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Abstract
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1.1 BACKGROUND& MOTIVATION

Our century is facing two main challenges in tefnemergy use and supply. The first one is
related to global warming as the IPCC is warning ihiternational community about the

necessity to stay below a 2°C temperature increlsis. first issue is highly correlated to

human activities through greenhouse gases andramsptort sector is responsible for one
third of those emissions. The second challengeletad to energy supply itself due to the
fossil fuel resource depletion. One by one theedé#iit gas and oil platforms are reaching their
production peak and start to have a declining pcbdn. As our economies’ growth relies on

energy consumption, this resource factor will patiacreasing pressure to find alternative
energy sources and energy carriers. In this stndtydrogen and fuel cells technology look
like a potential answer to those challenges. Indeattogen could become the next energy
carrier for the transport sector if used in combarawith fuel cells to power electric motors.

The interest of this option lays in the high eneapntent of hydrogen, the interesting

efficiency of fuel cells and the properties of tlsgstem to release only water. However
hydrogen acts as an energy carrier and it has tprbduced somehow while fuel cells

technology is quite expensive at the moment. Furibee, it has to compete with other low

emission technologies like biofuels and batterigslevfulfilling the same requirement as

fossil fuels. Therefore, finding the correct baknsetween economical competitiveness,
environmental benefit and operational requiremémtéiydrogen and fuel cells technology is

a real challenge directly related to the main amesre facing in our century.

1.2 Focus& OBJECTIVES

Norway has favorable policies for the adoption n¥isonmental friendly technologies and
also has natural resources and economic wealthstipgtort those policies. That is why this
master’s thesis will focus on the Norwegian tramspoarket and its several sectors.
Therefore the objective of this thesis is to deteemwhat are the most relevant sectors for the
introduction of hydrogen and fuel cells technolagyWorway. This question will be answered
thanks to a basic technical assessment as wetl asagomic approach using the total cost of
ownership as reference unit.

1.3 STRUCTURE

Given that our study frame is large and applieseeeral sectors, the thesis will be split in
different chapters each representing one segmethteaiarket. First of all a chapter will be
dedicated to the presentation of hydrogen anddeiés technology to provide the background
theory and input data for the rest of the studidter the introduction chapter we will first
cover the maritime sector while the second focus$ vé a presentation of the road sector
including some common information used in the sado come. Thanks to this introduction
to the road sector the chapters five and six valler the truck segment and the car segment
respectively. The chapter seven will provide atlkghassessment of other sectors including
the bus, the railway and the aviation segmentsallyinan environmental study using a
simplified Life Cycle Assessment will be performigdchapter eight based on Trondheim’s
Posten fleet. A final conclusion will sum-up theewious results and will answer to the
original question enounced in this introductionutiea.
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2
HYDROGEN AND FUEL CELLS
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2.1 INTRODUCTION

The topic of this thesis is large as it aims toexdvoth technologic and economic feasibility
of fuel cells and hydrogen. Therefore this firsapter aims to provide enough information to
understand the value chain of hydrogen, the teahfimits of fuel cells and the economic
values related to both. This introduction chapfahe thesis does not include any calculation
but gathers a lot of information that will be usadurther computation. In the first sections
the fuel cells technology will be presented frone technological side (type of fuel cells,
different components) but also from the economs&dé (cost, lifetime, price expectation).
Then along the next sections the hydrogen will btaited. Its properties and risk will be
presented as well as the entire value chain froendifferent production processes to the
different transport and storage options. In ordeicéover some relevant questions a small
section will be dedicated to the environmental aspé hydrogen and its social acceptance.
To finish with hydrogen an entire section will beditated to the potential of hydrogen in
Norway by covering the different production sourcd® potential markets and the current
and expected policies. Finally, the last sectiol eaver briefly the competitive fuels for the
transport market like oil derivates, natural gaaftdyy or biofuels. As this chapter is a
descriptive chapter being used principally as dormation source for the following parts of
the thesis, there will not be any conclusion fas time.
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2.2 FUEL CELLS THEORY

2.2.1 BAsICS

A fuel cell is a device that consumrr dihydrogen (H2) and dioxygen (O2) to prodi
electricity, heat and water. The keomponent of this device is the electrolyte whichasate
the two reactants (O2 and H2) but which allowsgheons (H+) to pass. There are differ
types of fuel celbperating with different fuels, different electrtédg or range of temperatt
but thebasic principle is the same for all of theThose differencewiill be presented furthe
in the report. The diagram below illustrates tl@aation for one type duel cell called PEM
(Proton exchange membrane). This figure allunderstanding the el@othemical reaction
and the different fuel cedl components

| VadalmN

hydroge& . —— oxygen
(from fuel) ™ —— L ¢’;“—’ (air)
20~ | Electrolyte | z-
+
H,=2H" + 2¢" e [ e 3 ne %0,+2H +2¢e =2H,0
+
:0,
il L* ="~ heat
MO water Source: [82]
Anode Cathode

FIGURE 2-1 - BASIC FUNCTIONING OF A PEMFC

In order to obtain enough power several cells arepressed together, this assembly is ce

a dack. As the output power proportional to the number of cellfie powerrange is very
wide and varieslepending of the final use. As an example a staatemof 70 cells (PEN
delivers a power of 5kW [2] like in the HyKangoohige [3].

FIGURE 2-2 - A5 KW PEM FUEL CELL FROM SYMBIO FCELL
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2.2.2 DIFFERENT TYPE OFC

As mentioned before, different types of fuel celisés. They are differentiated by their
application, their fuel, their electrolyte or evéreir operating temperature. The following
table aims to synthesize those differences in a@artly understand the choice of PEMFC
for the transport sector.

TABLE 2-1 - DIFFERENT TYPES OF FUEL CELL AND ASSOCI ATED PROPERTIES

Fuel cell Full name  Euel Electrolyte Temperrilture Stgrt-up Flgld qf
Type range (°C) time application
Alkaline | Pure H2 | 30%-50% ._. | Space, transport|
ARG fuel cells | and O2 KOH 60-90 Immediate submarines
Proton Proton Transport,
exchange| Pure H2 , ) . Stationary
PEMFC membrane 02 (air) conducting 50-80 Immediate cogeneration,
membrane .
fuel cells submarines, space
Direct MeOH : Proton
DMFC methanol .+ | conducting 80-100 Immediate Portable, mobile
02 (air)
fuel cells membrane
Phosphoric HD - Concentrated Stationary
PAFC acid fuel ¢ phosphoric| 160-220 | 30 minutes cogeneration,
02 (air) .
cells acid transport
H2/ CO/
Molten CH4/ .
MCFC carbonate| Coal/ Molten 620-660 Several Statlonary
) .| carbonate hours cogeneration
fuel cells | Biogas ;
02 (air)
H2/ CO/
. . CH4/ lon .
SOEC Solid oxide Coal/ conducting|  800-1000 Several Statlonar_y
fuel cells Bi ) : hours cogeneration
iogas ;  ceramic
02 (air)

[4]
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2.3 FUEL CELLS COMPOSITION AND COST

Given this simple table one can see that seveedicklls can be used in the transport sector.
However the PEMFC is preferred to the other becafists low operating temperature (50-
80°C), its fuel requirement (Pure H2 and simpl¢ amnd its wide power range (up to 300kW)
and its specific weight (2 kw/kg) [5]. Furthermadot of resources are currently invested in
R&D for this fuel cell type because of its poteht@reach better performance soon (lifetime
and cost) [6] [7]. In this part the surroundingteys is studied more precisely in order to
understand the different technical requiremenis fofel cell system.

2.3.1 COMPOSITION

To operate correctly, the fuel cell needs to bkddhto other components. Those elements can
be divided into the hydrogen circuit, the air citcuhe cooling circuit and the electrical
circuit. [2]

The hydrogen circuit

The hydrogen can be stored in different ways bubh@tmoment, in the transport sector, the
pressurized tank is the most common choice. Thgk pressure tank made of carbon fiber
can be filled at a pressure of 350bar or 700baafd is linked to supply the fuel cell with the
needed hydrogen.

The air circuit

As the membrane is very sensitive to any impuhty air has to be as clean as possible. Other
gases than oxygen naturally present in the airogen principally) do not react with the
membrane but an efficient air filter is required ibwrease the performance of the stack
anyway (dust, acids). The higher the pressure #iteibthe efficiency. That is why a air
compressor is needed to compress the air and nakeculate with a small overpressure
(vary from one design to the other). As the membreafficiency is function, inter alia, of the
air temperature and humidity rate a heat exchaagdra humidifier are required before the
air enters the stack. The water generated by taetiom is used to humidify the inlet air
through the humidifier.

The cooling circuit

Given that the fuel cells generate a lot of heabgprtional to power) the natural air

convection is not sufficient and a cooling cirdugts to be installed. Most of the time water or
glysantin are chosen for their chemical-neutrapprtes and their good calorific capacity. In
addition a heat exchanger has to be designedduw d&le water to dissipate enough thermal
energy. Like in almost every water circuit an exgan vessel has to be installed to
compensate the water's density and pressure wausati

The electrical circuit

In the case of a range extender the fuel cell meoted to the main battery that provides the
power to the electrical motor. Therefore the outPp@ voltage has to be converted to the
correct DC voltage to suit the battery voltage remuent. In most cases a DC/DC boost
converter has to be designed.
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2.3.2 COST& LIFETIME

After this review of the technical aspects of tHeMIFC it is important to assess the cosi
such a system. Different DOE (Department Of Enesgy) some private companies] [10]

[11] have published their cost analysis (cost breakd mass production estimations) an
80kW electrical output syster

According to the studyrom McKinsey[70] the cost of the fuel ceBystem is about to
decrease significantly thanks to a lesser cosli tiie different componenti

B 81,362
MEA (excl. catalyst, i
incl. GDLs) L ‘.
Catalyst 6.296 |1
(incl. platinum) - ||
22,228 |\
Structure / kil 90%
B 1t - ‘o
(!
Eur/FC system — \‘\:-‘:,i
\ll 18,802
\ i 2.970]
\#3.194
Periphery 38.565 \t T
A T N
:3.212_\\‘\\\ 7,475
9.516 \\Eﬁéﬂ'
_ 1F
2010 2015 2020 2050
’ 221 42 16
Source : [70] 781 252

98

FIGURE 2-3 - PEMFC COST BREAKDOWN FOR A MEDIUM SIZED CAR

One of the reasore the highfuel cellsprice is the low volume of production itself inddc
by a low penetration of the market. Therefore theepof a PEMFC system can be lowe
by considering an economy of scale equivalent éopttocuction of thousands of produclf
we assume a mass produc of 500,000 units/yeathe graph below gi\s us the expected

price as a function of thiel cells power ([60] and [82]). Those valuesll be used in the
economic studies of this repc

FC system specific cost
1000 -
800 -
600 -
400 -
200 -~

€/kW

y = 1591.8x0765

60 80 100
kw

FIGURE 2-4 - PRODUCTION COST PER KW AGAINST FC POWER
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Given that a fuel cell is a stack of several cellsas to comply with some mechanical issues.
For instance it is necessary that the compressitioinogeneous to avoid the bending of the
stack and the bigger the stack the more diffidul task. As the fluids (water, hydrogen and
air) circulate into the stack it is also necessargvoid too long channel that will generate too
important head losses. In case of too importand hesses the cooling would not be efficient
and the fuel would not reach the last cells ofdtaek. For those reasons it is recommended to
design 200 kW at the maximum [2]. Therefore a metih higher power than 200 kW will
be supplied by several fuel cells in parallel.

The cost of prototype PEMFC stacks may currenthyeed $1,800-$2,000/kW, but producers
are confident that mass-scale production for vebiclould reduce the cost below $100/kW.
In order to compete with combustion engines, howewe cost of PEMFC should be lower
than $50/kW [12]. Considering the expected improgetin the different components

manufacturing costs, the McKinsey study ([70]) see¢mgive a range of fuel cell price from

€16/kW to €98/kW for a production of 500, 000 sysseper year (in 2017).

goo 781
600 |
| so0-1
400 |
252
200 | o4
e
0 —42 162
2010 2015 2020
FCEV units (installed ~1,000 ~100,000 ~-1,000,000

cumulative capacity)

| Source : [70]

FIGURE 2-5 - EXPECTED PRICE EVOLUTION FOR A MEDIUM SIZED CAR PEMFC
(ASSUMMED 500,000 UNITS PRODUCTION/YEAR)

One of the important characteristic of a PEMFChis lifetime. Usually this parameter is
measured by the number of functioning hours. THaPEMFC depends on operating
conditions (start-up, temperature, humidificatidnel purity). Under operating conditions
occurring in vehicles (cyclic loads, many stargps), the typical lifetime of PEMFC is
around 5,000 hours (150,000 km). Target lifetimes ap to 20,000 hours for buses.
Concerning the MCFC and SOFC the current priceesafiom $12,000 to $15,000/kW and
their lifetime is around 5 years.
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2.4 HYDROGEN PROPERTIES AND RISKS

2.4.1 HYDROGEN PROPERTIES

The hydrogen atom (H) is the lightest element efghriodic table and it is the most abundant
chemical substance in the universe. However, oth éamostly occurs naturally in form of
chemical compounds, most frequently water and loattions. As a gas in its free state,
hydrogen is very rare (1 ppm by volume in the éaidbmosphere) and it can only be found in
natural gas and some volcanic gases. At standardet@ture and pressure, hydrogen is a
colorless, tasteless, odorless and easily flamngdde Atomic hydrogen is formed as a result
of different chemical reactions, but its lifetimrgeaxtremely short, as the atoms join each other
to form a hydrogen molecule (H2). The table beloespnts the main characteristics of the
hydrogen molecule and compares them to the met{i@iié¢) characteristics.

TABLE 2-2 - GENERAL PROPERTIES OF HYDROGEN

Property Unit H2 CH4
Molar Weight g/mol 2.016 16.043
Heating value kJ/g 120 50

Standard properties (273K, 1bar)

Gas density g/l 0.090 0.718
Gas viscosity nPa.s 8.9 10.9
Diffusivity (m3/s *107"5) 6.11 1.60
Cp KJ/kg.K 14.2 2.22
Explosion limits in air Vol% 4.0-77.0 4.4-17.0
Detonation limits in air Vol% 1589% 6.3-17.0
Minimum ignition energy mJ 0.017 0.29
Spontaneous combustion K 833 868
temperature
Joule-Thomson coefficient K/Pa Negative positive

[4]

Those characteristics impose technical barriersht hydrogen storage and have to be
considered for safety issues due to the low expfokmits and the minimum ignition energy.
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2.4.2 BASIC HYDROGEN SAFETY

First of all it seems important to mention that logen has been used at the industrial scale
for decades and we now have the knowledge andkilets handle this gas safely. Due to its
chemical properties the hydrogen, when storedvassel, can react with most of the metals
to form some metal hydride. This reaction makes rtietal weaker due to ductility loss,
fractures and cracks and ends up with a hydrogestebhg. To avoid this reaction it is
necessary to use some special steels like the itist€hromium-Nickel-Manganese steels
(A 302-B, Cr18Nil10, A 212-B or A 372-B). Whatevdret storage method it is relevant to
proceed to a helium leak test on the device. Thallssize of the helium atom allows
detecting the potential leakages better than abtlogr gases. However if a leakage occurs the
important leak rate of hydrogen empties the vegsgl fast. If the design is done correctly
then the gas should easily find the shortest wathéoopen air. To support this design the
space containing the hydrogen vessel should be pressurized to avoid any leakage in the
wrong direction. As an illustration of the hydrogéiffusion rate we can observe that a spill
on the ground of 1900 liters of liquid hydrogenlviiave diffused to a non-explosive mixture
after about one minute. As a second safety baisrréquired to avoid any potential ignition
source. Those ignition sources can be a frictioarlspimpact spark, electrical spark, hot
object, flame or smoking. Therefore all equipmemd aonnections shall be grounded, some
spark proof tools should be used, some lightniraigation installed and wool and synthetic
clothes should be avoided. All of the component design related to the hydrogen use are
certified by some international standards. Thos@pments and design are the hydrogen
pipelines and piping for pipe sizing proceduregspure relief devices for hydrogen storage
containers, hydrogen containers, hydrogen cylindgmdrogen vent systems,...

2.4.3 HYDROGEN VEHICLE SAFETY

More specifically to the road transport sector finel cell vehicle has some drawbacks and
some advantages compared to the conventional amenextioned before, hydrogen has a
lower ignition point than methane or gasoline, éfiere it will initiate with a lower amount of
energy in case of an accident. Furthermore it @leds and both gas and flame are colorless
so it is almost impossible to detect it without @fie instruments. Hydrogen is very light,
which means that the gas will rise very quicklyoinhe air and therefore away from any
ignition source. This is not the case of methanevaein gasoline which are fuels that will stay
close to the accident area. The tank containingdggh might be an issue due to the high
pressure in it but it is designed to release it#@ when a given temperature or pressure is
reached. Therefore there is no risk of explosiotheftank. The vessels used for compressed
hydrogen or liquid hydrogen are designed to resigtchoc related to a road accident and are
also designed to release their content when an rimmtoacceleration change occurs (car
accident typically).

2.4.4 REGULATIONS& STANDARDS

Given that hydrogen has been in use in the indsstige a long time there are some existing
standards. Those codes cover most of the valuencllaydrogen qualities, safety

requirements, measurement issues...) however theyptdcover all of the news technologies
(e.g. very high pressure storage or refueling ata)i Concerning the fuel cells, some
standards exist concerning performance measuremerite safety. It is important to note

that a standard or a code (e.g. ISO) is differeminfa regulation (e.g. law enforcement).
Many organizations provide codes and standardHeutrtost important ones (for Europe) are
DNV-GL (private company), ISO (International Startl@rganization) and the European
commission.
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2.5 HYDROGEN PRODUCTION

This general description of the hydrogen and fusdlsadechnologies would not be complete
without a presentation of the hydrogen productidhis part is highly relevant from an
environmental point of view because of the pluyadif the production processes which can
have important impact on the environment. The hgdnocan be produced from various
energy sources through several processes but ftbeviftg part aims to briefly describe only
the most developed processes. This review useshad-economic approach like the one
completed for the fuel cells in the previous pakt.summary table will provide the
corresponding data for each production process

2.5.1 REFERENCE PRODUCTION PROCESSES FOR THE STUDY

2.5.1.1 Steam methane reforming (SMR)

Today the steam methane reforming is the most wideéd method with 95% of the world
production of hydrogen achieved thanks to this @ssd13]. Basically the methane is mixed

with steam at high temperature through two differprocesses to make the following
reactions occur: CH4 + H20 (+heat) CO + 3H2

2.5.1.2 Water electrolysis

One of the most promising processes for the y@acsme is the water electrolysis. This well
known process uses an electrical DC current td #p water molecule into hydrogen and
oxygen. This process is particularly interesting thoe storage of energy from intermittent
source (renewable). This reaction takes place ialectrolyser which reproduces the reverse
process of a fuel cell: 2 H20{)» 2 H2(g) + O2(g)

Like the fuel cells it is possible to use differehectrolyser types. The two most widely used
are the alkaline electrolysis and the PEM (Polyeilectrolyte membrane) electrolysis. The
main difference lay in the electrolyte which isuiq for the Alkaline electrolyser but solid
(membrane) for the PEM electrolyser.

2.5.1.3 Hydrogen refueling station (HRS)

To provide a "ready to use" hydrogen some additierpenses have to be considered. Those
costs are related to the compressor, the bufferptisite storage, the cooler, the dispenser,
the installation and the manufacturer margin. Thieeg shown in the summary table (1.4.3)
include those expenses.

2.5.2 OTHER PROCESSES AND COST PREDICTION

The following processes are not all commerciallyilble and it is hard to estimate a
production cost for each of them. However theyhalle the potential of promising processes
in the near future for the hydrogen production.

2.5.2.1 Biomass gasification

The direct production of hydrogen from the biomiasgery interesting from a climate change
perspective because of the £@utral cycle of the fuel. The advantage of thiscpss is the
use of local fuel like farming wastes or by-produfrtom the wood industry. However it is
important to note that the use of biomass for tlgdrdgen production is very new and
therefore not well developed. The characteristicthis process are illustrated in the table
below (centralized option) [4]
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2.5.2.2 Microwave Plasma Method

Several technics use plasma to split natural gashgdrogen and carbon powder but they
differ by their temperature and their pressurepsration. One of those processes is called the
Kveerner process (from the Norwegian company Kvapiaret is described below.

A plasma arc is produced at 1500°C to split methate pure hydrogen and pure carbon
powder (also called carbon black which is a valeghbduct. With a ratio of 24 kWh/kgH2
this method is less efficient than the SMR meth®dk\\/h/kgH2) but has the considerable
advantage not to emit any @@ the production process. However it is still mefécient
than an electrolysis system (0.41 kWhel/lkWhH2 = df 2lectrolysis efficiency) [17]. This
process is already operational and will be usedconmercial hydrogen production in the
coming year according to one of the companies ({aaksP

2.5.2.3 Thermo chemical process

This process uses the property of water that brdats into H2 and O2 at 2200°C. Such a
temperature can be obtained thanks to a solar ntaten plant for instance. The difficulty
remains in separating the H2 and O2 at such teryserahough. A recent experiment has
apparently solved this problem but the industralan is not quite close yet[18].

2.5.2.4 Hydrogen as a by-product

Hydrogen can also be formed as a by-product inctiemistry industry (chlorine, ethylene
and acetylene). Another way to collect hydrogea ascondary product is during the cracking
and catalytic reforming in refineries. However tmgdrogen produced in refineries is often
used on-site to supply the process. One of theldisdage of hydrogen as a byproduct is that
the gas has either to be consumed close to therdibebe transported.

2.5.2.5 Hydrogen production cost prediction

Based on several assumptions concerning the Eurggesrgy mix (see Roadmap 2050 from
European climate foundation) a study from the Eeamp Fuel cells and Hydrogen Joint
Undertaking has established a prediction for thdrbyen cost evolution. The figure 2-6
details the composition of the cost (Retail, dmttion and production). The abbreviations
IGCC and CG in the graph respectively stand foedrated Gasification Combined Cycle and
Coal Gasification.[70]

The graph below shows us that in the next ten ydeesdistribution and retail price will
decrease and will impact the hydrogen cost at thegpsignificantly. As the production cost
is highly dependent of the electricity price we that its cost will decrease progressively
from 2020 as the electricity will be cheaper andagher to produce.
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FIGURE 2-6 - HYDROGEN PRODUCTION COST PREDICTION
2.5.3 SUMMARY TABLE
TABLE 2-3 - PRODUCTION METHODS SUMMARY
Technical data Unit SMR | Electrolysis | Biomass | Microwave | Thermo-
(PEM) plasma |chemical
Capacity kgH2/day 400 400 3,740 N/A 100,000
Energy efficiency| kWhH2/kWh 75 60 46 58 10
(%)
Specific investment €/kgH2/day | 4819 4875 1700 N/A 3800
[68] (c) (c) (1020)
(a)
Hydrogen cost €/kgH2 0.77 5.52 2.05 N/A 14.8 (2)
[68]
CO;, emissions [86] kgCO,/kgH2 13.7 0.82 (b) None 0.38 (b Nong
(a) The target value are written in brackets
(b) Norwegian electricity mix (0.016kgG@®&Wh)
(c) Correspond to the price of the entire refuebtagion
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2.6 HYDROGEN STORAGE AND TRANSPORTATION

If hydrogen has the highest gravimetric energy en83 kWh/kg) it also has the lowest
volumetric energy density at standard conditions640kWh/l). Due to these physical
properties the hydrogen is very difficult to st@med it is nowadays one of the most critical
issues to solve in the transport sector. Howevellsgantities of hydrogen need to be stored
given that an average lightweight car can perfoint® 125 km with one kilogram of
hydrogen. The following section aims to briefly eothe existing storage methods, their cost
and respective advantages in order to have a hettlerstanding of the hydrogen challenge
in transportation.

2.6.1 REFERENCE STORAGE SYSTEMS FOR THE STUDY

2.6.1.1 Pressurized storage

Given that under the standard conditions (latmK29®he hydrogen is in its gaseous form,
and the easiest way to store it is to compredhi. process uses a succession of compressors
to reach a pressure of 350bar or 700bar. Then dleigystored in a tank with appropriate
thickness and robustness. The energy use to compkegsof hydrogen is equal to 10-17 MJ
depending of the final pressure which correspon® tm 15% of its lower heating value
(LHV). Like in many technologies the specific cadta component depend on its size. The
following graph shows the price evolution agairs hydrogen quantity stored. It is used in
this thesis for the cost calculation.([60],[82])

1200 -+
H2 storage cost, 35MPa
1000 -
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g y = 650.72x°0-254
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kgH2

FIGURE 2-7 - PRESSURISED HYDROGEN STORAGE SPECIFICCOST

FIGURE 2-8 - PRESSURISED HYDROGEN TANK
SOURCE: FUELCELLSETC.COM
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2.6.1.2 Liquefied storage

By using a series of processes (low temperatureJantks-Thomson valve) it is possible to
liquefy the hydrogen gas. The density of this lejigs 70.8 gH2/I which is 796 times more
than 1l of gaseous hydrogen under standard condidowever around 30% of the LHV is
spent to cool down the gas to 21 Kelvin. Anothepeas of this storage technic is the
evaporation issue (like any other cryogenic liquid$

2.6.2 OTHER STORAGE METHODS

2.6.2.1 Metal hydride

The method consists of integrating the hydrogematothe lattice of a metal, an alloy or a
chemical compound (adsorption). This method allewsigh volumetric density (80 to 150
gH2/1) but requires a heat management (heat iseteéal release Hydrogen atoms, heat is
released when storing them).

2.6.2.2 Geological storage

The concept is to inject hydrogen into its gasefous into a geological formation and to

release it when needed. This technic is alreadylameg for the storage of natural gas and
can be used for the hydrogen with lesser pressarage due to the hydrogen specificities.
The pressure can vary between 50 and 100 bar forahamount of 1076 to 108 Nm3*

stored. Because of their good sealing, salt mimes eanpty aquifers are preferred for this
technology.

*Normal cubic meter (Nfi): Corresponds to the quantity of gas containefint® under the
specific conditions (Temperature= 0 °C, Pressurx325 bar).

2.6.3 STORAGE METHODS SUMMARY
TABLE 2-4 - STORAGE METHODS SUMMARY TABLE

Storage type kWh/kgsystem ik pole o
ge typ gsy (0.01kgH2/kg systen (0.01kgH2/Isystem| (€/kgH2)
Compressed H2
35MPa 1.8 5.4 1.8 495
Compressed H2
Z0MPa 1.7 5.1 2.7 588
Liquid H2 1.9 5.7 4.2 372
Metal hydride 0.4 1.2 1.2 N/A

Source: [90]

2.6.4 HYDROGEN TRANSPORTATION

Like in most cases, it is more efficient to prodingglrogen in one large plant than in several
small ones. Therefore, the aspect of the trandpmmtdnas to be covered. This last section
aims to provide the different alternatives for ttransportation of hydrogen from its
production point to its consumption point.
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2.6.4.1 Pipeline transportation

The pipeline technology is already well developad aome hydrogen pipelines already exist
in Europe to supply some specific industries wikdrogen. One of the main particularities of
the hydrogen pipeline is that it has to be mada ofon porous metal (i.e. stainless steel)
which increases the investment cost by 1.4 or 8. dlso possible to transport up to 30 vol%
of hydrogen in a conventional natural gas pipe{dE4).

The following table gives the corresponding distaaad cost of this transportation option.
The "transport"” refers to transportation from theduction site to the dispatching point while
the "distribution” refers to the transportationnfréhe dispatching point to the final location.

TABLE 2-5 - PIPELINE COST

Technical data| Unit | Transport | Distribution

Investment k€/km 560 250

Average distance km 300 50

2.6.4.2 Road and maritime transport

For road transport the most efficient way is tovapnliquid hydrogen even if it can also be
done with compressed hydrogen. This is done themkglindrical super insulated cryogenic
vessels in semitrailers. Maritime hydrogen trantgimn can be achieved but is relatively
new (Kawasaki Heavy Industries Ltd.). It is possibd convoy up to 100 000 Nm3 during
maximum 60 days. This maximum time limit for traoggtion is related to the evaporation
issue.

TABLE 2-6 - HYDROGEN TRUCK DELIVERY COST

Capacity Truck Truck
(kgH2/day) GH2 LH2
Specific cost
(€/kgH2/day) 100 12935 8393
O&M* (€/kgH2) 18.7 9.4
Specific cost
O&M (€/kgH2) 18.7 9.4
Specific cost
(€/kgH2/day) 1000 3793 3195
O&M (€/kgH2) 18.7 9.4

Source : NREL, 2013;]lydrogen Station Cost Estimati&s]

* O&M : Operation and maintenance, corresponds tthalfegular expenses.
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2.7 ENVIRONMENT AND SOCIAL ASPECTS

2.7.1 ENVIRONMENT

Many LCA reports [40] point out that the origin bfydrogen affects strongly the overall
impact of a fuel cell system. It is calculated tifathe hydrogen is based on natural gas
reforming the impact for 1MJ of hydrogen is slightligher than for 1MJ of gasoline (around
80 gCQ/MJ). Therefore, in order to keep the environmemédrest of a fuel cell system
based on hydrogen (PEMFC) it is advised to useeahCarbone Capture storage (CCS) for
the SMR or to produce the hydrogen by electrolyfsaks to renewable electricity. The use
of renewable electricity (lean CO2 value chainkrigcial as demonstrated in the following
example.

In the case where the electricity mix is based oal €984 gCQeg/kWhe) and electrolysis
efficiency is equal to 70% we can determine tha¢ fhroduction of hydrogen emits
47 kgCQ/kgH2 (1.4 kgCQ@kWhH2). As a comparison the SMR process emits 13.7
kgCO2/kgH2 (0.27 kgC@kWhH?2). The use of electricity based on coal gatesthree times
more CO2 than the SMR process.

As mentioned earlier different types of fuel cedihcbe used on board. This choice impacts
considerably the emissions associated with the atiper because of different fuel
composition. A PEMFC does not use any hydrocarheei, fjust hydrogen, so the direct
emissions are inexistent while a MCFC or a SOFG usdural gas so carbonate emissions
occur. However, given that the nature of the reacis different from a conventional stroke
engine (lower temperature) some Oreleased but there is no NOx or PM formation.

2.7.2 SOCIAL ASPECTS

As a new technology for the public, hydrogen isfommted to some reluctance concerning its
safety. However, the few demonstration projectstaedhormalization processes are working
in the favor of a solution for this issue. Bettaformation of the public and a strict safety
regulations are the main lines of the EU commissmmcerning this topic (H2trust Project).

The use of electrical trusters for the propulsibb@ats makes an important difference in the
comfort of operation. Consequently, the publicassdied with the operation of boats and the
operators (sailors, fishermen, technicians) cankwaor better conditions which is not
negligible. Also the direct positive impact on tleeal environment empowers this social
acceptance.

The low penetration of hydrogen and fuel cells he tmarket leads to a lack of qualified

workers for the maintenance of those systems. dieroilo achieve a sustainable insertion of
hydrogen and fuel cells technology in the maritisector, the different manufacturing

companies will have to train a sufficient numbemairkers. The operators will also have to
be aware of the risk and to ensure safe behaviavaad any accidents that would be highly
damageable for the reputation of hydrogen.
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2.8 HYDROGEN INNORWAY

Ranked as the 11th and the 3rd most exporting cptmtt oil and gas, respectively, Norway
is a major key player in the international energgrket [20]. Those energy intensive
industries, combined with a low population densiéad this Nordic country to have one of
the most energy intensive population in the wo8l89 tones oil equivalent per head in 2010,
compared to the OECD average of 4.40)[21]. Howelvecause of an important hydropower

resource the TPES of Norway (Total primary enenggpdy) is strongly based on renewable
electricity.

Net Domestic Energy Consumption, 2011

2%3% Coal & coke

Petroleum products

Natural gas
34% §

! Other gas
49%
Wood, black liquor & waste
3% Electricity
2% —_
7% District heat/steam

FIGURE 2-9 - ENERGY CONSUMPTION BREAKDOWN FOR NORWA Y
Source: Fuel Cell Today, 201Ruel Cells and Hydrogen in Norwg{7]

After this snapshot the last part of this chaptensato provide a state-of-the-art of the
hydrogen and fuel cells potential in this Norwegeergy market. First, a global assessment
is performed about the different resources avaaléit the hydrogen production. The second
part consists of establishing the existing netwafrlcompanies and institutions as well as a
review of the governmental position and policieswtlduel cells and hydrogen technology.
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2.8.1 RESOURCE®ND PREDICTION

2.8.1.1 Potential for H2 production from Steam Methane refaming

As mentionedpreviously in this first chapt, the most commonly used method to prod
hydrogen $ currently the SMR (Steamethaneeforming). It is then relevant to estimate ¢
locate the current natural geesource in order to anticipate the coming hydrogen produrct
Norway had 74 trillion cubic feet (Tcf) of provemtaral gas reserves asJanuary 1, 2014
[22]. The graph below shows that Norway's domestinsumption of natural gas is ve
small comparedo the annual production (less than 3%). It medra&d the Norwegial
economy has a comfortalieeway to reorientate its natural gas exation toward its futur:
inner market of hydrogen production and consump

Norway dry natural gas productionand consumption, 1992-2013
trillion cubic feet
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T'—_\‘ Source: U.5. Energy Information Administration
C1a' Note: Data for 2013 are estimates.

FIGURE 2-10 - NORWAY NATURAL GAS RESSOURCE

The use of both steam methane reforming and micrewaasma reforming has a go
patential to achieve the massive scale conversianathane into hydrogen. Even though
microwave plasma method has to be implemented ail sonale (refueling station) th
technology has the strong interest of beCO, lean and to have an interestiby-product
(carbon powder)

2.8.1.2 Potential for H2 production from water electrolysis

However,the different renewable energies have also a sepotential to produce hydrog
thanks to electrolysis or biomass gasification. Triterest of thosicombination (hydrogen
from renewableswould be the production of CO, lean hydrogen very beneficial for t
decarbonisation of thidorwegiar economy.

If we look at the hydropeer potential we can see that an additicpotentialcan be installed
for the small power station®espite the increasing energy consumption the malipolicy

about energy saving could significantly decreaseuse of hydropower. This energy sa

can be considered to produce hydrogen thanks tervegctrolysi. [92]
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Bl Developed

B under construction
B Llicence granted

B Small power stations
M Licence pending

B Uupgraded and new electricity production over 10 MW

Permanently protected

Source: Ministry of Petroleum and Energy. (2008). Fact 2008 — Energy and Water Resources in
Norway. (Internet)

FIGURE 2-11 - NORWAY'S HYDROPOWER POTENTIAL, JANUAR Y 2008, TWH/YEAR

The potential of wind, tide and wave power coulsioabe exploited to develop a €{@an
hydrogen production. However, those renewable gngogrces represent only 0.06% of the
total energy production for the year 2012 [24]. fEhis a serious wind potential in Northern
Norway and this production could supply the additioelectricity needed for the production
of hydrogen by water electrolysis. However the gmithis region (Finnmark) is weak and the
capacity of the power lines does not comply wite ffower needed. If this hydrogen is
dedicated to a domestic use either investment engtid infrastructure or the use of LH2
carrier like ships (see 2.8.2) are needed. Evémeifaccumulation of the hydropower and the
renewable energy has a limited potential to prodigdrogen by electrolysis, it is still
possible to use electricity from thermal plantdl&geby oil, natural gas or coal with a carbon
capture storage process.

Biomass is also an important resource in Norwayadbuhe moment it is more interesting to
use this biomass for direct district heating or Qi@®mbined Heat and Power). Even though
a large exploitation of biomass for hydrogen prduurcis not planned, a demonstration

project of hydrogen refueling station based on lassn gasification is under study in

Drammen. [17]

The available hydrogen in the Norwegian chemistgustry is equal to 0.9 Gm3 H2/year
[23]. It can be an important resource especiallythe southern Norway where the main
hydrogen consumption will occur. As it is a by-pumotiof another process, the production of
this by-product hydrogen is a matter of price. Hé thydrogen price is high then larger
guantities will be available.
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2.8.1.3 Prevision of the H2 production
According to the NorWays report [23] the hydrogeaduction in Norway should follow the
evolution shown below.
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FIGURE 2-12 - PREDICTED HYDROGEN PRODUCTION IN NORW AY BY SOURCE

This estimation has been based on the followisgmagtions:

- From 2020, Hydrogen central NG SMR (without CCS 5&h)) and onsite
electrolysis.

- From 2035, more electrolysis (sparsely populatezhsardeployed; increasing NG
prices).

- By-product hydrogen used, biomass gasification 8MR with CCS do not appear
economic under current assumptions.

2.8.1.4 Predictions of transport of hydrogen

Except the refineries that use their own hydrodend is currently no significant hydrogen
consumption in Norway. Therefore we can foreseegaifgcant increase in the hydrogen
demand due to its use in transportation. It is thelevant to determine where the main
consumption centers will be located and how they eviolve (See Chapter 4, Road). In the
NorWays scenario the distribution to the southeeznter of consumption is first done by
trailer and is progressively replaced by pipelititee northern region is supplied by onsite
electrolysis. The figure 2-13 illustrates this ex@n and allows us to see the increasing share
of onsite electrolysis.
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FIGURE 2-13 - HYDRYGEN TRANSPORTATION PREDICTION FO R NORWAY
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2.8.2 POLICIES

Norway has a strong incentives policy about Zerdssion vehicles (ZEV) concerning both
Electric vehicle (EV) and Fuel cells electric vadbi¢FCEV). Originally this was motivated
by the objective of having 50,000 ZEV on the rogd2b18 but this goal has been reached in
2014 and this incentive policy has been extendexfuBls, biogas, CNG and hydrogen are all
subject to lower, or exempt from, fuel and CO 2etxAll-electric cars, including fuel cell
electric vehicles (FCEV), are exempt from purch@seand VAT, receive a 90% discount on
annual road tax, pay no toll or municipal parkiegd, are qualified for free ferry passage, and
have access to bus lanes and thousands of puldiging points. There is also a grant
available for establishing private charging poiaitsl a financial support has been suggested
by the Norwegian Hydrogen council to facilitate t@nstruction of new hydrogen refueling
stations. [25] [92]

The road map for hydrogen and fuel cells technoiogyiorway is principally advised by the
Norwegian Hydrogen Council and an action plan hesnbpublished for the period 2012-
2015. However the development of the Norwegian bgeiln economy is closely linked to the
European plans and programs which allow the colktm in the research field, in the
infrastructure network and in the financing of paig.

The NorWays report published in 2008, which wasd pf the HyWays project, is probably
the most detailed study related to the hydrogenfaeldcells economy in Norway. This report
has evaluated the road transport sector as theviaket to insert this technology. Thanks to
a complete road map this report has drawn the tmegs for the development of the hydrogen
production, infrastructure and use in Norway. Tlgtowlifferent scenarios it has assessed the
potential combinations between biofuel, BEV (Battetectric vehicle) and FCEV with the
reduction of CQ emissions as a baseline. As this report will bedus the chapter 4 of this
master's thesis it will not be developed furthethiis chapter 2. However we can say that this
report and its content had an important influerncéh@ hydrogen policy in Norway.

It is important to note that the switch to a hydmogconomy is a common EU policy. Beside
the use of hydrogen for transport, it is frequemtgntioned that Norway will have enough
resources to export hydrogen to the rest of Euesjmkespecially to Germany because of the
high energy consumption combined with the lack attural energy resource of this
industrialized country. This option would be intgreg for both Germany and Norway as the
hydrogen produced will be GQ@ean. In this configuration Germany would be ableeach its
CO, quota and Norway to rely on an interesting expadiness.
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The map below establishes the network of pipelaresind the Norwegian coast. One can see
that the existing gas pipelines reach the contalesttore of Europe or even the U.K. Those
existing facilities can be used to export the hgéroby mixing it with natural gas [94]
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FIGURE 2-14 - NATURAL GAS PIPELINE NETWORK BETWEEN NORWAY AND GERMANY

Source: The Norwegian Petroleum Directorate

Concerning the hydrogen exportation, Japan is a@serested by importing COlean
hydrogen by ship from Norway. This project is ursledy between SINTEF, the Ministry of
Economy Trade and Industry (METI) and Kawasaki Hebnustries (KHI). More precisely
the hydrogen would be produced in the Finnmarkoregas mentioned before) and shipped
through the Arctic sea to Japan thanks to spe¢i@ tarrier manufactured by KHI. [93]

FIGURE 2-15 - LH2 CARRIER SHIP OF KAWASAKI HEAVY IRUSTRIES

Source: motorship.com
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2.9 OTHER FUELS

In order to determine the hydrogen and fuel cgdisastunities we need to compare it to other
fuels and technologies. Therefore this section atmsprovide a review of the main
characteristics for the different energy systemsnmeting with hydrogen. As those
descriptions are common to all the transport sectome specific details will be provided
later if needed in each corresponding sections.

2.9.1 MARINE DIESEL OIlL.DIESEL GASOLINE AND INTERNAL COMBUSTION ENGINE
2.9.1.1 Operation

Those three fuels are direct derivates from crutlevith more or less refining. The marine
diesel oil (MDO) is the least refined followed byeskel and then gasoline. The internal
combustion engine (ICE) has a very interesting payeasity (0.65 kW/kg), it is also easy to
refuel and the infrastructure already exists. Asftlel is liquid under standard conditions, it is
easy to store. However, the ICE requires a lot aihtbenance due to the rotating parts (change
some pieces, corrosion) and it generates a lobo&tion. It is possible to use a hybrid system
to generate electricity based on oil derivates @ndse electrical propulsion (electric boat,
hybrid vehicle).

2.9.1.2 Environment

Given their nature, those oil derivates are carbdansive, and therefore they generate
important direct emissions from their combustioee(d¢able below). Due to the toxicity of
MDO and diesel some catalystic treatment are reduior the exhaust gases from the boats,
trucks and certain cars. In a larger approach thpacts of the fuel extraction and
transportation have to be taken into account. InANdg this transportation has a limited effect
given that the consumption is local but its eximacstill requires a lot of energy. The oil and
gas industry is responsible for 29% of GHG emission Norway and the environmental
damage also includes the risk of spill in the aafsgn accident. Due to the fact that an ICE is
driven by explosions, a lot of noise and vibratians also generated.

2.9.1.3 Economy

Those fuels are currently cheap, but despite antepace collapse they are doomed to
become more and more expansive due to their deplene of the main drawbacks with
those fuels is the price volatility. Concerningithgices we can refer to the table 2-7.

2.9.1.4 Safety & social

As internal combustion engine is a well-known teabgy, and the different safety issues are
no longer a problem. However, there are some coscdike for any other energy storage
device. The main one is the case of a road accidbate a fire is ignited. In this case the
main issue about diesel, gasoline and other oivaies is the risk to see the fuel spreading
itself around the accident area and catching Tifeere is currently no way to keep the fuel
away from fire efficiently. One of the options  make the fuel tank more resistant, but if
the tank is surrounded by fire the pressure wdkerand this will increase the risk of an
explosion. As diesel is used widely since many desathe industry and the different
professional sectors are skilled to operate andym® all the components needed for this
technology.
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2.9.2 BIOFUEL

2.9.2.1 Operation

Biodiesel is produced thanks to the extraction asterification of vegetable oils, used
cooking oils and animal fats using alcohols. klso possible to use a more advanced process
by hydrogenation, gasification and then liquefactad oil and fat. This advanced process is
called BTL (biomass to liquid) and produce synttedtdiesel. The biodiesel is ten time more
viscous than the conventional diesel and is higloiyosive which increase the maintenance
cost. It can either be mixed between 5% (B5) arfb (B10) with conventional diesel or can
also be used as pure biodiesel but then the emgmgres special joints. Its use generates
some corrosion issues and microbial developmentaltiee nature of the fuel.

2.9.2.2 Environment

Even though the carbon cycle of biodiesel is néuitratill requires external energy inputs
(farming and processing) that emit €Oherefore we can say, according to the IEA, that
biodiesel provides a 40-60% reduction in Gfnissions compared to the conventional diesel.
Compared to conventional diesel fuel, use of bigelies generally found to reduce emissions
of hydrocarbons (HC), carbon monoxide (CO), andi@paate matter (PM) but to increase
oxides of nitrogen (NOx) emissions. Due the impurteand resources it takes to grow
biofuels there is an increasing indirect impacthaf biofuel production.

2.9.2.3 Safety and social aspects

Biodiesel has a higher ignition point than hydrogea benefits of a good image because of
its environmental friendly characteristics. Howevas mentioned before, its use can lead to
some corrosion issues in the strokes and tank.

2.9.2.4 Economy

Before taxes the biodiesel from animal fat costsA4-$D.5/Ide (liter of diesel equivalent),
biodiesel from vegetable oil costs $0.6-$0.8/Idel dnodiesel from BTL is superior to
$0.9/lIde (depending of the biomass source). In Mgnthe B5 is well established and
currently follows the price of the Norwegian die@@lesel 1.64€/l in average)[55]

2.9.3 NATURAL GAYCNGANDLNG)

2.9.3.1 Operation

CNG (compressed natural gas) is a compressed neethrader the pressure of 200 bar and
stored in cylinders while LNG (liquefied naturalsyehas been liquefied by being cooled
below its boiling point 0f163 °C and stored into specific tanks. Those twofgams can be
easily implemented on an existing diesel engineaoreven run with a dual fuel engine using
diesel and natural gas for the same performancanyncase the storage has to be handled
with a special design by considering the inhereak$ common to any cryogenic storage (in
the case of LNG).

2.9.3.2 Environment

The combustion of LNG releases almost 30% less, @@n diesel (50gC4MJ and
69gCQ/MJ respectively) [22] and emissions of NOXx is reelll by 85%. The natural gas can
either come from a conventional extraction or lyagas production process. This biogas can
greatly improve the overall GGemission because it comes from biomass. It is rapbto
note that one kilogram of natural gas has a glalaaiming potential 72 times higher than one
kilogram of CQ. It means that any leak of LNG or CNG in the eorment would be highly
damageable concerning the global warming.
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2.9.3.3 Economy

The cost estimated for a LNG stations is 101€/kgad output per hour for a CNG station
and 1 100€/kg of gas output per hour for a LNGi@tatThis excludes land purchase and
permit costs. Natural gas has the advantage ohbavrelatively more stable price than diesel
but it is still dependent of the oil price fluctiat.

2.9.3.4 Safety and social aspects

Like hydrogen the LNG suffers from a lack of redida about its use as a propulsion fuel.
The safety issues principally concern the storagk& aind the associated system (what use of
the boil off methane). Given it is a cryogenic idjmot widely used for propulsion yet, it is a
challenge to train the operators to manipulateftreswith all the necessary precaution.

2.9.4 LPG (LIQUEFIED PETROL GAB

2.9.4.1 Operational

LPG is produced by refining petroleum or naturas,gand is almost entirely derived from
fossil fuel sources, being manufactured duringréfaing process. The engine is converted
with minimal changes into a spark ignition enginghwequivalent power and torque of the
diesel. LPG has a higher specific calorific valid®.1 MJ/kg compared with 42.5 MJ/kg for
fuel oil. However its energy density per volumetusi 26 MJ/I is lower than that of petrol
(35.8 MJ/I), therefore it need to be stored infwressurized tank.[63] At the moment there are
155 LPG refueling stations in Norway covering b road network.[64]

2.9.4.2 Environmental apsects

To use LPG can have some environmental benefits &tack conversion to LPG allows
reaching the Euro 4 level without catalyzer, ackeCQ levels 10% better than diesel and
makes the particulate matter almost inexistent.

2.9.4.3 Safety

LPG is heavier than air, unlike natural gas, ang thill flow along floors and tend to settle in

low spots, such as basements. There are two magedafrom this. The first is a possible
explosion if the mixture of LPG and air is withimet explosive limits and there is an ignition
source. The second is suffocation due to LPG dispdaair, causing a decrease in oxygen
concentration. Therefore some places are restriotddPG vehicles.

2.9.5 BATTERY
2.9.5.1 Operational

In this section we will consider the last commdized battery technology which is the
Lithium-ion battery as it provides the best eneagyl power density (100-265 Wh/kg) [44].
These battery types can be recharged more quibklg lower self discharge rates and are
free of a memory effect. Due to the combinationtled batteries' great energy efficiency
(85%) and their considerable weight they are complgary of other energy sources for
small and medium energy storage. Batteries offerdperational advantage to have a very
low need of maintenance. One of their main disathges remains their lifetime (around
1500 cycles per lifetime for the most advanced) ahdir progressive performance
degradation even though some significant improvernas been achieved[44]. We can also
note the relatively long recharging time comparéydrogen or diesel (few hours against few
minutes) even though it is possible to use fagtasging station at the expense of the battery
lifetime.
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2.9.5.2 Environmental aspects

Batteries offer the considerable advantage of zirect emissions during their operation.
However the origin of the electricity stored ancediscan lead to an even worse climate
change potential than diesel (from coal without G@3nstance). In Norway the energy mix
is based on 95% Cfean production, so this is not an issue. Althoiigh relevant to point
out that the fabrication of the battery pack isrggantensive, so again, the impact depends
on the origin of electricity. Concerning the lithieion technology, the raw material supply
(lithium) can also be an issue as most of the wasburces are located in Chile.

2.9.5.3 Economical aspects

Currently the price of investment for a li-ion leait is high (500€/kWh) [44] compare to the
other options, but in the other hand the energysaomption is generally lowered by 40% in
average [44] with the cheap electricity in NorwalO¢€/kWh) [45]. In addition the
governmenent provides a lot of incentives to clttée gap between the technologies. All-
electric cars are exempt from purchase tax and \fAdeive a 90% discount on annual road
tax, pay no toll or municipal parking fees, quality free ferry passage, and have access to
bus lanes and thousands of public charging points.

2.9.5.4 Safety

Lithium-ion battery, like any other energy storadgevice, represents a risk at high
temperatures (fire accident for example). If thédog is exposed to high temperatures for a
significant time, or to a manufacturing defaulteththe inner temperature can quickly reach
500°C. At this point the cell catches fire or ipédes and releases toxic gases. Some safety
requirements for the manufacturers have been estedllike TBU-207 Safety Concerns with
Li-ion or UL1642. Moreover, the basics electricabtections are needed especially in a
hybrid configuration where every electrical compangsparkle) should be isolated from any
potential explosive mixture (air and hydrogen or and LNG). As batteries are widely
integrated in our economy there is no specificatdnce, we can even say they have a good
reputation thanks to their zero direct emissionsveMtheless, we can notice a common range
anxiety which can explain some reluctant attitudes.

2.9.6 OTHER FUELS SUMMARY
TABLE 2-7 - OTHER FUELS CHARACTERISTIC SUMMARY  [55]

Fuel LHV System energ! Carbon intensity NO, emission Price
(kWh/kg) efficiency (%) (9CO/kQg) (gNO2/kg) (EM/(€/kWhoutput)
Hydrogen| 33.3 44 0 0 €9.9/kg / 0.17
MDO/ 11.3/ 30/ 0.8/0.24
Diesel/ 12.1/ 25/ 3.2 0.014 1.64/0.66
Gasoline 12.3 25 1.86/0.83
Biodiesel 11.6 25 3.4 1.64/0.66
0.004
CNG 127 44 (FC) 26 0.01 €/kwh / 0.003
LNG ' 25 (ICE) ' 0.4€/kg /0.13
LPG 12.9 25 2.9 0.014 0.7/0.40
Battery - 85 16 gCQ@kWhe 0 Electricity: 10c€/kWhe
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3
MARITIME SECTOR
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3.1 INTRODUCTION AND ENVIRONMENTAL CONTEXT

3.1.1 INTRODUCTION

This chapter is dedicated to the opportunity ofrbgeén and fuel cells technology in the
maritime sector. The Norwegian economy is mostigrded toward the petroleum activity
and the shipping of goods, which generate a lanafitime traffic. All of those sub-sectors
are mainly powered by a conventional internal costiba engine (ICE) fuelled by the marine
diesel oil (MDO) which is very polluting. Conseqtignthe maritime sector represents 28%
of the GHG emission in the transport sector for2[23].

First, the environmental aspect of the maritimdm@ewill be covered in order to understand
the related challenges. Then the different appboatand aspects of the hydrogen technology
will be qualitatively assessed and a non-exhaudisteof some maritime project related to
fuel cells technology will be established. Afteaththe specific information related to the
other fuels will be also provided. Thanks to tmfrmation an economical comparison will
be performed through a study case of the Sognefrg. Then we will discuss about the
information and the results to finally concludetbe opportunities of hydrogen and fuel cells
in the maritime sector. A SWOT matrix will be presed at the end to summarize the content
of this chapter.

3.1.2 ENVIRONMENTAL CONTEXT

Ship emissions can impact air quality in coastglams and further inland. Ships commonly
use heavy oil based fuels with high sulphur comstearid hence have a tendency to emit
sulphur dioxide (SO2) along with other pollutanigls as nitrous oxides (NOX), particulate
matter (PM), carbon dioxide (GD and other greenhouse gases (GHGs). Ships emit
considerable amounts of pollutants, not only whahing), but also during their stay at berth.
This is of particular importance for harbor citlescause ship emissions can contribute a lot to
regional air pollution and result in some of the Bldndards (for PM and NO2) not being
met. That was the case for PM limits in Oslo, Bargad two other cities in 2013. [28]

Based on the previous information it is clear ti@l cells and hydrogen can play a key role
in the reduction of emissions. It is even truett tie international regulation put more and
more pressure on this issue. The Emission Contrelag\ (ECA) illustrate the will from
various countries to limit efficiently by the meaoisthe law of the environmental impact of
shipping. Therefore we can see through those ECGiéslaopportunity and a growing interest
from the maritime industry for the fuel cells angdlogen technology. According to the
International Maritime Organization the ECA for tNerth Sea is very likely to be extended
to the Norwegian sea in 2015. This extension woeddilt in a larger benefit of adopting low
emission technologies.
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The map below shows the existing and the possiGl& & the world. As we can see Norway
is in a good way to adopt this stricter regulation

ooF

e

% POSSIBLE
FUTURE ECA

FIGURE 3-1 - WORLD MAP OF THE EXISTING AND POTENTIA L EMISSION CONTROL AREAS

Source: IMO MARPOL Annex VI

3.2 HYDROGEN AND FUEL CELLS

3.2.1.1 Operation

When we speak about fuel cells we have to remertiiarsome of them can work with
natural gas and in different conditions than a PEMIoes (cf. chapter 2). As it changes
radically the operational aspect of the systens, ielevant to consider the different options in
this study. In the maritime sector the fuel and ¢ime are important but there is a better
flexibility concerning the response time and theeraging temperature (compare to road
transportation). Therefore the choice is not onpgroto the PEMFC but also to the MCFC
and the SOFC (even the DMFC can be interesting).

The maritime application also allows the introdontiof the high temperature PEMFC
(HTPEMFC) which is less sensitive to the purityhgfirogen and can therefore be used more
easily with reformed fuel on board. Those differargl cells have their own characteristics
(fuel, size, operating temperature,...) as mentiangde chapter 2.
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Technically speaking it is possible to use the faells technology in three different
configurations on a boat:

- As an auxiliary power unit (APU)

Given the increasing electrical consumption on dpé#re fuel cell can produce the needed
guantity of electricity without interfering with ¢hpropulsion of the vessel. This configuration
leads to beneficial fuel economy.

- Hybrid propulsion (Fuel cells and ICE)

This configuration can be parametered to operata hase load (providing continuously a
percentage of the power) or as a peak load to avandient regime for the ICE. This system
can also be combined with a battery. The preseheebattery can be useful in the case of a
regenerative breaking vessel.

- Full power propulsion

It is also possible to equip the system only witliual cell and a battery. The fuel cell
provides all the power needed and the battery entiid system to act with regenerative
breaking.

(d) System efficiency
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05 4/ ! T,
oa4 "
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0.2 ¢ i i ———PEM system

Thermal efficiency

0.1 4 | i ——ICE

Load ()

FIGURE 3-2 - DIFFERENT POWER SYSTEM EFFICIENCIES VE RSUS BOAT LOAD PERCENTAGE
Sources: Kartha and Grimes, Physics Today 11, =54 3)

This diagram shows that it is relevant to use ftels at low load level like when FC is
combined with another stroke engine to act as & Wead. It is then technically more
interesting to use a high share of the power confiog the fuel cell when the vessel is
entering the port and has a small load. The shdtediminish when the boat increases its
speed/load to move over longer distances. In tlse ch an engine only based on fuel cell
there are two design philosophies: The first onesisis of designing one large fuel cell where
the operating point corresponds to the highestieficy. This configuration requires a higher
FC power than the electric motor actually needbdcsure to operate at low load level. The
second option consists in having several fuel dellshare the load and therefore operate at
their maximum efficiency point. The advantage ofiihg one big FC is to optimize the
investment cost while having several fuel cellswa having a back-up solution and gives the
possibility to have a decentralized powertrain (sn@&partition, design flexibility).
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3.2.1.2 Design

The different configurations mentioned above lead different designs but all those
configurations will take more space than a singteke engine. A fuel cell system is more
bulky due to the hydrogen storage, but in the otfa@rd the modules can be placed in several
different locations around the ship. Together wiaiver vibrations and noise, modularity
makes the engine room location less critical. Etlesugh the safety constraints and the
regulation affect the design, if they are handlegrapriately, this modularity provides a high
degree of design flexibility. None the less theytrent shocks on the hull of the vessel have to
be considered in the design to avoid importantatibn that might disturb temporarily the
operation of the fuel cell (and its lifetime in tloag run).

3.2.1.3 Range/Storage

The storage method will depend of the quantity ydrbgen stored. For large amounts of
hydrogen the liquid hydrogen is the best optionaliee of the volume gain while small to
medium quantities will be stored under pressureM@a or 70 MPa). In case of a liquid
storage it is very likely that the production wié centralized and the supply achieved by
trucks as it is the most economic solution for iligbydrogen. Of course the range depends
directly on the quantity of hydrogen stored bubalpon the speed of the boat, its weight and
the size of the battery. Contrarily to the roachs$gzort it is difficult to provide a common
formula (like 1kg of H2/100km) as the charactecstvary a lot from one boat to another.
However, by referring to the section "Projects”l&tér in this section) we can have an idea of
the range for different projects. As mentioned befohe fuel cells can also use natural gas
and operate as a base load but in this configurdtis difficult to attribute a specific range to
the fuel cell itself.

3.2.1.4 Refueling

Refueling facilities for hydrogen are not developedhe maritime sector. For each project a
refueling station has to be built (see the Nemokfjegt in table 3-1) or the fuel has to be
supplied frequently by trucks. Depending of theesif the ship's tank the refueling can take
few minutes for the smallest or a couple of hounsthe biggest [32]. However, it is not
excluded in a close future to use the refuelingistafor different modes of transport
simultaneously (e.g. maritime and road transpdrtje hydrogen can be produced onsite
either by electrolysis or by steam reforming.

3.2.1.5 Maintenance

Contrarily to a conventional stroke engine, a ftel system has no rotating parts and needs
consequently less maintenance (lubrication, casmgsiibration). However, due to the
lifetime of the existing membrane technology, thelfcell's stack has to be replaced regularly
(every 10,000 hours) to maintain the level of perfance needed. Fuel cells stacks have not
reached yet the goal of 40000 operating hours with@ving a significant performance
degradation. As a comparison the conventional glasta 20 year lifetime. The comparison
of this maintenance will be achieved later in thestion[35]. Depending of the type of fuel
cells installed, the membranes can be very seadibithe air composition. A PEMFC will be
more vulnerable to the salinity of water or the Ility rate while a MCFC will operate all
the same.
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3.2.1.6 Environment

In the frame of the European project FC SHIP, a fkfycle analysis (LCA) has been
performed in 2004 by the companies L-B-Systemtdchnd MTU Friedrichshafen [38]. This

LCA includes fuel production, supply and use, faells manufacturing and end-of-life as
well as ship operation, and this LCA is comparea wonventional ship operation. Here is a
part of the executive summary:

"The analysis comes to the conclusion that fuelsceffer the potential for significant
environmental improvements both in terms of air liggiaand climate protection. Local
pollutant emissions and greenhouse gas emissiomdealiminated almost entirely over the
full life cycle using renewable primary energieheTdirect use of natural gas in high
temperature fuel cells employed in large ships #reduse of natural gas derived hydrogen in
PEM fuel cells installed in small ships allows fargreenhouse gas emission reduction of
20%-40%. Fuel cells have the potential for furtledficiency improvements over the values
assumed here, which would translate into furthetuaions of greenhouse gas emissions for
fossil based fuels.”

Except the air pollution and its consequences rnbise induced by conventional vessel
propulsion systems is also a favorable point withfuel cells system. Whatever the fuel cells
selected (PEMFC, MCFC, SOFC, DMFC) they all provige electric supply for the
propulsion. This electrification has the effeci@iering considerably the noise level for both
the equipage on board and the surrounding envirohn@ course this improvement only
occurs if the power chain does not include anykstrengine. For instance, it is not the case
for an APU systems where a fuel cells is only uedthe auxiliary system but where the
propulsion is provided by a stroke engine. Thisrdiloperation is also of utmost importance
for certain applications like scientific studiessafa animals.

3.2.1.7 Regulations

At the moment the maritime industry suffers a taek of regulation concerning the hydrogen
and fuel cells technology on board. The IMO whani€harge of the international maritime
regulation has published a draft about this topi@13 [29] but no official publication has
been released so far. However, the IMO is not thig one to work on the topic, and the
company DNV had published its recommendation in828Bout design and safety for fuel
cells ships [32]. Even if this study concluded tlsafe fuel cells systems are technically
feasible it is still the role of the IMO to providge approval process for the construction of
those new ships. None the less the DNV work suggéstt two different class notations for
fuel cells vessels should be used: "FC-SAFETY" Wwhis mandatory for all fuel cells
installations and "FC-POWER" if the fuel cells uisiused for main or auxiliary power.

Source :
shipsandoil.cotl

FIGURE 3-3 - THE VIKING LADY, (SE E PROJECTS)
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3.2.1.8 Projects

In order to give a snapshot of the current actifotythe integration of fuel cells and hydrogen
in the maritime sector a non-exhaustive list of¢lesting projects has been established. This
list covers principally different sizes of projeetsd different technologies around the world.

TABLE 3-1 - NON EXHAUSTIVE LIST OF FUEL CELLS BOAT PROJECTS

Project name Description Power AR U Battery | Range
storage cells
Nemo H2, 24Kkg,
Amsterdam 87 passengers 90 kW 35MPa, 70 kW, 50 kW 9 hours,
: PEMFC 9 knots
[34] 6 cylinders
TLh;d;/'gg? Merchant vessel, Natural | 330 kW EV?/?]
DNV-GL ICE+FC+Battery (NG) gas MCFC 5 MW
1,500 passengers and
Scandlines | 2,200 lane meters for 8.3 MW 48
FC ship vehicles 3.1tons P.EMFC hours,
(design) [37] 18.5km transport 17 knots
corridor
FILHy_PyNE 12 meter long ship that 3 days
IS can take three 200 120 kg, 210 kw 124 of
France . kw 35 MPa kWh _—
. fishermen fishing
(design)
La .
.| Tourism passenger boat
dizrgg?ggﬁ- of 250 tons can 600 kgH2 | 400 kW]
transport 1000 g
Mouches,
passengers
France

Sognefjord, Norway, Siemens electric boat (study sa)

A ferry boat with a capacity for 360 passengers aP@d vehicles that will travel across the
fiord 34 times per day, with each trip requiringand 20 minutes to make the six-kilometers
crossing. The ferry, which is 80 meters long, iseh by two electric motors, each with an
output of 450 kilowatts. The batteries have a combicapacity of 1,000 kilowatt-hours
(kWh), which is enough to make a few trips betwé#en two fjord communities. After that
the batteries will need to be recharged. At eacdp sin onshore battery of 260 kWh will
supply electricity to the ferry while it waits. Aftward, the battery will slowly recoup all of
this energy from the grid until the ship comes bagkin to drop off passengers and recharge.
This method avoids a sudden demand of power framwibak grid. According to Siemens,
this type of electric ferries could serve aroundd@ites in Norway. [47]

NTNU - Department of Civil and Transport Engineering - Karel Hubert Page 41



- Hydrogen and fuel cells opportunities in the Negman transport market -

3.3 OTHER FUELS

The general properties of the different fuels aschhologies competing with hydrogen and
fuel cells are described in Chapter 2. Therefore $hecific aspects of those fuels and
technologies regarding the maritime sector are reavin this section.

3.3.1 MARINE DIESEL 0I(MDO)

3.3.1.1 Environment

The combustion of MDO impact strongly both locavieonment (air, water, noise) and
global climate (C®@ emissions). In the case of a tank leakage theecpesices are highly
damageable for the environment (oil spill). In artte comply with the coming international
requirement (Tier 3, MARPOL, Annexe VI, 1 JanuaBig) the newly built ships will have
to be equipped with a selective catalytic reductgstem. [35]

3.3.1.2 Economy

Currently the cost of the fuel MDO is cheaper tHiael hydrogen (874 USD/ton) [22], the
investment cost is also cheaper. However, the maamice costs more by using a propulsion
system based on MDO than one based on electridity.stocks of oil are limited and its price
is rising progressively. The TCO (total cost of @nship) is currently cheaper for a MDO
system. As MDO is a direct derivate from the oiflustry, Norway can rely on a national
resource but it is important to remind that oil cemffer an important volatility of its
price. [35]

3.3.2 LNG (LIQUEFIED NATURALGAY)

3.3.2.1 Operation

The most common mode is to use it in a stroke enbgurt it can also feed a generator and
produce electricity (hybrid). Another way is theeusf a fuel cell as an energy converter
(MCFC or SOFC). Those two types of FC having a loertia can be combined as a base
load to any other electric propulsion. LNG carrien@ve natural gas from liquefaction

terminals to re-gasification terminals all over twerld, and LNG is available at all these
shore-based facilities. As mentioned in Ch. 1 thal duel technology allows the ship to run

on MDO when travelling and on LNG when operatindge@As or in port.

3.3.2.2 Environment

The combustion of LNG releases almost one half €8s than MDO (50gC@MJ and
699CQ/MJ respectively) [22]. In addition to this, the isgion of NOx is reduced by 85%
and the emission of SOx is almost inexistent. Thas®racteristics allow the ship to comply
with the coming regulation about emissions.

3.3.2.3 Economy

The LNG is cheaper than MDO (0.83c€/MJ against€/Md) [22]. However the refueling
facilities are not as well established as for th®®k and LNG has a more important
investment cost due to the design requirement gamyi liquid).

3.3.3 BATTERY

At the moment the battery technology can only bé séficient on some small boats and
small ferries. If a battery is used as the mains®of energy the grid has also to be designed
to sustain the power flow without failure duringetliecharging period (see Sognefjord
project). We mentioned earlier the use of hybridiea or the combination with a fuel cells.
In those configurations the battery is very unkk&d be recharged but is rather used as an
energy buffer to manage the fluctuation of powearstonption.
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3.4 ECONOMIC STUDY CASE SOGNEFJORD FERRY

For this study case in the maritime sector we helvesen a ferry operating across the
Sognefjord. This fijord is located between Berged dtesund and is crossed by several
ferries. The line we are interested in circulatesMeen Lavik and Oppedal and is currently
operated by the electric ferry named MF boat. Thoat is an electric ferry designed by
Siemens and has started to operate on JanuarY15t Phe description of its operation and
infrastructure is given above in the section "Retgé

This study aims to compare the Total cost of owniprs(TCO) of different powertrains over
10 years of operation. Those options are the lyatezry (currently operating), a fuel cells
ferry powered by a PEMFC and a diesel ferry. Thaiakshe calculations a TCO will be
expressed for each option and will allow determgnthe most relevant option from the
economical perspective. First, the comparison beélidone with the current technology costs,
and secondly the impact of each technology codt bl assessed (Diesel price, hydrogen
price and battery price) on the different optiots.a second study the TCO of each
powertrain will be assess for several trip distandéis second perspective will allow us to
generalize our calculations to different operatogditions.

*TCO: The total cost of ownership defines the ltetgpenses of owning an asset. In our case
the asset is the powertrain of the boat and thé isosomposed of the infrastructure, the
powertrain itself and the fuel cost.

3.4.1 METHOD, ASSUMPTIONS AND INPUT DATA

In order to complete the calculations we have usederal technology costs as well as
component lifetime and efficiencies. The referenbtes have not been given previously will

be provided all along the different studies and vh&es that had been assumed will be
notified. The most important values and assumptiares given in this section. Only the

graphs will be displayed, therefore the calculatietails will be provided in the appendix C.

The different calculation steps will be detailedenmeeded.

First we can find below the relevant information éach powertrain technology

Table 3-2 - Ferry study case, Powertrain specificains

Electric Ferry | FC Ferry Diesel Ferry
Lifetime 10 years (a) 10 000 hours (b) > 10 years|(c)
Powertrain cost (g)| 500€/kwWh See Chl 28 €/kW

Fuel cost 0.1€kWhe | 5.5€/kgH2(d) | 0.8€/ ()

Technology 85% 58% (e) 25%
efficiency

Infrastructure cost | 2.15 M€ (a) 4 875€/kgH2/day (f)
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The different assumptions that have been madesaee land explained below:

(a) The infrastructure cost consists of the reangrgnfrastructure on both shores. The battery
lifetime and the infrastructure cost have been jgied by the operator Norled

(b) The fuel cells lifetime is based on a statignagperation (few starts and stops)
(c) The renewal rate for the combustion engine eeasidered as inexistent.

(d) The electrolysis process has been selecteah ghat it is likely to be the favorite one in
Norway (CQ lean H2).

(e) We assume a full hydrogen recirculation so ottlg electrochemical efficiency is
accounted for.

(N The diesel infrastructure is considered asaalyeexistent. Therefore the price of diesel
reflects the infrastructure cost.

(g) The powertrain cost is given without margin.the calculation a 50% margin has been
added to simulate the final customer price.

Then, ine order to determine the TCO of a powartwee consider the CAPEX and the OPEX
where:

CAPEX = Infrastructure + Powertrain (battery, hygka storage, fuel cells, ICE)
OPEX = Maintenance cost (battery and fuel cellewal) + Fuel cost

The OPEX is calculated by considering the timaugabdf the future expenses. Therefore a
depreciation rate of 4.1%/year has been appliel tine cost occurring after the first year of

operation (principally fuel cost). This total caster ten years with annual depreciation will

be represented by the Net Present Value (NPV-Xhat)is calculated thanks to the following

formula:

NPV—C+§T: Ci
Y 4@+
i=

Co = Initial investment (CAPEX) ; C = Annual expen&PEX) ; r = Discount rate
Here T = Study time frame = 10 years so the NPV bdlexpressed as “NPV-10yr”.

Given that T =10 yr and r = 0.041 we can simpiifg NPV as:

NPV-10yr (G, C) = 8.0707 * G— 2 * 10+ Cy
Then the TCO is obtained by a simple division:

NPV-10yr

TCO (€/km) =
(€/km) Lifetime distance
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3.4.1.1 First study: Price variation

The first study aims to assess the impact of tifferdint technologies price variations. The
parameters under study are the hydrogen priceMiD® price, the battery price and the
electricity price. This first case uses the Sogmdfjferry and the real life operation distance
as a reference. The calculations’ most importahiesare given in the table below:

TABLE 3-3 - FERRY STUDY CASE, GENERAL INFORMATIONS

Annual Distance 74 460 km/year
Number of day of operation 365 days/year
Trip per day 34 trips/day
Distance per trip 6 km/trip

Average energy consumption 26.4 kWhoutput/km or 8.8 Ldiesel/km or 1.37 kgH2/km

Motor power 800 kW
Autonomy requirement (a) 1 day

Study timeframe 10 years
Discount rate 4.1 %

(a) Only for fuel cells ferry.

FIGURE 3-4 - MF AMPERE, ELECTIC FERRY

Source: norled.no
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3.4.1.2 Second study: Impact of distance trip

For this second study the changing parameter idistance of the trip. The interest is to
determine what distance range is the best for &aadinology. For each trip distance, while
keeping all the other ferry characteristics, thee $if the battery and the quantity of hydrogen
onboard has been redesign. Concerning the bateziyie ferry, the same operation mode has
been assumed with one important battery onboa8dtifhes the energy required for one trip)
and two smaller ones onshore at each end of thglrd times the energy required for one
trip). The infrastructure cost for the battery Yeis considered as constant while the refueling
station cost for the fuel cell ferry is proportidbria the daily hydrogen consumption. Some
additional information are gathered on the table 3-

TABLE 3-4 - INPUT DATA FOR THE FERRY DISTANCE STUDY

Cruising speed 18.2 km/h
Operating time per day 11 hours
Number of day of operation 365 days/year
Energy consumption 26.35 kWhoutput/km

3.4.2 RESULTSFIRST STUDY

This section display the different results obtairsdtér the calculations mentioned above.
Short comments will be provided for each graphaldnger interpretation will be written in
the next section dedicated to the analysis of theselts.

TABLE 3-5 - FERRY STUDY CASE, MAIN RESULTS

TCO (€/km) | Energy system weight (tons)
Diesel ferry 7.1 1.2
Electric ferry 6.9 10
Fuel cells ferry 8.4 7.5

Comments
Those values are obtained with the current teclyyloost mentioned above. The TCO
allows us to compare the results with a common tmithe transport sector (see other

chapters).
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TCO breackdown of the three ferry powertrain options

o
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FIGURE 3-5 - FERRY STUDY CASE, TCO BREAKDOWN

Comments

This bar chart allows us to see the repartitiothef costs for each TCO. The breakdown is
made between the infrastructure cost, the powaritast and the fuel cost. As mentioned
before the diesel ferry is assumed to have nostriature expenses, therefore its breakdown
only includes the powertrain and the fuel cost.

Impact of hydrogen price on TCO for different ferry powertrains
16 v
|
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FIGURE 3-6 - FERRY STUDY CASE, IMPACT OF HYDROGEN PRICE
Comments

Here, the variable is the hydrogen cost and asategeonly the FC ferry is function of this
parameter. Different fuel cells efficiencies argpiiayed to simulate the effect on the TCO.
The FC efficiency can be influenced by the loadlaswn in fig2-2. The hydrogen cost can be
influenced by the electricity price, the manufaictgrcost of the electrolyzer or by the size of
the plant. For instance the electricity cost cartlbse to 0 c€/kWhe in case of a wind turbine
overproduction. The evolution of hydrogen pricéesailed in 2.5.2.5.
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Impact of MDO price on TCO for different ferry powertrains
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FIGURE 3-7 - FERRY STUDY CASE, IMPACT OF DIESEL PRICE

Comments

Here the variable is the diesel price thereforg timé diesel ferry is function of this parameter
while the FC ferry's and electric ferry's TCOs stag same at 8.4€/km and 6.9€/km
respectively. The diesel price is very volatile aaddependent of the international market
rules. However an increasing number of oil fieldaah their production peak and given the
increasing world energy demand a simple deducgadd to the conclusion that oil prices will
increase mechanically in the long run. No pricaedmton would be wise though.

Impact of battery price on TCO for different ferry powertrains
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FIGURE 3-8 - FERRY STUDY CASE, IMPACT OF BATTERY PRICE

Comments

Here the variable is the battery price (marginudeld) therefore only the electric ferry is
function of this parameter while the FC ferry's atidsel ferry's TCOs stay the same at
8.4€/km and 7.1€/km respectively. The battery t®sheant to decrease significantly in the
years to come thanks to the economy of scale.
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Impact of electricity price on TCO for different ferry powertrains
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FIGURE 3-9 - FERRY STUDY CASE, IMPACT OF ELECTRICIT Y PRICE

Comments

Here the variable is the electricity price thereftine electric ferry as well as the hydrogen
cost (electrolysis) are function of this parametbile the diesel ferry's TCOs stay the same at
7.1 €/km. It is very unlikely that the electricityrice drops below 10 c€/kWhe because
hydropower is one of the cheapest way to produeetrgity and it represents 95% of
Norway's production mix. However, if hydrogen ioguced during overproduction period
(solar plant, wind farm) then the hydrogen pricaldde lower.

3.4.3 ResuLTS2"P sTUDY

TCO versus trip distance for different ferry powertrains
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FIGURE 3-10 - FERRY STUDY CASE, IMPACT OF THE TRIP DISTANCE

Comments
Here, only the electric ferry’s TCO is increasingil the FC ferry’s and the diesel ferry’s
TCOs stay constant at 8.43 €/km and 7.08 €/km ctisiady.
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3.4.4 ANALYSIS

First of all it is important to note that for evergchnology the fuel purchase represents a
major expense over the lifetime. This is due toithportant amount of energy required for
each trip (160 kWhoutput per trip) and to the filar operation of the ferry. As an element of
comparison the TCO of a diesel passenger car igdr0.2 €/km and the ferry's TCO is about
7.1 €/km (thirty time higher). We will start by dpang the diesel ferry, then the fuel cells
ferry and finally the electric ferry.

The diesel powertrain has the second lowest TCO €/km) and by looking at the TCO
breakdown diagram we can see that 99% of this isostlated to the fuel which make the
global TCO very sensitive to the MDO price variatidt is important to note that in the
maritime case the fuel is marine diesel oil whishailot cheaper (because less refined) than
diesel. Thanks to this sensitivity we can see @éisatoon as the MDO price drops under 0.8 €/1
the diesel ferry's TCO becomes more interesting tha battery option. However, this TCO
sensitivity also shows that as soon as the MDQeps@bove 1 €/L the diesel ferry becomes
more expensive to own than the FC ferry. If we labkhe figure 3-10, we can see that with
current prices the diesel powertrain become the mteresting option for trip distance longer
than 6.5 km. Even if short term predictions ar&yjisve can state with confidence that oil
prices will increase mechanically in the long run.

The fuel cells ferry has the highest TCO with 8/Mn€ Like the diesel ferry, the fuel cells
lifecycle cost is very sensitive to hydrogen priegsch represent 72.4% of its current TCO.
This sensitivity is important enough to make it gatitive with diesel ferry and electric ferry
in case of a low hydrogen cost (4.2 €/kgH2) bus tlainge of price is only expected for 2045
(see fig 1-6). However, this observation is onlfidravith a high FC efficiency (58%). Indeed
we can see that the TCO is also very sensitiveed=C efficiency as we can observe a cost
difference of 44% between the highest efficienc%$ and the lowest one (40%). This
observation underlines the need of designing adeakloperating at low load level as shown
in 3.2.1.1. An interesting piece of data from tiféhfgraph tells us that in case of a low
electricity price (lower than 6 c€/kWhe), the etexferry will be more expensive than the
fuel cells one. This configuration can occur ineca$ an overproduction from a renewable
source for instance. Then the first diagram shosva gignificant share of the infrastructure
cost (18%) as the ferry carries the cost of thaenéfueling station. It is possible to reduce
this cost if other boats or even cars share thHrastructure to power their own vehicles or
boats. The figure 3-10 shows us that even thouglr@ferry is not the best option for a 6 km
trip, it becomes more interesting to invest in tt@shnology for longer trips. Indeed the FC
ferry has a lower TCO than the battery ferry fatances longer than 11.5 km.

The electric ferry powered by battery has the laWw&30O of the study with 6.9 €/km (-18%
from FC ferry). Despite a high initial investmeimtf(astructure cost and batteries), the fuel
expenses only represent 36% of the TCO. We caraiexilis difference thanks to the battery
efficiency (85%) which is the most efficient techogy today in terms of energy, but also
thanks to the low electricity cost (10 c€/kWhe)v&i the important energy consumption over
the lifetime, a change in the battery cost doeshagt a very important impact on the overall
TCO. However the lifecycle cost is much more séresito the electricity price as we can see
in the fifth graph. Finally, the figure 3-10 shows that the battery ferry is only relevant for
short distance inferior to 6.5 km. For longer tripdat is saved thanks to the low fuel cost is
not important enough to compensate the batterysinwent cost. This last figure underlines
that battery technology is limited when it comesnedium and long range capability.
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3.4.5 CONCLUSION AND LIMITATION OF THE STUDY

Thanks to the results discussed above it has betenngined that the battery ferry is the most
competitive compare to FC ferry or diesel ferryisTfinal result is mainly due to the high
energy consumption of the ferry and the low engngge of electricity. However, the second
study has underlined that this conclusion is sugggoonly for short distance trips (lower than
6.5 km). Indeed, it has been determined that fogdéo range capability the diesel ferry
became the cheapest option. Concerning the fukeferey, this technology becomes cheaper
than the battery ferry as soon as the trip distaaxxeeds 11.5 km. This conclusion can be
relevant in further choices for zero emissionsiéstr

However the TCO does not reflect everything asogsdnot include the available payload
weight, the refueling time or the flexibility oféhferry. Indeed even though the electric ferry
has the most interesting TCO it has less availalight to transport passengers and vehicles
(10 tons battery powertrain against 7.5 tons pdvean for fuel cells). Also as mentioned in
Chapter 2, the recharging time of a battery islyaaiportant and in our study case it would
take the entire night to recover. This kind of doaak is overcome by hydrogen or diesel as
15 to 20 minutes should be sufficient to refuel tiek.

The interpretation of the results is limited to terwegian context but also to a specific ferry
operation. As this specific duty cycle has beersehat is hardly possible to extrapolate those
results to any other type of boat (cargo boat,serboat, fishing boat,...). Indeed the required
infrastructure for the recharge of the electriayeis only possible with a ferry operation.
However, thanks to the second study the interpogtsican be, in a small extent, generalized
to other types of operation (e.g. longer distansea,transports).

This study was based on several assumptions tivat inluenced the results significantly.
Among them, the maintenance cost for diesel hadvgmly been underestimated. The
refueling station cost does not include the civigieeering or the purchase of the land for
instance. We also have assumed a constant badggrmpance over its lifetime which is very
unlikely. Some suggestions of interesting studsase listed later in the discussion below.
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3.5 CONCLUSION

The maritime sector is subject to an increasingirenmental pressure expressed through
regulations, customer expectations and taxes. Mipéementation of catalysts for waste gas
treatment onboard or the creations of new ECAsanee indicators of this growing attention.

Those policies promote the use of hybrid powertrand low emission fuels in specific zones
close from populated areas. After the differentdand powertrain technologies overview we
can see two ideal fuels and one transitory fueligtch the expectations of the sector.

Thanks to their zero emission properties and comneetpredicted costs the battery
technology as well as PEMFC powertrain is the ideal for the maritime sector in the long
run. Because of their weight and cost, batteriedianited to "little" amount of energy storage
so they are more likely to be used in short distantow emission areas or as power sources
during idling in port. We have seen that PEMFC taday limited to APU applications or to
base load power in hybrid systems. But with indrep&C performance, decreasing hydrogen
cost and deploying infrastructure, it is very Ijéb see medium or long ferry operations with
PEMFC as main powertrain within a 10 years timania Also PEMFCs have the main
advantage to be lighter and more flexible thanei@s. According to our study case, they are
very close to be competitive with diesel on ferperations but this competitiveness is very
dependent of the hydrogen and diesel prices.

If we focus more on the short term the use of @tyas seems to be the most relevant option
from the economical and environmental perspectiieas a better efficiency than MDO, can
be implemented quickly, can be produced from biam#sny GHGs emission) and can be
used in a combustion engine as well as in a MCFSQFC. This combination of fuel cells as
a base load completed by a combustion engine stels the most relevant choice for the
maritime industry in the short term. However theestfuels considered in this study do not
provide enough advantages in comparison to thawlacks (biofuel, LPG).

If we look from the economical aspect it seems thetause of the important amount of
energy consumed the fuel cost is the main paraneteok at. For this reason it is interesting
to consider the hydrogen production as a part@btilance of the grid. Indeed the increasing
share of renewable like wind or solar (intermitjentrease the need of variable load in the
grid to compensate the high production peaks. Qutitose production peaks the electricity
has a low price and so has the hydrogen. An emtaster's thesis could have been dedicated
to the effect of an intermittent power source oa #iverage hydrogen price. It would have
been interesting as well to determine the idealgdedalance between weight and cost) for a
hybrid boat powered by fuel cells and batteriese SNWWOT matrix in the next section aims to
summarize what has been said along this chapter.
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3.6 SWOTMATRIX

TABLE 3-6 - MARITIME SECTOR SWOT MATRIX

Strength Weakness
Zero emission (PEMFC) or Low emissions (MCFC3afety measures
Silent Less autonomy
Less mechanic maintenance (less rotatBigrage issues
components) Air quality (salinity, humidity rate) for the PEMFC
Easier to control than diesel boat Repetitive shocks on the hull
Variety of H2 production sources Price (High initial investment)
Modular design Lack of feedback
Use of different fuel cells types Lifetime

Fast refueling
Lighter and more flexible than battery

Opportunities Treats
Existing demonstration project with MCFC Lack of regulation concerning H2 for propulsion
Short distance / round trip boat (ferry) Competition of other C@lean technologies (Battery)
Fuel efficiency = immediate profit Social acceptance
Better working condition for fishermen Untrained technician/sailors

International growing interest for HFC technologiekexistant infrastructure
Decreasing hydrogen price

Instable diesel price

Need of balancing the grid

3.7 OPENING

Thanks to the study achieved through this sectienhave determined a few locations in
Norway where the introduction of hydrogen vessels be relevant. Those locations have
been selected based on the line distance, theoamnvantal context and the proximity of other
hydrogen infrastructure. According to the conclusithe ferries indicated below are meant to
operate over distances superior to 11 km.

1) The Oslo ferries operated by Marine-Servicee Tifips are frequent way and back from
main-land to the islands (short distances). Theaniimportant environmental pressure in the
Oslo region (high freshwater eutrophication, NOxl &M issues). Thanks to other hydrogen
road transport projects the social acceptance i®ldeed and a potential use of that
infrastructure is feasible.

2) The line between Stavanger and Tau (13km) tgerveryday of the year transporting
people and cars. Due to the oil and gas activitthefregion there is an important traffic of
ship in direction of the offshore platform. The yiraity of the E39 can be interesting for the
installation of a common refueling station linkedhaspecific pipeline.

3) The ferry lines between Halhjem and Sandvikvagated between Stavanger and Bergen)
can also be an interesting location. This choiaduis to the important local pollution (air and

water), the proximity of E39 (for the same reasassabove) and the length of the line

(around 20 km)
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A

ROAD SECTOR INTRODUCTION
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4.1 INTRODUCTION AND ENVIRONMENTAL CONTEXT

4.1.1 INTRODUCTION

Currently the road transport sector uses largadyiiternal combustion engine with gasoline
or diesel, and for our study we will focus on thesel only. Indeed the most important
criteria for a technology to comply with are thstfatart and stop of the vehicle, its operating
conditions (temperature and pressure close fromien)b its compactness (volume and
weight), its safety and its driving range. Givenda criteria, the PEM fuel cells is the favorite
choice among the other fuel cells for road applices, especially after the ameliorations it
has benefited from the R&D advances (price andirife). The aim of this chapter is mainly
to regroup some information to avoid useless répe$ in the different sectors of the road
transportation (trucks, cars, buses). Thereforter ad presentation of the environmental
context, the common characteristics and commorulzdion inputs for the truck, car and bus
sectors will be given. Those characteristics camtlee applications of the PEMFC, the state-
of-the-art for the infrastructure, some competinglfinformation and economic data. Other
specific details will be given if needed in eacledpc section (truck, car or bus). In order to
summarize the essential of the content for eacmeefj a SWOT matrix will be given after
each conclusion.

4.1.2 ENVIRONMENT

If we consider the global scale the road sectaresgnts one third of the anthropogenic GHGs
emissions in the world. In Norway the cars, thecksu and the public transports are
responsible for 67% of the G@missions in the transport sector as illustratddvo. [45]

CO2 emissions in the GHGs emission share in the
Norwegian transport sector, road sector, Norway,
2013 2013

Aviation
9%

Trucks
44%

Railway
0%

FIGURE 4-0-2 - CO, EMISSIONS IN THE FIGURE 4-0-1 - ROAD SECTOR GHGS EMISSION
NORWEGIAN TRANSPORT SECTOR SHARE BY SOURCE

However the C@emissions are not the only environmental issul®@a pollution is also a
problem in large cities. Those local emissions eom@rincipally the emission of NOx and
particulate matter which impact directly the hunma@lth unlike to the COIn 2014 the road
sector was responsible for 22% (32,000 tons of N@xhe national NOx emission. Thanks
to regulations this rate decreases every year.
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FIGURE 4-0-3 - NOx EMISSIONS AND EXCESS RATE IN NORWEGIAN CITIES

Therefore the installation of Low Emission Zone€Zs) is in discussion for Trondheim,

Oslo and Bergen. Those LEZs establish a toll oaadatory compliance to a norm (e.g. Euro
4) in a specific area (city center, entire cityedfic zones). However, given the direct
harmlessness of G@or the human health this gas is not includeduchsregulations.

4.2 HYDROGEN GENERALITIES

4.2.1 DIFFERENT APPLICATIONS

Auxiliary power unit(APU), specific to duty vehicle
An important energy consumption is required for tedrigeration systems or the air
conditioning of the duty vehicle merchandise and #@nergy has to be electrical (equivalent
to 38 liter of diesel per day for a large truck9]5Instead of producing this electricity from an
alternator powered by diesel (3 kWhel/liter of diles efficiency of 30%), it is possible to
install a small fuel cells connected to a hydrogenk. If we consider the same energy
consumption (114 kWhel per day) and a fuel celfciehcy of 60%, we obtain a daily
hydrogen consumption of 5.7kg. This hydrogen quaiiti refueled every day) corresponds
to a tank of approximately 216 liters (26.7 gH2Hf)tunder 35MPa or 143 liters (40g/l) under
70MPa. The assumption of a refueling every dayommmatible with some short circuit and
local fleet applications.

Fuel cells Range Extender Vehicle (FC-REV)
If the vehicle is designed with an electrical matds possible to equip it with both a battery
and a fuel cells system. The fuel cells systemmimplemented on the existing battery in
order to extend its driving range but it is morkevant to include the fuel cells system directly
from the design phase to find the optimal confitjora(battery size, fuel cells power) as we
will see in the economical approach. The operatfuweals the vehicle thanks to a hydrogen
refueling station but also recharges it thanks iecaarging station or a sector pl{gQ]

Fuel cells vehicle (FCV)
This vehicle relies completely on hydrogen forptepulsion. Unlike the FC-REV, the FCV
uses only hydrogen as a fuel, there is no rechafrglee battery by an external plug. In this
configuration a small battery is necessary to simtfee power demand and to store the energy
from the regenerative brakes but its size remamalscompared to the FC-REV capacity.
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4.2.2 INFRASTRUCTURE

There are currently 6 hydrogen refueling stationdlorway and 80 in Europe. Four of them
are deployed in the Oslo area, one in Drammen ar& i@ Porsgrunn (Greenland). This
current spread of refueling stations does not aléowover of the entire road network in
Norway but it allows a connection with Sweden anehidark. Due to this constraint, one
special opportunity emerges to solve this lackndfaistructure: The captive fleet. A certain
number of delivery companies or service compangs al fleet of vehicles that will come
back to the main house every night at the end@t#rvice. It means that the range provided
by the vehicle only needs to comply with the distafor one day of operation. Therefore
every vehicle will be fully recharged/refueled gvarght and will be ready to operate for one
full day the next morning. This type of fleet idled a captive fleet. The city buses are also a
captive fleet and one refueling station is enoumbupply an entire bus fleet during one day
of operation.

The NorWays report [23] has performed a predicabout the hydrogen geographical use in
road transportation, and has also tried to detezriia evolution of the hydrogen network and
distribution. This study shows that the geographdcstribution of the hydrogen production is
strongly tied to the transport density of a regids.one can see on the maps below [23] the
consumption increase strongly in the Oslo regiot fmtiow an expansion toward the main
transport axes.

In order to develop a scenario for the distribtigdrogen demand on a national basis, it was
presumed that hydrogen deployment is initiated siloOn 2010 (demonstration and fleet
vehicles), and is then introduced in Trondheim,g@er Stavanger in 2015, and in Tromsg in
2025. For the supply of hydrogen along highways,ftlowing was assumed:

2010: Oslo-Stavanger (HyNor project)
2025: Oslo-Bergen, Oslo-Trondheim, Bergen-Stavanger
2040: Trondheim-Tromsg
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In order to estimate the propagation of hydrogenaomegional level and to facilitate
commuting and short trips, it is further assumeat thighways 50 km around areas with local
vehicles are equipped with refueling stations. [23]
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FIGURE 4-0-4 - EXPECTED DEPLOYMENT OF THE HYDROGEN REFUELING STATION
NETWORK

4.2.3 REFUELING

The refueling time is a function of the operatinggsure (35MPa or 70MPa), of the capacity
of the refueling station (the bigger the fasteryl af course of the quantity of hydrogen
transferred. As an example we can see the diffeedo¢ling times with different parameters:

35MPa: 1 kg in 3min ; 35kg in 10min

70MPa: 4kg in 3min [54]

Hydrogen can be produced onsite either by eledi®lgr by SMR (see chapter 2) and can
also be regularly provided by truck or directly aypipeline network (see chapter 2). The
pressurized hydrogen is brought from the refuepime to the tank (located on the top or
behind the cabin) by a small stainless steel pgsggthed to support high hydrogen pressure.
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4.3 OTHER COMPETING FUELS

4.3.1 DIESEL GASOLINE AND INTERNAL COMBUSTION ENGINE

Diesel is more employed in trucks and gasoline.d&rss partition is due to the fact that, even
if more expansive to buy, diesel engines are maergy efficient than gasoline and enable
some significant savings over long distances and fperiods of use. The refueling station
network for both fuels is well established and tu¢heir liquid state, they are easy to store in
order to reach long autonomy ranges. For instancenaentional light duty vehicle has a
range of 1 100 km thanks to a 90I tank a mediung deahicle has a range of 1 500km (200L)
and heavy duty vehicle a range of 1 500 km (606igwever, with efficiency around 30%
the combustion engine running on either gasolindiesel is far from being energy efficient.

4.3.2 BATTERY

4.3.2.1 The full electric vehicle

This vehicle relies only on one or two batterieptovide all the power and energy needed.
The battery has to be charged in average for 8shibutr uses a standard plug but there are
some fast charging stations that allow this timeb® halved. However, this process

diminishes the lifetime of the battery and the istainetwork is not well developed at the

moment.

4.3.2.2 The hybrid vehicle

To ensure a sufficient driving range it is possitileuse diesel or gasoline as energy carrier
and to transform this chemical energy into elettyrithanks to an alternator. This concept has
the advantage of using the combustion engine apiisnal operating point. Depending on the
battery size it is possible for the user to runyamh the battery for a few kilometers before
starting again the thermal engine. This operatltwwa bringing the delivery into city centers
or sensitive places. It is very popular in the UBRere several companies (Coca-Cola, UPS)
has equipped their fleet with hybrid trucks.

4.3.2.3 The plug-in hybrid vehicle

This vehicle is based on the same functionalitgheshybrid one with the difference that it
can be plugged to recharge the battery. This dperatlows the user to increase the driving
range with cheap energy during the stop time (sightoreaks). Like the hybrid it is possible
to run only on the battery from 10 to 60 km depagddbn the battery size. The hybrid and
plug in hybrid vehicles are very interesting fovaxiety of city usages that includes frequent
idling (delivery, traffic congestion).

4.3.3 NATURAL GAS
4.3.3.1 Operation & infrastructure

Unlike maritime transport, it is not possible teeusatural gas with a MCFC or a SOFC in a
road vehicle due to the specific requirement of $leetor. There are currently 18 filling
stations for CNG in Norway (Oslo and Bergen) and E&NG stations [50].

4.3.3.2 Safety

The design of a natural gas vehicle is under tternational standard 1SO 26262 (previously
IEC 61508) but there is no regulation so far. Theefican standard NFPA 52 also helps to
design safely such a system.
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4.4 ECONOMICAL APPROACH

In the "Trucks" and "Cars" section the study caa@m to assess the best powertrain
technology from the economical perspective. Thidl Wwe achieved thanks to several
comparative studies of the different powertraifeclycle cost (expressed in TCO*). We have
selected the four main technologies under focuthis thesis: The battery electric vehicle
(BEV), the fuel cell vehicle (FCV), the fuel cethmge extender vehicle (FC-REV) and the
conventional vehicle (CV). Even though the specdetails for trucks and cars will be
presented in their respective sections this inttida section aims to introduce the common
assumptions and baseline values that were used.

* See maritime section for TCO method, section13.4.

4.4.1 MAIN ASSUMPTIONS AND METHOD

In order to complete the calculations we have sss@ral technology cost numbers as well as
component lifetime estimates and efficiencies. Taferences that have not been given
previously will be provided all along the differestudies and the values that had been
assumed will be notified. The most important valaed assumptions are given in the table
below. In this thesis only the graphs will be des@d, therefore the calculation results will be
provided in the appendices. Concerning the values:

TABLE 4-0-1 - GENERAL POWERTRAINS PROPERTIES

BEV FCV FC-REV CVv
Lifetime 8 years (a) 153 000 km (a8 years and 306 000 km> 10 years
(h) (b)

Powertrain cost (g) 500€/kWh See Chl 500€/kWh and See Ch28 €/kW

Fuel cost 0.1 €/kWhe 9.9 €/kgH2 (c)| 0.1 €/kWhe and 9.9 | 1.64 €/ (d)

€/kgH2
Technology 85% 58% (e) 49% (f) 25%
efficiency
Road tax (d) - - - 10.8 €/day

Infrastructure cost] - - - _

(i)

(a) Those values are used to obtain a renewapgatgear for each technology based on the
annual distance or the time frame of the study.

(b) The renewal rate for the combustion engine ezasidered as nonexistent.

(c) The hydrogen price is the price at the pump {grire 2-6)
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(d) Provided by Posten for CVs and adapted to thievislgian tax reduction for zero emission
vehicles (no taxes). Those data correspond to iaalypoute for a Posten Vehicle but this
could vary if the vehicle operates in cities withtulls.

(e) The efficiency of the FCV cumulates the eledtemical reaction efficiency (55%) and
the hydrogen use efficiency (here assumed to b&).00

() When organized in series the FC-REV configunatcumulates the FC and the battery
efficiencies. When organized in parallel the FC-REAS a better global efficiency as it does
not cumulate them. All the FC-REVs are assumedetadnnected in series and the FCVs in
parallel.

(g) The powertrain cost is given without margin.the calculation a 50% margin has been
added to simulate the final customer price.

(h) In a series configuration the FC-REV's fuellxelperates half of the time. Therefore it
lasts twice longer than the fuel cells in the FCV.

(i) The fuel prices are equal to the pump price cvhincludes already the price of the
infrastructure. Therefore, even though the hydrogefueling station network is not
developed, we will assume a unique hydrogen pgceraing to figure 1-6.

Concerning the other assumptions:

- This study focuses on a fleet operation where #tacles come back to the
same refueling station every night.

« The driving specifications (distance per year, rtaes) have been provided
by Posten.

- The BEV specifications come from Renault Truck atite FC-REV
configurations from the company Symbio FCell.

NTNU - Department of Civil and Transport Engineering - Karel Hubert Page 61



- Hydrogen and fuel cells opportunities in the Negman transport market -

5
ROAD SECTOR TRUCKS
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5.1 INTRODUCTION AND ENVIRONMENTAL CONTEXT

5.1.1 INTRODUCTION

Despite the effort of the government to switch aennportant share of the cargo transport
from road to rail, the road sector activity keeigghg with 264 million tonnes in 2012 and 284
million tonnes in 2013 (+7.5%). In 2013 the roadtse represented 58% of the goods
transported inside Norway [45]. This gross has dofately also a price as the road sector
represents 64% of the GHGs emission for transpontafThis section is focused on the
market segment of trucks which represents 20% eftrédmsport sector GHGs emissions. The
trucks can be used for a large variety of applicegiin the construction sector, in the delivery
sector or in the industry. Despite their differapplications in transportation it is possible to
identify three main categories of trucks called Htigluty vehicle (LDV), Medium duty
vehicle (MDV) and Heavy duty vehicle (HDV). Thoskrde categories correspond to a
classification by weight as described below:

Gross vehicle weight rating = GVWR

TABLE 5-1 - DIFFERENT TRUCK CATEGORIES

Max Average
Vehicle type GVWR : Energy Application
Power .
consumptior]
Light duty Max 6.4 tons i
vehicles 105 kW| 9 1/100km | I.Short d'St";‘lnce' St’“p?.rmarkﬁ?
(LDV) Class 1-2-3 elivery, small construction vehicle
Medium duty Max 11.8 Medium distance, supermarket|
vehicles tons 190 kW | 13 1/200km delivery, medium construction
(MDV) Class 4-5-6 vehicle
Heavy duty >11.8 tons Medium and long distances, heayy
vehicles 300 kw| 351/100km | cargo, international freight, large
(HDV) Class 7-8 construction vehicle.

First of all, the current environmental situatiorl e presented to understand the partition if
emissions between those categories. Then somegaeifications relative to the truck sector
will be given in addition to the general informatiprovided previously in Chapter 2 and in
the "Road" section. Thanks to those data and toexernal study we will compare
economically a battery MDV, a Fuel cells range edts (FC-REV) MDV and a conventional
MDYV to determine the optimum configuration of eagystem. In addition to this a cost
analysis of another MDV will be provided using réié¢ data and including the Norwegian
road taxes. All of those results and informatiofl e discussed at the end of this section and
will also be used later in the global conclusiomaithe best opportunities for hydrogen and
fuel cells technology in the road sector.
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5.1.2 ENVIRONMENTAL ASPECT

For the year 2011 the trucks emission representéstah of 2.2 million tonness of GO
(120 grams / tonne-km on average) and 11,900 toohBOx. While trucks driven distance
constituted barely 4 %, they contributed to 20 %@k emissions, 21 % of NOx emissions
and 16 % of particulate emissions in Norway [48j&B the pollution peaks that occurred in
several Norwegian cities the trucks contributiom toational health issue is significant.

It is relevant to note that this pollution is maimiaused by the operation of the truck and not
by its production or its end of life. As an examBlenault truck has published several LCAs
(life cycle assessment) about its trucks and wesesnthat 98% of the G@missions and
88% of the NOx emissions come from the operatianttie fuel combustion. [61]

TABLE 5-2 - EXTERNAL MARGINAL COST FROM ROAD TRANSP ORTATION, INSTITUTE OF
TRANSPORT ECONOMICS, 2011

Class Distance Consumption (6{0) NOXx NO2 PM10
(million km) (million liters) (thousand | (tonnes)| (tonnes)| (tonnes)
tonnes)
<7.5 tons (LDV) 381 54 145 (6%) 1010 69 76
Between 7.5 tong 77 16 43 (1.6%) 293 21 17
and 14 tons
(MDV)
Between 14 tons 196 50 134 (5.2%) 875 66 42
and 20 tons
(LDV)
> 20 tons (LDV) 1698 832 2214 (87%) 11902 895 434

[48]

It is important to note that the trucks exceediryt@nnes circulate over long distances
(except construction trucks) and consequently spremissions all along the road
(over big areas) while other categories have a nuwalized operation. Consequently the
smaller categories should have a more importanoeerning local emissions. Thanks to this
table we can also see that the global warming itigamainly due to the HDV with 87% of
the CQ emissions. We can therefore say that the LDV amd/Mre mostly concerned by the
local pollution whereas HDV are concerned by thabgl issue of climate change and GHGs
emissions.

The noise level of trucks is also an important intpgEspecially during city operations. When
driving a truck produces in average 74dB due tatitles and from 3 to 10 additional decibel
due to its combustion engine (LDV: 77-79dB; MDV:-8Z dB; HDV: 79-84 dB). According
to Statistic Norway (SSB), road traffic is the masportant source of noise annoyance in
Norway. [59]
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5.2 HYDROGEN AND FUEL CELLS

5.2.1.1 Design

Due to the range required and the space availaliéennore interesting for a truck to have
several hydrogen storage tanks. They can be ertbhtalled on the top of the cabin or behind
it as it does not impact the friction coefficientthvthe air. To allow the hydrogen to be
released easily into the open air, it is not recemded to install the tanks under the chassis.
However it is possible to have the fuel cells untex chassis as long as it is strongly
protected against any choc or water infiltration.

5.2.1.2 Maintenance

As specified in Chapter 2, the lifetime of a PEMiB&qual to 5,000 hours which correspond
approximately to 150,000 km. In 2013 a Norwegiaavydransport truck drove in average 64
661 km [45] so with a simple calculation it is pb$s to estimate that the current technology
enables a PEMFC to operate on a truck for two yatitee maximum. This limited lifetime
due to an intensive use is a real issue for the RENMechnology. It is however possible to
have access to the real time performance of ths, del anticipate any degradation and to
replace the stack as a usual maintenance prodeissis$ue concerns mainly the truck driving
a notable distance. The construction truck andig¢fme duty vehicles are less exposed. In the
other hand the electric vehicle generally speakiaguires less maintenance than the
conventional one due to the absence of altern&tdrpattery (starting, lightning and ignition
battery), clutch, fuel filter, fuel injectors andipp, motor mounts, spark plug wires, starter
motor and anything to do with regular transmissi@uustment, fluids, filters).

5.2.1.3 Projects

The list below aims to illustrate the main applicatof hydrogen in the three truck categories.
Only the complete vehicle has been looked at, betet are other companies who provide
only the fuel cells system (e.g. Hydrogenics) ang tauck company can implement it on its
own vehicles.

TABLE 5-3 - NON EXHAUSTIVE LIST OF FUEL CELLS TRUCK S PROJECTS

Vehicle name & Company Maxity None Premium
Renault trucks TTSI Renault trucks
Symbio FCell Hydrogenics Symbio FCell
Vehicle type LDV MDV, 15 tons HDV
Driving range 200 km 350 km 500 km
Battery storage (lithium- | 42 kWh, 400 kg, 7 hours 80 kWh
ion) charging
Hydrogen storage (35MPa)45 kWh, 4 kg, 2*75 liters 25 kg
Fuel cells power 20 kW 60 kW 160 kw

Maxity and Premium [53], TTSI [52]
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5.3 OTHER FUELS

5.3.1 BATTERY

5.3.1.1 Economy

This part aims to give some simple prices and costsparison related to the li-ion battery
technology. A more accurate comparison with hydnoged diesel is performed later in this
section. The following prices have been found oa thanufacturer's website and are a
baseline for Europe.

TABLE 5-4 - COMPARISON OF CONVETIONAL AND BATTERY E LECTRIC TRUCKS

Type of vehicle Conventional Electric model Price
model price price augmentation
Nissan nv200 €15,420 €23,000 14%
Renault Maxity €30,300 €50,000 40%

Currently the price of investment for a li-ion leait is very high (€400/kWh) [44] compared
to the other options but on the other hand the ggheonsumption is lowered by 70%
(compared to a diesel engine). In Norway the dl@ttprice is about 10c€/kWh [45] and the
state provides a lot of incentives to close the gap between the technologies. All-electric
cars are exempted from purchase tax and VAT, recai®0% discount on annual road tax,
pay no road tolls or municipal parking fees, qualdr free ferry passage, and have access to
bus lanes and thousands of public charging points.

5.3.1.2 Projects

TABLE 5-5 - NON EXHAUSTIVE LIST OF BATTERY ELECTRIC TRUCKS

Vehicle name Maxity Fuso Chevrolet Silverado
Company Renault trucks Mitsubishi General Motors
Symbio FCell
Vehicle type LDV LDV Plug-in hybrid
hybrid
Driving range 100 km 600 km 650 km (64 km based on battery)
Battery storage 42 kWh, 400| 2 kWh Around 25 kWh
(lithium-ion) kg
Battery recharging time 7 hours
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5.3.2 NATURAL GAS

One interesting product is the dual fuel truck (dénes) proposd by Volvo. This truck run
75% on natural gas which is stored as LNG andntaehieve a 500km driving rae. The
typical additional cost for a HDV running on natuigas in comparison to its dies
counterpart lies in the range of EUR 30 000 to E33R000. A LNG station with gas output

800 Nm3/hour or 574 kg/h can refuel about 7 medtwnks per hour (50(m refueling)
hour. [51]

5.3.3 LPG

A truck conversiorto LPG allows reaching the Euro 4 level witl anycatalyst compone,
and achieves a CQevel 10% better than diesel aeliminatesalmost the particulate matte

—
—
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I

FIGURE 5-1- MAXITY FUEL CELLS RANGE EXTENDER VERSION

Source: symbiofcell.com
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The aim of those two studies is to determine thst lp@wertrain technology from the
economical perspective for the LDV truck type ame tHDV truck type. This will be
achieved thanks to several comparative studiethefdifferent powertrains lifecycle cost
expressed in Total cost of ownership (See Maritum&pter for detail). We have selected the
four main technologies under focus in this the$ise BEV, the FCV, the FC-REV and the
CV. The main assumptions and baseline values h&s fresented in the introduction section
“Road”.

5.4 LIGHT DUTY VEHICLE STUDY CASE RENAULT TRUCKS- MAXITY

5.4.1 Objective

For this truck segment the focus of the first studge is the Maxity vehicle (LDV from
Renault Truck). This truck is selected because widely sold with its conventional engine
version (CV), its electric version has been onnbed for more than one year now and the
FC-REV version has started the test phase in Feb2@l5. This study is divided in two
parts, where the first part called "price study'sesses the economic impact of each
technology price (hydrogen price, battery pricesei price and electricity price), and where
the second part called "range study" shows thesraift lifecycle costs for different range
capabilities. This second part considers both tumemical aspect and the payload available
for each technology.

5.4.2 FIRST STUDYIMPACT OF TECHNOLOGIES COST

5.4.2.1 Method, assumptions and input data

In addition to the values given in the introductisection "Road" we can find below the
specific design of each powertrain for the Maxity.

TABLE 5-6 - MAXITY STUDY, LIGHT DUTY VEHICLE PROPER TIES

Vehicle type Light duty vehicle (LDV)
Annual Distance 15 286 km/year
Energy consumption 0.36 kWhoutput/km or 0.14 Ldiesel/km or 24.6 gH2/km
Motor power 105 kw
Range requirement 200 km
Maximum payload 1.8 tonnes (a)
Study frame 10 years
Discount rate (NPV calculation) 4.1 %

(&) We assumed that the weight of the powertraipaicts directly the available payload.
Available payload = Max payload - powertrain weight
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TABLE 5-7 - MAXITY STUDY CASE, POWERTRAINS PROPERTI ES

BEV FC-REV FCV CVv
Energy storage 98 kWh (a) 42 kWh + 3 kgH2 (b)| 5.7 kgH2 200 liters
Installed power 20 kW FC 105 kw 105 kw

(a) For a matter of comparison coherence (sangeraas needed) the size and the range of
the BEV have been doubled.

(b) In order to use the same energy consumptioreffitiencies as the other study cases the
hydrogen storage has been changed from 4kg to 3kg.

5.4.2.2 Results

The graphs and table below show the result of tiee study. Some descriptive comments
are provided after each table and graph but a raccerate analysis that includes the two
studies (prices and range) will be done later ia ffection. Below the summary table of the
different TCO and weight based on the current tetdgy and fuel costs.

TABLE 5-8 - MAXITY STUDY CASE, MAIN RESULTS FOR 15 286KM OF ANNUAL DISTANCE AND
200KM OF RANGE CAPACITY

TCO (€/km) = Available payload (tonnes)

Cv 0.43 1.64
BEV 0.45 1.0
FC-REV 0.34 1.27
FCV 0.20 1.45
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TCO breakdown of the four LDV powertrain options
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FIGURE 5-2 - MAXITY STUDY CASE, TCO BREAKDOWN
Comments

This bar chart allows us to see the partition @& tosts for each TCO. The breakdown is
made between the powertrain cost, the fuel costlamdoad taxes. As mentioned before there
is no direct hydrogen infrastructure cost as ih@uded in the fuel price at the pump.

Impact of hydrogen cost on TCO for different LDV powertrains
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FIGURE 5-3 - MAXITY STUDY CASE, IMPACT OF HYDROGEN PRICE
Comments

Here the variable is the hydrogen cost and as ¢sgemly the FCV and the FC-REV are

affected by this parameter. Different fuel cellBogéncies are displayed to simulate the effect
on the TCO. The FC efficiency can be influencedh®s load as shown in fig2-2. The CV's

and BEV's TCO stay the same at 0.43 €/km and Ol % €espectively. The hydrogen cost

can be influenced by the electricity price, the ofanturing cost of the electrolyzer or by the

size of the plant. For instance the electricitytaas be close to 0 c€/kWhe in case of a wind
turbine overproduction. As mentioned in chapteh@hydrogen price at the pump is meant to
decrease from today's price to 4.4 €/kgH2 by 2045.
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Impact of diesel price on TCO for different LDV powertrains
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FIGURE 5-4 - MAXITY STUDY CASE, IMPACT OF DIESEL PR ICE
Comments

Here the variable is the diesel price thereforey diné CV is affected by this parameter while
the FCV's, BEV's and FC-REV's TCOs stay the sante2ft €/km, 0.45 €/km and 0.34 €/km

respectively. The diesel price is very volatile aaddependent of the international market
rules. However, an increasing number of oil fieldach their production peak and given the
increasing world energy demand a simple deducgadd to the conclusion that oil prices will

increase mechanically in the long run. No pricedfmton would be wise though.

Impact of battery cost on TCO for different LDV powertrains
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FIGURE 5-5 - MAXITY STUDY CASE, IMPACT OF BATTERY P RICE

Comments

Here the variable is the battery price (marginudeld) therefore only the BEV and the FC-
REV are influenced by this parameter while the FCafid the CV's TCOs stay the same at
0.20 €/km and 0.43 €/km, respectively. The batterst is meant to decrease significantly in
the years to come thanks to the saving of largke graduction.
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Impact of electricity price on TCO for different LDV powertrains
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FIGURE 5-6 - MAXITY STUDY CASE, IMPACT OF ELECTRICI TY PRICE

Comments

Here the variable is the electricity price thereftre BEV's TCO as well as the hydrogen cost
(see excel file) are function of this parameterlavthe CV's TCOs stay the same at 0.43
€/km. It is very unlikely that the electricity peacdrops below 10 c€/kWhe because
hydropower is one of the cheapest way to produeetrgity and it represents 95% of
Norway's production mix. However if hydrogen is gwoed during overproduction periods
(solar plant, wind farm) then the hydrogen pricaldde lower.

5.4.3 SECOND STUDYIMPACT OF RANGE CAPABILITY

5.4.3.1 Method, assumptions and input data

For this second study the variable is the rangealwéify. A higher range capability allows
some flexibility in the operation of the vehicleiasan complete different trip lengths (small
delivery and longer transport in the same time)weler, the longer the range the bigger the
energy storage and the more expensive the powersraln this study an annual distance of
16 000 kilometers has been assumed irrespectitteeahinge capability.

Based on this assumption the corresponding TCOtHerdifferent powertrains has been
established. It is important to remind that thetdoatlifetime is considered as dependent of
time while the fuel cells renewal is considereddapendent of the distance. As mentioned
before, given that a duty vehicle is under studig available payload is also displayed.
Unfortunately the design of a FC-REV for each raagpears to be more complex than
expected so this section includes only two releVHREV designs. The TCO curve has laso
been considered for the zero emission vehicles vatdd taxes which corresponds to the
future scenario when the incentives will be gone.

NTNU - Department of Civil and Transport Engineering - Karel Hubert Page 72



- Hydrogen and fuel cells opportunities in the Negman transport market -

5.4.3.2 Results

TCO and total vehicle weight versus range capability for
different LDV powertrains
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FIGURE 5-7 - MAXITY STUDY CASE, TCO AND WEIGHT VERS US RANGE CAPABILITY

Comments

In order to compare also the future scenario whkeesame road taxes apply to all the
vehicles, the zero emission vehicles are also ayspl with tax (Tax) represented by dot
curves. The four curves at the bottom of the grégiscontinuous lines) represent the
available payload and are the only curves refetionipe vertical axis on the right.

5.4.3.3 Analysis

With the current technology and fuel costs we @@ fsom figure 5-2 that the FCV has the
lowest TCO (0.20 €/km) then come the FC-REV (0.34m§ and the CV with the same
lifecycle cost (0.43 €/km) and finally the BEV (B.£/km). For this analysis, given the
several changing parameters, we will cover the pwwaias one by one from the lowest TCO
to the highest.

As the FCV uses only hydrogen for fuel it is veepsitive to its cost which represents 75% of
the total TCO with current prices. However, evehva high price (11€/kgH2) the FCV’s
TCO stays the cheapest option. Furthermore theolggdlr price is meant to decrease thanks to
a diminution of the retail cost as indicated inufig 1-6. Even if the FCV's lifecycle cost is
sensitive to the electricity price as well, it idlghe lowest TCO despite high prices given
that other powertrain are also affected. This Ioc@OTl'can be explained by the relatively low
initial investment compared to BEV and FC-REV. lededespite a higher fuel cost per
kilometer than the BEV or the FC-REV, the annuaistonption is not important enough to
make a significant difference for the FCV. Howewer have determined that a change in the
fuel cells efficiency from 58% to 40% impacts siggantly the TCO with an augmentation of
40%. This observation highlights the need of a galesign in the fuel cells power
(cf figure 2-2). If we look at the result of thRdnge study" we can see that the FCV has the
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lowest TCO from a range capability of 80km. Thiglige to its powertrain's cost (storage and
fuel cells) that rises slower with the distancentlbattery cost. If we consider the same level
of road taxes as diesel it is very interesting ¢e shat the FCV stay more interesting
economically speaking than CV until a 360 km ranggpability, which is a good
performance. Another advantage is the availabldopd which varies relatively little and
stays acceptable for a duty vehicle (only 0.4 toss from a maximum payload of 1.8 tons).

Even if FC-REV’s powertrain (battery, fuel cellsdastorage) has a higher cost share than
FCV (69% and 27% respectively) it has the main athge of dedicating less TCO share to
its fuel consumption (31% and 73% respectively).thiMeurrent prices this compromise
between initial investment and fuel consumptioregito the FC-REV the second lowest TCO
with 0.34 €/km.

Given that this vehicle is made of the battery tetbgy as well as the fuel cells technology it
benefits from both cost reduction as we can se@igure 5-3 and 5-5. First of all the
FC-REV's TCO is sensitive to hydrogen but stay llothan the CV’s or the BEV’s TCO even
with 11€/kgH2. If we assist to a breakthrough ie battery manufacturing process that makes
the battery price dropping under 250€/kWh (50% nmangcluded) then the FC-REV would
be cheaper than the FCV but in this economic cardiion the BEV would be the cheapest
option anyway. Also in the case where the eletyrimix would change and the electricity
price increases above 26¢c€/kWhe then the CV'grtiketcost would be lower than FC-REV’s
one. Finally it is difficult to interpret the "Raadstudy” for FC-REV with only two reference
points but some relevant information are providedugh. We can see that the FC-REV
option is cheaper than BEV and CV for range shdtian 200km. Even though it is more
expensive than FCV, the implementation of a FC-RiEVan existing BEV can be a relevant
investment to increase the range for a lesser ghee by adding batteries. Interesting
information lays also in the available payload esivAs we can see, the FC-REV's
powertrain is lighter than the BEV's so it benefteifrom the lower cost and the lower weight
of a fuel cell system. Therefore, this configuratics ideal to have longer range and
maintaining a correct payload in the same time.

The CV has the particularity to be charged withdrtexes while other vehicles are not and
this expense represents 42% of its TCO. As mentiaalier in chapter 4 those taxes are
specific to an average vehicle from Posten butctcbel different in city operation where the
tolls are less frequent. Cumulated with a high foe$t we can understand the important
lifecycle cost of this powertrain. Those taxes hameimpact so important that even with a
low diesel price (1 €/1) it is impossible for the/Go reach the FCV's TCO even though it
does with the FC-REV at this diesel price. If wekat a configuration where the road tax
rate is also applied to low emission vehicles then CV's TCO much closer from FCV’s
lifecycle cost but is still more expensive of fe@/lan. Nonetheless, this technology has the
main advantage of being relatively light so it czarry heavier payload than the other
technologies under scope. Even if short term ptiedis are risky, we can state with
confidence that oil prices will increase mecharycia the long run.

The BEV has the particularity to have been modifsdhe battery size has been doubled (and
So its price) in order to match the range requirgnoé this study. This important battery size
(84 kWh) generates a very high powertrain costhm BEV's TCO breakdown (92%) with
current prices and make it also very sensitiveatbely price change. With the current cost it
has the highest TCO with 0.50 €/km and the lighpestioad (0.8 tons). If we assume that
battery cost will decrease it will have to drop dwel 700 €/kWh (with margin) to be
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competitive with CV, 350 €/kWh to compete with F&R and below 300 €/kWh to compete
with FCV. This first study has been done by congigdea range of 200 km, however if we
look at the second study we find that the BEV Ihaslowest TCO for small range capabilities
(before 80 km). Furthermore the weight of the bgtgack in those small ranges does not
impact significantly the available payload.

For this first study about LDV the initial investnts for the battery, the fuel cells or the
hydrogen storage have a significant share in th® TiICappears that the energy consumption
per kilometer and the annual distance are not itapbenough to overcome the investment
cost difference between BEV on one side and FC-RESN and CV on the other side. That
is why the second study will consider a Heavy Duwghicle with a higher energy
consumption per kilometer and a longer annual d¢sta

We should note that the values used in this caiomghydrogen price, FC cost, battery price)
change very quickly in the real world and that @O did not include the entire lifecycle

cost of the vehicle which could have produced aiigant different result (maintenance cost,
e-motor, assembly cost,...).

To make this first study about LDV more completevituld have been interesting to include
more reference points for FC-REV as well as cateadafor Plug-in Hybrid vehicles. Now a
heavier type of truck will be studied which consumere energy per kilometer and which
travel longer distances.

Sourct : favcars.cor

FIGURE 5-8 - RENAULT PREMIUM, HEAVY DUTY VEHICLE
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5.5 HEAvY DUTY VEHICLE STUDY CASE RENAULT TRUCKS- PREMIUM

5.5.1 OBJECTIVE

For this truck segment our second study case adl$ on the Premium truck (HDV from
Renault Truck). This truck is selected because widely sold with its conventional engine
version (CV) and its FC-REV version is on the wathwhe French company Symbio FCell.
This study is divided in two parts where the fipsirt assesses the economic impact of the
various technologies’ costs (hydrogen price, batfeice, diesel price, electricity price) and
where the second part shows the different lifecgo&ts for different range capabilities. This
second part considers both the economical aspetttla® payload available for each
technology.

5.5.2 FIRST STUDYIMPACT OF TECHNOLOGIES COSTS

5.5.2.1 Method, assumptions and input data

In addition to the values given in the introductisection "Road" you can find below the
specific design of each powertrain for the Premium.

TABLE 5-9 - PREMIUM STUDY CASE, HEAVY DUTY VEHICLE PROPERTIES

Vehicle type Heavy duty vehicle
Annual Distance 151 000 km/year
Energy consumption 0.87 kWhe/km or 0.35 Ldiesel/km or 45 gH2/km
Motor power 300 kW
Range requirement 500 km
Maximum payload 10 tonnes
Study frame 10 years
Discount rate (NPV calculation 4.1 %

(a) We assumed that the weight of the powertrain ingpdatectly the available payload.
Available payload = Max payload - powertrain weight
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TABLE 5-10 - PREMIUM STUDY CASE, POWERTRAIN PROPERT IES

BEV FC-REV FCV Cv

Energy storage 513 kWh| 80 kWh + 22.4 kgH2 (a) 22.6 kgH2 400 |

Installed power 160 kW FC 300 kw 300 kW

(a) In order to use the same energy consumptioreffimiencies as the other study cases the
hydrogen storage has been changed from 25kg t&@2.4

5.5.2.2 Results

The graphs and table below show the result optiee study. Some descriptive comments
are provided after each table and graph but a raocarate analysis that includes the two
studies (prices and range) will be done later ia section. Below the summary table of the
different TCO and weight based on the current tetdgy and fuel costs.

TABLE 5-11 - PREMIUM STUDY CASE, MAIN RESULTS

TCO (€/km) Available payload (tonnes)

Cv 0.50 9.54
BEV 0.47 4.9
FC-REV 0.47 8.46
FCV 0.47 8.91

TCO breakdown of the four HDV powertrain options

0 20 40 60 80 100 120

I 1 1 1 1 1 J

FCV (El) (%) —
FC-REV (E) (%) DS
BEV (%) |00

CV (%) | o T s 2

FCV (El) (€/km)
FC-REV (El) (€/km) 0.47 €/km
BEV (€/km) 0.47 €/km
CV (€/km) 0.50 €/km
W Powertrain M Fuel ™ Road tax
FIGURE 5-9 - PREMIUM STUDY, TCO BREAKDOWN
Comments

This bar chart allows us to see the repartitiothef costs for each TCO. The breakdown is
made between the infrastructure cost, the powarttast and the fuel cost. As mentioned
before there is no direct hydrogen infrastructuwst @s it is included in the fuel price at the

pump.
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Impact of hydrogen cost on TCO for different HDV powertrains
0.65 .
‘ ' FCV, Eff 58%
__0.60 | |
3 | FCV, Eff 50%
X 055 | |
W | FCV, Eff 40%
S | } e [C-REV (El)
0.45 | |
| ! cv
0.40 1
4 5 6 7 8 9 10 BEV
Hydrogen cost (€/kg) === Current cost
FIGURE 5-10 - PREMIUM STUDY CASE, IMPACT OF HYDROGE N PRICE
Comments

Here the variable is the hydrogen cost, and asatggeonly the FCV and the FC-REV are

function of this parameter. Different fuel cell§igiencies are displayed to simulate the effect
on the TCO. The FC efficiency can be influencedhmsy load as shown in fig2-2. The CV's

and BEV's TCO stay the same at 0.50 €/km and O M €espectively. The hydrogen cost

can be influenced by the electricity price, the ofanturing cost of the electrolyser or by the
size of the plant. For instance the electricityta@s be close to 0 c€/kWhe in case of a wind
turbine overproduction. As mentioned in chapten€hydrogen price at the pump is meant to
decrease from today's price to 4.4 €/kgH2 by 2045.

Impact of diesel price on TCO for different HDV powertrains

0.510 .
0.505 !
0.500

_0.495 |

€ 0490 ] FCV (E)

@ 0.485 | —— - FC-REV (EI)

S o0.480 |

< 0475 ' «/
0470 = e = | e A= = = = BEV
0.465 r ] ==« Current cost
0.460 !

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Diesel cost (€/1)

FIGURE 5-11 - PREMIUM STUDY CASE, IMPACT OF DIESEL PRICE

Comments

Here the variable is the diesel price thereforg éimé CV is function of this parameter while

the FCV's, BEV's and FC-REV's TCOs stay the santedat €/km, 0.47 €/km and 0.47 €/km

respectively. The diesel price is very volatile aaddependent of the international market
rules. However an increasing number of oil fieldaah their production peak and given the
increasing world energy demand a simple deducgadd to the conclusion that oil prices will

increase mechanically in the long run. No pricedfmton would be wise though.
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Impact of battery cost on TCO for different HDV powertrains

0.54 i
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Battery cost (€/kWh)
FIGURE 5-12 - PREMIUM STUDY CASE, IMPACT OF BATTERY PRICE
Comments

Here the variable is the battery price (marginudeld) therefore only the BEV and the FC-

REV are function of this parameter while the FCafsl the CV's TCOs stay the same at 0.47
€/km and 0.50 €/km respectively. The battery cestneant to decrease significantly in the

years to come thanks to the saving of mass pramtucti

Impact of electricity price on TCO for different HDV powertrains
0.65 7
0.60
€ FCV (El
Eoss (EN
W e« FC-REV (El)
o
0.50
o cv
BEV
0.45
= =« Curren costs
0.40 — . .
0.00 5.00 10.00 15.00 20.00 25.00
Electricity cost (c€/kWh)
FIGURE 5-13 - PREMIUM STUDY CASE, IMPACT OF ELECTRI CITY PRICE
Comments

Here the variable is the electricity price and éfi@re the BEV's TCO as well as the hydrogen
cost (electrolysis) are functions of this parametbile the CV's TCOs stay the same at 0.50
€/km. It is very unlikely that the electricity peacdrops below 10 c€/kWhe because
hydropower is one of the cheapest way to produeetrgity and it represents 95% of
Norway's production mix. However if hydrogen is ¢woed during overproduction period
(solar plant, wind farm) then the hydrogen pricaldde lower.
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5.5.3 SECOND STUDYIMPACT OF RANGE CAPABILITY

5.5.3.1 Method, assumptions and input data

For this second study the variable is the rangmluiéity. A higher range capability allows
some flexibility in the operation of the vehicleiasan complete different trip lengths (small
delivery and longer transport in the same time)wkler the longer the range, the bigger the
energy storage, and the more expensive the powergraln this study we have assumed an
annual distance of 100 000 kilometers whateverdhge capability.

Based on this assumption we have established thesponding TCO for the different
powertrains. It is important to remind that thetéat lifetime is considered as dependent of
the time while the fuel cells renewal is consideasdlependent of the distance. As mentioned
before given that we are studying a duty vehicke @vailable payload is also displayed.
Unfortunately the design of a FC-REV for each raagpears to be more complex than
expected so this section includes only one rele¥@REV designs. We also have considered
the TCO curve for the zero emission vehicles withdrtaxes which correspond to the future
scenario when the incentives will be gone.

5.5.3.2 Results

TCO and total vehicle weight versus the range capability for different
HDV powertrains, 100 000 km/yr
0.60 - | -
FCV
0.55 - -
cv
0.50 =3 s (e BEV
— i -
g 045 - | - §  —@—FCREV
< £
“ 0.40 - - 3 ® e e o FCV (Tax)
o o
2 035 - S BEV (Tax)
0 ® FC-REV (Tax)
'r====== == == ======s======= !
T T 5 BEV payload
=== FCV payload
0
350 450 550 650 750 ¢ FC-REV payload
Range capability (km/day) === CV payload

FIGURE 5-14 - PREMIUM STUDY CASE, TCO AND WEIGHT VE RSUS RANGE CAPABILITY

Comment

In order to compare also the future scenario whkeesame road taxes apply to all the
vehicles, the zero emission vehicles are also alyspith tax (Tax) represented by dot curves.
The four curves at the bottom of the graph (disoowtus lines) represent the available
payload and are the only curves referring to thréicad axis on the right.
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5.5.3.3 Analysis

This second part of the truck section, focuseshenHDV, gives us interesting results in the
way that they are different from the LDV’s. Thisng the vehicle drives almost ten times
more kilometers per year and consumed two timesenemwergy per kilometer. Like
previously we will proceed to an analysis of theutes powertrain by powertrain to determine
what are the best parameters and distance rangeafdr of them. This analysis will be
followed by a common discussion including the twodges (LDV and HDV). The TCOs
from the FCV, the FC-REV and the BEV are very clésen each other so it is not very
relevant to say that one powertrain is more intergghan another in this situation.

The FC-REV combines the advantages of a lightdel and cheap electricity. With current
prices this hybrid truck has a lifecycle cost oA 0.€/km and will benefit from every
technology cost reduction (except from diesel).sToonfiguration shows the benefits of
finding the right design between battery, fuel €glhd hydrogen as a good balance makes
both investments and operational costs almost enedap FC-REV than for FCV. It is also
relevant to point out that whatever the price \tara(hydrogen or battery) the FC-REV is
always cheaper than the FCV. Although if the eleityr become more expensive than
10c€/kWhe then the FC-REV loses its advantage éwveot significantly. The low TCO of
this vehicle can be explained by the fact thatliersame distance the FC-REV will use a part
of electricity through a battery which is much gbexaand more efficient than hydrogen and
fuel cells. This fraction of energy coming from thattery makes a significant difference
given the important energy consumption and distarmeered by the Renault Premium.
However, because of the configuration in serieseffieiency of the system is diminished for
FC-REV and, in our specific case, almost cancedsghin from battery. Finally, the most
interesting point is that for a lower TCO the FC\REBoes not compensate by a significant
loss of available payload contrarily to BEV. Foslghtly lower TCO than BEV's the FC-
REV can carry 73% more than the BEV (8.46 tonswaiilable payload against 4.9). We can
note however that the renewal frequency of the ¢edt is very high with a need for change
every year.

In comparison with the LDV study case we can seg tthis time the BEV has a competitive
TCO with 0.47 €/km despite a lighter available payl. We can explain this difference by the
annual distance which is 8 times higher than th&/'sDwvhile the battery size and cost are
only 6 times higher. It has a high share of maimgonent cost in its TCO (82.4% of battery)
compared to the other technologies (23.7% for @¥)Hout has the lowest fuel share (17.6%
against 76.3% for the FCV and 92.3% for the CV).erBfiore the total TCO drops
significantly when the battery price decrease aundklpe BEYV in first position for price lower
than 750€/kWh. Furthermore, electricity is so cheampare to other fuels and the battery is
so efficient that even with a high investment abst BEV catch up the other technologies
thanks to its low operation cost. This operatioiegdifference can have this magnitude only
because the HDV has very important energy consmmind a high annual distance covered.
Of course if we only focus on the powertrain lifeleycost the BEV would have had the best
position considering the price evolution of batsribut we have to take into account the
payload as well, it means how much weight the treek carry. Then we find the answer in
the figure 5-14 where we can see that even withldleest TCO the BEV loses a lot of
available payload due to the battery weight. Fetance with a range of 500 km the available
payload is halved (5 tons loss for 10 initial toshe~or this study there were no tools to
assess the economic value of one tonne of payloadtbs clear that this low payload
capacity is a threshold that put aside the BEV eaiable technology for heavy trucks over
medium and long distances. Finally one importanérapponal drawback is the need to
consider the charging time and the power needed &b.
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The CV has the highest TCO (0.5 €/km) and the taggkbare of fuel expenses (92.3% of
TCO). This high sensitivity makes the TCO very degent of the price volatility and this
relation can explain the struggle of transport cam@s in case of oil price peak. Given the
long term price predictions a diesel price incressgery likely to occur. The Norwegian
context offers a high diesel price (1.64 €/1) buthwa fuel cost as low as 1.53€/l the CV
compete with the other powertrain of the study.alfyn few percent of the final TCO are
generated by the road taxes which are equal tofeerthe other vehicles. This point will be
treated in the next paragraph.

The FCV is also competitive in this study with aQ ©f 0.47 €/km. As mentioned before the
important energy requirement and covered distagoasan important share to the fuel cost
(76%). This sensitivity to energy consumption gieeen more importance to the fuel cells
design as a lower efficiency (50% instead of 58a¢yaases the TCO by 14%. Thanks to the
“Range study” we can see that FCV, with FC-REV, actually the most competitive option
for all the ranges if we exclude the BEV becausé&fveight. In the case where the road
taxes would be the same for all the vehicles thenRCV would still be the most interesting
option but only until a 600km range. For longergarthe CV would have the lowest TCO.
Finally we can note that a heavy truck only powdrgcydrogen would have the advantage
of being able to carry a payload heavier (450 kghta FC-REV for the configuration of this
study (500km, 300 kW,...). We can note however thatrenewal frequency of the fuel cells
is very high with a need for change every year.
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5.6 COMMON DISCUSSION AND LIMITATIONS OF THE TWO STUDIE$LDV & HDV)

Thanks to the two previous studies about Light Dégficle and Heavy Duty Vehicle a lot of
relevant results and interpretations have beeraek. Those two cases allow two conclude
(in the limits of the assumptions) that for eachge requirement (short, medium, long) and
each energy requirement (LDV or HDV) there is op&mum powertrain among the FCV,
the CV, the FC-REV and the BEV. Therefore we hageanined that the BEV matches for
both LDV and HDV within short distance requiremerishorter than 80km) which can
correspond to short city delivery or constructiaghicles. Concerning the FCV the results
show that this technology is relevant from mediwuradng range requirements (80 km and
above) but with a relatively low energy consumptighich can correspond to an intercity
delivery with medium capacity vehicle (e.g. Mercedprinter). Despite a lack of relevant
data the FC-REV seems to introduce the hydrogemt#agy to high energy consumption
vehicles over medium and long distance which carrespond to international freight
transport and shares this segment with the CV. Ewigém equal taxes for all the powertrain
the FCV and the FC-REV are still competitive witte tCV over medium distance (shorter
than 600km). A particular attention should be gaithe design of the fuel cells to make sure
that it operates at its maximum efficiency espégcitdr high energy consumption vehicles
which are very sensitive to this performance. lagtnot least, this study has shown that for
LDV the road taxes play a significant role in theomomical feasibility of zero emission
vehicles which is therefore specific to the Norveegcontext and policies.

However those conclusions are limited to the fravhéhe assumptions which are based on
specific study cases. For instance, it could haaenlrelevant to include several models of
duty vehicles, FC-REV especially, to extract sorlkevant trends and potentially reinforce
the conclusion above. It is also important to redrtimat the maintenance cost considered here
only includes the renewal of the main powertraimponents but in real life the expenses are
more various and important. The fuel cells andldagery performance degradation has not
been considered. A tool to take into account thenemic price of the payload could have
been relevant. Also, even if the weight was conedes an important factor no estimation
about the volume of the system was done, despéefatt that volume is also a relevant
parameter in transportation.

NTNU - Department of Civil and Transport Engineering - Karel Hubert Page 83



- Hydrogen and fuel cells opportunities in the Negman transport market -

5.7 CONCLUSION

After having approached the different aspects o $ector (environmental, operational and
economical) it is really interesting to observe hallvthat information can be combined to
make a promising market segment emerge for thedattion of fuel cells and hydrogen
technology. The study cases achieved in this settawve underlined two potential segments
for this technology. Thanks to its light weight aitsl energy content the Fuel cells Vehicle
appears to be the favorite option for Light Dutyhitde over medium and long distance.
Thanks to the benefits of two different technolsdikght weight and cheaper energy) the FC-
REV is able to compete with the Conventional Traesler medium and long distances for
heavy duty vehicles. Furthermore, the price evoiutis very likely to be favorable to the
increasing economic competitivness of those veicldowever the different operational
aspects underline several difficulties that mustplag attention to. First of all the FCV
application has a high fuel cells renewal rate veitimost one new fuel cells required every
year. This renewal operation is easily achievahlatlrequires a qualified staff. Secondly, the
FC-REV includes a battery that has to be rechavg#usignificant recharging time, and this
constraint has to be considered for the operatan ¢harging overnight). Finally, even if the
infrastructure cost has been taken into accoutiterfuel price, the application of this study is
restricted to a fleet operation for the moment.

It means that for longer trips over several dayeea infrastructure network has to be
implemented as illustrated in Chapter 4. An impartpoint has also been made on the
significant role of tax reduction for light duty Weles which is necessary to the
competitiveness of FCV.

The environmental aspect shows that local pollutias to be addressed through the light and
medium duty vehicle while the global warming has&considered through the heavy duty
vehicle. Thanks to the previous analysis we cartlsatyto reach the first national objective in
terms of environment, which is the decarbonisatbrithe transport sector, the FC-REV is
clearly a part of the answer.

Concerning the other fuels and technologies biatlliean be a substitute to conventional
diesel to limit the impact of CQemissions (especially heavy trucks and long dis&nps)
but it increases the emission of NOx. Consequenfigems to be more a transitory option to
reach the national GOeduction than a long term solution. Another ti@mmg option could be
the natural gas from biomass (biogas). It hasassterg environmental properties (locally and
globally) and can be quickly implemented in thesérg system and infrastructure (especially
dual fuel). Biogas actually seems to be a bettatgbrtoward a zero emission truck than
biodiesel. Finally even if LPG is interesting econocally speaking it generates more
problems than it solves. It emits less s@mpared to diesel but this difference is smatl an
this fuel does not bring significant environmenit#kerest. Furthermore its use raises some
safety issues that can be overcome but which cesite access to certain areas.

In order to go further an entire master thesis aetaally be dedicated to the design of the
FC-REV. The number of possible combinations foarge extender system is very high as it
includes the battery power, the fuel cells powke hydrogen storage, the battery size, the
configuration (series, parallel), the duty cyclee toperation mode (State of charge trigger)
and has to match specific requirements like cosight, volume, range, refueling time or
power.
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5.8 SWOTMATRIX

TABLE 5-12 - TRUCK SECTOR SWOT MATRIX

Strength Weakness
Silent Short distance range
Zero direct emission Cost of storage

FC-REV competitive for HDV for mediumCost of PEMFC

and long range
Storage volume

FCV competitive for LDV from 80km range| =
Lifetime

Adaptability as APU .
Storage issues

Fast refueling

Clean fuel chain (electrolysis)

Opportunities Treats
Fleet operation Lack of regulation
Decreasing hydrogen price Lack of infrastructure

Decreasing battery price
Diesel price volatility

LEZ (low emission zones)
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6
ROAD SECTOR CARS
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6.1 INTRODUCTION AND ENVIRONMENTAL CONTEXT

6.1.1 INTRODUCTION

The car market is a complex topic where severalstries meet and where new technologies
have some difficulty to do their mark. This is doghe central place of the car in our society
(economic dynamism, leisure, travel,...), therefdreré are a lot of expectations concerning
any newcomers. According to official prognosis (jdaal Transportplan, [95]), the passenger
transport by cars is expected to increase by OghPtially in the period 2012-2020 [23] and
according to the national target of €@mission and local pollution this sector faces
important challenges. Currently the dominant tetbap is the internal combustion engine
(ICE) powered by gasoline or diesel, both derivédtedh crude oil. Even though within the
car sector it is possible to differentiate two segis represented by the urban areas and the
rural areas, but this section will cover the cat@eas one homogenous segment.

After a brief review of the environmental aspectwié cover the technical and operational
aspects of the hydrogen and fuel cells in the eatos. Thanks to the European report "A
portfolio of power trains for Europe a fact basedlgsis” and to our own calculations we will
assess the economical feasibility of this technplibgough a general approach and a study
case. A discussion and a SWOT matrix will concltide section.

6.1.2 ENVIRONMENTAL CONTEXT

As mentioned in the section "Road" the cars andiptiansports are responsible for 56% of
the road transport emissions. This is due to ttgelaumber of passenger cars on the road and
their high frequency of use. Local pollution is@la consequence of this massive traffic
especially in locations with high population depgtities). Like any incomplete combustion
the internal combustion engine generate more NQguhe idling or start and stop phase
(cross light, pedestrian road cross,...). Finallg tlse of diesel generates less,@®@r km
than gasoline but release more NOx and particléeemég@ee chapter 2 for more details)
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6.2 HYDROGEN AND FUEL CELLS APPLICATIONS

6.2.1 TECHNICAL ASPECT

As mentioned previously a PEMFC can be used ireidifft ways in the transport sector. In
the case of a car the PEMFC can either be usedF&REV or as a complete FCEV, the
auxiliary power unit is not relevant in this ca3é&ose two configurations will be illustrated
below thanks to two existing vehicles. Here we careghe BEV (Battery Electric Vehicle),
the PHEV (Plug-in Hybrid Electric Vehicle), the FE€Eand the ICE. Each technology is

illustrated by a bar representing its range ofgrenince.

> Excellent

= Acceleration Poor
= Curb weight Top speed,
100 120 140 160 180 200 220
* Payload
= Cargo volume I T T T T T 1
. . | ICE
= Minimum starting
temperature PHEV
Range,
100 200 300 400 500 600 Too 800 200 1,000 1,100 1,200
1 1 I I 1 I I I 1 1 1 1
| ICE
Refueling time,
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1 I 1 I 1 1 | 1
[_PrEv S

FIGURE 6-1 - CAR SECTOR, PERFORMANCE COMPARISON BETWEEN DIFFERENT POWERTRAINS

[70]
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6.2.2 APPLICATIONS

6.2.2.1 The Toyota Mirai

The Mirai, a FCV, is a passenger car (Sedan tygleased by Toyota on November 2014 and
the sales has started in Japan from December 20is40ne of the first fuel cells vehicles
available on the market and it combines severéinglogy advances concerning the fuel cells
(PEM, lifetime, efficiency) and the storage (weigimid pressure). The hydrogen is stored into
two high pressure tanks and because of this deggan the trunk is a little smaller than in a
normal Sedan model.

Table 6-1 - Car sector, Toyota Mirai properties

Parameter Toyota Mirai [71]
FC power 114 kw
Hydrogen storage 5 kg combined (2 tanks)
Storage pressure 70MPa
Autonomy 480 km
Hydrogen kit 144 kg (56 kg for FC + 88 kg for
weight tanks)
Refueling time 3 minutes

FIGURE 6-2 - ILLUSTRATION OF THE TOYOTA MIRAI
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— FCstack
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Power control unit

hydrogen tanks

Drive battery —

FC boost converter

FIGURE 6-3 - TOYOTA MIRAI COMPOSITION OVERVIEW

With a simple calculation we can determine that hiyelrogen consumption is equal to
1kg/100km which corresponds to the average consampf a passenger FCV. In order to
compare this type of vehicle to the other fuels eauthnologies we can refer to the study from
the European Fuel cells and Hydrogen Joint UndergakA portfolio of power trains for
Europe a fact based analysisThis study provides some technical informatiow & lot of
economical data, the most relevant are display&mhbé\ccording to this recent study, a fuel
cells stack can achieve a lifetime of 180,000 km.

6.2.2.2 The Renault HyKangoo

This FC-REV is based on the Kangoo Z.E model froema&ult. This electric vehicle is used
principally in fleet for post office companies os @ndividual small duty vehicle. The
particularity of this vehicle from Renault is thessibility to install the hydrogen kit even
after the production and the operation of the kan@oE. Therefore it is possible to
"transform™ an entire fleet of electric Kangoo 4rfo Hykangoo like the French post office
did in the Franche-Comté region.

TABLE 6-2 - CAR SECTOR, RENAULT HYKANGOO PROPERTIES

Parameter Renault HyKangoo [3], [1]
Motor power 44 kKW

Battery size 22 kWh

FC power 5 kw

Hydrogen storage| 1.72 kg combined (1 tank of 74l)

Storage pressure 35MPa

Autonomy 320 km (160km battery + 160km H2)

Refueling time 3 minutes

*

478 |

=

=

FIGURE 6-4 - HYKANGOO ILLUSTRATION
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FIGURE 6-5 - HYKANGOO RANGE-EXTENDER KIT
ILLUSTRATION

6.3 CAR SECTOR ECONOMIC
STUDY CASE RENAULT
HYKANGOO

: AN 6.3.1 OBJECTIVE

/ﬂ | For the car sector we have decided
to focus our study case on the Renault Kangoo. W Iselected this car because at least
three of the four options are available on the ma(€V, BEV and FC-REV). As we did for
the truck sector we have compared four differemtgatrains lifecycle cost (battery, FC, FC-
REV and ICE) over a period of 10 years with a flgeeration (Posten). This study is divided
in two parts where the first part assesses the aasmnimpact of each technology price
(hydrogen price, battery price, diesel price, eleity price) and where the second part shows
the different lifecycle costs for different rangapabilities. All the results are expressed in
Total Cost of Ownership (TCO, €/km, see Maritimeteefor details)

6.3.2 FIRST STUDYIMPACT OF TECHNOLOGIES COSTS

6.3.2.1 Method, assumptions and input data

In addition to the values given in the introductisection "Road" we can fin below the
specific design of each powertrain for the Kangoo.

TABLE 6-3 - HYKANGOO STUDY CASE, VEHICLE PROPERTIES

Annual Distance 15 040 km/year
Energy consumption 0.12 kWhe/km or 0.06 Ldiesel/km or 7.3 gH2/km
Motor power 44 kKW
Range requirement 360 km
Study frame 10 years
Discount rate (NPV calculation) 4.1 %

TABLE 6-4 - HYKANGOO STUDY CASE, POWERTRAIN PROPERT IES

BEV FC-REV FCV CcVv
Energy storage 44 kWh (a) 22 kwh + 1.14 kgH2 (b) 2.8 kgH2| 50 liters
Installed power 5 kW FC 44 kKW 44 kKW
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(a) For a matter of comparison coherence (samezraag needed) the size and the range of
the BEV have been doubled.

(b) In order to use the same energy consumptiorefficdencies as the other study cases the
hydrogen storage has been changed from 1.7kgH2 4&xdH2.

6.3.2.2 Results

This section display the different results obtairefter the calculations mentioned above.
Short comments will be provided for each graphaldnger interpretation will be written in
the next section dedicated to the analysis of theselts. Below the summary bar chart of the
different TCO based on the current technology amd dosts.

TCO breakdown of the four Kangoo powertrain options

0 20 40 60 80 100 120

FCV (El) (%) —
FC-REV (El) (%) _
BEV (%) —
CV (%) —

Fov (1) (€/km) - [OIOZNMINONO5HN | 0.09 €/km |
013 003
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cv (¢/km) QOTINOIOGINNMINOIO6NNN | 0.14 €/km |

B Powertrain M Fuel M Road tax

[0.16 €/km |

[0.23 €/km |

FIGURE 6-6 - HYKANGOO STUDY CASE, TCO BREAKDOWN
Comments

This bar chart allows us to see the partition @& tosts for each TCO. The breakdown is
made between the infrastructure cost, the powaricast and the fuel cost. As mentioned
before, there is no direct hydrogen infrastructtost as it is included in the fuel price at the
pump.
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Impact of hydrogen cost on TCO for different Kangoo powertrains
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FIGURE 6-7 - HYKANGOO STUDY CASE, IMPACT OF HYDROGE N PRICE

Comments

The hydrogen cost can be influenced by the eléistrprice, the manufacturing cost of the
electrolyzer or by the size of the plant. The eleity cost can be close to 0 c€/kWhe in case
of a wind turbine overproduction. As mentioned Irapgter 2 the hydrogen price at the pump
is meant to decrease from today's price to 4.4H2Kgy 2045.
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Impact of diesel price on TCO for different Kangoo powertrains
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FIGURE 6-8 - HYKANGOO STUDY CASE, IMPACT OF DIESEL PRICE
Comments

Here the variable is the diesel price thereforg dimé CV is function of this parameter while

the FCV's, BEV's and FC-REV's TCOs stay the sante(& €/km, 0.23 €/km and 0.16 €/km

respectively. The diesel price is very volatile aadlependent on the international market
rules. However an increasing number of oil fieldaah their production peak and given the
increasing world energy demand a simple deducgadd to the conclusion that oil prices will

increase mechanically in the long run. No pricaedmton would be wise though.

Impact of battery cost on TCO for different Kangoo powertrains
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FIGURE 6-9 - HYKANGOO STUDY CASE, IMPACT OF BATTERY CO ST
Comments

Here the variable is the battery price (margin udel) therefore only the BEV and the

FC-REYV are function of this parameter while the FCahd the CV's TCOs stay the same at
0.09 €/km and 0.14 €/km respectively. The batt&st ¢s meant to decrease significantly in
the years to come thanks to the savings of maskiption.
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Impact of electricity price on TCO for different Kangoo powertrains
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FIGURE 6-10 - HYKANGOO STUDY CASE, IMPACT OF ELECTR ICITY PRICE

Comments

Here the variable is the electricity price thereftte BEV's TCO as well as the hydrogen cost
(electrolysis) are function of this parameter while CV's TCOs stay the same at 0.14 €/km.
It is very unlikely that the electricity price deelow 10 c€/kWhe because hydropower is
one of the cheapest way to produce electricity ianebresents 95% of Norway's production
mix. However, if hydrogen is produced during overhrction period (solar plant, wind farm)
then the hydrogen price could be lower.

6.3.3 SECOND STUDY IMPACT OF RANGE CAPABILITY

6.3.3.1 Method, assumptions and input data

For this second study the variable is the rangealwéify. A higher range capability allows
some flexibility in the operation of the vehicleiasan complete different trip lengths (small
delivery and longer transport in the same time)weler the longer the range the bigger the
energy storage and the more expensive the powertilibe. In this study we have assumed
an annual distance of 15040 kilometers whateverahge capability.

Based on this assumption we have established thesponding TCO for the different

powertrains. It is important to remind that thetéat lifetime is considered as dependent of
the time while the fuel cells renewal is considerag dependent of the distance.
Unfortunately, the design of a FC-REV for each mrgppears to be more complex than
expected so this section includes only two relevB@-REV designs. We also have
considered the TCO curve for the zero emissionclefiwith road taxes which correspond to
the future scenario when the incentives will beegon

NTNU - Department of Civil and Transport Engineering - Karel Hubert Page 95



- Hydrogen and fuel cells opportunities in the Negman transport market -

6.3.3.2 Results

TCO versus range capability for four different Kangoo powertrains
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FIGURE 6-11 - HYKANGOO STUDY CASE, TCO VERSUS RANGE CAPABILITY

Comment
In order to compare also the future scenario whkeesame road taxes apply to all the
vehicles, the zero emission vehicles are also alyspith tax (Tax) represented by dot curves.

6.3.3.3 Analysis

The FCV shows the lowest TCO with a lifecycle aois0.09 €/km which leaves an important
gap with other powertrain options. Thanks to thedbeart we can observe that half of its TCO
is composed of the initial investment (FC, hydrogéorage) and the other half by the fuel
consumption. Because of the relatively low hydrogemsumption (less than 1 kg for

100km), the fuel price does not make the FCV mogeersive than other option even with
high price or low efficiency. The same conclusi@n de made for the graph displaying a
variation of the electricity price. However, thisvertrain option is not the most relevant for
short and medium distances as the FCV is only nmtezesting than the BEV for range

requirements longer than 140 kilometers.

Even if its initial investment is very low the CVILO of 0.19 €/km is strongly impacted by
the fuel expenses (47%) and the road taxes (44%@nGhe high volatility price of oil, it is
relevant to mention that the CV's lifecycle costlisse from the FC-REV's and that a diesel
price of 2.3 €/l is enough to make it more expemsilian the range extender vehicle.
However, we can determine that if the road taxedihfe CV would have been the same for
the zero emission vehicles the results would haentiotally different. This result, displayed
in figure 6-11, shows that the CV could be, withuieglent taxes, the cheapest option for
range requirements longer than 120 kilometers.

With a TCO of 0.20 €/km the FC-REV is not as ingtireg as the FCV for this Kangoo study
case but it has a competitive potential in compari® the CV and especially so if the battery
price decreases below 600€/kWh or if the hydrogecepdrops below 3 €/kgH2 (e.g. wind
farm overproduction). Given that we only have oeé&nrence point for the FC-REV it is
difficult to interpret further the FC-REV's TCO fother distances. The only thing we can say
is that it is a relevant option if the objectivetesextend the autonomy of an existing BEV.
The implementation of a FC system on a BEV woulddss expensive than the addition of
batteries.
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The BEV is not very competitive with current prides the range under scope (0.23 €/km).
However, if the battery cost drops below 410 €/kMlith margin), then its lifecycle cost
would be under the CV's one. It seems that thenpiateof the BEV does not lie in this range
of distance as shown in the figure 6-11. Indeeé Mvhicle's TCO is the lowest below 140km
without taxes and below 120km with taxes.

6.4 CONCLUSION

The data collected and the calculations achieveavals to state about the different fuel cells
and hydrogen opportunities for the car sector.tkifsall we have determined that the Fuel
cells Vehicle was the most competitive powertraont a 140 kilometers range requirement.
We have also shown that this conclusion was orilghie in the Norwegian context where
the favorable road taxes play a significant rolathélt those incentives only the battery
electric vehicles would be competitive with the wentional vehicle but only for a range
inferior to 120km. However, we can say that théntetogies and fuels price evolution will
give advantage to fuel cells technology, and thatrtax policies will have a lesser weight in
the economic balance. Secondly, we have deterntiregdwith the current prices, FC-REVs
are not interesting enough to be manufacturedhisrtype of vehicles. However, there is a
real opportunity for them to be implemented on &xgsBattery Electric Vehicles in order to
extend the range with a competitive cost. In babes the FCV and the FC-REV have the
main advantage of being refueled quickly and tes#fe thanks to demonstrations projects or
even real market product like the Toyota Mirai loe Kangoo. Those conclusions are based
on a fleet operation and the main drawback is 8t#l lack of infrastructure to be able to
generalize those results. Year after year the asong environmental pressure and the
corresponding policies of the car sector, will makaarket with more and more opportunities
for zero emission vehicles.

6.5 SWOTMATRIX

TABLE 6-5 - CARS SECTOR SWOT MATRIX

Strength Weakness
Silent Short distance range
Zero direct emission Cost of storage
FC-REV only relevant for range extension of exigli€ost of PEMFC
BEV Storage volume
FCV competitive from 200 km Lifetime
Fast refueling Storage issues

Less maintenance than diesel
Clean fuel chain (electrolysis)

Opportunities Treats
Fleet operations Lack of regulation
Decreasing hydrogen price Lack of infrastructure

Decreasing battery price
Diesel price volatility
LEZ (low emission zones)
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v
OTHER SECTORS
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This chapter aims to cover the bus sector, the gactor and the aviation sector but with a
less detailed approach than in the previous chaplédre objective is to identify the main

requirements and potential obstacles to the inttol of fuel cells and hydrogen. Each
section will be illustrated by some projects exaemplit without economic calculations like in

chapter 3, 5 and 6. However, like before, a SWOTrimavill summarize the respective

section.

7.1 BUSES

7.1.1 CONTEXT

With 6.6% of passenger transport on land the baotosés not the most significant GHGs
emission sector but it still is a key player inmerof local pollution. The current technology
relies on diesel and the combustion engine whichsesubstantial quantities of pollutants in
its operation area. As the trend in Norway is tgewer the use of public transport it is more
relevant than ever to make this switch having aiS@ant environmental impact thanks to
zero emission technologies. Like in the car seittisrpossible to separate this bus sector into
two major segments that are the long distance tipar@ural) and the urban operation. Those
two segments will not be treated separately in seistion but some different opportunities
will be outline though.

7.1.2 DESIGN AND SAFETY

It is possible to use the fuel cells technologypuses as the main powertrain but the hybrid
configuration (minor fuel cells and priority batggris also possible. A triple hybrid
combination also exists (see projects). Buses redgypically 250 kW of power under high
demanding, intermittent conditions, with frequenarts and stops. Depending of their
operation the driving range is between 200km an@k&0and they have the advantage to
come back at least once a day to the depot. Acupdi this information and to the existing
projects illustrated below, the average hydrogenagie is about 40kg in several compressed
tanks. It is important to mention that Fuel celbbs (FCBs) use regenerative braking during
their operation. Given that the duty cycle of & @itis is made of frequent starts and stops, a
lot of energy is harvested at the stop and it imescsignificantly the global efficiency of the
bus. For safety reasons and to make the desigereasost of the components (H2 tanks,
battery, FC, cooling system) are located on thd ofahe bus as illustrated below. This
configuration allows a significant hydrogen storag#out impacting the performance of the
bus. The safety reasons are related to the easya&ian of hydrogen in case of hydrogen
leak during operation or during/after an accident.

Aupdiiary,

= T FC Sysiem -
components . o E

FIGURE 7-1 - FC BUS DESIGN ILLUSTRATION

Source [79]

NTNU - Department of Civil and Transport Engineering - Karel Hubert



- Hydrogen and fuel cells opportunities in the Negman transport market -

7.1.3 PROJECTS

It is first important to mention the CHIC (Clean diggen in European Cities) as a major
European project deploying a fleet of fuel cellectlic buses and associated hydrogen
refueling stations. CHIC project aims to furthehance fuel cells urban bus technology and
offers a functional solution for European citiesdcarbonise their fleets. This project covers
a lot "smaller" project which includes the bus flee Oslo. The table below details several
bus fleets representing the different applicatioiiiel cells buses. [72], [73], [74], [75]

TABLE 7-1 - NON EXHAUSTIVE LIST OF FC BUS PROJECTS

Project name LEEe Trlpl'e ACT ZEBA BCT AT Oslo buses
buses hybrid
Mayor of
CustomerManut London AC Transit (US) BC Ruter
" Daimler ClearEdge Power Transit/Ballard  Van hool
Chrysler
Triple hybrid
Fuel cells : ,
Type of bus @ Electric Bus (Blatterles, FCEB Hﬁ/bgd’ fgel | FCEB
(FCEB) ultracap, cells dominant
PEMFC)
Numb. of buses 3 1 12 20 5
14.2 17
Weight (tons) | 30 seated 18 74 seats

21 standees

MOt?;Vs;’Wer 190 120 120 150 150
H2 capacity 4'0 20 40 56 35
(kg), 35 MPa | (9 Cylinders) (8 cylinders) (8 cylinders) | (7 cylinders)
FC (kW) 2*125 50 120 150 150
Battery (kWh) 17.4 47 17.4
Range (km) 192 250 352 480
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7.1.4 ECONOMY

When we look at the economical side of the FCB italevant to compare the TCO (Total
cost of ownership) for the powertrain. This TCOluges the different expends related to the
purchase and operation of the power train. A vetgresting study has been published on the
topic by the FCH JU (Fuel cells and Hydrogen Jbintertaking, EU, [80]). Even though the
input data are not the same for Norway (especthéigel price and taxation) the results of this
study give us a good overview. The diagram belommares the different TCOs for each
powertrain technology. This part of the study asssi@ 12m bus which is the most common
size in urban operations.

'12-METER BUS

Labelling of powertrain according to degrees of operational experience (km driven):

|. Commercial solutions Il. Test fleets e phase
TCO! (>>100 million km) (>1 million k) (10,00
e i) Diese! Il Faratiel hybrid N
I B cne B serial hybrid W ove
6 B Troley Hydrogen fuel cell
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Upper bound figures = "production-at-scale" scenario
Lower bound figures = ""cross-industry” scenario

FIGURE 7-2 - CURRENT AND EXPECTED TCO FOR DIFFERENT BUS POWERTRAINS
[80]

Comments

The "Opportunity e-bus” is a bus with a small ra(ggeall battery) that recharge itself at each
bus stop while the "Overnight e-bus" is a mediumgeabus that recharge itself at the depot
overnight. Parallel hybrid and serial hybrid batblude a diesel motor.
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7.1.5 DISCUSSION

The results of the researches show that the FCBic@® several operational advantages like
a fast refueling, a high range, a high energy iefficy and of course no local emissions. It is
interesting to compare those performances to atydius which is also a potential option for

urban operation. The main argument that can be ragdmst battery technology is the long

recharging time but the "Opportunity e-bus" opematseems to partly solve this issue.
However, if we enlarge the application field toalubuses with long distance operation (like
BCT AT) the FCB becomes a reliable alternative otuand will be preferred to battery bus.

The urban bus being a fleet vehicle by definititnalso gives a strong advantage to
alternative technologies like FCBs or battery budeseed, the need to invest in new
infrastructure is limited to the depot location atiée relatively low range requirement

diminishes the need to invest in large onboardgnsiorage.

The economic analysis also gives us interestingjtes term of technology cost comparison.
Even though if the study's inputs for fuel cellstgcdydrogen and diesel prices seem to give a
higher TCO for FCB than other technologies, iteswlikely that with Norwegian fuels costs
the result would be more advantageous for FCB.dDfse time is also an important factor to
consider as the study's diagram shows. Indeed| derovate fuel prices are meant to increase
while fuel cells components and hydrogen productiosts are meant to decrease, the more
time that passes the thinner the economic gapgoedbme. We can also mention the results of
Chapter 5 where we have determined that the coriidinaf fuel cells and batteries is more
interesting than a fuel cell all alone for vehiclegth important energy consumption.
However, this configuration has not been coveredbitses in the study under scope even
though we can see this design in several existiog@ts.

7.1.6 BUS SECTOESWOTMATRIX

TABLE 7-2 - BUS SECTOR SWOT MATRIX

Strength Weakness
Silent Cost of storage
Storage possible on the roof Cost of PEMFC
Zero direct emission Lifetime

FC-REV interesting for long range
FCV competitive in few years
Adaptability as APU

Fast refueling

Clean fuel chain (electrolysis)
Regenerative braking

Opportunities Treats
Fleet operation Lack of regulation
Decreasing hydrogen price Lack of infrastructure

Decreasing battery price
Diesel price volatility
LEZ (low emission zones)
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7.2 TRAINS

7.2.1 CONTEXT

In order to reduce GHGs emissions from road tr due to freight transport Norw, has the
policy to increase the share of cargo transpottrdop. In 2012 and 2013 this share incree
from 9 million tonne to 10 million tones carried by rail. The passenger transport has
known some improvement th almost 67.5nillion passengers in 2013 which is an incre
of 10 million passengers from 2012. This evolutiorboth sectors is meant to continue .
the railway system (powertrain, technology, infrasture) has to adapt. Currently most of
rail lines are electrified but an important share stitis with diesel locomotive. As one ¢
see on the map belowhe diesel lines are not close from the dense jabipul areas therefol
the impact in term of local pollution (particulateatter and nitroge oxide) is not very
important. Furthermoregiven the small proportion of n-electrified lines the global GHC
emission is very lowmthe nationascale (less than 1%).

— electrified lines— non-electrified lines— disused or heritage lin

FIGURE 7-3 - MAP OF THE RAILWAY L INES IN NORWAY

Source: [81]

7.2.2 TECHNICAL ANDOPERATIONA ASPECTS
[78]

Given the nature of railway (motion of heavy \cle on preinstalled track with medium
higher speed) this sectbas some specific technical and operational reopgres. First of all
a minimum weight is required to maintain locomotive wheel adhesion to the trac
Comparedio a diesel engine alternator and its tank the eoetbweights offuel cells and
carbon-fber hydrogen storage system are relatively lightegrefore some additional weig
can be installed to maintain the minimum load (-plate ballast for example
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The second important requirement comes from the tfeat the locomotive is subject to
vibrations and in some case to larger shocks. Ttreré¢he power system has to be tested to
verify its reliability under those conditions. Throst important is to avoid a potential
resonance with on-board equipment and track in@guiencies. It is then advised to design
the power system for low frequencies (3-7 Hz)slaiso possible to dissipate vibration and
shock energy thanks to some special primary andnskcy suspension for the axles and
bogies, respectively [96].

The third requirement is related to acceleratiespecially longitudinal (braking, gain of
speed). In the hybrid locomotive presented belosvftlel cells equipment is resistant to 2.5
G.

Concerning the design it is possible to installligdrogen modules either under the chassis or
above the traction battery (roof). Two factors gilvantage to the roof as preferred location:
First the storage of hydrogen below void volumeshi&a locomotive platform, battery rack,
and rear hood could lead to confinement of leakgdtdgen and increase the possibility of
detonation. In contrast, roof-line storage allows tiarmless upward dissipation of hydrogen
in the event of a leak. Second, locating the hyenotanks at the roofline minimizes the
likelihood of damage from common events such aailteent, track debris, and impact from
yard traffic such as fueling trucks. Thanks to te&tively light weight of the hydrogen
storage tanks (empty, 95 kg each), the roof lonatias minimal effect on vehicle center of
gravity.

Regarding refueling the operating time of the foells-hybrid between fueling operations
depends on the duty cycle. Under the most demandiing cycles, one could expect an
operating interval as short as one day to 3-5 dfiaythe least demanding. A major factor in
the operating interval is the amount of idle timghe duty cycle. Refueling time should not
exceed 1 hour.

For the purpose of commercialization, an advantaigthe railway application is that the
potential location for the refueling stations imiied by the number of train stations. This
aspect simplifies the selection of a location umliad applications where there are much
more possibilities.

According to Jernbaneverket there are no regulatorrstandards at the moment for hydrogen
or natural gas as a fuel in the railway sector.

7.2.3 POTENTIAL USES

7.2.3.1 Hybrid locomotive (Dominant fuel cells and minor Bdtery)
[78]

The prime mover, a hydrogen PEM fuel cells in tase, provides continuously at least the
mean power of the duty cycle while the auxiliaryelyy storage device, batteries, stores
sufficient energy to provide excess power use.

The following demonstration project aims to demmast the feasibility of a hybrid
locomotive to reduce air and noise pollution inambrail yards, increase energy security of
the rail transport system by using a fuel indepahdéimported oil, serve as a mobile backup
power source (“vehicle-to-grid” or “power-to-grid”This demonstration occurs at the BNSF
Commerce and Hobart yards in the Los Angeles, @aldé, metro area.
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TABLE 7-3 - FUEL CELLS LOCOMOTIVE MAIN CHARACTERIST ICS

Weight 130 tons
FC Power 2 x 150 kW
Transient power* 1MW
Hydrogen storage 35 MPa
pressure
Hydrogen storage 70 kg, 2 modules of 7 tanks equivalent to 35 kgH2

*Transient power: Important amount of power reagdiby the locomotive for a short period
of time (several minutes). It is needed for thetsihthe locomotive or in some uphill parts.

We can note that this locomotive is not a veryrgjrone compare to Norwegian one which
has around 3-6 MW of power (transient power 10-2héte) [96].

"i_—'—--""‘ﬂ.':_!-" d
e

FIGURE 7-4 - RIGHT-REAR VIEW OF THE HYBRID LOCOMOTI VE
Source : [78]

FUELCELL POWER
MODULES
HYDROGEN STORAGE \
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TRACTION BATTERY
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SOURCE : [78]

FIGURE 7-5 - DESIGN ILLUSTRATION OF THE HYBRID LOCO MOTIVE
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7.2.3.2 Mines and tunnels

Currently in mining and tunnel operations the pdveen of the locomotive relies on the
combustion engine and this technology releasessgidmse need to be evacuated from the
mining site. To cope with this issue, important ams of money are spent into ventilation
systems to remove the exhausted gases from thetuminel to the outside. In order to avoid
those expenses one interesting option is the uskatric locomotive powered by batteries or
fuel cells. The battery option involve more weigjiin the fuel cells option depending of the
load during the duty cycle. [78]

FIGURE 7-6 - FIRST FUEL CELLS LOCOMOTIVE USED FOR M INING

7.2.3.3 Unelectrified lines

The catenary-electric infrastructure required for bperation of a conventional electric train
costs around 3.5 to 4.6 million Euros per km [78 #his important amount of money makes
any other alternative energy option potentiallgresting economically speaking. That is why
lines with low traffic volumes are not economicatlevant to invest in electrification but

rather in diesel electric power trains. With thefpenance improvement of the PEMFC

(price and lifetime) some train manufacturers haeaeticipated to some fuel cells train

projects to demonstrate the feasibility of the tmtbgy from both operational and

economical points of view.

The most recent example is the trains of Hermansseleailway line (Germany, Black forest
area) manufactured by Alstom.

7.2.3.4 Back-up power source for electrified lines

The electrified lines are directly related to thaimgrid but due to several reasons like weak
grid, high loads in the rest of the grid or simfddure the power required by the train might
not be achieved from time to time. That is why faells are also considered to operate as
stationary power systems in order to act as backewyger source and support any grid failure
to maintain the correct train operation. Axane (Kguide group) is testing back-up power
generation on several sections of the electrifeldvay network in France.
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7.2.4 DISCUSSION

As expected hydrogen and fuel cells powertrain apgpt be technologically reliable despite
the specific requirements of the railway sectorwideer due to the important load and power
peaks a large battery seems to be required in dalgrovide the power needed. This
combination shows again that the optimum configaraties in the mix of different
technologies. Contrarily to a road network the natwork makes the location of a refueling
station easier, and it can be centralized and os®é efficiently. Furthermore it appears that
hydrogen can be used as a propulsion fuel butaasoback-up energy source which makes it
even more interesting to install of electrolysemd &uel cells close to node points in the rail
network.

Of course the railway industry has a long term piag with important investment policy so
that is why the introduction of a new technologyyntake time but some demonstration
projects already exist and the adoption of fudscetems to be a matter of time rather than a
technologic and operational issue. The niche agiplins as mining locomotives or
switcher/shunting locomotives are also worth coedidy given that they can give an
important feedback for this decision industry wihg investment horizons.

In Norway the environmental impact seems to betéithgiven the proportion of electrified
lines but the economical aspect can be a real agurto consider this technology.
Furthermore, even if not mentioned above, the maim technologies have to be considered.
Indeed the increasing speed and the possibilityaiee easily separated autonomous wagon
empower the adoption of onboard propulsion techmetlike battery or fuel cells.

TABLE 7-4 - TRAIN SECTOR SWOT MATRIX

Strength Weakness
More silent than conventional trains Cost of storage
Enough storage space on roof Cost of PEMFC
Zero direct emission Lifetime
Fast refueling System too light - but can easily be
Less maintenance than diesel ballasted

Clean fuel chain (electrolysis)
Cheaper than electrified lines
Autonomous traction locomotives

Opportunities Treats
City operations (cargo transit) Sector with a long time of decision
Mines and tunnels operation Lack of regulation
Unelectrified lines Lack of infrastructure

Back-up power source
Decreasing hydrogen price
Decreasing battery price
Diesel price volatility

Stricter air quality regulations
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7.3 PLANES

7.3.1 INTRODUCTION

The air transportation is the mode that has knawith private car, the biggest growth in the
transport sector the last decades. The number ssfepgers for domestic and international
flight has increased by 20% between 2010 and 2@#l4ttee growth curve has only begun to
flatten. This mode of transport requires a lot nérgy, especially during the take off which
represents up to 25% of the energy consumptiorstiort distance trips. Due to this large
amount of energy necessary onboard, the only feed in aviation is kerosene. It is the most
refined fuel derivated from oil, which means it ltlas highest energy content, and therefore is
also the most expensive. That is why jet fuel is #econd largest expense to airlines
companies as it can require 20% of their operagxgenses. If we consider energy
technology, the aircraft industry is one of theusties with the most important inertia. This
is due to safety and economic reasons and thissindwcannot largely adopt any new
technology until this new option has been approlgdanother sector with a significant
feedback. However the aims of this section aredterthine through a literature review if
hydrogen and fuel cells technology has an oppdstunithis specific sector. [84] After this
brief introduction the environmental aspect of tiopic will be treated, followed by a
technical approach. With the illustration of somestng projects we will then discuss the
feasibility of hydrogen in this sector.

7.3.2 ENVIRONMENT

Aviation is often pointed at as a very pollutingtee but the national statistics show that only
1.7% (940,000 tones of GPof the national GHGs emissions come from the |angs’
tailpipes. It is relevant to note that a largealéince exists for this number as it depends if the
international flights are included or not. We ohtan 8% contribution if both domestic and
international flights are included while the emigsrepresents only 1.7% for domestic flights.
But the environmental issue goes actually a lftikther than this. Indeed, some studies [83]
underline that the cruise altitude impact the gheeise gas potential of G@Qnd NOx (the
higher the more impacts). Therefore the quantityCa, released might not be the only
indicator. In terms of emissions if the hydrogerampity equivalent to 1 kg of kerosene is
burnt through a turbine we obtain the results digpdl below.

1 kg Kerosene *

316 kg COZ, 1.24 kg Water
[::> CO, Soot, NOx, SOz, UHC
11.2 kg N3 Alr

0.36 kg Hydrogen

3.21 kg Water
::> NOx
9.4 kg N2 Air

FIGURE 7-7 - EMISSIONS COMPARISON FOR KEROSENE AND HYDROGEN

Source : [85]
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The amount of C@and NOx decreases significantly but the amounvater increases and
the same studies mentioned above state that watgtt rhave some effects we do not
understand yet at those altitudes.

7.3.3 TECHNICAL ASPECTS

The aircraft industry has some very strict requeata as any failure from the propulsion
system can cause the crash of the plane. Therbfah®gen and fuel cells have to comply
with several criteria concerning safety and perfamoe. First of all the system has to be light
and the fuel must have a high energy density. Erage a passenger plane carry 172 000
liters of kerosene which correspond awfully to 0rtes of hydrogen. For such quantities the
only storage option is liquid hydrogen which has #uvantage of being lighter and therefore
to reduce the weight of the plane. However to stbee same amount of energy, liquid
hydrogen needs a volume 4 times bigger than keeoaed due to mechanical issues the tanks
must have a spherical or cylindrical shape. Thiguirement results in a different plane
configuration as we can see on the image belowowieg to the European Commission’s
report CRYOPLANE [85] large external tanks undee thing appear feasible for small
aircraft with stiff wings and short design ranges.

FIGURE 7-8 - ILLUSTRATION OF HYDROGEN PLANE DESIGNS

Source : [85]

As no industry sector has provided a significagdback about fuel cells technology so far
the propulsion motor is very likely to remain thehkine. However, as the amount of energy
required for auxiliaries is increasing it is po$sito use a PEMFC to supply the electricity
needed or even for ground operation and in cagailafe the turbine can provide a security
electricity supply. Here a fuel cells APU may offatter efficiency than turbine power units
used today in spite of the necessary kerosenemefor~urthermore, in-flight production of
water is under investigation by several aircrafhpanies, e.g. Airbus.

Concerning the safety, hydrogen when spilled andted will not form a fire carpet as
kerosene does. It burns very fast, but with very lbeat radiation. According to the
CRYOPLANE report it is expected that passengersscawvive a post-crash fire by staying in
the cabin. Given the low probability of having hgden onboard soon, no regulation exists so
far.
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7.3.4 PROJECTS
- The CRYOPLANE project is a European project thatsato determine the feasibility,
opportunities and actions to undertake for theohtiction of hydrogen as a fuel in the
aircraft sector.

« A 90-kilowatt hydrogen fuel cells will be installéto an A320 owned by the German
Aerospace Center with the aim of commencing tegitté by 2015.

« In 2013, Boeing’s liquid hydrogen-powered Phantoye Hemonstrator successfully
completed its second flight. This unmanned autongraircraft climb to an altitude
of over 8,000 feet and remain in the air for 66 u@s traveling at a cruising speed of
62 knots. This improved upon the first flight, omiah the aircraft stayed aloft for 28
minutes and reached an altitude of 4,080 feet.

FIGURE 7-9 - PHOTO OF THE BOEING'S HYDROGEN POWERED PLANE

Source: Boeing’'s hydrogen-powered Phantom Eye dugiser for longer on second flight, Darren Quick,
February 26, 2013

7.3.5 DISCUSSION

After this brief overview of the sector we can gshg challenges are real for the aircraft
industry. We have seen that hydrogen has sevdealarg advantages due to its light weight,
its important energy density and its low environtaéimpact. The air transport market being
very sensitive to safety issues, seems only belewfer in terms of technology adoption.
However some specific applications like auxiliagwer supply can be a first step toward the
integration of fuel cells. For this conclusion wencguote one passage of the summary from
the CRYOPLANE report:

"The CRYOPLANE analysis concludes that hydrogeitddoel a suitable alternative fuel for
future aviation. Based on renewable energy sourtceers the chance to continue the long-
term growth of aviation without damaging the atntese. Importantly no critical barriers to
implementation were identified in the study. Furthesearch is needed, but implementation
could take place within 15 to 20 years"

As the PV plane Solar Impulse 2 has started itddvaund trip few months ago we can be
optimistic for the future of aviation. Maybe we Ivdee interesting combinations between
solar planes and hydrogen back-up propulsion.
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7.3.6 SWOTMATRIX

TABLE 7-5 - PLANE SECTOR, SWOT MATRIX

Strength

Low direct emission

Fast refueling

Lighter fuel than kerosene
Clean fuel chain (electrolysis)

Opportunities

APU (PEMFC)

Propulsion fuel with turbine
Decreasing hydrogen price
Kerosene price volatility

Weakness

Cost of storage

Cost of PEMFC
Lifetime

Larger volume storage

Treats

Sector with a long time of decision
Only technology with significant
feedback are adopted

Lack of regulation

Lack of infrastructure
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8
LIFE CYCLE ASSESSMENT
POSTEN STUDY CASE
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8.1 INTRODUCTION

8.1.1 CONTEXT

This chapter is articulated around the projectdgdPosten and Sintef to implement a fleet of
fuel cells vehicles in the Trondheim Post servitke seed of the project is to replace the
diesel forklift fleet by an entire fuel cells fle¢h order to amortize the investment cost of the
refueling station it is being evaluated to extehid project to the road vehicles as well. The
final objective of this project is to reduce as mas possible the GHGs emissions as well as
improving the global energy efficiency of the flegtd retail house. The case of Trondheim’s
Post office is particularly interesting given tlhis project is considered as a demonstration
for a potential application at the national scdleerefore its outcome can potentially lead to
the deployment of several fuel cells vehicle flefets other Posten sites in Norway. This
implementation of fuel cells vehicles in captivedt is already undergoing for the French Post
company and the feedback from this first experimesit be highly relevant for the
Norwegian projects. The construction of this newWastructure in Trondheim retail center
should start as soon as June 2016.

8.1.2 FLEET DESCRIPTION

In order to introduce the support of the study wik start by a brief fleet description. More
details will be provided later in this chapter.

The Posten fleet in Trondheim is composed of 16ksymedium and heavy duty), 35 vans

(light duty) and 25 small vans for a total of 7éhiabes. Those vehicles operate in average 6
days a week, 302 days a year and they are all powky diesel thanks to an internal

combustion engine. The entire fleet consumes 682HMf diesel each year and most of it is

related to trucks operation as shown in the diagralow.

Reference case energy consumption share (per year)

Van Smaller van
9% 6%

FIGURE 8-1 - FLEET ENERGY CONSUMPTION SHARE PER VEHICLE TYPE

In this study those three categories are replagegtidsr FC-REV equivalent (Renault Kangoo
for small vans, Renault Maxity for vans and Ren&uémium for trucks).
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8.1.3 LCASTUDY PRESENTATION

The aim of the study is to provide a quantitatigsessment of the potential €@missions
reduction and energy saving for this project. Theskictions and savings will be compared
to a reference case which represents the curremttish where the fleet is based on ICE and
diesel. As this project is a real life project ahdrefore might be limited in its application,
three different scenarios have been establishaesmonding to a gradual replacement of the
fleet:

- The first case corresponds to a demonstration sdagge only two vans and two
small vans are replaced. It translates the fieg sbward the full implementation
where the vehicles have to be tested and approyv#elfinal user.

- The second case corresponds to a larger fleetnaéinatwhere all the vans and all
the small vans are replaced. This configuration@agur in the case where Posten
is ready to replace all the fleet but where thé ¢edls trucks are not commercially
available yet.

- The third case is the ideal one where the whokt flereplaced.

To achieve this study we will use a Life Cycle Assment (LCA) method explained in the
next section. However, for a matter of resourcektame, this study will be only focus on the
fuel value chain and therefore cannot pretend ta bemplete LCA as it does not cover the
entire system. Furthermore the only indicatorso(@alled stressors) under scope will be the
primary energy consumption (kWhPE) and the,@®issions (kgCeg). In each LCA the set
of the boundaries is very important as it impaa fimal result. Here we have decided to
determine the impacts for three different boundarmonfigurations (see fig.7-2 for
illustration):

- Tank-To-Wheel boundaries (TTW): The study is liditeo the direct energy
consumption of the vehicle and the direct xCénission during the operation
phase. It only considers the fuel from the momeaniers into the fuel tank.

- Well-To-Wheel boundaries with hydrogen based orewalectrolysis (WTW, El):
The study looks at the entire value chain of thed from its production to its final
use. In this case we assume that hydrogen is peddtitanks to the water
electrolysis process (see Chapter 2).

- WTW boundaries with hydrogen based on natural gésrming (WTW, NG):
Same as before but this time hydrogen is produgednbans of natural gas
reforming.

After this introduction to the study we will presehe input data as well as the LCA method
through a calculation example. Then we will predbetresults and interpret them in the next
section to finally conclude about the impact ostproject.
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8.2 METHOD AND MATERIALS

1.1.1 Vehicles and fleet characteristics

8.2.1.1 Vehicles characteristics

In this study we will compare different types ohige technology. Therefore it is relevant to
first give the characteristics of each vehicle type the properties of its corresponding

replacement vehicle.

A letter is attribute to each vehicle type (A = @ku B = Vans ; C = Small vans)

TABLE 8-1 - ORIGINAL AND REPLACEMENT VEHICLES CHARACTERISTICS ( C)

Original vehicle (Diesel)

Replacement vehicle (FC-REV)

Name

Peugeot Partner

Renault HyKangoo

Diesel consumption

0.11 liter/km

Hydrogen storage

1.7 kgH2 (35MPa)

Hydrogen consumption - 5.4 gH2/km
Battery storage - 22 kWh
Electricity consumption - 0.07 kWh/km

Range - 320 km

TABLE 8-2 - ORIGNIAL AND REPLACEMENT VEHICLES CHARA CTERISTICS (B)

Original vehicle (Diesel)

Replacement vehicle (FC-REV)

Name

Mercedez Sprinter

Renault Maxity

Diesel consumption

0.13 liter/km

Hydrogen storage

4 kgH2 (35MPa)

Hydrogen consumption - 13 gH2/km
Battery storage - 22 kWh
Electricity consumption - 0.14 kWh/km

Range - 200 km

TABLE 8-3 - ORIGINAL AND REPLACEMENT VEHICLES CHARA CTERISTICS (A)

Original vehicle (Diesel)

Replacement vehicle (FC-
REV)

Name

Scania Truck

(from 15 to 51 pallets capacity

Renault Premium

Diesel consumption

0.13 liter/km

Hydrogen storage

25 kgH2 (35MPa)

Hydrogen consumption - 50 gH2/km
Battery storage - 80 kWh
Electricity consumption - 0.16 kWh/km
Range - 500 km
Important:

The important assumption is made that each FC-REMill§ the same operational
requirement as the diesel vehicle. Therefore thabmu of vehicles in the fleet is still the

same as well as the distance for each trip.
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8.2.1.2 Fleet characteristics

After the vehicles technical characteristic thistgs aims to provide the distance and trip

frequency used in this LCA study.

TABLE 8-4 - FLEET OPERATION TABLE

Vehicle

A4

OJ

Type Size Route Kmitrip | Trips/week| Trips/year| Km/year
21 pallets Raros 340 6 302 102 68
23 pl Afjord 260 6 302 78 520
21 pl Hitra/Fragya 400 6 302 120 800
18 pl Oppdal 240 6 302 72 480
21 pl Oppdal 240 6 302 72 480
18 pl Brekstad 320 6 302 96 640
33 pl Verdal 400 6 302 120 800
18 pl Selbu 280 6 302 84 560
18 pl Meraker 175 6 302 52 850
- 15 pl Trondneim 50 5 255 12 750
(A) 36 pl Hanestad 525 5 255 133 871
18 pl Kyrkseetergra 340 6 302 102 68
33 pl Trondheim- 750 5.5 270 202 500
Steinkjer
Trondheim-
51 pl Steinkjer 275 5 255 70125
Steinkjer-
38 pl Trondheim- 400 6 302 120 800
Namsos-Steinkje
Steinkjer-
33 pl Trondheim- 650 6 302 196 300
Rarvik-Steinkjer
35 * Vans Parcel .
(B) distribution Trondheim - - - 535 000
Smiﬁ \*/ans Letter mail Trondheim - - - 376 000
distribution
(©)
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1.1.2 Fuels data

In order to perform the LCA we also need to provide upstream values corresponding to
three fuels under scope (Hydrogen, Electricity,d8lg Given the hydrogen can be produced
either with natural gas or electricity the upstreamlues cover the primary energy
consumption and the GOemissions of natural gas, electricity and dieSdle values
presented in this example come from the Europeannugssion hydrogen WTW analysis
(CONCAWE) and the Norway energy efficiency repooini ABB [86], [88].

TABLE 8-5 - WELL TO WHEEL ELECTRICITY FACTORS

Electricity and electrolysis

Electrolyser efficiency (El+comp)

(KWhe/kWhH?2) 1.53
Grid efficiency
(KWhPE/KWheownstream 1.24
Overall efficiency
(KWhEP/KWhH?2) 1.90
CO, emissions
(kgCO/kWheyownstreanh 0.016
CO, emissions
(kgCO/KWhH2) 0.02

TABLE 8-6 - WELL TO WHEEL NATURAL GAS FACTORS

Natural gas reforming

Overall energy consumption
(KWhPE/KWhH2) 1.99

Overall CQ emissions*
(kgCO/kWhH2) 0.41

* We assume that natural gas comes from fossil respnot biomass.

TABLE 8-7 - WELL TO WHEEL DIESEL FACTORS

Diesel
Overall energy consumption
(KWhPE/KWh diesel) 1.20
CO; emissions, TTW
(kgCO/kWh diesel) 0.26

CO; emissions, WTW
(kgCO,/kWh diesel) 0.32

Comments

In this study, diesel is the only fuel which emitS8O, directly at the tailpipe
(TTW boundaries). Therefore we have displayed taisie in the table above. The WTW
value is the addition of the G@mitted during the combustion and the ;Gfnitted for the
production of diesel.
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8.2.2 LCAMETHOD

The Life cycle assessment is not a method thatbsarmlearly explained in one section,
therefore the following parts do not aim to expl#dwe entire theory of each step. However
they will provide sufficient information to undeasid the basics and to be able to go further
with the help of the appropriate material (LCA noeth Anders Hammer Strgmman [87]).
As our study covers three different types of vedsalve will focus only on the Truck type to
explain the method but the logic is the same ferdther vehicles. All the matrix calculation
explained in the following sections has been pertat with Matlab. Therefore the Matlab
script is available in the appendix A.

8.2.2.1 Flowchart

In every LCA the first step is to represent thetaysinteractions thanks to a flowchart. This
flowchart allows us to clarify the relations betwethe components, the resources, the
foreground (TTW) and the background (WTT). Heretladl powertrains and fuels are covered
given that their value chain is different.

‘ FC-REV with hydrogen based on natural gas reforming

e e e P (e A P e e i P i i P e i P e i P e et i et i S e e i S5 e et

[ T e e e ]
1.99 KWhEP/KWhH?2 LB W
Fuel Cell, Battery

and e-motor
(kWhH2)

Natural gas source
(KWhEP)

0.41 kgCO2/kWhH2

Distance (km)

1.24 KWhEP/kWhe

| Battery and e-motor
| (kWhe)

Electricity source

(kWhEP)
0.16 kWhe/km

P R R S R S R R S N S N U S N S N N P S S N P S S N R S G ¢ MR S

FIGURE 8-2 - LCA FLOWCHART OF FC-REV WITH HYDROGEN BASED ON NG REFORMING

[ FC-REV with hydrogen based on water electrolysis

WTW
T e e i i g | |
r_ !
| TTW | |
| Electrolyser kWhe/kWhH2 I Fuel Cell, Battery | |
| and e-motor |
| (KWhH2) ]
| [ ]
| [
| [
| I
: 1.24 { :
| ( Electricity source KWhEP/kWhe Battery and e-motor X
| (KWhEP) 0.016 (kWhe) 0.16 kKWhe/km L
| kgCO2/kWhe L
| o __ J

Nomih st i s e s . ] s ) s i s i e i s il s s

FIGURE 8-3 - LCA FLOWCHART, FC-REV, HYDROGEN BASED ON WATER ELECTROLYSIS
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‘ CV with diesel as fuel

i EeoEpaTs Soeads Bosie T gommsie ey S sEeds STy By S e ags S S Sy

1.20 | TTW !

Internal combustion engine
(kWhdiesel)

Qil source
(KWhEP)

0.06 |
kgCO2/kWhdiese] — — — — — — — — — — — — o e e e — — — — —

i S ] Gt S | i S i S ] it s bl S ] S ] S’ S ] Sl S . i | ] S | S il

FIGURE 8-4 - LCA FLOWCHART OF CV POWERED BY DIESEL

8.2.2.2 A and S matrixes

The next step of the LCA is to translate this flbaxt into two matrixes, known as “A” and
“S” matrix. The A matrix is related to the interiact between the different parts of the system
while the S matrix is related to the amount of s#togs (here KWhEP and kgg@eleased or
consumed by those parts. To illustrate those nesdriwe will focus on the case of the
FC-REV with hydrogen based on water electrolydigha other configurations are available
in the appendix B. Given that we wants to obtaisuls for both boundaries (WTW and
TTW) the S matrix will have two forms as shown belo

TABLE 8-8 - A MATRIX EXAMPLE FOR TWT BOUNDARIES

A matrix Distance (km) | Fuel (kwh) Electricity (kwh)
Distance (km) 0 0 0
Fuel (kwh) 1.67 0 0
Electricity (kwh) 0.16 0 0

In this type of matrix we have to read column byuom. The first column shows that to
produce 1 kilometer we need 1.67 kWh of fuel (Heydrogen) and 0.16 kWh of electricity
(stored in the battery). As we only look at the TBaundary we stop the value chain here.

TABLE 8-9 - S MATRIX EXAMPLE FOR TTW BOUNDARIES

S matrix (TTW) D'(Slfr"’r‘:)‘ce Fuel (kWh) | Electricity (kWh)
Energy (KWhEP) 0 1 1
Emissions (kgc0y) 0 0 0

As the TTW boundaries stop at the fuel cells arttkbawe consider that 1 kWh of hydrogen
represent the same amount of primary energy. Sagie for the electricity in battery. None
of them have direct emission given they are zers®on vehicles. In a complete LCA the S
matrix considers all the stressors possible foraheironment (CH4, C& SO2, Resource
depletion...) but here we focus only on the primanergy consumption and the €O
emissions.
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TABLE 8-10 - A MATRIX EXAMPLE FOR WTW BOUNDARIES

A matrix Distance (km) | Fuel (kWh) | Electricity (kwWh)
Distance (km) 0 0 0
Fuel (kwh) 1.67 0 0
Electricity (kwh) 0.16 1.53 0

The reading is the same as the previous A matrixtbs time we look further in the value

chain. In order to produce 1 kWh of hydrogen wednteeinject 1.53 kWh of electricity in the

electrolyser and compressor (second column). Tohrélae final step of the value chain we
have to address the S matrix.

TABLE 8-11 - S MATRIX FOR WTW BOUNDARIES

S matrix (WTW) Distance (km)| Fuel (kWh) | Electricity (kWh)
Energy (KWhEP) 0 0 1.24
Emissions (kgcO,) 0 0 0.016

Here we consider the WTW boundaries so the hydralpes not represent primary energy
anymore as the A matrix mentioned that it is preduérom electricity. Therefore we can
attribute to electricity its corresponding valuepoimary energy and C{emissions.

8.2.2.3 | and L matrixes

The “I” matrix is the unity matrix and we use itttvithe A matrix to obtain the Leontief's
inverse matrix “L” thanks to the formula given beloThis L matrix will define the total
amount of each input required per unit of outpunhponent. For further explanation we can
refer to the LCA course content from the NTNU maedj@7].

In order to obtain the L matrix we use the follogiformula:
L=(—-A)"1

TABLE 8-12 - | MATRIX EXAMPLE

| matrix Distance (km) | Fuel (kwh) Electricity (kwh)
Distance (km) 1 0 0
Fuel (kwh) 0 1 0
Electricity (kWh) 0 0 1

TABLE 8-13 - L MATRIX EXAMPLE FOR TTW BOUNDARIES

L matrix, TTW | Distance (km)| Fuel (kWh) Electricity (kwh)
Distance (km) 1 0 0
Fuel (kwh) 1.67 1 0
Electricity (kwh) 0.16 0 1
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TABLE 8-14 - L MATRIX EXAMPLE FOR WTW BOUNDARIES

L matrix, WTW | Distance (km) | Fuel (kwh) Electricity (kwh)
Distance (km) 1 0 0
Fuel (kwh) 1.67 1 0
Electricity (kwWh) 2.71 1.53 1

8.2.2.4 Y, X matrixes

The “Y” matrix is simply the matrix we can modifyepgending of the amount of unit output
we want. In our case we will required only one kikter because of the number of case to
calculate. The variation of kilometer required vii# done later thanks to the “e” matrix (see
next section).

TABLE 8-15 - Y MATRIX EXAMPLE

Y matrix, TTW External demand
Distance (km) 1
Fuel (kwh) 0
Electricity (kWh) 0

The “X” matrix is basically the combination of theand Y matrix as detailed in the equation
below. It give us the total amount of input we néegroduce one kilometer. As we look at
two different boundaries (TTW, WTW) we obtain twomatrixes:

X=LxY

TABLE 8-16 - X MATRIX EXAMPLE, TTW BOUNDARIES

X matrix, TTW Total input
Distance (km) 1.00
Fuel (kwh) 1.67
Electricity (kwh) 0.16

TABLE 8-17 - X MATRIX EXAMPLE, WTW BOUNDARIES

X matrix, WTW Total input
Distance (km) 1.00
Fuel (kwh) 1.67
Electricity (kwWh) 2.71

8.2.2.5 e and final matrix

The “e” matrix is the final matrix we need to doraalculation. It is the product of the X
matrix and the S matrix. It gives us the quantityk@/hEP consumed and the amount of
kgCGO; released for one kilometer. In this example ashaee two S matrixes we will also
have two e matrixes. Instead we will directly dapkhe final table use for the calculation
which gather all the “e” matrix. All those “e” mates represent the different combination
possible between FC-REV, CV ; Truck, Van, Small \vaxd TTW boundaries or WTW
boundaries (Electrolysis or Natural gas).
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e=S5xX

Thanks to this matrix we can establish a factorrmawhich is nothing else than the
respective values of the e matrix for each configan. The final matrix is displayed below:

TABLE 8-18 - LCA POSTEN, FINAL FACTOR MATRIX FOR AL L THE CASES

Final matrix kWh/km| kg CO,/km

Truck FC-REV TTW 1.83 0.00
Truck FC-REV | WTW (EL) 3.34 0.04
Truck FC-REV | WTW (NG) 3.51 0.69
Truck Diesel TTW 3.49 0.92
Truck Diesel WTW 4.18 1.11
Van FC-REV TTW 0.58 0.00
Van FC-REV | WTW (EL) 1.01 0.01
Van FC-REV | WTW (NG) 1.06 0.19
Van Diesel TTW 1.29 0.34
Van Diesel WTW 1.55 0.41
Small van FC-REV TTW 0.25 0.00
Small van FC-REV | WTW (EL) 0.42 0.01
Small van FC-REV | WTW (NG) 0.44 0.07
Small van Diesel TTW 1.10 0.29
Small van Diesel WTW 1.31 0.35

The last step to obtain the results presented ennéxt section is simply to multiply the
distance of each trip (see figure 7-4) by the gmoading factor of the table above.
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8.3 RESULTS

This section presents the results obtained fromUWBA calculation. As explained in the

introduction of this chapter we look at two aspetftshe fleet: The energy consumption and
the CQ emissions. Therefore a first part displays therggneonsumption results over one

year for the different case scenarios and a separigrovides the same for G@missions.

8.3.1 ENERGY CONSUMPTION

As the results depend of the boundaries assumfitisrsection is divided in four parts. Each
part covers one boundaries assumption and onegartasummarizes the different results.

8.3.1.1 Tank-To-Wheel boundary
The following table indicates the energy consumptior the different case as well as the
corresponding energy saving from the reference. case

TABLE 8-19 - ENERGY CONSUMPTION RESULTS, TTW BOUNDARY

Energy consumption Energy savin %
B TEN €1 %IWh/yr) P (Ms\)//h/yr) k reduction
Case ref No replacement 6 825 - -
Case 1 2 vans + 2 small vans 6778 47 1
Case 2 All the vans and small vans 6 125 700 10
Case 3 All the vehicles 3399 3426 50

8.3.1.2 WTW boundary, Hydrogen from water electrolysis
Here we have considered the entire value chaimefiuels. Concerning hydrogen we have
assumed it was produced by water electrolysis.

TABLE 8-20 - ENERGY CONSUMPTION RESULTS, WTW (EL) B OUNDARY

Energy consumption Energy savin %
REPEERTEN B %IWh/yr) P (M\Q/}\yh/yr) ° reduction
Case ref No replacement 8190 - -
Case 1l 2 vans + 2 small vans 8 147 44 1
Case 2 All the vans and small vans 7 563 627 8
Case 3 All the vehicles 6 187 2 004 24

8.3.1.3 WTW boundary, Hydrogen from natural gas reforming
Here we have considered the entire value chaimefuels. Concerning hydrogen we have
assumed it was produced by natural reforming. Asitioeed in 7.2.2 the natural gas is
considered as coming from fossil resource not fooomass.

TABLE 8-21 - ENERGY CONSUMPTION RESULTS, WTW (NG) BOUNDARY

Energy consumption Energy savin %
REPEESTETE G %IWh/yr) P (Ms\)//h/yr) k reduction
Case ref No replacement 8190 - -
Case 1 2 vans + 2 smaller vans 8 149 42 1
Case 2 All the vans and smaller vans 7 594 596 7
Case 3 All the vehicles 6 491 1700 21
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8.3.1.4 Results summary

Energy saving compare to the reference case

Casel Case 2 Case 3
2 Vans and 2 Small All the Vans and Small All the fleet is replaced
vans are replaced 50.2
50 -
%
24.5 20.8
10.3 7.7 7.3
07 % % I
0

FIGURE 8-5 - LCA POSTEN CASE, RESULTS SUMMARY, ENERGY SAVING

8.3.2 CO, EMISSIONS

As the results depend of the boundaries assumgitisrsection is divided in four parts. Each
part covers one boundaries assumption and onegdaralsummarizes the different results in
one graph.

8.3.2.1 Tank-To-Wheel boundary

The following table indicates the G@missions for the different case as well as the
corresponding reduction from the reference case.

TABLE 8-22 - CO, EMISSIONS RESULTS, TTW BOUNDARY

Replacement of CO; emissions | Emission reduction % '
(tons/yr) (Tonslyr) reduction
Case ref No replacement 1801 - -
Case 1l 2 vans + 2 smaller vans 1782 19 1
Case 2 All the vans and smaller vang 1510 292 16
Case 3 All the vehicles 0 1801 100

8.3.2.2 WTW boundary, Hydrogen from water electrolysis

Here we have considered the entire value chaimefuels. Concerning hydrogen we have
assumed it was produced by water electrolysis.

TABLE 8-23 - CO, EMISSIONS RESULTS, WTW (EL) BOUNDARY

CO, emissions | Emission reduction %
RERERIE O (tons/yr) (Tonsl/yr) reduction
Case ref No replacement 2180 - -
Case 1 2 vans + 2 smaller vans 2 157 23 1
Case 2 All the vans and smaller vans 1836 344 16
Case 3 All the vehicles 80 2100 96
8.3.2.3 WTW boundary, Hydrogen from natural gas reforming
NTNU - Department of Civil and Transport Engineering - Karel Hubert Page 124




- Hydrogen and fuel cells opportunities in the Negman transport market -

Here we have considered the entire value chaimefuels. Concerning hydrogen we have
assumed it was produced by natural reforming. Asitioeed in 7.2.2 the natural gas is
considered as coming from fossil resource not fobomass.

TABLE 8-24 - CO, EMISSIONS RESULTS, WTW (NG) BOUNDARY

Replacement of CO, emissions | Emission reduction % ‘
(tonsl/yr) (Tonslyr) reduction
Case ref No replacement 2180 - -
Case 1 2 vans + 2 smaller vans 2165 15 1
Case 2 All the vans and smaller vang 1955 225 10
Case 3 All the vehicles 1263 917 42

8.3.2.4 Results summary

CO2 emissions reduction compare to the reference case
Casel Case 2 Case 3
2 Vans and 2 Small All the Vans and Small All the fleet is replaced
o0 vans are replaced vans are replaced 100 9
1 .
%
50 -
16
1.1 1.0 0.7
0
S > > S
£ & &£ ¢
SIS
s 8

FIGURE 8-6 - LCA POSTEN CASE, RESULTS SUMMARY, CO, EMISSIONS
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8.4 ANALYSIS

The results displayed in the previous parts shoa significant difference between the three
boundary options and between the different hydrqgeduction processes. As they reflect a
different value chain we will first cover the TTWsults and then the WTW results. Generally
speaking we can note that whatever the boundarsechand the hydrogen origin it is obvious
that the replacement of a diesel vehicle by a FO&:Ré&fluces the fleet emission and energy
consumption. We can also observe that the diffegrare stronger when all the fleet is
replaced (Case 3). Therefore we will focus on e for the coming analysis.

First of all one can see that the TTW boundary tes best results of the study. As it
composed of a shorter value chain it is logic ihatas the least C{Oemission and the least

energy consumption. Hydrogen and battery have dvardage of not directly emitting any

GHGs during the operation phase. Therefore it explthe 100% reduction in case of a total
replacement of the fleet. Concerning the energyseomption the FC-REV transforms its

energy through two systems (FC and battery) the¢ leth a better efficiency than the ICE
(60%, 85% and 25% respectively). It explains th@amant energy saving of 50.2% made
over one year over the entire fleet. However th&V/Tdnalysis is very limited in its approach
as it only covers a small part of the value ch@ims type of boundary is more relevant when
we look at the local pollution only (NOx, PM).

If we now focus on the WTW boundary we have deteadithat the hydrogen produced from
water electrolysis allowed higher energy saving lameer CQ emissions than hydrogen from
natural gas. Concerning the energy consumptionave imentioned previously that the value
chain for water electrolysis was more efficientrthbe value chain for natural gas reforming
(2.90 KWhEP/KWhH2 against 1.99 kWh/kWhHZ2). Thigkti different applied to thousands
of kilometers driven leads to few more percentraérgy saved with water electrolysis (24%
for electrolysis against 21% for reforming). If ghenergy saving difference is not very
important it is much more pronounced if we lookthe CQ emissions. With 96% of
emissions reduction with hydrogen from electrolyaigsinst 42% with natural gas reforming
the best option is clearly identified. To explamstdifference we have to look at the £0O
emission per kWh of hydrogen produced: The elegsislonly emit 0.02 kgC&kWhH2
while natural gas reforming releases 0.41 kgf/®@WhH2 (twenty times more). This clean
process is the consequence of the Norwegian IE@&n electricity based on hydropower.
However as mentioned in chapter 2 another elewtnix, based on coal for instance, would
have meant a much higher emission for the eledi®fil.53 kgC@kWhH2 in this case).

As mentioned in the introduction chapter we shddde a look to the scenario 2 in the case
where the fuel cells trucks would not be availalbiethe case 2 the same difference are
observable but in a lesser magnitude. Therefor&\tigV (el) has the best performance with
7.7% energy saving (against 7.3% for WTW (NG)) d%d6 of CQ emissions reduction
(against 10% for WTW (NG)). Those differences aaased by the same reason explained in
the previous paragraph.

Our last analysis point is that the calculationsvabare based on average data which means
that the hydrogen and electricity consumptions feEréened through an average value per
kilometer driven. However as the FC-REV is a hylsydtem (FC + battery) it is possible to
run only on battery for half of the range withowsing hydrogen at all. Therefore if, for any
reasons, the trip of a Premium, a Maxity or a Kangoshorter than the vehicle available
range then there will be more electricity consuntieah hydrogen and the overall energy
consumption and C{emissions will be less important.
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8.5 CONCLUSION

Based on the previous analysis and assumptionsawe dhetermined that the TTW analysis
was not a good tool to assess the performancdudl aalue chain, especially when it comes
to hydrogen. Therefore by comparing the two WTWapf(electrolysis and reforming) we
have determined that the best performance was\azhi@hen all the fleet is replaced and
with hydrogen based on electrolysis. This optiobuces by 24% the annual energy
consumption and by 96% the annual &issions. However given that the project willista
in June 2016 it is very unlikely that a fuel cefisck format will be commercially available by
this time. Therefore the real life situation is mdikely to perform a 7.7% annual energy
saving and a 15% CQOemissions annual reduction. This difference betw#ese two
scenarios underline that it is highly relevant éplace the truck as soon as possible. As the
price of a refueling station is proportional tostge the best option would be to install a small
or medium station sufficient for the few first veleis plus the forklift fleet and then to
develop the network of refueling station in Tronidine

Concerning the comments about the study we cart paim potential improvements. First,
our last analysis paragraph pointed that a morerate drive cycle data would have allowed
a more accurate calculation which would have pribglven a lesser energy consumption
and CQ emission. Second, this study was only focusedhenfuel value chain therefore it
seems important to underline that, in the case bteery for instance, most of the €3
released during the manufacturing phase (energysite process). We can have the same
comment for the fuel cells manufacturing and thesemns related to the extraction of
platinum. Given that a FC-REV is composed of baittdry and fuel cells the results of this
study has to be considered with precaution. Thhid,assumption saying that the FC-REVs
will perfectly match with the previous vehicles ogtgon requirement is a strong assumption
and should be revisited with more accurate dataitafpayload, size, power). Four, we have
only considered here the energy and the 6@ the operational aspect of an electrolyser and
a natural gas reformer are different and signifiGmthe supply of natural gas is much more
complicated than an electricity supply.

It would have been really interesting to combine tiols and results of chapter 5 and 6 with
this chapter. This could have led to estimate tbst introduction strategy for the fleet by
pondering the economic cost, the energy savingla€Q emission reduction.
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9

CONCLUSION
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9.1 ANSWER TO THE PROBLEMATIC

Through this thesis we have covered most of thewlgian transport market and have
analyzed the potential applications for hydroged arel cells. We have shown that several
types of fuel cells and several ways to producerdgeh exist, both with decreasing cost
overtime. In Norway, despite a very important nalt@as resource, the most relevant way of
producing hydrogen appears to be water electrolyilsésxks to the hydropower clean
electricity. Also the PEMFC and the MCFC seem taheemost appropriate fuel cells types
to penetrate respectively the road sector and thétime sector in a short time perspective.
In the different sectors we have seen that thadentdogies have no serious technical issues
but have to compete with several other fuels orh lm#ro emission aspect (battery) and
operational performance (natural gas, diesel). Aelalso determined that the lack of a real
infrastructure network limits the current applicais to captive fleet operation (road) or short
distance trips in loop (Maritime). A common poimt &ll the sectors was the increasing
environmental pressure (LEZ, EAC) and the volatitif oil prices which act as a catalyst for
this clean technology.

Thanks to the study of the maritime sector we hde®rmine that the very high energy

consumption was a significant advantage for batbeat but that fuel cells boat brings more
flexibility and can cover more distance. Therefar&eombination of the two technologies

could be the future of maritime transportation. Be short term the use of natural gas in a
MCFC is the most interesting compromise betweememtyy, operation and environment.

However, already today, a room is available fot Gadls in the APU applications.

By analyzing the road sector we have figured oat the light weight and the energy content
of fuel cells and hydrogen have a good potentialdag range capabilities and high energy
consumption vehicles. The combination of fuel cealt&l battery for high fuel consumption
trips is a promising option as well. The road tarraption has been proved efficient for cars
and light duty vehicle to make fuel cells compeétbut even without aid the fuel cells heavy
trucks are competitive for long distances. Thawlsy the bus segment is also interesting
especially for long distance trip (rural applicafiaather than city operation where battery
buses are currently more competitive.

Even though our focus was on maritime and road awe hearnt that the railway sector was
actually one of the most promising applicationssjiie a very low GHGs emission we have
seen that the combination of fuel cells and battenyld be an application highly relevant

from an economical aspect because of the currece f the electric infrastructure. The

aviation sector gave us a less optimistic perspediven the inertia of the industry and the
safety requirement. The adoption of this technolaguld mean less weight for planes but a
change the design.

The LCA study has shown that a significant peragamtaf energy can be saved by using
FC-REV instead of diesel vehicle as well as an irgma cut in the C@emissions whatever
the value chain considered.

As a conclusion we can say that today the best rtyppites for fuel cells and hydrogen
technology lay in the heavy trucks operating intis@pfleet, in long distance buses, and in
railway train. In a close future the maritime apgtions for medium and long distance based
on natural and MCFC could be competitive and ifiaimmum infrastructure is deployed the
long range cars will also be an opportunity.
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9.2 CRITICS AND OPENING

After having completed this report we realized teath sector could have been a master’s
thesis by itself. This large frame delimited by therwegian transport sector was clearly too
large to go sufficiently into detail, especiallyrfthe technical aspect. Nonetheless the
economical aspect gave us valuable data even italmilation was simplified through a
reduce number of parameters. This master's thgstheml some tracks that have to be
exploited in order to answer more precisely to dhiginal question. Among those openings
the design of hybrid systems made of fuel cells @attery was a topic which came
repetitively in the several discussions along theport. Therefore the elaboration of a
software or the use of an existing one to deterrthieeoptimal hybrid design could be a very
interesting topic.
Finally even though this thesis was focused orNibievegian context, the results and analysis
are actually for most of them also relevant in Ehgopean and international context. It is
possible to apply the calculation to any other erhby changing the correct values in the
excel files.
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11 APPENDICES

11.1 ATTACHMENT 1: TASK DESCRIPTION AND SUPERVISOR SIGNATURE

See next page
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Economic and technical assessment of hydrogen and fuel cell
opportunities in the Norwegian transport sector

BACKGROUND

Our century is facing two main challenges in term of energy use and supply. The first one is related to
global warming as the UNs IPCC is warning the international community about the necessity to stay below
a 2°C temperature increase. This issue is highly correlated to human activities through greenhouse gases,
and our transport sector is responsible for one third of those emissions. The second challenge is related to
energy supply itself due to the fossil fuel resource depletion. As our economies’ growth relies on energy
consumption, this resource factor will put an increasing pressure to find alternative energy sources and
energy carriers.

In this situation hydrogen and fuel cell technology look like a potential answer to those challenges. Indeed,
hydrogen could become the next energy carrier for the transport sector if used in combination with fuel
cells to power electric motors. The interest of this option lays in the high energy content of hydrogen, the
interesting efficiency of fuel cells and the properties of this system to release only water. However,
hydrogen acts only as an energy carrier and it has to be produced somehow while fuel cell technology is
quite expensive at the moment. Furthermore, fuel cells have to compete with other low emission
technologies like biofuels and batteries while fulfilling the same requirement as fossil fuels. Therefore,
finding the correct balance between economic competitiveness, environmental benefit and operational
requirements for hydrogen and fuel cell technology is a real challenge directly related to climate and energy

supply.

TASK

Task description
The aim of this thesis is to determine the most relevant segments of the Norwegian transport market for the
introduction of hydrogen and fuel cell technology.

To achieve this, the student shall first cover the different sectors by collecting information about the
existing projects related to this technology, the specific technical requirements of each sector and the main
characteristics of the competitive fuels.

In addition, a more accurate analysis shall be provided for one or two sectors where this technology appears
to be the most relevant. This analysis shall be composed, inter alia, of an economic comparative study
between the different technological options for this segment.

To the extent that is relevant for the rest of the thesis, the student should make use of the project of Posten
Norge, where fuel cell vehicles are planned to replace part of their existing fleet.
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General about content, work and presentation

The text for the master thesis is meant as a framework for the work of the candidate. Adjustments
might be done as the work progresses. Tentative changes must be done in cooperation and
agreement with the professor in charge at the Department.

In the evaluation thoroughness in the work will be emphasized, as will be documentation of
independence in assessments and conclusions. Furthermore the presentation (report) should be well
organized and edited; providing clear, precise and orderly descriptions without being unnecessary
voluminous.

The report shall include:

Standard report front page (from DAIM, http://daim.idi.ntnu.no/)

Title page with abstract and keywords.(template on: http://www.ntnu.no/bat/skjemabank)
Preface

Summary and acknowledgement. The summary shall include the objectives of the work,
explain how the work has been conducted, present the main results achieved and give the main
conclusions of the work.

The main text.

Text of the Thesis (these pages) signed by professor in charge as Attachment 1.
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The thesis can as an alternative be made as a scientific article for international publication, when
this is agreed upon by the Professor in charge. Such a report will include the same points as given
above, but where the main text includes both the scientific article and a process report.

Advice and guidelines for writing of the report is given in “Writing Reports” by @ivind Arntsen,
and in the departments “Rad og retningslinjer for rapportskriving ved prosjekt og masteroppgave”
(In Norwegian) located at http://www.ntnu.no/bat/studier/oppgaver.

Submission procedure

Procedures relating to the submission of the thesis are described in DAIM (http://daim.idi.ntnu.no/).
Printing of the thesis is ordered through DAIM directly to Skipnes Printing delivering the printed
paper to the department office 2-4 days later. The department will pay for 3 copies, of which the
institute retains two copies. Additional copies must be paid for by the candidate / external partner.

On submission of the thesis the candidate shall submit a CD with the paper in digital form in pdf and
Word version, the underlying material (such as data collection) in digital form (e.g. Excel). Students
must submit the submission form (from DAIM) where both the Ark-Bibl in SBI and Public Services
(Building Safety) of SB II has signed the form. The submission form including the appropriate
signatures must be signed by the department office before the form is delivered Faculty Office.

Documentation collected during the work, with support from the Department, shall be handed in to
the Department together with the report.

According to the current laws and regulations at NTNU, the report is the property of NTNU. The
report and associated results can only be used following approval from NTNU (and external
cooperation partner if applicable). The Department has the right to make use of the results from the
work as if conducted by a Department employee, as long as other arrangements are not agreed
upon beforehand.
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Health, environment and safety (HSE) http://www.ntnu.edu/hse

NTNU emphasizes the safety for the individual employee and student. The individual safety shall
be in the forefront and no one shall take unnecessary chances in carrying out the work. In
particular, if the student is to participate in field work, visits, field courses, excursions etc. during
the Master Thesis work, he/she shall make himself/herself familiar with “Fieldwork HSE
Guidelines”. The document is found on the NTNU HMS-pages at
http://www .ntnu.no/hms/retningslinjer/HMSRO7E.pdf

The students do not have a full insurance coverage as a student at NTNU. If you as a student want
the same insurance coverage as the employees at the university, you must take out individual travel
and personal injury insurance.

Startup and submission deadlines

Startup and submission deadlines are according to information found in DAIM.
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11.2 APPENDIXA: LCA CALCULATION, MATLAB SCRIPT

clear all ;

%Entering the A matrix

Al = xIsread( 'LCA_Posten.xIsx' A, 'B2:J10 );
A2 = xIsread( 'LCA_Posten.xIsx' A", 'B13:J21 )
A3 = xIsread( 'LCA_Posten.xIsx' A, 'B24:J32 )
B1 = xlsread( 'LCA_Posten.xIsx' ,'B" ,'B2:J10" );
B2 = xIsread( 'LCA_Posten.xIsx' ,'B'" ,'B13:J321' );
B3 = xIsread( 'LCA_Posten.xIsx' ,'B'" ,'B24:332" );
Cl=xlsread( 'LCA_Posten.xlsx' ,'C','B2:J10"  );
C2 =xIsread( 'LCA_Posten.xlsx' ,'C' ,'B13:J21" );
C3 =xIsread( 'LCA_Posten.xlsx' ,'C' ,'B24:J32" );

%Entering the Unity matrix

| = xIsread( 'LCA_Posten.xIsx' 1, 'B2:J10 ),

%Calculating the Leontief inverse matrix
L1 = (I-FAL)N(-1);
L2 = (I-A2)7(-1);
L3 = (I-A3)"(-1);
L4 = (I-B1)™(-1);
L5 = (I-B2)"(-1);
L6 = (I-B3)"(-1);
L7 = (I-CL)M(-1);
L8 = (I-C2)"(-1);
L9 = (I-C3)"(-1);

%Entering the Y external demand matrix
Y = xlIsread( 'LCA_Posten.xIsx' 'Y, 'B2:B10" );

%Calculating the x total outputs matrix
x1 = L1*Y,
X2 = L2*Y;
x3 = L3*Y;
x4 = L4*Y;
x5 = L5*Y;
X6 = L6*Y;
X7 = L7*Y,
x8 = L8*Y;
X9 = L9*Y;

%Entering the S stressor matrix
S1 = xlsread( 'LCA_Posten.xIsx' , 'S, 'B2:33" );
S2 = xlsread( 'LCA_Posten.xIsx' , 'S, 'B6:JJ7 ),

%Calculating the e stressors generated matrix
el = S1*x2;
e2 = S2*x1;
e3 = S2*x2;
e4 = S1*x3;
eb = S2*x3;
e6 = S1*x5;
e7 = S2*x4;
e8 = S2*x5;
€9 = S1*x6;
€10 = S2*x6;
ell = S1*x8;
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el2 = S2*x7,

el3 = S2*x8;

el4 = S1*x9;

el5 = S2*x9;

%Entering the e matrixes in the final table

xlswrite(  'LCA_Posten.xIsx' ,el, 'Results’ ,'B5' );
xlswrite(  'LCA_Posten.xIsx' .2, 'Results’ ,'C5' );
xlswrite(  'LCA_Posten.xIsx' .3, 'Results’ ,'D5' );
xlswrite(  'LCA_Posten.xIsx' .4, 'Results' ,'E5' );
xlswrite(  'LCA_Posten.xIsx' .5, 'Results' ,'F5' );
xlswrite(  'LCA_Posten.xIsx' ,6, 'Results’ ,'G5' );
xlswrite(  'LCA_Posten.xIsx' ,e7, 'Results’ |, 'H5" );
xlswrite(  'LCA_Posten.xIsx' ,e8, 'Results’ ,'I5" );
xlswrite(  'LCA_Posten.xIsx' .9, 'Results' ,'J5" );
xlswrite(  'LCA_Posten.xIsx' ,e10, 'Results’ ,'K5' );
xlswrite(  'LCA_Posten.xIsx’ ,e11, 'Results' ,'L5" );
xlswrite(  'LCA_Posten.xIsx' ,e12, 'Results' ,'M5');
xlswrite(  'LCA_Posten.xIsx' .13, 'Results’ ,'N5" );
xlswrite(  'LCA_Posten.xIsx' .14, 'Results' ,'05" );
xlswrite(  'LCA_Posten.xIsx' ,e15, 'Results' ,'P5' );

%Demonstration matrix used as example in the report

xlswrite(  'LCA_Posten.xIsx' L2, 'A",'L13 ),
xlswrite(  'LCA_Posten.xIsx' L1, AT L2 ),
xlswrite(  'LCA_Posten.xIsx' X1, 'Y, 'B13' );

xlswrite(  'LCA_Posten.xIsx' X2, 'Y ,'D13" );
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Posten fuel cell range extender vehicle fleet

‘ Value chain for the Fuel-cell Range extender vehicle (FC-REV):

| W

[ Allthe vehicles

Percentage of CO2
emission cut compare to
the referencecase (over 1
year)

M2vans + 2 smaller vans

M Allthe vans and smaller vans

100

Value chain for the Diesel vehicles:

TTW

Percentage of MWh saved compareto the
reference case (over 1 year)

M 2vans +2 smaller vans W Allthe vans and smaller vans

[ Allthe vehicles

C02 reduction fi C f
Description Tons CO2 per year re(Tzns":::ur/‘; rzar)ase e % CO2 reduction per year MWh per year MWh saved per year % MWh saved per year
Case ref All diesel 1801 6825
2 +2small laced
2vans +2smaller vans vans sr'na ervans replace 1782 19 1 6778 47
by 2 Maxitys and 2 Kangoos 1
All th d small
All the vans and smaller vans e vansan ‘sma ervansare 1510 292 16 6125 700
replaced by Maxitys and Kangoos 10
All the vehicles All the vehicles are replaced 0 1801 100 3399 3426 50

Presentation

Summary: Selection of the study's boundary. Presentation of the main results in percentage and real value.

Cases: Data concerning the configuration of the three different cases. It is possible to modify them, the calculation is done automatically.

Hand calculations: Input data and efficiency and CO2 emission calculations.

Efficiency chains: llustration of the efficiency chain and comparison with the matrix method
Posten data: Database about Posten fleet.
Results : Coefficients for the different vehicle configurations. They are obtained with the matrix method (LCA method).
A, B,C S, 1, Y: Used during the matrix calculation.
EMELx_xHx: Extract from the EUJRC WTW study version 4a. It provides the data concerning electricity.
GMCHI: Extract from the EU JRC WTW study version 4a. It provides the data concerning natural gas.

9%

Reference case energy consumption share (per year)
Van

Smaller van

(TNOILVHNDIANODM L L AYVWANNST S TT

SHAVYO ANV S3T19VL ‘SNOILYTINDTVO DT :gXIANIddVY €' TT
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CO2 Energy
TTW 1.1 0.7
Case 1 WTW (El) 1.0 0.5
WTW (NG) 0.7 0.5
TTW 16.2 10.3
Case 2 WTW (El) 15.8 7.7
WTW (NG) 10.3 73
TTW 100.0 50.2
Case 3 WTW (El) 9.3 24.5
WTW (NG) 42.1 20.8
Energy saving compare to the reference case €02 emissions reduction compare to the reference case
Case 1 Case2 Case3 Casel Case 2 Case3
2Vansand 2 Small All the Vans and Small All the fleetis replaced 2Vansand 2 Small Allthe Vansand Small Allthe fleetis replaced
vansare replaced vansare replaced vans are replaced vansare replaced 100.0
96.3
100 - 100 -
% %
50.2
50 - 50 -
245
208 16.2
103 7.7 73
07 05 0 — — Mo v
0 0
> > \ > \ > X >
£ § & £ § & £ /\f N £ s@ & £
§ £ £ £ § £ & £
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11.3.3REFERENCE CASET TWCONFIGURATION

Case ref
. . X Yearly distance X
Trip reference |Vehicle type | Engine type | Boundary type (km) Number of vehicle|tons CO2 per year| MWh per year
1 Truck Diesel TTW 102680 1 94.5 358.0
2 Truck Diesel TTW 78520 1 72.3 273.7
3 Truck Diesel TTW 120800 1 111.2 421.1
4 Truck Diesel TTW 72480 1 66.7 252.7
5 Truck Diesel TTW 72480 1 66.7 252.7
6 Truck Diesel TTW 96640 1 88.9 336.9
7 Truck Diesel TTW 120800 1 111.2 421.1
8 Truck Diesel TTW 84560 1 77.8 294.8
9 Truck Diesel TTW 52850 1 48.6 184.3
10 Truck Diesel TTW 12750 1 11.7 44.5
11 Truck Diesel TTW 133875 1 123.2 466.7
12 Truck Diesel TTW 102680 1 94.5 358.0
13 Truck Diesel TTW 202500 1 186.3 706.0
14 Truck Diesel TTW 70125 1 64.5 244.5
15 Truck Diesel TTW 120800 1 111.2 421.1
16 Truck Diesel TTW 196300 1 180.6 684.4
17 Van Diesel TTW 15286 35 182.9 692.8
18 Van FC-REV TTW 15286 0 0.0 0.0
19 Smaller van Diesel TTW 15040 25 108.7 412.0
20 Smaller van FC-REV TTW 15040 0 0.0 0.0
Total 1801.5 6825.2]
11.3.4CASE1l, TTWCONFIGURATION
Case 1
. . X Yearly distance X
Trip reference |Vehicle type | Engine type | Boundary type (km) Number of vehicle|tons CO2 per year| MWh per year
1 Truck Diesel TTW 102680 1 94.5 358.0
2 Truck Diesel TTW 78520 1 72.3 273.7
3 Truck Diesel TTW 120800 1 111.2 421.1
4 Truck Diesel TTW 72480 1 66.7 252.7
5 Truck Diesel TTW 72480 1 66.7 252.7
6 Truck Diesel TTW 96640 1 88.9 336.9
7 Truck Diesel TTW 120800 1 111.2 421.1
8 Truck Diesel TTW 84560 1 77.8 294.8
9 Truck Diesel TTW 52850 1 48.6 184.3
10 Truck Diesel TTW 12750 1 11.7 44.5
11 Truck Diesel TTW 133875 1 123.2 466.7
12 Truck Diesel TTW 102680 1 94.5 358.0
13 Truck Diesel TTW 202500 1 186.3 706.0
14 Truck Diesel TTW 70125 1 64.5 244.5
15 Truck Diesel TTW 120800 1 111.2 421.1
16 Truck Diesel TTW 196300 1 180.6 684.4
17 Van Diesel TTW 15286 33 172.4 653.2
17 Van FC-REV TTW 15286 2 0.0 17.9
18 Smaller van Diesel TTW 15040 23 100.0 379.0
18 Smaller van FC-REV TTW 15040 2 0.0 7.4
Total 1782.3 6777.9)
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11.3.5CASE2, TTWCONFIGURATION

Case 2
. . X Yearly distance X
Trip reference |Vehicle type | Engine type | Boundary type (km) Number of vehicle|tons CO2 per year| MWh per year
1 Truck Diesel TTW 102680 1 94.5 358.0
2 Truck Diesel TTW 78520 1 72.3 273.7
3 Truck Diesel TTW 120800 1 111.2 421.1
4 Truck Diesel TTW 72480 1 66.7 252.7
5 Truck Diesel TTW 72480 1 66.7 252.7
6 Truck Diesel TTW 96640 1 88.9 336.9
7 Truck Diesel TTW 120800 1 111.2 421.1
8 Truck Diesel TTW 84560 1 77.8 294.8
9 Truck Diesel TTW 52850 1 48.6 184.3
10 Truck Diesel TTW 12750 1 11.7 44.5
11 Truck Diesel TTW 133875 1 123.2 466.7
12 Truck Diesel TTW 102680 1 94.5 358.0
13 Truck Diesel TTW 202500 1 186.3 706.0
14 Truck Diesel TTW 70125 1 64.5 244.5
15 Truck Diesel TTW 120800 1 111.2 421.1
16 Truck Diesel TTW 196300 1 180.6 684.4
17 Van Diesel TTW 15286 0 0.0 0.0
17 Van FC-REV TTW 15286 35 0.0 312.4
18 Smaller van Diesel TTW 15040 0 0.0 0.0
18 Smaller van FC-REV TTW 15040 25 0.0 92.4
Total 1509.9 6125.3
11.3.6CASE3, TTWCONFIGURATION
Case 3
. . X Yearly distance X
Trip reference |Vehicle type | Engine type | Boundary type (km) Number of vehicle|tons CO2 per year| MWh per year
1 Truck FC-REV TTW 102680 1 0.0 187.4
2 Truck FC-REV TTW 78520 1 0.0 143.3
3 Truck FC-REV TTW 120800 1 0.0 220.5
4 Truck FC-REV TTW 72480 1 0.0 132.3
5 Truck FC-REV TTW 72480 1 0.0 132.3
6 Truck FC-REV TTW 96640 1 0.0 176.4
7 Truck FC-REV TTW 120800 1 0.0 220.5
8 Truck FC-REV TTW 84560 1 0.0 154.3
9 Truck FC-REV TTW 52850 1 0.0 96.5
10 Truck FC-REV TTW 12750 1 0.0 23.3
11 Truck FC-REV TTW 133875 1 0.0 244.3
12 Truck FC-REV TTW 102680 1 0.0 187.4
13 Truck FC-REV TTW 202500 1 0.0 369.6
14 Truck FC-REV TTW 70125 1 0.0 128.0
15 Truck FC-REV TTW 120800 1 0.0 220.5
16 Truck FC-REV TTW 196300 1 0.0 358.2
17 Van FC-REV TTW 15286 35 0.0 312.4
17 Van Diesel TTW 15286 0 0.0 0.0
18 Smaller van FC-REV TTW 15040 25 0.0 92.4
18 Smaller van Diesel TTW 15040 0 0.0 0.0
Total 0.0 3399.3
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Natural gas

Diesel

Additional energy spent to

Additional energy spent to

A B C
Diesel consumption
0.35 0.13 0.11
(1/km)
LHV Diesel (kWh/I) 9.96
Diesel consumption
.4 1.2 1.1
(kWh/km) 349 9 0
H2 storage (kg) 25 4 1.7
LHV H2 (kWh/kg) 33.3
Hydrogen storage (kWh) 832.5 133.2 56.61
Driving range (km) 500 300 320
Hydrogen consumption
1.67 .44 .1
(kWhH2/km) 6 0 0.18
Battery size (kWh) 80 42 22
Driving range (km) 500 300 320
Battery consumption 0.160 0.140 0.069

(kWh/km)

d kWhH2 0.99 0.2
prc;k\L;\(/:E/ir\]l\?h H2) produce one kWh of diesel
Related efficiency (%) 50 Related efficiency (%) 83
]
Overa em.ergy Overall energy consumption
consumption 1.99 (KWhPE/kWh diesel) 1.20
(kWhPE/kWhH?2)
kgCO2/MJ 0.115 kgCO2/MI diesel (WTT) 0.0154
MJ/kWh 3.6 kgCO2/kg diesel (TTW) 3.16
Overall CO2 emissions
.41 LHV (MJ/k 43.1
(kgCO2/KWhH2) 0 (My/ke)
MIJ/kWh 3.6
kgCO2/kWh diesel (WTT) 0.06
kgCO2/kWh diesel (TTW) 0.26
kgCO2/kWh diesel (WTW) 0.32
Natural gas Diesel
(o] ]
vera em.ergy Overall energy consumption
consumption 1.99 (KWhPE/kWh diesel) 1.20
(kWhPE/kWhH?2)
Overall CO2 emissions
.41 k; 2/kWh di I (TTW .2
(keCO2/KWhH2) 0 gC0o2/ diesel ( ) 0.26
kgCO2/kWh diesel (WTW) 0.32
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11.3.8FINAL“E” MATRIX

Final matrix kWh/km kg CO2/km
Truck FC-REV TTW 1.83 0.00
Truck FC-REV WTW (EL) 3.34 0.04
Truck FC-REV WTW (NG) 3.51 0.69
Truck Diesel TTW 3.49 0.92
Truck Diesel WTW 4.18 1.11
Van FC-REV TTW 0.58 0.00
Van FC-REV WTW (EL) 1.01 0.01
Van FC-REV WTW (NG) 1.06 0.19
Van Diesel TTW 1.29 0.34
Van Diesel WTW 1.55 0.41
Smallervan |FC-REV TTW 0.25 0.00
Smaller van [FC-REV WTW (EL) 0.42 0.01
Smaller van [FC-REV WTW (NG) 0.44 0.07
Smaller van | Diesel TTW 1.10 0.29
Smaller van | Diesel WTW 1.31 0.35
11.3.9A MATRICES
A matrix (A Vehicles, FC-REV, WTW El) |Distance (km)|FC-REV (X)|Fuel Cell (X) | Battery (kwWh)|ICE (X) |H2 (NG, kWh)|H2 (El, kWh) | Electricity (kWh) | Diesel (kWh)
Distance (km) 0 0 0 0 0 0 0 0 0
FC-REV (X) 1 0 0 0 0 0 0 0 0
Fuel Cell (X) 0 1 0 0 0 0 0 0 0
Battery (KWh) 0 80 0 0 0 0 0 0 0
ICE (X) 0 0 0 0 0 0 0 0 0
H2 (NG, kWh) 0 0 0 0 0 0 0 0 0
H2 (El, kWh) 1.67 0 0 0 0 0 0 0 0
Electricity (kWh) 0.16 0 0 0 0 0 1.53 0 0
Diesel (kWh) 0 0 0 0 0 0 0 0 0
atrix (A Vehicles, FC-REV, TWT and WTW | Distance (km) | FC-REV (X) | Fuel Cell (X) | Battery (kWh) | ICE (X) [H2 (NG, kWh)|H2 (El, kWh) | Electricity (kWh) | Diesel (kWh)
Distance (km) 0 0 0 0 0 0 0 0 0
FC-REV (X) 1 0 0 0 0 0 0 0 0
Fuel Cell (X) 0 1 0 0 0 0 0 0 0
Battery (kWh) 0 80 0 0 0 0 0 0 0
ICE (X) 0 0 0 0 0 0 0 0 0
H2 (NG, kWh) 1.67 0 0 0 0 0 0 0 0
H2 (El, kwh) 0 0 0 0 0 0 0 0 0
Electricity (kWh) 0.16 0 0 0 0 0 0 0 0
Diesel (kWh) 0 0 0 0 0 0 0 0 0
A matrix (A Vehicles, Diesel) Distance (km) | FC-REV (X)| Fuel Cell (X) | Battery (kWh)|ICE (X) |[H2 (NG, kwWh) | H2 (El, kWh) | Electricity (kWh) | Diesel (kWh)
Distance (km) 0 0 0 0 0 0 0 0 0
FC-REV (X) 0 0 0 0 0 0 0 0 0
Fuel Cell (X) 0 0 0 0 0 0 0 0 0
Battery (kWh) 0 0 0 0 0 0 0 0 0
ICE (X) 1 0 0 0 0 0 0 0 0
H2 (NG, kWh) 0 0 0 0 0 0 0 0 0
H2 (El, kWh) 0 0 0 0 0 0 0 0 0
Electricity (kWh) 0 0 0 0 0 0 0 0 0
Diesel (kWh) 3.49 0 0 0 0 0 0 0 0
NTNU - Department of Civil and Transport Engineering - Karel Hubert Page 146




- Hydrogen and fuel cells opportunities in the Negman transport market -

A matrix (B Vehicles, FC-REV, WTW El)

Distance (km)

FC-REV (X)

Fuel Cell (X)

Battery (kWh)

ICE (X)

H2 (NG, kWh)

H2 (El, kwh)

Electricity (kWh)

Diesel (kWh)

Distance (km)

0

0

0

0

FC-REV (X)

Fuel Cell (X)

Battery (kWh)

ICE (X)

H2 (NG, kwh)

ojojo|o |+

H2 (El, kwh)

0.44

Electricity (kWh)

0.14

-

Diesel (kWh)
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A matrix (B Vehicles, Diesel)

Distance (km)
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A matrix (C Vehicles, FC-REV, WTW El)

Distance (km)

FC-REV (X)

Fuel Cell (X) jattery (kWH

ICE (X)

H2 (NG, kWh)

H2 (El, kWh)

Electricity (kWh) [ Diesel (kwh)

Distance (km)

0

0

0

0

FC-REV (X)

Fuel Cell (X)

Battery (kWh)
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Distance (km)

FC-REV (X)

Fuel Cell (X) jattery (kWH

ICE (X)

H2 (NG, kWh)

H2 (EI, kWh)

Electricity (kWh) [ Diesel (kwh)

Distance (km)

0

0

0

0

0

FC-REV (X)

Fuel Cell (X)

Battery (kWh)

ICE (X)

H2 (NG, kWh)

H2 (El, kWh)

Electricity (kWh)

Diesel (kWh)

[

N [a] o} (o} | o} (o} [}

oflo|lo|o|o|o|o|o

olo|lo|o|o|o|o|o|o

olo|lo|o|o|o|o|o|o

olo|lo|o|o|o|o|o|o

olo|lo|o|o|o|o|o

oflo|lo|o|o|o|o|o

olo|lo|o|o|o|o|o

olo|lo|o|o|o|o|o|o

NTNU - Department of Civil and Transport Engineering - Karel Hubert

Page 147




- Hydrogen and fuel cells opportunities in the Negman transport market -

11.3.10 SMATRICES
S matrix (TTW) Distance (km) [ FC-REV (X) | Fuel Cell (X) | Battery (X) [ ICE (X) |H2 (NG, kWh)|H2 (El, kWh)|Electricity (kwh)|Diesel (kWh)
kWh PE 0 0 0 0 0 1 1 1 1
kg CO2 0 0 0 0 0 0 0 0 0.26
S matrix (WTW) Distance (km) [ FC-REV (X) | Fuel Cell (X) | Battery (X) [ ICE (X) |H2 (NG, kWh)|H2 (El, kWh)|Electricity (kwh)|Diesel (kWh)
kWh PE 0 0 0 0 0 1.99 0 1.24 1.2
kg CO2 0 0 0 0 0 0.41 0 0.016 0.32
11.3.11 | MATRIX
I matrix
1 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0
0 0 0 0 1 0 0 0 0
0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 1
11.3.12 Y MATRIX
Y matrix All
Distance (km) 1
FC-REV (X) 0
Fuel Cell (X) 0
Battery (X) 0
ICE (X) 0
H2 (NG, kWh) 0
H2 (El, kWh) 0
Electricity (kWh) 0
Diesel (kWh) 0
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11.4 APPENDIXC: STUDY CASE

11.4.1KANGOO STUDY CAS

TCO breakdown of the four Kangoo powertrain options

120

U 20 20 ou 8U 100
FCV (EI) (%) 0—

FC-REV (El) (%

) _
BEV (%) _
) _

v (%

FCV (El) (€/km) 0.09 €/km

FC-REV (El) (€/km)
BLV (€/km)
CV (€/km)

W Powertrain M Fuel M Road tax

Impact of hydrogen cost on TCO for different Kangoo
powertrains
0.25 - i
0.23 - 1
0.21 - E FCV, Eff 58%
019 - : FCV, Eff 50%
E 017 - : FCV, Eff 40%
Fo1s - = T T o ReRRE
S o013 —_— E cv
| =]
0411 - | T BEV
| "1 1
0.09 - ______.—-—-‘—_-;ﬁﬂﬁ ====Current cost
B e — "] !
0.07 ______%___—-— :
0.05 = | 1
2 3 a4 5 6 7 g 9 10 11
Hydrogen cost [€/kg)
Impact of diesel price on TCO for different Kangoo
powertrains
0.25 '
]
0.23 '
0.21 H
0.19 !
-E 0.17 : /
_‘_'E. — —p — — —_-;‘-—?——‘—-’:. — — —
W 0.15 ' FCV (EN)
o /
S 013 ——T1 —— - FC-REV (EI)
0.11 : cv
0.09 1
1 BEV
0.07 i
0.05 ‘ | ‘ ‘ . . . ‘ ‘ = === Current cost
1.4 16 18 2 22 24 26 28 3
Dieselcost {€/1)
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Impact of electricity price on TCO for different Kangoo
powertrains
0.25
]
0.23 :
0.21 '
]
__0.19 1
Eous ; —_——
e A — T Fev (El)
o 015 = — !
= : = - FC-REV (El)
' " cv
0.11 1 e
! BEV
0.09
007 T T T T :\ T T T T 1 ----Curren COStS
0.00 2.00 4.00 6.00 8.00 10.00 12.00 1400 16.00 18.00 20.00
Electricity cost {c€/kwh)

Impact of battery cost on TCO for different Kangoo
powertrains
0.25 .
1 s FC/ (E)
0.23 + :
0.21 : — - FC-REV (El)
0.19 - ]
—_ ] Ccv
5 0.17 :
@015 - L BEV
Q
= 0.13 1 L - : === aCurrant cost
.11 - P '
0.09 — — |
007 4 . =" [
= ]
0.05 +— i !
100 200 300 400 500 500 700 800
Battery cost (€/kWh)
TCO versus range capability for four different Kangoo
powertrains
0.25
0.20
FCV
50'15 lesessscsesq,videssccsnncsccse EEXEEEEEEER RN RN RENNNENLE == FC-REV
") BEV
g 0.10 - / cv

/ oo 00 FCV(Tax)
0.05 BEV (Tax)

—@— FC-REV (Tax)

0.00 T T T T T T
50 100 150 200 250 300 350

Range capability {km)/day
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System CAPEX (k€) OPEX (k€/year) NPV, 10yr (k€) TCO (€/km) TCO (€/km) Powertrain Fuel Road tax
1.8 2.3 20.2 0.13 0.13 0.01 0.06 0.06
BEV (€/km) 0.0 4.3 35.0 0.23 0.23 0.22 0.01 0.00
FC-REV (EI) (€/km)| 1.1 2.9 24.2 0.16 0.16 0.13 0.03 0.00
FCV (EI) (€/km) 16 15 135 0.09 0.09 0.04 0.05 0.00
R - - - - 9 46 45
BEV (%) } } } } } %5 5 0
FC-REV (EI) (%) } } } } } 79 21 0
FCV (El) (%) } } } } } 46 54 0
Specific H2 price (€/kgH2) 1 2 3 4 5 6| 7 3 9 10 112 [ 131415 1617 ]18]10 20 9.9 99
OPEX (k€) 23 23 24 24 25 |26 26 27 27 28 [ 28]29]20[30][30][31]31]32]33 33 28 28
FC-REV () NPV OPEX (k€] 185 18.9 193 198 202 [206] 211 215 219 223 |228]23.0]236] 24.1] 245] 249 254] 25.8] 26.2 267 23 23
NPV Total (k) 1.5 200 204 208 213 [217] 221 226 230 234|239 243]24.7] 252] 256 260 264 26.9] 27.3 277 2.4 234
TCO (€/km) 0.13 0.13 0.14 0.14 014 [014] 015 0.15 0.5 016 | 016]016]016] 017 0.47] 0.07] 0.18] 0.18] 0.8 0.8 0.16 0.16
OPEX (k€) 07 08 08 09 0 1] 12 13 14 15 |16 17|18 18|19 20212223 24 is is
eV, Eff 585 NPV OPEX (k€] 53 6.1 68 75 83 [o90] o8 105 112 120 |127[134]142]149]156]164] 17.1] 17.8] 186 193 119 119
NPV Total (k€) 6.94 7.68 8.41 9.15 988 [1061] 1135 12.08 128 | 1355 |1429]15.02[15.76[16.49[17.23[17.9618.69[19.43[20.16] __ 20.90 13.48 13.48
TCO (€/km) 005 005 0.06 0.06 007 [007] 008 0.8 0.09 009 [009]010[010[011]011]0.12]0.12]013] 013 0.14 0.09 0.09
FCV, EFf 50% TCO (€/km) 005 005 0.06 0.07 007 [o008] o008 0.09 0.09 010 [010]011]012]012[ 043 0.13] 0.04] 0.14] 015 0.16 0.10 0.10
FCV, EFf 40% TCO (€/km) 005 0.06 0.07 0.07 008 [009] 009 0.10 011 012 |012|013]014]0.14] 0.15] 0.06] 0.07] 0.17] 018 0.19 0.11 011
TCO (€/km) 013 013 0.13 0.13 013 [o013] o1 013 013 013 [o013]013]013]013[ 043 0.13] 0.13] 013] 013 013 0.13 013
BEV TCO (€/km) 023 023 0.23 0.23 023 |023] 023 023 023 023 |023]023] 023|023 0.23] 0.23] 0.23] 0.23] 023 023 0.23 023
Current cost 0.05 03
Diesel price (€/1) 03 0.45 06 0.75 05 [105] 12 135 15 165 | 18195 21 [2.25] 24 [255] 27 [285] 3 3.5 164 164
OPEX (k€) 13 14 is 16 18 [19] 20 21 22 23 |24 25262728 20]30]31]32 33 23 23
NPV OPEX (k€] 107 116 25 133 12 [150] 159 16.7 17.6 184 | 193]201] 210 219]227]236] 244 25.3] 26,1 27.0 184 18.4
NPV Total (k) 126 135 14.3 15.2 160 [169] 177 18.6 194 203 |21.1]220]229]237] 246 254] 263 27.1 ] 28.0 288 202 202
TCO (€/km) 0.8 0.09 0.10 0.10 011 [oa1] o1 0.12 0.13 013 [014]015]015]0.16] 0.06] 0.07] 0.07] 0.18] 0.19 0.19 0.13 0.13
FC-REV (EI) TCO (€/km) 0.16 0.16 0.16 0.16 016 [o016] o6 0.16 0.6 016 [016]016]016]0.16] 0.46] 0.06] 0.16] 0.16] 016 0.16 0.16 0.16
FCv (EI) TCO (€/km) 0.09 0.09 0.09 0.09 005 [009] 009 0.09 0.09 009 | 009]0.09] 0.09] 0.0 0.09] 0.09] 0.09] 0.09] 0.09 0.09 0.09 0.09
BEV TCO (€/km) 023 023 0.23 0.23 023 |023] o023 023 023 023 |023]023]023]023[ 023 0.23] 023] 023] 023 023 023 023
Current cost 0 0.3]
Battery cost (€/kWh) 100 200 225 250 275 [300] 325 350 375 400 [ 425 [ 450 ] 475 | 500 | 525 | 550 | 575 | 600 | 625 650 675 750 750
OPEX (k€) 10 13 13 14 15 |15] 16 17 17 18 191920 21 2122232424 25 26 238 238
FC-REV () NPV OPEX (k€) 79 101 107 112 118 |123] 129 3.4 14.0 145 | 15.1] 156]16.2] 168|173 17.9] 18.4] 19.0] 195 201 206 23 23
NPV Total (k€) 9.0 112 117 123 128 [134] 139 145 15.1 156 | 162]167] 173178184 189]105] 201206 212 217 234 234
TCO (€/km) 0.06 007 0.08 0.08 009 [009] 009 0.10 0.10 010 [oufou]oir]o12[012[013[013]013] 018 0.14 0.14 0.16 0.16
OPEX (k€) 08 13 14 16 17 |19 20 21 23 24 | 25]27]28[30]31]32]34]35]36 38 39 43 43
sty NPV OPEX (k€) 6.1 105 117 128 139 |150] 161 17.2 183 194 | 205]21.6] 22.8] 23.9] 250 26.1] 27.2] 28.3 | 20.4 305 316 350 350
NPV Total (k€) 6.11 10.55 1166 | 1277 | 13.88 |1499] 16.10 17.21 1831 | 1942 |20.53|21.64]22.7523.86]24.97| 26.08[27.19[28.30[29.41 3052 3163 34.96 349
TCO (€/km) 0.04 007 0.08 0.08 009 [010] ou 011 0.2 013 [o014]014]015]0.16[0.17] 0.07] 0.18] 0.19] 020 0.20 0.21 023 0.3
H TCO (€/km) 013 013 0.13 0.13 013 [o013] o013 013 013 013 [o013]013]013] 03] 043]013] 013 013|013 013 0.13 013 0.3
Fev (EI) TCO (€/km) 0.09 0.09 0.09 0.09 009 [009] 009 0.09 0.09 009 1009]009]0.09] 005 0.09[0.09] 0.09] 0.09] 009 0.09 0.09 0.09 0.09
Current cost 0.05 0.3]
Electricity cost (c€/kWhe) 0.00 9.00 1000 | 1100 | 1200 [13.00] 1400 15.00 1600 | 17.00 [18.00[19.00[20.00[21.00[22.00[23.00[24.00[25.00[26.00] __ 27.00 28.00 10.00 10.00
Corresponding hydrogen price (€/kgH2) 59 95 99 103 107 [ui| us 119 23 127 [13.1]135139]143[147]151]155] 159 163 16.7 7.1 99 99
OPEX (k€/yr) 41 43 43 44 44| 44| a4 44 45 45 | 45| 45|45 | 46 46| 46 46| 46 | 47 47 47 43 43
sy NPV OPEX (k€) 333 348 350 35.1 353 [355] 356 358 360 361|363 36.5]36.6]36.8] 37.0] 37.1] 373| 37.5] 37.6 37.8 380 35.0 350
NPV total (k€) 33.29 34.79 349 | 3513 | 3529 [35.46] 35.63 3580 | 3596 | 3613 |36.30|36.46]36.63|36.80| 36.96]37.13|37.30] 37.4637.63 37.80 37.96 34.96 349
TCO (€/km) 0.22 0.23 0.23 0.23 023 [024] o2 0.24 0.24 024 |024]024]024] 024025 0.25 0.25] 0.25] 025 025 0.25 0.23 0.3
OPEX (ke/yr) 11 14 15 15 15 |16 16 17 17 17 [18|18|18]10]| 19| 19202021 21 21 15 15
v (6 NPV OPEX (k€] 89 116 119 122 125|128 131 3.4 136 13.9 | 14.2]145]14.8[15.1] 154 15.7] 160] 16.3] 16.6 16.9 17.2 119 119
NPV total (k€) 10.54 13.19 1348 | 1377 | 1407 |1436] 1465 14.95 1524 | 1554 |15.83]16.12|16.4216.71[17.01]17.30[ 17.59[ 17.89[18.18 18.47 18.77 13.48 13.48
TCO (€/km) 007 0.09 0.09 0.09 003 [010] 010 0.10 0.10 010 Joa1|oa1]oit|oit]o11]012]012]012] 012 0.12 0.2 0.09 0.09
OPEX (k€) 25 238 29 29 29 [30] 30 30 31 31 [31]32]32]32](32](33]33]33]34 34 34 29 29
FC-REV () NPV OPEX (k€) 206 229 2.1 234 237 |239] 22 244 2.7 249 | 25.2]254]257]260] 262] 265 267 27.0] 27.2 275 27.8 231 231
NPV Total (k€) 217 24.0 2.2 2.5 247 [250] 252 255 5.8 260 | 26.3]265]26.8]27.0] 23] 27.5] 27.8] 28.1 | 28.3 286 28.8 2.2 24.2
TCO (€/km) 0.14 0.16 0.16 0.16 016 [017] o017 0.17 0.17 017 |047] 048] 0.18] 0.18] 0.18] 0.18] 0.18] 0.19] 0.19 0.19 0.19 0.16 0.16
o 1] TCO (€/km) 013 013 0.13 0.13 013 |o13| o1 013 013 013 |o013]013]013]013[ 043 0.13] 0.13] 013|013 013 0.13 013 0.3
Curren costs 0 1
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(€/km)

Gonera | [N | | |
General requirements
Annual distance Diesel consumption
(km/year) 15040 (1/km) 0.047 Autonomy (km) 320 Autonomy (km) 320 Autonomy (km) 320
Daily dist
a;kym/I:aa:;;ce 48 Motor power (kW) 44 Battery size (kWh) 44 FC power (kW) 5 FC power (kW) 44
Energy consumption Diesel consumption .
0.12 0.08 Batt kWh 22
(kWhoutput/km) (€/km) attery size ( )
Study time frame (yr) 10 Motor cost (€/km) 0.01
Operating days per 6 Diesel consumption, NPV- 0.06
week 10yr (€/km) i
Number of operatin
52
weeks
Battery
Maintenance cost, year method 213 Maintenance cost, year method 2.06
(k€/year) | (k€/year) i
Battery cost (€/km) 0.27 Battery cost (€/km) 0.14
Battery cost, NPV-10yr (€/km) 0.22 Battery cost, NPV-10yr (€/km) 0.11
Electricity cost (€/km) 0.01 Electricity cost (€/km) 0.01
Electricity cost, NPV-10yr (€/km) | 0.01 Electricity cost, NPV-10yr (€/km) 0.01
Fuel cell
Fuel cell cost (k€) 3.49 Fuel cell cost (k€) 5.81
FC operating ratio (%) 50 Fuel cell lifetime (unit/year) 0.1
Fuel cell lifetime (unit/year) 0.05 1ance cost (k€/year) 0.571
Maintenance cost (k€/year) 0.17 Fuel cell cost (€/km) 0.04
Fuel cell cost (€/km) 0.01 FC cost, NPV-10yr (€/km) 0.03
FC cost, NPV-10yr (€/km) 0.01
Hydrogen storage
H2 storage (kgH2) 1.14 H2 storage (kgH2) 1.94
H2 storage cost (k€) 1.08 H2 storage cost (k€) 1.60
H2 storage cost (€/km) 0.01 H2 storage cost (€/km) 0.01
Hydrogen consumption
Hydrogen consumption per km 0.004 Hydrogen consumption per km 0.006
(kgH2/km) (kgH2/km)
Hydrogen cost (€/km) 0.035 Hydrogen cost (€/km) 0.060
Hydrogen cost, NPV-10yr (€/km) | 0.03 Hydrogen cost, NPV-10yr 0.05
(€/km)
Hydrogen annual consumption ” Hydrogen annual consumption o1
(kgH2/year) (kgH2/year)
Daily hydrogen consumption 017 Daily hydrogen consumption 0.29
(kgH2/day) ) (kgH2/day) )
Infrastructure cost (k€) 0.0 Infrastructure cost (k€) 0.0
Infrastructure cost (€/km) 0.00 Infrastructure cost (€/km) 0.00
Road tax
Road tax per day (€/day) 3.59 Road taxes (k€/year) 0 Road taxes (k€/year) 0.00 Road taxes (k€/year) 0.00
Road taxes (k€/year) 1.12 Road taxes (€/km) 0.00 Road taxes (€/km) 0.00 Road taxes (€/km) 0.00
Road taxes (€/km) 0.07
Road taxes, NPV-10yr 0.06
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Energy Hydrogen Diesel . .
A | i Vehicle power EV Tax Specific energy battery
consumption consumption| consumption (kW) (k€/km/year) CV tax (k€/km/year) (ke/kWh)
(kWhoutput/km) | (kgH2/km) (1/km) 4
0.12 0.01 0.05 44 0.00E+00 7.45E-05 10
Autonomy Actual yearly Battery
FC-REV FC-REV (Tax Battery size (kWh) [ Battery cost (k€) | replacement/year | BEV Fuel cost/year (k€/yr) | BEV OPEX r) | BEV OPEX TAX (k€) | BEV [ BEV (Tax

requirement (km/day) | distance(km/year) (Tax) Y ( ) ry (k€| rep fy fyear (k€/yr) (k€/yr) (k€) (Tax)
(ke/yr) |

40 16000 5.5 4.1 0.52 0.22 0.74 1.93 0.04] 0.10

80 16000 11.0 8.3 1.03 0.22 1.25 2.44 0.06| 0.12

120 16000 16.5 12.4 1.55 0.22 1.77 2.96 0.09] 0.15

160 16000 22.0 16.5 2.06 0.22 2.28 3.47 0.12] 0.18

200 16000 27.5 20.6 2.58 0.22 2.80 3.99 0.14] 0.20

240 16000 33.0 24.8 3.09 0.22 3.31 4.51 0.17] 0.23

280 16000 38.5 28.9 3.61 0.22 3.83 5.02 0.19] 0.25

320 16000 0.16 0.21 44.0 33.0 4.13 0.22 4.35 5.54 0.22] 0.28

360 16000 49.5 37.1 4.64 0.22 4.86 6.05 0.25| 0.31

Autonomy Hydrogen storage Hydrogen storage . FCreplacement / Year FC OPEXTAX

requirement (km/day) | requirement (k) weight (tons) H2 storage cost (k€) | FC cost (k€) | FC weight (tons) (kEfyr) H2 fuel cost/year (k€/yr) | Infrastructure cost (k€) | FC CAPEX (k€) | FC OPEX (k€) (ke) FCV [FCV (Tax)-
40 0.24 0.004 0.34 5.81 0.11 0.61 0.96 0.00 0.34 1.57 2.76 0.08| 0.14 1.85 2.42 0.13
80 0.48 0.007 0.57 5.81 0.11 0.61 0.96 0.00 0.57 1.57 2.76 0.08| 014 1.85 2.42 0.13
120 0.73 0.011 0.77 5.81 0.11 0.61 0.96 0.00 0.77 1.57 2.76 0.08] 0.14 1.85 2.42 0.13
160 0.97 0.015 0.95 5.81 0.11 0.61 0.96 0.00 0.95 1.57 2.76 0.08]| 0.5 1.85 2.42 0.13
200 1.21 0.018 113 5.81 0.11 0.61 0.96 0.00 1.13 1.57 2.76 0.09]| 0.15 1.85 2.42 0.13
240 1.45 0.022 1.29 5.81 0.11 0.61 0.96 0.00 1.29 1.57 2.76 0.09] 0.15 1.85 2.42 0.13
280 1.69 0.025 1.45 5.81 0.11 0.61 0.96 0.00 1.45 1.57 2.76 0.09] 0.5 1.85 2.42 0.13
320 1.94 0.029 1.60 5.81 0.11 0.61 0.96 0.00 1.60 1.57 2.76 0.09]| 0.15 1.85 2.42 0.13
360 2.18 0.033 1.74 5.81 0.11 0.61 0.96 0.00 1.74 1.57 2.76 0.09] 0.15 1.85 2.42 0.13
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11.4.2MAXITY STUDY CASE

FC-REV (EI) (%

CV (%

FCV (El) (€/km)
FC-REV (EI) (€/km)
BEV (€/km)

CV (€/km)

TCO breakdown of the four LDV powertrain options
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Impact of battery cost on TCO for different
LDV powertrains
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- m
Specific H2 price (€/kgH2) 1 2 3 4 5 6 7 8 | 9|10 11|12 |13[14a]15]16] 17| 18] 19| 20 [ 99| 99 8] - a a g @ 1
OPEX (k€) 4.7 4.8 5.0 5.2 5.3 55| 57 |58|60|62|63|65|67|68|70|72|73|75]|77]|78]|61]61 32 'ﬁ @ =< 2|m “» T
e NPV OPEX (k€) 37.7 39.0 403 417 43.0 |444| 457 |47.0|484)49.7]|51.1]52.4]53.8]551]|56.4]57.8|59.1]|60.5|61.8] 63.1] 49.6| 49.6 =z IS Eisl= § <
NPV Total (k€) 39.4 40.7 42.1 3.4 448 |46.1| 47.4 |488]50.1]|51.5]|52.8]54.2]555]568]|582]|59.5]|60.9]62.2] 63.5] 64.9] 51.3| 51.3 SRES EE 'S fab S
TCO (€/km) 0.26 0.27 0.28 0.28 029 030 031 |032][033]/034[035]035|036|037]|0.38]|039]|040]041]042] 042|034 034 2= QI ES =
OPEX (k€) 1.0 13 16 18 2.1 24| 27 130033353841 |44[47]50]|52]|55]|58]61]64]35]35 278 3 ’3’ o
I NPV OPEX (k€) 8.0 10.3 12.6 14.9 1710 |19.4| 217 [24.0(26.3]|28.6[30.8(33.1]|354(37.7(40.0|42.2|44.5|46.8]49.1|51.4283]283] = = le)
NPV Total (k€) 10.80 13.08 15.36 17.64 19.92  [22.20] 24.48 [26.76/29.04|31.32|33.60|35.88|38.16(40.44|42.73|45.01|47.29|49.57|51.85| 54.13| 31.10{31.10, D
TCO (€/km) 0.07 0.09 0.10 0.12 013 |015] 016 |0.18]0.19]0.20][0.22]0.23|0.25/0.26|0.28]|0.29]|0.31]0.32| 0.34| 0.35| 0.20 | 0.20 S
FCV, Eff 50% TCO (€/km) 0.08 0.10 0.12 0.14 016 018 020 |0.22]0.24[0.26[028]030[032/034|036]039]|041]043]045] 047|026 0.26
FCV, Eff 40% TCO (€/km) 0.09 0.12 0.14 0.17 019 |022] 024 |0.27]030]032[035]037|040]0.42]0.45|047]0.50]0.52|0.55| 0.57 | 0.32 | 0.32 &)
TCO (€/km) 0.43 0.43 0.43 0.43 043 |043| 043 |043]043]043]043]043|043|0.43)|0.43]|043]|0.43]043]043|0.43 043|043 >
BEV TCO (€/km) 0.45 0.45 0.45 0.45 045 045 045 |0.45]045]045]045]045]|045]0.45]0.45] 0.45] 0.45] 0.45 | 0.45 | 0.45 | 0.45 | 0.45 o
Current cost 01| 0.7 Q —=h
N A [N PR IR EN %
Diesel price (€/1) 0.3 0.45 0.6 0.75 0.9 1.05| 12 [135] 15 |165| 1.8 |195| 21 |2.25] 2.4 [255] 27 [285| 3 |3.15| 164|164 = o|Nfofs]X —_
OPEX (k€) 4.1 45 4.9 5.3 5.7 60| 64 |68|72]|76]|80]83[87[091]95]99]103]|10.6]11.0]114] 75/ 75 E o
NPV OPEX (k€) 333 36.4 39.5 2.6 457 | 488| 51.8 |54.9]|580|61.1]|642]67.3]704]735]|76.6]79.7|82.7]85.8]889]92.0] 60.9]| 60.9 D
NPV Total (k€) 37.7 40.8 43.9 47.0 501 |53.2| 563 |59.3|62.4]|655]|686|71.7|74.8|77.9|81.0|841)87.2]|90.2| 933|964 653|653 —_
TCO (€/km) 0.25 0.27 0.29 031 033 |035| 037 |0.39]041]043]045]|047|0.49]0.51)0.53]|0.55]0.57]0.59| 0.61 | 0.63 | 0.43 | 0.43 wn
FC-REV (EI) TCO (€/km) 0.34 0.34 0.34 0.34 034 034 034 |034]/034]/034[034]034|034/034|034]|034]|034]034]034]034|034]|034 o
FCV (EI) TCO (€/km) 0.20 0.20 0.20 0.20 020 020 020 |0.20]0.20]{0.20{0.20]0.20]0.20]0.20| 0.20] 0.20] 0.20] 0.20| 0.20 | 0.20 | 0.20 | 0.20 S
BEV TCO (€/km) 0.45 0.45 0.45 0.45 045 045 045 |0.45]045]045]045]045]0.45]0.45]0.45] 0.45] 0.45] 0.45 | 0.45 | 0.45 | 0.45 | 0.45 S
Current cost 02| 0.7] g 2
Battery cost (€/kWh) 100 200 225 250 275 300 325 |350) 375|400 425 | 450 | 475 | 500 | 525 | 550 | 575 | 600 | 625 | 650 | 675 | 750 | 750 [ ||, |, |, |, [w]e [0 |~ ; E
OPEX (k€) 2.7 3.3 3.4 35 3.7 38| 39 |40/42]|43]|44 46|47 (4850|5152 ]|54]|55]|56]|58]|61]61]|[|x Al Ll A (S ] S
e NPV OPEX (k€) 221 263 27.4 28.4 295 |305| 31.6 |32.6]33.7]348[358]36.9]37.9/39.0|40.1]|41.1]|42.2]43.2] 443|454 46.4] 49.6 | 49.6 'é =
NPV Total (k€) 238 28.0 29.1 302 312 |323] 333 |344]354[365[37.6]38639.7]40.7]|41.8]| 42.9]|43.9]45.0|46.0] 47.1| 482 513|513 5 —~
TCO (€/km) 0.16 0.18 0.19 0.20 020 021 022 |022]/023]/024[025]025[0.26]0.27|0.27]|0.28]|0.29]0.29]030]031]032|034]0.34 = D
OPEX (k€) 17 2.7 3.0 33 35 38| 41 |43|146|48|51|54|56[59|62]|64]67]|69]|72]75]77]|85]85 2 wn
. NPV OPEX (k€) 13.7 221 24.2 26.4 285 |306| 327 |348]37.0]39.1]412]433]454]47.6]49.7] 51.8]53.9] 56.0] 58.1] 60.3] 62.4] 68.7]68.7|co wla|g|a AN 5
NPV Total (k€) 13.66 22.13 24.25 26.37 28.49 |30.60| 32.72 |34.84]36.96|39.08|41.20|43.32|45.43|47.55)49.67|51.79|53.91|56.03| 58.15| 60.26 | 62.38|68.74[68.74| | [ ' | ' ' |2 1% |2 [0 |2
TCO (€/km) 0.09 0.14 0.16 0.17 019 |020]| 021 |0.23]/024]0.26]027]028|030|031|032]|034]|035]037]038]0.39] 041|045 0.45 = 5"
H TCO (€/km) 0.43 0.43 0.43 0.43 043 043 043 |043]/043]043[043]043|043|043|043]|043]|043]043]043]0.43]043|043]|0.43 E o
FCV (EI) TCO (€/km) 0.20 0.20 0.20 0.20 020 020 020 |0.20]0.20]0.20]0.20|0.20| 0.20| 0.20 | 0.20| 0.20| 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | 0.20 3
Current cost 0.2| 0.7 o olololo 2 Z
Nl [N [w s s e
Electricity cost (c€/kWhe) 0.00 9.00 10.00 11.00 12.00 [13.00] 14.00 [15.00]16.00{17.00]18.00]19.00{20.00]21.00]22.00{23.00| 24.00] 25.00( 26.00| 27.00] 28.00[ 10.00[ 10.00| | ** Sl Rl Bl O
Corresponding hydrogen price (€/kgH2) 5.9 9.5 9.9 10.3 107 [11.1] 115 [119]123|12.7)13.1|13.5/13.9]|143]14.7[151[155] 159163 16.7|17.1| 9.9 | 99 3 '
OPEX (€/yr) 7.9 8.5 8.5 8.6 8.6 87| 88 |88/189]|90]90]91[92[92]93[94[94/95]|95]|96]|97]85]85 = S
o NPV OPEX (k€) 63.6 68.2 68.7 69.3 698 703 708 |713|718|724]729|734]739]744]750]755]|760|765|77.0|775|78.1|687|687|| ololols|® —_
NPV total (k€) 63.56 68.22 68.74 69.26 69.77 _|70.29| 70.81 |71.33|71.85|72.37|72.88|73.40|73.92|74.44|74.96|75.47|75.99|76.51|77.03|77.55|78.06|68.74 6874 | = | + | | |' || |= = |® -
TCO (€/km) 0.42 0.45 0.45 0.45 046 | 046] 046 |0.47]0.47]047] 048] 048] 0.48]0.49] 0.49] 0.49] 0.50] 0.50 | 0.50] 0.51 | 0.51] 0.45 ] 0.45] [ * S ol Gl O P QD
OPEX (K€/yr) 2.4 3.4 35 3.6 3.7 38| 40 |41142)|43)|4445|46]48|49/505152]|53]|54]55]35]35 E -
Fov (Bl NPV OPEX (k€) 19.2 27.4 283 29.2 301 |31.1] 32.0 |32.9]33.8[347[356]365]37.4|38439.3]|40.2]|41.1]42.0]429]|43.8]|44.7] 283|283 2 %’
NPV total (k€) 21.97 29.15 30.07 30.98 31.89  [32.80| 33.71 |34.63]35.54|36.45/37.36/38.27)39.19]40.10|41.01|41.92|42.84|43.75|44.66| 45.57| 46.48| 30.07| 30.07 olololo]|2
TCO (€/km) 0.14 0.19 0.20 0.20 021 |021] 022 |023/023][024[024]025|0.26/0.26]|0.27]|0.27]|0.28]0.29]0.29]0.30| 030 0.20 | 0.20 MMM NG g o
OPEX (k€) 5.2 6.0 6.1 6.2 6.3 64| 65 |66|67]|68]|69]|70]71[72]73|74|75/76]|77]78]79]|61]61 Al bl el S —~
e NPV OPEX (k€) 416 48.8 49.6 50.4 512 |520| 52.8 |53.6]54.4]552]56.0]56.8]|57.6|583]59.1]|59.9]60.7] 61.5] 623 63.1] 63.9| 49.6 | 49.6 S 3
NPV Total (k€) 43.4 50.5 513 52.1 529 |53.7| 545 |553]56.1]569]57.7]585]59.3|60.1]60.9|61.7]62.5] 63.3]64.1]64.9] 657|513 51.3 <lw alelelele|
TCO (€/km) 0.28 0.33 0.34 0.34 035 |035] 036 |036]/037[037[038]038|039/0.39]|040]|040]041]041]042]042]043|034]|034 A A IS T PR I N jabl
- TCO (€/km) 0.43 0.43 0.43 0.43 043 043 043 |043]/043]043[043]043|043|043|043]|043]|043]043]043]0.43]043]|043]043 = %
o]t ~lelelele] )
N EEEE
x 1
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General A | BEV | | FC-REV Maxity | NREL Fcv
General requirements
Annual distance 15286 Diesel consumption |\, Autonomy (km) 200 Autonomy (km) 200 250 Autonomy (km) 200
(km/year) (1/km) : Y \ y
Daily dist:
a;kym/'zai';ce 49 Motor power (kW) 105 Battery size (kWh) 84 FC power (kW) 20 21 FC power (kW) 105
Energy consumption Diesel consumption .
0.3570 0.27 Batt kWh 42 60
(kWhoutput/km) (€/km) attery size (kKWh)
Study timeframe (yr) 10 Motor cost (€/km) 0.03
Operating day per 6 Diesel consumption, NPV 0.22
week 10yr (€/km) )
Battery
Maintenance cost, year method 788 Maintenance cost, year method 304 304
(k€/year) (k€/year)
Battery cost (€/km) 0.52 Battery cost (€/km) 0.26 0.26
Battery cost, NPV-10yr (€/km) 0.42 Battery cost, NPV-10yr (€/km) 0.21 0.21
Electricity cost (€/km) 0.04 Electricity cost (€/km) 0.02 0.02
Electricity cost, NPV-10yr (€/km) 0.03 Electricity cost, NPV-10yr (€/km) 0.02 0.02
Fuel cell
Fuel cell cost (k€) 4.83 4.88 Fuel cell cost (k€) 7.13
FC operating ratio (%) 50 50 Fuel cell lifetime (unit/year) 0.1
Fuel cell lifetime (unit/year) 0.05 0.05 Maintenance cost (k€/year) 0.71
Maintenance cost (k€/year) 0.24 0.24 Fuel cell cost (€/km) 0.05
Fuel cell cost (€/km) 0.02 0.02 FC cost, NPV-10yr (€/km) 0.04
FC cost, NPV-10yr (€/km) 0.01 0.01
Hydrogen storage
H2 storage (kgH2) 2.17 5.44 H2 storage (kgH2) 3.7
H2 storage cost (k€) 1.74 4.08 H2 storage cost (k€) 2.77
H2 storage cost (€/km) 0.01 0.03 H2 storage cost (€/km) 0.02
Hydrogen consumption
Hydrogen consumption per km Hydrogen consumption per km
0.011 0.022 0.02
(kgH2/km) (kgH2/km)
Hydrogen cost (€/km) 0.11 0.22 Hydrogen cost (€/km) 0.18
Hyd t, NPV-1(
Hydrogen cost, NPV-10yr (€/km)|  0.09 0.17 ydrogen cost, Oyr 0.15
(€/km)
Hydrogen annual consumption 166 332 Hydrogen annual consumption 283
(kgH2/year) (kgH2/year)
Daily hydrogen consumption 0.53 107 Daily hydrogen consumption 0.01
(kgH2/day) (kgH2/day)
Infrastructure cost (k€) 0.0 0.0 Infrastructure cost (k€) 0.0
Infrastructure cost (€/km) 0.00 0.00 Infrastructure cost (€/km) 0.00
Road tax
Road tax per day (€/day) | 10.77 Road taxes (k€/year) 0 Road taxes (k€/year) 0.00 0.00 Road taxes (k€/year) 0.00
Road taxes (k€/year) 3.36024 Road taxes (€/km) 0.00 Road taxes (€/km) 0.00 0.00 Road taxes (€/km) 0.00
Road taxes (€/km) 0.22
Road taxes, NPV-10yr 0.18
(€/km) ’
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Energy consumption| Vehicle initial payload | Hydrogen cor pti Diesel cor ption . EV Tax Specific energy
(kWhoutput/km) (tons) (kgH2/km) (I/km) Vehicle power (kW) | o myyear)| Y 12 (KE/km/yean | i ery (ke/kwh)
0.36 1.80 0.02 0.17 105 0.00E+00 2.20E-04 10
Autonomy requirement Actual yearly EEEEy
. FC-REV FC-REV (Tax) FC-REV payload Battery size (kWh) | BEV payload Battery cost (k€) replacement/year | BEV Fuel cost/year (k€/yr) | BEV OPEX (k€/yr) | BEV OPEX TAX (k€) | BEV | BEV (Tax)
(km/day) distance(km/year)
(k€/yr)

40 16000 16.8 1.6 12.6 1.58 0.67 2.25 5.76 0.11 0.29

80 16000 33.6 1.5 25.2 3.15 0.67 3.82 7.34 0.19 0.37

120 16000 50.4 13 37.8 4.73 0.67 5.40 8.91 0.27 0.45

160 16000 67.2 11 50.4 6.30 0.67 6.97 10.49 0.35 0.53

200 16000 0.34 0.49 1.30 84.0 1.0 63.0 7.88 0.67 8.55 12.06 0.43 0.61

240 16000 0.44 0.59 1.07 100.8 0.8 75.6 9.45 0.67 10.12 13.64 0.51 0.69

280 16000 117.6 0.6 88.2 11.03 0.67 11.70 15.21 0.59 0.77

320 16000 134.4 0.5 100.8 12.60 0.67 13.27 16.79 0.67 0.85

360 16000 151.2 0.3 113.4 14.18 0.67 14.85 18.36 0.75 0.93

(km, /d;y) =re’quir:m::|:iigg? : 'wei;ht (::c:‘rsa)ge H2 storage cost (k€) | FC cost (k€) | FC weight (tons) BC mpla{;’;‘;‘,‘t (NS H2 fuel cost/year (k€/yr) | Infrastructure cost (k€) | FC CAPEX (k€) | FC OPEX (k€) RS O(PkE€); L FCV |FCV (Tax)|FCV payload

40 0.74 0.011 0.78 7.13 0.26 0.75 2.93 0.00 0.78 3.67 7.19 0.19 0.37 153 4.41 7.90 0.43 164
80 1.48 0.022 131 7.13 0.26 0.75 2.93 0.00 131 3.67 7.19 0.19 0.37 1.52 4.41 7.90 0.43 164
120 2.22 0.033 1.77 7.13 0.26 0.75 2.93 0.00 1.77 3.67 7.19 0.20| 0.37 1.50 4.41 7.90 0.43 1.64
160 2.96 0.044 2.19 7.13 0.26 0.75 2.93 0.00 2.19 3.67 7.19 0.20| 0.38 1.49 4.41 7.90 0.43 164
200 3.70 0.055 2.77 7.13 0.26 0.75 2.93 0.00 2.77 3.67 7.19 0.20| 0.38 1.48 4.41 7.90 0.43 164
240 4.44 0.067 3.33 7.13 0.26 0.75 2.93 0.00 3.33 3.67 7.19 0.21 0.38 1.47 4.41 7.90 0.43 1.64
280 5.18 0.078 3.88 7.13 0.26 0.75 2.93 0.00 3.88 3.67 7.19 0.21 0.39 1.46 4.41 7.90 0.43 164
320 5.91 0.089 4.44 7.13 0.26 0.75 2.93 0.00 4.44 3.67 7.19 0.21 0.39 1.45 4.41 7.90 0.43 164
360 6.65 0.100 4.99 7.13 0.26 0.75 2.93 0.00 4.99 3.67 7.19 0.22 0.39 1.44 4.41 7.90 0.43 1.64
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11.4.3PREMIUM STUDY CAS

TCO breakdown of the four HDV powertrain option
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Impact of electricity price on TCO for different
HDV powertrains
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-n -n|Q
= - - |Q (R F ] [o-]
Specific H2 price (€/kgH2) 1 2 3 4 5 6 7 8 | 9 [ 10| 11| 12 [ 13 [ 14 | 15 | 16 | 17 | 18 | 19 | 20 | 99 | 99 2|z |w < T |8 "
OPEX (k€) 16.2 206 25.1 296 341 | 386 | 430 | 475 | 520 | 565 | 610 | 654 | 69.9 | 74.4 | 78.9 | 834 | 87.8 | 92.3 | 96.8 | 101.3] 56.0 | 56.0 =2 (= m (=S Bl
R NPV OPEX (k€) 130.4 166.5 202.7 238.8 2750 | 311.1| 347.3 | 383.5| 419.6 | 455.8 | 4919 | 528.1| 564.3 | 600.4 | 636.6 | 672.7 | 708.9 | 745.0| 781.2 | 817.4| 452.2 | 452.2 o= E= 2 e -4
NPV Total (ke) 147.2 183.3 219.5 255.6 2918 | 327.9| 364.1 | 4003 | 436.4| 472.6 | 508.7 | 544.9 | 581.1] 617.2 | 653.4 | 689.5 | 725.7 | 761.8 | 798.0 | 834.2 | 469.0 | 469.0 SR Ee = 3 3
TCO (€/km) 0.15 0.18 0.22 0.26 029 | 033 | 036 | 0.40 | 0.44 | 047 | 0.51 | 0.54 | 0.58 | 0.62 | 0.65 | 0.69 | 0.73 | 0.76 | 0.80 | 0.83 | 0.47 | 0.47 X < 5 ':Qr EX
OPEX (k€) 163 208 253 29.8 343 | 388 | 434 | 47.9 | 524 | 569 | 614 | 659 | 70.4 | 749 | 794 | 84.0 | 885 | 93.0 | 97.5 | 102.0] 56.4 | 56.4 < = |3
oV, Eff 58% NPV OPEX (k€) 1314 167.8 204.2 2406 277.0 | 313.5| 349.9 | 386.3 | 422.7| 459.1| 495.5 | 532.0 | 568.4 | 604.8 | 641.2 | 677.6 | 714.0 | 7505 | 786.9 | 823.3 | 4555 | 455.5 =
NPV Total (k€) 148.29 184.70 22112 | 257.54 | 293.96 |330.37| 366.79 |403.21]439.63]476.04| 512.46| 548.88| 585.29| 621.71| 658.13| 694.55| 730.96 | 767.38| 803.80] 840,21 472.40[ 472.40
TCO (€/km) 0.15 0.18 0.22 0.26 029 | 033 | 037 | 040 | 0.44 | 048 | 0.51 | 0.55 | 0.59 | 0.62 | 0.66 | 0.69 | 0.73 | 0.77 | 0.80 | 0.84 | 0.47 | 0.47
FCV, Eff 50% TCO (€/km) 0.16 0.20 0.24 0.28 033 | 037 | 041 | 045 | 049 | 0.54 | 0.58 | 0.62 | 0.66 | 0.71 | 0.75 | 0.79 | 0.83 | 0.87 | 0.92 | 0.96 | 0.53 | 0.53
FCV, Eff 40% TCO (€/km) 0.17 0.23 0.28 0.33 038 | 0.44 | 049 | 0.54 | 059 | 0.65 | 0.70 | 0.75 | 0.8L | 0.86 | 0.91 | 0.9 | 1.02 | 1.07 | 1.12 | 1.18 | 0.64 | 0.64 .
TCO (€/km) 0.50 0.50 0.50 0.50 050 | 050 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 =
BEV TCO (€/km) 0.47 0.47 0.47 0.47 047 | 0.47 | 047 | 047 | 047 | 047 | 0.47 | 0.47 | 0.47 | 0.47 | 047 | 0.47 | 0.47 | 0.47 | 047 | 0.47 | 0.47 | 0.47 N
Current cost 0.00 | 0.80 0o |Cla]|=
B
Diesel price (€/1) 03 0.45 0.6 0.75 0.9 | 105] 12 [ 135] 15 | 165 18 | 1.95 | 2.1 | 225 | 24 | 255 | 27 | 2.85 | 3 | 3.5 | 1.64 | 1.64
OPEX (k€) 138 19.0 2.3 295 348 | 400 | 453 | 50.5 | 55.8 | 610 | 66.3 | 7L5 | 76.8 | 82.0 | 87.3 | 92.5 | 97.8 | 103.0] 108.3 | 113.5]| 60.7 | 60.7
NPV OPEX (k€) 1110 1534 195.7 238.1 2805 | 322.9| 365.2 | 407.6 | 450.0 | 492.3 | 534.7 | 577.1] 619.5 | 6618 | 704.2 | 746.6 | 788.9 | 8313 | 873.7 | 916.1| 489.5 | 489.5
NPV Total (k€) 1236 166.0 208.3 250.7 2931 | 335.5| 377.8 | 420.2 | 462.6 | 504.9 | 547.3 | 589.7 | 632.1| 674.4| 716.8 | 759.2 | 80L5 | 843.9 | 886.3 | 928.7 | 502.1 | 502.1
TCO (€/km) 0.12 0.17 0.21 0.25 029 | 034 | 038 | 042 | 046 | 0.50 | 0.55 | 0.59 | 0.63 | 0.67 | 0.72 | 0.76 | 0.80 | 0.84 | 0.89 | 0.93 | 0.50 | 0.50 o
FC-REV (EI) TCO (€/km) 0.47 0.47 0.47 0.47 047 | 047 | 047 | 047 | 047 | 047 | 0.47 | 0.47 | 0.47 | 0.47 | 047 | 0.47 | 0.47 | 0.47 | 047 | 047 | 0.47 | 0.47 M
FCV (EI) TCO (€/km) 0.47 0.47 0.47 0.47 047 | 047 | 047 | 047 | 047 | 047 | 0.47 | 0.47 | 0.47 | 047 | 047 | 0.47 | 0.47 | 0.47 | 047 | 0.47 | 0.47 | 0.47 alala o |2
BEV TCO (€/km) 0.47 0.47 0.47 0.47 047 | 047 | 047 | 047 | 047 | 047 | 0.47 | 0.47 | 0.47 | 0.47 | 047 | 0.47 | 0.47 | 0.47 | 047 | 047 | 0.47 | 0.47 N R R L N R S Y
Current cost 02 | 08 » Y=
2
Battery cost (€/kWh) 200 25 250 275 300 | 325 | 350 | 375 | 400 | 425 | 450 | 475 | 500 | 525 | 550 | 575 | 600 | 625 | 650 | 675 | 750 | 750 =
OPEX (k€) 50.5 50.8 51.0 513 515 | 518 | 520 | 523 | 525 | 528 | 530 | 53.3 | 53.5 | 53.8 | 54.0 | 543 | 545 | 54.8 | 550 | 553 | 56.0 | 56.0 2
FC-REV (€] NPV OPEX (k€) 207.8 4008 4118 413.8 4158 | 417.9| 4199 | 421.9| 423.9] 425.9| 427.9 | 430.0 | 432.0 | 434.0 | 436.0 | 438.0 | 440.1| 442.1| 444.1 | 446.1 | 452.2 | 452.2 2
NPV Total (k€) 2246 4266 22856 4306 4326 | 434.7| 4367 | 438.7| 440.7 | 442.7| 444.8 | 446.8 | 448.8 | 450.8 | 452.8 | 454.8 | 456.9 | 458.9 | 460.9 | 462.9 | 469.0 | 469.0 slalslela
TCO (€/km) 0.42 0.43 0.43 0.43 043 | 043 | 044 | 044 | 044 | 044 | 0.44 | 0.45 | 0.45 | 045 | 045 | 0.45 | 0.46 | 0.46 | 046 | 0.46 | 0.47 | 0.47 O I O I IR R P S
OPEX (k€) 231 2.7 26.3 27.9 295 | 311 | 327 | 343 | 350 | 37.5 | 39.1 | 40.7 | 42.3 | 43.9 | 455 | 47.1 | 48.7 | 503 | 519 | 53.5 | 58.3 | 583 slofo k5
Bty NPV OPEX (k€) 186.2 199.1 212.0 2250 237.9 | 250.8| 263.8 | 276.7 | 289.6 | 302.5 | 315.5 | 328.4 | 3413 | 354.3 | 367.2 | 380.1| 393.1 | 406.0 | 418.9 | 431.8 | 470.6 | 4706 =
NPV Total (k€) 186.18 199.11 212.04 | 22497 | 237.90 |250.83| 263.76 |276.69|289.62|302.55|315.48| 328.41| 341.34] 354.27 367.20] 380.13 393.05| 405.98| 418.91| 431,84 470.63] 470.63 =
TCO (€/km) 0.19 0.20 0.21 0.2 024|025 | 026 | 028 | 029 | 030 | 032 | 0.33 | 034 | 035 | 0.37 | 0.38 | 0.39 | 0.41 | 042 | 0.43 | 0.47 | 0.47 =
H 7O (€/km) 0.50 0.50 0.50 0.50 050 | 050 | 050 | 0.50 | 050 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 o
FCV (EI) TCO (€/km) 0.47 0.47 0.47 0.47 047 | 047 | 047 | 047 | 047 | 047 | 047 | 0.47 | 0.47 | 047 | 047 | 0.47 | 0.47 | 0.47 | 047 | 047 | 0.47 | 0.47 A RIBIRIGE
Current cost 0.2 0.8 N[NV |©o }
[cuentcon ] 3
Electricity cost (c€/kWhe)| __ 0.00 9.00 10.00 11.00 12.00 | 13.00] 14.00 | 15.00] 16.00 | 17.00 | 18.00 | 19.00 | 20.00 | 21.00| 22.00 | 23.00 | 24.00 ] 25.00 ] 26.00] 27.00] 28.00] 10.00| _ 10.00 =
Hydrogen price (€/kgH2) 5.9 9.5 9.9 103 107 | 111 | 115 | 119 | 123 | 12.7 | 131 | 135 | 13.9 | 14.3 | 147 | 151 | 155 | 15.9 | 163 | 167 | 17.1 | 9.9 9.9 o
OPEX (k€/yr) 48 57 58 59 60 61 62 63 | 64 | 65 | 67 | 68 | 69 | 70 | 7n | 72 | 13 | 74 | 75| 76 | 77 | 58 58 2 2 2 g 2
Bty NPV OPEX (k€) 387.9 462.4 4706 4789 4872 [ 4955 5037 [5120] 5203 ] s286] 5368 sa51] 5534 ] s617] 569.9[ 5782 sses [ soase0s0l euslewelams] awe || |' | " |5|T (ISR
NPV total (k€) 387.88 462.36 470.63 | 47891 | 487.18 |495.46| 503.73 |512.01]520.28|528.56]536.83| 545.11] 553.38| 561.65| 569.93| 578.20| 586.48| 594.75| 603.03| 611.30| 619.58| 470.63]__470.63 )
TCO (€/km) 0.39 0.46 0.47 0.48 049 | 050 | 0.50 | 051 | 052 | 0.53 | 0.54 | 0.55 | 0.55 | 0.56 | 0.57 | 0.58 | 0.59 | 0.59 | 0.60 | 0.61 | 0.62 | 0.47 | 047 =2
OPEX (k€/yr) 38 55 56 58 60 62 | 64 | 65 | 67 | 69 | 71 | 73 | 74 | 76 | 78 | 80 | 82 | 84 | 85 | 87 | 89 | 56 56 )
- NPV OPEX (k€) 300.8 4409 4555 4700 4g46 |a002] 5137 [ 5263 520]557.4] 5720[ 5866 6011 ] 6157] 6303] 6448 ] esoa 60| eass] 031 177 asss] asss ff | f ololals g
NPV total (k€) 326.73 457.83 47240 | 48697 | 501.53 51610 530.67 |54523]550.80[574.37]588.94] 603.50] 618.07[ 632.64] 647.20] 661.77]676.3a[ 690.90[ 705.47] 72004 3a.60[ 472,00 am220 |3 (BB (N [2 (2|2 S |
TCO (€/km) 0.33 0.46 0.47 0.49 050 | 052 | 053 | 055 0.56 | 057 | 0.59 | 0.60 | 0.62 | 0.63 | 0.65 | 0.66 | 0.68 | 0.69 | 071 | 072 | 073 | 047 | o047 ||~ |0 [ [V |R |o|© R |3
OPEX (k€) 365 54.1 56.0 58.0 509 | 619 | 638 | 658 | 67.7 | 69.7 | 716 | 73.6 | 755 | 77.5 | 794 | 814 | 83.4 | 853 | 873 | 89.2 | 91.2 | 560 | _ 560 2
FC-REV (E) NPV OPEX (k€) 294.6 4364 4522 467.9 4837 | 499.4| 5152 | 530.9| 546.7 | 562.4 | 578.2 | 594.0| 609.7 | 625.5 | 641.2 | 657.0 | 672.7| 688.5 | 704.2 | 720.0| 735.7 | 452.2| 4522
NPV Total (k€) 3114 453.2 469.0 4847 5005 | 516.2| 532.0 | 547.7 | 563.5 | 579.2 | 595.0 | 610.8 | 6265 | 642.3 | 658.0 | 673.8 | 689.5 | 7053 | 721.0| 736.8 | 752.5| 469.0| 4690 ||~ |~ |= [0 |0 |0 |o|o T
TCO (€/km) 031 0.45 0.47 0.48 050 Jos2| 053 [055] 056058059 oe1]o6s|oea]oes|oer os]onnlon]omlonsloar] o ||D (2|55 |w|%]Q(R i
TCO (€/km) 0.50 0.50 0.50 0.50 050 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50 | _ 0.50
0 1 =
ololo|w|elele|e|g
ololo(v]|8(8(8(2 =
X
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Gerera | | |
General requirements
Annual distance 100000 Diesel consumption 035 Aut (km) 500 Aut (km) 500 Aut (km) 500
. utonomy (km utonomy (km utonomy (km
(km/year) (i/km) v v v
Daily distance
(kvm /day) 331 Motor power (kW) 300 Battery size (kWh) 513 FC power (kW) 160 FC power (kW) 300
Energy consumption .
0.8715 Motor cost (€/km 0.01 Battery size (kWh 80
(kWhoutput/km) (€/km) v ( )
Maximum payload 10 Diesel consumption 0.57
(tons) (€/km)
Diesel tion, NPV
Study time frame (yr) 10 \ese i:::?:}:r:)m 0.46
o "
perating day per -
week
Battery |
Maintenance cost, year method 18.06 Maintenance cost, year method 750
(k€/year) (k€/year)
Battery cost (€/km) 0.48 Battery cost (€/km) 0.08
Battery cost, NPV-10yr (€/km) 0.39 Battery cost, NPV-10yr (€/km) 0.06
Electricity cost (€/km) 0.10 Electricity cost (€/km) 0.02
Electricity cost, NPV-10yr (€/km) 0.08 Electricity cost, NPV-10yr (€/km) 0.01
Fuel cell
Fuel cell cost (k€) 7.87 Fuel cell cost (k€) 18.00
FC operating ratio (%) 50 Fuel cell lifetime (unit/year) 0.7
Fuel cell lifetime (unit/year) 0.33 Mai e cost (k€/year) 11.76
Maintenance cost (k€/year) 2.57 FC cost (€/km) 0.12
Fuel cell cost (€/km) 0.03 FC cost, NPV-10yr (€/km) 0.09
FC cost, NPV-10yr (€/km) 0.02
Hydrogen storage
H2 storage (kgH2) 22.4 H2 storage (kgH2) 22.6
H2 storage cost (k€) 16.80 H2 storage cost (k€) 16.92
H2 storage cost (€/km) 0.02 H2 storage cost (€/km) 0.02
Hydrogen consumption
Hydrogen consumption per km 0.045 Hydrogen consumption per km 0.045
(kgH2/km) (kgH2/km)
Hydrogen cost (€/km) 0.44 Hydrogen cost (€/km) 0.45
Hyd t, NPV-1
Hydrogen cost, NPV-10yr (€/km) |  0.36 yarogen cos Oyr 0.36
(€/km)
Hydrogen annual consumption 4480 Hydrogen annual consumption 4512
(kgH2/year) (kgH2/year)
Daily hydrogen consumption 14.8 Daily hydrogen consumption 14.9
(kgH2/day) i (kgH2/day) i
Infrastructure cost (k€) 0.0 Infrastructure cost (k€) 0.0
Infrastructure cost (€/km) 0.00 Infrastructure cost (€/km) 0.00
Road tax
Road tax per day (€/day) 10.77 Road taxes (k€/year) 0 Road taxes (k€/year) 0.00 Road taxes (k€/year) 0.00
Road taxes (k€/year) 3.2538324 Road taxes (€/km) 0.00 Road taxes (€/km) 0.00 Road taxes (€/km) 0.00
Road taxes (€/km) 0.03
Road taxes, NPV-10yr
0.03

(€/km)
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. . Specific energy . . . . e
Energy consumption Maximum payload N Hydrogen consumption Diesel consumption Vehicle power Specific energy battery
t EV Tax (k€/ki CV tax (k€/k 1
(kWhwork/km) (tons) consumption (kgH2/km) (1/km) (kw) ax (ke/km/year) |CV tax (ke/km/year) (kg/kWh)

(kWhoutput/kg/km) I

0.87 10.00 8.72E-05 0.05 0.35 300 0.00E+00 3.25E-05 10 <
. Q

Autonom Actual yearl Battery P

. v . yearly FC-REV FC-REV (Tax) FC-REV payload Battery size (kWh) BEV payload Battery cost (k€) | replacement/year | BEV Fuel cost/year (k€/yr) | BEV OPEX (k€/yr) | BEV OPEX TAX (k€) [ BEV | BEV (Tax) (@]

requirement (km/day) | distance(km/year) le)

(k€fyr)

50 100000 51.3 9.5 38.4 4.81 10.25 15.06 18.31 0.12 0.15 CD

175 100000 179.4 82 134.6 16.82 10.25 27.07 30.33 0.22 0.24 -}

240 100000 246.1 7.5 184.6 23.07 10.25 33.32 36.58 0.27 0.30 m

280 100000 287.1 7.1 2153 26.91 10.25 37.17 40.42 0.30 0.33 S
320 100000 328.1 6.7 246.1 30.76 10.25 41.01 44.27 0.33 0.36 (o}

340 100000 348.6 6.5 261.5 32.68 10.25 42.93 46.19 0.35 0.37

400 100000 410.1 5.9 307.6 38.45 10.25 48.70 51.96 0.39 0.42 c

500 100000 0.469 0.50 8.46 512.6 4.9 384.5 48.06 10.25 58.31 61.57 0.47 0.50 ('D
750 100000 769.0 2.3 576.7 72.09 10.25 82.34 85.60 0.66 0.69 —

3

n

L ©

Autonomy O

Hydrogen storage Hydrogen storage . FCreplacement / Year FC OPEX TAX

requirement (km/day) el weight (tons) H2 storage cost (k€) | FC cost (k€) | FC weight (tons) (kefyr) H2 fuel cost/year (k€/yr) | Infrastructure cost (k€) | FC CAPEX (k€) | FC OPEX (k€) (k€) FCV |FCV (Tax) [ FCV payload 2
50 2.26 0.034 179 18.00 0.75 11.76 44.67 0.00 179 56.44 59.69 0.46| 0.48 9.22 12.60 60.65 0.50 9.54 E

175 7.90 0.118 5.92 18.00 0.75 11.76 44.67 0.00 5.92 56.44 59.69 0.46( 0.49 9.13 12.60 60.65 0.50 9.54 3
240 10.83 0.162 8.12 18.00 0.75 11.76 44.67 0.00 8.12 56.44 59.69 0.46( 0.49 9.09 12.60 60.65 0.50 9.54 —
280 12.63 0.189 9.48 18.00 0.75 11.76 44.67 0.00 9.48 56.44 59.69 0.46( 0.49 9.06 12.60 60.65 0.50 9.54 =

320 14.44 0.216 10.83 18.00 0.75 11.76 44.67 0.00 10.83 56.44 59.69 0.47( 0.49 9.03 12.60 60.65 0.50 9.54 CD

340 15.34 0.230 11.51 18.00 0.75 11.76 44.67 0.00 1151 56.44 59.69 0.47( 0.49 9.02 12.60 60.65 0.50 9.54 m
400 18.05 0.271 13.54 18.00 0.75 11.76 44.67 0.00 13.54 56.44 59.69 0.47| 0.50 8.98 12.60 60.65 0.50 9.54 —

500 22.56 0.338 16.92 18.00 0.75 11.76 44.67 0.00 16.92 56.44 59.69 0.47| 0.50 8.91 12.60 60.65 0.50 9.54 3
750 33.84 0.507 25.38 18.00 0.75 11.76 44.67 0.00 25.38 56.44 59.69 0.48( 0.51 8.74 12.60 60.65 0.50 9.54 ~+
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11.4.4SOGNEFJORD STUDY CA!

- Hydrogen anduel cell: opportunities in the Norwegian transport mar-

TCO breackdown of the three ferry powertrain options
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- Hydrogen anduel cell: opportunities in the Norwegian transport mar-

Impact of battery price on TCO for different
ferry powertrains

15 1
]
13 |
g : FCf (El)
= err
s i ¥
o : Electric ferry
I A
] Diesel ferry
7 [
: = === Curren costs
5 ‘ (]
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Battery cost {€/kWh)

Impact of electricity price on TCO for different
ferry powertrains
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g1 |
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@ 10 '
o / Electric ferry
2 8
~ : Diesel ferry
6 / 1
/ 1 == == Curren costs
]
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Electricity price (¢c€/kWh)

TCO versus trip distance for different ferry powertrains
9.0 4
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E
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7.0 Battery Ferry
6.5
6.0
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- (|
- [m oo
O | =8
>(2 Ll =
(ol = 3 |2 (%)
3 |a - <
< |3 = [ P
— | @ m =8 ®
m|s = < 3
= |3 = =
= =~ = |0
NI ==
<S5 |3
I~ |=—
H2 price variation
Specific H2 price (€/kgH2) 1 2 3 4 5 552 | 552 ] 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 | 552 | 552
OPEX (k€/yr) 1212 2228 3204 426.0 527.6 5804 | 5804 | 629.2 | 7308 [ 8323 | 93309 [ 10355 | 1137.1 [ 12387 | 13403 [ 14419 | 15434 [ 16450 | 17466 | 18482 | 19498 | 2051.4 | 5804 [ 580.4
R Ap— NPV OPEX (k€) 978.5 1798.4 26182 | 34381 4258.0 46843 | 4684.3] 5077.8] 5897.7 [ 6717.6 | 7537.4 | 83573 | 9177.2 | 9997.0 | 10816.9] 11636.8 | 12456.6 | 13276.5 | 14096.4 [ 14916.2 | 15736.1 [ 16556.0 | 4684.3 [ 4684.3
) NPV total (k€) 2544.06 336393 | 418379 | 5003.66 | 582352 | 6249.85 |6249.85(6643.39]7463.25]8283.12[9102.98] 9922.85 [10742.72] 11562.58] 12382.45] 13202.31] 14022. 18] 14842.04] 15661.91] 16481.77] 17301. 64] 18121.51] 6249.85] 6249.85| o
€O (€/km) 3.42 4.52 5.62 6.72 7.82 839 | 839 [ 892 [1002 [ 11121223 1333 [ 1443 | 1553 [ 1663 | 17.73 | 1883 | 19.93 | 21.03 | 2214 | 2324 | 24.34 | 839 | 839 e w b4
FC ferry, eff 50% €O (€/km) 3.93 5.21 6.48 7.76 9.04 970 | 070 | 1032 [ 1159 [ 1267 [ 1415 1542 | 1670 | 17.08 [ 1926 [ 2053 [ 2181 [ 2300 | 2437 | 2564 | 2602 | 2820 [ om0 [ om0 | [, |, |, | [SB|S|@
FC ferry, eff 40% €O (€/km) 4.86 6.45 8.05 9.65 11.24 1207 | 12.07 [ 1284 | 1444 [ 1603 [ 17.63 | 1923 | 2082 | 22.42 | 24.02 | 2561 | 2721 | 2881 | 30.40 | 32.00 | 33.60 | 3519 | 12.07 | 1207 A N Y e
€O (€/km) 7.08 7.08 7.08 7.08 7.08 708 | 7.08 | 7.08 | 7.08 | 7.08 | 7.08 | 7.08 | 7.08 | 708 | 708 | 708 | 708 | 708 | 708 | 708 | 708 | 708 | 7.08 | 7.08 £
Electricferry €O (€/km) 6.92 6.92 6.92 6.92 6.92 692 | 692 | 692 | 692 ] 692 ] 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692
Curren costs 0 16
Diesel price variation o
)
Diesel price (€/1) 03 045 0.6 075 0.9 1.05 12 | 135 | 15 | 084 | 084 | 165 | 18 | 195 | 21 | 225 | 24 | 255 | 27 | 285 3 3.15 o
OPEX (k€/yr) 231.9 347.9 463.8 579.8 695.8 8117 | 927.7 [ 1043.6] 1150.6[ 649.4 | 649.4 [ 12755 | 13915 | 1507.5 | 1623.4 | 1739.4 | 18553 [ 19713 | 2087.3 [ 22032 | 23192 [ 24351 gINIRl=
NPV OPEX (k€) 1871.7 2807.6 37435 | 46793 5615.2 65511 | 7486.9[ 8422.8] 9358.7 | 52409 [ 5240.9 [ 10204.5 | 11230.4 | 12166.3 | 131021 | 140380 14973.9 [ 15000.8 | 16845.6 | 17781.5 | 18717.4 [ 19653.2 e (el |d
NPV total (k€) 1905.3 2841.2 37771 | 47129 5648.8 6584.7 | 7520.5 [ 8456.4] 9392.3 [ 5274.5 [ 5274.5 ] 10328.1 ] 11264.0] 12199.9[ 131357 | 14071.6 | 15007.5 [ 15043.4 | 16879.2 [ 17815.1 | 18751.0 [ 19686.8 Al ol Rall >
€O (€/km) 2.56 3.8 5.07 6.33 7.59 884 1010 [ 1136 | 1261 | 7.08 | 7.08 | 1387 | 1513 | 1638 | 1764 | 1890 | 20.06 | 21.41 | 2267 | 23.93 | 25.18 | 2644 9
FCferry (EI) €O (€/km) 8.39 8.39 8.39 8.39 8.39 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 =
Electricferry €O (€/km) 6.92 6.92 6.92 6.92 6.92 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 | 692 2
Curren costs 5 15 2
[N ISR ISR D
NN S
e ]
i iati ©lo|s |2
Battery price variation ol |03
Battery cost (€/kWh) 200 225 250 275 300 325 350 | 375 | 400 | 425 | 450 | 475 | 500 | 525 | 550 | 575 | 600 | 600 | 625 | 650 | 675 | 700 | 725 | 750 A
OPEX (k€/yr) 230.8 230.8 2308 2308 230.8 2308 [ 2308 ] 2308 | 2308 [ 230.8 | 2308 [ 2308 | 230.8 | 2308 | 230.8 | 2308 | 230.8 | 2308 | 230.8 | 2308 | 230.8 | 230.8 | 2308 [ 230.8 =
T NPV OPEX (k€ 1862.9 1862.9 1862.9 | 1862.9 1862.9 1862.9 | 1862.9 | 1862.9 | 1862.9| 1862.9 | 1862.9| 1862.9 | 1862.9 | 1862.9 | 1862.9 | 1862.9 | 1862.9 | 1862.9 | 1862.9 | 1862.9 | 1862.9 | 1862.9 [ 1862.9 | 1862.9 a
X NPV total (ke 4319.13 435713 | 439513 | 443313 | 447113 | 4509.13 |4547.13[4585.13|4623.13(4661.13[4699.13| 4737.13 | 4775.13 | 4813.13 | 4851.13 | 4889.13 | 4927.13 | 4927.13 | 4965.13 | 5003.13 | 5041.13 | 5079.13 |5117.13[5155.13 ol lw]©
€O (€/km) 5.80 5.85 5.90 5.95 6.00 606 | 611 | 616 | 621 | 626 | 631 | 636 | 641 | 646 | 652 | 657 | 662 | 662 | 667 | 672 | 677 | 682 | 687 | 692 | |+ |+ [+ [s]|6]|o |®
€O (€/km) 7.08 7.08 7.08 7.08 7.08 708 | 7.08 | 7.08 | 7.08 | 7.08 | 7.08 | 7.08 | 7.08 | 708 | 708 | 708 | 708 | 708 | 708 | 708 | 708 | 708 | 7.08 | 7.08 A
FCferry (El) TCO (€/km) 8.39 8.39 8.39 8.39 8.39 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 | 8390 | 839 | 839 | 839 | 839 | 839 | 839 | 839 | 839 3
Curren costs 5 15 =
o
- - o oo [~]2
Electricity price variation ol lslslE @
[N}
Electricity cost (c€/kWhe) 0.00 9.00 10.00 11.00 12.00 13.00 | 14.00 [ 15.00 | 16.00 | 17.00 | 18.00 [ 19.00 | 20.00 | 21.00 | 22.00 | 23.00 | 24.00 | 25.00 | 26.00 | 27.00 | 28.00 | 10.00 [ 10.00 =lE
OPEX (k€/yr) 0 208 231 254 277 300 323 | 346 | 360 | 300 | 415 [ 439 | a2 | 485 | s08 | 531 | ssa | s77 | 600 | 623 | eds 3
T NPV OPEX (k€) 0.0 1676.6 1862.9 | 2049.2 22355 24218 | 2608.1]2794.4] 2980.7 [ 3167.0[ 3353.3 | 35396 | 3725.9 | 3012.1 [ 4098.4 | 42847 | 4471.0 | 46573 | 48436 | 50299 [ 5216.2 s
X NPV total (k€) 3292.20 496883 | 515513 | 534142 [ 5527.71 | 5714.01 |5900.30[6086.59]6272.88(6459.18]6645.47] 6831.76 | 7018.05 | 7204.35 | 7390.64 | 7576.93 | 7763.23 | 7049.52 | 8135.81 [ 8322.10 | 8508.40 ES
€O (€/km) 4.42 6.67 6.92 7.17 7.42 767 | 792 | 817 | 842 | 867 | 892 | 918 | 943 | 968 | 993 | 1018 [ 1043 | 1068 | 1003 | 1118 | 11.43 NN 2
OPEX (k€/yr) 20 525 582 638 694 750 806 | 863 | 919 | o75 | 1031 | 1087 | 1144 | 1200 | 125 | 1312 | 1368 | 1424 | 1481 | 1537 | 1593 NI FIEIEI
pa—— NPV OPEX (k€) 1586 42403 46938 | 51473 5600.8 60543 | 6507.8 | 6961.4 | 7414.9 | 7868.4| 8321.9 | 8775.4 | 9228.9 | 9682.4 | 10135.9 | 10589.5 | 11043.0| 11496.5 | 11950.0 | 12403.5 | 12857.0 Nle 5
i/ NPV total (k€) 1724.19 5805.82 | 625933 | 6712.85 | 716636 | 7619.87 |8073.39|8526.90[8980.41|9433.93(9887.44] 10340.95(10794.47] 11247.98(11701.50] 12155.01{ 12608.52| 13062.04[ 13515.55| 13969.06 [ 14422.58 ]
€O (€/km) 2.32 7.80 8.41 9.02 9.62 1023 | 1084 [ 1145 | 12.06 | 1267 [ 13.28 | 1389 | 1450 | 1511 | 1572 | 1632 | 1693 | 17.54 | 1815 | 1876 | 1937 hid
[ Dieselfery | 7CO (€/km) 7.08 7.08 7.08 7.08 7.08 708 | 7.08 | 7.08 | 7.08 | 7.08 | 7.08 | 708 | 708 | 708 | 708 | 708 | 708 | 708 | 708 | 708 | 708 -
Curren costs 0 20 g
28lzl2]5(8]E
Vlhele|(w|]]|2
o,
5
N EHEEEE
NSO o [
~|o|8|8|R]|e

- 19yew uodsuea) uabeN ayl ul saniunuoddo s||99 |an) pue uabolpAH -



119qny [2Jey - SuLreauiduy J1odsuel], pue [IAl7) Jo Jusunteda( - NN.LN

L9T 98ed

Duty cycle

Battery electric ferry

Fuel cell ferry

General requirements

Operating days

Diesel consumption

365 10.4 Batt board, B1 (kWh 1000 Aut ki 204
(days/year) (1/km) attery onboar ( ) utonomy (km)
Annual distance (km/year)| 74460 Diesel cost (€/km) 8.72 Batteries onshore, B2 & B3 (kWh) 260 FC power (kW) 800
Daily distance (km/day) 204 Motor power (kW) 800
Energy consumption
26.4 Mot t (€/k 0.07
(kWhoutput/km) otor cost (€/km)
Time per trip (hours) 0.33
Cruise speed (hours/km) 0.055
Trip per year (trip/year) 12410
Timeframe (years) 10
Battery
B1 Maintenance cost, year 75.00
method (k€/year) )
B2 & B3 Maintenance cost, year 19.50
method (k€/year) )
Batteries cost (€/km) 1.53
Infrastructure cost (k€) 2152.2
Infrastructure cost (€/km) 2.89
Electricity cost (€/km) 3.10
Fuel cell
Fuel cell cost (k€) 48.00
Fuel cell lifetime (unit/year) 0.41
Maintenance cost (k€/year) 19.66
Fuel cell cost (€/km) 0.26
Hydrogen storage
H2 storage (kgH2) 278.3
CH2 storage cost (k€) 208.74
CH2 storage cost (€/km) 0.28
Hydrogen consumption
Hydrogen consumption per km
1.36
(kgH2/km)
Hydrogen cost (€/km) 7.53
Hydrogen annual consumption 101585
(kgH2/year)
Daily hyd ti
aily hydrogen consumption p—_—
(kgH2/day)
Refueling station cost (k€) 1356.8
Refueling station cost (€/km) 1.8
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Infrastructure cost (k€) Operatuzg(:lunr\se) per day Cruise speed (hours/km) E?Em;?‘::::tm/::)on Hydrog(i;::zo;ksirptlon Diesel ;:It;:snt:)mptlon Vehicle power (kW)
2152.2 11 0.055 26.35 1.36 10.38 800
Trip distance (km/trip) Number doafytnps per di::::zl(:;jryl:ar) B1 size (kwWh) B2/B3 size (kWh) Battery cost (k€) BEV OPEX(LFel;::)cost/year) Battery Ferry

5 40 73000 822 217 941.6 226.30 6.74

10 20 73000 1643 434 1883.3 226.30 8.03

15 13 71175 2465 651 2824.9 220.64 9.49

20 10 73000 3286 868 3766.5 226.30 10.61

25 8 73000 4108 1085 4708.1 226.30 11.90

30 6 65700 4929 1302 5649.8 203.67 14.38

35 5 63875 5751 1519 6591.4 198.01 16.19
40 5 73000 6572 1736 7533.0 226.30 15.77
45 4 65700 7394 1953 8474.6 203.67 18.68

Trip distance (km/trip) :—‘Z:::rgeemn::::iggj Hy\:::::(:::]r:)ge H2 storage cost (k€) | FC cost (k€) | FC weight (tons) i repla(c:g;r)\t/Vear H2 fuel cost/year (k€/yr) | Infrastructure cost (k€) | FC CAPEX (k€) | FC OPEX (k€) | FC Ferry—

5 272.86 4.091 204.64 48.00 2.00 22.90 549.76 1330.20 1534.85 572.66 8.43 33.60 636.64 7.08

10 272.86 4.091 204.64 48.00 2.00 22.90 549.76 1330.20 1534.85 572.66 8.43 33.60 636.64 7.08

15 266.04 3.989 199.53 48.00 2.00 22.33 536.01 1296.95 1496.48 558.34 8.43 33.60 620.72 7.09

20 272.86 4.091 204.64 48.00 2.00 22.90 549.76 1330.20 1534.85 572.66 8.43 33.60 636.64 7.08

25 272.86 4.091 204.64 48.00 2.00 22.90 549.76 1330.20 1534.85 572.66 8.43 33.60 636.64 7.08

30 245.57 3.682 184.18 48.00 2.00 20.61 494.78 1197.18 1381.36 515.39 8.43 33.60 572.97 7.09

35 238.75 3.579 179.06 48.00 2.00 20.04 481.04 1163.93 1342.99 501.08 8.43 33.60 557.06 7.09
40 272.86 4.091 204.64 48.00 2.00 22.90 549.76 1330.20 1534.85 572.66 8.43 33.60 636.64 7.08
45 245.57 3.682 184.18 48.00 2.00 20.61 494.78 1197.18 1381.36 515.39 8.43 33.60 572.97 7.09
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