.

After the binary sets are made, as shown in Figure 3.5, the bins with similar properties are
identified. The last position in time of the battery bins are then shifted to match that of the FC
bins. However, the success of the synchronisations varied depending on the nature of the
datasets. Some synchronisation results were less accurate than others, as demonstrated in
Appendix A3. Nonetheless, the outcome of the BM and the verification is presented in Figure

3.6.
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Figure 3.6. Synchronisation of result applying the BM on the Figure 3.4 data.

The synchronisation of the datasets can be verified by comparing the battery and FC power,
battery SOC and vehicle speed. In this particular example, before 06:00 the FC is delivering
power of about 20 kW, the battery power is in steady state below zero, the truck is standing
still and the SOC is slowly increasing. Or in other terms, the FC charges the battery as the
truck idles. After 06:00, the FC increases to about 80 kW, the battery operates dynamically,
the truck is driving at high speeds (around 80 km/h) and the SOC is decreasing until the speed
is low enough for the SOC to be charged by the FC and regenerative braking (as long as the
speed has a negative derivative). The durations of the sets are aligned, hence, this
synchronisation is confirmed. This was one synchronised set of files among many. The cases

where the FC displayed dynamic behaviour the synchronisation became more difficult.
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3.3 Test cycle development

The development of a typical FC test cycle was based upon previous research on ICE drive
cycle development. In the referred studies the researchers employed the data clustering
method on samples of real drive data by exercising the k-means clustering on micro-trips.
[37]-[40] A micro-trip is commonly defined as the time series between two successive stops

in the drive data. [40]

However, in this thesis a micro-trip will be similarly defined although as the sequence of FC
operation between 0.01 kW of load requirement. Micro-trip data extraction enables the

calculation of average power output and temperature for each micro-trip.

This section lays out the approach taken in developing the test cycle, highlighting the
categorisation of modes of operation, adaptation of statistical techniques to capture the unique
characteristics of a refuse FC truck and requirement on the validation of the test cycle.

Beginning with the categorisation of the micro-trips.

3.3.1 Micro-trip categorisation

From the sample of synchronised data, the files with geo-coordinated data, vehicle speed and
SOC data were considered useful for the categorisation. By mapping the geo-coordinates, as
seen in Figure 3.7, the mode of driving and FC operation could be categorised. The FC
refuse truck operation was categorised into “urban drive”, “non-urban” and “standing still”
categories. “Urban driving” means that the truck was driving in Gothenburg city or in
residential areas around Gothenburg city. “Non-urban driving” was when the truck was

driving in industrial or rural areas outside of Gothenburg city. “Standing still” is when the

truck is idling and the battery is being charged by the FC.

In some micro-trips the truck drove in both urban and non-urban. These micro-trips were
assigned to the category of longer time duration. The categorisation of the micro-trips was
done on the FC power profile. If the truck were standing still but the SOC changed as a result
from a FC power output (i.e. battery is being charged by the FC) the power profile is labelled
“Standing still”.
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Figure 3.7 Geo-coordinates from the truck driving from a satellite view of Gothenburg. Plotted from MATLAB.
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3.3.2 K-means clustering & Test cycle construction

To be able to create a typical test cycle representing the FC power output in a day of service
from the pool of micro-trips, k-means clustering was explored. An existing function on
MATLAB called “kmeans was used for the analysis. [4]1] K-means clustering is an
unsupervised machine learning algorithm widely used for grouping or clustering data points.
[40] The algorithm is briefly explained and is supported by a simple depiction of it, in Figure
3.8.

Non-clustered data Clustered data

@ % @ %8}

\d
o9 k means
e ¢ o |5 W@ o

° ® 0 o o".

.‘. O% ¥ = Centroid

Figure 3.8 A simplified illustration of an input and output example of the k means clustering.

Initially, a desired number of k clusters is chosen. The algorithm proceeds to identify k
centroids in the data space, each representing the centre of a cluster. Subsequently, every data
point is assigned to the nearest centroid, forming k clusters. By calculating the mean of the
data points within each cluster, the algorithm updates the centroids iteratively.
Simultaneously, it re-assigns data points to the centroid closest to them. This iterative process
continues until the centroids stabilise, meaning that the sum of squared errors of each centroid
has been minimised. At this point, the algorithm has successfully grouped the data points into
distinct clusters, see Figure 3.8. In summary, k-means clustering facilitates the automatic
partitioning of data into clusters by iteratively adjusting centroids until an optimal clustering

configuration is achieved. [42]

The k-means clustering was performed on extracted statistical features of each micro-trip.
These features were the mean power and temperature. How the level dependence of the

micro-trip categories can be seen in Appendix A4.
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3.3.3 Validation strategy

The test cycle was constructed by assembling micro-trips from real drive data based on how
representative the micro-trips were. The usage of the truck thus the FC power profiles could
show different characteristics depending on the file's position in time. To make the test cycle
representative of a day of operation the time duration of the FC power demand was
considered an important aspect for validation of the test cycle. By meshing the files which
belong to the same day of recording, the FC active time in one day was calculated. Between
micro-trips, however, a 16-minute pause was added. This was based on a manual inspection

of files which detected that they were common files of test driving.

3.4 Fuel cell performance

Since this is a pilot study and up until April 2023 the refuse truck has not been in official
service, the FC duty has been different from the start of the FC refuse truck project. It was
therefore important to have an overview of the FC power demand through time. Which power
level was requested more often depending on the position in time. Additionally, the total time

of active FC power request was calculated.

Polarisation curves of all the micro-trips, including the coolant average temperature of each
data point, were prepared. Beginning of life (BOL) polarisation curves of the FC were

provided from PowerCell. The BOL-data points were included for reference.

The quantification of FC ageing was based on the micro-trips. Due to the limitations of the
data and the available variables, FC ageing was approximated as the deterioration of
isothermal FC power corresponding to a low, medium and high current. The levels of current

investigated were 50, 125, 200 and 250 A.

3.5 Additional data

In the end stage of this thesis project, data recorded from the end of March 2023 to the
beginning of May 2023 was provided to this research. From the beginning of April 2023 to
May 2023, the truck collected cardboard material. Instead of applying the same data-filtering
all of the new FC- and battery power were plotted. Contrary to the previous data recordings,
the difference between the FC and the battery data was almost a fixed value: about 33
minutes. The BOL data was supplied to this work pool of data at the end stage of the project;

due to the quality of the data it was not processed to be included in the micro-trip database.
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4. Results

This section presents the results obtained from analysing the two datasets covered, although
they might not be representative of a typical refuse truck in service. Throughout the pilot
study, test driving, maintenance, and some refuse material collection were conducted.
However, due to data discrepancies, not all of these activities were captured accurately. It is
also worth mentioning that the main focus of this thesis lies in the methodologic approach
which can be easily reproduced for new sets of data that will be collected in the future. The

following section will address the research questions and the additional data.

4.1 Research question 1: Test cycle
The figures and data presented in this section are the results answering research question 1:

1. Development of a test cycle that ought to represent a typical single day driving pattern
followed by the truck.

Micro-trip categorisation resulted in 19 Standing still, 27 Non-urban and 41 Urban
micro-trips. Examples of labelled micro-trips can be seen in Figures 4.1 and 4.2. These
include all of the micro-trip categories. However, the standing still category is not labelled,

since it constitutes a minor part of the micro-trip in Figure 4.1. More micro-trip examples can

be found in Appendix A4.
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Figure 4.1 Micro-trip consisting urban and standing still Figure 4.2 Two urban and one Non-urban micro-trips.

(05:45-06:00). Non-Urban accounts for the majority of the

time.

Figures 4.1 and 4.2 (and the examples in Appendix A4) reveal the diversity of the FC power

profiles. Standing still are seen to account for steady state FC power requests whereas urban
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micro-trips can be both steady state and dynamic. Non-urban samples, on the other hand,
display a similar dynamic power profile as urban micro-trips, although at higher power.
Moreover, these categories were used as a database for the k-means clustering. The k-means
clustering was performed on extracted statistical features of each micro-trip (i.e. the mean

power and temperature). This resulted in the graph seen in Figure 4.3.
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Figure 4.3 K-means clustered micro-trips mean power vs mean temperature.

A value of k = 3 was chosen thus the k-means algorithm computes three clusters. The number
was chosen as an initial guess based on the three categories of the micro-trips. The three
clusters represent low, medium and high power and temperature mode of operation.
Performing an evaluation of the clusters in Figure 4.3 revealed that the optimal number of
clusters were equal to 4. This is due to the outliers closest to the graph axis. By manually
removing the two outliers, the cluster evaluation resulted in an optimal number of clusters of

3. Hence, the analysis continued with the extraction of the three modes FC operation.

The centroids in Figure 4.3 correspond to the arithmetic mean of the points of each cluster
[42]. The points closer to the centroids are considered more representative to that cluster
implying that they are more representative to that mode of operation. The micro-trips

corresponding to the points closest to the centroids are used for assembling the test cycle. To
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eliminate background noise in the data for the test cycles the data was smoothed. This was
done with the moving median smoothing,“ “smoothdata” function on MATLAB, at a step size

of 10. [43]

As was stated in the Methodology chapter, when constructing the test cycle the more
representative micro-trips of the micro-trip category i.e. micro-trips close to the centroids of
each cluster ought to be chosen. What is presented in Figure 4.4 consists of the micro-trips

closest to their centroids.
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Figure 4.4 A test cycle constructed from the k-means clustering. In this conformation it consists of the
FC power and temperature.

Three micro-trips were meshed together with a pause of about 16 minutes between the FC
operation. Starting from the left to the right in Figure 4.4; the first duty is a steady state power
output from the standing still category or the low power mode of operation. Its duty represents
charging the battery only with a power request of 20 kW at around 50°C. This is how most
power cycles in the standing still cluster appear. The subsequent FC duty is of the urban drive
category or medium power mode. It displays a dynamic power profile. FC power to assist the
battery with charging, auxiliary components and the EMU is requested. This dynamic power
profile is typical of its cluster as it ranges around 20-60 kW at 55-65°C. However, some can
consist of steady state segments (representing either standing still or driving of the truck).
Lastly, non-urban (highway) driving or high-power mode of operation. The difference to
urban driving is that more power (70 kW) is requested from the FC to the EMU thus higher

temperatures are reached as well, 70°C. Similarly to urban driving, some non-urban
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micro-trips too consist of steady state power requests. Both Figure 4.1, 4.2 and Appendix A4
show examples of these. However, it is important to note that the duration of the micro-trips
are different from each other. Moreover, the duration of FC power request in this test cycle is

about 50 minutes. Total time of the test cycle, including pauses, is approximately 80 minutes.

By meshing the files which belong to the same day of recording, the FC active time in one
day was calculated. FC active in this case P > 0.01 kW. The mean FC active time spent in the
files in the light blue and yellow domain in Figure 3.1 was calculated to be 1.07 hours. Hence,
~1 hour of FC operation 1s more probable, ergo the test cycle FC active time should match
that duration. However, between micro-trips a 16 minute pause was added. This was based on

a manual inspection of files which detected that they were common files of test driving.

4.2 Research question 2: Fuel cell ageing

The figures and data presented in this section are the results answering research question 2:

2. Quantification and, if possible, forecasting of degradation/ageing of the fuel cell

performance in this pilot truck.

The bar graph presented in Figure 4.5 aims at showing how different intervals of FC power
requests have occurred in time. Or in other terms, a stacked bar plot showing the relative
frequency of FC power levels throughout 2020 to 2023. The darker colours belong to the
older data and the brighter closer to the first quarter of 2023. More than half of the time the
FC was inactive i.e. zero power request (second bar to the left). Looking at its colour gradient,
a wide interval of green corresponding from late 2021 to end of 2022 constitutes of inactive
FC operation time. Moreover, power requests around 90-100 kW only occurred in 2020,
which, as was revealed in the interview, corresponded to FC testing data recordings. In the
newest data from 2023 the power requests of higher frequency are shown to be in the 00-30
kW range, however all the power ranges between 0 and 80 kW are recorded, confirming that

various driving modes correspond to different power outputs.

The amount of time when the FC requested power, in this case defined as P > 0.01 kW. The
total time of FC data recording is 3814.2 hours and in that time the FC has been active for
141.80 hours between 2020-2023.
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Figure 4.5 Distribution of Power intervals through time.

A polarisation curve was made, referring to Figure 4.6. It contains the average cell voltage of
all the micro-trips together with the BOL data points from Table 4.1 for reference. BOL
values are shown in Table 4.1. The cell voltage, E; [V], was calculated by dividing Eg [V],
from the table, with the number of cells in the FC stack.

Table 4.1 Beginning of life data points of the FC.

Esor. s [V] 369 346 337 328 319 314
Tsor suck [A] 45 100 150 200 250 300
Esor. ea [V] 0.810 0.760 0.741 0.721 0.701  0.690
Paor. gross [KW] 17 35 50 65 79 93
Paor e [kW] 15 33 48 60 72 84
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Figure 4.6 Polarisation curves from every micro-trip. Constructed by average cell voltage and stack
current. Temperature bar graph is included to display the temperature distribution.

It is important to note that the pool of micro-trips consisted of 19 Standing still, 27 Non-urban
and 41 Urban micro-trips. At higher currents, the polarisation curves are within a quite narrow
voltage range and they exhibit almost a uniform temperature distribution; reaching
temperatures of 60 ‘C. In the mid-section (i.e. 70-230 A) the uniformity begins to break up as
both the temperature and current transitions to lower magnitudes. A turquoise curve is shown
in that region belonging to even lower temperatures (30-40 “C) than points at the same
currents. In the current interval of 0-70 A, a broad diversity of temperatures can be seen,
appearing in the range of 10-60 °C, probably recorded during start-ups. Overall the
temperature increases with higher currents, this can be seen in the smooth transition from cold
to warmer colours e.g. turquoise curve in the mid region. The equation (VIII) was defined as:

P = Egper *Iswec - Lower current region corresponds to lower power and vice versa. Within the

low current region at 50 A, voltages at 70 “C stand out among the others which are around 50
C.

A plot was made on the same files that passed the criteria when constructing Figure 4.5. It
contains the current level distributions through time, similar to Figure 4.5. This bar graph can

be seen in Figure 4.7. It shows that the FC was requested for high loads (280-320 A), similar
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to Figure 4.5. Closer towards 2023 low to medium current demands become more prominent

(currents ranging between 40 to 240 A).
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Figure 4.7 Distribution of Current intervals through time.

The last result in this section pursues quantifying degradation of FC performance. In this case
it is the decline of FC power at constant currents and the temperature range [40,80]°C. The
scatter plot shown in Figure 4.8-4.11 presents micro-trips mean iso-current FC power. The
constant currents are 50, 125, 200 and 250 A. Each point in the figures represents a micro-trip
in time. A bar graph that sets out the colour code of the data points is included (i.e. points of a

certain colour represent a temperature).

What can be seen in all of the Figures 4.7-4.10, is that for the same currents and temperatures
the power may vary. For example, in Figure 4.7 the deep blue power in April 2021 (~17.8
kW) is lower than the point at the same temperature in July 2022 (~18.3 kW). In Figure
4.8-4.11 do the lime green points corresponding to about 59 ‘C hardly show any decrease in
power at the same currents between 2021 and 2022. In contrast, the FC at these currents and

temperatures demonstrates somewhat higher values in 2022.
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Figure 4.11 Scatter plot of the mean power of micro-trips with data at I = 250 A and T = [40,80]C

The figures and data presented in sections 4.1 and 4.2 the results attempting to answer
research questions 1 and 2. These are discussed in the subsequent Discussion chapter.
However, prior to that an overview of the additional real drive data collected between mid of

March 2023 and beginning of May 2023 will be presented in the following section.
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4.3 Additional data

The data recorded from the middle of March 2023 to the beginning of May 2023 was looked
upon. The plot shown in Figure 4.12 consists of the power outputs from both battery and FC.
The S-set files, battery data, are monochromatic, red, in the figure. However, the S-set files
are distinct from each other in time as can be seen in the figure. The FC-set files, on the other
hand, are assigned individual colours exclusive from the adjacent FC-files. What can be seen
in Figure 4.12 is that FC-set data is missing when the S-set exhibits data recording. The
prominent example of this is the FC gap seen in April. Gaps such as that are a new
phenomenon in the data. The FC data recordings which are empty (i.e. P(max) = 0 kW) can
still be seen between March and April. Because of the impossibility of synchronising the data

in time, these data were not taken into consideration for the work.
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Figure 4.12 Daily FC- and battery power from March 17th to May 5th.
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5. Discussion

The chapter follows the same structure as the results chapter. Beginning with commenting on
the results attempting to answer research question 1 and later research question 2. Then it

closes up with a final comment on the additional data.

5.1 Research question 1

It has been emphasised throughout the report that this study was on a pilot truck. The usage
profile of the refuse truck, referred to as Albert, is time-dependent, as evidenced by the FC
power profiles presented in Appendix Al and A4. The data contains files pertaining to FC
testing or test driving, but no indications of mass collection or compression activities have
been identified, as previously mentioned. Consequently, the test cycle does not fully capture
the operational conditions of a refuse truck in service. However, it does provide a mean power
profile of the FC refuse truck during the period spanning from early 2020 to March 2023.
Furthermore, as conveyed by the truck driver during the interview, since this vehicle type is
relatively new, future drivers have to familiarise themselves with its operation. This factor
may contribute to the variance observed in the power profiles. Nonetheless, it is important to
acknowledge that this project remains ongoing, and additional data will be collected as the
refuse truck transitions into actual service duties. These data can be analysed with the

established methodology.

The test cycle presented in the results section represents one of the possible test cycles
obtained through the utilisation of k-means clustering on "micro-trips" or FC power cycles.
Figure 4.4 illustrates a power and temperature profile, but it is possible to include voltages,
currents, and reactant gas pressure depending on the specific stressors targeted by the test
cycle. This test cycle is derived from real drive data, encompassing both steady-state and
dynamic FC behaviour. Consequently, it incorporates stressors such as SU/SD sequences,
potential cycling, and temperature fluctuations (as shown in Figure 2.3), which may
contribute to MEA failure. However, the assumption regarding the FC temperature and the

overall suitability of the test cycle still require verification.

Further refinement of the test cycle is required. For instance, when comparing it with load
cycles depicted in Figures 2.4-2.6, the presented test cycle exhibits a shorter duration
compared to the DOE and NEDC protocols, but is similar to the ID-FAST protocol. All of

these protocols entail more power cycles and SU/SD sequences. However, it is important to
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note that the real drive-based test cycle offers greater dynamic representation. Additionally,
the frequency of testing plays a crucial role in constructing ASTs or test cycles, an aspect that
warrants further investigation in future work. [44] In summary, this work serves as a

foundational step towards the comprehensive evaluation of the FC refuse truck.

5.2 Research question 2

Most of the time throughout 2020 to 2023 the FC has been inactive, seen in Figure 4.5.
However, there are occasions in which the FC shows dynamic behaviour as seen in the FC
power profiles. This is most likely due to sudden power requests from auxiliary devices in the
vehicle. The fraction of the FC power that is delivered to auxiliary components used for
collecting the garbage is not logged in the data, so it could not be used in this work to
differentiate the work spent to move the tuck from the work spent to collect the garbage. The
FC power demand has changed with time, revealed by Figure 4.5. The 90-100 kW power
outputs occurring around 2020 implies testing was conducted around then. Such examples can

be seen in Appendix A2.

In Figure 4.6 the cell voltage is shown as a function of current and temperature. It displays the
behaviour that can be seen in the theoretical polarisation curve in Figure 2.1. Figure 4.6
shows that the FC is employed mainly in the high-middle voltage region (supported by the
low to medium current levels in Figure 4.7). In fact, the polarisation curve does not reach the
concentration polarisation region at high currents (i.e. where voltage slope increases sharply
as seen in Figure 2.1). This shows that the FC is operated within the higher efficiency region.
Less entropic heat (TAS) is generated for the same work generated at higher currents. The cell
voltages Figure 4.6 transitions from lower to higher temperatures at higher currents. This
validates the temperature assumption that was made i.e. FC temperature constitutes to the
average coolant temperature in Table 3.1. The coolant, after all, absorbs the entropic heat
from FC activity. Looking again at the temperature distribution in Figure 4.6, the same
temperatures (about 60-70°C) can appear at currents of 70-320 A. Considering the fact that
the Hydrogen consumption is larger at higher currents, more thermal energy is therefore
released. The same FC temperature at lower to higher Hydrogen gas consumption rates

indicates that the thermal management system is effectively the heat generated by the FC.

Colder temperatures, e.g. 00-30°C, can be seen in the polarisation curves. This is most likely
artefacts from the truck standing outside in winter season and the FC is starting up. The

polarisation curves also reach around 350 A which corresponds to around 90 kW. The FC

41




testing power profiles in Appendix A2 from 2020 show such behaviour. The region in Figure
4.5 at 200 A contains more modern data. This is supported by Figure 4.7 when looking at the
colour code of the 200-240 A bar.

No sign of degradation could be detected in the Figures 4.7-4.10. This is due to the fact that
the temperature and current did not show any kind of trend of that sort on the power. External
factors such as the operator and the climate might influence the dispersion of the FC powers
at the same temperature and currents. On the other hand, the FC has only been active for
141.80 hours in the data evaluated. Lifetimes of FCs in HD vehicles today, as has been stated,
are fixed at 25,000 hours and above. At this stage, more time and truck operation is still

needed until FC deterioration can be observed.

5.3 Additional data
The FC data collected between March 2023 and May 2023 cannot be of use due to the

absence of overlapping dataset from the 2 loggers, probably due to lost segments in both the
datasets. If these types of trends reoccur, valuable data might not be recovered. April 2023
was the time when the FC actually began to collect refuse material and therefore that period
corresponds to the most useful data in terms of usage patterns for the collection of the
cardboard material. Although the data are sparse and not usable, the fact that the truck is

functional for the garbage collection is a milestone in the project.
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6. Remarks and conclusions

In conclusion, this pilot investigation has provided a mean power profile of the FC refuse
truck, Albert, from early 2020 to March 2023, offering valuable insights into its usage profile.
Although the test cycle does not fully capture real service conditions, it serves as a
foundational step towards evaluating the FC refuse truck. The observed variance in power
profiles can be attributed to the learning process of new drivers, highlighting the need for
ongoing data collection as the truck transitions to actual service duties. Further refinement of

the test cycle and investigation into testing frequency are recommended for future research.

Regarding the analysis of FC power profiles, the truck exhibited both steady-state and
dynamic behaviour over the 2020-2023 period, likely due to sudden power requests from
auxiliary devices. However, distinguishing between work spent on vehicle movement and
garbage collection was challenging due to the lack of data on power allocation. The FC power
demand showed temporal changes, including higher outputs around 2020 during testing. The
behaviour of cell voltage aligned with the theoretical polarisation curve, confirming the FC's
operation within a high-efficiency region. While timely aspects were captured in the
polarisation curves, no degradation was observed in the evaluated data. Extended truck
operation and monitoring are needed to observe FC deterioration as the current data

represents only a fraction of the FC's expected lifetime.

Overall, the refuse FC truck can be concluded to be a successful project. The truck driver
expressed his positive impressions of the refuse truck when being interviewed, after collecting
refuse material in April 2023. An additional Hydrogen refuelling station will be put in place
in 2023, expanding the Hydrogen gas infrastructure Gothenburg. Taking these into account

highlights the potentials refuse FC trucks possess.
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Appendix Al.

This section shows some examples of the vehicle mass data. In these figures are both truck
speed [km/h] and weight [tonnes] shown. They are presented here to illustrate how they were
of no use in this work. The truck weight seems to increase and decrease in weight by about 1
tonnes, when the truck is driving and it can fluctuate, making the data uninterpretable. This
most likely an artefact of the Sensors.
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Appendix A2.

This section will present some of the results from the filtration. The FC power cycles here
correspond to fuel cell testing.
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Appendix A3.

Some additional examples of synchronisation results.

—_ 100 - | Navigation based vehicle speed )
£
E F»\ f
| 1IN
(= | |
E 50 hq ( ‘ i 1
3 J J |M
o | _
10:00 10:15 10:30 10:45 11:00
datetime Feb 22, 2023
50 - 1
hY i
= |
S a5 1 \, 1
Q \JI.I
7 \
40 1
Battery State of cha
L\J"""IL((\W | ery State of charge
35 7
10:00 10:15 10:30 10:45 11:00
datetime Feb 22, 2023

PC and R: shifted

200 A
g 100 ‘ Battery B
— “"amﬁ_ﬁ Fuel cell

B .ll__..

% 0 _/\./"'__.‘F-
o

=100 4

10:00 10:15 10:30 10:45 11:00
datetime Feb 22, 2023

The truck is driving between 10:07 and 10:22. During that time the battery SOC decreases,
although it is slowed down by the FC power that is charging the battery. The FC behaves
dynamically. After 10:22, the truck is standing still and the FC is transitioning from dynamic
to steady state power delivery. Steady state is reached at about 10:35.
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100 Mavigation based vehicle speed | |
— 80
=
E. 60 [
-]
E- 40
[4]
20
ol
06:30 07:00 07:30 08:00 08:30 09:00 09:30
datetime Apr 27, 2021
Battery State of charge
40 7
—_357
=
o 30
@
25
20
15 L | | | | | ; L
06:30 07:00 07:30 08:00 08:30 09:00 09:30
datetime Apr 27, 2021
PC and R: synched
300 [ Battery
200 Fuel cell ||
g 100
1™
: °f
[=]
o 100
-200 [
=300 £

06:30 07:00 07:30 08:00 08:30 09:00 09:30
datetime Apr 27, 2021

This is one of the more interpretable results from the synchronisation. The truck is driving at
high speeds with short breaks between the drive times. From 06:50, the truck is slowing
down. The SOC is increasing from 19 to 37 % during the break that stops at 07:25. The FC is
charging the battery with a dynamic and steady state power profile. After the break the truck
drives at high speeds again. A low medium speed segment can be seen around 07:45 which
then transitions to high speed again. Between 07:30 to about 08:45 the SOC is shifting
between 25 and 30 %. The FC behaves dynamically at high power (70 kW). This example
consisted of one FC file and two S-set (battery) files.
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200

100
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-100

Power [kW]

=200

=300

-400

07:00 07:30

Navigation based vehicle speed

07:00 07:30 08:00 08:30 09:00 09:30 10:00 10:30 11:00
datetime Mar 15, 2023
r | Battery State of charge |

LA W
'\af’/ o S WI.WA"-

\ _

0r:00 07:30 08:00 08:30 09:00 09:30 10:00 10:30 11:00

datetime Mar 15, 2023

PC and R: shifted

Battery
Fuel cell

08:00 08:30 09:00 09:30 10:00 10:30 11:00
datetime Mar 15, 2023

This is one of the less interpretable results from the synchronisation. The battery data here

comes from one file and FC data from one file. The truck is seen to drive at both high and low

speeds. The SOC is seen to decrease, although it fluctuates between 40 and 50 % until it

finally decreases once the truck reaches high speeds at 09:25. The FC power profiles consist

of both dynamic and steady state segments. In this case the battery time should probably be

shifted so it ends where the FC power reaches 0 kW at the end of the time data.
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Appendix A4.

More examples of categorised micro trips. The micro-trips can be characterised by the level
of power request. For example, the standing still micro-trips shown in this report (e.g. 4.1) are
almost always a short time of steady state power delivery at 20 kW. However, some, but a
few, files display a different profile in the standing still category. This example can be seen in
this Appendix A4. It is showing a more dynamic behaviour as it is decreasing power requests
from 40 to 30 kW in a 4 minute time span. Iconic for urban and non-urban is that they can
consist of FC power profiles of both steady state and dynamic behaviour. Difference is the
time duration and power level. Non-urban lasts longer and requires more power since it does
longer driving trips at higher speeds, hence more power is required. Although, what is
noteworthy is that the dynamic behaviour seems to jump between 20 kW and 60 or 80 kW (if

urban or non-urban).

T T
= fuel cell power

07:41 07:42 07:43 07:44 07:45
datetime Jun 01, 2022

Standing still (charging)
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70 T T

60 == Fuel cell power |
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o
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(%]
o
T

Power [KW]

20 - k.'

10 -

0 | |
08:00 08:10 _ 08:20 08:30
Datetime Jan 31, 2023

Urban driving

40 : : : : :

Fuel cell power

30

Power [kW]

08:38 08:40 08:42 08:44 08:46
Datetime Jun 11, 2021
Urban driving
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100 T T T T

fuel cell power

80 7
0 7

60 b

Power [kKW]

40 r 7

30 b

10 7

0 . . L .
12:00 12:30 13:00 13:30 14:00 14:30

datetime Apr 20, 2021

Non-urban

In the example above, it consists of both charging, urban and non-urban. It is labelled

non-urban since it comprehends the majority of the power profile.

80 T T T
== fuel cell power
70 7
60 7
E. 50 7
=
'g 40 N
[=]
o
30 - 1
2 1
101
0 | | |
08:00 08:10 08:20
datetime Oct 15, 2022

Non-urban
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