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Comparison of PEMFC and LiB in automotive use
Modelling 3 cases of different design methods for the same drive cycle, HWFET

Alfred Kulldorff
Department of Electric Power Engineering
Chalmers University of Technology

Abstract

The thesis investigates pros and cons of different types, combinations and dimen-
sions of energy storage in vehicles. Such as capacity, weight, power, cost (LCA),
environmental impact and safety. With other words comparing their sustainability
aspects.

Three cases of different power supply design methods are modelled for the same
drive train with a repeated HWFET cycle. The 3 cases are then designed to be able
of driving +630km of this cycle. Case A is an EV, case B and C is FCV where case
B uses a low power FC stack with a larger energy buffer compared to case C.

Then the difference of dynamic performance of the 3 cases are analysed and
compared. With the lifetime and derogation of performance is investigated which
enables a comparable cost analysis of each case, both environmental and economical.

The conclusion of the investigation shows cost, environmental, high power per-
formance during shorter periods and lifetime benefits with FCV compared to EV.
Crucial areas such as infrastructure needed is neglected, that includes cost of hydro-
gen compared to electricity from the grid.

Keywords: Vehicle, Car, fuel-cell, PEMFC, Lithium-ion, LiB, comparison, ca-
pacity, weight, performance, cost, LCA, sustainability
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Introduction

1.1 Background

The demand of electrical vehicles is increasing and companies are yet to saturate the
market and fulfil its potential and compete with combustion solutions. Fuel-cells
have been used more and more in high capacity solutions and have found its way
into the car industry.

There are split beliefs all over the world of what is optimal solutions, not only
because of different priorities.

The world’s resources are limited and new solutions enables the flexibility to
diversify them where it’s needed the most. This is crucial for a sustainable future.

The manufacturing of lithium batteries keeps getting more sustainable, but fu-
els cells can be a good complement to many applications, such as FCV. As later
will be discussed will depend on what climate it’s used in and what infrastructure
opportunities the specific country has.

1.2 Purpose of work

To investigate pros and cons of different types, combinations and dimensions of en-
ergy storage’s in automotives. This includes aspects such as capacity, weight, power,
cost, environmental impact and safety. With other words normalising the cases spec-
ifications to then be able to measure their individual sustainability difference.

1.3 Contributions

According to the author the following contributions have been made with this thesis.

o A Matlab model that automatically compares the cases implemented in various
aspects.

o Collecting data about sustainable aspects of multiple cell types, cost, perfor-
mance and environmental impact.

o Comparing the three main sustainability aspects of FCV and EV.

 Identifying potential of increase of life time of both LiB and FC when working
in synergy with another. For NMC/LMO-G cell it’s around 20% SOC.
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Theory

2.1 Lithium-ion Cells - LiB

Although LiB cells have a lot research attention there is still a lot to improve.
Both regarding manufacturability, cost, performance and footprint. The difference
between the actual and theoretical capacity can be seen in table (2.1).

Solid state batteries are still under experimental stages but are expected to have
higher lifetime and with higher current density with less hysteresis [105]. Which can
improve the more environmentally friendly cells like LFP cathode see figure 3.34.

All types of cells have different cons and pros which makes them more effective in
some applications then others. For example cells like LFP and LTO have a relatively
constant potential in a wide range of their SOC as can be seen in [62]

For each chemistry type there are pros and cons to in several aspects to consider
when applying them in the design in question. Most of them are shown and com-
pared approximately in figure 2.1. In addition to this their individual environmental
footprint are different and will be compared later in this report.

LiCoO, Specific energy LMO Specific energy LFP Specific energy
(capacity) (capacity) (capacity)

Specific power Cost Specific power Cost Specific power
. . ;
\ / Safety Life span Safety Life span Safety

\\\: / \// \\\\/ =

Performance Performance Performance
NMC Specific energy NCA Specific energy LTO Specific energy
(capacity) (capacity) (capacity)

Cost

Life span

Cost Specific power Cost Specific power Cost Specific power

Life span Safety Life span Safety Life span

Performance

Performance Performance
Figure 2.1: Comparison between chemistry performance in different aspects [62]

By using different material and combining different anode with cathode material
you can design the cell for the specific application, that it will be used to satisfy the
specifications needed with as little material as possible.



2. Theory

Table (2.1) shows an example on how far each chemistry reached its theoretical
capacity. It can already be seen here that LTO uses both lithium and titanium
which is the reason why they cost more.

Table 2.1: Comparison of actual and theoretical capacity of different types of anode
and cathode materials, data from BatPac

Material | MW | Actual Theoretical | Full Name
Capacity | Capacity

g/mol | Ah/kg Ah/kg
NMC333 | 93,88 155 (52%) | 300 Li1.05(Nil/3Mn1/3Co01/3)0.9502
NMC622 | 94,39 180 (60%) | 298 Li1.05(Ni0.6Mn0.2C00.2)0.9502
NMC532 | 94,03 161 (54%) | 299 Li1.05(Ni0.5Mn0.3C00.2)0.9502
NMC811 | 94,72 | 212 (71%) | 297 Li1.05(Ni0.8Mn0.1C00.1)0.9502
NCA 96,10 | 200 (71%) | 279 LiNi0.80C00.15A10.05602-Graphite
LFP 157,76 | 150 (88%) | 170 LiFePO4
LMO 176,02 | 108 (63%) | 167 Manganese-Spinel
LTO 459,26 | 170 (72%) | 233 Li4Ti5012
G 72,00 | 360 (96%) | 372 Graphite

2.1.1 Efficiency

Each anode or cathode chemistry’s total efficiency can be divided into 3 factors and
their individual efficiency and comparison of their specific energy can be seen in
Richard Schmuch work [82].

Coulombic efficiency (CE), also called faradaic efficiency or current efficiency,
is the charge efficiency by which electrons are transferred in batteries. With other
words the ratio between the total charge and the output. Which is normally around
99% [82].

Voltaic efficiency, Since the charging voltage is higher than the rated voltage
to be able to activate the chemical reaction within the battery losses occur. With
other words the efficiency is the ratio of the average discharge voltage to the average
charge voltage. To increase efficiency it is important to charge the battery slowly so
as small voltage difference.

By increasing its efficiency its lifetime can be increased as well. Which also means
it will also reduce the heat generated during use. This is described in Wikners work
[103] that a lower temperature will extend the cell capacity and lifespan [62].

Energy Efficiency relates to the charge and discharge C-rate. With a charge
rate of 0.05C, the energy efficiency can be as high as 99%. Normally the higher the
C rate the lower the efficiency. At 0.5C the energy efficiency is around 97%. This
means that it is important to have an oversized battery to be able to reach higher
efficiency.

NMC cells is a good example of how doped anodes or cathodes can change its
dynamics. The cobalt and aluminium gives the NCA cell better capacity retention,
a smaller tendency for transition metal dissolution (no Mn) and power. There are
many types with this NCM chemistry. Compared to the rest of its family the NMC-
811 shows more favourable properties regarding the thermal stability.

4



2. Theory

This is one of the reasons why Lithium metals are used more and more in
EV applications [82]. Li-rich and Mn-rich oxides (LMR-NMC) are cheap but the
voltage & capacity tends to fade allot, lower crystallographic density results with
slow kinetics and large voltage hysteresis [82].

2.1.2 Anode materials

There are mainly three types of negative electrode materials that are used Artificial-
(SGs), Natural graphite’s (NGs) and Amorphous (Hard and soft) carbons [82]. SGs
shows outstandingly high levels of purity and less fluctuating quality compared to
NGs. Commonly SG are combined with Amorphous to reach the power and energy
ratio that is needed in the system [82].

As an example, small amounts of silicon (mostly as SiOx ) are added to the
carbon anode to further enhance specific cell energy. The draw back with the added
silicon is that the battery will expand more during load which can be dangerous.

Another example is combining titanite to the lithium which resulting in low cell
voltage and high-power capability with all-solid-state batteries (ASSBs) which is
used in Li-metal polymer [82]. For more information and comparison between each
of the cell type and material, read Miaos article [62].

2.1.3 Cathode materials

The mainly used materials in the cathode in EV applications is NCA and NMC due
to their high specific energy capability [82]. But also combinations with LMO and
LFP are used. LFP cells needs to be operating in higher temperature to reach a
lower internal resistance that is comparable with other alternatives [90]. As discussed
earlier LFP cells has a low energy capability compared to other NCA and NMC.

With the new solid state (NASCION-based) theology the lifespan, thermal run-
away up to 300C° of LFP cells will be improved. SSLBs will have longer lifetime
because of the suppressed chemical “cross talk” between electrodes [105]. Normal
thermal runaway conditions can be around 100C° [8]. Even the cells operating range
is normally up to 60C° [62].

2.1.4 Characteristics of batteries

Impedance spectroscopy (EIS) can be used for analysing the dynamic behavior of
batteries [80], within several frequency areas different specific parameters can be de-
rived to be able to model the internal impedance. Figure 2.2 describes the impedance
from the EIS sweep. The locations of the characteristic parameters of the cell as
different operation areas and specifications that are used for the model.
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Figure 2.2: Point of interests on a typical EIS sweep. Measurement are for the
cell NMC+LMO/G at 41% SOC and 6° C with linear interpolation between sample
points.[90] ©

Each dot in figure 2.2 are noted with their respective representation which can

be described as

o Z, is the contact resistance (current collectors, r..), the electrode active ma-
terial, separator and the electrolyte.

e 7, is when the complex part is equal to 0 which, in the model this is called
Ry.

e 7., this maximum is not visible in all cell types and temperatures. But it is
used for the time constant of the first RC part 7. It is located in the middle
of the passing through area denoted r.

e 74 represent the transition between double layer effects and mass transport
effects. This can vary a lot depending on lifetime, SOC and temperature
conditions.

e 7. is a fixed frequency point at 100mHz which is where the battery typically
is operating during acceleration deceleration.

o Zy is the slow-diffusion impedance which can change a lot also depending on
SOC, temperature and age, also typically called Warburg impedance. The
diffusion area is denoted 745 and is between point Zy and Zj.

2.1.4.1 LiB Dynamics / kinetics

There are many effects change the cells performance. Ageing of batteries influences
its performance in several ways, such as impedance, max capacity which in its turn
affect’s dynamics as well.

Reversible effects for LiB is mainly the memory effect which can last up to years.
It can be refreshed by applying a full cycle [45] .

SOC effects changes most characteristics of the cell such as equivalent circuit
parameters which results with different impedance. With other words different time

6



2. Theory

constants, losses, voltage hysteresis during different operations [45]. Example of this
change can be seen in Figure 3.10 and 3.9 or directly from Skoogs work [89].
Cycling with an GSM discharge with an effective current of 1.73 C would result with
3 times the heat generation. P, = R * [ 62f f The heat will change for example
its lifetime and internal resistance. [45]. But as seen in Skoogs work [88] a higher
temperature will result lower impedance.

Mass transportation is either done with diffusion or migration. Diffusion of ions
though the solid electrolyte interface (SEI) will change the electric behavior of the
battery especially with aged cells where the SEI have changed [45]. Its parameter
can be seen in the low frequency spectrum of the impedance spectroscopy (mHz).
see rgify in figure 2.2.

Another effect LiB cells have is a relaxation period after a pulse test where it’s
terminal voltage will increase back to its steady state after a heavy load, as can be
seen in Skoogs work [89)].

The heat generated by the cell is either joule heat or entropy heat. The entropy
heat potential changes depending on SOC and will drop around 0-15 % SOC which
means that the main contribute to heat generation is the joule heat which is mainly
from the internal resistance.

Since the entropy heat is even negative at this lower SOC level the zero heat
current can be very high, with other words high discharge current without generating
any heat.

In addition to this there is a charge transfer impedance that affects the temper-
ature as well. But since it’s fast acting typically around 1s it is usually neglected.
It can be included in Ry to compensate for this [88].

2.1.4.2 Impedance ladder model

All cells can be modelled with a R-2RC ladder wear each stage represents a time
constant. This approximation is relatively accurate in most applications as can be
seen in Skoogs work [89]. The time constant of the cell is calculated for the derived
parameters from the EIS as

7= RC (2.1)
This is done for the hole R-2RC ladder which can be written as

Vover R R R
(8) _ RO + 1 + 2 + 3 (22)

G =
I(s) s+1 ms+1 ms+1

When the total impedance is expressed as a TF a bode plot can easily be made to
show the cells internal impedance and phase shift depending on the frequency of
the applied load. As seen in bode diagram 2.3 the impedance at higher frequency
is close to Ry which was expected. For this specific case the impedance at lower
frequencies is the lowest around 60% SOC while at higher frequencies 50% SOC is
beneficial.

The drawback with a R-2RC model is that it does not cover the inductive
properties of the battery as is seen in 2.2. But since the loads used in the model
used in this thesis it can be neglected.
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Figure 2.3: Impedance of LMO cell pack depending on SOC at 20C°, Matlab TF

When a stack of cells is formed in series or parallel its total ladder impedance
changes. Each cell is never the same but for simplicity sake they are assumed to be
identical. When they are stacked in series each of the same stage of R is doubled
and the C is halved, in parallel it is the opposite.

This means that the time constant is always the same but the total internal
resistance can be reduced by using more cell stacks in parallel.

2.1.5 Lifetime

The lifetime of LiB can change a lot but the principle on how to save their perfor-
mance as long as possible are similar. In this section the lifetime NMC/LMO+G
will be discussed specifically from Wikners results [103].

To retain the battery life, it is recommended that after the 4 year test to operate
between 10-20% SOC around 40 degrees with +-4C loads. But the degradation of
internal resistance and capacity is much higher than same DOD and range around
35C°, but for some reason their capacity fluctuates a lot at the end of cycle test.

The reason why the lower DOD drops form >95% to 80% is unknown from
the 4 year experiment. After troubleshooting a theory is that the fluctuations are
linked to processes such as temporary blocking of active material or other reversible
processes[103]. This is something that would be interesting to investigate to see if a

8



2. Theory

strict mono type of cycling can affect it’s performance.

To still be able to regenerate power back to the battery it common that the
battery needs to be cooler than 40°C, as seen in all cell data-sheets. This is because
it puts higher stress on the cell compared to discharging.

In Wikners work it is illustrated how it is preferable to control the SOC around
0-20% to both keep its capacity and internal resistance optimal. To approximate
their lifetime an empirical ageing model are used which was developed after many
tests. This model can be implemented with other models, which makes it very
useful. Read more about this in Wikners thesis [103].

2.2 DC-link

There are multiple options on what extra energy buffer to use, this mainly depends
on what application its used for. The main reason to implement one is to make
sure that the voltage ripple during heavy loads are not to large which makes it hard
for the DC/AC inverter to control the output power and thereby be ineffective. In
large EV it is usually unnecessary because the high power battery pack can usually
provide a lot more power when normally requested.

Normally there are a small DC-link on all DC/AC inverter right by its terminal
so the worst ripple voltage from harmonics will be tolerable. Which is why it will
not be a part of this thesis. Usually double-layer capacitors are used, also called
super- or ultra capacitors. They have also become doped with lithium to be able to
hold even higher energy called lithium-ion capacitors (LIC). But in FCV this is not
enough if the FC degradation [20]. But this is of course depending on what loads
are expected to tolerate.

Instead power batteries are used such as LTO cells. They are very energy dense
compared to capacitors with similar power density compared to normal capacitors.
As can be seen in table (3.1) a 100F capacitor has similar power density but a factor
of almost 8 smaller specific energy capabilities then the LTO.

2.3 Proton-exchange membrane fuel cell

There are multiple types of fuel cells but in this work only Proton-exchange mem-
brane (PEM) will be considered since others is not practical for cars because of its
efficiency and its high specific power capabilities.

When solid state cells develops HT-PEMFC might be usable due to their high
thermal tolerance [83]. This will result in other benefits as well which will be dis-
cussed later in this thesis.

2.3.1 Principle

The overall operating principle of a PEMFC is relatively simple. Hydrogen is fed to
the cells anode and oxidized (HOR), while oxygen is reduced at the cathode (ORR).
Since catalysts are used on both sides of the PEM the gasses are combined and
water is produced.



2. Theory

The protons produced at the anode from the hydrogen are conducted through
the PEM to the cathode. But since the PEM is not electronically conductive, the
electrons released at the anode have to flow along an external circuit, which can be
used however, eventually the electrons recombines with the protons on the cathode
side. This is illustrated schematically in 2.4.

The proton-conducting membrane sandwiched between the two catalysts and
electrodes are called the membrane electrode assembly (MEA). Normally a platinum-
impregnated porous electrode is used. [91].

The main electrochemical reactions take place on the triple phase boundary
where the electrolyte, the catalyst, and the reactant (gas) are all in contact [91].
This is illustrated in figure 2.4.

10



2. Theory

Y

> Electronic load

Anode catalyst layer Electrolite Cathode catalyst layer
A 2H, — 4H" + 4e” membrane O, + 4H" + 4e"— 2H,0

Gas diffusion  Bipolar
layer plate

Bipolar Gas diffusion
plate layer

Triple phase
boundary

Carbon support
Electrolite for Pt catalyst

membrane

Figure 2.4: Layout and principle of FC | [91]

As described in previous section that a hydrogen gas molecule separates to
hydrogen proton and two free electrons which then is conducted through the electric
load. The anode, cathode, and net cell reactions of the PEMFC can be described as

Anode Reaction : Hy — 2H" + 2e”
Cathode Reaction : 1/205 +2H" +2¢~ — H,O (2.3)
Net Cell Reaction : 1/205 + Hy — H50

The membrane within the fuel cell needs to stay in hydrated state to have high

11
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ion conductivity and durability in LT-PEMFC, which requires proper humidification.
With other words water is required as the charge carrier for the proton conductivity
inside the Nafion membrane [67].

This results with higher operation range with higher power and higher efficiency.
The difference of only wet and dry air used can be seen in [16]. The PEM is made
from sulfonated polymers that are highly proton conductive and have hydrophobic
properties (contains liquid water).

By decreasing the thickness of the PEM the water can be controlled around
depending on what pressure applied on the anode or cathode, there by using an
internal humidification system [32]. This system is used in the Toyota Mirai but in
most LT-PEMFC system an external humidifier is used to humidify the inlet gas to
the cell [76].

The catalyst membranes used the FC needs to be a specific temperature de-
pending on choice of material to be able to full fill its function. This requires the FC
to heat up before usage. LT-PEMFC can be started fastest and can be heated up
around 10C°/min while other stationary types can only be heated 1C°/min up to
even higher temperatures which means that it can take hours before they are done.

2.3.2 Variations

There are several new solutions emerging that uses less rare materials. The flexible
air-breathing passive PEMFC removes the extra conductor used as electrode and
connect directly to breathable conductor that is on the MEA and use light weight
plastic instead of heavy metal. Which normally is cobalt steel [67]. Instead of the
diffusion layer a breathable carbon nanotubes (CNT) membrane with holes are used
together with carbon paper as electrodes. This layout has high gas permeability and
conductivity capabilities which is essential for the cells electrical and mass transfer
efficiency [67].

The electrodes are electrically insulated and separated by the PEM, which also
serves as a barrier for the reactant gases, but still allows the protons to migrate
across it as described previously.

The catalyst has high electrical conductivity and materials with good hydrogen
storage capabilities are used. Since air naturally diffuses into the PEMFC due to the
CNT with holes. There is no need for a compressor, therefor called a passive cell.
The plates that are removed are responsible for around 80% of total stack weight,
90% of stack volume and about 30% of the cost [67].

Not only will this passive cell cost less it will also have a higher specific power
than normal cells. It can reach 2.2kW /kg compared to Toyota’s cell 2kW /kg which
has the highest specific power capability used in cars. The normalised V-I charis-
matics of the two types of cells indicates a decrease in losses in the ohimc region,
which can be seen in Nings article [67].

It is unclear if this passive cell can be used in higher power applications such
as cars compared to the medical applications it is used for today [67]. There are
new method using this flexible passive cell together with a bifunctional catalyst that

enables an energy storage in the cell [99]. Its theoretical specific energy capability is
722Wh /kg and are already made with 135Wh/kg where NCA LiB cells are around
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170Wh/kg [99], see table (3.1) for comparison.

High temperature PEMFC (HT-PEMFC) are mainly used in stationary appli-
cations because of its low specific power and operating temperature. Its electrolyte
is polybenzimidazole doped with phosphoric acid to create ionic conductivity. This
makes it possible to operate at above 100 °C since the membrane does not need to
be humidified. Normal operation range is around 120 to 180 C [47].

This enables a simplified water management and thermal management of the
system. Another advantage is its high tolerance towards fuel impurities like carbon
monoxide and hydrogen sulphate [47]. It also shows promising performance with
iron carbide based catalyst, with other words without noble metals.

A 3 layer membrane type are developed where its lifetime can be increased. With
three-layered PBI membranes with the middle layer acting as an acid reservoir. This
improves its durability as compared to conventional cells with single layered post
doped PBI membranes. Degradation are tested of only 0.00008 % /h in a 9000 h test
[47].

There is no standard way to test FC yet so it is hard to compare but in GREET
software LT-PEMFC life expectancy is less then 5000h for automotive use. What
is the main factor of its derogation is impurities from the air or hydrogen that clog
up the catalyst which reduces the effective area that can be deionize the hydrogen.

2.3.3 Characteristics V-I

The V-I characteristics of FC can be divided into three sections, the activation-,
ohmic- and mass diffusion regime. which are visible in figure 2.5 3.11 in same order
from low to high power. The linear V-I region is the ohmic regime. After the red
dot shown in figure 2.5 which shows the maximum power of that cell comes the mass
diffusion regime where the efficiency and output power drops drastically.
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Figure 2.5: Operating range of PEMFC, V-I characteristics
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The 3 different operation regimes that affects the output voltage where their
equivalent resistance can be used in the model. The activation regime has high effi-
ciency but is unstable to operate in if the cell is alone without any support such as
a battery. The voltage contribution can be expressed as

V@;ni;m(i):Tm+bm@] (2.4)

The Ohmic regime is the normal operation area which in normal LT-PEMFC
has an efficiency around 57% at nominal power output. Its voltage contribution can
be described with (2.5) and (2.6). Where R, is also a function of current and
temperature.

‘/ohm = Vohm,a + ‘/ohm,mcmbranc + ‘/ohrn,c = [Rohm (25)

Rohm = Rohm() + lel - kRTT (26)

Concentration- and also called Mass diffusion regime voltage contribution can
with Fick’s first- and Faraday’s law [65] be used to derive the relation between the
surface concentration and the bulk concentration to the cells equivalent resistance.
The equation is expressed as

Rm{—%M——RTm@— I) (2.7)

where o = Electron transfer coefficient
a,b = constant terms in Tafel equation (V/K)
R = Gas constant, 8.3143 J/(mol*K)
T = Temperature [K]
z = Number of electrons participating.
F = Faraday constant (96487 coulombs per mol)
C = Specific heat capacity of species [J/(mol*K)]

All of them combined affects the total voltage drop as seen in the Figure 2.6
together with other dynamics of the cell that can be used in model.
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As is shown in Pukrushpans article [76] it is preferable to operate the FC not
only at lower current then rated but let it operate slowly to reduce ohmic losses
to improve efficiency. More exactly lower frequency then 5.7 Hz in this specific
cell. Current signals with frequencies smaller than 0.1 rad/s cause six times lower
impedance than currents with frequencies larger than 10 rad/s. The phase change
in this region changes almost 50 degrees.

2.3.4 Control

The hydrogen and air relation to the current wanted is linear [79]. Only a compressor
for the air intake is needed due to the hydrogen tank has its high pressure where
only the valve is needed to regulate the flow. The compressor is much slower to
be regulated than the valve but since there are no drawbacks with saturation of
air in the cathode as long as it keeps hydrated the air can be compressed more
than needed to hide its dynamics. The same principle works with the reuse loop of
hydrogen where a compressor is used to compress it back to its inlet.

Thereby it is assumed to be possible to neglect their dynamics in the model,
with other words both catalysts is always saturated. The drawback in practice is
that this will allow more contamination into the cell which as preciously described
decrees its efficiency. There are investigations involving ways to flush the system to
clean the catalysts to increase its lifetime.
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2.3.5 Temperature dependence

As described in Esfeha article the apparent exchange current density (AECD) is
related to the activation losses. The increase of temperature decreases the con-
centration loses but decreasing the activation over-potential up to 80C° [21]. The
AECD is dependent of the partial pressure of reactant, temperature and the elec-
trochemical Pt surface areas of the cathode and anode layer (EPSA) as shown in
equation (2.8).

It is also shown in the article how the open voltage relation to temperature is
linear and changes 8% over the temperature span between 20 to 120 C°. At 90
C° the membrane resistance is the lowest which leads to its highest efficiency. The
resistance changes around 50% linearly between 20C° and its operational point at
90C*. The following relations hold

. P02 ac
Z(C) = (EPSA)CI(())Q(Pt/PtD) <P(92)
io = (EPSA)alf, <PHQ) ”

2
Ha

(2.8)

2.3.6 Fade - life time

A normal internal combustion engine is usually assumed to have a lifetime of ap-
proximately 5000 hours, in comparison with a fuel cell that has a lifetime of 2000
hours. The degradation is mainly due to the high dynamic load that the cell is
operating against during cycle.

If the speed were constant the lifetime could be increased with a factor of 10 to
20 [48]. According to GREET software the lifetime of the FC are assumed to be
around the same lifetime expectancy as combustion cars.

2.3.7 Losses

The hydrogen utilisation factor at the anode is expressed as up, in (2.9). This is
normally very high since a re-loop is commonly used which reuses the hydrogen that
was not activated, the cost is the power usage for the compressor needed. Which
will be assumed to be draw a total of 1kW together with the rest of the BOP needed
for the FC to operate as expected.

_ Massof Hayreacted
-~ Massof Hyasinput

(2.9)

UH2 =

Pelectm'cal = (xHQ + 4:L'CH4 + xCO)uHQ [_Ag<T) - neF(‘/act + ‘/ohm + ‘/con] (210)

Pelectrical

= 2.11
"IN = (o + A, + 2c0)umy(~ Dg(D) 21y
where the dry gas molar compound is:
TH,y + 4xCH4 + Zco (212)
Hydrogen utilisation factor at the anode U,
Where dry gas molar ratio at anode xa is
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Number of electrons e
Faraday constant F
Molar ratio X
Gibbs function change of gases Ag(T)
Efficiency n

There are mainly three ways to produce hydrogen. Steam reforming power usage
according to Zhangs article [107] can be approximated with the relation as

P= (14 z)(xu,quuv(Hz) + zcoqruv(CO) + zcu, quuv (CHy) (2.13)

This allows you to calculate the total efficiency from heat and water back to
electricity. Normally electrolysis efficiency has the highest efficiency which is around
70-90% depending on how much potassium hydroxide and what input voltage used
as is described in [56].

2.3.8 Humidifier

Because the air and hydrogen are usually relatively dry it is natural for the inlet to
become dry, the closer to the outlet the more humidified will the membranes be due
to the water creation in the cathode catalyst and all membranes has hydrophobic
properties. With other words allows water to travel through the cell to the anode
side. Common practice is to have the two inlets going through in opposite direction
so the water re-circulates.

There are mainly two ways to make sure that the membranes in the FC are kept
humidified, internal and external. By reduce the thickness of the PEM membrane
to promote the diffusion of water generated downstream in the air system humidify
the system using the moisture at the anode.

This measure humidifies the cathode inlet, which is susceptible to drying, Since
the H2 and air flow is counter directed [32]. This also reduce evaporation which
leads to poor ion conductivity. The coolant flow at the cathode inlet was increased
to restrict evaporation caused by temperature increases.
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Figure 2.7: BOP hydrogen system layout and FC stack , from James work [43]

2.4 Hydrogen

2.4.1 Generation

There are mainly 3 methods of producing hydrogen:

Electrolysis separates water into its two primary elements—hydrogen (H2) and
oxygen (O2). This is done by conducting an electrical current through the water to
extract hydrogen. The benefit with this method is that it can be sourced from clean,
renewable energy such as wind, solar, or hydro. Which is perfect in smaller green
energy systems where there might be an over production of energy that cannot be
stored or distributed. This is also the most energy efficient method [56]. Mainly
because the other methods are using heating/ burning methods.

Steam reforming of methane is a common method of hydrogen production
today. It starts with liquids or gases containing hydrogen like natural gas or sus-
tainable biogas sourced from landfills. The fuel then reacts with steam at high
temperatures in the reformer, where hydrogen then can be extracted.

The Gasification process uses organic materials like crops and livestock waste.
Its converted into hydrogen by expose the organic materials for high temperatures
which triggers a reaction that separates the hydrogen.

2.4.2 Storage - Fuel tank

Normal storage pressure in FCV are around 700 bar. Since FC have relatively
low efficiency it’s needed capacity almost needs to be doubled compared to normal
a normal EV. This translates to around 1201 storage which results with a total
hydrogen mass of 5kg.

Hydrogen is around 14 times lighter than air which makes its escape route pre-
dictable in our atmosphere. This is fortunate because it is very combustible, dust
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particles can be enough to ignite it in some cases [6]. A specific foam material that
binds and limits the maximum flow so a puncture will not empty the tank all at
once, if there was a leakage. To prevent an extreme explosion [6]. This foam is
temperature dependent and will be not be effective over a certain temperature [6].

The total capacity of a fuel tank can be calculated as in equation (2.15), the
mass of the flow of hydrogen can be calculated similarly as

pdrop / pv 214
(dt RT T'N aky, (2.14)
Energy = Hs,,, Hs,,.n (2.15)

where:

p is the pressure of the gas [Pal

V is the volume of the gas [m?]

n is the number of moles [mol]

R is the universal gas constant, 8,314 J/(molK)
kg is the Boltzmann constant

N, is the Avogadro constant

T is the absolute temperature of the gas [Kelvin]
Q is cubic meter per second [m?/s]

The layout of the tank can be different, Toyota’s Mirai FCV tank uses 3 layers
and is illustrated in it’s specification description [1].
1. The inner polymer-lined layer contains the hydrogen.
2. The middle structural layer of carbon-fiber-reinforced polymer provides strength.
3. The outer fiber-glass reinforced polymer layer helps protect from surface abra-
sions.

2.4.2.1 Dynamics

To control the hydrogen flow a seat valve is commonly used that can handle high
pressure low flow gasses accurately. Its delay can be vary a lot all depending on
the actuators used. According to a Siemens support [104] it is around 0.2s. The air
compressor on the other hand is slower and can be approximated to 1 second, but
this also can vary allot on both control system and components used.

Since the PEMFC stack is dependable on both the input pressure and flow rate
of which the valve has control over. To simplify the model none of these dynamics
are used as mentioned before that both sides are presumed to be saturated. The
less pressure that is left in the tank the more the valve needs to be open to be able
to supply the pressure required for the PEMFC, which is around 1.5-3 bar.

In general small zone/seat valves that operate 1-3Cv and can easily be closed
within 1 second according to Emersson support. Again, it all depends on the actua-
tors used. The equation used to calculate how fast the valve can be closed depending
on what application can be expressed as

SG

K, = Q| x5 (2.16)
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K, is the flow factor

Q is the flow rate m3/h

SG is the specific gravity of the gas, (Air = 1)

A P is the differential pressure across the device [bar]

2.4.3 Safety

According to the MSB which sets the standards to legal hydrogen tanks amongst
other things have decided that combustible gases outside in public may not exceed
601 [30]. With other words by decreasing the maximum container the size also
decreases the potential explosion magnitude in case of an accident or failure. This
means that to be able to store high enough amount of energy 2 storage units is
needed. Which is often the case in most FCV.

2.5 DC/DC - Converter

Since the fuel cell will be a compliment to the LiB and they do not have the same
terminal voltage, a converter is needed [37]. If the FC voltage is higher than the
LiB no DC/DC is needed since the internal voltage of the cell is not stiff and can
move close to the LiB voltage depending on the fuel flow rate [37].

According to Wais article, step up converters with coupled-inductor can reach
an efficiency of 97.5 %, however as seen in the article the efficiency is not linear. But
the lowest efficiency is 95% which makes the nominal efficiency still high [97], and
this is for a conversion from 30 to 400V which is a much larger difference in voltage
then what is used in Case B in this thesis.

2.6 DC/AC - Inverter

The inverter is used to transform the power potential of the battery to a 3-phase
voltage that can power the PMSM. There are multiple types of DC/AC types and
transistors that can be used. The most effective is currently SiC transistors which
can reach a peak of efficiency of 99.5% which can be achieved during 3/4 of its
operational range [108]. It is also shown how its losses are linear depending on
output power, which makes the model implementation very simple. Compared to
tyristors types converters they can operate in higher frequency with lower losses
which results a reduced minimum DC-link

2.6.1 Harmonics

Depending on what control method used different harmonics is expected. Square
wave inverters have their harmonics starting right after the fundamental frequency.
PWM on the other hand has its harmonics around the switching frequency, which
is a lot easier to filter away since it usually is around 1kHz [108]. Normally every
odd number of harmonics makes the most noise. In a 3-phase system which usually
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is used in automotive, the 3d harmonic is cancelled out in the 1-1 voltage since the
sum of the 3 harmonics is zero.

The line to line harmonic voltage can be approximated with (2.17). The har-
monics that could reach the battery is usually handled with an integrated DC-link
on the inverter that takes care of the most harmonics, so this will be neglected in
the model.

V6

Ulfl = —Ude (217)
nm

2.7 Permanent Magnet Synchronous Motor

There are many types of motors but the most effective with highest specific power
usage for both breaking and propelling are Permanent Magnet Synchronous Motor
(PMSM). Nominal efficiency is usually around 96% [66]. The motor used in this
thesis model has a peak of 95% [3].

Advantage compared to other motor alternatives is that the permanent magnets
will generate back power whenever there is a negative torque of the rotor. Depending
on what speed and mass of the vehicle, the efficiency of the regenerative breaking
will change a lot. An excellent illustration of this can be seen in Grunditz work [28].

A usual control strategy is the Maximum Torque Per Ampere (MTPA) method,
where the angle ¢ between the d- and g-axis currents is found such that the highest
torque can be produced for a certain magnitude of current. This relation can be
expressed as

. W, v,, S|
sin(¢) =~ (La— L)1, J (4 (Lo — L,) IS> *3 (2.18)

2.8 Vehicle dynamics

Grading force neglected due long distance back and forth will equal to 0.

Table 2.2: Fundamental equations for forces affecting the vehicle

Parameter Equation

Rolling resistance | F,., = mgp,cos(0)

Aerodynamic drag | Fyeo = 0.5pC, AfV?

Gradient resistance | Fj,. = mgsin(6)

Propelling force F,; =1.05ma

Gearbox resistance | Fyeqrr = 1.05 [28]

Tractive fOI'CG Eractive = gearR(in + ic + Faero + Frr)

Depending on how the aerodynamics and dimension of the car its modeld con-
stants are changed. In table (2.3) the average parameters for different types of cars
are shown, according to Grunditz work [28].
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Table 2.3: Parameters of three types of cars [28] ©

Parameter City HW  Sport | Unit
Seats: 4-5 5 2 kg
Mass: 1200 1700 1900 kg
Acceleration 0-100 km/h: | 13 10 4 S
Top speed: 135 150 210 km/h
WLTCEH Range: 108 144 240 km
Aearod. drag coeff.Cy: 0.3 0.28 0.35 -
Area: 2.05 2.3 2.0 m?
Wheel radius: 0.31 032 0.34 m
Rolling resist.coeffC;.: 0.009 0.009 0.012 -
Energy: 19.3 299  56.6 kWh
Series cells: 98.04 98.04 98.04

Parallel cells: 1.76 2.73 517

Vi,S0C 90%, Prm mas 325 317 283 \Y
Rais 160.4 103.4 54.6 m w
Rep 134 86.4  45.6 m w
Propulsion efficiency 86 85 82 %
Braking efficiency 83 82 79 %
Net efficiency 7 73 71 %

2.9 Driving cycles

There are many types of drive cycles that approximate travel routine of different
areas both globally and types of roads [17]. To approximate reality, often several
drive cycles are combined to be able to see if the automotive can handle it.

The Highway Fuel Economy Driving Schedule (HWFET) represents highway
driving conditions under 100 km/h. Which makes a HWFET cycle similar to country
road driving. A middle ground between city driving and highway traffic in Sweden.

2.10 Sustainability

There are many aspects to design systems in a sustainable manner. Generally there
are 3 pillars that holds it up, social, environmental and economic. The social pil-
lar can symbolise that the car is user friendly and fulfill the drivers performance
requirements and safety.

Environmental requirements can be that not only the manufacturing process is
inefficient but also the rest of the life cycle of the car such as recycling, fuel, re-
pair/serving it. The same cycle has to be thought through economically as well.
The measurement of these parameters are hard to compare to another but are es-
sential to build a sustainable system around a car for example. With other words
the whole life cycle of the product and system is needed to be considered.

A good start is to summarise the 3 pillars for the different design alternatives
that are available to then be able to compare them with another. Depending on how

22



2. Theory

the rest of infrastructure and other products system are designed the new design
might need to compensate for it.

For example if most previous solutions have been on the heavy side of being
economically beneficial it is necessary to start to compensate for that to be able to
build a sustainable future. This works in all three directions.

2.10.1 Footprint

There are many kinds of footprints the material used can leave in the manufactur-
ing process. It is usually divided into energy used, emissions released. Figure 2.8
represents the emissions that common materials used a lot for structural purposes
commonly used in cars. Figure 2.10 represents the emissions that common materials
used that leave a large footprint but are usually used in small amounts for a specific
reason due to their appropriate specifications. These are commonly used in electric
automotives.

Rare earth is a group of metals in the periodic table which are for example
commonly used in magnets or batteries.
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Figure 2.8: Greenhouse gas emissions [g] after manufacturing one ton of each
common material used in automotives for constructive purposes.
NOTE logarithmic scale. The parameters are taken from GREET
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Figure 2.9: Energy used [mmBtu] during manufacturing one ton of each common
material used in automotive for constructive purposes.
NOTE logarithmic scale. The parameters are taken from GREET
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Figure 2.10: Greenhouse gas emissions [g] after manufacturing one ton of each
common material used in automotives for their unique properties.
NOTE logarithmic scale. The parameters is taken from GREET
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Figure 2.11: Energy used [mmBtu]| during manufacturing one ton of each common
material used in automotive for their unique properties.
NOTE logarithmic scale. The parameters is taken from GREET
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Methods

This thesis will investigate and model the most critical parts in Simulink and find
three different solution strategies which then can be compared in a sustainable as-
pects. The Social aspect will be the performance of each case. Such as weight,
losses, dynamics, range and safety.

By investigating and comparing different types and dimensions of fuel cells, hy-
drogen tanks, lithium-cells and DC-Links an acceptable solution will be established
for each case. Already established and commercialised products will be investigated
and implemented. When each case solutions performance has been analysed the
cost and environmental aspects will be estimated and reflected upon.

EDA drive cycle
(Speed, acc)

Load

- N /i\

Physical dynamics Lithi .
(Drag, Gearbox) DC-Link IV THICI Fuel cell
L | (LTO,Ultra cap) (NMC, LMO) (PEM)
Motor \ 1 / \
(PMSM, LUT's)
L ) Thermal model Fuel tank
Load

Figure 3.1: Simple overview of simulink model

3.1 Drive cycle

One of the more everyday driving cycle in the more rural areas that does not involve
that many stops are similar to the HWFET cycle. Where the highest speed is below
100km/h.

The cycle used can be seen in Figure 3.2.According to Tesla’s prediction of
distance 2012 [63] their top range is around 40km/h. Tesla is using the WLTF cycle
instead which is a more dynamic driving cycle with many more stops compared to
the HWFET which only stops once every 13min.
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Figure 3.2: The Highway Fuel Economy Driving Schedule (HWFET)

3.1.1 Verification

For this model in this thesis the parameters in table (2.3) are used according to
the HW option. The mass will varies depending on which case is used and can be
seen in 4.11. Comparing the results that can be seen in Figure 3.3 are similar with
Grunditz results with the same cycle and vehicle parameters [28]. Which is a max
power cycle 29kW P peer-

Since the electrical regeneration when decelerating is not as efficient an average
of 70% is used as discussed in previous section (2.3) and in Grunditz work [2§]
showing the efficiency depending on what speed and breaking power used, with
other words the higher breaking force, the higher efficiency.

The large difference between the regenerated power and the wheel power verifies
that this is implemented in the intended way.During breaking the electrical power
is much lower than similar power usage during propelling.

The highest point of regeneration power is 25kW at a vehicle mass of 2ton.
The highest electrical power output is 38kW. But keep in mind that the maximal
designed output will still be 120kW.
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Figure 3.3: Powers during one HWET cycle

To verify that the change of mass affects the vehicle model correctly a simulation
of different masses of the vehicle is done. The mass varies between 1-3 ton, this
changes the load current linearly from the point of acceleration. The car with higher
mass requires more energy to reach the new speed which also results with higher
losses. This is illustrated in Figure 3.5 and 3.4.
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Figure 3.5: Variable mass energy con-
sumption total (Orange) and losses in mo-
tor (Blue)

Figure 3.4: Variable mass dynamics dif-
ferance
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3.2 PMSM - Modeling

To limit this report only Permanent magnet synchronous motors (PMSM) is con-
sidered. But other alternatives is still viable. Especially in aspects of environmental
footprint due to the rare earth magnets commonly used. An average family car has
a peak power of 130kW so an similar motor will be used.

3.2.1 Parameters

The motor used is a HVH250-090 because of its long high torque range and peak
power of 130kW. An efficiency LUT is derived to be used in Matlab and can be
seen in figure 3.7. As seen when comparing between the actual motor efficiency plot
from datasheet 3.6 and 3.8 the operational area during the HWFET drive cycle it
is operated in an area where the approximation of the efficiency is bad.

Since the range of the car will still meet the requirement of +630km with similar
energy capacity as other comparable cars with similar range. This error is neglected
since it is beneficial to have the theoretical range as close as possible the actual
range. The peak and continuous capability is taken from BorgWarner datasheet
around 400V supply voltage [3]
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Figure 3.6: Actual motor efficiency Figure 3.7:  Approximation of pre-
HVH250-090 from BorgWarner [3] formance of HVH250 motor. Peak

power:Red, Continuous power:Blue line

In addition to this the specifications of the motor according to the datasheet it
can handle 600A for 60 sec, has an mass of 57kg and an rotational inertia of 0.086
kgm?. Since the lower range of SOC is 350V in Case A the peak power of the motor
is 90kW as can be seen in its datasheet [3].

In other words a higher voltage battery is needed or an DC/DC converter to be
able to perform with the same power no matter of the SOC. But in this thesis the
comparison is more in focus and thereby accepted.

To operate at the motors peak power around 4000 RPM a gearbox ratio of 9 is
used. Which corresponds to a road speed of 90km /h.

Not the entire efficiency LUT will be operational. The drive cycle will reach the
points shown Figure 3.8 As can be seen when comparing the efficiency plot and the
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drive cycle operation area from the HWET standard the motor is over dimensioned
for this specific cycle. The 120kW motor is kept since that is a common power
performance max for automotives.

300

200

—_
o
o

Motor Torque [Nm]

0 2000 4000 6000 8000 10000
Motor Speed [rpm]

Figure 3.8: Operation area during HWFET driving cycle, where the right bar is
the efficiency of the motor [%]

For simplicity sake the regeneration efficiency is assumed to be 80 % since the
breaking power in this cycle are around 20kW which can be seen is reasonable with
an similar car in Grunditz work [28]. Since the power that can be regenerated is in
for average over 40 km/h an average efficiency of 80% is used since the similar size
car is used.

Drive cycle HWFET are below the max performance of the motor even at the
lowest voltage of the cases, so a comparison of the motors performance will not
change allot. Instead the voltage difference of the batteries will be analysed.

The highest regenerative power peak is 23kW which represents approximately
an energy of 90Wh. This means that to be able to store this energy it would require
at least two stacks of NMC cells (2 - 96st) to be able to store the energy. With other
words two NMCs in parallel to be able to charge it with a rate of 2C. This makes
NMC cells not that good, an option for Case B and C since this would require a high
power but relatively low energy to be stored in a low power, high energy battery.
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3.3 DC/AC - Inverter

According to [108] SIC traction inverters can reach efficiencies around 99.5% between
250-800V with a peak power of 27kW (one for each motor), with a bus DC-Link of
28uF. It can also be verified that the losses of the inverter is linear depending on
output power, also demonstrated in Josefssons work [44].

One of the conclusions from Zhus work [108] is that with an SiC (MOSFET)
based inverter has approximately 3.5 times higher Q factor and 3 times lower peak
loss in the combined drive cycle (CAFE). This also results with approximately 2
times smaller semiconductor die area. With other words this will result with higher
harmonics which also result in higher losses in the battery instead if not designed
properly. As previously mentioned, this will be neglected in the model since it is
assumed that the internal DC-Link capacitor takes care of most of the harmonics.

3.3.1 Harmonics

The multi-level inverter (MLI) is usually be controlled with Fundamental Selective
Harmonic Elimination (FSHE) method to be able to reduce the RMS current to the
motor. But an disadvantage with this is that it sets higher stress on the battery, it
will produce higher losses but it will not age the battery faster [49].

The angles aq,a5 and a3 describe the instances when the H-bridges should be
activated. Depending on their timing the harmonic voltage can be calculated with
(3.1). The even harmonics is the ones that will be reaching the battery. The relations
are described as

4
Uni(h) = 7 [Vpe cos (hay) + Vpe cos (hasy) + Vpe cos (has))] (3.1)

Since a very large battery pack is used in Case A which results with ESR values
around 14mw which are similar to Kerstens descaled test with super- and electrolyte
capacitors (10- 100w) [49] and the full extent of an saturated PEMFC capacitive
support is unknown the harmonic losses will be neglected in this thesis.

3.4 DC-link

To calculate the specific power and energy of ultra and super capacitors standard
"Energy & Power (Based on IEC 62391-2)" is used. The equations used is expressed
as

0.5C - V2 Ernas 0.12V2 0.25V2
mar — T oann Eq = Py=——— = = 3.2
3600 “ mass UV ESR-mass ' ESR-mass (32)
where the: Maximum Stored Energy: Eraz (Wh)
Gravimetric Specific Energy: Eq (Wh/kg)
Usable Specific Power: Py (W/kg)
Impedance Match Specific Power: P (W/kg)
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When dimensioning the DC-Link and the rest of the battery the characteristics
of the load is vital. An simple calculation of the required capacitance depending on
what load is meant to be absorbed seen in (3.3). With a switch frequency at 1kHz
and acceptable ripple on 10V as the worst case the minimum capacitance can be
calculated. The relations are described as

T1paad (1 — d)1000
Cmin =
2- fload : VRipple
The energy that can be continuously discharged depending on the voltage drop

can be calculated with, approximating the load as a ideal sinusoidal current. The
relations are described as

(3.3)

= — Py, - acos (L{}nhmi;) (3.4)

2 Vdisch
(VC,M) cw-In (Vin #mm)

Where V-, is the average voltage across the capacitor.

VmL max _‘/disch

2

Even more aspects must be considered to be able to operate the automotive as
practical as possible without adding to much weight.

During simulation it is noticed that a large DC link have similar losses compared
to similar mass with LTO cells, similar result with the large battery pack in case A
since it’s impedance is already very low. In addition to this a high energy storage
is needed to be able to provide the power needed for accelerations to not stress the
PEMFC to excessively, which is where the main losses are located 3.21.

It is also preferable for the vehicle to be able to store the regenerated power when
breaking, which requires a battery pack that can charge at this high rate of power.
There is inefficient data know about how high C-rate LTO cells can be charged
without consequences as derogation and lifetime. Normally the max charging rate
is half of the max discharge rate.

This results with a relatively over dimensioned battery pack, a large DC-link
could help with this so the battery can charge during a longer duration but lower
intensity. In order to not add to much weight but still be effective there has to be
a trade off drivers operation capabilities. In this thesis the capability to still be
able utilise max power during a few minutes is prioritised to let case B be more
comparable with case A.

Case C on the other hand would be interesting to see with only ultracapacitors
as energy bank but since the model is missing an smart controller it is hard to
estimate how good the PEMFC stack can cooperate with the capacitor without too
high change in voltage during the cycle.

It is neither known how the lifetime of the PEMFC will be affected due to the
higher dynamic load compared to if it was parallel with a larger energy bank. The
environmental impact calculator GREET has no data about ultracapacitors, so this
is why even case C unfortunately will be using LTO cells.

As later will be seen in verification section the load voltage without an DC-link
is still reasonable stable with the LTO pack. Which could be even reduced further

VCM = Vdisch + (35)
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with proper planning and control over the PEMFC on when to charge the LTO bank
or not.

For example, if the root ahead is an steep hill the PEMFC will be more effective
if it slowly charges the LTO stack to the maximum before the hill so it will not need
to work as hard that fast. But since this system is not implemented, further work
will have be done to make sure that this is possible.

3.4.1 Parameters

An comparison of the specific power and energy between different energy storage
units is seen in table (3.1). The specific power and impedance mach is measured
different for the LTO and NMC option. The rest of the capacitors is calculated
according to IEC 62391-2:2006, which is also seen in (3.2).

Table 3.1: Specifications of common capacitors and LiB.
* Not calculated according to the IEC standard

Component Weight | Energy Density | Usable power | Impedance mach
[¢] [Wh/kg] [kW/kg] [kW/kg]
40F [87] 7.1 7.5 3.7 7.7
100F [87] 15.9 8.4 3.2 6.4
270F [87] 30.8 11.8 2.1 4.55
Maxwell BCAP[87] | 160 4.4 -6 5.9-6.9 12-14
BCAP3400 [75] 496 8.6 14.5 30
LTO Battery[87] 128 64 3.6 * 3.6*
LMO [95] - 121 2.3 2.3 *
NMC111 [95] - 143 2 2 *
LFP [95] - 116 1.3 1.3 %
NMC + LMO/G 556 173 0.86 0.86*

As seen in article [84] the usable power and internal resistance can be calculated
in several ways. It is seen that the different methods will result with large differences
of internal resistance.

Since the cells with unknown cell mass from BatPac uses an unknown calculation
method, these values might be needed to be taken as an approximate value. The
LTO and NMC+LMO/G cell will use the same method, which is with their known
C rate max, NMC+LMO/G has a max C rate of 5C and by dividing them cell mass
the result will be the specific power.

By comparing the conventional calculation with the IEC 62391-2:2006 equation
(3.2) back to the ESR it is noted that the difference is only 4% compared to the total
average ESR as given from the NMC+LMO/G specifications. This is why the ESR
is calculated the same as from the LTO given specific power and energy parameters.
The drawback with this is that an R-2RC ladder cannot be modelled, more data is
needed for this.

When using higher voltage stacks the alternatives becomes less, so if 2 LTO
stacks is almost enough it usually better to add a another type of cell or capacitor
to compensate for it, so another 20kg cell is not needed to be added. But this might
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result in extra cost and manufacturing depending on scale. A comparison for each
type stacked up to 400V can be seen in table (3.2). Since the max power of the
vehicle is 130kW already now LTO and the NMC option seems promising.

Table 3.2: One stack of units specifications to reach 400V

Component Weight | Energy Density | Usable power | V4. | st
kg [kWh)] kW]

Maxwell BCAP | 21.4 0.128 150 3 134

BCAP3400 66.464 | 0.554 934 3 134

LTO Battery 20.5 1.3 73.4 2.5 160

NMC + LMO/G | 54.48 10 54.48 4.15 | 96

3.5 LiB - Modelling

The Open Circuit Voltage (OCV) is represented by a variable ideal voltage source.
It is mapped with a look-up table as a function of SOC. The dynamics of the battery
is represented with an R+2RC circuit. This is done to approximate the dynamics
of the cells, such as mass transport, diffusion time delay and the internal resistance.

The relaxation dynamics of the voltage response will not be taken into account
in order to keep the simulation simple. As also seen in Skoogs article [89], the
R+2RC is relatively close to the measured voltage, with other words a small error
is achieved.

3.5.1 Parameters

Since many parameters is missing from each cell that is desired to be tested more
such as the LFP cell limitations had to be made in this thesis. In figure 3.9 the
variable R+2RC parameters are compared depending on their SOC, where the last
two RC in the LMO case are summed together to be able to compare them. The
difference between the time constants depending on chemistry changes a lot [89]
which makes it interesting to see which applications they are most suited for. The
NMC+LMO/G data is taken from Skoogs and Grunditz work [89] [28]. Where the
LMO specifications is taken from the MATLAB library.
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To be able to see what happens to the time constants during the change of SOC
a bode diagram is used to illustrate. Figure 3.10 shows the NMC+LMO/G cell and
figure 2.3 shows the LMO cell change of dynamics depending on SOC.
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Figure 3.10: NMC R-2RC impedance model, SOC
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Since both the DC-link and the LiB is modelled with a lumped impedance, there
will be a hysteresis when charging and discharging of the cell voltage depending on
the load. Due to not being able to make a control system to set the SOC at a
requested state without generating extra losses in case C and B. It is decided to
simplify the model and use the average of the SOC dependent parameters, which
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also makes the model run much faster. Optimal operation point will be discussed
later in this thesis, but it can already be seen that at 40% SOC has low impedance.

3.6 PEM - Modeling

Since internal parameters is hard to come by, MATLABs PEMFC with nominal
85kW was used.

To compliment the missing data from the simulink model parameters from Toy-
ota Mirai is used to fill the gaps. Note that the Simulink model has guaranteed
not the same dimensions as the Mirai cells, this might result with a large error in
mass estimation. With other words the simulink model might not be able to reach
a specific power of 2kW /kg with so much higher cell voltage.

What makes Mirai unique is that they make a thinner PEM layer which gives it
a lower cell voltage rating but higher current capability and moisture distribution.
This enables the internal humidification but, in this thesis, the external humidifica-
tion will be assumed for simplicity. For mass calculation the "nominal" cell mass is
used, see table (3.3)

Table 3.3: FC parameters of Simulink model and Toyota Mirai.
Note that the mass is calculated from with the same Pjpccific as Mirai

Parameter Simulink model Toyota Mirai
Stack power Pyom/ Prax 85/100kW 88.5/114 kW
Ef ficiencynom 57 %

Stack Voltage (max) 469V 222V
Number off cells (series) 400 370

Output Density By Volume: | - 3.1 kW/L
Output Density By Weight: | - 2.0 kW /kg
Weight: cell/(Muom /Mapecific) | 90.9%/ 106.2* 102/119

FC Resistance 0.17572 ohm

Highest voltage 1.1729V 0.6 V

Nom utilazation: H2 95,24 % , 02 50,03 %

Nominal Consumption H2= 794,4 lpm, Air 1891 lpm

Exchage current 24,1mA (10)

Exchange coefficient 1.1912

System temprature 368 K (T) (94,85C) 80C

Nom Air & Fuel pressure 3 bar 2.5 bar

LUT are made of the modelled PEMFC to see its performance dependence on
operating temperature. It is seen that it is supposed to be more effective at even
higher temperature then it is made to operate around. Even if this might be true it
is not possible since it’s not made to be able to operate at any higher temperature.
To simplify the model the operating temperature is always 85C°.

According to the model used the nominal operation temperature is needed to
reach maximum power output, which is how it should be and is also shown in Figure
3.11. Note that the transitions between the colours is actually smooth.
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With an LUT of the hydrogen needed to supply a certain current depending on
the temperature it could be used to calculate the exact flow that is needed to fulfil
the electric demands fast. Of course this will change during its lifetime so at least
an extra dimension is needed.
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Figure 3.13: LUT of the modelled PEMFC hydrogen flow [I/min]

3.6.1 DC/DC - converter

For PEMFC packs with lower voltage then a LiB it is necessary to use a DCDC to
be able to be compatible. When the voltage at the end of the PEMFC operating
range of interest is higher then the LiB, an DC/DC is not needed. It is not entirely
sure that it will not result in more losses when the voltage of the PEMFC is scaled
to high but after discussion with Hillander it is an appropriate assumption[37].
With other words, that the internal voltage of the PEMFC is not stiff as a
battery but can be chosen with the hydrogen flow to reach the desired internal
voltage. The maximum efficiency was measured to be over 96.5 % [97] which is
comparatively higher than conventional converters with the same voltage gain. As
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also seen in Wai’s article, the losses are not linear but the difference of the efficiency
is small so the average efficiency is used in model for simplicity.

3.6.2 Controller

To ensure a longer life time expectancy a slow control is necessary according to
Emanuelssons thesis [20], depending on operation cycles the lifetime of the call can
change with a factor 10. An optimal solution would be to integrate a controller with
the drivers planned route so the PEMFC can prepare the battery for the expected
events for optimal performance and derogation.

If there was no LiB to support the PEMFC it would have been hard to control
in it’s activation area. The controllable areas can be calculated with equations (3.7)
and (3.6) which are explained in Woo’s article [104]. The relations are described as

P = Vo A (3.6)
max (,Om + RLAm)2 .
P\ 2

R; - Internal resistance of membrane-electrode assembly (ohm)
Ry, - Load resistance (ohm)
R - Shunt resistance (ohm)
V, - Battery voltage of fuel cell (V)
Pm - Membrane resistivity
A, - Active area of membrane—electrode assembly (cm2)
F - Faraday’s constant (96469 C/mol)
Ppo- Partial pressure of hydrogen (bar)
P,, - Water vapor pressure bar
P - Power delivered to the load impedance (W)
Q) g2- Hydrogen flow rate (mL/min)
R - Gas constant

3.6.3 Hydrogen - Fuel tank

Nominal pressures of hydrogen in FCV are around 700 bar [6] [42]. This is an sweet-
spot of pressure where reasonable materials can be used without making it to costly,
dangerous or heavy.

To calculate the mass of hydrogen stored in the tank (2.15) is used. To estimate
the SOC of the tank the mass of the flow used is subtracted from the total mass of
hydrogen in the tank, this works up until the pressure of the tank is around 3 bar
which is around 0.5% of the total capacity.

3.6.3.1 Design

There are many safety factors and alternative materials that can be used, but to
simplify it the same as [42] will be used since not within the scope of this thesis.
More about safety and standard can be found in [78].
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It is described in the Argonne Department of Energy article the relation of
gravimetric capacity (wt%) depending on what material being used, number of
tanks and the capacity. In an weight perspective it is beneficial with one tank but
two is needed due to safety aspects.

To compare with TOYOTA Mirai which weigh 87,7 kg and contains kg of
hydrogen. Since hydrogen contains 39.7 kWh/kg the energy density of the container
77,4kWh or 0.9kWh/kg and they are using two fuel tanks. [43].

This will result in a wt% of 5,7 which surpasses expectations from USAs energy
government 2015. However, with the same principle as in the article, by using one
tank the weight to capacity ratio is increased even further. Then again, this is not
as safe as with two tanks nor legal in Sweden. One of the materials used to reach
12.50 wt% is MgC60 nano-lamellae for hydrogen storage applications, and can be
read more about in Wangs article [101].

An expel to show how important the temperature of the tank is to be able to
store more can be seen in Figure 3.14. This is with a tank with a capacity of 1001
and 700 bar. It is seen in figure that the storage capabilities is slightly exponential
which makes it extra important to store it cold, which can be a challenge with a
FCV.
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Figure 3.14: Energy storage depending on temperature, Blue line is the energy
stored and Red line is visual linear reference

3.6.4 Air - Compressor

According to [104] the air flow is the hardest to control mainly due to its delay. As
discussed previously by always having a higher flow of air then needed will saturate
the need of O,.

If the air is filtered from carbon dioxide it could extend the lifetime even further
[47]. This gives the reason to implement a Carbon Capture and Storage (CCS)
system which would be interesting to investigate what potential effect it could have.
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Both in aspects of captured carbon dioxide and the PEMFCs increased lifetime.
This must be a passive solution since the active methods would use a lot of power.

3.6.5 Water

As the water flows in the channels it alters the effective area of the MEA, thus
changing the internal resistance of the fuel cell [104]. This makes it important to
have an clean exit for the water so the anode and cathode is not getting filled. The
relation can be found as (3.8).

Pm
A, = . 3.8
(Vi/2F) RTJQn. P — Ry (38)

3.6.6 Verification of dynamics

By sweeping the PEMFC load current linearly we can plot it’s VI characteristics.
The result can be seen in chapter 3.11 where the temperature is also swept. The
efficiency and hydrogen flow required is also up to expectations.

An alternative is to always saturate the hydrogen flow to be able to handle
the load directly. This leads to a low total efficiency since a lot of fuel is wasted
according to the model. In practice the excess hydrogen is compressed back to the
inlet and separated from any water that might have leaked through the membranes.

Unfortunately this loop is not integrated properly into the model. Except the
power as an approximated constant power load of 500W combined with all other
hydrogen accessories witch is described in Figure 3.28. With this constant power
load it is meant to symbolise the constant saturation of the system. With an instant
access of air and hydrogen, the dynamics of the system can be seen together with
the LiB in figure 3.15.

The control of both the fuel gases after the step is not controlled ideal for neither
from a losses and lifetime perspective. Figure 3.16 shows the total step response of
the paired stacks, it is seen that the PEMFC could help the LiB more to keep the
same voltage but the controller is missing.

This could be a further work on how to control it properly to be able to prepare
the LiB for the step and ramp up of the current. The LiB voltage is the internal
voltage on the terminal voltage.

The controller implemented slows down the model with a factor of 1000 and
adds more losses even if a re-loop is implemented. Since a comparison still can be
made between the cases it s decided to use the automatic control which has the
least losses. A further investigation on the controller and re-loop has to be done.
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Figure 3.16: Dynamics of both PEMFC and stack in parallel with load voltage

and current

According to [52] [9] [37] the dynamics of PEMFC retention effect is similar to
LiB after current interruption. This is because the effective area of the catalyst
decreases. This effect is neglected in this thesis due to simplicity.
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3.7 Dynamics of systems

3.71 PEMFC and LiB

To be able to provide full power to the LiB the PEMFC needs to be able to hold
high enough voltage. This is demonstrated in figure 3.17. Since it is optimal to
hold the LIB around 10-20% SOC to extend its lifetime there is no need for a higher
voltage then seen in figure since it can provide more then nominal power in that

SOC area.
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Figure 3.17: PEMFC VI characteristics at 90 C*,

This also means that if the SOC of the LiB is high the PEMFC will not be able
to provide for the full power, which means that another energy source needs to be
able to provide for the fully rated power at this range, depending on design.

An unclear aspect of this is what efficiency the PEMFC will have when operating
at a lower voltage then it would have at that certain load alone. As will be seen
in the results the efficiency decreases with the voltage when the terminal voltage is
lower than according to its V-I graph. In other words, the question is if there will
be additional restive losses. After discussion with Hillander [37] an assumption with
no additional losses is reasonable due to the ability to control fuel.

An alternative to this is to use a DCDC between the PEMFC and the LiB to
make it possible to use a smaller PEMFC stack to supply a higher voltage LiB, which
enables more design opportunities. This is also the way a few car manufacturer takes,
for example Toyota. With the same stack power they find their new cells with lower
voltage 20% more effective with an DC/DC compared to an solution as Figure 3.17
describes. This and more can be read in Hasegawas article [32].

Hasikos article shows how a step response is supposed to look in practice without
a LiB as support nor saturated gas supply [33]. When implementing the controller
that is supposed to control the compressor TF together with the FC it resembles
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Hasikos tests except slower.
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Figure 3.19: PEMFC parameters during LiB and PEMFC cooperation under step
load with PID controlled compressor, PEMFC stack with LiB, 85kW

Since the start-up time of a LT-PEMFC from an ambient temperature of 20C*
would be approximately 3 min depending on catalyst material. 5min from 0C° This
means that the LiB used together with the PEMFC needs to be able to supply
the power needed for the driver during this time if the FC is cold. In a worst case
scenario it would need to power 130kW for 3 minutes that would amount to a 6.5kWh
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battery which is 5 parallel LTO cells (106kg) at 3C or 138kg of NMC+LMO/G with
5C.

If LFP cells was used instead it could supply it for 6 min with a 100kg pack. Of
course an NMC111 or LMO buffer would be more efficient electrically but the benefit
of LFP in terms of environmental impact is lower which will later be discussed. More
specifications about the LFP cell would be needed but it’s potential especially with
the solid-state version would be a a better match for case B and C. Due to its high
operation temperature and decent energy to power ratio.

As seen in Figure 3.20 the PEMFC keeps the battery around 80% SOC but it
needs to be regulated properly to allow the battery to make the load voltage steady.
In this figure an over dimensioned battery is used to show how stable load voltage
and PEMFC current can be achieved with a large energy bank.
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Figure 3.20: Self regulated saturated PEMFC stack verification, Nominal power
85kW

Seen in figure 3.21 that the higher voltage it is operating around the higher
efficiency reached. The nominal efficiency at 85kW is 57% so by working in its
activation region its efficiency is much higher than an under dimensioned cell. Note
that it “s unknown if the efficiency is dependent on the voltage or not in practice
when coupled up with a LiB. For simplicity this is accepted for the time being.
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Figure 3.21: Verification of PEMFC stack dynamics during cycling for case C,
Nominal power 85kW stack

The cycle in figure 3.20 shows that the PEM keeps delivering power even if the
load is lower and recharges the LiB pack. If the control is properly calibrated it
is possible to increase the current to charge the LTO instead of decreasing while
the load decrease, then the effect at the moment 16.8kSec would be more common.
Especially at 16.3kSec but since the current remains the same it does not recharge
the LTO and has to react to next power spike faster. The load voltage difference
is good at this SOC, it would be interesting to see how it looked like at lower SOC
with an controlled PEMFC that would give a more stable support during the hole
cycle.

3.7.2 LiB & PEMFC potential of life

As discussed in the theory section about Wikners results [103] it is potential to
extend the battery lifetime by operating it differently. An benefit with PEMFC is
that now it s possible to control exactly how to charge the LiB pack.

In case B in this study would require an additional control system to be able to
operate the LiB at lower SOC range to still have power left for example an overtake
on the highway and it is required to accelerate past an obstacle. This means that
the control system would have to prepare for a similar event and break from the
optimal operation.

With Wikners information it can also be concluded that in Case A its preferable
to dimension the battery around 1C to increase its lifetime, to keep the range of the
vehicle high.

In case B and C it’s preferable to operate around 4C since the capacity is not as
important since it’s not the main energy storage and it’s more important to keep the
internal resistance low. Thereby the hysteresis, ripple and losses can be minimized.
What makes this even better is that this is exactly what is preferred to also cut
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costs and material usage, for both case B and C.

3.8 Cost

The main data that have been gathered is for LiB packs and are taken from the
BatPac software and PEMFC costs from James work [42] [43]. BatPac is a commonly
used software that includes many aspects in great detail to be able to approximate
the total cost of the battery pack. For each case it resizes the cells to fill the request
of the case.

Even if BatPac and James data has a relatively low error margin, a 25% error is
assumed since the costs are not all from same date and the difference depending on
geographical location and when the data is taken. The date of the data matters a
lot because this is a fast-growing industry where everything changes fast, everything
from specifications of the cells to manufacturing costs.

3.8.1 DC-Link

There are many types of capacitors and their cost varies a lot depending on layout.
According to [49] super capacitors costs around 32.8 $ per kg or 10k % per kWh. In
the same article it’s shown how similar the reduction of losses depends on the cost
with the different options.

The main change seen is the mass difference comparing the 3 options Electrolytic-
, Supercapacitor, and battery. Where a battery adds around 20% more mass for the
same losses. The capacitors can reach even higher reduction of losses compared to a
larger battery. Since the results are so similar between the super cap and electrolyte
options the cost of the super cap is used for both cases.

A case with no lithium and using a larger DC-link instead of the LTO cells
would have been interesting to investigate. Since the controller does not work for
the PEMFC, the cycling will be to unstable with a lower capacity of the secondary
energy storage.

3.8.2 LiB

Bat Pac is used to estimate the cost of the LiB pack. 7 different types of cars
cases are used with the same cell chemistry are generated. From these cases an
approximation of what cases in between would cost with approximated function,
seen in figure 3.22.

Note that the cost is with an NMC 50-50% LMO cell instead of a 70% NMC and
30% LMO type, of which the latter one is used in the electrical model. This is as-
sumed to be similar due to insufficient data. An 100kWh battery will approximately
cost 100k$ and weigh 535kg.
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Figure 3.22: Cost of NMC/LMO+G cell depending on battery pack dimensions,
BatPac

Battery 7 is the last battery pack data point to the right in Figure 3.22 which
has the most similar performance as the battery used in case A. In figure 3.23 the
detailed total cost breakdown is presented to illustrate how the budget layout is
distributed. As can be seen the product is not very labour heavy, the main costs is
it’s material and purchased products.

3%

5%
u Total cost of materials, $/pack
5% Sl

2% m Total cost of purchased items, $/pack

3%

m Total cost of direct labor, $/pack

m Cost of variable overhead, $/pack

Cost of depreciation, $/pack

= Per unit profit, $/pack

u Cost of general, sales, administration, $/pack

u Cost of research and development, $/pack

Warranty (includes battery pack(s) only), $/pack

Figure 3.23: Total cost of NMC/LMO+G cell breakdown of different processes
and material

A breakdown of the material costs can be seen in Figure 3.24, the main cost of
the material is the lithium which is categorised under positive active material.

This is due to the increasing demand and lack of resources. This is one of the
reasons why recycling of lithium has to improve to be able to reach both the lower
middle class and in this way avoiding high environmental impact.
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Figure 3.24: Pack cost of NMC/LMO+G cell breakdown of different parts.
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According to BatPac the cheapest cells are NCA for larger energy storage sys-
tems in vehicles. This is because of its high specific capacity. A more environmen-
tally friendly cell, LEP which has a much lower energy capacity costs only 10% more
than the NMC/LMO+G cell, see figure 3.25.

For both battery packs ethylene glycol water (EG-W) is used as coolant in the
packs cooling system. The manufactured units is 100k per year.
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Figure 3.25: Cost comparison of LiB pack depending on capacity, data is from
BatPac

The cost of the battery pack depending on power will show that LTO cells are
the most effective choice, see figure 3.26. For the same max power performance LFP
has approximately 3 times higher mass compared to LMO-LTO battery pack.
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Figure 3.26: Cost comparison of LiB pack depending on power, data is from
BatPac

3.8.3 PEMFC

The cost of fuel cells has changed drastically lately, with new solutions that uses non
rare materials will be able to trim down the costs hopefully even further. According
to Energiforsk article [69](p 28) a high power PEMFC in combination with a lower
power battery is the most cost effective choice. With other words a 100kW PEMFC
with 30kW battery.

This results in that either the driver would have to drive slow in the beginning
while the PEMFC is heating up or wait before being able to drive. In the same
article they approximate a cost of 4.4k$ for an stack system with a capacity of
100kW which can be seen in figure 3.27. A more accurate number will be calculated
with the help of James work [42] and later compared.
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Figure 3.27: Cost function of PEMFC depending on nominal kW capabilities, from
[69] ©

The cost breakdown of PEMFC stack can be seen in table (3.4). A 100kW
nominal power will result in an cost of 2k$ with the same production rate as for the
LiB pack of 100k units annually in year 2020. One of the most expensive part with
a PEMFC is the catalyst which is usually made out of platinum.

HT-PEMFC have started to use an iron based catalysts [72] which is more
sustainable in all 3 aspects. But similar solutions have not been done for automotive
grade cells so far.
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Table 3.4: Detailed prediction of stack cost for the 2020 auto technology system
with 100k systems manufactured annually [42]

Part Unit Cost
Net power kWnet 80
Gross power kWgross 87,9
Bipolar plates (stamped) $ / stack 387
Membranes $ / stack 188
d-PtNi cataly $ / stack 617
CCM Acid wash $ / stack 14
GDLs $ / stack 149
M& E hot pressing $ / stack 8
M& E cutting & slitting $ / stack 5
MEA Sub-Gaskets $ / stack 91

Coolant Gaskets (Laser Welding) | $ / stack 41
End Gaskets (Screen Printing) $ / stack 1

End Plates $ / stack 37
Current Collectors $ / stack 5
Compression Bands $ / stack 6
Stack Housing $ / stack 6
Stack Assembly $ / stack 39
Stack Conditioning $ / stack 28
Total Stack Cost $ / stack 1,643
Total Stacks Cost (Net) $ / kWnet | 20.53
Total Stacks Cost (Gross) $ / kWgross | 18.69

The total cost of the BOP system will amount to 2.56k for 100kW according to
table(3.5). Which sums the cost up to approximately the same as Energifors results.
The FCV cars manufactured today is not yet close to these production rates. The
predicted costs for Toyota Mirai stacks is 120 dollar per kW,,.; with a production of
3000 annually, where the BOP system costs approximately 61.65 dollar per £W,,.;.

This amounts to 18k $ per hydrogen system which really explains why it is
important to scale up production to be able to reach the broad public. By using a
passive PEMFC, a much simpler air loop could be used which is one of the main
costs of the Balance of Plant (BOP), so far this is not possible.
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Table 3.5: Detailed balance of plant cost for the 2020 auto technology system 100k
systems productions annually [42], with a +/- 10 % cost certainty

Part Unit Cost
Air Loop $ / system | 932
Humidifier & Water Recovery Loop | $ / system | 167
High-Temperature Coolant Loop $ / system | 351
Low-Temperature Coolant Loop $ / system | 68
Fuel Loop $ / system | 279
System Controller $ / system | 97
Sensors $ / system |28
Miscellaneous $ / system | 125
Total BOP Cost $ / system | 2,048
Total BOP Cost (Net) $ / kWnet | 25.6
Total BOP Cost (Gross) $ / kWgross | 23.3

James also approximates the mass and the additional power consumption from
the equipment of the fuel system which is 1,2kW, see figure 3.28, this will be used in
the model of this thesis. The total additional mass without the tank is 35kg, tank
95kg with a capability of 5kg hydrogen [43].
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The fuel of cost depending on location can change a lot depending on infrastructure,

demand and access.

From Energiforsks results, a higher cost with FC dominated

FCV when driving longer ranges because of the higher cost of hydrogen compared

to the electric costs.

This is a hard approximation because one of the main features of hydrogen is
that it can be used as an energy buffer from excess green energy which might not
be valued the same as the common grid electricity.
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3.9 Material usage - Manufacturing footprint

3.9.1 DC-Link

Generally capacitors makes the least footprint due to commonly materials is used
especially for electrolyte capacitors. Even lithium capacitors have started to appear
(LIC). The degradation function of each differ between the cases but here only
doubled layered ultracapacitors will be discussed. Maxwells highest specific energy
capacity ultracapacitors lifetime can be seen in figure 3.30. LiB’s EOL is around
80% of capacity rating has been reached. Their lifetime is surprisingly low but this
will change depending on circumstances. For example how close their operating
cycle is to their max ratings.

The same goes for the increase of the ESR. Here it “s seen that the rated ESR
are not the actual until 2/3 of its lifetime, Figure 3.31. Since even more energy is
needed then this, and LTO cells have such a high specific power, these capacitors will
not be used. But in a case where LFP cells are used instead, these ultracapacitors
would be interesting to investigate again.
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Figure 3.30: Accelerated ageing Figure 3.31:
capacity performance, V=3 at 65C°,
Average capacity (%)

Accelerated ageing ESR
performance , V=3 at 65C°, Average ca-
pacity (%)

3.9.2 LiB

By using cells with more common materials that can be recycled and with sustainable
manufacturing methods that does not make an excessive environmental impact is
an important step towards a sustainable future.

Even the NMC+LMO/G cell which is used to derive the price of the pack the
NMC532 in a 50-50% ratio with LMO. The cell from the electric investigation will
be used here, which was a 70-30% mix, see figure 3.32.
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Figure 3.32: Ratio of material used in chemistry depending on total mass [%]

The more energy dense cells shown in 3.32 is using more lithium compared
to the rest. More investigation is needed to see how much can be recycled from
each case but here only an example of NMC+LMO/G from BatPac will be shown.
Approximately 6kg cells is needed to reach 1kWh capacity, according to GREET
around 1.6% of the battery pack is Li P Fg. This results with almost the same amount
as the total amount recycled seen in table (3.6).

Table 3.6: Recoverable Metals from 50-50% NMC+LMO/G per kWh. Data from
BatPac

Material Amount recycled [kg/kWh]
Lithium in Electrodes and Electrolyte 0,08
Cobalt in positive electrode 0,12
Nickel in positive electrode 0,29
Manganese in positive electrode 0,75
Aluminium content 0,91
Copper content 0,47
Steel, compression plates and straps 0,020

GREET is used to analyse energy and emission pollution and usage depending
on what materials, manufacturing methods used. To normalise the results the av-
erage of the ratio between the specific energy capacity and energy used during the
manufacturing per ton material, see Figure 3.33.
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Figure 3.33: Normalised energy usage for cathodes, with other words the average
of the ratio between the specific energy capacity and energy used per ton of material,
data from GREET

Same normalisation as before but instead the individual emissions related to
each cathode type can be seen in figure 3.34. Without the need of comparing each
cell it’s seen that LFP are by far the most sustainable type in aspects of energy
capacity and environmental impact.

GREET software does not have an approximation on emission and energy con-
sumption during processing of titanium LTO cells are not included in this thesis.
Unfortunately there is neither enough data found about NMC+LMO/G and LMO
cells which is why they are not in this comparison. Figure 3.32 shows that it uses
less lithium and rare metals compared to the more energy dense materials. More
LFP LCA analysis can be found in [41].
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3.9.3 Material used for PEMFC system

Stropnik have composed a list of materials used for each kW of[91] a 100kW PEMFC
stack that represents 170kWh of hydrogen which translates to a slightly lower ca-
pacity then compared to case B and C in this thesis.

Table 3.7: Materials used for each kW of PEMFC, including BOP system. Data
from [91]

’ H Material \ Unit Value ‘

Stack Graphite kg 4.5
pvdC kg 1.1
Aluminum kg 0.3
Chromium steel kg 0.1
Glass fibers kg 0.1
PFSA (Nafion®) kg 0.07
Carbon black kg 0.0008
Platinum kg 0.00075

BoP Steel product kg 3.7
HDPE kg 1.5
Chromium steel kg 1.1
Cast iron component | kg 0.8
Aluminum kg 0.75
PP granulate kg 0.25

System | Electricity kWh 16.9

Analysis show that only 0.75 g of platinum in the manufacturing phase con-
tributes, on average, 60% of the total environmental impacts of the manufacturing
phase [91].

An HT-PEMFC on the other hand can without noble material reach a power
density of 1/4 of the LT-PEMFC used in this research. Even if the added mass
makes it a viable solution it operates of around 200C° which makes the thermal
management even harder than the LT-PEMFC which already is tricky since the
only thing that needs to be hot is the stack and the rest is sensitive to that amount
of heat.

3.9.4 Environmental impact - Cases

This is the data that will later be used to compare in the result section. Note that
an EV has a 30% less lifetime compared to FCV according to GREET so the total
emission and energy used will
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Table 3.8: Case comparision of emission and energy used

Btu or grams per mile | Case A | Case B | Case C
Lifetime VMT 121206 | 173151 173151
Total energy 1107 844 876
Fossil fuels 962 766 793
Coal 307 226 229
Natural gas 047 459 479
Petroleum 106 81 86
Water consumption 0,147 0,0585 0,0642
CO2 69 54 56
CO2 (VOC, CO, CO2) | 71 55 56
CH4 0,176 0,141 0,1455
N20 0,00154 | 0,00127 | 0,00132
GHGs 7 59 61
VOC: Total 0,276 0,195 0,194
CO: Total 0,18 0,14 0,138
NOx: Total 0,0884 | 0,0613 0,0633
PM10: Total 0,0366 | 0,0189 0,0193
PM2.5: Total 0,0156 | 0,00873 | 0,00897
SOx: Total 0,551 0,224 0,228
BC: Total 0,001 0,000469 | 0,000487
OC: Total 0,00161 | 0,000869 | 0,000902
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Results

In this section the description of each case design will be presented and their results
will then be discussed. The environmental aspect will be normalised in order to be
able to compare them in all three aspects of a sustainable design.

4.1 System verification

In this section the three model cases will be examined and compared. They will
all travel the The Highway Fuel Economy Driving Schedule (HWFET) represents
highway driving conditions under 100 km/h for 16.5km repeatably. The load will
repeat until the equivalent distance of 630km is reached which approximately takes
8h and 30min.

4.1.1 EV - Case A

Case A energy reservoir is only the 94kWh battery pack excluding the small DC-link
filter at the AC/DC inverter. This is because such a large battery pack results in a
low internal impedance which translates to a battery efficiency of 99% and a total
propulsion efficiency of 86%. After 630km the SOC is 9% with a new battery which
is compared in figure 4.8.

Since the battery voltage will decrease during the complete discharge of the
battery and the load power will remain the same higher current is needed to full fill
the driver’s requests. This will also result in an increase of losses at the lower SOC
levels since higher currents is needed.

If no extra DC/DC is used between the battery and the DC/AC inverter the
motor will not have high enough voltage to be able to provide the nominal 130kW
at the higher SOC range.
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Figure 4.1: Operation of case A during one cycle

4.1.2 FCV with DC/DC - Case B

Case B relies on mainly on the additional LiB pack for higher power dynamics.
Which only enables it to drive with full power for a few minutes. Then it has
to slow down to recharge the LTO stack while driving. But compared to case A
both case B and C can provide full power no matter on SOC. The total propulsion
efficiency of this case is 54%, this is similar to commercial solutions according to
[54].

Figure 4.2 shows it’s performance during one cycle, the LTO cell can absorb all
the energy when breaking, resulting in the highest voltage ripple of 15V. With a
cooperative control system between the PEMFC and LiB it would be possible to
reduce the voltage ripple even more.

Due to saturated version of the PEMFC model the faster dynamics will still
be taken care of with the PEMFC. But practically the LTO cell will take more
responsibility of the dynamics.
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Figure 4.2: Operation of case B PEMFC during one cycle
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Figure 4.3: Operation of case B during one cycle, activation and ohmic region

4.1.3 FCV - Case C

In this case the tactic is to dimension the PEMFC to be able to provide for the max
power and use a LTO link to stabilise the voltage ripple and be able to absorb the
regenerated power.

At lower power cycles this results in the possibility to operate in the very high
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efficiency range which translates to a total proportion efficiency of 58% which dras-
tically will drop at higher power cycles.
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Figure 4.4: Operation of case C during one cycle
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Figure 4.5: Operation of case C during one cycle

4.1.4 Limitation to model

The DC/DC and DC/AC inverter are modelled as linear components, and its dy-
namics is only approximate transfer functions.
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The motor is operated at constant voltage but the battery draws the same power
no matter of DC voltage, this is acceptable at lower power cycles since the motor is
still not operating over its max power at the lowest battery voltage.

To utilise the full potential a PEMFC and LiB system a smart control system is
necessary to increase the synergy between them, resulting in higher efficiency and
less voltage difference. This would also be needed in high power cycles and a recycle
loop for the hydrogen flow, so the unused hydrogen does not go to waste.

The utilities in the BOP system use a constant power load which is not the real
case, just as everything else it does not operate with the same efficiency all the time
but at least a linear approximation would be needed.

4.2 Comparison of cases

The final comparison task between the cases requires a method to try to measure how
sustainable they are. In other words, three criteria for a sustainable automotive in
this thesis scope, sociological (performance), economical (Cost) and environmental
impact.

This is not fair in all cases since not all data is available so many assumptions
have been made, this increases the accuracy of the approximations a lot.

With the substantial smaller LiB pack of LTO cells, similar efficiency have been
reached compared to case A in terms losses in the battery pack. Figure 4.6 shows
how even a smaller LTO stack can decrease its losses when a larger PEMFC stack
is used, without increasing the total losses more then 40kW stack in case B which
can be seen in Figure 4.9. If the losses from the PEMFC stack are neglected, case
B and C still require a lot more energy compared to Case A, see Figure 4.7.

Blue-Motor Red-Inverter Orange-LiB g&ue-DCDC, Red-PemAux, Orange-LiB, Purple-Inverter, Green-Motor

1.1F |

Power lost differance [%]
Power Lost [kWh]

Case A Case B Case C Case A Case B Case C
Figure 4.6: Normalised common Figure 4.7: Electrical losses case com-
power losses comparison cases parison, not including PEMFC losses

According to GREET, an EV has a 30% lower lifetime driving distance compared
to a FCV, 195062km compared to 278660km. One of the major differences between
the lifetime of the PEMFC and the EV is that EOL of LiB is at 80% energy capacity
where PEMFC has a 50% power capacity. In addition to this, GREET approximates
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the same lifetime of Case B as C which cannot be the case. So a large error tolerance
is needed here.

The EOL range is calculated when all cases have driven the same distance and
compared to their new range, see Figure 4.8.
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Figure 4.8: Range old an new Figure 4.9: Total electrical losses case
after EVs lifetime of 195Mm comparison

Where "PemAux" is the losses from extra auxiliaries that is required for the
hydrogen and air fuel system. that includes Blower, ejector blower, dual ejector
with bypass, pulsed ejector with bypass which can be seen in the Figure 3.28.

Since both cases are driving the same cycle the same extra auxiliary power is
assumed. This is not the real case because case C would for example require higher
power compressors which will result in higher losses and heavier.

When summarising the total mass of all energy storage units, the results is that
case B and C are less then half of the battery pack mass of case A, see Figure 4.11.
Where the added DC/DC is included in the accessories total mass.

Blue-Vpp, Red-RMS, Orange-MaxRipple, Purple-l(abs(Ripple))

Blue-LiB, Red-PEM, Orange-Tank, Purple-Accessories

Energy storage mass [kg]

ol

ol

0 N

Case A Case B Case C
Case A Case B Case C

Figure 4.10: Different type of ripple
only for comparison purposes: Figure 4.11: Total mass of energy stor-
Highest peak to peak, RMS, age case comparison

Max derivative, Volume of ripple
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A real comparison between these three cases and other cars is not ideal since
they use different drive cycles. But according to their total capacity and power it is
seen that commercial cars put more pressure on the PEMFC except the Mercedes
case which uses something similar to LMO cells which can be seen with the ratio
between the power and energy capacity, see table 4.1 references to compare to other
car manufacturers

Table 4.1: Comparison between commercial FCV and the three cases inspected in
this thesis, the rest of the table is taken from [69]

Car FC | Battery | Battery | Motor | Range | Comment
(kW) | (kW) (kWh) | (kW) km
Toyota 14 | 32 1,59 | 113 | 658 | NiMH Cells
Mirai
Hyundai
X 35 FC 100 24 1,68 100 424
Hyundai
NEXO 95 40 2.8 120 592
Honda
Clarity 103 | 346V - 129 586
Fuel Cell
Mercedes- Power optimised
Benz GLC | 112 | 129 |9/138| 147 | 500 A ds
F.CELL cells assume
Tesla S - - 89 165 610 NCA-G/Si
Case A - 556 94 130 | 680-550 | NMC+LMO/G cells
LTO cells
Case B 40 222 3,95 130 | 840-601 DODC used
Case C 100 148 2,63 130 | 876-626 | LTO cells
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4.2.1 Cost comparison

The cost of Case A is done with BatPac and case B&C is from different sources
where none of them involve costs such as warranty or earnings. The cost and mass
of the DCDC has a large error margin, it is close to impossible to know, since not
that many step-up converters are available with a similar step-up ratio. The results
of the summarised costs of the energy storage system can be seen in Figure 4.12

14000 T T

12000

10000

8000

Cost [$]

6000

4000

2000

Case A Case B Case C

Figure 4.12: Cost of each case, Blue-LiB, Red-PEM, Orange-BOP, Purple-Tank,
Green-DCDC

4.2.2 Environmental impact comparison

Case A in the GREET software uses a 100kWh of LMR/NMC+G which is the most
environmental friendly of the NMC family that GREET has to offer, see Figure 3.33
and 3.34, case B and C uses 200kW of LFP cells which is approximately double the
mass of the LTO stack used in the model which is meant to still make the cases
comparable.

LFP is chosen since that is the type that would have been perfect in Case B and
C both because of it’s a good energy to power ratio and good thermal capabilities.
Unfortunately not enough LFP data was found to be able to use it in the model.

LTO cells are still a good mach for FCV but if LFP cells still can preform similar
even if it results in triple the weight it would still be an interesting case comparison.

When comparing case B and C it is seen in the figures that they have very
similar total emission and the energy usage with same parameters, expect for the
reduction of PEMFC power.

With SSLBs LEP cells will be more viable not only in terms of energy capacity
but it will also be able to operate in even higher temperatures which makes it more
suited for FCV applications [105] [83].

70



4. Results

Case C

Case B

Case A
0,6 0,8 1 1,2 1,4 1,6
B OC: Total H BC: Total B SOx: Total B PM2.5: Total
B PM10: Total B NOx: Total H CO: Total B VOC: Total
B GHGs N20 H CH4 m CO2 (VOC, CO, C02)

Figure 4.13: Emission caparison between cases, data from GREET
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1,6
1,4
1,2
1
Case A Case B Case C
M Lifetime VMT M Total energy M Fossil fuels m Coal
M Natural gas M Petroleum W Water consumption

Figure 4.14: Energy usage caparison between cases, data from GREET
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Conclusion

Due to the lack of data and fast moving development, the comparison between the
cases needs to be observed with an 25% error margin. The probable reason why
Case B and C seem to have an incredible range compared to similar commercial
cars is due to how cold they can keep the hydrogen tank and the relatively fast
degradation.

To make out for the large difference in range degradation, the average value is
taken between the new and old unit. Even if LTO cells and NMC/LMO+G could
be used in the environmental impact comparison, the most generous case of cell
type was given as case A, see Figure 3.34, it still resulted with a large difference
compared to case B and C, see Figure 5.1.
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Figure 5.1: Sustainability comparison between the three cases [%]

Both EV and FCV have yet a lot room for improvement, EV does not require
the same large infrastructure that FCV needs which has to be taken into account
as well.

For the moment it’s important to find alternative solutions to be able to not
only have the opportunity to use a wider range of resources but use them where
they can do the most impact.
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Future work

There have been many assumptions in this thesis which needs to be investigated
further to be able to verify the benefits of FCV compared to EV. The main topics
that needs investigation are listed beneath.

o Analyse LTO cells footprint versus alternative options as a power bank. For
example LFP cells, especially with the new SSBL technology [105] [83].

o Implement NMC+LMO/G and LTO cell environmental impact into GREET
software.

o Implement and analyse LFP cell into Matlab model.

o Investigate LT-PEMFC degradation, including "flushing"/ cleaning the cata-
lyst possibility’s.

o Implement an empirical ageing model of each device into the Matlab model to
more accurately approximate their lifetime.

» Find more data about cost and environmental impact of the DC/DC that can
be used for case B for an more accurate comparison.

o Make an control system which improves the cooperation between the PEMFC
and LiB pack, to be able to prepare the LiB / DC-Link for obstacles ahead.

o Use parameters from the same actual PEMFC cell instead of assuming two
cells has the similar performance.

e Test an LT-PEMFC in practice to verify assumptions of operation and perfor-
mance, including dynamics.

o Implement the environmental impact calculations into Matlab to be able com-
pare the cases instantly.

o Investigate the possibility of filtering the air from carbon dioxide, to extend
the life time even further [47]. Alternatively a passive Carbon Capture and
Storage (CCS)
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