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Abstract

This thesis examines the critical challenges of reducing greenhouse gas (GHG) emis-
sions within the freight rail industry of the United States transportation sector. The 
transportation sector, being a significant contributor to the nation’s GHG emissions, 
requires urgent attention to mitigate environmental and public health impacts. This 
thesis presents the emissions profile of the U.S. f reight rail system and explores poten-
tial strategies for decarbonization. Previous research has established the freight rail 
system as a relatively more efficient mode of  cargo transport in  terms of  emissions; 
however, to attain national goals set for GHG emissions, further reduction of its 
carbon footprint is required. Through a detailed analysis of the current propulsion 
technologies, ranging from conventional diesel-electric locomotives to emerging al-
ternatives such as battery electric, hydrogen fuel cell, and electrified rail, the paper 
evaluates their potential to reduce emissions within the freight rail sector. The use of 
a Total Cost of Ownership (TCO) and Environmental Impact Analysis quantifies the 
financial and environmental implications of adopting these t echnologies. The findings 
reveal significant opportunities f or r educing GHG emissions t hrough t he adoption 
of cleaner propulsion technologies. Challenges associated with their implementation 
include infrastructure requirements and technological readiness. A strategic roadmap 
for the decarbonization of freight rail is proposed, segmented into short-term (0-5 
years), medium-term (5-15 years), and long-term (15+ years) objectives. Emphasis 
is placed on the importance of regulatory frameworks, technological advancements, 
and stakeholder collaboration in achieving a sustainable transition. The study aims 
to inform policymakers, industry stakeholders, and researchers about the pathways 
towards a sustainable and efficient freight rail system.
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Chapter 1

Introduction

1.1 Importance of Reducing Greenhouse Gas and

other Emissions

This chapter will explore the significant role of the transportation sector in U.S.

emissions, its impact on the environment and public health, and the challenges and

benefits associated with reducing emissions in this sector. By doing so, I aim to

highlight the urgency and necessity of addressing emissions in the transportation

industry to meet international climate goals and ensure a sustainable future.

Human actions have led to the warming of the global surface temperature, a

claim supported by scientific consensus. Through the emission of greenhouse gases

(GHG), gases that absorb infrared light, the surface of Earth has reached 1.1 degrees

Celsius above pre-industrial levels in 2011-2020. Global greenhouse gas emissions have

continued to increase over 2010-2019 as a result of energy use, land use, patterns of

consumption, and production. Global warming is creating changes to global climate

and has led to widespread adverse impacts on human health, economies, and water

and food security [1].

North America stands out for having the highest per capita anthropogenic green-

house gas (GHG) emissions, revealing a stark asymmetry between the contributors and

the impacted. Nations that contribute most to GHG emissions often experience fewer

15



direct consequences compared to more vulnerable countries. Even though climate

change is impacting human and natural systems across the globe, more vulnerable

countries generally have lower emissions per capita [1]. This disproportionate produc-

tion of GHG emissions has put a spotlight on the most emitting countries to reduce

their emissions, which led to the creation of the Paris Agreement in 2015. This legally

binding international treaty on climate change intends to limit global warming to well

below 2 degrees Celsius below pre-industrial levels [2].

In response, the United States has created a long-term strategy to achieve net-zero

GHG emissions by 2050. By decarbonizing electricity generation, electrifying end uses,

switching to cleaner fuels, and reducing energy waste, it is expected that the United

States can avoid $1-3 trillion in healthcare costs through 2050 [3].

1.2 United States Transportation Industry

The transportation sector in the United States provides vital services for people and

goods to be transported locally and over long distances. Through the use of on-road

vehicles, planes, trains, ships, public transportation, and a wide variety of other modes,

the transportation sector enables people to carry out commerce, experience social

interactions, and engage in productive pursuits. Thirty-eight percent of the U.S. gross

economic output in 2020 depended on the Nation’s Transportation and Logistics sector

to move freight across the country. In 2020, the sector moved over 17 billion tons of

domestic freight, equivalent to $14.5 trillion, through $7 trillion of assets including

ports, highways, railroads, airports, and pipelines [4]. Shown in 1-1, in 2019 trucks

were responsible for transporting 67 percent of total domestic freight by weight and

rail transported roughly 7 percent of total domestic freight by weight. It is expected

that total weight of domestic products transported will increase about 1.4 percent per

year between 2022 and 2050 [5].
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Figure 1-1: Weight of Shipments by Transportation Mode
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1.2.1 Industry Emissions

The transportation sector is one of the largest contributors to US greenhouse gas

emissions. Shown in Figure 1-2, in 2021, this sector accounted for the largest portion

(29%) of all emissions in the US, greater than electric power generation, industry uses,

commercial and residential uses, and agriculture. End-use sources of emissions include

cars, trucks, aircraft, ships, and rail. Since 1990, U.S. gross GHG emissions have

decreased by roughly 2%, however, transportation sector emissions have increased by

19%. This is due mostly to increased demand for travel, which is exhibited by an

increase of the number of vehicle miles traveled by cars (45%). Emissions from the

transportation sector include carbon dioxide (97.3%), methane (0.1%), nitrous oxide

(0.7%), and hydrofluorocarbons (0.1%)[6].

Diesel engines are frequently employed to propel commercial freight transportation

vehicles, including trucks and rail locomotives. Nonetheless, the emissions produced

by diesel engines pose significant adverse effects on both the environment and public

health. Diesel exhaust emissions contain notably elevated levels of particulate matter

and its precursors, which have been linked to respiratory and cardiovascular issues, as

well as premature mortality [7] [8] [9] [10].

It is simple to state that in order to meet international goals for reducing carbon
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emissions, the transportation industry must undergo change. Reducing emissions

in transportation is more costly than other sectors, largely because of its reliance

upon fossil fuels. A transition away from fossil fuels faces two barriers: incomplete

international agreements and the high cost of clean technologies [11]. The benefits of

reducing emissions include improvement of human health due to reduced exposure to

diesel emissions and a reduction in the progression of climate change.

Figure 1-2: Share of US GHG Emissions by Sector, 2021
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Figure 1-3: Transportation Sector GHG Emissions by Source, 2021
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Chapter 2

U.S. Freight Rail Companies,

Suppliers, and Regulators

This chapter will provide important background information on U.S. Freight Rail

Companies as well as an introduction to the industry’s suppliers and regulators.

2.1 US Freight Rail

The U.S. freight rail system is considered to be the largest, safest, and most cost-

efficient freight system in the world. In a typical year, the system carries 40% of all

domestic freight (1.6 billion tons) across the US every year. In 2022, the average

freight train carried 4,089 tons.

Goods are moved through different means depending on their value and distance

travelled. A high percentage of freight value and weight is moved over short distances

and is done primarily by truck. While trucks are responsible for moving the most

amount of value, tons, and ton-miles for goods shipped up to 749 miles, rail leads

in tonnage and ton-miles for goods shipped from 1,000 to 2,000 miles [4]. Freight

rail is the primary method for moving heavy commodities like agricultural and food

products, grain, chemicals, coal, construction products, pulp and paper, and crude oil.

In addition, rail plays an important role in intermodal shipments which accounted for

27% of revenue, more than any other segment [12].
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Figure 2-1: Map of freight travel by weight
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America’s freight railroads are almost entirely privately owned, unlike passenger

railroads. The passage of the Staggers Rail Act in 1980 significantly reduced the

cost of freight rail shipment, allowing the industry to invest additional funds into

their railroads. Since the deregulation of rail in 1980, freight rail companies have

invested $780 billion dollars into maintaining and upgrading their railroads [13], an

average that is roughly six times more than the average US manufacturer spends on

maintaining and upgrading their equipment [14].

Companies that operate railways in the US are classified into three groups. These

classes are defined by the Surface Transportation board according to revenue metrics,

with Class I being the highest earning, followed by Class II and III. The revenue

thresholds are adjusted annually are currently [15]:

1. Class I: annual revenue greater than $900 million

2. Class II: annual revenue between $900 million and $40.4 million

3. Class III: annual revenue less than $40.4 million

2.1.1 Challenges of the US Freight Rail Industry

Infrastructure

Given that nearly all of the freight railroads in the US are privately owned, it is

understood that they are maintained by freight rail companies. There is minimal

government support in railroad maintenance, aside from a federal tax credit for class

III rail companies that provides $0.50 for every $1.00 spent up to $3,500 per mile on

track improvements. Since the tax credit began in 2005, $4 billion has been deployed,

which is only 1% of the amount rail companies spent on maintenance. The need to

expand, operate, and maintain the vast network of track requires heavy expenditure

directly by rail companies.
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Figure 2-2: Mode share of delivered goods by value
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Competition from Freight Trucking

Railroads are regarded as the most efficient means to transport goods across the

country, especially when travel distances are long. However, if looking at travel routes

that are shorter, then other modes of transportation become favorable. Trucks are

used to for the overwhelming majority of freight by weight over distances less than 500

miles because of their flexibility to operate on widespread road systems throughout

the U.S. Further, trucking ships more valuable goods across all distances than rail.

There have also been recent technological innovations for trucks to use cleaner fuels,

lowering the emissions burden for that mode of transportation. For railroads to earn

more revenue, they have to constantly compete with the trucking industry, especially

in shorter distance deliveries [5].

Regulatory and Policy

The regulation of the U.S. freight rail industry involves several regulatory bodies at the

federal and state levels. Federal agencies provide standards for emissions, economics
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Figure 2-3: Mode share of delivered goods by weight
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regulations, and safety requirements that directly impact the operations and viability

of railroads. State agencies provide additional regulations around emissions and

safety. Most recently, the state of California has created the most stringent locomotive

emissions standards in the industry.

Labor Relations

Railroads employ a largely unionized workforce that operates locomotives, maintains

tracks, and services equipment. Roughly 54% of the railroad workforce is unionized, a

proportion higher than the trucking, airline, and all other industries combined [16].

Labor unions have power to negotiate staffing amounts, pay, and benefits, all which

directly impact railroad operations.

Safety

Safety is a top priority for the industry that is integral to its operations. Railroad

operators are constantly scrutinized for their safety records, especially given the 2023
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train derailment in East Palestine, Ohio. Rail companies may struggle to introduce

any new practices that may jeopardize their safety records.

Technological Advancements

The industry is constantly investigating new technologies that may be able to improve

operations. New locomotive, control systems, sensors, and switches are tested by

railroads across the U.S., but at a pace that is slower than other industries. Due to

the high demand of the rail environment, streamlined operations, and high capital

costs, rail companies are constrained by inertia and often takes years before a new

technology can be proven to function for in-service use. Ultimately, this results in the

industry’s untimely adoption of promising technologies.

2.1.2 Class I Rail Companies

Class 1 rail companies are those that have operating revenues greater than $900

million annually. The current class I freight railroads are: BSNF, Union Pacific (UP),

Canadian National (CN) Canadian Pacific Kansas City (CPKC), Norfolk Southern

(NS), and CSX Transportation (CSX). All class I companies own and operate their

own railroads, but also create special arrangements with each other to share track,

locomotives, or rolling stock.

2.1.3 Class II and III Rail Companies

The Association of American Railroads, further classifies non-class I rail companies

into three categories:

1. Regional: operate at least 350 miles or make at least $40 million in revenue

annually.

2. Local: smaller than a regional railroad, but engage in line-haul service.

3. Switching and terminal: making up and breaking up trains, storing and classify-

ing cars, serving industries within yard limits.
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Table 2.1: Annual Energy Consumption and Emissions[14]

Metric Year
2010 2015 2020 2021

Rail Diesel Fuel Consumed (millions gallons) 3,494 3,692 2,959 3,081
Energy Consumed (trillions of Btu) 480 507 407 423
Energy Intensity (Btu per ton-mile) 289 297 296 298
Emissions (millions of metric Ton CO2 equivalent) 38 39 31 32
Freight Rail Emissions (as a percentage of freight total) 8% 8% 6% 6%

2.1.4 Emissions Profile

In terms of greenhouse gas emissions, freight rail is generally considered to be more

fuel-efficient and environmentally friendly compared to other modes of transportation,

such as trucks and airplanes. This is because trains can move large amounts of freight

over long distances with relatively lower fuel consumption per ton-mile. Although the

transportation sector contributes to 29% of all GHG emissions in the United States,

freight rail transportation stands out with only a 2% share within this sector, making

it one of the smallest contributors compared to other emission sources. Nevertheless, a

reduction of emissions is essential for a holistic approach to combat climate change and

improve overall environmental sustainability in the transportation sector and beyond.

Nearly all the emissions from freight rail are a result of the industry’s dependence on

diesel combustion locomotives to move goods across the country. In contrast to many

European countries, the U.S. has no electrified fright rail. Diesel locomotives combust

diesel fuel and release a significant amount of air pollutants, which has been shown

to negatively affect human health [17]. Primary locomotive emissions include carbon

dioxide (CO2), particulate matter (PM), nitrogen oxides (NOx), carbon monoxide

(CO), and hydrocarbons (HCs).

2.1.5 Association of American Railroads

The Association of American Railroads (AAR) is an advocacy group that plays a

crucial role in representing the interests of the freight rail industry in the United States.

As the leading trade association for Class I freight railroads, the AAR advocates for
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Table 2.2: Scope 1 Emissions by Company[14]

Rail Company Scope 1 GHG Emissions, 2021 (mTons CO2e)
Norfolk Southern 4,165,808
CSX 3,956,000
Union Pacific 9,236,750
BSNF 12,361,489
CPKC 2,629,020

Total 29,720,047

policies that support and advance the industry’s growth and sustainability. Through

its advocacy efforts, the AAR works to promote freight rail as an environmentally

friendly and fuel-efficient mode of transportation. The association collaborates with

policymakers, regulators, and stakeholders to ensure a favorable regulatory environment

that encourages investment in rail infrastructure, safety initiatives, and technological

advancements. The AAR has faced criticism for various aspects that may hinder

positive progress in the freight rail industry. One concern is that the AAR, representing

the interests of major Class I railroads, may prioritize profit-making objectives over

broader societal interests. This focus on profitability can sometimes conflict with

initiatives aimed at investing in sustainable technologies or reducing the environmental

impact of freight rail operations.

2.2 Suppliers of US Freight Rail

This section delves into the crucial suppliers of freight rail companies, focusing

on Energy Suppliers, Locomotive Suppliers, and Intermodal Yards and Equipment

Suppliers. These suppliers have unique perspectives on the current and future states

of the industry and ultimately serve rail companies and their interests.

2.2.1 Energy Suppliers

Energy providers for freight rail companies play a pivotal role in powering the locomo-

tives and operations that keep goods moving efficiently across vast rail networks. These
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providers offer a diverse range of energy solutions, including diesel fuel, electricity,

and, increasingly, environmentally friendly options like natural gas and sustainable

electric sources. With the transportation industry’s growing focus on sustainability

and reducing carbon emissions, energy providers are working to offer cleaner and more

efficient energy solutions to help freight rail companies meet their environmental goals.

Reliability and cost-effectiveness are also critical factors for rail companies, as they

depend on consistent, cost-efficient energy sources to ensure the smooth and timely

movement of goods throughout the country.

2.2.2 Locomotive Suppliers

There are two main locomotive companies that supply the U.S. freight rail industry:

Progress Rail and Wabtec, hold 35% and 65% of the market, respectively. These

companies directly supply new locomotives, upgrade (repower) old locomotives, provide

maintenance service, and test new locomotive technologies. Locomotive suppliers have

mapped out their strategic interests in the short, medium, and long term, outlined

here.

Progress Rail

Headquartered in Albertville, Alabama, Progress Rail, a subsidiary of Caterpillar Inc.,

is a globally recognized leader in the field of rail technology and services. The company

is known for its solutions in locomotive and railcar manufacturing, as well as a wide

array of services to support the rail industry. Progress Rail provides technology such

as locomotive and track inspection systems, signaling and communication solutions,

and maintenance services that enhance the safety, efficiency, and sustainability of rail

operations. Their parent company’s experience with marine motors gives Progress

Rail a distinct advantage when building new engines that run on methanol.
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Wabtec

Headquartered in Pittsburgh, PA, Wabtec, short for Westinghouse Air Brake Tech-

nologies Corporation, is a globally renowned leader in the rail and transportation

industry. With a rich history dating back to the 19th century, Wabtec has evolved into

a powerhouse in the design, production, and implementation of innovative solutions for

the world’s rail and transit systems. The company’s offerings span a wide spectrum,

including locomotives, freight and passenger transit systems, digital solutions, and

safety equipment. in 2019, Wabtec announced the acquisition of General Electric

Transportation, making Wabtec the biggest market share owner by far.

Strategic Perspective of Locomotive Suppliers

In the short term, the focus is on addressing the utilization of existing locomotives.

Research is underway to demonstrate the viability of biodiesel as a practical alternative

for railroads, with a particular emphasis on the companies UP and BNSF. This activity

is driven by pricing considerations in California. Both B20 and R100 blends have

received approval, and further research is ongoing to secure additional certifications.

In the medium term, locomotives to be produced within the next 3-5 years are of

key interest. Customers are increasingly expressing interest in battery electric and

hybrid locomotives as they strive to meet decarbonization objectives. Manufacturers

have already released the first battery-electric locomotives and although some strides

are being made in developing charging infrastructure for these locomotives, it is not

the primary focus of the business. Hybrid locomotives, which use a combination of an

internal combustion engine and battery bank, are easier to integrate into existing rail

operations and represent a versatile platform that can be adapted for future power

technologies. Hybrid locomotives, although frequently analyzed by suppliers, have yet

to be widely produced.

Looking towards the long term, which extends well beyond the next 5 years,

locomotive suppliers’ exploration of hydrogen-based fuels, such as H2, methanol,

ethanol, and ammonia, becomes a priority. Converting diesel engines to run on
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methanol or ethanol through spark ignition, while resulting in a reduction in power,

shows promise, which could potentially be compensated for using battery technology.

Currently, hydrogen (H2) fuel cells are leading the charge in long-term technological

advancement, although a complete understanding of their potential is yet to be

achieved, necessitating further research and development in this area.

2.2.3 Intermodal Yards and Equipment Suppliers

Intermodal rail yards have become increasingly significant in modern logistics due to

their ability to reduce transportation costs, minimize congestion on highways, and

lower the environmental impact of goods movement by promoting the use of trains.

Intermodal rail yards facilitate the exchange of cargo containers between different

modes of transportation, including ships, trucks, and trains. These yards are strate-

gically located at key points in the transportation infrastructure, serving as crucial

intermediaries for the efficient movement of goods. At intermodal rail yards, cargo

containers are transferred between railcars, allowing the integration of rail transporta-

tion into the broader supply chain. This process, known as intermodal transportation,

optimizes the movement of goods and is especially valuable for long-distance shipping.

Intermodal yards are equipped with an array of specialized equipment, including

container lifts and yard trucks, to move cargo within the yard. The yards also house

extensive storage facilities, often with tracks and stack areas to accommodate the

diverse array of cargo containers.

Container Lifts

Container lifts are specialized machines designed for the efficient loading and unloading

of cargo containers onto and off of railcars. These heavy-duty devices are crucial for

streamlining the intermodal transportation of goods, offering a swift and seamless

transition between different modes of transport. Container lifts come in various

configurations, including top-lift spreaders, side-lifters, and straddle carriers, each

suited to handle different types and sizes of containers. Nearly all the container lifts
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are powered by diesel combustion engines, however an emergence of hybrid, battery-

electric, and shore power versions of these machines are gaining popularity due to

their promise of reduced emissions and operating costs.

Yard Trucks

Yard trucks, also known as terminal tractors or shunt trucks, are used to move trailers

within the confined spaces of intermodal facilities. These specialized vehicles typically

feature a diesel or, more recently, electric powertrain, with some models offering

alternative fuel options like compressed natural gas (CNG) or hydrogen fuel cells. The

fifth-wheel coupling, a critical component, allows yard trucks to rapidly engage and

disengage trailers for efficient maneuvering and cargo handling.

2.3 Regulators of US Freight Rail

The history of freight rail regulation in the United States is marked by a series of

significant developments and legislative acts that have shaped the industry. The

earliest regulations date back to the late 19th century when railroads were expanding

rapidly. The Interstate Commerce Act of 1887 established the Interstate Commerce

Commission (ICC), one of the first federal regulatory agencies in the country. This

act aimed to curb monopolistic practices, ensure fair rates, and prevent discrimination

in rail transportation. However, the ICC struggled to have a substantial impact on

regulating the industry effectively.

In 1920, the Transportation Act of 1920 expanded the regulatory powers of the

ICC, enabling the setting of reasonable rates, classifications, and practices for railroads.

It also created the Railway Labor Board, which played a role in labor disputes. In

1970, the Interstate Commerce Commission Termination Act (ICCTA) abolished the

ICC and led to the creation of the Surface Transportation Board (STB) in 1995, which

is the current regulatory authority responsible for overseeing freight rail in the US.

Environmental regulation in freight rail has become increasingly important. Federal

agencies like the US Environmental Protection Agency (EPA) and the US Department
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of Transportation Federal Railroad Administration (FRA) have established emissions

standards and safety regulations to mitigate the environmental impact of rail operations.

Recently, state legislation of emissions has also been published, regulating operation

of rail more tightly than national standards.

2.3.1 US Department of Transportation Federal Railroad Ad-

ministration

The U.S. Department of Transportation Federal Railroad Administration (FRA) is a

federal agency concerned with intermodal transportation. This agency creates regula-

tions around railroad operations including safety, network development, and research

and development. The FRA also provides grants and loans for new passenger and

freight rail developments. The FRA collaborates with the Environmental Protection

Agency (EPA) to establish and enforce emissions standards for the rail industry.

2.3.2 US Surface Transportation Board

The primary regulator of freight rail is the Surface Transportation Board (STB),

an independent federal agency which regulates the nation’s surface transportation

systems, including the economics of freight rail. The STB’s primary role is to ensure

a competitive, economically efficient, and reliable rail transportation system. It

regulates various aspects of the industry, including mergers, rates, service quality, and

environmental concerns. In addition to regulation, this agency tracks and publishes

statistics on freight rail in the US. The STB has jurisdiction over rate setting, service

issues, and restructuring transactions, thereby directly impacting the viability of

privately-owned railroads. The STB collaborates with the EPA and FRA to ensure

that rail transportation complies with federal emissions standards.

2.3.3 US Environmental Protection Agency

The United States Environmental Protection Agency plays a pivotal role in regulating

locomotives to reduce their environmental impact and improve air quality. Through

31



its authority under the Clean Air Act, in 1998 the EPA sets emission standards for

locomotive engines to limit the release of harmful pollutants, such as oxides of nitrogen

(NOx), hydrocarbons (HC), carbon monoxide (CO), particulate matter (PM). The

latest standard from the EPA was published in 2008 and established 4 locomotive tiers

that regulate their emissions [us\_epa\_final\_2016 ]. The EPA has recently

proposed an additional publication in April 2023 that amend EPA’s regulations relating

to the Clean Air Act’s prohibition against states applying emission standards to new

locomotives or new engines used in locomotives. This regulation would allow states to

independently set their own mandates for emissions.

2.3.4 State Regulator: California Air Resources Board

The California Air Resources Board (CARB) is one of six boards, departments, and

offices serving under the California Environmental Protection Agency (CalEPA).

It is tasked with addressing air quality and environmental concerns in California.

Established in 1967, CARB plays a pivotal role in regulating emissions and combating

air pollution across the state. As California is known for its unique air quality

challenges, CARB has been at the forefront of pioneering stringent emissions standards

and innovative regulations. The board is responsible for implementing programs and

policies that promote cleaner vehicles, fuels, and transportation systems, with a focus

on reducing greenhouse gas emissions and other pollutants.

In April 2023, CARB approved the In-Use Locomotive Regulation to reduce

emissions from diesel-powered locomotives and prompt the adoption of zero-emission

(ZE) technology. This regulation aligns with California’s goals regarding public health,

air quality, and climate by lowering levels of criteria pollutants, toxic air contaminants,

and greenhouse gas emissions produced by locomotives in operation. The regulation

includes several key elements for locomotive operators in California. First, they

will be required to establish spending accounts based on the emissions produced

by their locomotives. The dirtier the locomotive, the more funding is needed in

these accounts. These funds will be utilized to purchase cleaner locomotives, zero-

emission (ZE) locomotives and associated infrastructure, or to pilot ZE technologies.
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The In-Use Operational Requirements, set to begin in 2030, stipulate that only

locomotives less than 23 years old can be used in California. Switchers, passenger

locomotives, and Class I line haul locomotives with engine build dates from 2030

onwards must operate in ZE configurations in California. An idling limit of 30 minutes

will be imposed for locomotives with automatic shutoff devices, with exemptions for

specific reasons. Registration, reporting, and annual administrative payments will be

mandatory, with required reporting of locomotive activity, emission levels, and idling

data. Additionally, locomotive operators can choose alternative compliance plans,

alternative fleet milestone options, or seek various compliance extensions, including

temporary operating extensions, compliance extensions for equipment delays, small

business hardship extensions, and historic railroad low-use exemptions.
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Chapter 3

Railway Propulsion Technologies

Figure 3-1: Qualitative Railway Propulsion Solutions Map, showing an overview
of technologies considered for widespread use in the industry. This figure weighs
relative ease of adoption and development, highlighting which challenges these new
technologies will face. This figure can serve as an overall guide for railway propulsion
technologies. Figure adapted from conversations with industry experts.

This chapter discusses the intricacies of locomotives, beginning with an exploration

of how energy is utilized within the locomotive, with attention to the power control

system. A detailed comparison is drawn between Line Haul and Switcher locomotives,

highlighting their duty cycles, uses, and energy requirements. Building on these

fundamentals, the chapter then focuses on the diesel-electric locomotive, the most

commonly used type in the U.S. today. Subsequently, the narrative expands to
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Figure 3-2: Overview of Railway Propulsion Technologies

encompass various locomotive power technologies, thoroughly examining the benefits

and challenges of each, especially in terms of their potential for widespread adoption.

Through this exploration, the chapter aims to provide a comprehensive and insightful

look into the operational and technological aspects of locomotives, as well as outline

technologies that have potential to be widely adopted for the movement of freight in

the U.S.

After reading this chapter, you will have an understanding of the broad technological

landscape as it currently stands and the unique requirements for each propulsion

technology as it relates to the function of freight locomotives. You will recognize the

prevalence and dependence on diesel fuel for locomotive power generation and compare

this to a number of cleaner technologies that still face considerable technological

and commercial challenges. You will also be able to deduce areas for immediate and

long-term improvement, which will be summarized in Chapter 5.

Locomotive power technologies in the United States have evolved significantly over

the years. Since the mid-1900s, diesel-electric locomotives have played a pivotal role in

hauling freight. These locomotives are renowned for their power, and range. However,

there is an increasing focus on sustainable and alternative power sources. Electrified
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rail systems, like those in the Northeast Corridor, reduce emissions and increase energy

efficiency, while battery-electric locomotives provide a clean and flexible solution for

shorter routes. Hybrid locomotives combine traditional and electric technologies,

further enhancing fuel efficiency. Alternative fuels such as liquefied natural gas (LNG),

hydrogen, and methanol are also being explored to reduce greenhouse gas emissions and

promote a greener transportation system, but typically come with added complexity

and disruption to an entrenched industry. Each technology has a relative ease with

which it can be developed by locomotive original equipment suppliers (OEMs) and,

just as importantly, adopted by rail companies, as depicted in 3-1.

3.1 Locomotive Power and Energy

Power Control

In a traditional diesel-electric locomotive, there are eight distinct power settings,

referred to as "notches," available to the operator for controlling the power supplied to

the traction motors. These notches, along with idle and dynamic brake settings, enable

the locomotive operator to fine-tune the power output as needed. By adjusting the

throttle lever in the locomotive, the operator selects a specific notch, which results in

the locomotive’s engine and generator/alternator adjusting their operating parameters

to deliver the required power to the traction motor corresponding to the chosen notch.

Although modern power electronics allow for more than eight notch settings, this

standardized approach of eight notches is maintained to ensure compatibility between

contemporary and legacy locomotives, facilitating ease of operation for locomotive

operators. This is important context for understanding the methods of locomotive

operation as they stand today.

Line Haul and Switcher Locomotives

Freight locomotives can be grouped into two main functions: line-haul and switching.

Line-haul locomotives are used to transport trains of freight across long distances

between yards and terminals, often across state lines. Switcher locomotives, also
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known as shunting locomotives, are used exclusively within yards and terminals to

shunt freight and form a train that could then be moved by a line haul locomotive.

These locomotives are often old line-haul locomotives that are fully depreciated and

have been "downgraded" in service.

Table 3.1: Overview of Locomotive types and average specifications

Line Haul Switcher

Function Moves rolling stock over long
distances outside of rail yards

Moves rolling stock over short
distances, within rail yards

Power (H.P.) 4,400 3,600
Fuel Capacity
(gal) 5,000 2,000

Price (USD) 3,000,000 1,350,000

Line haul locomotives exhibit distinctive operational duty cycles, where a significant

portion of their time is spent operating at higher power settings (Notches 5-8) when

traversing long distances on main rail lines. In contrast, switcher locomotives, which

are active within rail yards, engaging in activities like rearranging railcars or undergoing

fueling, servicing, or maintenance, typically operate at idle or lower power settings

(Notches 1-3). 38 percent of the line haul operational time is occupied by idle periods.

Conversely, switcher locomotives predominantly function at lower power settings (Idle-

Notch 2), constituting around 84 percent of their operational time. These different

duty cycles highlight two significant uses for locomotives that should be maintained

when considering future changes.

Locomotive Energy Requirements

Locomotive energy requirements are important to understand as to establish a baseline

for how much energy is required to move goods across the U.S. This will also serve as a

foundation for estimating the effects of changing fuel types used to power locomotives.

By examining annual railroad R-1 reports, which are required for all class I operators

in the U.S., it is possible to ascertain the number of line haul and switcher locomotives

owned by each operator. Additionally, it’s possible to determine the amount of diesel

fuel consumed daily by locomotives. One can then determine the average daily annual
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Figure 3-3: Locomotive Duty Cycles [18]
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energy consumption for each kind of locomotive using the following equation:

Avg. Daily Energy Use (MWh/day) =
Diesel Consumed (gallons)
Number of Locomotives

× 0.041 MWh
gallon

× 1 year
365 days

This amount of fuel consumed during a train’s journey depends on many factors

including weather, freight weight, route grade, route length, and number of stops.

Therefore, the average can only be used as a general approximation for all train routes,

not for any specific route. It is useful to also consider the maximum amount of energy

available for traction use at the rails, which is calculated using the following equation:
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Max. Energy Capacity (MWh) =
Diesel Capacity (gal)

1

× 0.041 MWh
gal

× Engine Efficiency

Table 3.2: Diesel Energy Consumption per Locomotive for the Year 2022

Line Haul Switcher
Diesel Consumed (MMgal) 3,220 210
Number of Locomotives 23,398 2,809

Average Daily Diesel
Energy per Locomotive (MWh) 5.67 3.08

Diesel Capacity (gal) 5000 2000
Diesel Engine Efficiency 37% 37%

Max. Power Capacity at Rail (MWh) 75.2 30.1

These calculations serve as a an important input into calculations done in Chapter

4, which serves to highlight the relative costs of certain types of locomotive power

technologies.

3.2 Diesel Electric

Diesel-electric locomotives are by far the most common kind of locomotive in the U.S.

These were the replacement to the steam-engine locomotive in the mid-1900s and

have since had incremental upgrades to improve their efficiency and power output.

They function on the principle of a diesel combustion engine that powers an electric

generator, which powers the electric traction motors attached to the locomotive’s

wheels. These locomotives use either alternating current (AC) or direct current (DC)

as power inputs to the motors. AC motors are controlled through frequency and

voltage, while DC motors are controlled through current. Modern power electronics

enabled AC motor control, which is now the industry standard. It is important to note

that AC locomotives still have DC as a part of the power transfer process, which is a

key enabler of other cleaner drivetrains that can be adopted to augment the standard
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diesel drivetrain, discussed later in this chapter.

Figure 3-4: Diesel Electric Locomotive Overview [19]

Figure 3-5: Types of Drivetrains Used in Diesel Electric Locomotives [19]

3.2.1 Fueling

Fueling practices of diesel-electric locomotives are important to note because they

are the current industry standard. Any change to how locomotives are fueled will

be compared directly to this existing method, and deviations will incur greater

infrastructure costs. Diesel-electric locomotives are fueled with liquid diesel fuel by

pump transfer from either a stationary tank or a mobile tanker truck at intermediary

crew change locations. A train is typically stopped such that the head end, the location
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of the locomotives, is aligned with the fueling pad, a piece of fixed infrastructure

that delivers fuel to a locomotive. However, in the event that a train includes a

distributed power locomotive, one positioned somewhere along the trains’ length that

does not include the head end, then fuel must be delivered via tanker truck. Refueling

a locomotive is typically done in less than 30 minutes. This operational method for

refueling is done at hundreds of location across the U.S.

3.2.2 Diesel Emissions

The standard of Tiers was established by the U.S. EPA in the 1970s and is intended

to control all emissions from the combustion of diesel in locomotives. These standards

outline the permissible levels of emissions of nitrogen oxides (NOx), particulate matter

(PM), hydrocarbons (HC), and carbon monoxide (CO), as shown in Table 3.3. Tier 0

through Tier 3 locomotives represent a significant phase in the evolution of emissions

standards in the railroad industry. Tier 0, which emerged in the 1970s, marked the

beginning of regulatory efforts aimed at controlling locomotive emissions, albeit with

limited requirements for pollution reduction. Locomotives categorized under Tier 0

had minimal emission controls, but as the industry progressed, Tier 1, Tier 2, and

Tier 3 standards were successively implemented. Tier 3, introduced in the early 2000s,

represented a significant milestone by mandating substantial cuts in NOx and PM

emissions compared to earlier tiers. In California, 95.2% of all locomotives are Tier 3

or older (Tiers 0, 1, or 2) [20]. The distribution of U.S. Line Haul Locomotives and

Switcher Locomotives are shown in Figure 3-6, indicating that new cleaner locomotives

are not being adopted quickly, especially for switcher duty cycles. This can be

attributed to the high purchase price and long service life of locomotives, which also

points to why there is a high proportion of rebuilt locomotives.

3.2.3 Biomass Based Diesel

Biomass based diesel fuels are more sustainable alternatives to conventional fossil

based diesel. Two kinds of biomass based diesel fuels are biodiesel and renewable diesel.
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Figure 3-6: 2020 Class I Locomotive Fleet Profile by Tier (Percentage)
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Table 3.3: Federal Exhaust Emissions Standards for Line Haul and Switcher Locomo-
tives [21]

Line Haul
Tier 0
1973-
1992

Tier 0+
Tier 1
1993-
2004

Tier 1+
Tier 2
2005-
2011

Tier 2+
Tier 3
2012-
2014

Tier 4
2015+

HC 1.00 0.30 0.55 0.30 0.30 0.30 0.30 0.14
CO 5.00 1.50 2.20 1.50 1.50 1.50 1.50 1.50
NOx 9.50 5.50 7.40 5.50 5.50 5.50 5.50 1.30
PM 0.22 0.10 0.22 0.10 0.10 0.10 0.10 0.03

Switcher
Tier 0
1973-
1992

Tier 0+
Tier 1
1993-
2004

Tier 1+
Tier 2
2005-
2011

Tier 2+
Tier 3
2012-
2014

Tier 4
2015+

HC 2.10 0.60 1.20 0.60 0.60 0.60 0.60 0.14
CO 8.00 2.40 2.50 2.40 2.40 2.40 2.40 2.40
NOx 11.80 5.00 11.00 5.00 8.10 5.00 5.00 1.30
PM 0.26 0.10 0.26 0.10 0.13 0.10 0.10 0.03

Biodiesel is a type of fuel derived from biological sources such as vegetable oils, fats,

and greases using esterification. Differentiated from fossil based fuel sources, biodiesel

is a part of the carbon cycle, meaning that when it is burned, it can be reabsorbed
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Figure 3-7: Comparison of three kinds of alternative diesel. This figure serves as a
quick-reference guide for comparing various qualities of diesel fuel. It indicates that
a combination of all three fuels will likely be necessary, as one does not satisfy all
criteria for widespread adoption.

by plants and then used to create more fuel. Biodiesel can be used in existing diesel

engines with minimal modifications. It can be used in various proportions blended

with conventional diesel fuel. B20, a blend of 20% biodiesel and 80% petroleum diesel,

is a common formulation used in locomotives.

Renewable diesel is produced through the hydrotreating of triglycerides and fatty

acids found in biomass. Renewable diesel is chemically identical to petroleum diesel,

which means it can be used as a direct substitute for traditional diesel without engine

modifications. R100, 100% renewable diesel, has already been approved for use in

locomotive engines. This is a major advantage because no changes have to be made to

existing locomotive operations to improve sustainability through the use of renewable

diesel.

The market for biomass based diesel face issues from production capacity, avail-

ability of raw materials, and economic considerations. Given that both biodiesel and

renewable diesel utilize the same limited feedstocks, expansion of one tends to hinder

the other. Even though historically biodiesel production has outpaced renewable

diesel production, it is expected that there will be shift towards renewable diesel

production in the medium to long term, given incentives such as the Renewable Fuel

Standard, the California Low-Carbon Fuel Standard, and the U.S. biomass-based
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diesel blender credit. Expected growth of fuel use is shown in 3-8, which indicates

a significant increase in supply, but not nearly enough to match demand for diesel

overall, indicating that this is not an ultimate solution.

Figure 3-8: Biomass Diesel Production Predictions through 2050 [22]

Given the growing availability and ease of use of biomass based diesel, it is expected

that this will be a growing fuel choice for the freight rail industry to curb its emissions.

However, it is important to note that biomass feedstock is limited and will not exceed

10% of the availability of conventional diesel by the year 2050 [22].

3.2.4 Synthetic Diesel

Synthetic diesel is a type of diesel that is manufactured through a chemical process,

rather than refined from crude oil. There are several methods for the manufacture

of this fuel that can utilize various feedstocks, but all rely on the Fischer-Tropsch

(FT) Process. This chemical process converts a gaseous mixture of carbon monoxide

and hydrogen, produced from coal, natural gas, or biomass, into liquid hydrocarbons.

Refinement of the liquid then creates synthetic diesel. This can result in a high quality

drop-in diesel fuel that does not need to be mixed with conventional diesel and has

shown to reduce emissions when combusted in Class 8 trucks [23]. Current US capacity

is limited to small-scale or experimental production. However, it has been shown that
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capturing carbon dioxide from industrial waste streams creates an opportunity to

produce 58 billion gallons of FT fuels annually [24]. There is also a new company

working to scale up synthetic diesel production using green hydrolysis as the basis for

hydrogen production [25].

3.3 Electrified Rail

Figure 3-9: Catenary shape formed by power transmission equipment [26]

Electrified rail, also known as catenary rail (named for the shape of a hanging cable,

shown in Figure 3-9), is a type of power system used to move locomotives. It substitutes

the direct combustion of fuels with overhead power cables or an electrified track, to

deliver power to electric systems onboard a locomotive, resulting in a traction force at

the wheels. Locomotives powered by electric lines power AC traction motors by contact

to a high voltage line using a pantograph, a specialized mechanical linkage. Electrified

rail is distinct from other locomotive power systems in that it typically has fewer

emissions and higher efficiency, but demands higher capital costs for infrastructure.

This technology has seen widespread adoption in Europe. For instance, Switzerland

serves as an example, with 99% of its rail system being electrified [27]. In contrast,

electrified freight rail is virtually absent in the United States, where it constitutes

1% of the entire rail network [27]. This disparity highlights not only the potential

environmental and efficiency gains offered by electrified rail, but also the challenges

and investment hurdles that need to be overcome in the U.S.
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Figure 3-10: Schematic of a Modern Catenary Locomotive [30]

3.3.1 Benefits of Adoption

Electrified Rail Emissions

Electrified rail locomotives have no direct emissions because they do not rely on

combustion of fuel for traction power, making them well suited for the reduction of

GHG emissions. It is important, however, to account for indirect emissions, or those

created by the power generating plant that provides electric power to the locomotives

through high-voltage lines. In the U.S., over 60% of electric energy is generated

through the burning of coal or fossil fuels [28], however, renewable power generation

is increasing steadily and the White House has recently outlined a plan to achieve

carbon pollution-free electricity generation by the year 2030 [29].

Electrified Locomotive and Track Maintenance

Electric locomotives have fewer moving parts than combustion locomotives, and thereby

also have less routine maintenance. This reduction in routine maintenance can provide

some cost benefits over the lifetime of a locomotive. Additionally, these locomotives

utilize regenerative braking, which further reduces wear of braking components.
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Electrified Rail Energy Cost

The cost of energy for an electric locomotive is directly tied to the cost of delivered

electricity in its operating region. These electricity prices vary depending on the

geography in which the train is drawing power. Cost is also depended on the efficiency

of the powertrain of the locomotive. The DC Bus-to-Tank efficiency, a characterization

of the transmission of power from the catenary line to the DC distribution system, is

98% at full power, compared to that of a diesel locomotive which is 41% [31]. This

efficiency contributes to reduced energy usage during operation of the locomotive.

3.3.2 Challenges of Adoption

Electrified Rail Infrastructure

The biggest challenges for adopting electrified rail in the U.S. is the need for substantial

infrastructure investment. Given that all existing freight railways are not equipped

for electrification, they would need to be reconstructed to accommodate electric

locomotives. A 2012 analysis of freight rail electrification in Southern California

concluded that construction of new electrified rail could cost $4.8 billion per mile [32].

The AAR has taken a strong stance on electrification of rail.

"...catenary electrification of the freight rail network would be unworkable.

Initiatives, such as catenary electrification, that are clearly not viable

should be set aside to focus on and invest in policies and programs that

will work to reduce GHG emissions and combat climate change, such as

those noted above."[33].

This stance clearly indicates it would take federal regulation to force a transition to

electrified freight rail. Existing rail companies are not willing to pay the required

upfront capitol for deployment, nor are they willing to accept the disruption it would

have to their existing operations. Even when considering that electrification could be

done for select segments of the rail network, The AAR has concluded that this, too, is

challenging.
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"First, railroads would face major costs, delays, and inefficiencies associated

with interchanging freight to and from diesel locomotives at the edges of

electrified territory. Moreover, locomotives often travel on tracks owned by

other railroads. Creating captive fleets of unique locomotives serving small

geographic regions would work against this practice, harm the efficiency

of railroad operations, and likely cause a shift of freight to trucks. Sec-

ond, specific-area electrification would limit rail flexibility to respond to

changing market conditions. Rail volumes in any given area often change

substantially over time, meaning the economics associated with partial

electrification would change drastically too. This would further increase

costs and distort capital planning and investments, as additional areas

might require electrification. Finally, specific-area electrification would

lock in one technology when other more cost-effective alternatives could

be developed."[34]

3.4 Diesel Hybrid

Diesel hybrid locomotives are an advancement in propulsion technology, combining

traditional diesel-electric powerplants with battery-electric systems. This integration

minimizes adaptations to the existing operational infrastructure, while adding the

benefits of an electric system including regenerative braking, and emissions-free

operation. A diesel hybrid locomotive consists of a diesel combustion engine that

follows the same operating principle described in 3.2, however, energy is also transferred

to an onboard battery bank. Considering that battery banks store DC energy, a DC-

DC or AC-DC drivetrain configuration can be used as a hybrid locomotive, as depicted

in Figure 3-11. Note that the DC Traction Motor also has the ability to transfer

power back into the battery bank by the use of regenerative braking, converting

kinetic energy of the motor into electric energy. This drivetrain requires the use of a

sophisticated power management system that is constantly monitoring and directing

energy to and from the battery bank.
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Figure 3-11: Types of Drivetrains Used in Diesel Hybrid Locomotives. A key function
of the battery bank is that it can capture energy while the locomotive is at idle or even
using regenerative braking and then release that energy to help move the locomotive
from a stop, the most energy intensive action.

Battery Tender Hybrid

One special configuration of a diesel hybrid locomotive is the battery tender hybrid.

This is an innovative approach for increasing the battery capacity of a locomotive and

can also function to retrofit existing diesel-electric locomotives with a battery bank.

This type of hybrid consists of two separate pieces of rolling stock: i) a traditional

electric-diesel locomotive and ii) a battery tender car, The battery tender is an

additional car coupled to the locomotive that contains a large bank of rechargeable

batteries that are charged and discharged by the diesel-electric locomotive. According

to a paper presented at the 2014 ASME/IEEE Joint Rail Conference [35], a battery

tender:

• lacks traction motors,

• should be coupled mechanically and electrically to a diesel-electric locomotive

to serve a useful purpose,
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• and it can store and provide energy for traction only when coupled to a diesel-

electric locomotive.

3.4.1 Benefits of Adoption

Efficiency and Emissions

One key advantage of the hybrid technology is the efficiency gain and thereby reduction

of emissions during operation. While a diesel-electric locomotive only transmits

approximately 37% of the energy carried in its fuel tank to the rails, a hybrid locomotive

would be able to capture energy through regenerative braking, store energy while the

engine idles, and use battery power to move the train from a standstill. Any amount

of reduction in the combustion of diesel would also result in a reduction of direct

emissions. However, the hybrid locomotive would not be completely emissions-free, as

it still relies mainly on combustion for power.

Operational Flexibility

The other big advantage to hybrid locomotives is that they are relatively easy to

fit into existing railroad operations, when comparing to other power technologies.

Given that they rely on a diesel-electric engine as the main power source, fueling

operations would not have to be altered. Further, the drivetrain of the conventional

diesel-electric locomotive is highly conducive for simple upgrades to become a hybrid

locomotive. Most existing drivetrain components could remain in place, with upgrades

only necessitating the addition of a battery bank and DC bus.

3.4.2 Challenges of Adoption

Weight and Space

The main challenge with the adoption of hybrid locomotives involves the need for

additional volume to carry a battery bank. A battery bank is limited in volume to

either the space available in a locomotive excluding the remainder of the drivetrain
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or the volume of a single rail car (in the case of the battery tender). It would be

difficult for a battery bank included in the volume of a locomotive to hold a meaningful

capacity for line haul use. Assuming a battery pack energy density of 0.36 kWh/L

and a daily line haul locomotive energy requirement of 4.8 MWh, storing just 1% of a

line haul locomotive’s daily energy use would require a battery that is 13,000 liters in

volume. This is battery would be roughly 10% of a locomotive’s volume and weigh

30 metric tons. Expanding this the battery bank to occupy the size of one train car,

as expected in the battery tender configuration, would reduce the amount of freight

capacity of the train by one car, presenting a challenge to maximizing revenue per

train.

3.5 Battery Electric

Battery electric locomotives hold promise to be a suitable replacement of diesel-electric

for certain use cases. Modern battery electric locomotives (BEL) have recently been

produced by both Wabtec and Progress Rail for the global market. A battery electric

locomotive is the latest technological innovation to be released for widespread use.

This locomotive lacks any form of combustion engine and fills the remaining space

with a large battery bank, which provides power to the electric traction motors. The

capacity of the battery bank directly determines the amount of time the locomotive

can operate before having to be recharged by an external electrical power source.

Regular charging can be expected, as current market offerings from Wabtec have

battery capacities ranging from 1.5 to 8.5 MWh per locomotive.

Charging of the batteries can be done in several ways. Regenerative braking

provides power back to the batteries while the locomotive is in operation. This method

is especially useful for rail routes that have frequent stops or long hills, as this energy

is then converted into propulsion. Wabtec has unveiled a stationary pantograph

charger for their BEL, which requires the construction of high voltage overhead lines at

charging points. Although not a current offering, this pantograph could also be used

while the BEL is in motion, much like an electric locomotive, to minimize operational
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disruption.

3.5.1 Benefits of Adoption

Efficiency and Emissions

Battery electric locomotives offer significant advantages in terms of efficiency and

emissions compared to traditional diesel-electric locomotives. A battery electric

locomotive can achieve a battery-to-wheels efficiency of 88%, over 2 times that of a

diesel-electric locomotive’s tank-to-wheels efficiency [36].

Figure 3-12: Efficiency Comparison of Diesel-Electric and Battery-Electric Locomotives.
Adopted from [36]

Additionally, BELs can be operated in consist with diesel-electric locomotives. In

2021 BNSF began operation of a consist comprising two Tier 4 Wabtec ET44C4 diesel

locomotives and a single 2.4MWh BEL between the Barstow and Stockton stations

in California. The battery was charged while stationary at a charging station and

through the use of regenerative braking throughout the journey. The study measured

the fuel consumption of a diesel-only consist and compared that to the BEL-diesel

consist. The result of the study was that the inclusion of the BEL decreased total

diesel consumption by an average of 12% [37].

The BEL, of course, does not directly combust any fuel for power generation

and therefore has zero emissions during operation. Much like electric rail, indirect

emissions are tied to how electricity is generated in the U.S.
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Maintenance

The exact cost of maintenance of a BEL is considered to be less than that of a diesel-

electric locomotive because it lacks an engine, engine support systems, and alternator.

The California Air Resources Board has determined that annual maintenance cost of

a BEL is 10% of diesel-electric annual maintenance [38].

3.5.2 Challenges of Adoption

Energy Capacity

The biggest challenge to overcome is the energy capacity of a BEL, which is governed

by the volume of the locomotive and the energy density of batteries. To match a

diesel locomotive’s maximum energy capacity, a BEL would have to store 85.5 MWh,

assuming 88% battery-to-wheels efficiency. Modern BELs utilize lithium-ion batteries

with a cell energy density of 0.47 kWh per liter and packing fraction of 0.77. This

would mean that 236,000 liters of volume would be occupied by batteries, which

exceeds the total volume of a 60-foot boxcar of 206,713 liters. This calculation does

not account for additional volume needed for the operator’s cabin, inverter, and cooling

system.

Charging

Charging a BEL is substantially different from refueling a diesel-electric locomotive,

presenting another big challenge for their widespread use. To match the fueling speed

of a diesel locomotive, a BEL would have to be fully charged in roughly 15 minutes.

Current charging technology used by Wabtec is capable of charging a 2.4MWh BEL

using a 480V connection in 8 hours.

There is also an operational problem in the case that a train consists of a remote

power BEL. To solve this issue, railroads can construct long overhead power lines

that span the length of a train, thereby creating an ability to deliver charging power

anywhere in the train. This solution, however, does not match the infrastructure costs

of a diesel tanker truck performing mobile fueling for a diesel-electric locomotive.
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Figure 3-13: Refueling and recharging infrastructure for BEL and diesel trains [36]

Further, charging stations require additional infrastructure that includes high

voltage power lines for energy delivery to the locomotive. This added infrastructure

cost may increase substantially if new electrical grid interconnects are necessary. Costs

associated with electric power are dependent on total consumption (number of MWhs)

and demand (maximum MWh). If locomotives are to be charged simultaneously, this

would create a significant spike in demand, which, if not controlled, can result in

higher energy costs.

Currently, there is no suitable solution for fast battery swapping, but such a method

could allow for reduced stationary times. It could also improve operations such that

they more closely represent the way diesel locomotives must be fueled, by stopping

in a designated station for less than one hour. Swappable batteries for locomotives

are difficult to deploy because of the mass of the batteries, cooling requirements, and

power routing needs.
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Thermal Requirements

Lithium-ion batteries that are used in modern day BELs have strict environmental

operating requirements. If operating temperatures are outside the nominal range,

there can be significant decreases in power output of a battery bank. This can become

problematic when locomotives are operating in tunnels, of which there are over 800 in

the U.S. [39]. Especially in long train tunnels with high grades, BELs operating in

consist with diesel-electric locomotives can see temperatures exceeding 100 degrees

Celsius at their surface, as measured through an analysis of diesel intake temperatures

at Donner Pass in California [40]. BELs use cooling systems to maintain nominal

battery temperatures, which could be compromised in these scenarios.

3.6 Liquefied Natural Gas

Liquefied natural gas (LNG) locomotives operate in nearly the same way as diesel-

electric locomotives, except that they use LNG in an internal combustion engine

instead of diesel. As LNG can be a cleaner alternative to diesel, there would be

some reduction in emissions, however, this would not be a stop-gap solution and

requires a differentiated supply chain. LNG results when natural gas is cooled to very

low temperatures, usually by cryogenic means (-162ºC/-260ºF). The liquification of

natural gas provides significant benefits in terms of transportation and energy density.

There are multiple designs of natural gas powered internal combustion engine (ICE).

A spark-ignition (SI) LNG engine mixes air and fuel outside the combustion chamber

that is then injected into the cylinder and ignited by a spark plug. Compression

ignition (CI) engines, or dual-fuel engines, require some diesel to help with ignition and

do not use a spark plug and are capable of running on diesel alone. When converting

diesel (CI) engines to SI, there is typically a reduction in both power and thermal

efficiency. This is because SI engines, despite natural gas’s high octane level, need a

lower compression ratio to prevent pre-ignition or knocking, unlike diesel engines that

use compression ignition. Also, using a throttle for load control in SI engines leads to

lower efficiency due to pumping losses [41].
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The Florida East Coast Railway is the first and only rail company to adopt LNG

fuel for their entire locomotive fleet. The railway uses dual-fuel tier 3 locomotives that

run on both diesel fuel and LNG with up to 80% gas substitution or 100% diesel. [42].

These locomotives utilize a tender car, located adjacent to one or two locomotives,

that stores LNG for combustion.

Figure 3-14: Florida East Coast Railway Locomotives and LNG Tender Car [43]

3.6.1 Benefits of Adoption

Emissions

Natural gas combustion has been shown to have significant reduction in NOx and GHG

emissions compared to diesel combustion. Testing LNG locomotives confirmed the

emission reduction of NOx by 70% and CO2 by 30% compared with the diesel-fueled

locomotives [44], however additional sources of data are limited.
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3.6.2 Challenges of Adoption

Fueling

New fueling infrastructure and methods with cryogenic capability would be necessary

to provide reliable and timely fueling of LNG locomotives. Fueling times would not

exceed 90 minutes, which is roughly three times as long as it takes to fuel a diesel

locomotive [45].

Space Requirements

LNG has approximately 60 percent of the energy density of diesel fuel [46]. Therefore,

a LNG locomotive would have to rely on a tender car to hold its fuel, which would

sacrifice revenue capacity in the confines of a single train.

Maintenance

Maintenance of LNG locomotives is expected to be higher than that of diesel, mainly

due to the additional cryogenics system that is required to provide constant cooling of

the natural gas.

3.7 Hydrogen Fuel Cell

Hydrogen fuel cell locomotives are a promising technology that seeks to considerably

reduce emissions while maintaining much of the operating environment of current

freight rail. However, the technology has not yet been proven to be a suitable

replacement for diesel, but manufacturers are placing big bets on this technology. A

hydrogen fuel cell uses a chemical reaction to generate electric energy from hydrogen

and oxygen gas. Inside the fuel cell, hydrogen gas is introduced to the anode, where it

is split into protons and electrons by a catalyst. The electrons flow through an external

circuit to the cathode, generating an electric current that drives the locomotive’s

electric motors. At the same time, oxygen and hydrogen combine to form water,

the only product from the process, aside from unused hydrogen and oxygen. The

58



electricity generated by the fuel cell is used to power the motors of the locomotive.

Alternatively, the electricity could be stored in a battery, which would then be used

to power the motors. A proposed layout can be found in Figure 3-15.j

Figure 3-15: Proposed Layout for a Hydrogen Fuel Cell Locomotive [47]

3.7.1 Benefits of Adoption

Emissions and Efficiency

Hydrogen fuel cells emit only water and unused fuel during operation, thereby generat-

ing no harmful emissions. This zero-emitting property is what makes this technology so

desirable for the industry. A hydrogen fuel cell locomotive also exhibits a fuel-to-power

efficiency of 80%, which is roughly double that of a diesel-electric locomotive [47].

3.7.2 Challenges of Adoption

Fueling Infrastructure

Since hydrogen is a gas with significantly different storage requirements than diesel,

new fuel storage facilities would need to be constructed across a vast rail system.

These facilities require specialized equipment to handle cryogenics of liquid hydrogen,
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which adds complexity and cost. Further, the equipment necessary for transfer and

fueling in these two forms is technically advanced and involves substantial financial

investment. Additionally, the option of onsite hydrogen generation introduces further

complexity and expense. Some solutions have been proposed for vehicles, long-haul

trucks and locomotives [48] [49] [50].

Cost of Hydrogen

Currently, the cost of hydrogen is high, at $9 per kilogram. This is mainly due to

a low global supply, however, many hydrogen production plants are currently being

constructed. The majority of hydrogen is produced as a product from natural gas,

a process that emits harmful pollutants into the atmosphere. For hydrogen to be a

feasible fuel with no emissions, cleaner methods of production must be adopted, like

using electrolyzers powered by wind or solar energy. This method remains expensive

because of the high energy requirements of electrolysis and the limited availability

of emissions-free electricity generation. Relative to a $3 per gallon cost of diesel, the

break-even price of hydrogen for a line haul and switcher locomotive is $3.30 and $5.60

per kilogram of hydrogen, respectively [51]. There is no clear indication that these

prices can be achieved within the next 30 years.

Safety

Hydrogen inherently possesses undesirable chemical and physical properties that can

make it unsafe. A gas, hydrogen, is highly flammable, and it can be ignited at relatively

low concentrations and temperatures. Additionally, hydrogen is an especially small

molecule, which enables it to leak through small openings and accumulate in enclosed

spaces, potentially leading to explosive hazards if not properly managed. Further,

public perception of hydrogen gas may pose a barrier to its adoption, as it is typically

seen as a dangerous chemical.
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Energy Density

Compared to diesel fuel, hydrogen has a higher energy density per unit mass (120MJ/kg),

but a lower energy density per unit volume. Storing hydrogen gas for use in a lo-

comotive requires that it either compressed at very high pressures (350 – 700 bar)

or liquefied at very low temperatures. Assuming an 80% fuel-to-rails efficiency, the

equivalent energy capacity of a 5000 gallon tank of diesel would be 2820 kilograms

of hydrogen. At an immense pressure of 700 bar, this amount of hydrogen would

occupy 71,212 liters (18812 gallons), which could fit into a single locomotive’s volume.

However, achieving 700 bar of pressure has not been proven to be feasible at this scale

due to high energy requirements to compress hydrogen and safety concerns. Liquid

hydrogen would occupy a much smaller volume: only 40,285 liters (10,642 gallons) for

the same energy, but require additional cryogenics systems. An alternative design has

been proposed that could accommodate enough fuel for an 8 to 10-hour duty cycle for

a switcher locomotive [52].
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Chapter 4

Financial and Environmental Analysis

In this chapter, I describe the methods of a Total Cost of Ownership analysis (TCO)

for line haul and switcher locomotives, specifically examining Diesel Electric, Battery

Electric, and Hydrogen Fuel Cell powered locomotives. I define and employ specific

methods to evaluate the total costs associated with acquiring, operating, maintaining,

and eventually disposing of each type of locomotive over its lifecycle. Additionally,

the chapter will assess the environmental impact of each locomotive type, considering

factors such as emissions and energy consumption. Through both financial and

environmental considerations, this chapter aims to provide a holistic view of the

implications of selecting and utilizing different locomotive technologies for freight rail

transportation. There may be considerable financial advantages for the adoption of

battery electric or hydrogen fuel cell powered locomotives for both switcher and line

haul use, however it requires accounting for external environmental impact of diesel

locomotives. Even with potentially high costs of charging or fueling infrastructure,

the annual cost associated with clean technologies is less than that of diesel, which is

mainly attributed to lower maintenance costs and improved energy efficiency.
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Figure 4-1: Analysis Models Overview

4.1 Methodology

Environmental Impact Analysis

To determine the environmental impact of each locomotive technology, it is necessary

to quantify the pollution caused by the locomotives and estimate an externalized cost

for each unit of pollution generated. Pollutants that were included in the analysis

were carbon dioxide (CO2), Nitrogen Oxides (NOx), and Particulate Matter (PM),

which contribute to significant negative environmental effects.

Term definitions

1. MWh: Megawatt-hours

2. kWh: Kilowatt-hours

3. MM: millions

4. mTon: metric ton

5. Btu: British Thermal Unit

6. g: gram

Model Inputs

1. CO2 Cost ($/mTon CO2)
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2. Diesel Consumption (Gallons/Year)

3. CO2 Emissions (mTon CO2/Year)

4. NOx Cost ($/mTon NOx)

5. NOx Emissions (mTon NOx/Year)

6. PM Cost ($/mTon PM)

7. NOx Emissions (mTon PM/Year)

For diesel locomotives, pollutant amounts were averaged across the proportion of

locomotives at various emissions Tiers, as estimated in the state of California by

CARB[53]. Tier emissions profiles are discussed in 3 and used to estimate the annual

emissions for CO2, NOx, and PM for locomotives. It was assumed that the current

Tier distribution is held constant through the year 2040. Diesel CO2 emissions were

calculated using the following formulas.

Annual Loco Energy (MWh) = Avg Consumption per Loco (Gal)

× Drivetrain Efficiency

× 0.041(MWh/gal)

Diesel Consumption (gal) = Annual Loco Power (MWh) * 1

0.041
(MWh/gal)

For CO2:

Emissions (mTon) = Diesel Consumption (gal) × 10.19 (kg CO2 per gal)
1000(kg per mTon)

Annual Damages ($) = Cost ($ per mTon emmitted) × Emissions (mTon per year)
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For NOx and PM, constant rates of emissions were assumed between the year

2022 and 2040. Annual damages for the year 2022 were calculated using the following

equations.

Annual Damages ($) = Cost ($ per mTon emmitted) × Emissions (mTon)

For Line Haul duty cycle locomotives:

Emissions per locomotive (mTon) =
Weighted Emissions (mTon)

(# of Line Haul Locomotives)

Weighted Emissions (mTon) = Tier-Weighted Emissions Rates (g/MM Btu)

× Total Diesel Consumed (MM Btu)

× # of Line Haul Locos
Total # of Locomotives

× 1

1000

For Switcher duty cycle locomotives, the same equations were used but considered

the number of switcher locomotives, instead of line haul locomotives.

For locomotives powered by batteries, emissions costs and amounts were estimated

from grid emissions estimated by the ReEDs model[54]. For hydrogen locomotives,

it was assumed that hydrogen was generated using completely renewable energy and

therefore had no direct emissions.

Costs for emissions of CO2 for the year 2022, 2030, 2040, and 2050 were acquired

from the U.S. EPA [55]. The annual costs between these dates were calculated with a

straight line slope. The cost for NOx emissions were assumed to be $200 per metric

ton of NOx emitted between 2022 and 2040 [56]. The cost of PM emissions was

assumed to be $1,170 per metric ton of PM emitted between 2022 and 2040 [56].
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Total Cost of Ownership Analysis

A simple discounted cash flow was used to determine the total cost of ownership of a

freight locomotive. With this model, stakeholders are able to gain an understanding of

costs that drive the use of different locomotives as the adoption of greener technologies

becomes more prevalent. It may indicate that some locomotives may be financially

preferred to others, and that certain ownership costs can be targeted for improvement.

From conversations with industry stakeholders, a 23-year total life cycle was

assumed before the locomotive could be sold at a depreciated price. Depreciation was

assumed to be straight line over the 23 years to a resale value of 20% of the original

sales price of the locomotive. Inputs into the model are split into market inputs and

locomotive inputs. Environmental impact costs were also included in the analysis.

Market Inputs

1. Rail Diesel Price ($/Gallon)

2. Renewable Diesel Price ($/Gallon)

3. Rail Electricity Price ($/kWh)

4. Hydrogen Price ($/Kilogram)

5. Discount rate (%/Year)

Locomotive Inputs

1. Drivetrain efficiency (%)

2. Maintenance and repair cost ($/Year)

3. Average energy usage per locomotive (MWh/Day)

4. Locomotive Cost ($)

5. Energy Source (diesel, hydrogen, or battery)
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6. Duty Cycle (Line Haul or Switcher)

Market inputs that include the purchase price of energy were determined using

two scenarios: Low Oil price and High Oil Price. These scenarios were calculated

using data provided by the U.S. Energy Information Administration’s (EIA) Long

Term Energy Outlook. Energy costs were averaged over the time period between 2023

and 2046 and assumed to be constant. [22] A discount rate of 8% was assumed for

each year.

Locomotive inputs were determined through industry sources and municipal publi-

cations. Purchase, maintenance, and repair costs were approximated by the California

Air Resources Board (CARB) [38][46]. The purchase cost of the battery electric

locomotive includes the cost of the battery.

Figure 4-2: Model Market Inputs

Figure 4-3: Model Locomotive Inputs
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4.2 Environmental Impact Analysis Results

The annualized Environmental Impact Analysis is calculated and presented as the

output of the model in 4-4.

Figure 4-4: Environmental Cost Output

Overall, the analysis suggests a clear environmental advantage in operating hydro-

gen fuel cell and battery-electric locomotives over traditional diesel-powered models,

especially for line haul use. While the model did not do this, assuming the energy used

in battery-electric locomotives is created through non-emitting power generation, then

the cost for these machines would be zero, along with hydrogen locomotives. This can

be a reasonable assumption for future adoption as renewable energy becomes more

prevalent. However, because battery-electric locomotives are already operating using

the existing grid, the calculation was performed using current grid costs, as noted

previously. Diesel-electric locomotives have high environmental impact costs due to the

large amounts of pollutants produced when burning diesel fuel. The financial burden

of these emissions may be taken into account when comparing different technologies,

however, currently there is no financial penalty for using diesel-electric locomotives.

This analysis suggests that creating one may provide for a better incentive to adopt

non-emitting technologies like battery-electric and hydrogen fuel cell locomotives.
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4.3 Total Cost of Ownership Analysis Results

The annualized TCO is calculated and presented as the output of the model in 4-5.

Figure 4-5: TCO Analysis Output, per locomotive

Diesel switchers and line haul locomotives show higher annualized NPV TCO,

suggesting that traditional diesel-powered locomotives are more financially burdensome

over time, especially if fuel prices rise. Hydrogen and battery-electric technologies

show significantly lower annualized NPV TCOs compared to diesel. This financial

advantage is due to lower fuel and maintenance costs. This adds a financial incentive

on top of the already clear environmental benefit for the adoption of hydrogen and

battery technologies. The increase in TCO from the low to high scenarios for all

technologies indicates that fuel and energy prices are a critical factor in the overall

cost analysis.
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Chapter 5

Roadmap for Decarbonization

This chapter presents a high-level roadmap for the decarbonization of freight rail

locomotives in the United States. Drawing from the insights of the preceding chapters,

it is clear that this industry plays a significant role in the creation of GHG emissions,

which are harmful to human and environmental health, and that the industry operates

with many constraints that are significant barriers for the ultimate reduction of

emissions.

Chapter 1 highlighted the critical role of the transportation sector in the U.S.

economy while also juxtaposing this with the fact that it is the largest contributor to

GHG emissions in the country, driving increased environmental and economic risk.

Chapter 2 outlined the critical role and landscape of U.S. freight rail companies,

suppliers, and regulators, demonstrating the individual goals and attributes of each

stakeholder. All share a common goal of moving goods throughout the country, but

rail companies do not equally prioritize the reduction of emissions, which is opposite

to the concerns of agencies like the U.S. EPA and the State of California, who seek to

significantly and expediently reduce the amount of emissions from locomotives.

Chapter 3 provided a comprehensive overview of the current locomotive propulsion

technology landscape, highlighting that emitting technologies are well established and

utilized, while cleaner technologies face significant technical and commercialization

challenges.

Chapter 4 provided a foundation from which to estimate relative costs for varying
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propulsion technologies, demonstrating that the adoption of cleaner technologies comes

with high infrastructure and conversion costs, but can ultimately reduce expenses for

rail companies once adopted.

The need to decarbonize the transportation sector as a whole, while also serving a

growing amount of goods through reliable and safe transportation practices highlights

the complexity of creating change in the industry. There are a considerable amount

of constraints including reducing emissions, operating within regulations and policy,

finite amounts of resources and immature power technologies. To operate within

these constraints, a phased approach can be used to ensure practical adoption of new

practices and overall reduction of emissions within the freight rail industry.

The roadmap for decarbonization of freight rail can be broken down into three

phases:

1. Phase 1: Short Term (0-5 Years): a focus on incremental changes to existing

diesel-burning power systems

2. Phase 2: Medium Term (5-15 Years): increased utilization of clean technologies

3. Phase 3: Long Term (15+ Years): Ultimate transition to non-emitting propulsion

technologies

5.1 Phase 1: Short Term (0-5 Years)

In the short term, the focus is on incremental changes that can provide for a smoother

transition away from diesel-burning power systems. Given the current state of freight

rail and existing operational challenges, there is limited expectation that the short term

will have significant changes to freight operations. However, incorporating changes

can result in significant decreases in GHG emissions.

Enhancing the efficiency of existing diesel-electric locomotives does not require

major operational changes, technological innovations, and can be done immediately.

Given the high number of locomotives that are older than Tier 4 in operation today,

it is easy to envision immediate retirement of some of these locomotives. Older
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locomotives can be readily retrofitted with cleaner exhaust systems. Further, the

use of trip optimization calculators can further reduce needless fuel use, saving rail

companies costs and reducing emissions. One difficulty will be the cost of converting

and purchasing these locomotives, as their fuel efficiency gains are marginal, providing

minimal financial benefit to rail companies.

Expansion of the use of alternative diesels can also immediately reduce direct

and indirect emissions from freight locomotives. Biodiesel and synthetic diesel are

drop-in fuels that can be readily fed into existing diesel-electric locomotives without

modification. By incorporating these fuels, direct emissions from locomotives will

decrease, however a larger impact will be the reduction in emissions created during

the manufacture of these fuels. One challenge to this strategy is that the supply of

alternative diesels is not yet high enough for immediate adoption across all locomotives,

however, it is increasing annually. Currently, only the state of California has been able

to maintain biodiesel prices to be comparable to those of conventional diesel, posing a

financial challenge for the purchase of alternative diesels around the U.S.

The increased use of LNG and CNG locomotives would also have a direct reduction

in GHG emissions across the U.S. While these locomotives are currently limited to

regional railways, given that the technology has already been tested and proven,

national railways should be less hesitant to adopt the technology in a larger capacity.

While the introduction of a new fuel and locomotive type requires the creation of a

new fuel supply chain with special transportation requirements, it is not infeasible for

large rail companies to do so as they already handle CNG transportation for their

customers.

Higher battery-electric locomotive prevalence would have a significant impact on

total emissions, as each one would completely remove the need for a diesel locomotive.

While battery-electric locomotives are still in development and being tested for freight

service, the successful sale and use of these locomotives indicates that increased

adoption is feasible. Manufacturers will ramp up production of these locomotives as

freight rail companies find uses for them within rail yards and in consist with diesel

locomotives on long distance routes. The purchase cost of these locomotives is still
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high, but investment into the battery platform now allows for easier upgrades in the

future, setting up rail companies for a long-term transition.

Manufacturers of locomotives should continue investing capital into the research and

development of cleaner locomotive technologies. Focusing on improving energy density,

reducing costs, and ensuring safety are all paramount for the future adoption of clean

locomotives. There is opportunity for increased collaboration with universities and

technology companies for the creation of hydrogen fuel cell power systems, improved

battery density, and optimized fuel usage. The development of hybrid locomotives

is feasible in the near term as diesel and battery technologies are well understood.

Manufacturers may face challenges as rail companies reduce the amount of locomotives

purchased as they continue to recover from post-pandemic reduction in demand.

Adoption of the proposed solutions in Phase 1 is made difficult by the low margin

operation of railroads. Historically, their use of capital for new technologies is limited

due mainly to the need to upgrade and maintain the vast rail networks throughout

the U.S. Additionally, rail companies operate like flowing rivers and any disruption to

their process is like the creation of a dam. Without significant financial or operational

advantages, rail companies will be reluctant to adopt changes. It is important

that suppliers of locomotive solutions structure their products in a way that clearly

demonstrates value for the end-user.

Alternatively, federal and state regulation can increase the uptake of greener

solutions. While CARB has already demonstrated its ability to create legislation

that necessitates a response from rail companies, it has yet to be seen whether this

will result in decreased emissions within the state. Regulators will be tasked with

the creation of new directives that result in favorable outcomes that progress the

transition towards clean fuels.

5.2 Phase 2: Medium Term (5-15 Years)

In the medium term, there is a reliance on new technological innovations to be available

for adoption and accompanying regulation that mandates it. The next 15 years will
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still heavily rely upon diesel-electric locomotives for freight transportation, but the

use of cleaner technologies will be more prevalent.

The use of alternative diesels will continue to increase throughout the industry

to match the increase in supply. Older locomotives will continue to be retired or

upgraded to modern emissions technologies, further reducing GHG production across

the country. The availability of modern low-emitting locomotives will be necessary for

rail companies to make these purchases.

Technologies that are ready for deployment within Phase 1 will be tested and proven

for several years after their release, indicating that they would be ready for widespread

adoption within Phase 2. In this time frame, it is expected that battery-electric

locomotives will be frequently running in consist and independently in rail yards and

across state lines. Phase 2 will also see increased battery energy capacity, enabling

these uses. Infrastructure for charging and servicing battery-electric locomotives will

be widespread. Not only will locomotives be charged while stationary, but there should

be some adoption of electrified rail segments for high energy-intensity portions of

freight trips. Hybrid locomotives will also see use on the rails as freight rail companies

will look towards fuel savings on a locomotive platform that is "future-proof" as hybrid

locomotives could be readily upgraded.

LNG and CNG locomotives will likely continue to increase, but will reach stagnation

within Phase 2 as they are not zero-emitting and will be phased out in Phase 3.

Nonetheless, the use of CNG and LNG will continue to reduce the total emissions

from the industry.

The cryogenic infrastructure developed for natural gas can also support the use of

hydrogen within the industry. Hydrogen generation and transportation technologies

will be readily available during Phase 2, which will be an instrumental time for their

testing and initial adoption. Focusing on strategic adoption in certain areas, rail

companies will work on advanced pilot projects to validate the use of hydrogen fuel

cell technology.

The government will support these projects through grants and regulation. The

adoption and scaling of some of these technologies will require significant capital
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investment, which rail companies will do alongside grant programs. Regulation will

ensure that the adoption is done at a timely rate and that safety remains a top priority.

5.3 Phase 3: Long Term (15+ Years)

Long term decarbonization of freight rail involves the adoption of zero-emitting tech-

nologies, continuous improvement of performance, and evolving policy and regulations.

The ultimate goal would be to completely eliminate direct and indirect emissions while

still maintaining reliable and speedy transport of goods across the country. However,

such a reality will not be achieved without the progressive overhaul of the freight rail

locomotive fleet using new technologies to power locomotives.

To ensure the success and sustainability of this transition, it is important that rail

propulsion technologies mature to a reliability and serviceability level equivalent to

or above that of diesel-electric locomotives today. The adoption of new technologies

must not only be non-emitting, but must also keep safety paramount. This creates a

need for new innovations, especially given that battery-electric and hydrogen fuel cell

locomotives, both of which have unique hazards, are likely to be commonly adopted.

Further, it must be recognized that there is likely not a single power technology that

will satisfy the diverse needs within freight rail, but rather that a combination of

approaches will be necessary. This can mean electrifying portions of a line, using

consists of hydrogen and battery-electric locomotives, while having older locomotives

reserved as backups, all while maintaining interoperability across the country.

The adoption of new rail technologies brings with it complex needs for new

infrastructure as fuels change and operations become more optimized. There will

be an increased need for electrified rail lines and hydrogen generation and storage

facilities. As more locomotives rely on the electrical grid for power, whether directly

or by making fuels using electricity, there will need to be substantial increases in clean

power generation capacity. Continuous improvement in the industry will allow for

new innovations that decrease risk and barriers to adoption of new technologies. The

rail industry will rely on new innovations in other industries such as construction,

76



to reduce costs associated with rail projects, technology, to optimize route planning

and power usage across locomotives, and power generation, to provide reliable and

emissions-free power.

Finally, policy and regulation are the catalysts for propelling the industry into

a greener future. As history has shown, freight rail operators are concerned with

increased costs and operational complexities that come with the adoption of new

zero-emitting technologies. As the need for freight rail to decarbonize grows, regulators

must define a feasible plan for the industry to follow. Future policies and regulations

are crucial for creating an environment that supports the long-term sustainability and

competitiveness of the freight rail industry, while maintaining a low carbon footprint.

This can be accomplished through consistent engagement with stakeholders, financial

incentive programs, and sponsorship of research. By working in concert with rail

companies, while also taking a strong stance towards decarbonization, regulators and

policymakers will be the guide to this roadmap.
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