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Abstract The central aim of this paper is to provide an up-
to-date snapshot of hybrid and hydrogen technology-re-
lated developments and activities in the North American
heavy haul railway setting, placed in the context of the
transportation industry more broadly. An overview of rel-
evant alternative propulsion technologies is provided,
including a discussion of applicability to the transportation
sector in general and heavy haul freight rail specifically.
This is followed by a discussion of current developments
and research in alternative and blended fuels, discussed
again in both general and specific settings. Key factors and
technical considerations for heavy haul applications are
reviewed, followed by a discussion of non-technical and
human factors that motivate a move toward clean energy in
North American Heavy Haul systems. Finally, current
project activities are described to provide a clear under-
standing of both the status and trajectory of hybrid and
hydrogen technologies in the established context.
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1 Introduction

Worldwide, passenger and freight railway systems are
moving together with the broader transportation sector to
consider, evaluate, develop, and deploy alternative means
of propulsion based on clean energy technologies in efforts
to reduce emissions and adapt to continually evolving
environmental regulations. Options for electrification and
alternative propulsion technologies (i.e., versus diesel and
diesel-electric) in railway systems include overhead cate-
nary and third-rail electrification, battery-electric, hydro-
gen fuel cell (or more typically hydrogen hybrid,
incorporating fuel cells and batteries) and alternative fuels
in combustion [1].

It is important to note that there are already many long-
standing overhead catenary (and third-rail) systems in
operation, with approximately 25% of the world’s railway
lines electrified in this way [2, 3]. This stands in contrast
with (for example) passenger road vehicles in which
electric vehicles (EVs) remain a relatively new develop-
ment in mainstream use. Overhead catenary electrification
remains the most energy-efficient approach in railways and
has locally zero emissions (with net emissions being
entirely dependent on the mode of power generation at the
electricity plant). However, overhead catenary system
deployment (e.g., as a replacement for diesel locomotives)
involves substantial up-front investment and as such does
not lend itself particularly well to stepwise deployment or
use on low-traffic lines that will extend the payback hori-
zon. In the context of this paper, it is also important to note
that the fraction of railway lines that are electrified varies
widely by geography internationally, with the proportion in
North America being particularly small [2].

Battery-electric systems are a more recent development,
involving on-train batteries in combination with recharging
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lines and/or stations. These systems have been enabled by
recent developments in nickel- and lithium-based battery
technologies, yielding substantial reductions in weight and
volume alongside improvements in robustness over many
cycles [3]. Currently, battery-electric systems are at an
advantage over hydrogen-based alternatives with respect to
maturity, emissions, and total cost of ownership; however,
hydrogen hybrid systems have the potential for signifi-
cantly longer autonomous operating ranges [4]. Thus far,
testing and deployment of battery-electric systems have
been largely limited to passenger rail systems; however,
testing in the North American freight environment is now
underway, particularly on the Burlington Northern Santa
Fe (BNSF) Railway [3, 5]. The FLXdrive battery-electric
system deployed on BNSF’s GECX 3,000 locomotive is a
lithium-ion cell-based system, expected to deliver
3,275 kW of tractive power, with the capacity to dispatch
2,400 kWh of energy from a full charge [6]. It is predicted
that the locomotive will be capable of delivering its full
tractive output for approximately 30 min, and as such it is
anticipated that the locomotive will be used in consist with
regular diesel-electric units to deliver power in targeted
locations where reduced emissions and noise levels are
particularly desirable.

Progress in developing and evaluating hydrogen fuel
cell-based approaches for railway systems has largely been
enabled by continued advances in the efficiency and energy
density of proton exchange membrane fuel cells
(PEMFCs). As described later in this paper, these types of
systems tend to be deployed in a hybrid arrangement
together with battery-electric storage, in order to allow for
optimal efficiency in operating the fuel cell-based subsys-
tem. In addition to these fuel cell-based approaches, the
development of alternative and blended fuels provides a
prospective means to incorporate hydrogen into the loco-
motive energy spectrum through more traditional com-
bustion-based architectures [1]. This is also discussed in
detail in the paper.

Despite these developments, it should be remembered
freight rail is already a highly efficient means of trans-
portation, e.g., as measured in terms of fuel consumed per
tonne-km. This presents a significant hurdle for newer
alternative technologies in demonstrating clear advantages
without sacrificing payload efficiency or operating costs
[2]. Additionally, in the case of hydrail, there is not yet
mass-produced hydrogen available for transportation
applications [3], and the argument could be made that other
(intrinsically less efficient modes of transportation) should
be a higher priority for development and deployment.
Beyond the technical considerations, however, are many
non-technical and human factors that play a highly
important role in motivating forward progress.
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The remainder of this paper places hybrid, hydrogen,
and alternative fuel developments in the general context of
North American road and rail transportation systems, fol-
lowed by a discussion of hybrid and hydrogen-related
developments in North American heavy haul freight
operations specifically.

2 Developments in hybrid and hydrogen
technologies for transportation systems

This section provides an overview of hybrid and hydrogen
propulsion developments in both road and rail transporta-
tion systems, mainly focusing on the North American set-
ting. For clarity, this section is subdivided into a discussion
on hybrid powertrains, followed by hydrogen fuel cell
powertrains (with road and rail transportation covered in
each). In practical terms, there is overlap between these
subsections as hydrogen fuel cells are often utilized as a
subsystem within hybrid powertrain architectures.

2.1 Hybrid powertrains
2.1.1 Hybrid powertrains in road transportation

Light-duty vehicles have been the leading application for
hybrid powertrains in road transportation. This growth
responded to regulatory requirements for low-emission
vehicles, slower than expected development of purely
electric vehicles, and increasing customer demand to
reduce fuel costs through lower fuel consumption. Various
manufacturers, led by Honda and Toyota introduced mass-
produced HEVs in North America (Honda Insight, 1999;
Toyota Prius, 2000). By 2019, HEVs (including plug-in
hybrids) accounted for approximately 2.9% of total light
vehicle sales, down from a peak of 3.5% in 2013 [7]. Full
electric vehicles accounted for another 1.5% in 2019,
having grown from less than 0.1% in 2010. With 500,000
vehicle sales spread over ~ 15 different manufacturers
and more than 50 different models [7], it is clear that HEVs
remain a niche market.

Hybrid drive technologies cover a wide range, from
integrated starter-generators that avoid idling by stopping
the internal combustion engine (ICE) when a vehicle is
stationary, to full battery-electric vehicles (BEVs) equip-
ped with a small engine to provide additional battery
charging capacity (e.g., BMW I3). A detailed review of
light-duty hybrid technology is outside the scope of this
paper; however, many good references are available (e.g.,
[8]). As with many technologies, HEVs experience a typ-
ical trade-off between improved efficiency achieved with
increased technical complexity vs. increasing capital costs
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relative to an equivalent non-hybrid light-duty vehicle (in
North America, predominantly gasoline-fuelled ICEs).

HEVs are particularly well suited to low-load, transient
cycles where there are significant opportunities for energy
recovery and where idling and low-speed driving form a
significant portion of the total duty cycle. This makes them
particularly well suited for light-duty automotive applica-
tions, especially in ‘city’ driving. The added vehicle mass
from the hybrid system, combined with reduced energy-
recovery opportunities, results in a smaller benefit for
HEVs in ‘highway’ driving. This is a driving factor behind
a relatively low uptake of hybrid drive systems in long-haul
commercial trucking, where HEVs have not made signifi-
cant penetration.

To drive efficiency improvements in long-haul com-
mercial trucking in North America, the US Department of
Energy (DOE) partnered with major commercial vehicle
OEMs in the SuperTruck program [9]. The first phase,
which ran from 2010 to 2015, saw 20 million USD pro-
vided to each of four OEMs (Daimler, Cummins, Navistar
and Volvo) to investigate technologies to improve “freight
efficiency” (ton-miles of freight transported per gallon of
fuel consumed) by at least 50% compared to each OEM’s
2009 best-in-class vehicle. All four exceeded the target,
with Daimler achieving a 115% improvement, Cummins/
Peterbilt 86%, and Volvo 88% [10]. These results equate to
fuel consumption reductions between 45% and 55% while
transporting an equivalent payload compared to the 2009
baseline. A second phase (SuperTruck 2, 2016-2022)
added PACCAR and targets an improvement in “freight
efficiency” of 100% relative to that OEM’s 2009 best-in-
class vehicle. A key further requirement was that the
technologies needed to have commercially viable payback
periods of 2-3 years. Technology improvements have
ranged from improved engine efficiency to reduced vehicle
weight and low-rolling-resistance tires. Of relevance to rail
applications, the engine and powertrain technologies have
focused on improving engine efficiency, recovering energy
from the waste heat in the engine exhaust and cooling
system, and the potential to include a hybrid-electric
powertrain.

In both SuperTruck programs, hybridization and energy
recovery have been a key feature. While more advanced
hybridization technologies were evaluated in SuperTruck,
it was identified as a long-term technology (5 + years to
commercialization [10]) that offered limited efficiency
gains. A principal factor limiting HEV efficiency for long-
haul trucks was that the typical duty cycle involves rela-
tively few opportunities for dynamic energy recovery (re-
generative braking). Further limitations include a need for
the powertrain to provide near full load for extended
durations, limiting the scope for efficiency gains by using a
lower peak power ICE. Finally, the added weight of energy
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storage and electrified drivetrain and associated energy
storage negatively impacted both economic viability and
payload capability. This agrees with various European
studies that concluded that hybridization for long-haul
trucking offered limited CO, benefit (2%—4% lower, or an
equivalent fuel consumption saving) at the highest cost per
unit CO, saved for all the technologies assessed [11, 12].

In SuperTruck 2, all the OEM teams have converged on
what would be considered a ‘mild’ hybrid approach. This is
based on a 48 V DC electric system with a small (~ 5-15
kWh) battery. Electrification of auxiliaries (e.g., power
steering pump, coolant pump, fan, air compressor) com-
bined with an integrated starter-generator (ISG) reduces
parasitic load and engine idling. Most are installing the ISG
at the power-take-off on the vehicle transmission [13-16],
such that powertrain energy can be recovered, but the
ability to apply electric energy directly to the driveshaft is
limited. Critically, in all cases, the 48 V system is coupled
with waste energy recovery using various exhaust heat
recovery systems (primarily organic rankine cycle (ORC)
[14, 16]). Estimates suggest that brake thermal efficiency
(BTE) improvements of 3-5 percentage points (i.e.,
6%—10% reduction in energy use) are possible from these
combined systems. As such, they are a key contributor to
the total engine system efficiency target for all the teams of
55% peak BTE; of the teams, Cummins/Peterbilt is already
claiming 53.5% BTE on the engine system and are pro-
jecting to achieve a 170% improvement in “freight effi-
ciency” (i.e., a reduction in fuel consumption exceeding
60%) [15].

Most studies in both Europe and North America on
hybridization for long-haul transport find that hybrid
technology is not sufficiently beneficial. Some European
interest in “last-mile” full-electric drive capability
remains, primarily in response to restrictions on diesel-
fueled vehicles in city centers. More generally, technology
in heavy-duty on-road trucking is advancing rapidly, with
new trucks from major OEMs on track to achieve “freight
efficiencies” 100% better than they were in 2010: these
represent a reduction in fuel consumption (and associated
CO, emissions) on the order of 50%. These are achieved
through higher engine fuel economy (peak BTE’s are likely
to exceed 50%) and improved vehicle systems. These
improvements may pose a substantial challenge to rail, as
advances in long-haul trucking efficiency might erode the
efficiency benefit that is one of the major advantages of rail
transport for goods.

2.1.2 Hybrid powertrains in rail transportation
Locomotive hybridization has held a long history within

the North American rail industry and has evolved in many
forms. A significant example which altered the industry has

@ Springer



236

K. Oldknow et al.

been the conversion from steam to diesel-electric loco-
motives which is still the primary means of motive power
today [17] (see Fig. 1). Notable efforts in hybridization
have been employed in order to increase the efficiency of
diesel-electric locomotives. Locomotive “gensets” have
been developed and employ multiple prime mover (engine)
configurations which are activated and deactivated based
on power demand. Gensets have been utilized in both yard
and road power operations. A configuration utilizing mul-
tiple engines of varying power outputs is used to reduce
fuel consumption and emissions by matching engine
operating and power requirements to actual locomotive
duty cycles. This is practical given that switcher and road
locomotives in North America are idling between 70% and
80% and using full power between 0.3% and 1.7% of total
operating time. Calculated duty cycles by throttle notch
(i.e., N1-N8) for switcher and road locomotives are pro-
vided in Table 1 [18].

More recent hybrid locomotives have employed the use
of batteries as opposed to increasing the number of onboard
diesel engines to balance and support varying power
demands. A notable example is known as the “Green
Goat” or Railpower GG20B developed in September 2004
[19]. Although not designed for high horsepower applica-
tions, this locomotive utilizes a diesel generator in unison
with a large battery bank to create a total of 1490 kW
tractive power which is equivalent to a typical North
American locomotive switcher. The locomotive has also
been used in local over the road switching operations. The
expansion of the GG20B concept using fuel cells and
improved battery technology are discussed later in the
paper. Also discussed are the challenges in the evolution of
hybridization in rail beyond diesel generators which have
been primarily limited by several factors including, but not
limited to, fuel cells, battery technology, DC/DC

Fig. 1 Typical diesel-electric road locomotives (two head-end
3,275 kW AC units shown) in mainline usage on Canadian Pacific
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conversion and other electrical components. Typical
advancements of the required hybridization components
have been performed in the automotive industry (as
described above), but the power requirements between the
industries are vastly different.

2.2 Hydrogen fuel cell powertrains

2.2.1 Hydrogen fuel cell powertrains in road
transportation

Fuel cells have a long history of development for on-road
vehicle applications. In the heavy-duty sector, fuel cell-
powered transit buses have been widely used in demon-
stration fleets in North America and Europe. Extension into
the commercial truck market has been limited but is
starting to see significant interest with OEMs, including
demonstration projects involving Toyota, Navistar, and
Freightliner (Daimler) [20-22]. This interest is driven in
part by the recognition that payload and range requirements
along with the need to avoid long recharging periods makes
long-haul trucking particularly challenging for battery-
electric operation [23]. Fuel storage space is a practical
concern for fuel cell electric trucks (FCETs) as well, due to
the low energy density of H,. Recent work has suggested
that for most heavy-duty truck applications, a combination
of frame-rail and back-of-cab storage tanks should offer
sufficient range [24], although this analysis appears to have
been limited to gross vehicle weight ratings (GVWRs) less
than 24,000 kg, which precludes a significant fraction of
the on-road long-haul tractor-trailer fleet in North America.

Part of the motivation for pursuing FCET development
is that they can eliminate tailpipe greenhouse gas (GHG)
emissions. Some studies have suggested this benefit com-
pared to diesel in medium duty and regional service, even
if the H, is produced from natural gas via steam methane
reforming (SMR) [25]. This was mainly due to higher
efficiency of FCETs over urban cycles with significant
transient operation, where modelling results suggested
FCET energy efficiencies were ~ 1.7 times those of diesel.
At loaded cruise (90-105 km/h), the efficiency benefit of
FCETs was only ~ 1.2 times [25]; although not reported,
this likely means an increase in GHGs for long-haul
applications if the H, is sourced from SMR. This agrees
with a European case study, which showed that while
FCETs could replace any diesel-powered truck in
Switzerland, the GHG impacts depended on H, production:
renewable, low-carbon sources generated GHG savings,
but the use of SMR or grid electricity increased net GHG
emissions [26].

H, fuelled FCETs remain an emerging technology for
on-road goods transport in North America. While the
technology still needs to be proven, the involvement of
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Table 1 Calculated duty cycles by throttle notch for switcher and road locomotives in North American freight railway usage [18]

Locomotive Idle (%) N1 (%) N2 (%) N3 (%) N4 (%) N5 (%) N6 (%) N7 (%) N8 (full power) (%)
Switcher 80.7 7.3 6.3 3.1 14 0.5 0.3 0.1 0.3
Road 71.4 7.7 6.9 4.8 2.8 1.5 0.8 0.5 1.7

major OEMs in collaboration with fleet operators and fuel
cell technology providers in multiple demonstration pro-
jects suggests significant potential for widespread com-
mercial deployment. Coupled with growing demand for
low-GHG H, generation, this offers a potential route for
near-zero GHG goods transportation over the long dis-
tances that are typically the preserve of diesel-powered
trucks or rail.

2.2.2 Hydrogen fuel cell powertrains in rail transportation

Developments in hydrogen fuel cell-based approaches for
railway systems (often referred to as hydrail in the litera-
ture) have largely been enabled by continued advances in
the efficiency and energy density of PEMFCs. Hydrogen
hybrid arrangements allow these fuel cells to run in effi-
cient near-steady-state operation, with batteries accom-
modating rapid changes in power demanded by traction
systems. As with battery-electric systems, this arrangement
also allows for the battery subsystem to capture dynamic
braking energy in a regenerative approach; however, it
should be noted that limitations in battery charge rates still
require the dissipation of some braking energy through
resistor banks in practical operating conditions.

Hydrail has seen significant reported progress in pas-
senger rail, with highly visible demonstration systems
deployed (e.g., [27, 28]), as well as some small-scale
commercial deployments [3, 29]. In freight rail systems,
the progress has been less visible, although there has been a
development deployment of fuel cell-based switching and
mining locomotives [3]. Later in this paper (see Sect. 6,
below) significant initiatives in hydrogen hybrid technol-
ogy for mainline use in North American heavy haul freight
are reported and discussed.

3 Developments in alternative and blended fuels
for transportation systems

Currently, diesel engines dominate goods transportation,
from rail to marine to on-highway trucking. Their combi-
nation of high torque output at low speed, superior dura-
bility, and high efficiency are well suited to such extended
duration, high-fuel use applications. In on-road trucking,
technological advances have significantly increased peak
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BTEs, which now exceed 46% in current best-in-class
engines [16, 30], with an achievable goal of exceeding 50%
using commercially viable technology in the 2022-2024
timeframe [14, 15]). On-road applications have also had to
address criteria pollutant emissions including nitrogen
oxides (NO,) and particulate matter (PM) (e.g., Euro VI
[31], US EPA 2010 [32]). Additionally, on-road commer-
cial vehicles are being required to significantly reduce
GHG/CO, emissions (including US Phase 2 GHG [33] and
EU CO, regulations [34]) through engine and vehicle
system efficiency improvements. The use of alternative,
low-carbon fuels is also expected to contribute to meeting
these standards. These innovations in the on-road sector
may pose a challenge to rail’s existing efficiency advan-
tage, further motivating rail systems to improve efficiency
and reduce GHG emissions without substantial cost
increases.

Historically, interest in alternative fuels for goods
transportation has been driven by fuel price. When diesel
prices have been high, such as in the period 2010-2014,
interest in lower-cost fuels has increased. More recently,
increasing realization of the need to transition to low net
GHG motive power is driving further interest in low-car-
bon fuels. A variety of alternative fuels have been proposed
and evaluated in rail applications, including natural gas and
biodiesel. The use of H; is also an intriguing option despite
its low volumetric energy density. The need to meet both
economic and GHG requirements imposes a particular
challenge.

Technology development to use alternative fuels has
been undertaken by engine manufacturers and Class 1
railroad companies. Biodiesel is considered a near drop-in
replacement for diesel; natural gas requires engine modi-
fications, additional storage volume, and infrastructure
development. Hydrogen is particularly intriguing: while
much recent work has focused on fuel cell electric pow-
ertrains, the addition of H, to a diesel engine offers sig-
nificant near-term potential for GHG reductions and the
option of reverting to conventional diesel fuelling in cases
of scarce H, supply. For all of the alternative fuels, both
fuel cost and net GHG emissions (including upstream and
end-use emissions) need to be considered. Figure 2 pro-
vides an indication of relative GHG intensities for different
fuel sources, based on certified ‘carbon intensities’ (CIs)
for on-road fuels under California’s low-carbon fuel
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Fig. 2 Certified carbon intensities for selected fuels and suppliers, where 100 is the carbon intensity for crude-oil derived diesel on a well-to-
wheel basis. Markers denote median value; range of certified values is shown by length of bars. Results include a 20% increase in energy
consumption for compressed natural gas (CNG)/liquified natural gas (LNG) and a 35% decrease in energy consumption for H; relative to diesel.

Derived from [35]

standards [35]. These carbon intensities represent the full
life-cycle emissions of the fuel, relative to a diesel vehicle
(CI = 100), including tailpipe (i.e., end-use) emissions.
They incorporate fuel conversion efficiencies taken for a
representative California on-road vehicle fleet, which may
not be representative of mainline rail applications.

From a practical viewpoint, both the space required to
store the fuel and the net impact on vehicle mass are
critical considerations when dealing with alternative fuels.
Both natural gas (NG) and H, are low-density vapors in
standard conditions; they must be either compressed or
liquified for storage. The energy densities for these alter-
native fuels are compared in Fig. 3 on both gravimetric and
volumetric bases. The gravimetric data include estimated
mass of the storage system. The volumetric data does not
include storage system due to a lack of reliable data;
however, both compressed and cryogenic storage systems
are expected to require 20%-30% more volume than
required for the density of the fluid itself. Both gravimetric
and volumetric densities are based on the fuel’s lower
heating value (calorific content), excluding differences in
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fuel conversion efficiencies. NG and diesel are based on
lower heating value; for H,, both lower and higher heating
values are shown, representative of the chemical energy
available for both internal combustion engines (LHV) and
fuel cells (HHV). For compressed H,, storage densities at
both 35 and 70 MPa are shown; the general trend in the
industry is toward 35 MPa for commercial vehicles, while
the 70 MPa is focused on passenger car fleets.

3.1 Biodiesel

Biodiesel, a diesel-like fuel generated from biomass sour-
ces [36], offers significant net fuel-cycle GHG reductions
as shown in Fig. 2. Typically, low-fraction blends of bio-
diesel are the primary focus: blends up to 5% by mass are
equivalent to diesel and meet the ASTM D975 diesel fuel
specification, while blends between 5% and 20% can be
used with minor modifications to engine and fuel systems
[36]. Net GHG benefits of such blends are limited con-
sidering the wide range of upstream CO, emissions asso-
ciated with biodiesel production shown in Fig. 2. Second-
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storage vessel and of the fuel itself. NG/diesel are shown on the basis of lower heating value (LHV); H, is shown for both LHV (for IC engines)
and higher heating value (HHV, for fuel cells). LH, and CH, stand for liquid hydrogen and compressed hydrogen, respectively

generation biofuels, such as produced from algae, can have
relatively low upstream net CO, and avoid displacing food
crops [37]; but economically viable large-scale production
of such fuels has not developed to date. Of the 180-odd
biodiesel pathways currently certified by California Air
Resources Board (CARB), only one derived from forestry
waste does not involve food crops or food waste (tallow,
cooking oil, etc.) [35].

Published studies of biodiesel use in rail locomotives
have been conducted on older engines (e.g., EPA Tier-
1 + or Tier-2). These have identified that blends up to 20%
were possible without impacting combustion or criteria air
pollutant emissions but that the long-term impacts on fuel
system hardware were uncertain [38, 39]. The incremental
cost of biodiesel blends is a significant consideration.
Soybean-based biodiesel cost was estimated at 65% higher
than No. 2 diesel fuel in 2014 (when diesel fuel prices were
high) [38]. Other studies have found variability in biodiesel
price with different feedstocks [40], but a consistent con-
clusion is that prices will generally be increased and that
economics alone will not drive biodiesel use in rail even at
blends of 20% or less. Assuming a median biodiesel CI of
30% (Fig. 2), and a 20% substitution ratio, this leads to a
net GHG reduction of 14% compared to an equivalent
diesel engine. Considering the limited acceptable levels of
biodiesel blends, cost implications, and limited GHG
benefits, biodiesel is likely an interim step in reducing the
GHG impacts of long-distance rail transport.

Rail. Eng. Science (2021) 29(3):233-247

3.2 Natural gas

An alternative fuel that is abundantly available in North
America and has seen extensive research and evaluation for
railroad use is natural gas (NG). To achieve accept-
able volumetric energy densities, it is normally stored as
cryogenic liquified natural gas (LNG). Potential fuel cost
savings have long been recognized (e.g., [41]); these were a
driving factor for Caterpillar and Electro-Motive Diesel
(EMD) to pursue NG fuelling in 2010-2014 [42]. The fact
that LNG produces on the order of 25% less CO, than
diesel fuel when burned on an energy-equivalent basis and
produces lower emissions of criteria pollutant (particulate
matter and NO,) were further benefits. On a life-cycle
basis, North American LNG has a carbon intensity
of ~88% (Fig. 2) relative to diesel, when distribution,
liquefaction and vehicle tailpipe emissions are included
[35]. The CI calculated by CARB assumes an ~20% fuel
economy penalty for an NG engine compared to an
equivalent to diesel, as well as relatively high methane
emissions from both engine exhaust and crank-case venti-
lation. Technologies that more closely match diesel effi-
ciency have been developed, and the most recent NG on-
road commercial vehicle engines use closed crank-case
ventilation and high-efficiency exhaust catalysts that can
reduce vehicle CH, emissions by 75% or more compared
to the circa. 2010 engines used in the CARB life-cycle
analysis.

Substantially greater GHG reductions can be achieved
through renewable natural gas (RNG, derived from
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biological sources such as landfill or manure). The carbon
intensity depends on the source, as shown in Fig. 2. Sig-
nificant CI benefits can be realized through the use of waste
to produce biomethane. Negative CI values occur when the
collection, processing, and end-use of the fuel result in a
net reduction in CO,,. compared to the case where no
recovery was attempted. A critical limitation is that fuel
prices of RNG are higher than for fossil NG, which is a
particular barrier for highly fuel price sensitive applications
such as rail.

Various technologies have been evaluated for railroad
use that align closely with the NG combustion approaches
used in on-road commercial vehicle engines. Specifically,
three general approaches can be described, subdivided on
how the fuel is introduced into the engine and then how it
is ignited. Specifically:

e Premixed charge, spark-ignition (SI)

e Premixed charge, diesel pilot ignition (“Dual-fuel”)

e Non-premixed charge, diesel pilot ignition with late-
cycle NG injection (“HDPI”)

For railroad use, premixed charge spark-ignition engines
were demonstrated in switching use, including four
MK1200G LNG locomotives [43] for switching service in
California. Other demonstrations include a recent Canadian
Pacific—Bright Energy collaboration, where a separate SI
NG auxiliary power unit (generator) was installed on a
trailing rail car, with electric power transferred to a stan-
dard diesel-electric locomotive as shown in Fig. 4. CNG
fuel storage was provided on board the same trailing car,
along with a standard diesel power supply used to heat the
generator to a minimum 38 °C (required prior to starting).
It was anticipated that in future versions, the heater would
also be CNG powered. While promising, such strategies
based on lean-burn premixed charge spark-ignition engines
had limitations including reduced power density compared
to equivalent diesel engines. Other well-known limitations

for such engines in the on-road market include high
emissions of unburned methane (CH,) and difficulty in
controlling NO, emissions. Current on-road technology in
North America and Europe is focused on stoichiometric
spark-ignition engines, which use a three-way catalyst for
CH,4 and NO, control [44]. They also suffer from reduced
efficiency and lower peak power than a diesel engine of
equivalent displacement, eroding GHG benefits, fuel cost
savings, and commercial suitability of the technology for
mainline use in a conventional locomotive application.
Dual-fuel engines, which premix natural gas with air
and then ignite the mixture with a small pilot injection of
diesel, have been developed for locomotive, marine, and
on-road trucking. In locomotive applications, both Progress
Rail’s DGB (dynamic gas blending) and GE’s NextFuel™
use this approach [45]. For on-road applications, the
technology was unable to meet Euro-VI emissions stan-
dards for CH4 (0.5 g/kWh), and hence the technology is not
currently in widespread commercial deployment. Dual-fuel
marine engines of a similar size to those found in loco-
motives have been commercialized in many jurisdictions.
It is interesting to note that the EPA Tier-4 final rules
specifically identify that for marine engines, HC emission
limits exclude methane, which is a key factor enabling the
use of this technology. Testing of marine dual-fuel engines
has shown that tailpipe CH4 emissions can be extremely
high, especially at low loads [46]: strategies for significant
reductions are possible but the ability to meet Tier-4 HC
emissions including CH, will likely be very challenging.
As CH4 has a global warming potential (GWP) of between
28 and 34 times that of CO, on a 100-year time horizon
[47], under loads below about 20% of full load the con-
tribution of CHy4 to the net GWP (in CO, ) exceeds that of
the exhaust CO, [46] While these results are not neces-
sarily representative of those seen in current railway
locomotive engine technologies, the lean premixed NG

Fig. 4 Locomotive and trailing car arrangement (carrying fuel heating generator, CNG storage container, and auxiliary power unit) used in

Canadian Pacific — Bright Energy collaboration
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combustion process will lead to CH, emissions that make it
very challenging to meet Tier 4 HC standards.

For heavy-duty on-road applications, the highest power
densities are provided by high pressure direct-injection
(HPDI) of NG engines. Examples include the Volvo FH-
LNG [48], where a standard 13 L diesel engine is combined
with a dedicated fuel system that supplies high pressure
NG and diesel to the injectors through separate fuelling
rails. HPDI engines follow a diesel-like non-premixed
combustion process, with a small quantity of diesel injected
first which then ignites the subsequent injection of natural
gas [49]. HPDI has achieved Euro-VI emissions levels in
heavy-duty truck engines up to 460 kW, including CH,
emissions less than 0.5 g/kWh on the certification test
cycles [50], with tailpipe GHG emissions 15%—-20% below
an equivalent diesel [51]. For locomotives, South West
Research Inc. (SWRI) developed a similar technology
“LaCHIP” in the late 1990s [38]. More recently EMD
worked with Caterpillar and Westport Innovations Inc. to
investigate this technology; while promising, and still
appearing on the Caterpillar web-site [52], there is no
evidence of commercial deployment at this time. High
substitution ratios (90%-95% of the energy is from NG
combustion) combined with diesel-like torque and effi-
ciency [50] make the technology potentially attractive for
high-fuel use applications where the fuel cost savings can
offset the incremental price of the fuel system.

An operational limit for NG in rail applications is the
need to store sufficient fuel. As shown in Fig. 3, both LNG
and CNG require significantly more space than diesel on an
energy-equivalent basis. As a result, on-locomotive storage
for mainline use is currently infeasible, leading to a need to
include a tender car. Examples developed by Westport
Innovations [53] and by Chart Industries [54] involved
an ~ 38,000 L cryogenic ISO cylinder mounted on a cus-
tom platform car. This tender can be located between two
locomotives and feed fuel to both, providing a repor-
ted ~ 1,250 km range. To date, the tenders have only fed
low-pressure NG to dual-fuel style engines; to provide fuel
to an HPDI-style direct-injection engine, LNG compres-
sion would be needed, increasing system complexity and
cost.

3.3 Hydrogen-diesel dual-fuelling

Hydrogen faces a critical limitation as a fuel in many
applications: very low volumetric energy densities, as
shown in Fig. 3. The energy input into either compression
(to 35-70 MPa) or liquefaction (to ~15 K) add signifi-
cantly to the net energy cost of the fuel [35]. Engines
optimized and dedicated for H, combustion would need to
be substantially modified. Charge displacement by Hy’s
low density will limit achievable power for lower-cost,
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premixed combustion systems. Direct-injection (DI) of H,
could avoid this; while significant technical development is
needed, some commercial interest is developing [55].
Extending this to rail use is conceivable, as the technology
being developed is similar to the DI natural gas fuel system
tested by EMD in circa. 2014 [42].

A lower-cost option is to develop a H,-diesel dual-fuel
combustion strategy for locomotive engines. Research
focusing on heavy-duty on-road vehicles has suggested that
the high flame speed of hydrogen can result in good effi-
ciency and substitution ratios (energy from H/total energy
released) of 90% at low loads [56]. Substitution ratios are
significantly reduced at high loads: down to ~30% at 70%
of maximum load as increasing H, content displaces
charge air and increases the potential for pre-ignition [57].
NO, emissions are also a potential limitation, as formation
will tend to be increased with H, fuelling [58] while
exhaust gas recirculation will be less effective for NO,
control due to the increased H,O content in the exhaust. As
current locomotives meet Tier-4 without emissions after
treatment, in-cylinder NO, control will be needed—whe-
ther this is sufficient needs to be assessed.

The source of the hydrogen clearly has a significant
impact on net GHG emissions, as shown in Fig. 2. For
commercial trucking, using industry waste-product H, in
an unmodified commercial heavy-duty truck engine can
lead to GHG emissions on the order of 50% while also
providing fuel cost savings relative to conventional diesel
[59]. Considering other sources, H, generated from bio-
methane from manure has a highly negative carbon inten-
sity. Conversely, H, generated from steam methane
reforming of fossil NG results in a net CI greater than for
diesel. H, generated by water electrolysis from California’s
current grid electricity is even worse (164% that of diesel)
[35]. Longer-term H, from waste products such as manure,
electrolysis from zero-carbon electricity, and industrial
waste streams offer substantial GHG benefits [35]. Con-
sidering low-carbon electricity sourced H,, with a 50%
substitution ratio and diesel-like efficiency, the net GHG
reduction from a dual-fuel H, engine would be on the order
of 45%.

The use of renewably generated hydrogen in an ICE
offers a near-term path to reducing GHG from rail trans-
port. Use as a supplemental fuel in an ICE also offers fuel-
flexibility as widespread H, infrastructure deployment is as
yet uncertain. Conversely, the potential benefits are limited
by the higher cost of the fuel; without an efficiency benefit
compared to diesel, H, will likely increase net fuel costs
while imposing operational limitations due to the need for a
tender to carry the low-density fuel. High-efficiency pow-
ertrains, such as offered by fuel cells, offer inherent effi-
ciency benefits that offer potential to offset the higher per-
unit energy fuel costs of H,, especially if coupled with
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Table 2 Comparative example of locomotive parameters in North American Heavy Haul (diesel-electric), European Freight (electrified), and

European InterCity Passenger (electrified) systems

Example model

Parameter (typical values)

Rated locomotive  Tractive effort, Tractive effort, Weight (t) Maximum
power (kW) starting (kN) continuous (kN) speed (km/h)
GE transportation ES44DC [2, 60] 3,275 632 470 196 121
Bombardier transportation TRAXX 5,580 400 300 85 140
F140 MS2 [2, 61]
Bombardier transportation 5,600 400 300 85 200

economic mechanisms (e.g., carbon pricing) for net GHG
emissions.

4 Technical factors and considerations in heavy
haul systems

The demands placed on locomotives in typical North
American heavy haul operations create specific and unique
challenges for the deployment of alternative energy derived
approaches such as battery-electric and fuel cell systems.
These are driven by uniquely difficult operating conditions
including train lengths, trailing tonnages, track curvature,
and ruling grades. For perspective, Table 2 provides
example parameters relating to locomotive usage in North
American Heavy Haul (diesel-electric), European Freight
(electrified), and European InterCity Passenger (electrified)
systems.

An early review of fuel cell locomotive feasibility in
Canadian National’s western high tonnage operations was
carried out in the early 1990s [62], based on the prospect of
deployment within 15-30 years. Considerations included
hydrogen sources, onboard storage, range, duty cycles and
the development of “smart” train technologies. The pro-
spect of legislation requiring that anthropogenic CO,
emissions be incorporated into life-cycle costing was also
anticipated. The study concluded that the fuel cell loco-
motives fell short of feasibility by approximately one order
of magnitude, but suggested that feasibility was attainable
in about 15 years based on targets for reductions in capital
costs and improvements in performance.

More recently, the opportunity for CO, emissions
reductions in rail through the implementation of hydrogen
fuel cell motive power (including heavy haul, based on
data from Canadian National and Canadian Pacific) was
compared to that for other transportation modes including
road, air and marine using data for the province of Ontario
[63]. Comparisons were generated based on ranges of
hydrogen adoption (versus conventional fossil fuels), as
well as hydrogen production mixes including electrolysis,
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copper-chlorine thermomechanical cycle, and SMR. It was
found that the opportunities for CO, emissions reductions
were the largest in passenger vehicles (road vehicles less
than 4,500 kg in weight) and rail.

It is important to also note that heavy haul operators in
North American are publicly traded companies account-
able to shareholders. In contrast to operators within Europe
who are government owned or subsidized, shareholder
accountability is important. Executives must balance eco-
nomic factors with research and development initiatives
around clean energy. Some of the challenges and motiva-
tions within the North American Heavy Haul systems are
discussed in the following sections.

S Motivations for moving to hydrogen and hybrid
technologies in North American heavy haul
operations

North American Class I railroads are progressively aligning
emissions reductions goals to limit climate change with the
Paris Agreement. In Canada, Class I railroads are also
aligning with the Pan-Canadian Framework on Clean
Growth and Climate Change. These initiatives seek to limit
global temperature rise to well below 2 °C above pre-in-
dustrial levels [64]. Recent studies suggest that develop-
ment of hydrogen uses is necessary in achieving these
goals [65].

Relative to traditional electrification of locomotive
propulsion using catenaries and/or third rails, hydrogen
fuel cell systems for North American Heavy Haul systems
are cited as more cost-effective [18] with the highest
potential for clean energy. Some studies suggest that the
initial capital costs of installing catenary systems in North
America can exceed 27B USD per railroad (or over 200B
USD for all North American railroads) when adjusted to
2020 values. These estimates do not include short lines.
Given the capital costs and span of the transcontinental rail
networks, overall catenary systems are seen as impractical
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for heavy haul operations without government subsidies as
suggested in [66].

Factors such as, but not limited to, foreign investment in
“green” or “B” corporations, increases in domestic carbon
taxes, young workforce interests in green technologies, and
adoption of fuel cells by the trucking industry (Alberta
Zero Emissions Truck Electrification Collaboration [67]),
are encouraging North American Class I railways to plan
and invest sustainably. In Canada alone, carbon taxes are
expected to rise 566% by 2030 [68]. With increasing
investor and government pressures, railroads need to adopt
greener technologies at accelerated rates.

Fuel reduction technologies to automate operator func-
tions and improve engine components have been developed
and implemented for decades within the North American
rail industry to create more efficient diesel-fueled loco-
motives [69]. Although these technologies have improved
fuel economies of heavy haul locomotives up to 20%,
emissions are still generated due to the use of diesel fuels
and internal combustion as the primary means of electrical
power generation for propulsion. Due to increasing regu-
lation, alternative means such as hydrogen are required in
order to avoid heavy penalties due to emissions generation.
These penalties will ultimately result in unsustainable
business costs negatively impacting railroad operating
ratios.

Improvements in hydrogen fuel cells and batteries have
provided promising alternatives to using diesel fuel and
combustion. These technologies can also be used to convert
existing platforms similar to modernization programs
which are ongoing within the industry. Modernizations
provide a viable business case for hydrogen versus elec-
trification by enabling railroads the ability to extend sus-
tainable amounts of capital over time through re-use of
locomotive cores.

Hydrogen also provides the advantage of similar refu-
eling times as compared to diesel refueling at similar costs.
The average cost of diesel fuel within the North American
rail industry is 0.71 USD/L, or 2.67 USD per US gallon
[70]. One (1) kg of hydrogen is equivalent to approxi-
mately one (1) US gallon (3.78 L) of fossil fuel in energy
content. Generation of hydrogen through oil and gas costs
approximately 1.00-1.80 USD/kg. As discussed above,
hydrogen generation from oil and gas can also be include
carbon capture (i.e., “blue” hydrogen) costing 1.40-2.40
USD/kg [71]. Hydrogen derived through electrolysis using
a renewable energy source (i.e., “green” hydrogen) can
cost 2 to 3 times per kg versus oil and gas methods;
however, these costs are dropping annually. It is important
to note that the costs do not include the hydrogen infras-
tructure that would be needed for deployment in heavy haul
operations. However, given the limited number of freight
rail terminals, those located near refineries can have
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practical access to hydrogen through partnerships. Other
benefits of moving toward clean energy sources within the
industry include but are not limited to decarbonization of
urban areas, noise reduction and mobile power sources.

6 Status and trajectory of hydrogen and hybrid
systems in North American heavy haul
operations

Development of hydrogen fuel cell-powered locomotives
specific to the North American freight rail industry began
as early as 1999 [72]. The initial locomotive demonstrators
developed for the mining industry [73] use a non-hybrid
architecture consisting of a PEMFC without the use of
onboard batteries. Batteries have been incorporated in later
design iterations to increase power and range while
decreasing refueling times.

Deployments of mining locomotive demonstrators ulti-
mately led into exploration of hydrogen-powered freight
locomotives within the North American Class I railways.
The first notable project started in 2003, is a “switcher”
locomotive built in collaboration between the United States
(US) Department of Defense, US Department of Energy,
and the BNSF Railway (see Fig. 5). Switcher locomotives
have been selected for initial fuel cell exploration based on
analysis of duty cycles from locomotive event recorder
downloads. On average, the power consumption of a
switcher locomotive in North American operation is
75 kW (computed over a 20-h interval) [74] which aligns
with the power output capabilities of fuel cell and battery
combinations available on the market in 2003. Line-haul
(road power) locomotives require up to 2.5 times more
power than switcher locomotives. An important consider-
ation when determining the feasibility of a freight loco-
motive hydrogen conversion is available space. Given the
size versus power output of fuel cells and batteries in 2003,
a line-haul locomotive conversion would not have been
feasible.

Fig. 5 Hydrogen hybrid switcher locomotive (RailPicture.net photo
Nathan Zachman)
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Advances in power output of fuel cells and batteries
versus physical footprint have enabled companies such as
Canadian Pacific [75], to explore alternatives to diesel fuel
for powering freight line-haul locomotives. The conversion
pilot initially targets locomotives which utilize DC-pow-
ered traction motors. Unlike switcher locomotives, these
motors require significantly higher voltages and currents
which increases power management complexity. The main
limiting factor in conversions due to the higher voltage and
current requirements is revealed through DC-DC convert-
ers which are vital components in the power management
process. As an example, off-the-shelf DC-DC converters
are designed primarily for the automotive industry and
regulate voltage on a DC-link (or DC-bus) limited to a
maximum voltage output at 850 V and current draw of 400
A in most cases. Larger corporations which specialize in
technology integration must integrate using components
from other industries such as solar power in order to
achieve the power requirements for line-haul locomotives.

Another reason the North American industry is explor-
ing DC-powered line-haul locomotives first is due to
internal knowledge. Typically, North American locomotive
vendors support locomotives under contract maintenance.
These agreements significantly limit the intellectual prop-
erty (IP) sharing between the locomotive vendors and the
associated Class I railroads. There is an abundance of
knowledge around DC-powered locomotives in both liter-
ature and in the industry, which reduces the learning curve
and initial costs for performing conversions. Future part-
nerships with AC-powered locomotive vendors may exist;
however, as described above, there is a greater urgency
being placed on the Class I railways for meeting emissions
reductions targets. As such, the developments and
deployments of these conversions are being driven by the
Class I's.

7 Summary and conclusions

Transportation systems in general, and railways specifi-
cally, are working to evaluate, develop and deploy alter-
native propulsion technologies in pursuit of improved
efficiencies, reduced GHG emissions, and compliance with
environmental regulations that are evolving and tightening
in response to climate change. In addition, fundamental
energy efficiency will remain a competitive factor between
transportation modes.

While much of the world’s railway infrastructure is
already electrified through overhead catenary or third-rail
systems, there are significant portions of railway networks
(particularly in North American freight operations) for
which this type of electrification is not feasible. Other
alternatives to diesel combustion that are being considered
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for locomotive propulsion in railway systems include bat-
tery-electric, hydrogen fuel cell hybrid (i.e., hydrail), and
alternative fuels including replacements for diesel (such as
biodiesel or natural gas), as well as blended fuels in which
renewable alternatives are introduced alongside diesel in
the combustion process.

Both hybrid powertrains and hydrogen fuel cell-based
technologies have seen substantial improvement and
development in recent years, driven in part by the funda-
mental technological platforms (high density batteries, and
PEM fuel cells), as well as major projects and market
developments in road vehicles (both light-duty passenger
and heavy-duty freight). While these developments have
helped to narrow the feasibility gap for use in railway
systems, the specific and unique challenges associated with
heavy haul rail operations require substantial additional
development to realize the voltages, currents, powers and
torques needed for line-haul deployment.

Alternative fuels provide a wide range of alternatives
with respect to the underlying combustion technology,
cost, energy density, and net GHG emissions. While energy
density remains a fundamental challenge in many cases,
there is a good chance that this approach will provide a
viable interim solution for both road and rail transportation
that helps to meet near-term and long-term emissions
reduction targets. Within this domain, blended fuels also
provide another approach through which hydrogen might
be integrated into locomotive propulsion systems in heavy
haul freight rail.

Presently there are battery-electric and hydrogen hybrid
prototype systems in active development and evaluation
within North American heavy haul railways. In the space of
battery-electric drives, BNSF is testing a lithium-ion cell-
based system capable of delivering full tractive power for
approximately 30 min, which is expected to enable tar-
geted and specific use in reducing emissions and noise. In
the domain of hydrogen and hybrid systems, Canadian
Pacific is developing a hydrogen fuel cell-based hybrid
system for evaluation, integrated into a standard diesel-
electric locomotive platform. In the short term, the initia-
tive will make use of a DC traction motor system, allowing
for rapid development due to simplicity and an established
knowledge base. Depending on the outcomes of initial
evaluation, this platform may provide a path toward wider
spread development and deployment.
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