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Abstract

This thesis examines the transition to battery electric vehicles (BEVs) for long-
haul trucking, using system dynamics modeling, financial impact modeling, and
environmental impact modeling, and looks across a broad range of possible future
scenarios that could impact the viability of BEV use in long-haul trucks. System
dynamics modeling, with causal loops, is used to identify key factors influencing
adoption rates. Results show that battery capabilities, the total cost of ownership, and
feedback loops are critical considerations in increasing BEV adoption. Environmental
impact analysis demonstrates that transitioning to BEVs can lead to significant
and immediate reductions in emissions. If the transition occurs now, with current
development, there would be an immediate 37% reduction in GHG emissions and an
85% reduction in all direct emissions from air pollutants, not including SO2 emissions.
If the medium or aggressive development scenarios outlined in this paper occur, there
would be a 60% reduction in GHG emissions and a 90% reduction in all direct emissions
from air pollutants, not including SO2 emissions.

These reductions could be vital in addressing emissions in this sector and helping
curb climate change. Payload impact analysis demonstrates that the additional
battery weight in a BEV long-haul truck would not be an issue for 93% of long-haul
trucks. Financial impact analysis indicates that if charging capabilities increase to
500kW or above, BEVs are a better investment across all economic scenarios over
the years of ownership, driven by lower operating costs. If no further development
in charging capability occurs, the economic benefits of transitioning are subject to
market conditions. Regardless of charging station capability development, if the price
of diesel fuel remains above US$3.65 per gallon, BEVs are the preferred investment.
Additionally, comprehensive net present value (NPV) analysis is used to demonstrate
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whether BEV long-haul trucks are a good investment for both the trucking industry and
partner companies depending on various economic and development speed scenarios.

In current economic scenarios with no further development, BEV long-haul trucks
are a good investment for both the trucking industry and partner companies, with
net financial gains of $59K with a payback period of 5 years or $77K with a payback
period of 4 years respectively. It is also significant to note that these calculations
use transportation end consumer electricity prices and do not include subsidies or
incentives. By sourcing energy differently and utilizing renewable energy sources,
companies can substantially decrease operating costs, making the transition to BEVs
even more financially viable than presented. With subsidies and incentives in place,
the case for BEV long-haul trucks is further strengthened. The thesis also includes
a specific analysis of the Tesla semi-truck with a fuel economy of 19.8MPGe. This
Tesla semi-truck analysis revealed that regardless of charger development, the Tesla
semi-truck would be a better investment than an ICE long-haul truck for both the
trucking industry and partner companies.

Additionally, the analysis in this thesis suggests that there are significant benefits
to increasing charging capabilities to 500kW, which would reduce charging downtime
from 4 hours to approximately 2 to 2.5 hours per full charge. Even with the significant
downtime, such an increase in charging capabilities would make the BEV long-haul
truck the better investment in all feasible projected economic scenarios. The thesis
concludes that the case for BEV long-haul trucks is clear, and there is significant
potential to accelerate and capitalize on the transition to BEVs in the long-haul
trucking industry.

Thesis Supervisor: Charles Fine
Title: Professor of Operations Management

Thesis Supervisor: David Hardt
Title: Ralph E. and Eloise F. Cross Professor of Mechanical Engineering
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Chapter 1

Introduction

As the impacts of climate change become more pressing, it is essential to understand

the extent to which different industries contribute to global greenhouse gas emissions

and to identify practical ways to reduce these emissions. This is the goal of the MIT

Climate and Sustainability Consortium (MCSC). MCSC is a partnership between

MIT academia and different industries focused on creating realistic solutions to reduce

emissions. Their mission is focused on "working together to vastly accelerate the

implementation of large-scale, real-world solutions, across sectors, to help meet global

climate and sustainability challenges."[16] MCSC is "helping to lay the groundwork for

one critical aspect of MIT’s continued and intensified commitment to climate: helping

large companies usher in, adapt to, and prosper in a decarbonized world."[16] The

MCSC uses a standard approach to evaluate and address their impact areas. They

"strategize: linking stated company goals to value chains, enhance synergy, and find

blind spots; implement: define, design, and pilot cross-industry technology, process,

and organizational change; and educate: embed sustainability practice throughout

workforce and university education." [17] The MCSC utilizes this approach in mul-

tiple impact areas, like Tough Transportation Modes, Value Chain Resilience, and

Circularity. The Tough Transportation Modes impact area specifically focuses on

industries within the transportation sector that are difficult to decarbonize, such as

aviation, maritime, and trucking. It is critical to focus on these industries because the

transportation sector is a major contributor to global greenhouse gas emissions.
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Due to the expected increase in demand for long-haul trucking, the MCSC believes it

is essential to examine alternative technologies that can lower the environmental impact

of this industry. This thesis specifically investigates the feasibility of electrification as

a potential solution for long-haul trucking. The electrification of long-haul trucking is

an increasingly popular topic as technology advances and the need to reduce emissions

becomes more urgent. The use of electric long-haul trucks would significantly reduce

greenhouse gas emissions. However, the adoption of electric vehicles in the long-haul

trucking industry has been slow due to concerns about upfront costs, limited charging

availability, and range limitations. This thesis will evaluate the potential costs and

benefits of transitioning to an electric fleet for companies utilizing long-haul trucking.

By analyzing industry norms and comparing the Total Cost of Ownership (TCO) for

electric and diesel long-haul trucks, valuable insights will be provided for decision-

makers at companies that are considering electrifying their fleets. This research also

aims to contribute to a better understanding of the feasibility and potential benefits

of electrifying long-haul trucking more broadly.

1.1 The Transportation Industry

The transportation sector is a vital component of the economy. It enables the

movement of people and goods both within and between countries. The transportation

industry is a significant contributor to the United States’ economic growth, with

various modes of transportation being utilized, including road, rail, air, and water. [28]

Road transportation is the most widely used mode, with approximately 60% of the

market share in the main transportation and logistics sectors. Within this sector, the

trucking industry plays a crucial role, accounting for 35% of the market share. While

road transportation dominates, other modes also play a significant role, including

ground transportation with 26% of the market share, water transportation with 17%,

air transportation with 14%, and rail transportation with 4%.[7] It is evident that the

transportation industry in the United States is crucial for supporting the country’s

economy and facilitating the movement of people and goods.
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1.1.1 Statistics on the Industry

Transportation plays a significant role in the U.S. economy, as it contributed 8% of

the U.S. Gross Domestic Product (U.S. GDP) in 2020, as seen in figure 1-1. This

makes transportation the fourth largest contributor to the U.S. GDP.[22]

Figure 1-1: U.S. Gross Domestic Product Industry Breakdown 2020 [22]

In 2021, 14.9 million people, or 10.2% of the U.S. labor force, worked in the

transportation and warehousing sector and related industries, such as automotive

manufacturing. This represents an increase of 3.9% from the previous year.[49] This

highlights the importance of transportation in the U.S. economy and the significant

number of jobs it creates.

1.1.2 Emissions Contribution

The transportation sector is a significant contributor to U.S. Greenhouse Gas (GHG)

emissions. According to the Inventory of U.S. Greenhouse Gas Emissions and Sinks
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1990–2020, transportation accounted for the largest portion, 27%, of total U.S. GHG

emissions in 2020, as seen in figure 1-2. This includes emissions from various modes of

transportation, such as cars, trucks, commercial aircraft, and railroads.[53]

Figure 1-2: 2020 U.S. GHG Emissions by Sector [53]

These findings highlight the need to address GHG emissions in the transportation

sector to mitigate the negative environmental impact. Within the 27% of U.S. GHG

emissions attributed to transportation, light-duty vehicles make up the largest portion

at 57%. Medium and heavy-duty trucks make up 26%, aircraft make up 8%, rail

makes up 2%, ships and boats make up 2%, and the remaining 5% is attributed to an

"other" category, as seen in figure 1-3.[53]
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Figure 1-3: 2020 U.S. Transportation Sector GHG Emissions by Source[53]

The 26% attributed to medium and heavy-duty trucks is significant, as it accounts

for approximately 6% to 7% of total U.S. GHG emissions.[53] This highlights the need

to address emissions from these vehicles to reduce the overall environmental impact.

1.2 The Trucking Industry

The United States has different types of commercial trucks that are used for carrying

freight. These trucks are classified based on their size and the number of axles. The

Federal Motor Carrier Safety Administration (FMCSA) “defines commercial vehicles

designed to carry freight as trucks with a weight of 10,001 pounds or more.”[25]

The Federal Highway Administration (FHWA) also has a classification system for

commercial trucks based on their size and the number of axles. There are three
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main types of commercial trucks in the U.S.: single-unit trucks, combination trucks,

and longer combination vehicles (LCVs). Single-unit trucks, or straight trucks, have

permanently attached power units and vehicle chassis. They are often used for retail

delivery, construction, utilities, and services. Combination trucks, also called 18-

wheelers, have “two variations in the power units or tractors: day cabs and sleeper

cabs. Day cab tractors have a shorter wheelbase and are for pickup and delivery or

other short-haul operations. Sleeper cabs integrate a living area or a sleeping berth

into the tractor. Sleeper cabs have an extended wheelbase, often 25 feet or more.

Sleeper cabs are typically used for over-the-road or long-haul operations. . . The typical

cargo-carrying unit of a tractor-semitrailer combination can vary in length from 40

feet to 53 feet. . . Combination trucks accounted for 61% of all commercial vehicle miles

traveled in the United States in 2012, including LCVs.” LCVs are a tiny portion of

combination trucks because they can only be used in certain states and are allowed to

be over 80,000 pounds.[25]

1.2.1 Statistics on the Industry

The trucking industry is an integral part of the U.S. economy, as it plays a vital role in

transporting a wide range of goods. According to statistics from 2021, trucks moved

approximately 72.5% of America’s freight by weight, with the industry generating

$875.5 billion in revenue.[8] This indicates the significant impact of the trucking

industry on the overall U.S. economy. The truck driving industry is also a large

employment sector in the U.S., with 3.6 million people employed as professional

drivers and 7.95 million working in the transportation field in some capacity. This

accounts for 5.8% of the overall U.S. workforce.[8] In addition to the large number

of truck drivers in the U.S., there are also a significant number of trucking carriers

operating in the country. There are approximately 1.9 million trucking carriers in the

U.S., with 996,894 for-hire carriers and 813,440 private carriers.[37] These carriers

are responsible for transporting goods across the country, with trucks accounting for

71.6% or $10.4 trillion of the $14.5 trillion value of all goods shipped in the United

States in 2017.[12] The vast majority of trucking carriers in the U.S. operate with
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fewer than 20 trucks, with 97.4% operating with fewer than 20 trucks and 91.5%

operating with six or fewer trucks.[37] This indicates that the trucking industry in the

U.S. is primarily made up of small and medium-sized companies.

1.2.2 Industry Challenges

The trucking industry faces several challenges, including a shortage of drivers, rising

costs, and regulatory pressures. One cost concern for trucking companies is the price

of diesel fuel, which represents a significant portion of their operating expenses. The

industry is also a major contributor to greenhouse gas emissions and air pollution,

with diesel trucks responsible for a substantial amount of these emissions. To address

the shortage of drivers, one projection suggests that “the industry will need to hire

around 1.1 million new drivers over the next decade, or an average of 110,000 drivers

per year”.[18] However, other analysts believe that autonomous driving technology will

eventually reduce the need for drivers.[47] In addition to these challenges, the trucking

industry is highly competitive, with low barriers to entry and many companies, totaling

approximately 1.9 million.[37] This competition means that trucking companies must

work to attract customers and drivers to fulfill their commitments and succeed in the

industry.

1.3 Long-Haul Trucking

Long-haul trucking is a significant subset of the trucking industry in the United States.

It refers to the transportation of goods over long distances. A long-haul carrier is

defined as a carrier that serves destinations more than 300 miles from its origin. [27].

Within the trucking industry, long-haul trucking is typically performed by heavy

trucks and tractor-trailers. Within this category is a subset of vehicles that are called

Class 8 vehicles, as seen in figure 1-4.[15]
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Figure 1-4: Class Eight Long-Haul Truck Classification [15]

Class 8 vehicles have a gross vehicle weight rating (GVWR) exceeding 33,000

lbs.[15] These vehicles, which include tractor-trailer tractors, single-unit dump trucks,

and non-commercial chassis fire trucks, typically have three or more axles. The Class

8 vehicles that are the focus of this analysis are the heavy semi-tractor and the

semi-sleeper. This is a common subset known for the typical 5-axle tractor-trailer

combination, also known as a "semi" or "18-wheeler".[56] In 2019, approximately 58%

of the 3.6 million truckers employed as professional drivers in the U.S. drove heavy

trucks and tractor-trailers.[31]

1.3.1 Statistics on the Industry

As of 2021, there were 4.06 million Class 8 trucks operating in the United States used

for business purposes. This number represents an increase of 2.3% from 2020.[8] It

is essential to note that this excludes government and farm business purposes. The

average annual distance traveled by Class 8 long-haul trucks is 62,750 miles [13], and

these vehicles are typically semi-tractors or semi-sleepers.
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Figure 1-5: Average Annual Vehicle Miles Traveled [13]

Class 8 trucks play a crucial role in the U.S. trucking industry, as they transport a

significant portion of the country’s goods over long distances.

1.3.2 Emissions Contribution

The majority of medium and heavy trucks and buses on the road in the United States

are diesel vehicles, making up about 90% of this type of vehicle as seen in figure

1-6.[14]

Figure 1-6: Energy Use by Transportation Mode and Fuel Type [14]
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Despite comprising only 1% of on-road vehicles, heavy-duty trucks are responsible

for a significant portion of on-road energy consumption, greenhouse gas emissions,

and NOx emissions. Specifically, “heavy-duty trucks account for 28% of on-road

vehicle energy consumption, 27% of on-road greenhouse gas emissions, and 47% of

on-road vehicle NOx emissions.” [11] The use of diesel fuel in heavy-duty trucks has

contributed significantly to these emissions, highlighting the need for efforts to reduce

the environmental impact of this type of vehicle.

1.4 Thesis Overview

Given the need to reduce carbon emissions and given the heavy use of carbon-based

fuels by the trucking industry, the electrification of long-haul trucking to reduce

operating costs and address environmental concerns is of great interest. Electric trucks

have the potential to reduce carbon emissions significantly, and several companies and

organizations are working to develop and deploy these and accompanying technologies.

However, perceptions about the challenges and barriers to adopting electric trucks,

such as the high upfront cost and limited availability of charging infrastructure, have

slowed the adoption of this technology. Despite these challenges, electrification is a

promising option for long-haul trucking.

This thesis evaluates the feasibility of electrification as an alternative to diesel

for long-haul trucking. It examines electrification’s costs, benefits, limitations, and

environmental impacts to assess if and where electrification would be a suitable

alternative for the long-haul trucking industry. This analysis aims to understand

where electrification can be a cost-effective and environmentally-friendly option for

long-haul trucking and whether it is a viable alternative to economically reduce carbon

emissions in this sector.
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Chapter 2

Key Benefits of Adoption

The electrification of long-haul trucking offers several key benefits. As previously stated,

heavy-duty trucks, which make up only 1% of on-road vehicles, contribute significantly

to on-road energy consumption, greenhouse gas emissions, and NOx emissions. The

electrification of long-haul trucking can substantially and cost-effectively reduce

these emissions. In addition to reducing emissions and lowering operating costs,

electrification has a lower barrier to integration than other alternative fuel sources

and can increase national energy security.

2.1 Emissions Reductions

Adopting electric long-haul trucks would significantly reduce emissions within this

tough-to-decarbonize transportation sector. As mentioned in Chapter 1, currently,

"heavy-duty trucks account for 28% of on-road vehicle energy consumption, 27% of

on-road greenhouse gas emissions, and 47% of on-road vehicle NOx emissions.” [11]

By transitioning to electric drivetrains, these emissions can be significantly reduced,

as electric trucks produce no tailpipe emissions. This means that the transition would

reduce GHG emissions and direct emissions from harmful air pollutants such as NOx,

which can negatively impact public health.

Some critics may argue that the emissions produced by BEVs are not significantly

reduced due to the carbon intensity of the electricity used to power them. However,

26



it is essential to consider that the carbon intensity of the electricity used to power

BEVs is generally lower than the emissions produced by other alternative fuels in

consideration, such as hydrogen. In the United States, renewable energy accounts

for "19.8% of total utility-scale electricity generation" [2]. At the same time, "only

0.1% of hydrogen is currently produced from renewable electricity, according to a 2021

analysis from Fitch Ratings".[23] The vast majority of hydrogen is produced from

carbon-intensive steam methane reforming, making it a less environmentally-friendly

alternative to electric drivetrains.[23] This highlights the critical role electric long-haul

trucks can play in reducing global emissions and protecting public health.

2.2 Lower Operating Costs

Electric vehicles not only have a significant impact on emissions reductions but also

on operating costs. The adoption of electric vehicles can significantly reduce operating

costs, making them a feasible option for companies as the transition will not negatively

impact their bottom line.

One of the main reasons for the lower operating costs of electric vehicles is their

increased fuel economy and lower energy pricing compared to that of diesel vehicles and

other alternative fuel options. Electricity costs are significantly cheaper than diesel,

and the fuel economy of an electric vehicle is currently double that of a diesel vehicle.

The energy efficiency of available batteries continues to improve with technological

development, and as prices for batteries continue to drop, this will further reduce the

cost of electric vehicles and overall operating costs. In addition, maintenance costs for

electric drivetrains are significantly lower as their systems are less complex.

Compared to other alternative fuels, electric vehicles still have lower operating

costs. For example, green hydrogen fuel cell electric vehicles (FCEVs) are less energy

efficient than electric vehicles, requiring twice as much electricity to power them.[50]

This is because hydrogen production is inefficient, with "significant energy loss in

the process of electrolyzing water to make hydrogen, chilling and transporting that

hydrogen, and then converting the fuel back into electricity."[23] It is estimated
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that hydrogen vehicles have an overall efficiency rate of about 30% efficient.[55] In

comparison, electric vehicles "convert over 77% of the electrical energy from the grid

to power at the wheels."[21] The low efficiency of alternative fuels, like hydrogen fuel,

means that these fuels will likely continue to be more expensive than battery electric

vehicles(BEVs).[23]

2.3 Ease of Integration

In addition to the environmental and economic benefits of electric long-haul trucks,

the widespread existing and growing infrastructure for charging electric vehicles makes

them easier to adopt compared to other alternative fuel trucks that may require

specialized fueling infrastructure, such as hydrogen. Although the existing charging

infrastructure needs to be expanded and updated to accommodate the needs of long-

haul trucking, it offers more significant potential than the infrastructure required

for other alternative fuels like hydrogen. "Integrating hydrogen into the system is

a “complex endeavour”, says the IEA, involving long-term policy signals, support

for demand creation, promotion of innovation and standardisation" [23] Some critics

have argued that the electrical grid may not be able to support the power demands

required for the electrification of long-haul trucks. However, this concern can be

addressed through energy storage mechanisms such as stationary onsite storage and

microgrids, which can help balance electricity demand and ensure a reliable power

supply. In contrast, alternative fuels like hydrogen are difficult to transport due to

their corrosive and flammable nature, and there is little existing infrastructure to

support their adoption. This makes the transition to alternative fuels like hydrogen

more challenging compared to the adoption of electric drivetrains, which can utilize

existing infrastructure and energy storage mechanisms.
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2.4 Energy Security

Electrifying long-haul trucking also has the benefit of reduced dependence on a single

fuel source and increased energy security. "By one measure, energy security is the

ability of households and businesses to accommodate disruptions of supply in energy

markets. The United States is more secure with regard to a particular energy source

if a disruption in the supply of that source creates only limited additional costs for

consumers."[48] Currently, "the U.S. vehicle fleet is almost completely dependent on

petroleum."[1] Currently, "most of the diesel fuel consumed in the U.S. is produced in

U.S. oil refineries"[5]. This single fuel source dependence can make the transportation

industry vulnerable due to the lack of flexibility in fuel choice. "If petroleum supply

declines unexpectedly, as a result of refinery problems or lagging imports, diesel

inventories (stocks) may decline rapidly."[1] "Volatility is also greater for transportation

fuels because very few oil-producing countries have spare production capacity they

can use when supply disruptions occur".[48] The lack of production capacity and the

fact that the "world market dictates the price of oil" means that "increased domestic

production would probably not dampen price changes resulting from disruptions."[48]

Therefore, a reduction in the use of oil is necessary to increase U.S. energy security.

This is because "reducing the amount of oil used could reduce the cost of disruptions

to U.S. consumers [and businesses]."[48] The electrification of long-haul trucking is a

solution to this. It would increase energy security as "electricity production relies on

several fuels, making the sector more secure because it can adjust to a disruption in

the supply of any one energy source."[48] For example, electricity can be generated

from domestic sources, including renewable energy sources like solar and wind. The

adoption of electric vehicles can ensure the energy mix for transportation is diversified

and reduce the reliance on a single fuel source. As a result, the electrification of

long-haul trucking can help to increase energy security and reduce the potential for

dependence on other countries.
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2.5 Key Takeaways

The adoption of electric long-haul trucks can significantly reduce emissions and

operating costs. Electric trucks produce no tailpipe emissions, which can help to

reduce greenhouse gas emissions and direct emissions from air pollutants harmful to

public health. They also have lower operating costs due to their increased fuel economy

and lower energy pricing, as well as lower maintenance costs due to their design. In

comparison to other alternative fuels, electric vehicles have the advantage of being

more energy efficient and being able to utilize existing infrastructure. In addition, the

electrification of long-haul trucking can also reduce risk in the transportation sector

and increase energy security by diversifying the energy mix used in the U.S., reducing

reliance on a single source of fuel. These key benefits demonstrate why electrification

could be an essential and feasible step in addressing climate change and improving

sustainability.
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Chapter 3

Key Hurdles to Adoption

Although there are clear benefits to electrifying long-haul trucks, key hurdles must be

addressed. The hurdles include upfront cost, battery weight, range limitations, and

charging infrastructure. Most of these are perceived hurdles that have already been or

can be addressed. The key hurdles were used to shape the approach to evaluating the

adoption of electric vehicles for long-haul trucking. This section briefly describes the

hurdles, which will also be addressed in detail in later chapters.

3.1 Main Hurdles

3.1.1 Upfront Cost

The upfront cost of an electric long-haul truck is higher than that of an equivalent-

capacity diesel truck, due to the cost of the battery, a crucial component. For example,

the Tesla Semi has an MSRP of $180,000, while the average MSRP of an equivalent

ICE truck is $135,000, as seen in Chapter 5.1.1 Table 5.2. Some may perceive that

this upfront cost difference is a barrier that would deter companies from considering

transitioning to BEVs. However, it is essential to consider that electric trucks have

significantly lower operating costs due to their lower energy pricing and higher fuel

efficiency, which (for most reasonable scenarios, as shown later in this thesis) more

than offsets the higher upfront cost over time.

31



3.1.2 Battery Weight

The weight of the batteries used in electric long-haul trucks is a significant factor

because that weight can potentially impact the vehicle’s payload capacity. The added

weight of the BEV can reduce its carrying capacity, compared to using a diesel

alternative. This has been perceived as a hurdle for the adoption of electric trucks;

however, as battery weights have decreased from improvements in power density, and

as shifts in payload shipping trends have occurred, this hurdle is not a major issue for

the majority of long-haul trips. Further justification for this assertion can be found in

Chapter 5.1.1, which discusses payload analysis and assumptions in more detail.

3.1.3 Range Limitations

Electric long-haul trucks currently have a limited driving range compared to diesel

trucks, which is perceived as a challenge for long-haul routes. "Vehicle range is often

cited as the greatest barrier for battery electric trucks, but daily range requirements

vary, and many trucks in the United States are not driven over long distances."[10]

"VIUS data show that just 1̃0% of heavy-duty trucks require an operating range of

500 miles or more, whereas 7̃0% operate within 100 miles."[10] Regardless, this issue

is being addressed with the development of longer-range electric trucks to curb range

anxiety and the significant expansion of charging infrastructure.

3.1.4 Charging Infrastructure

There are several perceived hurdles regarding charging infrastructure for electric

long-haul trucks. The most significant of these are limited availability of charging

stations, the capability of the electrical grid, and charging time. Although the

charging infrastructure in the U.S. has expanded, there is still limited charging

infrastructure available for electric long-haul trucks, especially in rural areas. The

charging infrastructure must be further developed for the transition to electric long-

haul trucks to be practical. In addition to infrastructure needs, charging times should

be reduced to increase operational efficiency and minimize downtime. Charging time
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is a significant hurdle due to the effect on operating costs of charging downtime. The

analysis of different development speed types in Chapter 6 found that to prepare for all

potential economic scenarios, there must be development in increased charging station

power output from 350kW. As the adoption of electric long-haul trucks increases, the

charging infrastructure will likely expand to meet the demand, and charging times will

likely become more similar to refueling times. Additionally, there has been concern

that the electrical grid may not be able to support the power demands required for the

electrification of long-haul trucks. However, as previously discussed, this concern could

be addressed through energy storage mechanisms such as stationary onsite storage

and microgrids, which can help balance electricity demand and ensure a reliable power

supply.

It is important to recognize that this analysis focused solely on the charging time

and cost of constructing and implementing charging infrastructure for each electric

vehicle purchased. The electrical grid and a more in-depth analysis of charging

infrastructure were beyond the scope of this study. This decision was made to

provide a more targeted and specific examination of the costs associated with charging

infrastructure. While the electrical grid and its relationship to charging infrastructure

are essential factors to consider, analyzing these elements was beyond the scope of

this particular analysis.

3.2 Resistance to Change and Key Takeaways

Among some in the industry, there is significant resistance to adopting electric long-haul

trucks due to concerns about outdated technology limit perceptions, such as battery

weight, and the unfamiliarity of electric drivetrains compared to diesel drivetrains.

This unfamiliarity has created doubt around the technology, leading to a lack of

acceptance for the transition to electric trucks. For example, there are currently fewer

options on the market than diesel trucks, which is often cited as a limitation; however,

as adoption increases, market scale and availability will improve. As the technology

is adopted, upfront cost and range will become less significant hurdles, and charging
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infrastructure will increase with demand. The industry’s resistance to change will also

decrease as they become more accustomed to the technology. This feedback loop is

clearly shown in the system dynamics causal loop model presented in Figure 4-1 in

Chapter 4. Based on this analysis, electrification presents the best opportunity for

decarbonizing this sector, and the perceived hurdles should not prevent this technology

from being pursued.
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Chapter 4

System Dynamics Causal Loop Model

System Dynamics is a methodology "to understand how system structures cause

system behavior and system events." [30] Often, a system dynamics causal loop model

is used to represent a system and demonstrate how the different parts of the system

interact. These relationships are defined to better understand the behavior between

parts of the system, the system as a whole, and how the system will respond to

changes.

4.1 Modeling

A high-level system dynamics model was created to understand the factors driving

the adoption of electrification in the long-haul class 8 trucking space, as seen in figure

4-1. To create the model, the following steps were taken:

First, the system and its boundaries were defined, and the key components, such as

TCO (Total Cost of Ownership), were identified. Next, the relationships between these

components were represented, including feedback loops showing how the elements

influence each other. Feedback loops and their signs are of particular importance. They

can be either positive or negative, with positive loops indicating that the components

act in the same way when a change is made and negative loops suggesting that they

function in opposite directions.

This system dynamics model provides valuable insights into the complex rela-
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tionships that influence the adoption of electric vehicles in the long-haul trucking

industry. Its high-level approach illustrates the challenges of investing in this space,

the behavior of the system, and the key variables that can be used to influence the

adoption rate. Overall, this model is a valuable tool for understanding the factors

driving electrification adoption in the long-haul trucking industry.

4.1.1 System Dynamics Model

Variables

The variables that define the system dynamics model are as follows:

1. Adoption

2. Industry Learnings

3. Available Technology

4. Battery Capabilities

5. Total Cost of Ownership

6. Capital Investment

7. Energy Infrastructure Density Demand

8. Energy Infrastructure Density

9. Infrastructure Investment

10. Policy (Subsidies)

It is worth noting that the battery capabilities of electric vehicles in the long-haul

trucking industry include factors such as weight, range, and power density. The

total cost of ownership (TCO) is a comprehensive cost analysis considering all of the

variables shown in Chapter 5.1.1.

The model is defined using these variables, as seen in Figure 4-1.
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The Model

Figure 4-1: System Dynamics Model for the Adoption of Electrification in Long-Haul Trucking Class 8 Vehicles

Each colored arrow (pink, yellow, turquoise) is a specific feedback loop. Relationships external to feedback loops have black arrows.
The plus sign (+) indicates a proportionately influenced relationship, whereas a negative sign (-) indicates an inversely influenced

relationship. The dark green box is the core variable, adoption. The light green box highlights the total cost of ownership, a
crucial driver of adoption. The grey boxes indicate triggers. The blue boxes are the remaining key factors to adoption.
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4.2 Model Description and Analysis

The system dynamics model, shown in Figure 4-1, outlines the relationships between

the variables discussed in Chapter 4.1.1. These relationships describe the system and

identify the model’s feedback loops, leverage points, and triggers.

4.2.1 System Description

The adoption rate of BEV long-haul class 8 trucks is the focus of this system dynamics

model. The variables that directly influence this adoption rate are the total cost of

ownership and energy infrastructure density. The adoption rate is inversely influenced

by total cost of ownership changes, while energy infrastructure density changes

proportionately influence the adoption rate. The total cost of ownership is influenced

inversely by changes in energy infrastructure density, available technology, and battery

capabilities. While energy infrastructure density is proportionately influenced by

changes in capital investment which are driven by proportional changes in energy

infrastructure density demand.

Changes in the adoption rate of BEVs for long-haul trucking, resulting from changes

in the total cost of ownership or the density of energy infrastructure or both, will

proportionately affect the demand for energy infrastructure, capital investment, and

industry learnings. These influences form the three main feedback loops within the

system dynamics model.

4.2.2 Feedback Loops

Understanding the feedback loops in a system dynamics model is critical to under-

standing the system. These loops predict how the system will respond to different

changes.

The three main feedback loops are defined as:

1. Industry Learnings Loop

2. Battery Capabilities Loop
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3. Energy Infrastructure Demand Loop

Industry Learning Loop

The industry learning loop is illustrated using blue arrows in Figure 4-1. This

relationship shows that an increase in the adoption rate of BEVs for long-haul trucking

will lead to an increase in industry learning. As industry learning increases, more and

better technology will become available due to increased knowledge informing research

and development. This, in turn, will reduce the total cost of ownership, which will

further increase the adoption rate. This creates a reinforcing loop in which each factor

amplifies the other, leading to exponential growth in the adoption rate of BEVs. It is

important to note that this reinforcing loop could possibly flow in a negative direction,

whereby lower investment leads to slower learning and lower technology improvements

thereby reducing investment incentives. However, momentum at the present time

seems to be flowing in the positive direction.

Battery Capabilities Loop

The battery capabilities loop is illustrated using yellow arrows in Figure 4-1. This

relationship shows that an increase in the adoption rate of BEVs for long-haul trucking

will increase capital investment. As capital investment increases, there will be more

industry learning. As industry learnings increase, increased knowledge informing

research and development will increase battery capabilities. This, in turn, will reduce

the total cost of ownership, which will further increase the adoption rate. This creates

a reinforcing loop in which each factor amplifies the other, leading to continual growth

in the adoption rate of BEVs. It is important to note that this reinforcing loop might

also flow in the opposite direction, thereby damping the adoption rate.

Energy Infrastructure Demand Loop

The energy infrastructure demand loop is defined using pink arrows in Figure 4-1. This

relationship shows that an increase in the adoption rate of BEVs for long-haul trucking

will increase energy infrastructure density demand. As energy infrastructure density
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demand increases, there will be more capital investment for energy infrastructure.

This, in turn, will increase the building of energy infrastructure and its density, further

increasing the adoption rate. This creates a reinforcing loop in which each factor

amplifies the other, leading to exponential growth in the adoption rate of BEVs. It is

important to note that this reinforcing loop might also flow in the opposite direction,

thereby damping the adoption rate.

4.2.3 Leverage Points

Within a system, leverage points are places where, if small changes occur, those changes

can have a significant impact on the system as a whole. These points can be used to

influence significant changes to the system’s behavior. For this model, the leverage

points are the places where changes can be made that result in adoption speeding

up or slowing down. The critical leverage points in this system dynamics model

for the adoption of electrification in long-haul trucking class 8 vehicles are battery

capabilities and energy infrastructure density. These leverage points were identified

because a change in these variables drives a change in the system’s overall behavior,

i.e. a change in the adoption of BEVs. Therefore, the adoption of BEVs for use in

long-haul trucking depends on the rate of improvement in battery capabilities and the

density of energy infrastructure. If the density of energy infrastructure increases, there

is less need for improvement in battery capabilities, as there will be more charging

stations and denser networks available. These denser networks will also enable better

route optimization. Conversely, if battery capabilities improve, the density of energy

infrastructure becomes less critical. Based on the analysis performed, it is believed

that battery capabilities are the most significant leverage point. As battery capabilities

improve, companies will rely less on external factors like energy infrastructure density,

and the total cost of ownership will be reduced due to increased range capabilities

and decreased vehicle weight.
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4.2.4 Triggers

The triggers in a system dynamics model are actions that initiate a change in the

system. In the analyzed system dynamics model, the triggers are depicted using

grey boxes in Figure 4-1. These triggers are related to monetary policy, including

infrastructure investment and subsidies associated with the cost of ownership, i.e.,

vehicle or operations. Increasing these triggers is expected to increase the adoption

rate of BEVs for long-haul trucking. These triggers are considered external to the

system.

4.3 Key Takeaways

The system dynamics model shows that several key factors need to be considered

to increase the adoption rate of BEVs for long-haul trucking. These include the

battery capabilities of the vehicles, the total cost of ownership, and the leveraging of

feedback loops. First, the battery capabilities of the vehicles must be sufficient for

operations. Second, the total cost of ownership is a crucial driver of adoption. Third,

the reinforcing nature of the feedback loops explains why companies may have been

hesitant to invest in the transition to BEVs. However, these loops can be leveraged to

positively influence the adoption rate by increasing investment in the space. This will

improve the available technology and reduce the total cost of ownership, incentivizing

more companies to adopt BEVs. Companies can take advantage of these reinforcing

loops to their benefit by being the first movers in this space. Using these critical

insights, it is possible to accelerate and capitalize on the transition to BEVs in the

long-haul trucking industry.
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Chapter 5

Financial and Environmental Impact

Modeling

Models were created to understand the cost and environmental impact of transitioning

from an internal combustion engine (ICE) long-haul Class 8 truck to a battery electric

vehicle (BEV) long-haul Class 8 truck. Total cost of ownership (TCO) and net present

value (NPV) models were used to analyze the transition cost. The TCO model

compared each truck’s nominal cost per mile within different economic scenarios and

development speeds. The NPV model considered the profitability of transitioning to

the BEV alternative over a standard ownership period of 7 years. For each model

created, a sensitivity analysis was performed on statistically significant variables.

This TCO model calculates the total cost of acquiring and using a BEV long-haul

Class 8 truck over its lifetime. It considers upfront costs, such as the purchase price,

and ongoing costs, such as maintenance. With this model, businesses can identify

the most cost-effective option in different economic and development scenarios and

understand whether transitioning to a BEV long-haul Class 8 truck is feasible and

cost-effective.

To effectively assess the environmental impacts of BEV and ICE long-haul Class 8

trucks, it is necessary to consider not only greenhouse gas emissions (GHGs) but also

direct emissions from air pollutants such as Nitrogen oxides (NOx), Sulfur dioxide

(SO2), Particulate matter 10 micrometers in diameter or less (PM10), Particulate
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matter 2.5 micrometers in diameter or less (PM2.5), and Volatile organic compounds

(VOC). By utilizing all of these pollutants in the Well-to-Wheel (WTW) emissions

models developed, the completed lifecycle emissions for the procurement of both

types of vehicles could be analyzed, including emissions from charging and upstream

processes in addition to those generated during operation. This approach allows for

a comparison of the environmental impacts of using a BEV long-haul Class 8 truck

versus an ICE long-haul Class 8 truck.

The model’s foundation is built on the Fleet Procurement Analysis Tool initially

developed by The Camdus Group, Inc. and continued by Atlas Public Policy [42].

This tool generates both financial and environmental impact models using predefined

inputs. A high-level model overview can be seen in figure 5-1 below.

Figure 5-1: Fleet Procurement Analysis Tool Model Overview [42]

Significant modifications were made to the data and user inputs to ensure that

the TCO and emissions models accurately reflected the conditions and assumptions

required for this comprehensive analysis.
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5.1 Model Design

The model is based on four input types: market conditions, vehicle conditions, vehicle

procurement conditions, and EV charging infrastructure use and installation conditions.

These inputs were used to create financial and environmental impact models. The

inputs are based on a combination of economic and development scenarios seen in

Chapter 5.2, as well as the various industry assumptions and metrics outlined in

Chapter 5.1.1. It should be noted that all of the models discussed in this analysis are

specific to the United States market and the emission for the average United States

grid energy mixture. Utilizing the average U.S. grid impacts the assumptions for diesel

costs, electricity costs, and electrical grid emissions.

Examples of the financial models, cash flows, and financial model summary (both

total cost and nominal cost per mile) can be found in figures A-2, A-4, and A-3 in

Appendix A. The emissions modeling method can be found in Chapter 5.2.4 below.

5.1.1 Model Inputs and Assumptions

Market Inputs

The market inputs enable the model to be customized to the economic scenarios

required for analysis.

The market inputs evaluated are:

1. Diesel Price ($/Gallon)

2. Transportation Industry End Consumer Electricity Cost ($/kWh)

3. Public Charging Price ($/kWh)

4. General Inflation Rate (Excluding Fuel) (%/Year)

5. Energy Inflation Rate (%/Year)

6. Cost of Downtime from Public Charging ($/Hour)
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The diesel price, electricity cost, public charging price, and general inflation rate all

changed based on the economic scenario evaluated. The economic scenarios evaluated

are based on Energy Information Administration (EIA) projections and discussed

in more detail in Chapter 5.2 on Model Parameters. [4] The electricity price used

in this analysis is the end consumer price for the transportation industry, which is

a pessimistic view of energy sourcing, as the analysis assumes that companies will

simply consume energy as an end consumer, without considering where the energy is

sourced from.

To effectively estimate the impact of public charging on the cost of operating long-

haul class 8 trucks, it is necessary to make an assumption about the public charging

price. The public charging price in this model is determined based on the electricity

costs specific to the given economic scenario. The public charging price is calculated

by multiplying the current electricity cost by 2.35. This factor is derived from the

ratio between the conservative estimate of current public charging pricing provided

by the National Renewable Energy Laboratory (NREL)[33] and current electricity

costs from the EIA. This approach determines the appropriate public charging price

in different economic scenarios.

The cost of downtime from public charging is called "dwell time". Dwell time is

the length of downtime when a truck and its driver are not moving products while

on duty. "This includes time loading and unloading equipment, as well as time spent

refueling, which is currently considered on-duty time."[29] When comparing ICE

and BEV vehicles, the difference in refueling time is particularly significant. This is

because it has implications for the efficiency and practicality of each type of vehicle in

different scenarios. "Carriers (trucking service firms) typically have detention rates of

$50–$100/h for dwell time costs imposed on them, which accounts for unproductive

driver labor hours (approximately $30–$40/h)(ATRI 2020) and other indirect logistics

costs associated with waiting(Federal Motor Carrier Safety Administration 2018;

Load Delivered 2017; OOIDA 2011; Truck Drivers Salary 2017; Transport Topics

2021). For this analysis, a $75/h cost was assumed for dwell time associated with

refueling/recharging of vehicles. The cost of vehicle dwelling during loading/unloading
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was not included, as this cost is assumed to be the same across powertrains."[29]

Vehicle Inputs

The vehicle inputs enable the model to be customized to the specific vehicle require-

ments and costs needed for analysis. A summary of these inputs can be found in

Appendix A-1.

The long-haul Class 8 truck inputs evaluated are:

1. Average Fuel Economy Diesel (MPG)

2. Average Fuel Economy Electric (MPGe)

3. Annual Vehicle Mileage (VMT/Year)

4. Expected Years of Ownership (Years)

5. Cost to Insure ($/Year)

6. Maintenance and Repair Cost ($/Mile)

7. Recurring Taxes and Fees ($/Year)

"MPGe is an acronym for “Miles Per Gallon equivalent”. MPG stands for “Miles

Per Gallon” and tells you how far a particular vehicle can travel using one gallon of

gasoline. MPGe similarly tells you how many miles an electric vehicle can travel using

the electric equivalent of one gallon of gasoline."[9]

To effectively estimate the fuel consumption of long-haul class 8 trucks, it was

necessary to assume the driving mixture they would be doing. It was assumed that

the trucks would spend 55% of their driving time in city areas. This assumption was

based on the Environmental Protection Agency’s (EPA) method for calculating fuel

economy.[54] As a result, an average between the fuel economy ratings for city and

highway driving was taken and used as the MPG or MPGe input in the analysis.

This approximation provided a more realistic representation of the vehicles’ fuel

consumption in today’s driving environment.
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The Annual Vehicle Mileage per year used was 62,750 miles. This is based on the

industry average from the AFDC discussed in Chapter1.3.1 in Figure1-5.[13]

The expected use of the vehicle, or years of ownership, was determined based on

the MCSC’s partnerships with various companies. According to survey data, a single

vehicle’s average expected ownership period was seven years.

The model takes into account not only the vehicle specifications but also customized

estimates of the associated costs of ownership, including insurance, maintenance and

repair costs, and recurring taxes and fees. These costs are included to ensure that a

comprehensive analysis of the total cost of the vehicle is provided.

The cost of insurance and the recurring taxes and fees were set per Atlas Public

Policy. The cost of insuring each vehicle per year is set at $10,000. The recurring taxes

and fees per year include annual taxes or other recurring fees for vehicle ownership.

These were set to the standard provided by Atlas Public Policy. [42]

Maintenance and repair costs are based on the years the vehicle has been operating

and its drivetrain (BEV or ICE). For the first five years, these costs are set to a

standard cost per mile, increasing to a different standard cost per mile after five years.

These maintenance and repair cost estimates come from the 2019 Alternative Fuel

Life-Cycle Environmental and Economic Transportation (AFLEET) Tool created by

Argonne National Laboratory that analyzes medium- and heavy-duty vehicles in the

US market.[32] The specific maintenance and repair costs used for this analysis are

found in Table 5.1 below.

Table 5.1: Maintenance and Repair Costs by Drivetrain[32]

Drivetrain Type Cost for Year 1-5 ($/mile) Cost for Year 6+ ($/mile)

ICE $0.20 $0.26

BEV $0.17 $0.22

It is important to note that the minor difference in maintenance and repair

cost between a BEV and ICE vehicle presented in these estimates is seen as highly

conservative because BEVs have "fewer fluids, such as engine oil, that require regular

maintenance. Brake wear is significantly reduced due to regenerative braking[, and
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there] are far fewer moving parts"[20] relative to a conventional engine.

Vehicle Procurement Inputs

The vehicle procurement inputs enable the model to be customized to the specific

details and terms of the procurement process. A summary of these inputs can be

found in Appendix A-1.

The vehicle procurement inputs evaluated are:

1. Number of Vehicles to Procure (#)

2. Ownership Structure

3. Initial Tax, Title, and Registration Cost ($/Vehicle)

4. Discount Rate for NPV Calculations (%)

5. MSRP ($/Vehicle)

To make a fair, one-to-one comparison, the model compares only one vehicle

procurement of each type (BEV and ICE). It also assumes that the vehicles were

purchased in cash outright and that no federal or state incentives (tax or non-tax)

or tax credits were used to reduce the cost of the vehicles. An initial tax, title, and

registration cost of $1,000 was set for all vehicles evaluated. The model assumes that

BEV and ICE vehicles will depreciate at the same rate. In the first year of ownership,

the value of the vehicle is assumed to depreciate by 23%, which includes a 15% annual

depreciation rate and an additional 8% depreciation after the initial purchase. After

the first year, the value of the vehicle is assumed to continue depreciating by 15%

per year. Two different discount rates were used in the net present value (NPV)

calculations for the purchase of the vehicle and other associated costs. One is that

of the trucking industry, which is 10.3%. This rate represents the time value of the

money used for the investment based on the weighted average cost of capital (WACC)

for the trucking industry as of January 2023, as determined by Professor Aswath

Damodaran of NYU Stern School of Business.[19]. The other is the average WACC
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for the partner companies deciding whether to make this transition and trying to

understand the profitability if they invested in BEV long-haul vehicles internally. The

average WACC for this scenario is 7.61%. Using the industry-specific WACCs as the

discount rate for NPV analysis helps give a more accurate prediction of the profitability

of the investment within that industry. This is because the industry-specific WACC

reflects the specific financial characteristics of the industry in which the investment

is being made. Using these WACCs, a more realistic assessment can be made of

the profitability of investing in electric long-haul trucks compared to using a generic

discount rate.

The manufacturer’s suggested retail price (MSRP) is the market price per vehicle

purchased. For ICE vehicles, the MSRP is set to $135,000. This was calculated based

on the median price for 2021 Class 8 long-haul trucks seen in Table 5.2.

Table 5.2: MSRP for 2021 Class 8 Long-Haul ICE Truck Offerings

Vehicle Year, Name, Make, & Model MSRP ($)

2021 International LoneStar Day Cab ICE $135,000

2021 International LoneStar Sleeper ICE $160,000

2021 Mack Anthem 64T ICE $125,000

2021 Mack Granite ICE $90,000

2021 Mack Pinnacle ICE $90,000

2021 Peterbilt 567 ICE $130,000

2021 Volvo VNL Truck ICE $165,000

2021 Volvo VNR Truck ICE $145,000

2021 Volvo VNX Truck ICE $150,000

Median $135,000

The MSRP for BEV vehicles is set to $198,000. This was based on the MSRP of a

Tesla Semi, $180,000, with a 10% operational capacity adjustment. This operational

capacity adjustment reflects potential inefficiencies, like greater downtime due to

longer refueling cycles, that may arise during the transition to using BEVs that could
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require a more extensive fleet to carry out the same operations. This adjustment was

agreed upon by the companies partnered with the MCSC and is included in the model

as a conservative measure.

EV Infrastructure Inputs

The EV infrastructure inputs ensure the EV charging infrastructure use and costs

are integrated into the procurement cost of the vehicle. This enables the model to

account for vehicle charging and infrastructure requirements and associated costs. A

summary of these inputs can be found in Appendix A-1.

The EV infrastructure inputs evaluated are:

1. Number of EV Charging Stations Needed (#)

2. Ownership Structure

3. Charging Equipment Cost ($/Station)

4. Construction & Equipment Installation Cost ($/Station)

5. Maintenance Cost ($/Station/Year)

6. Depot/Home Charging Time (%)

7. Public Charging Time (%)

8. Maximum Power Output for Public Charging Only (kW)

The model requires the purchase and installation of an EV charging station for each

vehicle purchased. This adds the additional costs for charging equipment, construction

and equipment installation, and maintenance to procuring a single BEV truck. The

model takes a highly conservative approach by assuming that a charging station must

be installed for every BEV vehicle purchased. It also assumes that the cost of the

purchase and installation related to the charging stations were paid in cash outright

and that no federal or state incentives (tax or non-tax) or tax credits were used to

reduce the cost. To address the highly conservative nature of this approach, in the
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NPV analysis, two scenarios were created. One in which the one-to-one ratio exists

and one where every four vehicles use one charging station.

For each charging station, the construction and equipment installation cost is set

to $20,000 with a charging equipment cost of $3,800. The annual maintenance cost for

station upkeep is assumed to be 3% of the total cost of the charging station, which is

$23,800. This results in an additional $114 in annual maintenance cost per charging

station. These charging station costs are based on the Electrification Assessment of

Public Vehicles in Washington[41] and are specific to DC Fast Charging Stations.

These calculations did not consider costs related to electric utility upgrades and grid

interconnection.

The model assumes that 80% of charging for BEV trucks will be done at charging

stations owned by the company operating the vehicles (either at a depot or for home

charging), while 20% of charging will be done at public charging stations. This specific

80:20 ratio was requested by the companies partnered with the MCSC.

The maximum power for public charging adjusts based on the development speed

scenarios evaluated. The development speed scenarios evaluated are based on industry

projections and discussed in more detail in Chapter 5.2 on Model Parameters.

It is important to note that this model is built on the assumption that the grid

will support the increased demand for electricity caused by the new and upgraded

charging infrastructure and provide stable electricity for operations. This assumption

is based on the potential for implementing various strategies to optimize energy usage

and the existence of technologies like microgrids that can store excess energy.

Payload Analysis and Assumption

A concern often raised when evaluating the potential of BEV vehicles for long-haul

trucking is the weight of BEV vehicles compared to their diesel counterparts. This

is an important issue to consider, as an increase in weight could cause the vehicle,

with its typical load, to surpass the federal regulation that states that its maximum

gross vehicle weight can only be up to 80,000 pounds on interstate highways.[25] If the

weight were to surpass the maximum gross vehicle weight, it would limit the payload
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capacity, impacting businesses that transport large loads.

However, upon assessment, this concern is outdated in most cases due to the weight

reduction "from elimination of engine, cooling system, transmission and accessories"[40]

and technological advancements of the battery energy density that significantly reduced

battery weight.[24]

Based on the information detailed below, the payload capacity for an ICE long-haul

truck is up to 63,000 pounds because the weight of a typical class 8 truck tractor is

about 17,000 pounds. [35]

Figure 5-2: Class 8 Truck Weight By Component [35]

Figure 5-2 highlights that "the powertrain is nearly a quarter of the weight (24%),

while the truck body structure is 19%."[35] This weight distribution is significant

because the engine, cooling system, transmission, and accessories account for 24%

of the weight of a diesel tractor, which would be nearly eliminated with the use of

a battery pack.[40] This is because the "electric drive train is substantially lighter

relative to a diesel drive train, which offsets a significant amount of battery pack

weight."[40] When analyzed, the Lawrence Berkeley National Laboratory found that

"the weight difference between and battery electric and diesel trucks is small (resulting

in a potential payload loss of about 5%) and is likely to fall lower as light-weighting

techniques are employed."[40]

Regardless of the vehicle component weight distribution changes, industry analysis

"indicates that most operations are volume, route or time-constrained, not weight

constrained." [40][35]. This is shown clearly through the payload analyses performed
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by the NACFE and Oak Ridge National Laboratory (ORNL). The NACFE found

that "the average truck payload is less than 45,000 pounds ( 70% of the maximum

payload capacity)."[40][26]. Analysis of U.S. weigh-in-motion data collected by ORNL

also reveals that approximately 93% of current long-haul heavy-duty trucks weigh

under 73,000 pounds and have average payloads of 56,000 pounds or less, as shown in

Figure 5-3.

Figure 5-3: Class 8 Truck Weight per Trip [35]

The analysis of Figure 5-3 indicates that 93% of long-haul vehicles, seen in blue,

still have at least 11%, or 7,000 pounds, of their payload weight capacity available. Of

the 7% of trips that exceed 73,000 pounds, seen in grey, 40% are already above the

80,000-pound federal regulation limit. This means that only 4.7% of all long-haul truck

trips currently within federal regulation could potentially be impacted by transitioning

to BEV alternatives. On average, these trucks have a payload weight that is at 95%

capacity, around 60,200 pounds. Even though this 4.7% are outliers, to incentivize the

transition to BEV vehicles, "there is currently a nationwide 2,000-pound exemption

for electric trucks (towards 80,000 pounds, the maximum roadway gross vehicle weight

for conventional trucks in the United States, although several state exceptions exist)."
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[40] [35] If payload weight capacity is a legitimate concern, this regulation could help

offset the impact of the transition. If the 2,000-pound exemption is not enough to

offset the payload weight impact for the companies that operate within the 4.7% of

long-haul truck trips, these companies will not be well suited for transitioning to BEVs.

An example of such a company would be a concrete company because they frequently

reach the maximum payload weight capacity due to the material they transport.

These results suggest that payload capacity concerns should not be a significant

factor in the decision to transition to BEVs for most long-haul trucks. Therefore, the

model did not include payload capacity concerns as a constraint.

5.2 Model Parameters

5.2.1 Scenario Development

Multiple scenarios were developed to analyze the impact of economic and develop-

ment speed conditions on the total cost of ownership and emissions for long-haul

trucking. Each scenario is a combination of economic conditions and development

speed conditions. The scenarios used are based on the EIA’s projected economic

conditions and NREL’s projected technology development speeds.[4] [36] The scenarios

are essential for understanding the feasibility of transitioning to a BEV fleet under

different conditions.

Economic Condition Scenarios

The economic condition scenarios evaluate four potential U.S. economic energy pricing

conditions, as seen below.

1. Current State

2. High Renewable Cost

3. High Oil Cost

4. Low Oil Cost
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The economic conditions and energy pricing used in the scenarios were obtained

from the 2021 Annual Energy Outlook for the Transportation Sector published by the

U.S. EIA and can be found in Table 5.3.[4] The inflation rate and MSRP values used

in the model are based on the assumptions outlined in Chapter 5.1.1.

Table 5.3: Economic Condition Scenarios

Economic Condition High Renewable Cost High Oil Cost Low Oil Cost Current

Diesel Price ($/Gallon) $3.57 $5.57 $2.42 $5.33

Electricity Cost ($/kWh) $0.12 $0.11 $0.12 $0.14

Public Charging Price ($/kWh) $0.28 $0.27 $0.28 $0.32

Inflation Rate (Excluding Fuel) (%/Year) 2% 2% 2% 9%

Cost of Downtime from Public Charging ($/Hour) $75 $75 $75 $75

MSRP Average - ICE $135,000 $135,000 $135,000 $135,000

MSRP Operational Capacity Adjustment - BEV $198,000 $198,000 $198,000 $198,000

Grid Region US Average US Average US Average US Average

The main difference in the projected EIA scenarios (high renewable cost, high oil

cost, and low oil cost) is the diesel price.

Development Speed Scenarios

The development speed scenarios evaluate three potential technology development

conditions:

1. Current Development Speed

2. Medium Development Speed (modest increase from current speed)

3. Aggressive Development Speed

The fuel economy and charging power output projections used in the scenarios

were obtained from the Decarbonizing Medium- & Heavy-Duty On-Road Vehicles:

Zero-Emission Vehicles Cost Analysis published by the National Renewable Energy

Laboratory(NREL) and can be found in Table 5.4.[36]

55



Table 5.4: Development Speed Scenarios

Development Type Current Medium Aggressive

MPG 6 6.5 7.5

MPGe 13.5 23 27

Charging Power Output (kW) 350 500 1000

5.2.2 Sensitivity Analysis Scenarios

A sensitivity analysis was performed to assess the impact of various inputs on the

outputs. In the analysis performed, all variables except one are held constant, and

the impact of changing that variable on the nominal cost per mile is observed. This

analysis generated graphs that were used to understand the intercept (or “breakeven”)

points at which a BEV or ICE vehicle becomes more expensive in each economic and

development speed scenario combination. A sensitivity analysis was performed on

each of the variables below, within the upper and lower bounds provided in Table 5.5.

Table 5.5: Sensitivity Analysis Scenario Upper and Lower Bounds

Sensitivity Analysis Scenario Bounds

Diesel Price ($/Gallon) $0.50 - $6.00

Electricity Cost ($/kWh) $0.01 -$0.70

Inflation Rate (Excluding Fuel) (%/Year) 2% - 10%

MSRP($) $50,000 - $200,000

Fuel Economy Diesel (MPG) 6 - 13

Fuel Economy Electric (MPGe) 6 - 27

Annual Vehicle Mileage (VMT/Year) 50,000 - 130,000

5.2.3 TCO and NPV Equations

To compare the total cost of ownership and the net present value of procuring an

electric fleet versus a traditional ICE fleet, the model inputs and assumptions outlined
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in Chapter 5.1.1 were used to create financial models. A financial model was made for

each vehicle type under specific economic and development speed scenarios. These

financial models evaluated depreciation costs, capital costs, fuel and operating costs,

and "other" costs. For the two annualized NPV total cost of ownership models, the

respective discount factors defined in Chapter 5.1.1 were applied. Cash flow analyses

and results tables, which included the total vehicle cost and the nominal vehicle cost

per mile, were then generated for each model and scenario combination. An example

of the financial models, cash flow tables, and results tables can be found in Appendix

A-2, A-4, and A-3. This approach ensured that the financial implications of procuring

electric versus ICE fleets were thoroughly evaluated and that the TCO and NPV of

different types of fleets could be assessed and compared to one another.

Standard Cost Calculations

Regardless of the vehicle type (BEV or ICE), the depreciation cost, capital cost,

annualized NPV total cost of ownership, maintenance and repair cost, taxes and fees,

and insurance cost are all calculated with a standard approach. The costs that are

calculated differently depending on the vehicle type are fuel costs. The BEV vehicle

also has the additional cost of downtime from public charging. These costs and their

calculations are outlined in the equations below.

Depreciation Cost, Capital Cost, and Annualized NPV Total Cost of

Ownership Calculations

To calculate depreciation cost, capital cost, and NPV, the inputs and assumptions

outlined in Chapter 5.1.1 were used. The calculations for ICE and BEV vehicles are

performed in the same way. Based on Chapter 5.1.1, the depreciation rate for both

vehicles is assumed to be 23% in the first year and 15% for each subsequent year.

Capital costs include the cash payment for the vehicle and the terminal (or salvage)

value. The cash payment for the vehicle is set as the average MSRP for the ICE

vehicle, and the MSRP with the additional 10% operational capacity hit for the BEV

(to compensate for greater downtime due to longer refueling cycles). It is assumed that
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all vehicles will be purchased in cash outright. The terminal value of the vehicle is the

estimated value after depreciation over seven years of ownership. For the annualized

NPV total cost of ownership, the discount rate is applied to the total cost for each

vehicle type using standard discounting practices.

Maintenance and Repair Costs

To calculate maintenance and repair costs, the inputs and assumptions outlined in

Chapter 5.1.1 were used. The calculations for ICE and BEV vehicles are performed

in the same way. The maintenance and repair costs change based on the years of

operation. The maintenance and repair cost per mile per year for each type of vehicle

can be found in Chapter5.1.1 in Table 5.1. The following equation is used with this

cost information to find the total maintenance cost per year.

Total Maintenance & Repair Cost for Specific Year

= Maintenance & Repair Cost per Year per Mile×Annual VMT×General Inflation (5.1)

This value for each year is then summed up to give the total maintenance cost during

the expected years of ownership.

Taxes and Fees

The inputs and assumptions outlined in Chapter 5.1.1 were used to calculate taxes

and fees. The calculations for ICE and BEV vehicles are performed in the same

way. The first year’s cost is the initial taxes from the procurement of the vehicle.

The subsequent year’s costs are the yearly recurring fees and taxes multiplied by the

general inflation of that year. The value for each year is then summed up to give the

total taxes and fees during the expected years of ownership. These costs are outlined

in the Model Inputs and Assumptions of Chapter 5.1.1.

Insurance Costs

The inputs and assumptions outlined in Chapter 5.1.1 were used to calculate insurance
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costs. The calculations for ICE and BEV vehicles are performed in the same way.

The first year’s cost is the yearly insurance cost of the vehicle. The subsequent year’s

costs are the annual insurance costs multiplied by the general inflation of that year.

The value for each year is then summed up to give the total insurance costs during

the expected years of ownership. These costs are outlined in the Model Inputs and

Assumptions of Chapter 5.1.1.

BEV Specific Cost Calculations

BEV Fuel Costs

To calculate fuel cost for BEV vehicles, the total electricity usage, energy inflation,

percent of charging in public and at home, and electricity pricing for public and home

were used.

First, the collective electricity price was calculated using the following equation:

Collective Electricity Price

= (% Depot Charging×Depot Electricity Price+% Public Charging×Public Charging Price)

(5.2)

Then, the fuel cost for each year was calculated by using the following equation:

BEV Fuel Cost per Year

= Electricity Usage × Energy Inflation × Collective Electricity Price (5.3)

The value for each year is then summed up to give the total fuel costs during the

expected years of ownership.

EV Charging Infrastructure Cost EV charging infrastructure cost includes capital

cost and operating costs. The capital cost includes the cost of the equipment, as well

as the construction and installation of the equipment. These costs are assumed to

be paid outright in cash. The only operating cost is maintenance cost, which is 3%

of the value of the equipment. The maintenance cost per year is calculated in the
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standard method outlined in the Maintenance Cost section above. The values used

for these costs can be found in Chapter 5.1.1. The EV charging infrastructure cost

uses the same discounting methods for the annualized NPV total ownership detailed

above. The cost of EV charging infrastructure is included in the total cost of the BEV

vehicle.

ICE Specific Cost Calculations

ICE Fuel Costs To calculate fuel cost for ICE vehicles, the total diesel usage, the

diesel price, and general inflation were used.

ICE Fuel Cost per Year

= Diesel Usage × Diesel Price × General Inflation (5.4)

The value for each year is then summed up to give the total fuel costs during the

expected years of ownership.

5.2.4 Emissions Equations

To compare the environmental impacts of procuring and operating BEV and ICE

long-haul Class 8 trucks, GHG and direct emissions from air pollutants were evaluated

over the complete lifecycle of the vehicles. An emissions model was made for each

vehicle type under specific development speed scenarios. To calculate the Well-to-

Wheel (WTW) emissions of each vehicle, a standard approach was taken. First, the

energy usage per year was determined, and then the carbon intensity of that energy

source was calculated. Using this information, the annual emissions of the vehicle

were estimated. This approach and the methods described in this section were used

to create a comprehensive assessment of the environmental impacts of using a BEV

long-haul Class 8 truck versus an ICE long-haul Class 8 truck.
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Important Conversion Constants

The conversions below are used in the emissions model to calculate the emissions

output by each type of class 8 long-haul truck.

Table 5.6: General Conversion Constants

Grams per Pound (g/lb) 453.59

kWh per Gasoline Volume (kWh/U.S. gal) 33.7

kWh per Diesel Volume (kWh/U.S. gal) 37.95

kWh per MJ (kWh/MJ) 0.28

MJ per Diesel Volume (MJ/U.S. gal) 136.62

The general conversion constants in Table 5.6 are based on widely known and

accepted. They will be used to understand each vehicle type’s annual emissions in

pounds (lb). Table 5.7 and Table 5.8 are necessary to understand the specific WTW

emissions for each energy source, diesel or electricity.

Table 5.7: Diesel Well-to-Wheel Emissions Conversions

Pollutant Total Output Emission Rate

CO2 (g/MJ) 88.16

GHG-100 (g/MJ) 92.26

NOx (mg/MJ) 210

SOx (mg/MJ) 14.66

VOC (mg/MJ) 26.62

PM10 (mg/MJ) 4.11

PM2.5 (mg/MJ) 3.58
All emissions rate data obtained from the GREET Tool[32]
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Table 5.8: Average U.S. Grid Electricity Well-to-Wheel Emissions Conversions

Pollutant Total Output Emission Rate

NOx total output (lb/MWh) 0.62

SO2 total output (lb/MWh) 0.68

CO2 total output (lb/MWh) 947.18

CH4 total output (lb/MWh) 0.09

N2O total output (lb/MWh) 0.01

CO2e total output (lb/MWh) 952.88

Upstream Emissions After Transmission Loss (lb/MWh) 117.71

Grid Gross Loss (%) 4.87

PM10 total direct plant output (lb/MWh) 0.07

PM2.5 total direct plant output (lb/MWh) 0.06

VOC total direct plant output (lb/MWh)* 0.02

Table 5.8 presents data specific to the average U.S. grid subregion and its respective

emissions. This data is vital for the analysis because it accurately reflects the energy

mixture used to power the grid rather than assuming a fully renewable energy source.

This approach considers the grid gross loss, upstream emissions after transmission

loss, and average U.S. plant output direct emission rates from air pollutants such

as PM10, PM2.5, and VOC.[51] The data on grid-associated pollutants (NOx, SO2,

CO2, CH4, N2O, CO2e) and grid gross loss was obtained from the U.S. EPA’s eGRID

database.[52] "The eGRID annual total output emission rate is the measure of the

emissions as it relates to the net generation output".[43] In contrast, the eGRID

subregion carbon dioxide equivalent (CO2e) output emission rates are "calculated

using the eGRID subregion output emission rates for CO2, CH4, and N2O and the

Global Warming Potentials from the International Panel on Climate Change’s Second

Assessment Report" and "shows the relative contributions of including the CH4 and

N2O emissions from electric generation along with the CO2 emissions."[43] The data

on upstream emissions after transmission loss was obtained from a study performed

by the Union of Concerned Scientists(UCS).[39] This comprehensive approach allows
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for an accurate assessment of the environmental impacts of using the U.S. grid as an

energy source.

BEV Vehicle Emissions Calculations

To calculate the emissions of the BEV vehicle, the following steps were taken:

1. Calculate the annual electricity usage of the vehicle under the economic and

development speed scenarios:

Annual Electricity Usage(kWh/yr) =
Annual VMT

MPGe
× (kWh per Gasoline Volume*)

(5.5)

2. Calculate the WTW carbon intensity(CI) per kWh of the grid:

=
Grid CO2 Emission Rate + Upstream Emissions after Transmission Loss

1000
(5.6)

3. Calculate the total annual pounds of WTW CO2 emissions:

Annual CO2 Emissions(lb) = Annual Electricity Usage × WTW CI of kWh
(1− Grid Gross Loss)

(5.7)

4. Calculate the annual pounds of WTW CO2 emissions per mile traveled:

Annual CO2 emissions per mile(lb/mi) =
Annual CO2 Emissions

Annual VMT
(5.8)

5. Calculate the other annual WTW emissions per mile traveled:

Annual NOx Emissions per Mile (mg/mi):

=
Grid NOx Emission Rate × glb con* × Annual Electricity Usage

Annual VMT
(5.9)

Annual SOx Emissions per Mile (mg/mi):

=
Grid SOx Emission Rate × glb con* × Annual Electricity Usage

Annual VMT
(5.10)

Annual VOC Emissions per Mile (mg/mi):

=
Grid VOC Emission Rate × glb con* × Annual Electricity Usage

Annual VMT
(5.11)
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Annual PM10 Emissions per Mile (mg/mi):

=
Grid PM10 Emission Rate × glb con* × Annual Electricity Usage

Annual VMT
(5.12)

Annual PM2.5 Emissions per Mile (mg/mi):

=
Grid PM2.5 Emission Rate × glb con* × Annual Electricity Usage

Annual VMT
(5.13)

The general conversions used in these calculations are kWh per Gasoline Volume

and Grams per Pound from Table 5.6. The Grams per Pound conversion is

denoted as "glb con" in the equations used.

ICE Vehicle Emissions Calculations

To calculate the emissions of the ICE vehicle, the following steps were taken:

1. Calculate the annual gallons of diesel used for the vehicle under the economic

and development speed scenarios:

Annual Diesel Usage(gal/yr) =
Annual VMT

MPG
(5.14)

2. Calculate the WTW carbon intensity(CI) per gallon of diesel:

=
Diesel WTW CO2 Emissions × MJ per Diesel Volume*

glb con*
(5.15)

3. Calculate the total annual pounds of WTW CO2 emissions:

Annual CO2 Emissions(lb) = Annual Diesel Usage × WTW CI of Diesel (5.16)

4. Calculate the annual pounds of WTW CO2 emissions per mile traveled:

Annual CO2 emissions per mile(lb/mi) =
Annual CO2 Emissions

Annual VMT
(5.17)

5. Calculate the other annual WTW emissions per mile traveled:

Annual NOx Emissions per Mile (mg/mi):

=
Diesel WTW NOx Emissions × MJ per Diesel Volume* × Annual Diesel Usage

Annual VMT
(5.18)
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Annual SOx Emissions per Mile (mg/mi):

=
Diesel WTW SOx Emissions × MJ per Diesel Volume* × Annual Diesel Usage

Annual VMT
(5.19)

Annual VOC Emissions per Mile (mg/mi):

=
Diesel WTW VOC Emissions × MJ per Diesel Volume* × Annual Diesel Usage

Annual VMT
(5.20)

Annual PM10 Emissions per Mile (mg/mi):

=
Diesel WTW PM10 Emissions × MJ per Diesel Volume* × Annual Diesel Usage

Annual VMT
(5.21)

Annual PM2.5 Emissions per Mile (mg/mi):

=
Diesel WTW PM2.5 Emissions × MJ per Diesel Volume* × Annual Diesel Usage

Annual VMT
(5.22)

The general conversions used in these calculations are MJ per Diesel Volume and

Grams per Pound from Table 5.6. The Grams per Pound conversion is denoted

as "glb con" in the equations used.
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Chapter 6

Results and Analysis of Financial and

Environmental Impacts

The analysis of the financial and environmental impacts of transitioning to BEVs from

ICE long-haul trucks is based on the models and assumptions outlined in Chapter 5.

The financial impact analysis examines the total cost of ownership associated with

procuring and maintaining BEVs compared to that of ICE vehicles, the economic and

development thresholds for BEV preference, and the potential financial gains from

making the investment in BEV instead of ICE long-haul trucks. The environmental

impact analysis examines the potential environmental impacts of transitioning to BEVs,

such as GHG emissions and direct emissions from air pollution. This comprehensive

analysis provides the financial and environmental considerations that must be assessed

if a company is considering transitioning to BEVs for long-haul trucking. All figures

used in this chapter can be found in a larger format in Appendix A.

6.1 Total Cost of Ownership Analysis

The TCO Analysis calculated the total cost of ownership for the procured vehicle

and the annual nominal cost per mile. This analysis outlines the economic and

development speed scenarios under which a BEV long-haul truck would be the more

economical choice, as well as scenarios where the choice between a BEV and an ICE
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vehicle could be more uncertain or where an ICE vehicle would be the preferred

economical option. The results shown in Figure 6-1 illustrate the significant total cost

of ownership difference between BEV and ICE vehicles. This analysis emphasizes

the economic benefits of BEVs in terms of costs across a majority of the scenarios

evaluated. It demonstrates the increasingly compelling economic case for adopting

BEVs in long-haul trucking. For the complete analysis of the Total Cost of Ownership

Summary reference Appendix Figure A-5.

Figure 6-1: Total Cost Difference Summary

The total cost of ownership summary seen in Figure 6-1 and Appendix Figure A-5

demonstrates that, in general, a BEV is the preferred option or could be the preferred

option in most scenarios, except in the scenario of the low oil costs and current (slow)

development speed for EV technologies. Under all current economic and high oil

economic scenarios, a BEV is the preferred option regardless of development speeds.

This means that while it would be desirable for the technology to be further developed,

it is not strictly necessary to make the economic case for BEVs in long-haul trucking.

In the current economic conditions and with no further development, the total cost

of an ICE vehicle is 22%, or $132,199, more expensive than that of a BEV long-haul

truck.

In the high renewable cost economic scenario, if medium or aggressive development

occurs, the BEV option is the more economical choice. In contrast, if no further

development is made, there is only a 2% difference in total cost between the ICE

and BEV trucks. Although the BEV option is slightly more favorable, it has been

designated as neutral because the total cost is close enough that both vehicles could

be favorable.

The low oil cost scenario is the least favorable case for a BEV transition. If no
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further development takes place in the low oil cost economic scenario, the total cost

of an ICE long-haul truck is 14%, or $76,512, less expensive than that of the BEV

truck. Therefore, an ICE vehicle would be preferred. Even if medium or aggressive

development occurs in the low oil cost economic scenario, the BEV total cost is only

1% and 2% less than that of an ICE truck. Although the BEV option is slightly more

favorable, it has been designated as neutral because the total cost is close enough that

both vehicles could be favorable.

The TCO analyses performed are broken down in the Appendix in Figures A-6

and A-7. These figures indicate that fuel cost is the major contributor to the cost

difference between a BEV and ICE long-haul truck. The fuel costs were then analyzed

to understand the significance of these cost differences. The total cost of ownership

fuel analysis demonstrates that, concerning fuel costs, a BEV is always the preferred

choice, see Appendix Figure A-8. Figure 6-2 provides a summary that illustrates the

significant differences in fuel cost between an ICE vehicle and a BEV in each economic

and development speed scenario.

Figure 6-2: Fuel Cost Difference Summary

This difference is calculated by using Equation 6.1.

Fuel Cost Difference =
ICE Fuel Cost − BEV Fuel Cost

ICE Fuel Cost
(6.1)

Figure 6-2 shows the disparity in fuel costs between ICE and BEV long-haul trucks.

These significant differences drive lower operating costs for BEV and help strengthen

the case for a transition to BEV. As shown in Figure 6-2, in the current economic

scenario with no further development, the total fuel costs for ICE vehicles are 120%,
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or $229,093, more expensive than that of a BEV. Although most economic scenarios

demonstrate large savings, it is significant to note that in the low oil cost current

development speed scenario, the total fuel cost difference is only 14%, or $24,070.

The low price of diesel drives this small difference. The low diesel price causes a

minimal cost savings advantage from switching to BEV. Therefore, ICE will be the

preferred option regarding the total cost. In this scenario, the operating cost savings

from switching to BEVs will not be sufficient to offset the upfront cost of procuring

the vehicle, the operational capacity adjustment, and the charging station. However,

across most economic conditions and development speeds, a significant difference in

fuel costs makes a compelling case for the adoption of BEVs in the long-haul trucking

industry now.

It is important to note for this analysis that the total cost of ownership is not discounted.

Discount factors are applied in the NPV analysis in Chapter 6.4.

6.2 Nominal Cost per Mile Sensitivity Analysis

Multiple sensitivity analyses were conducted to understand the impact of changes

in various cost variables on the annual nominal cost per mile for each economic

and development speed scenario. The statistical significance of each cost-influencing

variable was evaluated, and analysis was performed on the variables deemed significant:

diesel price, electricity price, MPGe, MPG, annual vehicle miles traveled, and MSRP.

These sensitivity analyses can be found in detail in the figures in Appendix Section

A.3.

The sensitivity analyses demonstrated the impact of each significant cost-influencing

variable on the nominal cost per mile within each economic and development speed

scenario. These analyses also illustrated the inflection point at which the nominal cost

per mile for an ICE long-haul truck and a BEV long-haul truck would be equivalent for

each significant cost-influencing variable under the different economic and development

speed scenarios. These inflection points were found by determining the crossover points

between the ICE vehicle and BEV data for the respective variable. The inflection
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points were then compared to the economic and development scenarios in Chapter 6.3

to understand the changes that would have to occur in the respective cost-influencing

variable for the BEV truck to be the more economical choice.

Additionally, a significant takeaway from the sensitivity analysis was found in the

Annual Vehicle Miles Traveled Sensitivity Analysis, where it was determined that

in all economic conditions, except the low oil cost current development scenario, as

the mileage increases, the difference in nominal cost per mile of the BEV truck in

comparison to the ICE truck increases, with BEVs having the lower nominal cost per

mile. This finding demonstrates why BEVs become increasingly competitive when

analyzing long-haul trucking scenarios.

6.3 Threshold Analysis for BEV Preference

The nominal cost per mile sensitivity analysis performed in Chapter 6.2 helped

determine the inflection points at which the nominal cost per mile for an ICE long-

haul truck and a BEV long-haul truck would be equivalent for each significant cost

variable under the different economic and development speed scenarios. The figures in

section A.4 of the Appendix outline the thresholds for each respective cost-influencing

variable that make the BEV truck the more economical choice.

From these figures in section A.4, it is evident that regardless of the development

scenario, BEV is the preferred option in most economic scenarios and has significant

leeway before the nominal cost per mile for the ICE becomes equivalent. These

thresholds were presented together as an individual change in either of these variables

for their specific scenario will make BEV the preferred option or maintain BEV as the

preferred choice. For example, in the current economic and development scenario, if

the diesel price remains above $3.65, or the MPGe of the BEV truck remains above

8.86 MPGe, or the electricity cost remains below $0.29, or the MPG of the ICE truck

is remains below 8.74 MPG, the BEV would be the preferred choice. If any of these

conditions are not met, the BEV would no longer be the preferred economical choice.

The significant findings from this threshold analysis are further broken down in
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the sections below, according to each of the variables on which the sensitivity analysis

was performed.

6.3.1 Diesel and Electricity Price Sensitivity Analysis Results

The key findings from the diesel and electricity sensitivity analyses are analyzed

by each specific economic condition and the across all economic conditions. These

sensitivity analysis results are presented in Appendix A.4.

Current Economic Condition In the current economic condition, with electricity

prices set at $̃0.14 per kWh, the expected price of diesel is $5.33.[4] If the diesel

price remains above $3.65 or the electricity price remains below $0.29, regardless of

developments made, the BEV will have a lower nominal cost per mile. If medium

developments are made, and the diesel price remains above $2.49 or the electricity

price remains below $0.53, the BEV will have a lower nominal cost per mile. If

aggressive developments are made, and the diesel price remains above $2.44 or the

electricity price remains below $0.55, the BEV will have a lower nominal cost per mile.

Conversely, if the diesel price drops below these prices or the electricity price increases

above these prices, the ICE vehicle will have a lower nominal cost per mile.

Based on the current average diesel price of $5.33 and electricity price of $0.14,

BEVs are already a more cost-effective option. Substantial price changes could occur

to diesel or electricity prices, and BEVs will still have a lower nominal cost per mile.

For instance, with no further development, diesel prices could decrease by up to

$1.68 or electricity prices could increase by up to $0.15, and BEVs would remain the

cost-effective choice. With medium development, diesel prices could decrease by up to

$2.84 or electricity prices could increase by up to $0.40, and BEVs would remain the

cost-effective choice. With aggressive development, diesel prices could decrease by up

to $2.89 or electricity prices could increase by up to $0.41, and BEVs would remain

the cost-effective choice.

High Oil Cost Economic Condition In the high oil cost economic condition

scenario based on EIA projections with electricity price set at $0.11 per kWh, the

expected price of diesel is $5.57.[4] If the diesel price remains above $3.29 or the
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electricity price remains below $0.32, regardless of developments made, the BEV

vehicle will have a lower nominal cost per mile. If medium developments are made,

and the diesel price remains above $2.28 or the electricity price remains below $0.57,

the BEV vehicle will have a lower nominal cost per mile. If aggressive developments

are made, and the diesel price remains above $2.24 or the electricity price remains

below $0.59, the BEV vehicle will have a lower nominal cost per mile. Conversely, if

the diesel price drops below these prices or the electricity price increases above these

prices, the ICE vehicle will have a lower nominal cost per mile.

BEV would be a more cost-effective option based on the projected diesel price of

$5.57 and electricity price of $0.11. Substantial price changes could occur to diesel or

electricity prices, and BEVs will still have a lower nominal cost per mile. For instance,

with no further development, diesel prices could decrease by up to $2.28 or electricity

prices could increase by up to $0.20, and BEVs would remain the cost-effective choice.

With medium development, diesel prices could decrease by up to $3.29 or electricity

prices could increase by up to $0.46, and BEVs would remain the cost-effective choice.

With aggressive development, diesel prices could decrease by up to $3.33 or electricity

prices could increase by up to $0.48, and BEVs would remain the cost-effective choice.

High Renewable Cost Economic Condition In the high renewable cost

economic condition scenario based on EIA projections with electricity price set at

$0.12 per kWh, the expected price of diesel is $3.57.[4] If the diesel price remains above

$3.41 or the electricity price remains below $0.13, regardless of developments made,

the BEV vehicle will have a lower nominal cost per mile. If medium developments

are made, and the diesel price remains above $2.36 or the electricity price remains

below $0.29, the BEV vehicle will have a lower nominal cost per mile. If aggressive

developments are made, and the diesel price remains above $2.32 or the electricity

price remains below $0.30, the BEV vehicle will have a lower nominal cost per mile.

Conversely, if the diesel price drops below these prices or the electricity price increases

above these prices, the ICE vehicle will have a lower nominal cost per mile.

Based on the projected diesel price of $3.57 and electricity price of $0.12, BEV

would be a more cost-effective option in most cases. In the medium and aggressive
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development speed scenarios, substantial price changes could occur to either the diesel

or electricity price. BEVs will still have a lower nominal cost per mile. For instance,

with medium development, diesel prices could decrease by up to $1.21 or electricity

prices could increase by up to $0.17, and BEVs would remain the cost-effective choice.

With aggressive development, diesel prices could decrease by up to $1.25 or electricity

prices could increase by up to $0.18, and BEVs would remain the cost-effective choice.

However, if no further development occurs, the diesel price could only reduce by up to

$0.16 or the electricity price could only increase by up to $0.01 for BEVs to remain the

cost-effective choice. Although price changes can occur, the price change allowance for

the BEV to remain cost-effective is negligible. Therefore, these scenarios have been

designated as neutral because the threshold prices are close enough to the projected

prices that both vehicles could potentially be favorable.

Low Oil Cost Economic Condition In the low oil cost economic condition

scenario based on EIA projections with electricity price set at $0.12 per kWh, the

expected price of diesel is $2.42.[4] If no developments are made, the diesel price must

increase by $0.97 to $3.39 or the electricity price must reduce by $0.09 to $0.03, for

the BEV vehicle to have a lower nominal cost per mile. In these cases, the ICE vehicle

has the lower nominal cost per mile and is the preferred option. This is primarily due

to how low the diesel price is. However, if medium developments are made, and the

diesel price remains above $2.34 or the electricity price remains below $0.13, the BEV

vehicle will have a lower nominal cost per mile. If aggressive developments are made,

and the diesel price remains above $2.32 or the electricity price remains below $0.14,

the BEV vehicle will have a lower nominal cost per mile.

Based on the projected diesel price of $2.42 and electricity price of $0.12, it is

uncertain whether BEVs would be a more cost-effective option in this economic

scenario. If no development occurs, the ICE would be a more cost-effective option.

Although price changes can occur for medium and aggressive development scenarios,

the amount required for BEVs to remain cost-effective is negligible. For the medium

development speed scenario, the diesel price can only reduce by $0.08 or the electricity

price can only increase by $0.01. For the aggressive development speed scenario, the
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diesel price can only reduce by $0.12 or the electricity price can only increase by $0.02.

Due to the negligible price changes allowed, these scenarios have been designated as

neutral because the threshold price is close enough to the projected price that both

vehicles could potentially be favorable.

All Economic Conditions The analysis of each economic scenario illustrates

that for all economic and development speed conditions, if the diesel price is above

$3.65 or the electricity price is below $0.03, the BEV would have a lower nominal cost

per mile. If medium developments are made, and the diesel price is above $2.49 or the

electricity price is below $0.13, the BEV would have a lower nominal cost per mile. If

aggressive developments are made, and the diesel price is above $2.44 or the electricity

price is below $0.14, the BEV would have a lower nominal cost per mile. Conversely,

if the diesel price is below $2.24 or the electricity price is above $0.59, regardless of

developments made, the ICE vehicle will have a lower nominal cost per mile. If no

developments are made, and the diesel price is below $3.29 or the electricity price

is above $0.32, the ICE vehicle will have a lower nominal cost per mile. If medium

developments are made, and the diesel price is below $2.28 or the electricity price is

above $0.57, the ICE vehicle will have a lower nominal cost per mile.

Based on the expected prices projected by the EIA in each economic scenario, the

BEV will be the preferred choice if any developments are made, as it will have a lower

nominal cost per mile. If no development is made, the economic benefit of transitioning

to a BEV vehicle will depend on market conditions. If no development occurs and

diesel prices remain above $3.65, the BEV truck would be the most cost-effective option.

The EIA "expect[s] retail diesel prices to average about $4.20/gal in 2023...[and] in

2024, [they] expect prices to continue to fall, and average near $3.70/gal."[3] Based on

these short-term projections, the case for adopting BEV trucks is strengthened under

the expected short-term diesel price conditions.

6.3.2 MPGe Sensitivity Analysis Results

The ICE fuel economy sensitivity analysis shows the same trends as the BEV fuel

economy sensitivity analysis. Therefore, the focus of this analysis was on MPGe, as
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the ICE vehicle conditions have limited room for improvement. The key findings from

the MPGe sensitivity analysis are analyzed across all economic conditions. The fuel

economy sensitivity analyses (MPG and MPGe) results are presented in Appendix

A.4.

Similar to the electricity and diesel sensitivity analysis, the BEV truck is the

preferred option if any development occurs. The significant finding from the current

economic scenario across all development scenarios is that if the BEV truck’s fuel

economy remains above 9.92 MPGe, the BEV option is the preferred economical

choice. This means that the BEV truck still has significant leeway in fuel economy

performance to be the preferred option. If no developments are made and current

economic scenarios continue, the BEV truck only has to have a fuel economy above

8.86 MPGe to be the preferred option. If no developments are made and the high

oil cost economic scenario occurs, the BEV truck must only have a fuel economy

above 7.27 MPGe to be the preferred option. If no developments are made and the

high renewable cost economic scenario occurs, the BEV truck must only have a fuel

economy above 12.5 MPGe to be the preferred option. However, if no developments

are made and the low oil cost economic scenario occurs, the BEV truck must have a

fuel economy above 22.02 MPGe to be the preferred option.

6.3.3 MSRP Sensitivity Analysis Results

Under each economic and development speed scenario, the MSRP price to ensure

the BEV would be the preferred option was determined. These prices were found

by understanding the nominal cost per mile of an ICE long-haul truck under each

scenario and then determining the MSRP value for a BEV long-haul truck at that

nominal cost per mile. The results are illustrated in Figure 6-3.
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Figure 6-3: Threshold Analysis for BEV MSRP Pricing based on Sensitivity Analysis

These results demonstrate that if any development occurs, the MSRP of the BEV

truck can be increased from $198,000 by at least $7,327. Under all current economic

condition scenarios, if the MSRP remains below $384,375, the BEV is the preferred

economical option. Under all high oil cost economic condition scenarios, if the MSRP

remains below $451,532, the BEV is the preferred economical option. Under all high

renewable cost economic condition scenarios, if the MSRP remains below $216,035,

the BEV is the preferred economical option. However, under the low oil cost current

development scenario, the MSRP must reduce to at least $90,162 to make the BEV

the preferred economical option. This MSRP is highly unlikely. Therefore, the ICE

vehicle would be the preferred option in this scenario.

6.3.4 Low Oil Cost Scenario Feasibility and 2022 EIA Energy

Outlook Scenario

Across all analyses, the low oil cost scenario presents a case against adopting BEV

vehicles for long-haul trucking. Therefore, the feasibility of this scenario occurring

was evaluated. The main driver causing BEV vehicles not to be favorable is the low

diesel price of $2.42. This low diesel price means that the lower operating cost of

a BEV vehicle cannot offset the upfront cost of investing in BEVs. There is only a
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14% difference in the fuel cost, which is the significant cost reduction incentive of

transitioning to BEV. To offset this low diesel cost, the electricity cost would have

to be unreasonably low or the fuel economy would have to be higher than expected.

Therefore, to understand the feasibility of this economic scenario, an additional

scenario was developed based on the 2022 EIA Energy Outlook Scenarios of long-term

expectations for diesel prices. This scenario was designed to determine if based on

long-term baseline projections, the diesel price of $2.42 was probable or if the case for

BEV trucks would hold up.

2022 EIA Energy Outlook Scenario Based on the 2022 EIA Energy Outlook,

it is unlikely that the low oil cost scenario will come to fruition and the diesel price will

drop to $2.42. Based on the 2022 EIA Energy Outlook, the 2025-2050 transportation

industry’s baseline expected average diesel price is $3.35 and the expected average

electricity price is $0.11.[4] These expected prices support the finding that the BEV is

the preferred choice if any development occurs. However, each development scenario

was analyzed to understand the threshold at the projected baseline diesel price. The

projected baseline scenario from the expected 2022 EIA Energy Outlook Scenarios is

defined in Table 6.1.

Table 6.1: Expected Baseline 2022 EIA Energy Outlook Scenarios Economic Scenario
Conditions

Economic Condition Baseline - 2022 EIA Energy Outlook

Diesel Price ($/Gallon) $3.35

Electricity Cost ($/kWh) $0.11

Public Charging Price ($/kWh) $0.27

En Route Charging Price ($/kWh) $0.11

Inflation Rate (Excluding Fuel) (%/Year) 2%

Cost of Downtime from Public Charging ($/Hour) $75

MSRP Average - ICE $135,000

MSRP Operational Capacity Adjustment - BEV $198,000

Grid Region US Average

While the low oil cost scenario is still included in the analysis, the baseline expected

pricing from the 2022 EIA Energy Outlook Scenarios is considered a lower bound

to determine if the transition to BEV long-haul trucks is economically feasible. The
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thresholds of electricity price, fuel economy (MPGe), and BEV MSRP based on the

expected baseline scenario conditions were calculated. The results can be found in

Table 6-4.

Figure 6-4: Threshold Analysis for 2022 EIA Energy Outlook

Based on the 2025-2030 baseline projections for diesel prices, the low oil cost

economic scenario is unlikely. This would require a reduction of $0.93 in the expected

baseline diesel price to occur. This analysis demonstrates that, with a baseline

diesel price of $3.35, for BEV trucks to be the preferred economical choice over

ICE trucks when no further development occurs, the cost of electricity must be at

or below $0.12 per kWh, the MPGe of the BEV truck must be at or above 12.5

MPGe, or the MSRP of the BEV truck must be at or below $210,608. However,

based on the 2022 Energy Information Administration (EIA) Energy Outlook, the

transportation industry’s baseline expected average end consumer electricity price is

$0.11. Additionally, the Tesla is priced at $180,000, and with the operational capacity

adjustment, the maximum expected MSRP is $198,000, which is $12,608 less than

the adjusted price. Furthermore, the expected fuel economy of a BEV in the current

development scenario is 13.5MPGe which is above the stated threshold. Thus, BEVs

would still be the preferred choice even with no further development based on the

baseline scenario.

This comprehensive threshold analysis is significant because it further strengthens the

case for adopting BEV long-haul trucks. Almost all projected economic scenarios under

the current development speed scenario, including the baseline economic scenario,

demonstrate that the BEV truck is the preferred economical choice. If any development

occurs, which is likely, the BEV could be the preferred choice for all projected economic

scenarios. Development is recommended to ensure there will be a financial incentive

to switch to BEV long-haul trucks across all economic scenarios.
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6.4 Net Present Value Model Analysis

Through the TCO and sensitivity analyses performed, it is clear that BEV is the

preferred option on a nominal cost per mile basis, even using a significantly conservative

approach. NPV cash flow analysis was performed to determine the value of investing in

BEV long-haul trucks instead of ICE long-haul trucks over the seven years of expected

ownership. This analysis calculates the net present value of the expected cash flows

from procuring each vehicle. Two industry-specific NPV models were built using the

industry’s respective WACC. Within each analysis, the payback period was found.

The payback period is defined as the year when the NPV of switching to a BEV from

an ICE long-haul truck becomes positive. Within each model, two additional scenarios

are presented related to charging infrastructure. The first charging infrastructure

scenario assumes the expected one-to-one ratio, while the second assumes that four

vehicles can use one charging station, a four-to-one ratio. Applying these constraints,

the NPV analyses determine the return on investment from procuring a BEV or ICE

long-haul truck under multiple realistic scenarios. The details of all NPV analyses can

be found in Appendix Section A.5.

Due to the feasibility assessment of the low oil cost scenario from the 2022 EIA

Energy Outlook Scenarios, the baseline scenario was included in the NPV analysis.

The baseline economic scenario is used as the lower bound in the NPV analysis, instead

of the low oil cost economic scenario, to determine if the transition to BEV long-haul

trucks is economically feasible. The low oil cost economic scenario is still included in

the analysis but is not considered feasible.

6.4.1 Trucking Industry Model

This NPV analysis evaluates the potential profitability of transitioning to BEV long-

haul trucks in the trucking industry. This approach has a discount factor of 10.3%, an

operational capacity adjustment of 10%, and two different charging station scenarios

per vehicle procured. This approach is highly conservative and can be seen as an

upper bound.
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Charging Station Scenario One

One Vehicle per Station at 10.3% Discount Factor

The figures in Appendix Section A.5.1 and Section A.5.2 provide a summary of the

cash flows that would occur from procuring an ICE or BEV long-haul truck under

the different economic and development speed scenarios with the assumption that for

every vehicle procured a charging station will be built.

These cash flows were used to determine the projected average operating savings

per year, the BEV savings at the end of the seven years of expected ownership, and

the annual net difference from investing in BEV instead of ICE. Figure 6-5, Figure

6-6, and 6-7 are the outcomes of this analysis.

Figure 6-5: Projected Average Operating Savings per Year from Transition to BEV at
10.3% Discount Factor and One-to-One Charging Station Ratio

The projected annual average operating savings from transitioning to a BEV

long-haul truck from an ICE long-haul truck demonstrate the benefits of operating a

BEV. The lower operating cost of the BEV, due to lower fuel and maintenance costs,

provides significant annual savings compared to an ICE vehicle. If any development

occurs, across all economic scenarios, excluding the low oil cost scenario, the lowest

annual average cost savings per vehicle is $14,058 and the highest potential annual

average cost savings per vehicle is $30,954. However, if no development is made, all

economic scenarios will see annual cost savings from transitioning to a BEV long-haul

truck from an ICE long-haul truck, except the low oil cost scenario. If no development

is made and current economic conditions continue, the average annual savings would

be $19,772 from transitioning. If no development is made and high oil cost economic
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conditions occur, the average annual savings would be $24,786 from transitioning.

If no development is made and high renewable cost economic conditions occur, the

average annual savings would be $7,816 from transitioning. If no development is made

and low oil cost economic conditions occur, there would not be savings. The average

annual loss would be $1,240 from transitioning to a BEV long-haul truck from an

ICE long-haul truck. However, based on the feasibility assessment of the low oil cost

scenario, the baseline will be considered as a lower bound. If no development is made,

the baseline economic scenario would have an annual savings of $7,476.

Although there are significant savings per year from operating a BEV truck instead

of an ICE truck, it is vital to understand whether those savings are enough to offset

the upfront cost of transitioning. This upfront cost includes procuring the vehicle,

constructing and installing the charging station, and an operational capacity hit of

10%. To determine whether the average operating savings are enough, the total NPV

financial gains from switching to BEV over the expected years of ownership were

determined, as seen in Figure 6-6. Figure 6-7 illustrates the annual net difference

from investing in BEV instead of ICE long-haul trucks and the payback period. The

Annual Net Differences (∆) are calculated for each year using the following equation

∆=𝑁𝑃𝑉𝐼𝐶𝐸-𝑁𝑃𝑉𝐵𝐸𝑉 .
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Figure 6-6: Total NPV Analysis with BEV Savings at the end of Expected Years of
Ownership at 10.3% Discount Factor and One-to-One Charging Ratio

Figure 6-7: Annual Net Difference in Total NPV Summed Cost from Investing in BEV
instead of ICE at 10.3% Discount Factor and One-to-One Charging Ratio

This analysis demonstrated that with a discount factor of 10.3% and a one-to-one

charging station ratio, development must occur for the BEV to be the preferred

economical option in all economic scenarios. If development occurs, in all economic
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scenarios evaluated, there will be significant cost savings from procuring BEV long-haul

vehicles instead of ICE long-haul vehicles by the end of the expected years of ownership.

For the medium development speed scenario, the net positive financial gains per vehicle

range from $24K to $133K, depending on the economic scenario. For the aggressive

development speed development scenario, the net positive financial gains per vehicle

range from $19K to $113K, depending on the economic scenario. The payback period

per vehicle ranges from 4 to 7 years for the medium and aggressive development speed

scenarios. If no further development occurs, under current economic conditions and

high oil cost conditions, there will be net positive financial gains of $59K with a payback

period of 5 years and $92K with a payback period of 4 years over the seven years of

ownership, respectively. However, if no further development occurs in both the high

renewable cost economic scenario and the baseline economic scenario, there will not be

net positive financial gains from switching to BEV. The ICE vehicle will be a better

financial investment by the end of its useful lifetime. This indicates that development

must occur parallel to adoption to ensure that the BEV is the preferred economical

option across all economic scenarios. The development must either increase the BEV

long-haul truck fuel economy from 13.5MPGe to lower operating costs or improve

charging capabilities from 350kW to reduce charging downtime. If this development

occurs, partner companies will have a financial incentive as investing in BEV long-haul

trucks will pay off in the long term.

Tesla Feasibility for Trucking Industry under One-to-One Ratio

Analysis was performed to understand whether the BEV choice would be preferred

under the expected Tesla Semi-Truck operating conditions. The expected Tesla Semi-

Truck operating conditions are a fuel economy of 19.8MPGe fully loaded and the

implementation of a 1MW charger.[46] The aggressive development speed and baseline

economic scenario were used for these calculations. For the aggressive development

speed scenario, all values were kept the same except the MPGe of the BEV. Tesla’s

expected value for fuel economy was used instead of the 27MPGe standard. The

results of this NPV analysis with a discount factor of 10.3% and a one-to-one charging
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station ratio are in Figure 6-8.

Figure 6-8: Tesla NPV Analysis at 10.3% Discount Factor and One-to-One Charging
Ratio A.5.3

Based on these results, the projected average annual savings would be $13,973. In

this scenario, there will be net positive financial gains of $19K with a payback period

of 7 years. This demonstrates a long-term financial incentive to switch to a BEV,

suggesting that the investment will pay off in the long term. Overall, this is a good

indication for the trucking industry that if the Tesla semi-truck can meet its operating

conditions and a one-to-one charging station ratio is used, investing in it could be a

wise financial decision.

It is important to note that these analyses include a 10% operational capacity hit

increasing the price of the vehicle from $180,000 to $198,000. The initial upfront cost

includes the vehicle, the charging station, and the operational capacity hit.
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Charging Station Scenario Two

Four Vehicles per Station at 10.3% Discount Factor

The figures in Appendix Section A.5.1 and Section A.5.2 provide a summary of the

cash flows that would occur from procuring an ICE or BEV long-haul truck under

the different economic and development speed scenarios with the assumption that for

every four vehicles procured a charging station will be built.

These cash flows were used to determine the projected average operating savings

per year, the BEV savings at the end of the seven years of expected ownership, and

the annual net difference from investing in BEV instead of ICE. Figure 6-9, Figure

6-10, and 6-11 are the outcomes of this analysis.

Figure 6-9: Projected Average Operating Savings per Year from Transition to BEV at
10.3% Discount Factor and Four-to-One Charging Station Ratio

The projected annual average operating savings from transitioning to a BEV

long-haul truck from an ICE long-haul truck demonstrate the benefits of operating a

BEV. The lower operating cost of the BEV, due to lower fuel and maintenance costs,

provides significant annual savings compared to an ICE vehicle. If any development

occurs, across all economic scenarios, excluding the low oil cost scenario, the lowest

annual average cost savings per vehicle is $14,119 and the highest potential annual

average cost savings per vehicle is $31,016. However, if no development is made, all

economic scenarios will see annual cost savings from transitioning to a BEV long-haul

truck from an ICE long-haul truck, except the low oil cost scenario. If no development

is made and current economic conditions continue, the average annual savings would

be $19,833 from transitioning. If no development is made and high oil cost economic
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conditions occur, the average annual savings would be $24,848 from transitioning.

If no development is made and high renewable cost economic conditions occur, the

average annual savings would be $7,878 from transitioning. If no development is made

and low oil cost economic conditions occur, there would not be savings. The average

annual loss would be $1,178 from transitioning to a BEV long-haul truck from an

ICE long-haul truck. However, based on the feasibility assessment of the low oil cost

scenario, the baseline will be considered as a lower bound. If no development is made,

the baseline economic scenario would have an annual savings of $7,538.

Although there are significant savings per year from operating a BEV truck instead

of an ICE truck, it is vital to understand whether those savings are enough to offset

the upfront cost of transitioning. This upfront cost includes procuring the vehicle,

constructing and installing the charging station, and an operational capacity hit of

10%. To determine whether the average operating savings are enough, the total NPV

financial gains from switching to BEV over the expected years of ownership were

determined, as seen in Figure 6-10. Figure 6-11 illustrates the annual net difference

from investing in BEV instead of ICE long-haul trucks and the payback period. The

Annual Net Differences (∆) are calculated for each year using the following equation

∆=𝑁𝑃𝑉𝐼𝐶𝐸-𝑁𝑃𝑉𝐵𝐸𝑉 .
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Figure 6-10: Total NPV Analysis with BEV Savings at the end of Expected Years of
Ownership at 10.3% Discount Factor and Four-to-One Charging Ratio

Figure 6-11: Annual Net Difference in Total NPV Summed Cost from Investing in
BEV instead of ICE at 10.3% Discount Factor and Four-to-One Charging Ratio

This analysis demonstrated that with a discount factor of 10.3% and a four-to-one

charging station ratio, development must occur for the BEV to be the preferred

economical option in all economic scenarios. If development occurs, in all economic
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scenarios evaluated, there will be significant cost savings from procuring BEV long-haul

vehicles instead of ICE long-haul vehicles by the end of the expected years of ownership.

For the medium development speed scenario, the net positive financial gains per vehicle

range from $42K to $151K, depending on the economic scenario. For the aggressive

development speed development scenario, the net positive financial gains per vehicle

range from $37K to $131K, depending on the economic scenario. The payback period

per vehicle ranges from 2 to 5 years for the medium and aggressive development speed

scenarios. If no further development occurs, under current economic conditions and

high oil cost conditions, there will be net positive financial gains of $77K with a payback

period of 4 years and $110K with a payback period of 3 years over the seven years of

ownership, respectively. However, if no further development occurs in both the high

renewable cost economic scenario and the baseline economic scenario, there will not be

net positive financial gains from switching to BEV. The ICE vehicle will be a better

financial investment by the end of its useful lifetime. This indicates that development

must occur parallel to adoption to ensure that the BEV is the preferred economical

option across all economic scenarios. The development must either increase the BEV

long-haul truck fuel economy from 13.5MPGe to lower operating costs or improve

charging capabilities from 350kW to reduce charging downtime. If this development

occurs, partner companies will have a financial incentive as investing in BEV long-haul

trucks will pay off in the long term.

Tesla Feasibility for Trucking Industry under Four-to-One Ratio

Analysis was performed to understand whether the BEV choice would be preferred

under the expected Tesla Semi-Truck operating conditions. The expected Tesla Semi-

Truck operating conditions are a fuel economy of 19.8MPGe fully loaded and the

implementation of a 1MW charger.[46] The aggressive development speed and baseline

economic scenario were used for these calculations. For the aggressive development

speed scenario, all values were kept the same except the MPGe of the BEV. Tesla’s

expected value for fuel economy was used instead of the 27MPGe standard. The

results of this NPV analysis with a discount factor of 10.3% and a four-to-one charging
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station ratio are in Figure 6-12.

Figure 6-12: Tesla NPV Analysis at 10.3% Discount Factor and Four-to-One Charging
Ratio A.5.3

Based on these results, the projected average annual savings would be $14,305. In

this scenario, there will be net positive financial gains of $37K with a payback period

of 5 years. This strengthens the long-term financial incentive to switch to a BEV,

suggesting that the investment will pay off in the long term. Overall, this is a good

indication for the trucking industry that if the Tesla semi-truck can meet its operating

conditions and a four-to-one charging station ratio is used, investing in it would be a

wise financial decision.

It is important to note that these analyses include a 10% operational capacity hit

increasing the price of the vehicle from $180,000 to $198,000. The initial upfront cost

includes the vehicle, the charging station, and the operational capacity hit.
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6.4.2 Partner Companies Industry Model

This NPV analysis evaluates the potential profitability of transitioning to BEV long-

haul trucks in the partner companies’ industries. This approach uses an average

discount factor of 7.61%, an operational capacity adjustment of 10%, and two different

charging station scenarios per vehicle procured.

Charging Station Scenario One

One Vehicle per Station at 7.61% Discount Factor

The figures in Appendix Section A.5.1 and Section A.5.2 provide a summary of the

cash flows that would occur from procuring an ICE or BEV long-haul truck under

the different economic and development speed scenarios with the assumption that for

every vehicle procured a charging station will be built.

These cash flows were used to determine the projected average operating savings

per year, the BEV savings at the end of the seven years of expected ownership, and

the annual net difference from investing in BEV instead of ICE. Figure 6-13, Figure

6-14, and 6-15 are the outcomes of this analysis.

Figure 6-13: Projected Average Operating Savings per Year from Transition to BEV
at 7.61% Discount Factor and One-to-One Charging Station Ratio

The projected annual average operating savings from transitioning to a BEV

long-haul truck from an ICE long-haul truck demonstrate the benefits of operating a

BEV. The lower operating cost of the BEV, due to lower fuel and maintenance costs,
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provides significant annual savings compared to an ICE vehicle. If any development

occurs, across all economic scenarios, excluding the low oil cost scenario, the lowest

annual average cost savings per vehicle is $15,274 and the highest potential annual

average cost savings per vehicle is $33,612. However, if no development is made, all

economic scenarios will see annual cost savings from transitioning to a BEV long-haul

truck from an ICE long-haul truck, except the low oil cost scenario. If no development

is made and current economic conditions continue, the average annual savings would

be $21,514 from transitioning. If no development is made and high oil cost economic

conditions occur, the average annual savings would be $26,938 from transitioning.

If no development is made and high renewable cost economic conditions occur, the

average annual savings would be $8,530 from transitioning. If no development is made

and low oil cost economic conditions occur, there would not be savings. The average

annual loss would be $1,297 from transitioning to a BEV long-haul truck from an

ICE long-haul truck. However, based on the feasibility assessment of the low oil cost

scenario, the baseline will be considered as a lower bound. If no development is made,

the baseline economic scenario would have an annual savings of $8,157.

Although there are significant savings per year from operating a BEV truck instead

of an ICE truck, it is vital to understand whether those savings are enough to offset

the upfront cost of transitioning. This upfront cost includes procuring the vehicle,

constructing and installing the charging station, and an operational capacity hit of

10%. To determine whether the average operating savings are enough, the total NPV

financial gains from switching to BEV over the expected years of ownership were

determined, as seen in Figure 6-14. Figure 6-15 illustrates the annual net difference

from investing in BEV instead of ICE long-haul trucks and the payback period.The

Annual Net Differences (∆) are calculated for each year using the following equation

∆=𝑁𝑃𝑉𝐼𝐶𝐸-𝑁𝑃𝑉𝐵𝐸𝑉 .
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Figure 6-14: Total NPV Analysis with BEV Savings at the end of Expected Years of
Ownership at 7.61% Discount Factor and One-to-One Charging Ratio

Figure 6-15: Annual Net Difference in Total NPV Summed Cost from Investing in
BEV instead of ICE at 7.61% Discount Factor and One-to-One Charging Ratio

This analysis demonstrated that with a discount factor of 7.61% and a one-to-one

charging station ratio, development must occur for the BEV to be the preferred
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economical option in all economic scenarios. If development occurs, in all economic

scenarios evaluated, there will be significant cost savings from procuring BEV long-haul

vehicles instead of ICE long-haul vehicles by the end of the expected years of ownership.

For the medium development speed scenario, the net positive financial gains per vehicle

range from $36K to $155K, depending on the economic scenario. For the aggressive

development speed development scenario, the net positive financial gains per vehicle

range from $30K to $133K, depending on the economic scenario. The payback period

per vehicle ranges from 3 to 6 years for the medium and aggressive development speed

scenarios. If no further development occurs, under current economic conditions and

high oil cost conditions, there will be net positive financial gains of $74K and $110K

over the seven years of ownership, respectively, with both having a payback period

of 4 years. However, if no further development occurs in both the high renewable

cost economic scenario and the baseline economic scenario, there will not be net

positive financial gains from switching to BEV. The ICE vehicle will be a better

financial investment by the end of its useful lifetime. This indicates that development

must occur parallel to adoption to ensure that the BEV is the preferred economical

option across all economic scenarios. The development must either increase the BEV

long-haul truck fuel economy from 13.5MPGe to lower operating costs or improve

charging capabilities from 350kW to reduce charging downtime. If this development

occurs, partner companies will have a financial incentive as investing in BEV long-haul

trucks will pay off in the long term.

Tesla Feasibility for Partner Companies under One-to-One Ratio

Analysis was performed to understand whether the BEV choice would be preferred

under the expected Tesla Semi-Truck operating conditions. The expected Tesla Semi-

Truck operating conditions are a fuel economy of 19.8MPGe fully loaded and the

implementation of a 1MW charger.[46] The aggressive development speed and baseline

economic scenario were used for these calculations. For the aggressive development

speed scenario, all values were kept the same except the MPGe of the BEV. Tesla’s

expected value for fuel economy was used instead of the 27MPGe standard. The
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results of this NPV analysis with a discount factor of 7.61% and a one-to-one charging

station ratio are in Figure 6-16.

Figure 6-16: Tesla NPV Analysis at 7.61% Discount Factor and One-to-One Charging
Ratio A.5.3

Based on these results, the projected average annual savings would be $15,190.

In this scenario, there will be net positive financial gains of $30K with a payback

period of 6 years. This demonstrates a long-term financial incentive to switch to a

BEV, suggesting that the investment will pay off in the long term. Overall, this is a

good indication for the partner companies that if the Tesla semi-truck can meet its

operating conditions and a one-to-one charging station ratio is used, investing in it

would be a wise financial decision.

It is important to note that these analyses include a 10% operational capacity hit

increasing the price of the vehicle from $180,000 to $198,000. The initial upfront cost
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includes the vehicle, the charging station, and the operational capacity hit.

Charging Station Scenario Two

Four Vehicles per Station at 7.61% Discount Factor

The figures in Appendix Section A.5.1 and Section A.5.2 provide a summary of the

cash flows that would occur from procuring an ICE or BEV long-haul truck under

the different economic and development speed scenarios with the assumption that for

every four vehicles procured a charging station will be built.

These cash flows were used to determine the projected average operating savings

per year, the BEV savings at the end of the seven years of expected ownership, and

the annual net difference from investing in BEV instead of ICE. Figure 6-17, Figure

6-18, and 6-19 are the outcomes of this analysis.

Figure 6-17: Projected Average Operating Savings per Year from Transition to BEV
at 7.61% Discount Factor and Four-to-One Charging Station Ratio

The projected annual average operating savings from transitioning to a BEV

long-haul truck from an ICE long-haul truck demonstrate the benefits of operating a

BEV. The lower operating cost of the BEV, due to lower fuel and maintenance costs,

provides significant annual savings compared to an ICE vehicle. If any development

occurs, across all economic scenarios, excluding the low oil cost scenario, the lowest

annual average cost savings per vehicle is $15,341 and the highest potential annual

average cost savings per vehicle is $33,679. However, if no development is made, all

economic scenarios will see annual cost savings from transitioning to a BEV long-haul

truck from an ICE long-haul truck, except the low oil cost scenario. If no development
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is made and current economic conditions continue, the average annual savings per

vehicle would be $21,581 from transitioning. If no development is made and high

oil cost economic conditions occur, the average annual savings per vehicle would

be $27,005 from transitioning. If no development is made and high renewable cost

economic conditions occur, the average annual savings per vehicle would be $8,597

from transitioning. If no development is made and low oil cost economic conditions

occur, there would not be savings. The average annual loss would be $1,230 from

transitioning to a BEV long-haul truck from an ICE long-haul truck. However, based

on the feasibility assessment of the low oil cost scenario, the baseline will be considered

as a lower bound. If no development is made, the baseline economic scenario would

have an annual savings of $8,223.

Although there are significant savings per year from operating a BEV truck instead

of an ICE truck, it is vital to understand whether those savings are enough to offset

the upfront cost of transitioning. This upfront cost includes procuring the vehicle,

constructing and installing the charging station, and an operational capacity hit of

10%. To determine whether the average operating savings are enough, the total NPV

financial gains from switching to BEV over the expected years of ownership were

determined, as seen in Figure 6-18. Figure 6-19 illustrates the annual net difference

from investing in BEV instead of ICE long-haul trucks and the payback period.The

Annual Net Differences (∆) are calculated for each year using the following equation

∆=𝑁𝑃𝑉𝐼𝐶𝐸-𝑁𝑃𝑉𝐵𝐸𝑉 .
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Figure 6-18: Total NPV Analysis with BEV Savings at the end of Expected Years of
Ownership at 7.61% Discount Factor and Four-to-One Charging Ratio

Figure 6-19: Annual Net Difference in Total NPV Summed Cost from Investing in
BEV instead of ICE at 7.61% Discount Factor and Four-to-One Charging Ratio

This analysis demonstrated that with a discount factor of 7.61% and a four-to-one

charging station ratio, regardless of development, the BEV will be the preference in

all economic scenarios. If development occurs, in all economic scenarios evaluated,
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there will be significant cost savings from procuring BEV long-haul vehicles instead of

ICE long-haul vehicles by the end of the expected years of ownership. For the medium

development speed scenario, the net positive financial gains per vehicle range from

$54K to $173K, depending on the economic scenario. For the aggressive development

speed scenario, the net positive financial gains per vehicle range from $48K to $152K,

depending on the economic scenario. The payback period per vehicle ranges from

2 to 5 years for medium and aggressive development speed scenarios. If no further

development occurs, under current economic conditions and high oil cost conditions,

there will be net positive financial gains of $92K with a payback period of 4 years and

$128K with a payback period of 3 years over the seven years of ownership, respectively.

However, if no further development occurs under the high renewable cost economic

scenario and the baseline economic scenario, there will be net positive financial gains

of $3K and $1K, respectively, with payback periods of 7 years. Although there are

net positive financial gains in these scenarios, the savings from the switch to a BEV

will have minimally exceeded the costs of the switch due to the resulting net positive

financial gains over the seven years of ownership. Therefore, it is recommended that

development occur to ensure that a strong financial incentive exists to make the

switch to a BEV. This indicates that for partner companies looking to transition to

BEV long-haul trucks, if they implement one charging station for every four vehicles

procured, no development has to be made for the BEV to be the preferred economical

choice. There is a financial incentive to switch to a BEV, as it suggests that the

investment will pay off in the long term, and the benefits will be greater than the

costs. However, due to the small net positive financial gains in the high renewable

cost and baseline cost economic scenarios, it is recommended that development occurs

parallel to adoption.

Tesla Feasibility for Partner Companies under Four-to-One Ratio

Analysis was performed to understand whether the BEV choice would be preferred

under the expected Tesla Semi-Truck operating conditions. The expected Tesla Semi-

Truck operating conditions are a fuel economy of 19.8MPGe fully loaded and the
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implementation of a 1MW charger.[46] The aggressive development speed and baseline

economic scenario were used for these calculations. For the aggressive development

speed scenario, all values were kept the same except the MPGe of the BEV. Tesla’s

expected value for fuel economy was used instead of the 27MPGe standard. The

results of this NPV analysis with a discount factor of 7.61% and a four-to-one charging

station ratio are in Figure 6-20.

Figure 6-20: Tesla NPV Analysis at 7.61% Discount Factor and One-to-One Charging
Ratio A.5.3

Based on these results, the projected average annual savings would be $15,256.

In this scenario, there will be net positive financial gains of $48K with a payback

period of 5 years. This strengthens the long-term financial incentive to switch to a

BEV, suggesting that the investment will pay off in the long term. Overall, this is a

good indication for the partner companies that if the Tesla semi-truck can meet its
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operating conditions and a four-to-one charging station ratio is used, investing in it

would be a wise financial decision.

It is important to note that these analyses include a 10% operational capacity hit

increasing the price of the vehicle from $180,000 to $198,000. The initial upfront cost

includes the vehicle, the charging station, and the operational capacity hit.

6.4.3 Summary of Industry NPV Analysis

The NPV Analysis indicates that development must occur parallel to adoption to

ensure that BEV is the preferred economical choice across all economic scenarios.

The development must either increase the BEV long-haul truck fuel economy from

13.5MPGe to lower operating costs or improve charging capabilities from 350kW to

reduce charging downtime. It is important to remember that within all of the charging

station scenarios considered in the analysis, 20% of charging is assumed to be done in

public charging stations. Additionally, the financial gains discussed are over the cost

of capital. This means that the gains are in addition to the cost of equity and that

the companies’ equity would be covered. This means that the companies would have

a financial gain even after covering the capital cost, including the cost of equity.

If the charging station ratio is one vehicle per charging station for both the trucking

industry and the partner companies, there will need to be at least medium development

for BEVs to be a solid long-term investment. If the charging station ratio is four

vehicles per charging station, the partner companies do not need development to

occur for BEVs to be a strong long-term investment, though it is still recommended.

Considering the baseline economic scenario as the lower bound rather than the low oil

cost scenario, under the medium development speed conditions, which only require

500kW charging stations, the BEV must have a fuel economy above 13.5 MPGe to be

the more cost-effective option. Therefore, the development improvement must be of

the charging capabilities.

Both of these developments are feasible and likely to happen, especially considering

Tesla’s expected fuel economy of 19.8MPGe and the current development of a 1MW
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charger.[46] If Tesla can meet these operational conditions, the trucking industry and

partner companies would see significant savings from investing in Tesla’s semi. If

the charging station ratio is one vehicle per charging station, the trucking industry

would have a total NPV savings of $19K with a payback period of 7 years, and the

partner companies would have a total NPV savings of $30K with a payback period

of 6 years. If the charging station ratio is four vehicles per charging station, the

trucking industry would have a total NPV savings of $37K with a payback period of 5

years, and partner companies would have a total NPV savings of $48K with a payback

period of 5 years. If Tesla meets these operating conditions, the long-term financial

incentive to switch to a BEV is strengthened further, suggesting that the investment

will pay off more quickly. Overall, this is a good indication that investing in Tesla’s

Semi would be a wise financial decision. Although it is not presented, further analysis

was performed across all scenarios, which found that if current chargers of 350kW are

used or the 500kW charger is implemented, the Tesla semi-truck would still be the

better long-term investment.

6.5 Environmental Impact Analysis

To understand the environmental impacts of BEV and ICE long-haul Class 8 trucks,

GHG and direct emissions from air pollutants were evaluated over the complete

lifecycle to procure each type of vehicle. The models output a comparative analysis

of the emissions for each vehicle type under each development speed scenario. Only

development speed scenarios are evaluated, as the economic scenarios do not impact

the emissions. The emissions analyzed are the well-to-wheel emissions. They are

calculated based on energy usage per year and the carbon intensity of that energy

source. This method for calculating emissions is significant. For example, by using

this method, the calculations for the BEV vehicle are specific to the average U.S.

grid and its respective emissions. Therefore, it accurately reflects the energy mixture
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used to power the grid rather than assuming a fully renewable energy source. This

approach considers the grid gross loss, upstream emissions after transmission loss, and

average U.S. plant output direct emission rates from air pollutants such as PM10,

PM2.5, and VOC. Therefore, this comprehensive approach allows us to accurately

assess the environmental impacts of using the U.S. grid as an energy source. Using

this approach and the methods described in more detail in Chapter 5.2.4, the annual

emissions of each vehicle were estimated. These estimates comprehensively assess

the environmental impacts of using a BEV long-haul Class 8 truck versus an ICE

long-haul Class 8 truck.

Figure 6-21 illustrates the lifecycle CO2, or GHG, emissions for the procurement and

operations of both an ICE and BEV long-haul truck.

Figure 6-21: Lifecycle CO2 Emissions Comparative Analysis

The results of this analysis demonstrate that even with the energy mix of the U.S.

grid not being fully renewable, switching to a BEV vehicle would reduce emissions
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regardless of the development speed scenario. If no development occurs, switching

from an ICE long-haul truck to a BEV will reduce the lifecycle CO2 emissions by

37%. This is because the average pounds of CO2 emitted per mile are 1.6 times more

for an ICE long-haul truck. If the medium development speed scenario occurs, the

BEV’s emissions will reduce by 41% compared to the BEV’s emissions in the current

development speed scenario. In contrast, the ICE truck’s emissions will only reduce

by 8% compared to the ICE long-haul truck’s emissions in the current development

speed scenario. This means that by switching to a BEV long-haul truck from an ICE

long-haul truck, the lifecycle CO2 emissions will reduce by 60%. This is because the

average pounds of CO2 emitted per mile are 2.5 times more for an ICE long-haul

truck. If the aggressive development speed scenario occurs, the BEV’s emissions will

reduce by 15% compared to the BEV’s emissions in the medium development speed

scenario and by 50% compared to the current development speed scenario. In contrast,

the ICE truck’s emissions will reduce by 15% compared to the ICE long-haul truck’s

emissions in the medium development speed scenario and by 20% compared to the

current development speed scenario. Regardless of the ICE emissions savings in the

aggressive development speed scenario, by switching to a BEV long-haul truck from

an ICE long-haul truck, the lifecycle CO2 emissions will still reduce by 60%. This is

because the average pounds of CO2 emitted per mile are 2.5 times more for an ICE

long-haul truck.

Figure 6-22 illustrates the direct emissions from air pollutants for the procurement

and operations of both an ICE and BEV long-haul truck.
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Figure 6-22: Direct Emissions from Air Pollutants Comparative Analysis

Similar to the lifecycle CO2 analysis performed in Figure 6-21, by switching to

a BEV long-haul truck, even with the energy mix of the U.S. grid not being fully

renewable, all emissions, except SOx, would be reduced regardless of the development

speed scenario. If no development occurs by switching from an ICE long-haul truck to

a BEV, the following direct emissions reductions will occur:

1. The lifecycle NOx emissions will reduce by 85%, as an ICE long-haul truck emits

6.8 times more milligrams of NOx per mile on average.

2. The lifecycle VOC emissions will reduce by 97%, as an ICE long-haul truck

emits 31.9 times more milligrams of VOC per mile on average.

3. The lifecycle PM10 emissions will reduce by 15%, as an ICE long-haul truck

emits 1.2 times more milligrams of PM10 per mile on average.

4. The lifecycle PM2.5 emissions will reduce by 21%, as an ICE long-haul truck

emits 1.3 times more milligrams of PM10 per mile on average.
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If the medium development speed scenario occurs by switching from an ICE long-haul

truck to a BEV, the following direct emissions reductions will occur:

1. The BEV’s NOx emissions will reduce by 41% compared to the BEV’s NOx

emissions in the current development speed scenario. In contrast, the ICE truck’s

NOx emissions will only reduce by 8% compared to the ICE long-haul truck’s

NOx emissions in the current development speed scenario. This means that by

switching to a BEV long-haul truck from an ICE long-haul truck, the lifecycle

NOx emissions will reduce by 91%, as an ICE long-haul truck emits 10.7 times

more milligrams of NOx per mile on average.

2. The BEV’s VOC emissions will reduce by 42% compared to the BEV’s VOC

emissions in the current development speed scenario. In contrast, the ICE truck’s

VOC emissions will only reduce by 7.6% compared to the ICE long-haul truck’s

VOC emissions in the current development speed scenario. This means that by

switching to a BEV long-haul truck from an ICE long-haul truck, the lifecycle

VOC emissions will reduce by 98%, as an ICE long-haul truck emits 50.9 times

more milligrams of VOC per mile on average.

3. The BEV’s PM10 emissions will reduce by 42% compared to the BEV’s PM10

emissions in the current development speed scenario. In contrast, the ICE truck’s

PM10 emissions will only reduce by 8.5% compared to the ICE long-haul truck’s

PM10 emissions in the current development speed scenario. This means that by

switching to a BEV long-haul truck from an ICE long-haul truck, the lifecycle

PM10 emissions will reduce by 47%, as an ICE long-haul truck emits 1.9 times

more milligrams of PM10 per mile on average.

4. The BEV’s PM2.5 emissions will reduce by 41% compared to the BEV’s PM2.5

emissions in the current development speed scenario. In contrast, the ICE truck’s

PM2.5 emissions will only reduce by 8.5% compared to the ICE long-haul truck’s

PM2.5 emissions in the current development speed scenario. This means that by

switching to a BEV long-haul truck from an ICE long-haul truck, the lifecycle
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PM2.5 emissions will reduce by 49%, as an ICE long-haul truck emits 2 times

more milligrams of PM2.5 per mile on average.

If the aggressive development speed scenario occurs by switching from an ICE long-haul

truck to a BEV, the following direct emissions reductions will occur:

1. The BEV’s NOx emissions will reduce by 14.8% compared to the BEV’s emissions

in the medium development speed scenario and by 50% compared to the current

development speed scenario. In contrast, the ICE truck’s emissions will reduce

by 13.3% compared to the ICE long-haul truck’s emissions in the medium

development speed scenario and by 20% compared to the current development

speed scenario. Regardless of the ICE emissions savings in the aggressive

development speed scenario, by switching to a BEV long-haul truck from an ICE

long-haul truck, the lifecycle NOx emissions will still reduce by 91%, as an ICE

long-haul truck emits 10.9 times more milligrams of NOx per mile on average.

2. The BEV’s VOC emissions will reduce by 9.1% compared to the BEV’s emissions

in the medium development speed scenario and by 47.4% compared to the current

development speed scenario. In contrast, the ICE truck’s emissions will reduce

by 13.4% compared to the ICE long-haul truck’s emissions in the medium

development speed scenario and by 20% compared to the current development

speed scenario. Regardless of the ICE emissions savings in the aggressive

development speed scenario, by switching to a BEV long-haul truck from an

ICE long-haul truck, the lifecycle VOC emissions will still reduce by 98%, as

an ICE long-haul truck emits 48.5 times more milligrams of VOC per mile on

average.

3. The BEV’s PM10 emissions will reduce by 13% compared to the BEV’s emissions

in the medium development speed scenario and by 49.4% compared to the

current development speed scenario. In contrast, the ICE truck’s emissions

will reduce by 12.8% compared to the ICE long-haul truck’s emissions in the

medium development speed scenario and by 20.2% compared to the current
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development speed scenario. Regardless of the ICE emissions savings in the

aggressive development speed scenario, by switching to a BEV long-haul truck

from an ICE long-haul truck, the lifecycle PM10 emissions will still reduce by

47%, as an ICE long-haul truck emits 1.9 times more milligrams of PM10 per

mile on average.

4. The BEV’s PM2.5 emissions will reduce by 15.8% compared to the BEV’s

emissions in the medium development speed scenario and by 50% compared to

the current development speed scenario. In contrast, the ICE truck’s emissions

will reduce by 13.3% compared to the ICE long-haul truck’s emissions in the

medium development speed scenario and by 20.7% compared to the current

development speed scenario. Regardless of the ICE emissions savings in the

aggressive development speed scenario, by switching to a BEV long-haul truck

from an ICE long-haul truck, the lifecycle PM2.5 emissions will still reduce by

50.8%, as an ICE long-haul truck emits 2 times more milligrams of PM10 per

mile on average.

Regardless of development, switching from an ICE long-haul truck to a BEV would

significantly increase SOx emissions. Although these emissions would reduce with

medium and aggressive development scenarios, they are still significant compared to

the ICE long-haul truck. If no development occurs, the lifecycle SOx emissions will

increase by 128%, as a BEV long-haul truck emits 0.44 times more milligrams of SOx

per mile on average. If the medium development scenario occurs, the BEV’s SOx

emissions will reduce by 41% compared to the BEV’s SOx emissions in the current

development speed scenario. In contrast, the ICE truck’s SOx emissions will only

reduce by 7.8% compared to the ICE long-haul truck’s SOx emissions in the current

development speed scenario. Even with the reduction in BEV SOx emissions from

current to medium development speed scenarios, by switching to a BEV long-haul

truck from an ICE long-haul truck, the lifecycle SOx emissions will increase by 45%, as

a BEV long-haul truck emits 0.68 times more milligrams of SOx per mile on average. If

the aggressive development speed scenario occurs, the BEV’s SOx emissions will reduce
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by 15% compared to the BEV’s SOx emissions in the medium development speed

scenario and by 50% in the current development speed scenario. In contrast, the ICE

truck’s SOx emissions will only reduce by 13.3% compared to the ICE long-haul truck’s

SOx emissions in the medium development speed scenario and by 20% in the current

development speed scenario. Even with the reduction in BEV SOx emissions from

current to aggressive development speed scenarios, by switching to a BEV long-haul

truck from an ICE long-haul truck, the lifecycle SOx emissions will increase by 43%,

as a BEV long-haul truck emits 0.7 times more milligrams of SOx per mile on average.

The SOx relevant for BEV vehicles is Sulfur Dioxide (SO2). An increase in SO2 can

"affect lung function, worsen asthma attacks, and worsen existing heart disease in

sensitive groups."[45] To understand if the increase in emissions of SO2 in milligrams

per mile will be significant, more analysis will have to be performed. Aside from the

additional analysis that must be performed on the potential impacts of the increase

in SO2 from transitioning to BEV long-haul trucks, the environmental impacts favor

the transition to BEVs. If no development occurs, there would be a 37% reduction

in GHG emissions and an 85% reduction in all direct emissions from air pollutants,

not including SO2. If medium or aggressive development occurs, there would be a

60% reduction in GHG emissions and a 90% reduction in all direct emissions from

air pollutants, not including SO2. By transitioning to BEVs, there can be significant

and immediate emissions reductions, even if further development does not occur. This

transition could be vital in reducing emissions and addressing climate change.

6.6 Key Takeaways

This comprehensive highly conservative analysis evaluated the economic and envi-

ronmental impacts of transitioning to BEV long-haul trucks from ICE trucks. The

environmental impact analysis demonstrates evident emissions reductions that can

occur from transition to a BEV long-haul truck, regardless of development speed. If

the transition occurs now, there would be a 37% reduction in GHG emissions and an

85% reduction in all direct emissions from air pollutants, not including SO2, immedi-
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ately. If medium or aggressive development occurs, there would be a 60% reduction

in GHG emissions and a 90% reduction in all direct emissions from air pollutants,

not including SO2. The highly conservative financial analysis revealed that BEV

long-haul trucks would be the preferred choice if development occurs. This is because

BEVs are a better investment over the years of ownership due to lower operating

costs, like fuel and maintenance. This is illustrated in the total cost of ownership

analysis, threshold analysis, and comprehensive NPV analysis. The TCO analysis

demonstrates that BEVs are preferred in most economic scenarios. If development

occurs, BEVs would be the preference in all economic scenarios. However, this TCO

analysis is based on static scenarios with remaining uncertainties. This means that

the analysis takes into account known costs and benefits of electrification, but there

may be additional unknown factors that could impact the final outcome. One of the

critical considerations in the analysis is the upfront cost of electrification, which is not

negligible. This includes the cost of purchasing BEVs, a 10% operational capacity hit,

and the cost of constructing and installing charging infrastructure to support them.

Therefore, development is recommended parallel to adoption to strengthen the case for

BEV long-haul trucks. The threshold analysis demonstrates that the BEV is preferred

across all economic scenarios if development occurs. However, the economic benefits

are subject to market conditions if no further development occurs. If no further

development occurs and the price of diesel remains above $3.65, BEV vehicles will be

the preferred option, as there will be net financial gains from transitioning. However,

if the price of diesel drops below $2.24 or electricity prices go above $0.59, regardless

of developments made, the ICE vehicle will be the preferred investment choice. This

demonstrates that if the price of diesel decreases, it would be necessary to decrease

the price of electricity to make electrification more compelling. However, if diesel

prices remain high, there is a strong case for electrification as the range of acceptable

transportation end consumer electricity prices increases. The highest acceptable price

for transportation end consumer electricity is $0.12 per kWh for BEVs to be preferred.

For transportation end consumer pricing, the baseline pricing is $0.11 per kWh. How-

ever, the electricity price could be considerably lower depending on how the energy is
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sourced. If the energy comes directly from renewable sources, electricity prices are as

low as $0.033 per kWh. The Competitiveness of Renewables Continued Amid Fossil

Fuel Crisis report published by the International Renewable Energy Agency (IRENA)

illustrates that 2021 electricity prices for on-shore wind were $0.033 per kWh, solar

PV were $0.048 per kWh, and off-shore wind were $0.075 per kWh.[6] These prices are

significantly lower than those assumed in the analysis. This highlights the importance

of considering energy sourcing when evaluating the feasibility of electrification of

long-haul trucking, as it can significantly impact the financial outcomes transitioning.

By utilizing renewable energy sources, companies can substantially decrease operating

costs, making the transition to BEVs even more financially viable. The NPV Analysis

demonstrates that the BEV is preferred across all economic scenarios if development

occurs. However, if no further development occurs, the economic benefits are again

subject to market conditions. In the current economic conditions with no further

development, BEV long-haul trucks are a good investment for the trucking industry

and partner companies. For the trucking industry, depending on the charging station

ratio chosen, they will have net financial gains of $59K with a payback period of 5

years or $77K with a payback period of 4 years. Depending on the charging station

ratio chosen, partner companies will have net financial gains of $74K with a payback

period of 4 years or $92K with a payback period of 4 years. The gains illustrated in

the analysis across the many economic and development scenarios occur for companies

even after covering the capital cost and include the 20% of charging that is assumed

to be performed at public charging stations, which have higher electricity prices. The

financial gains demonstrate that BEV is the preferred option. It is important to note

that these outcomes occurred even with highly conservative estimates, like the charging

station ratios and the 10% operational capacity hit. Regardless, some companies may

be hesitant to invest despite the approach’s conservatism and the financial gains shown

due to concerns about payback periods. They may argue that they are uncertain what

the improvements in BEVs will be in the next 5-7 years and, therefore, may not see a

return on their investment. However, it is essential to consider the system dynamics

model, which shows that with the initial investment, more development will occur.
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This initial investment is needed to trigger positive feedback loops, increasing the

adoption rate and improving the technology and energy infrastructure. This mentality

of being hesitant to invest due to uncertainty is a form of inconsistent discount based

on fear around the technology’s credibility. The case for BEV long-haul vehicles is

straightforward for most economic conditions scenarios. However, for the case for

BEV long-haul truck adoption to be strengthened, it is imperative to prepare for all

economic scenarios. Developing charging infrastructure to 500kW is seen as crucial in

increasing the gap of the financial gains and the cost of transitioning. This is because

higher power charging infrastructure allows for faster charging, which reduces trucks’

downtime and increases vehicle utilization. Charging station capabilities only need

to improve to 500kW for BEVs to be preferred. This increase would reduce charging

downtime from 4̃ hours to 2̃-2.5 hours. This development would ensure that the BEV

long-haul truck is the better investment in all feasible projected economic scenarios.

Additionally, the Tesla analysis indicates that, regardless of charger development, the

Tesla semi-truck, which has a fuel economy of 19.8MPGe, would still be a better

long-term investment compared to an ICE long-haul truck for both the trucking

industry and partner companies. It is also significant to note that these calculations

do not include subsidies or incentives. With subsidies and incentives in place, the case

for BEV long-haul trucks is further strengthened.
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Chapter 7

Conclusion

7.1 Summary of Key Findings

This thesis investigated the factors that could influence the adoption rate of BEVs

for long-haul trucking and provides insights on how to accelerate the transition to

BEVs in this industry. The system dynamics model was utilized to identify key

factors that need to be considered to increase the adoption rate of BEVs for long-

haul trucking, including the battery capabilities of the vehicles, the total cost of

ownership, and the leveraging of feedback loops. The results of the system dynamics

analysis indicated that the battery capabilities of the vehicles must be sufficient for

operations. Additionally, the total cost of ownership was identified as a key driver

of adoption, and the reinforcing nature of the feedback loops was found to explain

why companies may have been hesitant to invest in the transition to BEVs. However,

these loops can be leveraged to positively influence the adoption rate by increasing

investment in the space. This investment will improve the available technology and

reduce the total cost of ownership, incentivizing more companies to adopt BEVs.

Companies can take advantage of these reinforcing loops to their benefit by being a

first mover in this space. The environmental impact analysis demonstrates significant

emissions reductions that can occur from the transition to BEVs, regardless of the

speed of development. By transitioning to BEVs immediately, there can be significant

reductions, like a 37% decrease in GHG emissions and an 85% decrease in direct
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emission from air pollutants, excluding SO2, even if further development does not

occur. This transition could be vital in reducing emissions and addressing climate

change. The financial impact analysis revealed that BEV long-haul trucks would be

the preferred choice if development occurs, as they are a better investment over the

years of ownership due to lower operating costs, such as fuel and maintenance. This

is illustrated in the total cost of ownership analysis, the threshold analysis, and the

comprehensive NPV analysis. These analyses show that the BEV is preferred across

all economic scenarios if development occurs, but the economic benefits are subject to

market conditions if no further development occurs. It is important to note that these

outcomes occurred even with highly conservative estimates, like the charging station

ratios and the 10% operational capacity hit. The analysis also takes into account the

fluctuation of fuel prices and highlights the importance of considering energy sourcing,

as utilizing renewable energy sources can significantly decrease operating costs and

make the transition to BEVs even more financially viable. If no further development

occurs and the end consumer energy sourcing occurs, if the price of diesel remains

above $3.65, BEV vehicles will be the preferred investment option, as there will be

net financial gains from transitioning. However, if the price of diesel drops below

$2.24 or electricity prices go above $0.59, regardless of developments made, the ICE

vehicle will be the preferred investment choice. In the current economic conditions

with no further development, BEV long-haul trucks are a better investment than ICE

long-haul trucks for both the trucking industry and partner companies. Given the

findings from the comprehensive analysis performed, it is recommended that charging

station power outputs increase to 500kW to reduce charging downtime from 4 hours

to 2-2.5 hours. This would make the BEV long-haul truck the better investment in

all feasible projected economic scenarios. Additionally, the Tesla analysis performed

indicates that regardless of charger development, the Tesla semi-truck, which has a

fuel economy of 19.8MPGe, is a better long-term investment in comparison to an

ICE long-haul truck for both the trucking industry and partner companies. It is

also significant to note that these calculations do not include subsidies or incentives.

With subsidies and incentives in place, the case for BEV long-haul trucks is further
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strengthened. In conclusion, this thesis provides a comprehensive understanding of

the factors influencing the adoption rate of BEVs for long-haul trucking and offers

practical recommendations for accelerating the transition to BEVs in this industry.

The results of the system dynamics, environmental, and financial impact analysis

indicate that the transition to BEVs is favored from various perspectives. To capitalize

on the transition to BEVs, companies should consider leveraging the system’s feedback

loops and the BEV’s lower operating cost savings. Additionally, increasing charging

station outputs to 500kW can reduce charging downtime and ensure there is a net

financial gain from transitioning to BEVs in all projected scenarios. Furthermore, by

considering subsidies and incentives in addition to this analysis, the case for BEV

long-haul trucks is further strengthened.

7.2 Implications for the Long-Haul Trucking Industry

and Transportation Sector

The adoption of electric long-haul trucks has significant implications for the long-haul

trucking industry and the broader transportation sector. The major benefits of electric

trucks include reduced emissions and operating costs. Electric trucks produce no

tailpipe emissions, which can help to reduce greenhouse gas emissions and direct

emissions from air pollutants harmful to public health. This is a key advantage for

addressing climate change and improving sustainability. Additionally, electric trucks

have lower operating costs due to their increased fuel economy and lower energy

pricing, as well as lower maintenance costs due to their design. These advantages make

electric trucks a more cost-effective option for trucking companies and can help to

make the industry more competitive. Furthermore, in comparison to other alternative

fuels, electric vehicles have the advantage of being more energy efficient and being

able to utilize existing infrastructure. This means the long-haul trucking industry can

transition to electric vehicles without investing in completely new infrastructure.

The electrification of long-haul trucking also has broader implications for the
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transportation sector. It can reduce risk and increase energy security by diversifying

the energy mix used in the U.S, reducing reliance on a single source of fuel. This

can help to mitigate the risks associated with relying on fossil fuels and can make

the transportation sector more resilient to fuel price fluctuations. Additionally, the

adoption of electric long-haul trucks can help to create jobs and stimulate economic

growth in the manufacturing, sales, and maintenance of electric trucks and related

components. Overall, the benefits of electric long-haul trucks for reducing emissions,

operating costs, and improving sustainability demonstrate why electrification could

be an important and feasible step in the effort to address climate change and improve

sustainability in the transportation sector.

7.3 Future Technological Advancements to Increase

Adoption

The analysis of future technological advancements that could increase the adoption

of electric long-haul trucks is important to consider when assessing the potential for

electrification in the long-haul trucking industry. There are several ways that the case

for electrification could be bolstered even further through technological advancements.

Some examples include charging network advancements, battery advancements, and

instituting specific policies and incentives.

Charging network advancements, such as the development of 1MW charging

stations that can charge an electric long-haul truck in 30 minutes, could greatly

improve the feasibility of electric long-haul trucking. This could reduce downtime for

charging, making electric long-haul trucking an even more viable option for trucking

companies. Battery advancements, such as reducing the cost or weight-to-power

density ratio, could also improve the feasibility of electric long-haul trucking. This

could make electric trucks more competitive with traditional ICE trucks in terms of

range, cost, and weight.

In addition to technological advancements, policies and incentives can also play
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a role in increasing the adoption of electric long-haul trucks. Subsidies, offsets, and

mandates could support the increased adoption of electric long-haul vehicles. These

policies can help to reduce the cost of electric trucks and make them more competitive

with traditional ICE trucks. Therefore, it is recommended that subsidies are offered

for purchases of electric long-haul vehicles, for the development of electric charging

networks and microgrids or alternative energy storage technologies, and for producing

electric vehicles until OEMs reach economies of scale. This will help to support the

development and implementation of these new technologies and make electric long-haul

trucking a more viable option for the industry.

7.4 Suggestions for Future Research and Analysis

This thesis has presented a strong case for the electrification of long-haul trucking.

However, there are several areas where future research and analysis could further

strengthen the case for electrification. First, the significance of the increase in SO2

emissions from transitioning must be assessed. Second, future research should focus

on charging infrastructure analysis. This includes new logistics optimization and

current infrastructure capabilities. Companies must also begin strategizing about

the implementation of charging infrastructure. For example, partnerships between

companies and OEMs/logistics companies could be formed to incentivize the build-out

of charging infrastructure along the company’s distribution networks. By incentivizing

charging infrastructure development, companies could make electric long-haul trucking

an even more viable and cost-effective investment for their operations. Third, future

research should also focus on electrical grid power requirements. This includes

analyzing current grid capabilities and technologies that can address the power demand

required for the transition. One promising technology in this area is microgrids and

energy storage. "A microgrid is a group of interconnected loads and distributed energy

resources that acts as a single controllable entity with respect to the grid. It can

connect and disconnect from the grid to operate in grid-connected or island mode.

Microgrids can improve reliability and resilience to grid disturbances. Advanced
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microgrids enable local power generation assets—including traditional generators,

renewables, and storage—to keep the local grid running even when the larger grid

experiences interruptions or, for remote areas, where there is no connection to the larger

grid. In addition, advanced microgrids allow local assets to work together to save costs,

extend duration of energy supplies, and produce revenue via market participation." [34]

Therefore, microgrids present a good case for improving the reliability and resilience of

the overall system, especially during times of high demand or disruption. Lastly, future

research should also focus on production volume and cost. This includes analyzing

current production volume and identifying ways to increase throughput and reduce

costs. This will allow companies to reach economies of scale and produce units for

cheaper. However, with more adoption and subsidies, companies will be able to reach

economies of scale more easily. Overall, future research and analysis in these areas

can help further strengthen the case for the electrification of long-haul trucking and

improve the feasibility of this transition.
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Appendix A

Figures

A.1 Model Inputs and Assumptions Summary

*This summary only includes Vehicle Inputs, Vehicle Procurement Inputs, and EV

Charging Infrastructure Inputs.
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Figure A-1: Model Inputs and Assumptions Summary*

*1 vehicle was used for all analysis, except in NPV Four-to-One Scenario **10%

operational capacity adjustment on total MSRP ($180,000) ***3% of total equipment,

construction, and installation costs
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A.2 TCO and NPV Analysis

A.2.1 Financial Modeling Examples

Figure A-2: Financial Modeling Example
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Figure A-3: Results Table Modeling Example
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Figure A-4: Cash Flow Analysis Example
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A.2.2 TCO Analysis

Figure A-5: Total Cost of Ownership Summary
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Figure A-6: Total Cost of Ownership over Expected Usage Breakdown

Figure A-7: Annual Nominal Cost Breakdown
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Figure A-8: Total Cost of Fuel Summary
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A.3 Sensitivity Analysis

Figure A-9: Diesel Sensitivity Analysis

128



Figure A-10: Electricity Sensitivity Analysis
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Figure A-11: MPG Sensitivity Analysis

130



Figure A-12: MPGe Sensitivity Analysis
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Figure A-13: Annual VMT Sensitivity Analysis
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A.4 Threshold for BEV Preference Analysis

Figure A-14: Threshold Analysis for BEV Preference based on Diesel Sensitivity
Analysis Results
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Figure A-15: Threshold Analysis for BEV Preference based on Electricity Sensitivity
Analysis Results

Figure A-16: Threshold Analysis for BEV Preference based on MPGe Sensitivity
Analysis Results
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Figure A-17: Threshold Analysis for BEV Preference based on MPG Sensitivity
Analysis Results
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A.5 NPV Analysis

A.5.1 Projected NPV Discounted Cash Flow per Year

Discount Factor 10.3% & One to One Ratio

Figure A-18: Projected NPV Discounted Cash Flow per Year for Current Economic Scenario
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Figure A-19: Projected NPV Discounted Cash Flow per Year for High Oil Economic Scenario
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Figure A-20: Projected NPV Discounted Cash Flow per Year for Low Oil Economic Scenario
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Figure A-21: Projected NPV Discounted Cash Flow per Year for High Renewable Economic Scenario
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Figure A-22: Projected NPV Discounted Cash Flow per Year for Baseline Economic Scenario
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Discount Factor 10.3% & One to Four Ratio

Figure A-23: Projected NPV Discounted Cash Flow per Year for Current Economic Scenario
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Figure A-24: Projected NPV Discounted Cash Flow per Year for High Oil Economic Scenario

143



Figure A-25: Projected NPV Discounted Cash Flow per Year for Low Oil Economic Scenario
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Figure A-26: Projected NPV Discounted Cash Flow per Year for High Renewable Economic Scenario
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Figure A-27: Projected NPV Discounted Cash Flow per Year for Baseline Economic Scenario
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Discount Factor 7.61% & One to One Ratio

Figure A-28: Projected NPV Discounted Cash Flow per Year for Current Economic Scenario
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Figure A-29: Projected NPV Discounted Cash Flow per Year for High Oil Economic Scenario
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Figure A-30: Projected NPV Discounted Cash Flow per Year for Low Oil Economic Scenario
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Figure A-31: Projected NPV Discounted Cash Flow per Year for High Renewable Economic Scenario
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Figure A-32: Projected NPV Discounted Cash Flow per Year for Baseline Economic Scenario
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Discount Factor 7.61% & One to Four Ratio

Figure A-33: Projected NPV Discounted Cash Flow per Year for Current Economic Scenario
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Figure A-34: Projected NPV Discounted Cash Flow per Year for High Oil Economic Scenario
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Figure A-35: Projected NPV Discounted Cash Flow per Year for Low Oil Economic Scenario
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Figure A-36: Projected NPV Discounted Cash Flow per Year for High Renewable Economic Scenario
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Figure A-37: Projected NPV Discounted Cash Flow per Year for Baseline Economic Scenario
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A.5.2 Summed NPV with and without BEV Savings

Discount Factor 10.3% & One to One Ratio

Figure A-38: Summed NPV Analysis for Current Development Speed
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Figure A-39: Summed NPV Analysis with BEV Savings for Current Development Speed
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Figure A-40: Summed NPV Analysis for Medium Development Speed

160



Figure A-41: Summed NPV Analysis with BEV Savings for Medium Development Speed
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Figure A-42: Summed NPV Analysis for Aggressive Development Speed
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Figure A-43: Summed NPV Analysis with BEV Savings for Aggressive Development Speed
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Discount Factor 10.3% & Four to One Ratio

Figure A-44: Summed NPV Analysis for Current Development Speed
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Figure A-45: Summed NPV Analysis with BEV Savings for Current Development Speed
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Figure A-46: Summed NPV Analysis for Medium Development Speed
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Figure A-47: Summed NPV Analysis with BEV Savings for Medium Development Speed

167



Figure A-48: Summed NPV Analysis for Aggressive Development Speed
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Figure A-49: Summed NPV Analysis with BEV Savings for Aggressive Development Speed
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Discount Factor 7.61% & One to One Ratio

Figure A-50: Summed NPV Analysis for Current Development Speed
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Figure A-51: Summed NPV Analysis with BEV Savings for Current Development Speed
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Figure A-52: Summed NPV Analysis for Medium Development Speed
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Figure A-53: Summed NPV Analysis with BEV Savings for Medium Development Speed
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Figure A-54: Summed NPV Analysis for Aggressive Development Speed
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Figure A-55: Summed NPV Analysis with BEV Savings for Aggressive Development Speed
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Discount Factor 7.61% & Four to One Ratio

Figure A-56: Summed NPV Analysis for Current Development Speed

176



Figure A-57: Summed NPV Analysis with BEV Savings for Current Development Speed
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Figure A-58: Summed NPV Analysis for Medium Development Speed
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Figure A-59: Summed NPV Analysis with BEV Savings for Medium Development Speed
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Figure A-60: Summed NPV Analysis for Aggressive Development Speed
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Figure A-61: Summed NPV Analysis with BEV Savings for Aggressive Development Speed
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A.5.3 Tesla Analysis

Discount Factor 10.3% & One to One Ratio

Figure A-62: Tesla Estimates - Projected NPV Discounted Cash Flow per Year for
Baseline Economic Scenario
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Figure A-63: Tesla Estimates - Annual Net Difference from Investing in BEV instead
of ICE in Total NPV Summed Cost
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Discount Factor 10.3% & Four to One Ratio

Figure A-64: Tesla Estimates - Projected NPV Discounted Cash Flow per Year for
Baseline Economic Scenario
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Figure A-65: Tesla Estimates - Annual Net Difference from Investing in BEV instead
of ICE in Total NPV Summed Cost
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Discount Factor 7.61% & One to One Ratio

Figure A-66: Tesla Estimates - Projected NPV Discounted Cash Flow per Year for
Baseline Economic Scenario
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Figure A-67: Tesla Estimates - Annual Net Difference from Investing in BEV instead
of ICE in Total NPV Summed Cost
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Discount Factor 7.61% & Four to One Ratio

Figure A-68: Tesla Estimates - Projected NPV Discounted Cash Flow per Year for
Baseline Economic Scenario
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Figure A-69: Tesla Estimates - Annual Net Difference from Investing in BEV instead
of ICE in Total NPV Summed Cost
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A.6 Emissions Sensitivity Analysis

Figure A-70: MPGe Emissions Sensitivity Analysis
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Figure A-71: MPG Emissions Sensitivity Analysis
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