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Abstract

In this thesis we investigate how the decision to invest in battery electric trucks (BETS) is
affected by uncertainty in terms of fluctuating energy prices, declining capital costs, and
infrastructure development. Moreover, we look at how the investment decision changes
over time for different types of trucking companies. We then explore how the government
can accelerate the transition to zero-emission road freight by introducing new support
schemes and subsidizing infrastructure investments.

We do a comparative analysis of the total cost of ownership (TCO) for BETs and diesel
trucks (DTs), focusing mainly on the investment years 2023 - 2033. We then expand with
a high-level analysis between 2034 - 2040. The TCO is calculated using Monte Carlo
simulations, where the electricity and diesel prices are underlying stochastic processes.
Refueling inconvenience is used as an additional cost component for BETs to represent
the inconvenience that the current level of charging infrastructure gives. We consider three
scenarios for infrastructure development and compare the TCOs in each scenario. Lastly,
we look toward 2040, compare different governmental support schemes, and calculate the
cost of providing these.

Our results show that the investment decision depends on the company specifications and
the infrastructure development scenario. We find that energy costs are a much more sig-
nificant element of uncertainty for DTs than BETs due to lower drivetrain efficiency and
more variation in diesel prices compared to electricity prices. For short-haul transporta-
tion, investing in BETSs is already a better choice than DTs because the TCO is lower.
For companies doing a combination of short- and long-haul, i.e., mixed transportation,
the investment decision depends on the company size and the level of infrastructure devel-
opment. Our findings show that large companies can benefit more from BET investments
than small companies in this segment. For long-haul transportation, the investment de-
cision is mainly determined by the level of infrastructure development. In the base scen-
ario, BETs become cost-competitive in 2032, whereas in a rapid development scenario,
they become cost-competitive in 2028. For the slow development scenario, BETs are not
cost-competitive until 2036. To reach the rapid development scenario, the government
needs to invest in public infrastructure. This could be less costly in time than other
possible support schemes.
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Sammendrag

I denne masteroppgaven undersgker vi hvordan beslutningen om & investere i batteri-
elektriske lastebiler (BETer) blir pavirket av usikkerhet knyttet til fluktuerende energi-
priser, synkende kapitalkostnader og utvikling av ngdvendig ladeinfrastruktur. Videre ser
vi pa hvordan investeringsbeslutningen endrer seg over tid for ulike typer lastebilbedrifter.
Deretter ser vi pa hvordan staten kan fremskynde overgangen til nullutslipp i veitrans-
porten ved & innfgre nye stgtteordninger og subsidiere investeringer i infrastruktur.

Vi gjor en sammenliknende analyse av totale eierskapskostnader (TCO) for BETer og dies-
ellastebiler (DTer), der vi hovedsakelig fokuserer pa investeringsarene 2023 - 2033. TCO
regnes ut ved a bruke Monte Carlo simuleringer der strgm- og dieselprisene er underlig-
gende stokastiske prosesser. En ekstra kostnad i forbindelse med lading av BETer blir
brukt for & representere ulempen som mangelen pa tilstrekkelig ladeinfrastruktur gir. Vi
ser pa tre ulike scenarioer for infrastrukturutviklingen og sammenlikner TCO i alle scen-
arioene. Til slutt utvider vi analysen var med arene 2034 - 2040, og sammenlikner ulike
stgtteordninger fra staten og regner ut hva det vil koste & innfgre disse.

Resultatene viser at investeringsbeslutningen er avhengig av bade type bedrift og in-
frastrukturutviklingen. Vi ser at energikostnaden er et mye stgrre usikkerhetsmoment
for DTer enn for BETer grunnet lavere virkningsgrad og mer variasjon i dieselpriser enn
strompriser. For bedrifter som kun driver med korttransport er det allerede bedre a in-
vestere i en BET enn en DT fordi TCOen er lavere. For bedrifter som driver med en
blanding av kort- og langtransport, avhenger investeringsbeslutningen bade av stgrrelsen
pa bedriften og scenariet for infrastrukturutvikling. Resultatene viser at det er mer for-
delaktig for stgrre bedrifter & investere i en BET enn det er for sma bedrifter i dette seg-
mentet. For bedrifter som kun bedriver langtransport avhenger investeringsbeslutningen
hovedsakelig av utviklingen av ladeinfrastruktur. I basisscenarioet for infrastrukturutvik-
ling er BETer konkurransedyktige i 2032, mens i et hurtig scenario blir de konkurranse-
dyktige 1 2028. I et langsomt scenario skjer ikke dette fgr 2036. For a na et hurtig scenario
ma staten investere i mer offentlige ladeinfrastruktur. Over tid kan dette koste mindre
enn andre mulige stgtteordninger.
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Chapter 1

Introduction

In 2015, Norway signed the Paris Agreement, committing to reduce greenhouse gas (GHG)
emissions to prevent a temperature increase greater than 1.5 degrees (United Nations,
n.d.). In line with this agreement, the country is committed to developing a plan to cut
emissions. Norwegian road traffic stands for about 18% of the nation’s GHG emissions,
of which about a third is from heavy-duty road transport (SSB, 2022b). Given that more
than 90% of the newly registered trucks in 2022 were diesel-driven (Statens Vegvesen,
2023b), the Norwegian government is targeting GHG reductions in this sector to cut
overall emissions. Within 2030, the National Transport Plan (NTP) states that half of all
new trucks shall be zero-emission and for distribution of goods in the largest city centers
to be completely zero-emission (Regjeringen, 2021b). A substantial amount of investments
in zero-emission trucks must occur between now and then to reach this goal.

The current zero-emission truck technologies include fuel-cell electric trucks (FCETS) and
battery electric trucks (BETs). Both technologies use electricity to power an electric
motor, which does not emit any exhaust. Whereas BETs draw electricity from a battery,
FCETs are powered by hydrogen, which is converted to electricity by a fuel cell (U.S.
Department of Energy, n.d.b). However, hydrogen-driven vehicles are still in the early
stages of development, and it is expected to take years until producers deliver serial-
produced FCETSs to the European market (Danebergs et al., 2022). BETs, on the other
hand, are a more mature technology, and electric passenger cars have become popular in
Norway. Therefore, this thesis focuses on investments in BETs as a way to reduce GHG
emissions from the Norwegian road transport sector.

When a trucking company replaces a truck or expands its fleet, it has to decide whether
to invest in a BET or a diesel truck (DT). In doing so, the company considers multiple
factors, such as costs, uncertainty, and availability of infrastructure. This is the trucking
company’s investment problem. BETSs have a higher initial investment cost than DTs,
and the number of public charging stations for heavy-duty vehicles is limited. There are
also a lot of political, operational, and technological uncertainties that affect the future
costs of owning BETSs. These factors make trucking companies hesitant to invest in this
alternative technology.

Current studies on investment in BETSs mainly use deterministic models to compare the
technologies. A few papers include uncertainty, but these only include some of the rel-
evant elements. Most of the research also assumes that sufficient charging infrastructure
is available. Nykvist and Olsson (2021) use constant energy prices and different scen-
arios for battery costs to calculate the competitiveness of BETs in comparison with DT's.



Mauler et al. (2022) use scenarios for electricity and battery costs but a constant model
for diesel. The total cost of ownership (TCO) is a common way to compare competing
technologies and includes all costs of owning and operating a truck throughout its lifetime.
When calculating the TCO, Wu et al. (2015) and Vanhaverbeke et al. (2017) use a prob-
ability distribution to represent energy prices but do not include declining battery costs.
Neither of the analyses mentioned includes infrastructure uncertainty. Lajevardi et al.
(2022) calculate the TCO by using infrastructure development scenarios and probability
distributions to represent electricity and diesel cost. However, they are focused on the
Canadian market and do not capture the differences between companies.

Multiple factors cause cost uncertainty. The operational uncertainty is caused by fluctuat-
ing electricity - and diesel prices and a lack of charging infrastructure for BETs. Political
uncertainty affects the timing of charging station development and the final cost of char-
ging and diesel. Furthermore, the initial investment cost in BETSs is currently higher than
DTs but is expected to decrease with the increased adoption of BETs. This makes for
technological uncertainty. We investigate the effects these uncertainties have on the invest-
ment decision of trucking companies. The final investment decision depends on their risk
preference and the expected costs of operating BETs and DTs. Moreover, we explore how
the investment decision will change and examine which measures can facilitate a transition
to zero-emission road freight. We formulate the following research questions:

How are investments in BET's affected by operational uncertainty and the development of
capital costs across different transportation companies for heavy-duty road transportation?

e In what manner does the investment decision change for different transport lengths
and company structures?

e How does the speed of infrastructure development affect the investment decision?

e Which economic incentives will have the largest effect on facilitating the transition
to BETs?

The contributions of this thesis include i) developing a stochastic model for the investment
decision for a trucking company, ii) applying this model to a detailed case study for Norway,
and iii) including a thorough analysis of the potential government support schemes that
can help accelerate the transition to BETs. We focus on the period from 2023 to 2033 and
compare the TCOs for a BET and a DT each year using Monte Carlo simulations. We
consider three scenarios for infrastructure build-out and include an intangible cost related
to refueling inconvenience for BETSs, similar to prior work by Lajevardi et al. (2022). We
expand this research by letting refueling inconvenience depend on the transport distance
and company size. We further adjust the model to the Norwegian market by using data
from a survey sent out to the members of the Norwegian Trucking Association (NLF). The
result is a model where the optimal investment decision for a company depends on the
scenario for infrastructure development, company size, and daily transport length, which
can be directly used by trucking companies. Lastly, we compare the costs of implementing
various support schemes to determine the most effective governmental measures.

The thesis begins with an overview of the heavy-duty transport market in Norway and
describes relevant costs and uncertain elements in Chapter 2. Next, we explore the related
literature in Chapter 3. Chapter 4 presents the methodology, and Chapter 5 describes the
data input to our model. Chapter 6 presents our findings which are discussed in Chapter
7. We conclude and discuss areas for further research in Chapter 8.




Chapter 2

Background

This chapter provides the background for our research questions and the trucking com-
pany’s investment problem. First, an overview of heavy-duty road transportation in Nor-
way is presented in Section 2.1. In this section, we examine the market, political landscape,
and developments in the industry. Next, we describe truck designs in Section 2.2 and dis-
cuss the necessary infrastructure for BETSs in Section 2.3. Section 2.4 describes the cost
structure of trucking companies and explains the various cost components involved. Sec-
tion 2.5 elaborates on the role of uncertainty for investments in BETs as an alternative
fuel technology. Finally, Section 2.6 outlines the specifications relevant to the Norwegian
road transport market.

2.1 Heavy Duty Transportation in Norway

This section describes the existing market and explains ways to segment heavy-duty road
transportation in Norway. It then presents the political landscape, focusing on existing
regulations and incentives. Lastly, it reports the main developments towards BETSs in the
industry.

2.1.1 Market

In 2022, the Norwegian transport market consisted of around 70 000 trucks responsible for
transporting 261.9 million tons of goods (SSB, 2023a,b). The market is fragmented, with
multiple actors spanning large geographical areas (Oslo Economics, 2015). In general, the
market is dominated by small and medium-sized businesses. NLF represents around 20
000 trucks, which is somewhat less than a third of the market (NLF, 2022a). Out of NLF’s
members, 76% have ten or fewer trucks in daily operation, 60% have five or fewer trucks,
and 37% are independent one-truck owners (NLF, 2022c). We assume this ownership
structure represents the entire road freight market in Norway.

The road freight market can be divided into five main segments, depending on the type
of goods transported (SSB, 2022¢). These are:
1. Agricultural, forestry, and fishing products (13.2%)

2. Food products, beverages, tobacco, and animal fodder (22.0%)



3. Coal, oil and chemical products (10.9%)

4. Metal ores, stone, sand, gravel, clay, salt, cement, lime, and other manufactured
construction materials and waste (26.1%)

5. Other manufactured goods and grouped goods (27.7%).

The amount of transport work conducted in 2021 is expressed in percentages, which is
the number of tons transported multiplied by the average distance traveled. This measure
is more representative than weight alone since heavier goods such as sand and gravel are
usually transported shorter distances.

Trucks are typically classified by their weight (T. Foss & D. Nordvik, personal communic-
ation, 19.09.2022), with the maximum allowed total weight for trucks in Norway being 60
tons for a 24-meter truck (Stelen, 2020). The U.S. Department of Energy (n.d.d) classifies
trucks heavier than 12 tons as heavy-duty vehicles, and this is used consistently through-
out the industry. Furthermore, there is a difference between the daily transport distances
done by trucking companies. NLF (2022b) defines local transportation as transport with
a 50 km range, regional transportation with a 100 km range, and long transport with
around 500 km range. A general rule is that local transportation means multiple trips
during the day, regional transportation is one return trip, and national transportation
means the driver returns the next day. However, the definitions of local and regional
transportation may vary depending on location. For example, in more remote areas with
longer distances, such as northern Norway, a driving range of 100 km could be defined as
local transportation (T. Foss, personal communication, 03.03.23).

2.1.2 Political Landscape

In 2022, 92% of all newly registered trucks were DTs, whereas 8% were classified as zero-
emission trucks (Statens Vegvesen, 2023b). This is an apparent increase from 2021 when
only 1% of trucks were zero-emission. All of these newly registered zero-emission trucks in
2021 and 2022 were BETs. To give zero-emission vehicles an advantage, several existing
regulations differentiate between vehicle technology:

e Depending on the toll station, zero-emission vehicles get a 50-100% toll discount
(Autopass, 2023). On ferries, the discount is 50% (Statens Vegvesen, 2023a).

e Zero-emission vehicles can use the public transportation lane if they contain at least
two passengers during rush hour (Statens Vegvesen, 2021).

e Zero-emission vehicles are exempted from both the road use tax and the COy tax
(Regjeringen, 2022b) since these are incorporated into the fuel price.

e All truck owners have to pay a weight-based fee, which includes an environmentally
differentiated component for diesel-driven vehicles(Skatteetaten, 2023).

e The government provides a 40% grant for the extra additional investment that is
needed for BETs compared to DTs (Enova, 2021).

In 2019, the municipality in Oslo decided that all public deliveries must be done in either
zero-emission or biogas-driven vehicles by 2025 (DF@, 2022). In current competitive
tenders, the municipality favors these technologies. Oslo, therefore, has a significantly




higher share of BETs than other cities, with 16% of new trucks being electric in mid-2022
(Barbgl, 2022). In 2022, the city also became a pilot city for zero-emission heavy-duty
transport. In late 2022, Bergen, Stavanger, and Trondheim stated that they would follow
through with the same demands as Oslo (Hauge et al., 2022). These four large cities
are urging the government and private actors to make similar demands to facilitate the
transition to zero-emission road transport.

2.1.3 Developments in the Industry

The trucking companies that have already invested in BETs are typically large companies
that can combine different fuel technologies in their fleet. A mixed fleet provides more
flexibility because the company can change between different vehicles if one technology
is unsuitable for an assignment. Additionally, large companies can invest in charging
infrastructure at their own depots that can be used by several vehicles.

The Norwegian parcel service (Posten Norge) bought its first BET in 2021, which had a
maximum weight of 26 tons and a 264 kW electrical motor (Nesheim, 2021). In 2022,
they announced that they ordered 50 more BETSs, which will soon be seen on Norwegian
roads (Reiersen, 2022). ASKO, the largest grocery wholesaler in Norway, bought 40 new
BETs for their central warehouse in Vestby in 2022 and plans to increase this number
to 126 within 2026 (Spaun, 2022). They are also investing in charging infrastructure
in collaboration with ABB E-Mobility, which is supposed to be finished within the first
quarter of 2023. This includes 58 charging spots with a 90-350 kW capacity located at
their distribution warehouse. Additionally, ASKO has invested in one large BET with
a battery pack of 900 kWh that can drive 500 km without charging, which arrived in
late 2022 (NorgesGruppen, 2022). When using high-speed charging of 350 kW, it takes
1 hour and 40 minutes to charge it from 20% to 80%. This is the first of its kind in
Northern Europe and will be used for long-haul transport between central locations in
Norway. Felleskjgpet, the largest cooperation enterprise for agriculture in Norway, have
also recently bought a BET in collaboration with their transporter. This is going to be
used to transport animal fodder in Central Norway (Bye, 2023). The truck has a battery
of 540 kWh and will be charged every night. They have also made an agreement with the
Municipality of Trondheim to use the municipality’s fast charger when making day trips
to the city.

2.2 Truck Technology

Figure 2.1 shows the main components of a truck. Truck owners usually divide the truck
into two parts: the body and the chassis (T. Foss & D. Nordvik, personal communication,
19.09.2022). The truck body contains the cargo and sits on top of the chassis (Law Insider,
n.d.). This part has a specific design depending on the type of goods to be transferred
(T. Foss & D. Nordvik, personal communication, 19.09.2022). The chassis consists of the
frame, the cab, and the powertrain. The cab is where the driver is seated and is usually
the same, independent of technology and goods to be transported. The frame is the main
support structure of the vehicle where the other components are connected (Stevens, 2016).
Lastly, the powertrain converts the engine’s power into movement (Stevens, 2016) and is
the component where DTs and BETs differ the most. For both BETs and DTs, the
powertrain contains a transmission, driveshaft, axles, and wheels.
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Figure 2.1: Main components of a truck. The blue color indicates the chassis, which
consists of the frame, cab, and powertrain.

In BETSs, essential powertrain elements are an electric motor, an inverter, a converter, a
charger, and a battery pack (Johnson, 2014). The transmission in BETs is much simpler
than for DTs. As opposed to DTs, BETs do not use internal combustion engines (ICE).
Instead, the battery pack powers the electric motor (U.S. Department of Energy, 2022).
The most common battery packs for BETs use lithium-ion cells as the energy carrier.
As a reference, Volvo’s BETs can contain up to 6 battery packs, each storing about 90
kWh of energy, giving a total battery capacity of 540 kWh (O’Leary, 2022). However, the
battery’s full capacity is not used when driving, which is done to maintain the battery’s
health (Klingenberg, 2022). Volvo recently tested their FH Electric truck with a 540 kWh
battery on a mixed route in Germany. With a consumption of 1.1 kWh/km, the truck had
a reported range of 345 km (Volvo, 2022), which gives an available battery size of around
380 kWh. The driving range will also vary with the loads on the truck.

A DT powertrain contains more moving parts than an electric powertrain (Interplex, n.d.)
and uses an ICE running on diesel (U.S. Department of Energy, n.d.a). ICEs have lower
efficiency, defined as the ratio between power output and input, than electric motors. For
diesel vehicles, the efficiency is 30-45%, while for electric vehicles, it is 70-90% (Wikse,
2022).

2.3 Charging Infrastructure

The batteries of BETs are charged with electricity using alternating current (AC) or direct
current (DC) chargers. The difference between AC and DC chargers lies in the location
in which the AC power gets converted to DC. While a DC charger converts AC to DC
inside the charger itself, this conversion happens inside the vehicle when using an AC
charger (Wallbox, n.d.). Additionally, DC chargers provide a higher power (in kW) than
AC chargers. Charging time until fully charged increases with higher battery capacity (in
kWh) and with lower power of the charger (Engdahl, 2021). Generally, AC chargers are
located at depots or at home, where trucks charge overnight. In contrast, DC chargers are
situated in charging stations where trucks charge for a shorter time during their transport
mission. When the battery reaches 80 %, the charging time increases (Fjordkraft, n.d.).
According to Engdahl (2021), when using an AC onboard charger (43 kW), it will take




around 10 hours to go from an empty battery to fully charged, while this can take about
2 hours when using a DC charger (max 250 kW). The charging time also depends on the
battery size in kWh and therefore varies depending on the specific type of truck. For
instance, a regional transport truck from Scania with a driving range of up to 350 km
and 40 tons GVW (Gross Vehicle Weight) is fully charged within 90 minutes with a DC
charger of 370 kW (Scania, n.d.).

In Norway, more than 5000 public high-speed chargers are available for battery electric
passenger cars (Norsk Elbilforening, 2022). However, this is not the case for BETs. Al-
though the charging technology is similar, some differences make the current high-speed
chargers unsuitable for BETs. For example, trucks require more space and a higher voltage
(Broback, 2021). There is currently only one public charging station for heavy-duty trucks,
located in Filipstad in Oslo (Pau, 2022). This is a 184 kW charger operated by Kople and
has the same price per kWh as electric cars have in regular charging stations. Additionally,
the Municipality of Oslo has released a new support scheme, in which they grant 80% of
costs related to establishing new public charging stations around the city (Oslo Kommune,
2022). During the first application round in December 2022, funding was granted to 28
chargers in 4 different locations (KlimaOslo, 2023a). In the second application round in
March 2023, funding was granted to 27 chargers in 3 locations (KlimaOslo, 2023b). The
total support for the 55 chargers is around 50 MNOK and the build-out is expected to be
completed before summer 2024. Additionally, Enova has released a new support scheme
for trucking companies that want to invest in chargers for their own use (Enova, 2022).
In this case, companies can get 40% of the investment cost granted.

According to Afshar et al. (2021), existing charging methods for electric vehicles can be
classified into fixed charging stations, mobile charging stations, or contactless charging
stations. Fixed charging stations include public and private charging stations and are
the most common way of charging electric cars in Norway. These are directly connected
to the power grid or a local energy generator. Mobile charging stations include portable
charging stations, truck mobile charging stations, and vehicle-to-vehicle power transfers.
The benefit of mobile charging stations is that they can be temporarily placed in various
locations to find optimal placement. This can be a short-term solution to speed up the
transition to zero-emission road freight. Lastly, contactless charging stations do not require
the electric vehicle to be directly connected to the power supply. This includes wireless
charging, in which vehicles are charged through a magnetic connection while on the road,
and battery swapping, in which the battery pack is replaced with a fully charged one.
Battery swapping is something that China is investing heavily in, both for passenger cars
and trucks (Lienert et al., 2022). This industry is expected to grow a lot in the country in
the coming years (Yukun, 2023). Another option is catenary charging, in which the vehicle
is charged through an overhead wire. However, this will require a significant infrastructure
build-out and is not considered cost-effective for the Norwegian market (Danebergs et al.,
2022).

There are several challenges regarding infrastructure development, both in general and
specific to Norway. First, building out a network of accessible charging stations that
covers the entire country is costly. In Sweden, the government has granted total funding
for building 139 charging stations and 12 hydrogen filling stations all over the country
(Energimyndigheten, 2022). These are expected to be finished during autumn 2023, and
the project’s estimated cost is 1.4 billion SEK. Second, significant power grid investments
will be necessary to handle the increased demand for electricity (Sintef, 2022). Especially if
fast charging is enabled, the existing grid is unable to handle the increased power. Third,
if the necessary infrastructure is actually built out, the problem of queues at charging




stations may arise. After driving for 4.5 hours, truck drivers are required to have a 45
minutes rest (Statens Vegvesen, n.d.), which can be used to charge the BET. However,
truck drivers will potentially stop at the same charging stations. This could result in an
extra waiting time at the charging facility, which means a monetary loss for the trucking
company. It will also put a higher demand on the power grid in these locations.

2.4 Costs

In this section, we look into the costs of owning and operating BETs and DTs. The
heavy-duty transport sector is an industry with low margins where more than half of the
trucking companies have an operating margin of less than 5% (NLF, 2019). Costs are,
therefore, a decisive factor when choosing which trucking technology to invest in. The
TCO considers all relevant costs of owning a truck during its operational period and can
be split into capital and operational costs. Operational costs are further grouped into
energy costs and other operating costs. This is shown in Figure 2.2.
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Figure 2.2: Overview of cost components included in the TCO.

2.4.1 Capital Costs

The capital cost of a BET or a DT is the initial purchase price minus the residual value. An
eventual investment in charging equipment is also a capital cost for the trucking company.
According to Figenbaum et al. (2019), the initial investment in a BET was around 230 -
250% of a similar DT in 2019. The battery pack causes a significant amount of the cost
difference between DTs and BETs. Phadke et al. (2021) estimate capital costs for BETs
to decline, primarily based on a projected battery cost decrease from $135/kWh in 2020
to $60/kWh in 2030. According to an annual battery price survey from BloombergNEF
(2022), battery costs have decreased yearly from 2013 to 2021. However, prices rose
between 2021 and 2022. For battery electric vehicles (BEVs) specifically, the volume-
weighted average basis price was $138/kWh in 2022 (BloombergNEF, 2022), up from
$118/kWh in 2021 (BloombergNEF, 2021).




Trucks are usually resold after 5-7 years, often to other countries (T. Foss & D. Nordvik,
personal communication, 19.09.2022). For DTs, 20% of the purchase price is commonly
used as residual value (Stglen, 2019). Predicting the residual value of BETSs is challenging
due to the limited availability of used electric trucks in the market. The future residual
value will be affected by the development of the charging infrastructure as a more extensive
network expands the truck’s suitability for various routes. Additionally, the development
of battery technology will affect the residual value. If the batteries produced in the future
are significantly better in range, then the residual value might be lower. The availability
and lead time on new trucks and the future initial investment price will also affect the
worth of a used BET.

2.4.2 Operational Costs

Operational costs consist of energy costs and other operational costs, where energy costs
are either charging or diesel costs. Other operational costs comprise additional costs that
occur when operating the truck, such as maintenance, labor, toll, and ferry costs (NLF,
2022b).

Charging Cost

The charging cost is the cost of charging at public charging stations, charging depots, or
using at-home chargers. Figure 2.3 shows the cost components included in the charging
price.
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Figure 2.3: Overview of the charging cost components.

Three components determine the cost of electricity; the electricity price, transmission
charge, and government fees and taxes (Lyse, 2022). The electricity price is the amount
paid to the electricity provider and depends on the consumption. The price per kWh is
either the spot price, which is the market price for electricity, or a fixed price agreed upon.
A third option is a variable price contract, which is a mix of the other two. The spot




price varies hourly, while a fixed price agreement usually lasts 6 months to three years
(Elskling, 2023). The spot price is variable and is affected by external factors such as
demand for coal and gas or the weather (Statnett, 2022b). The electricity price also varies
depending on the electricity price zone. Norway is divided into five zones, NO1 (Eastern
Norway), NO2 (Southern Norway), NO3 (Mid-Norway), NO4 (Northern Norway), and
NOb5 (Western Norway). The division into electricity price zones is shown in Figure 2.4.
The reason for the division is that the power system is weather dependent, and there is not
enough capacity in the power grid to even out the supply differences between the regions
(Statnett, 2022a). This gives an electricity price that varies depending on the region.

Figure 2.4: Electricity price zones in Norway.

Through Nord Pool, Norway is part of the European power market, so international events
will also affect the electricity price. The transmission charge refers to the payment made
to the power grid operator for the transportation of electricity (Tensio, 2023). The cost
varies for private customers and businesses, and it further relies on the company’s size and
electricity consumption level. Lastly, governmental taxes include an electricity usage fee,
Enova fee, and VAT (Statnett, 2022b). The governmental taxes are usually included in the
price paid to the power grid operator. Furthermore, trucking companies using electricity
to power the vehicle can usually omit VAT from the calculation because it is transferred
to customers as outgoing VAT (Altinn, 2022).

For public charging, the charging cost is higher than the actual electricity cost. This is
because the stations add a surcharge to cover investment costs and operational costs at the
charging location. Moreover, the stations will likely add a provision to the surcharge. As
of March 2023, Kople charges between 7.49 and 8.49 NOK/kWh for high-speed charging,
depending on the electricity pricing zone (Kople, 2023). With the current electricity prices,
the surcharge lies between 5 and 7 NOK/kWh.

Diesel Cost

Three main components determine the Norwegian diesel price; the international diesel
price, taxes, and gross profit for the petrol station companies (Drivkraft Norge, 2019), as
shown in Figure 2.5. A general rule is that these usually are 60%, 30%, and 10% of the
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final pump price, respectively.
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Figure 2.5: Overview of the diesel cost components.

Various factors influence the international diesel price, such as currency fluctuations, re-
finery costs, and supply and demand for crude oil (Korlyuk et al., 2015). The international
diesel price can be seen as the crude oil price plus the refinery costs. According to (EIA,
2022), the crude oil price accounted for 50% of the monthly average diesel price in the US
from 2000 to 2021. The relevant taxes for the Norwegian diesel price are the road use tax,
the C'O4 tax, and VAT. In 2023, the road use tax is 2.92 NOK/liter, and the CO; tax is
2.53 NOK/liter (Regjeringen, 2022b). In 2021, the government proposed in their climate
plan that the C'O; tax should increase by 15% each year until 2030 (Rustad, 2021). From
2021 to 2022, the tax actually increased by 30%, and from 2022 to 2023, it increased by
23% (Regjeringen, 2022a). VAT is usually 25% of the final pump price but can be omitted
for the same reason as described for the electricity price.

Other Operational Costs

Other operational costs are labor, toll, ferry, administration, maintenance, tires, washing,
and other items (NLF, 2022b). Maintenance, toll, and ferry costs are the elements with the
most significant cost difference between DTs and BETs. According to (U.S. Department
of Energy, n.d.c), BEVs generally require less maintenance than conventional vehicles
for four reasons. First, the motor, battery, and associated electronics require minimal
maintenance. Second, there are fewer liquids, such as engine oil, that require regular
maintenance. Third, due to the regenerative braking of BEVs, brake wear is significantly
reduced. Lastly, BEVs have fewer moving parts than vehicles with ICEs. These factors
combined make the maintenance costs significantly lower for BETs than DTs. Toll and
ferry costs are lower due to the political incentives discussed in Section 2.1.
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2.5 Uncertainty

The uncertainties regarding BETs can be categorized into political, technological, and
operational uncertainty. Figure 2.6 shows an overview of the main identified elements.
This section discusses these in more detail.
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Figure 2.6: Classification of uncertainty elements.

2.5.1 Political Uncertainty

Political uncertainty relates to regulations and policies in terms of which measures will
be introduced and which will be removed. EU has a goal of becoming climate neutral
by 2050 (Regjeringen, 2021a), and to reach this goal emitting CO2 will become more
expensive. The tax level on fuel is subject to yearly changes, but it is difficult to know
how much it will change. So far, the annual increase in the C'Oy tax has been greater than
initially proposed in 2021. Furthermore, there is a possibility of changes in the existing
regulations and incentives. Today, electric vehicles can only use the public transportation
lane during rush hour if they have at least one other passenger (Statens Vegvesen, 2021).
Since truck drivers are usually alone in the car, exempting them from the requirement of
needing an extra passenger could pose an advantage. It has also been a much-discussed
topic whether Oslo and Bergen should have zero-emission zones in the city center, in
which vehicles emitting C'Os is not allowed. However, as of January 2023, the government
refused this proposal, and the next possible adoption is not until 2025 (NTB, 2023). The
refusal is despite the willingness of the Municipality of Oslo. When it comes to supporting
schemes, there is also uncertainty. Today the government, through Enova, grants 40% of
the additional investment cost in zero-emission trucks compared to DTs, but this can be
subject to changes in the future. When assuming the charging infrastructure is present,
our project thesis showed that if the government grants 100% of the additional investment
cost compared to a DT, BETSs are the cheaper option (Kriiger & Thiis, 2022).

Our project thesis also showed that the presence of charging infrastructure is necessary
for trucking companies to invest in BETs (Kriiger & Thiis, 2022). If trucking companies
cannot drive specific routes because of lacking infrastructure, they lose the flexibility that
DTs provide. This implies further uncertainty and monetary losses for the company. If
infrastructure is sufficient, there is less uncertainty related to BETs than DTs, but this is
not yet the case. At some point in time, this is most likely built out, but the timing largely
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depends on political decisions about investment grants and power grid reinforcement.

2.5.2 Technological Uncertainty

The technological uncertainty is mainly related to battery development and power grid
reinforcements. As mentioned, battery costs have decreased yearly from 2013 to 2021 but
risen again from 2021 to 2022. However, as the world gets electrified, the demand for
batteries increases, and battery prices might rise. Combined with a shortage of necessary
raw materials like lithium, research firm E-Source estimate that battery costs for EVs
might rise by 22% until 2026 (LeBeau, 2022). After that, they estimate that prices will
decline. Improvements to the current power grid are necessary to handle charging during
peak demand times (Sintef, 2022). It is currently unknown when such reinforcement will be
in place, and the lack of such reinforcement can cause delays in infrastructure development.

2.5.3 Operational Uncertainty

Both the electricity and diesel prices are operational uncertainties that are affected by
macroeconomic factors that are difficult to predict. Additionally, the electricity price
is weather dependent, which contributes to price variations. In our project thesis, we
modeled electricity and diesel prices as stochastic elements to evaluate how variations in
these affected operational costs for BETs and DTs (Kriiger & Thiis, 2022). For BETS,
we discovered that the surcharge for charging at public charging stations, rather than the
electricity price, had the most significant impact on the TCO, although the electricity price
showed more variability. On the other hand, diesel price uncertainty is mainly caused by
crude oil price variations, which is a larger part of the final diesel price. Moreover, the
possibility of queues at charging stations once built out can be seen as an operational un-
certainty. Time spent waiting in line means additional costs for the trucking company, and
a queuing system that minimizes the time spent at charging facilities should be introduced.

2.6 Specifics of Norway

Every year NLF sends a conjuncture survey about the industry to their members. The
questions include information about the trucking companies, such as location, number of
trucks, type of goods transported, contract length, and whether they do local, regional, or
national transportation. Most of the questions have the option to select multiple altern-
atives. In 2022, NLF received 526 replies, which is about 20% of their members. Through
NLF, we sent an additional survey to the members who responded to the conjuncture sur-
vey, asking about their operational patterns. We received 268 responses, which is a 50%
response rate. This is about 10% of the NLF’s members. We then matched the answers
with the conjuncture survey to gain more information about the respondents. The results
can be found in Appendix A. This section discusses the main findings from the survey.

2.6.1 Costs

As discussed in Section 2.3, there is a risk of queues at public charging stations. We,
therefore, asked the respondents to state the hourly cost in NOK for the company if the
transport was delayed. The results show that of the respondents, around 45% do not
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know the time value of delays, 5% do not wish to state it, and the remaining 50% do have
an estimate. The answers varied, but the majority of those who stated a value selected
the range 751 - 1000 NOK/hour. The remaining respondents selected intervals that were
practically normally distributed around this interval. To the respondents that stated a
value, we further asked which costs they included in their answer, and the results varied.
The respondent that stated that they paid less than 250 NOK only included a fee for late
delivery. The respondents that stated that they paid 251 - 500 NOK /hour mainly included
salary costs. For the remaining options, the respondents generally included salary costs,
lost revenue, and fixed and variable costs. Some respondents also stated that they chose
the interval that included their hourly rate. Only a few stated that the cost included a
fee to the transport buyer.

We see two possible explanations for the observed price variations. 1) The companies
selecting the lower cost intervals only included increased salary or overtime payments and
forgot to include other costs that occur. If this is the case, the responses will not represent
the actual situation. 2) The monetary value of time is different across companies. The
observed differences could be because some types of goods are more time-critical than
others. It can also be related to company size and the number of trucks and drivers
available to cover the following assignments.

Some TCO analyses, such as Gjerset (2022), show that BETs could be cheaper than
DTs when assuming that sufficient infrastructure exists. We, therefore, asked how the
companies make investment decisions and whether they use any decision tools. The results
showed that 69% do not use any decision tool, 25% use TCO calculation, and 6% use other
tools. Other tools were typically specified as personal calculations and accounting. These
results show that a third of the companies use economic decision tools when deciding which
vehicle to invest in. This highlights the importance of showing the potential economic
advantages of BETs or other alternative fuel technologies.

2.6.2 Truck Parking

As discussed in Section 2.4.2, public charging is typically more expensive than using
company-owned chargers due to a surcharge set by the charging operator. We asked
the companies where their trucks were parked during the night. The respondents could
select multiple alternatives and state how many cars were parked in each location. 84%
of the respondents selected multiple locations, and 2 526 trucks were located. The results
showed that 54% of the trucks were parked at the company property or at home with
the driver. Furthermore, 33% were parked at depots, terminals, loading- and unloading
areas, 24-hour rest stops, or at the customer’s location. Of the remaining trucks, 3% were
parked in other places, while 10% were used during the night. If we assume that trucks
can fully charge overnight, these responses show that charging overnight with company-
owned chargers, either at the company property or at home with the driver, applies to
more than half of the trucks. The other trucks not used at night would require overnight
public charging.

2.6.3 Variation and Flexibility

For most trucking companies to invest in BETS, charging stations must be available.
Furthermore, the charging stations must be strategically placed in central locations along
main transport routes and large cities. This placement depends on the driving patterns of
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the trucking companies and whether they have variable or fixed routes. The respondents
were therefore asked to state on a scale from 1 to 5 how variable vs. fixed their routes are,
where 1 = only fized and 5 = a lot of variation. The results show that most companies
have large variations in routes, with 39% having a lot of variation and 7% having only
fixed routes. The remaining 53% of respondents did a combination of fixed and varied
routes.

If there is no available charging station in an area, the company might have to reject assign-
ment offers due to a lack of accessibility. The flexibility of varying routes could, therefore,
be an important argument against investing in BETs before a complete infrastructure is
built out. We, therefore, asked the trucking companies to state how important flexibility
is on a scale from 1 to 5, where 1 = not important and 5 = very important. Flexibility
were defined as the possibility to drive both short and long distances in addition to various
routes. The responses show that flexibility is very important for most companies, with
59% stating that flexibility is very important and only 4% saying that it is not important.

When aggregating based on company size, i.e., the number of trucks that the company has
at its disposal, there is a decreasing trend of how variable routes are and how important
flexibility is. Figure 2.7 shows the percentage of respondents in each company size group
that answered 5 for variability and 5 for the importance of flexibility. The results show
that as the number of trucks increases, the company drives more fixed routes. Half of the
companies with 1 or 2 trucks state that they have very variable routes, whereas for the
companies with 21-200 trucks, only 20% state that they have very variable routes. This
could be because companies with many trucks have more possibilities to have some fixed
assignments and take on additional ones. As for the importance of flexibility, there is a
decreasing trend in importance for companies with ten cars or more. This means that
flexibility is more important if the company is small.
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Figure 2.7: Percentage of companies with a specified size that answered 5 for variability
in routes (very variable) and 5 for the importance of flexibility (very important).
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Chapter 3

Literature Review

This chapter presents an overview of the relevant literature on investments in BETs and
uncertainty. First, in Section 3.1, we describe our literature search strategy. Next, in
Section 3.2, we present literature about the investment decision, focusing on TCO analyses.
Then, in Section 3.3, we explore different options for handling uncertainty when estimating
the TCO for BETs and BEVs. This section includes some studies on other vehicle types,
as the literature assessing TCOs for BETs under uncertainty is sparse. In Section 3.4,
we explore options for estimating capital costs, infrastructure costs- and uncertainty, and
energy costs. Section 3.5 describes how stock flows models can be used to project the fleet
composition. In Section 3.6, we study the discount rate in the transport sector. Lastly,
we summarize the reviewed literature in Section 3.7 and present the research gap and our
contributions in Section 3.8.

3.1 Literature Search Strategy

Our literature search strategy consists of using relevant search words on Google Scholar
and Scopus. Our primary search terms include battery-electric truck and battery-electric
vehicle, which we combined with other relevant terms such as uncertainty, charging, and
infrastructure. We include papers that specifically look into investments in BETSs, in
addition to costs and challenges related to infrastructure development. Since the BET
market is still in its infancy, we also explore the literature on the electric passenger car
market. Moreover, we study literature on electricity and diesel price forecasting to use for
future cost estimations.

3.2 Truck Investment Models

One way to determine which technology to invest in is by using fleet replacement. These
problems find an optimal replacement schedule that minimizes the cost of operating and
owning the vehicle. Alp et al. (2022) show that a cost-minimizing plan which includes
BETsSs in the truck fleet can be developed by using fleet replacement. Parthanadee et al.
(2012) create vehicle replacement rules by considering alternative fuels and user prefer-
ences. However, fleet replacement problems are usually quite complex. We want to create
a general model that can be used directly by different types of trucking companies. Fleet
replacement is not suitable for this purpose, so we therefore focus on TCO analyses. These
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can directly answer the trucking company’s investment problem.

TCO analysis can be used to compare the lifetime costs of owning a BET with a DT.
Figenbaum et al. (2019), Gray et al. (2022), Lajevardi et al. (2022), Mauler et al. (2022),
Noll et al. (2022), Nykvist and Olsson (2021), and Phadke et al. (2021) use TCO analysis
to evaluate investment decisions in BETs. The results of the recent TCO analyses show
that lifetime costs for BETs are getting closer to or even falling below that of DTs. Mauler
et al. (2022) find that BETs are close to competitive with DTs for ranges below 500 km.
Gray et al. (2022) find that BETs have lower TCO than DTs for ranges below 450 km for
electricity costs lower than 100 euro/MWh. Phadke et al. (2021) find that the TCO for
BETs is less than for DTs for daily driving distances of 480 km and 640 km. However, they
emphasize that BETs have higher upfront costs due to their higher capital costs compared
to DTs. Noll et al. (2022) use TCO analysis to compare the competitiveness of zero-carbon
road-freight technologies with fossil fuels for different weight segments in ten Furopean
countries. When categorizing trucks by weight, Noll et al. (2022) find that especially for
light and medium weight segments, BETs are close to competitive with DTs. Figenbaum
et al. (2019) compare TCO for DTs, BETs, and FCETs in 2019, 2025, and 2030. They
estimate that the TCO for BETS is about 50% more expensive than DTs in 2019, and by
2025 the TCO for the two technologies will be about the same. Further, they estimate
that BETs will be the cheaper option in 2030. Nykvist and Olsson (2021) find that BETs
are competitive to DTs in an optimistic battery cost scenario, where battery costs are 100
USD/kWh. However, they assume 1MW chargers are available, which is currently not the
case. Lajevardi et al. (2022) find that BETs are not yet competitive with DTs due to high
battery costs and costs of fast charging stations. Overall, the literature search shows that
the differences in cost competitiveness for BETs and DTs mainly rely on the assumptions
used for charging infrastructure, fuel costs, and capital costs.

3.3 Handling Uncertainties

The choice of input parameters in the TCO estimations varies among the reviewed liter-
ature, leading to differences in the results. Uncertain parameters, such as electricity and
diesel prices, further contribute to this variation. To address this uncertainty, different
strategies are employed in the TCO calculations. These include Monte Carlo analysis,
scenarios, and sensitivity analysis.

3.3.1 Monte Carlo Analysis

Monte Carlo analysis is a common way to handle investment uncertainties and is used to
account for multiple stochastic elements when comparing the costs of BEVs with other
fuel technologies. This is done by Gray et al. (2022), Hao et al. (2020), Lajevardi et al.
(2022), Noll et al. (2022), Vanhaverbeke et al. (2017), and Wu et al. (2015). For a TCO
analysis on BETSs, the stochastic elements may include fuel prices or other operational cost
components, capital costs, or charging technology. A probabilistic Monte Carlo simulation
is performed by Noll et al. (2022), where the PERT and normal distributions are used for
CAPEX components and fuel prices, respectively. Hao et al. (2020) look into the passenger
car market in China and use Monte Carlo analysis to compare the TCO of BEVs with that
of plug-in hybrid electric vehicles and internal combustion engine vehicles (ICEVs). For
energy prices, they project the gas price based on Brent crude oil price projections from
the U.S. Energy Information Administration and fit the retail gas price to the triangular
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distribution, while the electricity price is assumed constant. Furthermore, the daily driving
distance is represented by a gamma distribution. The inconvenience of time spent charging
is represented by a time price value randomly distributed between the highest and lowest
hourly wage for each city. Moreover, they deploy a cost of alternative transportation for
cases when BEVs have an insufficient range and other transport forms are needed. Wu
et al. (2015) compare TCOs of BEVs and ICEVs in the passenger car market, where
they model future operational and capital costs as stochastic elements using the PERT
distribution. Inputs for maximum, minimum, and most likely values to the distributions
are the projected yearly changes in percentage. In Gray et al. (2022), the uniform and
the triangular distributions are used for capital cost components. They also use different
cost levels per MWh for overnight charging and fast charging and incorporate a fee to the
station owner in the estimated charging costs. This charging cost is added to the TCO in
a variable called Total System Cost. Lajevardi et al. (2022) simulate competition among
multiple types of drivetrain technologies under different infrastructure conditions for long-
haul and short-haul driving. They use price variations for various components in capital
cost estimations and the assumed refueling time. Vanhaverbeke et al. (2017) use Monte
Carlo analysis to compare TCO for battery electric passenger cars to cars with internal
combustion engines and consider energy prices and different vehicle-to-grid conditions as
stochastic elements.

3.3.2 Scenarios and Sensitivity Analysis

According to Mietzner and Reger (2005), scenarios are a set of stories describing various
possibilities in the future. These stories provide a picture of the future state of the world
under different conditions and can help guide decisions about BET investments when
facing uncertainty. Mauler et al. (2022) look at how different scenarios for technology
development and energy prices affect the cost of owning BETs compared to FCETs and
DTs. Nykvist and Olsson (2021) use three scenarios for battery costs, lifetime, and power
density to explore how battery specifications affect the TCO. Lajevardi et al. (2022) explore
how different scenarios for infrastructure development affect the TCO. Hao et al. (2020)
explore a more optimistic and a less optimistic scenario for BEV cost development in
addition to their base scenarios. The optimistic scenario assumes lower battery prices,
higher fuel costs for ICEVs, and rapid technological development for BEVs. In contrast,
the less optimistic scenario assumes higher battery prices, lower ICEV fuel costs, and slow
technological development for BEVs.

Sensitivity analysis is frequently used to assess the impact of varying input parameters in
the TCO calculation. In this analysis, a single input parameter is changed while the others
are kept constant. A drawback of this approach is that it is a deterministic method that
only explores one uncertainty parameter at a time. However, it is easy to implement and
provides insight into the elements that have the most significant impact on the TCO. Gray
et al. (2022), Hao et al. (2020), Mauler et al. (2022), Nykvist and Olsson (2021), Phadke
et al. (2021) and Wu et al. (2015) all use sensitivity analysis to account for uncertainties
in input parameters.
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3.4 Uncertainty Elements

In addition to exploring how the literature handles uncertainty in TCO analyses, we study
how to model the elements causing a large part of the uncertainty. This includes capital
costs, infrastructure, and energy prices.

3.4.1 Capital Costs

Today, a higher upfront capital cost is associated with BETs than DTs. Since the market
for BET is immature and the technology is new, significant cost changes are expected in a
few years. According to Phadke et al. (2021), the cost differences between BETs and DT
are caused mainly by the battery and the drivetrain. Of these, they estimate the battery
to cause the most significant cost difference.

The theory about learning curves can be useful in predicting future battery prices for
BETs. One of the first known applications of applying a learning function to a task is
Wright’s learning curve from 1936 (Glock et al., 2019; Riahi et al., 2004). Wright (1936)
showed that production time per airplane was reduced by a constant percentage when
the production volume was doubled. The relation can be mathematically expressed as:
y = ax~’ where a is the time in hours to produce the first unit, z is the cumulative
number of units produced, and —b is a learning exponent that expresses improvements
in time to produce the units as the cumulative production increases (Riahi et al., 2004;
Wright, 1936). In this case, b = —log(LR)/log(2), where LR is known as the learning rate.
It is possible to apply Wright’s theory about learning curves to technological learning in
battery production. As the cumulative production of batteries increases, the unit cost of
producing another battery is reduced. This is found in Mauler et al. (2021). They look
into peer-reviewed studies on battery technology, present a review of 53 research articles
on battery price predictions, and find that technological learning is a common approach
to forecasting the prices of lithium-based batteries.

Another battery forecast approach mentioned in Mauler et al. (2021) is bottom-up cost
estimations, where price forecasts are performed by estimating and adding together the
individual components, resources, and processes needed to produce the battery. Other
studies include expert interviews and projections based on the previously published lit-
erature to forecast battery prices. Based on the reviewed studies, Mauler et al. (2021)
develop a combination model by fitting a function to the different predictions from the re-
viewed literature and predict battery prices to be as low as 71$/kWh in 2050. However, a
limited supply of raw materials might stop the prices from going as low as this prediction.
This problem is addressed by Hsieh et al. (2019), who develop a technological learning
model for battery pack prices in which they add a lower bound on the future price. They
argue that raw material costs constrain how low the future battery pack price will be.

3.4.2 Infrastructure Costs

Heavy-duty transportation puts higher requirements on the charging infrastructure than
battery electric passenger cars in terms of charging effect and space requirements. Up-
grades to existing charging stations or the establishment of new facilities will therefore add
to the cost of charging. Most of the existing literature, such as Figenbaum et al. (2019),
Noll et al. (2022), Nykvist and Olsson (2021), Phadke et al. (2021), and Wu et al. (2015)
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do not account for uncertain infrastructure build-out for trucks when calculating TCOs.

Lajevardi et al. (2022) include infrastructure uncertainty by looking at two different scen-
arios for the speed of infrastructure build-out. The slow development scenario includes
development around major freight terminals from 2020 to 2040, whereas the rapid devel-
opment scenario includes building out charging stations around major freight terminals
from 2020 to 2030 and then development to remote areas in 2040. The scenarios are then
included in an intangible cost for refueling inconvenience added to the TCO. Refueling
inconvenience accounts for all expenses associated with refueling other than the fuel price
itself. Based on Miller et al. (2017), it is a function of transport distance, trucker wage, re-
fueling time, and station availability. Lin et al. (2018) also refer to refueling inconvenience
and use it to calculate the additional cost associated with filling hydrogen. Furthermore,
in the deployment planning for FCET filling stations, Greene et al. (2020) explain that the
goal is often to maximize refueling convenience, meaning that stations should be placed
so that the additional refueling inconvenience is minimized. For FCEVs and BEVs, Kang
and Recker (2014) measure the individual level of inconvenience of operating an alternat-
ive fuel vehicle. By assuming a time value of 30$ per hour and calculating the refueling
inconvenience in two different scenarios for charging speed, they find that the refueling
inconvenience is significantly reduced by using high-speed charging.

If the infrastructure is built out, it is likely that a queue will occur. Time spent in a queue
at charging stations increases the cost for trucking companies and is addressed in queuing
theory. Harris et al. (2008, p. 2) define a queue as a system where customers arrive,
possibly wait for service, and then leave the system after they have been served. Gnann
et al. (2018) develop a queuing model for charging electric passenger cars in Norway and
Sweden. They represent charging times with a normal distribution and arrival rates with
an exponential distribution. Alp et al. (2022) include queuing costs and establishment
costs for infrastructure as an integrated part of the investment strategy for a company
transitioning to BETs. They emphasize the importance of a high density of charging
infrastructure since this leads to less queuing time and fewer detours.

When new charging facilities with high-power chargers are built, the existing electricity
grid might be unable to handle the associated load increase that the charging facility
causes. Different options for handling heavy loads on the transmission grid are found in
the literature. For example, vehicle-to-grid (V2G) technology can potentially deal with
varying charging demand during the day (Al-Hanahi et al., 2022; Tarroja et al., 2016;
Wang et al., 2022). Another alternative includes using battery energy storage systems
(BESS) (Tarroja et al., 2016; Wang et al., 2022), which are stationary storage systems
used to charge vehicles during demand peaks and recharge when the grid demand is
lower. Tarroja et al. (2016) find that the flexibility with stationary storage systems is
higher than for V2G systems since driving patterns and vehicle battery size affect the
performance of the V2G systems. A third option is battery swapping, in which the entire
battery is replaced by a fully charged one. Zhu et al. (2023) find that this is the most
cost-effective energy supply mode for trucks doing medium-distance driving and argue
that this method will be further expanded with battery technology improvement. The
main advantage of battery swapping is that the time used for energy supply is reduced.
However, Ahmad et al. (2020) highlight that there are several challenges, including lack
of battery ownership, battery degradation, feasibility in terms of robustness of batteries,
and interchangeability of batteries between different brands. Additionally, the cost of the
battery-swapping activity might be too high for it to be feasible in practice (Xu et al.,
2017).
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3.4.3 Energy Costs

Phadke et al. (2021) argue that decreasing battery costs towards 2030 imply that the char-
ging costs will make up a more significant part of BET costs in the future. In general, elec-
tricity is difficult to store, which makes it different from other commodities (Shahidehpour
et al., 2003, p.163). The non-storability requires a balanced relationship between power
production and power demand to get stability in the power system (Kaminski, 2013, p.767).
Moreover, power demand and supply are weather dependent. These features lead to price
dynamics not observed in other markets. For this reason, a lot of research is conducted
on this market, and an extensive literature summary is provided by Weron (2014).

When forecasting electricity prices, the short-term time frame typically encompasses minutes
to a few days ahead, medium-term forecasting is from a few days to months ahead, while
long-term covers a few months and up to years ahead forecasting. Statistical models are
often applied to short-term electricity price forecasting. These models use previous prices
in combination with exogenous variables to predict prices (Weron, 2014). Computational
intelligence techniques, such as artificial neural networks (ANNs) and support vector ma-
chines (SVMs), can also be used for electricity price forecasting. These models require
a large amount of training data but have the advantage of handling complex patterns
and non-linearity. However, a challenge for both of the mentioned models is their limited
ability to forecast long-term.

Another electricity price forecasting technique is agent-based simulation models, in which
the price is determined by supply and demand. Koritarov (2004) finds that these models
are suitable for long-term price forecasting. A similar finding is done by Ziel and Stein-
ert (2018). They point out that few studies on medium and long-term electricity price
forecasting are conducted and find that supply and demand-based models perform well
for these applications. Supply and demand models are provided in Vagner et al. (2022)
and Gunnergd et al. (2023) on behalf of Statnett (Norwegian TSO) and Birkelund et al.
(2021) on behalf of NVE (The Norwegian Water and Energy Directorate). Their analyses
are based on estimates of future energy production and demand in Europe in the coming
years. Both use simulations of 29-30 historic weather scenarios to predict future electricity
prices. The average of the simulated prices is then calculated as the projected electricity
price. This approach can capture the weather dependency seen in the Norwegian power
market.

The future price of diesel determines the energy costs for DTs. According to EIA (2022),
there is a strong correlation between the diesel price and the price of crude oil. We, there-
fore, look at crude oil predictions to get estimations for the future diesel price. Behmiri
and Manzo (2013) review the existing literature on crude oil forecasting and divide them
into qualitative and quantitative methods. Qualitative methods look at the effect qualit-
ative factors, such as unforeseen political events or natural disasters, have on the crude oil
price. They group quantitative methods into econometric- and computational methods.
Econometric models include time series models, financial models, and structural models.
Of the existing computational models, artificial neural networks (ANNs) and support vec-
tor machines (SVMs) are the most common. According to Behmiri and Manzo (2013),
most quantitative methods focus on short and medium-term predictions. More recently,
Funk (2018) explores the predictive performance of forecast combination models on the
crude oil price. He finds that a model combining different forecasting techniques performs
better than the best individual model for medium-term forecasting (3-12 months).

Every year EIA publishes projections of the crude oil price in Annual Energy Outlook
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(EIA, 2023a). These projections are created using National Energy Modeling System
(NEMS), which is a modular-based system. NEMS balances the energy supply and demand
for every type of fuel and consumption sector, considering the economic competition among
different energy sources and fuels (EIA, 2023b). The result is projections for the supply,
demand, and price of various energy sources in different development scenarios. Annual
Energy Outlook 2023 contains annual projections from 2021 to 2050, which can be used
to calculate the future diesel price.

3.5 Stock-Flow Models

Stock-flow models are macroeconomic models that integrate the stocks and flows of all sec-
tors of the economy based on distinctive accounting rules (Caverzasi & Godin, 2014). For
transportation, stock-flow models can be used to simulate the development of the overall
vehicle fleet by estimating the inflow and outflow of vehicles. BIG is the Norwegian stock-
flow model, which can project the development of the vehicle fleet until 2075 (Fridstrgm
& Ostli, 2016). The model uses the Markov-chain principle, where the vehicle stock in
a given year is determined by the stock from the previous year, adjusted for the flow of
vehicles between the years. These flows can be either negative or positive, where negative
flows represent vehicles that are deregistered or replaced, and positive flows indicate newly
registered vehicles. By employing various assumptions for government support schemes,
stock-flow models can be used to calculate how the timing of the optimal investment
decision in BETSs impacts the composition of the overall fleet.

3.6 Discounting

The discount rate is the rate of return that the suppliers of capital are compensated for
the risk they bear in a project (Peterson & Fabozzi, 2002, p. 5). The discount rate affects
the estimated total cost of owning and operating a truck. To compare investments in
DTs and BETS, future costs for both options must be discounted back to the present
value. From the perspective of a firm considering investing, the discount rate is the cost
of capital (Peterson & Fabozzi, 2002, p. 5). Gollier (2013) refers to discounting rate as
putting a price on time (p. 5) because there is a value related to delaying the investment.
The weighted average cost of capital (WACC) is commonly used as a discount rate in
the literature. A firm’s WACC is its estimated cost of debt and equity, weighted by the
proportion of each capital source (Peterson & Fabozzi, 2002, p. 159). The discount rate
that firms use will therefore vary depending on the source of financing and the cost of each
capital source for the specific company. Gray et al. (2022), Noll et al. (2022), and Phadke
et al. (2021) use discount rates of 6.0%, 6.9% and 7.0%, respectively. Miljodirektoratet
(2020) emphasizes that the discount rate also reflects investment risks and a liquidity price
in cases where the firm’s liquidity is poor. They use a discount rate of 9.5% for the road
transport sector in their calculations. This could be because many trucking companies are
small businesses with limited liquid assets and a lower risk tolerance, requiring a higher
discount rate.

The public sector also needs tools to evaluate investment decisions but will usually consider
other aspects beyond financial benefits when deciding if a project is worth investing in.
Cost-Benefit Analysis (CBA) is a common method for evaluating public sector investments
at a large scale, aiming to maximize the benefit to the society (Addae-Dapaah, 2012).
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When evaluating the NPV of a project, the social discount rate is typically used to convert
all future benefits to the present value. CBA aims to put a monetary value on all project
factors, including externalities for which no price exists, which are then summarized to
evaluate if the project is beneficial or not (Sirnes et al., 2021). This analysis deviates from
a firm’s investment decision because the aim is to include all benefits and inconveniences
of the project as a whole. Usually, the discount rate is lower for public projects than for
firms maximizing profits. For example, the Norwegian government recommends a discount
rate of 4% (Finansdepartmentet, 2021).

3.7 Research Gap and Our Contributions

The current research on investments in BETSs mainly focuses on how a limited number of
uncertain elements influence investment decisions. Furthermore, studies usually assume
that charging infrastructure is present, which is not the case. This results in cost estim-
ations that are lower than the actual costs for a trucking company. Additionally, a lot
of the research on uncertainty and electric vehicles is more focused on electric passenger
cars. There is also a research gap relating to an investment model that companies can use
directly and that emphasizes the differences among the companies. Trucking companies
that rely on public infrastructure to operate BETs will especially benefit from research
in this area. Our contribution is, therefore, a stochastic TCO model for the investment
decision, which includes multiple elements of uncertainty and various scenarios for infra-
structure development. This is further used to determine the most efficient governmental
measures that can make BETSs cost-competitive. We segment both on company size and
transport distance, which gives a broader understanding of how cost uncertainty affects
different types of companies.

3.8 Relevant Literature on TCO Modeling

A summary of the reviewed literature on TCO modeling is included in Table 3.1. The
studies use either Monte Carlo simulations, scenario modeling, or case studies to model
the TCO. The majority of the studies do not include infrastructure uncertainty when
modeling the TCO. Segmentation based on transport distance is common, but we have
found no other models that segment based on company size. Some studies use distribu-
tions for future electricity and diesel prices to deal with uncertainties, while others hold
this constant during the investigated period. Most studies use declining cost functions,
distributions, or scenarios to model future battery prices.
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Table 3.1:

Classification of related literature on TCO modeling. Technology: BE = Battery Electric, FCE = Fuel Cell Electric, D = Diesel, P

= Petrol, PHE = Plug-in Hybrid Electric, NG = Natural Gas. Vehicle: T = Truck, PC = Passenger Car, B = Bus. Uncertainty handling: CS
= Case Study, MC = Monte Carlo, Sce = Scenarios, Sen = Sensitivities. Infrastructure uncertainty handling: Sce = Scenarios, RI = Refueling
Inconvenience. Other abbreviations: Sce = Scenarioes, Dist. = Distribution, Const. = Constant

. - . Infrastructure
Paper Technology Vehicle Area Uncertzjunty EleCfiI‘lClty leesel Bat‘tery uncertainty R.I cos‘t Segmentation
handling prices prices prices . estimation
handling
Mauler et al. .
2022] BE, D, FCE T U.S. Sce, Sen Sce Const. Sce - - Transport distance (Long-haul)
Nykvist Generalized
and Olsson BET, DT T Sce, Sen Const. Const. Sce - - Not specified
study
[2021]
e Ry Triangular dist.,
gg;z]et al. F}é]l% 113]’(; T Gerslslrlzhzed MC, Sen Sce Const. input for 2025, Sce - Transport distance (Short-haul, Long-haul)
’ v 2030 and 2040.
Phadke et al. Const., values for o o . .
[2021] BE, D T US CS, Sen Const. Const. 2020 and 2030. - - Transport distance (Short-haul, Long-haul)
Noll et al. BE, D, FCE, T Europe MC Normal dist., Normal dist., PERT dist, . . Transport distance
[2022] PHE, NG (10 countries) const. input const. input const. input (Urban, Regional, Long-haul)
Uniform dist., Uniform dist., .
Lajevardi BE, NG, . . o . I Declining . . o S, L
ot al. [2022] PHE, FCE T Canada MC, Sce tlm?-Vdry ing tlm?—varylng cost function Sce & RI Wage Transport distance (Short-haul & long-haul)
input input
Figenbaum BE, D, ) ) Declining - )
ot al. [2019] FCE PC, T, B Norway CS Const. Const. cost function - - Transport distance (Short-haul & long-haul)
Gamma dist.
Hao et al. BE, D, . . . . o Declining
[2020] PLE PC China MC, Sce, Sen Const. tlm%—Vdrymg cost projections - - -
input
Wit et al. ’ PERT-dist., PERT-dist., PERT dist,
BE, D PC Germany MC, Sen const. yearly constant yearly R - - -
[2015] . . declining input
mcrease mcerease
Vanhaverbeke BE, D, P, . ’ Triangular dist.,  Normal dist.,
et al. [2017] NG, PHE pC Belgium MC const. input const. input B ) ) )
PERT»dlS.‘t" ?ERT_dlét" Declining Trucking Transport distance (Short-haul, Mixed, Long-haul)
Our model BE, D T Norway MC, Sce, Sen time-varying time-varying . Sce & RI company .
. . cost function . . Truck fleet size
input input estimations




Chapter 4

Methodology

This chapter presents the methodology for calculating the TCO for BETs and DTs with
multiple elements of uncertainty. First, in Section 4.1, we provide the general formula for
the TCO. Then, in Section 4.2, we describe how capital costs are calculated, focusing on
the future price of batteries and the chassis. Section 4.3 describes how operational costs
are calculated. This includes electricity- and diesel price forecasting and infrastructure
uncertainty. Lastly, Section 4.4 describes how we develop a stock-flow model to determine
the effect different government support schemes have on the national truck fleet. The
nomenclature used in this chapter is shown in Table 4.1.

4.1 TCO Calculation

To compare DTs and BETSs, we calculate the TCO using Monte Carlo simulations. We
extend the methodology used in our project thesis (Kriiger & Thiis, 2022) by including
declining capital costs and scenarios for infrastructure development. We also consider a
sequential investment decision and segment based on trucking company sizes and transport
distance.

We split the TCO into capital costs (CAPEX) and operating costs (OPEX) and calculate
the TCO for each year t. Operational costs are calculated each year the truck is used and
then discounted to present value. This is shown in (4.1):

N s,r
OPEX},
TCO; = CAPEX,+ Yy  ———n, (4.1)
= (1+p)

where CAPEX, is the capital expenditures in year t, OPEX,), is the operational ex-
penditures in year t + n for a company with size s and transport distance r, N is the
lifetime of the truck, and p is the discount rate.
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Table 4.1: Nomenclature used in TCO calculation.

Description
A{’T Total truck fleet in year ¢
CF Cost of component k in year ¢ (NOK)
CapPFT  Battery capacity for BET in year ¢ (kWh)
D Annual driving distance (km)
E Energy consumption (kWh/km or 1/km)
G{’T New trucks in year ¢
H}" Trucks leaving the fleet in year ¢

IPET Investment cost for a BET in year ¢ (NOK)
P Investment cost for a DT in year ¢ (NOK)
M Mandatory break time (hours)

N Lifetime of truck (years)

@) Operational days per year (days)

P Price of component k in year ¢ (NOK)
RI}" Refueling inconvenience in year ¢ (NOK/year)
StA;"  Station availability in year ¢

' Truck technology (BET or DT)

Cost component

Number of years since investment
Transport distance

Company size

Year

Residual value rate

Investment support rate

Gross profit

Discount rate

T2 WO Fw X3 S

4.2 Capital Costs

CAPEX for BETs is calculated by deducting the residual value, discounted back to present
value, and the government investment support from the investment cost. DTs have no

investment support, so CAPEX is the investment costs minus the residual value. Equations
(4.2) and (4.3) show CAPEX for BETs and DTs, respectively:

BET
It

CAPEXPET = [BET _ TN T B(IBET — PT), (4.2)
DT DT IPT

where IPET (IPT) is the initial investment cost for BETs (DTs), N is the lifetime of the
truck, p is the discount rate, « is the residual value rate, and (5 is the government support
rate.

The BET investment cost is split into three components; battery, body, and chassis. The
powertrain and cab are considered parts of the chassis. For DTs, the cost components
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are the body and chassis. Equation (4.4) denotes investment costs for BET, while (4.5)
represents investment cost for DT's:

IFET — CPat + CPody + CtChas’ (4'4)

IPT = P 4 ofhes, (4.5)

The following subsections explain how we model the future values of these components.

4.2.1 Battery

Battery prices are expected to decline due to technological development and increased
production volumes. We assume that this will lead to a rapid reduction in battery prices
in the beginning, but after some time, improvements in technology will be more subtle.
This will lead to smaller price reductions. Later, prices will level off since a limited supply
of necessary raw materials will be a constraint. We, therefore, fit an exponential decay
function to historic battery prices and future battery price predictions. This is shown in
(4.6):

PBat(t) = q. e+ Lo > g (4.6)

where a, b and ¢ are the fitted parameters, ¢ is the prediction year, and x is the initial
year with battery price data used to fit the function. The output of this function is the
predicted price in NOK/kWh for the battery in year ¢. The battery cost in year ¢ is given
by the battery price multiplied by the battery capacity (in kWh) and is shown in (4.7):

CP™ = PP Capp™". (4.7)

4.2.2 Body and Chassis

The truck body is designed based on the type of goods transported, and price variations
are expected. However, since the body is the same independent of drivetrain technology,
the body cost is assumed fixed.

The chassis cost includes the powertrain, the cab, and the chassis structure. We assume
that chassis costs are the same independent of goods transported. With the increased
adoption of BETSs, we expect the costs of BET chassis to decline and fit an exponen-
tially decaying cost function to price predictions. This has the same functional form as
Equation 4.6, with different values for the fitted parameters, and is chosen because more
learning is expected initially. We further assume that the DT chassis cost stays constant.

4.3 Operational Costs

OPEX consists of all costs occurring when operating the vehicle throughout its lifetime.
We exclude labor costs from the calculation since it is assumed to be independent of the
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trucking technology. The annual operational cost is the sum of maintenance costs, toll
costs, other operating costs, energy costs, and refueling inconvenience, as given by (4.8):

OPEXtS,T _ Cg\/[aintenance + CtTOH + CtOther var. cost + Cg‘:nergy,r + RItS,T (4.8)
for s € {small, medium, large company} and r € {short-haul, long-haul, mixed}.

All parameters will have different values for BETs and DTs. Maintenance, toll, and other
variable costs are deterministic and assumed constant. The energy cost is the charging
cost per kWh (for BETS) or diesel cost per liter (for DTs), multiplied by the consumption
per km and yearly driving distance. This is given by (4.9):

Cgﬂnergy,r _ PtEnergyDrE (49)
for r € {short-haul, long-haul, mixed},

where P9 is the energy price in year t, D" is the annual driving distance for transport
distance r, and F is energy consumption per km.

Section 4.3.1 and Section 4.3.2 describe how the charging cost and diesel cost are calcu-
lated. Refueling inconvenience is the additional intangible cost associated with refueling
energy that is not related to energy costs. This is further elaborated on in Section 4.3.3.

4.3.1 Charging

For BETS, the energy price is the charging price, which is the amount trucking companies
pay per kWh for electricity. The charging price consists of the electricity price, charging
station surcharge, and other electricity costs. We do not include possible governmental
electricity support. The energy price for BETSs is thus given by (4.10):

PtEnergy _ PtCharging(NOK/kWh) _ PtElectricity + PtSurcharge + PtOther el. costs' (410)

We consider the charging station surcharge and other electricity costs as deterministic
parameters. The charging station surcharge is the amount paid to the charging station
operator. Without governmental support, this will most likely represent the most sig-
nificant part of the future charging cost (F. Rgmo, personal communication, 01.11.22).
Private charging, either done at home with the driver or at the company property, does
not have any surcharge. The electricity costs include the transmission charge, the elec-
tricity supplier surcharge, and government fees and taxes. These are a small part of the
final charging costs. Based on historical data from SSB (2022d), we assume these to be
fixed. We consider the annual electricity price a stochastic process and use long-term
annual electricity forecasts to model its behavior. Since we do not know the probability
distribution of future electricity prices, we use the PERT distribution. This takes in the
minimum, most likely, and maximum values as input parameters and is a common way

to model expert estimates (Vose, 2008). The annual electricity price in year t is given by
(4.11):
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PtElectricity — PERT(PtMin, PtBase, tMax)j (411)
where
PtMin = Minimum predicted electricity price in year ¢,

PP2¢ — Base case electricity price prediction in year t,
PtMaLX = Maximum predicted electricity price in year t.

The PERT distribution is given by (4.12) (Vose, 2008) :
PERT(a,b,c) = Beta(ay, az)(c —a) + a, (4.12)

where

(1 —a)(2b—a—c)
(b—mlc—a)

a1 =

ai(e — p)

R

)

a+4b+c
—

Figure 4.1 shows the PERT distribution, where a, b, and ¢ are values for minimum, most
likely, and maximum, respectively. The PERT distribution weights the most likely value
four times higher than the minimum and maximum. This makes it less sensitive to extreme
values than, for example, the uniform distribution. Furthermore, the PERT distribution
can never go beyond the stated minimum and maximum values, which makes it important
to use input parameters of high quality. With this way of modeling, the price can jump
from the minimum price one year to the maximum price the next. However, this is not a
significant issue since the electricity price is largely weather dependent, and the weather
is independent of the previous year.

4.3.2 Diesel

The energy price for DTs is the diesel price per liter. ETA (2023c) explains that the US
diesel price comprises the crude oil price, refinery costs, distribution & marketing costs,
and taxes. Transferring this to the Norwegian market specifications, which are explained
in Section 2.4.2, the diesel price per liter is the sum of the crude oil price, refinery costs,
COs tax, and road use tax. Additionally, the price is divided by 1 — 7, where « is the
gross profit for the gas stations. We assume a constant USD to NOK exchange rate and
disregard currency fluctuations that could affect the international diesel price. Thus, the
energy price for DTs is given by (4.13):

Crude oil Refining CO3 tax Road tax
PtEnergy:PtDiesel(NOK/l):Pt e ol +Pt +Pt 2 +Pt oac T

— (4.13)
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Figure 4.1: Examples of PERT(a,b,c) distributions, where a = minimum, b = most likely,
and ¢ = maximum.

We consider refinery costs and taxes as deterministic parameters and the crude oil price
a stochastic process. Even though refinery costs vary, the variations are smaller, and the
cost constitutes a smaller part of the final price. This is therefore kept constant. For the
CO, tax, we assume an annual increase from 2023 to 2030 due to the proposed increase by
the government (Rustad, 2021). The road use tax is assumed constant based on historical
data from SSB (2022c), which shows a marginal increase since 2012.

We use the PERT distribution to model the future price of crude oil for the same reasons
as explained for the electricity price in Section 4.3.1. However, in this case, we use returns
to model the price movements from one year to the next. This way, the price will not move
from the lowest possible in one period to the highest possible in the next. This is to better
represent the price movements since global events, such as war, tend to affect the crude
oil price for more than one period. When using returns in the PERT distribution, more of
this effect is captured. The returns are obtained by dividing the minimum and maximum
values by the base projection of the previous year. Figure 4.2 shows an example of 20
simulations of the crude oil price movements using returns when the investment year is
2024. To avoid the simulated values being below or above EIA’s minimum and maximum
values, we restrict the price from going beyond these. Thus, the annual crude oil price in
year t is given by (4.14):

PtMin PtBase PtMax
Base’ pBase’ pBase
Pt—l Pt—l Pt—l

PtCrude oil _ PtCirlude oil | PERT( )’ (414)

PtMm < PtCrude oil < PtMax7
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where
PMin — Crude oil projection in low oil price scenario in year t,

PPase = Crude oil projection in base case scenario in year t,

PMar — Crude oil projection in high oil price scenario in year t.

------ Simulations of the crude oil price -
" —— Projected values from EIA :
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Figure 4.2: Example of crude oil price movements using returns. The investment year is
2024.

4.3.3 Refueling Inconvenience

We define refueling inconvenience as the cost of refueling that is not related to the fuel price
itself, in line with Miller et al. (2017). This is an intangible cost that includes refueling
time and the availability of sufficient infrastructure. The refueling inconvenience is zero
for DTs, whereas, for BETS, it represents an operational cost. We base the formula for
refueling inconvenience on the formulas used in Lajevardi et al. (2022) and Miller et al.
(2017), with some modifications and specifications. The annual refueling inconvenience is
given by (4.15):

RIJT = COM3t (RT" - StA?" — B) -0, RIJ" >0, (4.15)
for s € {small, medium, large} and r € {short-haul, long-haul, mixed},

where C}t is the hourly waiting cost, RT" is the refueling time, StA}® is the station
availability parameter, B is the mandatory break time, and O is operational days per
year.

The waiting cost is the hourly cost for the trucking company if the transport is delayed,
and the refueling time is the time spent charging. The station availability parameter is
a constant that determines the availability of public charging stations in the given year
and scenario. The parameter varies depending on company size and transport distance
because the availability affects them differently. The mandatory break time for truck
drivers is subtracted from the expression because we assume that they can use this break
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to recharge. Lastly, the entire expression is multiplied by the number of working days per
year to get the annual refueling inconvenience cost.

We calculate the refueling inconvenience based on the company size (s) and transport
distance (r). This segmentation is chosen because responses from our survey to NLF
members indicate that smaller companies drive more varied routes and value the flexibil-
ity in usage higher. Larger companies also have the possibility to have a mixed fleet, which
makes them able to switch between vehicles depending on suitability for the assignment.
This could, for example, mean that they could own some BETSs to use for distances that
have charging facilities and some DTs to use for other assignments. The consequences
of insufficient infrastructure are, therefore, more significant for small companies. Addi-
tionally, we separate between short-haul, long-haul, and mixed transportation. The latter
includes companies that do a combination of short- and long-haul transport. This is be-
cause charging stations will likely be built around major terminals and cities first, making
the infrastructure more available to certain segments.

We define the scenarios slow build-out, base, and rapid build-out of charging infrastructure,
where each scenario corresponds to a government support rate for infrastructure devel-
opment. Political decisions to invest in public infrastructure for charging can enable a
transition between scenarios. Each scenario consists of three stages of development, with
various lengths of each stage. The stage of development, in addition to the company size
(s) and transport distance (r) specification, determines the weight of the station avail-
ability parameter. The station availability parameter takes discrete values from 1 to 5.
Based on the methodology in Lajevardi et al. (2022), we assume the following stages of
development:

e Stage 1 includes development around major freight terminals. This could be suit-
able for short-haul transportation where vehicles return to their base after each
assignment. Additionally, it could be suitable for large companies doing mixed
transportation to replace part of their fleet with BETs.

e Stage 2 includes the development of public charging infrastructure around large cities
and major destinations. For short-haul transportation, charging infrastructure is
more available in cities. For long-haul transportation, infrastructure is available for
those driving fixed routes between major destinations.

e Stage 3 includes the development of charging stations in remote areas. In this stage,
infrastructure is assumed to be built out at a sufficient level so that the station
availability parameter is set to 1 for all company segments.

4.4 Stock-Flow Modeling

We use stock-flow modeling to simulate the composition of the national truck fleet in dif-
ferent scenarios. Our approach is a special case of the BIG model used by TQOI (Fridstrom
& Ostli, 2016). The BIG model uses long-term scenario projections to model the compos-
ition of multiple energy technologies in the fleet. On the other hand, our model uses TCO
analysis to estimate when truck owners invest in BETs instead of DTs and is limited to
these technologies. The total stock of BETs and DTs in year t for transport distance r, is
denoted by A" and given by (4.16):
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A{’T _ Ag’fl + Gg,r _ Hg’,r _ A{ﬂ 1+ (4.16)

Ggfr - Hg?“]

AL
for j € {BET, DT} and r € {short-haul, long-haul, mixed},

where G7" denotes investments in new trucks, Hy"" is outgoing trucks, A", is the fleet
GIT—HT

size in the preceding year, and {1 + =77 } is similar to the transition rate in the BIG
t—1

model.

New investments are either BETs or DT's, depending on the optimal investment decision
derived from TCO analysis. The demand for new trucks in year ¢ is the amount of the
fleet that is replaced, adjusted for expectations of future increase or decrease in road
transportation demand. Each transport distance r has a share of the total fleet, which is
constant throughout the period of interest.

The total fleet in year t is the sum of the number of trucks doing short-haul, long-haul
and mixed transportation:

Ay = A?hort—haul + Ai(mg—haw + A;m':ced’ (417)
where the fleet composition in each transport distance is given by:

AT = APETT 4 APT for 1 € {short-haul, long-haul, mixed}. (4.18)
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Chapter 5

Case Study

In this chapter, we present the data used in our methodology to give a detailed case study
for Norway. In Section 5.1, we present the input parameters used for estimating capital
costs. The main focus is on battery and chassis cost predictions. In Section 5.2, we present
the data used for operational costs. This includes charging costs, diesel costs, refueling
inconvenience, toll and ferry, maintenance, and other variable costs. We then present
the discount rate in Section 5.3. In Section 5.4, we explain the assumptions used in the
stock flow modeling of the truck fleet. Lastly, Section 5.5 summarizes the deterministic
parameters in a table. The implementation of this case in Python can be found in Kriiger
and Thiis (2023).

5.1 Capital Costs

We consider a government support rate of 40% and a residual value rate of 20%. We
use a three-axled heavy-duty truck with a 6x2 axle configuration and a battery size of
540 kWh. This is a typical truck for the Norwegian market, according to communication
with a manufacturer of trucks. The mentioned manufacturer estimates that the chassis
cost including the battery for this truck type is around 3.50 - 3.65 MNOK for a BET and
1.35 - 1.45 MNOK for a DT in 2023. The body cost depends on the type of goods being
transported. Since body cost is the same independent of technology, we use a fixed cost
of 1 MNOK in our analysis.

We use predictions from Mauler et al. (2021) to estimate battery prices and fit an ex-
ponentially decaying function. Since these predictions represent an optimistic case for
battery prices, we fit a curve using future prices that are 20% higher. Battery price curves
and predictions are shown in Figure 5.1. A constant exchange rate of 10 USD to NOK is
used, and the battery price is multiplied by the battery size to get the truck battery price
estimation in the given year. According to the battery price prediction curve in Figure 5.1,
battery prices are around 1 700 NOK/kWh in 2023. For a 540 kWh battery, the cost will
be around 918 KNOK. When subtracting the cost of the battery from the estimated price
range of 3.55 - 3.65 MNOK for a chassis that includes the battery, the cost of the chassis
alone is approximately 2.7 MNOK in 2023.

We rely on estimations from Figenbaum et al. (2019) to estimate future chassis costs. They
predict that small-scale serial production of BETs will occur in 2025, and mass production
will be achieved in 2030. Based on these assumptions, they estimate total BET costs to
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Figure 5.1: Estimations of future battery prices in NOK/kWh.
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Figure 5.2: Estimations of future BET chassis costs (excl. battery) in MNOK.

be 50% higher than DTs in 2030. In accordance with these findings, a BET is around 3.5
- 3.7 MNOK in 2030 if DT costs are constant at 2.45 MNOK. We further estimate that
a BET chassis will reach the same cost level as a DT chassis in 2035, and by 2040, we
anticipate that the BET chassis will be cheaper. In 2050, our estimate for BET chassis
cost is 1 MNOK. We fit an exponentially decaying function to the estimated chassis costs,
shown in Figure 5.2. The estimated BET chassis cost in a given year is calculated using
this function.

We include an additional investment cost for BETSs related to purchasing and installing
charging equipment. The cost is estimated to be 40 KNOK. This is based on the upper
bound for charging equipment for electric cars, which is 15 KNOK (Prisguiden, 2023).
Installation depends on the charging power and the condition of the electrical installation.
This typically costs between 15 - 25 KNOK (Viter, 2022). Since more power is needed
for BETs than passenger cars, the upper bound is chosen. The cost estimations for BETSs
and DTs are summarized in Table 5.1.
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Table 5.1: Capital cost components for BETs and DTs. Numbers are in KNOK. The
battery costs and BET chassis costs are estimated using the price curves in Figure 5.1 and
Figure 5.2.

2023 2030 2035 2040 Cost development

BET
Chassis (excl. battery) 2720 1870 1495 1241  Exponential decay
Battery 918 712 675 664  Exponential decay
Body 1000 1000 1000 1000 Fixed
BET costs (excl. charger) 4638 3582 3170 2 905
Charging equipment 40 40 40 40 Fixed

BET costs (incl. charger) 4678 3622 3210 2 945

DT
Chassis 1450 1450 1450 1450 Fixed
Body 1000 1000 1000 1000 Fixed
DT costs 2450 2450 2450 2450

5.2 Operational Costs

Operational costs include charging costs, diesel costs, refueling inconvenience, toll and
ferry, maintenance, and other variable costs. The following subsections elaborate on how
these components are found.

5.2.1 Charging

The charging cost is a function of the charging price, the distance traveled, and the energy
consumption. The charging price is further split into the annual price of electricity, other
electricity costs, and an additional surcharge for charging at the charging stations. The
distance traveled varies depending on whether the company does short-haul, long-haul, or
mixed transportation. We assume an annual distance of 60 000 km for short-haul, 100 000
km for long-haul, and 80 000 km for mixed transportation. The energy consumption is set
to 1.7 kWh/km, based on personal communication with Frode Rgmo in Sintef Industry
(16.05.23). We further base the charging requirements on a truck with a battery size of 540
kWh but assume that only around 380 kWh of the battery is available for driving. This is
based on the reported driving range and consumption from Volvo (2022) and Klingenberg
(2022).

We separate between public high-speed charging, public slow charging, and at-home slow
charging. At-home charging is defined as private charging, either done at the company
property or at home with the driver. The energy usage per day is estimated using the
yearly driving lengths, 230 operation days per year, and the consumption rate for BETs.
Assuming that the truck is fully charged at the beginning of each day, we calculate how
much public high-speed charging is required during the day to avoid a depleted battery.
We then calculate the time this takes with a high-speed charger of 250 kW. Since public
high-speed charging is the most expensive option, this is kept at a minimum. The amount
of high-speed and slow charging is used together with the annual driving distance to
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estimate charging costs. The parameters are shown in Table 5.2.

Table 5.2: Driving distances and charging specifications for different transport distances.
Assumes an available battery capacity of 380 kWh, a 250 kW fast charger, and 230 oper-
ation days in one year.

Annual driving % high-speed charging % slow charging
Transport type distance (km) (public) (at-home or public)
Short-haul 60 000 14% 86%
Mized 80 000 36% 64%
Long-haul 100 000 49% 51%

Annual Electricity Price

We use annual electricity price predictions from Statnett, which are presented in Vagner
et al. (2022) and Gunnergd et al. (2023). Vagner et al. (2022) predict prices short-term
(2023 - 2027) and Gunnergd et al. (2023) predict long-term (2030, 2035, 2040 and 2050).
These can be found in Appendix B. Both studies use demand-supply modeling and sim-
ulations over multiple weather scenarios to calculate the lowest, highest, and base values
for the annual average electricity price. We use Vagner et al. (2022) between 2023 and
2027, and Gunnergd et al. (2023) from 2027 and onwards. The base prediction is used as
the most likely value, and the lowest and highest simulation values are used as minimum
and maximum values.

We have made some additional adjustments to the data. Vagner et al. (2022) and Gun-
nergd et al. (2023) do not contain the highest and lowest weather simulations for NO1
and NOb5. Since price predictions for these zones are similar to NO2, we use these instead.
Gunnergd et al. (2023) report prices for 2030, 2035, 2040, and 2050. We, therefore, use
2030 predictions between 2028 and 2032, 2035 predictions between 2033 and 2037, 2040
predictions between 2038 and 2045, and 2050 predictions between 2045 and 2050. Due to
the frequent movement of trucks across electricity price zones and transport companies
often being stationed in multiple areas, we use the same electricity price for all of Norway.
Since we do not have data on how much transportation is happening in each region, we
calculate a weighted average by giving each prize zone equal weight. The data used in the
PERT distribution is presented in Table 5.3. We point out that much uncertainty is tied
to electricity prices so far off in the future.

Table 5.3:  Electricity prices in gre/kWh used as input in PERT distribution. Numbers
are based on data from Vagner et al. (2022) and Gunnergd et al. (2023). The base case
for COs prices and fuel prices is used.

Year

Parameter 2023 2024 2025 2026 2027 ‘ 2028 - 2032 ‘ 2033 - 2037 ‘ 2038 - 2045 2045-2050

Maximum 255 205 164 130 149 118 95 79 75
Most likely 95 67 52 41 50 44 52 41 39
Minimum 31 20 14 11 14 14 25 19 18
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Other Electricity Costs and Surcharge

Other electricity costs include surcharge to the electricity provider, transmission charge,
governmental fees, and taxes. These show some seasonal variations, but we consider
a fixed yearly price as these variations can be neglected when calculating the annual
charging price. The electricity supplier surcharge is set to 0.05 NOK/kWh, based on
NorgesEnergi (2023). Transmission charge and governmental fees- and taxes are set to
0.14 NOK/kWh and 0.16 NOK/kWh, respectively, based on Tensio (2023). When adding
these components, other electricity costs are set to 0.35 gre/kWh.

The surcharge for charging differs depending on the charging type. We look at three
options: public high-speed charging, public slow charging, and at-home slow charging. We
assume that charging during the day is public high-speed charging. Overnight charging is
either at-home or public slow charging. As of March 16th, 2023, Kople takes approximately
6.49 NOK /kWh and 4.65 NOK/kWh in surplus for high-speed charging and slow charging,
respectively (Kople, 2023). This is calculated by deducting the electricity price in NO1,
which we assume is 2 NOK/kWh, from the stated charging prices. Table 5.4 summarizes
the values used for the different charging options.

Table 5.4: Summary of charging price parameters for the different charging methods in
NOK/kWh.

Other electricity costs Surcharge

Public high-speed charging 0.35 6.49
Public slow charging 0.35 4.65
At-home 0.35 0.00

5.2.2 Diesel

The diesel price consists of the crude oil price, refinery costs, COs tax, the road use tax,
and gross profit for the petrol station. The gross profit for the petrol stations (v) is set to
10%. Based on personal communication with Frode Rgmo in Sintef Industry (16.05.2023),
we set the consumption rate to be 0.4 liter per km. The yearly driving distances used are
the same as for BETs.

We use Brent spot price projections from the Annual Energy Outlook (AEO) 2023 by
EIA (2023a) to model the possible movements of the crude oil price. AEO provides future
energy market projections with different scenarios and assumptions about oil prices, tech-
nological development, and macroeconomic growth. We use the values from the scenarios
low oil price, reference case, and high oil price as the minimum, most likely, and maximum
values in the PERT distribution. Table 5.5 shows the values used in USD/barrel. These
are further converted to NOK/liter by using an exchange rate of 10 USD to NOK and the
fact that 1 barrel = 158.987295 liters.

The refinery costs are calculated using information from EIA (2023c) about the cost com-
ponents of the US diesel price and their historical values. As of January 2023, refinery
costs were 28%, and crude oil costs were 40% of the diesel costs. In January 2023, the
average Brent spot price was 82.50% per barrel. By dividing this by 0.4 and multiplying
by 0.28, we obtain the refinery costs for this month. Converting this to NOK/liter, we get
refinery costs equal to 3.63 NOK/liter. We assume this cost to be fixed.
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Table 5.5: Crude oil price projections from Annual Energy Outlook 2023, converted to
NOK/liter.

Year | Low oil price Reference case High oil price

2023 2.72 0.76 10.63
2024 2.78 5.82 10.60
2025 2.80 5.48 10.81
2026 2.81 5.53 10.84
2027 2.80 5.55 10.83
2028 2.86 5.59 10.98
2029 2.86 5.63 11.09
2030 2.90 5.67 11.21
2031 2.93 5.71 11.34
2032 2.97 5.76 11.28
2033 3.01 5.79 11.38
2034 3.01 5.83 11.58
2035 3.04 5.88 11.59
2036 3.09 5.92 11.56
2037 3.11 5.96 11.73
2038 3.12 6.00 11.50
2039 3.14 6.03 11.51
2040 3.09 6.06 11.52
2041 3.10 6.10 11.64
2042 3.10 6.13 11.72
2043 3.10 6.15 11.72
2044 3.13 6.18 11.79
2045 3.13 6.20 11.73
2046 3.18 6.25 11.72
2047 3.15 6.28 11.79
2048 3.19 6.31 11.93
2049 3.17 6.36 11.92
2050 3.23 6.37 11.95
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Table 5.6 shows the values used for taxes. We assume the road use tax to be constant
at the 2023 level, and the COy tax to be increasing by 15% each year from 2021 when
it was 1.58 NOK/liter. This yearly increase aligns with the government’s proposed plan
mentioned in Section 2.4.2. Since the actual increase from 2021 to 2023 has been more
than an annual 15%, the tax is slightly lower in 2024 than in 2023. Nevertheless, we
continue to base the tax level on the government’s climate plan from 2021 to 2030 for the
remaining years. After 2030, it is assumed that the tax will remain unchanged.

Table 5.6: Taxes incorporated into the diesel price (NOK/liter).

Year
Tax 2023 2024 2025 2026 2027 2028 2029 2030 ... 2050
CO9 tax 2.53 2.40 2.76 3.18 3.65 4.20 4.83 5.56 5.56
Road use tax  2.92 2.92 2.92 2.92 2.92 2.92 2.92 2.92 2.92

5.2.3 Refueling Inconvenience

We define small companies as companies with 0 - 2 trucks, medium companies with 3 - 10
trucks, and large companies with ten or more trucks. We define short-haul transportation
as local and regional transportation within a 100 km range from the truck base. Long-haul
transportation is defined as transportation in which an overnight layover is required for
the driver. This is usually within a 500 km range. Mixed-haul transportation is companies
that do a combination of these two.

We consider 750 NOK /hour as the waiting cost. This is based on the responses from our
survey to NLF members in which 25% selected 501 - 750 NOK /hour as the expected delay
cost and 34% selected 751 - 1000 NOK /hour. These were the most answered cost intervals.
We further assume 230 working days per year. The mandatory break time (M) is set to
0.75 hours each day since truck drivers are required to have a 45 minutes rest after driving
for 4.5 hours. Refueling time (RT') depends on the necessary fraction of public high-speed
charging during the day, as stated in Table 5.2. The refueling time and mandatory break
time for the transport types can be found in Table 5.7.

Table 5.7: Mandatory break time and refueling time for different transport types. The
unit is hours/day.

Transport type | Mandatory break (M) Refueling time (RT)

Short-haul 0.75 0.3
Maized 0.75 0.8
Long-haul 0.75 14

The station availability (StA) parameter is a constant that is multiplied by the refueling
time. The purpose of this is to differentiate between different stages of development
and the impact that particular stage has on trucking companies of various sizes doing
different transportation distances. As values, we use the range 1-5, where a lower weight
corresponds to better availability. Each stage of development corresponds to a set of StA
parameters for short-haul, long-haul, and mixed transportation and for small, medium,
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and large-sized companies. These can be found in Table 5.8.

Table 5.8: Station availability (StA) parameters used for each stage of development. The
scale is from 1-5.

| Small Medium Large
3

w

Stage 1 Short-haul
Long-haul
Mixed

Stage 2 Short-haul
Long-haul
Mixed

Stage 3 Short-haul
Long-haul
Mixed
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For stage 1, StA is set to 3 for all companies doing short-haul transportation and 5 for all
companies doing long-haul transportation. In this stage, there are only charging stations
around major-freight terminals. This means vehicles must return to that base to charge
during the day. This is not sustainable for long-haul transportation, and StA is set to the
maximum value of 5. For short-haul transportation, this could be suitable if they operate
around these particular terminals but not if they operate in remote areas or areas without
terminals. StA is therefore set to 3. For companies doing mixed transportation, StA is
higher for smaller companies. It is set to 3 for large companies, 4 for medium companies,
and 5 for small companies. When looking at the investment decision for medium or
large-sized companies doing mixed transportation, it is important to note that for the
results to be valid, they must not replace their entire fleet. This is because it is a central
assumption that they can switch between BETs and DTs depending on the availability
of public infrastructure. Smaller companies doing mixed transportation will usually not
have this opportunity and lose the opportunity to take on long-haul assignments. The
StA parameter is, therefore, the same for small companies doing long-haul and mixed
transportation.

In stage 2, the same trend continues. Stage 2 includes development around large cities and
major destinations, and StA is lower in all cases. For short-haul transport, it is set to 2.
Finding a charging station during the day will be easier because there are more of them,
but operating in remote areas is still difficult. For long-haul, it is set to 3 because there
might only be specific long-distance routes that can provide accessible charging stations
along the road. For mixed transportation in stage 2, the values are justified by the same
argumentation as in stage 1. In stage 3, there are also available charging stations in remote
areas. StA is therefore set to 1, and there is no additional penalty cost due to the lack of
charging facilities.

The scenarios slow development, base, and rapid development represent cases in which the
government subsidizes 20%, 50%, and 80% of the infrastructure development costs. Each
stage’s deployment time in the scenarios is adjusted to our predictions for the development
in Norway. This is shown in Table 5.9. In all scenarios, stage 1 is present from 2023 to
2025 since this is the stage we are currently in. In the base scenario, charging stations for
heavy-duty transport is built to have sufficient infrastructure in remote areas within ten
years. Norway aims for half of all new heavy-duty trucks to be zero emission in 2030 and
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to reach this goal, more infrastructure must be in place. Therefore, infrastructure build-
out will likely be a greater focus area in the coming years. However, due to technological
limitations and necessary power grid reinforcements, it might happen some years later
than 2030. The rapid build-out scenario includes charging infrastructure as a priority area
as soon as possible. We assume that stage 3 can be reached within 2028 if this is made a
greater area of priority. The slow build-out scenario is one where stage 3 is not reached
until 2038. There is some build-out around major freight terminals and cities during the
next 15 years, but there is a lack of charging stations in remote areas. This could be
due to other technologies, such as hydrogen, being prioritized, power grid reinforcements
being expensive and difficult, or a lack of political initiatives to invest in the necessary
infrastructure.

Table 5.9: Infrastructure scenarios.

‘ Stage
Year ‘ Slow ‘ Base ‘ Rapid

2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
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5.2.4 Toll and Ferry

Toll and ferry costs are specific to the transport route and vary with each transport
assignment. Table 5.10 shows the roundtrip toll and ferry cost for selected routes in
Norway, based on Fremtind (2023). BETSs currently get 50-100% toll station discount
(Autopass, 2023), and for all routes in Table 5.10, the current discount is 100 % for BETs.
However, in the national budget for 2023, the government stated that the maximum price
toll price for electric vehicles should be 70% instead of 50% (Loftas, 2022). Additionally,
the Norwegian Public Roads Administration recommends removing the toll advantage for
electric vehicles in 2025 (NAF, 2022). Therefore, we set toll costs for BETs to 20% of
DTs. We multiply the average cost per km for toll and ferry for BETs and DTs by the
annual driving distance to obtain the yearly toll costs.
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Table 5.10: Toll and ferry costs for selected distances. Numbers are collected from
Fremtind (2023), assuming a truck with length 10.01 - 12.5m and weight above 3.5 tons.

Toll (NOK) Ferry (NOK) ol &Ngegykper km
Route Distance (km) ( /km)

BET! DT BET DT BET DT
Bergen - Trondheim - Bergen 1394 252 1261 392 784 0.46 1.47
Oslo - Trondheim - Oslo 984 349 1744 0 0 0.35 1.77
Oslo - Stavanger - Oslo 1096 239 1194 0 0 0.22 1.09
Narvik - Tromsg - Narvik 464 100 498 0 0 0.21 1.07
Trondheim - Namsos - Trondheim 388 126 628 0 0 0.32 1.62
Namsos - Narvik - Namsos 1490 160 802 479 958 0.43 1.18
Average per km 0.33 1.37

1) BETs currently pay 0% in tolls, but a rate of 20% is assumed in this table.

5.2.5 Maintenance and Other Variable Costs

Lower maintenance costs are usually associated with BETS, as explained in Section 2.4.2.
We set maintenance costs as a rate per km and use a rate of 1.0 NOK/km for BETs
and 1.5 NOK/km for DTs. This is based on personal communication with Frode Rgmo
in Sintef Industry (01.11.22). Other variable costs are related to keeping the truck in
operation, including washing, administration, tires, and other items. In Figenbaum et al.
(2019), this component adds up to 2 NOK/km for BETs and 2.5 NOK/km for DT's when
maintenance is included. We deduct the estimated maintenance cost from these values
and end up with other variable costs equal to 1.0 NOK/km for BETs and DTs. Both the
maintenance rate and other variable cost rate is multiplied by the annual driving distance
to obtain the annual costs.

5.3 Discount Rate

Operational costs and the residual value are discounted back to the investment year. Our
literature study shows that a discount rate between 6% and 7% is commonly used for this
TCO analysis. However, Miljgdirektoratet (2020) uses 9.5% as the discount rate for the
road transport sector. We also asked NLF members which discount rate they use when
considering new investments. Of the respondents, more than 50 % answered that they
either do not know or that it is not relevant. Of the respondents who gave a discount rate,
25% answered less than 5%, 52% answered between 5.1 and 7.0%, and 15 % answered
between 7.1 and 9.0%. The remaining 8% use above 9.1 % as the discount rate. Based on
these findings, we choose a discount rate of 7.5%.

We do not discount costs further back than the investment year. This is because the
objective is to compare TCOs for different investment years. If all costs are discounted
back to the current time, the later investment will always appear less expensive. We assume
truck owners cannot delay investment since they need trucks to operate their businesses.
Therefore this type of discounting is not relevant to the decision-making process. Instead,
we want to show how the TCO for BETs develops over the years.
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5.4 Stock-Flow Modeling

Based on responses from our survey to NLF members, we assume that 25% of trucking
companies invest in BETs rather than DTs the year after BETs have a lower TCO than
DTs. In the following years, we estimate that it takes 5 years before 100% of the companies
within the given segment invest in BETs rather than DTs. The increase from 25% to 100%
is assumed linear. We consider a case where each transport distance represents a third of
the truck fleet and assume that the company size is medium.

The slow, base, and rapid infrastructure scenarios, defined in Table 5.9, are connected to
cases where the government subsidizes 20%, 50%, and 80% of the infrastructure develop-
ment costs. According to NTP, transportation of goods on the road is expected to increase
by 29% by 2050, and half of this growth will occur before 2030 (Regjeringen, 2021b). We
assume that the national truck fleet of 68 500 trucks (SSB, 2022a) grows accordingly. We
further estimate that 9% of the fleet is replaced each year, which is based on data from SSB
(2022a) and OFV (2023). This replacement rate corresponds to a longer holding period
than 7 years, which is realistic as trucks are often resold and used for other applications
before they are sold to other countries or scrapped. We assume that the national truck
fleet only consists of BETs and DTs and that trucking companies invest in either of these
technologies.

Thema Consulting (2022) estimates that the cost of building out infrastructure in Norway
for the existing truck fleet is approximately 12.9 BNOK when not considering area costs.
We adjust this amount for the expected increase in truck volumes, and end up with a total
cost of around 15.3 BNOK. Of these investments, we assume that around 5 BNOK has
happened when stage 2 is reached.

5.5 Summary of Deterministic Parameters

Table 5.11 summarizes the deterministic parameters that are not company specific and
which are used in the TCO calculations.

Table 5.11: Deterministic parameters.

BET DT

Maintenance costs (CMaintenance) 1.0 NOK/km 1.5 NOK/km
Other operational costs (CPther) 1.0 NOK/km 1.0 NOK/km

Toll costs (Cel) 0.3 NOK/km 1.4 NOK/km
Waiting cost (CV2it) 750 NOK /hour .
Battery size (CapPth) 540 kWh -
Energy consumption (E) 1.7 liter/km 0.4 kWh/km
Mandatory break time (M) 0.75 hours -
Lifetime of truck (N) 7 years 7 years
Operational days per year (O) 230 230
Residual value rate («) 20% 20%
Investment support rate (3) 40% -
Gross profit petrol stations () - 10%
Discount rate (p) 7.5 % 7.5 %
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Chapter 6

Results

In this chapter, we present the resulting TCOs and discuss when it is more cost-efficient
for companies to invest in BETs rather than DTs. We begin by analyzing the results
for different combinations of input parameters in Section 6.1. Then, in Section 6.2, we
perform a sensitivity analysis to explore how vulnerable the results are to parameter
changes. Section 6.3 investigates how different governmental support schemes affect the
TCO. In Section 6.4, we calculate what these support schemes will cost the government
and make a comparison to find the most effective one.

All TCO analyses are performed using 20 000 Monte Carlo simulations implemented in
Python, and the source code can be found in Kriiger and Thiis (2023). Each round of
simulations is for a specific investment year and has a run-time of approximately 0.8
seconds. The result of one simulation is a list of 20 000 potential TCOs, split by cost
type, which are used for further analysis of the results. We mainly look at the expected
value of the TCO, but we also compare the standard deviation, confidence intervals, and
maximum and minimum values to explore the variability. Unless otherwise stated, we
look at a medium-sized company that operates in the mixed transport segment and has
a charger at the company property or the driver’s home. The base case for infrastructure
development is assumed.

6.1 TCO Analysis

The decision for a company to invest in a BET rather than a DT depends on the transport
distance, company size, and speed of infrastructure development. We, therefore, analyze
how the TCO changes under different combinations of these parameters. First, we compare
the TCO for BETs and DTs for different transport distances. Next, we explore how the
level of infrastructure development affects the TCOs of the two technologies and compare
companies of various sizes. We then visualize the cost structure to understand the cost
drivers and compare the development for both BETs and DTs. Finally, we summarize the
findings across multiple dimensions.
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6.1.1 Transport Distance

The optimal investment year in BETSs varies with the transport distance. Figure 6.1
compares the relative frequencies of TCOs in 2023, 2028, and 2033 for short-haul, long-
haul, and mixed transportation. Histograms display the relative frequencies of the TCOs
for BETs and DTs. A histogram towards the left indicates a lower expected TCO, and
the histogram’s width shows the variability. Descriptive statistics are shown in Table 6.1.

Table 6.1: Descriptive statistics of TCO distributions for short-haul, mixed, and long-haul
transport.

Mean Median Max Min  St. Dev.
Technology Investment year
(MNOK)
Short-haul

2023 5.25 5.25 5.50 5.03 0.07

BET 2028 4.66 4.65 4.80 4.53 0.04
2033 4.42 4.42 4.53 4.32 0.03

2023 6.08 6.05 7.99 5.32 0.32

DT 2028 6.42 6.38 8.58 5.68 0.35
2033 6.52 6.47 8.70 5.70 0.35

Mixed

2023 8.88 8.88 9.21 8.57 0.09

BET 2028 7.32 7.32 7.54 7.14 0.05
2033 6.18 6.18 6.35 6.05 0.04

2023 7.39 7.34 9.76 6.37 0.43

DT 2028 7.85 7.79 10.29 6.72 0.46
2033 7.97 7.91 10.76 6.88 0.47

Long-haul

2023 13.77 13.77 14.19 13.40 0.11

BET 2028 10.81 10.81 11.05 10.60 0.07
2033 8.47 8.47 8.67 8.31 0.05

2023 8.70 8.64 11.87 7.42 0.53

DT 2028 9.27 9.20 12.87 8.02 0.58
2033 9.42 9.35 13.07 8.06 0.59

The results for the short-haul segment are shown in Figure 6.1a. We see that in 2023,
BETs are already the preferred option. This is due to a lower expected value and standard
deviation than DTs. In 2023, BETs have an expected value of about 5.25 MNOK and
a standard deviation of 70 KNOK. For DTs, the expected value is 6.08 MNOK, and the
standard deviation is 320 KNOK. We also observe that the difference between maximum
and minimum values is significantly higher for DTs than for BETs. In 2028 and 2033, the
BET distribution shifts further to the left, indicating that BETs are an even better option
in the future. On the other hand, the expected value and standard deviation increase for
DTs.
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Figure 6.1: Comparison of relative frequencies of TCOs for BETs and DTs. Transport
segments considered are short-haul, mixed, and long-haul in 2023, 2028, and 2033.
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Figure 6.1b shows the results for BETs and DTs doing mixed transportation. Table 6.1
show that the expected value in 2023 is 8.88 MNOK for BETSs, which is higher than the
expected value for DTs of 7.39 MNOK. We further see that the distributions overlap in
2028, meaning BET's are competitive with DTs. In 2033, BETs will be significantly better
than DTs. BETSs have a lower standard deviation than DTs all years, indicating more
uncertainty related to DTs. For long-haul transportation, presented in Figure 6.1c, we
observe that DTs are the optimal choice in both 2023 and 2028. It is only by 2033 that
BETSs become cost-competitive with DT's.

6.1.2 Infrastructure Development Scenarios

Infrastructure for public high-speed charging is essential when operating BETSs over longer
distances, as the battery range is insufficient for driving an entire day without charging.
We, therefore, explore how different rates for the development of charging infrastructure
affect the TCO. We consider the infrastructure scenarios slow, base, and rapid. Table 6.2
presents the year BETs are cost-competitive with DT's for the different transport distances
and development scenarios.

Table 6.2: Optimal investment year in BETs under different infrastructure development
scenarios. The optimal investment year is the year that the TCO is lower for BETs than
DTs.

. Infrastructure scenario
Transport distance

Slow Base Rapid
Short-haul 2023 2023 2023
Mixed 2028 2027 2025
Long-haul 2036 2032 2028

For short-haul, BETs are already cost-competitive, independent of the scenario. In the
slow scenario, BETS are not cost-competitive until 2028 for mixed transportation and
2036 for long-haul transportation. In the rapid scenario, BETSs are cost-competitive in
2025 for mixed transportation and in 2028 for long-haul.

Figure 6.2 presents the development of average TCOs over time for three different devel-
opment scenarios and transport distances. The figure displays 90%-confidence intervals as
shaded areas around the lines, which visualizes the range of values that the TCO is likely
to take. We observe that BETs have much smaller confidence intervals than DTs, re-
gardless of the infrastructure development scenario and transport segment. We, therefore,
anticipate the TCO for BETs to be closer to its expected value than the TCO for DTs.
For short-haul transportation (Figure 6.2a), it is clear that the infrastructure scenario is
of little importance. Given the shorter driving distances, the trucks mostly charge off-shift
and are not significantly affected by a limited supply of high-speed chargers. As a result,
the TCO for BETs is already below that of DTs, and the cost difference is increasing
over the years. For mixed transport (Figure 6.2b), we observe more overlap between the
confidence intervals for BETs and DTs in all scenarios. This means that the TCOs for
the two technologies could be similar during these years. For long-haul transportation
(Figure 6.2c), it takes longer before the expected TCO for BETS is in the 90% confid-
ence interval of DTs, especially in the slow scenario. The rate at which infrastructural
development occurs is thus an important factor in when BETs become cost-competitive.
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short-haul, mixed, and long-haul transport. The shaded areas represent a 90 % confidence
interval.
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6.1.3 Company Size

TCOs for BETs can differ for companies of different sizes, even though the infrastructure
and transport distance is the same. The difference becomes visible when companies engage
in mixed transportation, as possessing a larger truck fleet provides more flexibility to assign
BETs to appropriate transport routes. Figure 6.3 compares the TCOs for BETs and
DTs doing mixed transportation across company sizes in three scenarios for infrastructure
development.
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Figure 6.3: Development of average TCO doing mixed haul transportation for different
company sizes. The figures show different scenarios of infrastructure development.

Smaller companies have a higher TCO than larger ones within the same infrastructure
development speed. In the slow development scenario (Figure 6.3a), the difference between
company sizes is the largest. Here, BETs become cost-competitive with DTs 3-4 years
earlier for large companies than for small companies. For the base scenario of infrastructure
development (Figure 6.3b), BETSs become cost-competitive with DTs between 2025 and
2026, which is about two years earlier than for small companies. In the rapid scenario
(Figure 6.3c), company size is of less importance, and the TCOs for BETs and DTs are
about the same around 2024 and 2025.

6.1.4 Cost Structure

The cost structure provides insight into what causes the cost differences between BET's
and DTs. This can contribute to highlighting the actions that must be taken to make
BETs competitive with DTs for mixed and long-haul transport. Figure 6.4 shows the cost
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structure for the expected TCO for BETs and DTs doing mixed transportation in 2023,
2028, and 2033.
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Figure 6.4: Development of average TCO for BETs and DTs by cost component in 2023,
2028, and 2033. The black bar shows the standard deviation of energy costs.

We observe that for BETS, the refueling inconvenience cost decreases from 2.0 MNOK in
2023 to 0.9 MNOK in 2028 and is zero in 2033. As more infrastructure is established over
the years, the refueling inconvenience cost is reduced and eventually disappears. Energy
costs are stable at around 2.5 MNOK. Moreover, capital costs for BETs are expected to
decrease from 3.2 MNOK in 2023 to 2.8 MNOK in 2028 and 2.7 MNOK in 2033. The
decrease in capital costs is more significant initially due to the exponentially decaying
learning function. For DTs, there is a slight increase in TCO over the years, caused by
increasing diesel costs from 3.5 MNOK in 2023 to 4.1 MNOK in 2033. Capital costs are
stable at 2.2 MNOK, and refueling inconvenience costs are non-existent. Figure 6.4 further
shows that BETs have a lower standard deviation in energy costs than DTs, illustrated
by the black bar in the figure. BETs also have lower other operational costs than DTs,
mainly due to lower maintenance and toll rates. This component is 1.1 MNOK for BETs
and 1.8 MNOK for DTs and is the same in each observation year.

The results show that refueling inconvenience is the main contributor to the cost reductions
for BETs over the years. However, refueling inconvenience costs are specific to the type
of transport distance. Figure 6.5 therefore shows the refueling inconvenience costs across
transport distances. We observe that the refueling inconvenience cost is already zero for
short-haul segments in 2023, whereas for mixed and long-haul transport, it represents a
significant amount of the total costs.

6.1.5 Summary of expected TCOs

An overview of the presented results is shown in Table 6.3. Three years are displayed, and
the results are divided by transport distance, company size, and infrastructure build-out
scenario. Bold numbers represent the instances where the expected TCO for BETs is less
than for DTs.
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Figure 6.5: Development of average refueling inconvenience cost (RI cost) grouped by
transport segment.

Table 6.3: Expected TCO (in MNOK) for BETs and DTs for different development scen-
arios, transport segments, and business sizes. Bold font indicates that BETs have a lower
TCO than DTs within the given scenario, transport distance, and company size. Ab-
breviations: SB = Small Businesses, MB = Medium Businesses, LB = Large Businesses.

Short-haul Mixed Long-haul
SB MB LB SB MB LB SB MB LB

Investment year = 2023
Rapid development 5.23 5.23 5.23 893 843 794 1273 12.73 12.73
BET Base development 5.25 5.25 5.25 952 888 824 13.77 13.77 13.77
Slow development 5.27 5.27 5.27 973 9.03 834 14.13 14.13 14.13

DT All scenarios 6.09 7.39 8.71

Investment year = 2028
Rapid development 4.66 4.66 4.66 6.42 6.42 6.42 8.71 8.71 8.71
BET Base development 4.66 4.66 4.66 7.62 7.32 7.02 10.81 10.81 10.81
Slow development 4.66 4.66 4.66 799 T7.60 7.21 11.46 1146 11.46

DT All scenarios 6.42 7.85 9.27

Investment year = 2033
Rapid development 4.42 4.42 4.42 6.18 6.18 6.18 8.47 8.47 8.47
BET Base development 4.42 4.42 4.42 6.18 6.18 6.18 8.47 8.47 8.47
Slow development 4.42 4.42 4.42 7.38 7.08 6.78 10.57 10.57 10.57

DT All scenarios 6.52 7.96 9.42

6.2 Sensitivity Analysis

This section explores how the TCO changes when the input parameters change. First, we
show an overview of the increase in TCO when individual input parameters are increased
by the same amount. We then discuss how the waiting cost and station availability affect
the investment decision. Lastly, we discuss the cost differences when at-home charging is
unavailable and the effect that has on the TCO.
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6.2.1 Increasing Input Parameters by 33%

The TCO calculation consists of a substantial number of input parameters that affect the
results to various amounts. Many of these parameters were assumed constant but could be
subject to changes in the future. We, therefore, explore the effect the choice of these input
values has on the TCO and the investment decision. This can be used to highlight areas
of further research and, in future cost estimations, put focus on the input parameters that
affect the results the most. Figure 6.6 shows how much (in %) the TCO in 2023 increases
from the base case when each input parameter is increased by 33% while the others are
kept constant.
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Consumption

Annual distance 56.2

Waiting cost

Station Availability

0 10 20 30 40 50 60

Change in TCO (%)
Figure 6.6: Change in TCO in 2023 when each input parameter is increased by 33%.

We observe that increasing the maintenance rate, toll rate, and other variable costs has
a marginal effect on the final TCO. This is due to other operational costs only being a
small part of total costs. Since these parameters are set as a rate per km and are all
assumed higher for DTs, increasing them leads to a slightly higher TCO increase for DTs
than BETs. Furthermore, increasing the refinery costs increases the TCO for DTs to a
limited extent and will not affect BETs. This suggests that keeping the refinery costs
constant in our model does not affect the results significantly. Increasing the surcharge for
high-speed charging has a relatively significant effect on the final TCOs for BETs, which is
because the surcharge accounts for 70 - 90% of the total high-speed charging costs at public
charging stations. The input parameters that stand out in Figure 6.6 are the consumption
rate and annual distance. Increasing the consumption increases the daily energy usage
by the same fraction, meaning that the energy costs increase. Additionally, it increases
the time required for high-speed charging during the day, which affects the BET costs.
Since the penalty cost for using high-speed charging is relatively high initially due to a
lack of public infrastructure, this also increases the refueling inconvenience. This explains
why the consumption increase affects the TCO for BETs more than DTs. The same
goes for increasing the annual distance. Increased driving distance puts a higher energy
requirement for both BETs and DTs. In addition, it affects the high-speed charging time
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and refueling inconvenience for BETSs, which increases BET costs even further. The last
two parameters increased are the waiting cost and station availability, which are only
relevant for BETs. These affect the cost of refueling inconvenience considerably. Due to
the uncertainty tied to these values, the following subsections will go through these in
more detail.

6.2.2 Changing the Waiting Cost

In the survey sent out to NLF members, we asked them to estimate the hourly cost if the
transport was delayed. Based on the majority of the answers, we set the hourly waiting
cost to 750 NOK /hour. However, the survey showed that the estimated cost varies across
companies. Figure 6.7 illustrates what happens to the TCO for different waiting cost
values for a medium-sized company doing mixed-haul transportation in the base scenario
for infrastructure development.
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Figure 6.7: Expected TCO from 2023 to 2033 for different waiting cost levels, compared
to the TCO for a DT.

For companies with a low waiting cost of 250 NOK /hour, BETs will become cost-competitive
between 2023 and 2024. For companies with a high waiting cost of 1000 NOK /hour, this
will not happen until 2027-2028. This shows that the investment decision and timing vary
across companies. Furthermore, the effect of the waiting cost is reduced over time. In
2033, the waiting cost level is identical. This is due to the assumption that infrastructure
will be fully built out in 2033 in the base scenario. After this, the refueling inconvenience
will be zero, making the waiting cost irrelevant.

6.2.3 Varying Station Availability

The station availability (StA) parameter ranges from 1-5 and indicates the available
amount of charging facilities and the effect that has on a company with given specific-
ations. Figure 6.8 shows how the TCO for a medium-sized company doing mixed-haul
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transportation changes over the years when StA is set at different levels.
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Figure 6.8: Expected TCO from 2023 to 2033 for three different levels of StA, compared
to the TCO for a DT.

The choice of station availability parameter shifts the distribution. When StA is increased
from 3 to 5, the resulting TCO is increased by 1.5 MNOK. When StA is decreased to
1, the TCO is decreased by 1.5 MNOK. We can see from the figure that if there is full
availability of charging stations, i.e. StA = 1, then it would be beneficial to invest in BET's
between 2023 and 2024. When StA = 1, the refueling inconvenience is zero, and there
is no difference between companies of different sizes driving short, mixed, or long-haul.
This shows that the model is highly sensitive to the input values for StA. In our model,
we used a decreasing StA in all scenarios, which is a determining factor for the shape of
the development. As StA is multiplied by the refueling time and waiting cost, it increases
the refueling inconvenience significantly. This highlights the importance of increasing the
availability of charging stations to avoid high refueling inconvenience costs.

6.2.4 Private vs. Public Charging

We assumed that trucking companies have a charger on the company property or at the
driver’s home, known as at-home sharing. However, this might not be the case for all
companies. Our survey of the truck drivers indicated that 15% of the trucks are parked
at 24-hour rest stops, rest areas, or other places along the route at night. This might
apply to companies doing long-haul transportation where an overnight layover is required.
The survey also indicated that 10% of the trucks are parked at the customer, loading and
unloading area or terminal. For these types of companies, it might not be possible to use
their own charging facilities, and they would therefore have to use public charging stations.
This will increase energy costs due to the surcharge. Table 6.4 shows the difference between
at-home and public charging costs. The right column states the increase (in %) in charging
costs if at-home charging is not available. As short-haul transportation relies more on at-
home charging, the cost difference is much larger for this segment than for long-haul and
mixed transportation.
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Table 6.4: The difference between total charging costs for public slow charging and at-
home charging across transport segments.

At-home slow charging Public slow charging

Avg. total charging cost (MNOK) Increase
Short-haul 1.14 3.46 204%
Mixed 2.62 4.92 88%
Long-haul 4.10 6.39 56%

Since the energy costs for BET's are not expected to change significantly, this cost difference
will continue for all years. For the investment timing, this will propagate and delay
the optimal time of investments in BETs considerably. These results, therefore, show
the importance of investing in private charging facilities for BETSs, either located at the
company’s property or at the driver’s home. If not, the energy costs will be much higher
for BETs than for DTs.

6.3 Effects of Governmental Support

The government can help facilitate the transition to electric road freight. This section
explores different support schemes, including charging support and increased investment
support. We then compare these by calculating total cost reductions for a trucking com-
pany.

6.3.1 Charging Support Schemes

In our case study, we assume that charging stations add a surcharge of 6.49 NOK/kWh
in addition to the electricity price. As the electricity price fluctuates between 0.1 - 2.55
NOK/kWHh, this constitutes a large share of the energy costs for BETs. The government
can help reduce BET costs by offering charging support to reduce charging costs. Fig-
ure 6.9 shows how the investment timing changes for different levels of charging support
for a medium-sized company doing either mixed or long-haul transport. We look at gov-
ernment support rates of 1.5 and 3.0 NOK/kWh, which corresponds to a surcharge of 4.99
NOK/kWh and 3.49 NOK/kWh, respectively.
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Figure 6.9: Expected TCO from 2023 to 2033 when introducing charging support of 1.5
NOK/kWh or 3 NOK/kWh, compared to the TCO for a DT.
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The results show that charging support of 3 NOK/kWh can accelerate the transition by
2 years for companies doing mixed transportation and by approximately 3 years for com-
panies doing long-haul transportation. Charging support of 1.5 NOK/kWh can accelerate
the transition by approximately 1 year for both segments.

6.3.2 Investment Support

The government currently grants 40% of the additional initial investment cost for BETs
compared to DTs. Some argue that this should be increased to incentivize more invest-
ments. Figure 6.10 shows how the investment timing changes when the investment support
is increased to 70% and 100%.
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Figure 6.10: Expected TCO from 2023 to 2033 when increasing the investment support
level from 40% to 70% or 100%, compared to the TCO for a DT.

For companies doing mixed transportation, we observe that the investment timing changes
when the investment support is increased. If the government grants 100% of the additional
investment in BETSs compared to DTs, it would be optimal to invest in BETSs before
2024, whereas, with the current rate of 40%, it is not cost-competitive until 2026-2027.
Investment support also reduces the TCO for long-haul transportation, but even with full
investment support, investments are not optimal until around 2030. We further observe
that the effect of government investment support decreases over time, which is plausible
since BET investment costs are expected to decrease.

6.3.3 Comparison of Support Schemes

Introducing charging support schemes or additional investment support means a TCO
reduction for the trucking companies that the government has to subsidize. Figure 6.11
shows the cost reduction for a company doing mixed transportation, which corresponds
to the cost per truck for the government. The charging support is calculated based on the
daily required energy (in kWh) at public charging stations multiplied by operational days
per year and the lifetime of the truck.

The results show that increased investment support is the most cost-reducing measure
during the first years. This is because capital costs are very high in the beginning. After
2026, providing charging support of 3.0 NOK/kWh will be the most cost-reducing measure
as it will reduce the TCO by approximately 1 MNOK.
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Figure 6.11: TCO reduction for a medium-sized company doing mixed transportation from
2023 to 2031 when introducing charging support or increasing the additional investment
support.

6.4 Truck Fleet Development

We develop a stock-flow model to explore how the truck fleet develops under different
cases for government support. The results from the TCO analysis are used to make
the investment decision. We explore four cases corresponding to different combinations of
charging support and truck investment support from the government. These are presented
in Table 6.5. In all cases, we consider the three scenarios for infrastructure development.
The cases result in different speeds at which the truck fleet becomes battery-electric. The
share of new BETSs for each case in the different infrastructure scenarios is shown in
Figure 6.12.

Table 6.5: Description of the four different cases of government support considered.

Support Case Description

Case 1 (Existing support) The existing investment support (40% of
additional investment) is in place over the
whole time period (2023 - 2040). No char-
ging support.

Case 2 (Reduced support)  The existing investment support (40% of
additional investment) is in place over the
next five years and will be removed in
2028. No charging support.

Case 3 (Charging support) Charging support of 1.5 NOK/kWh,
which is in place over the whole time
period (2023 - 2040). No investment sup-
port.

Case 4 (High-support case) The existing investment support (40% of
additional investment) and charging sup-
port of 1.5 NOK/kWh. Both are in place
over the whole time period (2023 - 2040).
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Figure 6.12: Share of the new BETs each year in the four cases for government support
described in Table 6.5. The development is shown for the slow, base, and rapid infrastruc-
ture scenarios.

The results show that if Norway is to reach the goal that 50% of all new trucks sold are
zero-emission in 2030, a combination of support schemes is necessary. The goal is reached
in Cases 1, 3, and 4, regardless of the infrastructure scenario. These cases assume that
investment support is present over the entire time period. However, in Case 2, when
the investment support is removed after five years, the goal is only reached in the rapid
scenario for infrastructure development. This means that the government has to make
substantial infrastructure investments during the next 5 years to reach the goal.

A comparison of the total discounted costs for the different cases is shown in Table 6.6.
This shows what the different cases will cost the government. Case 4 is the most expensive
as it is a high-support scenario, and Case 2 is the least costly as it represents less subsidies.
The cost of Cases 1 and 3 is more dependent on the infrastructure scenario. In the rapid
development scenario, Case 3 is more expensive, whereas, in the base development scenario,
Case 1 is more expensive. Despite Case 2 being a low-support scenario, the goal of in
NTP of 50% of all new trucks being zero-emission is still reached in the rapid development
scenario. Furthermore, the costs associated with the rapid development scenario in Case
2 remains lower than the cost in the base development scenario across the other cases. As
a result, this case is the most cost-effective option for accomplishing the goal outlined in
NTP.

Figure 6.13 shows how the cost of providing investment support and charging support
changes over time in the base scenario. We observe that providing investment support
is the most expensive in the beginning, but by 2034, providing charging support is more
expensive. This is due to the decreasing investment costs and the increased amount of
BETSs requiring charging support.
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Table 6.6: Comparison of costs for different cases of government support in three infra-
structure development scenarios. Costs are discounted back to present value using a social
discount rate of 4%, and support cases are described in Table 6.5.

Infrastructure scenario

Slow Base ‘ Rapid
Total discounted costs (BNOK)
Support case Support type 2025 - 2040

Infrastructure 2.6 6.1 10.4

Charging 0.0 0.0 0.0

Case 1 Tnvestment 18.9 21.2 25.9
Total 21.5 27.3 36.3
Infrastructure 2.6 6.1 10.4

Charging 0.0 0.0 0.0

Case 2 Investment 4.7 4.7 5.7
Total 7.3 10.8 16.1
Infrastructure 2.6 6.1 10.4

Charging 114 16.5 36.9

Case 3 Investment 0.0 0.0 0.0
Total 14.0 22.6 47.3
Infrastructure 2.6 6.1 10.4

Charging 13.3 19.2 39.0

Case 4 Investment 20.1 23.3 26.6
Total 36.0 48.6 76.0
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Figure 6.13: Comparison of the annual costs for charging support and investment support
in the base scenario for infrastructure development. Assumes Case 4 in Table 6.5.
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Chapter 7

Discussion

This chapter interprets the main results and discusses the modeling limitations. Section 7.1
discusses how the TCO varies for the different company specifications and the reason
behind that. In Section 7.2, we discuss the variability of the TCOs and the individual
cost components that the TCO consists of. In Section 7.3, we consider the effect that the
assumptions behind charging infrastructure have on the results. Lastly, in Section 7.4, we
discuss the effect that governmental support can have on the investment decision.

7.1 Segmentation

Our findings show that BETs already have a lower TCO than DTs in the short-haul
segment. Based on this, a company only operating within this segment should invest in
BETs instead of DTs. This segment is not as vulnerable to infrastructure uncertainty, as
most of the charging can be done off-shift using home chargers. Refueling inconvenience is
close to zero in 2023, and off-shift charging is cheaper than using public charging stations.
This is why the short-haul segment is better suited for electrification now than the long-
haul. However, the segmentation does not capture the geographical differences in Norway
and thus has a limitation. A company based in a small remote town doing short-haul
transportation will not obtain the advantage of build-out around main cities, meaning
that the refueling inconvenience will be higher. Additionally, the definition of short-haul
varies depending on the area. Our segmentation is, therefore, most suitable for companies
that are based in cities. However, it is possible to use slow at-home charging also for the
charging required during the work shift. This will lead to an increased waiting time for
trucking companies, but might still be manageable given the small amount of charging
needed.

For companies only doing long-haul transportation, the results show that BETSs are not
cost-competitive yet. The main reason for this is twofold. First, charging is more ex-
pensive in this segment since a higher proportion of the charging is high-speed public
charging. Second, as the driving distance increases, the truck relies more on developed
charging infrastructure and is thereby penalized heavier when this is not present. The in-
frastructure scenario is, therefore, a determining factor for the optimal investment timing,
and a network of charging infrastructure in various locations is needed for BETs to be
cost-competitive in this segment.

Mixed transportation is included as a separate segment because data from NLF shows that
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it represents the majority of companies. This was, therefore, the base case for our analysis.
Furthermore, this is where we see most differences between companies of various sizes. This
is caused by the differences in fleet flexibility, as companies need to have a truck suitable
for the transport mission in the right location and at the right time. Large companies
can more easily benefit from less infrastructure build-out because they can invest in some
BETs to use for short-haul and still keep some DTs to use for other assignments. On
the other hand, small companies do not have the flexibility of switching between different
vehicles. Medium-sized companies lie somewhere in between. They do have the possibility
to switch between vehicles, but since they possess fewer vehicles than large companies,
the risk of not being able to perform certain assignments and losing flexibility is higher.
The results show that the difference in company size could be a major contributing factor
when it comes to investment timing for the mixed transport segment. However, the mixed
transportation segment builds on some assumptions which are important to keep in mind
when interpreting the results. We assume that the companies have a 50/50 split between
short- and long-haul, but in reality, the companies could have various ratios of short- and
long-haul. Additionally, the mixed transportation segment assumes that the company
also owns DTs, and this must hold for the calculations to be correct. Including this in the
calculation requires fleet composition models, which is beyond the scope of this thesis. It
is, therefore, important that the mixed-haul transport segment does not replace a larger
fraction of their fleet than the fraction they do short-haul transportation.

The segmentation into transport distance and company size encompasses all companies
regardless of the goods that they transport. Still, the suitability of BETs might differ
for companies transporting various goods. A lot of the goods transported in Norway are
timber, metals, or sand, which might result in a load too heavy for BETSs to be cost-
effective. However, data from NLF suggests that the majority of companies transport
different types of goods. This means that even though BETSs might not be suitable for all
loads, it is likely that the company could use the BET for other assignments.

7.2 Cost Structure

There are several cases where the expected TCO for DTs is higher than for BETSs but
where the distributions start to overlap. This means that the maximum value for the TCO
for DTs is higher than the expected value for BETs. Consequently, risk-averse companies
might prefer to invest in BETs to obtain a higher but more predictable cost. Furthermore,
the results show that the standard deviation for the TCO is increasing for segments with
longer driving distances. This is because they have a higher energy consumption which
makes these segments more vulnerable to changes in energy prices. This increase is lower
for BETSs than for DTs because the energy costs for DT's are more vulnerable to variations
in the underlying stochastic process. The reason for this is twofold. First, the electricity
price data has a smaller sample space than the crude oil price data. Moreover, electric
powertrains are more efficient than ICE powertrains. This means that the amount of
energy needed to move the truck forward is lower for BETs than for DTs. Companies that
want less variation linked to daily operating costs might therefore choose to invest in a
BET instead of a DT. Furthermore, as capital costs decrease and refueling inconvenience
is reduced, BETs will be the most cost-effective alternative for all company specifications
due to their low operational costs.

We considered a charging station surcharge of 6.49 NOK/kWh, based on the estimated
surcharge at one existing public charging station for BETs. However, this likely represents
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an upper limit for the surcharge, as the station can set its own surcharge when they
are the only operator. As the number of charging facilities grows, competition between
operators may lead to a reduction in surcharges. Additionally, accurately predicting the
cost of building public charging stations for trucks is challenging, and the surcharge will
most likely be reflected in this cost. The surcharge will vary depending on the location,
with more remote areas potentially having a higher surcharge associated with them. It
is, therefore, uncertainty tied to this value. However, the results for government charging
support can be used to compare different charging station surcharge levels, as it represents
a surcharge reduction of 1.5 and 3 NOK/kWh.

The initial investment cost in BETSs is about 2-3 times higher than for DTs, and even with
the existing investment support, capital costs are much higher. For small companies, access
to this capital could be more difficult than for large companies, as the trucking industry is
known to have low margins. Larger companies can also spread the costs between multiple
vehicles, which provides less risk. This can delay the optimal investment timing for small
companies even further. Additionally, we assume that technological improvements in
batteries and powertrains for BET's lead to a decrease in capital costs in the coming years.
If this progression happens more rapidly or slowly than estimated, it will affect the optimal
investment timing.

The residual value for both DTs and BETSs is set to 20% all years, but this could be
subject to change. Fossil fuels are expected to be phased out and replaced by zero-emission
vehicles in the future. The residual value for DTs could therefore drop as society is no
longer interested in this technology. This is especially likely if charging infrastructure for
BETsSs is built out so that BET costs are significantly reduced. This could, in turn, lead
to the residual value for BETSs being higher as they are in higher demand. However, a
lot of trucks are resold to other countries after being used in Norway. Since Norway is
a leading country in using electric vehicles, the transition to zero-emission road freight
might happen here earlier than in other countries. This suggests that DTs can still be
sold internationally after their usage, meaning that the residual value will not necessarily
drop. Regardless of this, a higher residual value for BETs could still be likely, and more
research in this area should be done.

The results from the survey of NLF’s members showed that only 30% base their investment
decision on TCO analyses or other cost calculations, whereas the rest do not use any
decision tools. This could imply that even though the results show that BETSs are more
cost-effective than DTs in many segments, companies would still not invest. This could
either be because they are not aware of the cost advantages of using BET's or because other
factors are making them hesitant to invest. If these factors are the lack of infrastructure
and the uncertainty associated with BETSs, which are not usually addressed and quantified
in TCO analyses, then the results in this thesis might make more companies willing to
invest.

7.3 Charging Infrastructure

The fact that costs are higher for smaller companies and for companies operating within
a longer range comes from the assumption that fewer available stations give a higher StA
parameter and, thereby, more refueling inconvenience. These assumptions stem from our
literature review, a survey of truck drivers, and conversations with actors in the industry.
However, quantifying this difference in a parameter is something that has not been done
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previously to the same extent. We based the scale for StA on Lajevardi et al. (2022), but
the numbers used for various years deviate from their choice as they are adjusted to the
Norwegian market. Additionally, we added a new dimension of company size to highlight
further differences between companies. This means that the costs for the transportation
segments and the company sizes are not exact; it is mainly an attempt to highlight the
differences between trucking companies. With that said, the obtained results do represent
differences that we expect, and it reflects the research done in conjunction with this thesis.

The results show that the hourly waiting cost for trucking companies is an important cost
component. We use answers from the survey to NLF members to determine the waiting
cost. However, 45% of the respondents stated that they do not know what the hourly cost
of delays for their company is. These answers were disregarded in our model. The fact
that almost half of the respondents do not know this cost adds some uncertainty to this
estimate, especially since the results show the large effect this cost has on the TCO. It
could be that the waiting cost is dependent on the good transported, as some goods are
more time-critical than others. This could lead to an even further segmentation of the
trucking market. Determining a more certain value for this parameter could therefore be
important in order to gain a more precise estimate for the TCO.

A challenge that has not been addressed in the model is the problem of queues at charging
stations. If more people invest in BET's than the current level of infrastructure can support,
queues may arise. This will lead to the waiting time being longer, which will result in
increased refueling inconvenience costs. The queue problem will mainly arise at locations
where a lot of truck drivers stop. When building out charging stations, the government or
operators must therefore do a careful consideration of relevant placement. An additional
concern that requires attention is the need for power grid reinforcements that can handle
the high charging demand during peak hours.

7.4 Governmental Support

The results show that providing charging support might not be the best option. As there
are currently few public charging stations, providing charging support today will have a
limited cost effect for the companies already using BETs. One could argue that more
trucking companies would invest in BETSs once they know charging support is offered.
However, if the support is expected to be removed in a few years, they might be more
hesitant. Charging support must therefore be in place for some time for the measure to
be effective. Moreover, as the number of BETs in the fleet grows, the cost of providing
charging support grows accordingly, and keeping it for a long period of time will be costly
for the government. On the other hand, the cost of providing investment support does not
grow at the same rate. This is due to the expected decrease in BET costs that results in
less governmental support needed. This suggests that keeping the investment support for
a longer period of time is more cost-effective for the government than introducing charging
support. In particular, keeping investment support is important for smaller companies, as
accessing significant investment capital can be challenging.

The government will most likely remove the investment support after a while when the
number of BETs in the national truck fleet has grown sufficiently. For that reason, the
case where government support is removed after 5 years (Case 2) might be the most
realistic. The results also showed that the 50% goal can still be reached in this case
if the infrastructure is developed rapidly. This is less costly for the government than a
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base development of infrastructure in all the other higher support cases. Case 2 in the
rapid scenario provides more predictability in costs, both for the government and for the
truck owners. The total amount of charging support or investment support provided by
the government increases with the number of trucks in the fleet, which can be costly if
the number of BETs grows faster than expected. Furthermore, there is uncertainty tied
to the refueling inconvenience costs for the trucking company, but this disappears when
the infrastructure is sufficient. By investing in enough infrastructure to transfer to a
rapid development scenario, the cost uncertainty is therefore removed for both parties.
We, therefore, argue that this could be the most cost-efficient measure to facilitate the
transition to BETs and reduce uncertainty for truck owners.

Even if the goal that 50% of newly sold trucks are zero-emission in 2030 is reached, it
still means that a large part of the fleet consists of DTs. Especially since investing in
long-haul BETSs is not cost-competitive until 2032 in the base scenario and 2036 in the
slow scenario. This means that a lot of companies will keep investing in DTs for many
years after 2030. As trucks usually have a lifetime of at least 5 years, replacing the entire
fleet will take much longer. This suggests that the NTP goal might not be sufficient to
facilitate a full transition to zero-emission road freight. Nevertheless, the target is simpler
and more manageable compared to the direct goals of reducing COs emissions.

65



Chapter 8

Concluding Remarks and Further
Research

The objective of this thesis is to provide insight into how the Norwegian heavy-duty
road transport sector can transition to zero-emission road freight. This is essential for
Norway to fulfill its commitment to reducing GHG emissions in accordance with the Paris
Agreement. Moreover, zero-emission road freight is necessary for Norway to reach the
goal of half of all new trucks being zero emission by 2030. Our research explores how the
decision to invest in a truck varies among individual companies and how it is affected by
the speed of infrastructure development. Through this analysis, we aim to give insight into
which types of trucking companies are best suited for electrification. Furthermore, we aim
to identify the most effective measures that the government can undertake to facilitate
the transition to zero-emission road freight. In response, we present a comparative TCO
analysis for BETs and DTs over the next decade that shows which year investments in
BETs are cost-competitive with DTs for a particular trucking segment. This includes a
stochastic model that accounts for uncertainty in energy prices, declining BET costs, and
different scenarios for infrastructure development.

Our results show that the TCO for BETs is already lower for companies doing short-haul
transportation than for DTs. For the other segments, BETs will become cost-competitive
in time, but the timing depends on infrastructure availability, the cost of delayed transport,
and governmental support schemes. Declining capital costs for BETs, in addition to the
current investment support level, contribute to a significant decrease in initial investment
costs. However, this is insufficient to reduce the TCO for BETSs to the same level as DT's
for long-haul transportation. This is primarily because a lack of public infrastructure
imposes a significant cost. We further find that the difference in company size is an
important factor in the optimal investment timing for companies in the mixed transport
segment. Large companies doing mixed transport have the flexibility to switch between
different vehicles depending on the available infrastructure. In contrast, smaller companies
doing mixed transport will lose this flexibility if they invest in BETs prematurely. BETs
are, therefore, better suited for companies of larger sizes.

Nevertheless, the government can accelerate the transition by partly subsidizing the build-
out of public charging infrastructure, providing charging support, or increasing investment
support. We find that subsidizing a rapid infrastructure development scenario by 80%
and removing investment support after five years is less costly than keeping investment
support or charging support over the entire period combined with subsidizing 50% of
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the infrastructure cost. This will enable Norway to achieve its target of 50% of new
truck investments being zero-emission in 2030. Moreover, financing investments in public
infrastructure leads to less uncertainty than the other support schemes, both for the truck
drivers and the government.

Our model could be expanded by further segmenting the trucking industry to highlight ad-
ditional company differences. This could, for example, be by segmenting based on goods
transported or geographical location in Norway. Another model expansion could be to
include residual value as a stochastic process. In this way, one could include the uncer-
tainty related to the residual value for BETs and DTs and how they affect one another.
Additionally, the model could benefit from further research on the refueling inconvenience
parameters. As the model is highly sensitive to the waiting cost, more research should
be done into the exact cost of delays. Furthermore, the refueling time parameter could
be simulated using queuing theory combined with the assumed infrastructure scenario. In
this way, one could obtain a more accurate value for the time spent at the charging sta-
tion that also considers possible queues. The domain of the station availability parameter
should also be subject to further research for the calculations to be as accurate as possible.
As the model assumes that companies doing mixed transportation must have DT's in their
fleet until BETSs are cost-competitive in the long-haul segment, more research could be
done by including fleet composition models in the TCO analysis. This could, for example,
be in terms of the number of DTs needed per BET in the fleet. Further research on the
area could also include a comparison of BETs with other zero or low-emission technologies
such as FCETs or biofuel trucks. In this type of study, it would be interesting to make
comparisons of technology performance for different transport distances. More research on
the exact costs of infrastructure development is also necessary. Our model use estimates
that do not include area costs and power grid reinforcements, which are costs that are
likely to occur when infrastructure is built out.
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Appendix

A Survey to Members of NLF

This appendix shows the questions and answers to the survey we sent out to 526
members of the National Trucking Association (NLF) in February 2023. There were 268
respondents, which is a 50% response rate, representing 2526 trucks. The respondents
came from trucking companies of various sizes located in different locations in Norway.
Most of them transport different types of goods and do a combination of short- and
long-haul driving.

1. What is the average annual driving distance for the trucks you operate?
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Figure 1: Number of respondents that answered the different intervals for annual driving
distance.
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2. To which degree are the daily driving routes fixed or variable from day to
day? Answer on a scale from 1-5, where 1 indicates only fixed routes and 5
indicates a lot of variation.
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Figure 2: Number of respondents that answered the different options for the variability of
routes.

3. How important is flexibility in the usage of the trucks? Flexibility is
defined as the ability to drive both long and short lengths and various
distances. Answer on a scale from 1-5.
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Figure 3: Number of respondents that answered the different options for the importance
of flexibility.
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4. How many trucks are usually parked in these locations at night?
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Figure 4: Number of trucks parked in each location at night. The respondents could select
multiple locations and register the number of trucks in each one. A total of 2526 trucks
were located.

5. What is the estimated hourly cost if the transport is delayed?
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Figure 5: Number of respondents that answered the different cost intervals for the cost of
delays.
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6. What does the company use as a basis when making investment decisions?
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Figure 6: Number of respondents that answered that they use a decision tool when making
investment decisions.

7. If the company were to invest in a new truck today, which discount rate
would you use?
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Figure 7: Number of respondents that answered the different options for choice of discount
rate.
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B Electricity Price Predictions

This appendix displays the short and long-term electricity price predictions in gre/kWh
from Statnett for 5 different price zones (NO1-NO5) in Table 1. The data for 2023 - 2027
is from Vagner et al. (2022) and the data for 2030 - 2050 from Gunnergd et al. (2023).
The base case for C'Os prices and fuel prices is used. The highest and lowest simulations
are read off a chart and, therefore, not reported accurately.

Table 1: Electricity price predictions from Statnett in gre/kWh. This is used in our model
to calculate future charging prices.

Year
Prize zone Scenario 2023 2024 2025 2026 2027 ... 2030 2035 2040 2050
Highest simulation - - - - - - - - -
NO1 Base case 118 85 60 46 52 48 53 42 40
Lowest simulation - - - - - - - - -
Highest sim. 314 254 190 153 160 121 98 82 78
NO2 Base case 130 94 66 50 54 45 53 42 40
Lowest sim. 37 25 17 13 16 16 26 19 19
Highest sim. 210 181 179 134 155 139 97 80 74
NO3 Base case 60 40 45 40 50 43 53 41 38
Lowest sim. 27 16 11 10 13 13 25 19 18
Highest sim. 121 83 71 59 108 90 82 69 65
NO4 Base case 53 33 30 25 40 35 48 39 37
Lowest sim. 16 10 8 7 11 10 23 17 16

Highest sim. - - - - - - - - -
NO5 Base case 114 83 60 46 55 50 53 42 40
Lowest sim. - - - - - - - - _
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