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Abstract

Norway has already an almost emission-free power production and its sales of zero-emission light-duty
vehicles surpassed 30% in 2018; a natural next challenge is to identify ways to reduce emissions of heavy-
duty vehicles. In this work the possibilities to deploy Fuel Cell Electric Trucks (FCET) on the route
Oslo-Trondheim are analyzed by doing a techno-economic analysis. The literature study identified that
in average 932 kton goods where transported between the cities. The preferred road choice goes through
Osterdalen and that an average load for a long-distance truck is 16 tons.

The methodology used in the study is based on cost curves for both truck and infrastructure, and a case
study with various scenarios is evaluated to find a profitable business case for both an FCET fleet and
its infrastructure. The cost curves for trucks are based on total cost of ownership (TCO) as a function
of hydrogen price, while the levelized cost of hydrogen (LCOH) is used to present the cost of
infrastructure.

An analysis was made to identify the trucks component sizes and a FCET for this route would require
an onboard hydrogen storage of 46 kg, a fuel cell stack with a nominal power of 200 kW, a battery of
100 kWh (min SOC 22%), and an electric motor with a rated power of 402 kW. TCO was calculated
both for an FCET based on the dimensioned components and a biodiesel truck. The results show that
an FCET purchased in 2020 can be competitive with biodiesel with a hydrogen price of 38.6 NOK/kgti.
While the hydrogen price can increase to 71.8 NOK/ kg if the FCET is purchased in 2030.

To identify the most suitable infrastructure, four different designs of hydrogen refueling stations (HRS)
were compared. Furthermore, hydrogen production units (HPUs) with both alkaline or PEM type water
electrolyzer were compared. The analysis in this study showed that the most cost competitive option was
a 350-bar HRS without cooling, which only can serve type 11l onboard storage tanks. A HPU with
alkaline electrolyzer was the most price competitive alternative. In case each HRS is refueling more than
7 FCETs per day, an HPU in direct connection to HRS is the preferred infrastructure setup. Three HRS
are required along the route to ensure a minimum service level for the FCETs.

When the TCO of the fuel cell truck and LCOH of the hydrogen infrastructure were compared for a
2020 scenario, no feasible solution was identified. The cost of installing three HRS in 2020, serving a
fleet of 14-24 trucks, would cost 16.0 — 17.6 million NOK/year more than a fleet based on biodiesel
trucks. In a future scenario, where both the FCET and infrastructure costs decrease due to expected
learning curves, a business case can be found if at least 5 FCETSs were refueling at each HRS on daily
basis, which corresponds to a total fleet of approx. 24 FCETs.

Finally, a set of clear recommendations on how to improve the techno-economic analysis in future
studies are provided. Both by identifying areas lacking sufficient documentation and by providing steps
how the tecno-economic model could be enhanced.

Keywords

Hydrogen, heavy-duty transport, zero emissions, FCET, HRS, techno-economic analysis, TCO,
LCOH
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Sammanfattning

Norge har redan en nistintill utsldppsfri elproduktion och nollutslippsbilar stod f&r mer dn 30% av
nybilsférsiljningen under dr 2018. En naturlig ndsta utmaning 4r att finna sitt att minska utslipp fran
lastbilar. I detta examensarbete analyseras méjligheterna att introducera brianslecellslastbilar (FCET) efter
dess engelska foérkortning) pa strickan Oslo - Trondheim genom att gbra en teknisk-ekonomisk
bedémning. Litteraturstudien visade att i genomsnitt 932 kton gods fraktas mellan stiderna, att vigen
genom Osterdalen ir att féredra och att genomsnittlig last f6r en langtradare dr 16 ton.

Arbetets metod bygger pa att identifiera kostnadskurvor fér bade lastbilar och infrastruktur. Dessa
kurvor kombineras i olika scenarier for att finna omstindigheter ddr bade en FCET-flotta och dess
infrastruktur dr I6nsamma. Kostnadskurvorna £6r lastbilar baseras pa den totala dgandekostnaden (TCO)
efter dess engelska férkortning) som en funktion av vitgaspriset, medan den utjimnade kostnaden for
vitgas (LCOH) efter dess engelska forkortning) anvinds f6r att presentera kostnaden for infrastruktur.

En analys gjordes for att finna passande storlek pd FCET drivlina. For den specifika strickan krivs en
hydrogentank pd 46 kg, en brinslecellstack med nominell effekt pa 200 kW, ett batteri pa 100 kWh (min
SOC 22%) och en elmotor med nominell effekt pa 402 kW. TCO berdknades bide f6r en FCET baserat
pé de dimensionerade komponenterna och en lastbil som gér pé biodiesel. En FCET som képs 2020 blir
konkurrenskraftig om vitgaspriset dr 38,6 NOK/kguo, medan vitgaspriset kan ¢ka till 71,8 NOK/kgm
om FCET kops 2030. Skillnaden dr baserad pd en framtida prisnedgang tér FCET.

For att finna den mest limpliga 16sningen pa infrastruktur; analyserades fyra olika utformningar av
vitgaspafyllningsstationer (HRS). I tilligg jimférdes vitgasproduktionsenheter (HPU) baserat pi
antingen alkalisk eller PEM-typ av elektrolysator. Resultaten visade at en 350 bar HRS utan kylning, som
endast kan fylla typ 111 lagringstankar, som det billigaste alternativet. Den alkaliska elektrolysatorn kunde
producera vitgas fér ndgot ligre kostnad. Det billigaste alternativet for infrastruktur av de olika
framtagna scenarios var att placera HPU bredvid HRS om minst 7 FCET tankar dagligen pa varje station.
Minst 3 HRS krivs lings rutten for att tillhandahélla en minsta serviceniva fér FCET.

Nir TCO f6r brinslecellslastbil och LCOH £6r infrastruktur jamférdes £6r ett 2020-scenario sd fanns
det ingen I6nsam 16sning. Kostnaden for att installera 3 HRS ar 2020 som betjinar en lastbilflotta mellan
14-24 lastbilar skulle kosta 16,0 - 17,6 miljoner NOK/é4r mer dn en lastbilsflotta som gar pa biodiesel. I
ett framtida scenario dir bide FCET- och infrastrukturkostnaderna minskar pa grund av storre
produktionsvolymer sd kan vitgassatsning bli 16nsam om minst 5 FCET tankar dagligen pa varje HRS.
Det motsvarar en lastbilsflotta pa omkring 24 lastbilar f6r hela rutten.

Till slut finns en rad klara rekommendationer om hur den tekno-ekonomiska analysen kan forbittras.
Det uppticktes bdde omriden med otillricklic dokumentation och summerades hur den tekno-
ekonomiska modellen kan forbittras.

Nyckelord
Viitgas, lastbilar, nollutsldpp, vitgaslastbil, teknisk ekonomisk analys, TCO, LCOH
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1 Introduction

The current consumption of fossil fuels has been internationally recognized as not desirable and the
global Paris agreement has been arranged to limit the emissions of greenhouse gases caused by them
(Encyclopedia Britannica, 2019b). The combustion of fossil fuels is also responsible for several negative
local environmental impacts such as particulate matter, carbon monoxide, NOx and SO> emissions (Smil,
2017).

During the last decade, several advancements have been made to break free from fossil fuel dependency.
In the field of power production, the costs of both solar and wind have plunged. As a result of that
installed effect from these power sources has increased exponentially (Mueller, 2016). In favorable areas,
a newly installed utility-scale solar power or wind park has become cheaper than existing coal power
plants, which until now has been known as the cheapest fossil power source (Lazard, 2018).

At the same time, a strong development has been seen in the zero/low emission transportation through
commercialization and exponential sales of electrical and hybrid vehicles (IEA, 2019). Fuel Cell (FC)
powered cars also have been serial produced for several years, but on a considerably smaller scale. Main
roadblocks for FC vehicles have been both high price tag for the car and fuel, as well as lacking fueling
infrastructure (Xavier Leo & Hemanth Kumar, 2018). A sector which has not reached so far in the
energy transition is the heavy-duty on-road freight sector.

The lion’s share of the world’s countries are focusing on decarbonizing their electricity production in
order to comply with the Paris agreement IRENA, 2019). Meanwhile, Norway is a huge leap ahead by
already having almost 100% renewable electricity production from mainly hydropower (Statistics
Norway, 2019¢). Despite no emissions from electricity production, Norway emitted 53 million ton CO»
equivalents in 2017 (Miljedirektoratet, 2018b) of which the transport sector stood for the biggest part,
30%. The heavy-duty trucks and vans alone stood for 7,6% or 3,99 million ton CO; equivalents of
emissions (Miljedirektoratet, 2018a). As a part of the Paris agreement and in cooperation with EU,
Norway has set a national goal to reduce its greenhouse gas emissions by 40% in comparison with the
emissions of the year 1990 (Miljostatus, 2019). A visualization of Norway’s CO2 emission from 1990
until today and a suggestion of how the reduction could be decreased until 2030 to fulfill national
emission reduction goals is shown in Figure 1.

Norwegian total emissions
60000

50000

~
o
=

)00

30000

20000

10000

Million ton CO, equivalents

0
1990 1995 2000 2005 2010 2015 2020 2025 2030

Year

Figure 1: The Norwegian emissions of greenhouse gases from 1990 to 2017 (Miljodirektoratet, 2018b) and forecast by the anthor of decline in
emission to reach the national climate goal for 2030.



As the transport sector represents the biggest share of the emission in Norway, the government has
already made initiatives to decarbonize this sector. Such as creating clear advantages for zero-emission
(ZE) private vehicles over fossil ones and contracting ZE ferries for road transport (Regjeringen, 2014).
These efforts have resulted for example in sales of ZE private vehicles standing for 31% of total sales in
2018. The ZE light vans had similar sales penetration with 23% (OFV, 2019). There is also a support
specifically for hydrogen-powered vehicles, such as public support for of up to 40% of the investment
costs for hydrogen refueling stations (Enova, n.d.).

However, an even more ambitious transformation has been approved in the National Transportation
Plan (NTP) for the years 2018-2029. In that plan, the Norwegian government has as aim a much higher
penetration of ZE vehicles sales in several vehicle segments. A full overview of car type and a fraction
of yearly sales for 2018, 2025 and 2030 can be seen in Figure 2. The numbers for 2018 are based on
actual data, while the future sales are based on national targets. All ZE vans sold in 2018 are estimated
to be light vans. Only for city busses biogas is considered as a zero-emission fuel (OFV, 2019;
Samferdselsdepartementet, 2017).

Sales of zero emission vehicles for 2018 and
future targets according to N'TP 2018-2029

100%
M Private cars
z0
75% Light vans
Vans
50% B Trucks
City busses
25% Long distance busses
00%

2018 2025 2030

Figure 2: Overview of new ZE vebicle sales in 2018 and their intended growth in market share until 2030 according to NTP 2018-2029.

In most of today’s ZE vehicles, the energy is stored in batteries. However, Lithium-ion battery
technology has its limitations for usage in trucks due to its high gravimetric energy density. According
to Cabukoglu et. al. (2018) 12% of Switzetland’s trucks are technically possible to electrify with today’s
technology and they stand for 2,1% of national emission from trucks. The low fraction of trucks is due
to the limited amount of batteries that it can carry without exceeding the trucks weight limits and by that
strongly limiting its driving range.

Compressed hydrogen as a fuel has a superior energy density in comparison with batteries and can be
rapidly refueled (Stolten, 2010), which makes it better suited as an energy catrier to serve heavy-duty
sector based on currently available technology.

It is also worth noting that hydrogen production via electrolyzer can help to stabilize the electrical grid
(Buttler & Spliethoff, 2018) while battery charging can easily put constrains on the grid by increasing
peak demand or grid congestion. This is an important factor to consider as constantly more renewable
intermittent electricity production is installed, which puts further constraints on the electricity
production and distribution systems.



To tind out how deeper decarbonization of the Norwegian transport sector can be made, several national
research projects are launched to explore the challenges of scaling up ZE vehicles share in the Norwegian
transport sector. Two of them are “Mobility Zero Emission Energy Systems” (MoZEES) and
“Integrerte transport- og energimodeller” (ITEM) and both of them are exploring the possibility to use
hydrogen as a fuel for heavy-duty on-road freight (IFE, 2019; MoZEES, 2019).

1.1 Problem Statement

To transform the transport sector by introducing a new energy carrier is an integrated process where
several distinct parties need to find a suitable technical and economic solution that can be applied already
today and also be suitable for a considerable scale-up.

The usage of hydrogen as an energy carrier has had a steady learning curve and has also certain
advantages over batteries for heavy-duty transport. However, only limited knowledge is available of how
hydrogen can be deployed efficiently in the heavy-duty transport sector considering all the necessary
parties including the grid operator, the hydrogen producer, the retailer and the end-user. Some
uncertainties also remain regarding what is the optimal techno-economical choice between the different
system-design alternatives.

Norway is a country which has made great advancements in decarbonizing light-duty vehicle park and is
evaluating the pathways of decarbonizing the middle and heavy-duty vehicles.

This thesis will intend to cast more light on these challenges by making a techno-economic study on the
transport corridor between Oslo and Trondheim and answering the following questions:

1. What is the best techno-economic design of a fuel cell electric truck (FCET) operating in
the transport corridor?

2. What is the Total Cost of Ownership (TCO) of an FCET in comparison with other net-
zero carbon dioxide fuels such as biodiesel?

3. What is the cost-optimal design and scale-up of hydrogen refueling infrastructure in the
corridor, depending on hydrogen demand (fleet size)?

The correlations between the questions above can be illustrated as in Figure 3. The truck design and the
energy demand of the truck in the selected route are the pre-requisites for the analysis. When these
factors are known, the fleet size, Levelized Cost Of Hydrogen (LCOH) and TCO can be defined, but
they are also interdependent variables. As cost of the hydrogen infrastructure is highly affected by the
economy of scale, it will depend on the fleet size. As the fleet size grows, cost of infrastructure can
decrease and a more favorable TCO of the FCET fleet can be obtained. The owner of the fleet will
evaluate its fleet size on TCO and available infrastructure.
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Figure 3: The main parameters that this work is analyzing.

Goal

The result of this work will guide how a well-designed supply chain of hydrogen and main characters of
an FCET can look like for the transport corridor between Oslo and Trondheim. It will also serve to
make more general conclusions about how feasible are FCETS” as a possible solution for heavy-duty
transport decarbonization. Also, an insight into the economic feasibility of such design for a
demonstration and scale-up phase will be presented.

This work will be able to give valuable insights for the research projects MOZEES and ITEM in which
IFE’s Energy System department is contributing. In the bigger perspective, the work could help to
develop an FCET demonstration projects on the specific route or in general.

Scope of Work

To provide useful insights while considering the limited time to produce this thesis; following main
limitations and simplifications have been made:

- Oaly the transport between Oslo and Trondheim is taken into consideration and the traffic
serving the industry and inhabitants along this distance is neglected. Hence, only the preferable
road between the destinations will be examined.

- The work only considers the usage of commercial fuel cell and infrastructure technology for
hydrogen production, management and usage.

- Usage of liquid hydrogen is placed outside the scope of the work.

1.2 Outline

A rigid foundation of the thesis is made in chapter “2 Theoretical Background” where all relevant aspects
of the case study are reviewed. Each sub-chapter are covering different aspects such as heavy-duty
vehicles, the details of the route, hydrogen systems, fuel cell powered vehicles, economic concepts, costs
and lifetime of the equipment.

The main approach of how the problem stated in this chapter is dismantled and will be solved is
described in chapter “3 Methodology” where also the software tools used are explained.



In chapter “4 The Route and the Truck” is developed technical specification for an FCET and its TCO
is calculated and compared to biodiesel truck. While in chapter “5 The Infrastructure”, as the name
indicates, the hydrogen infrastructure is analyzed in form analyzing different solutions and identifying
the cheapest option for the infrastructure.

The results from chapter 4 and 5 are combined in chapter “6 Final Results and Discussion”, where route
specific techno-economic results are presented. Based on the work done in chapters 4-6 conclusions and
future work are presented in chapter 7.



2 Theoretical Background

The background is divided into three main areas. The first area covered by chapters 2.1 and 2.2 treats
trucks and on-road goods traffic in general and specifically in the transport corridor Oslo — Trondheim.
In the second area, covered by chapter 2.3 and 2.4, is hydrogen application as fuel explored considering
the hydrogen production by electrolysis, distribution and fuel cell vehicle. In the last area discussed in
chapter 2.5 and 2.6, the economical concepts will be explained, and an overview of component costs is
made.

2.1 Heavy-duty Truck

There are many different needs to transport goods on land, largely depending on the type of goods,
amount and distance. Different types of trucks have been created to serve various purposes. A way to
arrange the truck types is by the type of driver license required. It is also directly connected to the gross
weight of the vehicle, including the trailer. An overview of the different driver licenses, weight limitation
and a more general truck type categorization are shown in Table 1.

Table 1: Truck categorization based on the driver license types (Lovdata, 1990; Statens vegvesen, 2019a).

Driver license type Vehicle gross Truck type IMlustration
weight (ton)
B <35 Light-duty
Cl1 3,5-75 Medium-duty
ClE <12 Medium-duty
C <32 Heavy-duty

CE < 50 (60) Heavy-duty ﬂ _
([

noo 1 ™o o0

The cost per ton goods transported is lower for bigger vehicles (Gronland, 2018) and due to its big
freight capacity, it is the preferable choice of vehicle for long distance freights.

Even when dividing trucks into different weight classes there is a great variety of vehicle designs in each
class. In this work, possibilities to use hydrogen in long-distance heavy-duty transport are examined,
where a common truck-trailer combination is consisting of a tractor and a semi-trailer. It is called a semi-
trailer truck and such a constellation is shown in the last row of column “Illustration” in Table 1.

A semi-trailer truck design and its weight can vary depending on engine size, drivers’ cabin, number of
axles, etc. In this work the weight of a tractor unit is estimated to be 10 400 kg and was found out by
gathering data from the second hand trucks on online sales site www.mascus.no. The empty weight of
semi-trailer was set to be 6 330 kg which is the same as of curtain type semi-trailer model “UNIVERSAL
Curtainsider” from Scmitz Cargobull (Schmitz Cargobull, 2019). The cutb (empty) weight of the
equipage is then 16 770 kg which allows a payload of approx. 33 tons to keep the limit of vehicle gross
weight below 50 ton.

The actual payload for national transport varies a lot e.g. not all trucks will be fully loaded or that packing
volume will become the main loading restriction for less dense goods. For national freight routes over
300 km an average payload of 16 tons was identified (Haram, Hovi, & Caspersen, 2015), which is
considerably lower than the max payload for a semi-trailer truck. In the same analysis by Haram et al.


http://www.mascus.no/

(2015) it was identified that in national transport ranging between 300-500 km, 15% of the trucks were
travelling empty.

For the trucks requiring CE driver license the vehicle gross weight can be up to 60 tons for timber
transport and for freight transport limited to certain roads by using a specific heavy-duty vehicle set up
called road train. One of the roads where 60 ton road trains are allowed to operate is the route Oslo —
Trondheim. (Lovdata, 1990)

The road train would typically consist of a heavy-duty box truck in combination with a semi-trailer and
it can have a max length of 25,5 m, which is 8 m longer than a normal semi-trailer truck. It would increase
both the payload and cargo volume and the freight would become both cheaper and more energy-
efficient based on the reasoning that similar prime mover would be allowed to transport more goods.
However, this work is built on the usage of a semi-trailer truck for two reasons. Firstly, there is more
literature based upon them, which makes the analysis more reliable; and secondly, the semi-trailer trucks
are more flexible as they can deliver goods to terminals that are not in direct connection to approved
road train roads.

As a starting point in the evaluation of heavy-duty truck lifetime, a diesel engine in California is typically
used for 630 000 km with standard deviation of 310 000 km before passed further on to the second hand
market (Huai et al., 2006) and the total technical lifetime of a truck is estimated to 1 000 000 km (Mareev,
Becker, & Sauer, 2017). In Norway a tractor unit which is 0-4 years old is typically driving 81 000 — 86
000 km. With such annual mileage the truck could reach technical lifetime in approx. 12 years, but
typically annual mileage drops with truck age (Statistics Norway, 2019b). For a commercial company the
technical lifetime is not as relevant as the economic lifetime for the asset, which is only approx. 6 years
for tractor units (Statistics Norway, 2014).

A lot of power is required by a heavy-duty truck to climb uphill’s and to maintain the speed limits would
require very large drivetrain. It would have a downside of very expensive drivetrain which is heavily
underutilized. Asko, who is managing a fleet of distribution trucks, has as design approach to not notably
disturb the traffic flow when their trucks are climbing hills (Szther, 2019a). It means that they will be
slower when driving uphill, but not too slow.

Energy Demand

The main forces that are influencing a vehicle in motion are the wind and roll resistance, inertia and
changes in potential energy due to changes in altitude. Figure 4 shows a truck and the main forces acting
on it, where I is the acting force and it depends on air density (g.i), acro drag coefficient (Cy), vehicles
frontal area (A), velocity (»), vehicles mass (7.), gravity (g), tire rolling resistance (C,) and road
inclination (f). In addition, energy losses occur in the drivetrain and when braking. When a vehicle
brakes, it wastes the energy it had stored either as inertia or as potential energy.



Figure 4: Lilustration of a truck and the main forces (F) acting on it (Rodriguez, Delgado, & Muncrief; 2018).

The variables that are assumed as constant in Figure 4, the efficiency of the different drivetrain
components and assumed power demand from a trucks electrical accessories are listed in Table 2.

Table 2: Constants for calenlating energy consumption of a truck trailer.

Constant Value Source
Air density 1,27 kg/m3 (Engineeringtoolbox.com, 2019)
Aero drag coefficient 0.6 (H. Zhao, Wang, Fulton, Jaller, &
Burke, 2018)
Vebhicles frontal area 10 m? (H. Zhao et al., 2018)
Tire rolling resistance 0.0065 (H. Zhao et al., 2018)
Transmission, 10-speed, 98% (H. Zhao et al., 2018)
efficiency
Transmission, single- 100% Assumed by author
speed, efficiency
Axle efficiency 98% (H. Zhao et al., 2018)
Motor efficiency 94% (H. Zhao et al., 2018)
Inverter efficiency 99% (H. Zhao et al., 2018)
Electrical accessories 4 kW (H. Zhao et al., 2018)

2.2 On-road Transport Oslo-Trondheim

The Norway’s capital, Oslo, and the country’s third largest city, Trondheim, are well connected both
with road and railway. Both are coastal cities, but due to the geography almost all the freight was made
on land due to significantly shorter distance. Between 2011 and 2013, only 31% of the onshore transport
was made by truck while the rest of the goods where transported by train. It is also one of the main
transport corridors in Norway. (Hovi, Caspersen, & Wangsness, 2014)

The main roads connecting the cities are shown in Figure 5 where the shortest distance is 495 km when
using a combination of roads E6 and Rv3 through Osterdalen, while the second-best alternative is to
use solely E6 and driving through Gudbrandsdalen and Dovrefjell. The EG is longer, has a greater altitude
gain and more frequent 60 km/h zones due to settlements.
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(Google Maps, n.d.). between two cities and not on the local traffic load, the focus

on route through Osterdalen remains valid.

Calecnlate distance

To develop an energy model the route will be retrieved from a geographical data provider in the form
of a set of coordinates. It is necessary to calculate the distance between these points. A recognized
approach to calculate the distance between points is by applying the “Haversine” formula (Veness, n.d.):

a = sin? (%‘p) + cos(¢py) * cos(¢y) * sin? (%), 1)
d=Rx*2xatan2(Na,V1—a). 2

Where ¢ is latitude in radians, A is longitude in radians and R is Earth’s mean radius (6371 km).

The formula is based upon calculating the closest distance between two points on a perfectly spherical
globe. Due to the fact that the Earth is roughly ellipsoidal can provide an error up to 0.3% (Veness, n.d.).
The change in altitude is neither considered in the formula nor can induce errors. For example, if altitude
changes 100 m over a 1000 m horizontal distance the occurred error is 0.5 % according to Pythagorean
Theorem.

Annual Freight, Now and 2030

The Norwegian Statistics Bureau (SSB) is conducting annual online surveys of goods freights by
medium- and heavy-duty trucks. The results are gathered and presented on a quarter bases, and they are
based on surveys from approx. 6 000 trucks representing a fleet of approx. 35 000 trucks (Statistics
Norway, 2019d). The transported goods are registered in their pick-up and delivery terminal; however,
the exact route of a truck cannot be identified as maybe a part of the payload is delivered to another
terminal causing a de-route. Despite the uncertainty that this survey has, it is the best available data of
goods transported by truck (Haram et al.,, 2015).



To retrieve a better picture of the amount of traffic between the
cities, also the nearby areas are also included to represent the
metropolitan area of the cities. In addition to Oslo, the Akerhus
county was included, while the area of Trondheim is extended
to the region of the previous Ser-Trendelag county, that
officially became part of Trendelag county in 2017. A visual
overview of the areas considered is presented in Figure 6.

The data gathered and summarized in the online surveys of
freights of goods between years 2003 and 2017 is presented in
Figure 7. It shows a strongly fluctuating amount of goods
transported per year. During the peak years of 2004, 2010 and
2014 almost double so many goods were transported in
comparison with the bottom years of 2007 and 2016. The
standard deviation for the data set is 32%. A possible factor that
could create such a great fluctuation between the years is that
data is gathered in smaller samples and is extrapolated to the
entire data set.

[
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Fignre 6: Counties considered when estimating
the on-road freight transport between Oslo and
Trondhbein: (Marmelad, 2007).

To be able to transport the estimated amount of goods with average loaded trucks, it would require up
to 200 trucks daily for the peak years. An average goods freight for the years 2008 — 2017 is 932 000

tons, which represents approx. 160 loaded trucks daily.

The national growth in the transport sector until 2050 is estimated by the Institute of Transport
Economics (TOI after its Norwegian initials) which is a national institution for transport research and
development. The forecast made by TOI is used as a starting point when creating the National

Transportation Plan for years 2018-2029. It estimates a national growth of on-road transport of goods
in tons with 1,5% per year until 2022 and afterward an increased growth of 1,7% per year until 2030.
With the basis in the average freight demand between years 2008 and 2017, by the year 2030, the goods
freight would have increased to 1 149 000 tons. Considering the great fluctuation in historical data, it

seems hard to make any future estimations with confidence.

Yearly freight between Oslo and Trondheim,
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Figure 7: The yearly freight between Oslo and Trondheim area between 2003 and 2017 (S tatistics Norway, 2019a). In addition, a 10 years
average is marked for the years 2008 — 2017.
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Figure 7 also shows that there are persistently more goods transported from the Oslo area to the north,
than in the other direction. That creates a logistic challenge as a truck owner would lose money on
returning to Oslo with an empty truck. Instead, a realistic scenatio for a truck driver would be: (i) goods
are transported from Oslo to Trondheim, (ii) while waiting for suitable cargo, the truck is distributing
goods locally around Trondheim, (iii) a trailer of goods is found for transport in the southern direction
and the truck makes the return trip (Sather, 2019b).

Resting Time

To ensure the safety on road the maximum driving time for a heavy-duty truck driver is regulated on the
EU level and defines max hours of driving per week, day and a single driving session. The limitation for
a single driving session is that after 4,5 hours of driving the driver is obliged to have a minimum of 45
min break (Statens vegvesen, 2019b).

The driving time between Oslo and Trondheim through ODsterdalen for a private car is estimated to take
6,63 hours according to Google Maps. Based on the distance of 495 km it means an average speed of
74,6 km/h.

On this route, several distances with max allowed speed of 110 km/h while the max allowed speed of a
truck is 80 km/h (Lovdata, 1986). In addition, a car will more easily accelerate and maintain speed in
ascents. Based on these circumstances it is reasonable to assume that a truck will have a lower average
speed in comparison with a car. If the average speed would be around 65 km/h instead, the driving time
between the areas would be 7,6 hours.

In both cases, the driving time supersedes the 4,5 hours of max allowed time for a single driving session,
which means that the truck driver will be obliged to take a rest when transporting goods between the
regions. If the truck keeps an average speed of a private car,

the truck would be obliged to stop after it had made 68% of : Trondheim, -siorda e

its trip while at average speed of 65 km/h it would have made Klett

only 59% of the trip before the required break. In case of bad s *

weather or tratfic conditions, the average speed drops and the e

fiellomrade

truck would have reached even shorter distance before it
needs to stop. Knitshd

Reinheimen Q

The Norwegian Public Roads Administration provides Alvdal

resting places along the main roads that are specially designed ~ *~ Norway
for truck drivers to be able to take the required rest between : Q
Jotunheimen Koppang

Nasjonalpark

driving sessions or for a night’s sleep (Statens vegvesen,
2018). The location of these stops along the route are shown

in Figure 8.
Q

o sjavikHamar M kl d

An average yearly driving range for a new truck was presented iy

in sub-chapter 2.1, and in this sub-chapter it was estimated ' 8 Minnesund
that the trip between the cities of 495 km would take approx. ~ Ormlia
an entire working day. With basis that a truck will be driving ~ * )

e

81 000 km annually and that it is solely operating the route & e

Oslo-Trondheim, would drive it 164 times per year during Figure 8: Heavy-duty truck resting places designed
Jor usage up to 24 hours (AreGIS, n.d.; Google

equal amount of days. Maps, n.d).
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2.3 Hydrogen Systems

In this chapter, the physical and technological conditions for using hydrogen as an energy carrier will be
explained. The chapter begins by explaining the basic physical properties of the fuel, in the subsequent
two sub-chapters are introduced fuel cells, which produces electricity from hydrogen, and electrolyzers,
to reverse the reaction from electricity to hydrogen-based on the same principles. The fourth sub-chapter
explains how the fuel can be handled, while the last chapter describes how the entire hydrogen supply
infrastructure can look like, from hydrogen production in an electrolyzer to dispensing the fuel in a
vehicle.

A notice about hydrogen as an energy carrier can be said that it is a small and developing market.
However, hydrogen as a substance is well-used in the chemical industry, where it is used for ammonia
production, metal processing and food processing among other industries. The market of hydrogen
generation was valued in 2016 to 115 billion USD to satisfy existing industry’s needs (Valladares, 2017).

2.3.1 Physical Properties of Hydrogen

Hydrogen is the simplest atom in the periodic table and is consisting only of one proton and one electron.
It is the most abundant element in the universe and on the earth. On our planet, most of it is bound into
the water (H>O), while production of pure hydrogen in a bigger scale began at the 19t /20t century shift.
Hydrogen was then a biproduct from chlorine production. Pure hydrogen consists as a diatomic gas
(H2) which is considerably lighter than air and is explosive. The main characteristics of hydrogen as a
fuel is its” high energy density, low energy volume and when burned it creates water (Encyclopedia
Britannica, 2019a). The main characteristics of the fuel are shown in Table 3 and its’ energy volume and
density in comparison with other fuels is shown in Figure 9.

Table 3: Main characteristics of hydrogen (Winter & Nitsch, 1988).

Lower heating value 33,33 kWh/kg
Higher heating value 39,41 kWh/kg
Density (gaseous) 0,09 kg/Nm?

Energy-density
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Figure 9: Ragone plot of different energy carriers including Li-ion batteries (Davis et al., 2018).
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An important physical peculiarity of hydrogen is that it heats up when expanding through a nozzle during
adiabatic conditions and at room temperature, which is in contrast to most other gases. The reason for
it can be found in the Joule-Thomson effect. It was James Joule and William Thomson who managed to
show successfully the temperature increase when gas is passing a nozzle at adiabatic conditions (h=0)
and described it with the Joule-Thomson coefficient shown below:

= (g—i)h = u(P,T). 3)

A further development of the effect has been made with help of van der Waals” model of an imperfect
gas (Parsonage, 1960):
_T(V/dT)p—V _ 2a/RT —b

Cp Cp

)

Where G, is the heat capacity at constant pressure and « and & are constants for the specific gas. The
Joule-Thomson coefficient can be either positive or negative depending on the magnitude of the
numerator in equation (4). If the temperature is increasing, the positive part of the numerator decreases,
and the coefficient will become negative. That is observed for the most gases at ambient temperature;
however, that is not the case for hydrogen. In Figure 10 the Joule-Thomson coefficient is plotted over
a range of temperatures and pressures and it shows that when the gas reaches approx. 210 K the Joule-
Thomson coefficient becomes negative.

Joule-Thomson inversion curve for

hydrogen
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Figure 10: Inversion curve of the Joule-Thomson effect for hydrogen (Maytal & Pfotenhaner, 2012).

2.3.2 Fuel Cells

The first experiments that showed the possibility to create current with help of hydrogen and air is dated
back to the middle of 19t century, however the first practical application was for NASA in the middle
of 1960’s. The fuel cells successfully provided power to all Apollo missions and the interest of fuel cell
as a power source was boosted. Since then fuel cells have been tried out on many different down to earth
applications, but so far it has been shown as commercially attractive only in some niche markets such as
power source for zero-emission forklifts. (Dicks & Rand, 2018)

The main components of a fuel cell are the two electrodes (anode and cathode) and an electrolyte which
separates the electrodes. Ions can pass through the electrolyte, but not electrons, which lead to electron
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unbalance between anode and cathode — voltage is created. The electrons flow from anode to cathode
while passing a load and the following composed reaction has been created:

2H, + 0, - 2H,0 + current + heat. (5)

This reaction can be decomposed in two separated reactions where one occurs on the anode and the
other on the cathode side. These decomposed reactions are differing depending on type of ion
transported through the electrolyte and it depends whether it is alkaline or acid electrolyte. (Dicks &
Rand, 2018)

Acid electrolyte
Reaction at the anode:

2H, > 4H* + 4e™. ©6)
Reaction at the cathode:

0, +4e™ + 4H* - 2H,0. @)
Alkaline electrolyte
Reaction at the anode:

2H, + 40H™ - 4H,0 + 4e™. ®)
Reaction at the cathode:

0, + 4e~ + 2H,0 > 40H". ©)

A) B) Hydrogen fuel

Hydrogen fuel

Load
Load .
H* lons through electrolyte e.g., electric OH- lons through electrolyte e.gi, electric
F motor N\ meotor
Q)Caﬂ'lo(hoi + x‘ + 4H* — 2H,0 (%wlh:xh 0, + z‘r + 2H,0 — 40H
N A

Electrons flow round

Electrons flow round the external circuit

Oxygen, usually from the air the external circuit Oxygen, usually from the air

Figure 11: Acid electrolyte (A) and alkaline electrolyte (B) fuel cell and the reactions occurring in anode, electrolyte and cathode (Dicks & Rand,
2018).

The power an fuel cell (FC) can deliver depends on the speed of the electrochemical reaction at the
electrodes. The reaction speed can be increased through the use of catalysts, an increase of the
temperature or increase of the electrode area where the reaction occurs. Due to the importance of
these factors, an FC will be characterized by them. While the entire cell performance is often described
in ampere density (A/m?) at a given voltage. (Dicks & Rand, 2018)

A single cell will produce a voltage of about 0.7 V, so to design a useful power source the cells are
connected in series and built into stacks. An example of a FC stack is shown in Figure 12; and it has 96
cells in serie which can provide up to 8,4 kW at 65-70 Volts. (Dicks & Rand, 2018)
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Figure 12: A fuel cell stack of 96-cells and weights 1,4 kg. (Dicks & Rand, 2018).

To put FC in series the anode of one cell is connected to the cathode of the next cell while separating
the different gas flows of hydrogen and air. It is done by a bipolar plate that is conductive and has
engraved channels for gas transport. The design and material choice of the bipolar plate have great
importance on the FC performance. (Dicks & Rand, 2018)

Based on the basic principle above, different fuel cell types utilizing different materials have been
developed. The most common fuel cells are listed in Table 4. The parameter that defines the fuel cell
types is the material of the electrolyte and which ion it allows to pass through. It can be a different ion
than in the explanation eatlier in this chapter and with that also the reaction will differ. However the
FC will remain either an alkaline electrolyte allowing negative ions to pass or an acid electrolyte which
transport positive ions.

Table 4: Most common fuel cell types with their main characteristics and typical area of application. (Dicks & Rand, 2018).

Fuel cell type Mobile Operating Fuel Applications and notes
Ion temperature
()

Alkaline (AFC) OH- 50-200 Pure Ha Space vehicles, e.g., Apollo,
Shuttle

Proton-exchange H* 30-100+ Pure H» Vehicles and mobile

membrane applications, and for lower

(PEMEFC) power CHP systems

Direct methanol H* 20-90 Methanol Portable electronic systems

(DMEFC) of low power, running for
long times

Phosphoric acid H* ~220 H2, (ow S,low CO,  Large numbers of 200-kW

(PAFC) tolerant to CO2) CHP systems in use

Molten carbonate COs* ~650 H2, various Medium- to large-scale CHP

(MCFC) hydrocarbon fuels Systems, up to MW capacity

(no S)
Solid oxide (0% 500-1000 Impure H2, variety All sizes of CHP systems,
(SOFC) of hydrocarbon fuels 2 kW to multi MW

As it can be seen in Table 4, some of the fuel cells can use other hydrocarbon fuels than hydrogen,
however the fuel will be reformed and mainly pure hydrogen will be reacting. However
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carbonmonoxide can also be present in the anode and used as a fuel with carbondioxid as final
product. (Dicks & Rand, 2018)

Fuel cells as technology show several advantages over internal combustion engine in their performance
as they have higher efficiency, produce no emissions at operation, are silent and have few or none moving
parts. A PEMFC drivetrain is also compact enough to fit on a vehicle and in many aspects is supetior to
an internal combustion engine.

From all the FC listed in Table 4 only PEMFC is typically used in vehicles and this fuel cell has been
applied in commercially existing private vehicles and in future also in heavy-duty vehicles (Nikola, n.d.;
Toyota, 2017). This work is based upon usage of PEMFC in the vehicle.

Additional systems, so called balance of plant, are required for a fuel cell to work properly. The main
component in the balance of plant for a PEM fuel cell is (B. D. James, Huya-Kouadio, Houchins, &
DeSantis, 2016):

- Hydrogen storage

- Hydrogen management system which delivers and circulate hydrogen through the fuel cell. Both
correct pressure and gas flow need to be maintained.

- Air management system including compression, cooling and humidification of the air supplied
to cathode

- Cooling system to remove excess heat

2.3.3 Electrolyzer

There are several methods to produce hydrogen where steam reforming, coal gasification, and alkaline
electrolysis (AEC) are mature technologies that are commercially available. Most of todays” hydrogen is
produced through steam reforming of methane and coal or oil gasification, where the energy origins
from fossil fuels. Only approx. 4% of the global hydrogen production is made by electrolysis which uses
electricity as an energy source (IRENA, 2018). Norway has been a pioneer in the production of hydrogen
with electrolyzer as Norsk Hydro launched their first plant in 1927. The industry has grown has grown
to become a world leading producer of electrolyzer equipment with the brand name Nel (Nel, 2019). In

this work, only the hydrogen production through electrolysis is evaluated, due to its independence from
fossil fuels.

An electrolyzer is basically a fuel cell where the reaction shown in equation (5) is reversed and is shown
in the equation below:

2H,0 ———— 2H, + 0,. (10)

Electrolysis

As previously mentioned, the best-known technology for water splitting is alkaline electrolysis, but it can
be done with several other fuel cell types such as Proton Exchange Membrane Electrolysis (PEMEC),
Solid Oxide Electrolysis Cells and Molten Carbonate Electrolysis Cell. The similarity of all these newer
methods is that the reaction can be reversed in the same fuel cell, and electricity can be produced from
hydrogen (Stolten, 2010). In this work, only the technology that has significant commercial market will
be evaluated, which limits the study to alkaline and PEM electrolyzets.

A comparison of the working principle between the alkaline and PEM electrolysis is shown in Figure 13.
The most notable difference is the electrolyte and the usage of different materials in the cathode and
anode. While in alkaline cell the electrolyte consists of a liquid and a separator, in PEM a solid membrane
is used as electrolyte.
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Figure 13: Overview of the basic working principles of alkaline and PEM electrolysis (Schmidt et al., 2017).

The current main technical parameters of the alkaline and PEM electrolyzers and how their efficiency
and lifetime is expected to develop until 2030 are shown in Table 5. The level of performance is similar
between both types of fuel cells. alkaline electrolyzers have a smaller range in expected efficiency and a
longer life of the stack. The PEM electrolyzer has the advantages of being able to produce hydrogen at
a higher pressure and a more flexible operation range.

When hydrogen gets pressurized during production, less energy needs to be spent on pressurizing the
gas and increased system efficiency can be reached. However, when electrolysis is made at increased
pressure a slight decrease in its efficiency occurs due to the reversible cell voltage. When a system
optimization was made to reach 350 bar compressed hydrogen, the result showed that optimal hydrogen
output pressure for PEM electrolyzer was 70 bar. (Buttler & Spliethoff, 2018)

Table 5: The main performance data for alkaline and PEM fuel cells in 2018 (Buttler & Spliethoff;, 2018), a forecast of energy efficiency
(Bertuccioli et al., 2014) and life time in year 2030 (Schmidt et al., 2017).

Year Year 2018 Year 2030
Electrolyzer type Alkaline PEM Alkaline PEM
Pressure (bar) 10-30 20-50 - -
Load flexibility (% of nominal load) 20-100% 0-100% - -
Nominal system efficiency at LHV 51-60% 46-60% 53-69% 63-76%
(% | kWhei/kgmz) 56-66 56-72 48-63 44-53
Stack lifetime (1000 h) 55-120 60-100 40-83 40-110
Efficiency degradation (%/a) 0,25-1,5% 0,5-2,5% - -

Even if PEM has a larger range in load flexibility both alkaline and PEM electrolyzers have been able to
show rapid response times (power response signal <1 s) which allows to stabilize the grid (Buttler &
Spliethoff, 2018) and makes them suitable to integrate with intermittent power sources.

It is very hard to predict the future, but an attempt has been made considering the system efficiency and
stack lifetime for year 2030. The values are shown in Table 5. The efficiency is predicted to increase
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slightly, and the biggest increase would be for PEMEC. The future lifetime of the stacks is estimated by
a survey directed to experts within the field and is assumed to be less precise due to its methodology.

2.3.4 Hydrogen Handling

One of the main challenges with usage of hydrogen as fuel is its low density which creates complicated
and expensive storage solutions. The main hydrogen storage systems are either designed for compressed
gas ot for liquefied hydrogen.

The work required to compress hydrogen can be best described as adiabatic compression according to
this equation:

Wz[yz1]*P°*V°*[(p%)%‘1]' 1)

Where Pyis the initial pressure (Pa), 15 is the initial specific volume (m?3/kg), P is the end pressure (Pa),
and p=1,41 is the adiabatic coefficient (Stolten, 2010).

A hydrogen compressor will typically have also additional auxiliary equipment, such as necessary cooling
equipment. Together with non-ideal compression, the compression work will be notably higher than
described by equation (11) (Ulleberg, 2019). This difference is in this work described as mechanical
efficiency.

To liquefy hydrogen at atmospheric pressure it needs to be cooled down to -253°C. Liquefaction of
hydrogen can be made through Joule-Thomsen cycle where the gas is compressed and cooled and in the
next step cooled again as it is expanding through a nozzle (Joule-Thomson effect). This procedure is
repeated until the gas is liquefied (Stolten, 2010). However, to be able to do it the gas initially needs to
be cooled below approx. -60°C to reach the inversion point of Joule-Thomson coefficient as described
in chapter 2.3.1.

Once the hydrogen is liquefied, it will be stored and transported in well insulated tanks. There will always
be present a certain heat gain, which will create some hydrogen gasification, so called boil-off, and it will
increase the pressure of the storage vessel. To not exceed the tanks pressure limits this gas needs to be
either ventilated out or consumed. (Stolten, 2010)

A standard for fuel cell vehicles hydrogen storage systems have been developed based upon either 350-
or 700-bar onboard tanks. Such a high-pressure system has been adopted to store enough energy
onboard to reach driving ranges comparable with internal combustion engine (ICE) vehicles. To be able
to reach the designed pressure in the vehicle during an efficient refueling event it requires the hydrogen
refueling station to have an overpressure of 100 to 200 bar (SAE International, 2016).

Table 6 shows the energy that is needed to compress gas to either 450 or 900 bar with an ideal adiabatic
compressor. The required energy to liquefy hydrogen is also stated, where efficiency varies strongly
between a small plant (10 kg/h) and a large plant (1000 kg/h). It can be observed that the energy demand
decreases drastically if initial pressure is increased in a pressurized electrolyzer. This is also relevant
problem to consider when dimensioning hydrogen compressors. For example, if a compressor is sized
for a very large pressure difference but is seldom operating in those conditions, it will be heavily
oversized. On the other hand, it is possible to design a compression step with an under dimensioned
compressor that rise the hydrogen pressure stepwise. It would both give a higher utilization factor of the
compressor and could decrease the initial investment of hydrogen handling in example hydrogen
refueling stations (Reddi, Elgowainy, Rustagi, & Gupta, 2018).
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Table 6: Energy demand for hydrogen compression based on equation (11) and energy demand
Sfor liguefaction from (Stolten, 2010). At the initial state the gas is at 25°C.

Initial Final pressure  Energy demand
pressure (bar) (bar) (% of H, LHYV)
1 450 17%
10 450 7%
30 450 4%
900 22%
Liquefied 33-83%

As the hydrogen gas needs to be compressed to high pressure to be useful in the transport sector it puts
high demand on the pressure vessels where it is stored. There is an international classification of pressure
vessels and a brief description of them is made in Table 7 and illustrated in Figure 14. The max pressure
defined in Table 7 is based on storage usage where frequent pressure cycling occurs.

Table 7: Main characteristics of the different tank types (Dagdougui, Sacile, Bersani, & Ouammi, 2018).

Tank type  Max pressure (bar) Construction

Type 1 <500 All-metal cylinder

Type II - Load-bearing metal liner hoop wrapped with resin-
impregnated continuous filament

Type I11 <450 No-loadbearing metal liner axial and hoop wrapped with

resin-impregnated continuous filament
Type IV <1000 No-loadbearing, nonmetal liner axial and hoop wrapped with
resin-impregnated continuous filament

Liner {metal)

Boss (metal)

Boss - liner
Liner {polymer)

Typel

Composite (fiber + resin) Composite (fiber + resin)

Figure 14: Classification of pressure vessels (Barthelenzy, Weber, & Barbier, 2017).

Different tank types are used for distinct purposes mainly due to their cost and mass storage efficiency.
The mass storage efficiency shows what fraction the fuel stands for in the total weight of tank and fuel.

Type 1 tanks are typically used for industrial applications as they are the cheapest, but they have poor
storage efficiency with approx. 1 wt% (Barthelemy et al., 2017). While the storage efficiency can be
increased to 5,7 wt% in 700-bar type IV tanks (Toyota, 2017) and it is this type of tanks that are used in
modern hydrogen transport solutions and in fuel cell powered vehicles(Hexagon Lincoln, n.d.; Szther,
2019b; UAC, n.d.).

A hydrogen tank needs to handle high pressures safely and special attention is needed to avoid tank
failure in the form of leakage or bursting. To mention some of the challenges (Barthelemy et al., 2017):
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- The metal liner of type I-11I tanks can degrade due to hydrogen embrittlement which reduce the
mechanical strength and can cause premature cracks.

- For polymer liner, deformation at rapid discharge has been observed.

- Any composite tank using materials with different heat expansion factors will create tension and
can lead to premature material degradation, thus standards have been implied to set a
temperature span within which it is safe to use the tank.

- All tanks will experience material fatigue due to pressure cycling, which needs to be considered
when defining the tanks lifetime.

There are several aspects of a hydrogen pressure vessel degradation that are not fully explored yet, such
as exact prediction in degradation of pressure cycling, polymer liner deformation at rapid discharge,
precise inspection methods among other. (Barthelemy et al., 2017)

During the refueling event, the temperature in the vehicle tank will increase considerably due to three
factors; (i) because of the Joule-Thomson effect, (i) the existing gas in the tank gets compressed and
heats up and (iii) the kinetic energy created when the gas flows from hydrogen refueling station to the
vehicle tank transforms into internal energy. Of these three mechanisms, the last one has the biggest
impact on the heat rise. (L. Zhao et al., 2010)

As the on-vehicle storage system durability can be affected by too high temperatures, the max allowed
temperature in the tank is set to 85°C by safety standards and EU legislation (EU, 2010; SAE
International, 2016). To assure fulfillment of this criteria during all circumstances including fast filling at
700 bar, SAE International recommends precooling of hydrogen to -40°C before filling the vehicle
storage tank, as shown in Figure 19 (SAE International, 2016).

Research and legislative work are in process to increase the max temperature which on-board tank can
resist without jeopardizing the durability and safety of such tanks. However, the development of such
product and especially the changes in standards and the legislative approval will probably only be seen
in the next 5-10 years (Walter, 2019). Even if it is probable that onboard tanks max temperature will be
increased in the future, it is currently a limit according which the system needs to be designed for.

A performance indicator of a refrigeration system is its’ coefficient of performance (COP) which shows
how much useful heating or cooling output energy the system delivers per unit of electrical energy input.
An empirical relationship of COP has been developed for hydrogen refueling station pre-cooling
refrigeration systems according to formula below for an ambient temperature range between 5-50°C
(Elgowainy, Reddi, Lee, Rustagi, & Gupta, 2017):

COP = 1,6 x e(70-018Tamp), (12)
Whete, T, is ambient temperature in °C.

When hydrogen is produced elsewhere than in direct connection to the hydrogen refueling station, it
would require an efficient mean of transportation. Typical ways to transport the fuel is as compressed
gas or liquid by trucks or through pipelines. The transport could in addition be made also by trains or
ships, but it will typically require high volumes and is typically a less flexible option. (Stolten, 2010)

The trade-off between compressed gas hydrogen (CGH2) and liquefied hydrogen (LH2) is that liquefied
hydrogen has higher density. The disadvantage for LH2 is the notably higher energy demand to liquefy
the gas, as shown in Table 6. When LH2 is handled, the boil-off effect will also be considered, and it
might create major losses at low rate of fuel utilization. Pipelines are on the other hand an attractive

technical solution to transport large amount of gas in energy and cost-efficient manner on a regional
scale. (Stolten, 2010)
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An overview of the different means of transport compared to local production is shown in Figure 15. It
shows that in an early market with limited fuel demand either on-site production or transport CGH2 in
truck are the preferable options.

— HRS size Very small Small Medium Large Very large

< 80 kg/day ~ 200 kg/day ~ 400 kg day ~1000 kg/day > 1000 kg/day

Distribution optio:{\\\\‘

On-site electrolysis On-site power requirement may become an issue: 40

On-site reforming Duncpmocapmeco, Required footprint for p

CaH2 truck Delivery of 300 kg up o potential maximurn of 100

LH2 truck

CGH2 pipeline markets unless already available
Color coding: Very likely Possible I Less likely

Figure 15: Means of hydrogen delivery to a refueling station (Weeda & Elgowainy, 2015).

On road transport solutions already exist, two of them are shown in Figure 16. In Figure 16A is shown
a UMOE Advanced Composites 20 ft hook container carrying up to 356 kgpo at 350 bar pressure (UAC,
n.d.). In Figure 16B a Hexagon Lincoln 40 ft extra-large Titan trailer carrying 885 kgyyz at 250 bar pressure
(Hexagon Lincoln, n.d.).Such a trailer filled with hydrogen could be swapped against an empty trailer at
a refueling station and then returned at the hydrogen production facility.

A

Figure 16: Excamples of commercial solutions to transport compressed hydrogen by road.

Just as any other energy carrier, hydrogen is a potentially explosive gas that needs to be handled in a safe
way. The flammability range defined as gas to air volume ratio in which the gas can burn is considerably
larger for hydrogen and is shown in Figure 17. At optimal combustion conditions the minimum ignition
energy will be an order of a magnitude lower in comparison with other fuels, requiring just a small spark
as initial energy. However, at low concentrations hydrogen requires similar ignition energy as
conventional fuels. In case an accident occurs, hydrogen is also more challenging to handle as it doesn’t
have any distinct smell or visible flame, which makes it harder to detect hazard. (Hydrogen Tools, n.d.)
Another differentiation of hydrogen from known fossil fuel gases as gasoline fumes and propane is their
gas density at atmospheric pressure. The fossil fuels are heavier than air and in open air they will sink
and concentrate in cavities. On the other hand, hydrogen, which is lighter than air, will rise and in dilute
naturally in open air.
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Figure 17: Flammability range for hydrogen and some conventional fuels (Hydrogen Tools, n.d.).

2.3.5 Hydrogen Infrastructure

In this work the infrastructure is divided into a Hydrogen Production Unit (HPU) and the Hydrogen
Refueling Station (HRS). Their main design features are presented below.

Hydrogen Production Unit

The Hydrogen Production Unit consists of an electrolyzer, compressor and low-pressure storage, as
shown in Figure 18. Important inflows are electricity from the grid and freshwater (not illustrated in the
figure), while the outflow is hydrogen that is either loaded upon a truck or transported directly to an
adjacent HRS.

Electrolyzer unit ) |
=

Remote usage

Or
k Storage S
350 bar E
Compressor
—
I Local usage
/
~ -

Figure 18: Main components of an electrolyzer unit.

As previously mentioned, both alkaline and PEM electrolyzers are considered and atre suitable in this
simple model. However, the type of electrolyzer affects the output pressure from it and will affect the
size and energy required by the compressor to store the hydrogen at 350-bar buffer storage.

Hydrogen Refueling Stations

A Hydrogen Refueling Station (HRS) main function is to compress the gas enough to create an
overpressure relative to the vehicles storage tank and to make the refueling event efficient and safe.
Depending on where hydrogen is produced, the designed refueling pressure and selected technical
solutions, the final design of the hydrogen station will look slightly different. Different common layouts
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of a station depending on the aforementioned factors are presented in Figure 19. The Figure 19a shows
solution for a 350-bar HRS system where the main difference is to either include or exclude cooling. The
Figure 19b shows two options for a 700-bar HRS, either using cascade system (Option A) or with
Booster compressor (Option B).

To ensure a safe and controllable refueling event the SAE International has developed a hydrogen
refueling standard. The HRS can be designed according to different max refueling speeds. A vehicle can
refuel at slow, medium and fast refueling and it corresponds to max 1.8, 3.6 and 7.2 kg/min fueling rate.
The refueling control is however ensuring pre-defined linear pressure increase during the refueling event
and not the exact fuel flow. The provided fuel speeds can rather be seen as the max refueling speed
allowed. In comparison with normal gasoline pumps, such a requirement makes the HRS control more
challenging. (SAE International, 2010)

Another difference between HRS and gasoline refueling systems is that hydrogen as gas is affected by
pressure in the way that the pressure increases in a concealed tank with increased temperatures. To
ensure that the pressure in the onboard tank does not exceed safety limits, the max refueling pressure
depends on the tank’s temperature. For a 700-bar tank, the max refueling pressure can vary between 570
and 875 bar depending on the tank temperature that can vary between -40°C and 85°C. (SAE
International, 2016).
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Figure 19: S chematics for different 350-bar HRSs (A) and 700-bar HRSs (B).
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The final point to mention about international refueling standards is that currently there only exists an
internationally accepted refueling protocol standard for 350-bar onboard storage systems for heavy-duty
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vehicles (SAE International, 2014). At the same time for light-duty vehicles there exist standards for
both for 350-bar and 700-bar systems (SAE International, 2016). This is an obstacle to implement 700-
bar HRS for heavy-duty trucks, but it is assumed to be a solvable issue in this work without a more
profound analysis.

As one of the main functions of the HRS is to increase the hydrogen pressure, the cost and energy
demands of the station will vary strongly depending on the pressure at which hydrogen is delivered to
the station as well if HRS is refueling 350- or 700-bar systems. In this work the transport and the low-
pressure storage is always assumed to be at max 350 bar, as it is a well-established pressure level currently
in industry. It implies that at HPU there is required a compression of hydrogen.

For a 350-bar system there is a small difference between the low-pressure storage and max pressure at
the dispenser. In such conditions the low-pressure storage will often have a significant overpressure
relative to the empty vehicle storage. To gain the benefit from it and minimize unnecessary compressor
work, the HRS system in this study is designed to have the possibility to bypass the compressor. It is
indicated with the orange double arrow next to the compressor in Figure 19a. So, the plan is to utilize
the overpressure from the low-pressure storage until the pressure difference and flow becomes too small.
The compressor is engaged only for the last top-up, to ensure 450 bar pressure at dispenser. Such a
system requires valves and smart switchover between free overflow and active compression. So, this
system acts as a hybrid solution between cascade system and booster compressor, which are explained
in the following text.

There are two main methods how hydrogen pressure is increased for 700-bar vehicles and delivered to
the vehicle storage system. It can be done either through a cascade system (indicated as Option A in
Figure 19b) or a booster compressor (indicated as Option B in Figure 19b).

A cascade high pressure storage system is based on a compressor that compresses the hydrogen into
high pressure vessels from which the gas flows over into the vehicle storage tank due to the pressure
difference. The most energy efficient approach is to allow each tank to have different minimum pressure
levels, and when flow rate is dropping in the first tank (typically 0.1 kg/min) a switchover is made to a
tank with higher pressure. A typical setup consists of three storage tanks. (Reddi, Elgowainy, &
Sutherland, 2014)

The design of cascade high-pressure storage system is based on pressure cycling it between and upper
and lower pressure limit. A suggested control strategy is that all 3 tanks will be filled to a max pressure
of approx. 900 bars. However, the minimum pressure in each tank is set to 760, 550 and 275 bars (Parks,
Boyd, Cornish, & Remick, 2014). The hydrogen density at 900 bars and 25°C is 48.6 kg/m3 while its’
density at 760, 550 and 275 bar decreases to 43.7, 35.0 and 20.4 kg/m? each. It is a reduction between
10 wt% and 58 wt%, which indicates that 90 wt% to 42 wt% of the hydrogen is left in the tank. This
fact will be considered later in this work when the HRS model is created.

An advantage of using the cascade system is that a smaller compressor can be used, and it can operate
more smoothly. Some disadvantages are the need of high-pressure tanks and the risk that at high
refueling demand the compressor will not be able to refill the cascade storage fast enough.

There are several ways to optimize the HRS, both in energy usage and in the initial cost reduction. One
of those are to manage the compression stage efficiently as the compressors capacity strongly depends
on the suction pressure (Reddi et al., 2018). Several examples of how such an optimization can be done
are shown in Figure 20. Figure 20A and Figure 20B shows how the work of compressor can be
minimized by refilling cascade storage from the most suitable low-pressure storage. In Figure 20C is
shown the possibility to utilize natural overflow and avoid using the compressor. When the compressor
is not needed to refill the cascade high-pressure storage it can consolidate pressure in a low-pressure
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tank, as shown in Figure 20D. By that ensuring enough suction pressure for compressor during normal
operation.

From these examples it can be concluded that there is a wide range of possibilities how such a system
can be optimized to decrease both the capital and operational costs. Krishna Reddi, Amgad Elgowainy
and others have already explored some of these possibilities to optimize the HRS design. Also, in the
HRS model which will be created in this work certain assumptions about optimized compressor and
storage usage will be made, though without making any detailed analysis.

Low-pressure - Cascade storage Low-pressure - Cascade storage
storage storage
-
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200 '
100
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: ¢ Low, D
Low-pressure Cascade storage owpressure Cascade storage
storage storage
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Figure 20: Examples of how low-pressure storage and cascade storage can be efficiently operated by using valve boards. All examples are
simplifications from (Reddi et al., 2014) and (Redd: et al., 2018).

Valve board Valve board

When using a booster compressor, it will always provide the pressure needed at the dispenser hose while
taking it directly from the low-pressure storage. It means that the compressor needs to be considerably
bigger in comparison with the one in the cascade system. When estimating the booster compressor
power to provide max flowrate (7.2 kg/min) from a low-pressure storage that is almost empty, it reaches
1059 kW if the compressor has 65% efficiency. Such a big effect for a compressor is considered
infeasible, and in some models additional minor compressors are provided at HRS, and that ensures a
feasible minimum suction pressure for the booster compressor (Reddi, Elgowainy, Rustagi, & Gupta,
2017). In the visualization of booster compressor configuration in Figure 19b, it is represented as a
smaller compressor that will ensure that a buffer low-pressure storage is maintained around 300 — 350
bars. It is reducing the booster compressor effect to 324 kW, which has been assumed a more reasonable
size of the compressor.

The precooling system, which ensures that the onboard tank upper temperature limit is not reached, will
add complexity and cost to the HRS. The need of such system is connected to two temperature set
points, the max allowed temperature of the onboard tank and the set-point of precooling temperature.
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If the hydrogen is precooled down to -40°C, it will comply with the temperature increase also in the
worst-case scenario, but there are different parameters in the refueling event that can change the
requirement of precooling. Important variables to consider are the storage systems’ initial and final
pressure, refueling speed and tank type and size (L. Zhao et al., 2010). The tank type plays a role as there
is a noticeable difference in heat transfer ability between different designs. Hence up to Type 111 tanks
has a metal liner which leads heat better in comparison with Type IV tanks.

Elgowainy and Reddi (2017) made an analysis of how an onboard storage system of 40 kg would behave
at different filling rates and tank types for a 350-bar system. The storage tank system set-up is shown in
Table 8 and the results are seen in Table 9.

Table 8: The layont of the heavy-duty vebicle hydrogen storage
analyzed by Elgowainy and Reddi (2017D).

Layout

Storage System Capacity (kg) 40
Number of Tanks 8
Tank Capacity (kg)

Initial tank pressure (bar) 50
Final tank pressure (bar) 350
Geometry of one tank

Outer Diameter (mm) 451
Thickness (mm) 45
Length (mm) 2253
Volume (L) 208

Table 9: Pre-cooling requirements for 350-bar HRS for different set-ups (Elgowainy & Reddi, 20175).

Vehicle Fueling Rate  Fueling time Required Precooling

Tank Type (kg/min) (min) Temperature (°C)
111 1.8 22 No Precooling Required
3.6 11 No Precooling Required
7.2 5.5 No Precooling Required
v 1.8 22 No Precooling Required
3.6 11 18°C Precooling Required
7.2 5.5 5°C Precooling Required

From the literature review it is concluded that for a 700-bar storage system hydrogen precooling is
required according to SAE standard, while for 350-bar storage system the precooling is only required
when applying normal or fast fueling when using type 1V tanks on the vehicle. These findings will be
included, when modelling the hydrogen infrastructure.

The dispenser is the last component in the HRS, and its main features is to control the fueling event
including to identify that the hose is safely attached to the car, to limit the hydrogen flow within safety
margins and to identify when the vehicle tank is fully charged. In addition, it has the user interface for
the end-customer and payment system. The dispenser itself has strong similarities with the more widely
spread compressed natural gas dispensers which operates at similar pressures (Mayyas & Mann, 2019).
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A crucial parameter for an HRS dimensioning is the expected demand profile and how many vehicles it
will be able to serve at the peak hour. An example of how the demand from a light-duty vehicle refueling
station is shown in Figure 21a where a clear peak is present in late afternoon when people are heading
home after work. A commercial truck driver can have different routines as he will more probably be
fueling during working hours.

Figure 21b is showing the main activities that occur at a refueling station. For light-duty vehicles the
system is typically designed to have a vehicle fill time of 3-5 min and a lingering time of 2 min (Elgowainy
& Reddi, 2017b).

Both the hydrogen demand profile and lingering time will be considered in the final model of the
infrastructure. The daily peak hour will be used to identify the size of the HRS, and lingering time will
be considered to estimate how many trucks a single refueling hose can serve during an hour.
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Figure 21: A) an example of demand profile for a day for a refueling station for light vebicles (Redds et al., 2017). B) Categorization of the
activity occurring at a dispenser (Elgowainy & Reddi, 20170).

2.4 Fuel Cell Powered Vehicle

Traditionally, great attention has been paid to develop a market for fuel cell light-duty vehicles and buses.
Currently, several light-duty vehicles are commercially available from brands like Honda, Toyota and
Hyundai (Li et al., 2019) while their worldwide sales are small in comparison with battery powered
vehicles mainly due to the high cost and the limited infrastructure. There have been trials of using fuel
cells in busses in Europe from early 2000’s. The concepts have been improved and verified over the
years, but they still have not transformed into a purely commercial product (Fuelcellbusses.eu, n.d.).

There has been made less development of hydrogen powered trucks. This trend is however changing as
several projects have been executed during the recent years and more development is expected. In 2017
two fuel cell electric truck (FCET) projects were launched, one in California, USA, and the other in
Switzetland.

The project in California is called “Project Portal” and it was led by Toyota while based upon Kenworth
chassis. The first trial was so successful that the project grew both with a closer cooperation with the
truck OEM and in the amount of trucks build. In 2019 was announced that 10 trucks of the third
generation prototype will be deployed. (Blanco, 2019)

The truck which was delivered to Coop in Switzerland in 2017 is a 34 tons road train consisting of a box
truck and a trailer. The truck is fully compatible with Coops distribution truck requirements. It was
assembled by Esoro with MAN chassis and Powercell fuel stack for Coop (Esoro, 2016). During 2019,
another European food distribution company, Asko in Norway, is going to launch 4 distribution FCETs.
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These FCET' are based on Scania truck and electrical propulsion system while the fuel cell systems is
provided by Hydrogenics (Ulleberg, 2019).

The projects that have been launched so far are small in comparison with the firm plans of H2 Energy
to start to deploy FCET's in Switzerland on a commercial basis. With a kick off 2019, they aim to
introduce 1000 Hyundai FCET's by 2023 (H2 Energy, 2018).

Table 10 shows a summary of the manufacturer, the operator and the main technical data of heavy-duty
trucks that currently are in operation or will start to operate within this year.

Table 10: Main characteristics of selected heavy-duty trucks already in operation or which will start to operate in 2079.

Producer MAN/Esoro Scania/ Kenworth/ Hyundai
Hydrogenics Toyota

Operator COOP Asko Port of Los COOP

Angeles

Country of operation Switzetland Norway California, USA Switzetland

Operation start 2016 2019 2019 2019

Number of trucks 1 4 10 1 000 by 2023

Gross vehicle weight 34 26 36 34

incl. trailer (ton)

Range (km) 375-400 ~500 563 ~400

Stack size (kW) 100 180 (260 peak) 228 190

Battery size (kWh) 120 Net 22 kWh 12 Unknown

Traction motor 250 kW 290 kW 500 kW 350 kW / 3,400 Nm

Storage (kguz) 31 34 55 33

Storage pressure 350 350 700 350

(bar)

Tank type 111 I\ Unknown Unknown

Source (Esoro, 2016) (Sxther, 2019b) (Blanco, 2019) (H2 Energy, 2018)

Main Components in an FCET

A typical FCET is a hybrid vehicle including a battery that can both support the fuel cell and store
regenerative power (Dicks & Rand, 2018). Regenerative power or energy is the one that a vehicle can
store when braking. An example of how the main components in an FCET are connected in terms of
energy flows, the powertrains topology, is shown in Figure 22. Hydrogen from storage is fed into the
fuel cell, where it is converted into electrical energy. Then, the fuel cell, electric motor and the battery
are interchanging the electrical power depending on the driving conditions. The electrical motor is
converting the electrical energy into mechanical one in normal operation or vice versa in the regeneration
mode. The truck dimensioned in chapter 4 will be based on this topology.

8-



- e e e e e = = e -

Battery

oo Fuelcel o
storage
\ Vi

7
-

————— . ——————

__________________________________________

Energy flows

—p Fuel 4—p Electrical energy Mechanical energy

Figure 22: Topology of an FCET power train.

As shown above, the basic set up of the powertrain of an FCET is quite different from a conventional
internal combustion engine (ICE) vehicle, such as a biodiesel truck. In Table 11 is listed how the main
components differ between the systems.

Table 11: Comparison of the main propulsion driveline components of an ICE and an FCET.

Function ICE FCET
. Hydrogen tank
Energy storage Diesel tank Battery
Fuel cell
Energy conversion Engine Power electronic
El. motor
Transmission 10-gear box and differential Single gear

Braking system
Propulsion driveline
Energy regeneration n.a. Propulsion driveline

Non-regenerative braking Braking system

The hydrogen can be stored in either type 111 tanks for 350-bar storage or type IV tank for either 350-
or 700-bar storage. The advantage of type IV tank is the possibility to increase the gravimetric storage
possibility both by storing at higher pressures and having a lighter vessel. Pricewise both the tank types
are similar. (Barthelemy et al., 2017). The future producer of FCET'Ss, Nikola, has chosen 700-bar type
IV tank for its trucks (Nikola, n.d.).

The FCET, that are built for demo projects mentioned above, are based on an already existing chassis
where the ICE drivetrain is removed, and a fuel cell drivetrain is retrofitted. In Figure 23A, an example
of how a retrofit can look like is shown. However, if the chassis is designed purely for an FCET like the
future vehicles of Nikola, a more flexible placement of the components can be created. In Figure 23B,
the location of the main components in the Nikola Two truck that will be officially launched 2023, is
shown. The fuel cells are placed in the front, while in the middle of the truck there is the place for
batteries. The hydrogen tanks are suited above the batteries, while the rear wheels are directly driven by
electric motorts.

For this work it is assumed a truck based on a conventional chassis and the storage placement behind
the cabin, as indicated in Figure 23A. The available height of such storage is estimated of a semi-trailer
height above its connection point to the truck, also called as the fifth wheel. For a Schmitz Cargobull
universal semi-trailer, the height above the fifth wheel is 2785 mm and width is 2550 mm (Schmitz
Cargobull, 2019). It can be roughly estimated that in this space would fit 5 tanks that are 2500 mm long
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and with a diameter of 500 mm. It would steal 500 mm of the truck length. Considering the theoretical
work to done by Gangloff et. al. (2017) such 5 tanks would be able to store 80 kg at 700 bar pressure
and 48 kg at 350 bar pressure (Gangloff, Kast, Morrison, & Marcinkoski, 2017).

Components in
the hydrogen truck

Hybrid power unit

«

Electric powertrain

Figure 23: Lllustration of different locations of hydrogen powertrain components (Scania, 2017) (Nikola, 2019).

2.5 Economic Concepts

The fuel cell technology in light- and heavy-duty vehicles has been proven to work and its deployment
now depends more on the improved economic feasibility of the technology.

The two main actors who need to achieve economic feasibility are the owner of the infrastructure
providing hydrogen and the owner of the FCETSs. The profits of infrastructure owner depend on two
contradicting parameters: the price of hydrogen and the amount of hydrogen sold. At a lower price of
hydrogen (decrease in profit), most probably greater amounts of fuel will be sold (increase in profit). The
truck driver is competing with other truck drivetrains and fuels and needs to remain competitive, where
the fuel cost is the central factor in his accounting. To study this interdependency, two main economic
concepts will be applied; Levelized Cost of Hydrogen (LCOH) and Total Cost of Ownership (TCO).

The operation costs can be divided into capital expenditure (CAPEX), operating CAPEX (op.CAPEX)
and operating expenditure (OPEX). CAPEX covers all the initial investments needed to build
infrastructure or to buy a truck. Some parts of the system will need to be replaced before the end of the
entire systems lifetime, such as compressors in HRS or electrolysis cells in an electrolyzer. They are set
as op.CAPEX. In order to operate, each system will accumulate operation and maintenance costs,
including consumables such as electricity. These are classified as OPEX.

Money is perceived as less valuable in the future than in the present, since humans value the present
more than the future. Also, the money can be invested in other places where a known minimum rate of
return can be guaranteed. This fact is considered in both the concept of LCOH and TCO by bringing
all the costs to present value by using the following formula for net present value:

NPV = ;m (13)

Where; R, is the net cash flow at year 7, ris the discount rate and 7 is the total amount of years which are
considered.
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The discount rate can vary strongly depending on the preferences of the institution that is providing the
capital, its amount and type of investment done. In the end it is a crucial and complicated decision to
do. This decision is simplified in this thesis by using the Compound Annual Growth Rate at Oslo Stock
Exchange for the last 5 years, which is 8%. This value was selected based on the fact that the investor
has a second option to invest his money in an Index fund in Oslo Stock Exchange where it is assumed
to have the same rate of growth as in previous years.

Levelized Cost of Hydrogen

The concept of levelized cost of hydrogen originates from the concept of levelized cost of energy which
indicates the minimum price of energy required to reach a given rate of return over the power plants
lifetime based upon the net present value calculations. The concept can also be formulated as the
minimum price of hydrogen to break-even during the plant’s lifetime, considering the interest on the
invested money. It is reasonable to assume that an investor would seek better return of investment than
a LCOH is showing and by that pricing hydrogen higher.

LCOH is defined as (Weidner et al., 2018) :
n L+ M+ E;
=1 1+t

i
n t
Le=1 T+ 1)F

LCOH =

14

Where; I, is the initial investment in year 7, M, are the operations and maintenance costs, E, are the fuel
costs, H, is the hydrogen produced in the year 7 is the discount rate and 7 defines the system lifetime.

Total Cost of Ownership

To make a holistic view of ownership costs of a vehicle, all costs need to be included consisting of
purchase and operation costs and the salvage value at sales. A typical way to present it is as a cost per
driven km and can be defined as (Wu, Inderbitzin, & Bening, 2015):

AoC

RV 1
(IPC )*CRF+E SR 15)

Tt
AKT

TCO/km =

Where; IPC is the initial purchase cost of vehicle, R1”is the resale value which has been discounted for
to present value with the present value factor (1/(1+1)1), AOC is the annual operating cost,  is the
discount rate, AKT is the annual kilometers travelled and n is the vehicle holding period of the first
owner. The CRF in equation (15) is the capital recovery factor which converts the present value into a
stream of equal annual payments over the holding period of the vehicle considering the discount rate
and is defined as:

ix(A+nr"

CRF = —————,
A+ —1

(16)

Learning Curves

There are several examples that show the price decrease of a certain product when its production volume
is increased, so called learning curves. It has been observed for a wide variety of products, such as PV,
wind power, LCD screens and other technologies. The learning curves are often described as price
decrease per output for each doubling in total production. An example of such reduction is shown in
Figure 24 of the cost of producing PV-modules. A common explanation to the price decrease is the
economy of scale and learning by doing.
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important cost reduction drivers instead, such cumulative production (Kersten et al., 2011).

as the country of production and the raw
material price.

The literature study about the learning curves shows that it is complicated to identify the exact
parameters from which to predict the future price reduction. However, when considering the ongoing
research and development activities of hydrogen systems together with the fact that hydrogen usage as
fuel is immature, it lays out good precondition for future price reduction.

2.6 Costs & Lifetimes

In this subchapter, current and expected future prices of the main equipment that will be used as basis
for the techno-economic assessment will be introduced.

To make a representative estimation of the costs, the main design parameters of each component are
considered. The prices are mainly retrieved from literature, but some prices are also gathered from the
equipment supplier. The estimated price development towards 2030 is also made based on literature
study.

All prices are shown in 2018 Norwegian crowns (NOKooig). All older prices are adjusted for inflation
with the help of each countries consumer price index and converted to NOK based on the average
exchange rate of 2018.

2.6.1 Electrolyzer

In Figure 25 and Figure 26 are the costs of PEM and alkaline electrolyzers summarized, based on
literature research. These costs should represent the cost of the entire electrolyzer stack including balance
of plant. The majority of the costs are variating depending on the size of the electrolyzer which shows a
clear economy of scale gains that flattens out at a capacity of approx. 20 kg/h. The constant cost of a
system presented by (Bertuccioli et al., 2014) in the E4Tech report shows a good indication of average
price, but becomes very inaccurate for a small system.

The outlet pressure of hydrogen in an electrolyzer affects the cost and energy intensity of the subsequent
compression steps. The alkaline electrolyzer works at atmospheric or close to atmospheric pressure while
the PEM technology easily enables the hydrogen to be produced at 15-30 bar pressure. In future it is
expected that the hydrogen output pressure levels will increase. (Chardonnet et al., 2017)
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The lifetime of an electrolyzer has been set to 20 years in several studies (Chardonnet et al., 2017;
Weidner et al., 2018). As shown in Table 4, the stack lifetime can be shorter than the lifetime of the

entire installation. It is possible to replace only the stack, which has been estimated to cost approx. 35%
of the initial investment (Chardonnet et al., 2017).

Several forecasts have also been made of the expected price reduction and have been summarized in
Table 12. Generally a larger price reduction is expected from PEM electrolysers than alkaline as latter
has a higher maturity level. Despite higher expected cost reduction of the PEM electrolyzers they are
still forecasted to remain more expensive in comparison with alkaline electolyzers in the future.

Cost of PEM electrolyzer
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3000 2017

2500 = Smolinka 2011
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Figure 25: The cost of PEM electrolyzers as a function of production capacity based (Bertuccioli et al., 2014; Chardonnet et al., 2017, Proost,
Saba, Miiller, Robinius, & Stolten, 2018, Smolinka, Giinther, & Garche, 2011; Ulleberg, 2019).

Cost of Alkaline electrolyzer
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Figure 26: The cost of alkaline electrolyzers as a function of production capacity (Bertuecioli et al., 2014, Chardonnet et al., 2017; Saba, Miiller,
Robinins, & Stolten, 2018; Smolinka et al., 2011).
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Table 12: Prediction of the cost reduction found in the literature.

Cost reduction in %

Source Time span for the reduction .
depending on type
From To PEM Alkaline
(Bertuccioli et al., 2014) 2014 2030 70% 51%
(Schmidt et al., 2017) 2017 2030 54% 46%
(Chardonnet et al., 2017) 2017 2025 42% 29%

2.6.2 Hydrogen Handling

The main items that are included in hydrogen handling are compression, storage, cooling, dispenser and
additional costs connected to HRS. In case hydrogen is not produced in direct connection to the HRS,
the cost of transportation also needs to be included.

Compression

The compression at HRS can either be performed by a main compressor and in cases also by a booster
compressor, see option A and B in Figure 19 on page 23. The compressor which will compress gas into
storage after electrolyzer is assumed to be of the same type as the main compressor. The cost curves for
main compressor summarized from the literature as a function of power input are shown in Figure 27.

Main compressor
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Figure 27: Cost curves for main compressor from literature (Elgowainy & Reddi, 2017 a; Reddi et al., 2017; Ulleberg, n.d.).

The cost curves from HIA Task 33 showed in Figure 27 are based on comprehensive quotes from the
industry and in the original dataset the costs are presented per kgnz pressurized per hour. To transfer
this data to cost per kW installed capacity the equation (11) was used with assumed a mechanical
efficiency of 70%. As this data is built on trackable input from industry, it is assumed to be the most
relevant dataset for further usage in the modelling of the infrastructure.

The only cost for a booster compressor found in the literature is from (Elgowainy & Reddi, 2017a). The
cost curves from both sources are almost identical and can be expressed as:
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Chooster = 50831 x P — 16820. a7
Whete Cyuer is the cost of a booster compressor in NOK and P is electrical effect of the compressor in
kW.
Storage

The cost of storage has been summarized from different literature sources and a price indication from
Umoe Advanced Composites. All of them are listed in Table 13. In addition, (Elgowainy & Reddi, 2017a)
indicates that installation of the equipment increase the cost with 30%.

Based on the cost presented, the most feasible low-pressure storage is UAC 20-foot transport container,
while the only one Elgowainy & Reddi (2017a) presents cost for high pressure cascade storage. These
costs will be used to price the infrastructure later on in this work.

Table 13: The cost of storage found in literature and by personal communication with experts in the field.

Type Cost NOKz8/kg) Source
450 bar storage 8 788 (Ulleberg, 2019)
Low pressure storage 8763 (Elgowainy & Reddi, 2017a)
350-bar cascade storage 10 516 (Elgowainy & Reddi, 2017a)
700-bar cascade storage 15774 (Elgowainy & Reddi, 2017a)
UAC 350-bar 20ft transport container 4213 (Olsen, 2019)

Transport

If transport of hydrogen is required, it will be made by a truck as concluded in chapter 2.3.4. The cost
of transport consists both of CAPEX as purchase of the storage system on trailer as listed in Table 13
and as operation costs of the truck transporting the trailer between HPU and HRS. The transport costs
(Crany) iIn NOK of a fuel truck transporting the hydrogen in Norway and can be described as (Gronland,
2018):

Crransp = 549 *t + 6,93 d + 11+ w + 136. (18)

Where; #is time for the trip (h), dis the distance (km) and » the weight of the payload (ton). The payload
will include the weight of hydrogen, the storage tanks and accessoties for the storage solution.

There will also be a cost connected to bringing the empty container from HRS back to the HPU, which
needs to be considered. As hydrogen is only taking up 6% of the storage weight, the cost of transport is
simplified to be the same for a full and an empty container. In that case the specific cost of transport of
hydrogen (NOK/kg) can be calculated as:

2 % Ctransp

Ctransp H2 = 19

Wh2

Where; wh2 is the weight of hydrogen transported to the HRS.

Cooling

The cost of the refrigeration equipment has been defined by Reddi et. al. (2017) and when converted
from USD to NOKanis the investment of it can be expressed as:
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Ccooling = 19801 * Pcooling0'849- (20)
Whete; Puing is the cooling effect required to refrigerate the hydrogen to -40°C.

In addition to the refrigeration equipment, a heat exchanger block is necessary and its’ cost in NOKooss
can be estimated to (Reddi et al., 2017):

Crx = 49943 * Peooring — 1713, 1)

Dispenser

A summary of the cost of a dispenser based on literature studies and personal communication are listed
in Table 14. The price of dispenser from both sources is almost the same. The model developed in this
work is based on equipment cost and an additional cost post for installation, and thereby Elgowainy and
Reddi (2017a) cost division will be used.

Table 14: Costs of dispenser.

State Costs (NOK2018) Source
Installed 1100 000 (Ulleberg, 2019)
Equipment 876 341 (Elgowainy & Reddi, 2017a)
Installation 30% of equipment costs
Installed 1139 243
Other Costs

In addition to the cost of the main equipment, other factors that need to be considered in the economic
analysis and are listed in Table 15. All the costs except for operation and maintenance are related to the
construction of the infrastructure and are summing up to a total of 50% of equipment CAPEX. These
costs are summed up in a “non-equipment CAPEX” cost post in the model and in the results of this
work.

Table 15: Additional factors considered in the economic analysis of hydrogen infrastructure.

Percentage of

Ttem equipment CAPEX Source
(Oefzgf‘i f;iit“;af;z;mce 4% annually (Ulleberg & Hancke, 2019)
Site Preparation 5% (Elgowainy & Reddi, 2017a)
Engineering and Design 10% (Elgowainy & Reddi, 2017a)
Installation costs 30% (Elgowainy & Reddi, 2017a)
Project Contingency 5% (Elgowainy & Reddi, 2017a)

_36-



There are several other costs connected to installation and operation of hydrogen infrastructure. Two of
them are the cost of land and the cost to install the connection to the grid, neither of them was
investigated more in detail due to existing time constrains of this work.

Cost Reduction

Reddi et. al. (2017) made an attempt to qualify future cost reduction based on the component’s maturity
level and they are shown in Table 16. The near-term volume presents the current situation with approx.
200 HRS installed and in the long-term (high-volume) scenario 10 000 HRS stations will have been
installed. The mid-term market represents an in-middle stage of approx. 5 000 HRS. In this work will be
developed a forward-looking scenario for year 2030 and to create a slightly optimistic scenario the cost
reductions will be based on a mid-term scenario where it is not expected more than 5 000 HRS.

Table 16: Forecasted price reduction as a function of market (production volume) increase (Reddi et al., 2017).

Market (production volume)

Technology groups Near-term . Long-term
Mid-term -
(low volume) (high volume)
Group 1: Mature (low cost reduction 1 0,79 0,75

potential); e.g., low-pressure storage.

Group 2: Established (moderate cost

reduction potential); e.g., high-pressure 1 0,61 0,55
storage, precooling equipment.

Group 3: Developing (high cost

reduction potential); e.g., dispensers, 1 0,47 0,4
compressors, controls/safety equipment.

Lifetime
The lifetime of the different components for HRS are shown in Table 17.

Table 17: Expected lifetimes of the different components in HRS' and
the HRS installation itself (Elgowainy & Reddi, 2017a).

Equipment Lifetime (years)
Compressor 10
Storage 30
Cooling 15
Dispenser 30
Entire HRS installation 30

Real world experience of hydrogen compressors has shown that they require considerable maintenance
effort during their lifetime and are based on the amount of operational hours (Ulleberg, 2019).

Impact of HRS Size and Utilization Rate

It has been concluded in previous studies that the operation of HRS takes an important share of the
levelized cost of hydrogen (LCOH). Reddi et al (2017) made a comprehensive study of different factors
that affect the LCOH from HRS. Three important factors were identified: (i) the size of the installed
HRS (ii) the utilization rate of the HRS and (iii) possible price decrease in the future due to increased
production volume of HRS.

_37-



As seen in Figure 28, the HRS is adding to the LCOH a cost of 77 NOK/ kg, when utilizing the smallest
refueling station, while the cost is decreasing to 32 NOK/kgn2 assuming constant utilization rate of 80%.
It is a reduction of 58%.

From the same figure it can be seen that the LCOH from HRS was almost 40% higher if the demand of
hydrogen was ramped up during the first 10 years of the station’s operation, when considering the entire
lifetime of 30 years. The LCOH for different size HRSs are shown in Figure 28.

HRS utilization rate effect on LCOH
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Figure 28: How the size and the utilization rate of an 700-bar HRS affects its LCOH (Redd; et al., 2017).

In the same study by Reddi et al (2017), an analysis of the effects from the possible price reduction
factors was made and they are shown in Table 16. The results for a 700-bar HRS can be seen in Figure
29. The LCOH from an HRS produced in a future high-volume market is expected to decrease with 42-
48% based on today’s low-volume HRS production rate.
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Figure 29: .COH for 700-bar HRS depending on two different sizes and volume of HRS production (Reddi et al., 2017).
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It is clearly presented in both Figure 28 and Figure 29 that LCOH of HRS strongly depends on the size
of HRS. It should also be noted that all costs showed in these figures are only for operating HRS and
are excluding the production and possible transport of hydrogen.

From this work can be concluded that in order to reach a low LCOH from HRS, the HRS should be
designed for large demand volumes and that these volumes of demand should be created in the shortest
time possible to minimize the ramp-up rate. A future price decrease is also expected due to increased
production volumes. However, it should be noted that it is very hard to predict the future.

Another study of hydrogen costs was made by (Ulleberg & Hancke, 2019) where they identified the
LCOH of both electrolyzer and HRS serving daily between 60 and 150 kgyz. For the biggest station the
hydrogen cost was 58 NOK/kgr, for onsite production and 70.5 NOK/kgn: when hydrogen was
transported from a central electrolyzer with capacity of 1000 kgpz/day.

There is a notable difference between the prices presented from the two sources above. The LCOH
from only a HRS with size of 200 kgr2/day from Reddi et.el. (2017) is almost as high as price from both
a HRS and a electrolyzer producing 150 kgpz/day according to Ulleberg and Hancke (2019).

2.6.3 Electricity Price

The production of hydrogen by electrolyzer is highly energy demanding and its compression and
refrigeration also adds a fair part on the hydrogen supply chains electricity demand. By that electricity
becomes an important part of the operation costs and due to this the electricity price is analyzed in detail
in this sub-chapter.

In Norway electricity is traded on an
hourly basis in the Nord Pool market.
In Figure 30 is shown the historical
average electricity price for Oslo grid

Yearly average of day-ahead
electricity prices for Oslo area

area for the last 10 years, adjusted for
the inflation. An average price over the
last 10 years is 327 NOKzo1s/ MWh with
a standard deviation of 30%. A big
contributor to the noticeable price

NOK,,5/MWh

fluctuation is due to its strong
dependency on naturally variating 0

precipitation. 2008 2010 2012 2014 2016 2018
) Year

The Norwegian Water Resources and Fignre 30: Infltion asted p day-alead prie for ety in Ot
. . .. Higure 30: Inflation adjusted annual average day-abead price for electricity in Oslo

Energy Directorate is predicting a gid area (Nord ool n.d.).

future electricity price rise in Norway

due to better interconnectivity with the European grid and that prices in the European electricity market

are expected to rise. The predicted driving force for electricity price rise in Europe is based on the

expectation that it will become more expensive for coal and gas power plants to emit greenhouse gases,

due to the European Emission Trading System. (Winther, 2019)

As the electricity is traded on an houtly basis it is possible to obtain cheaper average electricity price if
the electricity is not used during peak hours and the lost production time is compensated by increased
production over the normal operation period. The average electricity price was calculated depending on
how many of the most expensive hours are excluded and the result is shown in Figure 31.
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The most expensive hours were identified over two different timeframes; days and weeks. Larger
timeframe allows to find and remove longer periods of unusually high electricity prices and data shows
a slight decrease in average electricity price if the analysis is based on a weekly timeframe. Longer
timeframes than a week were not included in this analysis as the electricity price strongly depends on

weather and it is hard to forecast the weather, and by that the electricity price, for a longer period than
a week.

For reference the price of Danish west trading region (DKT1) is also shown in Figure 31. The Danish
power mix consists in much larger extension of variable power sources and has stronger interconnection
with the continental grid. It can be observed that the average electricity price is 5,7% higher in
comparison with the NO1 area. However, if power consumption is avoided for 8% of the most
expensive hours on a weekly basis, it becomes in pair with the Norwegian price and average price is
decreasing faster when excluding the most expensive hours.

Average electricity price 2014-2018 as a function of peak hours
excluded
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Figure 31: Average electricity wholesale price at Nord Pool for Oslo trading region (NOT1) and Danish west trading region (DK1) depending on
the amount of the most expensive hours excluded. (Nord Pool, n.d.).

In addition to electricity, the consumer also needs to pay for the usage of the grid and fees to the state.
Currently in Norway there exist approximately 120 different distribution system operators (DSO’s) and
prices differ between each of them (Heien, Melvzr, Nibstad, Sergieva, & Sliwinski, 2018). For high power
customers, the price will typically consist of three parts; fixed, power and energy. The fixed part is self-
explanatory; the power part is set depending on the maximum power used by the customer within a time
interval, which is typically a month or a year. As energy part, the DSO is adding a smaller fee for the

energy used, in addition to the price of the electricity provider. This layout is selected to represent in the
most correct way the actual costs that a DSO has.

Two fees to the government are also charged by the DSO: a fixed fee of 800 NOK/year to support
research on energy related topics (ENOVA fund) (Hafslund Nett, n.d.), and a fee of energy used
(forbruksavgift). The fee for energy usage is 0,1583 NOK/kWh, but can be reduced to 0,005 NOK/kWh
for customers in certain industries such as for companies that are producing or transforming energy
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products (Skatteetaten, n.d.). The fixed fee is typically included in the DSO’s fixed fee, while the fee for

energy usage is a separate cost item.

An overview of three DSO’s pricing levels for a high voltage energy transforming customer, such as
hydrogen producer, split into fixed, power and energy part and the additional fee for energy usage is
shown in Table 18. As the energy will be consumed by the company, the prices for electricity, grid usage
and government fees shown above are excluding the 25% value added tax.

Table 18: Grid fees charged by three DSO’s for a high voltage business customer which are transforming energy products (Eidsiva, 2019;
Hafslund Nett, n.d.; TronderEnergi Nett, 2019).

Eidsiva nett Hafslund nett TrgnderEnergi

nett

Fixed NOK 7000 10800 20800

Power

Winter 1 NOK/(kW & month) 122 (3 months) 38 (4 months)

Winter 2 NOK/(kW & month) 52 (2 months)

Summer NOK/(kW & month) 17 (7 months) 28 (8 months)

Constant NOK/(kW & month) 39.8

Average NOK/(kW & month) 39.8 49.1 313

Energy

Winter NOK/kWh 0.04 (5 month) 0.035 (5 month)

Summer NOK/kWh 0.02 (7 month) 0.018 (7 month)

Constant NOK/kWh 0.028

Average NOK/kWh 0.028 0.025 0.028

Usage fee NOK/kWh 0.005 0.005 0.005

(Forbruksavgift)

For a larger consumer that has a high capacity factor of the grid connection, the grid fees consist approx.
a fifth of the total energy bill, while as the capacity factor is decreasing the grid fees become a larger
expense, see illustration in Figure 32 based on average electricity price from Nord Pool and grid fees
from Eidsiva nett. As the electricity price actually is not changing between the scenarios, it is clear that
the total price per kWh is increased with lower utilization rates.
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Figure 32: The division between electricity price and grid fees for T MW grid connection based on two different utilization rates of the connection.

Several DSO’s, such as Hafslund Nett and Eidsiva Nett, are offering flexible tariffs, which allows
reducing the power part of the grid fee in exchange to demand response. With demand response it is
meant that the producer will shut off its equipment at times when the distribution grid is experiencing a
lot of stress. At Hafslund Nett a customer can receive a reduction up to 75% of the power cost part.
The drawback of such a deal is the strong limitations put on the consumer. A typical condition is that
power can be shut off immediately and for an unspecified duration. While to receive the highest discount
at Hafslund Nett the consumer needs to have its own reserve power plant. It shall also be noticed that
not all DSO’s in Norway offer such flexible tariffs. (Eidsiva, 2019; Hafslund Nett, n.d.; TronderEnergi
Nett, 2019)

To model general hydrogen infrastructure with such an uncertain and location specific flexible tariff
conditions is perceived as unfeasible.

2.6.4 Truck

The costs of a truck can be divided into three different categories; purchase, operation and residual value.
In this chapter all costs are gathered before the analysis is laid out.

In this report the FCET is compared to another zero-greenhouse gas emission alternative, which is
biofuel powered internal combustion engine (ICE) drivetrain. From the different biofuels, the
Hydrogenated Vegetable Oil (HVO) is chosen due to a couple of reasons. It can be fueled already today
along the route between Oslo and Trondheim (Citcle K, n.d.). The HVO is very similar to diesel, so the
truck doesn’t need to be modified to use the fuel. Thereby prices for diesel truck in the literature were
directly applied to the biodiesel truck, except the cost of fuel and the infrastructure is already present.

Purchase Costs

No matter whether the truck powertrain is an ICE or fuel cell electric, it is assumed to have the same
glider. The costs of all components for an ICE and the main components of an FCET are shown in
Table 19. In the table the total cost of ICE truck is given, while the FCET is missing the costs of fuel
cell, batteries, motor, controller and fuel storage. In this chapter will the cost per designing unit (kW,
kWh or kg) be estimated both for a 2020 and a 2030 scenario and the final cost of an FCET will be
calculated in chapter 4.3 based on the sizing of main components made in chapter 4.2.
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Table 19: Costs of main components for ICE and fuel cell electric truck.

ICE (NOKz015) FCET (NOK301s)

Glider 776,732 776,732
Engine 177,893 0
Aftertreatment 128,048 0
Transmission 69,503 16,260
Motor and controller 0 71,138
sUumM 1,152,714 N/A

The price of a fuel cell made for a heavy-duty application is more expensive in comparison with a light-
duty vehicle as it is required to have much larger durability (DOE, 2018). An estimated cost development
of a heavy-duty fuel cell system is presented in Figure 33. The cost of the system depends on the
production volume and the production year as a cost reduction is forecasted for increased production
quantities and future technical achievements. When considering the expected increased production
volumes of FCETS it must be noted that producers such as Hyundai has signed to deliver 1000 FCET's
to Switzerland until 2022. Further on, the start-up company, Nikola, plans to launch a series of FCET's
in the earlies 2020’s and China is directing investment towards hydrogen buses (H2 Energy, 2018; Liu,
Kendall, & Yan, 2018; Nikola, 2019). Based on these conditions it is considered that a demo project
started in the next years will have a price based on 2020 years technical level and a yeatly production rate
of 500 systems per year. It corresponds to a cost of fuel cell system to 1 921 NOKzg18/ KWher. While for
a 2030 scenario the cost of fuel cell system is based on the price expectation of year 2025 and a
production volume of 10 000 systems per year. It corresponds to a price of 876 NOKag1s/ KWer.
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Figure 33: Forecast of a fuel cell system price based on production volume and year (DOE, 2018).

The current cost of high-power batteries used in hybrid vehicles has been estimated by Mareev and Sauer
(2018) to be 2 879 NOKoois/kWh in 2018. With a yeatly decrease in cost of 6.7 %, brings the battery
costs down to 2 506 NOKaois/kWh in 2020 and 1 253 NOKaois/kWh in 2030 according the same
author.
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The drivetrain needs also a controller and electrical motor. The costs of these components depending
on the max power output are shown in Table 20.

Table 20: Costs in the literature of an electric motor and system controller.

2020 2030
Source (Mareev & Sauer, 2018)  (H. Zhao et al., 2018)
Electric motor (NOKaz13/kW) 224 122
Motor controller (NOXKzo1s/ kW) 286 81

The cost for the onboard hydrogen storage is based on DOE report made by Strategic Analysis which
estimates the storage system cost as a function of production volume. The costs for 350- and 700-bar
systems depending on production volume is shown in Table 21. The calculation in the thesis are made
for a 5.6 kg storage tank, while a truck will have much larger hydrogen storage needs. The costs are still
assumed to be representative because of the final installation on a truck is based on stacking several
smaller tanks. For a 2020 scenario in this work a yearly production of 10 000 units is assumed as
representable, while for a 2030 scenario a yearly production volume of 500 000 units is chosen. The big
production volumes for storage tanks are chosen with the assumption that the same tank type will be
suitable for other applications, such as light-duty vehicles and stationary applications.

Table 21: Cost estimation of onboard storage systems (B. James, Houchins, Huya-Kounadio, &> DeSantis, 2016).

Production volume of 5.6 kg tanks (pieces) 10 000 500 000
700 bar (NOKzo18/ kgmz) 6 577 4 050
350 bar (NOKzo1s/kgrz) 8 329 3 877

Operational Costs
The costs correlated to the operation of the truck are divided into following posts:

- Fuel
- Road taxes
- Maintenance

Fuel

The cost of hydrogen depends on the type and size of production and distributions facilities and its price
level will be developed in this work in form of LCOH. For reference, hydrogen could be bought in 2019
from few refueling stations in Norway at 71.9 NOK/kgpz when excluding 20% value added tax (VAT)
(Valle, 2019).

The cost of biofuel will be based on the price from the 2d January 2019 and then it was 13.75 NOK/1
excl VAT (Circle K, 2019).

HVO is produced by hydrogenation of different types of fats or oils and can achieve equivalent chemical
composition as fossil diesel. The fat is sourced both from biomass such as Palm Fatty Acid Distillate
(PFAD), tall oil, palm oil, corn oil, etc. and from animal rest products from slaughter houses.
(Energimyndigheten, 2019)

Maintenance

The expenditures of maintenance can be split up to costs directly related to the maintenance driveline
like oil shifting and filter changes and costs independent from driveline such as tire changes, washing
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and requisites. In Table 22 the costs of the maintenance are shown. Please note that the maintenance of
an FCET is reduced by 29% to represent a mechanically simpler solution with less moving parts (H.
Zhao et al., 2018).

Table 22: The maintenance costs of truck (Gronland, 2018; H. Zhao et al., 2018).

ICE FCET
Driveline maintenance (NOK/km) 1.27 0.91
Tires, washing and requisites (NOK/km) 1.42 1.42

Fees

There are several fees applied for trucks, such as the road tolls, annual fee for weight and environmentally
differentiated annual fee.

There are road tolls applied in Norway, and they are favoring zero-emission vehicles. For the trip from
Oslo to Trondheim would an ICE truck pay 325 NOK per trip, if it is avoiding rush hours. In the
opposite direction the fee increases to 378 NOK per trip (Fjellinjen, 2019). In average the road tax is set
to 352 NOK. However, zero-emission vehicles as FCETs are given an exemption of such fees
(Samferdselsdepartementet, 2018).

In Norway there is an annual fee for middle- and heavy-duty vehicles based on their total weight, wheel
axles and suspension type. For a tractor unit and semitrailer having max gross weight 50 tons, in total 6
axels and air suspension, a yearly fee of 4 514 NOK is applied for 2019 (Skatteetaten, 2019).

An additional environmentally differentiated annual fee is also chargeable for trucks. For a truck with
gross weight of 50 ton and with the cleanest ICE available on the market (EURO 0) the fee is 353 NOK,
while for a zero-emission truck it is 0 NOK (Skatteetaten, 2019).

Residual Value

A truck owner considers in its investment decision of a new truck its residual value (Mo, 2019). While,
when making a TCO calculation for the first truck owner, the residual value is playing a small role and
due to it is heavily discounted. In this work it is assumed that a residual value makes 15% of purchase
cost for an ICE truck and 7,5% for and an FCET. The difference in the residual value is based that
typically a truck is sold to less developed countries and they will probably be less interested in an FCET
due to lacking refueling infrastructure and less benefits of zero-emission technologies.
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3 Methodology

To be able to answer the questions put out in the problem statement, a systematic approach has been
developed. It consists of two separate parts that have been analyzed; (i) the energy demand on the route
and what are the minimum requirements for a fuel cell electric truck (FCET) and (ii) modelling of the
infrastructure. As a final step both parts have been combined to estimate the profitability for trucks on
this specific route. An overview of the methodology is illustrated in Figure 34 and each step is discussed
more in detail below.
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Figure 34: illustrates the workflow to answer the questions in the problem statement.

Route and Truck

The main goal with this part was to identify hydrogen demand and a Total Cost of Ownership (TCO)
of the truck. Besides, considering that there aren’t any suitable FCETs on the market, this part also
included a simple sizing of a truck.

The first block of work, “Truck energy demand”, consists of developing a route profile and an energy
demand model for the truck traveling the route. A trade-off needs to be made in the resolution of the
route profile and the energy demand model. In this work following assumptions were made:

- The spatial resolution is set to 1 km
- Constant speed of truck is assumed

The second block of work, “Truck component sizing”, is based on the output of energy modeling. From
those results, several truck components were dimensioned, such as required onboard hydrogen storage
to fulfill the route and max power demand to overcome hills. By additional modeling of the fuel cell
(FC) and battery system, a suitable size of FC and battery were selected.

Based on the sized truck components, the cost of an FCET was estimated both in the near-term, defined
as a 2020 scenario, and in the middle-term, defined as a 2030 scenatio. Based on the costs a TCO analysis
was made as the third block of work. The TCO for an FCET was estimated as a function of fuel costs,
in this case in form of levelized cost of hydrogen (LCOH). In order to evaluate the cost of owning a
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fleet of FCETS, it was compared to another zero CO» emission technology, which is biodiesel in form
of HVO.

Infrastructure

As the first block of work for the infrastructure model for the main components was created. The main
components are the hydrogen production unit (HPU) and the hydrogen refueling station (HRS) as
described in chapter 2.3.5. Just as for the truck TCO, the cost models were created for both a near-term,
2020 scenario and a middle-term, 2030 scenario.

As explained in the background, the electrolyzer can be either of PEM or alkaline type. Regardless of
the electrolyzer’s type, the set-up is the same, which allows the electrolyzer to be presented by a single
model.

The main distinction between different hydrogen refueling stations (HRSs) is the max. pressure level
(350 or 700 bar). Depending on the pressure level the set-up of HRS is differing, which is the reason
why two different models of HRS were developed. Within each model of HRS, two main design
variances were included; for 700-bar model the hydrogen can be refueled either by a cascade system or
a booster compressor. For a 350-bar model, the refrigeration system is either included or not depending
on vehicle onboard storage tank type and the refueling speed.

If HPU is not in direct connection to HRS, the required transport need is considered in the HRS model
and added to its cost.

In order to present the most common combinations of the infrastructure, three different system models
were created in the Engineering Equation Solver (EES) software. Each of the models has also a
subsequent design or equipment choice, including selection if transport is needed or not. In total it
provides 16 different possible layouts. The different design choices for electrolyzer, HRS and transport
are summarized in Table 22. With reference to Figure 34, when all the models were created the first
block of work for the infrastructure part was finalized.

Table 23: Design choices of infrastructure.

Electrolyzer HRS Transport
700-bar 350-bar
PEM Cascade With cooling Yes
Alkaline Booster  Without cooling No

The second block of work refers to the evaluation of the created models. To simplify the analysis, the
different options of electrolyzer and HRS were calculated separately. Based on technical and cost
assessment the most promising alternative was chosen for further analysis. Considering the selected
components of the infrastructure, a sensitivity analysis was made, variating in a broad set of parameters
with the aims to both identify the most critical parameters in the model and do a stress test of the model
itself.

As the last work block of the infrastructure analysis, the model of electrolysis and HRS is applied to the
studied route. The locations of HRS are being fixed to pre-selected locations, while the location of
electrolysis is varied to find the lowest LCOH. Due to the economy of scale for the infrastructure, the
LCOH was calculated for different fleet sizes each HRS is serving.

Apnalysis of the Final Results

From the analysis of trucks, TCO was received as a function LCOH and the analysis of infrastructure
provides LCOH as a function of fleet size each HRS is serving. The final analysis is made by plotting
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these two relationships by placing LCOH as X variable in a graph and letting fleet size and TCO be
plotted on two different Y variables. From this plot, it is possible to find a breakeven point at which the
FCET fleet size becomes competitive or how much subsidies are needed to make them feasible.

Engineering Tools

Two software’s where used to help to model the energy balance and costs of the different models, Excel
and Engineering Equation Solver (EES).

The Microsoft Excel spreadsheet together with its macro language Visual Basics is a software with low
entrance level and can simply handle a limited amount of data and limited correlations. It was used for
simpler modeling to calculate truck energy demand and T'CO. In addition, it was used to summarize data
and visualize it in graphs.

For more complex models such as hybrid drivetrain and infrastructure simulations a programmable
equation solver program was used called “Engineering Equation Solver” by F-Chart Software. The
software allows to code the problem which makes it easy to keep an overview of the code and the
different values in it. It also enables to add easily clarification notes, which is essential to make the work
transparent and possible to review by peers.

To obtain the geographical data of the route was used free to public software “Google Earth Pro” and
online tool “GPS Visualizer”.
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4 The Route and the Truck

In this chapter, the analysis of the route and the truck will be laid out, as described in the methodology
chapter. To begin with, an elevation profile of the road will be developed. Based on it, the trucks' energy
demand will be calculated. It will be given a more detailed description of how both these steps were
made, and the results are presented in chapter 4.1. Further, a simple sizing of components will be made
in chapter 4.2, and in chapter 4.3 the total cost of ownership (TCO) of the truck will be calculated as a
function of the cost of hydrogen.

4.1 Energy Demand of a Truck

The first step to identify the energy demand is to get a clear overview of the route between the cities. As
described in chapter 2.2 and shown in Figure 5 in that chapter, the preferable route goes through
Osterdalen on roads E6/Rv3.

The defined route was plotted in “Google Earth Pro” between the city centers. The software can produce
an elevation profile, but it won’t allow to export it. To obtain the elevation at each coordinate the route
is exported in .KMZ format. The .KMZ file was then uploaded to the online “GPS visualization” tool
(www.gpsvisualizer.com). It could perform three important tasks: (i) read the coordinates from the
KMZ file, (ii) assign an elevation at each coordination point based on NASAs SRTM1 database, which
has a 30x30 m resolution, and finally (iii) export the coordinates and altitude to a readable .txt file. The
.txt file was then imported to Excel where the distance between each coordinate was calculated using
the Haversine formula, which was described in equations (1) & (2). The dataset was then simplified by
increasing the average distance between points of 28 m to 1102 m with the help of VBA code in Excel.
This simplification however, reduced the distance between the cities from 494 km to 482 km (2.4%y),
due to the fact that naturally curvy road was partly straightened. The advantage was the reduction of the
dataset from 17 463 positions to 437 positions. The result of this data analysis is illustrated in Figure 35.

Elevation profile for road E6/1v3 from Oslo to Trondheim
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Figure 35: Created elevation profile from Oslo (O km) towards Trondbeim.

The forces that are applied to a truck, which are described in chapter 2.1, were calculated for each
segment of the route using values that were listed in the same chapter. After multiplying the forces with
the velocity, a route specific power balance model for the truck was created. In this model two parameters
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can be modified to create different scenarios: payload and speed. When the power output is divided by
the time which takes to fulfill each segment a route specific energy balance is obtained.

Figure 36 shows the average power demand for each road segment for a truck loaded with an average
payload of 16 tons at a constant speed of 65 km/h when driving from Oslo to Trondheim. The same
analysis was done for the truck driving from Trondheim to Oslo and both routes were compared. It
could be observed that the maximum power required for driving from Oslo was 436 kW, in comparison
only 399 kW was required when returning to Oslo. For the regeneration, the opposite trend was noted,
with a maximum regeneration power of 261 kW for the route from Oslo in comparison with 298 kW
for the route to Oslo. From these results, it can be concluded that the most demanding route is when
driving from Oslo, but for regeneration capacity, it is necessaty to consider also the opposite direction
of the route.
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Figure 36: Calculated average power demand from Oslo to Trondbeinm.

When looking at the energy demand for the route, the difference between the directions diminishes. For
a truck with 16 tons payload traveling from Oslo at an average speed of 65 km/h, the traction energy
required is 605 kWh and when going to Oslo it is 610 kWh. It is a difference of 0.8%. Hence a fuel cell
electric truck has a hybrid powertrain, it can regenerate the braking energy and use less energy in the
form of fuel. By assuming that only 85% of the braking energy can be regenerated and maintaining a
constant speed of the truck, the regenerative energy was estimated to be 66 kWh in this specific case. It
corresponds to reduced net energy spending of 10.9%. In Figure 37 is shown energy demand for a truck
depending on its gross weight. An empty truck has 15.7 tons, a truck with an average payload of 16 tons
weights 31.7 tons and a max loaded truck reaches 50 tons.

In the analysis shown in Figure 37 can be seen that the regenerative power increases with increased
payload. It can be explained by the constant presence of rolling and wind resistance and auxiliary power
consumption. When considering these energy consumers, a light truck will not regenerate enough power
in the downhill to create a surplus. However, a heavy loaded truck will gain more energy in downbhills
and provide surplus energy from breaking that can be stored and used for later.
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Energy demand of truck on the route
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Figure 37: Energy demand of truck driving from Oslo to Trondbeins (O-T) and other way around (1-O) as a function of its gross weight.

4.2 Truck Component Sizing

The main principles of a fuel cell electric truck (FCET) powertrain was explained in chapter 2.4 and its
main components are hydrogen storage, electric motor, fuel cell and battery. With a basis in the energy
model developed in the previous chapter and with the help of further analysis the main components will
be sized in this chapter.

Storage

The storage is designed to allow a fully loaded truck of 50 ton gross weight to make a single trip between
the cities. The total energy consumption to fulfilling the route considering benefits of regeneration is
731 kWh according to calculations summarized in the previous sub-chapter. To calculate the storage

tank size, a 15% spare capacity of the tank is considered and a fuel cell efficiency of 55%. The tank size
is:

_ 73LkWh = (1 + 15%)
Meank = 55% * 33.33 kWh/kgHZ

For refueling it is assumed that 15% fuel is still in the tank, thus 39 kg hydrogen would be needed in a
typical refueling event.

As mentioned in chapter 2.4, the storage tank can be of both type I1I or type IV for 350-bar onboard
storage, while only type IV tank can be used for 700-bar onboard storage. The type III tank can be
served by cheaper infrastructure, and its benefits will be evaluated later on in the report. Possible
disadvantages of type I1I tanks, such as higher weight, are assumed to have a marginal effect.

Electric motor

The electric motor is dimensioned to provide enough power to keep a fully loaded truck at 40 km/h on
the steepest hill. According to the energy model, the truck should have electric motors that can provide
402 kW. With such an effect the truck could maintain almost 60 km/h when it brings average payload.

Fuel cell stack and battery

Even if energy demand and power output is known, it is not possible to estimate straight forward the
correct fuel cell and battery size. There has been made a lot of research on different control strategies
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and sizing for fuel cell electrical hybrid drivetrains (Das et al., 2017; Kast, Vijayagopal, Gangloff Jr, &
Marcinkoski, 2017; Marcinkoski, Vijayagopal, Kast, & Duran, 2016). However, as the control strategy
evaluation and optimization are not the central part of this thesis, just a simple control strategy was
applied to make a preliminary sizing of fuel cell stack and battery.

As the input data for this analysis, the energy and power balance of a fully loaded truck is used. The only
modification made to the dataset is to limit the max power to 402 kW, which corresponds to the
maximum effect of designed electric motors and slightly decreases the total energy demand.

The control scheme, shown in Figure 38, is created to adapt the fuel cell power output depending on
the State Of Charge (SOC) of the battery. In other words, the needs of the battery size were defined and
when applying the control scheme over the route, it estimated the fuel cell stack size trying to maintain
the battery within its SOC limits.

Recalculate for next
time step (60 sec)

Erc = Energy delivered by FC in
the timestep

E.oq = Energy required to maintain
the speed

FCp = Power output from fuel cell

SOCy,y = State Of Charge of

Calculate final power battery
Reduce FC, with X kw |
P balance

Update Ep,; and SOC

Figure 38: Used control schematic for a hybrid drivetrain.

The amount of power increase or decrease from the fuel cell stack when SOC is close to its min or max
value is also affecting the behavior of the hybrid system. This parameter is marked with red text in the
control scheme shown in Figure 38 and was also evaluated in order to optimize the control scheme. In
this model it was variating between 10 and 50 kW /min as seen in Figure 39. This interval is selected to
suit the best control scheme and should not be interpreted as a technical limit for a fuel cell (FC) stack.

The results of the simulation, based on variating battery sizes and fuel cell ramping rates, can be seen in
Figure 39. It can be seen cleatly that with battery sizes of 25 and 50 kWh, the SOC varies more heavily
and outside the possible limits of the battery. In the reality, it would mean that the battery would not be
able to store all the regenerative braking power and in the steepest uphill’s run out of energy and truck
would only rely on FC stack. Regarding the FC stack size, there is a trend of needing a smaller FC stack
as the battery gets bigger. However, its size is also directly affected by the ramping rate of it.

A drivetrain with a 100 kWh battery, a fuel cell with the nominal effect of 200 kW and a ramp rate of 25
kW /min is selected as a suitable drivetrain and ramping rate based upon results shown in Figure 39. It
is based on the smallest battery size that can keep SOC within a safe working range (22 — 88%) and at
the same time have a moderate FC stack size. The stack ramping rate of 25 kW /min was found suitable
for a truck traveling at a constant speed for the pre-defined route but shall probably be different when
accelerating or braking to stand still with the truck. The behavior for the transient speed scenarios has
not been analyzed in this work.
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Hybrid system modeling results
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Figure 39: The hybrid system modeling results shown in form of variation of SOC (%) and required FC stack size (W), and sorted by battery
size (RWh) and for different FC ramping rates (RW/ min).

Figure 40 shows the results when modeling the hybrid driveline with the selected battery and fuel cell
size for different payloads for the route from Oslo to Trondheim. It can be observed that with larger
payloads a faster discharge cycle of the battery is occurring and that only at maximum load the FC require
200 kW of power output.

In real life, the behavior of the hybrid driveline would be different as the truck would have variating
speed. With acceleration more power would be needed and when braking energy would be recuperated
faster. For reference, the kinetic energy available in a 50-ton truck that drives at 80 km/h is 3.4 kWh. It
would create some more fluctuations in the battery and fuel cell usage than shown in the graphs above.

As the last step in reviewing the selected hybrid driveline, the control scheme was applied for the return
route from Trondheim to Oslo. The result can be seen in Figure 41. The battery and FC were managing
well for almost all the route except for the distance 62 to 66 km from Trondheim where the FC power
output surpassed 200 kW and SOC of battery kept falling. The FC power output could have been limited
within 200 kW by several measures, such as slowing down, allowing to discharge the battery even deeper
or charging the battery more in advance in order to avoid reaching an uphill with a low SOC. It is
concluded that there are enough parameters to improve, that a more advanced control scheme could
limit the power output to 200 kW.
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Figure 40: Hybrid system powertrain bebavior for different payloads, for the route from Oslo to Trondhein. The upper graph shows behavior for
an empty truck (gross weight: 15.7 tons), the middle graph shows for a truck with average payload (gross weight: 31.7 tons)
and in the bottom graph there is a fully loaded truck (gross weight: 50 tons) is represented. The black line shows the batteries SOC in %o
and the blue line shows fuel cell stack power output in £W.
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Figure 41: Hybrid system powertrain bebavior for the route from Trondheim to Oslo with a fully loaded truck. The black line shows the batteries
SOC in %o and the blue line shows fuel cell stack power output in RW .

In Table 24 there are summarized the size of the main components in the FCET drivetrain and the
methodology of how they were obtained. Based on the literature study, simple analysis and compatison
with other existing FCET’s, the sizing of the different components is seen by the author as reasonable.
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Table 24: Summary of how different furel cell electric powertrain parts were dimensioned and their final size.

Component Sizing methodology Size
Storage Amount of fuel required for single trip 46 kg
El motor Steepest uphill in 40 km/h 402 kW
Fuel cell Hybrid drivetrain model with 1 km resolution 200 kW
Battery Hybrid drivetrain model with 1 km resolution 100 kWh

4.3 TCO Calculation

The TCO calculation is used as a tool to compare FCET with biodiesel truck, in order to identity their
economic competitiveness. To perform the calculations; first are the purchase cost and residual value of
all truck types are clarified based on the results obtained in the previous sub-chapter. In addition, the
operational costs are summarized. Based on these values a TCO is developed as a function of variable
hydrogen price. As the last part of this chapter, a sensitivity analysis is made of TCO both for an FCET
from 2020 and a biodiesel truck.

Purchase costs and residunal value

The main costs of a biodiesel truck and an FCET were introduced in chapter 2.6.4, while chapter 4.2
showed the dimensioning of the main components of an FCET. When summarizing these numbers, the
costs of the different trucks were estimated and shown in Table 25. The biodiesel truck is the cheapest
one and its price is assumed to be constant both in 2020 and 2030.

When comparing the total costs of FCET in Table 25 it shows that: An FCET in 2020 is estimated to
cost 783 626 NOK more than a biodiesel truck or be 68% more expensive. The price gap is reduced
towards 2030 to a difference of 209 179 NOK or 18%.

Table 25: The total purchase cost and its breakdown for an FCET in 2020 and 2030 and for a biodiesel truck.

FCET 2020 FCET 2030 Biodiesel

truck

Glider 777 095 777 095 777 095
Engine - - 177 976
Aftertreatment - - 128 107
Transmission 16 268 16 268 69 536
Fuel cell 384 200 175 200 -
Hydrogen storage 303 814 186 329 -
Battery 250 602 125 256 -
Motor and controller 204 362 81745 -
Total 1936 340 1361893 1152714

When considering the residual value of the truck after its economic lifetime of 6 years it is: 145 225 NOK
for an FCET purchased in 2020, 102 142 NOK for an FCET purchased 2030 and 172 907 for a biodiesel
truck. As mentioned in chapter 2.6.4 the residual value is set to 15% for a biodiesel truck and only the
half for an FCET.

_55-



Operational Costs

The annual operational costs are based on
the average annual distance driven in 2018

Annual operational costs
by a new tractor unit, which is 81 100 km. P

If a tractor unit is only operating between 700 000
Oslo and Trondheim and that only a single 600 000
trip is taken during a day, the tractor unit . 500 000
3 : <
would need to make in average .3.2 tr.lps pet 2400 000
week throughout the year. It is estimated 2 200 000
by the author as a reasonable working A
200 000

schedule.

o _ 100 000
Considering  the  operational  costs 0
presented in chapter 2.6.4 including the FCET Biodiesel truck
current price for hydrogen and the annual
driven distance, the costs for an FCET and W Fucl # Driveline maintenance
a biodiesel truck are presented in Figure 42. ® Ties, cashing and requisites = Road taxes
The biggest operational spending is fuel, Fees

while the annual fees are insignificant. An
FCET owner would save 70 821
NOK/year in OPEX with current fuel
prices.

Figure 42: Annual operation cost for an FCET and a Biodiesel truck.

TCO Depending on Hydrogen Price

Earlier in this chapter, the investment costs, the residual value, operational costs and annual mileage for
the truck, were presented. TCO can be calculated by applying these values in the equation (18) presented
in chapter 2.6.2. The economic lifetime is set to 6 years and the discount rate to 8%. The fuel costs for
the HVO biodiesel is also already known, while the cost of hydrogen fuel will be modeled only later in
this work. At this stage, it is possible to calculate the TCO for a biodiesel truck, which is 8.46 NOK/km.
As the exact cost of hydrogen is not known, the TCO of an FCET is instead shown as a function of the
fuel cost. The correlation is shown in Figure 43. For reference, the TCO of biodiesel truck is also plotted
in the same figure as a fixed value, independent from hydrogen fuel price.

From Figure 43 it can be read out that TCO for an FCET is a linear function of hydrogen price and the
only difference of the TCO for the two different FCETS is their purchase price. For an FCET purchased
in 2020, the hydrogen price needs to be 38.6 NOK/kg to become competitive with a biodiesel truck.
But if the price of an FCET would drop forwards 2030, as expected and the price level of a biodiesel
truck and HVO fuel remains the same, an FCET would become competitive with a hydrogen price of
71.8 NOK/ kgpp. It is worth to notice that it is almost the same hydrogen price as offered currently in
the refueling stations.

The results of TCO from the three different truck types presented in Figure 43 were broken down and
illustrated in Figure 44. As the hydrogen and biodiesel price is based on the year 2019. The sum of TCO
for an FCET 2020 is 9.9 NOK/km, while an FCET from 2030 and Biodiesel truck have the same TCO
of 8.46 NOK/km. The fuel cost is the most expensive post for a biodiesel truck and is slightly smaller
than the cost of hydrogen. It can clearly be seen that the high purchase cost is a large disadvantage for
FCETSs. They have however lower maintenance costs and their strongest benefit in comparison with
biodiesel trucks is their road toll exemption.
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Figure 43: Total cost of ownership depending on hydrogen retail price.

In case the internal combustion engine truck would use diesel instead of biofuel, its TCO would drop
with another 0.44 NOK/km. It means that hydrogen price would need to be as low as 28.7 NOK/kgH2
in 2020 and 61.9 NOK/kgp» in 2030 to make an FCET become competitive on price against the diesel-
powered truck.

TCO break down for different trucks
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Figure 44: The different costs post and its share of the total TCO for different trucks.
Sensitivity Analysis

The sensitivity analysis was made for an FCET truck from 2020, based on the values above, and
compared with a biofuel truck. The sensitivity analysis of an FCET from 2020 is shown in Figure 45 and
for a biofuel truck in Figure 46 and are based on current fuel prices. For both the trucks the most
important factors are how long distance they are driving, either how many years they are used or how
many kilometers they drive each year. Changes in the CAPEX price is affecting more an FCET as it
costs more, while the biodiesel truck is slightly more sensitive regarding fuel efficiency. The least
important factors are residual value and discount rate.
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Sensitivity analysis of TCO for an FCET 2020

-20% -10% 0% 10% 20% 30%
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Annual mileage (+30%/81100km/-30%) -11% I T 217
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Fuel efficiency (-30%/(0.057kg/km)/+30%) -10% I I (0
Residual value (10%/7.5%/5%) 1% H0 1%
Discount rate (10%/8%/6%) 0% 110%
9.92 NOK/km

Figure 45: Sensitivity analysis of TCO for an FCET from 2020.

Sensitivity analysis of TCO for a biofuel truck
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Residual value (20%/15%/10%) 1% Bl 1%

Discount rate (10%/8%/6%) 2% I 2%
8.46 NOK/km

Figure 46: Sensitivity analysis of TCO for a biofuel truck.

It is interesting to see the small effect discount rate has on the TCO calculations. One possible reason is
the short economical lifetime. Another could be the balanced split of TCO between CAPEX and OPEX,
where initial purchase and residue values are considered as CAPEX and all costs connected to operation
are set as OPEX. The FCET from 2020 is a very good example of evenly split cost posts and is presented
in Figure 47. As the discount rate increase the CAPEX becomes a more dominant share of TCO and
the opposite happens when the discount rate is decreasing. Meanwhile, the total cost of ownership
remains constant. The discount rate has a slightly bigger effect on TCO of the biofuel truck as its CAPEX
is lower than for an FCET from 2020 and its operational cost higher, according to Table 25 and Figure
44. By that, the changes in discount rate will induce more rapid changes in OPEX than CAPEX and its
total TCO will be affected more.
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TCO change depending on discount
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Figure 47: TCO change depending on disconnt rent for an FCET from 2020.
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5 The Infrastructure

In this chapter, the most profitable infrastructure setup will be identified and the levelized cost of
hydrogen (LCOH) calculated as a function of the infrastructure scale. To reach this goal, the assumptions
will be laid out in the first two chapters. In sub-chapter 5.1 the possible location of infrastructure along
the route will be identified and in the sub-chapter 5.2 the necessary assumptions of demand profile will
be made. Based on these assumptions and information given in the background, a model of the
infrastructure is built in the Engineering Equation Solver (EES) software and its main working principles
and assumptions are summarized in sub-chapter 5.3. In the last part of this chapter, the model is
evaluated in several manners in sub-chapter 5.4 to identify the most feasible tecno-economic set-up of
the necessary infrastructure.

5.1 Suitable Location for HRS and HPU

The location for HRS needs to be optimal for the end-users, in this case for semi-truck drivers on the
route between Oslo and Trondheim. On the other hand, the location of electrolyzers, who would provide
fuel to HRS, can be more flexible as they can be placed where it is most feasible according to techno-
economic consideration.

Hydrogen Refueling Station (HRS)

The optimal way to select suitable location of HRS would be to consider the actual movement patterns
of trucks. As no such data was available, the placement of HRS was based on rational reasoning and
inputs from industry partners.

Several aspects need to be considered when selecting location of HRS. To begin with, the onboard
storage for a truck is sized so that the truck can make a single trip when fully loaded. To setrve a truck
driving the route as minimum amount of HRS could be cither; (i) a station in the middle of the route
and that trucks are only serving the specific route or (i) a station in each city and limit the truck driver
to always leave the city with full tank when driving the route.

In chapter 2.2 was described the trucks variating usage pattern and the importance of local transport
jobs as a part of trucks’ logistic management. Such detail needs to be considered when designing
appropriate infrastructure. With too few HRS’s, the flexibility of an FCET would decrease, as it could
only do limited short-range transport work. And by that its competitiveness would also decrease.

The third consideration was the fact that the driving range for an FCET is shorter than for a biofuel
truck, and an opportunity to minimize this disadvantage is to utilize the obligatory resting period to fuel
up the truck.

Based on all these aspects it was concluded that three HRS are required as a minimum for this route;
one in each city and one in the middle. Also an expert from industry, Roger Swther, agreed that it is a
reasonable minimum level of infrastructure (Sather, 2019b).

Hpydrogen Production Unit (HPU)

The economy of HPU is based on the plants scale and the cost of available electricity, while the benefits
of centralized, big-scale plant needs to be weighed against the costs induced due to transport of the
hydrogen to the HRSs. A central production plant would greatly benefit from economy of scale and it
could more easily be placed close to the electricity source and by that, the cost of electricity could be
minimized. However, such a plant will be further away from HRS and by that, transportation costs will
be higher. If the electrolyzer is placed next to a HRS instead, the transport costs would be excluded, but
the other factors will drive the price up. To analyze these aspects in the LCOH calculations, three
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different scenarios will be evaluated; (i) a single centralized electrolyzer for all HRS, (ii) local electrolyzer
next to each HRS and (iii) a middle solution where only two HRS are sharing a single production plant.

5.2 Daily Demand Profile for HRS

Chapter 2.3.5 described the function of a daily demand profile as it showed how the station is expected
to operate during the day. From this information crucial HRS components, such as the compressor and
the high-pressure storage, can be dimensioned according to the peak demand hours.

To create a realistic demand profile for the HRS station, the best starting point would be to observe
existing daily usage patterns of trucks between Oslo and Trondheim. As such a study would be outside
the scope of this work and no relevant literature could be found on this topic, a demand profile was
created by the author.

In creation of the demand profile, relatively unfavorable conditions were assumed. It is based on 15
hours idle, 6 hours of moderate usage and 3 peak hours. The peak hours are dimensioned to have double
as high demand as the hours of moderate usage. The demand profile is illustrated in Figure 48. As the
FCET fleet is served within a limited time of day, the HRS capacity needs to be higher in comparison if
the FCET would have refueled more evenly throughout the entire day.

The demand profile is universal in the created model in the sense that the result of this analysis is the
same, no matter at which hour of the day the peak demand occurs; as long as it remains the same (16.7%
of daily visitants refuels at rush hour).

Another two simplifications made in this work are: (i) all three HRS” have equal demand and the demand
profiles. It is an idealized state, as in reality some stations would have more attractive location and
accordingly a higher demand. (ii) The demand is equal for all five working days, while no demand is
assumed during the weekends. If the national days are not considered, it means that the HRS will operate
260 days per year.

Daily demand profile

0,1

Fraction of daily demand

0 2 4 6 8 10 12 14 16 18 20 22 24

Hour

Figure 48: Estimated daily demand profile of HRS.
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5.3 Model of the Infrastructure

In this chapter the building of the model of hydrogen infrastructure is explained. Its EES code can be
shared upon request by contacting the author. One model for hydrogen production unit and two for
HRS have been made to represent both a 350- and 700-bar refueling option. In the sub-chapters below,
it is described how each item in the model has been calculated.

In Table 26 common inputs and assumptions for all models are listed. The utilization rate is set to 80%
for both HPU and HRS to represent a slightly optimistic scenario. However, it should be noted that the
effect of ramp-up of the demand is not considered in the model, which can greatly impact the LCOH.
To distinguish the utilization rate and HRS daily demand profile explained in previous sub-chapter, an
example is provided here: Based on refueling daily demand profile and estimated total daily refueling at
HRS in a fictive case it is concluded that 5 trucks will be refueling at the peak hour. HRS will be sized
according to both daily and peak hour refueling. With a utilization rate of 80%, at the actual operation
conditions 20% less trucks will be refueling per day, which means that at the peak hour only 4 trucks are
refueling.

In case the hydrogen production is not in direct connection to a power producer, a 0.03 NOK/kWh fee
is added on the electricity price. The power cost and fixed grid fee is also avoided if the hydrogen is
produced in direct connection to a power producer. It is assumed that HRS is always paying for grid
cost, while electrolyzer is only paying for it when placed in direct connection to HRS.

Table 26: Common variables used in all models and their assumed values.

Variable Value Comments
Discount rate 8%
Lifetime HPU 20 years
Lifetime HRS 30 years
Non-equipment CAPEX 50% of CAPEX
o&M 3% of CAPEX
Utilization rate 80%

. ) 0.28/0.31 Average price for last 5 years in
Electricity price NOK/kWh Oslo ;gl sgot area ’
Power cost (grid) 481 NOK/kW  Average from 3 different DSO’s
Fixed grid fee 12900 NOK  Average from 3 different DSO’s
Average temperature 5°C
Max design temperature 30°C

Pressure level of 50.350 bar
low-pressure storage (bar)

Compressor mechanical

0
efficiency 70%

The system is designed for a max temperature of 30°C, while for operation it is set to 5°C to represent
a yearly average temperature. The temperatures are assumed by the author and are intended to be
representable for south/middle of Norway.

To estimate the future price decrease for the infrastructure in 2030, the price reduction factors listed in
Table 16 on page 37 are used.
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In all models a general yearly O&M costs of 3% of the CAPEX are included. The percentage is decreased
in comparison with values in literature (see Table 15) due to some of the main maintenance costs are
included in the op.CAPEX costs. Examples of necessary maintenance are rehauling of compressors and
replacement of electrolyzer stack based on operational hours.

The cost of compressor is based on cost data from HIA Task 33, presented in Figure 27. As this cost
data is relatively recent and based on quotations from industry, it was estimated as the most reliable.

To build the required infrastructure there are other expenditures in addition to direct equipment costs.
In this model engineering, site preparation, installation and project contingency are considered as such
costs and they are assumed to cost 50% of the equipment costs. These costs are considered in the model
and they are referred to as non-equipment CAPEX. A detailed composition of these costs is explained
in chapter 2.6.2.

There are several factors that have not been included in the analysis but could have an importance to the
final real installation. Some of them are cost of land, cost to install the connection to the grid and any
costs connected to paperwork like permitting and risk assessment. These factors were not included either
to keep the work within the time constrains as well as that relevant country specific costs are not
accessible.

As only commercial vehicles are considered in this thesis, the demand of hydrogen at HRS is limited to
5 days a week. It sums up to 260 operation days per year. The HRS is based on how many trucks are
refueling per day, however it is not the same as the truck fleet as trucks are not refueling every day. Based
on statistics and data presented in chapter 2.1 and 2.2, a truck serving solely the route would be driving
it only 164 times per year. According of how it is dimensioned, it will also need to refuel 164 times per
year. It means that to ensure a single refueling event each day, 1.6 trucks needs to be in operation.

The possible layouts of HRS and their main functions were explained in chapter 2.3.5. In total four
different layouts of the HRS are analyzed in the model, two designed for 700 bar onboard storage and
two for 350 bar storage. Exactly how the different models are set up is shown in Figure 49, and each
model is identified by pressure and type for easy identification further in the work. Also, what kind of
onboard storage tank each HRS is designed for is added to the description.
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700-bar type 1 - HRS with cascade filling
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350-bar type 1 - HRS without cooling
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Figure 49: The different setups of HRS' analyzed in the model.
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HPU

As general input into the model is the weekly hydrogen demand, and it is sized based on how big truck
fleet is served by each HRS and how many HRS the electrolyzer unit is serving. It should be noted that
it is assumed that the HRS operates 5 days a week, while electrolyzer unit is working 7 days a week. By
that, its daily production rate is slightly smaller.

The location of HPU is assumed to be next to a power producer as long as it is standing by itself and by
that avoiding grid fees. However, in case it is placed in direct connection to HRS, its location is assumed
to be strongly restricted and that it is consuming power from the grid and pays grid fees.

Regardless of whether the HPU is in direct connection with HRS or not, the compressor and low-
pressure storage of HPU is included in the model.

+

= Electrolyzer

As input, it is possible to choose between PEM and alkaline type of electrolyzer. The PEM
electrolyzer is assumed to deliver hydrogen at 30 bar pressure and the stack has a lifetime of

60 000 hours. While the alkaline electrolyzer is delivering hydrogen at 5 bar pressure and the stack have
lifetime of 90 000 hours. However, the lifetime is referring only to the stack itself, while the installation
as a whole has a lifetime of 20 years. It is assumed that the stack costs only 35% of the initial investment
of an electrolyzer.

The efficiency of both types of electrolyzers is assumed to be the same of 55% based on LHV and
considering the parasitic losses from its balance of plant.

Towards 2030 it is expected that both the efficiency and output pressure would be improved. For both
electrolyzers the efficiency is assumed to reach 60%, while the pressure will be increased to 15 and 60
bar for alkaline and PEM electrolyzers respectively.

The cost per produced kg of hydrogen is notably affected by the size of electrolyzer, as seen in Figure
25 and Figure 26 in chapter 2.6.1. To include this aspect, for electrolyzers with production rate below 10
kgro/h the cost estimates are based on the exponential relationship presented by (Smolinka et al., 2011).
The used cost functions are shown in equation (23) for PEM type and equation (25) for alkaline type.
While, for electrolyzers with capacity above 10 kgpz/h the cost estimates are based on linear relationship
presented by (Chardonnet et al., 2017). The used cost functions are shown in equation (24) for PEM
type and equation (26) for alkaline type.

Crem<iokg/m = U * 3834300 » 0629 (23)
Cpem>10kg/m = V * (958340 — 2245.5 * v) 24)
Catk,<10kg/n = V * 1973700 % v~0436 (25)
Catk>10kg/n = V * (735980 — 3271.5 * v). (26)

Where; v is the houtly production rate in kgpz/hour.

Compressor
E The compressor is sized to raise the pressure of hydrogen from the outlet of electrolyzer

to the max pressure of the low-pressure storage. The calculation of energy demand,
however, is based on raising the pressure from electrolyzer outlet to the expected average pressure in
the low-pressure storage.
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The compressor’s lifetime is assumed to be 10 years, which is the same as for HRS and stated in Table
17. The challenge of noticeable costs for rehauling it during its lifetime is included in the model as a
major rehauling every 5 000 hours and cost of it corresponding 20% of their initial CAPEX. They are
also designed with 100% redundancy and all compressors to be operated equally many hours. This has
been considered in the model, by doubling the lifetime and overhaul hours.

Low-pressure storage

(| |) The low-pressure storage has a max pressure level of 350 bar, and it is designed to hold

2 days of hydrogen demand when full. As it is based on the UAC storage container unit, the final size of

the storage is an even number of such containers.

The minimum storage pressure is assumed to be 50 bar, so an average pressure is assumed to be 150

bar.
The lifetime of the low-pressure container is the same as the plant’s lifetime, 20 years.

HRS - 350-bar

The HRS is represented in two different models, depending on if the vehicle storage is designed for 350
or 700 bars. In this sub-chapter the 350-bar model is presented, while in the next sub-chapter the 700-
bar model is explained. The similarities between these models are that they consist of a compression
step, cooling (only for 350-bar type 2 HRS) and dispensing. In case HRS is not adjacent to HPU, a low-
pressure storage is also included.

The size of HRS is based on how many trucks are refueling daily and the average refueling amount that
each truck has. The refueling amount from truck description is estimated to 39kg in chapter 4.2. The
result of the model will be a LCOHirs as a function of amount of trucks the HRS is serving daily.

As explained in the chapter 2.3.5, the HRS is designed for a maximum mass refueling speed; it is not
expected to always maintain this speed. As an in-detail analysis of fueling process is lying outside the
scope of this work, an average mass flow rate corresponding 70% of the max designed flow rate is
assumed.

A smart management of compressor is also considered in the model and the low-pressure storage,
including consolidation of pressure as shown in Figure 20d in chapter 2.3.5. The cost of such operation
is included in the model with 20% more running hours for the compressor and that the valve board and
controller of it costs 10% of the low-pressure storage CAPEX.

¢ > Transport
| N =
L ) (.,
© @O If HRS is not placed in direct connection to electrolyzer unit, the transport need and

cost is estimated, based on a truck transporting hydrogen with UAC transport module described in
chapter 2.3.4.

The cost of using the truck is based on equation (18) on page 35.

Low-pressure storage
The low-pressure storage is only considered, just as hydrogen transport, only when

HRS is not placed in direct connection to the electrolyzer unit. Otherwise the low-pressure storage of

the electrolyzer unit is assumed to be used.
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The unit is dimensioned to hold hydrogen corresponding to the demand of one entire day. This time-
window was selected to allow some flexibility for hydrogen transport logistics.

Compressor
As seen in Figure 19a on page 22 and described in chapter 2.3.5, the refueling is assumed to

consist both of direct overflow from the low-pressure storage and a top-up by the compressor. The
compressor is assumed to do 70% of the refueling work, while the rest is performed by natural overflow.

The compressor size and cost are very sensitive for the pressure difference the compressor would create.
With the intention not to oversize the system and keep the cost of this component within a reasonable
span, the suction pressure has been set as to the average of low-pressure system and the compressors
discharge pressure is set to be the max pressure at dispenser (450 bar).

The daily energy demand is calculated based on the work required to increase the pressure from the
average pressure in the low-pressure storage up to the max pressure in the trucks onboard tank for daily
dispensed hydrogen. The 30% from the total energy demand is discarded, which is assumed to be done
by natural overflow.

As compressor will provide a variable pressure during a fueling event, a single compressor per each hose
is assumed.

In case if the HRS has a single refueling hose, a back-up compressor is installed. For HRS with more
hoses, no back-up compressors are included. Such set-up minimizes the investment cost and ensures
that at single failure the HRS can still operate, but at reduced capacity. It should be noted that such
design puts a larger demand on the maintenance of the compressors because a single compressor failure
will directly affect the HRS performance.

The compressor lifetime and rehauling intervals are assumed to be the same as for compressor used in
the electrolyzer unit. The running hours are based on the total refueling time made at the station
multiplied by the redundancy present at the station, considering a possible spare compressor.

@ Cooling

For a 350-bar HRS the cooling need depends on the type of onboard storage tank as described
in chapter 2.3.5. In the HRS 350-bar model it is possible to choose which type of tank type the vehicle
has; it is possible to choose the refueling speed and according to this selection the cooling would be
included or not.

Cooling equipment consists of a refrigeration unit and a heat exchanger.

The refrigerator is sized depending on how much cooling in kWermal it requites in average at peak hour
and at designed max outdoor temperature. The cost of the refrigerator is estimated according equation

(20).

The energy demand in kWhe is based on two factors; (i) the enthalpy difference when hydrogen is cooled
down from average outside temperature to -40°C and (i) the calculated coefficient of performance
(COP) according to equation (12) in chapter 2.3.4.

The heat exchanger is sized according to the cooling demand in kWinerma according to equation (21) in
chapter 2.6.2.

The heat exchanger is assumed to have enough thermal inertia to shave the cooling peaks during each
cooling event. Based on this assumption the refrigeration machinery is designed for peak hour average
demand. A heat loss of 5% is also assumed and included in the energy demand calculation.
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D g Dispenser

L The dispenser is assumed to have 2 hoses and to cost 876 341 NOK and has a lifetime of 30
years.

In order to make the estimation of the amount of dispensers needed, it is assumed that at an average
refueling event the hydrogen mass flow is in average 70% of its maximum fueling speed and that a truck
has a lingering time of 5 min.

The energy and power demand from dispenser are neglected.

HRS - 700-bar

The 700-bar HRS model has many similarities to 350-bar HRS model both regarding the general
conditions and many of the components. For example, all general assumptions and following
components are simulated in an identical way in both HRS models and are already described in the
previous sub-chapter:

- Transport

- Low-pressure storage

- Cooling (Except that it is for 700-bar systems always required regardless fueling speed and
vehicle storage tank type)

- Dispenser

The only difference between the systems is how the hydrogen is compressed and it is represented as 700
bar type 1 and 2 systems in Figure 49.

Even if the compression steps are distinct from the 350-bar HRS model, the same costs for pressure
reconsolidation in form of extra running hours for compressors and smart storage management are
included.

Compression - Cascade system (type 1)
| é} The cascade system consists of a compressor and high-pressure (cascade) storage.

The compressor is sized to be able to replenish the hydrogen in the high-pressure

storage at the peak demand hour considering the average pressure at low-pressure storage and max
pressure at cascade storage of 900 bar.

The sizing of compressor is based on an average pressure in the low-pressure tank, as it is assumed that
the compressor will also work to reconsolidate the pressure in low-pressure storage.

The energy demand is based on daily demand and the average pressure difference between low-pressure
storage and pressure in the cascade storage. The energy demand is increased with 20% to represent the
additional compressor work to reconsolidate the pressure in the low-pressure storage.

The data of costs for the compressor used in cascade system is based on the information received from
HIA Task 33. More specifically: the compressor type which is lifting the hydrogen pressure from 200-
400 bar up to 700-1000 bar (See Figure 27 in chapter 2.6.2). However, the available dataset is including
compressors only up to 90 kW. For HRS with large demand, the cascade compressor’s size is surpassing
90 kW and several compressors in parallel are modelled. This approach was made considering the
uncertainty about how much the dataset can be extrapolated before reaching the technical limitation to
increase the compressot’s size.
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In the case when the cascade system can be served by a single compressor, a back-up compressor is
installed. When several compressors are required to operate in parallel, no back-up compressors are
included; it is based on the same argumentation as for 350-bar HRS model.

The compressor’s lifetime and rehauling intervals are assumed to be the same as for compressor used in
the electrolyzer unit. The daily running hours are based on the time it requires to refill the cascade storage
with the daily hydrogen demand and the additional 20% of time for pressure reconsolidation.

The set the amount of available hydrogen in the cascade storage system is corresponding one filling
event done from all available hoses. The actual size of cascade storage tank is dimensioned considering
that 66 wt% of hydrogen is remaining in the tanks at minimum pressure level.

Compression — Booster conzpressor (type 2)
D

()L The main component in this system is the booster compressor, which is
~; ar

providing the pressure and flow required directly from the low-pressure
system to the vehicle onboard storage tank, via the cooling system and the dispenser.

To keep the size of a booster compressor within reasonable limits, it is dimensioned to increase pressure
to 900 bar at designed filling rate from a low-pressure storage that is maintained above 300 bar. As the
main low-pressure storage units are designed to decrease the pressure down to 50 bars before being
refilled, the second low-pressure storage system and a support compressor is added to ensure that a low-
pressure storage with minimum 300 bar pressure is available anytime.

Equal to the 350-bar system, each hose is assumed to be served by its own compressor. In the case HRS
has only one hose, a back-up booster compressor is installed. There is a dedicated back-up unit for the
SUppOort COMpressor.

The second low-pressure tank is assumed to hold 10% of peak hours fuel demand considering the upper
and lower limit of the pressure be 300 and 400 bars. The tank size is dimensioned considering the
hydrogen left in the tank, when the pressure is at 300 bar. The support compressor is sized to be able to
lift hydrogen from 200 to 400 bars at the rate corresponding 20% of peak hour demand.

The operational hours of the booster compressor correspond to the total time vehicles are refueling.
The support compressor is estimated to run the necessary hours to replenish 20% of the daily demand
into the second low-pressure storage, on the top of that it is estimated to run additional equal amount
of hours to consolidate the pressure in the main low-pressure storage.

The energy demand is calculated in the same way as for cascade system, because both compressors are
assumed to have the same efficiency and that the same amount of hydrogen is handled.

The booster compressot’s capacity can be up to 330 kW in case a 7.2 kg/min refueling speed is applied.
For such high-power consumption, it is reasonable that two compressors are working in parallel to serve
1 hose. The economic analysis is not specifying the given solution as the available cost per kW booster
compressor in equation (17) in chapter 2.6.2 is constant independently from its size.

5.4 Hydrogen Cost Depending on System Configuration

The models described in the previous section are evaluated in this section and the sensitivity analysis is
done for relevant set-up of HRS and HPU. As the last step, different user cases based on the route
between Oslo and Trondheim are set up and system cost curves identified.

Final Model Selection

Allin all, four different HRS set-up models were created, and two different HPU options were offered.
All of them are evaluated basing on following conditions: (i) 10 trucks are refueling at the HRS each day,
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creating a demand of 390 kgH2/day, (ii) the electrolyzer serves only one HRS and it is located 100 km
away from the station, (iii) the grid costs are included both for HRS and HPU. The truck fleet of 10
trucks per HRS was chosen as it is considered to be a very ambitious, but achievable goal in real life. For
both HRS and HPU the costs of grid fees are included in this analysis.

The LCOH for solely HRS, based on the set conditions, is shown in Figure: 50. In the costs of non-
equipment CAPEX is included engineering, installation, site preparation and contingency costs. All of
the results are between 34.2 — 41.6 NOK/kgm except 700-bar type 2 model, where the booster
compressor costs are approx. three times higher in comparison with the other models.

The cheapest option based on LCOH is the 350-bar type 1 HRS. The lack of cooling need is a
contributing factor for its price level. In addition to the lowest HRS cost in the analysis, the 350-bar
system has the advantage of being a more mature technology for heavy-duty applications. Two additional
benefits are that the most of currently existing FCET's and the ones produced in near-term (e.g. Hyundai
FCET) are based on 350-bar onboard storage and there already exists an international refueling standard
for such a system.

LCOH of HRS
80,0
70,0

~ 60,0

50,0 .

Q 40,0 —_—

O 30,0 —

Z 200 p— —
= -
0,0

700-bar Type 1 700-bar Type 2 350-bar type 1 350-bar type 2

B Transport B Compressor & HP storage B O&M

B Non-equipment CAPEX B [ow pressure storage Cooling
Dispenser B Hlectricity

Figure: 50 LCOH of different HRS' set-ups.

Despite these clear benefits for 350-bar HRS, the 700-bar solution also maintains strong benefits. A 700-
bar system is more versatile as it can also serve private vehicles and with assumed small modifications
refill 350-bar FCETSs’. As the 700-bar HRS can serve private vehicles, it is eligible for Norwegian public
funding of up to 40% of the investment costs. With such a public support the LCOH of 700-bar type 1
HRS drops to 31.6 NOK/kgpz and would be in parity with the cheapest 350-bar HRS. Considering that
700-bar type 1 HRS is cost wise competitive with 350-bar installation and its advantage to store fuel
more efficiently onboard the trucks, it is an attractive alternative.

Resulting from the fact that both 350 and 700 bar HRS have strong advantages, the cheapest system for
each pressure level (700-bar type 1 and 350-bar type 1 HRS) will be evaluated in the scenarios.

When comparing these results with values in literature, Reddi et al (2017) presented a LCOH for 700-
bat cascade type HRS of approx. 34 NOK/kgH2 for plant size serving 500 kgH2/day. In this cost is
not included transport. To give a fair comparison with results presented in Figure 51 is used 700-bar
type 1 HRS but excluding the transport costs. The LCOH of the plant is in that case 28 NOK/kgH2
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and is 18% lower than cost estimate in literature. Part of the price difference is based on usage of lower
cost-curves of the compressor.

Equal comparison was made between the HPU models and the results and cost breakdown are presented
in Figure 51. Currently the LCOH for alkaline electrolyzer is 6% lower in comparison with PEM
electrolyzer. Considering the expected more rapid price decrease of PEM electrolyzers this difference is
disappearing in the predicted 2030 scenario. The single biggest cost contributor for both electrolyzer
types is the electricity consumption, making 37% of the costs for alkaline electrolyzer and slightly smaller
fraction for PEM electrolyzer.

As specified in the chapter 2.6.1, the cost of the alkaline electrolyzer itself is notably lower in comparison
with PEM electrolyzer. On the other hand, the alkaline electrolyzer delivers hydrogen at a lower pressure
and it requires a bigger compressor to increase the pressure for storage and further usage. When
considering the investment and the frequent rehauling demand of the compressor, it becomes a larger
cost than the alkaline electrolyzer itself in the LCOH calculation.

A disadvantage with alkaline electrolyzers is their bigger footprint and such costs have not been included.
As the price difference is expected to decrease, such aspect as footprint can make the PEM electrolyzer
more competitive in future or already toady in areas where land resource is scarce.

As in this analysis is not considered land costs and alkaline electrolyzer has currently the lowest LCOH,
the further analysis will be based on alkaline electrolyzer.

LCOH for Electrolyzer
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S"% 50,00
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Alkaline 2020 PEM 2020 Alkaline 2030 PEM 2030
B Electricity Electrolyzer B Compressor
B Non-equipment CAPEX B O&M B Storage
Figure 51: LCOH of alkaline and PEN HPUs and their breakdown.
Sensitivity Analysis

A thorough sensitivity analysis was made on the combination of using either a 700-bar type 1 HRS or a
350-bar type 1 HRS together with an HPU using alkaline electrolyzer. For both combinations of systems,
the sensitivity analysis has been based on analyzing 22 different parameters in the models. The seven
most impactful parameters for both the systems are presented in Figure 52 for 700-bar type 1 HRS with
HPU and in Figure 53 for 350-bar type 1 HRS with HPU. The complete sensitivity analysis can be found
in Appendix A.
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For both models the top 7 most critical parameters are almost the same, even if they come in different
order. The differences are that in the 700-bar system the O&M is the fifth most important factor
affecting the final price, while in 350-bar system the efficiency of the compressor is more important
factor instead.

The 350-bar HRS has a gradual increase of the size of infrastructure depending on how many hoses are
installed, as one compressor per hose is installed. While for 700-bar type 1 installation, the size of
compressor is following more precisely the designed amount of trucks. In the case HRS is serving 5 or
10 trucks, the 350-bar HRS is designed with the same compressor, while the compressor’s size is adjusted
for 700-bar HRS. As compressor is a large cost of HRS, it is explaining the stronger sensitivity towards
how many trucks are served by the 350-bar infrastructure in comparison to 700-bar infrastructure.

For the infrastructure the interest rate becomes of a larger importance in comparison with a trucks TCO
calculation. An important factor that brings a bigger importance to the interest rate is the longer lifetime
of the installation (20 years for HPU and 30 years for HRS), and how much it is worth in net present
value when the hydrogen produced in the distant future. It can also be concluded that attractive long-
term financing of infrastructure has greater impact in comparison with truck financing.

Sensitivity analysis of a 700-bar type 1 HRS and a remotely located
Alkaline electrolyzer
Utilization factor (100%/80%/60%)  -10% IS I |/,
Interest (4%/8%/12%) -120, IEG—ST N |/,
Electricity price (0.18/0.36/0.54 NOK/kWh)  -11% I N |17/,

H2 supply per delivery (525/350/175 k) 6% I I |5/,
Number of trucks (15/10/5) 2% . 2/,
Cost of compressor (-30%/default/+30%) 6% I . /)
O&M (% of CAPEX) (1.5%/3%/4.5%) -6% I . G/,

LCOH: 107.4 NOK/kg

Figure 52: Main factors affecting LCOH for a 700-bar type 1 HRS and an alkaline HPU located 100 km away.

Sensitivity analysis of a 350-bar type 1 HRS and a remotely located
Alkaline electrolyzer
Number of trucks (15/10/5) -7% I . 23/
Interest (4%/8%/12%) -11% I N |29/
Electricity price (0.18/0.36/0.54 NOK/kWh)  -11% HEEEE I |1/,

H2 supply per delivery (525/350/175 kg 6% I U |1/,
Utilization factor (100%/80%/60%) -7% I . 13/
Cost of compressor (-30%)/default/+30%) -8% I N /o
Efficiency compressor (90%/70%/50%) -5% I (10

LCOH: 101.0 NOK/kg

Figure 53: Main factors affecting LCOH for a 350-bar type 1 HRS and an alkaline HPU located 100 km away.
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Cases

There are different ways how HPU and HRS can be combined, where the main alternatives are the
distance between them and how many HRS is one HPU serving. From the discussion in chapter 5.1 the
location of HRS is set to be in connection to each city and one in the middle, so the free variable becomes
the location of HPU. To analyze the different possible locations of HPU, different user cases atre set up
and they are illustrated in Figure 54.

In Case 1 it is assumed that a single HPU will serve all three HRS to gain the most from the economy
of scale but also create the biggest transportation cost. This Case is based on that the HRS stations are
placed where the current Uno-X hydrogen station in Hvam outside Oslo is today, in Koppang 24-hours
truck rest stop area and in Klett 24-hours truck rest stop area outside Trondheim. The rest stop areas
are shown in Figure 8 in chapter 2.2. The HPU is assumed to be placed next to Rendalen hydropower
station, 41 km from Koppang 24-hours truck rest stop area and 238 and 217 km from Hvam and Klett
respectively. It is assumed that the HPU is consuming the locally produced electricity without paying
grid fees.

The Case 2 is set up more generally that an HPU is serving just one HRS, which is located 30 km away.
It is also assumed that it is possible to locate HPU close to one smaller local power producer and avoid
grid fees. In this case small transport cost is weighted against avoiding grid costs.

Case 3 is built up by having HPU and HRS next to each other. Here the transport costs are avoided and
there is an additional low-pressure storage at HRS, but it is assumed that HPU needs to pay grid fees.

The last scenario in Case 4, is basically a downscale situation of Case 1. The electrolyzer is serving both
HRS and can be doubled in size in comparison with Case 2 and 3 and the distance that hydrogen needs
to be transported is reduced to 100 km.

=

Case 1 ﬁ. =

Case 2 @
Case 3 E!,
Case 4 = =

Figure 54: Different cases of where HPU can be placed with reference fo HRS.

The different Cases were evaluated based on a 350-bar type 1 HRS and HPU with an alkaline electrolyzer.
They were also evaluated considering different amount of trucks serving each HRS. The results are
presented in Figure 55 and are based on the amount of trucks each HRS is serving daily. As a minimum
it is assumed that three trucks are refueling at each HRS per day, 5 times a week, and as maximum the
daily refueling increase to 40 trucks per HRS and day. Considering that roughly one refueling needs to
be made to complete the route and the analysis is built on having three HRS, it shows that this analysis
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covers scenarios were between 9 and 120 truck would be driving the route daily. Based on information
provided in chapter 2.1, 2.2 and 5.3, a daily refueling of a truck is cortresponding to approx. 1.6 trucks in
the actual fleet considering that not all trucks are driving every day. So, a fleet size of between approx.
14 and 192 trucks are examined in this study.

LLCOH for different cases
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Refueling events per HRS & day
—8—C1 - Central HPU —@=—C2 - HPU nearby C3 - Local HPU C4 - HPU serves 2 HRS

Figure 55: LCOH for different cases based on 350-bar type 1 HRS and HPU with alkaline electrolyzer.

The price level of hydrogen for the smallest HRS is between 137 and 152 NOK/kgmz and decreasing
down to 73.7 — 80.1 NOK/kgmz when 40 FCETSs are visiting each HRS daily. The biggest price drop is
reached when the demand increases to 10 — 15 FCETs per HRS, which is representing a total fuel cell
electric truck fleet of more than 48 trucks serving the route. As the size of HRS is increasing further, the
LCOH is continuing to decrease, but at a slower pace. The model also shows that a large infrastructure
would be built today and utilized 80% of its capacity, so it would barely be profitable with existing
hydrogen price of 72 NOK/kgyo.

For an HRS serving three FCETSs daily, the Case 1 with centralized HPU is the most feasible. As the
HRS increase to serve five FCETSs daily, the Case 4 with an HPU serving only 2 HRSs becomes the
cheapest alternative. If each HRS is serving more than seven trucks per day, the cheapest hydrogen is
obtained from Case 3 where the HPU is located next to the HRS.

As the cheapest LCOH was modeled to come from Case 3, it is also the best option to find a profitable
business case both for infrastructure and trucks. Thereby it is the selected option for next analysis steps.

Each of the different cases had their strong sides, while when looking at size of 10 refuelings per HRS
or bigger, the LCOH becomes higher as further the hydrogen needs to be transported. So, the transport
cost is the major price driver between the cases, while the economy of scale is of less importance. The
exception is for the smallest HRS, where a centralized HPU with its economy of scale benefit makes it
to be the most feasible alternative.

As the next step in this analysis, different setups of HRS and future price development are evaluated for
the Case 3 and shown in Figure 56. LCOH of Case 3 are included here, considering a 700-bar type 1
HRS with and without Enova support and the price level for 350-bar type 1 and 700-bar type 1 systems
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towards 2030. In addition, the 350-bar type 1 HRS (Local HPU) from Figure 55 is re-plotted for
reference.

Different setups for Case 3
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Figure 56: LCOH considering both 350-bar type 1 & 700-bar type 1 HRS' and infrastructure price decrease in 2030 for a Case 3 scenario.

From the analysis for Case 3 in Figure 56 it can be concluded that 700-bar type 1 HRS is more expensive
throughout the entire size range of HRS. However, in case Enova support is received for building 700-
bar station, it becomes cheaper than the 350-bar type 1 HRS for small stations, while its LCOH is slightly
above 350-bar HRS for stations serving 10 or more trucks daily. It can also be seen that with improved
technical performance and cost reduction in 2030 it is expected to push down the LCOH by 30% for
both the 350-bar type 1 and 700-bar type 1 HRS solutions for station sizes serving 10 or more trucks
per day.

The cost here can be compared to the data published by Ulleberg and Hancke (2019), in their work an
HRS and an electrolyzer producing 150 kgpz/day would provide hydrogen at 58 NOK/kgpp. In this
work with assumed demand of 39 kg per truck it corresponds to almost 4 trucks refueled per day. For
Case 3 in 2020 the calculated LCOH is approx. 118 NOK/kgm, which is double as much as the
estimation made by Ulleberg and Hancke (2019). The difference can partly be explained that results in
the literature are based on a simpler HRS model, but a detailed comparison needs to be made to identify
the exact difference.
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6 Final Results and Discussion

In this chapter the findings made in chapter 4 and 5 will be combined to create a shared cost picture of
both fuel cell electric trucks (FCETSs) and infrastructure. Such cost overview will give insights in the
feasibility to deploy an FCET fleet on the route Oslo — Trondheim.

The dimensions of a suitable driveline for an FCET were analyzed and suggested in chapter 4.2. The
findings are presented in Table 24 on page 55. In the same chapter total cost of ownership (TCO) was
calculated for an FCET and a biodiesel powered truck, where the TCO of an FCET was presented as a
function of hydrogen cost. The study of trucks was complemented by analyzing possible infrastructure
layouts in the previous chapter. Based on the techno-economic evaluation, the infrastructure
configuration consisting of an alkaline electrolyzer placed in direct connection to a 350-bar hydrogen
refueling station (HRS) designed to fill type 3 tanks (and by that avoiding the need of cooling) has been
identified as the cheapest option based on levelized cost of hydrogen (LCOH). In the same chapter was
identified that a 700-bar HRS with the national ENOVA subsidy would reach same LCOH. The LCOH
of a certain infrastructure is depending on the amount of daily refueling made at HRS. Cost curves
representing this correlation are presented in Figure 55 and Figure 56 in the previous chapter.

The main connecting link between TCO of a truck and the infrastructure is the cost of hydrogen. When
evaluating both the truck operation and the infrastructure as a function of hydrogen cost, it allows to
identify profitable match or the lack of it. As the LCOH for the infrastructure depended on the fleet
size, it is the second point of connection between the truck and the infrastructure.

By assuming that LCOH is the same as the retail price of hydrogen, both models can be plotted in the
same plot with common x-axis in form of cost of hydrogen. See Figure 57 for a 2020 scenario and Figure
61 for a 2030 scenario for such plots. The correlation between hydrogen cost and fleet size served by
HRS is the same as presented in Figure 55 and Figure 56, but have now only switched place of x- and y-

axis.
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Figure 57: Size of the HRS and TCO of the truck as a function of hydrogen cost in 2020.
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In Figure 57 it can be seen that TCO of an FCET is dropping below the TCO of a biofuel truck at 39
NOK/kgy just as shown in chapter 4.3. That will be the point whetre an FCET becomes the preferable
option from the economic point of view. Meanwhile, even if each HRS would serve 40 trucks each day,
the lowest hydrogen cost based on LCOH would be 75 NOK/kg. It means that within the created
models of truck and infrastructure it is not possible to find a solution that is economically feasible in the

near term.

To more precisely estimate the lack of feasibility of an FCET versus biodiesel truck, the loss of operating
a fleet of various sizes is plotted in Figure 58. This calculation is based on the correlation found in chapter
5.3 that 1.6 trucks are enquired to ensure a single filling per day at one HRS. So, 3 HRSs that are serving
3-5 trucks daily are equal to a fleet size between 14-24 trucks. Such a fleet would cost 16.0 — 17.6 million
NOK/year more than a fleet based on biodiesel trucks. The costs ate growing lineatly with increased
fleet size. On the other hand, the costs per truck are decreasing with extended fleet size.

Additonal cost of FCET vs biodiesel truck
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Figure 58: Total additional yearly costs and additional yearly cost per truck of operating 3 HRSs as a function of the fleet size.
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In order to further explore the economic

LCOH as a function of possibilities to operate an FCET fleet today,
the hydrogen cost development was

CAPEX subsidisation investigated, based on level of infrastructure

E CAPEX subsidization. The 350-bar HRS
o 70 serving type 3 tanks and designed for 15
=, 65 refueling per day is chosen as a reference
§ 60 point. Such a set-up was chosen as a very
o reasonable alternative considering the smallest
& possible fleet size and hydrogen cost. The
% 0 reduction in LCOH as a function of how large
2 45 fraction of CAPEX is subsidized is shown in
40 Figure 59. The LCOH drops down to 45
0% 20%  40%  60%  80%  100% NOK/kgm, when all CAPEX is subsidized.
Fraction of CAPEX subsidized Such heavily subsidized hydrogen price is

Figure 59: LCOH as a function of CAPEX subsidization for a 350- Shghdy higher than the requ“ired hydrogen
bar type 1 HRS with local HPU. price level to compete with biodiesel truck

based on the TCO calculations.

To identify the most expensive components in a realistic 2020 scenario, the set-up analyzed in the
previous paragraph is chosen for providing such an overview. Infrastructure of such size will have
LCOH of 79.6 NOK/kg> and it is used as an input to provide price breakdown of the FCET. The
result of such analysis is presented as pie charts in Figure 60. The biggest expenses for the truck are the
initial investment and fuel costs, while for infrastructure the main costs are related to electricity
consumption and the purchase and re-investments of compressor and electrolyzer. Expenses of less
importance for a truck are fees, while of the least importance of hydrogen production and distribution
is the dispenser unit.
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Figure 60: Pie charts illustrating the cost breakdown of both an FCET and the infrastructure.

The feasibility for a 2030 scenatio becomes much more favorable due to three expected trends: (i
increased efficiency of electrolyzer from 55% to 60%, (ii) decreased costs on all hardware in HRS and
hydrogen production unit (HPU) and (iii) decreased purchase costs of an FCET. It means that both
LCOH of HRS and HPU decrease and that the hydrogen price at which an FCET is competitive with
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biodiesel truck increases. The results for a 2030 scenario based on these trends are presented in Figure
61 based on TCO for an FCET calculated in chapter 4.3 and 350-bar HRS with local production.

The FCET becomes competitive with a biodiesel truck in 2030 at the cost of hydrogen of 71.8
NOK/kgo, and infrastructure based on 350-bar HRS can become competitive if it is used at least 5
times for refueling. A 700-bar HRS will also be able to provide hydrogen at cost below the TCO break-
even point with a slightly bigger HRS.

The hydrogen cost reduction of the infrastructure in 2030 is not low enough to enable an FCET with
price level from 2020 to compete with biodiesel truck. The same conditions apply if FCETs costs
decrease as assumed, while the infrastructure costs remain the same. It shows that according to this
work, both the FCET and the infrastructure need to have cost reduction to reach an economically sound
user case for deploying FCETS in the future.
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Figure 61: Size of the HRS and TCO of the truck as a function of hydrogen cost in 2030.

To diversify the findings presented in this chapter, some assumptions and limitations upon which these
results are produced, will be discussed below.

The LCOH of hydrogen is based on a discount rate which is connected to Oslo stock index, however
investment in a risky new market would possibly trigger higher interest rate by the investors. In addition,
there are several costs excluded from LCOH which would increase the actual hydrogen costs, such as
overhead costs and land purchase.

The cost curves and design parameters differ significantly between booster compressor and other
compressors. Reviewing the costs of 700-bar HRS cascade and booster compressor solutions in Figure:
50 in chapter 5.4, the cost disadvantage of booster compressor is obvious. As the identified cheapest
HRS is based on 350-bar HRS model using booster compressor, it reveals a possibility to decrease further
cost of HRS if a cascade design is used in a 350-bar HRS model.
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In the TCO calculations, the biodiesel truck is assumed to pay road tolls, which increases its TCO with
0.55 NOK/km. The FCET as a zero-emission vehicle doesn’t need to pay them according to the current
legislation. It is an advantage that makes the FCET more competitive, but it is an initiative that can easily
be changed. So, for the FCET to be resilient to changes in subsidies, its TCO will need to be reduced
even further.

A limitation of the model is the assumption that battery electric trucks are not feasible with the current
technology and that the price level of biodiesel truck and its fuel are remaining constant over time. As
both battery technology, the internal combustion engine truck and its fuel price will change, it creates
another uncertainty for the 2030 scenario validity, which has not been assessed in this work.
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7 Conclusions and Future Work

By using the methodology developed in this work and combining both the cost structure of hydrogen
production and usage, a good overview of feasibility of using fuel cell electric trucks (FCETSs) on the
route Oslo and Trondheim could be made. Such an overview was made both for a near-term scenario
and for a middle-term scenario, defined as 2030.

This work analyzed all the main aspects necessary for being able to deploy FCET' on the route between
Oslo and Trondheim. The first step was to clarify the requirements of such a truck and what size the
different components in the driveline need to be. As a minimum requirement, the truck needed a 46
kgnz onboard storage, a fuel cell stack of 200 kW, a battery of 100 kWh and an electric motor of 402
kW. All the sizes of the components seemed reasonable and realistic to mount on a tractor unit, so no
technical limitations were found to impede FCET's to operate on the route.

The economic feasibility to own such a truck was estimated through Total Cost of Ownership (TCO)
for year 2020 and 2030. The results were compared to a biodiesel truck running on HVO. The costs of
biofuel and biodiesel truck were assumed constant and by that its TCO could be calculated to be 8.46
NOK/km both in year 2020 and 2030. The TCO for FCETs was instead plotted as a function of
hydrogen cost. The results show that an FCET can become competitive with a biodiesel truck in 2020
if hydrogen price is 38.6 NOK/kgi. Based on predicted cost reduction of FCETSs forwards 2030, it
would become competitive at a hydrogen price of 71.8 NOK/ kg, The results of TCO were most
sensitive with respect to following two aspects: (i) the economic lifetime of the truck while it is operated
by its first owner and (i) the annually driven distance.

The result obtained from the techno-economic model of the infrastructure, containing different set-ups
and combinations of both hydrogen production unit (HPU) and hydrogen refueling station (HRS), was
presented in form of a cost curve function depending on the FCET’s fleet size. The cheapest set-up was
identified, consisting of 350-bar HRS for type 3 onboard tank and that hydrogen production is made in
direct connection to it. Very similar price level is reached with 700-bar HRS, if it is supported by ENOVA
subsidy.

The cost curve of the cheapest set-up reached 74 NOK/kg in case each HRS has 40 refueling events
per day. The levelized cost of hydrogen (LCOH) is almost double in comparison of what is required for
an FCET to become competitive with biodiesel truck when considering their TCOs. To build
infrastructure and operate a small FCET fleet consisting of 14-24 trucks would require additional
expenses of 16.0 — 17,6 million NOK/year in comparison of equivalent fleet of biodiesel trucks.

When comparing results obtained from the created model with literature, the result was both higher and
lower, depending on the literature source. The cost of HRS modeled here was cheaper than presented
by Reddi et.al. (2017). It can partly be explained by using lower cost curves for the compressor. On the
other hand, the combined cost of HRS and HPU in created model was almost twice as high than
presented by Ulleberg and Hancke (2019). The difference can partly be explained by the fact that results
in the literature are based on a simpler HRS model, but a detailed comparison needs to be made to
identify the exact difference.

Future cost curves representing the development in 2030 were explored both for FCETs and the
infrastructure. It was found that the FCET’s TCO can drop below the one of the biodiesel truck, at
relatively high hydrogen price. When placing 3 HRS providing 350-bar refueling for type 3 tanks along
the route, it would require a minimum of 5 refueling events per day at each HRS. That corresponds to a
fleet of approx. 24 trucks serving the route. Also, an HRS providing 700-bar with cascade system would
become feasible, with a slightly bigger HRS and by that, also a bigger fleet size being served.
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The future cost curves are based on expected price reduction for each component, which is also based
on the future volume of production. There will always be a great uncertainty connected to the estimation
of future technology, price and production volume. Such uncertainty is also transferred to the results of
a 2030 scenario presented here.

The results of this work can serve as a knowledge base in order to identify important research and
development areas to focus on, with the aim to reduce the costs in the most efficient manner. It can also
be used to estimate the investment level required to introduce a demo FCET fleet for either an entire
corridor or a local fleet based on a single HRS.

Future Work

The application of fuel cells in heavy-duty market is a relatively unexplored atea. A pre-condition to
make a summarizing work within the field as this one, is to include a long row of qualified assumptions.
It also means that there is a long list of topics which could be improved to both enhancing the quality
of this work and to reduce the knowledge gaps identified in this field. The most significant future work
topics according to the author are summarized in this chapter. Firstly, some areas where none or weak
documentation was found will be described. Further on, the suggestions of how the modelling of
infrastructure could be improved and extended will be listed.

Topics with Weak Documentation

The analysis in this work was focusing on the FCET trucks while for other technologies, such as battery
and biodiesel powered trucks, only static data were handled. A more detailed analysis of how other
technologies are expected to develop in the future is required in order to, in a fair way, compare the
competitiveness of the FCET with them.

The main cost reduction curves for infrastructure are based on the work developed by (Reddi et al.,
2017), which is based on assumed learning curves. A more comprehensive work on the price reduction
potential and global HRS deployment scenarios could reduce the uncertainty connected to forecasted
price reduction.

The HRS is designed according to the peak demand hour. However, no studies which describe truck
operations or refueling routines for that route, or in Norway in general, were found. A better
understanding of the truck driver routines and their usage of gas stations would help creating a more
precise peak demand hour for HRS and size it more precisely.

Two technical aspects that were identified during this work and for which the documentation in the
literature was unsatisfying, are: (i) the mechanical efficiency of compressors. There is a consensus in
literature that compressor work is best described as adiabatic compression as shown in equation (11) in
chapter 2.3.4. However, there is also a mechanical efficiency factor, including certain auxiliary equipment
such as hydrogen intercooler. As compressors are a large cost item for the infrastructure, a more precise
understanding of compressor’s mechanical efficiency could improve the reliability of infrastructure
modelling. (ii) As seen in the results, the cheapest option of HRS is a serving type 3 tanks and by that
the avoidance of pre-cooling of hydrogen. The literature about the limitations of type 3 and 4 tanks is
perceived as unclear. The consensus that type 3 tanks are heavier is clear, but an exact quantification was
not found. Neither the price difference between the two tank types could be identified in this work.

Tmproving Models

The infrastructure models are intended to represent a real installation, however there are several ways
how the models could be improved. The main topics are listed here.

All HRS models are, to some degree, based on the premise that pressure in the storage tanks will be
reconsolidated, so that compressors can be utilized more efficiently. The possibility and its benefits are
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documented in the literature, but its effects in the HRS models are only assumed. In order to validate
such benefits for a certain set-up, the author suggest developing a new model which calculates the
hydrogen flow and pressure in the HRS in a high resolutions discrete time series. As a reminder, the
model developed in this work is only based on peak hour and daily average demand.

As discussed eatlier, a clear cost benefit is identified of 700-bar of cascade system versus booster
compressor. A further development of the existing analysis would be to model a 350-bar HRS based on
cascade system and identify how much further the cost could be decreased.

In chapter 2.6.2 it was shown that the effect of ramping up the demand during the first 10 years can
push the fuel cost 40% higher due to underutilized infrastructure. It is a reasonable assumption that a
ramp-up in the demand will occur for all new infrastructure, and such ramp-up effect should also be
included in the model to provide a more realistic output.

The transportation of fuel has been identified as a crucial step throughout the work. There are transport
solutions available that can carry more fuel per trip, but they were not included in this work. It is
recommended to evaluate such solutions as it has potential to reduce the transportation cost when seen
per kg hydrogen transported.

The size of the fuel cell stack and the battery is based on a simple self-developed control algorithm, low
time resolution (1 min) and constant speed model. Here lies a clear potential to develop further the work
by (i) increase the time resolution, (i) introduce variable speed and (iii) make a more in-detail study of
control strategies.

-83-



Reference List

ArcGIS. (n.d). Dognhvileplasser. Retrieved from
http:/ /www.arcgis.com/home/webmap/viewer.html?webmap=71208d70c1f947acb14ab1427
aae5b5d&extent=-17.9293,52.5399,60,72.4633

Barthelemy, H., Weber, M., & Barbier, F. (2017). Hydrogen storage: Recent improvements and industrial
perspectives.  International — Jowrnal  of  Hydrogen — Energy, — 42(11),  7254-7262.
doi:10.1016/j.ijhydene.2016.03.178

Bertuccioli, L., Chan, A., Hart, D., Lehner, F., Madden, B., & Standen, E. (2014). Study on development of
water electrolysis in the EU. Rettieved from https://www.fch.eutopa.eu/node/783

Blanco, S. (2019). Toyota, Kenworth Expand Hydrogen Semi-Truck Push At Los Angeles Ports. Forbes.
Retrieved from https://www.forbes.com/sites/sebastianblanco/2019/04/23/toyota-
kenworth-expand-hydrogen-semi-truck-push-at-los-angeles-ports /#3a4220e8d762

Buttler, A., & Spliethoff, H. (2018). Current status of water electrolysis for energy storage, grid balancing
and sector coupling via power-to-gas and power-to-liquids: A review. Renewable and Sustainable
Energy Reviews, 82, 2440-2454. doi:10.1016/j.rser.2017.09.003

Gabukoglu, E., Georges, G., King, L., Pareschi, G., & Boulouchos, K. (2018). Battery electric
propulsion: An option for heavy-duty vehicles? Results from a Swiss case-study. Transportation
Research Part C: Emerging Technologies, 88, 107-123. doi:10.1016/].t£¢.2018.01.013

Chardonnet, C., Bart, F., Vos, L. D., Genoese, F., Roig, G., Lacroix, T. D, . . . Genabet, B. V. (2017).
Early business cases for H2 in energy storage and more broadly power to H2 applications. Retrieved from
FCH-JU: https://www.fch.europa.eu/publications/study-eatly-business-cases-h2-energy-
storage-and-more-broadly-power-h2-applications

Circle K. (2019, 2019/07/26/). Prishistorikk for truckdiesel - Circle K Norge. Retrieved from
https://m.circlek.no/cs/Satellite?’c=Page&childpagename=NO1%2FLayout&cid=133407714
1669&p=1334077141669&packedargs=lang%3Dno_NO%26site’3DNO1&pagename=NO
1Wrapper

Circle K. (n.d., 2019/07/26/). Finn vire stasjoner i ditt omrade - Circle K Norge. Rettieved from
https://m.circlek.no/no_NO/pg1334073767171/business/Stasjoner/S%C3%B8kstasjonbedr
ift.html

Dagdougui, H., Sacile, R., Bersani, C., & Ouammi, A. (2018). Hydrogen Infrastructure for Energy Applications:
Production, Storage, Distribution and Safety: Academic Press.

Das, V., Padmanaban, S., Venkitusamy, K., Selvamuthukumaran, R., Blaabjerg, F., & Siano, P. (2017).
Recent advances and challenges of fuel cell based power system architectures and control-A
review. Renewable and Sustainable Energy Reviews, 73, 10-18.

Davis, S. J., Lewis, N. S., Shaner, M., Aggarwal, S., Arent, D., Azevedo, I. L., . . . Caldeira, K. (2018).
Net-zero emissions energy systems. Science, 360(6396). doi:10.1126/science.aas9793

Dicks, A., & Rand, D. A. J. (2018). Fuel cell systems explained: Wiley Online Library.

DOE. (2018, 2019/04/29/). 2018 Cost Projections of PEM Fuel Cell Systems for Automobiles and
Medium-Duty Vehicles Webinar. Retrieved from
https:/ /www.energy.gov/eere/ fuelcells /downloads/2018-cost-projections-pem-fuel-cell-
systems-automobiles-and-medium-duty

Eidsiva. (2019). Nettleie. Retrieved from https://www.ceidsivanett.no/nettleie

Elgowainy, A., & Reddi, K. (2017a). Heavy-Duty Refueling Station Analysis Model: Argonne National
Laboratory. Retrieved from https://hdsam.es.anl.gov/index.phprcontent=hdrsam

Elgowainy, A., & Reddi, K. (2017b). Hydrogen Refueling Analysis of Heavy-Duty Fuel Cell Vehicle
Fleet. 2017 DOE Hydrogen and Fuel Cells Program Annual Merit Review. Retrieved from
https:/ /www.hydrogen.energy.gov/pdfs/reviewl7/pd014_elgowainy_2017_o.pdf

Elgowainy, A., Reddi, K., Lee, D.-Y., Rustagi, N., & Gupta, E. (2017). Techno-economic and
thermodynamic analysis of pre-cooling systems at gaseous hydrogen refueling stations.
International Journal of Hydrogen Energy, 42(49), 29067-29079. doi:10.1016/j.ijhydene.2017.09.087

Encyclopedia Britannica. (2019a). hydrogen | Properties, Uses, & Facts. In.

Encyclopedia Britannica. (2019b). Paris Agreement | Summary & Facts. In.

_84-



Energimyndigheten. (2019). Drivmedel 2017 redovisning av uppgifter enligt drivmedelslagen och ballbarbetsiagen
(1403-1892). Retrieved from https://energimyndigheten.a-
w2m.se/Home.mvcPResourceld=5753

Engineetingtoolbox.com. (2019, 2019/03/29/). Air - Density, Specific Weight and Thermal Expansion
Coefficient at Varying Temperature and Constant Pressures. Retrieved from
https:/ /www.engineeringtoolbox.com/ait-density-specific-weight-d_600.html

Enova. (nd., 2019/08/09/). Hydrogeninfrastruktur. Retrieved from
https://www.enova.no/bedrift/landtransport/stotte-til-infrastruktur /hydrogeninfrastruktur

Esoro. (2016, 2012/08/23/). Wortld Premiere: Fuel Cell Truck for Coop. Retrieved from
http://www.esoro.ch/english

COMMISSION REGULATION (EU) No 406/20100f 26 April 2010 implementing Regulation (EC)
No 79/2009 of the European Patliament and of the Council on type-approval of hydrogen-
powered motor vehicles, COMMISSION REGULATION (EU) No 406/2010 C.EF.R. (2010).

Fjellinjen. (2019). Bompengekalkulator. Retrieved from
https://www.fjellinjen.no/privat/bompengekalkulator_2
Fuelcellbusses.eu. (nd., 2015/12/15/). History. Retrieved from

https://www.fuelcellbuses.eu/wiki/history-fuel-cell-electric-buses /history

Gangloff, J. J., Kast, J., Morrison, G., & Marcinkoski, J. (2017). Design Space Assessment of Hydrogen
Storage Onboard Medium and Heavy Duty Fuel Cell Electric Trucks. Journal of Electrochemical
Energy Conversion and Storage, 14(2). doi:10.1115/1.4036508

Google Maps. (n.d.). Retrieved from https://www.google.com/maps

Gronland, S. E. (2018). Kostnadsmodeller for transport og logistikk — basisar 2016 (TOI rapport 1638/2018).
Retrieved from TOI: https://www.toi.no/publikasjoner/kostnadsmodeller-for-transport-og-
logistikk-basisar-2016-article35060-8.html

H2 Energy. (2018, 2018/09/19/). Hyundai Motor and H2 Energy Will Bring the Wortld’s First Fleet of
Fuel ~Cell  Electric  Truck into  Commercial  Operation.  Retrieved  from
https://h2energy.ch/en/hyundai-motor-and-h2-energy-will-bring-the-worlds-first-fleet-of-
fuel-cell-electric-truck-into-commercial-operation

Hafslund  Nett. (n.d., 2019/05/23/). Priser pid nettlele - bedrift Retrieved from
https:/ /www.hafslundnett.no/attikler /nett-og-nettleie/ priset-
bedrift/ThqF2AQY1Ay8uW0a6i0S20

Haram, H. K., Hovi, I. B., & Caspersen, E. (2015). Pofensiale og virkemidler for overforing av gods fra veg- ti/
gjotransport (TO1 rapport 1424/2015). Retrieved from TOL:
https:/ /www.toi.no/publikasjoner/potensiale-og-virkemidler-for-overforing-av-gods-fra-veg-
til-sjotransport-article33322-8. html

Heien, M. H., Melvar, P., Nibstad, S. P., Sergieva, R. Y., & Sliwinski, T. H. (2018). Unikling i nokkeltal
Sor nettselskap (Nr 95/2018). Retrieved from NVE:
http://publikasjoner.nve.no/rapport/2018/rapport2018_95.pdf

Hexagon  Lincoln. (nd.,  2019/04/12/).  Hydrogen  Products.  Retrieved  from
https:/ /www.hexagonlincoln.com/hydrogen/hydrogen-products/hydrogen-products

Hovi, 1. B., Caspersen, E., & Wangsness, P. B. (2014). Godstransportmarkedets sammensetning og utvikling
(Tol rapport 1363/2014). Retrieved from TOL:
https:/ /www.toi.no/publikasjoner/godstransportmarkedets-sammensetning-og-utvikling-
article32872-8.html

Huai, T., Shah, S. D., Miller, J. W., Younglove, T., Chernich, D. J., & Ayala, A. (20006). Analysis of heavy-
duty diesel truck activity and emissions data. Atmospheric Environment, 40(13), 2333-2344.

Hydrogen Tools. (n.d., 2019/04/12/). Hydrogen Compared with Other Fuels Retrieved from
https:/ /h2tools.org/bestpractices /hydrogen-compared-other-fuels

IEA. (2019). Strong policy and falling battery costs drive another record year for electric cars. Retrieved
from https://www.iea.org/newsroom/news/2018/may/strong-policy-and-falling-battery-
costs-drive-another-record-year-for-electric-ca.html

IFE. (2019). Integrerte transport- og energimodeller (ITEM) - IFE. Retrieved from
https://ife.web.headspin.no/prosjekt/integrerte-transport-og-energimodeller-item

-85-



IRENA. (2018). Hydrogen from renewable power: Technology outlook for the energy transition. Retrieved from
https:/ /www.irena.org/-
/media/Files/IRENA/Agency/Publication/2018/Sep/IRENA_Hydrogen_from_renewable_
power_2018.pdf

IRENA. (2019). Innovation landscape for a renewable-powered future: Solutions to integrate variable renewables.
Retrieved from Abu Dhabi: https://irena.org/-
/media/Files/IRENA/Agency/Publication/2019/Feb/IRENA_Innovation_ILandscape_201
9_report.pdf

James, B., Houchins, C., Huya-Kouadio, J., & DeSantis, D. (2016). Final report: hydrogen storage system
cost analysis. Arkington (V' A): Strategic Analysis Ine.

James, B. D., Huya-Kouadio, J. M., Houchins, C., & DeSantis, D. A. (2016). Mass Production Cost
Estimation of Direct H2 PEM Fuel Cell Systems for Transportation Applications (2012-2016). Retrieved
from

Kast, J., Vijayagopal, R., Gangloff Jr, J. ]., & Marcinkoski, J. (2017). Clean commercial transportation:
Medium and heavy duty fuel cell electric trucks. International Journal of Hydrogen Energy, 42(7),
4508-4517.

Kavlak, G., McNerney, J., & Trancik, J. E. (2018). Evaluating the causes of cost reduction in photovoltaic
modules. Energy Policy, 123, 700-710. doi:10.1016/j.enpol.2018.08.015

Kersten, F., Doll, R., Kux, A., Huljic, D. M., Gorig, M. A., Breyer, C., ... Wawer, P. (2011). PV learning
curves: past and future drivers of cost reduction. In: Germany.

Lazard. (2018). Lazard's levelized cost  of energy analysis - wersion 12.0. Retrieved from
https:/ /www.lazard.com/media/450784/lazards-levelized-cost-of-energy-version-120-
viinal.pdf

Li, M., Bai, Y., Zhang, C., Song, Y., Jiang, S., Grouset, D., & Zhang, M. (2019). Review on the research
of hydrogen storage system fast refueling in fuel cell vehicle. International Journal of Hydrogen
Energy, 44(21), 10677-10693. doi:10.1016/j.ijhydene.2019.02.208

Liu, Z., Kendall, K., & Yan, X. (2018). China Progress on Renewable Energy Vehicles: Fuel Cells,
Hydrogen and Battery Hybrid Vehicles. Energies, 12(1). doi:10.3390/en12010054

Lovdata. (1986, 2019/04/05/). Forskrift om kjorende og giende trafikk (trafikkregler) - Lovdata.
Retrieved from https://lovdata.no/dokument/SF/forskrift/1986-03-21-747

Lovdata. (1990, 2019/04/01/). Forskrift om bruk av kjoretoy - Lovdata. Retrieved from
https://lovdata.no/dokument/SF /forskrift/1990-01-25-92#KAPITTEL_6

Marcinkoski, J., Vijayagopal, R., Kast, J., & Duran, A. (2016). Driving an industry: medium and heavy
duty fuel cell electric truck component sizing. World Electric Vebicle Journal, 8(1), 78-89.

Mareev, 1., Becker, J., & Sauer, D. (2017). Battery dimensioning and life cycle costs analysis for a heavy-
duty truck considering the requirements of long-haul transportation. Ewergies, 11(1), 55.
Mareev, 1., & Sauer, D. (2018). Energy consumption and life cycle costs of overhead catenary heavy-

duty trucks for long-haul transportation. Energies, 11(12), 3446.

Marmelad. (2007, 2019). Autogenerated locator map of norwegian county as named in filename. [CC
BY-SA 2.5 (https://cteativecommons.org/licenses/by-sa/2.5)] cropped and with modified
colors.

Marskar, E.-M. (2019, 11/03/2019). [E-mail: Tungtransport mellom Oslo og Trondheim)].

Maytal, B.-Z., & Pfotenhauer, J. M. (2012). Miniature Joule-Thomson cryocooling: principles and practice. New
York: Springer Science & Business Media.

Mayyas, A., & Mann, M. (2019). Manufacturing competitiveness analysis for hydrogen refueling stations.
International Journal of Hydrogen Energy, 44(18), 9121-9142. doi:10.1016/j.ijhydene.2019.02.135

Miljodirektoratet.  (2018a, 2019/03/19/). Klimagassutslipp fra transport. Retrieved from
https:/ /www.miljostatus.no/tema/klima/norske-klimagassutslipp /utslipp-av-klimagasser-fra-
transport

Miljedirektoratet. (2018b). Norske utslipp av klimagasser. Retrieved from
https:/ /www.miljostatus.no/tema/klima/norske-klimagassutslipp

Miljestatus. (2019, 2019/03/19/). Nasjonale miljemal. Retrieved from
https:/ /www.miljostatus.no/nasjonale-mal

-86-



Mo, G. A. (2019). Norges Lastebileier-forbund har klare miljoambisjoner — Hvordan bor en nasjonal utrullingsplan se
ut? Paper presented at the Hydrogenkonferansen, Oslo, Norway.

MoZEES. (2019, 2019/03/13/). What is MoZEES? Retrieved from https://mozees.no/about-mozees

Mueller, S. (2016, 2016). Next Generation Wind and Solar Power: From cost to value. Retrieved from
https://www.iea.otg/publications/freepublications/publication/NextGenerationWindandSol
arPower.pdf

Nel. (2019, 2019/04/10/). About * Nel Hydrogen. Retrieved from https://nelhydrogen.com/about

Nikola  (Producer). (2019, 2019/04/16/). Nikola World 2019. Rettieved from
https:/ /www.youtube.com/watch?v=2Dc8]3iSLw4

Nikola. (n.d.). Nikola Two - Specs. Retrieved from https://nikolamotor.com/two

Nord Pool. (n.d., 2019/06/03/). Historical Market Data. Retrieved from
https:/ /www.nordpoolgroup.com/historical-market-data

OFV. (2019). 58 042 personbiler med nullutslipp 1 2018 — Opplysningsridet for veitrafikken. Retrieved
from https://ofv.no/aktuelt/2019/58-042-personbiler-med-nullutslipp-i-2018

Olsen, A. P. (2019, 21st May). [Mail conversation: Support til tekno-ekonomisk studie av hydrogen
verdikjede for lastebiler]. Director Strategic Market Development - Umoe Advanced
Composites

Parks, G., Boyd, R., Cornish, J., & Remick, R. (2014). Hydrogen station compression, storage, and dispensing
technical  status  and costs: Systems integration  (NREL/BK-6A10-58564). Retrieved from
https:/ /www.osti.gov/biblio/1130621

Parsonage, N. G. (1966). The gaseous state: Pergamon.

Pillai, U. (2015). Drivers of cost reduction in solar photovoltaics. Energy Economics, 50, 286-293.
doi:10.1016/j.eneco.2015.05.015

Proost, J., Saba, S., Miiller, M., Robinius, M., & Stolten, D. (2018). Task 38 Brief - Electrolysis: What are
the investment costs? State of the art and outlook. In H. I. Agreement (Ed.).

Reddi, K., Elgowainy, A., Rustagi, N., & Gupta, E. (2017). Impact of hydrogen refueling configurations
and market parameters on the refueling cost of hydrogen. International Journal of Hydrogen Energy,
42(34), 21855-21865. doi:10.1016/j.jjhydene.2017.05.122

Reddi, K., Elgowainy, A., Rustagi, N., & Gupta, E. (2018). Two-tier pressure consolidation operation
method for hydrogen refueling station cost reduction. International Journal of Hydrogen Energy,
43(5), 2919-2929. doi:10.1016/j.jjhydene.2017.12.125

Reddi, K., Elgowainy, A., & Sutherland, E. (2014). Hydrogen refueling station compression and storage
optimization with tube-trailer deliveries. International Journal of Hydrogen Energy, 39(33), 19169-
19181. doi:10.1016/j.ijhydene.2014.09.099

Regjeringen. (2014). Green shift — climate and environmentally friendly restructuring. Retrieved from
https:/ /www.regjeringen.no/en/topics/ climate-and-environment/ climate/innsiktsartikler-
klima/green-shift/id2076832

Rodriguez, F., Delgado, O., & Muncrief, R. (2018). Fuel consumption testing of tractortrailers in the European
Union and the United States. Retrieved from The ICCT:
https:/ /www.theicct.org/publications/ fuel-consumption-testing-tractot-trailers-EU-and-US

Saba, S. M., Miiller, M., Robinius, M., & Stolten, D. (2018). The investment costs of electrolysis — A
comparison of cost studies from the past 30 years. International Jonrnal of Hydrogen Energy, 43(3),
1209-1223. doi:10.1016/j.ijjhydene.2017.11.115

SAE International. (2014). J2601-2: Fueling Protocol for Gaseous Hydrogen Powered Heavy Duty
Vehicles. In SAE Fuel Cell Standard Committee.

SAE International. (2016). J2601: Fueling Protocols for Light Duty Gaseous Hydrogen Surface Vehicles.
In SAE Fuel Cell Standard Committee.

Sxther, R. (2019a). [Discussion when presenting preliminary master thesis results|. Project Manager Mid
Norway at ASKO.

Sather, R. (2019b, 2019/05/24). [Phone call]. Project Manager Mid Norway at ASKO.
Samferdselsdepartementet. (2017, 2017/04/05/). Meld. St. 33 (2016-2017). Regjeringen.no. Retrieved
from https://www.regjeringen.no/no/dokumenter/meld.-st.-33-20162017 /id2546287
Samferdselsdepartementet. (2018). Prop. 87 S (2017-2018). Regieringa.no. Retrieved from

https:/ /www.regjeringen.no/no/dokumenter/prop.-87-s-20172018/id2600917 / sec7

_87-



Scania. (2017, 2019/04/20/). Hydrogen a fuel of the future? Retrieved from
https:/ /www.scania.com/group/en/hydrogen-a-fuel-of-the-future

Schmidt, O., Gambhir, A., Staffell, 1., Hawkes, A., Nelson, J., & Few, S. (2017). Future cost and
performance of water electrolysis: An expert elicitation study. International Journal of Hydrogen
Energy, 42(52), 30470-30492. doi:10.1016/j.ijhydene.2017.10.045

Schmitz Cargobull. (2019). S.CS UNIVERSAL. Retrieved from
https:/ /www.cargobull.com/en/Curtainsider-S.CS-UNIVERSAL_10_185.html
Skatteetaten. (2019, 2019/07/29/). Vektarsavgift. Retrieved from

https:/ /www.skatteetaten.no/satser/vektarsavgift

Skatteetaten. (n.d., 2019/06/03/). Avgift  pi elektrisk  kraft. Retrieved from
https:/ /www.skatteetaten.no/bedrift-og-organisasjon/avgifter/saravgifter/om/ elektrisk-kraft

Smil, V. (2017). Energy and Civilization A History Cambridge, Massachusetts: The MIT Press.

Smolinka, T., Gunther, M., & Garche, J. (2011). Stand und Entwicklungspotenzial der Wasserelektrolyse
zur Herstellung von Wasserstoff aus regenerativen Energien. Kurgfassung des Abschlussberichtes
NOW-Studie, Freiburg im Breisgan.

Statens vegvesen. (2018, 2019/04/06/). 24-hour rest stop areas | Statens vegvesen. Retrieved from
https://www.vegvesen.no/en/vehicles/professional-transport/driving-time-and-rest-
periods/rest-stop-areas

Statens vegvesen. (2019a, 2019/04/01/). Hva har du lov 4 kjore? | Statens vegvesen. Retrieved from
https:/ /www.vegvesen.no/forerkort/har-forerkort/Hva+har+du+lov+a+tkjore

Statens vegvesen. (2019b, 2019/04/05/). Kjore- og hviletid | Statens vegvesen. Retrieved from
https:/ /www.vegvesen.no/kjoretoy/yrkestransport/kjore-og-hviletid

Statistics Norway. (2014, 2019/07/28/). Ny kartlegging av okonomisk levetid og verdifall for realkapital.
Retrieved from https://www.ssb.no/nasjonalregnskap-og-konjunkturer/artikler-og-
publikasjoner/ny-kartlegging-av-okonomisk-levetid-og-verdifall-for-realkapital

Statistics Norway. (20192, 2019/05/08/). 09830: Nasjonal leie- og egentransport. Transportytelser, etter
pi- og avlessingsfylke (F) 2003 - 2018-PX-Web SSB. Retrieved from
https://www.ssb.no/statbank/table/09830

Statistics Norway. (2019b, 2019/07/28/). 12575: Kjorelengder, etter kjoretoytype, alder,
statistikkvariabel og ar. Statistikkbanken. Retrieved from
https://www.ssb.no/statbank/table/12575/ tableViewLayout1

Statistics Norway. (2019¢, 2019/03/13/). Elektrisitet. Retrieved from https://www.ssb.no/enetgi-og-
industri/statistikker/elektrisitet

Statistics Norway. (2019d, 2019/04/03/). Godstransport med lastebil. Retrieved from
https:/ /www.ssb.no/godstrans

Stolten, D. (2010). Hydrogen and fuel cells: fundamentals, technologies and applications: John Wiley & Sons.

Toyota. (2017, 12/04/2019). 2017 Mirai  product information. Retrieved  from
https://ssl.toyota.com/mirai/assets/core/Docs/Mirai%20Specs.pdf

TronderEnergi Nett. (2019, 2019/06/03/). Nettleie- og tilknytningsavtaler. Retrieved from
https://tronderenerginett.no/kunde/avtaler

UAC. (n.d., 2019/04/12/). Transport modules for Hydrogen - Umoe Advanced Composites. Retrieved
from https://www.uac.no/container-transportation-solutions /hydrogen

Ulleberg, . (2019). [Insights from IFE research activities].

Ulleberg, . (n.d.). Hydrogen Implementing Agreement - Task 33. In: IEA Hydrogen.

Ulleberg, ., & Hancke, R. (2019). Techno-economic calculations of small-scale hydrogen supply
systems for zero emission transport in Norway. [nternational Journal of Hydrogen Energy.

Valladares, M.-R. d. (2017). Global Outlook and Trends for Hydrogen. Retrieved from
http:/ /ieahydrogen.org/pdfs/Global-Outlook-and-Trends-for-
Hydrogen_Dec2017_WEB.aspx

Valle, M. (2019). Slik var det 4 leve med hydrogenbil. Teknisk Ukeblad. Retrieved from
https:/ /www.tu.no/artikler/slik-var-det-a-leve-med-hydrogenbil /456076

Veness, C. (n.d., 2019/06/04/). Calculate distance and beating between two Latitude/Longitude points
using haversine formula in JavaScript. Retrieved from  https://www.movable-
type.co.uk/scripts/latlong.html

_88-



Walter, T. (2019, 2019/02/26). [Skype meeting with boarmember of H2 Energy].

Weeda, M., & Elgowainy, A. (2015). Large-Scale Hydrogen Delivery Infrastructure (HIA Task 28). Retrieved
from http://ieahydrogen.org/Activities /Task-28 /Task-28-
report_final v2_ECN_12_2 v3.aspx

Weidner, S., Faltenbacher, M., Francois, 1., Thomas, D., Skulason, J. B., & Maggi, C. (2018). Feasibility
study of large scale hydrogen power-to-gas applications and cost of the systems evolving with
scaling up in Germany, Belgium and Iceland. Infernational Journal of Hydrogen Energy, 43(33),
15625-15638. doi:10.1016/j.ijhydene.2018.06.167

Winter, C., & Nitsch, J. (1988). Hydrogen as an energy carrier. Germany: Springer, Berlin, Heidelberg,

Winther, P. (2019, 2019/02/02/). NVE spér hoye stromptiser fremover — karbonkvoter og kraftkabler
far skylden. Dagens Neringsliv. Retrieved from
https://www.dn.no/makrookonomi/stromptis/nve/strom/nve-spat-hoye-strompriset-
fremover-karbonkvoter-og-kraftkabler-far-skylden/2-1-528774

Wu, G., Inderbitzin, A., & Bening, C. (2015). Total cost of ownership of electric vehicles compared to
conventional vehicles: A probabilistic analysis and projection across market segments. Energy
Poliey, 80,196-214. doi:10.1016/j.enpol.2015.02.004

Xavier Leo, A. N., & Hemanth Kumar, A. (2018, 2018/11/29/). Fuel cell technology — the dark horse
of new energy vehicles? Automotive World. Retrieved from
https:/ /www.automotivewotld.com/articles/ fuel-cell-technology-the-dark-horse-of-new-
energy-vehicles

Zhao, H., Wang, Q., Fulton, L., Jaller, M., & Burke, A. (2018). .A Comparison of Zero-Emission Highway
Trucking Technologies (UC-ITS-2017-50). Retrieved from
https://escholarship.org/uc/item/1584b529

Zhao, L., Liu, Y., Yang, J., Zhao, Y., Zheng, ]J., Bie, H., & Liu, X. (2010). Numerical simulation of
temperature rise within hydrogen vehicle cylinder during refueling. International Journal of Hydrogen
Energy, 35(15), 8092-8100. doi:10.1016/j.ijhydene.2010.01.027

-89_



Appendix A - Sensitivity Analysis of HRS

Here is shown a complete sensitivity analysis of the 700-bar cascade type HRS and 350-bar HRS serving type 3 tanks. Both are combined with an alkaline
electrolyzer located 100 km away.

Sensitivity analysis of a 700-bar type 1 HRS and a remotely located Alkaline

electrolyzer
LCOH: 107.4 NOK/kg
Utilization factor (100%/80%/60%) -10% I . 210
Interest (4%/8%/12%)  -12% I e, (40
Electricity price (0.18/0.36/0.54 NOK/kWh) 11 I e
H2 supply per delivery (525/350/175 kg) -0 N T (0
Number of trucks (15/10/5) 2% I
Cost of compressor (-30%/default/+30%) 6% T
O&M (% of CAPEX) (1.5%/3%/4.5%) 0% N T
Lifetime HPU (30/20/10 years) 20, IR (0%
Cost of electrolyzer (-30%/default/+30%) -6 T
Engineering/installation costs (% of CAPEX) (5/10/15%) 5% T -
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Power price (240/481/722 NOK/kW) 8% T
Ely pressure out, Alkaline (10/5/1 bar) 2% R
Efficiency electrolyzer (65%/55%/45%) -4 I -
Fueling speed (7.2/3.6/1.8 kg/min) E .
Velocity of supply truck (90/60/30 km/h) 2o I -
LP tank capacity (1/2/3 days) 3% T 3
Lifetime HRS (45/30/15 years) 0% il -
Efficiency compressor (90%/70%/50%) 1% 1 1

Demand at peak hour (8.3%/16.7%/25.1%) 3% R 0%



Sensitivity analysis of a 350-bar type 1 HRS and a remotely located Alkaline
electrolyzer

LCOH: 101.0 NOK/kg
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