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A long-term solution to the climate and air pollution crises facing the world today includes electrification
of almost all energy and obtaining that electricity from clean, renewable sources. Whereas electric al-
ternatives exist for nearly all energy sectors, they do not exist for long-distance, heavy passenger aircraft,
freight locomotives, or ships. Of particular note, solutions do not currently exist for military combat
vehicles, such as armored tanks, oceangoing vessels, and rotary- and fixed-wing aircraft. Some have
claimed such transport cannot be transitioned. This study evaluates whether such land, air, and sea
vehicles can be replaced with battery electric and/or hydrogen fuel cell equivalents while maintaining
vehicle range, mass, volume, and power- or thrust-to-weight ratio characteristics, more parameters than
previously evaluated. Here we show that armored tanks, freight trains, boats, oceangoing vessels, heli-
copters, prop planes, and jumbo jets have potential to transition using identified technological ad-
vancements and solutions suggested achievable within literature. Furthermore, we provide an example
of the impact to sustainability by showing that transitioning energy for United States Army vehicles
could have the equivalent environmental improvement of taking nearly 700,000 passenger cars off the
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road today.
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1. Introduction

Military vehicles operating on land, in the air, and at sea
represent some of the most challenging vehicle types to transition
to run on clean, renewable energy. However, transitioning to zero
emissions by using battery electric (BE) or hydrogen fuel cell (HFC)
systems is critically important. Beyond supporting the similar
transition of civilian vehicles, transitioning military vehicles could
overcome the inefficiencies and risks of using fossil fuels (FF) in
military operations. A U.S. Marine Corps study found that, for every
gallon of fuel used in Afghanistan, seven gallons were needed to
transport it there [1]. Attacks on resupply operations have resulted
in thousands wounded or killed in action [2,3]. Since wind and/or
solar power produced directly at contingency bases could recharge
batteries or power electrolyzers to produce hydrogen, transitioning
military vehicles to BE or HFC systems could potentially save lives.
Furthermore, fully-electric military vehicles could significantly
reduce greenhouse gas emissions. Still, no study to date has
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considered the feasibility of transitioning entire military fleets to
either BE or HFC vehicles.

Some research suggests that transitioning heavy and/or long-
distance vehicles is infeasible [4]. However, such assessments
compare just the specific energy and energy density of onboard
energy storage instead of considering the whole system. Other
studies have enlarged the parameter space by comparing overall
system efficiencies of FF burning, internal combustion engine (ICE)
systems with BE systems or by benchmarking vehicles in terms of
acceleration, gradeability, and speed characteristics [5,6]. This pa-
per goes further and applies a design approach that optimizes ef-
ficiency of the whole vehicle system [7].

This study identifies and evaluates four major vehicle charac-
teristics to assess the feasibility of transitioning: mass, volume,
range, and either power-to-weight ratio (PWR) or thrust-to-weight
ratio (TWR). Furthermore, the study investigates seven critical
technologies: electric motor PWR, battery pack specific energy and
energy density, hydrogen storage system specific energy and en-
ergy density, and HFC stack specific power and power density.
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Nomenclature DOE Department Of Energy
FF Fossil Fuel
GWP Global Warming Potential
Abbreviations HFC Hydrogen Fuel Cell
AC Alternating Current ICE Internal Combustion Engine
BE Battery Electric JP-8 Jet Propellant 8
BOP Balance Of Plant LH2 Liquid Hydrogen
ccfb climate-carbon feedback NASA National Aeronautics and Space Administration
CcH2 Cryogenic-compressed Hydrogen N,O Nitrous Oxide
CGH2 Compressed Gas Hydrogen PEMFC Proton-Exchange Membrane Fuel Cell
CH4 Methane PWR Power-to-Weight Ratio
CO, Carbon Dioxide RPM Revolutions Per Minute
COqe Carbon Dioxide Equivalent TWR Thrust-to-Weight Ratio
DC Direct Current uUsS. United States
1.1. Review of military vehicle fleets and performance 2.1. Concept

characteristics

Military vehicles operate across land, air, and sea. For example,
the U.S. Army fleet has approximately 300,000 ground vehicles,
4000 aircraft, and 500 watercraft [8]. However, most are variants of
just a few vehicle platforms. By selecting specific platforms, this
study provides coverage of ~75% of all land-based vehicles, ~67% of
all helicopters, ~78% of all airplanes, and ~73% of all watercraft
across the U.S. Army's inventory. Additionally, although not a part of
the U.S. Army fleet, this study investigates freight locomotives and
both medium- and long-haul jet airliners typical of civilian assets
used to transport military materiel and personnel to a theater of
operations.

There are four major characteristics that should be either met or
improved when transitioning vehicles to ensure desired capabil-
ities: mass, volume, range, and either overall vehicle PWR or TWR.
Mass and volume are important because vehicles must be capable
of crossing combat bridges, being recovered by wreckers, and being
transported themselves by rail, ship, or air. Range is important
because it affects the ability to conduct sustained combat opera-
tions and logistics required for resupply. The PWR (or TWR) is a key
indicator of vehicle performance, impacting ability to accelerate or,
in the case of airplanes, to take off and climb to cruising altitude.
The common definition for PWR is the maximum engine power
(kilowatts) divided by vehicle curb mass (kilograms). However,
with military vehicles, the primary concern is performance while
transporting payload at maximum mass. Consequently, this study
uses vehicle gross mass for both mass and PWR calculations. For
turbofan airplanes, it is thrust force, not power, that defines capa-
bility. Takeoff thrust significantly exceeds the thrust required to
maintain cruise at altitude, so this study adopts the common
definition of TWR as the static thrust force at sea-level (Newtons)
divided by maximum gross takeoff weight (Newtons).

2. Methods

This study considers nine vehicle categories: tracked and
wheeled combat vehicles, locomotives, helicopters, prop planes,
medium- and long-haul turbofan airliners, waterjet boats, and
cargo ships. Results are generalized using averaged values for the
vehicles studied within each category. Thus, individual vehicles
within each category may have results above or below the averaged
results. For a rigorous explanation of the methodology and all
equation derivations, please see the Supplementary Material.

The methodology envisions taking an existing ICE vehicle plat-
form and stripping away its major FF-based components (fuel, fuel
tank(s), combustion engine(s), transmission(s), oil, and fluids) to
establish mass and volume budgets for a new, all-electric system
using either BE or HFC architecture. Calculations use the most in-
clusive definitions for the seven critical technologies considered,
meaning values for each system include all balance of plant (BOP)
components. For example, pack-level battery values include the
mass and volume of control units, sensors, and battery manage-
ment systems, which in turn include the mass and volume of power
electronics. Thermal management architecture is part of pack-level
values for batteries, “Integrated Transportation Fuel Cell Power
System” values for fuel cells, and PWR values for electric motors.
One exception is future feasible values for liquid hydrogen (LH2)
storage, where researchers cite values that do not include BOP
components and argue they are either not necessary in certain
applications or can be integrated into other components of future
vehicle designs [9,10].

2.2. Establishing the baseline

The first step is to record baseline characteristics of existing ICE
vehicles, to include mass (curb, gross, and payload), volume, fuel
(density, tank volume, mass and volume of fuel, storage tank effi-
ciency, mass and volume of tank material), engine (type, number,
size, volume, dry mass, power, and torque), oil (type, volume, and
mass), antifreeze (type, volume, and mass), and transmission (type,
size, volume, dry mass, and fluids). Engines and transmissions
contain fluids, so those fluids count toward the FF system's mass
but not its volume. Vehicle performance characteristics are also
quantified, to include the chemical energy content of onboard fuel,
onboard useful energy, maximum range, fuel economy, velocity at
cruise, max torque and power, and PWR at curb and gross weight.

The model requires an objective means of comparing range
between existing ICE vehicles and possible BE and HFC variants. To
accomplish this, the model considers the force that each vehicle
must overcome to produce movement and the onboard useful
energy that each vehicle carries. This stems from the principles that
energy is the capacity to do work and work is a force times distance.
The onboard useful energy is equal to the force a vehicle must
overcome to produce movement times the distance (or range) of
movement. The ratio of onboard useful energy to force needed for
movement can thereby be a proxy for comparing range between
vehicle variants under the same environmental conditions. For
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ground vehicles, the model calculates a road load using a simplified
drive cycle and the road load components of grade resistance, air
resistance, and rolling resistance. This leads to a ratio of onboard
useful energy to road load. For locomotives, the analysis considers
required friction and adhesion with the rail and determines a ratio
of onboard useful energy to tractive effort. For helicopters, the
model uses the ratio of onboard useful energy to lift required for
hovering. For prop planes, the model uses lift-to-drag ratio, power
specific fuel consumption, fuel flow, and fuel weight in the Breguet
range equation. The same applies for turbofan airliners, except for
the substitution of thrust specific fuel consumption for power
specific fuel consumption. The model uses estimates of takeoff
power required and thrust provided by just the ducted fans in
turbofan engines to meet the original turbofan's static thrust (from
its combined jet core and ducted fan components). The model
calculates total hull resistance for boats and ships as the summation
of friction resistance, residual resistance (wave plus eddy resis-
tance), and air resistance, which requires dimensions of the wetted
hull, draft, and displacement.

2.3. Overall system efficiency

Calculating onboard useful energy requires calculating overall
system efficiency, the ratio of useful work produced to energy input
required from fueling (or charging) to movement, for each vehicle
type and variant (see Fig. 1). The overall system efficiency is the
product of all sub-system efficiencies; e.g., engine, driveline, brakes,
and accessories in ground vehicles; diesel engine, alternator, an-
cillaries, rectifier, electric motors, transmission, and traction aux-
iliaries in locomotives; turboshaft engines, transmissions, and rotor
figure of merit in helicopters; turboprop engine thermal and pro-
pulsion efficiencies in prop planes; turbofan thermal and propul-
sion efficiencies in jet airliners; engine, hull, jet, and pump
efficiencies for waterjet boats; and marine diesel engine, shaft, hull,
propeller, and relative rotative efficiencies in cargo ships.

2.4. Electric motors and gearboxes

The continuous and peak power, volume, and mass of electric
motors (both commercial and projected) are parameters for
calculating electric motor power density and power-to-weight ra-
tio. An analysis of gearboxes paired with electric motors provides
scaling factors for the total mass and volume of electric motors,
gearboxes, and oil used per dry weight (mass) of electric motors
needed for an application. Not all applications require gearboxes.

2.5. Batteries

The specific energy and energy density (at the pack-level) for
batteries is quantified. The overall BE system efficiency for each
vehicle type is determined by replacing ICE vehicle sub-component
efficiencies with sub-efficiencies for battery charging, discharging,
the direct current-to-alternating current (DC-to-AC) inverter, con-
trol systems, power electronics, electric motors, gearboxes, and
ducted fans, as appropriate per vehicle type.

2.6. Hydrogen fuel cells and storage

HFC options require quantifying the specific energy and energy
density of hydrogen storage system options, such as 700 bar
Compressed Gas Hydrogen (CGH2), Cryogenic-compressed
Hydrogen (CcH2), and LH2, as well as the specific power and po-
wer density of fuel cell stacks. The overall HFC system efficiency for
each vehicle category is determined by replacing ICE vehicle sub-
component efficiencies with HFC system sub-efficiencies, e.g., the
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efficiency of a fuel cell stack.

System component efficiencies shown in gray are the same as in
existing FF/ICE vehicles while those in blue are needed for electric/
BE variants and those in purple are specific to HFC variants. Blanks
correspond to system components not needed by a variant and are
shown for clarity in comparisons.

2.7. Comparing energy carrying capacity

Direct comparisons of onboard raw energy between ICE, BE, and
HFC variants that do not consider the entire vehicle system's effi-
ciency are commonplace yet inadequate.

2.7.1. Onboard raw energy comparison

To illustrate, the model first compares equivalent raw energy
content between variants based on the mass and volume of FF from
a full ICE vehicle's fuel tank. Dividing the raw chemical energy
content of FF by the battery pack-level specific energy and energy
density yields the mass and volume, respectively, of batteries
required for the same amount of energy. The same process for HFC
vehicles yields the amount of hydrogen required. Dividing mass
and volume values for batteries and hydrogen by mass and volume
values of FF yields mass and volume battery:fuel and hydrogen:fuel
ratios. Batteries must be much heavier and larger than FF with the
same raw energy content, while hydrogen weighs much less but
requires much more volume.

2.7.2. Onboard useful energy comparison

Taking this comparison a step further, the model compares the
overall system efficiencies for ICE, BE, and HFC vehicles. Since BE
and HFC vehicles are more efficient in using their onboard energy,
the battery:fuel and hydrogen:fuel ratios improve significantly.

2.8. Whole-system design solutions

From here, a whole-system design approach analyzes potential
solution spaces for vehicles while simultaneously ensuring that the
four vehicle characteristics of mass, volume, range, and PWR/TWR
are either met or improved when transitioning to BE or HFC vari-
ants using both commercial and future feasible technology values,
as illustrated by Fig. 2. Linear equations depend upon just two
variables for each vehicle characteristic: either electric motor mass
and battery pack mass for BE vehicles or electric motor mass and
hydrogen storage system mass for HFC vehicles. (Full derivations
for these equations are in the Supplementary Material, to include
explanations for how all other parameters depend upon these
variables.) This allows plotting, in two-dimensions, lines for each of
the four vehicle characteristics, like those shown in Fig. 3(a) and
Fig. 4(a). As in optimization problems, the solution space is within
the boundaries of the intersecting lines, if such a space exists.
Sometimes, a solution does not exist where all four characteristics
can be either met or improved; for example, when a solution only
meets or improves upon three characteristics and sacrifices the
fourth. This is where designers must consider whether such a
sacrifice is acceptable to the vehicle's purpose and is compatible
with the transportation infrastructure that supports it. This model
calculates the six possible intersections between these four lines as
well as the vehicle variant ratios for each of the four characteristics.
Results less than or equal to 100% are good for mass and volume
whereas results greater than or equal to 100% are good for PWR/
TWR and range. Plotted, these results provide the first four of the
eight graphs per vehicle type shown in the Supplementary Mate-
rial, indicating what is possible now and in the future for both BE
and HFC variants (see Fig. S.23 through Fig. S.94).

Solid bars represent commercial technology: electric motor
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Fig. 4. Example of solutions for an HFC wheeled vehicle using commercial technology (a) and a tracked vehicle using tipping point technology (b).

PWR: 3 kW kg~ !; battery pack-level specific energy: 157 Wh kg~!
and energy density: 260 Wh L~!; hydrogen storage system specific
energy: 1465 Wh kg~ ! and energy density: 833 Wh L™1; fuel cell
stack specific power: 659 W kg~! and power density: 640 W L~
[11—15]. Hatched bars represent future feasible technology sug-
gested by the literature: electric motor PWR: 15 kW kg~!; battery
pack-level specific energy: 335 Wh kg~' and energy density:
670 Wh L~ (using claimed lithium metal battery achievements and
an assumed 33% decrease in energy per unit mass or volume from
the battery cell to battery pack levels); hydrogen storage system
specific energy: 21 kWh kg~ and energy density: 1.7 kWh L~ 1; fuel
cell stack specific power: 8 kW kg~! and power density: 850 W L~}
[9,10,13,16—20]. Bars represent ranges of potential values, as further
explained in Fig. 3.

Lines in (a) denote combinations of design variables for electric
motor mass and hydrogen storage system mass that result in HFC
variant characteristics equivalent to the existing aircraft. Shaded
regions indicate solutions that result in improved characteristics in
the HFC variant. Note that only three of four characteristics have
overlapping shaded regions. This demonstrates that solutions exist
that meet or exceed the characteristics of mass, TWR, and range,
but the fourth characteristic, volume, cannot simultaneously be

equivalent to the existing aircraft using the specified technology.
Should designers use the parameters for Point 1, an HFC variant
would need to be at least 21% larger in volume. The black lines
within each bar in (b) illustrate how an individual solution, using
Point 1 in (a) as an example, might appear within the data shown in
Fig. 2. Point 1 describes a solution where an HFC variant using
future feasible technology has 100% of the range and TWR, has 22%
less mass, but is 21% larger than the existing long-haul jet airliner.

Lines denote the combination of design variables for electric
motor mass and either hydrogen storage system mass (a) or battery
pack mass (b) that result in characteristics equivalent to the average
existing ICE vehicle. Shaded regions indicate values that would
result in improved characteristics. A feasible region exists in (a)
where solutions simultaneously meet and/or exceed all four char-
acteristics for an HFC wheeled vehicle using 3 kW kg~! electric
motors, hydrogen storage system specific energy and energy den-
sity of 1465 Wh kg~! and 833 Wh L™, and fuel cell stack system
specific power and power density of 659 W kg~! and 640 W L~1. A
single point, as in (b) for a BE tracked vehicle, illustrates the tech-
nological tipping points required for all four characteristics to equal
to those of the average existing ICE vehicle.
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2.9. Technological tipping point solutions

Lastly, the model determines technological tipping points
required for BE and HFC vehicles to meet today's ICE vehicle char-
acteristics, e.g., Fig. 4(b). Each comparison begins with a baseline
set of values for the seven critical technologies. Some technologies
are “locked,” while others are left “unlocked” and made variables in
order to investigate technological tipping points. These results
provide the last four of the eight graphs per vehicle type shown in
the Supplementary Material (see Fig. S.23 through Fig. S.94).

Fig. 5 details BE vehicles. Fig. 5(a) uses an electric motor PWR
and a range of pack-level battery specific energy values in order to
calculate the battery pack mass and electric motor mass required
using the intersection of the PWR and range lines, which shows
equivalency in these two characteristics between the existing ICE
and theoretical BE variants. This leads to calculating the mass of a
BE variant and the resulting BE:ICE mass ratio. Fig. 5(a) is useful
because it shows not just the 1:1 solution for a BE:ICE mass ratio
but also solutions for other mass ratios; e.g., if designers believe a
20% increase in vehicle mass is acceptable, then lower battery pack-
level specific energy technologies become acceptable and can be
determined from the figure. Using spreadsheet software with a
built-in optimization solver function, the model solves for the pack-

1 ICE
&
o
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level battery specific energy required to achieve a 1:1 BE:ICE mass
ratio.

Calculations require BE variants to have the same PWR (or TWR)
and range as existing ICE vehicles and use claimed 15 kW kg!
electric motors [16]. Commercial battery technology is shown by
the vertical green dashed line for specific energy (a) and energy
density (b) [12]. The horizontal red dashed line shows a 1:1 ratio
between BE and ICE vehicles for overall vehicle mass (a) and vol-
ume (b). The intersection with a vertical line drawn will indicate the
percent increase or decrease in overall vehicle mass or volume
achieved upon conversion at that battery technology. The point at
which each vehicle's line crosses the red dashed line indicates the
technological tipping point where the BE variant will have the same
mass or volume as the existing ICE vehicle. Each vehicle type's
battery specific energy tipping point from (a) is used in the calcu-
lations to determine energy density tipping points in (b).

Similarly, Fig. 5(b) uses the specified electric motor PWR, pack-
level battery specific energy, and a range of pack-level battery en-
ergy density values. The battery pack mass and electric motor mass
required does not change, but the volume of the resulting BE
variant does. The model calculates the BE variant volume along
with the BE:ICE volume ratio. If done using the adopted value for
pack-level battery specific energy, the model can optimize the
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— Helicopters
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— Medium-haul jet airliners
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Fig. 5. Impact of pack-level battery specific energy on total vehicle mass (a) and energy density on total vehicle volume (b).
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result for volume without necessarily first meeting the mass
characteristic. This is useful if designers were concerned about
volume but not mass in a new BE variant. However, one can also
repeat the process using an electric motor PWR and the pack-level
battery specific energy solution from the 1:1 BE:ICE mass ratio. In
this instance, the model first meets the PWR and range character-
istics, then the mass characteristic, and then finds a volume solu-
tion such that all four characteristics are simultaneously satisfied.
In both cases, the solver function and Fig. 5(b) can be helpful in
finding the 1:1 BE:ICE volume ratio or to investigate other
acceptable designs.

HFC variants are more difficult to analyze because of the
competition between hydrogen storage and fuel cell stacks for both
mass and volume budgets. The first step is to make a range of
possible hydrogen storage system specific energy values and values
for the electric motor PWR and fuel cell stack specific power. Again,
the model first meets both vehicle PWR and range characteristics
before calculating the hydrogen storage system mass and electric
motor mass required. This facilitates calculating the mass of the
HFC variant and the resulting HFC:ICE mass ratio. A solver function
finds the optimal solution for hydrogen storage system specific
energy to achieve a 1:1 HFC:ICE mass ratio. The model follows a
similar process using a range of possible hydrogen storage system
energy density values along with values for electric motor PWR,
hydrogen storage system specific energy, and fuel cell stack specific
power and power density. The solver function then finds the
desired technological tipping point for hydrogen storage system
energy density.

After investigating the hydrogen storage system, the model
considers fuel cell stacks using the same baseline assumptions
along with a range for fuel cell stack specific power and locked
values for the electric motor PWR and hydrogen storage system
specific energy. The intersection of the PWR and range vehicle
characteristic lines identifies a solution for the hydrogen storage
system mass and electric motor mass required, and the model uses
this to calculate the resulting mass of the HFC variant and the
HFC:ICE mass ratio. The solver function finds the optimal fuel cell
stack specific power to achieve a 1:1 HFC:ICE mass ratio under
these assumptions.

Next, the model uses values for the electric motor PWR, the
hydrogen storage system specific energy and energy density, and
the fuel cell stack specific power along with a range of possible
values for the fuel cell stack power density. The intersection of the
PWR and range vehicle characteristic lines identifies a solution for
the hydrogen storage system mass and electric motor mass
required, followed by the resulting volume of the HFC variant and
the HFC:ICE volume ratio. The solver function determines optimal
fuel cell stack power density to achieve a 1:1 HFC:ICE mass ratio
under these assumptions.

Finally, Fig. 6 shows the interdependency between hydrogen
storage system and fuel cell stack mass and volume. This requires
working backwards by assuming that 1:1 HFC:ICE mass, PWR, and
range ratios are met, which permits using the fuel cell stack specific
power and hydrogen storage system specific energy parameters as
variables. A range of possible fuel cell stack specific power values
allows for the calculation of resulting hydrogen storage system
specific energy values required for Fig. 6(a). One can also apply a
“mass scaling factor.” For example, a 1.05 scaling factor reflects the
resulting hydrogen storage system specific energy values if a 5%
increase in mass is acceptable. Increases in acceptable mass, in ef-
fect, shift the curves shown in Fig. 6(a) down and to the left,
meaning that lower technology levels can facilitate acceptable so-
lutions. To investigate the interdependency between fuel cell stack
power density and hydrogen storage system energy density, the
model uses a volume scaling factor of 1.0. The model establishes
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several cases for investigation using values for the fuel cell stack
specific power and their resulting required hydrogen storage sys-
tem specific energy. A range of values for the fuel cell stack power
density permits the calculation of a range of resulting hydrogen
storage system energy density values. The values graphed in
Fig. 6(b) reflect the case where fuel cell stacks have achieved
8 kW kg~ ! specific power.

Shown are values that can achieve a 1:1 HFC:ICE mass ratio (a)
and volume ratio (b) for each vehicle platform. Calculations require
HFC variants to have the same PWR (or TWR) and range as existing
ICE vehicles and use 15 kW kg~ electric motors and 8 kW kg~ fuel
cell stacks [10,16]. Values for commercially-available and future
feasible fuel cell stack systems are shown by the vertical green and
amber dotted lines, respectively [10,14]. In (a), specific energy
values for commercially-available 700-bar hydrogen storage sys-
tems, future feasible LH2 storage tanks (no BOP components), and
hydrogen alone (no tank or BOP components) are shown by the
horizontal green, amber, and red dashed lines, respectively [9,13].
In (a), points A and B show two possible examples of technology
levels that would enable all HFC variants to have equivalent or
improved characteristics for PWR (or TWR), range, and mass. In (b),
energy density values for commercially-available 700-bar
hydrogen storage systems, the DOE's ultimate target for light-
duty vehicle hydrogen storage, and LH2 alone (no tank or compo-
nents) are shown by the horizontal green, amber, and red dashed
lines, respectively [13]. Vehicles with lines above the red dashed
line require other design changes to create more volume budget for
energy storage.

2.10. Environmental improvements

To demonstrate an example of potential environmental im-
provements from transitioning energy sources in this unique
transportation sector, this paper calculates U.S. Army vehicle “tail-
pipe” greenhouse gas emissions. The authors use published data
from the U.S. Department of Defense and the U.S. General Services
Administration's Federal Fleet Reports, along with emissions fac-
tors published by the U.S. Environmental Protection Agency and
The Climate Registry. Emissions calculations use annual data for
operational fuel consumption with estimated proportions to
tactical vehicles as well as worldwide vehicle miles recorded for
non-tactical vehicles. Tailpipe emissions from both tactical and
non-tactical vehicles are combined to find the annual, total U.S.
Army vehicle emissions, which is then converted to carbon dioxide
equivalent (COze), Global Warming Potential (GWP), and the
number of passenger cars on the road producing equivalent
greenhouse gas pollution.

2.11. Additional functionality

Additionally, two optimization solvers for BE vehicles and three
for HFC vehicles allow for investigating design options with
different technologies.

2.12. Uncertainty

Uncertainty is acknowledged throughout by using low, middle,
and high values in calculations for each parameter. The middle
value reflects a known value or the mean of high and low estimates.
The model performs calculations such that low and high estimates
compound to produce an all-inclusive range of results. For graph-
ing/reporting purposes, results use middle values.
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Fig. 6. Competition between hydrogen storage system and fuel cell stack requirements to achieve equivalent mass (a) and volume (b) between HFC and ICE variants.

3. Results

If all U.S. Army vehicles are transitioned to either BE or HFC
platforms and electricity comes from clean, renewable sources,
then current tailpipe and upstream greenhouse gas emissions will
decrease to zero — a significant benefit from an air pollution,
climate, and sustainability point of view. Using recent data, total
tailpipe greenhouse gas emissions of carbon dioxide (CO3);
methane (CHy); and nitrous oxide (N,O) for all U.S. Army vehicles
are estimated on an annual basis [21—24]. Emissions are combined
with 20- and 100-yr GWPs, both with and without climate-carbon
feedback (cc fb), to obtain CO,e emission units [25]. Finally, to put
these values into perspective, total tailpipe emissions are related to
the equivalent number of passenger cars on the road today [26]. As
shown in Table 1, transitioning all U.S. Army vehicles could decrease
tailpipe emissions by over 3 megatonne-CO»e/yr, equivalent to
taking 690,000 passenger cars off the road each year. Additional
upstream savings of CO,e emissions will also occur upon tran-
sitioning these vehicles due to producing electricity from clean,
renewable sources versus mining, transporting, and refining oil to
gasoline or diesel and then transporting those products around the
world for use.

Beyond environmental improvements, our results indicate that

some vehicles have the potential to transition using technology that
is either commercially available or possibly will be soon, whereas
other vehicles will require significant design changes and/or large
improvements in technology. Fig. 2 summarizes results for each
vehicle platform with regard to commercial and future feasible
technologies. Many vehicles have the potential to improve capa-
bilities, while others cannot simultaneously realize equivalency in
all four vehicle characteristics using just calculated budgets for
mass and volume. In such cases, vehicles must be either larger or
heavier. For example, no feasible solution exists for aircraft plat-
forms using commercial HFC technology because such technology
cannot achieve the necessary PWR (or TWR), and the aircraft would
likely be unable to take off. Fig. 3 illustrates that a long-haul jet
airliner using future feasible technology is capable of realizing
equivalent or improved mass, range, and TWR characteristics at the
cost of increasing volume by ~21%. Fig. 4 illustrates ground combat
vehicles capable of equivalent or improved characteristics using
either commercial HFC technology or tipping point BE technolo-
gies. Table 2 summarizes the tipping point technologies required
for both BE and HFC variants of each vehicle type, which can aid
decision-makers in assessing what transitions may be possible,
when they might occur, and where to place emphasis on research
and development. Figs. 5 and 6 illustrate how achievements in the
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Table 1

Total U.S. Army vebhicle tailpipe greenhouse gas emissions by year.
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Year CO; (tonne) CH,4 (tonne) N,O (tonne) 20-yr GWP (megatonne 100-yr GWP (megatonne Approximate equivalence
COqe) COqe) to number of passenger
No cc fb With cc fb No cc fb With cc fb cars [26]

2019 3,150,000 75.5 90.4 3.18 3.18 3.17 3.18 690,000

2018 3,210,000 774 92.2 3.24 3.24 3.24 3.24 705,000

2017 2,690,000 64.4 76.9 2.72 2.72 2.71 2.72 591,000

2016 2,560,000 60.9 72.5 2.59 2.59 2.58 2.58 562,000

2015 2,620,000 62.3 73.9 2.65 2.65 2.64 2.65 576,000

2014 3,510,000 84.6 101 3.55 3.55 3.54 3.54 771,000

2013 4,370,000 105 126 441 441 4.40 441 958,000

2012 5,460,000 132 159 5.51 5.51 5.50 5.51 1,200,000

2011 6,840,000 165 198 6.90 6.90 6.89 6.90 1,500,000

Note that annual emissions are highly dependent upon the level of wartime or peacetime conditions, among other factors, that the U.S. Army is operating under.
GWP = Global Warming Potential; cc fb = climate-carbon feedback.

Table 2

Combinations required, by platform and electric motor PWR, of pack-level battery technology (a) and hydrogen storage + fuel cell stack system technologies (b) to ensure all
four vehicle characteristics of mass, volume, range, and vehicle PWR (or TWR) are equivalent to today's ICE vehicles.

(a)

Variant

Battery electric

Electric motor power-to-weight ratio

3 kW kg!

15 kw kg~!

Technology parameter

Battery pack

Battery pack

Specific energy (Wh kg—1)

Energy density (Wh L)

Specific energy (Wh kg~")

Energy density (Wh L)

Vehicle platform

Tracked vehicles 535 462 491 451

Wheeled vehicles 377 319 342 311

Locomotives 1731 2037 1673 2012

Helicopters 4692 1855 2889 1747

Prop planes 5520 2329 3214 2130

Medium-haul jet airliners 9435 4605 4707 4099

Long-haul jet airliners 11,488 6801 7652 6328

Waterjet boats 1325 700 1263 695

Cargo ships 5149 5850 5140 5846

(b)

Variant Hydrogen fuel cell

Electric motor power-to- 3 kW kg! 15 kw kg !

weight ratio

Technology parameter Hydrogen storage Fuel cell stack Percent Hydrogen storage Fuel cell stack Percent

change change
required required

Specific Energy Specific Power Mass Volume Specific Energy Specific Power Mass Volume
energy density power density energy density power density
(Whkg™) (WhL™") (Wkg™") (WL (Whkg™) (WhL™") (Wkg™") (WL

Vehicle platform

Tracked vehicles 1317 1021 448 454 N/A N/A 1209 997 411 443 N/A N/A

Wheeled vehicles 1034 775 445 436 N/A N/A 938 755 404 425 N/A N/A

Locomotives 21,000 1700 8000 850 —20% 5% 21,000 1700 8000 850 —21% 5%

Helicopters 21,000 1700 8000 850 —7% 4% 21,000 1700 8000 850 —15% 3%

Prop planes 21,000 1700 8000 850 —-9% 10% 21,000 1700 8000 850 —20% 7%

Medium-haul jet airliners 21,000 1700 8000 850 2% 23% 21,000 1700 8000 850 —18% 17%

Long-haul jet airliners 21,000 1700 8000 850 0% 29% 21,000 1700 8000 850 —22% 21%

Waterjet boats 2723 1330 572 365 N/A N/A 2596 1322 545 363 N/A N/A

Cargo ships 21,000 1700 8000 850 —14% 19% 21,000 1700 8000 850 —14% 19%

Battery technology in (a) is not capped, and results show what would be required for all four vehicle characteristics to be met. HFC technology in (b) is capped at literature-
cited future feasible values for hydrogen storage (21,000 Wh kg~ and 1700 Wh L") and fuel cell stacks (8000 W kg~ and 850 W L~1). If using these capped values still do not
result in simultaneously meeting all four vehicle characteristics, then the model first meets both vehicle PWR (or TWR) and range, and then calculates the resulting change in
mass and/or volume as compared to today's ICE variants. For example, a future HFC long-haul jet airliner could have the same range, TWR, and mass as today's ICE long-haul jet
airliner, but it would need to be 29% larger. A future HFC medium-haul jet airliner would require an increase in both mass (2%) and volume (23%) in order to have the same
range and TWR as today's ICE medium-haul jet airliner. A future HFC cargo ship could have 14% less mass than today's ICE cargo ship, but it would have to be 19% larger to
maintain range and PWR. Any HFC solution using a storage specific energy of 21,000 Wh kg ™! does not include all BOP components and would likely necessitate further design
changes based on intended vehicle use (see section 4.3. Hydrogen storage)
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seven critical technologies identified affect each vehicle's potential
to transition. For complete results by vehicle category, please see
the Supplementary Material.

3.1. Ground vehicles

Ground vehicles can transition to BE with the same vehicle
mass, volume, PWR, and range as existing ICE vehicles if pack-level
battery specific energy technology reaches 342 to 377 Wh kg~! for
the average wheeled vehicle and 491 to 535 Wh kg~ ' for the
average tracked vehicle (Table 2), with the highest values corre-
sponding to commercial electric motors and the lowest values
corresponding to a 5x improvement in electric motor PWR.
Improving battery specific energy will always improve range, but
since onboard energy storage is only one component of a vehicle's
mass, improvements beyond 800 Wh kg~! offer diminishing ben-
efits to meeting gross weight targets (Fig. 5(a)). HFC variants can
most often meet all four characteristics of the existing ICE vehicles
while simultaneously improving their range. Using commercial
HFC technology, the average wheeled vehicle can realize 134% of its
existing range, while the average tracked vehicle can realize 98%.
Future feasible HFC technology could result in 328% (wheeled) and
of 241% (tracked) of existing range, but, again, future feasible HFC
technology does not include all BOP components, like insulation,
for LH2 tanks. Therefore, further work is required to determine if
such tanks could be used for specific missions like non-stop, long-
distance movements. Without insulation, boil-off and venting re-
quirements would significantly reduce results.

3.2. Freight locomotives

For equivalent characteristics, a BE locomotive would require
pack-level battery specific energy of 1673 to 1731 Wh kg!
depending upon electric motors used. HFC locomotives would
likely require LH2, but they still would not meet the established
volume budget. Railway infrastructure like tunnels, trestles,
bridges, and the rail itself places limits on overall locomotive mass
and volume. Locomotives are as heavy as allowable (~196,000 kg)
to increase track adhesion. However, lightweighting or reducing
non-power system components (which there was little incentive to
do before) could increase budgets for onboard energy storage.
Another solution is to pull an additional railcar with batteries or
hydrogen. Alternatively, recharging zones can charge batteries via a
third rail or catenary while the locomotive is underway to extend
range. Although results indicate the need for technology im-
provements, design options suggest transitioning locomotives is
possible.

3.3. Rotary-wing aircraft

BE helicopters would require pack-level battery specific energy
values between 2889 Wh kg~! (15 kW kg~ ! motors) and 4692 Wh
kg~ (3 kW kg~! motors). HFC helicopters would need to be ~3%—
4% larger than today's variants (Table 2), although this considers
LH2 tanks without insulation. Rotor thrust to produce lift, which
counters a helicopter's weight, is the major requirement for both
hovering and forward flight, but adding heavy batteries or fuel cell
stacks with hydrogen storage systems quickly consumes mass and
volume budgets. Improvements to fuel cell stack specific power will
significantly reduce improvements needed for hydrogen storage
(Fig. 6(a)). New helicopter designs could potentially incorporate
design changes or trade payload mass and volume for HFC system
components.

1
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3.4. Fixed-wing aircraft

HFC airplanes using future feasible technologies are theoreti-
cally achievable with an overall volume increase of ~7%—21%,
depending upon airplane type (Table 2), but this requires the
assumption that insulation is either unnecessary or can be reduced
due to constant extraction of hydrogen, sufficient to avoid boil-off
and venting, during all phases of flight [9,10]. Fig. 3 uses a long-
haul jet airliner to illustrate HFC designs solutions that meet, or
improve upon, targets for mass, volume, TWR, and range, although
not all four simultaneously. BE airplanes require pack-level battery
specific energy values of 3214 to 11,488 Wh kg~ ! depending upon
airplane type and the PWR of electric motors used, which repre-
sents technology improvements that may be theoretically possible
but are beyond the foreseeable future. Fig. 2 illustrates these results
where none of the range bars for a medium- or long-haul jet
airliner exceed ~10% of existing capabilities. Transitioning aircraft is
challenging. Planes generally carry jet fuel in “wet-wings” where
the structure of the wings themselves form the fuel tank, but
storing batteries or hydrogen requires more complex solutions.
Increasing an airplane's overall volume will result in increased drag,
but other design changes may be possible to maintain a favorable
lift-to-drag ratio, e.g., existing super transporter airplanes designed
to carry outsized cargo.

3.5. Watercraft

Depending upon the electric motor PWR used, waterjet boats
require pack-level battery specific energy values of 1263 to
1325 Wh kg~ while cargo ships require 5140 to 5149 Wh kg~ in
order to meet all four characteristics (Table 2). Waterjet boats can
meet all targets today using commercial HFC technology. Cargo
ships using future feasible HFC technology would need to be ~19%
larger, but, as stated previously, this does not include all BOP
components. The challenge for cargo ships is the onboard energy
storage necessary to sustain long-durations between ports of call.

4. Discussion: technology for transitions
4.1. Electric motors and gearboxes

Electric motors are much smaller and lighter than their ICE
counterparts. The 2016 BMW i3 radial flux motor has a peak PWR of
3 kW kg~ !, but new axial flux motors claim peak PWRs up to
15 kW kg~! [11,27]. Electric motors produce maximum torque
starting from zero revolutions per minute (RPM) and useable tor-
que across a wide RPM range, so it is possible to use a direct-drive
gear (1:1 ratio between motor RPM and wheel RPM). Some electric
vehicle manufacturers design for an appropriate single-speed
(constant gear ratio) while others use two-speed gearboxes for
increased torque in first gear to climb hills and increased speed in
second gear for traveling at highway speeds [28]. This study uses
manufacturers’ data to estimate mass and volume of appropriately-
sized gearboxes paired with electric motors to replace trans-
missions as appropriate [29,30].

4.2. Batteries

Although various battery chemistries exist, overall specific en-
ergy and energy density are of primary concern. Values are often
cited using different boundaries with increasing inactive compo-
nents at the material-, electrode-, cell-, module-, to system/pack-
levels. For example, the module-level includes cells, a container,
control units, and sensors, while the pack-level contains modules
plus a battery management system and cooling architecture.
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Calculations here use the most inclusive, pack-level values. Pub-
lished goals for 2020 were 350 Wh kg~! and 750 Wh L~! at the cell-
level and 235 Wh kg~ and 500 Wh L™ at the pack-level [17,18].
This reflects a ~33% decrease when moving from the cell-to pack-
level in both parameters due to the mass and volume of inactive
components.

Although liquid electrolyte lithium-ion batteries may be
reaching their limits, other types of batteries may eventually ach-
ieve published goals [31]. Recent claims for cell-level solid state
batteries include values as high as 700 Wh kg~ ! and 1200 Wh L™!
[32,33]. Additionally, post-lithium-ion technologies like lithium-
sulfur and lithium-oxygen batteries have reported theoretical
specific energy values of 2600 Wh kg~ and 11,400 Wh kg,
respectively, while the theoretical energy density of iron-air bat-
teries is 9700 Wh L™! [34—36]. Of course, any inactive components
within the pack-level boundary will further reduce such values. To
estimate future feasible BE technology, this study takes the lower-
end of recently reported claims, i.e., 500 Wh kg~! and 1000 Wh L~!
[20], and further applies a 33% reduction to obtain 335 Wh kg~ ! and
670 Wh L™!, which is consistent with the decrease in performance
moving from cell-to pack-levels as reflected by current lithium-ion
battery goals for electric vehicles [18]. Achieving these levels would
make transitioning wheeled and tracked vehicles more likely,
especially with some additional design changes to create more
budget. Transitioning other vehicles requires further technological
advancements.

4.3. Hydrogen storage

The volumetric energy density of hydrogen is a challenge for
long-distance transport, as illustrated by Fig. 6(b). In terms of mass,
hydrogen has nearly three times the energy content of jet propel-
lant 8 (JP-8), the fuel used in many military vehicles, with 33.3 kWh
kg~! compared to 12 kWh kg~ In terms of volume, however, the
relationship reverses with JP-8 at 10 kwh L~! and hydrogen at
1.37 kWh L™! (at 700-bar pressure) or 2.36 kWh L~ (as a liquid
at —253 °C). Hydrogen must be either compressed or cooled to a
low temperature and insulated to store sufficient quantities on-
board vehicles. Published “projected” performance is 1400 Wh
kg~ and 800 Wh L~! for 700-bar CGH2 systems and 2300 Wh kg~!
and 1400 Wh L~! for CcH2 systems, where all values include BOP
components and exclude the unusable energy resulting from
maintaining minimum fuel cell pressure, flow, and temperature
requirements [13,37]. Nevertheless, a 2017 commercial example
shows that these metrics have been met [13]. Published “ultimate”
targets for hydrogen storage specific energy and energy density are
2200 Wh kg~! and 1700 Wh L~ [13]. Researchers have determined
that exemplary cylindrical tanks can achieve a storage density of
64% hydrogen by mass (a hydrogen storage specific energy of
21 kWh kg™ 1), but this does not include insulation or other tank
periphery [9]. Thus, such tanks may only be suitable for specific
applications, like non-stop vehicle movement between ports with
constant hydrogen extraction sufficient to overcome boil-off and
venting requirements [10]. Regarding economies of scale, a survey
of commercial data shows that 700-bar and LH2 storage systems
exhibit similar performance up to ~5 kg hydrogen stored but,
beyond that, LH2 systems occupy significantly less mass and vol-
ume [38].

4.4. Fuel cells

Fuel cells produce an electric current from hydrogen. Most fuel
cells in transportation applications are Proton-Exchange Mem-
brane Fuel Cells (PEMFCs), which can be stacked to provide
required power output [39]. The 2018 Toyota Mirai's fuel cell stack
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has a specific power of 2000 W kg~! and an output power density
of 3100 W L™, but the U.S. Department of Energy (DOE) published
targets of 650 W kg~! and 850 W L~! and an achieved status of
659 W kg~ ! and 640 W L~ [19,40]. DOE targets are lower than
Toyota's achieved values because the DOE reports values in terms of
an “Integrated Transportation Fuel Cell Power System” to includes
all BOP components and a thermal management system. Still,
literature suggests a reasonable estimate for future development of
PEMEFC specific power of 8 kW kg~ ! and even toward >10 kW kg~
due to improvements in both active and passive components of the
fuel cell, specifically new electrocatalysts in the membrane elec-
trode assembly, metal bipolar plates with corrosion resistance
coatings, and reductions to end plates and screws [10]. Such room
for improvement exists because PEMFCs have been mostly used for
automotive applications where targets have already been reached
and ultra-lightweight applications have not yet been strongly
pursued. Further improvements to PEMFCs are still important, as
illustrated in Fig. 6. As fuel cells become lighter and smaller, more
budget exists for hydrogen storage.

5. Conclusion

This analysis demonstrates that there is potential to transition
even the most energy-demanding vehicles; however, without sig-
nificant technology advancements or design changes, not all vehi-
cles can transition to either BE or HFC systems. Nevertheless,
pursuing the technology to facilitate such transitions will provide
significant benefits, ranging from significant reductions in green-
house gas emissions to increased vehicle performance. Strategi-
cally, the military could improve its energy security and resilience
by using a diverse set of renewables to produce its own energy.
Operationally, the military could recharge batteries or make
hydrogen using electrolyzers at contingency bases, which would
reduce round-the-world resupply logistics and casualties. Batteries
could be made swappable across vehicles, allowing for the cross-
leveling of energy on the battlefield. Additionally, as technology
improves, simply replacing old batteries could increase vehicle
range without having to remove vehicles from the fleet for up-
grades. Tactically, combat vehicles without internal combustion
engines are quieter and cooler, which improves stealth and frus-
trates thermal vision devices and weapons systems that rely on
heat signatures. Replacing internal combustion engines with mul-
tiple, long-lasting electric motors can improve resilience and
reduce maintenance requirements. The potential to transition
military vehicles to either battery electric or hydrogen fuel cell
systems and capitalize upon environmental sustainability im-
provements reinforces the need for further research and
development.
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NOMENCLATURE

Acronyms and abbreviations

AAR = American Association of Railroads
ABYC = American Boat & Yacht Council
AC = Alternating Current

AMRDEC = Aviation and Missile Research, Development, and Engineering Center
APC = Armored Personnel Carrier
ATAAC = Air To Air After Cooled

BE = Battery Electric

BII = Basic Issue Items

BOP = Balance Of Plant

BWC = Bridge Weight Classification
CCDC = Combat Capabilities Development Command
CcH2 = Cryogenic-Compressed Hydrogen
CGH2 = Compressed Gas Hydrogen

CH = Cargo Helicopter

CID = Commercial Item Description

CID = Cubic Inch Displacement

CNG = Compressed Natural Gas

CO; = Carbon Dioxide

COTS = Commercially-available Off-The-Shelf
CTW = Charge-To-Wheels

DA = Department of the Army

DC = Direct Current

DF-1 = Diesel Fuel (Oil) # 1 (also 1-D)
DF-2 = Diesel Fuel (Oil) # 2 (also 2-D)
DEF-A = Diesel Fuel, Arctic Grade

DLA = Defense Logistics Agency

DOD = Department of Defense

DOE = Department of Energy

DWT = Deadweight Tonnage

EPA = Environmental Protection Agency
EV = Electric Vehicle

FCEV = Fuel Cell Electric Vehicle

FCS = Fuel Cell Stack

FED = Fuel Efficient Demonstrator

FF = Fossil Fuel

FSP = Fragment Simulating Projectile

FY = Fiscal Year

FOB = Forward Operating Base

GE = General Electric

GCWR = Gross Combined Weight Rating
GM-EMD = General Motors Electro-Motive Division
GVSC = Ground Vehicle Systems Center
GVW = Gross Vehicle Weight



H> = Hydrogen

HAL = Heavy Axle Load

HB = High Benefit Scenario

HDPE = High-Density Polyethylene

HEUI = Hydraulically-actuated Electronically-controlled Unit Injector
HFO = Heavy Fuel Oil

ICE = Internal Combustion Engine

IEA = International Energy Agency

IED = Improvised Explosive Device

ISA = International Standard Atmosphere

KTAS = Knots True Air Speed

LH2 = Liquid Hydrogen

LIB = Lithium Ion Battery

HBR = High Bypass Ratio

HFC = Hydrogen Fuel Cell

HTS = High-Temperature Super-conducting

JP-4 = Jet Propellant 4

JP-8 = Jet Propellant 8 (also NATO Code F-34)
LB = Low Benefit Scenario

LO = Lubrication Order

LPG = Liquified Petroleum Gas

MDF = Marine Diesel Fuel

MDRW = Maximum Design Ramp Weight
MDTW = Maximum Design Taxi Weight
MGTOW = Maximum Gross Takeoff Weight
MIL-DTL-# = Military Detail Specification
MIL-L-# = Military Lubricant Specification
MIL-PRF-# = Military Performance Specification
MK = Medial or Known Value

MLC = Military Load Classification

MOGAS = Motor Gasoline

MPG = Miles Per Gallon

MRAP = Mine-Resistant Ambush Protected
MSDS = Material Safety Data Sheet

MTOW = Maximum Takeoff Weight

MZFW = Maximum design Zero Fuel Weight
NASA = National Aeronautics and Space Administration
NATO = North Atlantic Treaty Organization
NEMA = National Electrical Manufacturers Association
NG = Next Generation

NTV = Non-Tactical Vehicle

OE = Operational Energy

OEW = Operating Empty Weight

PEMFC = Proton-Exchange (or Polymer-Electrolyte) Membrane Fuel Cell
PHEV = Plug-in Hybrid Electric Vehicle

PWR = Power-to-Weight Ratio



RDECOM = Research, Development and Engineering Command

RE = Renewable Energy

RE100 = 100% Renewable Energy

RPM = Revolutions Per Minute

SAE = Society of Automotive Engineers

SEP = System Enhancement Package

SI = International System of Units

TARDEC = Tank Automotive Research Development and Engineering Center

TOP = Test Operating Procedure

TTW = Tank-To-Wheels

TWR = Thrust-to-Weight Ratio

UH = Utility Helicopter

ULSD = Ultra Low Sulfur Diesel

UNFCCC = United Nations Framework Convention on Climate Change

USACE = United States Army Corps of Engineers

USAF = United States Air Force

US DRIVE = United States Driving Research and Innovation for Vehicle efficiency and Energy
sustainability

USMC = United States Marine Corps

U.S.C. = United States Code

WTW = Well-To-Wheels

ZEV = Zero-Emission Vehicle



Symbols and subscripts

%Rpr [%] = percent range of the fossil fuel variant maintained by a battery electric or hydrogen
fuel cell variant
a [%] = adhesion level

m .
a [5_2] = acceleration

A [m?] = area

Agir [Mm?] = front cross-sectional area of boat/ship above the water line

Ay [m?] = front cross-sectional area of vehicle

A, [m?] = boat/ship hull wetted surface area

Aslight [m?] = boat/ship hull wetted surface area (below waterline) at curb weight

Ag 10aaea [m?] = boat/ship hull wetted surface area (below waterline) at gross weight

by, ¢ [kg] = y-intercept of line 1 (power-to-weight ratio or thrust-to-weight ratio) for the curb
weight scenario

b, g [kg] = y-intercept of line 1 (power-to-weight ratio or thrust-to-weight ratio) for the gross
weight scenario

b,, c [kg] = y-intercept of line 2 (ratio of onboard useful energy to force required or cruising
range) for the curb weight scenario

b,, g [kg] = y-intercept of line 2 (ratio of onboard useful energy to force required or cruising
range) for the gross weight scenario

BPR [—] = bypass ratio of turbofan engine

€1,C;C1, 9 [WTh] = non-linear graphing constant (#1) used in line 2 (ratio of onboard useful
energy to force required or cruising range) for the curb; gross weight scenarios
Cy,C;Cz, g [V:—;] = non-linear graphing constant (#2) used in line 2 (ratio of onboard useful

energy to force required or cruising range) for the curb; gross weight scenarios
C3,C; C3, g [—] = non-linear graphing constant (#3) used in line 2 (ratio of onboard useful energy
to force required or cruising range) for the curb; gross weight scenarios

kg

cucicnd [
energy to force required or cruising range) for the curb; gross weight scenarios

Cs, C; Cs, g [m] = non-linear graphing constant (#5) used in line 2 (ratio of onboard useful energy
to force required or cruising range) for the curb; gross weight scenarios

Ce, C; Co, g Im] = non-linear graphing constant (#6) used in line 2 (ratio of onboard useful energy
to force required or cruising range) for the curb; gross weight scenarios

C7,C; C7, g [m] = non-linear graphing constant (#7) used in line 2 (ratio of onboard useful energy
to force required or cruising range) for the curb; gross weight scenarios

cplkg] = y-intercept constant in the propulsor component mass-fan power at takeoff line

] = non-linear graphing constant (#4) used in line 2 (ratio of onboard useful

Cm [%] = slope constant in the propulsor component mass-fan power at takeoff line

Caignt [—] = coefficient of air resistance at boat/ship curb weight
Caloadea [—] = coefficient of air resistance at boat/ship gross weight
Cp [—] = block coefficient

Cg_g [—] = Brier-Bragg coefficient

C4 [—] = coefficient of aerodynamic drag

Cr [—] = coefficient of friction



Cr [—] = coefficient of rolling resistance

Cr [—] = coefficient of residual resistance

Cr [—] = coefficient of total hull towing resistance

CP [W] = engine cruise power

CRpg  [m] = maximum cruising range of battery electric variant in the curb weight scenario

CRpE g [m] = maximum cruising range of battery electric variant in the gross weight scenario

CRpp [m] = maximum cruising range of fossil fuel variant

CRyrc, [m] = maximum cruising range of hydrogen fuel cell variant in the curb weight scenario

CRyrc,g [m] = maximum cruising range of hydrogen fuel cell variant in the gross weight
scenario

d, [m] = diameter of cabin

d, [m] = diameter of fossil fuel engine

dpm i [m] = diameter of individual electric motor

D [m] = watercraft draft

Dyigne [m] = watercraft draft at curb weight

Djpadea [m] = watercraft draft at gross weight
E. pr [Wh] = chemical energy content of onboard fossil fuel (less latent heat of vaporization)

EDg [WTh] = system (pack)-level volumetric battery energy density
EDg ¢ [WTh] = cell-level volumetric battery energy density

EDg cors [WTh] = commercially-available off the shelf system (pack)-level volumetric battery
energy density
EDg py [WTh] = decision variable for system (pack)-level volumetric battery energy density

EDg [WTh] = future feasible system (pack)-level volumetric battery energy density
EDy,storage [WTh] = volumetric energy density of hydrogen storage system

EDy,storage,cors [WTh] = commercially-available off the shelf volumetric energy density of
hydrogen storage system

EDy,storage,pv [WTh] = decision variable for volumetric energy density of hydrogen storage
system

EDy,storage,r [WTh] = future feasible volumetric energy density of hydrogen storage system

EDy,storage,300 [WTh] = volumetric energy density of hydrogen storage system at 300 bar
EDy, storage,700 [WTh] = volumetric energy density of hydrogen storage system at 700 bar
EDy,storage,LH, [WTh] = volumetric energy density of liquid hydrogen storage system
EDy, [V:—;] = volumetric energy density of hydrogen

EDy, 300 [V:—;] = volumetric energy density of hydrogen at 300 bar

EDy, 700 [V:—;] = volumetric energy density of hydrogen at 700 bar

ED,y, [‘;I:—;] = volumetric energy density of liquid hydrogen



F [N] = force

F, [%] = locomotive adhesion factor

Encp m,, [%] = scaling factor, dry weight (mass) of gearbox used per dry weight (mass) of
electric motor

Fr v cpio.mn L%] = scaling factor, total mass of electric motor, gearbox, and oil used per dry

weight (mass) of electric motors

Fpn s [%] = scaling factor, overall vehicle mass

Fg [%] = reduction factor used to estimate volume within a rectangular cuboid defined by
published maximum height, width, and length dimensions or area within a rectangle defined by
height and width

Frpr tr [%] = scaling factor, fraction of thrust produced by the ducted fan component of a
turbofan engine

Fy_, v,, [%] = scaling factor, volume of gearbox used per volume of electric motor

Fy m [%] = scaling factor, total volume of electric motor and gearbox used per dry weight (mass)
of electric motor

Fyyepven [%] = scaling factor, volume of gearbox oil used per volume of gearbox

Fy s [%] = scaling factor, overall vehicle volume
Fr [—] = Froude Number

FEgg [kTm] = fuel economy of fossil fuel variant

FF [%g] = fuel flow (consumption rate)

FN; [N] = normal force on front wheels
FN, [N] = normal force on rear wheels

g [smz] = universal gravitational constant

h [m] = height

h. [m] = height of fossil fuel engine

h,. [m] = height of rudder

hs [m] = height of stabilizer

hy [m] = height of transmission (gearbox)

h,, [m] = maximum height of vehicle platform

h,, [m] = height of wing

Kjigne [N] = reference force at boat/ship curb weight

Kipadea [N] = reference force at boat/ship gross weight

l, [m] = length of fossil fuel engine

lruselage [m] = length of fuselage

L i[m] = length of individual electric motor

L, [m] = length of rudder

l; [m] = length of stabilizer

I [m] = length of transmission (gearbox)

L, [m] = maximum length of vehicle platform

L, [m] = length of wing

Lg[m] = boat/ship beam

Lgg ¢ [N] = lift force for the battery electric helicopter variant in the curb weight scenario
Lpg g [N] = lift force for the battery electric helicopter variant in the gross weight scenario



Lgr . [N] = lift force required for a fossil fuel helicopter to maintain equilibrium at hover and at
curb weight

Lgp g [N] = lift force required for a fossil fuel helicopter to maintain equilibrium at hover and at
gross weight

Lyrcc [N] = lift force for the hydrogen fuel cell helicopter variant in the curb weight scenario

Lyrc,g [N] = lift force for the hydrogen fuel cell helicopter variant in the gross weight scenario

Lo4[m] = overall length of a boat/ship

Lpp[m] = length between perpendiculars on a boat/ship hull

Ly [m] = length at the waterline on a boat/ship hull

LDR [%] = lift-to-drag ratio of aircraft (also L/D ratio)
LHVgg M1 = lower heating value (net heat of combustion) of fossil fuel
L

LHVy, [V:—;] = lower heating value (net calorific value) of hydrogen

m [kg] = mass

m, ¢ [—] = slope of line 1 (power-to-weight ratio or thrust-to-weight ratio) for the curb weight
scenario

m4, g [—] = slope of line 1 (power-to-weight ratio or thrust-to-weight ratio) for the gross weight
scenario

m,, ¢ [—] = slope of line 2 (ratio of onboard useful energy to force required or cruising range) for
the curb weight scenario

m,, g [—] = slope of line 2 (ratio of onboard useful energy to force required or cruising range)
for the gross weight scenario

Mgy [kg] = mass of antifreeze (or coolant fluid) used in fossil fuel engine

Myrr [kg] = mass of automatic transmission fluid (or transmission oil)

mg[kg] = mass of battery pack

Mp avai[kg] = mass available for battery pack

mp py [kg] = decision variable for mass of battery pack

mpg ¢ [kg] = mass of the battery electric variant in the curb weight scenario

mgg g [kg] = mass of the battery electric variant in the gross weight scenario

m¢ prlkg] = curb vehicular mass of the fossil fuel variant

M strippearr|kg] = curb mass of vehicle stripped of all fossil fuel system components

Mpr pclkg] = mass of ducted fan, propulsor components from turbofan engines

k ) .
me [ g ] = mass of fossil fuel engine
engine

mg [kg] = mass of onboard fossil fuel (fuel only) when tank is topped-off

me,; [kg] = combined total mass of fossil fuel and tank

Mpcs[kg] = mass of fuel cell stack

Mecs avair [kg] = mass available for fuel cell stack

mg rr [kg] = gross vehicular mass of the fossil fuel variant

My strippearr [kg] = gross mass of vehicle stripped of all fossil fuel system components
mgplkg] = mass of gearbox

my, [kg] = mass of stored hydrogen

My, storage [Kg] = mass of hydrogen storage system

My, storage,avail lkg] = mass available for hydrogen storage system



My, storage,pv | kg] = decision variable for mass of hydrogen storage system

Myrc,c [kg] = mass of the hydrogen fuel cell variant in the curb weight scenario

Myrc,g [kg] = mass of the hydrogen fuel cell variant in the gross weight scenario

m,,[kg] = mass of electric motor(s)

My, py[kg] = decision variable for mass of electric motor(s)

Mmice+0 Lkg] = combined mass of electric motor, gearbox, and oil

My, ;[kg] = mass of individual electric motor

m, e [kg] = mass of fossil fuel engine oil

m, ¢ [kg] = mass of gearbox oil

m, rr [kg] = payload mass of the fossil fuel variant

mpc [kg] = mass of propulsor components in a turbofan engine

Mgys rr [kg] = combined mass of fossil fuel system components

my [kg] = mass of transmission (gearbox)

mg rr [kg] = mass of the fossil fuel tank (tank material only; empty)

Meotare Lkg] = total mass of fossil fuel engine(s) to include all engines, lubricating oil, and
antifreeze coolant

Meotarce LKg] = total electric gearbox mass to include all gearboxes and lubricating oil

Myotarr [kg] = total transmission (gearbox) mass to include all transmissions and automatic
transmission fluid (or transmission oil)

. [k
m [?g] = mass flow rate

my _%g_ = total mass flow rate of air through turbofan at takeoff

me %‘q = mass flow rate of air intake into the turbofan jet core

me kTg = mass flow rate of air exhaust from the turbofan jet core
Ty _kTg_ = mass flow rate of air bypassed around the turbofan jet core

n, [engines] = number of fossil fuel engines used

n,, [motors] = number of electric motors used

ng [stabilizers] = number of stabilizer wings

ny [transmissions] = number of transmissions (gearboxes) used

n,, [wings] = number of wings

OUEgg . [Wh] = onboard useful energy of battery electric variant (includes overall system
efficiency) in the curb weight scenario

OUEgg 4 [Wh] = onboard useful energy of battery electric variant (includes overall system
efficiency) in the gross weight scenario

OUEgr [Wh] = onboard useful energy of fossil fuel variant (includes overall system efficiency)

OUEygc . [Wh] = onboard useful energy of hydrogen fuel cell variant (includes overall system
efficiency) in the curb weight scenario

OUEygc,g [Wh] = onboard useful energy of hydrogen fuel cell variant (includes overall system
efficiency) in the gross weight scenario

OUEmax,BEmp avan [Wh] = maximum onboard useful energy available in the battery electric

variant based upon the mass available for a battery pack



OUEmax,BEV 5 gpqy LWH] = maximum onboard useful energy available in the battery electric

variant based upon the volume available for a battery pack
p [Pa] = pressure
P [W] = power
Pgg . [W] = maximum power of battery electric variant in the curb weight scenario
Pgg 4 [W] = maximum power of battery electric variant in the gross weight scenario
Pr [W] = power of ducted fan
Pr 1o [W] = power of ducted fan at takeoff
Pr 10 rr [W] = power of ducted fan only as a component of the takeoff power of the FF variant
Ppp [W] = maximum power of fossil fuel variant
Py, [W] = power required by a helicopter at hover
Pyrcc [W] = maximum power of hydrogen fuel cell variant in the curb weight scenario
Pyrc,g [W] = maximum power of hydrogen fuel cell variant in the gross weight scenario
Py c[W] = continuous power output of combined electric motors

Prci —_| = continuous power output of individual electric motor
’ motor

Prpi [momr] peak power output of individual electric motor

Prax.e [W] = maximum power of fossil fuel engine

PDgcs [%] = power density of proton-exchange membrane fuel cell stack

PDrcs cors [%] = commercially-available off the shelf power density of proton-exchange
membrane fuel cell stack

PDrgcs py [%] = decision variable for power density of proton-exchange membrane fuel cell
stack

PDrpcs p [%] = future feasible power density of proton-exchange membrane fuel cell stack

PD,, [%] = power density of electric motor(s)

PL [%] = power loading of helicopter rotor at hover

-
PSFC [% = power specific fuel consumption

PWRgg ¢ ’;—‘Z] = maximum power-to-weight ratio of battery electric variant in curb weight

scenario

PWRgg %] = maximum power-to-weight ratio of battery electric variant in gross weight
scenario

PWREE [k—W] = maximum power-to-weight ratio of fossil fuel variant at curb weight
’ kg
PWR Lilg = maximum power-to-weight ratio of fossil fuel variant at gross weight
FF,g kg

PWRygc ¢ [I;(—Z] = maximum power-to-weight ratio of hydrogen fuel cell variant in curb weight
scenario
PWRyrc g [I;(—Z] = maximum power-to-weight ratio of hydrogen fuel cell variant in gross weight

scenario



K . . ) .
PWR, [%] = power-to-weight ratio (continuous) of electric motor(s)

PWR, [%] = power-to-weight ratio (peak) of electric motor(s)

R [m] = range
R, [N] = air resistance

Rprp TFT [%] = ratio of ducted fan power to turbofan thrust (as a component of FF turbofan
thrust)
Rprrop Tor [%] = ratio of electric ducted fan takeoff power to takeoff thrust
kg Hy

Rep [L Hpstorage system
maximum hydrogen storage system volume

R . [N] = boat/ship hull friction resistance at curb vehicle weight

Rp 4 [N] = boat/ship hull friction resistance at gross vehicle weight

Rinax.rr [m] = maximum range of the fossil fuel variant

Ry ¢ [N] = boat/ship hull residual (wave + eddy) resistance at curb weight

Rg 4 [N] = boat/ship hull residual (wave + eddy) resistance at gross weight

= ratio of usable hydrogen energy density (net useful energy) to

kg Hy s .
Rsg [kg Hastorage system] = ratio of usable hydrogen specific energy (net useful energy) to

maximum hydrogen storage system mass
R7 e [N] = total hull resistance of boat/ship battery electric variant in the curb weight scenario
RrpE,g [N] = total hull resistance of boat/ship battery electric variant in the gross weight

scenario
Ry prc [N] = total hull resistance of boat/ship fossil fuel variant at curb weight

Rr pr.g [N] = total hull resistance of boat/ship fossil fuel variant at gross weight

R7 yrcc [N] = total hull resistance of boat/ship hydrogen fuel cell variant in the curb weight
scenario

Rr urc,g [N] = total hull resistance of boat/ship hydrogen fuel cell variant in the gross weight

scenario
3
Ry, . comm [::l—g] = ratio of total volume of electric motor and gearbox used per dry weight

(mass) of electric motors
Re [—] = Reynolds number
RLgg . [N] =road load force for the battery electric variant in the curb weight scenario
RLpg 4 [N] = road load force for the battery electric variant in the gross weight scenario
RLgr . [N] = road load force for the fossil fuel variant at curb weight
RLgp 4 [N] =road load force for the fossil fuel variant at gross weight
RLypc ¢ [N] = road load force for the hydrogen fuel cell variant in the curb weight scenario
RLypc,g [N] =road load force for the hydrogen fuel cell variant in the gross weight scenario

SEp [v:_:] = system (pack)-level gravimetric battery energy density (specific energy)
SEp ¢ [Vkv—;] = cell-level gravimetric battery energy density (specific energy)

SEg cors [2’—;] = commercially-available off the shelf system (pack)-level gravimetric battery

energy density (specific energy)
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SEg py [‘;I:—;] = decision variable for system (pack)-level gravimetric battery energy density
(specific energy)
SEp r [:/—;] = future feasible system (pack)-level gravimetric battery energy density (specific

energy)
SEy, [‘;I:—;] = gravimetric energy density (specific energy) of hydrogen

SEy, storage [2/—;] = gravimetric energy density (specific energy) of hydrogen storage

SEw, storage,cors [V:—;] = commercially-available off the shelf gravimetric energy density (specific

energy) of hydrogen storage
SEy, storage,pv [V:—;] = decision variable for gravimetric energy density (specific energy) of
hydrogen storage

SEy, storage,F [V:—;] = future feasible gravimetric energy density (specific energy) of hydrogen

storage

SEy, storage,300 V:—; = gravimetric energy density (specific energy) of hydrogen storage at 300
bar

SEy, storage,700 V:—; = gravimetric energy density (specific energy) of hydrogen storage at 700
bar

SEy, storage,LH, ‘;':—5 = gravimetric energy density (specific energy) of liquid hydrogen storage
system

SFC [k—g] = specific fuel consumption
Wh
SPrcs [%] = specific power of proton-exchange membrane fuel cell stack

SPrcs.cors [%] = commercially-available off the shelf specific power of proton-exchange
membrane fuel cell stack

SPrcspy [%] = decision variable for specific power of proton-exchange membrane fuel cell
stack

SPrcsr [%] = future feasible specific power of proton-exchange membrane fuel cell stack

T [N] = thrust

Tr [N] = thrust force from ducted fan component of turbofan engine

T)c [N] = thrust force from jet core component of turbojet engine

Trr [N] = total thrust force from turbofan engine

Tr; [N] = thrust force from turbojet engine

Tro ge,c [N] = thrust at takeoff for the battery electric variant in the curb weight scenario

Tro,pE,g [N] = thrust at takeoff for the battery electric variant in the gross weight scenario

Tro rri [IN] = thrust at takeoff for the fossil fuel variant from an individual engine

Tro,rr,Fonty [IN] = thrust from fan component of turbofan engine at takeoft for the fossil fuel

variant
Tro rr ot IN] = total thrust at takeoff for the fossil fuel variant from all engines
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Tro nrc,c [N] = thrust at takeoff for the hydrogen fuel cell variant in the curb weight scenario

Tro,urc,g [IN] = thrust at takeoff for the hydrogen fuel cell variant in the gross weight scenario

TE [N] = locomotive tractive effort

TE, [N] = locomotive tractive effort required to overcome acceleration

TEgg . [N] = locomotive battery electric variant continuous tractive effort in the curb weight
scenario

TEgg 4 [N] = locomotive battery electric variant continuous tractive effort in the gross weight
scenario

TE [N] = locomotive tractive effort required to overcome curvature

TE on: [IN] = locomotive continuous tractive effort at 13.7 miles per hour

TE; [N] = locomotive tractive effort required to overcome grade

TEyrc,c [N] =locomotive hydrogen fuel cell variant continuous tractive effort in the curb weight
scenario

TEyrc,g [N] = locomotive hydrogen fuel cell variant continuous tractive effort in the gross
weight scenario

TEyeq [N] = locomotive tractive effort required

TEgg [N] = locomotive tractive effort required to overcome rolling resistance

TEtqrt [N] = locomotive starting tractive effort (from zero velocity) at 35% engine power

TF; [N] = tractive force at front wheels

TE, [N] = tractive force at rear wheels

TMRpR [%] = thrust-to-mass ratio of ducted fan, excluding electric motors

TPepp [WTh] = tipping point for system (pack)-level volumetric battery energy density

TPgp u,storage [WTh] = tipping point for volumetric energy density of hydrogen storage system

TPpp rcs [%] = tipping point for power density of proton-exchange membrane fuel cell stack

TPsg 5 [‘;‘:—;] = tipping point for system (pack)-level gravimetric battery energy density (specific
energy)

TPsg 1, storage [2/—51 = tipping point for gravimetric energy density (specific energy) of hydrogen

storage

TPsp pcs [%] = tipping point for specific power of proton-exchange membrane fuel cell stack

kg

TSFC l% = thrust specific fuel consumption

TWRro BE ¢ [%] = takeoff thrust-to-weight ratio of battery electric variant in the curb weight
scenario

TWR70,8E,g [%] = takeoff thrust-to-weight ratio of battery electric variant in the gross weight
scenario

TWRro r c [%] = thrust-to-weight ratio of fossil fuel variant at curb weight

TWR7 rF,g [%] = thrust-to-weight ratio of fossil fuel variant at gross weight
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TWRro yrcc [%] = takeoff thrust-to-weight ratio of hydrogen fuel cell variant in the curb weight
scenario

TWRy7ourc,g [%] = takeoff thrust-to-weight ratio of hydrogen fuel cell variant in the gross weight
scenario

% [%] = velocity

Vg [%] = total turbofan intake air velocity

Ve [%] = turbofan jet core exhaust air velocity

Vf [?] = velocity of air bypassed around the turbofan jet core

Vag e [Mm?] = volume of antifreeze (or coolant fluid) used in fossil fuel engine
Vyurr [L] = volume of automatic transmission fluid (or transmission oil)

Vg [m3] = volume of battery pack

Vs avair Im>] = volume available for battery pack

Vgg c [m3] = volume of the battery electric variant in the curb weight scenario
Ve g [m3] = volume of the battery electric variant in the gross weight scenario
V, [m3] = volume of fossil fuel engine

V; [m3] = volume of onboard fossil fuel (fuel only) when tank is topped-off
Vit [m3] = combined total volume of fossil fuel and tank

Viuselage [m®] = volume of fuselage

Vecs [m3] = volume of fuel cell stack

Vics.avair [M3] = volume of fuel cell stack

Ver [m3] = volume of the fossil fuel variant

Vg [m3] = volume of gearbox

Vi, [m®] = volume of stored hydrogen

Vi, storage [m>] = volume of hydrogen storage system

Vi, storage,avair [M>] = volume available for hydrogen storage system

Vyrc.c [m®] = volume of the hydrogen fuel cell variant in the curb weight scenario
Vircg [m3] = volume of the hydrogen fuel cell variant in the gross weight scenario
V., [m3] = volume of electric motor(s)

Vin+cp [m3] = combined volume of electric motor and gearbox

m?3 T .
Vini [m] = volume of individual electric motor

V, e [m3] = volume of oil used in fossil fuel engine

V, ¢ [m®] = volume of oil used in gearbox

Vstrippearr [M*] = volume of vehicle stripped of all fossil fuel system components
Vsys,rr [m?] = combined volume of fossil fuel system components

V; [L] = volume of fossil fuel tank (maximum fuel capacity)

V, rr [Mm3] = volume of the fossil fuel tank (tank material only)

Viq [m3] = volume of tail assembly

Viotare [Mm3] = total volume of fossil fuel engine(s) to include all engines

Viotarr [m3] = total transmission (gearbox) volume to include all transmissions

V,, [m3] = volume of wings
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w, [m] = width of fossil fuel engine
w, [m] = width of rudder
|

wg [m] = width of stabilizer
wy [m] = width of transmission (gearbox)
w, [m] = maximum width of vehicle platform

w [m] = width of wing

W [N] = weight of vehicle

Wse  [N] = weight of the battery electric variant in the curb weight scenario

WpgE g [N] = weight of the battery electric variant in the gross weight scenario

W, [N] = final weight of vehicle

Whrc . [N] = weight of the hydrogen fuel cell variant in the curb weight scenario
Whyrc,g [N] = weight of the hydrogen fuel cell variant in the gross weight scenario
W; [N] = initial weight of vehicle

A [kg] = boat/ship displacement mass

V [m3] = boat/ship displacement volume

Vg, [m3] = battery electric variant boat/ship displacement volume in the curb weight scenario

Veeg [m3] = battery electric variant boat/ship displacement volume in the gross weight scenario

Viurc.c [m®] = battery electric variant boat/ship displacement volume in the curb weight scenario

Vircg [m3] = battery electric variant boat/ship displacement volume in the gross weight
scenario

Ajigne [kg] = boat/ship displacement mass at curb weight

Ajoadea [kg] = boat/ship displacement mass at gross weight

Viighe [m®] = boat/ship displacement volume at curb weight

Vioadea [m3] = boat/ship displacement volume at gross weight

ng [—] = efficiency of battery discharging

n¢ [—] = efficiency of battery charging

Npr [—] = efficiency of ducted fan

Nprage [—] = overall ducted fan airplane battery electric system efficiency

Npranrc [—] = overall ducted fan airplane hydrogen fuel cell system efficiency

Necs [—] = efficiency of fuel cell stack

nee [—] = efficiency of gearbox/transmission

Ny e [—] = overall helicopter battery electric system efficiency

Ny e [—] = efficiency of helicopter turboshaft engine

Ny rr [—] = overall helicopter fossil fuel system efficiency

Ny urc [—] = overall helicopter hydrogen fuel cell system efficiency

Ny r [—] = efficiency of helicopter rotors (“figure of merit”)

nyr [—] = efficiency of helicopter transmissions (gearboxes)

n; [—] = combined efficiency of DC-to-AC inverter, control systems, and power electronics

Naie [—] = efficiency of freight locomotive alternator/generator

NLanc [—] = combined efficiency of freight locomotive engine ancillaries, rectifier, and electric
motors

n. e [—] = overall freight locomotive battery electric system efficiency

n.e [—] = efficiency of freight locomotive diesel engine
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N rr [—] = overall freight locomotive fossil fuel system efficiency

N urc [—] = overall freight locomotive hydrogen fuel cell system efficiency
n,r [—] = efficiency of freight locomotive transmission

N1 trac [—] = efficiency of freight locomotive traction auxiliaries

Nm [—] = efficiency of electric motor

Npage [—] = overall prop airplane battery electric system efficiency
Npanrc [—] = overall prop airplane hydrogen fuel cell system efficiency
Npspn [—] = behind hull efficiency of propeller ship

Nps e [—] = overall propeller ship battery electric system efficiency
Npse [—] = efficiency of propeller ship marine diesel engine

Nps rr [—] = overall propeller ship fossil fuel system efficiency

npsn [—] = efficiency of propeller ship hull

Npsurc [—] = overall propeller ship hydrogen fuel cell system efficiency
Nps.ow [—] = open water efficiency of propeller ship

Npsp [—] = propulsive efficiency of propeller ship

nps,p [—] = propulsion efficiency of propeller ship

Npsr+ [—] = relative rotative efficiency of propeller ship

Npss [—] = efficiency of propeller ship shaft

Nseg [—] = efficiency of system (pack)-level gravimetric battery energy density
Nerr [—]= efficiency of storage density for the fossil fuel tank

Nrre [—] = efficiency of high bypass ratio turbofan engine (thermal efficiency)

Nrrrrl—] = overall turbofan airplane fossil fuel system efficiency

nrrp [—] = efficiency of high bypass ratio turbofan airplane (propulsion efficiency)
Nrpe [—] = efficiency of turboprop engine (thermal efficiency)

Nre rr [—] = overall turboprop airplane fossil fuel system efficiency

nrep [—] = efficiency of turboprop airplane (propulsion efficiency)

nrv ge[—] = overall tactical vehicle battery electric system efficiency

Nrv.ar [=] = combined efficiency of tactical vehicle driveline, brakes, and accessories
nrv e [—] = efficiency of tactical vehicle fossil fuel engine

Nrv rr [—] = overall tactical vehicle fossil fuel system efficiency

Nrv urc [—] = overall tactical vehicle hydrogen fuel cell system efficiency

Nws,pe [—] = overall waterjet boat battery electric system efficiency

Nwjs,e |—] = efficiency of waterjet marine diesel engine

Nws,rrl—] = overall waterjet boat fossil fuel system efficiency

Nwjs,n [—1 = efficiency of waterjet boat hull

Nws,urc |—] = overall waterjet boat hydrogen fuel cell system efficiency

Nwe,j [—] = efficiency of waterjet jet

Nwep [—] = efficiency of waterjet pump

nwjs,p [—]1 = efficiency of waterjet propulsion

2
v [’"T]: kinematic viscosity of water

Paf [kTg]z antifreeze (or coolant fluid) density
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Pair.sL [%] = density of air at sea level

Pair,37000f¢ [%] = density of air at 37,000 ft altitude

PATF [kTg]Z density of automatic transmission fluid (or transmission oil)
PB.sys [%] = physical density of battery pack system

PrF [kTg]= density of fossil fuel

Pu, Loy density of hydrogen

m3]

PH,,300 %] = density of hydrogen at 300 bar
PH,,700 %] = density of hydrogen at 700 bar

PH,,sys %] = physical density of hydrogen storage system
PLH, [%] = density of liquid hydrogen

Po [kTg]Z density of lubricating oil

Pt FF [%] = density of fossil fuel tank (tank material only)
Pwater,sea [%] = density of sea water at 15°C

k .
Pwater fresh [m—i] = density of fresh water at 15°C
Trp [N - m] = maximum torque of fossil fuel variant
T, [%] = torque output from individual electric motor

Tmaxe LN - m] = maximum torque of fossil fuel engine

Tpr s [N - m] = torque due to rolling resistance at front wheels
Trrr [N - m] = torque due to rolling resistance at rear wheels
0 [rad] = road grade
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1. SUPPLEMENTARY METHODS, DERIVATIONS, AND EQUATIONS

This section provides detailed calculations and explanations of necessary assumptions
such that a reader can replicate the results presented within the main manuscript. This section
explains, step-by-step, all parts of the model. The order of presentation follows the Methods
section from main text.

1.A. Experimental design and background

1.A.1. Objective

Our objective in conducting this research is to examine the options available for
electrifying military and civilian vehicles required to transport military personnel and materiel to
a theater of operations.

1.A.2. Purpose

Our purpose in conducting this research is to inform researchers, industry, and key
decision-makers of the benefits and challenges of electrifying military and related vehicles.

1.A.3. Approach

We consider only specific, existing vehicles and their capabilities and develop a method
of examining the options, benefits, and challenges of transitioning them from fossil fuel (FF)
vehicles with internal combustion engines (ICEs) to either 100% battery electric (BE) or 100%
hydrogen fuel cell (HFC) vehicles.

1.A.4. Background

This study is motivated by the fact that many countries, states, cities, and companies are
committing to 100% clean, renewable energy in multiple energy sectors, including transportation
[41-43]. Sixty-one countries have committed to 100% renewables in the electric power sector
and one (Denmark) in all energy sectors [41]. At least twelve bills and resolutions in the US
Congress call for 100% renewables in the electric power and, in some cases, all energy sectors
[44-52].

The question of whether or not it is feasible to transition the transportation sector has
been largely answered by commercial production of BE or HFC light-duty passenger cars and
trucks, class-8 semis, short-distance locomotives, small and short-distance aircraft, vertical
takeoff and landing (VTOL) air taxis, speedboats, and ferries. For example, Honda, Hyundai,
Mercedes, and Toyota have all commercially produced HFC cars, while Addax, Audi, BMW,
BYD, Chevrolet, Citroen, Fiat, Ford, Honda, Hyundai, Kia, Jaguar, Mercedes-Benz, Mini,
Mitsubishi, Nissan, Renault, Tesla, Toyota, and Volkswagen have all commercially produced BE
cars. Freightliner, Kenworth, Renault, Tesla, Toyota, and Volvo are all working on all-electric
semis. A HFC locomotive already exists, and GE is building a BE locomotive. Pipistrel is
selling battery electric airplanes, while Airbus, Ampaire, Eviation, Lilium, and Wright Electric
are working on developing everything from small, VTOL air taxis to medium-range electric
airliners. Torqeedo and Cigarette-AMG make battery electric boats and speedboats while electric
ferries are already in use in Norway. Nevertheless, the question remains: is it feasible to design
large and heavy all-electric tanks, airplanes, helicopters, boats, and ships that are equally capable
with what we have today?
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This feasibility question has yet to be addressed in-depth or specifically by scientific
research articles. For example, one assessment suggested that the “physical constraints of
gravimetric and volumetric energy density likely preclude battery- or hydrogen-powered aircraft
for long-distance cargo or passenger service” [4]. But this assessment only compares the
specific energy and energy density of onboard energy storage itself, i.e., the fuel and a fuel tank
in a FF/ICE vehicle, a battery pack in a BE vehicle, or a hydrogen storage system in an HFC
vehicle.

To answer the question posed, a whole-system design approach is necessary. Whole-
system design focuses on optimizing efficiency of the complete system by recognizing that a
change to one sub-part will affect the requirements (and efficiencies) of other sub-parts [7].
Thus, the question needs to be addressed by enlarging the parameter set analyzed.

Some studies have enlarged the parameter space over that offered in [4]. One study
estimated overall system efficiencies of FF/ICE and BE semi-trucks [5]. In lieu of analyzing
real-world speed and inclination profiles from specified drive cycles, the authors analytically
examined the road load force opposing forward motion and calculated the energy required to
overcome that force. That study concluded that BE semi-trucks in the EU were indeed
technically feasible [5]. Another study sought to establish the feasibility of medium- and heavy-
duty hydrogen fuel cell trucks. In that study, the authors benchmarked existing FF/ICE vehicles
in terms of their characteristics: acceleration, grade, and speed. They conducted a comparison of
overall vehicular mass between FF/ICE and HFC vehicles, ensuring that the payload remained
constant and adding/subtracting the mass of components required by each vehicle type. They
then used drive cycle data and a computational model called “Autonomie” to conclude that
“there are no major technical hurdles to meet performance requirements for [class 2b — class 8]
trucks with hydrogen and fuel cell systems” [6]. Numerous other articles conclude that certain
electric locomotives [53], helicopters [54], airplanes [9,10,55-57], boats and ships [58,59] may
be feasible. Still, no study to date has considered the types of civilian and military vehicles
needed to deploy and conduct military missions.

The most important characteristics of military vehicles are their mass, volume, range, and
power-to-weight ratio (PWR) or thrust-to-weight ratio (TWR). A vehicle’s overall mass and
volume places limits on what other vehicles can transport it (e.g., loading a 68-ton M1 Abrams
tank onto a C17 airplane and flying it to a military theater of operations). A vehicle’s range
places limits on its operational capabilities and dictates logistical requirements for fuel (or
energy) resupply. A vehicle’s PWR or TWR defines its ability to accelerate to a top speed.

Whereas previous studies consider some of these vehicle characteristics, none consider
all of them together in a whole-system approach or specifically for military vehicles. This study
considers all four vehicle characteristics simultaneously for both BE and HFC variants and
compares results to known capabilities of existing FF/ICE vehicles. We do not attribute
engineering data specific to any military vehicle. Instead, we group military vehicles into
categories (ground combat vehicles — tracked and wheeled, rotary-wing aircraft, prop planes,
waterjet boats, and cargo ships) and use averaged input data to produce results indicative of each
vehicle category itself.

1.B. Orientation to the model

These Supplementary Methods contain a detailed description of the data and calculations
presented in the model. Calculations include, where appropriate, a range of values to cover
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scenarios from low benefit (LB) to high benefit (HB) with either known or medial values
averaged in-between.

The term “benefit” refers to each parameter’s numerical effect on the resulting
technological potential of converting an existing FF vehicle to an all-electric (either BE or HFC)
variant. It does not directly refer to any post-conversion effects such as lower cost from energy
saved or reduction in greenhouse gases. The LB scenario corresponds to the lightest, smallest,
and most efficient FF vehicle as well as to the heaviest, largest, and least efficient BE or HFC
variant. Similarly, the HB scenario corresponds to the heaviest, largest, and least efficient FF
vehicle as well as the lightest, smallest, and most efficient BE or HFC variant. By combining
estimates in this manner, we are confident that actual results lie somewhere within the range of
combinations presented. Unless otherwise stated, we calculate the results shown in graphs and
tables using the medial/’known (MK) values in order to provide clarity and simplicity in
presentation.

We investigated multiple vehicle platforms, which we grouped into categories as shown
in Table S.1. The table shows how the terms “domain,” “type,” “platform,” and “variant” apply.

9% ¢¢

Table S.1. Vehicle platforms studied and associated terminology.

“Domain” “Type” “Platform” “Variant”
Tracked
Ground combat racke
hicl
Land vemieres Wheeled
Freight rail Locomotives ]
Rotary-wing Helicopters
aircraft p FF/ICE
Prop planes BE
Air Fixed-wi
xed-wing Medium-haul jet airliners HFC
aircraft
Long-haul jet airliners
Waterjet boats 0
Sea Watercraft
Cargo ships =—l|

1.C. Input data and preparatory calculations

This first section of the “Analysis” worksheet organizes all of the relevant data for each
vehicle platform, as well as baseline information for FF, BE, and HFC systems as they apply to
each vehicle type. We organize this section with four major parts described in detail below:
characteristics of baseline fossil fuel vehicle platforms (Section 1.C.1); characteristics of electric
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motors and gearboxes applicable to both BE and HFC variants (Section 1.C.3); characteristics of
BE variants (Section 1.C.4); and characteristics of HFC variants (Section 1.C.5).

1.C.1. Characteristics of baseline fossil fuel vehicle platforms

This framework relies upon the known characteristics of the existing FF vehicle platform,
specifically the mass and volume of FF system components that could be “stripped” away,
thereby leaving room for replacement by all-electric components.

1.C.1.A. Platform mass

For each vehicle platform, we are particularly concerned with three aspects of mass: curb,
gross, and payload.

1.C.1.A.1. Curb vehicular mass of the fossil fuel variant
(m¢pr)

1.C.1.A.1.A. Ground combat vehicles

The curb weight, or “empty” weight, is defined as the total weight of the operational
vehicle to include all fuel, system fluids, and vehicle basic issue items (BII) [60]. Note that the
curb weight does not include crew weight. We recorded the curb weight (in terms of mass) from
manuals or other documents as appropriate [60].

Sometimes, manuals do not publish a curb weight for a platform type. In these instances,
we calculate an estimate using the published gross mass and subtracting the combined mass of
crewmembers with individual weapons, body armor, ammunition, and gear; additional mission
gear; applicable combat systems; and defined combat loads of ammunition for weapon systems.
In other cases, sources publish different terminology or metrics for certain platforms, generally
with regards to the North Atlantic Treaty Organization’s (NATO’s) Military Load Classification
(MLC) system of standards, which classifies routes based upon vehicle weight in short tons.
Throughout this analysis, whenever we encounter conflicting values, we use the heaviest values.

1.C.1.A.1.B. Freight rail

For freight locomotives, the curb weight equals the gross weight; there is no “payload”
onboard the actual locomotive itself [61].
1.C.1.A.1.C. Rotary-wing aircraft

Helicopters use slightly different terminology, to include “basic weight” and “operating
weight.” The basic weight of a helicopter includes all hydraulic and oil systems with fluids,
unusable fuel, and fixed equipment. Operating weight includes the basic weight plus the weights
of aircrew, aircrew baggage, and emergency equipment. It does not include the weight of fuel,
ammunition, cargo, passengers, or external auxiliary fuel tanks [60].

1.C.1.A.1.D. Fixed-wing aircraft

The US Army defines “basic empty weight” as “the aircraft weight with fixed ballast,
unusable fuel, engine oil, engine coolant, hydraulic fluid, and in other respects as required by
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applicable regulatory standards” [60]. Whenever manuals do not report a value, we use a curb
weight based upon the empty weight of civilian versions of the same airframes.

The jet airliners use slightly different terminology, to include operating empty weight
(OEW), which is defined as the weight of the aircraft, crew, and gear only [62,63].

1.C.1.A.1.E. Watercraft

The displacement of a watercraft is the volume of water it displaces, which is equivalent
to its mass including all of its contents. Sometimes, manuals do not report the empty weight of
boats but do report a “shipping weight.” In these instances, we adopt the shipping weight as
equivalent to the empty weight. For cargo ships, manuals often use the terminology of “light”
and “loaded” configurations and describe performance characteristics such as speed, range, and
draft in terms of both. In these instances, we use reported values for “light displacement” to
calculate the “curb weight.”

1.C.1.A.2. Gross vehicular mass of the fossil fuel variant

(mg,FF)

1.C.1.A.2.A. Ground combat vehicles

The gross weight, or “loaded,” “combat,” or “operational” weight as termed in various
documents, is the curb weight plus ammunition, crew, and any other additional payload that may
be attached to or contained within the vehicle [60]. We recorded the gross weights published in
each platform’s specific manual [60]. Note that the gross vehicle weight (GVW) is different
from the gross combination weight rating (GCWR), which includes trailer towing capacity.

1.C.1.A.2.B. Freight rail

Locomotive design depends upon weight requirements in order to achieve maximum
tractive effort, which is limited by wheel adhesion to the track as well as railway infrastructure
capabilities [64]. The ET44AC has a maximum mass of 195,952 kg (432,000 1b.) [61]. Given
that the locomotive has 6 axles, this equates to 36 tons per axle. Not without coincidence, 36-ton
axle loads were found to be most cost effective in the American Association of Railroads’
(AAR’s) Heavy Axle Load (HAL) research program in the 1990s [65]. Although heavier axle
loads may be acceptable in some areas, the HAL program found that 36 tons was the best
compromise for axle load in order to maximize adhesion while minimizing rail fatigue, turnout
and bridge deterioration, and other railway infrastructure maintenance requirements. This
relationship between locomotive mass and its supporting infrastructure plays an important role in
determining possible solutions for all-electric variants.

1.C.1.A.2.C. Rotary-wing aircraft

We recorded the maximum gross weight for each aircraft in the “slick configuration,”
meaning the helicopter is configured for troop and cargo carrying and does not include external
add-ons such as fuel tanks or weapons [60].

1.C.1.A.2.D. Fixed-wing aircraft

Airplanes use maximum takeoff weight (MTOW) or maximum gross takeoff weight
(MGTOW) for the maximum takeoff weight and maximum design taxi weight (MDTW) or
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maximum design ramp weight (MDRW) for the maximum taxi weight. The MDTW is the OEW
plus trip fuel, reserve fuel, taxi fuel, and payload. The difference between MDTW and MTOW
is taxi fuel used prior to takeoff. We use reported values of MDRW for prop planes and MDTW
for long-haul jet airliners, which are 0.3% to 0.7% larger than their respective MTOW values
[60,63]. We use a published MTOW for the Boeing 737-700 NG under medium-haul jet
airliners [66,67].

1.C.1.A.2.E. Watercraft

We use data plate GVW values for waterjet boats and the design draft for cargo ships
[60].

1.C.1.A.3. Payload mass of the fossil fuel variant

(mp,FF)

In this analysis, we calculate the total payload as the difference between the gross mass
and the curb mass (Eq. (S.1)) in accordance with general terminology found in the manuals [60].
The only variations from this method were for the medium-haul jet airliners, where the reported
value for “Maximum Structural Payload” is used, for long-haul jet airliners, where the payload is
specifically calculated as the difference between the maximum zero fuel weight (MZFW) and the
OEW, for some waterjet boats, where the payload is taken as the reported “maximum carrying
capacity,” and for some cargo ships, where the payload is taken as the reported maximum cargo
load, in order to be consistent with industry terminology and values [60,63,67].

Eq. (S.1)
mp,FF[kg] = mg,FF[kg] - mc,FF[kg]

1.C.1.B. Platform volume

1.C.1.B.1. Reduction factor used to estimate volume within a rectangular cuboid defined by
published maximum height, width, and length dimensions

(Fr)

Published values for the overall volume of vehicle platforms are unavailable, so we
derive approximate values for this analysis. Since there are some published values for overall
dimensions (such and maximum length, width, and height), we can calculate the volume of a
rectangular cuboid and then estimate an appropriate reduction factor for each platform to account
for unused space within that volume. The reduction factor takes into account multiple aspects
(e.g., ground clearance). For aircraft, which do not fit within a rectangular cuboid as closely as
other vehicle platforms, we estimate the size of individual airframe components and find the
summation, as illustrated in Section 1.C.1.B.2.
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1.C.1.B.2. Volume of the fossil fuel variant
(Ver)

1.C.1.B.2.A. Ground combat vehicles, freight rail, and watercraft

We calculate an approximate volume for each platform using length, height, and width
data and then multiply by the estimated reduction factor to account for unused space within the
calculated rectangular cuboid (Eq. (S.2)). When we encountered both maximum and reduced
values for dimensions (often used for shipping vehicles when components like side-view mirrors
can be folded in or other components removed), we averaged these values [60,68].

Eq. (S.2)
Ver[m®] = L,[m] - wy,[m] - h,[m] - Fg[-]

1.C.1.B.2.B. Rotary-wing aircraft

We are unable to readily find values for the overall volume of helicopters, so we estimate
them using values for dimensions that are available [60].

1.C.1.B.2.C. Fixed-wing aircraft

To calculate airplane overall volume, we break each platform down into four major
components: engines, wings, tail assembly, and fuselage. We estimate the volume of the engines
as cylinders with an average length and diameter (Eq. (S.3)). We estimate the volume of the
wings as rectangular cuboids with an applied reduction factor to account for their angle and taper
(Eq. (S.4)). We find the tail assembly volume (consisting of the rudder along with two
horizontal stabilizers and elevators) by a series of tapered rectangular cuboids (Eq. (S.5)).
Finally, we estimate the fuselage volume as a cylinder using the cabin diameter and fuselage
length with an applied reduction factor to take into account the tapering at the nose and tail (Eq.
(S.6)). The overall volume of each airplane is found by the summation of the results of Eq. (S.3)
through Eq. (S.6), as shown in Eq. (S.7).

Eq. (S.3)
- (degm])2 L] |
Ve[m?] = lengine] - n,[engine]
Eq. (S4)
o) =2 ‘Evv‘://i[Zlg]]. Pl 1y wing]
Eq. (S.5)

VigIm3] = I,.[m] - w,.[m] - h,.[m] + Ls[m] - ws[m] - hs[m]

. tabili
[stabilizer] ng[stabilizers]



Eq. (S.6)

d.[m]\*
Vfuselage [m3] =T < gm]> ' lfuselage [m] - RF[_]

Eq. (S.7)
Verp [m?] = Ve[mg] + Vw[mg] *+ Via [m3] + Vfuselage [m3]

1.C.1.C. Fuel characteristics

1.C.1.C.1. Fuel type

1.C.1.C.1.A. Ground combat vehicles and rotary-wing aircraft

The U.S. military has designed its tactical vehicles to operate on a wide variety of fuel
types, to include diesel fuel # 1 (DF-1), diesel fuel # 2 (DF-2), jet propellant 8 (JP-8), diesel fuel-
arctic (DF-A), and, in emergency situations, jet propellant 4 (JP-4) and motor gasoline
(MOGAS) [60]. However, the U.S. Army has designated JP-8 as the preferred fuel of choice for
all diesel compression ignition engines and turbine engines [69]. JP-8 is the military equivalent
of Jet A-1 with a military fuel additive package that includes a static dissipater additive,
corrosion inhibitor/lubricity improver, fuel system icing inhibitor, and, occasionally, antioxidant
and metal deactivators [70]. Standards for JP-8 are outlined in detail specification MIL-DTL-
83133E [71]. By adopting a “single fuel standard” on the battlefield, the burden of logistics is
greatly reduced and flexibility maximized. This analysis uses JP-8 in the analysis for all tactical
vehicle platforms.

1.C.1.C.1.B. Freight locomotives
Locomotives use DF-2 [72].

1.C.1.C.1.C. Fixed-wing aircraft

We model military prop planes using JP-8, whereas civilian airliners use Jet-A fuel
[60,73].

1.C.1.C.1.D. Watercraft

We model military waterjet boats using JP-8 as their primary fuel, but they can generally
also burn F-24 and ultra-low sulfur diesel (ULSD) [60]. Cargo ships within the U.S. Army’s
fleet use marine diesel fuel (MDF) just as most merchant watercraft use heavy fuel oils (HFOs)
for vessel propulsion and typically refuel at civilian ports [60,74].

1.C.1.C.2. Density of fossil fuel

(Prr)
We use published fuel densities at 15°C retrieved from specification sheets and reviews

from the military (MIL-DTL-83133E) and industry (Chevron, ExxonMobil, and Shell) as
reported in Table S.2. In the workbook, we record values for fuel density in units of kg m= as
well as kg L to facilitate further calculations.
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Table S.2. Density of fuel by type

: 3
Fuel DLe::xty (kig-lgglh) Source
P-8 | 775 840 [71]
DF-2 850 [75]
Jet-A | 780 | 840 [73]
MDF 981 [76]

A quick note on terminology: military detail specifications (MIL-DTL-#) provide
preconceived solutions to requirements and describe exactly how an item is to be produced — to
include materials, parts, components, fabrication, and assembly [77]. This is different from
performance specifications (MIL-PRF-#) as described in Section 1.C.1.D.7.

1.C.1.C.3. Lower heating value (net heat of combustion) of fossil fuel

(LHVr)

The combustion of hydrogen-rich fuels in ICEs releases water that must be subsequently
evaporated within the combustion chamber, which requires some of the heat energy produced by
the fuel during combustion. This latent heat of vaporization is lost and does not contribute to the
work done by the engine. The water vapor simply passes out of the chamber and into the
exhaust stream. Therefore, it is appropriate to use the net heat of combustion, also known as the
lower heating value (LHV), of fuel in this analysis. We use reported LHVSs as per Table S.3.

Table S.3. Lower heating value of fuel by type

-1
Fuel ILI-;XV (MJI-lI(iggh) Source
JP-8 42.8 434 [71,78]
DF-2 42.6 [75]
Jet-A 43.0 434 [78]
MDF 422 42.6 [75,79,80]

1.C.1.C.4. Volume of fossil fuel tank (maximum fuel capacity)

(V)

Often, a vehicle platform has multiple fuel tanks. This analysis takes the cumulative
volume of all onboard fuel tanks but neglects any internal or external extended range fuel tanks
that could be used. When values for usable and/or unusable fuel are available, we use these
values in a range across HB to LB since unusable fuel cannot be used for energy but does count
against the platform’s mass.

1.C.1.C.5. Mass of onboard fossil fuel (fuel only) when tank is topped-off

(mf)
We calculate the topped-off fuel mass as show by Eq. (S.8).
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Eq. (S.8)

mf[kg] = PFF [kfg] V(L]

1.C.1.C.6. Volume of onboard fossil fuel (fuel only) when tank is topped-off

(Vr)
In order to prepare for further calculations, we also calculate the volume of fuel in units
of m? (Eq. (S.9)).

Eq. (S.9)
melk
Ve[m?®] = —f[ 9!
kg
PFF [W]
1.C.1.C.7. Efficiency of storage density for the fossil fuel tank
(Me.rr)

As a component of the FF system, we also consider the mass and volume of the fuel tank
material itself. Manuals rarely cover the construction of fuel tanks. Additionally, tank material
and design differs across the different vehicle domains. For example, aircraft use lightweight,
crashworthy fuel tanks, locomotive tanks are crashworthy but heavy, and ground combat vehicle
fuel tanks have evolved over recent years to incorporate protection against blasts and puncture.
Consequently, we found it necessary to use a fuel tank storage density efficiency given by Eq.
(S.10) [9,81].

Eq. (S.10)
_ mf[kg]
my [kg] + My pr [kg]

Nerr[—]

1.C.1.C.7.A. Ground combat vehicles

Ground combat vehicle fuel tanks have evolved over the years. In general, older fuel
tanks were cast plastic (polyethylene or Nylon-6) or welded aluminum [82]. Newer fuel tanks
use high-density polyethylene (HDPE) [83]. Some use specialized technology to improve safety
[84,85]. All of these innovative solutions have the side effect of adding to the overall fuel tank
mass and reducing its effective fuel holding volume.

Using the standard, unimproved fuel tank for a wheeled ground combat vehicle, the
known value of the mass of a replacement fuel tank, the onboard volume of fuel, and the fuel’s
density, it is possible to estimate the fuel tank storage density efficiency as approximately 87%
using Eq. (S.10). Similarly, using data for an improved fuel tank, the storage density efficiency
drops to 72%. Since the exact type of fuel tank is unknown for platforms, we use a HB scenario
based upon our improved fuel tank estimate and a LB scenario based upon the unimproved fuel
tank. We apply the fuel tank storage density efficiency calculated for the wheeled ground
combat vehicle to all other ground combat vehicle transportation platforms in order to estimate
the mass of their onboard fuel tanks with their respective capacities.
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1.C.1.C.7.B. Freight locomotive

Our research into locomotive safety revealed that manufacturers use end plates, side
plates/bumpers, bottom plates, long baffles, and short baffles in fuel tank systems to provide
crashworthiness in minor derailment and jackknife scenarios [86]. Given the amount of structure
used, we estimate a storage density of 70%.

1.C.1.C.7.C. Rotary-wing aircraft

To estimate the storage efficiency of helicopter fuel tanks, we investigated tank
assemblies that consist of an outer aluminum honeycomb and fiberglass shell container with an
internal crashworthy and self-sealing bladder (Eq. (S.8) or Eq. (S.11)).

Eq. (S.11)
1m3 kg
melkg]l = V¢[L]- lml " PFF F]

Using these values and Eq. (S.10), we conclude that the storage density for an onboard
helicopter fuel tank could be as good as 90%. However, the actual construction of the onboard
tanks is unknown, and fuel tanks are typically 75% efficient [9]. We also considered external
reserve fuel tank assemblies and calculated a storage density efficiency of about 78% to 88%,
which falls within our previous calculations. Consequently, we use a LB value of 88% and a HB
value of 75% for this analysis.

1.C.1.C.7.D. Fixed-wing aircraft

We use a perfectly efficient (100%) storage density for airplanes because the fuel “tanks”
on airplanes are generally essential airplane structure. Airplanes use "wet wings" where the front
and rear spars and the upper and lower skins of the wings themselves form the fuel tank walls.
Moveable parts of the wings (flaps, slats, spoilers, and speed brakes) are all mounted outside the
fuel "box" while joints are made leak-proof [87].

1.C.1.C.7.E. Watercraft

We use a value of 75% for fuel tank storage density in our watercraft analysis [9].

1.C.1.C.8. Mass of the fossil fuel tank (tank material only)

(M¢ pr)
Rearranging Eq. (S.10) allows one to solve for the mass of fuel tank material itself (Eq.
(S.12)) using values for the mass of fuel and tank storage density.

Eq. (S.12)

_ mf[kg] _
merrlkgl = Merrl—] mslkg]
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1.C.1.C.9. Density of fossil fuel tank (tank material only)
(Pt.rF)

1.C.1.C.9.A. Ground combat vehicles

Plastic fuel tanks have a minimum thickness of 2.54 mm [88]. HDPE density ranges
from 944 to 965 kg m~ (median value of ~955 kg m™) [89]. A commercial rubber coating
example is 14.5 mm-thick at 3.2 1b ft2 [90]. Using a thickness of 14.5 mm and Eq. (S.13), this
equates to a density of 1,078 kg m™.

Eq. (S.13)

3.2[b]  [0.453592 k £2 k
[]x[ g] l f =1,077.5[m—g3]

[ftZ] b % 0.092903le % 0.0145m?

A range for overall material density of an improved fuel tank can now be roughly
estimated (Eq. (S.14), Eq. (S.15)).

Eq. (S.14)
kg kg
kg 2.54[mm] - 944 3 + 14.5[mm] - 1,077.5 3 kg
PuFr ﬁ] B 2.54[mm] + 14.5[mm] = 1,058 [ﬁ]
Eq. (S.15)
kg kg
kg 2.54[mm] - 965 3 + 14.5[mm] - 1,077.5 pros kg
PuFr ﬁ] B 2.54[mm] + 14.5[mm] = 1,061 [ﬁ]

Since it is unknown whether a fuel tank in a specific variant is improved or not, we adopt
a median value of 955 kg m for the LB scenario (an unimproved HDPE fuel tank) and a median
value of 1,060 kg m for the HB scenario (an improved fuel tank). We assume that all ground
combat vehicles have a similar range of values for fuel tank material density.

1.C.1.C.9.B. Freight locomotive

By law, internal fuel tanks on locomotives must be equivalent to 5/16 in (8 mm) thick
steel plates with a yield strength of 25,000 psi (172 MPa) or greater [91,92] The density of steel
is approximately 7,850 kg m™ [93]

1.C.1.C.9.C. Rotary-wing aircraft

Aircraft fuel tank densities are generally much lower than those for land vehicles. As we
discuss later in the analysis, platform weight equates to required lift, so minimizing weight
(mass) is desirable. Helicopters achieve a low density by using an outer fiberglass container with
internal crashworthy, self-sealing systems.

If we use an example tank with a total volume of 4.007 m? capable of holding 3,028 L
(3.028 m?) fuel with an empty mass of 275.3 kg, we are able to use the difference between the
two volumes to calculate a rough value for the tank material volume (Eq. (S.16)).



Eq. (S.16)
4.007[m3] — 3.028[m3] = 0.979[m?]

Considering the empty mass, we estimate a representative fuel tank density for
helicopters using Eq. (S.17).

Eq. (S.17)

Pt FF

kg] _ 2753[kg] 281 [kg]
m3]  0.979[m3] m3

1.C.1.C.9.D. Fixed-wing aircraft

Fuel tank material density is not necessary for the airplane analysis since airplanes use
wet wings (see Section 1.C.1.C.7.D).

1.C.1.C.9.E. Watercraft

Although MDF tanks can be made from high-carbon steel, black iron, fiberglass, plastic,
or stainless steel, they are most generally constructed using aluminum [94]. The American Boat
& Yacht Council (ABYC) has set forth guidelines that fuel tanks on watercraft must be
constructed of 5000 series aluminum alloy (specifically 5052, 5083, or 5086) with a minimum
thickness of 0.090 in (~2.3 mm), though 0.25 in (~6.35 mm) may be more appropriate for
frequently wet environments (e.g. under cockpits or in bilges) [94]. Aluminum Alloy 5083 has a
density of 2,650 kg m™; we use this value for fuel tank material density on all watercraft [95].

1.C.1.C.10. Volume of the fossil fuel tank (tank material only)

(Verr)

The material volume of onboard fuel tanks for each platform (except fixed-wing aircraft)
is calculated by dividing the material mass calculated in Section 1.C.1.C.8 by the material
density determined in Section 1.C.1.C.9 (Eq. (S.18)).

Eq. (S.18)
m k
Virr [m?] = —e [k:g]
PtFF [W]
1.C.1.C.11. Combined total mass of fossil fuel and tank
(mf+t)

The combined total mass of fossil fuel and tank is calculated as the sum of the mass of
onboard fossil fuel (fuel only) when the tank is topped off (see Section 1.C.1.C.5) and the mass
of the fossil fuel tank (tank material only; empty) (see Section 1.C.1.C.8) (Eq. (S.19)).

Eq. (S.19)
mey[kgl = melkg] + me pelkg]
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1.C.1.C.12. Combined total volume of fossil fuel and tank

Vrse)

The combined total volume of fossil fuel and tank is calculated as the sum of the volume
of onboard fossil fuel (fuel only) when the tank is topped off (see Section 1.C.1.C.6) and the
volume of the fossil fuel tank (tank material only) (see Section 1.C.1.C.10) (Eq. (S.20)).

Eq. (S.20)
Vepe[m?] = Ve [m3] + V, pp[m?]

1.C.1.D. Engine characteristics

1.C.1.D.1. Type and number of fossil fuel engines used

(1)

We recorded each vehicle platform’s engine type, manufacturer, and number used from
applicable manuals and other references [60]. Although cargo ships may also use additional
generator sets and bow thruster engines, this analysis only considers main engines. Table S.4
summarizes the engines and manufacturers for the civilian vehicles studied.

Table S.4. Engine type and number by civilian vehicle platform

Vehicle platform Engine Number | Manufacturer Source
GE ET44AC GEVO-12 1 General Electric [68,96,97]
Boeing 737-700 NG | CFM56-7822 2 CFM International [98]
Boeing 747-8 GEnx-2B 4 General Electric [99-101]

1.C.1.D.2. Engine dimensions: length, height, width, and/or diameter

(Uor her We, do)

We researched and recorded engine dimensions from manuals, industrial manufacturers’
specification sheets, textbook examples, or other sources as appropriate [60,68,97,102—122].
Dimensional data was often not published for military vehicle platforms. In such instances, we
used dimensional data for similar engines made by the same manufacturer.

1.C.1.D.3. Volume of fossil fuel engine
(Ve)

Depending upon the general shape of the engine and reported dimensional values, we
calculate the overall volume of each fossil fuel engine using either Eq. (S.21) or Eq. (S.22).

Eq. (S:21)

vln) = (“3) 1,

Eq. (S:22)

Ve[m®] = Lo[m] - we[m] - he[m]
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1.C.1.D.4. Mass of fossil fuel engine
(me)

We recorded the “dry weight” (in terms of mass, no fluids) of each engine as per
specification sheets, type-certificate data sheets, and other sources as appropriate
[60,97,114,117,123-126,101-103,105,106,108,110,111].

1.C.1.D.5. Maximum power of fossil fuel engine

(P max,e )
We recorded the maximum power that each individual engine could produce

[60,68,96,111,116,127,128]. Unique notes for specific variants follow.

1.C.1.D.5.A. Ground combat vehicles

The literature reports values for the rated power of vehicles sometimes as brake
horsepower (BHP), which is the power delivered directly to (and measured at) the engine’s
crankshaft, and other times it does not specify if the values are nominal/rated horsepower
(derived from engine size and piston speed), indicated/gross horsepower (theoretically possible
from the engine), or brake/net/crankshaft horsepower. To maintain consistency throughout the
analysis, we treat all power values as rated horsepower and apply a vehicle engine efficiency (see
Section 1.C.1.F.1.A).

1.C.1.D.5.B. Freight locomotive

The GEVO 12 can produce 3,356 kW (gross) but only 3,274 kW (traction), so we use the
effective, tractive power to represent what is actually useable [96].

1.C.1.D.5.C. Rotary-wing aircraft

We report all helicopter engines in terms of shaft horsepower (SHP). Different SHP
values are often quoted for maximum sustainable time periods, such as 2.5 minutes for
“contingency,” 10 minutes for “maximum,” 30 minutes for “intermediate,” and unlimited for
“maximum continuous” [111]. In such instances, we use the contingency value to be most
conservative and challenging for transition within our analysis.

1.C.1.D.5.D. Fixed-wing aircraft

Both turboprop and turbofan engines generate thrust by accelerating a mass of air, but
industry rates turboprop engines in terms of power and turbofan engines in terms of thrust. In a
turboprop engine, the majority of thrust comes from the propeller, which spins at a certain speed
— revolutions per minute (RPM) — determined by a torque force applied to the shaft. The
contribution to thrust from the turboprop’s jet exhaust velocity, or “residual thrust,” is low,
generally less than 20% [129]. Since a turboprop engine’s power (and thrust) is a combination
of both mechanical prop and residual jet components, manufacturers calculate the power
equivalent of the residual thrust and add this to the mechanical power from the prop to arrive at
an “equivalent shaft horsepower” [129]. Consequently, we use the rated shaft horsepower for
prop planes. We do not use this parameter for jet airliners since turbofan engine ratings are in
terms of thrust.
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1.C.1.D.5.E. Watercraft

We report all watercraft engines in terms of BHP.

1.C.1.D.6. Maximum torque of fossil fuel engine

(Tmax,e)

We recorded the maximum torque that each engine could produce for all vehicles other
than aircraft [60,102,103,106,130]. It is important to note that power and torque are two separate
metrics with distinct units, even though they are often referred to in ways that might appear
interchangeable in colloquial discussion or even written work. To understand the differences, it
is helpful to review why dynamometer (“dyno”) graphs show torque and power lines crossing at
5,252 RPM for Imperial Units and 9,549 RPM for SI units when graphed at the same scale. We
present our own derivation here as we will use this relationship again later in the analysis.

First, consider how power and torque are related in Eq. (S.23) through Eq. (S.27).

Eq. (5.23)
power [ftn-lil:f] = force[lbf] - velocity [%]
Eq. (S.24)
loci ft 1 _ distance[ft]
vetoctty [min] "~ time[min]
Eq. (S.25)
torque[ft - Ibf] = force[lbf] X radius[ft]
Eq. (S5.26)
_ torque[ft- bf]
foreellbf] = radius[ft]
Eq. (5.27)

ft-lbf] torquelft- lbf] _ distance[ft]
power[ min ] ~ radius[ft] time[min]

Recognizing that engines work by turning a shaft in a circular motion, we can rewrite the
distance term as the distance achieved per revolution.
Eq. (S.28)
distance[ft]
1 revolution|[rev]

= 2m - radius|[ft]

Eq. (S.29)

distance[ft] = 2m - radius[ft] - 1 revolution[rev]
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Eq. (S.30)
distance[ft]
21 - radius[ft]

1 revolution|[rev] =

Combining this concept with Eq. (S.27) above yields Eq. (S.31).

Eq. (S:31)

ft- lbf] _ torque[ft- bf] om- radius[ft] - 1 revolution|[rev]

ower ;
p [ min

radius[ft] time[min]
Here, we can introduce the metric of revolutions per minute (RPM), Eq. (S.32).

Eq. (S:32)

revolutions|rev]
RPM =

time[min]

Since a revolution is a distance travelled per circumference distance, it is unitless, as
shown by Eq. (S.33).

Eq. (S:33)
[ft]

[rev] = ——= =[]

[ft]

Thus, Eq. (S.31) can be rewritten as Eq. (S.34) using Imperial Units.

Eq. (S.34)

[ft'lbf]—t [ft - Ibf] -2 RPM[l]
power |[———| = torque f fl-2m p——

When the Scottish entrepreneur James Watt wanted to market his steam engine, he
needed to express his engine’s capabilities in terms that others would understand. By
observation of workhorses in a brewery mill, he concluded that a horse could apply a force of
180 Ibf while circling a shaft at a 12 ft radius and walking at a speed that equated to 144
revolutions per hour (2.4 RPM). From this, he defined a metric of power — horsepower (Eq.
(S.35)) [131].

Eq. (S.35)
ft - Ibf

min

ft-lbf
in

2m - 12[ft] - 180[lbf] - 2.4 [ﬁ] = 32,572[ —

] = 33,000[ ] = 1[hp]

Dividing Eq. (S.34) by Watt’s 33,000 [%] gives power in terms of horsepower.
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Eq. (S:36)

1[hp] = ” oooz[f’;n ll,l:f] -RPM [ﬁ]-torque[ft-lbf]
Eq. (S.37)
1 [hp] = 0.00019 - RPM [ﬁ] . torquelft - Ibf]
Eq. (S.38)

torque[ft - lbf]- RPM [ﬁ]
5,252.11

1[hp] =

From Eq. (S.38), we can see that when torque, in units of ft-1bf, is graphed together with
horsepower at the same numerical scale, the lines will cross at 5,252.11 RPM. When the lines do
not cross at 5,252 RPM, it is a giveaway that the scales are different.

Applying the same concept to commonly used SI units for power and torque:

Eq. (S.39)
1
power[kW] = torque[N - m] - 2m - RPM [—]
min
Eq. (S.40)
kg - m?
1[kW] = 1,000 [1] = 1,000[ g 3 l
S s
Eq. (S.41)
kg -m?
= [ ] [
S
Eq. (S.42)
LRPM = revolutions|rev]
B 60[s]
Eq. (S.43)
1
1[kW] = " . [mm] - torque g
kg -m*] 6o [ _S_ ] 52
1,000 $3 ] min
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Eq. (S.44)

torque[N - m] - RPM [ﬁ]

1lkw] = 95493

Thus, when power is in terms of kW and torque in terms of N-m, the lines will cross at
9,549 RPM when graphed at the same scale.

1.C.1.D.7. Oil type

The volume of engine oil is within the volume of the engine itself. However, we
calculate engine mass from “dry weight,” so we must include the mass of this fluid when
calculating the fossil fuel system’s overall mass.

The Army publishes lubricant performance specifications (MIL-PRF-#) that state
requirements for results (capabilities, operational environments, interfaces, interoperability,
compatibility requirements, etc.) without prescribing how those results must be achieved [77].
This is different from detail specifications (MIL-DTL-#) as described in Section 1.C.1.C.2
above.

Industry typically rates oil types using the Society of Automotive Engineers’ (SAE’s)
scale, “#W-#” [132]. The first number preceding the “W,” which stands for “winter,” rates the
oil’s viscosity (flow) at 0°F (-17.8°C). Lower values represent a more fluid oil that an engine
can more easily pump throughout at low temperatures. The second number refers to the oil’s
viscosity when hot, at 212°F (100°C). This value reflects an oil’s ability to resist thinning as
higher values represent a more viscous (thick) fluid at high temperature [133].

The majority of vehicle platforms analyzed use oil under specification MIL-PRF-2104
[134]. Exceptions include military vehicles with turbine engines that use oil under specification
MIL-PRF-23699 and the GE ET44AC Freight Locomotive, which uses a 20W-40 oil [135,136].
We consider the oil negligible in the analysis for large turbofan aircraft [137].

1.C.1.D.8. Volume of oil used in fossil fuel engine

(Vo.e)

We recorded the volume of lubrication oil used in each engine as detailed by the manual,
lubrication order, or other documentation as appropriate [60,96,103,106,119]. Of note are cargo
ships that generally have large additional storage tanks, e.g., lubricating oil storage tanks for each
main propulsion engine (330 gal), main engine lube oil tanks (630 gal), lube oil settling tanks
(670 gal) and waste oil tanks that store dirty oil from the main engines and generators (1,790
gal). Although we know tank capacities, when the vessel is underway, the lube oil settling tank
will likely not be completely full and the waste oil tank not completely empty. We neglect the
large waste oil tank volume but assume the smaller settling tank is full. To find the oil volume
per main propulsion engine for cargo ships, we divide the main engine lube oil tank and settling
tank volumes across the two main propulsion engines and then add them to the lube oil storage
tank, which is internal to the engine itself. When oil storage tanks are separate from the main
engine, our analysis only considers the mass and volume of the oil itself; we do not consider the
mass or volume of the external oil tank material.
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1.C.1.D.9. Density of lubricating oil
(Po)

We researched the density of engine oil lubricants, generally reported at 15°C (~60°F) for
the main oil types used; see Table S.5.

Table S.5. Density of lubricating oil by type

Military performance Oil type Density Source
specification/SAE grade considered (kg L)
MIL-PRE-2104H/15W-40 | PPOWSTDIesel| g 879 | [138]

ngine Oil
Mobile Jet Oil IT | 1.004 [139]

MIL-PRF-23699/-- AeroShell
Turbine Oil 500 | 00 | [140]
--/20W-40 PetroCan 97 0.881 [136]

Since some material safety data sheets (MSDSs) report the specific gravity of engine oil,
we converted this value to density by dividing by the reference density of water at 15°C and
latm =0999 [%2| =834 [ﬁ] [141,142].

1.C.1.D.10. Mass of fossil fuel engine oil

(Mo,e)
We calculate the mass of oil using Eq. (S.45).

Eq. (S.45)

m,lkgl = V,[L] - po [kTg]

1.C.1.D.11. Antifreeze coolant type

The DOD has a Commercial Item Description (CID) for antifreeze coolant under A-A-
52624 for use in all tactical/combat liquid-cooled internal combustion engines other than aircraft
[121,122]. Antifreeze is not used in aviation (or tank) turbine engines, and water is used in the
GE ET44AC Freight Locomotive [68].

1.C.1.D.12. Volume of antifreeze (or coolant fluid) used in fossil fuel engine

(Va f,e)
We recorded the volume of antifreeze or coolant fluid used in each engine as detailed by
manual, lubrication order, or other documentation as appropriate [60,96,106,119,143].

1.C.1.D.13. Antifreeze (or coolant fluid) density

(pa f )
From its MSDS, A-A-52624 specification antifreeze has a specific gravity of 1.13
[121,122,144]. Dividing the specific gravity value by the reference density value for water at

15°C and 1 atm, the density of antifreeze can be taken as 1.129 [kTg]=9.42 [% .
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1.C.1.D.14. Mass of antifreeze (or coolant fluid) used in fossil fuel engine

(ma f,e)
We calculate the mass of antifreeze or coolant fluid used using Eq. (S.46).

Eq. (S.46)

kg
maf,e[kg] = Vaf,e[L] *Pay [T]

1.C.1.D.15. Total mass of fossil fuel engine(s) to include all engines, lubricating oil, and

antifreeze coolant

(mtotal,e)
The total engine mass is a function of the engine type, number, oil mass, and

antifreeze/coolant fluid mass, as shown in Eq. (S.47).

Eq. (S.47)

_ kg kg kg
Meotarelkg] = ne [engine] - (me [engine] FMoe [engine] T Mase [engine])

1.C.1.D.16. Total volume of fossil fuel engine(s) to include all engines

(Vtotal,e)
We calculate the total engine volume based on the number of engines and the volume of

each engine (see Section 1.C.1.D.1 and Section 1.C.1.D.3) as shown by Eq. (S.48).

Eq. (S.48)

. m3
Vtotal,e [m3] =nNne [englne] Ve [enginel

1.C.1.E. Transmission characteristics

1.C.1.E.1. Type and number of transmissions (gearboxes) used

(nr)

We recorded each vehicle platform’s transmission (gearbox) type, manufacturer, and
number used from applicable manuals and other references [60,145].

Diesel-electric locomotives already use their diesel engines to generate electricity to
power traction motors and transfer rotation to the wheels via gearboxes; unfortunately, data for
these motors and gearboxes is not readily available. We could assume that the gearboxes would
not change in all-electric variants. However, as we will discuss later, we will size new electric
motors and pair them with gearboxes while not subtracting those from the existing platform’s
mass or volume. Although this favors the FF variant, we want to be able to consider motor and
gearbox requirements as variables.

For all aircraft other than prop planes, we use no net change in transmissions/gearboxes.
The helicopters use multiple transmissions/gearboxes to take the turboshaft rotation and apply it
to the rotors (both main and tail). All-electric variants will likely require similar transmissions.
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Therefore, we neglect any net difference in mass or volume when transitioning. Turboprop and
turbofan engines include reduction gearing within the engines themselves. As we explain in
Section 1.C.2.D, we replace a turboprop engine with both electric motors and an appropriately-
sized gearbox and turbofan engines with ducted fans where we can estimate the mass and
volume by their “propulsor components.”

Regarding cargo ships, data is not readily available for the actual reduction gearboxes
used in-line with main propulsion engines, so we use data for a Masson Marine MM W20200
NR that is appropriately-sized to match each cargo ship’s main engines.

1.C.1.E.2. Transmission dimensions: length, height, width, and/or diameter

(U7, hy, wr, dr)

We researched and recorded transmission/gearbox dimensions from manuals, industrial
manufacturers’ specification sheets, or other sources as appropriate [60,146—153]. When actual
dimensions were not available for a vehicle’s transmission, we found dimensions for that
transmission’s shipping container and estimated the actual transmission’s size using a 25%
reduction in each dimension. Again, since data is unavailable for the cargo ships’ reduction
gearboxes, we use values for a Masson Marine MM W20200 NR transmission appropriately-
sized to match the main propulsion engines.

1.C.1.E.3. Mass of transmission (gearbox)

(mr)

We recorded the dry weight (in terms of mass, no fluids) of each transmission (gearbox)
as per specification sheets and other sources as appropriate [60,145-147,150—-155].
1.C.1.E.4. Automatic transmission fluid type

We recorded the specification and type of automatic transmission fluid (or transmission

oil) acceptable for use in each vehicle platform [60,146,147,155]. Note that, in several instances,

engine lubricating oil can be used with the same specifications.

1.C.1.E.5. Volume of automatic transmission fluid (or transmission oil)

(Varr)
We recorded the volume of automatic transmission fluid (oil) used in each transmission

(gearbox) as detailed by manual, lubrication order, or other documentation as appropriate
[60,146,147,151].

1.C.1.E.6. Density of automatic transmission fluid (or transmission oil)

(Parr)
We researched and recorded the densities of specified automatic transmission fluids from

applicable industry specification sheets as detailed by Table S.6.

39



Table S.6. Density of automatic transmission fluid by type

Specification/grade ATF type considered 3{2‘;}?)’ Source

Mobile 1 Synthetic 0.846 [156]
Total DEXRON III 0.867 [157]
GM 6297-M Pennzoil DEXRON III 0.877 (158]
Penrite DX-III 0.848 [159]

EcoPower 0.879 [138,160]
MIL-L-2104 Roshfrans Dexron 11 0.881 [161]
MIL-L-2104/SAE 10W-30 -- 0.865 [162]
TES 295 Petro-Canaczle; ;Adhson TES 0.850 [163]
MIL-PRF-23699 AeroShell Turbine Oil 500 1.005 [140]

1.C.1.E.7. Mass of automatic transmission fluid (or transmission oil)

(Mmyrr)
We calculate the mass of the ATF using Eq. (S.49).

Eq. (S.49)
k g]

Murrlkgl = VarelL] - parr [T

1.C.1.E.8. Total transmission (gearbox) mass to include all transmissions and automatic
transmission fluid (or transmission oil)

(mtotal,T)
We calculate the total transmission mass as the summation of the automatic transmission

fluid mass and the dry weight of the transmission as in Eq. (S.50).

Eq. (S.50)
Meorarr kgl = marplkgl + mylkg]

1.C.1.E.9. Total transmission (gearbox) volume to include all transmissions

(Vtotal,T)
We calculate the volume of the transmission as the rectangular cuboid from length,

height, and width dimensions described in Section 1.C.1.E.2. This may slightly overestimate the
volume as other installed parts may sit within the corners or edges of those dimensions, but we
believe the impact is negligible. Additionally, note that we consider the automatic transmission
fluid as contained within the volume of the transmission system itself and do not add it here.

Eq. (S:51)

(Iz[m] - wr[m] - hy[m])
[transmission]

ViotaurIm®] = ny [transmissions] -
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1.C.1.F. Overall fossil fuel system efficiency

We graphically summarize the overall FF system efficiency by vehicle type in Fig. S.1.
Detailed explanations for each vehicle type follow. Note that the empty spaces for each vehicle
type are left on purpose for ease of reference between Fig. S.1, Fig. S.11, and Fig. S.12 when
comparing the components of overall system efficiency across FF, BE, and HFC variants.

Fig. S.1. Overall fossil fuel system efficiency by vehicle type (same as Fig. 1(a))

1.C.1.F.1. Ground combat vehicles

The energy contained within the chemical bonds of FF used in cars and trucks goes to
seven different categories: engine losses, drivetrain losses, standby, accessory use, braking,
aerodynamic drag, or rolling resistance. Only two of those categories actually represent the
energy used to overcome the “road load” and propel the vehicle forward: aerodynamic drag and
rolling resistance (see Section 1.C.2.A.1).

A review of previous research revealed that civilian wheeled diesel vehicles have overall
“tank-to-wheels” efficiencies between 19.4% to 21.1% with commonly-cited overall efficiencies
of 20% for conventional diesel vehicles and 17% for gasoline vehicles [164-166]

Table S.7 shows typical values for energy loss in civilian vehicles for both city and
highway usage along with what this paper assumes for ground combat vehicles based on
measurements of a wheeled ground combat vehicle. This analysis does not yet consider the
additional efficiency that could be gained from regenerative braking.
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Table S.7. Comparison of energy loss in vehicles

Component City use | Highway use &;?rlgisct(i);l:tits
Engine loss 62% 69% 69%
Drivetrain loss 6% 5% 8%
Standby 17% 4% 0%
Accessories 2% 2% 8%
Braking 6% 2% 2%
Aerodynamic drag 3% 11% 3%
Rolling resistance 4% 7% 10%

* All columns add to 100%. Data from [167,168].

1.C.1.F.1.A. Efficiency of tactical vehicle fossil fuel engine

(T]TV,e)
As shown in Table S.7, a ground ICE vehicle is only 31% efficient in converting the

chemical energy contained in the fuel to usable energy. This value represents the efficiency of
the FF engine; the balance of 69% is loss. In reality, the efficiency constantly changes and can
range from 0%, when the vehicle is idling, to the very best diesel engines which are 45%
efficient [169]. “Whereas a standard gasoline engine is typically about 25% efficient in
converting chemical energy in fuel to mechanical energy, a diesel engine is typically 37%
efficient, with some reaching higher values” [170]

As an additional reference point, research into long haul heavy duty trucks in the
European Union concluded that the best-in-class diesel engines had a 46% thermal efficiency
when kept in their “sweet-spot” of highest efficiency, and average trucks had engines that were
39% efficient [5]. These average trucks experience 61% engine energy loss, which is in the
same ballpark as the lightweight wheeled vehicle, especially considering that the trucks are built
for efficient transport of commodities on paved freeways at relatively constant speeds as opposed
to off-road terrain.

1.C.1.F.1.B. Combined efficiency of tactical vehicle driveline, brakes, and accessories

(Mrv,a1)
Ground combat vehicles operate off-road and at slower speeds than civilian cars on a

highway. Of useful energy produced from the engine, 33% goes to overcoming rolling
resistance and 9% goes to overcoming aerodynamic drag for a total of 42% of the 31% useable
energy produced [168]. This value represents the combined efficiency of the vehicle driveline,
brakes, and accessories (standby is neglected in the analysis and assumed zero under testing
conditions). The balance of 58% is lost.

1.C.1.F.1.C. Overall tactical vehicle fossil fuel system efficiency

(Mrv.rr)
Considered as a percentage of the original chemical energy content of the FF itself, the

component percentages of 33% to overcoming rolling resistance and 9% to overcoming
aerodynamic drag reduce to just 10% and 3%, respectively, as shown in Table S.7 and by Eq.
(S.52) and Eq. (S.53), for a total of 13% efficiency.
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Eq. (S.52)
0.31-0.33 = 0.1023 = 10%

Eq. (S.53)
0.31-0.09 = 0.0279 = 3%

Taken another way, the product of the engine efficiency and the combined efficiency of
the driveline, brakes, and accessories is the overall system efficiency, as shown by Eq. (S.54) and
Eq. (S.55).

Eq. (S.54)
nTV,e[_] 'UTV,dl[—] = UTV,FF[—]

Eq. (S.55)
0.31-0.42 = 0.1302 = 13%

One study suggests that just 13% of the chemical energy content of the fuel actually goes
towards overcoming aerodynamic drag and rolling resistance to result in forward motion in a
military vehicle [168]. Given the lack of specific information for each individual vehicle
platform, we use this same value for all ground combat vehicles included in this study. It is
important to note, however, that medium- and heavy-duty wheeled vehicles as well as tracked
vehicles will likely have even lower efficiencies in overcoming rolling resistance, which is the
major contributor to road load at low speeds (see Section 1.C.2.A.1). Therefore, this is likely a
conservative assumption.

1.C.1.F.2. Freight locomotives

1.C.1.F.2.A. Efficiency of freight locomotive diesel engine

(T]L,e)
The efficiency of locomotive diesel engines is reported to be in the vicinity of 37.5% to
40% [53,171].

1.C.1.F.2.B. Efficiency of freight locomotive alternator/generator

(ML,ait)
The efficiency of a locomotive’s alternator/generator ranges from about 92% to 96.5%

[53,171].

1.C.1.F.2.C. Combined efficiency of freight locomotive engine ancillaries, rectifier, and
electric motors

(T]L,anc)

Different analyses report component efficiencies in different ways; some report just an
engine ancillaries efficiency of 94% while others report the rectifier (98%) and electric motors
(92%) separately (combined 90.16%) [53,171]. We combine these into a singular efficiency of
90.2% to 94% to cover discrepancies between studies.
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1.C.1.F.2.D. Efficiency of freight locomotive transmission and traction auxiliaries

(TIL,T' nL,trac)

Here again, different analyses report efficiency components in different ways. For
example, one study reported only a “onboard conversion to traction work™ efficiency of 90%
whereas another study reported values of transmission efficiency (95%) and traction auxiliaries
efficiency (95%) separately (combined 90.25%) [53,171]. We combine these into a singular
efficiency with a range of 90% to 90.25%.

1.C.1.F.2.E. Overall freight locomotive fossil fuel system efficiency

(MrF)
The overall fossil fuel system efficiency for a diesel-electric locomotive is the product of

the onboard diesel engine efficiency, alternator/generator efficiency, the combined efficiency of
engine ancillaries, rectifier, and electric motors, the transmission efficiency, and the efficiency of
traction auxiliaries as shown by Eq. (S.56).

Eq. (S.56)
nL,FF[_] = TIL,e[—] 'TIL,alt[—] 'nL,anc[—] 'TIL,T[—] 'UL,trac[—]

Using the combinations of high and low values as described above, we found an overall
FF system efficiency of 28% to 32.7% for the freight locomotive, which reasonably matches the
overall results found in previous studies of 27.7% and 31% [53,171].

1.C.1.F.3. Rotary-wing aircraft

1.C.1.F.3.A. Efficiency of helicopter turboshaft engine

(T]H,e)

Research on a single-rotor helicopter revealed turboshaft engine efficiencies of 0.2986 to
0.3262 at hover, 0.2144 to 0.2357 at minimum-powered forward flight, and 0.2968 to 0.3047 for
high-speed forward flight [172]. Since a helicopter will conduct each of these maneuvers, it
would be inaccurate to use high and low values from these ranges that would then be applied to
the LB, MK, or HB cases. Thus, we use a singular value of 28% and apply it to all scenarios.

1.C.1.F.3.B. Efficiency of helicopter transmissions (gearboxes)

(Mu,r)
A published estimate for transmission losses in a helicopter is 5% [173]. Thus, we use a

value of 0.95 for the helicopter transmission (gearbox) efficiency.

1.C.1.F.3.C. Efficiency of helicopter rotors (“figure of merit”)

(T]H,r)
There are many factors that contribute to the overall efficiency of a helicopter’s main

rotor. To overcome this challenge, a single, non-dimensional measure of rotor thrust efficiency
at hover, called the “figure of merit,” was introduced by Richard H. Prewitt of Kellett Aircraft
Corporation in 1940, as shown by Eq. (S.57) [173,174].
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Eq. (S.57)

ideal power required to hover

Nyl = actual power required to hover

Typical values for the figure of merit are 0.55 to 0.60 at design loading whereas well-
designed rotors can have a maximum figure of merit of 0.75 to 0.80 and inefficient rotors can be
as low as 0.50 [175]. A good figure of merit is typically taken as 0.75 [176]. We use a figure of
merit value of 0.75 for all rotary-wing aircraft in this study.

1.C.1.F.3.D. Overall helicopter fossil fuel system efficiency

(M rr)
The overall fossil fuel system efficiency for a helicopter is the product of the engine

efficiency, the transmission/gearbox efficiency, and the rotor efficiency (figure of merit), as
shown by Eq. (S.58).

Eq. (S.58)
Nurrl=1 = Muel=1 nurl=1 - nu.[-1

Using the values described above, we calculate the overall fossil fuel system efficiency of
all helicopters in this study as 17%. We do not consider additional losses to the tail rotor or
accessory requirements as such losses would likely be similar for all variants, whether FF, BE, or
HFC, unless further design changes are made.

1.C.1.F .4. Fixed-wing aircraft

Prop planes use turboprop engines while jet airliners use turbofan engines. Though they
have different efficiencies, the overall fossil fuel system efficiency for these aircraft is a matter
of the engine converting the chemical energy in the fuel flow to propulsive power [177].

1.C.1.F .4.A. Efficiency of turboprop engine (thermal efficiency)

(T]TP,e)

The engine efficiency is the thermodynamic efficiency of converting the energy in the
fuel flow to shaft power. As discussed in Section 1.C.1.D.5, the average takeoff power for
turboprop engines in this study is 895 kW. Plots of commercial turboprop motors suggest a
thermodynamic efficiency at cruise of 26% [177]. We only consider efficiency at cruise for this
analysis, though we acknowledge that efficiency will constantly change during the various stages
of flight as conditions change.

1.C.1.F .4.B. Efficiency of turboprop airplane (propulsion efficiency)

(Mrp,p)

The propulsion efficiency is the product of the propulsive efficiency and the transmission
efficiency or converting shaft power to propulsive power. Propeller efficiency, as it is generally
called, can vary widely from 50% to 87% depending upon propeller design, aircraft maneuvers,
and environmental conditions [178]. Others have provided simplified rules of thumb values of
between 79% to 90% [179]. For this analysis, we use a range of 79% to 90%.
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1.C.1.F.4.C. Overall turboprop airplane fossil fuel system efficiency

(MrpFr)

The overall turboprop airplane fossil fuel system efficiency is the product of the engine
thermodynamic efficiency and the propulsion efficiency, as shown by Eq. (S.59).
Eq. (S.59)

Nrerrl=1 = Nrpel=1Nrppl-1
For this analysis, we use a range of 20.5% to 23.4% for the overall efficiency.

1.C.1.F.4.D. Efficiency of high bypass ratio turbofan engine (thermal efficiency)

(T]TF,e)
Numerous studies, reports, and presentations illustrate the efficiency of high bypass ratio

(HBR) turbofan engines using graphs that generally appear in one of two main formats like those
in [180-182]. The difference in these graphs is where their authors decide to include the
transmission (or transfer) efficiency — either with the propulsive efficiency or with the engine
thermodynamic (thermal) efficiency. Either way, the overall system efficiency is still the same:
the product of all three efficiencies. In this analysis, we combine the engine thermodynamic and
transmission efficiencies for a range of 42% to 49% [183].

1.C.1.F 4.E. Efficiency of high bypass ratio turbofan airplane (propulsion efficiency)

(Mrr.p)
We estimate the propulsion efficiency of turbofan airplanes as 72.5% to 82.5% [183].

1.C.1.F.4.F. Overall turbofan airplane fossil fuel system efficiency

(MrrFr)
The overall turbofan airplane fossil fuel system efficiency is the product of the thermal

(and transfer) efficiency and the propulsive efficiency, shown by Eq. (S.60).

Eq. (S.60)
T]TF,FF[_] = UTF,e[—] *NrEPp [-]

We use a range of 30.5% to 40.4% for overall efficiency using data from [183]. This
strongly correlates to the overall efficiency of HBR turbofan engines reported by [184].

1.C.1.F.5. Watercraft
The components of waterjet boats and propeller-driven cargo ships are unique, and we
must calculate their efficiencies in separate ways as described below.

1.C.1.F.5.A. Efficiency of waterjet marine diesel engine

(MwyB.e)
Four-stroke medium and high speed marine diesel engines have thermal efficiencies

“slightly lower” than 50% [185]. We use a range of values from 45% to 50%.
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1.C.1.F.5.B. Efficiency of waterjet boat hull

(Mws.n)

The hull efficiency of a watercraft is defined as the ratio of the effective towing power,
which is the product of the total hull towing resistance and the boat’s velocity, to the thrust
power, which is the product of the thrust force and the velocity of water arriving at the advance
of the propulsion device [186]. It is possible for the effective towing power to exceed the thrust
power and hence possible for the hull efficiency to exceed 1.0.

The hull efficiency depends upon the number of propulsion systems (generally one or
two) and the boat’s block coefficient. The block coefficient is the ratio of the displaced volume
to the volume of a rectangular cuboid calculated by the external dimensions of the submerged
(below waterline) portions of the vessel. Higher block coefficients correspond to higher hull
efficiencies [186].

Given the lack of published values on hull resistance for smaller watercraft, we use a
range of 95% to 105% for the hull efficiency, which corresponds to the typical hull efficiency of
a larger ship with two propellers and a conventional hull form [186].

1.C.1.F.5.C. Efficiency of waterjet jet

(Mws, j )

Studies on waterjet propulsion in boats reveal a jet efficiency of 42% to 70% over a range
of velocity ratios from 0.3 to 0.9, where the velocity ratio is found by dividing the boat velocity
by the jet velocity [187]. We model the Army’s waterjet boats with operational velocity ratios
between 0.5 and 0.9, which correspond to 60% to 70% jet efficiency.

1.C.1.F.5.D. Efficiency of waterjet pump

(Mwys.p)

Although the value will constantly vary, 90% is a generally accepted achievable pump
efficiency in waterjet propulsion [188]. Studies on mixed flow pumps, which are typically used
in waterjet propulsion, suggest operational pump efficiencies between 86.2% and 99.4% [189].
Since this value will constantly change given conditions, we simply use a singular value of 90%.

1.C.1.F.5.E. Efficiency of waterjet propulsion

(Mwys.p)

The propulsion efficiency is the product of the hull efficiency, the waterjet jet efficiency,
and the waterjet pump efficiency, as shown by Eq. (S.61). We use a range of values from 51.3%
to 66.2%.

Eq. (S.61)
nW]B,P[_] = UW}B,h[—] "Nwys,j [-] "Nwisp [-]
1.C.1.F.5.F. Overall waterjet boat fossil fuel system efficiency

(Mws,FF)

The overall waterjet boat fossil fuel system efficiency is the product of the engine
efficiency and the propulsion efficiency, shown by Eq. (S.62). We use a range of values in this
analysis from 23.1% to 33.1%.
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Eq. (S.62)
nW]B,FF[_] = TIW]B,e[—] ‘NwyB,p [-]

1.C.1.F.5.G. Efficiency of propeller ship marine diesel engine

(Mps,e)
Two-stroke, slow speed marine diesel engines have thermal efficiencies of 50% [185].

1.C.1.F.5.H. Efficiency of propeller ship shaft

(Mps,s)

The shaft efficiency is a function of the alignment and lubrication of shaft bearings as
well as any reduction gears that may be used and is calculated as the ratio between the power
delivered to the propeller and the brake power delivered by the main engine [186]. It is normally
considered around 99%, but it can vary between 96% to 99.5%, which is the range of values we
use in this analysis [186].

1.C.1.F5.1. Efficiency of propeller ship hull

(Mps,n)
We describe hull efficiency in Section 1.C.1.F.5.B above. Since the cargo ships in this

study have dual propulsion systems, we use a range of 95% to 105% [186].

1.C.1.F.5.J. Open water efficiency of propeller ship

(nP&ow)
The term “open water” propeller efficiency refers to the propeller working in a

homogeneous wake field with no hull in front of it (which is then corrected by the relative
rotative efficiency considered next) [186]. Values can range from 35% to 75% with higher
values corresponding to a higher velocity of water in advance of the propeller [186]. We use a
range of 68% to 75% for this analysis

1.C.1.F.5.K. Relative rotative efficiency of propeller ship

(nPSmr)
Since the actual water that arrives to the propeller is not in “open water” with a constant

velocity but rather has a rotational flow, changing velocity, and changing direction, the “relative
rotative efficiency” must also be considered [186]. Ships with dual propellers typically have a
relative rotative efficiency of approximately 98%, though ships with single propellers can
actually have 100% to 107%; the values are high because the rotation of water arriving at the
propeller can actually have a beneficial effect [186]. We select the value of 98% to reflect the
use of dual propulsion systems on cargo ships.

1.C.1.F.5.L. Behind hull efficiency of propeller ship

(Mps,pn)
The propeller efficiency working behind the ship, or behind hull efficiency, is the product

of the open water propeller efficiency and the relative rotative propeller efficiency, as in Eq.
(S.63). We derive a range of values from 66.6% to 73.5% for this analysis.
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Eq. (S.63)
nPS,bh[_] = Ups,ow[—] “Npsrr [-1]

1.C.1.F.5.M. Propulsive efficiency of propeller ship

(nPS,p)
The propulsive efficiency is the product of the hull efficiency and the behind hull
efficiency, shown by Eq. (S5.64). We derive a range of values from 63.3% to 77.2%.

Eq. (S.64)
TIPs,p[—] = UPs,h[—] 'T]PS,bh[_]

1.C.1.F.5.N. Propulsion efficiency of propeller ship

(Mps,p)
The propulsion efficiency is the product of the shaft efficiency and the propulsive

efficiency, as in Eq. (5.65). We derive a range of values from 60.8% to 76.8%.

Eq. (S.65)
Npspl—] = nps,s[—] "Mps,p [-]

1.C.1.F.5.0. Overall propeller ship fossil fuel system efficiency

(Mps,rr)
The overall propeller ship fossil fuel system efficiency is the product of the engine

efficiency and the propulsion efficiency, shown by Eq. (S.66).

Eq. (S.66)
nPS,FF[_] = Ups,e[—] *Nps,p [-]

We calculate a range of values from 30.4% to 38.4% for cargo ships. For comparison, a
study on a Handymax-sized vessel with 37,600 deadweight tonnage (DWT) predicted overall
ship efficiency values of 30% to 35% [190]. DWT is a measure of how much the vessel can
carry when fully loaded and does not include the weight of the ship itself (i.e., it is a different
metric from displacement). Note that “tonnage” is given in terms of a tonne, or metric ton (1,000
kg = 2,204 1b), and not long ton (2,240 1b) or short ton (2,000 Ib) [191]. The average DWT of
cargo ships in this study is about 1,800,000 kg, only 5% the size of the Handymax [60]. Another
“typical” estimate for the net thrusting energy efficiency of a ship is 24% [192]. Overall, our
values appear to correlate reasonably well for this analysis. Although we do not consider
liquefied natural gas (LNG) solutions, it is interesting to note that a study on a 33,000 DWT
vessel using LNG calculated an overall efficiency of 56.6% [74].

49



1.C.1.G. Performance characteristics

1.C.1.G.1. Chemical energy content of onboard fossil fuel (less latent heat of vaporization)

(Ecrr)

We calculate the chemical energy content of the onboard fuel less the latent heat of
vaporization, Eq. (S.67), as the product of the onboard fuel tank capacity and the LHV of the fuel
type used.

Eq. (S.67)
M] sec1 11,000,000/ min hr
EepplWh] = LHVer [T] VelLl {[W] T] MJ ] 60590] 60min]}
1.C.1.G.2. Onboard useful energy of fossil fuel variant (includes overall system efficiency)
(OUEgr)

Since vehicles cannot convert all of the chemical energy of fuel into useful mechanical
energy and vehicular movement, we must also consider the overall system efficiency. We define
“onboard useful energy” for fossil fuel variants as the energy that can be applied to vehicular
movement, calculated as the product of the chemical energy content of onboard fuel and the
overall fossil fuel system efficiency (Eq. (S.68)).

Eq. (S.68)
OUEgr [Wh] = EC,FF[Wh] ) n_,pp[—]

1.C.1.G.3. Maximum range of the fossil fuel variant

(Rmax,FF)

We recorded the maximum range of most vehicle platforms as published in manuals or
other documents [60,66,193]. For several vehicle platforms, however, a “range” metric is
inappropriate. For example, the Army does not use its waterjet boats to move from a point A to
point B, but rather to move about on inland lakes or to move pontoon bridge sections and/or hold
them in place against a river’s current. Consequently, the manuals do not give ranges but instead
statements like: the boat “carries enough fuel for  hours of operation at % of max power
with a crew of 7 [60]. Also, freight locomotives do not use range as a metric; their
performance depends upon the tractive effort required to pull a desired number of rail cars. With
rotary-wing aircraft, the “range” is often quoted as the helicopter’s maximum operating radius,
assuming that it must return to home station. A helicopter’s “ferry range” is the maximum
distance it can fly with zero payload and a full tank of fuel and perhaps ancillary fuel tanks, i.e.,
a one-way flight mission. With ground combat vehicles, values for maximum range are not
based off of a single standardized drive cycle. The US Army does have Test Operating
Procedures (TOPs) for test courses on different terrains, to include the Harford Loop (primary
roads), the Munson Standard Fuel Consumption Course (secondary roads), Churchville B Course
(cross-country), and Perryman 2 & 3 (trails) [194,195]. However, manuals record maximum
cruising ranges with a multitude of drive cycle descriptions. For example: GCWR over mixed
terrain, 45 miles per hour (mph) on highway, 40 mph on hard-surfaced roads over rolling terrain,
30 to 40 mph on hard surfaces and hilly terrain, 25 mph on dry, level, secondary roads, etc. [60].
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1.C.1.G.4. Fuel economy of fossil fuel variant

(FEFr)
We calculate a traditional fossil fuel variant fuel economy in terms of mpg and km L!

using Eq. (S.69) and Eq. (S.70).

Eq. (S.69)
mi _Rmax,FF[mi]
FErr [gal] ~ V[gal]
Eq. (S.70)
km] Roax,rrlkm]
FEr [T] T VL]

Though not calculated explicitly, it is interesting to consider the inverse of this value for
several vehicle platforms. For instance, some vehicles can require up to 1.8 gallons of JP-8 just
to travel one mile.

Since electric vehicles measure “fuel efficiency” in terms of energy used per distance
traveled, we also calculate the fossil fuel variant fuel economy in terms of Wh mi!, and Wh km!
for further comparison to BE and HFC variants using Eq. (S.71) and Eq. (S.72).

Eq. (S.71)

Wh] _ EpplWh]

B Rmax,FF [mi]

Eq. (S.72)

1.C.1.G.5. Velocity (cruise)

(v)

We recorded the maximum forward speed of each variant and converted units such that
this metric is recorded in terms of mph, km h*!, ft s”!, and m s71[60,61,193,196]. We
acknowledge that, in the air and sea domains, vehicular speed is generally given in terms of
knots (nautical miles per hour) or knots true airspeed (KTAS). For consistency in the analysis,
we convert these values to estimates with the same units as described above.

1.C.1.G.6. Maximum torque of fossil fuel variant

(TrF)

We can derive the maximum torque that each vehicle platform is capable of producing by
finding the product of the maximum engine torque and the number of engines. However, we
currently do not use this parameter in our analysis (see Section 1.C.3.A.10), and do not record it
for aircraft.



Eq. (S.73)

N-m]

Trr[N - m] = n, [engine] - T, [engine

1.C.1.G.7. Maximum power of fossil fuel variant

(Prr)
The total, maximum vehicle power is the product of the number of engines and the

maximum power output per engine. This parameter is not calculated for jet airliners since their
analyses are based on thrust and TWR (see Sections 1.C.1.D.5.D and 1.C.2.D).

Eq. (S.74)

kW ] 1,000W]

Ppp [W] =N, [engine] ’ Pmax,e [ kW

engine

1.C.1.G.8. Maximum power-to-weight ratio of fossil fuel variant at curb weight

(PWRFF,C)

The maximum PWR is a means by which we can compare vehicular performance. In this
analysis, we calculate the PWR for both the curb weight and the gross weight for a more
complete analysis. Researchers should carefully consider which relationship to use when
comparing values from this analysis to common industry/commercial values. For vehicles like
cars and trucks, the PWR is typically taken with relation to the curb weight, whereas, for aircraft,
the TWR is typically taken with standard day conditions at design takeoff weight and maximum
throttle [129,197]. Furthermore, it should be noted that common units for the PWR are either hp
Ib"! (Imperial) or kW kg! (SI). Thus, in SI units, the PWR is technically a “power-to-mass”
ratio, whereas the TWR is unitless (a thrust force divided by a weight force).

Eq. (S.75)
Prp[W]

PWR [ w ] =
oFF kg me prlkgl

1.C.1.G.9. Maximum power-to-weight ratio of fossil fuel variant at gross weight
(PWREpg)

As we discuss in Section 1.C.1.G.8, we also calculate the PWR in terms of gross vehicle
weight (Eq. (S.76)).
Eq. (S5.76)
Per[W]

PWR [ W ] =
9P kg mg prlkg]
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1.C.1.H. Analysis of platform stripped of all fossil fuel components

1.C.1.H.1. Combined mass of fossil fuel system components

(msys,FF)

We calculate the total FF system mass as the summation of the total fuel mass (including
tanks), the total engine mass (including oil and coolant), and the total transmission mass
(including ATF) as shown in Eq. (S.77).

Eq. (S.77)
Mgys FF [kg] = mf+t[kg] + Meotate [kg] + Meotarr [kg]
Exceptions to Eq. (S.77) include all aircraft. For rotary-wing aircraft, we model all-
electric variants requiring gearboxes of similar volume and mass, so we model leaving the

existing transmissions within the “stripped” platform. For fixed-wing aircraft, we model the
transmission/gearboxes as integral to the engines themselves (see Section 1.C.1.E.1).

1.C.1.H.2. Combined volume of fossil fuel system components
(Vsys,FF)

Similarly, we calculate the total FF system volume as the summation of the total fuel
volume (including tanks), the total engine volume, and the total transmission volume as shown in
Eq. (S.78).

Eq. (S.78)
Vsys,FF [m?] = Vf+t[m3] + Viotate [m3] + Viotair [m?3]

As with the combined FF system mass calculation above, the combined FF system
volume does not include transmission volume for the freight locomotive or any aircraft.

1.C.1.H.3. Curb mass of vehicle stripped of all fossil fuel system components

(mc,strippedFF)
We calculate a baseline curb mass for each vehicle platform by subtracting the FF system

mass from the FF platform’s curb mass (Eq. (S.79)). This value represents a vehicle platform at
curb weight after having been stripped of all its FF system components.

Eq. (S.79)

M strippedFF [kg] = M¢FrF [kg] — Mgys FF [kg]

1.C.1.H.4. Gross mass of vehicle stripped of all fossil fuel system components

(mg,strippedFF)
Similarly, we calculate a baseline gross mass for each vehicle platform by subtracting the

FF system mass from the FF platform’s gross mass (Eq. (S.80)). This value represents a vehicle
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platform with its maximum payload at gross weight after having been stripped of all its FF
system components.

Eq. (S.80)

My strippedFF [kg] = My rF [kg] — Mgys FF [kg]

1.C.1.H.5. Volume of vehicle stripped of all fossil fuel system components

(VstrippedFF)
We calculate the volume of each vehicle platform after having been stripped of its FF
system components using Eq. (S.81).

Eq. (S.81)

VstrippedFF [m?] = Ver [m3] — Vsys,FF [m3]
1.C.1.H.6. Percent reduction in curb vehicle weight, gross vehicle weight, and vehicle
volume by removing the fossil fuel system

Finally, we calculate the percent reduction in curb weight, gross weight, and volume for
each vehicle platform after having stripped away the FF system components using Eq. (S.82)
through Eq. (S.84).

Eq. (S.82)
m k
% reduction in curb weight = %’El[ﬂgg]]
c,FF
Eq. (S.83)
m k
% reduction in gross weight = rriyLF[Ecgg]]
g,FF
Eq. (S.84)
|4 m3
% reduction in volume = %[3]
Ver[m?3]

1.C.2. Calculating vehicular force required

The definition of energy is the ability to do work, and the definition of work is a force
times distance (Eq. (S.85) and Eq. (S.86)).

Eq. (S.85)
energy = ability to do work

Eq. (S.86)

work = force X distance
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Thus, we can say that we require a certain amount of energy to produce a force across a
distance. If we consider a vehicle’s onboard useful energy available (calculated in Section
1.C.1.G.2 above), then the distance that the vehicle can travel (its range) can be related by the
force required to move the vehicle as in Eq. (S.87). For reference, the base units for a watt are:

kg-m2
W = f = 552 and the base units for a newton are: N = ki'zm.
Eq. (S.87)
3,600s
energy [Wh] - [ o ]

distance [m] = force [N]

Although this neglects ancillary energy requirements, it does provide a convenient means
of comparing the force required for movement of vehicle platform variants, which will be useful
in ensuring that we maintain range capabilities from FF to BE and HFC systems. In our analysis,
it is the comparison across variants that is most important, not the actual value of a vehicle
platform’s range.

For each vehicle type, there exists a set of conditions where the vehicle is moving but no
longer accelerating, i.e., the forces acting on the vehicle platform are in equilibrium and the
vehicle has a constant velocity. Understanding the forces acting on a vehicle under such
conditions facilitates the calculation of vehicular capabilities necessary to overcome those forces,
as well as provides a means of comparison between variants to consider capability equivalency.
We have summarized the force terms and components in Table S.8.

Table S.8. Summary of force terms and force components acting on vehicles at equilibrium

. .. Force to Major force Force generated
Domain| Type Conditions .
overcome components by vehicle
Ground At constant Tractive Alr resistance,
combat | speed, grade, and | resistance “road | rolling resistance, Tractive effort
vehicles | surface; no wind load” gradient resistance
Land At constant

Freight | speed, grade, and Rolling resistance,

. . . Tractive effort grade, Tractive effort
locomotive | rail quality; no
. curvature
wind
Rotary- At stationary Weight Gravity Lift
wing hover; no wind
Air At crui ith . .
. . cruise wi Drag, Alr resistance, Thrust,
Fixed-wing| constant speed weight Cavit lift
and altitude & gravity
At constant Total hull Alr resistance,
Sea | Watercraft | speed; no current towing friction resistance, Thrust

or wind resistance residuary resistance




1.C.2.A. Ground combat vehicles

1.C.2.A.1. Road load

(RL)

Terminology regarding forces in automotive engineering have variations in meaning from
source to source. For example, the International Standard definition for “road load” is “the force
which opposes the movement of a vehicle, including total resistance...” [198]. The EPA defines
“road load” as “the force imparted on a vehicle while driving at constant speed over a smooth
level surface from sources such as tire rolling resistance, driveline losses, and aerodynamic drag”
[199]. “Tractive effort” is the force that acts at the contact area between the tires and the ground
surface and propels the vehicle forward [200]. Some sources combine rolling resistance and
grade resistance together and call it “road resistance” [200]. In general, the overall “vehicle
resistance” or “tractive resistance” for an automobile has three major components: aecrodynamic
drag (air resistance), rolling resistance, and grade resistance [167,198,200]. Although other
formulations exist (to include the influence of rotational inertia, correction factors, and additional
dependencies), a commonly used form of the equation for road load is given by Eq. (S.88) where
the three major components are air resistance, rolling resistance, and grade resistance,
respectively grouped in parentheses. Note that we subtract half the mass of fuel from the overall
vehicle mass to roughly account for the fact that the vehicle becomes lighter by consuming fuel
during operation.

Eq. (S.88)
RLFF,g[N]=<; Pair [kg] Alm?] - Cal-1- (v [ ]))

+ <Crr[—] ' <mg.FF[k9] mf[kg ) [52]>
T ((mg,FF[kg] mf[kg ) g[ ] sm(9)>

The three components of road load acting on a ground combat vehicle are air resistance,
rolling resistance, and grade resistance. The air resistance acts as a pressure (force over area)
across the front of the vehicle, which we resolve into a single point load acting at the center of
the frontal area. The rolling resistance shows up as torque at the front and rear wheels. The
grade resistance adds to the tractive force required at the wheels as a function of the incline
angle. Each of these component forces are discussed in further detail below.

Regarding the impact of each component force on the overall road load, it should be
noted that, over a vehicle’s range of achievable velocity, the rolling resistance force is relatively
constant whereas the aerodynamic drag force, or air resistance, is highly dependent upon the
vehicle’s speed [201]. At speeds below 40 km h™! (~25 mph), road load is predominantly based
on rolling resistance and, at speeds above 80 km h! (~50 mph), road load is predominantly based
on aerodynamic drag [202]. This is important because ground combat vehicles can be very
heavy and generally operate at relatively slow speeds. Thus, for ground combat vehicles, it can
reasonably be expected that air resistance contributes less to the overall road load than rolling
resistance. Referring to Table S.7, one can see from tests conducted on a wheeled ground
combat vehicle that rolling resistance has over three times the effect of aerodynamic drag on
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overall efficiency. Previous studies have set a precedence for comparing existing vehicle fleet
variants with theoretical variants through a simplified road load equation that uses a constant
speed, a flat road, no surface deformation, and no tire slip [5]. We use a similar methodology
with specifics described below.

1.C.2.A.1.A. Air resistance

The first component of the overall road load is air resistance, as shown by Eq. (S.89).
We use the density of air, pg;,, at sea level (1.225 kg m™) as a standard across all tactical vehicle
road load calculations.

Eq. (S.89)

1 k mi\2
air resistance = <§ * Dair [m—%] Ap[m?] - C4[—]- (v [?]) )

To estimate the front cross-sectional area of each vehicle, A¢, we simply find the product
of the maximum height and width values used in calculating the overall vehicular volume (see
Section 1.C.1.B). Throughout the analysis, this value does not change; i.e., any design changes
to BE or HFC variants will change the vehicle platform’s length but not its width or height. This
is a reasonable assumption because ground combat vehicles must maintain critical dimension
restrictions for intermodal transport on military aircraft and waterborne vessels as well as
wheelbase widths for crossing combat bridges. For example, military aircraft transporting
ground combat vehicles have limits for acceptable mass, height, and width. Whereas the length
may limit how many vehicles can fit on an aircraft, modest increases in length will not preclude
their loading in the first place.

The coefficient of aerodynamic drag, C,4, represents the combined effects of form drag,
skin friction, and resistance due to air flow through the radiator and interior of the vehicle (due to
open windows or hatches) [203]. A notional value used by GVSC in their own research studies
and estimations is 0.7 [204]. In this analysis, we estimate coefficients of drag from 0.55 to 0.70

based upon each vehicle’s front angle and profile. For a comparison to civilian vehicles, see
Table S.9.

Table S.9. Coefficient of acrodynamic drag for ground combat vehicles and typical civilian
vehicle values

Vehicle type Ca
Wheeled ground combat vehicles (average) 0.69
Tracked ground combat vehicles (average) 0.65
Passenger car 0.30 —0.60
Convertible 0.40 — 0.65
Racing car 0.25-0.30
Bus 0.60 —0.70
Truck 0.80 —1.00
Tractor-trailer 1.30
Motorcycle and rider 1.80

[203]
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For all calculations, we use the vehicle’s velocity as its maximum or cruise velocity (see
Section 1.C.1.G.5). This will also remain constant across all variants of a vehicle platform.
Since there are no changes to the air density, front cross-sectional area, coefficient of
aerodynamic drag, or velocity between variants, the air resistance will remain constant for FF,
BE, and HFC variants of each vehicular platform.

1.C.2.A.1.B. Rolling resistance

The second component of the overall road load is rolling resistance, shown by Eq. (S.90).

Eq. (S.90)

melk m
rolling resistance = <Crr[—] - <mg,FF[kg] - #) g [s_z]>

Rolling resistance is complex with seven major components: energy loss due to
deflection of the tire sidewall near the contact area, energy loss due to deflection of tread,
scrubbing in the contact area, tire slip in the longitudinal and lateral directions, deflection of the
road (terrain) surface, air drag on the inside and outside of the tire, and energy loss on bumps
[203]. In general, however, the cause of rolling resistance primarily depends upon the surface
driven on. On hard surfaces, hysteresis in the tire materials is the main cause of rolling
resistance, which results in an asymmetric distribution of ground reaction forces. The pressure
on the leading half of the tire-surface contact area is larger than that in the trailing half, shifting
the ground reaction force (normal force) forward of the center of mass of the wheel, which
creates a moment (torque) that acts against the rolling of the wheel [200]. The normal force
counteracting vehicular weight acts through the center of each wheel as well as the torque
resulting from rolling resistance acting against the direction of wheel rotation. On soft surfaces,
rolling resistance is primarily caused by deformation of the ground surface itself, and the ground
reaction force nearly completely occurs in the leading half of the tire-surface contact area [200].
Ultimately, rolling resistance is a function of the deformation of the vehicle tires and
deformation of the road (terrain) surface. Driving in soft soil significantly increases rolling
resistance. Table S.10 shows typical values for the coefficient of rolling resistance.
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Table S.10. Coefficient of rolling resistance for ground combat vehicles and typical civilian
vehicle values

Surface type
Vehicle type Hard Medium Soft
(dry asphalt/concrete) | (wet earth road) (sand)
Passenger cars 0.011-0.015 0.080 0.300
(tourism tires)
Heavy trucks 0.008 - 0.012 0.060 0.250
(truck tires)
Tractors
(off-road tires) 0.020 0.040 0.200
Wheeled ground combat
. 0.02
vehicles (average)
Tracked ground combat
. 0.04
vehicles (average)

[203,205]

Selecting a coefficient of rolling resistance is a complicated matter as ground combat
vehicles can be either tracked or wheeled and must be capable of traversing everything from
paved roads to soft, loose, off-road terrain. Consequently, there has been a wide range of values
used for the coefficient of rolling resistance. For example, recent research on developing a
standard drive cycle for military vehicles used 0.15 as a notional vehicle parameter [204].
Solicitation for the new Joint Light Tactical Vehicle specifies an average 44 Ibf ton! rolling
resistance over the entire Munson Standard Fuel Economy Course, which equates to a coefficient
of rolling resistance equal to 0.022 [194]. Researchers have stated that “the rolling resistance of
a tracked vehicle would be expected to be greater than for a wheeled vehicle” [206]. For tracked
vehicles, performance prediction estimates range from 0.04 to 0.2 [206,207]. A 1984 Australian
Army report from their Engineering Development Establishment simply assumed a coefficient of
rolling resistance for tracked vehicles as twice that for wheeled vehicles within their models
[206]. For this analysis, we model all tracked vehicles with a coefficient of rolling resistance
equal to 0.04 and wheeled vehicles equal to 0.02. This acknowledges a variety of terrain to
include both improved and unimproved road conditions as well as the difference between tracked
and wheeled contact with the ground surface. Nevertheless, these values will not change
between the variants analyzed, so they will affect FF variant calculations just the same as they
will BE or HFC variant calculations. Finally, we use the mass of the vehicle platform (either
gross or curb) along with the gravity constant to calculate the vehicle variant’s weight within the
equation.

1.C.2.A.1.C. Grade resistance
The third and final component of the overall road load is grade resistance (Eq. (S.91)).

Eq. (S.91)

grade resistance = ((mglpp[kg] — mf[zkg]> .g [sﬂz] -sin(9)>
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Just as in the rolling resistance equation, we use either the gross or curb mass of the
vehicle platform along with the gravity constant to calculate the vehicle variant’s weight.

The term sin(6) is the grade and we can write it as a percentage. For example, Fig. S.2
and Eq. (S.92) show a 2% grade where a vehicle will gain 2 m in elevation for every 100 m
traveled.

Fig. S.2. Road grade

Eq. (S.92)

., 2[m]
sin <100[m]> =0.02 =2%

1.C.2.A.1.D. Drive cycle and range possible

We model a “drive cycle” to compare FF, BE, and HFC variants. The drive cycle begins
with the tactical vehicle already having accelerated to its maximum velocity with the full
onboard useful energy available from a full tank of diesel, battery charge, or hydrogen tank. The
vehicle then proceeds at a constant velocity and coefficient of rolling resistance on a 2% grade
with no turns and no braking until the vehicle runs out of fuel or charge, thereby defining the
extent of its range. As discussed in Section 1.C.2.A.1, in terms of overall vehicle mass, we
model the FF vehicle’s fuel tank as half empty the entire time. Battery mass does not change,
and we neglect any changes to vehicle mass due to hydrogen use because such changes are
largely insignificant.

1.C.2.A.1.E. Ratio of onboard useful energy to road load

Dividing the onboard useful energy found using Eq. (S.68) by the road load calculated
using Eq. (S.88) yields a ratio by which comparisons between variants can be made (Eq. (S.93)).
Eq. (S.93)

_[Wh| _ OUE[Wh]
OUE.RL[N]— RLIN]

If we hold this ratio constant between FF, BE, and HFC variants, then we can expect the
variants to have the same range under the same driving conditions. (It is interesting to note here
that, as shown in Eq. (S.87), multiplying this ratio by the conversion 3,600 sec hr! will yield the
vehicle’s expected range (in meters) under the driving conditions defined.)

Eq. (S.93) illustrates why research that only compares onboard energy or onboard useful
energy between fossil fuel variants and all-electric variants is inadequate, especially if the mass
of the variants differ. If a BE variant has more mass than its FF variant counterpart, then the
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rolling resistance and grade resistance will increase, increasing the road load. The increased road
load means that we require more onboard useful energy to maintain this ratio and, thereby,
maintain range equivalency between the variants. However, increasing the onboard useful
energy requires more batteries (BE variants) or hydrogen and storage (HFC variants), which
again increases the mass, which increases the road load, which mandates a further increase in
onboard useful energy. Therefore, it is possible during the analysis that the condition will arise
where this cycle spirals and the ratio for FF and all-electric variants can never be equivalent.

1.C.2.B. Freight locomotives

1.C.2.B.1. Tractive effort

(TE)

Terminology for forces on trains and locomotives is slightly different from automotive
engineering with the term “tractive effort” used to refer to both the pulling effort (or drawbar)
provided by a locomotive and the total resistance caused by a line of rail cars. Industry sizes
locomotives based on two types of tractive effort: starting and continuous. The starting tractive
effort is higher and reflects getting a line of rail cars moving from a standstill. The continuous
tractive effort is lower and reflects keeping the line of rail cars moving. Locomotives can either
push or pull a train, and they can work in tandem with more than one locomotive serving a single
train.

Traction is most important for locomotives and their pulling ability, and maximizing the
weight of the locomotive is critical for maximizing traction. Locomotives using alternating
current (AC) traction have better adhesion and reliability than those using direct current (DC)
traction, so many locomotives today use a variable frequency drive to convert the traction
alternator’s output to DC and then reconvert it to a variable frequency AC to power the AC
traction motors [208]. AC traction has several advantages over DC traction, to include the
ability to minimize wheel slip and compensate for weight transfer. When pulling a load, the
distribution of weight will shift from the front axles to the rear axles. This significantly reduces
the tractive effort from the front axels in DC systems, but AC systems can compensate for this
weight transfer by reducing power to the front axels and applying more power to the rear axles.

The governing equations for a locomotive’s tractive effort are shown in Eq. (S.94) and
Eq. (S5.95) [208].

Eq. (S.94)

tractive effort = weight on drivers X adhesion

Eq. (S.95)

adhesion = coefficient of friction X locomotive adhesion factor

In Eq. (S.94), the weight on drivers is a function of the mass of the locomotive,
demonstrating the importance of maximizing this value within allowable railway infrastructure
limits. In fact, one experimental HFC switch locomotive used a 9,000 kg ballast to increase its
overall mass [209].

In Eq. (S.95), adhesion represents the ability of the locomotive to use friction at the rail-
wheel interface to produce tractive effort. The coefficient of friction is generally 0.40 to 0.45 for
clear, dry rail in working condition, no matter the locomotive type [208]. However, the
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locomotive adhesion variable varies from about 0.45 for DC systems to 0.90 for AC systems
[208]. Thus, modern DC systems have adhesion values of 25% to 27% while modern AC
systems have adhesion values of 37% to 39% [208]. General Electric (GE) reports a starting
tractive effort of 814,024 N (183,000 1bf) and a continuous tractive effort of 711,715 N (160,000
1bf) for its ET44AC locomotive [61]. In the specific case of the GE ET44AC operating at a
continuous tractive effort of 711,715 N with a mass of 195,952 kg, the adhesion value is
approximately 37%, as shown in Eq. (S.96).

Eq. (S.96)
tractive effort 711,715 [N]

. . = = 0.37
weight ondrivers 195 952 [kg] - 9.81 [sz]

adhesion =

The tractive effort required to pull a train, TE,..q, is calculated based upon four major
components: the tractive effort required to overcome rolling resistance, TEgy, the tractive effort
required to overcome grade, TE;, the tractive effort required to overcome curvature, TE, and
the tractive effort required to accelerate, TE,, as shown by Eq. (S.97). Although aerodynamic
drag is also a factor when speeds are above 30 to 40 mph, we do not consider it in our analysis
[210].

Eq. (S.97)
TEreq = TErg + TEg + TE¢ + TE,

The tractive effort required to overcome rolling resistance, TEgg, is approximately 2 to 5
Ibf per ton train weight (2 Ibf ton™! at low speed and 5 Ibf ton'! at high speed) [210]. The tractive
effort required to overcome grade, TE;, is approximately 20 1bf per ton train weight per 1%
grade (20 Ibf ton™! %grade™!); a 1% grade for a train is considered steep [210]. The tractive effort
required to overcome curvature, TE, is approximately 0.8 Ibf per ton per degree curvature (0.8
Ibf ton™! °curvature™); 4° is the preferred limit where speeds may exceed 15 mph [64,210]. The
tractive effort required to accelerate, TE,, is approximately 10 Ibf per ton train weight to
accelerate to 12 mph in two minutes [210]. Eq. (S.98) shows the approximate tractive effort
required for a train hauling 100 hopper cars at 100 ton apiece at moderate speed with a maximum
1% grade, maximum 4° curvature, and typical acceleration.

Eq. (S.98)

Ibf ton
TEreq = (4 —] X 100 —] X 100[car])
ton car

+ (20 — Ibf
[ton - % grade
Ibf

+ (0.8 [
ton - °curvature

ton
] x 100 [—] x 100[car] x 1%)
car

ton
] x 100 [—] x 100[car] x 4-°)
car

[ 1bf ton
+1{10 —] x 100 [—] X 100[car]) = 372,000[ Ibf] = 1,654,738[N]
 ton car
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Since the maximum starting tractive effort of an ET44AC is 814,024 N, it would require
just over two (2.03) locomotives to start this train from a standstill and accelerate it to cruising
speed under the given conditions. Note that, once the train has accelerated to its cruising speed,
the last component of this equation, the tractive effort required for acceleration, is no longer
necessary. Removing this 100,000 Ibf from the tractive effort means that the train would only
need 1.7 locomotives to keep moving and meet the tractive effort required to overcome rolling
resistance, grade, and curvature. However, if the train had to slow down or stop for traffic
management, then it would need to accelerate again. Thus, it is important to keep the tractive
effort required for acceleration under consideration. In a case like this, a rail company could
accept some loss in the time required to accelerate the train and simply stick with just two
locomotives rather than rounding 2.03 up to 3.0 locomotives.

It is also interesting to consider a locomotive pulling a train at a constant velocity
(acceleration has ended), on a straight, flat track. The last three terms of Eq. (S.98) are equal to
zero, and just the first term, representing the tractive effort to overcome rolling resistance,
remains. If the locomotive were moving at high speed, the rolling resistance term could be as
high as 5 Ibf ton!. Given a continuous tractive effort of 160,000 Ibf, that means a single
locomotive could pull a 32,000-ton train (Eq. (S.99)).

Eq. (S.99)

160,000 [IL]
ocomotive

5[ Ibf ]

ton train

However, getting that train moving from a standstill at 10 1bf ton™! (to achieve 12 mph in
2 minutes) would require 320,000 Ibf tractive effort, and a single locomotive only has a starting
tractive effort of 183,000 Ibf. This illustrates why rail companies have to carefully manage their
trains and locomotives with knowledge of gradient and curvature on routes, timing of trains on
tracks (such that two trains do not occupy the same location at the same time), the ability of a
locomotive to accelerate a train to a desired velocity, fuel resupply locations, etc. All of these
concerns translate to the required capabilities of a proposed BE or HFC locomotive.

ton train ]
ocomotive

= 32,000 [l

1.C.2.B.2. Ratio of onboard useful energy to tractive effort

Since, with locomotives, we consider how many vehicle platforms we need to move a
payload (rather than how much payload a single platform can move), this analysis will simply
consider the ET44AC’s continuous tractive effort capability.

Dividing the onboard useful energy found using Eq. (S.68) by the ET44AC’s continuous
tractive effort of 711,715 N yields a ratio by which we can make comparisons between variants.

Eq. (S.100)

OUE- Wh) _OUE [WHh]
UE'TE[N]_ TE[N]

If we hold this ratio constant between FF, BE, and HFC variants, then we can expect to
have the same range given the same conditions. As with ground combat vehicles and shown in
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Eq. (S.87), multiplying this ratio by the conversion 3,600 sec hr! will yield the locomotive’s
expected range (in meters) if it worked at 100% of its drawbar (tractive effort) 100% of the time.
Of course, locomotives do not do this in practice, so estimates here are significantly lower than
what locomotives typically achieve. Nevertheless, it provides a convenient basis of comparison
between variant designs. Note that, in the freight locomotive case, we do not subtract half the
mass of fuel from Eq. (S.94) because the tractive effort is also the force required for the
locomotive to pull the train behind it. In this case, a BE or HFC locomotive would be
advantageous over a FF locomotive because the weight on the drivers would not decrease (or
decrease significantly in the HFC case) as the locomotive uses energy.

To perform a check on these assumptions, consider CSX’s North American rail-based
freight statistics for 2015. In that year, CSX moved 229,562,353,000 ton-miles of freight with a
reported fuel usage of 487,540,790 gallons for an efficiency of 471 ton-miles gallon™'; as CSX
claims, they can “move a ton of freight nearly 500 miles on a gallon of fuel” (see Eq. (S.101))
[211].

Eq. (S.101)

229,562,353,000 [ton - mile] B [ton . mile]
487,540,790 [gal] gal

As found in Section 1.C.1.C.4, the GE ET44AC has 4,800 gal of usable fuel. Thus, if
CSX were running only GE ET44AC locomotives, then each locomotive could, on average, haul
2,260,800 ton-miles per tank of fuel (Eq. (S.102)).

Eq. (S.102)

ton - mile

471[ ] - 4,800[gal] = 2,260,800[ton - mile]

gal

Put another way, a single locomotive could move a 10,000-ton train 226 miles (364 km)
on a single tank of fuel. Whether or not a single locomotive could get that train moving from a
standstill and keep it moving under given rail conditions is another matter, as detailed by Eq.
(S.98) above (which also considers a 10,000-ton train with 100 hopper cars weighing 100 ton per
car). Using two locomotives, this 10,000-ton train could theoretically travel 452 miles on
average CSX rails (with average rail quality, curvature, and grade) while being capable of
handling 4° curvature and a 1% grade as examined in Eq. (S.98).

1.C.2.C. Rotary-wing aircraft

Helicopters produce a force, rotor thrust, to generate both lift and propulsion for forward
flight [173]. With ground combat vehicles and locomotives, we use a ratio between the onboard
useful energy and tractive resistance (road load or tractive effort) to estimate the potential range
of a vehicle platform. When it comes to aircraft, however, other methods exist for estimating
range and endurance (time of flight).

One important metric that aviators closely track is Specific Fuel Consumption (SFC),

with units of % or k’;/—gh, which represents the mass of fuel consumed per unit of power per unit
of time. With knowledge of the SFC, the power required, and the amount of onboard fuel, one



can obtain an estimate of the time available for flight. Knowing the airspeed and the time
available for flight, one can obtain an estimate of the possible range, as shown by Eq. (S.103).

Eq. (S.103)
m
range[m] = velocity [?] - time|s]

1.C.2.C.1. First approximation of range

In his textbook, Principles of Helicopter Aerodynamics, J. Gordon Leishman offers a
“first approximation” for calculating the maximum range of a helicopter, as shown by Eq.
(S.104), which we have modified with a reordering of terms and a conversion to SI units in order
to facilitate our explanation of the equation’s usefulness below [173].

Eq. (S.104)

m] [3,600s
v[5]-PF\ [ mylkg]
PIw] SFC [%]

R[m] =

Note that the first portion in parentheses results in units of the inverse of force, N'!. The
second portion in parentheses results in units of energy, Wh. This portion of the equation
represents the energy that a helicopter gets from its fuel, or power X time. Taking range as
distance, this “first approximation” equation is simply a modified form of work =
force X distance.

If we divide just the second portion in parentheses by the average power from the first
portion in parentheses, the result is in units of time (or “endurance”) of flight. When we further
multiply by the average velocity from the first portion in parentheses, the result is the estimated
range. Across the denominator, multiplying power by the SFC yields the “fuel flow,” another
closely tracked metric in aviation, in terms of kg hr!.

To better understand how this equation applies to helicopters [173] produces three helpful
graphs using an unidentified example helicopter: the first relates engine torque and airspeed, the
second relates power required and airspeed, and the third relates fuel flow and power. The
torque curve in the first graph indicates that his example helicopter can achieve a maximum
range at an airspeed of 93 kts (172 km h'!, 47.8 m s™!) and 53% torque per engine. Drawing a
line from the origin tangent to the torque curve indicates the point at which torque divided by
velocity achieved is at a minimum; i.e., the helicopter is able to go the furthest distance in the
least amount of time for the minimum amount of effort. Applying the same procedure to the
power curve in the second graph indicates that the engine power required at which maximum
range is possible is 1,075 hp (802 kW). The third graph indicates that, at that horsepower, the
SFC is 0.323 1b hp ' hr! (0.000196 kg Wh'!) and the fuel flow is ~347 1b hr'! (157 kg hr!).

To understand the sensitivity of maximum range to fuel flow and airspeed, one can use
published cruise tables for a helicopter of interest. Helicopter manuals often have hundreds of
pages of cruise charts, detailing conditions for every 2,000 ft altitude (from sea level to about
20,000 ft) and 10°C (from -50° to 60°C) as appropriate. Each chart shows the maximum range
possible for a given indicated airspeed, true airspeed, fuel flow, and torque per engine. Applying
cruise chart values for the helicopters in this study to Leishman’s first approximation of range
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equation returns results that are 25% to 57% below their reported ferry ranges at 10,000 ft
altitude and 9% to 52% below their reported ferry ranges at 20,000 ft altitude. Clearly, the
estimation method, the helicopter type, and the consideration of flight conditions play significant
roles in accurately calculating the maximum range attainable.

It should be noted that cruise charts generally give the percent torque at 100% RPM
under specific flight conditions, which can be as low as 40% torque for some maximum range
scenarios. Most helicopters use a constant speed rotor (same RPM); no matter what phase of
flight the helicopter is in, i.e., the rotor always spins at the same speed [212]. The pilot is able to
achieve variation in rotor thrust by changing the pitch of the rotor’s blades through maneuvering
the collective control. 100% torque is determined by fatigue limits, and it is not uncommon to
exceed 100% torque levels for short periods of time [212].

As discussed earlier in Section 1.C.1.D.6, torque can be related to power as shown in Eq.
(S.105).

Eq. (S.105)

L Tyl = torque[ft-Ibf]- RPM [ﬁ] W] = torque[N - m] - RPM [ﬁ]
pl= 525211 or = 95493

Using this relationship, we can deduce that change of one percent torque directly relates
to a change of one percent power at the same RPM. However, we do not assume that 100%
torque corresponds to 100% of the maximum power that a helicopter’s engines might be capable
of producing. Furthermore, we should note that the overall efficiency for rotary-wing aircraft
calculated in Section 1.C.1.F.3 is a singular value, but in reality, the efficiency changes based
upon conditions. The power required for a helicopter to obtain maximum range can actually be
less than the power required to maintain hover (about 60% to 70%), which itself can be about
40% less than the power available [213].

During straight, level, forward flight, the fuel flow increases with power required, and the
power required is a function of several major components (Eq. (S.106)) [173].

Eq. (S.106)

total power required
= induced power + profile power + parasitic power + tail rotor power

Induced power is the power required to overcome drag developed during the creation of
rotor thrust. Increasing the angle of attack causes airflow to move down through the rotor and
the total reaction lift vector of the blade to tilt rearward, inducing drag [214]. Profile power is
the power required to overcome friction drag on the blades as the rotor blades push through the
viscous air [214]. Parasitic power is the power required to overcome the drag resulting from the
helicopter fuselage and everything else beyond the main rotor(s); it increases with the cube of
airspeed [214]. For single-rotor aircraft, tail rotor power must also be considered to stop the
helicopter from rotating, but this component is not applicable for tandem rotor helicopters. Tail
rotor power is sometimes estimated as 5% to 10% of the main rotor power [215].

Referring back to the first approximation equation for maximum range (Eq. (S.104)), we

previously described how this equation is of the form: distance = 1 / force X work. Since the
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SFC is relates how much fuel is actually used to produce a certain amount of work, it necessarily
includes the overall system efficiency and can be related to the onboard useful energy by Eq.
(S.107).

Eq. (S.107)

OUEFF[Wh] =

Also, the fuel flow value is related by the SFC and the power produced (Eq. (S.108)).
Eq. (S.108)

kg
FF W]

SFC [;cvi] ~TP[w]

Combining Eq. (S.107) and Eq. (S.108) results in Eq. (S.109).

Eq. (S.109)

melkg] - PIW]

kg
FF W]

OUEFF [Wh] =

At this point, we should consider a challenge in this analysis. If we assume a generalized
overall system efficiency for helicopters and then try to compare results from our equations to
expected performance from cruise charts, we find that there can be significant differences due to
the flight conditions, operating assumptions, and the type of helicopter itself. If we use the
notional helicopter described by [173] to help understand the helicopters in this study, then we
can calculate the power required for hover using Eq. (S.110) and Eq. (S.111). From [173], the
typical power available is 1.7 times the power required for hover, and from Section 1.C.1.G.7,
the average maximum power available is 3,388 hp.

Eq. (S.110)
. P% _ 3,38§h[hp]
Eq. (S.111)
= —3’3815?7[@] = 1,993 [hp]

Furthermore, from [173] we can estimate that the cruising power at which the helicopter
can achieve maximum range is approximately 63% of the power required to hover.
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Eq. (S.112)
0.63 - 1,993[hp] = 1,256 [hp]

Thus, in terms of this notional helicopter, the maximum cruising range occurs when
operating at 37% of the maximum power, as shown by Eq. (S.113).

Eq. (S.113)
1,256 [hp]

3388 [hp] — 07

To consider the power required for a helicopter to hover in more specific detail, consider
the power loading and disk loading values in Table S.11. Power loading, PL, is a measure of
hovering efficiency and the ratio of rotor thrust produced to the rotor power required at hover,
while disk loading, DL, is a measure of the rotor thrust (i.e., helicopter weight at hover) divided
by the main rotor(s) swept area [173]. Increasing a helicopter’s weight increases its DL. Using
the average known total rotor area and estimates of the disc loading and power loading values
shown in Table S.11, we can calculate the power used at hover for our average helicopter
platform using Eq. (S.114).

Table S.11. Example design parameters for helicopters

Parameter Units A\.ferage Source
helicopter
Power loading Ibf hp! 7.6 [216]
Disk loading Ibf ft2 9.3 [216]
Total rotor area ft? 3,959 [60,217]
Power required at hp 4,844 Derived
hover
Ratlo‘of typical power Derived; compare to
available to power - 1.40 .
} 1.7 in [173]
required at hover
Ratio of cruise power o
: Derived; compare to
at maximum range to - 0.56 .
. 0.63 in [173]
power required at hover

Eq. (S.114)

total rotor area [ft?] - disc loading [%]

= power at hover [hp]
. [ibf
power loading W

As a check on input values, either multiplying the power loading by the power required at
hover or multiplying the disc loading by the total rotor area yields a maximum rotor thrust force
that is approximately equal to the maximum gross helicopter weight. Our check on input values
is within 1% for the helicopters in this study.



We believe it is important to report all of these comparisons and checks with relation to
Leishman’s first approximation of range for several reasons. First, they illustrate fundamental
relationships between fuel mass, fuel flow/consumption, efficiency, power, and energy as
applied to helicopters and provide a good cognitive framework. Second, the variability in results
when comparing generalized analysis conditions to specific flight conditions illustrates just how
much values can change based upon starting assumptions. Third, although our analysis uses
vehicle range as one of four critical characteristics, using Leishman’s first approximation of
range may not actually provide an appropriate means of comparison between existing and
theoretical BE or HFC helicopters.

1.C.2.C.2. Improved approximation for range in fossil fuel helicopters

Leishman noted that Eq. (S.104) is only good for a first approximation because of several
factors. First, a helicopter’s mission profile is more than just cruising at a given altitude and
airspeed; it requires startup, taxi, hover, takeoff, climb, descent, landing, taxiing again, and
shutdown procedures as well. All of these requirements consume fuel, and there should always
be fuel reserves for safety. Second, Eq. (S.104) does not consider the change in weight of the
helicopter during flight. Leishman states that “the fuel weight is normally a small fraction of the
total gross weight of the helicopter (usually, but not always)” [173]. However, in the case of one
helicopter in this study, the fuel is approximately 39% of its curb weight. We can use numerical
integration to properly estimate the range of FF helicopters that get lighter over time as they
consume fuel, but BE helicopters will not decrease in weight during flight and the decrease in
weight from consumed hydrogen in HFC helicopters will be negligible. The decrease in fuel
weight during flight is advantageous to FF variants.

In his textbook, Helicopter Theory, Wayne Johnson notes that, if one assumes the power-
to-thrust ratio, speed, and SFC are independent of helicopter weight, then the range and
endurance can be evaluated analytically by the Breguet range equation, shown by Eq. (S.115)
(with our reordering of terms and conversion to SI units) [175].

Eq. (S.115)
TN v [ W[N] — W;[N]
o ()
sG] o 2] ]

To explain this equation, we provide the following derivation. Since the helicopter burns
fuel during flight and becomes lighter over time, we can define the weight of the helicopter as a
function of time:

Eq. (S.116)
W(t)[N]

The rate of change of the helicopter’s weight during cruise is thus:

69



Eq. (S.117)
dw (t)[N]
dt[s]

And the SFC is the mass of fuel consumed per unit power per unit time:

Eq. (S.118)
kg

_|w|_ k_g]

SFC = hr Wh

Multiplying the SFC by gravity converts the mass of fuel consumed into the weight of
fuel consumed per unit energy obtained:

Eq. (S.119)
selt8] o 2= 7 ]

Multiplying Eq. (S.119) by the average power (or rate of energy use) tells us the rate of
change of helicopter weight during flight from burning fuel. Since the weight of the helicopter
decreases as it consumes fuel, we can apply a negative to Eq. (S.117) or simply move it to the
other side of the relationship, as shown in Eq. (S.120). We include a unit conversion for time to
maintain proper units.

Eq. (S.120)

AW (£)[N] N7 1hr
as] - SFC 9 [W] 3,6005]'P[W]

A key parameter for helicopters is power loading, PL, which is a measure of hovering
efficiency and the ratio of rotor thrust produced to the rotor power required at hover (Eq.
(S.121)) [173,175].

Eq. (S.121)

P[] = 0w

A large portion of rotor thrust goes to providing lift and maintaining altitude [173]. Ata
hover, the propulsive force is zero, and the rotor thrust is equal in magnitude and opposite in
direction to the weight of the helicopter. Leishman notes that, “helicopters spend a good
proportion of their flight time in hover or low speed forward flight and the use of the hover
condition as an initial design point is clear” [173]. Professor Cunha at the Instituto Superior
Técnico in Portugal, who teaches helicopter theory, states that, “because a helicopter spends
considerable portions of time in hover, designers attempt to optimize the rotor for hover” [174].
Clearly, the hover condition is a key component of design. Note, however, that the value used
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for power in Eq. (S.121) is not the maximum power available, but rather the power required to
hover. In this instance, a low magnitude for power is desirable, whereas an overall high “power
available”-to-weight ratio is simultaneously desirable.
We can write a relationship for the power at hover using Eq. (S.121) as in Eq. (S.122):
Eq. (S.122)
P[W]

And then rewrite Eq. (S.120) as Eq. (S.123):
Eq. (S.123)

T[N]

dW (t)[N N 1hr 1 P[W
()[]z—(SFC-g)[ ] ] W]
dt[s] Whil 13,600s] T[N]
Additionally, if we assume there is no wind and the helicopter is not changing altitude,
then rotor thrust is equal to the helicopter weight at hover, so the last two terms are the inverse of
PL and helicopter weight:
Eq. (S.124)

W[N]

AW (£)[N] N7 1hr 1 P[W]
as] - GFC9) [Wh]' 3,6005].T[N]

At this point, we can introduce the change in distance “x” (helicopter range) into the
equation by multiplying either side by Z—i = 1, which does nothing to change the overall result:

Eq. (5.125)
dx[m] dW ()[N] N7 [ 1hr 1 P[W]
dx[m] ~ dt[s] :_(SFC'g)[Wh]' 3,6005]'T[N]'W[N]
Rearranging terms:
Eq. (5.126)
dx[m] dW (£)[N] N7 [ 1hr 1 P[W]
atls] dam] - OFC9) [Wh]' 3,6005].T[N] "WIN]

Note that %[Tsn]] is the change in distance per change in time, which we can simply replace

with the term velocity (v). The dx[m] that remains then is distance, which we will call the
“cruising range (CR)” to remind ourselves that this range value is valid only under these specific
assumptions. Thus, we can further rewrite Eq. (S.126) as Eq. (S.127) and Eq. (S.128):
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Eq. (S.127)

my dW(0)[N] 1hr 1 P[W]
[?]' dx[m] :_(SFC'g)[Wh]' 3,6005]'T[N]'W[N]
Eq. (S.128)
m
aw(OIN] TIN] v[3]

dx[m] =

WIN]  P[W] 1hr ]

—(SFC- )[Wh] [36005

Integrating from the initial (7) to final (f) points of cruise:

Eq. (S.129)
f _ (AW ®)IN] TIN] [m]
R A e A
Eq. (S.130)
f [ TIN] v[%5] (7AW (@[N]
ﬁd"”"“(ﬂm ~(s¥¢-0) [l [555@1) Cw
Eq. (S.131)
o[ TV v[5] (7AW (@[N]
=i <P[W] ~(SFC- 9) [ipg) [316%gs]> e WV

Since the derivative of a natural logarithm is its reciprocal, we can evaluate the integral of
the reciprocal as shown by Eq. (S.132):

Eq. (S.132)

1
f—dx =In|x| + ¢
X

Thus, we evaluate Eq. (S.131) from initial to final points of cruise using Eq. (S.133).

Eq. (S.133)

TIv) v[5]
<xf—xi>[m]=<pm R [555&1)'(‘“(Wf[””““(w“’””
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Moving the negative from the SFC and applying the quotient rule for natural logarithms
yields Eq. (S.134) and Eq. (S.135).

Eq. (S.134)

m
TIN] |2
(xr = x;)[m] = BT [ ]

1hr ] - (—=In(W;[N]) + In(W;[ND)

(SFC- )[Wh] 56005

Eq. (S.135)

— v[%] | <T[N]> " <Wi[N]>
(SFC: )[Wh] [56005 16%%5] P WrIN]

Eq. (S.135) is our derived equivalent to Johnson’s Eq. (S.115) with a reordering of terms
for clarity. As already shown during the derivation of this equation (see Eq. (S.124)), we can
replace thrust with the initial helicopter weight (equal values while at hover with no wind and no
change in altitude), which is a necessary working assumption with precedence in helicopter
modeling [215,218]. Dividing weight by gravity leaves mass, and the product of the SFC and
power yields fuel flow. Combined, these adjustments convert Eq. (S.135) to Eq. (S.136), which
is a convenient form for estimating the cruising range using values obtained from charts in
manuals.

Eq. (S.136)

v |5 - milkg] [kg]
CRm] = [i [k_g] -1n<$f[k‘g]>
S

When we apply Eq. (S.136) to the flight condition scenarios we previously discussed
while evaluating Leishman’s “first approximation” equation, the results are now within 5% to
15% of the reported maximum ferry ranges for helicopters. Thus, accounting for the change in
weight during flight has a significant impact on estimating maximum range. It is also important
to remember that approximately 10% to 15% of the engine’s power will be delivered to the tail
rotor to counteract torque in single rotor helicopters [219]. For tandem rotor helicopters, 100%
of the power (less accessory power requirements) goes to the main rotors since the tandem rotors
offset torque on the helicopter’s body and a tail rotor is not required.

1.C.2.C.3. Ratio of onboard useful energy to lift force

Although our analysis above demonstrates how to calculate helicopter range by two
methods, we have also demonstrated just how variable such calculated estimates can be when
comparing results from these methods to known helicopter performance values. Our main
concern in this analysis is not to calculate a helicopter’s range, but rather to compare a BE or
HFC variant’s capability to achieve the range of the existing FF helicopter. Consequently, we



believe that a better approach for this analysis is to simply compare variants based upon their
onboard useful energy and the lift force required for hovering.

We adopt this course of action for the following reasons: first, the main benefit of using a
helicopter over an airplane is its ability to hover, and the amount of useful energy carried
onboard dictates how long a variant can maintain a hover. As described by the Federal Aviation
Administration in its Helicopter Flying Handbook: “helicopter performance revolves around
whether or not the helicopter can be hovered. More power is required during the hover than in
any other flight regime” [220]. Cunha puts it this way: “since the ability of the helicopter is to
hover, this operation is more important than all other factors” [215].

Second, the propulsive force is related to the lift force by an angle defined by the rotor
blades’ angle of attack less the flight path angle [173]. In design, this angle is assumed small for
forward flight, and the lift force is equal to the rotor thrust at hover with no wind, no
acceleration, no drag, and zero velocity. In this scenario, the helicopter is at equilibrium with
forces in balance, and the lift force (rotor thrust) is equal to the helicopter weight. This greatly
reduces complexity in the analysis when the intent is simply to provide a fair comparison
between variants.

Third, as demonstrated above, the maximum range of a helicopter is highly sensitive to
flight conditions. Significant challenges exist in estimating range due to different overall system
efficiencies. By simply comparing a ratio of onboard useful energy to the lift force required, this
analysis will ensure that heavier variants require more onboard energy whereas lighter variants
can carry less onboard energy — regardless of specific conditions.

Fourth, when comparing variants, we consider equivalency between variants using the
total PWR. The cruise power used when helicopters achieve maximum range is significantly
less that the total power available. To that end, when comparing variants, we could have
estimated the cruise power as a specific percentage of the total power from cruise charts in
manuals, which, after already having applied an equivalent total PWR, would have the same
effect as creating a comparable cruise PWR. However, it is not a requirement that the cruise
PWR be equivalent between variants, so this would be unfair to assume that it must be.

Fifth, comparing maximum range between variants does not account for the energy
required to taxi, hover, conduct systems checks, climb, descend, or land; it assigns all energy to
go toward achieving maximum range. Achieving maximum range is not the primary purpose of
rotary-wing aircraft. In fact, “ferry range” values are much less cited than “radius” values. The
values are also very different because of different flight conditions and configurations.

Sixth, since helicopters operate near the ground (near sea level) most of the time, they
cannot take advantage of higher-altitude conditions (lower pressure, density, and temperature)
throughout the majority of their flight time, except while on long distance or ferry missions.
Thus, it does not seem applicable to consider equivalency between FF, BE, and HFC variants
based on near-perfect flight conditions necessary for maximum ferry range.

For all these reasons, we decided to consider equivalency between helicopter variants as
an equal ratio of onboard useful energy to lift force (rotor thrust) required at hover, given by Eq.
(S.137), where the lift force is equal to either the helicopter’s curb or gross vehicle weight (Eq.
(S.138) and Eq. (S.139)).

Eq. (S.137)

Wh] _ OUE[Wh]

OUE: L
" [ N Lep[N]
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Eq. (S.138)
m
LFF,C[N I= mFF,c[kg] g [s_z]

Eq. (S.139)

Lep g[N] = mep 4lkgl - g [Sﬂz]

We acknowledge that increasing a helicopter variant’s volume will increase its parasite
drag, the effect of which we do not capture in our ratio of onboard useful energy to lift force
required at hover. In general, “parasite drag increases with the gross weight, roughly as [the
equivalent flat plate area ~ gross weight?3], so parasite power increases with helicopter size”
[175]. Later in our analysis, this may specifically give a benefit to HFC helicopters where the
lift force (vehicle weight) is less than FF variants due to a lighter energy source, but the
helicopter’s volume is larger due to bulky hydrogen storage requirements, therefore increasing
drag and power requirements.

1.C.2.D. Fixed-wing aircraft

Unlike helicopters that have the primary purpose of being able to hover and conduct low
speed forward flight near the ground, planes have the purpose of maximizing range and
endurance. Our analysis considers both turboprop and turbofan airplanes.

1.C.2.D.1. Turbofan thrust at takeoff

(Tro)
Jet airliners use turbofan engines, and manufacturers report turbofan capabilities in terms

of thrust. Therefore, we must calculate maximum engine power from manufacturers’ reported
values for takeoff thrust.

When analyzing airplanes, there are several distinct phases of flight: taxiing, takeoff,
climb, cruise, descent, landing, and taxiing again. We will consider two critical phases: takeof,
which requires maximum thrust and, consequently, the airplane’s TWR is most important, and
cruise, where the onboard useful energy directly relates to maximum cruising range. To
illustrate the difference in thrust requirements between takeoff and cruise, NASA’s X-57
Maxwell Electric Research Plane uses 14 electric motors for takeoff but just two motors mounted
at the wingtips during cruise [221].

Thrust is a reaction force. Turbojet and turbofan engines work by accelerating a mass of
air in one direction, causing a force (thrust) of equal magnitude in the opposite direction. This
analysis is particularly concerned with “static thrust,” which is the thrust developed when the
engine is at rest (zero velocity), e.g., a stationary airplane positioned at the end of the runway and
poised for takeoft.

The major components of a turbofan engine include a jet core and a ducted fan. The
central core of the turbofan engine is essentially a turbojet engine where compressors raise the
pressure of inlet air, the high-pressure air enters the combustor where fuel is injected, the fuel-air
mixture is ignited, and the resulting hot gases pass through the turbines that drive the
compressors [222]. In a turbofan engine, a ducted fan surrounds this jet core. A portion of the
inlet air is “bypassed” around the jet core and through the fan. This is referred to as a “two
spool” engine, one for the fan and one for the jet core [223]. The mass of air that flows through
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the jet core is called the “core airflow” (m,), while the mass of air that flows through the fan is
called the “bypass flow” or “fan flow” () [223]. The bypass ratio (BPR) is the mass flow rate
of air that enters through the fan divided by the mass flow rate of air that passes through the jet
core (Eq. (S.140)). The bypass flow provides additional thrust for takeoff while the jet core
produces the primary thrust used for cruise [224].

Eq. (S.140)

uf
BPR[-] = @

We adopt our turbofan station terminology from NASA: the entrance to the turbofan is
station “0” where the velocity of air is called the “free stream” velocity; the exit of the jet core is
station “‘e,” and the exit from the ducted fan is station “f” [223]. At the inlet, the total air mass
flow rate for station 0 is the summation of the air mass flow rates entering the jet core and the
ducted fan (Eq. (S.141)).

Eq. (S.141)
kg1 _ . [k9], . [kg
o[ = e [+ [
Manufacturer’s data sheets for turbofan engines typically do not report 1. or 7i1f; they

simply report the “air mass flow at takeoft” (1) and the BPR [100]. Thus, it is convenient to
express the air mass flow rates through the ducted fan and jet core as per Eq. (S.142) and Eq.
(S.143), solely in terms of m, and BPR.

Eq. (5.142)
o K8
Eq. (S.143)
no [X9] - BPR[-]
"y [k?g] B mOB[;R][—] +1

We can derive an equation for thrust using Newton’s Second Law (Eq. (S.144)).
Eq. (S.144)
m
FIN] = mlkg] - a|]|

s2

Since momentum is the product of an object’s mass and velocity, and acceleration is the
change of velocity with respect to time, force is equal to the change in an object’s momentum.
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Considering the change from an object with a certain mass and velocity at station 1, time 1 to an
object with a certain mass and velocity at station 2, time 2, we can rewrite Eq. (S.144) as Eq.
(S.145) or Eq. (S.146).

Eq. (S.145)

(malkgl vz [5]) = (malkg) -2 [5])

tyls] = ty[s]

F[N] =

Eq. (S.146)

£ = 2 (k) o[

Since mass flow rate (1) is in terms of mass per unit time, we can further rewrite Eq.
(S.145) and Eq. (S.146) as Eq. (S.147).

Eq. (S.147)
P = (o [ 2] -0 ] = (s [£2] v 3]

However, Eq. (S.147) assumes a constant pressure across stations 1 and 2. Pressure (p) is
a force divided by an area (A); thus, if the cross-sectional area is constant but there is a net
change in pressure from station 1 to station 2, the force resulting from the pressure change must
also be considered in the calculation of total force, as in Eq. (S.148).

Eq. (S.148)
FINT = (s [2] va [2]) = (s [<2] - [5]) + (@alpal = palPal) - 4,me1)

Eq. (S.148) would be appropriate for rockets, but in cases of turbofan engines, the
magnitude of the force due to pressure change is small relative to the rest of the equation [225].
Since the propulsive jet from the turbofan discharges and expands to atmospheric pressure, we
can proceeded using Eq. (S.147) [226].

Returning to the two spool concept of simultaneous flows through the turbofan engine,
we can rewrite Eq. (S.147) such that the overall engine thrust force (T') is the summation of the
thrust force from the ducted fan and the thrust force from the jet core (Eq. (S.149)).

Eq. (5.149)
Trr[N] = Tp[N] + Tjc[N]
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In a turbojet engine, i1, [ 2| = 12y 2], and Eq. (S.149) reduces to Eq. (S.150).

Eq. (S.150)
T = (e [ 2] v [5]) = (o[£ - v [

The first component of this equation, (The [k?g] "V, [%]), is known as “gross thrust.” The

second component, (mo [%g] " Vo [%]), is known as “ram drag.” The result, Tr;[N], is known as

the “net thrust.” At static thrust, the engine (and airplane) is stationary and the air that flows
through the engine starts from still air. Thus, at static thrust, v, = 0, and the ram drag is also
zero [226].

Combining Eq. (S.140), Eq. (S.141), and Eq. (S.149), we can rewrite the equation for
turbofan engine thrust as Eq. (S.151).

Eq. (S.151)
1) = (o [ e ]) = (oo [ w0 1)+ 50w (e [ )

To better understand these values, let us consider a performance analysis of a turbofan
engine [227]. Although their analysis was performed on a different model of GEnX high-bypass
ratio turbofan engine than that used on the Boeing 747-8, they conveniently recorded results for a
similar engine under three different phases of flight, as summarized in Table S.12.

Table S.12. Summary of selected analysis results for the GEnx-1B70 turbofan engine

Takeoff thrust Continuous .
Parameter . . . Cruise thrust
(maximum five minutes) | maximum thrust
Thrust, T (kN) 320.48 (static) 293.25 (static) 60.64
Bypass ratio, BPR 9.1:1 -- --
Total air mass flow rate, 1.155.43 1.155.43 59788
g (kg s™) - T '
Bypass air flow rate, m; 1.041.03 B B
(kg s™) o
Core air flow rate, m,
(ke s) 114.399 -- --
Fan exit velocity
“cold jet velocity,” vf 262.67 237.88 308.39
(ms™)
Jet core exit velocity
“hot jet velocity,” v, 401.92 389.14 395.58
(ms™)
Thrust specific fuel
consumption, TSFC 0.01 0.01 0.02
(kg sTkN)

Data from [227].
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We can perform a check by calculating the same values for r; and . for takeoff from
1, and the BPR according to Eq. (S.142) and Eq. (S.143). Using the published values for vy and
V., We can also calculate the mass flow rate of air exhaust from the turbofan jet core, 7, using a
rearranged Eq. (S.151), as shown by Eq. (S.152).

Eq. (S.152)
320,480[N] + (1,155.43 [kTg] -0 [%]) ~9.1- (114.399 [k?g] - 262.67 [%])

401.92 [%]

k
=117.019 [?g]

Furthermore, applying these values for the GEnx-1B70 engine to the static thrust at
takeoff scenario using Eq. (S.149) illustrates an interesting point (Eq. (S.153)). From applying
these values to the equation, we can see that the thrust produced by the fan component of the
turbofan engine at takeoff is nearly six-times that produced by the jet core, as conceptually
described by Moran et al [224]. In fact, ~85% of the takeoff thrust is from the fan. This upholds
the conclusion made by researchers at NASA’s Glenn Research Center who chose to use a factor
of 0.8 when estimating fan thrust from total turbofan thrust after analyzing proprietary data
derived from a range of turbofan engines capable of producing between 66,700 N and 444,800 N
thrust [57].

Eq. (S.153)
Trr[N] = Tp[N] + Tjc[N]

- (o120 20) G 2] 2)
(P2 ] 2)

320,480[N] = 273,447.0[N] + 47,032.3[N]

~ ((1,041.03 [k?g] - 262.67 [?]) - (1,041.03 [k?g] -0 [?]))
+ ((117.019 [k?g] +401.92 [?]) - (114.399 [k?g] -0 [?]))

To investigate turbofan engines further, let us now consider the GEnx-2B67 engines used
on the Boeing 747-8, as discussed in Section 1.C.1.D.1. GE’s published specifications of the
GEnx-2B67 engines are summarized in Table S.13 [100,113,125].
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Table S.13. Summary of manufacturer’s reported GEnx-2B67 turbofan engine
specifications

Parameter Value

Takeoft (static) thrust, Tro pr; (N) | 295,807
Bypass ratio at takeoff, BPR 8.0:1
Air mass flow at takeoff, 1, (kg s') | 1,042

Unfortunately, we cannot readily obtain values for the exhaust velocity of the fan and jet
core (vg, v,) as well as for the mass flow rate of air from the jet core exhaust (11, ) for the GEnx-
2B67 engine. Therefore, in order to proceed with the analysis, we assume that the GEnx-2B67
engine is capable of producing the same exhaust velocities as the GEnx-1B70 engine.
Calculating the separate air mass flow rates into the engine using Eq. (S.142) and Eq. (S.143),
and using v, = 0 to acknowledge airflow starting from still air in the static thrust case for
takeoff, we estimate m, for the GEnx-2B67 using Eq. (S.149) and show all values used in both
Eq. (S.154) and Table S.14.

Eq. (S.154)

Trr[N] = Tp[N] + Tjc[N]

- (o120 20) G 2] 2)
(2 - P2 2)

with values:

295,807[N] = 243,291[N] + 52,516[N]

- ((926.222 [k?g] - 262.67 [?]) - (926.222 [k?g] -0 [?]))
+ ((130.663 [k?g] +401.92 [?]) - (115.778 [k?g] -0 [?]))
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Table S.14. Reported, adopted, and calculated values for the GEnx-2B67 turbofan engine

Parameter Value Source
Takeoff (static) thrust, Tro pr; 295,807 (N) Reported by manufacturer
Bypass ratio at takeoff, BPR 8.0:1 Reported by manufacturer
Air mass flow at takeoff, m, 1,042 (kg s Reported by manufacturer
. . Calculated
-1
Bypass air flow rate, iy 926.222 (kg s™) Eq. (S.143)
) Calculated
: -1
Core air flow rate, m, 115.778 (kg s™) Eq. (S.142)

Fan exit velocity
“cold jet velocity,” vy
Jet core exit velocity
“hot jet velocity,” v,

262.67 (ms™) Adopted, based on GEnx-1B70

401.92 (ms™) Adopted, based on GEnx-1B70

Static; still air at start with no wind

Initial airflow velocity, v, 0 (ms?) and aitplane stationary
Core air exhaust flow rate, m, | 130.663 (kg s!) gg'lc(‘élit;’j)
Takeoff thrust from fan, T 243,291 (N) g;lilél‘a}t;:j)
Takeoff thrust from jet core, Tj¢ 52,516 (N) g;lc:(lél.a}t;:j)

Note that using these results in Eq. (S.155) yields a scaling factor of ~82.2% of the total
takeoff thrust coming from the ducted fan, which relates very well to research done by
[57,224,227].

Eq. (S.155)
Tp[N]

F T,DF_TF [%] = T—[N]
TO,FF,i

1.C.2.D.2. Thrust-to-weight ratio

An increase in aircraft weight decreases both aircraft performance and fuel economy, and
the TWR is one of the most important parameters affecting aircraft performance [129,227].
Airplanes with a higher TWR can accelerate more quickly, climb more rapidly, sustain higher
turn rates, and reach higher maximum speeds [129]. It is important to note, however, that an
airplane’s TWR is not constant throughout all phases of flight for several reasons. First, as the
airplane consumes fuel, the weight of the airplane decreases. Second, the required engine thrust
varies with altitude and velocity. Consequently, it is critical to consider the TWR at takeoff
conditions when designing the number and size of engines required for a specific airframe [129].
One should also note that the TWR is used for jet aircraft whereas “power loading” is used for
propeller (“prop”) aircraft, of which the inverse is the PWR [129]. In flight, the two ratios can
be related for a turboprop aircraft using the propulsion efficiency and airplane velocity as shown
in Eq. (S.156). However, this relationship does not apply to takeoff where, at start, static thrust
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exists but the airplane’s velocity is zero and the air ahead of the propeller must be accelerated
from stationary [129].

Eq. (S.156)
T[N] _ Nrepl—] ) P[W]

WINT ™ [T W]

The TWR is generally quoted as the ratio of the maximum static takeoff thrust at sea-
level to the MTOW and, for jets, is typically in the range of 0.25 to 0.40 [129,228]. For
example, a Boeing 747-400 has a TWR of 0.27 [229]. In order to be consistent across the entire
analysis of all vehicle platforms, we calculate a TWR for both the “gross weight” and “curb
weight” scenarios according to Eq. (S.157) and Eq. (S.158).

Eq. (S.157)
N .
TWR [N] frores [W] e lengines]
TO,FF, ~| =
N mg rr kgl - g [smz]
Eq. (S.158)
N .
N1 Trorri [W] -n, [engines]
TWRTO,FF,C I:N:l =

merr [kgl- g [sz]

1.C.2.D.3. Relating takeoff thrust and power

As discussed in Section 1.C.2.D.2, when considering new variants of a specific aircraft
design, it is imperative that the TWR is either met or exceeded (Eq. (S.159), Eq. (S.160)) in
order to maintain takeoff capability as well as other performance characteristics.

Eq. (5.159)
N
TWRy1o8Eg [ﬁ]
TWRrorrg o] < u
TWRrource [
Eq. (S.160)

N

TWRTO,BE,C I:N:l
TWRrore || < \
TWRromrce ||

This requirement is complicated by our desire to switch from FF turbofan engines to an
all-electric system, sometimes referred to in the literature as “Universally-Electric Systems
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Architecture” or “universally-electric architecture” [230,231]. Two methods by which this can
be theoretically be achieved is by using propellers or ducted fans.

Props are best suited (i.e., most efficient) where they can accelerate a high mass of air to
a low velocity (e.g., at lower altitude where the air density is higher and at lower speeds) as
opposed to jets that accelerate a relatively low mass of air to a high velocity (e.g., at higher
altitude where the air density is lower and drag is lower) [226,232]. At speeds above Mach 0.5
(~166 m s), propeller efficiency decreases [233]. NASA’s Pathfinder solar-electric aircraft
used propellers at over 21,300 m (70,000 ft) altitude and its Helios Prototype achieved 29,524 m
(96,863 ft) [234,235]. However, these experimental aircraft are exceptionally lightweight, the
Helios having a gross weight of just 726 kg [235]. Such lightweight high-altitude aircraft are not
suited for long distance transport operations.

Ducted fans are propellers mounted within a cylindrical shroud, or “duct,” that prevents
losses in thrust from the tips of the propeller; they have more and shorter blades than propellers
and can operate at higher rotational speeds [236]. Some recent proposals for all-electric
transport aircraft call for using ducted fans run by High-Temperature Super-conducting (HTS)
electric motors [230,237,238]. Airbus has recently test flown a two-seater electric airplane using
ducted fans [239].

We consider replacing turboprops with all-electric driven props and turbofan engines
with ducted fans driven by electric motors. An analysis on a notional BE or HFC airliner will
therefore require estimates of the characteristics of suitable all-electric driven ducted fans.
Research from NASA has already covered this topic.

As a part of NASA’s Glenn Research Center Program in High Power Density motors for
Aeropropulsion, Brown et al. conducted weight comparisons of motors, engines, fuel cells, and
gearboxes [57]. Using proprietary data for large turbofan engines, they determined that the
“engine weight less propulsor [klb]” (y) is related to the “effective replacement shaft power
[khp]” (x) shown by Eq. (S.161).

Eq. (S.161)
ylkib] = 0.1439 - (x[khp])°-2108

The “engine weight less propulsor” includes the jet core and associated FF components,
so subtracting this value from the total mass of a turbofan engine will yield the mass of the
ducted fan (or “propulsor components”) that remain. In in other words, the “propulsor” mass is
the mass of the turbofan engine with all of its FF components stripped away. To find this value,
we must first calculate the “effective replacement shaft power,” which we also need to properly
size the electric motors used to spin the ducted fan.

Brown et al. determined that, for jet engines between 15,000 and 100,000 1bf (66,700 to
444,800 N) thrust, the power supplied to the fan at takeoff rotation (Mach 0.25) is 0.97 times the
total engine sea-level static thrust (Eq. (S.162)).

Eq. (S.162)

hp
PF,TO,FF[hP] =0.97 [W] ) TTO,FF,tot[lbf]

Using unit conversions of 1 hp =745.7 W and 1 Ibf = 4.44822 N, we can rewrite Eq.
(S.162) as Eq. (S.163).
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Eq. (S.163)

w
PF,TO,FF [W] = 162.6108 [ﬁ] 'TTO,FF,tot[N]

However, this relationship is between fan power and the total thrust of a FF turbofan with
both a ducted fan and jet core. Brown et al. note that the jet thrust, which does not exist for an
electric motor-driven fan, accounts for ~20% of the total thrust at takeoff (~17.8% as we
determined in Section 1.C.2.D.1 above for the GEnx-2B67 engine). “If an electric motor were to
drive the fan used in a particular turbofan engine (at the same speed and with the same torque),
the resulting thrust would be lower than the total thrust of the turbofan including its jet” [57].
Therefore, to use the power-thrust relationship shown in Eq. (S.162) and Eq. (S.163), we must
account that only 80% of the thrust of a turbofan comes from the fans at takeoff (Eq. (S.164)).
(Note that we could use 82.2% here, as estimated for the GEnx-2B67 engines, but we elect to use
Brown et al.’s general estimate of 80% in order to apply the same analysis across multiple
aircraft without requiring specific data on other turbofan engines.)

Eq. (S.164)
0.8- TTO,FF,tot[N I= TTO,FF,Fonly [N]

Combining Eq. (S.163) and Eq. (S.164) yields Eq. (S.165), which directly relates the
power supplied to a ducted fan at takeoff to the ducted fan’s thrust alone (i.e., no longer the total
turbofan engine thrust).

Eq. (S.165)

TTO,FF,Fonly [N]
0.8

w
Prrorr W] = 162.6108 [ﬁ] .

Since é = 1.25, Eq. (S.165) can just as easily be written as Eq. (S.166) or Eq. (S.167).
Eq. (S.166)
w w
Peiro e lW] = 125 - (162.6108 || - Tro, s roniy[N1) = 203.264 || - Tro e ronay IN]

Eq. (S.167)
PF,TO,FF [W]

TTO,FF,Fonly [N ] =
203.264 [%]

If all-electric ducted fans in either a BE or an HFC variant provide the same thrust
required for takeoff as the original FF turbofans, then Tr¢ ¢jeceric (€ither Trp g OF Tro yrc) must
have the same value as Trq pr ¢ Thus, Eq. (S.166) can be rewritten as Eq. (S.168) to show the
all-electric ducted fan power required for a given takeoff thrust. This is what Brown et al. calls
the “effective replacement shaft power.”
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Eq. (S.168)

w
PF,TO,electric [W] = 203.264 [ﬁ] ’ TTO,electric [N]

To relate the all-electric effective replacement shaft power required for takeoff thrust to
the power supplied to the fan component of a FF turbofan engine that produces the same takeoff
thrust, we combine Eq. (S.163) with Eq. (S.168) and Tr¢ crectric IN] = Tro rr ot [IN] as shown by
Eq. (S.169) through Eq. (S.172).

Eq. (S.169)
w
Prro,rF [W] =162.6108 [ﬁ] 'TTO,FF,tot[N]
Eq. (S.170)
Pe 1o etectricl W1
TTO,electric[N] = TTO,FF,tot[N] = F.TOe eCt”CVV
203.264 [N]
Eq. (S.171)
Wi P W
PF,TO,FF[W] =162.6108 [ﬁ] . FTO,electncyE/ ]
203.264 [N]
Eq. (S.172)

Pr 1o etectricIW] = 1.25 - (Ppro pe[W1)

This derivation explains the finding made by Brown et al. — that the “replacement
effective power output” of a turbofan engine is 1.25 times the fan power, and that “this power
reasonably represents the power that a motor would have to produce to give the same thrust as a
turbine engine” [57].

As an example, let us consider the Boeing 747-8 with its four GEnx-2B67 engines
capable of producing a total static thrust of 1,183,227 N. If we imagine that we have either a BE
or an HFC aircraft of the same mass and volume and we want all-electric ducted fans capable of
producing the same amount of thrust for takeoff, we can substitute 1,183,227 N into Eq. (S.165)
for T, which reveals that a power supply of 240,506,893 W is required for equivalent takeoff
capability. To check, using the total static thrust of 1,183,227 N in Eq. (S.163) yields a fan
power of 192,405,514 W, 1.25 times which equals 240,506,893 W, and this upholds Eq. (S.169).

As Brown et al. notes: “the published weights of turbine engines usually include the
‘propulsor,’ that is, the propulsive fan and related components such as the fan frame, brackets,
supports, exit guide vanes and containment” [57]. Thus, “the first step in making an appropriate
comparison of motors and turbofan engines... is to subtract the propulsor weight from the total
weight of a turbofan engine” [57]. This will give us the weight of the engine less the jet core, but
we will later have to add in electric motors needed to drive the fan shaft.



Having calculated the “replacement effective power output” as 240,506,861 W, 1/4" of
which is 60,126,715 W or (80.631 khp), we can return to Eq. (S.161) and calculate the “engine
weight less propulsor [klb]” per GEnx-2B67 engine (Eq. (S.173)).

Eq. (S.173)
y[kib] = 0.1439 - (80.631[khp])®21°8 = 7.8434[kIb] = 3,557.71[kg]

Since the original mass of the GEnx-2B67 turbofan engine is 5,623 kg (see Section
1.C.1.D.4) and there are four engines on the airplane, the total mass of turbofan engines can be
calculated using Eq. (S.174), and the total mass of propulsor components across the four engines
can be calculated using Eq. (S.175).

Eq. (S.174)
kg . kg .
m, [ - ] - n, [engines] = 5,623 [ - ] -4 [engines]| = 22,492[kg]
engine engine
Eq. (S.175)
kg .
3,557.71[ . ] -4 [engines]| = 14,231[kg]
engine

The “engine weight less propulsor” includes the jet core and associated FF components,
so subtracting the result of Eq. (S.173) from the total mass of GEnx-2B67 turbofan engines
found in Eq. (S.174) yields the mass of the ducted fans (or “propulsor components”) of the
GEnx-2B67 engines after having stripped away all FF components (Eq. (S.176)).

Eq. (S.176)
22,492[kg] — 14,231[kg] = 8,261[kg]

It is interesting to note here that the structure and ducted fan portion is just ~37% of the
overall turbofan engine’s mass while the jet core and associated FF components is ~63%.

Our analysis will require the ability to change the thrust and weight of an all-electric
airplane such that the TWR is either met or exceeded when compared to the original FF variant.
For example, if a BE airplane design weighs more than the original FF variant, we must increase
the design takeoff thrust until we can achieve the appropriate TWR. Increasing the takeoff thrust
requires increasing the engine size, and its mass, which in turn increases the mass (and weight)
of the aircraft. Eq. (S.161) only relates the effective replacement power output to the engine
weight less propulsor, but what we need for this analysis is a way to calculate the mass of the
propulsor based upon a desired thrust. Fortunately, Brown et al. also published a linear
regression equation that relates “takeoff thrust at sea-level [klb]” (x) to “total engine weight
[klb]” (y) for the range of turbofan engines that they studied (Eq. (S.177)). (Note that units for
thrust are technically klbf and units of “weight” are klbm.)

Eq. (S.177)
ylkib] = 0.2446 - (x[kib])"*108
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To proceed with our analysis, we created Table S.15 using a notional set of engines to
further investigate the relationships described by [57] within the range of engines they
considered and the mathematical relationships they developed. We convert all units to SI and
develop a ratio of thrust achieved by ducted fans only to the mass of propulsor components.

Table S.15. Analysis of the relationships presented by Brown et al. and development of a
relationship between ducted fan thrust and propulsor mass

Takeoff FF T.hrust Pov'ver All-electric Ratio of .
achieved by | supplied to replacement . Ratio of thrust
thrust, |turbofan . . . Engine propulsor .
fanonly in | fanin FF | effective power Propulsor achieved by all-
Tr0,FF,tot total . mass less mass to total .
. turbofan turbofan |output to achieve mass electric fan only
or engine . . propulsor FF turbofan
engine, engine takeoff thrust, (kg) . to propulsor mass
TT0,electric mass (kg) engine mass 1
N) (k) T0,FF,Fonty Pr,ro,rr Pr,ro (kg ke) (N kg™)
™) (W) W)
66,723 1,307 53,379 10,849,935 13,562,419 916 391 0.30 136.66
88,964 1,699 71,172 14,466,580 18,083,225 1,191 508 0.30 140.21
111,206 2,081 88,964 18,083,225 22,604,031 1,459 622 0.30 143.03
133,447 2,457 106,757 | 21,699,870 27,124,838 1,723 734 0.30 145.37
155,688 2,828 124,550 | 25,316,515 31,645,644 1,983 845 0.30 147.39
177,929 3,194 142,343 28,933,160 36,166,450 2,239 954 0.30 149.15
200,170 3,555 160,136 32,549,805 40,687,256 2,493 1,062 0.30 150.73
222,411 3913 177,929 36,166,450 45,208,063 2,744 1,169 0.30 152.15
244,652 4,268 195,722 39,783,095 49,728,869 2,993 1,275 0.30 153.45
266,893 4,620 213,515 43,399,740 54,249,675 3,240 1,381 0.30 154.65
289,134 4,970 231,307 | 47,016,385 58,770,481 3,485 1,485 0.30 155.75
311,375 5,317 249,100 | 50,633,030 63,291,288 3,728 1,589 0.30 156.79
333,617 5,661 266,893 54,249,675 67,812,094 3,970 1,692 0.30 157.75
355,858 6,004 284,686 57,866,320 72,332,900 4,210 1,794 0.30 158.67
378,099 6,345 302,479 61,482,965 76,853,706 4,449 1,896 0.30 159.53
400,340 6,684 320,272 65,099,610 81,374,513 4,687 1,997 0.30 160.34
422,581 7,022 338,065 68,716,255 85,895,319 4,923 2,098 0.30 161.12
444,822 7,357 355,858 72,332,900 90,416,125 5,159 2,199 0.30 161.86
295,807 5,074 236,645 48,101,379 60,126,723 3,558 1,516 0.30 156.07
1,183,227 | 20,296 946,581 192,405,514 240,506,893 14,231 6,065 0.30 156.07

The red text is data specific to GEnx-2B67 engines (the first row being one engine and
the second row four engines). Note that the engine mass less propulsor is the same as found
using Eq. (S.175), but the actual mass of the GEnx-2B67 engine is ~11% greater than that
suggested by Brown et al. (5,623 kg as opposed to 5,074 kg). The GEnx-2B67 engine was
actually introduced after Brown et al.’s work was published. Also note that the ratio of propulsor
mass to FF turbine mass matches Brown et al.’s statement that “the average fraction of total
engine weight represented by the propulsor components is 30 percent” [57]. Furthermore, note
that the ratio of thrust achieved by the ducted fan only to propulsor mass changes, i.e., the
relationship is non-linear. We can also see this by plotting the results as shown in Fig. S.3.
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Fig. S.3. Thrust achieved by fan only vs propulsor mass, second-order polynomial
regression

However, the values in Fig. S.3 are already an estimation, and, as shown in Fig. S.4, a
simple linear regression of the data achieves an acceptable coefficient of multiple determination
for multiple regression (R-squared value) of 0.9996. Thus, to keep our analysis linear, we
proceed using the relationship developed in Fig. S.4 and shown by Eq. (S.178) and Eq. (S.179).

500,000
y = 209.8754x - 20,474.2403

R2=0.
450,000 p-9995 X

400,000 X
350,000 X
300,000 X

250,000 X

200,000 X

150,000 X

100,000 X

All-electric takeoff thrust from ducted fan (N)
%

50,000
0
0 500 1,000 1,500 2,000 2500
Propulsor mass (kg)
Fig. S.4. Thrust achieved by fan only vs propulsor mass, linear regression

Eq. (S.178)

N
TrotectricIN] = 209.8754 [@] - mpg [kg] + (=20,474.2403[N])
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Eq. (S.179)
TTO,electric [N] - (_20;474’[1\,])

209.8754 ||
g

mpc [kg] =

With this relationship now developed, we can to return to Eq. (S.159) and Eq. (S.160) in
Section 1.C.2.D.3. In order to get Eq. (S.159) and Eq. (S.160) into terms of two unknown
variables, mp, [kg] and either mg[kg] (for BE variants) or my,sorage[kg] (for HFC variants), we
must take one further series of steps. Eq. (S.180) combines Eq. (S.167) and Eq. (S.178) to relate
the ducted fan (propulsor) mass to both fan power and fan thrust.

Eq. (S.180)
PF,TO,electric [W]

203.264 [%]

N
TrotectriclNT = = 209.8754 [@] - mpe [kg] + (~20,474.2403[N])

We henceforth assign 203.264 [%] = % as Rprrop tor [%], the “ratio of

electric ducted fan takeoff power to takeoff thrust.” We rewrite Eq. (S.180) as Eq. (S.181) to
relate the power necessary to generate the takeoff thrust required to the mass of propulsor
components in the equation of a line format, y = m-x + b.

Eq. (S.181)

kg
e leg] = 00000234 S| P, ctscerie W1 + 97,551kl

We now assign 0.0000234 [kwg] as ¢,,, the “slope constant” and 97.55[kg] as ¢, the “y-
intercept constant” in our “propulsor component mass — fan power at takeoff” line. Since we
want to relate the mass of electric motors necessary to produce sufficient shaft power for the
ducted fans to produce the required takeoff thrust, we can write Eq. (S.182).

Eq. (S.182)

w
PF,TO,electric[W] =My [kg] ' PWRm,c [@]

Combining Eq. (S.181) and Eq. (S.182) yields a relationship between the propulsor mass
and the mass of motors required (Eq. (S.183)).

Eq. (S.183)

mpc Tkg] = (om [1o] - menlkg] PWRne [12]) + colko]

Combining Eq. (S.180) and Eq. (S.182) yields a relationship between takeoff thrust and
the mass of motors required (Eq. (S.184)).
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Eq. (S.184)

w
my, [kg] ' PWRm,c [@]

TTO,electric [N] = W
RDFTOP_TOT I:N:l

1.C.2.D 4. Cruising range of the fossil fuel variant

(CRpr)
Recall that we already recorded the maximum range for the aircraft platforms in Section

1.C.1.G.3. However, it will become important later in the analysis to have an understanding of
the mathematical relationships that led to these values. Similar to the improved approximation
for estimating range in rotary-wing aircraft, we can use the Breguet range equation, named for
French aviation pioneer Louis Charles Breguet, to consider the range of FF fixed-wing aircraft
that consume fuel during flight [240,241]. We present here our own derivation of the Breguet
range equation for jet aircraft (where engine data is in terms of thrust) because it is important to
understand the underlying assumptions that make this formulation acceptable and also because
we will need to consider the derivation of a range equations for turboprop airplanes (where
engine data is in terms of power) and all-electric airplanes (where power is delivered by electric
motors).

We begin by assuming steady, level flight with no wind and constants for velocity, lift
coefficient, drag coefficient, and specific fuel consumption, i.e., the plane is at “cruise.” Range
depends upon the amount (weight) of fuel onboard, the rate at which the airplane burns that fuel,
and the thrust the engines produce from burning the fuel. Since the airplane releases waste
products from fuel combustion to the atmosphere, the weight of the aircraft decreases during
flight. Thus, the weight of the aircraft is a function of time (Eq. (S.185)):

Eq. (S.185)
W(t)[N]

We can express the rate of change of the aircraft’s weight during cruise as Eq. (S.186):

Eq. (S.186)
dW (t)[N]
dt[s]
The Thrust Specific Fuel Consumption (TSFC) is the mass of fuel consumed per unit
time (mass flow rate) per unit thrust (T) produced (Eq. (S.187)). For reference, the cruising

TSFC is ~3.09 x 107> kg s”! N*! for a Boeing 737-700 NG and ~3.06 X 107° kg s! N-! for the
Boeing 747-8 [242,243].

Eq. (S.187)
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When multiplied by gravity (i.e., converting the mass of fuel consumed to the weight of
fuel consumed), the units become:

Eq. (S.188)
kg
TsFc || g [ﬁ] = (TSFC - g) H
N 52 s

Since the weight of the airplane decreases as it burns fuel, we can relate Eq. (S.186) and
Eq. (S.188) applying a negative to the equation (to either side) and introducing the amount of
thrust produced by the engines (Eq. (S.189)).

Eq. (S.189)

kg

M = —TSFC % ‘g [sz] - T[N]

dt[s]

At cruise, the plane is flying at a constant velocity and altitude; it is neither accelerating
nor climbing. Thus, forces acting on the plane are in equilibrium with no net force acting upon
it. As illustrated in Fig. S.5, lift (L) is equal in magnitude and opposite in direction of weight
(W), whereas thrust (T) is equal and opposite of drag (D).

Fig. S.5. Forces acting on an airplane flying at constant velocity and altitude

Since thrust is equal to drag in magnitude, we can rewrite Eq. (S.189) as Eq. (S.190).

Eq. (S.190)

kg

WO __pope — g[ 2| - DIN]

dt[s]

A common metric for airplane performance is the lift-to-drag ratio (L/D). At cruise, the
following relationship is true:
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Eq. (S.191)

sl

L
D

Note that, at cruise, we are interested in the inverse of the TWR, whereas the TWR itself
is our major concern at takeoff. However, the thrust requirement at takeoff is much higher than
that required at cruise, as previously shown in Table S.12, so the two metrics are not directly
related.

We can introduce the inverse of the L/D ratio into our derivation as shown by Eq.
(S.192).

Eq. (S.192)

dW (£)[N] D[N]
—a] = TSEC |y [ ] vy L]

Since lift is equal to weight at cruise, we can replace a lift term with weight as in Eq.
(S.193).

Eq. (S.193)

dw (t)[N] [ ] D[N] W[N]

arfs] - SFC Iy N

“ 2

Now, we need to 1ntr0duce range, or the change in distance into the equation.

Multiplying either side by E = 1 does nothing to the result:

Eq. (S.194)
dxm]_dW(OIN) 4 DIN]
xim __ I N K A
Gm] drls] - POy 9[5] TR
Rearranging terms:
Eq. (S.195)
dxm]_dW(OIN) 4 DIN]
xim __ S ..M.
atfs] dxfm] - SFC 9[5] T
Note that 2™ i the change in distance per change in time, which is velocity (v). The

dt [ ]
dx[m] that remains is our distance, or “cruising range (CR),” so we can further rewrite the
equation as Eq. (S.196) and Eq. (S5.197).
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Eq. (S.196)

dw (£)[N] D[N]
[?] ] = ~TSFC |+ [ ] vy WIN]
Eq. (S.197)
dx[m] = CR[m] = dVI'//V([tKI[]N] g[[%]] [ |
—TSFC |- [m]

Integrating from the initial (7) to final (f) points of cruise:

Eq. (S.198)
£ (TAW®IN] LIN] K
fl dxlml= | —winT DI’ kg
—TSFC|-S- g[m]
Eq. (S.199)
S AT [] Faw (O[N]
fid’“[m]‘ D[N]’ ) Twng
_TSFC S [m]
Eq. (S.200)
(xf—xl-)[m]z g[[%]] [ ] -(anf[N]—ani[N])
—TSFC|-S- g[m]

Moving the negative, applying the quotient rule for natural logarithms, and changing




Eq. (S.201)

LIN] V[?]

(xf — xl-)[m] = . (—ln W¢[N] +In Wi[N])

TSFC || g |5]

Eq. (S.202)

CR[m] = [ ] _<L[N]>_ln <m[N]>

D[N] W[N]
TSFC |-S- [m]

Eq. (S.202) gives us a convenient way to estimate the jet aircraft’s range if we only
consider travel at cruise conditions.

As mentioned earlier, ratings for propeller aircraft engines are in terms of power, and the
derivation of a range equation is therefore slightly different [244]. Since the derivation is
different and we will need the Breguet range equation to estimate the L/D ratio for prop planes,
we present our own derivation below.

Instead of using the TSFC (Eq. (S5.203)), we must use the Power Specific Fuel
Consumption (PSFC), as in Eq. (S.204).

Eq. (S.203)
kg
TsFc || g [ﬁ] = (TSFC - g) H
N 52 s

Eq. (S.204)

PSFC|-3-|- g [ |

2
Since the base units for a watt are [kgsgn ], we can simplify the units from Eq. (S.204) to

those in Eq. (S.205).
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Eq. (S.205)
kg
psFc|—s—|. [ﬂ] — (PSFC - )[i]
kg - m? 9ls2] = 9\
53

Also, for propeller aircraft, the relationship between power and thrust is based on the
turboprop propulsion efficiency and velocity:

Eq. (S.206)

repl=1- PIW] = TIN] - 0[]

We show a quick check on base units in Eq. (S.207).

Eq. (S.207)

Nrppl=]1-P [kgs'g‘mzl =T [kgs-zm] xY [?]

Again, we assume that, in cruise at constant velocity and altitude, thrust is equal in
magnitude to drag. Therefore, we can replace thrust with drag in Eq. (S.206) to find an
expression for power (Eq. (S.208)).

Eq. (S.208)
o o[}

Plwl = Nre,pl—]

At this point, we can follow the same derivation process we previously did for jet aircraft.

Since the airplane burns fuel and releases the by-products of combustion to the atmosphere, the
weight of the aircraft decreases during flight, and the weight of the aircraft is a function of time
(Eq. (S.209) and Eq. (S.210)).

Eq. (S.209)
W(t)[N]
Eq. (S.210)
dW () [N]
dt[s]

In propeller airplanes, the change of weight over time (a decrease, so with a negative
applied) is a function of the PSFC and the power (constant) applied during cruise (Eq. (S.211)).
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Eq. (S.211)

kg
AW (£)[N] e m
“ats1 = P |rgom | 9 [5E] P]
S3

Again, we can check this step of our derivation by checking if base units balance (Eq.
(S.212)).

Eq. (S:212)
AW (t) [kgs—zm]

dt[s]

— _(PSFC- g) [%] _Plkg-mzl

s3

Now, we can conveniently replace the power term and introduce drag into our derivation
using Eq. (S.208) to get Eq. (S.213).

Eq. (S.213)

o1 o[}
Nre,pl—]

dW (£)[N]

i) - PSFC9) [%]

Additionally, we can introduce the inverse of the L/D ratio at cruise into our derivation
by simultaneously adding a lift term, which cancels with the lift term in the L/D ratio to leave
drag (Eq. (S.214)).

Eq. (S.214)

m
v[5] o
nTP,P[_] L[N]

dW (£)[N]
dt[s]

= —(PSFC - g) [%] : - L[N]

Since lift is equal in magnitude to weight at cruise, we can replace a lift term with weight
(Eq. (S.215)).

Eq. (S.215)

v[3] b

dW (t)[N] .
nrepl—] L[N]

at[s] ‘WIN]

— _(PSFC - g) [%] :

As with the helicopters and jet airplanes, we can now introduce range into our derivation
as shown by Eq. (S.216).
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Eq. (S.216)

m
e SO v 5oL St
Rearranging terms, we get Eq. (S.217).
Eq. (S:217)
dx[m] dw (O[N] 17 v|5] b
SNy e G 20 ey ML

Note that %[Tsn]] is the change in distance per change in time, which is our constant

velocity (v). The dx[m] that remains is our distance, or “cruising range (CR),” so we can
rewrite Eq. (S.217) as Eq. (S.218).

Eq. (S.218)

vl5] o

Nrepl—] L[N]

s dx[m]

W[N]

— —(PSFC - g) [%]

Canceling the velocity term from both sides and rearranging to solve for the cruising
range gives us Eq. (S.219).
Eq. (S.219)
Nrepl—] _ L[N] _dW(t)[N]
1
—(psrc-g)[] DIV~ WIN]

dx[m] = CR[m] =

Integrating from the initial (7) to final (f) points of cruise:

Eq. (S.220)
! 4 Nrepl—] LIN] aw(t)[N]
dx[m] = : . .
fi 'fl —(PSFC - g) [%] D[N] WIN]
Eq. (S.221)
ff dxfm] = [ el LINDY faw (8)[N]
i —(PSFC - g) [%] DIN] ) J;  WIN]
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Eq. (S.222)

Nre,p[—] _ L[N]
—~(psec - g) [ ] PIV]

(xf — xl-)[m] = . (ln W[N] —1In Wi[N])

And finally, moving the negative, applying the quotient rule for natural logarithms, and
rearranging terms:
Eq. (S.223)

Nre,p[—] _L[N] )
(psFC - g) =] PIVI

(xf — xl-)[m] = (—ln W[N] +In Wi[N])

Eq. (S.224)

_ Nre.pl—] <L[N]> <VVL[N]>
CR[m] = . *In
(PSFC - g) [%] D[N] W[N]

Eq. (S.224) gives us a convenient way to estimate a turboprop aircraft’s range if we only
consider travel at cruise conditions.

1.C.2.D.5. Lift-to-drag ratio
(L/D)

Eq. (S.224) is also useful when we do not know an airplane’s typical L/D ratio during
cruise. From Section 1.C.1.F.4.B, we know that the average of our assumed range of turboprop
efficiency is ~84.5%. We can look up each prop plane’s maximum range and weight with full
fuel tanks. Manuals report estimates of fuel consumption for engine starting, taxiing, and
takeoff; fuel consumption for climbing to a cruising altitude; and fuel consumption for descent.
Subtracting the weight of fuel consumed during the takeoff, climbing, and descent phases of
flight leaves the fuel remaining for the cruise phase (plus whatever excess is desired for taxiing
and reserve).

At this point, only two unknowns remain in Eq. (S.224), the L/D ratio that we are trying
to estimate and the PSFC. To find the PSFC, we can use data from tables and charts published in
manuals under International Standard Atmosphere (ISA) “standard day” conditions to find the
percent torque on, and fuel flow rate to, the engine(s). Applying the percent torque to the
maximum torque and relating this to power from the relationship in Eq. (S.38), we can find the
power required at cruise for a given RPM and flight conditions. From Eq. (S.204), we know that
the PSFC is fuel flow divided by power, so we can solve for the PSFC using Eq. (S.225) [244].
Finally, we can return to Eq. (S.224) and solve for the average L/D ratio.
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Eq. (S.225)

fuel flow [kTg]
power [W]

SZ
m

In the case of the medium- and long-haul jet airliners, several estimates for the cruising
L/D ratio can be found in the literature [245-247]. Table S.16 summarizes typical L/D ratios for
different aircraft types as well as for the airplane types we studied.

Table S.16. Typical L/D ratios for different aircraft types and the airplanes studied in this

analysis

Airplane type, platform Typical L/D ratios Source
Gliders 20 to 35 [248]
Jets 12 to 20 [248]

Long-haul jet airliner ~17.7 [247]
Medium-haul jet airliner ~17 [245]
General aviation 10to 15 [248]
Ultralight 8to 15 [248]
Subsonic military 8toll [248]

Average of prop planes ~8.9 Derived, Section
1.C.2.D.5

Supersonic fighter 5to 8 [248]
Helicopters 2to4 [248]

1.C.2.E. Watercraft

1.C.2.E.1. Watercraft dimensions: height, beam, length overall, length at water line, and
length between perpendiculars

(h' LBJ LOA' LWLJ LPP)
We recorded each watercraft’s dimensions from its manual [60]. The height of a

watercraft refers to the distance from the water’s surface to the highest point, generally a mast.
This value does not include draft, the distance from the water’s surface to the lowest point of the
hull. Neither manuals nor other available documents record height data for cargo ships, so we
estimate it using schematics of the ships and ratios of known measurements, averaged, to the
unknown height.

The beam is the watercraft’s width at its widest point, sometimes called the “breadth on
waterline.” The overall length of a watercraft is its length at its longest point, generally above
the water line. For boats that use rub rails for pushing objects in the water, we include them in
these dimensions. The length at the waterline is the length from the foremost point on the bow to
the aftmost point on the stern where the water surface touches the watercraft’s hull. This value is
not readily available for any watercraft, presumably because it changes with a watercraft’s load.
To estimate this value for use in future equations, we use Eq. (S.226), which estimates the length
at the waterline as equal to 95% of the watercraft’s overall length [186].
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Eq. (S.226)
Ly [m] = 095" Lo,[m]

The length between perpendiculars is the length between vertical lines drawn at the
foremost to aftmost perpendiculars (generally the same point on the bow as the reference for the
length at the waterline to the rudder axis on the stern). It is usually slightly less than the
waterline length and can be estimated by Eq. (S5.227) [186].

Eq. (S.227)
Lpp[m] = 0.97 - Ly, [m]

For cargo ships, the average overall length and length between perpendiculars are 83.2 m
and 78 m, respectively; thus, in the average cargo ship case, the length between perpendiculars is
93.75% of the overall length. Since we have known values for cargo ships, we use them in our

analysis. For waterjet boats, however, we estimate the length between perpendiculars using Eq.
(S.227).

1.C.2.E.2. Draft, loaded and light

(DloadedJ Dlight)

A ship’s draft (also spelled draught or abbreviated as D) is defined as the vertical distance
from the waterline to the deepest point of the hull within the water [186]. We recorded drafts for
each watercraft from the appropriate manuals [60].

For cargo ships, the manuals provide a distinction between light (or “empty’’) and loaded
(or “heavy”) values for the draft. This is not the case for waterjet boats where the manuals only
cite an operational draft, which we consider as the “loaded” draft. Consequently, we estimate a

value for the light draft using Eq. (S.228) (previously unintroduced terms are explained next in
Sections 1.C.2.E.3 and 1.C.2.E.4).

Eq. (S.228)

Viigne [m®]
CB,loaded[_] Ly [m] - Lg[m]

Dyignelm] =

1.C.2.E.3. Displacement weight and volume, loaded and light

(Aloaded: Alightr Vloaded' Vlight)

We can measure a ship’s displacement in terms of either weight (mass) or volume. When
referenced in terms of weight (mass), we use the symbol A. This value corresponds to the
buoyancy force (or the mass used in calculating the buoyancy force). When referenced in terms
of volume, we use the symbol V.

We recorded values for the displacement weight from the manuals as appropriate, which
report in terms of either long (imperial) ton or (metric) tonne. To calculate the displacement
volume, we use Eq. (5.229) and Eq. (S.230) as well as either the density of fresh water at 15°C
(1,000 kg m™) for waterjet boats or the density of sea water at 15°C (1,025 kg m™) for cargo
ships, according to primary location of use. Since the manuals for boats do not provide a “light”
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displacement weight, we subtract each boat’s payload mass from the loaded displacement mass
to find an approximate value, as shown by Eq. (S.231).

Eq. (S.229)
A k
Vicaded [m3] = M[kg]
Pwater ﬁ]
Eq. (S.230)
Ajigne kgl
Viigne [m?] = Lkg
Pwater [ﬁ]
Eq. (S.231)

Vlight [kg] = Ajpadea [kg] — My rp [kg]

Sometimes, there are discrepancies in manuals’ values. Theoretically, the difference
between the loaded displacement weight (“gross”) and the light displacement weight (“curb™)
should be the payload. However, for one cargo ship, this difference would be 3,028,000 kg,
which is 67% higher than the reported maximum cargo load of 1,814,368 kg [60]. For one
waterjet boat, the manual’s value for loaded displacement mass of ~7,300 kg is heavier than the
gross vehicle mass reported on the boat’s data plate of 6,979 kg (presumably the later value is
useful for trailer transport and the former value allows for crew and equipment while in the
water) [60]. For this analysis, we use reported values of displacement for the total hull towing
resistance calculations rather than gross and curb weights or derived payloads.

1.C.2.E.4. Block coefficient
(Cs)

The block coefficient is a value used to describe the shape of a ship’s hull and is defined
as the ratio between the displacement volume and the volume of a rectangular cuboid formed by
the dimensions of the draft, the length (generally at the waterline but sometimes at
perpendiculars), and the beam; values typically range from 0.50 to 0.90 and can be found using
the method shown by Eq. (S.232) and Eq. (S.233) [186]. Note that, due to the lack of detailed
hull shape data, we model no change to the value of the length at the waterline as the
displacement changes. Many other estimates exist for the block coefficient for use when the
actual displacement is not known [249].

Eq. (5.232)

— vloadeal [m3]
Divadea [m] "Ly, [m] Lp [m]

CB,loaded [_]

Eq. (S.233)

_ Vigne [m®]
Dlight[m] Ly [m] - Lg[m]

CB,light [_]
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1.C.2.E.5. Total hull towing resistance
(Rr)

The force that boats and ships must overcome to move is called “towing resistance.”
Naval architects typically determine its value by building ship models and measuring the
resistance force as they are “towed” across a tank [250]. There are three principle components,
called “source resistances,” to the total hull towing resistance as a ship moves through calm
water and calm air, which are influenced by the ship’s speed, displacement, and hull form:
viscous (or friction) resistance, air resistance, and wave and eddy (or residual) resistance (Eq.
(S.234)) [186,192].

Eq. (S.234)
Rr[N] = Rp[N] + R4[N] + Rg[N]

Using Bernoulli’s Law, it is known that a fluid with a given velocity and density will
exert a dynamic pressure given by Eq. (S.235).

Eq. (S.235)

bolig O - ] -] -

If we tow a body through water and the body completely stops the water, then the water
will exert a reaction pressure on the body’s surface according to the dynamic pressure. For the
friction and residual source resistances, we can use this dynamic pressure to calculate a reference
force that is dependent upon the wetted surface area of the hull. We can then use this reference
force multiplied by a resistance coefficient to find the source resistance.

1.C.2.E.5.A. Reference force, loaded and light

(Kloaded' Klight)

The reference force is given by Eq. (S.236) or Eq. (S.237), where the water density is
either that of fresh water or seawater as appropriate for watercraft type. (We introduce the
wetted surface area in the next section.)

Eq. (S.236)
Kloaded [N] ; Pwater [ ] ( [ ]) s,loaded [m ]
Eq. (S.237)

Klight[N] = % Pwater ] ( [ ]) sllght[m ]

Knowing the reference force is useful because we can then calculate the total hull towing
resistance using a dimensionless coefficient (Eq. (S.238)).
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Eq. (S.238)
R7[N] = Cr[-] - K[N]

1.C.2.E.5.B. Wetted surface area (below water line), loaded and light

(As,loaded: As,light)

There are numerous equations for estimating the wetted surface area of watercraft. In our
analysis, we first compared the Denny-Mumford Method (Eq. (S.239) and Eq. (S.240)), the
Schneekluth-Bertram Method (Eq. (S.241) and Eq. (S.242)), the Baier-Bragg Method (Eq.
(S.243) and Eq. (S.244)), and the Froude Method (Eq. (S.247) and Eq. (S.248)) [249,251,252].
To use these methods, recall that we assume that the length between perpendiculars and the
length at the water line do not change between loaded and light cases — a necessary assumption
given the lack of available detailed hull shape data. We provide each of the equations below,

along with a summary of results as applied to each watercraft type in Table S.17.

Denny-Mumford Method:

Eq. (S.239)

Vloaaled [m3]

As,loaded[mz] =1.7- LPP[m] ) Dloaded[m] + Dloaded[m]
Eq. (S.240)

Viigne [m”]

Agtignelm?] = 1.7 - Lpp[m] - Dyygne[m] + Dyigne [m]

Schneekluth-Bertram Method:

Eq. (S.241)

1 1
As,loaded [mz] = <3-4 ' (Vloaded [7713])§ +0.5- LWL [m]) ' (Vloaded [777-3])g

Eq. (S.242)
1 1
Ag jigne[m?] = <3-4 - (Viigne [m31)3 + 0.5 - LWL[m]> - (Viigne [m31)3
Baier-Bragg Method:
Eq. (S.243)
2
As,loaded [mz] = Cp_p [—]- Ly [m])T0

Eq. (S.244)

As,light[mz] = CB—B[_] ' (LWL [m])%
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The Brier-Bragg Coefficient (Cz_g) can be estimated using the displacement weight (in
long ton, 1 1t = 2,240 Ib) as given by Eq. (S.245) and Eq. (S.246) [251].

Eq. (5.245)
2
Ay 1t Ay [1t
Cp—p 1igne[—] = —0.00000906385 - L[B,] +0.00954632 - L[B,] +0.776457
100 100
Eq. (5.246)
2
A lt A It
Cs—p 10adeal—] = —0.00000906385 - M‘ig] +0.00954632 - Mdg] +0.776457
& e
100 100
Froude Method:
Eq. (5.247)
2 Ly [ft] 1m?
As,loaded[mz] = (vloaded [ft3])3 | 3.4+ 1 ' 10 7639ft2
2- (Vloaded [ft3])3 .
Eq. (5.248)
2 Ly, [ft] 1m?
Agpignem® = (Viigne [F31)3-( 3.4 + 1] 10763972
2 (Vygne [F31)3
Table S.17. Comparison of various wetted surface area estimates
Waterjet boats Cargo ships
Method Light [m’] | Loaded [m?] | Light[m?] | Loaded [m’]
Denny-Mumford 18.0 18.5 893.2 1,601.8
Schneekluth-Bertram 18.8 19.4 789.6 1,505.7
Baier-Bragg 11.5 11.2 378.5 1,102.8
Froude 10.1 10.4 525.1 889.7

There is significant discrepancy between the various methods, which illustrates why so
many different methods exist for different types of ships. For example, the Schneekluth-Bertram
Method was primarily developed for cargo ships and ferries [252]. Throughout our analysis, we
will find it useful to be able to calculate the wetted surface area independent of the draft, which
eliminates the Denny-Mumford method. Unfortunately, as we can see from the equations for the
other methods, that means our calculations and optimizations will become non-linear for
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watercraft. We have elected to use the Schneekluth-Bertram Method for all watercraft and all
variants, whether FF, BE, or HFC, in our analysis for consistency and simplicity.

1.C.2.E.5.C. Frictional resistance

(Rr)

The frictional resistance of a ship’s hull depends upon the wetted surface area and speed,
and it can account for 40% to 90% of a ship’s total hull resistance [186]. We calculate the
frictional resistance using Eq. (S.249), where Cp is the frictional resistance coefficient and K, the
reference force, can be for either loaded or light scenarios as calculated above.

Eq. (S.249)
Rp[N] = Cp[-]- K[N]

There are several methods for estimating the frictional resistance coefficient, as shown by
the Schoenherr Formula (Eq. (S.250)) and the Holtrop & Mennen Formula (Eq. (S.251))
[249,253,254]. We calculate the frictional resistance coefficient using both methods for an initial
comparison, but we only used the Holtrop & Mennen Formula for further calculations. Results
are within 0.5%.

Eq. (5.250)
oy 04631
Po1= Gogre 28
Eq. (5.251)
0.075
Col-]

" (logRe [-] — 2)2

The Reynolds Number (Re) is given by Eq. (S.252) and is dependent upon the kinematic
2 2
viscosity of water (v), taken as 1.1300 x 107 [mT] for fresh water and 1.1883 x 107 [mT] for
salt water, both at 59°F (15°C) [192,255-257].

Eq. (S.252)

Ly [m]-v [%]
m2
v T:l

Note that, for external flow over flat plates (like a watercraft’s hull), typical Reynolds
number magnitudes are < 5 X 10> for laminar flow, > 1 X 10° for turbulent flow, and values
in-between represent the transition between laminar to turbulent flow [192]. Typical water flow
around a ship’s hull transitions from laminar to turbulent with the Reynolds number increasing as
the length increases from the front of the hull (at 0[m]) to the end of the submerged portion (at
Ly [m]).

Re[-] =
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1.C.2.E.5.D. Air resistance
(Ra)

The air resistance is a factor of the ship’s profile above the waterline in a plane
perpendicular to the direction of travel and the ship’s speed. We do not consider the effect of
wind in this analysis. Air resistance is typically about 2% to 8% of a ship’s total hull towing
resistance [186,192]. Although we can calculate the air resistance using an air resistance
coefficient in a similar manner to the frictional and residual resistances, it can also be estimated
as 90% of the dynamic pressure of air with a velocity equal to the ship’s velocity [186].

Eq. (S.253)

RalN] = 090 5 puiy [r5] - (v[2]) " s )

To estimate the front cross-sectional area of the watercraft above the waterline, we used
drawings from the manuals and data for height and beam dimensions [60]. Since height is
measured from the water surface to the top of the mast, we use a reduction factor of 40% for the
average waterjet boat and 80% for the average cargo ship (i.e., 60% of the rectangular area given
by height X beam is empty space for waterjet boats and 20% is empty space for cargo ships).

1.C.2.E.5.E. Residual resistance
(Rg)

When William Froude conducted his pioneering ship experiments in the 1860s, he
assumed that the total resistance was a factor of the skin friction and “wave-making and pressure
form,” or friction + “the rest,” which he termed “residuary” resistance [255]. As discussed
above, air resistance is only a small component to overall ship drag. It turns out that, for a
typical naval vessel, the frictional resistance is the largest component of the total hull towing
resistance (drag) at low speeds, while the residual resistance becomes dominant at high speeds
[254]. At low speeds, the residual resistance is about 8% to 25% of the total hull towing
resistance, but at high speeds it can grow to 40% to 60% [186].

Whereas the frictional resistance is a factor of the Reynolds number, the residual
resistance is a factor of the Froude number given by Eq. (S.254) [192,254,255].

Eq. (S.254)
v[5]
\/g [;n_z] * Ly [m]

Scale models in towing tanks are generally used to calculate the total hull towing
resistance with the total hull towing resistance coefficient being the summation of the frictional
and residual coefficients [254,255].

Fri-]=

Eq. (S.255)
Cr[N] = Ce[-] + Cr[-]
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Some methods include a “correlation allowance” between the model and the actual ship.
Since we generally must find the residual resistance coefficient, Cp using experimental methods
or computer models, we simply estimate Cy using [254]. This suggests that, for an average cargo
ship and Froude number of 0.17, the frictional resistance coefficient is about 0.0016, which
correlates to our calculated value of 0.00178 from Eq. (S.250) and Eq. (S.251) above. In this
case, the residual resistance coefficient is about 0.001.

The Froude number for the average waterjet boat is beyond that presented by [254], and
references like the Lap-Keller Chart used to estimate Cy are not readily available [253]. Given
the higher speed of waterjet boats (about twice that of cargo ships) and the fact that residual
resistance can be ~50% of the total hull towing resistance at higher speeds, we use a residual
resistance coefficient of 0.0023 for the average waterjet boat, roughly equal to the frictional
resistance coefficient.

We can calculate the residual resistance using Eq. (S.256) for both the loaded (gross) and
light (curb) scenarios.

Eq. (S.256)
RR[N] = Cr[-] - K[N]

Now that we can independently calculate the friction resistance, the air resistance, and the
residual resistance, we add all three to find the total hull towing resistance for a watercraft (Eq.
(S.234)).

1.C.3. Characteristics of electric motors and gearboxes for battery electric and hydrogen
fuel cell systems

Whether used in BE or HFC variants, we must appropriately size electric motors and
gearboxes to ensure we achieve desired performance characteristics.

1.C.3.A. Electric Motors

Electric motors are plentiful. In 2011, the International Energy Agency (IEA) estimated
that electric motor-driven systems accounted for 43% to 46% of all global electricity
consumption (giving rise to 6,040 Mt of CO> emissions annually due to their sources of
electricity) [258]. For all-electric BE and HFC variants, electric motors can be used to replace
ICEs as the power plant [200].

EVs use many different types of motors, both DC and AC. Pros and cons exist for each
type. For example, DC motors do not require inverters, but AC motors are better suited for
regenerative braking [259]. Several decades ago, researchers wrote that “recent technological
developments have pushed AC motors to a new era, leading to definite advantages over DC
motors: higher efficiency, higher power density, lower cost, more reliable, and almost
maintenance free” [260].

AC induction motors work by supplying an alternating current to windings in the stator
(the fixed portion that either inside or surrounding the rotating rotor), which creates a rotating
magnetic field that changes with the current’s oscillation [261]. The rotor (the central shaft that
spins within or outside the stationary stator) lags and rotates at a slower speed. The stator’s
magnetic field changes relative to the rotor, and this induces an opposing current [262]. This
induced opposing current in the rotor’s windings in turn creates a magnetic field that reacts
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against the stator’s magnetic field. Faraday’s Law combined with Lenz’s Law defines that the
direction of the magnetic field opposes change in current through the rotor’s windings, causing
the rotor to rotate in the direction of the rotating stator magnetic field. The rotor then accelerates
until the magnitude of the induced rotor current and torque balances the applied mechanical load
on the rotor. The difference between the synchronous speed (where the motor’s speed is exactly
proportional to the supply current’s frequency) and the operating speed at the same frequency is
called “slip” and is either expressed in RPM or as a percent ratio of the synchronous speed [262].
For reference, the Tesla Model S uses AC induction, liquid-cooled, variable frequency drive
motors paired with a single-speed fixed gear transmission [263]. Whereas AC induction motors
rely upon their induced opposing current and magnetic field and are therefore asynchronous,
there are synchronous motors where the rotor turns at the same rate as the stator field [264]. In
synchronous motors, the rotor has permanent magnets or DC-powered electromagnets that turn
in step with the stator field.

Typical commercial electric motors are radial flux, meaning the orientation of the
magnetic flux is radial to the rotor shaft. However, new axial flux synchronous motors (where
the magnetic flux is parallel to, or along the axis of, the rotor shaft) can apply to transportation
applications as well [265]. Axial flux motors can be more efficient and lightweight than
traditional radial flux motors because the copper can be limited to an orientation perpendicular to
magnet rotation (i.e., none is left overhanging on the ends of the coils) and the copper can be
placed against the exterior motor case to enhance cooling and heat transfer [266]. For example,
Magnax, a company in Belgium, claims that their AXF225 yokeless axial flux motor can
produce 170 kW peak power with a mass of just 14 kg, yielding a peak PWR of 12.1 kW kg'!;
they also claim motors with peak power densities of up to 15 kW kg! (7.5 kW kg'! continuous)
with nominal efficiencies of 94% to 95% and peak efficiency of 98% [267,268]. In comparison,
BMW’s hybrid synchronous machine radial flux motor used in their i3 model has a peak power
of 125 kW with a mass of 42 kg, yielding a peak PWR of 3.0 kW kg [11]. This suggests that
axial flux motors may someday prove to be better suited for applications where vehicle mass is
an issue.

Another company, Emrax, produces electric motors for EVs with peak PWRs of ~7.5 to
11.3 kW kg and continuous PWRs of ~3.8 to 4.9 kW kg ! with efficiencies of 92% to 98%
[269,270]. Tesla Motors, Inc. uses two, 70 1b motors (~63.5 kg total) to produce 362 hp
(~270 kW) in its Model S, yielding a PWR of ~4.3 kW kg! [271]. BorgWarner (formerly Remy,
Inc.), produces motors for electric vehicles with PWRs of ~4.3 kW kg! and peak efficiencies
>95% (typical 74.0% to 95.8%) [272-278]. Another company in the UK, YASA, produces
electric motors for transportation applications with a continuous PWR of 2.1 kW kg [279].

We conducted a survey of 15 different commercially-available, off-the-shelf (COTS)
electric motors from five different manufacturers (BorgWarner, Emrax, Remy, Magnax, YASA)
and compared their continuous power, mass, and volume as shown in Fig. S.6 through Fig. S.8.
Blue dots represent radial flux electric motors and red dots represent axial flux motors
[267,269,270,273,275-279].
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For this analysis, we first want to consider a LB scenario that uses COTS technology and
a HB scenario that uses published technological targets for the near future (we will later use the
MK values for each vehicle platform to apply defined commercial and future feasible
technologies, but for now we want to investigate just near-term technologies). We selected the
radial flux, air cooled Emrax 348 electric motor as a basis for the LB scenario and the axial flux
Magnax AXF225 for the HB scenario. We recorded data for each motor from industry
specification sheets [16,267,270].

In application, we can use multiple electric motors at different wheels on a single vehicle
or have multiple motors work together along a single shaft. (As a side note, using multiple
electric motors may provide a benefit over a single ICE by providing redundancy.) Since our
focus is on the overall changes to mass and volume for the variants of each vehicle platform, of
which the electric motor is just a small fraction, we define “parity” between an existing FF
vehicle’s peak torque and peak power as meeting or exceeding the cumulative torque and
cumulative continuous power output possible from “stacking” electric motors [267]. (We will
later use electric motor peak, not continuous, power.) In the sections that follow, the HB
scenario may sometimes have values for individual motor parameters that seem worse than those
in the LB scenario. However, readers must remember that we are stacking motors to achieve the
desired torque and power, and what ultimately matters is the calculated motor specific power and
power density, which is always better in the HB scenario using axial flux motors.

With regards to fixed-wing aircraft, future-seeking concepts consider the use of High-
Temperature Super-conducting (HTS) electric motors whose superconducting materials, when
operated below a critical temperature, are able to carry current with negligible resistive losses
[230,237,238,280]. Such motors are still in the research and development phase, so we limit our
analysis to the motors presented above. With regards to the diesel-electric freight locomotive, it
already has a transmission paired to electric motors and traction auxiliaries (i.e., the diesel engine
produces electricity to power electric motors). Although we could model the freight locomotive
as retaining its electric motors, we consider adding new motors and gearboxes without
subtracting the existing ones and acknowledge that we short the available mass and volume
budgets in this transition (see Section 1.C.1.E.1).

1.C.3.A.1. Torque output from individual electric motor

(Tm,1)

The Emrax 348 can produce a torque of 500 N-m whereas the Magnax AXF225 can
produce a peak torque of 250 N-m [267,270]. It should be noted that Emrax quotes this
parameter as “continuous” torque. We do not consider limits for how long a motor can sustain a
given torque output level.

1.C.3.A.2. Continuous power output of individual electric motor

(P m,c,i)

The Emrax 348 can sustain a continuous power output of 140 kW [270]. Magnax does
not overtly report the continuous power output of their motors — only the peak. However,
included in an article posted to their company website is the statement: “continuous power
figures for the Magnax motor come out at 50 percent of what it can make at its peak™ [281].
Thus, we consider the continuous power output of the Magnax AXF225 as 85 kW, half of its
peak [267].

110



1.C.3.A.3. Peak power output of individual electric motor

(P m,p,i)

The Emrax 348 has a peak power output of 290 kW, which can only be maintained for a
few minutes at cold start or a few seconds at hot start [270]. The Magnax AXF225 has a peak
power output of 170 kW [267]. Data for how long the motor can sustain this peak power output
is unavailable.

1.C.3.A 4. Electric motor dimensions: length and diameter

(lm,ia dm,i)

The Emrax 348 has a length (reported as “width”) of 107 mm and a diameter of 348 mm
[270]. The exact length of the Magnax AXF225 is not reported, but what is reported is that the
AXF185, 225, 275, and 355 have lengths between 75 and 100 mm [268]. To be conservative, we
use a value of 100 mm. The width is given in the nomenclature of the motor itself — the AXF225
has a diameter of 225 mm [268].

1.C.3.A.5. Volume of individual electric motor

(Vm,i)
We estimate the physical size of each individual motor by calculating the volume of a
cylinder using data for the length and diameter (Eq. (S.257)).

Eq. (S.257)
2

Vinalm) =+ (S dyyilm]) Lyl

1.C.3.A.6. Mass of individual electric motor

(mm,i)

We recorded the mass of each individual motor from published data; the Emrax 348 has a
mass of 39 kg, and the Magnax AXF225 has a mass of 14 kg [267,270]. It is worthy of noting
here that the DOE does not cite technical targets for electric motor mass; presumably because the
PWR of electric motors is not of primary concern for light-duty passenger vehicle applications.

1.C.3.A.7. Power density of electric motor(s)

(PDr)
We calculate the power density of electric motors by dividing the individual motor’s peak

power output by its volume (Eq. (S.258)).

Eq. (S.258)

W
FDrm [%]: Pm:z'; [mf)tfo]om
mi motor] [ ]

m3

The DOE published a technical target for the year 2025 of 50,000 W L! based on a
100,000 W peak power electric motor operating at 650 V (nominal, DC) with a motor volume of
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2.0 L [282]. The Magnax AXF225 almost meets this technical target today with a power density
of nearly 43,000 W L-!,

1.C.3.A.8. Power-to-weight ratio (continuous) of electric motor(s)

(PWRp,c)
A convenient way to compare electric motor performance is by PWR. Using

manufacturer’s data, we calculate the continuous PWR for the Emrax 348 and Magnax AXF225
as 3.59 kW kg!and 6.07 kW kg!, respectively, using Eq. (S.259).

Eq. (S.259)
w
PWR [ﬂ] _ Prnc,i [motor]
" kg o]
ml Imotor

1.C.3.A.9. Power-to-weight ratio (peak) of electric motor(s)

(PWRy, )
Similarly, we can calculate the peak PWR for the Emrax 348 and Magnax AXF225 as
7.44 kW kg'and 12.1 kW kg'!, respectively, using Eq. (S.260).

Eq. (S.260)
W
PWR [ﬂ] _ Prpi [motor]
" lkg [ka ]
mt motor

The type of electric motor selected for an application matters. To provide a means of
reference, we derived an equation to estimate the mass of an electric motor based upon
maximum (peak) output power using data from a full range of Class F, continuous duty, 60 Hz,
460 V motors (see Fig. S.9). Class F is a National Electrical Manufacturers Association
(NEMA) motor winding insulation rating indicating a maximum temperature of 155°C [283].
Fig. S.9 suggests a peak PWR of ~0.1435 kW kg! for electric motors [284]. This is very low
compared to the Emrax and Magnax motors under consideration, but these TECO motors are for
industrial applications, like drive pumps, fans, compressors, and other tasks where mass is not an
issue. When using electric motors developed for specialty applications like transportation, the
peak PWR can be much better. It is interesting to note that claimed specifications for the
Magnax axial flux motor already exceed recently published forecasts for future electric motor
PWRs of >10 kW kg [10].
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Fig. S.9. Example electric motor power-to-weight ratio relationship for common, squirrel-
cage induction motors.

1.C.3.A.10. Number of electric motors

(nm)

There are several ways by which we could estimate the number of electric motors needed
to meet or exceed each FF vehicle platform’s capabilities. All of the methods presented here
model electric motors manufactured specific to the application’s needs and the overall electric
motor volume, mass, torque, and power are cumulative, as if the individual motors are “stacked”
to obtain the required output.

One method is to consider the FF variant’s maximum power output and meet that value
with an equivalent amount of electric motor peak power (Eq. (S.261)). Since we rarely operate
vehicles at their “red line” and, if we do, it is only for a very brief period of time, this may be a
reasonable assumption. For example, as already discussed in Section 1.C.1.D.5.C, one example
helicopter can only operate at its contingency engine horsepower for 2.5 minutes, its maximum
horsepower for 10 minutes at, and its intermediate horsepower for 30 minutes.

Eq. (S.261)

n,,[motor]| = PFF—[W]

Py o]

A second method is to consider the FF variant’s maximum power output and meet that
value with an equivalent amount of electric motor continuous power that can be sustained
indefinitely (Eq. (S.262)). This is a significantly conservative analysis.
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Eq. (S.262)

n,,[motor]| = Per[W]

P [rrotar)

A third method is to consider both the FF variant’s peak torque and peak power, calculate
the number of electric motors needed to meet both metrics individually, and then take the larger
number of motors as the governing factor, as illustrated by Eq. (S.263).

Eq. (S.263)
Trp [N -m]

N-m
Tmi [ ]
: tor
n,,[motor] = max mo
" Ppp[W]

Pt [riotor)

Although the third method, which considers both torque and power, may appear to be
best, it fails to provide a convenient means of comparison that allows for design changes in all-
electric variants according to a desired PWR. Consequently, we adopt the first and second
methods for our analysis. Recall that, unlike an ICE that must obtain a certain speed and power
output before maximum torque can be achieved, an electric motor starts from zero RPM with
maximum torque, placing torque availability where it is generally most needed for a vehicle.

1.C.3.A.11. Continuous power output of combined electric motors

(Pn.c)

If we consider stacking or combining electric motors to achieve the desired power output
for a vehicle platform, we can calculate the total power output using Eq. (S.264) for continuous
power, though the same method can be used for peak power.

Eq. (S.264)

Ny, [motor] - Pm,c,i ] = Pm,c (W]

[ w
motor
1.C.3.A.12. Mass of electric motor(s)

(mm)

Upon calculating the number of electric motors required to meet or exceed existing
FF/ICE capabilities, we calculate the resulting mass of electric motors needed using Eq. (S.265).

Eq. (S.265)

mplkgl = ny[motor] - my, ;

kg ]
motor
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1.C.3.A.13. Volume of electric motor(s)

(Vi)
Similarly, we calculate the resulting volume of electric motors needed using Eq. (S.266).

Eq. (S.266)

3
Vn[m3] = n,,[motor] - vy, ; lmotorl

1.C.3.B. Gearbox (transmission)

1.C.3.B.1. Ground combat vehicles

Electric vehicles can use a “direct-drive” gear (1:1 ratio between motor RPM and wheel
RPM) which is 99.5% efficient [285]. Electric motors produce useable torque across a wide
RPM range starting from zero, so there is no need for a clutch or multi-speed transmission.
However, many manufacturers design for an appropriate single-speed (constant gear ratio) that
allows for a specific top speed yet still is useful at lower RPM [286]. For example, in 2008,
Tesla’s Chief Technical Officer (CTO), JB Straubel, wrote that Tesla’s “Powertrain 1.5 would
use a single-speed gearbox with a constant ratio of 8.2752:1 and a mass of 45 kg [287]. This
provides simplicity, reduces inefficiencies, and reduces both mass and volume required for the
drivetrain.

To illustrate this mathematically, consider the dynamometer (“dyno’) graph for a
wheeled vehicle using a 6.5L V8 engine from [288]. (As an aside, the “PS” shown next to “HP”
on the graph stands for the German Pferdestdrke, or “horse-strength,” which is ~98.6% of BHP)
[289]. The vehicle uses size 335/80R20 tires [290]. From the naming convention, the width of
the tires is 335 mm, the aspect ratio is 80 (meaning the tire sidewall height is 80% of the tire’s
width, which equals 268 mm), the construction, R = Radial, and the wheel diameter is 20 in
[291]. From these dimensions, we can calculate the tire diameter using Eq. (S.267) and the tire
circumference using Eq. (S.268).

Eq. (S.267)

5.4mm

tire diameter = ((20[1’11] . [2— ] = 1.044[m]

1
lin D + (2 (080~ 335[mm]))> . [1 OO(T)nmm

Eq. (S.268)

. . 1.044[m]
tire circumference = 2 -1 - — )= 3.28[m]
Therefore, for every revolution of the tire, the vehicle travels 3.28 m. Let us assume that
this vehicle has a top speed of 55 mph (~24.6 m s!). Referring to [288], the vehicle’s power

reaches a maximum of ~200 hp at an RPM as low as ~2,500 RPM. We can use Eq. (S.269) to
match a vehicle’s top speed with its engine crankshaft RPM [286].
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Eq. (S.269)

engine RPM ]
top speed = —————— - tire circumference
gear ratio

Using Eq. (S.270), we can see that an appropriate gear ratio to take the crankshaft’s 2,500
RPM and convert it to the tire’s RPM that equates to 55 mph is ~4.8:1. From the dyno graph, at
this engine RPM, the vehicle can produce ~550 N-m of torque [288].

Eq. (S.270)

2,500 [”’”]

o RN L
gear ratio-[% 2 [rev]

28.2 [?] =

However, a ground combat vehicle generally does not travel at 55 mph on the battlefield.
A more likely speed would be about 15 mph (~6.7 m s!) for supporting dismounted patrols. If
the FF variant only had a single gear with a ratio of 4.8:1, we could again use Eq. (S5.269) to
solve for the engine RPM needed to match this slower vehicle speed (Eq. (S.271)).

Eq. (S.271)

engine RPM [rev

505 minl. 3 5g [T%]

min

o [?] T 48 [

From Eq. (S.271), we see that the engine RPM would need to be ~588 RPM for this gear
ratio and vehicle speed combination to work. This is far too low for the ICE, and dyno graphs
reflect that an ICE is incapable of producing usable torque at that speed.

This illustrates why multiple gears and transmissions are employed in conjunction with
ICEs to improve performance. ICEs produce little torque at low RPM and maximum torque only
within narrow RPM range [292]. This stands in stark contrast to electric vehicles like the Tesla
Roadster and Model S whose motors can spin up to ~14,000 RPM and ~18,000 RPM,
respectively while producing usable, maximum torque from zero RPM [293]. Although the
vehicle systems are different, it is interesting to note that the maximum speed of the average
ground combat vehicle is already within the constant torque range for electric motors as applied
to the Tesla Model S system.

Recently, some manufacturers have begun developing multi-speed transmissions for
electric vehicles to increase the average motor efficiency, improve the drive range, or even
reduce the electric motor size required [285,294,295]. Proterra, the maker of electric buses for
mass transportation, uses a two-speed auto-shift transmission in order to maximize efficiency
while either traveling at freeway speed or climbing steep hills [296,297]. The benefit of using a
two-speed transmission is increased torque in the first gear and increased vehicle speed in the
second gear [28]. As validated by the DOE at Oak Ridge National Laboratory, tests on ten-ton
Smith-Newton medium-duty EV delivery trucks using either an Eaton single-speed gearbox or
an Eaton three-speed gearbox show improvements of 7.7% improvement in overall efficiency,
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18.4% in top speed, 3.9% in acceleration from 0 to 50 mph, and 6.4% in gradeability by using a
three-speed transmission [29].

Whether an EV uses a single-speed or multi-speed gearbox, our analysis should consider
more than just the mass and volume of the electric motor itself. Although a smaller, lighter
single-speed gearbox may be sufficient, we will consider a two-speed gearbox used in all tactical
vehicle variants.

1.C.3.B.2. Freight locomotive

The diesel-electric locomotive already has a transmission paired to electric motors and
the traction auxiliaries. However, as discussed in Sections 1.C.1.E.1 and 1.C.3.A, in the absence
of data for their mass and volume, we take a conservative approach and model adding a two-
speed gearbox with electric motors without subtracting away the existing ones.

1.C.3.B.3. Rotary-wing aircraft

Since we model removing the ICEs but not the transmission systems in the helicopters,
we do not consider replacement gearboxes in our analysis.

1.C.3.B.4. Fixed-wing aircraft

Propeller propulsion uses gearboxes to adapt the performance characteristics of the core
engine to the characteristics of the prop, and turbofan propulsion uses gearboxes to decouple the
fan from the turbine; both instances considerably increase maximum efficiency in the FF variant
[56]. For example, the Pipistrel Alpha Electro all-electric prop airplane uses an integrated
electric motor/gearbox [298]. Our analysis will consider a two-speed gearbox for all-electric
prop planes and no gearboxes for jet airliners using ducted fans.

1.C.3.B.5. Watercraft

Since the electric motor in waterjet boats will operate a pump for waterjet propulsion, we
do not need a gearbox for that platform type. However, cargo ships will require gearboxes to
properly match motor RPM to individual propeller RPM, just as smaller electric propeller boat
motors use gearboxes [299].

1.C.3.B.6. Scaling factor, dry weight (mass) of gearbox used per dry weight (mass) of
electric motor

(Engpmm)

Due to the limited availability of data on gearboxes designed specifically for heavy-duty
vehicle applications, we will use a two-speed gearbox manufactured to match the motor size
required for each vehicle platform. The Eaton Corporation manufactures a two-speed EV
transmission with a dry mass of 81 kg, a volume of 0.085 m?, and an oil capacity of 4.6 L
[30,295]. However, this two-speed gearbox is for vehicles up to 18 tons. In the previously
mentioned analysis regarding ten-ton Smith-Newton medium-duty EV delivery trucks using
Eaton single-speed and three-speed gearboxes, the DOE provided data on the combined motor +
gearbox mass and volume (see Table S.18) [29]. Note that the baseline vehicle and motor is the
same, but there is a difference in the calculated motor volume between the two gearbox
combinations. This is likely due to the method of measurement used by the DOE; they report
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size as maximum dimensions in length, height, and width, and the motor/gearbox combination is

not a complete rectangular cuboid.

Table S.18. Eaton gearboxes sized to Smith-Newton medium duty electric vehicle delivery

trucks
Parameter Single-speed gearbox | Three-speed gearbox
Motor mass 83.5kg 83.5kg
Gearbox mass 27.2 kg 90.7 kg
Motor volume 0.0572 m? 0.0719 m?
Gearbox volume 0.0236 m? 0.1242 m?

Using these values, we calculate ratios of gearbox mass to motor mass and gearbox
volume to motor volume. Graphing these values and creating trendlines, we are able to make
rough estimates for sizing factors of a two-speed gearbox in terms of the required electric motor

mass and volume (Fig. S.10).

2.00
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1.50
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0.75

0.50

Gearbox mass : motor mass

Fig. S.10. Linear trendlines for mass and volume ratios, gearbox : electric motor

Fig. S.10 suggests that an estimate for the mass of a two-speed gearbox is 2 - 0.3587 =
0.7174 times the mass of its paired electric motor. We define this factor as F,
allows for easy estimation of a dry mass for a gearbox defined by the size of electric motors used

e Gearbox Mass : Motor Mass

# Gears

in an all-electric variant.

1.C.3.B.7. Mass of gearbox

(mgs)

Having defined a scaling factor for the dry mass of a two-speed gearbox, we can now
estimate the required gearbox mass based upon the mass of electric motors using Eq. (S.272).

Eq. (S.272)

y = 0.5595x

b R? = 0.9853

y = 0.3587x
R2 =0.9981

3

2.00
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Gearbox volume : motor volume

e Gearbox Volume : Motor Volume

Mgp [kg] = FmGB_mm "My [kg]

GB-Mm>

which
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1.C.3.B.8. Scaling factor, volume of gearbox used per volume of electric motor

(FVGB_Vm)
Similarly, Fig. S.10 suggests an estimate for the volume of a two-speed gearbox is 2 -
0.5595 = 1.119 times the volume of its paired electric motor.

1.C.3.B.9. Volume of gearbox

(Vss)
Having defined a scaling factor for the volume of a two-speed gearbox, we can also

estimate the required gearbox volume based upon the volume of electric motors using Eq.
(S.273).

Eq. (S.273)

VGB [m3] = FVGB_Vm ' Vm [m3]

1.C.3.B.10. Scaling factor, volume of gearbox oil used per volume of gearbox

(FVO,GB_VGB)

We cannot forget that the gearbox requires lubricating oil, and just as we included the
mass of oil in our formulation of a mass budget from stripping away the FF system, we need to
account for the oil necessary in an all-electric system. To find the mass of oil necessary, we
must first find the volume of oil necessary.

The Eaton two-speed electric vehicle transmission, which has a total volume of 0.085 m?,
uses 4.6 L (~0.0046 m?) of SAE50 Eaton PS 164 lubricating oil [30]. This equates to a scaling
factor of 0.05412 for the overall gearbox volume used. We therefore consider 5.412% of any
two-speed gearbox volume as oil for a rough estimate.

1.C.3.B.11. Volume of oil used in gearbox

(Vo,GB)

Using the scaling factor for the volume of gearbox oil required per volume of gearbox,
we can calculate the volume of oil used in an appropriately-sized, two-speed gearbox using Eq.
(S.274).

Eq. (S.274)

1,000L]

VO,GB [L] = FVO,GB—VGB ' VGB [m3] ’ [ m3

1.C.3.B.12. Gearbox oil type

Eaton’s Service Manual for its two-speed TRSM7202 transmission specifies the use of
SAES50 Eaton PS 164 gear oil for transmission lubricant [30]. We will model this same oil for all
gearboxes in our analysis because we are simply seeking an estimate for the mass of oil that a
gearbox will use. In practice, the type of oil may be different based on vehicle platform type.
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1.C.3.B.13. Density of gearbox lubricating oil

(Po)
From a specifications sheet for SAE5S0 transmission lubricant, the density of oil is 0.860
kg L'at 15.6°C (~60°F) [300].

1.C.3.B.14. Mass of gearbox oil

(mo,GB)
We can now calculate the mass of oil using Eq. (S.275).
Eq. (S.275)

kg
Mo llg] = VogslL] - po | 7]

1.C.3.B.15. Total electric gearbox mass to include all gearboxes and lubricating oil

(Mtotarcp)
Although the volume of oil is contained within the volume of the gearbox, the mass of oil

will add to the dry mass of the gearbox, as shown in Eq. (S.276).

Eq. (S:276)
Meorarcalkgl = mgplkgl + mg gplkgl

1.C.3.B.16. Combined electric motor and gearbox factors

As a check on the above assumptions, let us consider a wheeled vehicle with a mass of
3,697 kg (curb) and 5,488 kg (gross). This vehicle would require 1.26 electric motors with a
mass of 26.5 kg motor™! and volume of 0.007 m® motor! to meet or exceed the power in the FF
variant.

Using Eq. (S.272), we can calculate the mass of a matching two-speed gearbox using Eq.
(S.277).

Eq. (S.277)

Kk
0.7174 - 1.26[motors] - 26.5 [—g] — 23.95[kg]
motor

Using Eq. (S.273), we can calculate the volume of a matching two-speed gearbox using
Eq. (S.278).

Eq. (S.278)

3

m
1.119 - 1.26[motors] - 0.0067 [

l = 0.0094[m3]
motor

Using Eq. (S.274), we can calculate the volume of gearbox oil using Eq. (S.279).
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Eq. (S.279)

1,000L
m3

0.05412 - 0.0094[m3] - [ ] = 0.509[L]

Using Eq. (S.275), we can calculate the mass of gearbox oil using Eq. (S.280).
Eq. (S.280)

k
0.860 [Tg] +0.509[L] = 0.438[kg]

Using Eq. (S.276), we find the total mass of the gearbox and oil as shown by Eq. (S.281).

Eq. (S.281)
23.95[kg] + 0.438[kg] = 24.4[kg]

Thus, a rough estimate for a two-speed gearbox for this vehicle would be about 24 kg dry
mass and 0.01 m? volume. We conducted a survey of COTS gearboxes for EVs and summarized
the available specifications in Table S.19. Compared to the table’s values, our estimated gearbox
mass and volume values seem low. However, we calculated these results using values for some
of the best electric motors on the market today, whereas the table’s values reflect gearboxes
paired with electric motors that have already been on the market for some time now. Our
estimates for gearbox mass and volume may therefore be reasonable for near-term/future
applications.
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Table S.19. Mass and volume of COTS EV gearboxes

Brand Model Platform characteristics Mass Volusme Source
(kg) (m?)
2,000 kg GVW
P1166 electric motor:
xTrac (Single-speed) < 10,000 RPM 17 - [301]
<500 N-m
“Mid-size” EVs
IS}AIEA’SRPIL% (Siiqell)gszogz d) electric motor: 20 0.033 [302]
ge-sp <200 N-m
Electric motor:
XTrae | (o Pll 227 . < 10,000 RPM 23 - [303]
(Single-speed) <500 N-m
MAGNA/ 2eDT200 Electric motor:
GETRAG | (Two-speed) <200 N-m 26 0.034 [304]
Eaton Single-speed Vehicle <9,072 kg 27.2 0.024 [29]
MAGNA/ 1eDT350 . . .
GETRAG | (Single-speed) Light commercial vehicles < 3,175 kg 28 -- [305]
Electric motor:
P <400 N-m
Electric motor:
Tesla Single-speed < 14,000 RPM 45 -- [287]
<400 N-m
Tesla Two-speed -- 53 -- [287]
Eaton Two-speed Vehicle <16,330 kg 81 0.085 [30]
Eaton Three-speed Vehicle <9,072 kg 90.7 0.124 [29]
MAGNA/ 1eDT330 Electric motor: 150
GETRAG | (Single-speed) <2x320 N-m (w/motors) 0.119 [307,308]

1.C.3.B.17. Combined mass of electric motor, gearbox, and oil

(mm+GB+o)
We can calculate the combined mass of the electric motor, gearbox, and gearbox oil,

based upon the individual electric motor mass and volume and the three scaling factors

previously introduced, as shown by Eq. (S.282). Since we have already performed some of the

intermediate steps, we can also find the same result using Eq. (S.283).

Eq. (S.282)
kg
mm+GB+o motor k k
_ 9 e |9
B (mm'l [motor]) + (FmGB-mm[ Y motor])
m3 1,000L

+ FVO,GB_VGB [_] ' FVGB_Vm[_] ' Vm,i motor ' m3 ] ' pO [

Eq. (S.283)

Mpn+6B+o

_ My [kg] + Mtotal,GB [kg]

kg ]
motor

n,,[motor]

kg]
L

122



1.C.3.B.18. Combined volume of electric motor and gearbox

(Vm+GB)
In a similar fashion, we can calculate the combined volume of the electric motor and

gearbox using either Eq. (S.284) or Eq. (S.285).

Eq. (S.284)
m3 m3 m3
Vs [Wl = (lef [WD ¥ (FVGB-Vm[‘] Vs [mtD
Eq. (S.285)
v m? | Vu[m®] + Vgp[m?®]
m*6B lmotor|~  n,,[motor]

1.C.3.B.19. Scaling factor, total mass of electric motor, gearbox, and oil used per dry
weight (mass) of electric motor

(me+GB+o_mm)

In our analysis, we will find it necessary to use the mass of electric motors as a variable
in order to meet or exceed the FF vehicle’s PWR. However, when calculating a proposed all-
electric variant’s mass, we must know not just the electric motor mass but the total mass of the
electric motor, gearbox, and gearbox oil package. Therefore, we have defined a scaling factor
that yields the total mass as a function of the electric motor mass.

To accomplish this, we first must find the ratio of the gearbox (and its oil) mass to the
electric motor mass, which we place within the parentheses of Eq. (S.286). Adding this value to
1 yields a scaling factor that will yield the total electric motor, gearbox, and gearbox oil mass per

unit of electric motor mass desired.

Eq. (S.286)
k k k
F PN Mn+GB+o [mofor] ~ Mini mofor] B Mun+GB+o mofor]
Mm4GB+o Mm ~ k - k
Mani mofor] Mani mofor]

1.C.3.B.20. Ratio of total volume of electric motor and gearbox used per dry weight (mass)
of electric motors

(RVm+GB_mm)

Similarly, when calculating the volume of a proposed all-electric variant based upon the
mass of electric motors used, we need a ratio of the total electric motor and gearbox volume in
relation to electric motor mass. We can do this using Eq. (S.287).
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Eq. (S.287)

v m3
m3 m+GB motor
RVm+GB,mm kg =

1.C.4. Characteristics of battery electric platforms

1.C.4.A. Battery density standards

The lithium ion battery (LIB) has become the single dominant technological design that
private industry has scaled up for BE transportation, threatening technological lock-in for the
long-term [309]. Manufacturers of BE vehicles prefer LIBs because of their energy storage
capacity, ability to maintain a high current, ability to maintain a charge, ability to supply power
in the cold, and ability to provide numerous cycles with minimal degradation [310]. This may
change in the future as research continues into different battery types. For example, Lithium-
Oxygen batteries can theoretically deliver a specific energy of 5.2 kWh kg ! and energy density
of 10.5 kWh L at the cell-level [311]. There are many such estimates for different battery types
throughout the literature. In our analysis, we will eventually calculate tipping point values for
these variables. We specifically do not put a cap on future feasible battery specific energy or
energy density values because we do not restrict the type or chemistry of batteries that can be
used for transportation applications.

Often, research will quote very favorable-sounding values for battery specific energy
(gravimetric energy density) and energy density (volumetric energy density), but we must be
careful to consider whether those values are theoretical or commercial and whether they are at
the “cell” or “pack” level. For example, consider the LIB with a 339 mAh g'! LiCs anode and
278 mAh g'! LiNi;3Co13Mn;30: cathode — it has a theoretical specific energy of 421 Wh kg'!,
but the commercial version by Tesla and Panasonic has a specific energy of 272 Wh kg!, a
decrease of 35% [312]. This is at the cell-level. At the pack (or “system”) level, additional mass
and volume are required to support control management, cooling, electronics, and housing
components [5]. Consequently, at the pack-level, the specific energy drops to approximately 170
Wh kg1 [313]. This is a 60% decrease in the same metric for the same battery. Clearly, applied
research must use the appropriate value to avoid unrealistic and unfair results. Although some
may claim that basing an analysis on the lower, pack-level values is inexact (for instance, a
manufacturer might find synergy by incorporating battery housing into the structure of the
vehicle itself), this analysis will use the more conservative pack-level values. We will discuss
the pack-level specific energy, energy density, and physical density of battery systems in more
detail below.

1.C.4.A.1. System (pack)-level gravimetric battery energy density (specific energy) and
volumetric battery energy density

(SEp, EDp)

1.C.4.A.1.A. Ground combat vehicles

With regard to today’s technology, EPA Certification Summary Information Reports
state that current lithium-ion batteries in Tesla vehicles have a gravimetric energy density
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(specific energy) of 150 Wh kg™! (Model X and Model 3) and 170 Wh kg'! (Model S) at the pack
level [313-316]. Proterra and LG Chem, manufacturers of battery electric busses, use a lithium-
ion battery with a specific energy of 157 Wh kg™ and a volumetric energy density of 260 Wh L!
[12,317,318]. One source reports the Tesla Model X has a pack-level specific energy of 183.8
Wh kg!, but the Certification Summary Information Report says it is just 150 Wh kg1 [316,319].
Some individuals have documented detailed teardowns of commercial vehicle systems and report
their independently measured values. For example, the Tesla Model 3 uses 4,416 individual
lithium-ion (Li-ion) 2170 cells in its 80.5 kWh battery pack [315,320]. Estimates place cell-level
useable values at 246 Wh kg'and 711 Wh L-1[320,321]. The cells are arranged 46 cells to a
brick and either 23 or 25 bricks to a module depending upon the module’s placement within the
battery pack [320]. Given measurements of the modules, this equates to approximately 217 Wh
kg!'and 430 Wh L-! at the module-level. The modules are arranged into a pack including the
frame and penthouse, which contains the charge cable connector, power conversion unit, fuses,
and controls [320]. The total pack weighs about 480 kg and is about 235 L in volume, resulting
in pack-level values of approximately 168 Wh kg'! and 343 Wh L-!. This equates to a 32% and
52% decrease, respectively, in the gravimetric and volumetric energy density moving from the
cell- to pack-level.

The DOE unfortunately no longer publishes technical targets for battery energy density
by 2025. However, a 2012 report from Germany’s Fraunhofer Institute for Systems and
Innovation Research reports that the DOE once stated a technical target of 250 Wh kg™! by 2020,
and that China reported a target of 300 Wh kg! [322]. Currently, the United States Advanced
Battery Consortium states a commercialization target of 235 Wh kg! useable specific energy and
500 Wh L' useable energy density at the system level (350 Wh kg™!, 750 Wh L at the cell level)
by calendar year 2020 [18]. Lion Smart, a German engineering firm, claims to have achieved an
automotive battery pack for the BMW i3 with an energy density of >230 Wh kg™! and energy
density of 460 Wh L! at the pack level [323]. Recent claims for cell-level solid state battery
specific energy and energy density values include Solid Power’s 320 to 700 Wh kg™!, 700 to
1,000 Wh L*!; Solid Energy’s 450 Wh kg!, 1,200 Wh L'!; C4V’s 380 Wh kg™!, 700 Wh L!; and
Sion Power’s 500 Wh kg!, 1,000 Wh L![20,32,33,324].

Given these COTS and published technical targets, we will conduct the first portion of
our analysis using specific energy, energy density values of 170 Wh kg!, 260 Wh L! for the low
benefit scenario and 235 Wh kg'!, 500 Wh L! for the high benefit scenario.

1.C.4.A.1.B. Freight locomotive

GE is currently working on a demonstration model for a BE freight locomotive that uses
approximately 20,000 LIB cells “similar to what you might find under the hood of an electric
car,” and future versions are expected to have ~50,000 cells [325]. Just as we propose the
method of starting with an existing vehicle platform and stripping away the FF components to
create a mass and volume budget for new components, GE will “strip out the engine and cooling
systems from a diesel locomotive to make way for the battery under the hood... from the outside,
the battery-powered locomotive won’t look much different from its diesel counterparts™ [325].
GE’s BE freight locomotive design will be able to generate up to 2,400 kWh of energy and save
10% to 15% fuel [325]. Current efforts seem to use the same technology as commercial BE
light-duty vehicles, just with a much larger battery pack. Therefore, our analysis will use the
same values as for ground combat vehicles.
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1.C.4.A.1.C. Rotary-wing aircraft

Since helicopters spend a significant portion of their time in low-level flight, this analysis
will not consider any potential benefits that could possibly improve the specific energy from that
of land-based systems (e.g., less cooling hardware required for batteries operating at high
altitudes). Since there are no known commercial BE helicopters at this point, we adopt the same
values used for ground combat vehicles and freight locomotives for helicopters.

1.C.4.A.1.D. Fixed-wing aircraft

BE aircraft developers seem to avoid publishing working values for battery specific
energy and energy density, though there is some data from recent test aircraft. The Swiss Solar
Impulse 2, which completed the first ever piloted, fixed-wing, solar-powered circumnavigation
of the globe in 2016, used four 38.5 kWh Kokam Ultra High Energy Nickel Manganese Cobalt
(NMC) Oxide battery packs with 150 Ah cells totaling 154 kWh of energy storage at a reported
260 Wh kg'! [326]. However, Kokam’s website only advertises a best specific energy of 186 Wh
kg!'[327]. Recent research that summarizes flyable, manned electric aircraft lists specific energy
values as high as 207 Wh kg! for the Airbus E-Fan, 204 Wh kg! for the IFB Stuttgart eGenius,
180 Wh kg! for the Pipistrel Taurus Electro, and 171 Wh kg! for the Pipistrel Alpha Electro
[55]. Another publication estimates the Pipistrel Taurus Electro at ~150 Wh kg [328].
However, as described above, these values raise concern because it is not clear if they are for the
cell or pack level, and the calculations below do not support reports of such high values. For
example, commercially available BE aircraft manufactured by Pipistrel include the Taurus
Electro and the Alpha Electro. The Taurus Electro has a 7.1 kWh (total) battery pack using four
battery boxes weighing 13.9 kg each; Pipistrel recommends only considering 80% capacity as a
“sensible” discharge level, so the Taurus Electro can be considered to have a specific energy as
calculated by Eq. (S.288) [329].

Eq. (S.288)
7,100 [Wh]

Wh
0.8 =102 [—]
kg

kg
4 [battery boxes] - 13.9 [m]

The Pipistrel Alpha Electro is a single-engine trainer airplane that uses six swappable 20
kg batteries for a 17 kWh system, which suggests a specific energy of ~142 Wh kg'!
[298,330,331]. However, this value does not consider the housing, rack, or connections for the
batteries. The NASA X-57 Maxwell BE airplane uses 69.1 kWh of LIB weighing 390 kg for a
specific energy of 177 Wh kg'!, but NASA’s press release carefully notes that only 47 kWh is
usable, resulting in an effective 120 Wh kg™ [332].

Given the variability of values for aircraft, we select a low benefit value for specific
energy of 120 Wh kg! to reflect NASA’s X-57 and a likely value for Pipistrel’s Alpha Electro
after considering housing requirements. For the high benefit value, we select 300 Wh kg™! to
reflect what some BE aircraft designers have personally conveyed to us as their “working target”
for achievable technology within the next several years. Given the lack of reliable data for
volume and energy density, we adopt the same values as those used previously in other
platforms: 260 Wh L! for the low benefit scenario and 500 Wh L! for the high benefit scenario.
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1.C.4.A.1.E. Watercraft

Watercraft manufacturers are also using LIBs. Cigarette and Mercedes-AMG have
partnered to build a battery-electric racing boat that uses 12 electric motors to produce 2,220 hp
and 2,213 ft-1b torque [333]. Torgeedo, a German electric boat manufacturer, cooperates with
BMW to use automotive batteries for marine applications [334]. Torqgeedo uses modified
versions of the BMW i3 and i8 batteries as highlighted below in Table S.20.

Table S.20. Summary of characteristics for example batteries used in marine applications

Parameter Units | BMW i3 BMW i8 Source
Capacity Wh 30,500 9,100
Mass kg 256 98
Volume L 278 147 [310,335]
Specific energy | Wh kg'! 119 93
Energy density | WhL'! 110 62

Note that these batteries have lower specific energy values than do their typical
automotive counterparts because “very rugged design is ideal for boat applications that place
high demands on shock resistance” [310]. Rather than using lightweight foil-sealed cells, boats
use welded steel cylinders to encapsulate the battery cells. Furthermore, electrolytic gas can be
generated if water were to mix with the components of LIBs, so battery packs for watercraft
applications must be completely waterproof [310].

We elect to use low benefit values of 119 Wh kg and 110 Wh L-! for the specific energy
and energy density of watercraft batteries, which correspond with Torqeedo’s use of the BMW 13
battery pack. For high benefit values, we use 235 Wh kg! and 500 Wh L, reflecting the
technical targets set by the United States Advanced Battery Consortium, LLC [18].

1.C.4.A.2. Physical density of battery pack system

(pB,sys)

Having described the battery pack’s gravimetric energy density (specific energy) and
volumetric energy density (energy density), we can also consider its actual physical density using
Eq. (S.289).

Eq. (S.289)
Wh 1,000 L
£0y |7 [ ] ko]
Wh pB,sys m3
SEs | kg

1.C.4.B. Overall battery electric system efficiency

We summarize our findings for the overall BE system efficiency by vehicle type in Fig.
S.11. Those items in gray are the same as previously shown in Fig. S.1 for FF systems, i.e.,
these system components remain the same in the BE variant. Items in blue represent system
components we added for a BE system, which we describe in detail below.
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Fig. S.11. Overall battery electric system efficiency by vehicle type (same as Fig. 1(b))

1.C.4.B.1. Ground combat vehicles

Just as diesel has conversion losses from chemical to mechanical energy, so do BE
vehicles, albeit much less. Since the Army must transport JP-8 fuel to any given location on the
battlefield, it is appropriate to consider an energy analysis boundary in-between the typical well-
to-wheels (WTW) and tank-to-wheels (TTW). Losses in energy from a JP-8 pump (or refueling
truck) to a vehicle are negligible. However, there are losses experienced in charging batteries for
battery electric vehicles. Thus, we will consider a “charge-to-wheels (CTW)” value for
comparison.

We replace the ICE efficiency with the charging efficiency of batteries, the battery
discharge efficiency, a combination of the efficiencies for inverters that convert DC to AC,
control systems, and power electronics, and an electric motor efficiency. Despite replacing one
efficiency for four different efficiencies, the overall result is much higher for the BE variant. We
replace the FF vehicle’s driveline, brakes, and accessories combined efficiency with a combined
gearbox and drivetrain efficiency. We neglect any potential benefits from brake recovery.

1.C.4.B.1.A. Efficiency of battery charging

)

In their 2018 textbook, Electric Powertrain: Energy Systems, Power Electronics and
Drives for Hybrid, Electric and Fuel Cell Vehicles, the authors cite 85% as a “reasonable
estimate of efficiency from the plug to the battery” [164]. Others estimate values as high as 95%
[336]. A 2017 study revealed that EV charging losses ranged from 12.38% at 40 Amps (A) AC
to 17.22% at 10 A AC [337]. We calculate the overall charging loss by including not just the
battery (which only has losses of 0.64% to 1.69%) but the power electronics unit, the electric
vehicle supply equipment (charging station), breakers (that protect the charging station), and
transformers (that step voltage down from 480 V at the building or street to 240 V at the breaker
panel) [337]. In fact, the transformers are a significant portion of the losses (10.2% at 10 A and
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3.33% at 40 A), but unlike the other components, the transformers apply to everything within the
building — not just vehicle charging [337]. In order to establish a boundary for calculating
charging efficiency separate from building energy use efficiency, we subtract transformer losses
from the overall battery charging losses, which results in a total loss of 7.02% at 10 A and 9.05%
at 40%. This suggests a battery charging efficiency of ~92% when considering the batteries,
breaker panel, charging station, and power electronics unit. Rather than present a range of
values, we use a singular value of 92% that agrees well with other estimates.

1.C.4.B.1.B. Efficiency of battery discharging
(s)

The coulombic efficiency (or “faradaic efficiency”) describes the efficiency of electron
transfer within batteries during a single charge-discharge cycle, i.e., the ratio of total energy
extracted from the battery to the energy put into the battery [338]. LIBs have a very high
coulombic efficiency, exceeding 99%, which has been shown to even improve with cycling
[338]. Generally, the coulombic efficiency can be assumed as 1 for discharge, but it is actually
influenced by operating conditions such as the battery state of charge, temperature, and current
[339]. We only found one claim of battery “leakage” of 85% to 90%, but without reference or
further cited source [336]. We use a discharge battery discharge efficiency of 99% for this
analysis.

1.C.4.B.1.C. Combined efficiency of DC-to-AC inverter, control systems, and power
electronics

)

Often, the values for inverter efficiency, control systems, and power electronics get
wrapped up into a larger reported “battery-to-wheel” efficiency [164]. In an attempt to better
understand the efficiency of each aspect of the BE system, we separate these values and use a
value of 95% for inverter efficiency as suggested several sources [5,336]. This correlates well
with the inverter efficiency map for a Nissan Leaf as published by the DOE’s Oak Ridge
National Laboratory, which suggests that the inverter operates in the 90% to 99% efficiency
range over the vast majority of its paired electric motor’s RPM range.

1.C.4.B.1.D. Efficiency of electric motor
(Mm)

Electric motors tend to operate with efficiencies of 80% to 90% across their entire RPM
range [336]. The lowest efficiencies occur at the extremes of torque (N-m)—speed (RPM)
efficiency maps (i.e., high-torque, low-speed or low-torque, high-speed applications) [276].
Although we consider both HB and LB scenarios, an electric motor in a transportation platform
will operate across a range of efficiencies as drive cycle characteristics require from moment to
moment. To apply a lower efficiency to the LB scenario and a higher efficiency to the HB
scenario would be an unfair comparison as it would imply that the motor only operates at a
single efficiency (good or bad) in each case. Therefore, we use a singular electric motor
efficiency of 95% for both the LB and HB scenarios, which correlates to other research on the
conversion of heavy-duty trucks from FF to BE variants [5]. Given the range of overestimation
and underestimation this assumption provides, our analysis will cover the majority of operable
conditions for an electric motor.
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When considering the efficiency maps of electric motors, one must be careful to consider
what the values actually include; it is commonplace for motor efficiency contours to be
published combined with their paired inverter efficiencies [11]. With regard to the two electric
motors specifically considered in this portion of the analysis, the Emrax 348 has a published
efficiency range of 92% to 98% and the Magnax AXF225 has a published nominal efficiency of
94% to 95% with a peak efficiency of 98% [268,270].

1.C.4.B.1.E. Efficiency of gearbox/transmission

(Mea)
A direct-drive system (1:1 ratio) from an electric motor to the drivetrain is ~99.5%

efficient [285]. Although incorporating a two-speed gearbox does introduce another component
to the system that decreases overall system efficiency, it simultaneously improves the vehicle’s
efficiency by increasing torque in the first gear and speed in the second gear. Studies on 10-ton
medium-duty trucks reveal a gearbox efficiency of 93.4% for a single-speed transmission and
98% for a three-speed transmission [29]. We use an efficiency of 95% for a two-speed electric
gearbox.

1.C.4.B.1.F. Overall tactical vehicle battery electric system efficiency

(Mrv.BE)

We can calculate the overall tactical vehicle BE system efficiency (n7y pg) as the product
of the battery charging efficiency (7.), battery discharging efficiency (1), the combined DC-to-
AC inverter, control systems, and power electronics efficiency (), the motor efficiency (9,,),
and the gearbox efficiency (145) as shown by Eq. (S.290).

Eq. (S.290)
Nrveel—1 =ncl=1 ngl=1-n=1nml=1"ngsl[-]

Using the values above, this results in an overall system efficiency for a BE tactical
vehicle of ~78%. This value reasonably correlates with other estimates. Markowitz claims an
overall system efficiency between 68% to 73% but uses lower efficiency values for the motor
and drivetrain (combined 90%) and battery discharge (90%) [336]. Hayes and Goodarzi claim
an overall system efficiency of 68%, but they simply use an 85% charging efficiency and 80%
battery-to-wheels efficiency [164]. A study on long-haul BE trucks in the European Union
claims an overall system efficiency of 85% (less charging), citing a higher value of transmission
efficiency of 99% [5]. Combining this with a 92% charging efficiency as described in Section
1.C.4.B.1.A, the overall system efficiency would be 78.2%. We use a singular value of 78.1%
across all scenarios (LB, MK, and HB).

1.C.4.B.2. Freight locomotives

The only difference in values used for system components from those described in
ground combat vehicles above are those for the combined efficiency of the inverter, control
systems, and power electronics and the transmission efficiency. Voltage conversion in a
catenary-electric locomotive is 97% [171]. Control system/power electronics are 97.5% efficient
and transmission is 96% efficient in electric locomotives [53]. We use values of 97% and 96%,
respectively, for these two component efficiencies.
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1.C.4.B.2.A. Overall freight locomotive battery electric system efficiency

("M,8E)
Considering an overall “charge-to-track” efficiency, we calculate the overall freight

locomotive BE system efficiency (17, pg) as the product of the battery charging efficiency (1),
the battery discharge efficiency (np), the combined efficiency of the inverter, control systems,
and power electronics (1);), the motor efficiency (1,,), the gearbox efficiency (1.5), and the
traction auxiliaries efficiency (17,) as shown in Eq. (S.291).

Eq. (S.291)
neel—1 =ncl=1-nsl=1-m=11nl=1"neel—] " nral-]

This results in an estimated overall BE system efficiency of 76.5%, which agrees well
with the literature (76% for electric locomotives using overhead electric lines). A catenary line
feed cable is 95% efficient, and a transformer is also 95% efficient (resulting in a combined
efficiency of 90.25%). Removing these efficiencies and replacing them with battery charging
efficiency of 92% and battery discharging efficiency of 99% (a combined efficiency of 91.08%)
is of minimal difference.

1.C.4.B.3. Rotary-wing aircraft

We use the same efficiency values for battery charging and discharging in helicopters as
those for ground combat vehicles and freight locomotives. However, we also use values from
the German Aerospace Center for the combined efficiency of the inverter, control systems, and
power electronics (98% “controller” efficiency) and for the gearbox efficiency (98%) [56].
Although we do not model removing the existing transmissions from the FF helicopters, we do
assume that their efficiency when paired with electric motors improves. It is worth noting that
the German Aerospace Center also assumes a 95% efficiency for electric motors, just as we used
in other vehicle platforms [56].

1.C.4.B.3.A. Overall helicopter battery electric system efficiency

(Mu,8E)
Considering an overall “charge-to-rotor” efficiency, we calculate the overall helicopter

BE system efficiency (1 pg) as the product of the battery charging efficiency (7.), the battery
discharge efficiency (np), the combined efficiency of the inverter, control systems, and power
electronics (7;), the motor efficiency (1,,,), the gearbox efficiency (1;5), and rotor figure of merit
(My ) using Eq. (S5.292).

Eq. (S.292)
Nupel=1=ncl=1 npl=1- =] nm[=1n6a[=] - 1u,[-]

This results in an estimated overall BE system efficiency of 51.9%.
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1.C.4.B.4. Fixed-wing aircraft

We model the component efficiencies for airplanes the same as for helicopters, except for
the propeller or ducted fan efficiency that replaces the rotor’s figure of merit.

1.C.4.B.4.A. Overall prop airplane battery electric system efficiency

(Mpa,BE)
Considering an overall “charge-to-prop” efficiency, we calculate the overall prop airplane

BE system efficiency (1p4 pg) as the product of the battery charging efficiency (7.), the battery
discharge efficiency (np), the combined efficiency of the inverter, control systems, and power
electronics (7;), the motor efficiency (1,,), the gearbox efficiency (155), and the propeller
propulsion efficiency (n7p p) as show in Eq. (S.293).

Eq. (S.293)
Npagel—] =ncl=1-nsl=1 n/=11nl=1 161 nrpp[-]

We previously determined the propeller propulsion efficiency to range from 79% to 90%
(see Section 1.C.1.F.4.B). The resulting overall BE system efficiency ranges from 65.6% to
74.8%. This agrees with the German Aerospace Center’s estimate of 73%, which used an 80%
efficient propeller but did not consider battery charging or discharging efficiencies. Note that, in
this case, the range of 79% to 90% propeller efficiency flips from the LB/HB scenarios in the FF
system to the BE system; whereas a 90% propeller in the FF system applies to the LB scenario, it
corresponds to the HB scenario for the BE system.

1.C.4.B.4.B. Efficiency of ducted fan

("Mpr)
Ducted fans can increase thrust, allow for more and shorter blades, and achieve higher

rotational speeds because the duct will prevent losses in thrust from the tips of the propeller
[236,239,340]. Additionally, research shows that propulsive efficiencies on the order of turbofan
engine aircraft can be achieved using distributed fan propulsion along the wing [341,342]. As
discussed in Section 1.C.1.F.4.E, the propulsion efficiency of HBR turbofan engines is ~72.5%
to 82.5%. Tests on ducted fan propulsion units have found efficiencies ranging from 74.2% to
88.5% [340]. We assume this same range of values for the ducted fan efficiency.

1.C.4.B.4.C. Overall ducted fan airplane battery electric system efficiency

(Nprase)
Considering an overall “charge-to-fan” efficiency, the overall ducted fan airplane BE

system efficiency (pr4 gg) 1s the product of the battery charging efficiency (7)), the battery
discharge efficiency (np), the combined efficiency of the inverter, control systems, and power
electronics (7;), the motor efficiency (1,,,), and the ducted fan propulsion efficiency (npr), as
shown in Eq. (S.294). We do not model a gearbox in the ducted fan electric airplane. The
overall BE system efficiency for a ducted fan airplane ranges from 62.9% to 75.0%.

Eq. (S.294)
Noragel—1 = ncl=1ngl=1-m =1 nn[=1-nprl-]
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1.C.4.B.5. Watercraft

1.C.4.B.5.A. Overall waterjet boat battery electric system efficiency

(Mw;B,BE)

We calculate the overall BE system efficiency for a waterjet boat (1y,,p gg) as the
product of the battery charging efficiency (1), the battery discharge efficiency (1), the
combined efficiency of the inverter, control systems, and power electronics (77;), the motor
efficiency (7,,), and the propulsion efficiency (95 p) as shown by Eq. (S.295). We do not
model a gearbox in the waterjet boat.

Eq. (S.295)
nW]B,BE[_] =ncl=1-ngl=1 (-] nm[-] 'UW}B,P[—]

Note that we previously calculated the waterjet boat propulsion efficiency, which
includes the hull, waterjet, and pump efficiencies, in Section 1.C.1.F.5.E. The propulsion
efficiency ranges from 51.3% to 66.2%, but we must flip the values from the LB and HB
scenarios from the FF system to the BE system, i.e., whereas 66.2% correlated to the LB
scenario in the FF system, it corresponds to the HB scenario in the BE system. We adopt all
other efficiency values from those used in ground combat vehicles. The resulting overall BE
system efficiency ranges from 42.2% to 54.4%.

1.C.4.B.5.B. Overall propeller ship battery electric system efficiency

(Mps,pE)
Just as with the waterjet boat, the battery charging efficiency, discharge efficiency,

combined efficiency of the inverter, control systems, and power electronics, and the motor
efficiency are all modeled the same as in ground combat vehicles. In the case of propeller ships,
we use a gearbox with an efficiency of 98% as suggested by a study on crude oil tanker vessels
[185]. These efficiencies are combined with the propulsion efficiency (7ps p) previously
calculated in Section 1.C.1.F.5.N, which ranges from 60.8% to 76.8%. Here again, we must flip
the values from the LB and HB scenarios from the FF system to the BE system. The resulting
overall BE system efficiency ranges from 49.0% to 61.9%, as we calculate using Eq. (5.296).
This seems reasonable given that Torqeedo claims 44% to 56% system efficiency for their BE
outboard prop systems [343].

Eq. (S5.296)
neseel—1 =ncl=1-ngl=1-m=1 nml=1-ngs[=1 " npspl-]
1.C.5. Characteristics of hydrogen fuel cell platforms

Hydrogen (especially non-combustion hydrogen fuel cell) systems have the potential for
carrying vast quantities of energy with very little mass while producing very little pollution.
However, some researchers underestimate this potential because they focus on the mass and
volume requirements for onboard hydrogen storage. As one paper puts it: the “physical
constraints of gravimetric and volumetric energy density likely preclude battery- or hydrogen-
powered aircraft for long-distance cargo or passenger service... to contain the same total energy

133



as a diesel fuel storage system, a liquid hydrogen storage system would weigh roughly six times
more and be about eight times larger” [4].

This claim raises two questions. First, how did the authors arrive at this estimate?
Second, although the authors do mention elsewhere that improved efficiency over ICE vehicles
may make energy storage requirements less in HFC vehicles to achieve the same range, what
about the vehicle system as a whole? By stripping away all unnecessary FF components and
expanding the budget for onboard energy storage, a HFC vehicle may actually have greater range
than an ICE vehicle. Answering both questions is an important part of our analysis.

We attempt to verify the claim regarding comparative energy storage requirements by
considering a theoretical example of storing both 1kg of hydrogen (H:2) and the equivalent
chemical energy content of diesel. The DOE uses a value of 33.3 kWh kg™! for the LHV of H»
[37]. Number 2 Diesel has an LHV of 11,833 Wh kg! (36.24 MJ L") [75]. Therefore, as shown
in Eq. (S.297), 2.81 kg of diesel and 1 kg of H> are equivalent strictly in terms of chemical
energy content.

Eq. (S.297)

Wh
33,300 [m] _ 2.817kg diesel]

Wh 1 100l kgH,
11,833 [kg diesel]

Auto manufacturers seem to have reached a consensus on 700-bar compressed gas
hydrogen (CGH2) as the most suitable nominal working pressure for the near term [344].
Already at the commercial retail level are the Hyundai Tucson, Toyota Mirai, Honda Clarity, and
Mercedes-Benz GLC F-Cell vehicles, all using 700-bar storage technology [13]. The density of
H at 700 bar is approximately 41.0 kg m™ [13,164]. Liquid hydrogen (LH2) has a density of
70.9 kg m [9]. Diesel has a density of about 850 kg m~ [75]. Eq. (S.298) through Eq. (S.300)
calculate the volume required for each fuel source to contain 33,300 Wh of energy. We tabulate
data in Table S.21.

Eq. (S.298)
2.81[kg diesel]

= 3.31 x 1073[m3] gieser
850 [—k%]
m

diesel

Eq. (S.299)
1.00[kg H,]

= 2.44 X 1072 [m?]
41.0 [k—%]
m

H3 700 bar
H3 700 bar
Eq. (5.300)

1.00[kg H,]

= 1.41 X 10_2 [mB]LH
70.9 [k—%] ’
m

LH,
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The DOE, through its United States Driving Research and Innovation for Vehicle
efficiency and Energy sustainability (US DRIVE) partnership, which includes three car
manufacturers, five energy companies, two utilities, and one research institute, updates technical
targets every five years to help guide realistic research and development into hydrogen storage
and fuel cells for light-duty vehicles. As of their last publication in 2017, their 2020 technical
target for onboard hydrogen storage system gravimetric capacity was 1.5 kWh kg'! storage
system, or (when divided by the specific energy of H» at 33,300 Wh kg'!) 0.045 kg H» kg™!
storage system (a storage efficiency of 4.5%). Similarly, their 2020 target for system volumetric
capacity was 1.0 kWh L-! storage system, or 0.030 kg H> L™! storage system (30 kg H, m™ storage
system) [37]. Of note, there are already three commercially available fuel cell electric vehicles:
the Honda Clarity Fuel Cell, the Hyundai Tucson Fuel Cell/ix35 Fuel Cell, and the Toyota Mirai
[345].

Returning to our example using 1 kg H>, we can calculate the mass and volume of
hydrogen storage systems used in light-duty transportation using Eq. (S.301) and Eq. (S.302).

Eq. (5.301)
1|kg H
kg H, ] = 22.2 [kg storage system]
0.045 [ kg H, ]
' kg storage system
Eq. (5.302)
1|kg H
Llkg Ha| = 3.33 X 1072 [m3 storage system]
m

US DRIVE makes two important notes on their target values. First, these targets are “for
a complete system, including tank, material, valves, regulators, piping, mounting brackets,
insulation, added cooling capacity, and all other balance-of-plant components.” Second,
“capacities are defined as the usable quantity of hydrogen deliverable to the fuel cell system
divided by the total mass/volume of the complete storage system, including all stored hydrogen,
media, reactants, and system components” [37].

LH2 storage must stay at -253°C to prevent boil-off at standard atmospheric pressure.
LH2 tanks must therefore be super insulated. BMW and Linde state that their LH2 tank used in
the BMW Hydrogen 7 (which combusts the hydrogen rather than using a fuel cell to generate
electricity) uses vacuum insulation across double walls with several layers of fiberglass and
aluminum to equal the R-value of 17 meters thickness of Styrofoam [346]. Research by
Winnefeld et al. suggests that a best-case, “exemplary cylindrical” cryogenic tank with
spherically-rounded ends would have a storage density of 0.64 (equal to the mass of the fuel
divided by the sum of the mass of the fuel and tank, as shown in Eq. (S.303) [9]. We can
calculate the total mass of LH2 fuel and tank in our theoretical example using Eq. (S.304).

Eq. (S.303)
1[kg H,]

0.64 1Tkg Hy] + x [kg tank] x = 0.5625 [kg tank]
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Eq. (S.304)
1 [kg H,] + 0.5625 [kg tank] = 1.5625 [kg]

However, the Winnefeld et al. estimate does not include some critical components, “such
as maintaining cryogenic temperatures inside the tank, safety periphery, and heat exchangers”
[9]. An actual LH2 storage tank for vehicle transportation manufactured by Linde (the CooLH2
Tank System) has many components beyond the tank such as cooling tubes, cooling plates, dryer
heat exchanger, cooling water heat exchanger, reversing valve, shut-off valve, safety valve,
electrical heater, shields, and filling port [347]. Although Winnefeld et al. use a mean density of
67.3 kg m™ for hydrogen to consider the gas fraction available for venting (reduced from 70.9 kg
m™), the Argonne National Laboratory instead uses a tank ullage (unfilled space within the tank)
factor of 7.5% and also notes that only 57% of the stored hydrogen is actually recoverable
(including a 40% boil-off based on industry feedback) [347].

There is a noticeable lack of current data on the mass and volume of LH2 tanks. Journal
articles often skip the LH2 storage density in tables of values, filling the voids with descriptions
such as “size dependent” or “varies” [348,349]. The only reported values we have discovered
for LH2 are 2.0 kWh kg™! storage (0.060 kg LH> kg! storage) and 1.6 kWh L! storage
(0.05 kg LH> L-! storage) [350,351]. These values are listed in a table titled “Current Status of
On-Board Hydrogen Systems,” but were published over a decade ago. Also, they exist in tables
alongside those for 10,000-psi tanks (~700-bar) of 1.9 kWh kg! storage and 1.3 kWh L-! storage,
which, as shown above, were republished by US DRIVE in 2017 as 1.5 kWh kg™! and
1.0 kWh LL, respectively [37]. It is odd that “current status values” decreased for 700-bar
systems, which suggests different boundary definitions for what was considered a part of the
storage system. Using the latest values, we can use Eq. (S.305) and Eq. (S.306) to calculate an
estimated mass and volume for LH> storage systems.

Eq. (S.305)

1[kg LH,]
2,000 [k Wh ]
g storage system LH,
Wh

#3200 57|

= 16.7 [kg storage system]

Eq. (S.306)
1[kg LH,]

— -2 [,,3
Wh L storage system |~ 2.08 X 107“ [m° storage system|

L storage system]LH2 +1,000 [m3 storage system

Wh
kg LH,

1,600

33,300[

Some diesel fuel tanks are made of high strength steel, like those for locomotives, which
has a material density of about 7,850 kg m [91-93]. Sometimes, fuel tanks for vehicles include
special end plates, side plates, bottom plates, long baffles, and short baffles to improve
crashworthiness and safety [86]. Using known values for the mass of replacement fuel tanks, we
estimate a storage energy density of 70% for locomotive fuel tanks and 80% for tactical vehicle
fuel tanks. This agrees with the suggested storage density of kerosene tanks at 75% [9]. Using
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the estimated diesel fuel tank storage densities, Eq. (S.307) calculates the tank mass using high
strength steel and Eq. (S.308) using HDPE.

Eq. (S-307)
1[kg H,]
0.70 = 1Tkg H,] + x [kg tank] x = 0.43 [kg tank]
Eq. (S.308)
1|kg H
0.80 = Lkg M) % = 0.25 [kg tank]

1[kg H,] + x [kg tank]

Using the diesel fuel tank material densities, we can calculate the volume of the fuel tank
material itself (Eq. (S.309) and Eq. (S.310)).

Eq. (S.309)
0.43 [k
031K0) _ s
7,850 [—%]
m
Eq. (S.310)

0.25 [k
J =2.26 x 107* [m?3]

1,107 [k—%]
m

Table S.21 tabulates the above calculated values and illustrates the mass and volume
ratios between hydrogen and diesel fuel tanks. The cells highlighted in gray indicate values that
we derive directly from data within the table.

Table S.21. Comparison between diesel, compressed hydrogen, and liquid hydrogen
storage mass & volume

Mass (kg) Volume (m?)
Diesel Hydrogen Diesel Hydrogen
HSS [ HDPE | Hj700 par LH, HSS [ HDPE H2.700 bar LH,
Fuel: 2.81 2.81 1.00 1.00 3.31x10° 2.44x10? 1.41x107?
Tank: 043 0.25 21.2 15.7 5.5x107 2.26x10* 8.90x107? 6.70x107
Total: 3.24 3.06 3.37x107 3.54x107?
Average: 35 22.2 16.7 345x10° 3.33x107? 2.08x1072
Ratio: 1:1 7.0:1 53:1 1:1 9.7:1 6.0:1

Returning to claim that an LH2 system would “weigh roughly six times more and be
about eight times larger,” we find that these are reasonable estimates, yet still high by about 12%
and 25%, respectively.

Other hydrogen storage options exist, too. As US DRIVE notes: “while [LH2] systems
exhibit higher hydrogen densities, their overall system densities are reduced due to the need for
insulation as well as the boil-off and venting that occurs from extended dormancy... as a result,
this technology is not currently being pursued for light duty vehicles” [37]. An interesting option
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that US DRIVE reports in their “Projected Performance of Hydrogen Storage Systems” tables is
cryogenic compressed hydrogen (CcH2) at 500-bar [37]. “While compressed hydrogen storage
is typically at ambient temperatures, cold and cryogenic compressed hydrogen storage is also
being investigated for light-duty vehicles due to their higher gas densities. These systems offer
potential advantages for heavy-duty vehicles and fleet applications that utilize consistent drive
cycles and require long driving ranges” [37]. The DOE defines “cold” hydrogen as capable of
being delivered to fueling stations as a compressed gas, whereas “cryogenic” must be delivered
as LH2 [37]. Both LH2 and CcH2 are stored in super-insulated tanks at approximately -253°C,
but LH2 is stored in low-pressure (1 to 10 bar) tanks while CcH2 is kept in high-pressure (5 to
700 bar) tanks [352]. This is an important distinction because both storage systems will
experience “boil-off” as heat from the ambient environment transfers through the tank material
to the low-temperature hydrogen, increasing tank pressure and requiring venting to protect the
integrity of the tank. A CcH2 tank will allow for internal pressure to build up much higher than
a LH2 tank, which reduces losses and extends fuel storage residence time.

US DRIVE reports a projected performance of CcH2 at a 2.3 kWh kg'and 1.4 kWh L!
at the system-level, which we can use in Eq. (S.311) and Eq. (S.312) to expand our analysis [37].

Eq. (S.311)

1[kg CcH,]
Wh
2,300 [kg storage system
Wh
33,300 [—kg CCHZ]

= 14.5 [kg storage system]

]CCHZ

Eq. (S.312)
1[kg CcH,]
1,000 [

- -2 [1)3
Wh = 2.38 X 107“ [m° storage system]

L storage system

L storage system

1,400 m3 storage system

]CCHZ

Wh

3330 7o

Recent work on CcH2 tanks for heavy-duty applications (like buses) use four tanks of
141 L storage each (564 L or 0.564 m? total) at 500-bar to hold 40 kg usable H», with a hydrogen
density of 70.9 kg m™ [352,353]. Taking these values and updating Table S.21 from above
allows for comparison of CcH2 within Table S.22.
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Table S.22. Comparison between diesel, compressed hydrogen, liquid hydrogen, and cryo-
compressed hydrogen storage mass and volume

Mass [kg] Volume [m’]
Diesel Hydrogen Diesel Hydrogen
HSS HDPE H2’700 bar LHz CCHz HSS | HDPE Hz,mo bar LHZ CCHZ
Fuel: 2.81 2.81 1.00 1.00 1.00 3.31x10° 2.44x102 | 1.41x102 | 1.41x10?

Tank: 043 | 0.25 21.2 15.7 145 | 5.5x10° | 2.26x10* | 8.90x103 | 6.70x107 | 9.70x1073

Total: 324 | 3.06 3.37x107 | 3.54x107
222 16.7 15.5 3.33x10% | 2.08x102 | 2.38x102

Average: 3.15 3.45x10°

Ratio: 1:1 70:1 [53:1[49:1 1:1 9.7:1 6.0:1 69:1

It is also interesting to note that, with the 2017 edition technical targets for hydrogen
storage, US DRIVE reports: “targets relating to ICE were removed. At one time, hydrogen
powered ICEs were seen as a logical evolution step to fuel cell vehicles powered by hydrogen.
Focus has shifted entirely to [Fuel Cell Electric Vehicles] FCEVs and thus there is no longer a
need to include specific targets as related to ICEs” [37]. There is no need to combust the
hydrogen if we use an HFC system.

Having done the above exercise and gained a better understanding of the circumstances
surrounding hydrogen’s use in transportation, we decided to use two systems for this first part of
our analysis: CcH2 for the HB scenario and Ha 700 bar for the LB scenario. The MK scenario will
be an average of these two systems.

1.C.5.A. Characteristics of hydrogen

We summarize the most important characteristics of hydrogen systems in Table S.23. To
help avoid confusion, we include the various units common to the literature. We describe these
characteristics in detail in the sections that follow.

Table S.23. Summary of hydrogen system characteristics

System: H2,700 bar (CGH3) CcH2
1.01 bar =0.101 MPa = 14.7 psi = 1 atm
Pressure | 700 bar = 70 MPa = 10,153 psi = 691 atm or
500 bar = 50 MPa = 7,252 psi = 493 atm
Density 41kgm>=0.041kgL'=41gL"! 71kgm®=0.071kgL'=71gL"
LHV 120 MJ kg'! 120 MJ kg'!
Specific 33.3 kWh kg 33.3 kWh kg
energy
Energy 1.4 kWh L' = 1,400,000 Wh m™ 1.4 kWh L' = 1,400,000 Wh m™
density

1.C.5.A.1. Density of hydrogen

(sz)

At 700-bar (also 70 MPa, 10,153 psi, or 691 atm), the density of hydrogen (pp, 700) is
approximately 41 kg m=. Some sources report 0.042 kg L! while other report 40 g L1 [13,164].
Storage calculations use 70.7 kg m™ hydrogen density for cryogenic-capable pressure vessels,
i.e., LH2 at 20 K (-253.15°C) and 1 atm [353,354]. Note that other research publications
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consider CcH2 at a storage pressure of 500-bar but still use a storage density of 0.071 kg L!
[352].

1.C.5.A.2. Lower heating value (net calorific value) of hydrogen

(LHV4y,)
Although we do not consider burning hydrogen for fuel, we can still use this value to

demonstrate hydrogen’s specific energy. The LHV of hydrogen is approximately 120 MJ kg'!
[9,355].

1.C.5.A.3. Gravimetric energy density (specific energy) of hydrogen

(SEw,)

We can do a unit conversion to determine the specific energy of hydrogen alone (SEy, )
from its LHV, converting energy units from MJ to Wh (Eq. (S.313)). Values of 33,330 Wh kg!
or 33.3 kWh kg ! are commonly used [13,356]. Note that this value is for hydrogen only; we will
later need to reduce this value to report a storage system-level specific energy.

Eq. (S.313)

120 [M]] 277.78 Wh] _ 33333 [Wh]
kg MJ ST kg

1.C.5.A.4. Volumetric energy density of hydrogen

(EDw,)

We can calculate the energy density of hydrogen alone by multiplying the specific energy
of hydrogen by the density of hydrogen (with an appropriate unit conversion). We will later
need to reduce this value as well to report a storage system-level energy density.

kg] o Wh] m3 D [Wh]
Pz | 3] 2512 | g | {1,000 = "R | L

1.C.5.B. Fuel cell stack standards

The DOE’s Fuel Cell Technical Team, through US DRIVE, publishes and updates
technical targets for fuel cell stack system-level specific power, power density, and overall
system efficiency. For this portion of our analysis, we will use DOE’s published values, from
November 2017, using 2020 technical targets for the LB scenario and 2025 technical targets for
the HB scenario [14].

The DOE has focused their efforts on polymer electrolyte membrane fuel cells (PEMFCs)
(also known as proton exchange membrane fuel cells) [14,39]. Fuel cells generate a flow of
current by converting the chemical energy of a fuel (in this case, hydrogen) into electrical energy
through an electrochemical reaction, known as “cold combustion” [357]. In a PEMFC, oxygen
serves as the oxidant in the reaction with the byproducts of just water and heat. PEMFCs operate
at relatively low temperatures (~90°C, 194°F) [358]. Bi-polar “plates” serve as a flow field to
surround the electrolyte membrane and make up a single fuel “cell.” Individual fuel “cells”

Eq. (S.314)
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make up the fuel cell “stack.” A fuel cell “stack” is generally encased using a thermoplastic case

[357].

In order to better understand the current state of PEMFC technology, we conducted a
survey of PEMFCs on the market today and recorded their published values in Table S.24. Note
that some manufacturers do not record net (continuous) power output levels or the entire PEMFC

case dimensions.

Table S.24. Survey of commercial PEMFCs

Company Ballard Ballard | ElringKlinger HES Hydrogenics In];iélrggi,m Re-Fire
. . United .
Location Canada Canada Germany Singapore Canada - China
Kingdom
FCveloCity/ | FCveloCity- NMS5/ Ultra-light CAVEN-4/
Product |\ "\ ioe 02007 | Commercial | Acrostakd | P18 | Aceyuav | Medium
application duty Heavy duty vehicles aircraft Heavy duty duty
1,000
Rated (continuous), 2,070 (gross)
power at | 30,000 (net) l(zg’e(i;) 0 13,100 1,300 (peak) (contliigous) at 46,000
1 atm (W) at 0.4 to 0.7-bar
0.5 to 0.7-bar
Mass (kg) 125 285 13.7 1.77 720 29 160
10.9
Volume (L) 162 527 (stack cells 4.56 1,200 2.85 208
only)
Specific 565
power 240 351 956 734 (peak) 250 714 287
(Wkg) P
Power 219
density 185 190 1207 285 (peak) 150 726 221
(WL
Source [359] [360] [361] [362] [363] [364-366] [367]

1.C.5.B.1. Specific power and power density of proton-exchange membrane fuel cell stack

(SPFCS'PDFCS)

The 2018 Toyota Mirai’s fuel cell stack has a specific power of 2,000 W kg and an
output power density of 3,100 W L' [40,368]. These values are significantly higher than the
DOE’s published “ultimate™ technical targets of 650 W kg'! and 850 W L' [14]. It is important
to note that the DOE targets are “system-level” and include not just the fuel cell stack itself but
its balance-of-plant (BOP) components and thermal management system; they exclude hydrogen
storage, batteries, electric drive, and power electronics, which will be considered elsewhere in
our analysis. Table S.25 summarizes this comparison. The “Integrated transportation fuel cell
power system” columns exclude hydrogen storage, power electronics, and electric drive, whereas
the “Fuel cell stack” columns exclude hydrogen storage, power electronics, and electric drive, as

well as fuel cell ancillaries to include thermal, water, and air management systems.
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Table S.25. Department of Energy’s published technical targets for fuel cells

“Fuel cell stack” Integrated transportatz?n fuel
cell power system
2015 2020 Ultimate 2015 2020 Ultimate
Status | Target target Status Target target
Specific power 650
(W kg'!) 2,000 2,000 2,000 659 650 (900)*
Power density
(W LY 3,000 2,250 2,500 640 650 850

Data from [369].
* The DOE website reports an ultimate target of 650 W kg!, but a 2017 DOE Fuel Cell
Technical Team Roadmap published a “2025” target of 900 W kg [14].

Despite these targets, research suggests that the specific power of PEMFCs can
significantly increase in the short term due to improvements in both the “active” and “passive”
components of the fuel cell [10]. For example, active components are likely to improve with the
development of new electrocatalysts in the membrane electrode assembly, which “showed a
tremendous performance increase in the past while still having large room for improvement”
[10]. Furthermore, passive components, such as bipolar plates, account for approximately 80%
of a fuel cell stack’s mass and hold several promising areas for improvement [10]. The bipolar
plates (which conduct heat and current, distribute reactant gases, and provide mechanical
stability) are currently made of a graphite-polymer composite, which has good corrosion
resistance but arguably poor conductivity and stability. Metals could better serve these needs,
but they are corrosive. Research into non-corrosive metallic coatings can significantly reduce
the thickness and mass of metallic bipolar plates. Combined with further reduction of
peripherals (end plates, screws, etc.), researchers expect a 5x increase in stack specific power to
levels >10,000 W kg! and justify using 8,000 W kg'! for analysis of long-distance passenger air
flight [10]. Significant room for improvement still exists for PEMFCs because they were largely
developed for automotive applications and technical targets have already been reached; ultra-
lightweight applications have yet to be strongly pursued. Additionally, a fuel cell stack’s
operating environment will play a role in its required size. Current liquid-cooled fuel cell stacks
require ~17% of their mass and ~29% of their volume for cooling equipment, to include the
working liquid, container, pumps, radiator, and cooling fan [38]. At higher elevations, it may be
possible to reduce cooling requirements due to lower ambient temperatures (see Table S.26).

Table S.26. US Standard Atmosphere altitude and temperature

. Temperature
Altitude ©0) CF)
O0m (0 ft) 15.0 59.0
4,000 m (~13,000 ft) -10.8 12.6
11,300 m (~37,000 ft) -56.5 -69.7

[370]

In our analysis, we use the DOE’s Integrated transportation fuel cell power system 2020
targets for the LB scenario and ultimate targets (or higher 2025 targets) for the HB scenario
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across all vehicle platforms. One could argue that this assumption is too conservative and should
only apply to vehicles that predominantly operate at sea level while fixed-wing aircraft should
consider the lower ambient temperatures at altitude that can either reduce or eliminate the need
for thermal management. As we will discuss in Section 1.C.5.C.3, though, PEMFCs operating at
altitude may require additional equipment not needed at sea-level.

1.C.5.C. Hydrogen storage standards

Anubhav Datta of the US Army Aviation and Missile Research, Development, and
Engineering Center (AMRDEC) Aeroflightdynamics Directorate and Wayne Johnson of
NASA’s Ames Research Center summarize the issues surrounding hydrogen storage in their
2012 paper published by the American Institute of Aeronautics and Astronautics. They find that
type-1 and -2 tanks are for storage pressures below 350 bar and are too heavy for aviation, but
type-3 tanks (with metal liners) and type-4 tanks (with plastic liners) may be acceptable [54].

Our research will focus on Type-4 tanks. As an example, Table S.27 details a
commercially available Type-4 hydrogen storage tank manufactured by Quantum (we will
explain the specific energy and energy density ratios in Section 1.C.5.C.1).

Table S.27. Commercially available Type-4 hydrogen storage tank parameters

Specific energy | Energy density
Storage | Manufacturer/ H. Tank ratio ratio S
system model ke) | (ko) | (L) (kg H» (kg Ha ource
kg storage™) L storage™)
Tvoe 4 Quantum
YPE® | Technologies/ | 5.00 | 92.0 | 129 0.0543 0.0388 [54]
700-bar 110463

We should note that there are multiple means of storing hydrogen. While BMW uses a
cylindrical, super-insulated cryogenic pressure vessel hydrogen tank, other companies like
Volute (now exclusively licensed by Linamar) are developing conformable hydrogen tanks that
are more akin to the ~6 m long human small intestine where many loops can be fit into various
available locations within the vehicle’s frame [371,372].

1.C.5.C.1. Gravimetric energy density (specific energy), volumetric energy density (energy
density), ratio of usable hydrogen specific energy (net useful energy) to maximum
hydrogen storage system mass, and ratio of usable hydrogen energy density (net useful
energy) to maximum hydrogen storage system volume

(SEsttorage' EDsttorage' RSEJ RED)

The DOE reports technical targets for system level hydrogen storage from their Hydrogen
Storage Technical Team through US DRIVE [13]. We will use published values from July 2017
shown in Table S.28. Cells in gray indicate values not reported by the DOE but rather derived
using Eq. (S.315) and Eq. (S.316). These ratios are a useful way to compare the useable specific
energy of hydrogen itself to the useable, system-level specific energy and energy density of a
hydrogen storage system. Our results from these equations match the values published by US
DRIVE.
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Eq. (S.315)

SE Wh
R kg H, ] Hjstorage W
SE lkg storagel ~ sg., [ Wh
Mz [kg H,
Eq. (S-316)
Wh
o [ kg Hy ] _ EDnysys W]
EP 1L storagel sg. [ Wh
Hz [kg H,
Table S.28. DOE technical targets for onboard hydrogen storage systems
Onboard hydrogen storage Predicted performance
Parameter Units 2020 2025 Ultimate | 300-bar 700-bar 500-bar
Target Target target CGH: CGH: CcH:
. Wh kg'! 1,500 1,800 2,200 1,800 1,400 2,300
Specific Ko 1
energy ET2 1 0.045 0.054 0.065 0.054 0.042 0.069
kg storage
Wh L' 1,000 1,300 1,700 600 800 1,400
Energy ke O
density | | S 0.030 0.040 0.050 0.018 0.024 0.042
storage

Data from [13].

As an example of what is commercially available, the 2017 Toyota Mirai has a hydrogen
storage system specific energy ratio of 0.044 (kg Hx kg storage™!) and an energy density ratio of
0.025 (kg H> kg storage™). Multiplying each of these values by the specific energy of hydrogen
(33.3 kWh kg!) yields values of 1,465 Wh kg'! and 833 Wh L! for the hydrogen storage system
specific energy and energy density, respectively [13].

Since the DOE reports their values as “net usable hydrogen,” we will model that 100% of
the hydrogen stored can be used and that the volume values in the tables above account for the
ullage required to allow for thermal expansion of the liquid hydrogen. We further model the
values as accounting for the fraction of hydrogen that is actually recoverable (e.g. Argonne
National Laboratory calculations on LH; storage consider 57% hydrogen stored as recoverable
due to boil-off, but boil-off can be significantly reduced by using 500-bar CcH tanks) [347]. As
per the Hydrogen Storage Technical Team Roadmap from 2017, the DOE values include the
mass of the fuel tank, material, valves, regulators, piping, mounting brackets, insulation, added
cooling capacity, and all other BOP components; the values exclude the unusable energy as a
result of maintaining minimum fuel cell system pressure, flow, and temperature requirements
[13].

Regarding potential economies of scale, referring to Table S.28 (which considers storage
of 5.6 kg useable H»), approximately 93% of the mass and 96% of the volume of a 500-bar CcH>
storage system belongs to non-fuel components (tank, material, valves, regulators, piping,
mounting brackets, insulation, cooling, and BOP). One study suggests that storing a larger
amount of fuel in a larger tank would gain storage efficiency; 350-bar, 700-bar, and LH2 systems
show similar performance up to 5 kg H» stored, but a LH2 system will occupy significantly less
mass (and volume) than the other systems beyond that point [38]. These researchers concluded
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that 700-bar CGH2 systems are best for storing 5 kg hydrogen or less, but LH2 systems will be
more efficient for storage beyond 5 kg [38].

Other researchers reason that high-altitude aircraft can use hydrogen storage systems with
fewer non-fuel storage requirements. Although heat transfer will lead to increased pressure and
boil-off in a liquid hydrogen tank, if hydrogen extraction compensates the incoming heat flow at
all times, the insulation or active cooling may not be necessary [10]. “In aircraft operation,
sufficient extraction of hydrogen happens during all phases of the flight; the holding times on the
ground before and after the flight with little or no hydrogen extraction are critical and determine
the tank design” [10].

Excluding the low-temperature benefit at higher altitudes, this concept may also be
applicable for other forms of transportation where constant fuel extraction occurs between
refueling ports or stations. If a ship sailing across the ocean, for example, uses hydrogen at a rate
equal to or faster than boil-off and venting requirements, it may be possible to optimize
(minimize) insulation and reduce BOP hydrogen storage system components.

1.C.5.C.2. Physical density of hydrogen storage system

(pHZ,sys)

Having described the hydrogen storage system’s gravimetric energy density (specific
energy) and volumetric energy density (energy density), one can also consider its actual physical
density.

Eq. (S.317)
Why 11,000 L
EDsttorage[ L ][ m3 ] kg
Wh = PHy,sys ﬁ]
SEsttorage E]

1.C.5.C.3. Fuel cell oxidant supply requirements

The PEMFC electrochemical process requires both hydrogen and oxygen (O2). PEMFCs
can either extract oxygen from the ambient air (in which case they are called “air breathing”) or
from storage tanks, similar to Ho. Oxygen accounts for ~20.95% of air volume at any altitude,
but as air density becomes thinner at higher altitudes, less oxygen molecules are available.
Research shows that, at an altitude of 4,000 m (~13,000 ft), PEMFCs need compressors to meet
inlet air mass flow requirements, and this accounts for a significant portion of operating power
load [38]. The power required to compress inlet air in order to provide sufficient oxygen for
PEMFC operation can be calculated as a function of altitude. Some researchers believe that “air
breathing” PEMFC designs can be used below 4,000 m but, above that altitude, pure O2 should
be stored onboard using liquid oxygen (LO2) as the most efficient (in terms of mass and volume)
storage solution [38].

Eq. (S.318) shows the chemical reaction in PEMFC operation.

Eq. (5.318)
2H2 + 02 = 2H20
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A hydrogen atom has the mass of 1.008 u (unified atomic mass, or dalton). An oxygen
atom has a mass of 15.999 u. Using a mass balance in Eq. (S.318), the mass ratio of oxygen :
hydrogen required is:

Eq. (S.319)
2:15.999  7.94 [kg 0,]
2-2-1.008  1[kgH,]

We roughly estimated trendlines for the LO2 storage mass and volume plotted in [38],
respectively, as Eq. (S.320) and Eq. (S.321).

Eq. (S.320)
kg storage

] * Mass 0, Stored [kg 0,] + 10[kg storage]
kg 0,

Total Storage Mass [kg storage] = 1.1 [

Eq. (S.321)
L storage

kg 0, ] - Mass 0, Stored [kg 0,]

Total Storage Volume [L storage] = 0.9 [

Therefore, for every 1 kg of H» stored, a high-altitude airplane must also store ~7.9 kg of
0., which translates into a total of ~19 kg and ~7.1 L (0.0071 m?) of O, storage per 1 kg of H»
stored. This is a significant increase in “fuel” storage requirements to support high-altitude
flight.

Our analysis neither dictates a cruising altitude for all-electric airplanes nor does it take
advantage of lower values of gravity at higher altitudes. We will therefore not consider oxygen
storage requirements in our analysis, but we acknowledge that, if high-altitude applications are
desired, additional requirements may be necessary.

1.C.5.D. Overall hydrogen fuel cell system efficiency

We graphically summarize the overall HFC system efficiency by vehicle type in Fig.
S.12. The system components shown in gray are the same as previously shown in Fig. S.1 for FF
systems, and those in blue are the same as previously shown in Fig. S.11 for BE systems, i.e.,
these system components remain the same in the HFC variant. System components shown in
purple are those added specifically for the HFC variant, which we describe in detail below.
Blanks correspond to system components that were necessary for either the FF and/or BE
variants but not the HFC variant. We specifically position each system component (and blanks)
to allow for comparison between FF, BE, and HFC variants between figures.
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Fig. S.12. Overall HFC system efficiency by vehicle type (same as Fig. 1(¢c))

1.C.5.D.1. Efficiency of fuel cell stack

(Mrcs)
The DOE reports an achieved peak energy efficiency (nz¢s) of 60% and a technical target

of 65% for both 2020 and 2025, calculated as shown in Eq. (S.322) [14].

Eq. (S.322)
DC output energy
]” =
FCS LHV,,

We use a constant 65% efficiency for the LB, MK, and HB scenarios. As this efficiency
covers the system process from the hydrogen fuel to the output DC energy produced, we will
further reduce the overall system efficiency with the inverter, electric motor, and drivetrain
efficiencies.

1.C.5.D.2. Ground combat vehicles

1.C.5.D.2.A. Overall tactical vehicle hydrogen fuel cell system efficiency

(Mrv.urc)
We can estimate the overall tactical vehicle HFC system efficiency (nry yrc) as the

product of the fuel cell stack efficiency (ngcs), the combined DC-to-AC inverter, control
systems, and power electronics efficiency (7;), the motor efficiency (7,,,), and the
gearbox/transmission efficiency (1;5) as show by Eq. (S5.323.

Eq. (S.323)
Nrv.arcl=1 = Nrcs[=1 - mi[=1 - 1[=] - ngp[-]
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Using the values we previously discussed, this results in an overall system efficiency of
~56%. This matches well to research published in 2004 that used 50% efficiency for fuel cell
stacks and found an overall light-duty vehicle efficiency of 44.5% (if we decrease our 65%
efficient fuel cell stack to 50%, our overall system efficiency becomes 43%, suggesting the rest
of our system component efficiencies are similar) [373]. Over the past 15 years, PEMFCs have
become more efficient.

1.C.5.D.3. Freight locomotives

1.C.5.D.3.A. Overall freight locomotive hydrogen fuel cell system efficiency

(ML,urc)
The overall freight locomotive HFC system efficiency (1, yrc) is the product of the fuel

cell stack efficiency (ng¢s), the combined efficiency of the inverter, control systems, and power
electronics (7;), the motor efficiency (1,,), the gearbox/transmission efficiency (145 ), and the
traction auxiliaries efficiency (17,) as shown in Eq. (5.324).

Eq. (S.324)
Nuurcl=1 = Mpes[=1 i [=1 nm[=1-n65[=] - n7al-]
This results in an estimated overall locomotive HFC system efficiency of ~55%.
1.C.5.D.4. Rotary-wing aircraft

1.C.5.D.4.A. Overall helicopter hydrogen fuel cell system efficiency

(Mu.urc)
The overall helicopter HFC system efficiency (ny yrc) 1s the product of the fuel cell stack

efficiency (ngcs), the combined efficiency of the inverter, control systems, and power electronics
(n;), the motor efficiency (1,,), the gearbox/transmission efficiency (7.5), and the rotor figure of
merit (1 ,-) as shown in Eq. (S.325).

Eq. (S.325)
Nuurcl—1 = Nres[=1-m=1 =1 n6s[=1 11 -]

This results in an estimated overall HFC system efficiency of ~37%.
1.C.5.D.5. Fixed-wing aircraft

1.C.5.D.5.A. Overall prop airplane hydrogen fuel cell system efficiency

(Mpa,urc)

The overall prop airplane HFC system efficiency (1p4 yrc) 1s the product of the fuel cell
stack efficiency (nz¢s), the combined efficiency of the inverter, control systems, and power
electronics (7;), the motor efficiency (1, ), the gearbox/transmission efficiency (145 ), and the
propeller propulsion efficiency (rp p) as shown in Eq. (S.326).
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Eq. (S.326)
Npanrcl—1 = Necs[=1-n/[=1 =1 n68[=1 " nrpp[—]

Since the propeller propulsion efficiency was already determined to range from 79% to
90% (see Section 1.C.1.F.4.B), the overall HFC system efficiency will range from 46.9% to
53.4%. This agrees relatively well with the German Aerospace Center’s estimate of 44%, which
used a 60% efficient fuel cell stack [56]. Note that, as with the BE case, the range of 79% to
90% propeller efficiency flips from the LB to HB scenario and vice versa between the FF system
and the HFC system; i.e., whereas a 90% propeller in the FF system corresponded to a LB
scenario, it corresponds to the HB scenario in the HFC system.

1.C.5.D.5.B. Overall ducted fan airplane hydrogen fuel cell system efficiency

(Mpraurc)
The overall ducted fan airplane HFC system efficiency (pra grc) 1S the product of the

fuel cell stack efficiency (ng¢s), the combined efficiency of the inverter, control systems, and

power electronics (7;), the motor efficiency (1,,,), and the ducted fan propulsion efficiency (npr)
as shown in Eq. (S.327). Again, we do not model a gearbox with the ducted fan.

Eq. (S.327)
Noraurcl—1 = Nrcs[=1 - n[=1-nm[=1-npr[-]

The overall HFC system efficiency for a ducted fan airplane ranges from 44.0% to
52.5%.

1.C.5.D.6. Watercraft

1.C.5.D.6.A. Overall waterjet boat hydrogen fuel cell system efficiency

(MwB,uFC)

The overall HFC system efficiency for a waterjet boat (1y;p yrc) is the product of the
fuel cell stack efficiency (ng¢s), the combined efficiency of the inverter, control systems, and
power electronics (77;), the motor efficiency (7, ), and the propulsion efficiency (nyp p) as
shown in Eq. (S.328). A waterjet boat does not require a gearbox.

Eq. (S.328)
nW]B,HFC[_] = Nrcsl=1 - [=] np[-] 'TIW]B,P[—]

Note that we previously calculated the waterjet boat propulsion efficiency in Section
1.C.1.F.5.E, and it includes the hull, waterjet, and pump efficiencies. It ranges from 51.3% to
66.2%, and we must flip the values from the LB to HB scenarios and vice versa from the FF
system to the HFC system, i.e., whereas 66.2% correlated to the LB scenario in the FF system, it
corresponds to the HB scenario in the HFC system. We model all other efficiency values the
same as those used in ground combat vehicles. The resulting overall HFC system efficiency
ranges from 30.1% to 38.8%.
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1.C.5.D.6.B. Overall propeller ship hydrogen fuel cell system efficiency

(Mps,urc)
Just as with the waterjet boat, the fuel cell stack efficiency, combined efficiency of the

inverter, control systems, and power electronics, and the motor efficiency are all modeled the
same as in ground combat vehicles. (As a point of reference, Siemens manufactures a PEMFC
for submarines with modules that achieve 59% to 69% efficiency [374]). In the case of propeller
ships, we must also consider a gearbox with an efficiency of 98% as suggested by a study on
crude oil tanker vessels [185]. These efficiencies are combined with the propulsion efficiency
(nps p) previously calculated in Section 1.C.1.F.5.N, which ranges from 60.8% to 76.8%. Here
again, we must flip the values from the LB to HB scenario and vice versa from the FF system to
the HFC system, i.e., whereas 76.8% correlated to the LB scenario in the FF system, it
corresponds to the HB scenario in the HFC system. The resulting overall propeller ship HFC
system efficiency (ps yrc) ranges from 34.9% to 44.1%, as calculated using Eq. (S.329) which
agrees with published estimated for overall efficiency of HFC surface ships of 39% to 42%
[375-378].

Eq. (S.329)
Npsurcl—1 = Nrcs[=1 - m[=1 =1 n6p[=1"npsp[-]

1.D. Part 1: Comparison of equivalent platform “raw” energy by variant

In Part 1 of our analysis, we demonstrate why comparisons that only consider
equivalency between onboard storage systems are inadequate. This is a problem because leaders
often have little to no engineering expertise and must make decisions on future initiatives and
investments based upon incongruent recommendations. Consequently, we believe it is important
to demonstrate upfront why such comparisons are inadequate before proceeding to our improved
comparison.

1.D.1. Fossil fuel variants

1.D.1.A. Mass and volume of onboard fuel in the existing fossil fuel vehicle

This comparison is based upon meeting the raw chemical energy content of a vehicle’s
onboard fossil fuel. To begin, we first return to Sections 1.C.1.C.5 and 1.C.1.C.6 and record the
mass and volume of fossil fuel carried onboard each vehicle platform.

1.D.2. Battery electric variants

1.D.2.A. Mass of battery pack

(mp)

Next, we return to Section 1.C.1.G.1 for the chemical energy content contained within the
mass and volume of onboard fossil fuel as well as Section 1.C.4.A.1 for the specific energy of
the battery pack. Dividing the chemical energy content by the specific energy of the battery pack
yields the mass of battery pack required to hold the same amount of “raw” energy as the mass of
fossil fuel in the existing ICE vehicle (Eq. (S.330)).
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Eq. (S.330)

E c,FF [Wh]
W_h]

kg

mglkg] =

1.D.2.B. Volume of battery pack

(V)

Similarly, we take the chemical energy content of the onboard fossil fuel from Section
1.C.1.G.1 and divide it by the energy density of a battery pack from Section 1.C.4.A.1 to find the
volume of battery pack required to hold the same amount of “raw” energy as the volume of fossil
fuel in the existing ICE vehicle (Eq. (S.331)).

Eq. (S.331)

1.D.2.C. Mass ratio of battery pack to onboard fossil fuel

(mp : my)

Dividing the mass of battery pack required (Section 1.D.2.A) by the mass of onboard
fossil fuel (Section 1.D.1.A) yields the mass ratio of a BE variant’s battery pack to the existing
FF vehicle’s fuel. A value greater than one means the battery pack is heavier than fuel with an
equivalent raw energy content. A value of one means they are equally as heavy, and a value less
than one means the battery pack weighs less than the fuel.

Eq. (S.332)

mglkg]
mg [kg]

mglkg] : mf[kg] =

1.D.2.D. Volumetric ratio of battery pack to onboard fossil fuel

(Vg : Vf)

Similarly, dividing the volume of battery pack required (Section 1.D.2.B) by the volume
of onboard fossil fuel (Section 1.D.1.A) yields the volume ratio of a BE variant’s battery pack to
the existing FF vehicle’s fuel with equivalent raw energy content (Eq. (S.333)). A value greater
than one means the battery pack is larger than fuel with an equivalent raw energy content. A
value of one means they are equal in size, and a value less than one means the battery pack takes
up less space than the fuel.

Eq. (S.333)
Vg [m3]

Vg[m?] : Vp[m3] = m
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1.D.3. Hydrogen fuel cell variants

1.D.3.A. Mass of stored hydrogen and hydrogen storage system

(mHZ' msttorage)

We can calculate the mass of hydrogen required by taking the chemical energy content of
onboard fossil fuel (Section 1.C.1.G.1) and dividing it by the specific energy of hydrogen itself
(Section 1.C.5.A.3) as in Eq. (S.334) or by the specific energy of the hydrogen storage system
(Section 1.C.5.C.1) as in Eq. (S.335). The former describes the mass of hydrogen that an HFC
variant must carry to have the same raw energy content as the FF vehicle, whereas the latter
describes the mass of the complete hydrogen storage system required. Even without numbers,
one can see that this comparison is unfair in that we do not consider the mass of the fossil fuel
tank itself, though its contribution to overall mass is likely relatively small.

Eq. (S.334)
E.pr[Wh]
mHZ [kg] = off Wh
SEi, ||
Eq. (S.335)
E.rr[Wh]
My, storage [kg] = Wh
SEsttorage kg]

1.D.3.B. Volume of stored hydrogen and hydrogen storage system

(VHzr Vsttorage)

Similarly, the volume of hydrogen required is found by taking the chemical energy
content of onboard fossil fuel (Section 1.C.1.G.1) and dividing it by the energy density of
hydrogen itself (Section 1.C.5.A.4) as in Eq. (S.336) or by the energy density of the hydrogen
storage system (Section 1.C.5.C.1) as in Eq. (S.337). The former describes the volume of
hydrogen that an HFC variant carry to have the same raw energy content as the FF vehicle,
whereas the latter describes volume of the complete hydrogen storage system required.

Eq. (S.336)
Vy, [m?] = =L E.rr[Wh]
EDHZ[ ]
Eq. (5.337)
Vi,storage[m*] = Ecrr[Wh]

EDHZ storage [K_él]
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1.D.3.C. Mass ratio of stored hydrogen to fossil fuel

(mpy, = my)

Dividing the mass of hydrogen required (Section 1.D.3.A) by the mass of onboard fossil
fuel (Section 1.D.1.A) yields the mass ratio of an HFC variant’s hydrogen to the existing FF
vehicle’s fuel (Eq. (S.338)).

Eq. (S.338)
my, [kg]

my, [kgl : mf[kg] = mf[kg]

1.D.3.D. Volumetric ratio of stored hydrogen to fossil fuel

(Vau, * Vp)

Similarly, dividing the volume of hydrogen required (Section 1.D.3.B) by the volume of
onboard fossil fuel (Section 1.D.1.A) yields the volumetric ratio of an HFC variant’s hydrogen to
the existing FF vehicle’s fuel (Eq. (S5.339)).

Eq. (S.339)

Vi) + vy ) = 2]
H LML Vplm Ve m?]

1.D.3.E. Mass ratio of hydrogen and storage system to fossil fuel

(msttorage : mf)

Dividing the mass of the complete hydrogen storage system (with BOP components)
required (Section 1.D.3.A) by the mass of onboard fossil fuel (Section 1.D.1.A) yields the mass
ratio of an HFC variant’s hydrogen storage system to the existing FF vehicle’s fuel (Eq. (S.340)).

Eq. (S.340)

My, storage [kg]
my [kg]

My, storage [kg] : mf[kg] =

1.D.3.F. Volumetric ratio of hydrogen and storage system to fossil fuel

(Vsttorage : Vf)

Similarly, dividing the volume of the complete hydrogen storage system (with BOP
components) required (Section 1.D.3.B) by the volume of onboard fossil fuel (Section 1.D.1.A)
yields the volumetric ratio of an HFC variant’s hydrogen storage system to the existing FF
vehicle’s fuel (Eq. (S.341)).

Eq. (S.341)

Vi, storage [m3]
Ve [m3]

Vsttorage[m3] : Vf[m3] =
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1.E. Part 2: Comparison of equivalent platform “useful” energy by variant

In Part 2 of our analysis, we expand the comparison made in Part 1 by including each
variant’s (FF, BE, and HFC) overall system efficiency. Only a certain amount of a vehicle’s
onboard energy is actually “useful,” i.e., converting stored chemical energy into useful
mechanical energy for vehicular movement is not a 100% efficient process. As we illustrated in
Sections 1.C.1.F, 1.C.4.B, and 1.C.5.D, the overall efficiency can be strikingly different based
upon the variant’s energy conversion process. Not taking this factor into account results in an
unfair and inadequate comparison. By incorporating useful energy, we can obtain a much more
accurate comparison than that shown in Part 1.

The equations in Part 2 are the same as those shown above in Part 1 with the exception
that some now include the overall system efficiency for either the FF, BE, or HFC system as
appropriate. Note that the efficiencies include a “  prior to the variant designator. This blank
is for designating the vehicle type for which we have already calculated the overall system
efficiency value: tactical vehicle (TV), locomotive (L), helicopter (H), turboprop airplane (TP),
propeller airplane (PA), turbofan airplane (TF), ducted fan airplane (DFA), waterjet boat (WJB),
or propeller-driven ship (PS).

1.E.1. Fossil fuel variants

1.E.1.A. Mass and volume of onboard fuel in the existing fossil fuel vehicle

(mg, V)
No change from Section 1.D.1.A.

1.E.2. Battery electric variants

1.E.2.A. Mass of battery pack
(mg)

We take the chemical energy content contained within the mass and volume of onboard
fossil fuel (Section 1.C.1.G.1) and multiply it by the overall system efficiency for the appropriate
FF vehicle type (Section 1.C.1.F) to find the onboard useful energy for the FF vehicle. We then
divide this value by the product of the specific energy of a battery pack (Section 1.C.4.A.1) and
the overall system efficiency for the appropriate BE vehicle type (Section 1.C.4.B). The result is
the mass of battery pack required to hold the same amount of useful energy as the mass of fossil
fuel in the existing ICE vehicle (Eq. (S.342)).

Eq. (S.342)
E Wh] -
mglkg] = C,FF[Wh] N_rF
SEp E] "N_BE

1.E.2.B. Volume of battery pack
(V)

We take the same onboard useful energy for the FF vehicle found in the numerator of Eq.
(S.342) and divide this value by the product of the energy density of a battery pack (Section
1.C.4.A.1) and the overall system efficiency for the appropriate BE vehicle type (Section
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1.C.4.B). The result is the volume of battery pack required to hold the same amount of useful
energy as the volume of fossil fuel in the existing ICE vehicle (Eq. (S.343)).

Eq. (S.343)

EC,FF[Wh] *N_FF
Wh

ED [z - 1_ss

Vg[m?] =

1.E.2.C. Mass ratio of battery pack to onboard fossil fuel

(mp : my)
We can now calculate the mass ratio of battery pack to onboard fossil fuel the same as we
did in Section 1.D.2.C using Eq. (S.332).

1.E.2.D. Volumetric ratio of battery pack to onboard fossil fuel

(Vg : Vf)
Similarly, we can calculate the volumetric ratio of battery pack to onboard fossil fuel the
same as we did in Section 1.D.2.D using Eq. (S.333).

1.E.3. Hydrogen fuel cell variants

1.E.3.A. Mass of stored hydrogen and hydrogen storage system

(mHZ' msttorage)

We calculate the mass of hydrogen required by taking the same onboard useful energy for
the FF vehicle found in the numerator of Eq. (S.342) and dividing it by the product of the
specific energy of hydrogen itself (Section 1.C.5.A.3) and the overall system efficiency of the
HFC variant as in Eq. (S.344) or by the product of the specific energy of the hydrogen storage
system (Section 1.C.5.C.1) and the overall system efficiency of the HFC variant as in Eq.
(S.345). The former describes the mass of hydrogen that an HFC variant must carry to have the
same useful energy content as the FF vehicle, whereas the latter describes the mass of the
complete hydrogen storage system required.

Eq. (S.344)
_ E ppr[Wh]-n_prp
SEy, E] "N_HFc
Eq. (S.345)

_ E pp[Wh]-n_pp
My, storage [kg] = Wh

SEsttorage E] "N_HFC
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1.E.3.B. Volume of stored hydrogen and hydrogen storage system

(VHzr Vsttorage)

Similarly, we can calculate the volume of hydrogen required by taking the same onboard
useful energy for the FF vehicle found in the numerator of Eq. (S.342) and dividing it by the
product of the energy density of hydrogen itself (Section 1.C.5.A.4) and the overall system
efficiency of the HFC variant as in Eq. (S.346) or by the product of the energy density of the
hydrogen storage system (Section 1.C.5.C.1) and the overall system efficiency of the HFC
variant as in Eq. (S.347). The former describes the volume of hydrogen that an HFC variant
must carry to have the same useful energy content as the FF vehicle, whereas the latter describes
the volume of the complete hydrogen storage system required.

Eq. (S.346)
Vi, [m?] = Ec [II//I/V:] "N_FF
EDy, [W] "N_HFC
Eq. (S.347)
Vi, storage[Mm*] = EcprWh] - n_rr

Wh
EDsttorage [W] "N_HFC

1.E.3.C. Mass ratio of stored hydrogen to fossil fuel

(my, : my)
No change from Section 1.D.3.C and Eq. (S.338).

1.E.3.D. Volumetric ratio of stored hydrogen to fossil fuel

Vhy * Vp)
No change from Section 1.D.3.D and Eq. (S.339).

1.E.3.E. Mass ratio of hydrogen and storage system to fossil fuel

(msttorage : mf)
No change from Section 1.D.3.E and Eq. (5.340).

1.E.3.F. Volumetric ratio of hydrogen and storage system to fossil fuel

(Vsttorage : Vf)
No change from Section 1.D.3.F and Eq. (S.341).
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1.F. Part 3: Calculating solutions for BE and HFC variants with equivalent or
improved capabilities compared to existing FF vehicles

In Part 3 of our analysis, we use both graphical and computational optimization methods
to find solutions for BE and HFC variants with equivalent or improved capabilities compared to
existing FF vehicles. Our equations are based on four characteristics of vehicles that define their
performance as well as defined technology levels for seven major variables across two scenarios.
The four characteristics that we consider are overall vehicle mass, volume, PWR (or TWR) and
range. The seven major variables are electric motor PWR, battery pack-level specific energy and
energy density, hydrogen storage system specific energy and energy density, and fuel cell stack
system specific power and power density. We consider two scenarios that define the values for
the seven major variables: current technology (what is commercially-available today) and future
technology (what researchers cite as feasible within the literature or, in a few instances, claims of
current technology achievements with reductions applied when applicable), as shown in Table
S.29. The electric motor specific power (or PWR) ranges from the radial flux motor used in the
BMW i3 to the new axial flux motor produced by Magnax. Although we previously calculated a
peak electric motor PWR of ~12.1 kW kg'! for the Magnax AXF225, Magnax further claims it
has achieved peak values of 15 kW kg!, which we will adopt as our future (feasible) value [379].
Note that, for airplanes, maximum power is required for takeoff and climb portions of the flight
profile; consequently, we model the electric motors as capable of sustaining the necessary output
to get to cruising altitude and velocity. The battery (pack-level) specific energy and energy
density values range from what is currently used by Proterra in electric buses to Sion Power’s
claimed achievements with an estimated 33% reduction from the cell-level to pack-level applied
(the same reduction as used by the DOE and the USABC in creating their technical targets).
Hydrogen storage system specific energy and energy density values range from what the 2017
Toyota Mirai currently uses (with BOP components added) to what researchers state is possible
for LH2 and what the DOE publishes as an ultimate target. Fuel cell stack (with BOP
components) specific power and power density values range from what US DRIVE states is the
current status to what researchers and the DOE publish as achievable.

Table S.29. Current commercial and future feasible technology values for BE and HFC
variant design.

. . Current Future

Variable Units (commercial) Source (feasible) Source
Electric motor specific q
bower (PWR) W kg 2,976 [11] 15,000 [16]
Battery (pack-level) Wh kg'! 157 [12] 335 [17,18,20]
specific energy
Battery (pack-level) energy |y 1 - 260 [12] 670 [17,18,20]
density T
Hydrogen storage system 1 *
(w/ BOP) specific oneray | VK 1,465 [13] 21,000 [9] *no BOP
Hydrogen storage system 1
(w/ BOP) energy density Whi 833 [13] 1,700 [13]
Fuel cell stack (w/ BOP) W kg! 659 [14] 3.000 [10]
specific power ’
Fuel cell stack (w/ BOP) WL 640 [15] 350 [19]
power density
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1.F.1. Graphical optimization of solutions

One of the most unique contributions of our research is the method we developed to find
solutions for meeting or exceeding the four vehicle characteristics using just two variables: the
mass of electric motors and mass of battery pack required for BE variants and the mass of
electric motors and mass of hydrogen storage system required for HFC variants. Below, we
show the derivation of equations for the lines (and curves for watercraft range) that define
equivalency between BE or HFC variants and the existing FF vehicles for each vehicle type and
each vehicle characteristic. Note that we can write the relationships that follow either in terms of
the gross vehicle weight condition or the curb vehicle weight condition. We conduct our
analysis using the gross vehicle weight condition, i.e., including vehicle payload.

1.F.1.A. Battery electric variants
1.F.1.A.1. Ground combat vehicles

1.F.1.A.1.A. Equivalent power-to-weight ratio

For BE ground combat vehicles (tactical vehicles), we begin with the first relationship
that the BE variant must have an overall PWR greater than or equal to that of the existing FF
vehicle (Eq. (S.348)).

Eq. (S.348)

w w
PWRFF,g I:@:l S PWRBE,Q I:@:l

We previously calculated the PWR of the FF vehicle (see Sections 1.C.1.G.8 and
1.C.1.G.9). We can calculate the overall power of a BE variant using the mass of electric motors
and the specific power (or PWR) of the electric motors (Eq. (S.349)).

Eq. (S.349)
w
Posg W1 = milkg] - PWRy |-
Since the PWR is actually in terms of mass (not weight), we can rewrite Eq. (S.348) as
Eq. (S.350).
Eq. (S.350)
_ Pep[W] _ Pppy (W]

= <
mgy [kg] MpE.g [kg]

w
PWRFF,g I:E:l

Since ground combat vehicles can benefit from gearboxes paired with the electric motors,
we use a scaling factor (see Section 1.C.3.B.19) to estimate the total mass of motors, gearboxes,
and oil. We can then calculate the mass of a BE variant by starting with the mass of the FF
variant stripped of all its FF components and adding to it the mass of motors, gearboxes, oil, and
battery pack required (Eq. (S.351)).

158



Eq. (S.351)
mBE,g [kg] = mg,strippedFF [kg] + (me+GB+oimm[_] My, [kg]) + mpg [kg]
Combining Eq. (S.350) and Eq. (S.351) yields Eq. (S.352).

Eq. (S.352)

|14
w My kgl - PWR,, [@]
PWRFF,Q [_] S
kg My strippedFF [kg] + (me+GB+oimm[_] My [kg]) +mp [kg]

We can rearrange Eq. (S.352) into Eq. (S.353), which takes the familiar form of the
equation of a line: y = m - x + b where the variable y is the mass of battery pack required and
the variable x is the mass of electric motors required.

Eq. (S.353)

PWR,, [%]
mpg [kg] < - me+GB+o,mm[_] My [kg] + (_mg,strippedFF [kg])

w
PWRFF,g I:@:l

For ease of use in a spreadsheet and graphing programs, we define the PWR equation as
the first vehicle characteristic relationship and, therefore (with subscripts) the slope is given by
Eq. (S.354) and the y-intercept by Eq. (S.355).

Eq. (S.354)

PWR,, [%]
— T F

m [_] = mm+GB+O,mm[_]

w
PWRFF,g I:@:l

Eq. (S.355)
by [kg] = (_mg,strippedFF [kg])

1.F.1.A.1.B. Equivalent ratio of onboard useful energy to road load force

Our second vehicle characteristic relationship is that, for the BE variant to have
equivalent or improved range, the BE variant must have a ratio of onboard useful energy to road
load force greater than or equal to that of the existing FF vehicle (Eq. (S.356)). We previously
calculated the left side of the equation using Eq. (S.93) in Section 1.C.2.A.1.E.

Eq. (S.356)
OUEpz[Wh] - OUEgg ,[Wh]
RLFF,g [N] - RLBE,g [N]
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We calculate the onboard useful energy of the BE variant as a function of the battery
pack mass, the specific energy of the battery pack, and the overall system efficiency (Eq.
(S.357)).

Eq. (S.357)

Wh
OUEgg 4 [Wh] = mglkg] - SEg [E] 'TITV,BE[—]

The road load force of the BE variant is found the same way as for the FF variant in
Section 1.C.2.A.1, except we now use the mass of the BE variant in the gross vehicle weight
scenario instead of the gross mass of the FF vehicle (Eq. (S.358)). The mass of the BE variant is
the same as in Eq. (S.351).

Eq. (S.358)

RLBE,g[N]=(Crr[ I mBEg[kg 9[ ]) ( " Pair [kgg,] Cal-] Af[m ( [ ]))
+ (mBE,g[kg g [5—2] -smH[—])

We can now rewrite Eq. (S.356) as Eq. (5.359) and substitute Eq. (S5.357) and Eq. (S.358)
to get Eq. (S.360).

Eq. (S.359)
OUEgs[Wh]

RLFF'g [N] ) ' RLBE,Q [N]

OUEgg 4[Wh] = <

Eq. (S.360)

mglkg] SEB[k ] T’TVBE[
UErz[Wh]
< RLpr,g[N] )
((cﬂ[ masatia o [5]) (e ] i 4001 ()
+ (mBE.g lkgl- g [Z‘n_z] -sin9[—])>

Rearranging terms to get our equation of a line format, we get Eq. (S.361) where the
slope is given by Eq. (S.362) and the y-intercept by Eq. (S.363).
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Eq. (S.361)

mglkg]
> Crr[ ] me+GB+a mm[ ] + Sine[_] 'me+GB+oimm[_] . mm[kg]
SEg [ ] Nrv.sel—] )
OUEFF[Wh] m Crr [_] - Slne[_]
(rreiit) ol
3 pur [4]- a1 A7) - (v [2])°
Crr[_] * My strippedFF [kg] + (2 F [m ] ‘ [m]f i (U [S ]) ) + sinB[—] "My strippedFF [kg]
+
SEB[ ] Nrv.sel—] ]
(OUEFF[W]'L]) [m] Crr[_] - sm@[—]
RLgp 4[N]
Eq. (S.362)
m,[—] = Crr[—]- Fmrlr/ll}_;lBMmm[ ]+ sinf[-]- R Mm+GB+o_Mm (-]
SEp W] “Nrv,pel—] .
<0UEFF[Wh ) [m] Crrl = = sin6]~]
RLzp g[N]
Eq. (S.363)
air |25 " Cal=1 " Af[
Cr[-] ' My strippedFF [kg] + ( i [m ] ! [m]f ™ ( [ D ) + sinf[—] "My strippedFF [kg]
bylkg] =

SEB TVBE[
(O;QJLE[I{U[]A/V: o0t ) — Crl-]
FF.g

— sinf[—]

1.F.1.A.1.C. Equivalent overall vehicle volume

Our third vehicle characteristic relationship is the overall volume of the BE variant must
be less than or equal to that of the existing FF vehicle (Eq. (S.364)). We previously calculated
the right side of the equation using Eq. (S.2) in Section 1.C.1.B.

Eq. (S.364)

Vee g [m3] < Ver,g [m?]

Here again, since ground combat vehicles can benefit from gearboxes paired with the
electric motors, we must use a ratio (see Section 1.C.3.B.20) to estimate the total volume of
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motors and gearboxes (we consider the volume of oil contained within the volume of the
gearboxes). We can then calculate the volume of a BE variant by starting with the volume of the
FF variant stripped of all its FF components and adding to it the volume of motors, gearboxes,
and battery pack required (Eq. (S.365)).

Eq. (S.365)
Wh
mplkg] - SEp [E]

o [T 10 1]

m3
Vep[m®] = VFF stripped [m®] + <mm [kgl - RVm+GB_mm l@l) +

Rearranging terms to get our equation of a line format, we get Eq. (S.366) where the
slope is given by Eq. (S.367) and the y-intercept by Eq. (S.368).

Eq. (S.366)
Wh L m3
o0, 41 10008 o, [
mglkgl <| — Wh My, [kg]
SEp |22
kg]
T\ |
+ ' (VFF,g [m°] = Vep strippealm ])
Wh
SEs ||
Eq. (5.367)
Wh L m3
o0, 41 100025 o 1]
ms[—] = — Wh
Es ||
Eq. (S.368)
o] oo, 2 |
b3 [kg] - Wh ’ (VFF,g [m ] - VFF,stripped [m ])
s ||

1.F.1.A.1.D. Equivalent overall vehicle mass

The fourth and final vehicle characteristic relationship is the overall mass of the BE
variant must be less than or equal to that of the existing FF vehicle (Eq. (S.369)). We previously
recorded the values for right side of the equation in Section 1.C.1.A.

Eq. (S.369)

MpE,g [kg] < mgr, g [kg]
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Substituting Eq. (S.351) for the left side of Eq. (S.369) we get Eq. (S.370).

Eq. (S.370)
My serippearr[Kg] + (Frnpyopeo mm =] - Min[kg]) + mplkg] < mpp glkg]
Rearranging terms to get our equation of a line format, we get Eq. (S.371) where the
slope is given by Eq. (S.372) and the y-intercept by Eq. (S.373).
Eq. (S.371)
mglkgl = (=Fnpions0 mml—)) " Mm[kgl + (Mep g lkg] — Mg sirippearr[kg])

Eq. (S.372)

Mal=1 = (=Fnpnscoro mml=1)
Eq. (S.373)
balkgl = (mer glkgl — My strippearrkgl)
1.F.1.A.2. Freight locomotive

1.F.1.A.2.A. Equivalent power-to-weight ratio

For the first vehicle characteristic relationship, we use the same derivation and equations
for BE freight locomotives as we did for ground combat vehicles in Section 1.F.1.A.1.A (Eq.
(S.348) through Eq. (S.355)). Again, as previously discussed in Sections 1.C.1.E.1, 1.C.3.A, and
1.C.3.B.2, we take a conservative approach and, in the absence of data, do not first subtract away
the mass and volume of existing electric motors and gearboxes in the diesel electric locomotive
in order to consider these requirements as variables for an all-electric system.

1.F.1.A.2.B. Equivalent ratio of onboard useful energy to tractive effort force

Our second vehicle characteristic relationship is that, for the BE to have equivalent or
improved range, the BE variant must have a ratio of onboard useful energy to tractive effort
force greater than or equal to that of the existing FF vehicle (Eq. (S.374)). We previously
calculated the left side of the equation using Eq. (S.100) in Section 1.C.2.B.2.

Eq. (S.374)
OUEpp[Wh] _ OUEgs, [Wh]
TEFF,g [N] - TEBE,g [N]
We calculate the onboard useful energy of the BE variant as a function of the battery

pack mass, the specific energy of the battery pack, and the overall system efficiency (Eq.
(S.375)).

Eq. (S.375)

Wh
OUEgg 4 [Wh] = mglkg] - SEp [E] 'UL,BE[—]
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The tractive effort force of the BE variant is found the same way as for the FF variant in
Section 1.C.2.B.1, except we now use the mass of the BE variant in the gross vehicle weight
scenario instead of the gross mass of the FF vehicle (Eq. (S.376)). The mass of the BE variant is
the same as by Eq. (S.351).

Eq. (S.376)

TEsgo[N] = maslkgl - g [ 5] - G[-1- F,[-]

We can now rewrite Eq. (S.374) as Eq. (S.377) and substitute Eq. (S.375) and Eq. (S.376)
to get Eq. (S.378).

Eq. (S.377)
OUEgs[Wh]

OUE,, .[Wh] = <
BB TEgg 4[N]

) ) TEBE,g [N]
Eq. (S.378)
OUEgr[Wh]

mglkg] - SEp [I;(V_gh] 'UL,BE[—] = < TEFFg[N] ) ) (mBE[kg] g [sz] ) Cf[—] 'Fa[—])

Rearranging terms to get our equation of a line format, we get Eq. (S.379) where the
slope is given by Eq. (S.380) and the y-intercept by Eq. (S.381).

Eq. (S.379)
m [kg] > me+GB+o,mm[_] m [kg]
SEg I;(V_;] ‘Mipe[—] .
OUEpp|Wh] m
(et o[l 1 Rl
+ My strippedFF [kg]
SEp I;cV_gh] ‘Nipel—] .

OUEpp(Wh] m o
(Te ) o[ 6 Rl
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Eq. (S.380)

E

mz[_] — mm}-;'-GB+omm[_]
w
SEg E] 'TIL,BE[—]

(T ) o] 611 Rl-)

-1

Eq. (S.381)

b,[kg] = mgljl,;;:ippedFF kgl

SEg E] : T]L,BE[_]

(res ) 9] 611 Rl-)

1.F.1.A.2.C. Equivalent overall vehicle volume

-1

For the freight locomotive’s third vehicle characteristic relationship, there is no change
from Eq. (S.364) through Eq. (S.368) in our derivation from Section 1.F.1.A.1.C.

1.F.1.A.2.D. Equivalent overall vehicle mass

For the freight locomotive’s fourth vehicle characteristic relationship, there is no change
from Eq. (S.369) through Eq. (S.373) in our derivation from Section 1.F.1.A.1.D. However,
with locomotives, there is no real benefit to decreasing mass. Locomotive design maximizes
weight to maximize the adhesion generated between wheels and rail. The GE ET44AC is
already at the maximum weight allowed by infrastructure constraints. We will conduct our
freight locomotive analysis in the same manner as the other vehicle types but will remember to
consider solutions that maximize allowable vehicle mass.

1.F.1.A.3. Rotary-wing aircraft

1.F.1.A.3.A. Equivalent power-to-weight ratio

For the helicopters’ first vehicle characteristic relationship, there is no change from Eq.
(S.348) through Eq. (S.355) in our derivation from Section 1.F.1.A.1.A.
1.F.1.A.3.B. Equivalent ratio of onboard useful energy to lift force

Our second vehicle characteristic relationship is that, for the BE variant to have
equivalent or improved range, the BE variant must have a ratio of onboard useful energy to lift
force greater than or equal to that of the existing FF vehicle (Eq. (S.382)). We previously
calculated the left side of the equation using Eq. (S.137) in Section 1.C.2.C.3.
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Eq. (S.382)
OUEpz[Wh] - OUEgg ,[Wh]
LFF,g [N] - LBE,g [N]

We calculate the onboard useful energy of the BE variant as a function of the battery
pack mass, the specific energy of the battery pack, and the overall system efficiency (Eq.
(S.383)).

Eq. (S.383)

Wh
OUEgg 4 [Wh] = mglkg] - SEg [E] 'UH,BE[—]

The lift force of the BE variant is found the same way as for the FF variant in Section
1.C.2.C.3, except we now use the mass of the BE variant in the gross vehicle weight scenario
instead of the gross mass of the FF vehicle (Eq. (S.384)). The mass of the BE variant is the same
as by Eq. (S.351).

Eq. (S.384)

LgggIN] = mpg 4lkgl - g [;n_Z]

We can now rewrite Eq. (S.382) as Eq. (5.385) and substitute Eq. (S.383) and Eq. (S.384)
to get Eq. (S.386).
Eq. (S.385)

OUEpz[Wh]
OUEgg 4[Wh] > <Tg[1\/]> “Lpg 4[N]

Eq. (S.386)

Wh OUEgp[Wh] m
mplkg] - SEp [E] ‘Nupel—1 2= <W> “mpg glkgl- g [3—2]

Rearranging terms to get our equation of a line format, we get Eq. (S.387) where the
slope is given by Eq. (S.388) and the y-intercept by Eq. (S.389).

Eq. (S.387)
mylkg] 2 e i lkg] + %“pped”[ 9l
SEp kg] N,pel—] SEg kg] Nu.pel—]
<0UEFF[Wh ) [m] <0UEFF[Wh ) [m]

LFFg[N LFFg[N
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Eq. (S.388)

E

my[—] = Wi:clawmm[_]
SEp kg] Nupel—]
Cr) obd

Eq. (S.389)

mg,strippedFF [kg]

bz[k I=
! SEp I;l(/gh] Nu,gel—]
G

1.F.1.A.3.C. Equivalent overall vehicle volume

For the helicopters’ third vehicle characteristic relationship, there is no change from Eq.
(S.364) through Eq. (S.368) in our derivation from Section 1.F.1.A.1.C.
1.F.1.A.3.D. Equivalent overall vehicle mass

For the helicopters’ fourth vehicle characteristic relationship, there is no change from Eq.
(S.369) through Eq. (S.373) in our derivation from Section 1.F.1.A.1.D.
1.F.1.A.4. Fixed-wing aircraft
1.F.1.A.4.A. Turboprop airplanes (all-electric propeller airplanes)

1.F.1.A.4.A.1. Equivalent power-to-weight ratio

For the turboprop airplane’s first vehicle characteristic relationship, there is only one
slight change in terminology from our derivation in Section 1.F.1.A.1.A. Instead of using the
maximum rated power of the FF vehicle, we use the maximum rated takeoff power of the
turboprop engines to find the overall airplane PWR (PW Ry gp 4). Following the same process
as before, we begin with the first relationship that the BE variant must have an overall takeoff
PWR greater than or equal to that of the existing FF vehicle (Eq. (S5.390)).

Eq. (S.390)

w w
PWRro,sr o] < PWRross 1]
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We previously calculated the PWR of the FF vehicle at takeoff (see Sections 1.C.1.G.8
and 1.C.1.G.9). We calculate the overall power of a BE variant using the mass of electric motors
and the specific power (or PWR) of the electric motors as in Eq. (S.349). Since the PWR is
actually in terms of mass (not weight), we can rewrite Eq. (S.390) as Eq. (S.391).

Eq. (S.391)

w P w P w
PWRyo pr g _] _ ro.rr (W] < TO,BE,g[ ]
Y my [kg] MpgEg g [kg]

As we previously discussed in Section 1.C.1.E.1, turboprop engines make use of
reduction gearing, so we assume that all-electric prop planes also use some sort of gearing and
use the same scaling factor to approximate an overall mass of combined electric motors and
gearboxes (i.e., no change from Eq. (S.351)). An example of this application is Pipistrel’s Alpha
Trainer Electro BE airplane that uses propeller reduction gears integrated with its electric motor
[298]. Combining Eq. (S.391) and Eq. (S.351) yields Eq. (S.392).

Eq. (S.392)
w

My strippedFF [kg] + (me+GB+Oimm -] -mp, [kg]) +mp [kg]

14
PWRTO,FF,g I:@:l S

We can rearrange Eq. (S.392) into Eq. (S.393) to get the equation of a line format where
Eq. (S.394) is the slope and Eq. (S.395) is the y-intercept.

Eq. (5.393)
PWR [m]
mlk
mpg [kg] < gW - me+GB+oimm[_] My [kg] + (_mg,strippedFF [kg])
PWRro.rg ||
Eq. (5.394)
e 1
m [_] = W - me+GB+o,mm[_]
PWRro.rg ||
Eq. (5.395)

by [kg] = (_mg,strippedFF [kg])

1.F.1.A.4.A.2. Equivalent cruising range

Our second vehicle characteristic relationship for the turboprop airplane is the cruising
range of the BE variant must be greater than or equal to the cruising range of the FF vehicle (Eq.
(S.396)).
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Eq. (S.396)
CRpp[m] < CRpg g[m]

We previously recorded the maximum cruising range of a turboprop airplane in Section
1.C.1.G.3 and showed how to derive the Breguet range equation estimate of this value.
However, at this point, we must derive an estimate of cruising range for an all-electric airplane.
The derivation below is useful for all BE and HFC variants of turboprop and turbofan airplanes
used within our analysis.

1.F.1.A.4.A.2.A. Deriving a cruising range equation for all-electric aircraft

(CRgg, CRyrc)

For a FF airplane, we can use the Breguet range equations to account for the fuel it burns
and the airplane becoming lighter over time. With BE aircraft, however, the weight does not
change over time, and as an HFC aircraft uses hydrogen, the overall change in weight is
negligible. The weight of hydrogen is just a small fraction of the overall airplane’s mass, so the
extra range achieved due to the HFC aircraft becoming lighter during the later parts of cruise is
minimal. Similar to our Breguet range equation derivations, we can derive a cruising range
estimate for all-electric airplanes.

We begin by making several basic assumptions. First, all energy goes toward movement,
i.e., we do not consider ancillary power loads for instruments, lights, controls, passenger
accessories, etc. Second, we only consider cruising flight, i.e., we neglect energy requirements
for taxiing, take-off, climb, descent, landing, and safety reserves. Third, we consider cruising
flight is at a constant velocity (zero acceleration) and constant altitude (no change in air density).

Returning to basic principles:

Eq. (S.397)
energy = capacity to do work

Eq. (S.398)

work = force X distance

The force required by an aircraft for forward movement is thrust, T[N]. Therefore,
energy is equal to the thrust produced times the distance covered:

Eq. (S.399)
energy = thrust X distance
We can calculate the onboard useful energy for an all-electric airplane using Eq. (S.400)

for a BE variant or Eq. (S.401) for an HFC variant where the “ _ ” can be designated as either
“PA” for a propeller airplane or “DFA” for a ducted fan airplane. Note that, for units to balance

in future equations, the specific energy of the battery pack must be in units of [ZV—;]
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Eq. (S.400)

Ws
OUEgg[Ws] = mylkg] - SEp [E] "N__BE
Eq. (S.401)
Ws
OUEyrc[Ws] = My, storage [kg] ’ SEsttorage [E] *N__HFc

From our assumptions, Eq. (S.402) through Eq. (S.404) apply at cruise.

Eq. (S.402)

L=W
Eq. (S.403)

T=D
Eq. (S.404)

L w

D T

We can rearrange Eq. (S.404) to get Eq. (S.405).

Eq. (S.405)
T—WD
L

Combining Eq. (S.399), Eq. (S.400), and Eq. (S5.405) (and calling “distance” the “cruising
range”) gives us Eq. (S.406) for a BE variant and Eq. (S.407) for an HFC variant.

Eq. (S.406)
molkg) - SEs 1| n_sel=] = WIN) 2y CROm
Eq. (S.407)
Misstorage k9] Ersorage [ ] 1_nrcl=) = WINI Lt CROm

We can now solve for the cruising range to get Eq. (S.408) for BE variants and Eq.
(S.409) for HFC variants.
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Eq. (S.408)
mglkg]| - SEg [WS] n_gel—] L[N]

CR[m] = DIN]

mgglkgl - g [S_z]

Eq. (S.409)

Ws

msttorage[kg] SEsttorage n_ HFC[ ] LIN
kg [N]

CR[m] = murclkg] - [m] D[N]

We can further make these two equations more succinct by substituting Eq. (S.400) and
Eq. (S.401) into the numerator of each.

Eq. (S.410)
OUEgg[Ws] L[N]
CR[m] = .
mgglkgl - g [sz] DIN]
Eq. (S.411)
CR[m] = OUEypc[Ws] ) L[N]

myrclkgl - g [sz] DIN]

Our Eq. (S.410) is, essentially, the same equation derived and used by multiple other
researchers [56,380-382]. A useful way to rearrange the terms of this equation is shown by Eq.
(S.412) for BE variants and Eq. (S.413) for HFC variants.

Eq. (S.412)
mg[kg] 1 L[N] Wh 3,600 [i]
CRllem] = <mg,BE[kg> [m] <D[N >'<SEB [ED “(n_el=D)- 1,000 [:ﬁr]
m
Eq. (S.413)
H,storage k
(5 ) () 2]
| 3600 [W]
1,000 [%]

Note that we have changed the units on cruising range to kilometers, the units on specific
energy to watt-hours per kilogram, and included unit conversions. This form of these two
equations is helpful because each term has a useful meaning. The first term is a ratio of energy
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storage mass to the overall airplane mass. Put in other words, this is the percent of the airplane’s
mass that goes toward onboard energy storage. Higher values for this term are desirable because
they will increase the airplane’s range, but lower values are desirable for practicality. We want
airplanes with a high payload capacity, but the more we use an airplane’s payload to carry
energy storage, the less payload remains for transporting cargo or passengers. To put this term
into perspective, the mass ratio of jet fuel to MTOW is ~0.22 for our average prop plane, ~0.30
for the Boeing 737-700 NG, and ~0.43 for the Boeing 747-8. The second term is the inverse of
gravity. Although gravity decreases with altitude, we neglect any changes to the gravity term in
this analysis and use the gravitational constant at sea level in all calculations; the difference in
results is small, and it eliminates discrepancies that may result from operating different variants
of an airplane platform at different altitudes. The third term is the L/D ratio. Because the L/D
ratio depends upon airplane design parameters outside the scope of this analysis, we model the
L/D ratio as constant upon transitioning from a FF airplane to an all-electric variant. The third
term is the specific energy, or gravimetric energy density, of the energy storage in terms of
typically-used units of Wh kg'!. We can see that a percent increase in the specific energy will
increase range by the same percentage. The fourth term is the overall system efficiency of the
variant. For comparison, we have summarized the values for the approximate average overall
system efficiency by platform and variant in Table S.30.

Table S.30. Approximate average overall system efficiency by airplane platform and
variant

Platform / Variant: FF BE HFC
Average prop plane 22% 70% 50%
Medium-haul jet airliner 32% 69% | 49%
Long-haul jet airliner 35% 69% | 49%

Eq. (S.412) and Eq. (S.413) are also helpful because they allow us to graph design
estimates for maximum cruising range based upon energy storage technology achievements as
shown in Fig. S.13 and Fig. S.14.
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Fig. S.13. Estimates of maximum range for a BE airplane by percent total airplane mass
attributed to the battery pack and the pack-level battery specific energy.

Calculations use a specified L/D ratio of 17.7 and BE airplane overall system efficiency of
69.0%. Solid lines represent the ratio (by percentage) of battery pack mass to MGTOW. The
horizontal dashed green line denotes pack-level battery specific energy in commercial BE
aircraft [329]. Vertical dashed and dotted red lines denote the maximum range of select
commercial aircraft.
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Fig. S.14. Estimates of maximum range for an HFC airplane by percent total airplane mass
attributed to the hydrogen storage system and the hydrogen storage system specific energy.

Calculations use a specified L/D ratio of 17.7 and HFC airplane overall system efficiency of
49.2%. Solid lines represent the ratio (by percentage) of hydrogen storage system mass to
MGTOW. The horizontal dashed and dotted green lines denote the specific energy of
commercial 700-bar compressed gas and projected cryogenic-compressed hydrogen systems,
respectively [13]. Vertical dashed and dotted red lines denote the maximum range of select
commercial aircraft.

Because our methodology changes with fixed-wing aircraft, we believe it is worth taking
a moment to check if our concept of comparing ratios of onboard useful energy to the force that
must be overcome for movement is valid for estimating range equivalency between variants. If
we start with the definition of work (Eq. (S.414)) and relate the work that can be accomplished
by an airplane to its onboard useful energy, the force that must be overcome during cruise to
aerodynamic drag, and the distance to cruising range, we get Eq. (S.415) and Eq. (S.416).

Eq. (S.414)
work = force X distance
Eq. (S.415)
onboard useful energy = drag X cruising range
Eq. (S.416)
OUE
CR

Using a BE airplane as an example, we can expand Eq. (S.416) to get Eq. (S.417) using
our previously derived Eq. (5.400) and Eq. (S.410).
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Eq. (S.417)

Ws
OUEgg 4[Ws] mglkg] - SEg E] ‘n_gel—]

CRpg glm] OUEgg4[Ws]- (%)

MpE g [kgl-g [sz]

Further expanding the onboard useful energy and lift in the denominator yields Eq.
(S.418), which, when further reduced, shows that our equations and applications are consistent.

Eq. (S.418)
w
OUEgg4[Ws] mglkgl - SEg —kgs ] ‘N_ge[~] -
CRprglml e Tkl o 2\
<mB [kgl - SEg [];I(/_;] 'U_,BE[—]) : < DIN] [S ]

MpE,g [kgl-g [sz]

Therefore, we could have been consistent in our methodology and continued to use a
ratio of onboard useful energy to force that must be overcome for movement. In the case of
fixed-wing aircraft, the force that must be overcome, drag, is given by Eq. (S.419).

Eq. (S.419)

paor 8] (v 1)

2

D[N] = C4[-]- 'Aref[mz]

At this point, however, we would have some challenges in making fair comparisons
between variants. For example, the drag reference area (A,.) can be the total surface area, the
frontal area, or the wing area, so long as all calculations are consistent and the corresponding
drag coefficient (C,) is used. For ground combat vehicles, we model the front profile area as
staying the same and that new variants are simply different in length. Freight locomotives are so
heavy that air resistance is negligible when calculating the tractive effort required. For rotary-
wing aircraft, we neglect drag altogether and simply consider the lift force at hover. With
watercraft, we model the front profile area exposed to air as staying the same and that changes in
air resistance are negligible compared to water resistance from changes to the hull. For fixed-
wing aircraft then, we could assume that the reference area does not change between variants,
but if we want to maintain the same cruising velocity, then the onboard useful energy must be
equal between variants to achieve equal cruising range. Since we already have equations for
estimating range, we elect to use those equations directly in our analysis. This requires assuming
that the lift-to-drag ratio, which depends upon many design variables, stays constant between
variants, but it avoids specifically dictating that that the reference surface area does not change.
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Returning to our second vehicle characteristic relationship, we can now substitute Eq.
(S.410) into Eq. (S.396) to get Eq. (S5.420).

Eq. (S.420)

CRpp[m] < CRpg 4[m] =

OUEBE,g[WS] . <L[N]>
Mpg g [kgl-g [sz] DIN]

Further substituting Eq. (S.400) and Eq. (S.351) into Eq. (S.420) yields Eq. (S.421).

Eq. (S-421)
mglkg] - SEg [];IC/_;] “Npapel—] L[N]
CRpr[m] < m|’ <D N])
(mg,strippedFF [kg] + (me+GB+o,mm [_] "M [kg]) t Mg [kg]) 9 [5_2] [

Rearranging Eq. (S5.421) into the equation of a line format, we get Eq. (S.422) where the
slope is given by Eq. (S.423) and the y-intercept by Eq. (S.424).

Eq. (S.422)

F,

Mm+GB+o Mm [_]
SEg l;l(/_;] ‘Npapel—]" <%) 1

CRep[m] - g [sz]

mglkg] =

My [kg]

mg,strippedFF [kg]
Ws LIN
SEB kg] .nPA,BE[_] ) <D[[N::||) 1

CRep[m]- g [smz]

+

Eq. (S.423)

me+GB+o,mm [_]
SEg l;l(/_;] ‘Npagel—]" <%) 1

CRpp[m]- g [sz]

my[—] =
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Eq. (S.424)

My strippedFF [kg]
I;(V_;] “Npapel—]" <%) i
CRpp[m] - g [sz]

b,[kg] =
SEg

1.F.1.A.4.A.3. Equivalent overall vehicle volume

For the turboprop airplane’s third vehicle characteristic relationship, there is no change
from Eq. (S.364) through Eq. (S.368) in our derivation from Section 1.F.1.A.1.C.

1.F.1.A.4.A.4. Equivalent overall vehicle mass

For the turbofan airplane’s fourth vehicle characteristic relationship, there is no change
from Eq. (S.369) through Eq. (S.373) in our derivation from Section 1.F.1.A.1.D.

1.F.1.A.4.B. Turbofan airplanes (all-electric ducted fan airplanes)

1.F.1.A.4.B.1. Equivalent thrust-to-weight ratio

Instead of terms of power, turbofan airplanes are rated in terms of thrust, so the first
vehicle characteristic relationship is that the takeoff TWR of the BE variant must be greater than
or equal to that of the FF vehicle (Eq. (S.425)).

Eq. (S.425)

N N
TWRro 5y o] < TWRro556 1]

We previously found the TWR at takeoff for the FF vehicle in Section 1.C.2.D.2. For all-
electric variants, we related takeoff thrust and power in Section 1.C.2.D.3. We calculate the
mass of the BE variant by taking the same equation used for other vehicles (Eq. (S.351)) and
adding the mass of propulsor components (Eq. (S.183)). Note that, since we model direct drive
fans with no gearboxes, the scaling factor for the total mass of electric motors, gearboxes, and oil
used per dry mass of electric motors used is simply 1.0 (see Section 1.C.3.B.19). Combining Eq.
(S.183) and Eq. (S.184) from Section 1.C.2.D.3 with Eq. (S.425) yields Eq. (S.426), which we
can rearrange into the equation of a line format (Eq. (S.427)) where the slope is given by Eq.
(S.428) and the y-intercept by Eq. (S.429).

Eq. (S.426)

my kgl - PWR,, [%]

RDFTOP_TOT [%]

M srippearr (K9] + (B s, =1 M gT) + ((cm [52] mnlia) - PR, [5]) + <, [kg]) +my [kg]) 9[5]

N
TWRo e ] < (
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Eq. (S.427)

PWR,, [%]
mp [kg] = w rN m - me+GB+o,mm[_]
Rpprop tor | 77| " TWRrorrg |F| 9 |2
N [N S
kg w
- <Cm [W] " PWR,, [@]) My, [kg] + (_(Cb [kg] + My strippedFF [kg]))
Eq. (S.428)
A
my [_] = w N m  "MmiGB+o Mm [_]
Rprrop_Tor [W] *TWRro prg [N] g [5_2]
R
a <Cm w " lkg )

Eq. (S.429)

by [kg] = (_ (Cb [kg] + My strippedFF [kg]))

1.F.1.A.4.B.2. Equivalent cruising range

For the second vehicle characteristic relationship, we begin with the same relationship for
cruising range that we used for turboprop airplanes in Eq. (S.420). Using our estimated
efficiency for BE ducted fan airplanes (see Section 1.C.4.B.4.C) and our method for calculating
the mass of BE ducted fan airplanes (see Section 1.F.1.A.4.B.1), we can expand Eq. (S.420) to
get Eq. (S.430).

Eq. (S.430)

mglkgl - SEp [I;I{/_gs] “Nprasel—]

L[N]
CRpp[m] < : (W)
(mg,smpwp g+ (B mnl =1 - m2nllg]) + ((cm (58] mnlica- PRy [2]) + <, [kg]) +my [kg]) g[m]

Rearranging Eq. (S5.430) into the equation of a line format gives us Eq. (S.431), where the
slope is given by Eq. (S.432) and the y-intercept by Eq. (S.433).
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Eq. (S.431)

Eq. (S.432)

Eq. (S.433)

k w
Cm |:ng| ' PWRm I:@:l + me+GB+o,mm [_]

SEp I;(V_;] Morasel—l- <%) —1

CRep[m] - g [sz]

mgplkg] =

My [kg]

Cp [kg] + mg,strippedFF [kg]

CRpp[m] - g [sz]

SEj

k w
Cm [Wg] ' PWRm I:@:l + me+GB+o,mm [_]

2[=1=
m I;'{/_;] “Norasel=]" <%) -1

CRep[m]- g [sz]

SEj

Cp [kg] + mg,strippedFF [kg]
Ws LIN
SEp W] ‘Mprapel—] <—D[[N]])
-1

CRrp[m] - g [sz]

by [kg] =

1.F.1.A.4.B.3. Equivalent overall vehicle volume

The third vehicle characteristic relationship, that the overall volume of the BE variant
must be less than or equal to that of the existing FF vehicle, is the same as Eq. (S.364) in Section
1.LF.1.A.1.C. However, since we model a BE variant as using the ducted fan portion of turbofan
engines for propulsion, we must add back in the volume of the FF engines (which we removed to
find the stripped volume of the FF variant) to estimate their size. Therefore, we calculate the
volume of a BE ducted fan airplane by taking Eq. (S.365) and adding the original engine volume

(Eq. (S.434)).
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Eq. (S.434)
Wh
VBE [m3] — VFF,stripp€d [m3] + (mm [kg] ) RVm+GB_mm [E]) Wh L
£Ds | 777|100 5]

+ Vtotal,e [m3]

Rearranging Eq. (S.434) into the equation of a line format gives us Eq. (5.435), where the
slope is given by Eq. (S.436) and the y-intercept by Eq. (S.437).

Eq. (S.435)
Wh L m3
EDg [777| - 1,000 |-5] - Ry, —]
L m mm kg
mglkgl <| — Wh “my, [kg]
SEB 5.
kg]
1000[i] . ED [W—h
n ’ m3 Bl L
Wh
SEs | g
’ (VFF,g [m3] — VFF,stripped [m3] — Viotat,e [m3])
Eq. (S.436)
Wh L m3
[_] =1 — EDB [T] 11,000 [w] . RVm"'GBmm E:l
Msl=1 = o Wh]
Blkg
Eq. (S.437)
o] 0, 4]
bs[kg] = Wh : (VFF,g [m3] — Ver stripped [m3] — Viotate [m3])
s ||

1.F.1.A.4.B.4. Equivalent overall vehicle mass

The fourth vehicle characteristic relationship, that the overall mass of the BE variant must
be less than or equal to that of the existing FF vehicle, is the same as Eq. (S.369) in Section
1.F.1.A.1.D. However, as described above in Section 1.F.1.A.4.B.1, the mass of the BE variant
must also include the mass of propulsor components (Eq. (S.183)), as shown by Eq. (5.438).
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Eq. (S.438)
mBE,g [kg] = mg,strippedFF [kg] + (me+GB+oimm [_] My, [kg]) + Mpc [kg] + mpg [kg]

Substituting Eq. (S.438) and Eq. (S.183) into Eq. (S5.369) yields Eq. (S5.439).

Eq. (S.439)
My strippedFF [kg] + (me+GB+oimm [_] My, [kg])
kg w
+( (en [57] - malkg) PWR [1]) + collal | + malleg] < me. L]

Rearranging Eq. (S5.439) into the equation of a line format gives us Eq. (S5.440), where the

slope is given by Eq. (S.441) and the y-intercept by Eq. (S.442).

Eq. (S.440)

mp kgl 2 (—mewmmm[—] ~(en [s2] - P, [%])) iy lleg]
+ (mFF,g [kg] — My strippearrlkg] — cp [kg])

Eq. (S.441)

my[—] = <_me+GB+omm[_] B <Cm [kwg] PWhm %]))

Eq. (S.442)

bu[kg] = (mFF,g [kg] — mg,strippedFF[kg] —Cp [kg])
1.F.1.A.5. Watercraft
1.F.1.A.5.A. Waterjet boats

1.F.1.A.5.A.1. Equivalent power-to-weight ratio

There is no change from Eq. (S.348) through Eq. (S.355) in our derivation from Section
1.F.1.A.1.A when deriving the first vehicle characteristic relationship for waterjet boats.
1.F.1.A.5.A.2. Equivalent ratio of onboard useful energy to total hull towing resistance

Our second vehicle characteristic relationship is that, for the BE to have equivalent or
improved range, the BE variant must have a ratio of onboard useful energy to total hull towing
resistance force greater than or equal to that of the existing FF vehicle (Eq. (S.443)).
Eq. (S.443)

OUEgrp[Wh] - OUEgg 4[Wh]
RrrrgIN] = Rrppgg[N]
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We previously calculated the onboard useful energy and the total hull towing resistance
of the FF vehicle in Sections 1.C.1.G.2 and 1.C.2.E.5, respectively; this provides the values for
the left side of Eq. (S.443).

For the right side of Eq. (S.443), we calculate the onboard useful energy of the BE
variant using Eq. (S.444).

Eq. (S.444)

Wh
OUEBE,g[Wh] = mglkg] - SEg [E] 'UW]B,BE[—]

We previously discussed calculating the total hull towing resistance in Section 1.C.2.E.5.
Expanding Eq. (S.234) with the equations for friction resistance, residual resistance, and air
resistance yields Eq. (S.445), where we calculate the wetted surface area using the Schneekluth-
Bertram Method (Eq. (S.241)) and the displacement volume by Eq. (S.229), which we rewrite as
Eq. (S.446).

Eq. (5.445)
RraeN] = (€14 Gl (3 pu [ra] - (v[2]) - Al
+<0 90 Pair [k%](v[?])z Aalr[mz])
Eq. (5.446)
Mgp,glkg]
V[m3] 9
ou ||

Substituting Eq. (S.241) and Eq. (S.446) into Eq. (S.445) and further substituting the
result along with Eq. (S.444) into Eq. (S.443) yields Eq. (5.447).

Eq. (S.447)

(OUE,,-F [Wh])
Ry rrg[N]

mglkg] - SEp [I;I(/_gh] 'UW/B,BE[—]

((cf[—l +Cel-D) (% o [58]- (v[2))" ((3.4 ()2 405 Ly m])- (o§>> +(090- 3 oue [£8]- (v[2])’ -Aai,[mﬂ))

<

where:
_ mg,strippedFF [kg] + (me+GB+oimm[_] My, [kg]) + mpg [kg]
= kg]

Pw |33

This is a non-linear equation, so we are unable to rearrange terms into the equation of a
line format as we have done for all other vehicles and characteristics. In order to make this
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complex equation easier to work with in spreadsheets and graphing tools, we created six
constants (Eq. (S.448) through Eq. (S.453)) which combine to form Eq. (S.454):

Eq. (S.448)
Wh _ OUEgr[Wh]
Cl[ N ] B RT,FF,g[N]
Eq. (S.449)
Wh Wh
) [E] =oLp E] "NwjB,BE
Eq. (S.450)
cs[—] = Ce[—] + Cr[-]
Eq. (S.451)
kg 1
4m-sz]:§ m3] ( [ ])
Eq. (S.452)
cs[m] = 0.5 Ly [m]
Eq. (S.453)
1
el = 0902 pue [r2]- (v[Z]) A )
Eq. (S.454)
) [Wh] mglkg] - c, ];l(/_gh]
1IN |
(@[-D) (c4 28] (34 @ + e (z)%>> AL
where:
mg,strippedFF [kg] + (me+GB+o mm[_] My, [kg]) + mpg [kg]
¢ = ) . g]

1.F.1.A.5.A.3. Equivalent overall vehicle volume

There is no change from Eq. (S.364) through Eq. (S5.368) in our derivation from Section
1.F.1.A.1.C when deriving the third vehicle characteristic relationship for waterjet boats.
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1.F.1.A.5.A.4. Equivalent overall vehicle mass
There is no change from Eq. (S.369) through Eq. (S.373) in our derivation from Section
1.F.1.A.1.D when deriving the fourth vehicle characteristic relationship for waterjet boats.

1.F.1.A.5.B. Propeller ships

1.F.1.A.5.B.1. Equivalent power-to-weight ratio

There is no change from Eq. (S.355) in our derivation from Section 1.F.1.A.1.A when
deriving the first vehicle characteristic relationship for propeller ships.
1.F.1.A.5.B.2. Equivalent ratio of onboard useful energy to total hull towing resistance

There is only one difference in our derivation from Section 1.F.1.A.5.A.2 when deriving
the second vehicle characteristic relationship for propeller ships. Instead of using the efficiency
of BE waterjet boats in Eq. (S.444) and Eq. (S.449), we use the efficiency of BE propeller ships
(see Section 1.C.4.B.5.B).

We should also note that, since waterjet boats are predominately used in freshwater and
cargo (propeller) ships in seawater, we use different values for water density as appropriate.
1.F.1.A.5.B.3. Equivalent overall vehicle volume

There is no change from Eq. (S.364) through Eq. (S.368) in our derivation from Section
1.F.1.A.1.C when deriving the third vehicle characteristic relationship for propeller ships.
1.F.1.A.5.B.4. Equivalent overall vehicle mass

There is no change from Eq. (S.369) through Eq. (S.373) in our derivation from Section
1.F.1.A.1.D when deriving the fourth vehicle characteristic relationship for propeller ships.
1.F.1.B. Hydrogen fuel cell variants
1.F.1.B.1. Ground combat vehicles

1.F.1.B.1.A. Equivalent power-to-weight ratio

For HFC ground combat vehicles (tactical vehicles), we begin with the first relationship
that the HFC variant must have an overall PWR greater than or equal to that of the existing FF
vehicle (Eq. (S.455)).

Eq. (S.455)

w w
PWRFF,g I:@:l S PWRHFC,g I:E:l

Again, we previously calculated the PWR of the FF vehicle (see Sections 1.C.1.G.8 and
1.C.1.G.9). We can calculate the overall power of an HFC variant using the mass of electric
motors and the specific power (or PWR) of the electric motors (Eq. (S.456)).
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Eq. (S.456)

w
PurclW) = mnlkg] - PWRn 1]

Since the PWR is actually in terms of mass (not weight), we can rewrite Eq. (S.455) as
Eq. (S.457).

Eq. (S.457)

_ Ppp[W] < PHFC,g[W]

w
PWR [—] =
Fra kg mg [kg] mHFC,g [kg]

Since ground combat vehicles can benefit from gearboxes paired with the electric motors,
we use a scaling factor (see Section 1.C.3.B.19) to estimate the total mass of motors, gearboxes,
and oil. We can then calculate the mass of an HFC variant by starting with the mass of the FF
variant stripped of all its FF components and adding to it the mass of motors, gearboxes, oil, fuel
cell stack, and hydrogen storage system (Eq. (S.458)).

Eq. (S.458)
Mypc,glkgl = My strippearrlkg] + (me+cB+o,mm [—] - mm[kgl) + mecs[kg] + My, storage[kg]

We calculate the mass of fuel cell stack required by matching its maximum power output
with the maximum power output from the electric motors (Eq. (S.459)).

Eq. (S.459)
milkg] PW R ]

w
SPpcs [@]

Mmpcslkgl =

Combining Eq. (S.457) through Eq. (S.459) yields Eq. (S.460), which relates the PWR
between the existing FF vehicle and an HFC variant with just the electric motor mass and
hydrogen storage system mass as variables.

Eq. (S.460)

w
PWRFF,g I:@:l

w
m,,lkg]- PWR,, [@

my, kgl - PWR,, [%]

w
SPrcs [@]

My strippedFF [k.g] + (me+GB+o_mm [_] My, [kg]) + + My, storage [kg]

We can rearrange Eq. (S.460) into Eq. (S.461), to get our equation of a line format: y =
m - x + b where the variable y is the mass of hydrogen storage system (to include hydrogen)
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required and the variable x is the mass of electric motors required. Eq. (S.462) is the slope and
Eq. (S.463) is the y-intercept.

Eq. (5.461)
My, storage [kg]
PWR,, [%] PWR,, [%]
= w - me+GB+o,mm[_] - —W My, [kg]
+ (_mg,strippedFF [kg])
Eq. (5.462)
PWR,, [%] PWR,, [%]
m [_] - w - me+GB+o,mm [_] - —W
Eq. (5.463)

by [kg] = (_mg,strippedFF [kg])

1.F.1.B.1.B. Equivalent ratio of onboard useful energy to road load force

Our second vehicle characteristic relationship is that, for the HFC variant to have
equivalent or improved range, the HFC variant must have a ratio of onboard useful energy to
road load force greater than or equal to that of the existing FF vehicle (Eq. (S.464)). We
previously calculated the left side of the equation using Eq. (S.93) in Section 1.C.2.A.1.E.

Eq. (S.464)
OUEgz[Wh] _ OUEyrcg [Wh]
RLFF,g [N] - RLHFC,g [N]

We calculate the onboard useful energy of the HFC variant as a function of the hydrogen
storage system mass, the specific energy of the hydrogen storage system, and the overall system
efficiency (Eq. (S.465)).

Eq. (S.465)

Wh
OUEHFC,g [Wh] = My, storage [kg] ) SEsttorage E] ’ nTV,HFC[_]

The road load force of the HFC variant is found the same way as for the FF variant in
Section 1.C.2.A.1, except we now use the mass of the HFC variant in the gross vehicle weight
scenario instead of the gross mass of the FF vehicle (Eq. (S.466)). The mass of the HFC variant
is the same as in Eq. (5.458).
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Eq. (S.466)

RLHFC,g[N]=(Crr[ I mHFCg[kg g[ ]) ( " Pair [kgg] Cal-] Af[m ( [ ]))
+ (mHFC,g [kgl-g [S_Z] '51719[—])

We can now rewrite Eq. (S.464) as Eq. (5.467) and substitute Eq. (5.465) and Eq. (S.466)
to get Eq. (S.468).

Eq. (S.467)
OUEgs[Wh]

I ) RLype o [N]
RLFF,g[N] ) HEC.g

OUEypc o[Wh] > <
Eq. (S.468)

Wh
My, storage [kg] ' SEsttorage E] ' nTV,HFC[_]

OUEz[Wh]
>(—"" -
- < RLFFg[N] )

-((crr[ - marcalia) o [2]) + (5 pu [FZ] -l apto) - (o [2]))

+ (murelial -9 [2] -sme[-]))

Substituting Eq. (S.458) for the mass of the HFC variant into Eq. (S.468) and rearranging
terms to get our equation of a line format, we get Eq. (S.469) where the slope is given by Eq.
(S.470) and the y-intercept by Eq. (S.471).

Eq. (S.469)
MHu,storage [kg]
C..[]- PWR ] sinf[—] - PWR [m]
rr mc me |k
Crrl=1 Fprypromn [ + T+ SIO1=] By m[ =] + T
SPFCS kg SPFCS @
2 :Vl/h - "My [kg]
SEy,storage kg ‘Nrvurcl—] ]
<0UEFF [Wh ) ] [m] - Crr[_] - smB[—]
RLgr[N]T )9
(%'pair % Cql-] Af[m ( [ ]) ) .
Crr [_] "My strippedFF [kg] + [m] + sin6 [_] "My strippedFF [kg]
+
[Wh
SEsttorage kg nTV,HFC[_] c [ ] . 0[ ]
— Cpp[—] — sinB[—

Ch) o
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Eq. (S.470)

Crr[-1- PWf?m,c [%] sing[—] - PVI(Rm’C [%]

Crr [_] ’ me+GB+o,mm [_ + w + sin@[—] ’ me+GB+o,mm [_] + w
SPFCS @ SPFCS @
m; [_] = Wh
SEy,storage kg ‘Nrvurcl—] ]
<0UEFF [Wh ) . [m] - Crr[_] - smH[—]
RLp[NT ) 9152
Eq. (S.471)
1 k ml\?
(5 ' pair [m_g3] : Cd[_] ’ Af[mz] ' (U [?:I) )
CTT [_] ' mg,strippedFF [kg] + [m + sinG[—] ’ mg,strippedFF [kg]
A
b2 [kg] = Wh :

SEsttarage [E] ’ r]TV,HFC [_]

RLgp[N] 52

- Crr[_] - Sing[_]

1.F.1.B.1.C. Equivalent overall vehicle volume

Our third vehicle characteristic relationship is the overall volume of the HFC variant
must be less than or equal to that of the existing FF vehicle (Eq. (S.472)). We previously
calculated the right side of the equation using Eq. (S.2) in Section 1.C.1.B.

Eq. (S.472)

Virc,g [m3] < Ver,g [m?]

Here again, since ground combat vehicles can benefit from gearboxes paired with the
electric motors, we must use a ratio (see Section 1.C.3.B.20) to estimate the total volume of
motors and gearboxes (we consider the volume of oil contained within the volume of the
gearboxes). We can calculate the volume of an HFC variant by starting with the volume of the
FF variant stripped of all its FF components and adding to it the volume of motors, gearboxes,
fuel cell stack, and hydrogen storage system required (Eq. (S.473)).

Eq. (S.473)

w

['m3 m,,[kg|- PWR,, [k_]
3] — 3 9

Vyrclm?] = VFF,stripped [m3] + mm[kg] 'RVm+GB_mm 7

kg PDpes [%] - 1,000 [-£

- res [ 7] 1,000 [75]

Wh

My, storage [kg] ' SEsttorage kg]

[ 000 [5]

EDsttorage

Rearranging terms to get our equation of a line format, we get Eq. (S.474) where the
slope is given by Eq. (S.475) and the y-intercept by Eq. (S.476).
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Eq. (S.474)

My, storage [kg]
Wh L m’
3 EDy,storage [T] -1,000 [ﬁ] . RVm+GBmm E]
<| - Wh
SEsttorage E]
Wh 4
EDsttorage T] . PWRm I:@:l k
4 - o My kg]
PDFCS I:T:l . SEsttorage E
L Wh
N 1,000 [ﬁ] . EDHZStorage [T . (V [m3] Vv ] [m3])
- W_h] FF,g FF,stripped
Hjstorage kg
Eq. (5.475)
Wh L m’
EDy,storage [T] - 1,000 [W] - RVm+GBmm E]
mz[—]=| —
Wh
SEsttorage E
Wh 14
EDy,storage T] PW R [@]
W Wh
PDFCS I:T:l . SEHZStOTage E:l
Eq. (5.476)

L Wh
1,000 [W] ! EDsttorage [T
SEsttorage E]

’ (VFF,g [m3] — VFF,stripped [mg])

1.F.1.B.1.D. Equivalent overall vehicle mass

The fourth and final vehicle characteristic relationship is the overall mass of the HFC
variant must be less than or equal to that of the existing FF vehicle (Eq. (S.477)). We previously
recorded the values for right side of the equation in Section 1.C.1.A.

Eq. (S.477)

Myrc,g [kg] < mgp, g [kg]
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Substituting Eq. (S.458) for the left side of Eq. (S.477) we get Eq. (S.478).
Eq. (S.478)
w
m,,[kg|- PWR,, [E]

w
SPrcs [@]

My strippedFF [kg] + (me+GB+oimm[_] My, [kg]) +

+ My, storage [kg]l < Mgpg [kg]

Rearranging terms to get our equation of a line format, we get Eq. (S.479) where the
slope is given by Eq. (S.480) and the y-intercept by Eq. (S.481).

Eq. (S.479)
msttorage[kg]
W
PWR [—]
> - —| - i kg . k
= mm+GB+o,mm[ ] w mm[ g]
sl
+ (mFF,g [kg] - mg,strippedFF [kg])
Eq. (S.480)
P 1
m4[_] = _me+GB+o,mm [_] - —W
SPrcs [@]
Eq. (S.481)

b, [kg] = (mFF,g [kg] — My strippedFF [kg])
1.F.1.B.2. Freight locomotive

1.F.1.B.2.A. Equivalent power-to-weight ratio

For the first vehicle characteristic relationship, we use the same derivation and equations
for HFC freight locomotives as we did for ground combat vehicles in Section 1.F.1.B.1.A (Eq.
(S.455) through Eq. (S.463)). Again, as previously discussed in Sections 1.C.1.E.1, 1.C.3.A, and
1.C.3.B.2, we take a conservative approach and, in the absence of data, do not first subtract away
the mass and volume of existing electric motors and gearboxes in the diesel electric locomotive
in order to consider these requirements as variables for an all-electric system.

1.F.1.B.2.B. Equivalent ratio of onboard useful energy to tractive effort force

Our second vehicle characteristic relationship is that, for the HFC to have equivalent or
improved range, the HFC variant must have a ratio of onboard useful energy to tractive effort
force greater than or equal to that of the existing FF vehicle (Eq. (S.482)). We previously
calculated the left side of the equation using Eq. (S.100) in Section 1.C.2.B.2.
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Eq. (S.482)

OUEgz[Wh] _ OUEyrcg [Wh]
TEFF,g [N] - TEHFC,g [N]

We calculate the onboard useful energy of the HFC variant as a function of the hydrogen
storage system mass, the specific energy of the hydrogen storage system, and the overall system
efficiency (Eq. (S.483)).

Eq. (S.483)

Wh
OUEHFC,g [Wh] = My, storage [kg] ' SEsttorage E] "ML HFC (-]

The tractive effort force of the HFC variant is found the same way as for the FF variant in
Section 1.C.2.B.1, except we now use the mass of the HFC variant in the gross vehicle weight
scenario instead of the gross mass of the FF vehicle (Eq. (S.484)). The mass of the HFC variant
is the same as by Eq. (S.458).

Eq. (S.484)

TEurcN] = myrc,glg] - g [55] - 1=+ Fil-]

We can now rewrite Eq. (S.482) as Eq. (5.485) and substitute Eq. (S.483) and Eq. (S.484)
to get Eq. (S.486).

Eq. (S.485)
OUEgs[Wh]

OUE,;z . [Wh] > <
HFC TEgg 4[N]

) *TEypc,g[N]
Eq. (S.486)

Wh
My, storage [kg] : SEsttorage E] "ML HFC (-]

Rearranging terms to get our equation of a line format, we get Eq. (S.487) where the
slope is given by Eq. (S.488) and the y-intercept by Eq. (S.489).
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Eq. (S.487)
My, storage [kg]
o1

sl

Mm+GB+o_ Mm

"My kgl

v

Wh
SEsttorage E] 'UL,HFC[_]

(OTEee L) g [] - Gy1-1 Ryl

-1

My strippedFF [kg]

Wh
SEsttorage E] 'T]L,HFC[_]

(OTEee L) g [] Gy 1-1 Ryl

-1

Eq. (S.488)
. 1]

o e
SPrcs [ig

-]+

m+GB+o_Mm

my[—] =
Wh
SEsttorage kg] "ML HFC (-]

(QEee ALY g (2] -1 Rl

-1

Eq. (S.489)

b, [kg] = my,st;’;;edw[kg]
SEsttorage E] 'T’L,HFC[_]

(TEeeWRL) g [2] G 1-1 Ryl

-1

1.F.1.B.2.C. Equivalent overall vehicle volume

For the freight locomotive’s third vehicle characteristic relationship, there is no change
from Eq. (S.472) through Eq. (5.476) in our derivation from Section 1.F.1.B.1.C.
1.F.1.B.2.D. Equivalent overall vehicle mass

For the freight locomotive’s fourth vehicle characteristic relationship, there is no change
from Eq. (S.477) through Eq. (S.481) in our derivation from Section 1.F.1.B.1.D.

192



1.F.1.B.3. Rotary-wing aircraft

1.F.1.B.3.A. Equivalent power-to-weight ratio

For the helicopters’ first vehicle characteristic relationship, there is no change from Eq.
(S.455) through Eq. (S.463) in our derivation from Section 1.F.1.B.1.A.

1.F.1.B.3.B. Equivalent ratio of onboard useful energy to lift force

Our second vehicle characteristic relationship is that, for the HFC variant to have
equivalent or improved range, the HFC variant must have a ratio of onboard useful energy to lift
force greater than or equal to that of the existing FF vehicle (Eq. (S.490)). We previously
calculated the left side of the equation using Eq. (S.137) in Section 1.C.2.C.3.

Eq. (S.490)
OUEgz[Wh] _ OUEyrcg [Wh]
LFF,g [N] - LHFC,g [N]

We calculate the onboard useful energy of the HFC variant as a function of the hydrogen
storage system mass, the specific energy of the hydrogen storage system, and the overall system
efficiency (Eq. (S.491)).

Eq. (S.491)

Wh
OUEHFC,g [Wh] = My, storage [kg] ' SEsttorage E] "ML HFC (-]

The lift force of the HFC variant is found the same way as for the FF variant in Section
1.C.2.C.3, except we now use the mass of the HFC variant in the gross vehicle weight scenario
instead of the gross mass of the FF vehicle (Eq. (S.492)). The mass of the HFC variant is the
same as by Eq. (5.458).

Eq. (S.492)

m
LypcgIN] = mypcg4lkgl - g [5_2]

We can now rewrite Eq. (S.490) as Eq. (5.493) and substitute Eq. (5.491) and Eq. (S.492)
to get Eq. (S.494).

Eq. (S.493)

OUEpz[WHh]

OUE,;z . [Wh] > <
HFCa Lep g[N]

) *Lyrc,g[N]
Eq. (S.494)

Wh

OUEgz[Wh]
msttorage [kg] 'SEsttorage E] ' TIL,Hpc[—] = <L

Lpp,g[N] ) ‘marcglkgl g [Z‘n_z]
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Rearranging terms to get our equation of a line format, we get Eq. (S.495) where the

slope is given by Eq. (S.496) and the y-intercept by Eq. (S.497).

Eq. (S.495)
msttorage[kg]
=
+
Eq. (S.496)
my[—] =
Eq. (S.497)
b,lkgl =

F,

Mm+GB+o_Mm [

_]_|_

PWR,, [%]

w
SPrcs [@]

Wh

SEsttorage kg

] Nuarcl—]

<0UEFF[Wh
LFF g [N

"Lt ) 9L

mg strippedFF [kg]
Wh
SEn,storage kg] NH, urcl—]
<0UEFF[Wh ) [m] -1
LFF ,g [N
[
me+GB+o,mm [_] + —W
SPrcs [@]
Wh
SEh,storage kg] NH, nrcl—]
<0UEFF [Wh] ) [m] -1
LFF g [N
mg strippedFF [kg]
Wh
SEn,storage kg] NH, urcl—]
<0UEFF[Wh ) [m] -1
LFF g [N

1.F.1.B.3.C. Equivalent overall vehicle volume

For the helicopters’ third vehicle characteristic relationship, there is no change from Eq.
(S.472) through Eq. (S.476) in our derivation from Section 1.F.1.B.1.C.

My [kg]



1.F.1.B.3.D. Equivalent overall vehicle mass

For the helicopters’ fourth vehicle characteristic relationship, there is no change from Eq.
(S.477) through Eq. (S.481) in our derivation from Section 1.F.1.B.1.D.

1.F.1.B.4. Fixed-wing aircraft
1.F.1.B.4.A. Turboprop airplanes (all-electric propeller airplanes)

1.F.1.B.4.A.1. Equivalent power-to-weight ratio

As with our BE analysis, for the turboprop airplane’s first vehicle characteristic
relationship, there is only one slight change in terminology from our derivation in Section
1.F.1.A.1.A. Instead of using the maximum rated power of the FF vehicle, we use the maximum
rated takeoff power of the turboprop engines to find the overall airplane PWR (PW R g, g).
Following the same process as before, we begin with the first relationship that the HFC variant
must have an overall takeoff PWR greater than or equal to that of the existing FF vehicle (Eq.
(S.498)).

Eq. (S.498)

w w
PWRro,rr o] < PWRrorcy i |

We previously calculated the PWR of the FF vehicle at takeoff (see Sections 1.C.1.G.8
and 1.C.1.G.9). We calculate the overall power of an HFC variant using the mass of electric
motors and the specific power (or PWR) of the electric motors as in Eq. (S.456). Since the PWR
is actually in terms of mass (not weight), we can rewrite Eq. (S.498) as Eq. (S.499).

Eq. (S.499)

w P w P w
PWR7o pr g [_] _ ro,rr (W1 < TO,HFC,g[ ]
Y kg mg [kg] mHFC,g [kg]

As we previously discussed in Section 1.C.1.E.1, turboprop engines make use of
reduction gearing, so we believe that all-electric variants will also benefit from gearboxes and
use the same scaling factor to approximate an overall mass of combined electric motors and
gearboxes (i.e., no change from Eq. (5.458)). Combining Eq. (S.499) with Eq. (5.458) and Eq.
(S.459) yields Eq. (S5.500).

Eq. (S.500)
w
PWRroerg i
w
m,,[kg]- PWR,, [@
= w
my, kgl - PWR,, [@]
My strippedFF [k.g] + (me+GB+o_mm [_] My [kg]) + W + My, storage [kg]
SPrcs [@]
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We can rearrange Eq. (S.500) into Eq. (S.501) to get the equation of a line format where
Eq. (S.502) is the slope and Eq. (S.503) is the y-intercept.

Eq. (S.501)
My, storage [kg]
PWR,, [%] PWR,, [%]
= w - mm+GB+o,mm[_] - —W TMmy [kg]
PWRro.srg || SPres [
+ (_mg,strippedFF [kg])
Eq. (S.502)
PWR,, [%] PWR,, [%]
M [_] - w - mm+GB+o,mm[_] - —W
PWRrorg || SPres [
Eq. (S.503)

by [kg] = (_mg,strippedFF [kg])

1.F.1.B.4.A.2. Equivalent cruising range

Our second vehicle characteristic relationship for the turboprop airplane is the cruising
range of the HFC variant must be greater than or equal to the cruising range of the FF vehicle
(Eq. (S.504)).

Eq. (S.504)

CRrr[m] < CRypc g[m]

We previously recorded the maximum cruising range of a turboprop airplane in Section
1.C.1.G.3 and showed how to derive the Breguet range equation estimate of this value. We also
derived an estimate of cruising range for an all-electric airplane. We can substitute Eq. (S.411)
into Eq. (S.504) to get Eq. (5.505).

Eq. (S.505)

CRpp[m] < CRypc g[m] = OUEypc,g[Ws] _<L[N]>

mgg glkgl - g [sz] DIN]

Further substituting Eq. (S.401), Eq. (S.458), and Eq. (S.459) into Eq. (S.505) yields Eq.
(S.500).
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Eq. (S.506)

Ws
My, storage [kg] 'SEsttorage E 'nPA,HFC[_]

w
M kgl - PWRy, |1
My strippedFF [kg] + (me+(;3+o_mm[_] My, [kg]) + < [kg]> + msttorage[kg]> g [m]

el ;
()
DIN]

Rearranging Eq. (5.506) into the equation of a line format, we get Eq. (S.507) where the
slope is given by Eq. (S.508) and the y-intercept by Eq. (S.509).

CRpp[m] <

Eq. (S.507)
My, storage [kg]
PWR,, [%]

Fy — w1
SPres gl

+

m+GB+o_Mm [_]

W L[N]
SEsttorage k_;] ' nPA’HFC [_] . (W) -1

(CRrelm)) - g |55]

mg,strippedFF [kg]
Ws LIN
SEsttorage E] "MpaHFC R <%)
-1

(CRrelm)) - g |55]

+

Eq. (S.508)
PWR,, [%]

_|_
14
SPres [ig

me+GB+o,mm [_]

my[—] = Ws

SEn,storage E] ‘Mpanrcl=]" <%) -1
(CRgp[m]) - g [sz]
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Eq. (S.509)

mg,strippedFF [kg]
Ws LIN
SEsttorage E] "MpaHFC R <D[[N]])
-1

(CRrelm)) - g |55]

b, [kg] =

1.F.1.B.4.A.3. Equivalent overall vehicle volume

For the turboprop airplane’s third vehicle characteristic relationship, there is no change
from Eq. (S.472) through Eq. (5.476) in our derivation from Section 1.F.1.B.1.C.

1.F.1.B.4.A.4. Equivalent overall vehicle mass

For the turbofan airplane’s fourth vehicle characteristic relationship, there is no change
from Eq. (S.477) through Eq. (S.481) in our derivation from Section 1.F.1.B.1.D.

1.F.1.B.4.B. Turbofan airplanes (all-electric ducted fan airplanes)

1.F.1.B.4.B.1. Equivalent thrust-to-weight ratio

Instead of terms of power, turbofan airplanes are rated in terms of thrust, so the first
vehicle characteristic relationship is that the takeoff TWR of the HFC variant must be greater
than or equal to that of the FF vehicle (Eq. (S.425)).

Eq. (S.510)

N N
TWRro,5 [ 5| < TWRrorcq [

We previously found the TWR at takeoff for the FF vehicle in Section 1.C.2.D.2. For all-
electric variants, we related takeoff thrust and power in Section 1.C.2.D.3. We calculate the
mass of the HFC variant by taking the same equation used for other vehicles (Eq. (5.458)) and
adding the mass of propulsor components (Eq. (S.183)). Note that, since we model direct drive
fans with no gearboxes, the scaling factor for the total mass of electric motors, gearboxes, and oil
used per dry mass of electric motors used is simply 1.0 (see Section 1.C.3.B.19). Combining Eq.
(S.183) and Eq. (S.184) from Section 1.C.2.D.3 with Eq. (S.510) yields Eq. (S.511), which we
can rearrange into the equation of a line format (Eq. (S.512)) where the slope is given by Eq.
(S.513) and the y-intercept by Eq. (S.514).

Eq. (S.511)
TWRror 1]
mplkg]l - PWR,, [%]

Rprropror [VNV]

o, [
<mg,mi,,pedpp IR G P ) B ((cm [58] mmlka) - PwRn [£2]) + [kg]) + <%V[V;’]"[kg]> + Miorage [kg]) 9[%
FCS E

<
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Eq. (S.512)

msttorage[kg]
w
PWR,, [k—] PWR,, [k]

- F
Rprrop_ror [N] TWRro rrg [N] 9 [m] SPres [kg]

Mm+GB+o_Mm [_]

— <Cm [ng] - PWR,, [%D -mpylkg] + ( (Cb kgl + mgy strlppedFF[kg]))

Eq. (S.513)
] = PWR,, [km] PWR,, [k ] Ch
Rprrop_Tor [N] TWRo rrg [N] g [m] SPrcs [kg]
= (o i P 55])
Eq. (S.514)

bl [kg ( (Cb [kg + mg strippedFF [kg]))

1.F.1.B.4.B.2. Equivalent cruising range

For the second vehicle characteristic relationship, we begin with the same relationship for
cruising range that we used for turboprop airplanes in Eq. (S.505). Using our estimated
efficiency for HFC ducted fan airplanes (see Section 1.C.5.D.5.B) and our method for calculating
the mass of HFC ducted fan airplanes (see Section 1.F.1.B.4.B.1), we can expand Eq. (S.505) to
get Eq. (S5.515).

Eq. (S.515)

msttomge[kg]' Esttorage kg] nDFAHFC[ ]

L[N])

(o
mpylkg]l - PWR,,
mg,strippedFF[kg] + (an”GBﬂ,imm[_] mm[kg]) + (() + —W[kg] + msttorage[kg] g [sz]
SPres 1]

CRpp[m] <

where:

(= <cm [ng] -mpylkg] - PWR,, [%D + ¢ [kg]
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Rearranging Eq. (S.515) into the equation of a line format gives us Eq. (S.516), where the
slope is given by Eq. (S.517) and the y-intercept by Eq. (S.518).

Eq. (S.516)
My, storage [kg]
w
PWR,, [—]
kg kg w
—w " (Cm [W] PW R [@D * Fnmscavomm 7]
SPrcs @
| e e |
Hpstorage kg MIpFaHFC D[N] _1q
m
CRpplm] - g [3_2]
+ cplkg] + My strippedFF [kg]
Ws L[N]
SEn,storage kg ‘Npranrcl—1" DIN] .
— —
CRpplm] - g [5_2]
Eq. (S.517)
w
PWR,, [—]
k k w
i O R 4 IO
SPres |ig]
m,[—] = Ws L[N]
SEn,storage kgl Npraurcl—1 DI[N] .
- _
CRpplm] - g [5_2]
Eq. (S.518)

Cp [kg] + mg,strippedFF [kg]
bylkgl = Ws LN
SEsttorage E] 'TIDFA,HFC[—] . <m)
-1

CRpp[m] - g [sz]

1.F.1.B.4.B.3. Equivalent overall vehicle volume

The third vehicle characteristic relationship, that the overall volume of the HFC variant
must be less than or equal to that of the existing FF vehicle, is the same as Eq. (S.472) in Section
1.F.1.B.1.C. However, since we model an HFC variant as using the ducted fan portion of
turbofan engines for propulsion, we must add back in the volume of the FF engines (which we
removed to find the stripped volume of the FF variant) to estimate their size. Therefore, we
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calculate the volume of an HFC ducted fan airplane by taking Eq. (S.473) and adding the original
engine volume (Eq. (S.519)).

Eq. (S.519)

_mBD m,,[kg| - PWR,, [%]

Virc [m?] = VFF,stripped [m3] + <mm [kg] : RVm+GB_mm E W I
1) o o

Wh
My, storage [kg] ) SEsttorage E]

+ Vtotal,e [mg]

EDistorage | o] - 1000 -]
Rearranging Eq. (S5.519) into the equation of a line format gives us Eq. (S.520), where the
slope is given by Eq. (S.521) and the y-intercept by Eq. (S.522).
Eq. (S.520)
My, storage [kg]

EDsttorage [WTh] 1,000 [%] ) RVm+GBmm 7]:1_;]

<
- Wh
SEsttorage kg

Wh W
EDsttorage [T] *PWR, [@]

PDgcs [T] ' SEsttorage E
L Wh
N -

Wh
SEsttorage E]

' (VFF,g [m3] — VFF,stripped [m3] — Viotate [m3])
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Eq. (S.521)

EDsttorage [WTh] 1,000 [%] ) RVm+GBmm T]?_;]

SEsttorage E

Wh w
EDsttorage T] *PWR, [@]

W Wh
PDgcs [T] 'SEsttorage E]

Eq. (S.522)
L Wh
1,000 |55 EDsseorage | ]
SEsttorage E]

' (VFF,g [m3] — VFF,stripped [m3] — Viotate [m3])

1.F.1.B.4.B.4. Equivalent overall vehicle mass

The fourth vehicle characteristic relationship, that the overall mass of the HFC variant
must be less than or equal to that of the existing FF vehicle, is the same as Eq. (S.477) in Section
1.F.1.B.1.D. However, as described above in Section 1.F.1.B.4.B.1, the mass of the HFC variant
must also include the mass of propulsor components (Eq. (S.183)), as shown by Eq. (5.523).

Eq. (S.523)
w

w
SPpcs [@]

Myrc,g [kg] = My strippedFF [kg] + (me.,_GB.'_oimm [-]- Mmn [kg]) +

+ Mpc [kg] + msttorage [kg]
Substituting Eq. (S.523) and Eq. (S.183) into Eq. (S5.369) yields Eq. (5.439).
Eq. (S.524)
w
kgl PWR [—]
my,[kg] m |kg

w
SPrcs [@]

My strippedFF [kg] + (me+GB+oimm[_] My, [kg]) +

+ Mpc [kg] + msttorage [kg] < mFF,g [kg]
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Rearranging Eq. (S.524) into the equation of a line format gives us Eq. (S5.525), where the
slope is given by Eq. (S.526) and the y-intercept by Eq. (S.527).

Eq. (S.525)
My, storage [kg]
W
PWR,, [—]
k kg w
> _me+cs+o,mm[_] _ 9l <cm [—] - PWR,, [—D My, [kg]
w w kg
SPrcs kg
+ (mFF,g [kg] - mg,strippedFF [kg] —Cp [kg])
Eq. (S.526)
w
PWinlegl ey
m4[_] = _me+GB+o,mm[_] - w1~ <Cm W] * PWRy, [E])
SPrcs kg
Eq. (S.527)

b, [kg] = (mFF,g [kg] — My strippedFF [kg] —Cp [kg])
1.F.1.B.5. Watercraft
1.F.1.B.5.A. Waterjet boats

1.F.1.B.5.A.1. Equivalent power-to-weight ratio

There is no change from Eq. (S.455) through Eq. (S.463) in our derivation from Section
1.F.1.B.1.A when deriving the first vehicle characteristic relationship for waterjet boats.
1.F.1.B.5.A.2. Equivalent ratio of onboard useful energy to total hull towing resistance

Our second vehicle characteristic relationship is that, for the HFC variant to have
equivalent or improved range, it must have a ratio of onboard useful energy to total hull towing
resistance force greater than or equal to that of the existing FF vehicle (Eq. (S.528)).

Eq. (S.528)
OUEre[Wh] _ OUEprc,g[Wh]
Rrpp, g [N] = R T,HFC,g [N]

We previously calculated the onboard useful energy and the total hull towing resistance
of the FF vehicle in Sections 1.C.1.G.2 and 1.C.2.E.5, respectively; this provides the values for
the left side of Eq. (S.528).

For the right side of Eq. (S.528), we calculate the onboard useful energy of the HFC
variant using Eq. (S.529).
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Eq. (S.529)

Wh
OUEHFC,g [Wh] = My, storage [kg] ' SEsttorage E] "NMwjB,HFC (-]

We previously discussed calculating the total hull towing resistance in Section 1.C.2.E.5.

Expanding Eq. (S.234) with the equations for friction resistance, residual resistance, and air
resistance yields Eq. (S.530), where we calculate the wetted surface area using the Schneekluth-

Bertram Method (Eq. (S.241)) and the displacement volume by Eq. (S.229), which we rewrite as

Eq. (S.531).
Eq. (5.530)
RT,HFC[N]=(cf[—]+ci[—])(; PO D Akme)
(0905 par ] (V[51)" et
Eq. (S.531)
Mygc,glkg]
e

Substituting Eq. (S.241) and Eq. (S.531) into Eq. (S.530) and further substituting the
result along with Eq. (S.529) into Eq. (S.528) yields Eq. (5.532).

Eq. (S.532)

(0 UE gy [Wh])
Ry prglN]

Wh
kg

((Cf[—]+cR[—D<%-pw [%9]- (v [2]) -((3.4-(5)3+0.5-LWL[m])-(z)s)) +(090- 3 oo [£9] - (v[2])" mrm])>

mstmrage[kg] SEstmrage[ ] n_ HFC[ ]

<

where:
kgl - PWR,, [k]

SPrcs |ig]

My strippedFF [kg] + (me+(;3+o_mm [_] My, [kg]) + My, storage [kg]

R

This is a non-linear equation, so we are unable to rearrange terms into the equation of a
line format as we have done for all other vehicles and characteristics. In order to make this
complex equation easier to work with in spreadsheets and graphing tools, we created seven
constants (Eq. (S.533) through Eq. (S.539)) which combine to form Eq. (S.540):
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Eq. (S.533)

C1 [Wh] _ OUEgg[Wh]

N1 Rrpp g [N]

Eq. (S.534)
Wh Wh
) E] = SEu,storage E] "NMwjB,HFC

Eq. (S.535)

cs[—] = Ce[—] + Cr[-]
Eq. (S.536)

kg 1
4m-sz]:§ m3] ( [ ])

Eq. (S.537)

cs[m] = 0.5 Ly [m]
Eq. (S.538)

1
el = 0902 pue [r2]- (v[2]) Auilm?)
Eq. (S.539)
14
_PWhn g
o] = ——
SPrcs [@]
Eq. (S.540)
. [Wh] My, storage [kg] - c, ];I(/_gh]
1 >
' (cal-D) (c 9| ((3 4+ (5 + cslml)- (z)%>> + 6N
3 4| g2 : 5 6
where:
_ mg,strippedFF[kg] + (me+GB+oimm [_] My kg ) + (C7 [_] My [kg]) + My, storage [kg]
) o[

1.F.1.B.5.A.3. Equivalent overall vehicle volume

There is no change from Eq. (S.472) through Eq. (S.476) in our derivation from Section
1.F.1.B.1.C when deriving the third vehicle characteristic relationship for waterjet boats.
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1.F.1.B.5.A.4. Equivalent overall vehicle mass

There is no change from Eq. (S.477) through Eq. (S.481) in our derivation from Section
1.F.1.B.1.D when deriving the fourth vehicle characteristic relationship for waterjet boats.

1.F.1.B.5.B. Propeller ships

1.F.1.B.5.B.1. Equivalent power-to-weight ratio

There is no change from Eq. (S.348) through Eq. (S.355) in our derivation from Section
1.F.1.A.1.A when deriving the first vehicle characteristic relationship for propeller ships.

1.F.1.B.5.B.2. Equivalent ratio of onboard useful energy to total hull towing resistance

There are only two differences in our derivation from Section 1.F.1.B.5.A.2 when
deriving the second vehicle characteristic relationship for propeller ships. Instead of using the
efficiency of HFC waterjet boats in Eq. (S.529) and Eq. (S.534), we use the efficiency of HFC
propeller ships (see Section 1.C.5.D.6.B). Additionally, waterjet boats are predominately used in
freshwater and cargo (propeller) ships in seawater, so we use different values for water density as
appropriate.

1.F.1.B.5.B.3. Equivalent overall vehicle volume

There is no change from Eq. (S.472) through Eq. (S.476) in our derivation from Section
1.F.1.B.1.C when deriving the third vehicle characteristic relationship for propeller ships.

1.F.1.B.5.B.4. Equivalent overall vehicle mass

There is no change from Eq. (S.477) through Eq. (S.481) in our derivation from Section
1.F.1.B.1.D when deriving the fourth vehicle characteristic relationship for propeller ships.

1.F.1.C. Solving the system of equations by substitution and by graphing the feasible
region: electric motor mass vs battery pack mass or hydrogen storage system mass

Thus far, we have developed lines (or curves in the case of watercraft range
characteristics) to describe the vehicle characteristic relationships using “design variables” of
electric motor mass and either battery pack mass for BE variants or hydrogen storage system
mass for HFC variants. Unless lines for vehicle characteristics are parallel or along the same
line, plotting the four lines for any variant will result in six unique intersections. The
intersections are important because they represent solutions where at least two of the proposed
vehicle’s characteristics are 100% of the existing vehicle’s characteristics. Fig. S.15 illustrates
this concept for an HFC variant. For each vehicle characteristic relationship (PWR in blue,
range in green, volume in red, and mass in orange), the line shown represents the combination of
electric motor mass and hydrogen storage system mass that results in equivalency between the
HFC variant and the existing FF vehicle. Shaded regions show combinations that result in
improved capabilities for the HFC variant. Shaded regions may overlap. The area shown in
yellow in Fig. S.15 denotes combinations of electric motor mass and hydrogen storage system
mass where all four vehicle characteristics are either met or improved, i.e., all four shaded
regions overlap. Using values for each intersection, we can calculate the resulting HFC variant
mass, volume, PWR (or TWR), and range, and then compare the results to the existing FF
variant to see how each vehicle characteristic has either improved or regressed with the HFC
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variant (Eq. (S.541) through Eq. (S.544), note that “range” may refer to either cruising range or a
ratio of onboard useful energy to force required as appropriate per vehicle type). The inset table
in Fig. S.15 gives an example of such comparisons.

Fig. S.15. Example of the four vehicle characteristics considered graphed for an HFC
variant with intersections and feasible region marked.

Any intersections that lie outside of quadrant I (positive values for x- and y-axes) are
clearly unacceptable solutions. Green text indicates improved results (decreased mass and/or
volume and increased PWR and/or range), while red text indicates areas of regression from the
existing FF vehicle characteristics.

Eq. (S.541)
My BE

Mg rr

O/ «
100% {1y

Mg FF

Eq. (S.542)

100% -
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Eq. (S.543)

PWRg,BE TWRTO,g,BE
WR WR
100% - I*F or 100% - 0.
PWRg,HFC TWRTO,g,HFC
PWRg,FF TWRTO,g,FF
Eq. (5.544)
rangeg'BE
rangeérr
0fy »
100% range, yrc
rangeérr

In optimization language, if we consider the desired vehicle characteristics as
“constraints” that must be satisfied, then their graphed lines form “behavior constraints” [383].
The “feasible region,” if one exists where all four vehicle characteristics can be satisfied, is
bounded by these behavior constraints. Since the vehicle must have a positive value for both
battery pack mass (or hydrogen storage system mass) and electric motor mass, the x- and y-axes
(abscissa = 0 and/or ordinate = 0) would form “side constraints,” due to the “positivity
constraint” requirements. However, extremely low values (say 0.000001 kg for instance) would
also not be acceptable for either energy storage or electric motor mass, so results must be
carefully interpreted. Solution combinations for our “design variables” that fall within the
feasible region but not on a constraint line are called “acceptable free point™ solutions [383].
Design solutions along one or more constraint line(s) are called “acceptable bound point”
solutions and any associated constraint line is considered an “active constraint” [383].

We have arranged our optimization analyses such that the battery pack mass (or hydrogen
storage system mass) and electric motor mass are the “decision variables,” and the optimization
problems are “deterministic” — parameter inputs dictate that there is one global solution that can
be reached every time depending upon the optimization function chosen. Most vehicles in this
study are linear problems, but the watercraft are non-linear because of their equations for range.
Although we will report our results in terms of integers for readability, our analysis is not of an
“integer programming problem” but of a “real-valued programming problem” and the design
variables are permitted to take any real value [383]. Thus, there are an infinite number of design
solutions that can be selected, especially when one considers that a design team can chose to
ignore a behavior constraint line and accept certain deviations (e.g., a 10% increase in vehicle
volume is deemed acceptable). In many cases, it may not be possible for all four vehicle
characteristics to be simultaneously met with given technology levels, so a design team may
need to settle for three of the four being met and accept a deviation in the other.

Optimization is a method to select one of these infinite number of design solutions by
minimizing or maximizing an “objective function.” We can define the objective function to
investigate that which matters most to a design team. Do we want to maximize range or PWR?
Or do we want to minimize overall vehicle volume or mass? Or do we want to do all four
simultaneously? If we have multiple objective functions, then our analysis becomes a “multi-
objective programming problem.” We have chosen to draw our optimization graphs in two-
dimensions using terms of mass on both axes because it provides a consistent, convenient, and
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useful way to examine design possibilities across all vehicle types. Those familiar with
graphical optimization techniques will look at our graphs and lean toward selecting the

acceptable bound point at the intersection of the two active constraints closest to the origin as the

“optimal” solution (see Point 1 in Fig. S.15). However, this would only be optimal if our goal
was to optimize for mass and minimize the mass of an acceptable BE or HFC variant. For
example, a design team may determine that an all-electric variant of a tracked ground combat

vehicle should be as light as possible to ensure it can traverse combat bridges and that its existing

range is acceptable. However, minimizing mass may not be a design team’s goal for a certain

vehicle. For example, a design team may want to maximize a new vehicle’s range while limiting

it to the same mass and PWR as the existing vehicle yet allowing it to be larger in volume (see
Point 2 in Fig. S.15).

To find the intersection of behavior constraint lines, we can use Eq. (S.545), which shows

how to find the x-value (battery pack mass) for the intersection of the PWR and range lines, our
first and second compared vehicle characteristics. Once we calculate the x-value (battery pack
mass), we can then find the y-value (electric motor mass required) by substituting the x-value
and solving in either line equation, PWR or range. Using this same process, we can calculate
values for all linear intersections in our model.

Eq. (S.545)

bi[kg] - my[—] + by[kg] - my[—]
my[—] —my[-]

mglkg] =

For watercraft, three of the intersections can be solved linearly because both vehicle
characteristics are defined by lines. However, since range is a non-linear equation, the three
intersections that involve range can be found using add-in optimization software in Microsoft
Excel. To do so, we must first input a guess value in the cell for the battery pack mass, which
then populates a value for the electric motor mass using Eq. (S.546).

Eq. (S.546)

slkgl — by [k
i = (L)~

Next, we can rewrite Eq. (S.454) as Eq. (S.547), moving the left side of the equation to
the right and making the left side equal to zero.
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Eq. (S.547)
Wh
mglkgl - c, E] Wh]

0= —c |—

(l-) (c4 %] (34 @ + cstm)- (5%)) cam)

where:
_ mg,strippedFF [kg] + (me+GB+D_mm [_] My, [kg]) + mpg [kg]

k
oo []

Using the cell value for electric motor mass and our initial guess for a value of the battery
pack mass, we can calculate the right side of Eq. (S.547). The result may be less than, greater
than, or equal to zero, depending upon our guess value. Using Microsoft Excel’s add-in Solver
software, we can define a cell by the right side of Eq. (S.547) as our “objective,” which we want
to “set” to a “value of” zero “by changing the variable cell” that holds our initial guess for a
battery pack mass value. We use the “solving method” of “GRG Nonlinear” to find a result.
The algorithm tests new values for the battery pack mass, which changes the value for electric
motor mass using Eq. (5.546), both of which change the right side of Eq. (S.547). Once the
algorithm has found a solution that satisfies Eq. (S.547) (i.e., the right side equals zero), it stops.

At this point, it is worth noting that the algorithm may converge upon a local solution
rather than a global solution depending upon our initial guess. The GRG (or “Generalized
Reduced Gradient”) Nonlinear solver works by determining the slope (or gradient) of the
objective function as it tries values for the variable cell(s). It determines that it has reached an
optimum solution when the partial derivatives equal zero. If the initial guess is near a local
solution, the solver may converge and stop, reporting the local solution rather than the global
solution [384].

The Microsoft Excel Solver has multiple solver options. The “Evolutionary” method
works according to the “Theory of Natural Selection” and starts with a random “population” of
input sets of values for the variable cell(s). The solver can run the model for each set and find
the one that has a solution closest to the target value (in this case, zero). Then it runs again with
the best offspring, continuing until there is little change form one population to the next.
Unfortunately, although this method is more likely to find a global optimum solution than the
GRG Nonlinear solver, it is computationally expensive and takes significant time to run [384].

As a compromise, the Microsoft Excel Solver has a “Multistart” option for its GRG
Nonlinear solver. This creates a randomly distributed population of initial values, and the model
evaluates each one. Because the model starts multiple times from different initial conditions,
there is a greater chance of finding the global solution rather than a local solution, but it too can
be computationally expensive and increase the time required for the solver to run [384].

1.F.2. Computational optimization of solutions

There are many ways to find potential solutions for all-electric variants and to visualize
results. One useful way, convenient for graphing results when using a spreadsheet, is to establish
a range of values for one parameter and then calculate a range of output that can be compared to
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the existing FF vehicle’s characteristics. This allows design teams to visualize and understand
how technology advancements might affect all-electric variant characteristics and compare them
against known FF vehicle characteristics. We have selected several methods (three for BE
variants and six for HFC variants) which we describe below in order to create graphs that, we
believe, will be helpful to design teams and decision-makers alike in assessing the potential for
transitioning to all-electric variants.

1.F.2.A. Battery pack-level specific energy technology improvements and the effect on
variant mass

In this analysis, we use the intersection between PWR (or TWR) and range lines (or
curves) to visualize the effects that technology improvements to battery pack-level specific
energy will have on BE variant mass. We model the gross vehicle weight condition and use
medial/known values for each vehicle. We input a newly specified value for the electric motor
specific power (electric motor PWR) and create a range of values for the specific energy
(gravimetric energy density) of a battery pack from 1 to 12,000 Wh kg'!. (Note that the
theoretical energy density of lithium-air (Li-O,) batteries at the material level is 11,400 Wh kg™!,
so this scale is well-beyond any foreseeable battery pack-level values [35]. We show this scale
in order to visualize all vehicle types.) From here, we can calculate the mass of battery pack
required (Section 1.F.2.A.1), the mass of motors required (Section 1.F.2.A.2), the overall mass of
the BE variant (Section 1.F.2.A.3), and the mass ratio (using medial/known values) between the
BE variant and the existing FF vehicle (Section 1.F.2.A.4). We can then graph the mass ratio (y-
axis) against the battery pack-level specific energy (x-axis) to see how technology improvement
to batteries will affect resulting BE variant mass.

1.F.2.A.1. Mass of battery pack required

1.F.2.A.1.A. Ground combat vehicles, freight locomotive, rotary-wing aircraft, and fixed-
wing aircraft

If we take Eq. (S5.549) from Section 1.F.2.A.2.A (or Eq. (S.550) from Section 1.F.2.A.2.B
for propeller airplanes or Eq. (S.551) from Section 1.F.2.A.2.C for ducted fan airplanes) below
and substitute it into our range equation (using the equation of a line format) for select vehicle
types from Section 1.F.1.A above, we can rearrange terms to solve for the mass of battery pack
required. The resulting equation can take the same format as Eq. (S.545) (shown again as Eq.
(S.548) for clarity). There are three major differences now from our previous use of these
equations. First, the battery pack-level specific energy variable will come from the range of
values created (1 to 12,000 Wh kg™!). Second, the electric motor PWR is newly specified to
allow for investigating proposed technology achievements. Third, all other parameters will come
from medial/known vehicle values, as described above.
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Eq. (S.548)
bilkg] - my[—] + by[kg] - my[—]
my[—] —m,[—]

mglkg] =

where:

Table S.31. Previously defined equations used to solve for battery pack mass required

Vehicle characteristic: PWR (or TWR) Range

Vehicle type my[—] by[kg] m,[—] b,[kg]
Ground combat vehicles Eq. (8.354) Eq. (8.355) Eq. (8.362) Eq. (8.363)
Freight locomotive Eq. (8.354) Eq. (8.355) Eq. (5.380) Eq. (S8.381)
Rotary-wing aircraft Eq. (8.354) Eq. (8.355) Eq. (5.388) Eq. (5.389)
Propeller airplane Eq. (5.394) Eq. (8.395) Eq. (5.423) Eq. (5.424)
Ducted fan airplanes Eq. (S.428) Eq. (S5.429) Eq. (S.432) Eq. (S.433)

1.F.2.A.1.B. Watercraft

For watercraft, we can still take Eq. (S.549) from Section 1.F.2.A.2.A below and
substitute it into our range equation for watercraft from Section 1.F.1.A above. However, since
the range equation for watercraft is nonlinear, we use the Microsoft Excel add-in Solver to find
its intersection with the PWR line (see process described in Section 1.F.1.C). Here again, there
are three major differences now from previous use of these equations. First, the battery pack-
level specific energy variable will come from the range of values created (1 to 12,000 Wh kg™!).
Second, the electric motor PWR is newly specified. Third, all other parameters will come from
medial/known vehicle values, as described above.

Table S.32. Previously defined equations used to solve for battery pack mass required —
watercraft only

Vehicle characteristic: PWR Range
Vehicle type my[—] b,[kg] ¢, through ¢,

Nonlinear; must use Eq. (S.448)
Waterjet boat Eq. (S.354) Eq. (S.355) through Eq. (S.454) and Solver process

from Section 1.F.1.C
Nonlinear; must use Eq. (S.448)

. through Eq. (S.454) with notes in
Cargo (propeller) ship Eq. (8.354) Eq. (8.355) Secti(%n 1.%.§.A.5.]§.2 and Solver

process from Section 1.F.1.C

1.F.2.A.2. Mass of motors required

1.F.2.A.2.A. Ground combat vehicles, freight locomotive, rotary-wing aircraft, and
watercraft

To solve for the mass of motors required for most vehicle types, we simply rearrange Eq.

(S.353) to get Eq. (5.549).
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Eq. (S.549)

My strippearr kgl + mplkgl
Wh]

Mm [kg] =

PWR,, |22
k]/lgfh] - me+GB+o,mm [_]

kg

PWRgp g

1.F.2.A.2.B. Propeller airplanes

To solve for the mass of motors required for propeller airplanes, we rearrange Eq. (S.393)

to get Eq. (S.550).

Eq. (S.550)
My strippearr kgl + mplkg]
mmlkg] = Wh
PWRy 7]
Wh | me+GB+ofmm (-]
PWRrorrg E]

1.F.2.A.2.C. Ducted fan airplanes

To solve for the mass of motors required for ducted fan airplanes, we rearrange Eq. (S.427) to
get Eq. (S.551).

Eq. (S.551)

M kgl
cplkg] + My strippedFF [kg] + mp[kg]

P [

Rprrop ot [%] "TWRro rrg [%] g [sﬂz]

~Frpsasen -1~ (6 [<8] - PR, [0])

1.F.2.A.3. Mass of battery electric variant

1.F.2.A.3.A. Ground combat vehicles, freight locomotive, rotary-wing aircraft, propeller
airplanes, and watercraft

No change from Eq. (S.351).

1.F.2.A.3.B. Ducted fan airplanes
No change from Eq. (S.438).
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1.F.2.A.4. Mass ratio

1.F.2.A.4.A. All vehicle types

For all vehicle types, we calculate the mass ratio between BE variants and existing FF
vehicles by dividing the mass of the BE variant found in Section 1.F.2.A.3 by the mass of the
existing FF vehicle recorded in Section 1.C.1.A.2.

Eq. (S.552)

_ _ MyBE
Mg pp: Mg rr = —
Mg, Fr

1.F.2.A.5. Battery pack-level specific energy for overall mass equivalency between the BE
variant and the FF vehicle

Finally, to find the battery pack-level specific energy at which each BE variant will have
a 1:1 ratio in Eq. (S.552) (i.e., equivalent mass between the BE variant and the FF vehicle), we
can again turn to Microsoft Excel’s add-in Solver. We create an objective cell using Eq. (S.553)
and establish a variable cell with an initial guess. We then run the Solver to find the variable
value at which the objective is set to zero.

Eq. (S.553)

0=1— e

Mg FF

1.F.2.B. Battery pack-level energy density technology improvements and the effect on
variant volume

In this analysis, we use the intersection between PWR (or TWR) and range lines (or
curves) to visualize the effects that technology improvements to battery pack-level energy
density will have on BE variant volume. We continue to model the gross vehicle weight
condition, use medial/known values for each vehicle, and use the newly specified value for the
electric motor specific power (electric motor PWR). Different from Section 1.F.2.A above
where we created a range of values for battery pack-level specific energy, here we input and use
a singular value, which allows us to investigate specific technology achievements. We create a
range of values for the energy density (volumetric energy density) of a battery pack from 1 to
12,000 Wh L. (Note that the theoretical energy density of iron-air batteries at the material level
is 9,700 Wh L [36], which, again, is well-beyond currently foreseeable pack-level values.)
From here, we can calculate the mass of battery pack required (Section 1.F.2.B.1), the mass of
motors required (Section 1.F.2.B.2), the overall volume of the BE variant (Section 1.F.2.B.3),
and the volume ratio (using medial/known values) between the BE variant and the existing FF
vehicle (Section 1.F.2.B.4). We can then graph the volume ratio (y-axis) against the battery
pack-level energy density (x-axis) to see how technology improvement to batteries will affect
resulting BE variant volume.
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1.F.2.B.1. Mass of battery pack required

1.F.2.B.1.A. All vehicles

We use the same equations and processes described in Section 1.F.2.A.1, with the
exception that now, instead of using a range of values for the battery pack-level specific energy,
we select and input a new, single value for investigation. This results in a single value for the
mass of battery pack required throughout our range of pack-level battery energy density values
because pack-level battery energy density is neither a variable in Eq. (S.548) nor the equations
used by the Microsoft Excel add-in Solver for watercraft.
1.F.2.B.2. Mass of motors required

Here again, since pack-level battery energy density is not a variable within the equations
used to calculate the mass of motors required, we will have a single value for mass of motors
required across our range of values for pack-level battery energy density.

1.F.2.B.2.A. Ground combat vehicles, freight locomotive, rotary-wing aircraft, propeller
airplanes, and watercraft
No change from Eq. (S.549).

1.F.2.B.2.B. Propeller airplanes
No change from Eq. (S5.550).

1.F.2.B.2.C. Ducted fan airplanes
No change from Eq. (S.551).

1.F.2.B.3. Volume of battery electric variant

1.F.2.B.3.A. Ground combat vehicles, freight locomotive, rotary-wing aircraft, propeller
airplanes, and watercraft

No change from Eq. (S.365).

1.F.2.B.3.B. Ducted fan airplanes
No change from Eq. (S5.434).

1.F.2.B.4. Volume ratio

1.F.2.B.4.A. All vehicle types

For all vehicle types, we calculate the volume ratio between BE variants and existing FF
vehicles by dividing the volume of the BE variant found in Section 1.F.2.B.3 by the volume of
the existing FF vehicle recorded in Section 1.C.1.B.2.

Eq. (S.554)

V. o Vo o = ZEE
9.BE*VgFF = 7,
g,FF
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1.F.2.B.5. Battery pack-level energy density for overall volume equivalency between the BE
variant and the FF vehicle

Finally, to find the battery pack-level energy density at which each BE variant will have a
1:1 ratio in Eq. (S.554) (i.e., equivalent volume between the BE variant and the FF vehicle), we
can again turn to Microsoft Excel’s add-in Solver. We create an objective cell using Eq. (S.555)
and establish a variable cell with an initial guess. We then run the Solver to find the variable
value at which the objective is set to zero.

Eq. (S.555)

0= 1 — okt

g,FF

If the optimization solver cannot find a solution and/or the result for Eq. (S.555) does not
equal zero, the user should check if the mass of battery pack required and/or mass of motors
required are negative values throughout. If they are, then no feasible solution exists when using
the user-specified battery pack-level specific energy value.

1.F.2.C. Battery pack-level energy density technology improvements and the effect on
variant volume using solutions for battery pack-level specific energy that result in
equivalent mass between BE variants and existing FF vehicles

In this portion of our analysis, we repeat our procedure from Section 1.F.2.B, but instead
of using a newly selected value for pack-level battery specific energy, we use our value found
via optimization from Section 1.F.2.A. Since we began this process using lines (or curves)
defined by PWR (or TWR) and range equivalency between the BE variant and the existing FF
vehicle, and we now use values that are known to result in an equivalent mass between the BE
variant and the existing FF vehicle, when we ultimately find the value for pack-level battery
energy density that results in a 1:1 ratio for overall volume, we satisfy the requirement for all
four vehicle characteristics (PWR (or TWR), range, volume, and mass) to be simultaneously
equivalent between our BE variant design and the existing FF vehicle.

1.F.2.D. Hydrogen storage system specific energy technology improvements and the effect
on variant mass

In this analysis, we use the intersection between PWR (or TWR) and range lines (or
curves) to visualize the effects that technology improvements to hydrogen storage system
specific energy will have on HFC variant mass. We model the gross vehicle weight condition
and use medial/known values for each vehicle. We input a newly specified value for the electric
motor specific power (electric motor PWR) and create a range of values for the specific energy
(gravimetric energy density) of a hydrogen storage system from 1 to 33,000 Wh kg™!. (Note that
the net calorific value of hydrogen itselfis 120 MJ kg™! (~33.3 kWh kg™!), so with storage
components included, the value for a complete hydrogen storage system must be less than that of
hydrogen itself, see Section 1.C.5.A.2.) We also input a newly specified value for fuel cell stack
specific power, which allows us to run the model with various inputs to investigate the affect that
fuel cell stack technology has on overall variant mass. (Unlike the BE analysis above in Section
1.F.2.A that only considers mass requirements for energy storage and electric motors, the HFC
analysis must also consider mass requirements for the fuel cell stack, which adds another
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variable.) From here, we can calculate the mass of a hydrogen storage system required (Section
1.F.2.D.1), the mass of motors required (Section 1.F.2.D.2), the overall mass of the HFC variant
(Section 1.F.2.D.3), and the mass ratio (using medial/known values) between the HFC variant
and the existing FF vehicle (Section 1.F.2.D.4). We can then graph the mass ratio (y-axis)
against the hydrogen storage system specific energy (x-axis) to see how technology improvement
to hydrogen storage systems will affect resulting HFC variant mass.

1.F.2.D.1. Mass of hydrogen storage system required

1.F.2.D.1.A. Ground combat vehicles, freight locomotive, rotary-wing aircraft, and fixed-
wing aircraft

If we take Eq. (S.557) from Section 1.F.2.D.2.A (or Eq. (S.558) from Section 1.F.2.D.2.B
for propeller airplanes or Eq. (S.559) from Section 1.F.2.D.2.C for ducted fan airplanes) below
and substitute it into our range equation (using the equation of a line format) for select vehicle
types from Section 1.F.1.B above, we can rearrange terms to solve for the mass of hydrogen
storage system required. The resulting equation can take the same format as Eq. (S.545) (shown
again as Eq. (S.556) for clarity and modified for HFC variants). There are three major
differences now from our previous use of these equations. First, the hydrogen storage system
specific energy variable will come from the range of values created (1 to 33,000 Wh kg™).
Second, the electric motor PWR and fuel cell stack specific power are both newly specified to
allow for investigating proposed technology achievements. Third, all other parameters now
come from medial/known vehicle values.

Eq. (S.556)

bilkg] - my[—] + by[kg] - mi[—]
my[—] —m,[-]

My, storage [kg] =

where mi, mo, b1, and b, are defined according to Table S.33:

Table S.33. Previously defined equations used to solve for hydrogen storage system mass
required

Vehicle
characteristic: PWR (or TWR) Range
Vehicle type my[—] by[kg] my[—] b,[kg]
S;ﬁi‘é‘;gscombat Eq. (S.462) Eq. (S.463) Eq. (S.470) Eq. (S.471)
Freight locomotive Eq. (S8.462) Eq. (S.463) Eq. (S.488) Eq. (S.489)
Rotary-wing aircraft Eq. (8.462) Eq. (8.463) Eq. (8.496) Eq. (8.497)
Propeller airplane Eq. (8.502) Eq. (8.503) Eq. (8.508) Eq. (S.509)
Ducted fan airplanes Eq. (8.513) Eq. (8.514) Eq. (8.517) Eq. (8.518)

1.F.2.D.1.B. Watercraft

For watercraft, we can still take Eq. (S.557) from Section 1.F.2.D.2.A below and
substitute it into our range equation for watercraft from Section 1.F.1.B above. However, since
the range equation for watercraft is nonlinear, we use the Microsoft Excel add-in Solver to find
its intersection with the PWR line (see process described in Section 1.F.1.C). Here again, there
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are three major differences now from previous use of these equations. First, the hydrogen
storage system specific energy variable will come from the range of values created (1 to 33,000
Wh kg!). Second, the electric motor PWR and fuel cell stack specific power are both newly
specified. Third, all other parameters will come from medial/known vehicle values.

Table S.34. Previously defined equations used to solve for hydrogen storage system mass
required — watercraft only

Vehicle

characteristic: PWR Range

Vehicle type mq[—] bq[kg] cq through ¢,
Nonlinear; must use Eq. (S.533)

Waterjet boat Eq. (S.462) Eq. (S.463) through Eq. (S.540) and Solver

process from Section 1.F.1.C

Cargo Nonlinear; must use th (S,533')

Gropeler) | Ba.(8462) | Ea.(5469 | Gt PR Kover

Ship process from Section 1.F.1.C

1.F.2.D.2. Mass of motors required

1.F.2.D.2.A. Ground combat vehicles, freight locomotive, rotary-wing aircraft, and
watercraft

To solve for the mass of motors required for most vehicle types, we simply rearrange Eq.
(S.461) to get Eq. (S5.557).

Eq. (S.557)
mg,strippedFF [kg] + msttorage [kg]
PWR,, [%] PWR,, [%]

w
SPres i)

Mmn [kg] =

] ~ "MmiGB+o Mm [_]

w
PWRFF,g I:@

1.F.2.D.2.B. Propeller airplanes

To solve for the mass of motors required for propeller airplanes, we rearrange Eq. (S.501)
to get Eq. (S.558).

Eq. (S.558)
mg,strippedFF [kg] + msttorage [kg]
pu, 2] . [}

- mm+GB+o,mm[_] - w
| SPecs g

Mmn [kg] =

14
PWRro e |15
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1.F.2.D.2.C. Ducted fan airplanes

To solve for the mass of motors required for ducted fan airplanes, we rearrange Eq.
(S.512) to get Eq. (5.559).

Eq. (S.559)

Cp [kg] + mg,strippedFF [kg] + msttorage [kg]

mm[kg] =
PWR,, [%] PWR,, [%]

Rprrop Tor [%] *TWRro prg [%] g [S_"Zl] B SPocs [%] -

Frasseamnl ) = (6 [58] - P, [12])

1.F.2.D.3. Mass of hydrogen fuel cell variant

1.F.2.D.3.A. Ground combat vehicles, freight locomotive, rotary-wing aircraft, propeller
airplanes, and watercraft

No change from Eq. (S.458).

1.F.2.D.3.B. Ducted fan airplanes
No change from Eq. (S5.523).

1.F.2.D.4. Mass ratio

1.F.2.D.4.A. All vehicle types

For all vehicle types, we calculate the mass ratio between HFC variants and existing FF
vehicles by dividing the mass of the HFC variant found in Section 1.F.2.D.3 by the mass of the
existing FF vehicle recorded in Section 1.C.1.A.2.

Eq. (S.560)

) _ Mg Hrc
My yrc: My rr =

Mg, rr

1.F.2.D.5. Hydrogen storage system specific energy for overall mass equivalency between
the HFC variant and the FF vehicle

Finally, to find the hydrogen storage system specific energy at which each HFC variant
will have a 1:1 ratio in Eq. (S.560) (i.e., equivalent mass between the HFC variant and the FF
vehicle), we can again turn to Microsoft Excel’s add-in Solver. We create an objective cell using
Eq. (S8.561) and establish a variable cell with an initial guess. We then run the Solver to find the
variable value at which the objective is set to zero.

Eq. (S.561)
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1.F.2.E. Hydrogen storage system energy density technology improvements and the effect
on variant volume

In this analysis, we use the intersection between PWR (or TWR) and range lines (or
curves) to visualize the effects that technology improvements to hydrogen storage system energy
density will have on HFC variant volume. We continue to model the gross vehicle weight
condition, use medial’known values for each vehicle, and use the newly specified values for the
electric motor specific power (electric motor PWR) and fuel cell stack specific power. Different
from Section 1.F.2.D above where we created a range of values for hydrogen storage system
specific energy, here we input and use a singular value, which allows us to investigate specific
technology achievements. We also must input a value for the fuel cell stack power density, as
this, too, will affect the overall HFC variant volume. We create a range of values for the energy
density (volumetric energy density) of a hydrogen storage system from 1 to 3,000 Wh L-!.
(Recall from Section 1.C.5.A.1 that LH2 is more dense than 700-bar CGH2 (0.071 vs 0.041 kg
L. If we use the density for LH2 and hydrogen’s specific energy of 33.3 kWh kg™!, we can
calculate the theoretical maximum volumetric energy density of LH2 alone as ~2,367 Wh L.,
Including the hydrogen storage tank with its BOP requires the hydrogen storage system to have
an energy density less than this value.) From here, we can calculate the mass of hydrogen
storage system required (Section 1.F.2.E.1), the mass of motors required (Section 1.F.2.E.2), the
overall volume of the HFC variant (Section 1.F.2.E.3), and the volume ratio (using
medial/’known values) between the HFC variant and the existing FF vehicle (Section 1.F.2.E.4).
We can then graph the volume ratio (y-axis) against the hydrogen storage system energy density
(x-axis) to see how technology improvement to hydrogen storage will affect resulting HFC
variant volume.

1.F.2.E.1. Mass of hydrogen storage system required

1.F.2.E.1.A. All vehicles

We use the same equations and processes described in Section 1.F.2.D.1, with the
exception that now, instead of using a range of values for the hydrogen storage system specific
energy, we select and input a new, single value for investigation. This results in a single value
for the mass of hydrogen storage system required throughout our range of hydrogen storage
system energy density values because hydrogen storage system energy density is neither a
variable in Eq. (S.556) nor the equations used by the Microsoft Excel add-in Solver for
watercraft.

1.F.2.E.2. Mass of motors required

Here again, since the hydrogen storage system energy density is not a variable within the
equations used to calculate the mass of motors required, we will have a single value for mass of
motors required across our range of values for hydrogen storage system energy density.

1.F.2.E.2.A. Ground combat vehicles, freight locomotive, rotary-wing aircraft, propeller
airplanes, and watercraft

No change from Eq. (S.557).
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1.F.2.E.2.B. Propeller airplanes
No change from Eq. (S.558).

1.F.2.E.2.C. Ducted fan airplanes
No change from Eq. (5.559).

1.F.2.E.3. Volume of hydrogen fuel cell variant

1.F.2.E.3.A. Ground combat vehicles, freight locomotive, rotary-wing aircraft, propeller
airplanes, and watercraft

No change from Eq. (S.473).

1.F.2.E.3.B. Ducted fan airplanes
No change from Eq. (S.519).

1.F.2.E.4. Volume ratio

1.F.2.E.4.A. All vehicle types

For all vehicle types, we calculate the volume ratio between HFC variants and existing
FF vehicles by dividing the volume of the HFC variant found in Section 1.F.2.E.3 by the volume
of the existing FF vehicle recorded in Section 1.C.1.B.2.

Eq. (S.562)

. _ Vg,HFC
Vg,HFC- Vg,FF - V
9,FF

1.F.2.E.5. Hydrogen storage system energy density for overall volume equivalency between
the HFC variant and the FF vehicle

To find the hydrogen storage system energy density at which each HFC variant will have
a 1:1 ratio in Eq. (S.562) (i.e., an equivalent volume between the HFC variant and the FF
vehicle), we can use Microsoft Excel’s add-in Solver. We create an objective cell using Eq.
(S.563) and establish a variable cell with an initial guess. We then run the Solver to find the
variable value at which the objective is set to zero.

Eq. (S.563)
0=1-— Vg,HFC
Vg,FF

Of course, achieving equivalent volume between the HFC variant and existing FF vehicle
using the input parameters chosen does not mean that the mass will be equivalent as well. We
can use the value found via optimization above, along with the same mass of hydrogen storage
system and mass of electric motors used in this portion of the analysis, to find the overall HFC
variant mass using the equations listed in Section 1.F.2.D.3. We can then return to Eq. (S.560) to
calculate the mass ratio and compare the HFC variant to the existing FF vehicle.
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1.F.2.F. Fuel cell stack system specific power technology improvements and the effect on
variant mass

In this analysis, we use the intersection between PWR (or TWR) and range lines (or
curves for watercraft) to visualize the effects that technology improvements to fuel cell stack
specific power will have on HFC variant mass. We model the gross vehicle weight condition
and use medial/’known values for each vehicle. We input a specified value for the electric motor
specific power (electric motor PWR) and create a range of values for the specific power of a fuel
cell stack system from 1 to 12,000 Wh kg!. (Note that the literatures cites >10,000 Wh kg as
achievable [10].) We also input a newly specified value for hydrogen fuel cell system specific
energy, which allows us to run the model with various inputs to investigate the affect that
hydrogen storage technology has on overall variant mass. (Our analysis here is very similar to
that in Section 1.F.2.D except that, instead of the fuel cell stack specific power being held
constant and testing a range of values for hydrogen storage system specific energy, we now do
the reverse.) From here, we can calculate the mass of a hydrogen storage system required
(Section 1.F.2.F.1), the mass of motors required (Section 1.F.2.F.2), the overall mass of the HFC
variant (Section 1.F.2.F.3), and the mass ratio (using medial/known values) between the HFC
variant and the existing FF vehicle (Section 1.F.2.F.4). We can then graph the mass ratio (y-
axis) against the fuel cell stack system (x-axis) to see how technology improvement to fuel cell
stacks will affect resulting HFC variant mass.

1.F.2.F.1. Mass of hydrogen storage system required

We use the same equations as those in Section 1.F.2.D.1, with the exception that we now
change the input values for fuel cell stack system specific power and hydrogen storage system
specific energy, as described above.

1.F.2.F.2. Mass of motors required
No change from Eq. (S.557) through Eq. (S.559) in Section 1.F.2.D.2.

1.F.2.F.3. Mass of hydrogen fuel cell variant

1.F.2.F.3.A. Ground combat vehicles, freight locomotive, rotary-wing aircraft, propeller
airplanes, and watercraft

No change from Eq. (S5.458).

1.F.2.F.3.B. Ducted fan airplanes
No change from Eq. (S5.523).

1.F.2.F.4. Mass ratio

1.F.2.F.4.A. All vehicle types
No change from Eq. (S5.560).
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1.F.2.F.5. Fuel cell stack system specific power for overall mass equivalency between the
HFC variant and the FF vehicle

No change from Section 1.F.2.D.5 and Eq. (S.561).

1.F.2.G. Fuel cell stack system power density technology improvements and the effect on
variant volume

In this analysis, we use the intersection between PWR (or TWR) and range lines (or
curves for watercraft) to visualize the effects that technology improvements to fuel cell stack
system power density will have on HFC variant volume. We continue to model the gross vehicle
weight condition, use medial/’known values for each vehicle, and use the newly specified values
for the electric motor specific power (electric motor PWR) and hydrogen storage system specific
energy. We now also specify values for the hydrogen storage system energy density and fuel
cell stack specific power. We create a range of values for the fuel cell stack system power
density from 1 to 12,000 Wh L. (There is little in the literature regarding forecasts for future
fuel cell stack system power density (volumetric) values; the DOE has published a target of 850
W L' [19].) From here, we can calculate the mass of hydrogen storage system required (Section
1.F.2.G.1), the mass of motors required (Section 1.F.2.G.2), the overall volume of the HFC
variant (Section 1.F.2.G.3), and the volume ratio (using medial/known values) between the HFC
variant and the existing FF vehicle (Section 1.F.2.G.4). We can then graph the volume ratio (y-
axis) against the fuel cell stack system power density (x-axis) to see how technology
improvement to fuel cell stack systems will affect resulting HFC variant volume.

1.F.2.G.1. Mass of hydrogen storage system required

1.F.2.G.1.A. All vehicles

We use the same equations and processes described in Section 1.F.2.E.1, with the
exception that now, instead of using a range of values for the hydrogen storage system energy
density, we select and input a new, single value for investigation. This results in a single value
for the mass of hydrogen storage system required throughout our range of fuel cell stack power
density values because hydrogen storage system energy density is neither a variable in Eq.
(S.556) nor the equations used by the Microsoft Excel add-in Solver for watercraft.

1.F.2.G.2. Mass of motors required

Here again, since the hydrogen storage system energy density is not a variable within the
equations used to calculate the mass of motors required, we will have a single value for mass of
motors required across our range of values for fuel cell stack power density.

1.F.2.G.2.A. Ground combat vehicles, freight locomotive, rotary-wing aircraft, propeller
airplanes, and watercraft

No change from Eq. (S5.557).

1.F.2.G.2.B. Propeller airplanes
No change from Eq. (S.558).
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1.F.2.G.2.C. Ducted fan airplanes
No change from Eq. (5.559).

1.F.2.G.3. Volume of hydrogen fuel cell variant

1.F.2.G.3.A. Ground combat vehicles, freight locomotive, rotary-wing aircraft, propeller
airplanes, and watercraft

No change from Eq. (S.473).

1.F.2.G.3.B. Ducted fan airplanes
No change from Eq. (S.519).

1.F.2.G.4. Volume ratio

1.F.2.G.4.A. All vehicle types
No change from Eq. (S5.562).

1.F.2.G.5. Fuel cell stack system power density for overall volume equivalency between the
HFC variant and the FF vehicle

No change from Section 1.F.2.E.5 and Eq. (S.563).

1.F.2.H. Balancing the competing interests of hydrogen storage system and fuel cell stack
system mass to achieve equivalent mass between HFC variants and existing FF vehicles

Throughout the majority of our individual analyses, we select and use a certain electric
motor PWR technology. Consequently, for BE variants, the only vehicle system technology that
impacts overall variant mass is the battery pack. In HFC variants, however, assuming a certain
electric motor PWR technology still leaves the hydrogen storage system and fuel cell stack
competing for the available mass budget. Therefore, for HFC variants, it is interesting to
determine the hydrogen storage system specific energy technology required given a fuel cell
stack specific power technology (and vice versa) in order to achieve a desired overall HFC
variant mass. To accomplish this, we calculate two ranges of values: one for an HFC variant
with equivalent mass to the existing FF vehicle and one for an HFC variant with a specified mass
scaling factor. Using the scaling factor in our model allows us to investigate different design
scenarios, e.g., what technology combinations are required if a 5% increase in overall vehicle
mass is acceptable?

To calculate a design HFC variant mass using a scaling factor, we use the existing FF
gross vehicle mass (Eq. (S.564)).

Eq. (S.564)
My HEC [kg] = Fos [%] 'mg,FF[kg]
To ensure the proper amount of motors are used in the design in order to achieve overall

vehicle PWR equivalency between the HFC variant and the existing FF vehicle, we can use Eq.
(S.565) for all vehicle types except turbofan airplanes.
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Eq. (S.565)

w
Mgy HFC [kg] - PWRpg 4 [@]

Combining Eq. (S.564) and Eq. (S.565) results in Eq. (S.566), which is helpful when
considering the turbofan airplanes. Since turbofan airplanes are rated in terms of thrust, we can
use our calculated takeoff power required to achieve that thrust, Pg ¢ ereceric[W1, from Section
1.C.2.D.3 (Eq. (5.567)).

Eq. (S.566)

m,, [kg] _ Fm,s [%] ' PFF,g [W]

PWR,, [%]

Eq. (S.567)
Fm,s [%] ' PF,TO,electric [W]
PWR,, [%]

Mm [kg] =

At this point, we have met two of the four vehicle characteristics: mass and PWR (or
TWR). We now use the same range of values for fuel cell stack specific power (first used in
Section 1.F.2.F) and calculate a range of values for the required hydrogen storage system
specific energy. We do this by taking the equation for vehicle characteristic relationship for
range for each vehicle type and rearranging it to solve for the hydrogen storage system specific
energy in terms of fuel cell stack specific power (see Eq. (S.568) through Eq. (S.573) in Sections
1.F.2.H.1 through 1.F.2.H.6 below). Solutions in this analysis, therefore, meet three of the four
vehicle characteristics: mass, PWR (or TWR), and range.
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1.F.2.H.1. Ground combat vehicles

Eq. (S.568)
Wh
SEsttorage [E]
(OUEFF Wh]) [m]
_ RLpp[N]
_< Nrv,urcl—] )
_1. w inol—1- w
B i PWI;',,"'C I ]+sme[ 1 By = P PW;,’”‘C 3 mlkg]
: SPres ) SPres 5]
Monlleg] - PW R [ 1
mg,HFC[kg] My strippedFF [kg] — (me+55+omm[ 1 my, kg]) ( i‘P [W] [kg])
Fcs | kg
1 kg
75 " Pair ] A
Crr[_] T My strippedFF [kg] + (2 A [mS] g [m]f ( [ D ) + sinf[-] 'mg,strippedFF[kg]
+ + C.[—] + sinf[—]
Mynlkg] - PW R [
mg,HFC[kg] My strippedFF [kg] — (me+gg+omm[ 1-mpy, kg]) ( ZP [W] [kg])
Fcs |kg

1.F.2.H.2. Freight locomotives

Eq. (S.569)

OUEpz[Wh] m
(ﬁ) "9 [S_Z] Gl Fal=1 mgupclkg]

Wh
SEsttorage [E] =

Monlkg) - PWR [%]
SPrcs [ﬂ]

Nuurcl=1"| Mgurclkgl — M strippedFF kgl — (me+,;3+o mnl =1 Minlkgl) — (
kg

1.F.2.H.3. Rotary-wing aircraft

Eq. (S.570)

(™) o 2] -mscoti)

Wh
SEsttorage [E] =

ulkg] - PWR,, . [,g])

w
SPres 1]

UH,HFC[—]' mHFC,g[kg] My strippedFF [kg] — (mewgmmm[ -1 -my kg]) (
kg
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1.F.2.H 4. Propeller airplanes

Eq. (S.571)
Wh
SEsttorage [E]
_ [ 1h ] ) CRpp[m] - g [sz] “Myrc,glkgl
3,600s

’ w

my,[kgl - PWR,, |7

Neanrcl=1" (%) | Mypc,glkgl — My serppearrlkgl — (mewmg’mm[—] : mm[kg]) - W [kg]

SPres g)

1.F.2.H.5. Ducted fan airplanes

Eq. (S.572)

Wh] _[ 1h ] CRpplm] - g [sz] “Myre,glkgl

SEHZstomge k_ :
’ LIN] mplkg) - PWRy 1]
tornrcl=) - (BENY) - | marcolko) = Mostrippearr k] = (Frpegoso_mal=1 - mnleg1) = @ + eplkgD) — | ————pr )

~ [3,600s]
W
SPFCS [E]

where:

1.F.2.H.6. Watercraft

Eq. (S.573)
SEsttoraye V:_h]
9

_ <0UEFF[Wh])
“\R T,FF.g [N]

3 3
(G114 Cal=1) | 3o [£2] - (v [2])"- (s4<’"7,jg"f]> +o.s-LWL[mJ)-<mHFC[1g‘]QJ> +(090 3 [£9] (o[ 2])°  Aui 1)
Pw (3

Pw|m3
M lkg) - PW Ry [ 1]
Myrcg [kg] - mg,strippedFF[kg] - (memmo,mm[_] 'mm[kg]) N\ TwTr “N_urcl-]
SPres 5]

1.F.2.1. Balancing the competing interests of hydrogen storage system and fuel cell stack
system volume to achieve equivalent volume between HFC variants and existing FF
vehicles

To complete our look at HFC variant designs, we consider the fourth vehicle
characteristic that we have yet to address: overall variant volume. Here, we want to investigate
how fuel cell stack power density technology and hydrogen storage system energy density
technology affects their competition for volume budget in the HFC variant. We begin by
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establishing a volume scaling factor so our model can consider desired design changes, e.g., a
5% increase in overall variant volume is acceptable. We then calculate the HFC variant volume
using Eq. (S.574).

Eq. (S.574)
Vg,HFC[kg] = FV,S[%] : Vg,FF[kg]

At this point, our equations dictate that we specify values for fuel cell stack specific
power and hydrogen storage system specific energy, which will be required to calculate the
hydrogen storage system energy density required given a range of values for fuel cell stack
power density (the same range we used in Section 1.F.2.G). We can ensure the HFC variant
design is satisfactory in terms of mass by using combinations of these values calculated in
Section 1.F.2.H.

Taking our derived vehicle characteristic relationships for volume and rearranging to
solve for the hydrogen storage system energy density in terms of fuel cell stack power density
(using our selected values of hydrogen storage system specific energy and fuel cell stack specific
power that we just calculated as satisfactory in Section 1.F.2.H), we can solve for technology
combinations that meet our desired volume requirements. Solutions now, therefore, meet all four
of our vehicle characteristics: mass, PWR (or TWR), range, and volume.

1.F.2.1.1. Ground combat vehicles, freight locomotive, rotary-wing aircraft, propeller
airplanes, and watercraft

Eq. (S.575)

Wh
EDsttorage [T]

My [kg] . PWRm,c [@] Wh
mHFC,g [kg] - mg,strippedFF [kg] - (meJrGBM’mm [_] My [kg]) - w ) SEsttorage [E]

SPrcs 5]

5500t
= "|1,000L
My [kg] ) PWRm,c [%])

rov ] 021

m3
VHFC,g [m3] - Vg,strippEdFF [m3] - (RV,,HGB“,’mm [E] My [kg]) - (
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1.F.2.1.2. Ducted fan airplanes

Eq. (S.576)
EDsttorage [WTh]
kgl - PWR,, . [
TMHEC.g [k'g] - mg,strippedpz:[kg] - (me+GB+o,mm[_] : mm[kg]) - ({ +c [kg]) - <LVV[kg]> ' SEsttorage [‘;IC/_;
stues i 3
) 3 lkg] - PWR, . [ ' [1,000L]
PDFCS [T] b [ m3 ]

where:

1.F.3. Technological tipping point solutions

In this portion of our analysis, we use both graphical and computational optimization
methods to calculate the technological tipping points for battery packs, hydrogen storage
systems, and fuel cell stacks given electric motor PWR. Although using Microsoft Excel’s add-
in Solver is relatively straightforward, it can be repetitive and time consuming, especially when
one must run multiple optimizations. In order to automate this repetitive process, we
incorporated macros into our model.

We ordered our macros alphabetically to match the order in which they are used within
the model. In order to use macros within a Microsoft Excel spreadsheet, users must “Enable
Macros” when opening a file. Additionally, users must have the “Solver Add-in” installed. To
do so, click on “Tools” and “Add-ins.” Check the “Solver Add-in” and “Analysis ToolPak” and
click “OK.” The “Solver” can then be accessed under the “Data” tab. Further, if users want to
use the Solver Visual Basic for Applications (VBA) in the Visual Basic Editor (available under
the “Developer” tab), they must first establish a reference to the Solver Add-in. In the Visual
Basic Editor, click on “Tools” and “References” and then select “Solver” under “Available
References.”

Our macros use the GRG Nonlinear solver, discussed in Section 1.F.1.C. It is worth
reiterating that, although the GRG Nonlinear solver is one of the fastest of Excel’s add-in
solvers, it is unfortunately highly-dependent upon the initial “guess” conditions for decision
variables — the solver may prematurely stop at local optimal solutions or conclude that no
feasible solution exists rather than find the global optimal solution. The Multistart option (also
discussed in Section 1.F.1.C), with the “Require Bounds on Variables” box unchecked, can
improve the probability of the solver converging to the global optimal solution, but it is more
computationally expensive. Some of our macros use Multistart, while others do not. Users must
evaluate whether results are correct using other checks.

Table S.35 details the approximate time required to run each macro on a laptop with a 3.5
GHz, 17 processor and 16 GB memory. Since some run times are very long, if a user wants to
run a macro, he or she may want to consider “commenting-out” portions code using the Visual
Basic Editor that refer to vehicles that are not of interest. Alternatively, a user can simply run
single instances of the solver. We spent significant time stressing the model and running solvers
to check solutions.
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Table S.35. Computational time requirements for each macro in Data S1

Macro name Computational time,
approximate (minutes)

A Watercraft Commercial and Future Feasibility 2

B BE Technological Tipping Point Solver 6

C _HFC Technological Tipping Point Solver 24

D Watercraft Technological Tipping Points Checks 2

E BE Optimization Solver One 4

F BE Optimization_Solver Two 8

G _HFC Optimization Solver One 17

H HFC Optimization Solver Two 180

I HFC Optimization Solver Three 80

1.F.3.A. Battery electric variants

1.F.3.A.1. Graphical analysis

As discussed in Section 1.F.2.H, because the BE variant analysis only depends upon the
battery pack technology levels once we select a value for the electric motor PWR, we can
algebraically calculate the battery pack-level specific energy and energy density values that will
enable a BE variant to be equivalent to the existing FF vehicle in all four vehicle characteristics
simultaneously. We chose three values for the electric motor PWR to investigate: 2,976 W kg'!
(~3 kW kg!), 10 kW kg!, and 15 kW kg'!. The lowest value is commercially available in the
BMW i3, the highest value is claimed to be achieved by Magnax with their new axial flux
motors, and the intermediate value is used in the literature as an acceptable value for “future”
electric motors [10,27,29]. If we run our model (Sections 1.F.2.A and 1.F.2.C) three times (for
each of the electric motor PWR values that we want to investigate), we can record the results for
the required battery pack-level technology that give us a 1:1 ratio for both vehicle mass and
volume using the PWR (or TWR) and range equations. To check our results, we repeat the
analysis done in Section 1.F.1.A where we solve for the six intersections between the four
vehicle characteristics lines (or curves) using these new battery pack technology values for each
vehicle. We can then graph the lines (or curves) for the four vehicle relationships, which should
all intersect at the same point (Fig. S.16). As shown by the table inset in Fig. S.16, a BE variant
using the specified battery pack technology, mass of electric motors, and mass of battery pack
will be equivalent to the FF vehicle (i.e., 100%) for all four vehicle characteristics.
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Fig. S.16. Example of the four vehicle characteristics considered graphed for a BE variant
using tipping point battery pack-level technology.

1.F.3.A.2. Computational optimization analysis

Having developed the important relationships in our model, we can now set-up
computational optimization solvers to investigate different desired design outcomes. In our BE
variant analysis, we develop two optimization solvers: BE Optimization Solver #1 and #2.

1.F.3.A.2.A. BE Optimization Solver #1

Our first solver works to minimize the battery technology improvements (for specific
energy and energy density) required given a specified electric motor PWR. We define
constraints for the BE variant mass and volume to be less than or equal to the existing FF vehicle
and the BE variant PWR (or TWR) and range to be greater than or equal to the existing FF
vehicle. The user can define future feasible battery technology values as constraints or, by using
artificially-large values like 20,000 Wh kg! and 20,000 Wh L-! for battery pack specific energy
and energy density, identify the technological tipping points required for vehicle characteristics
to be equivalent between the BE variant and the existing FF vehicle.

BE Optimization Solver #1 is useful because users can easily modify design requirements
and add weighting factors for battery pack technology levels while investigating questions such
as: what are the tipping point technologies required to meet design requirements or, given
expected technology levels, what are the electric motor and battery pack requirements for a given
BE variant? If no solution is found using BE Optimization Solver #1, then BE Optimization
Solver #2 can be used to further investigate potential solutions.

1.F.3.A.2.A.1. Objective function

Our model currently does not use any weighting factors, meaning that a one-unit
improvement in battery pack specific energy is equal in value to a one-unit improvement in
battery pack energy density. If one technology is deemed more important, a user could easily
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add an appropriate weighting factor to Eq. (S.577). Note that, in our objective function equation,
we dictate that the decision variable value cannot be less than the commercial value; i.e., the
optimization solver cannot create a benefit in minimizing the total objective value result by using
degraded technologies. Also note that units matter so far as terms are consistent. The solver will
work to minimize the numerical value despite units matching.

Eq. (3.577)

o Wh Wh Wh Wh
Total Ob]eCtlve value = <SEB,DV I:E:l - SEB,COTS I:E:l) + <EDB,DV [T] - EDB,COTS [T])

where:

0< {SEB,DV[kg] - SEB,COTS[kg]
B EDB,DV[kg] - EDB,COTS[kg]

1.F.3.A.2.A.2. Decision variables

We list the decision variables for BE Optimization Solver #1 in Table S.36. Note that the
electric motor PWR is a user-defined variable that must be set prior to running the optimization
algorithm. Although not a true “decision variable” used by the solver, it is a variable that the
user must decide upon prior to running the model.

Table S.36. Decision variables for BE Optimization Solver #1

Variable Units
Battery pack-level specific energy (SEspv) | Wh kg'!
Battery pack-level energy density (EDgpv) | WhL'!
Mass of electric motors used (mm,pv) kg
Mass of battery pack used (mgpv) kg

1.F.3.A.2.A.3. Constraints

1.F.3.A.2.A.3.A. Positivity constraints

We assume that the technology level decision variables must be greater than or equal to
commercial technologys; i.e., neither degraded commercial values nor negative values are
acceptable (Eq. (S.578) through Eq. (S.579)).

Eq. (S.578)

SEg pylkgl = SEg corslkgl
Eq. (S.579)

EDg pylkgl = EDg corslkgl

We ensure that the optimization solver does not use negative values for the mass of
electric motors or the mass of battery pack used in the BE variant design (Eq. (S.580) through
Eq. (S.581)).
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Eq. (S.580)
M pvlkgl = 0

Eq. (S.581)
mppylkgl =0

1.F.3.A.2.A.3.B. Future feasible limits constraints

We also include an option to ensure the optimization solver cannot select technology
levels beyond what is feasible (Eq. (S.582) through Eq. (S.583)). Users can either input
technology values that support near-term possibilities for design or input large numbers beyond
what is expected in order to determine tipping point technologies required.

Eq. (S.582)
SEB,DV[kg] < SEB,F[kg]

Eq. (S.583)
EDB,DV[kg] < EDB,F[kg]

1.F.3.A.2.A.3.C. Vehicle performance characteristics constraints

Finally, we include options for meeting vehicle performance characteristics for mass,
volume, PWR (or TWR), and range. In our analysis, we consider all four characteristics
simultaneously. However, a user could easily select just one, two, or three of these
characteristics for inclusion in the optimization solver. Additionally, a user could even change
the constraint value for each (e.g., instead of using the original FF vehicle’s gross mass as a
constraint, allow for a 5% increase). The relationships are the same as those previously
discussed in Section 1.F.1.A — mass: Eq. (S.369), volume: Eq. (S.364), PWR (or TWR: Eq.
(S.348), Eq. (5.390) or Eq. (S.425), and range (Eq. (S.356), Eq. (S.374), Eq. (S.382), Eq.
(S.396), or Eq. (S.443).

1.F.3.A.2.A.4. Solver parameters

For clarity, each of our optimization solvers has two sections within our model. In the
first section, we organize and present the decision variables, objective function, and constraints
with explanations. In the second section, we change that organization and repeat cross-
referenced cells to make selecting groups of cells easy when establishing the Solver Parameters.
The optimization solver attempts to minimize the objective function result by changing the
decision variable cells subject to the defined constraints, which we have arranged into greater-
than-or-equal-to and less-than-or-equal-to clusters. To help ensure that the optimization solver
finds a global, rather than local, solution, we use the “Multistart” option, discussed in Section
1L.F.1.C.

1.F.3.A.2.B. BE Optimization Solver #2

Our second solver works to minimize the difference in all four vehicle characteristics —
mass, volume, PWR (or TWR) and range — between the BE variant and the existing FF vehicle.
As with BE Optimization Solver #1, we define constraints to make the BE variant mass and
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volume less than or equal to the existing FF vehicle and BE variant PWR (or TWR) and range
greater than or equal to the existing FF vehicle. The user has the option of either defining
technology levels, which is useful for investigating solutions that are specific to each technology
or using future feasible values for the battery pack to produce solutions that are the best that can
be achieved within current forecasts. Again, using artificially-large values here will result in
identifying the technological tipping points required for vehicle characteristics to be equivalent.
Users can select commercial and/or future feasible technology levels and compare results from
this computational optimization solver to our results using graphical methods in Section 1.F.1.A.

This solver is useful because users can investigate optimal solutions using a completely
different objective function. Whereas BE Optimization Solver #1 might not work for some
scenarios, BE Optimization Solver #2 is likely to produce a result (e.g., in cases where
technology advancements can never support meeting all four vehicle characteristics
simultaneously and a design sacrifice must be made).

1.F.3.A.2.B.1. Objective function

Here again, our model currently does not use any weighting factors, meaning that
meeting each of the four vehicle characteristics is equally important. If one characteristic is
deemed more important, a user could easily add an appropriate weighting factor to Eq. (S.584).
Eq. (S.584) finds the summation of the relationship ratios described in Section 1.F.1.A — mass:
Eq. (S8.369), volume: Eq. (S.364), PWR (or TWR): Eq. (S.348), Eq. (S.390) or Eq. (5.425), and
range (Eq. (S.356), Eq. (S.374), Eq. (S.382), Eq. (S.396), or Eq. (S.443). The appropriate ratio
must be selected for each of the four vehicle characteristics by vehicle type. The objective
function takes the summation of each, which the optimization solver will then try to minimize,
thereby minimizing the difference in each of the four vehicle characteristics between the BE
variant and the existing FF vehicle.
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Eq. (S.584)

m k 1% m
Total objective value = ( o.pel g]) + ( g8EM’]

3
)+

My Fr [kg]

1.F.3.A.2.B.2. Decision variables

The decision variables for BE Optimization Solver #2 are listed in Table S.37. This time,
the electric motor PWR and the battery pack technology levels for specific energy and energy
density are all user-defined decisions made prior to running the optimization solver, which itself

Vep[m3]

( w
PWRg,BE [@]

w
PWR rr [@]

TWR, 55 [%]

| \TWR zr [%]

RLpgg[N]

RLpr,g[N]

TEpg,g[N]

TEpp,g[N]

Lpg,g[N]

LrrglN]

CRBE,g [m]
CRpp[m]

Ry g [N]

\ RT,FF,g [N]

uses just the mass of electric motors and mass of battery pack as true decision variables.

Table S.37. Decision variables for BE Optimization Solver #2

Variable Units
Mass of electric motors used (mm,pv) kg
Mass of battery pack used (mgpv) kg

1.F.3.A.2.B.3. Constraints

1.F.3.A.2.B.3.A. Positivity constraints

Since the battery pack specific energy and energy density are pre-decided, we do not
need to define positivity constraints for these variables. We again use Eq. (S.580) and Eq.

(S.581) to ensure the optimization solver does not assign negative values to either the mass of

electric motors or the mass of battery pack.

(OUEgg 4[Wh]

OUEns[WHh]

OUEgg 4[Wh]

OUE,z[Wh]

OUEgg 4[Wh]

OUEns[WHh]

OUEgg 4[Wh]

OUEpz[Wh]

235



1.F.3.A.2.B.3.B. Vehicle performance characteristics constraints
No change from Section 1.F.3.A.2.A.3.C.

1.F.3.A.2.B.4. Solver parameters
No change from Section 1.F.3.A.2.A 4.

1.F.3.B. Hydrogen fuel cell variants

1.F.3.B.1. Graphical analysis

With HFC variants, the hydrogen storage system and the fuel cell stack both compete for
available mass and volume budgets. This results in more unknowns than equations, our problem
is indeterminate, and we cannot solve directly like we did for BE variants. Consequently, our
analysis in Section 1.F.2 no longer provides a fully-optimized solution. (Recall that, as we
progressed through Sections 1.F.2.D through 1.F.2.1, we had to periodically assign values for
some technologies while finding the results for others.) However, what we can do is run our
computational optimization solvers for potential HFC designs (Section 1.F.3.B.2 below), find
results, and then test those results using the same graphical analysis procedures as we did for BE
variants in Section 1.F.3.A.1.

We use the same three values for the electric motor PWR: 2,976 W kg™!, 10 kW kg!, and
15 kW kgl in our optimization solvers and find results for the hydrogen storage system specific
energy and energy density and the fuel cell stack specific power and power density. Then, we
repeat our analysis done in Section 1.F.1.B where we solve for the six intersections between the
four vehicle characteristics lines (or curves). We can then graph the lines (or curves) for the four
vehicle relationships, which should all intersect at the same point, defining the mass of electric
motors and the mass of hydrogen storage system required for the HFC variant to be equivalent to
the existing FF vehicle. The values defining this point should be the same as those output from
the optimization solver(s) in Section 1.F.3.B.2, confirming the procedure.

Returning to the concept that we cannot use the optimized values from our individual
parameter curves developed in Section 1.F.2.D through 1.F.2.1, we can, however, select values
(for the fuel cell stack technologies for instance), look up the resulting values (for the hydrogen
storage system technologies) and test that the resulting required combinations are as expected,
i.e., that the HFC variant has 100% of each of the four characteristics of the existing FF vehicle.
This should only be used to check our process, though, because, unlike the optimizations below
where constraints are applied, this method may produce negative values that satisfy the
mathematical equations but not common sense.

1.F.3.B.2. Computational optimization analysis

In our HFC variant analysis, we develop three optimization solvers: HFC Optimization
Solver #1, #2, and #3.
1.F.3.B.2.A. HFC Optimization Solver #1

This solver works to minimize the improvement required in each technology level given
a specified electric motor PWR. The user can define the future feasible values, defining upper
constraints. Constraints are also in place for the HFC variant mass and volume to be less than or
equal to the existing FF vehicle and the HFC variant PWR (or TWR) and range to be greater than
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or equal to the existing FF vehicle. If no solution is found by the optimization solver, then HFC
Optimization Solver #2 and/or #3 can be used to further investigate potential solutions.

1.F.3.B.2.A.1. Objective function

Our model currently does not use any weighting factors, meaning that a one-unit
improvement in any one of the four technology levels (hydrogen storage system specific energy
or energy density or fuel cell stack specific power or power density) is equal in value to a one-
unit improvement in another. If one technology is deemed more important, a user could easily
add an appropriate weighting factor to Eq. (S.585).

Eq. (S.585)
Total objective value
[Wh Wh
SEsttorage,DV E - SEsttorage,COTS E]
- [Wh
SEsttt;lrage,COTS E ,
W h W
EDsttorage,DV T - EDsttorage,COTS [T
+ Wh
EDsttorage,COTS ___
W 14 w w
4 SPFCS,DV I:@:l - SPFCS,COTS I:@:l PDFCS,DV [T] - PDFCS,COTS [T]
W 74
SPFCS,COTS I:@:l PDFCS,COTS [T]

1.F.3.B.2.A.2. Decision variables

We list the decision variables for HFC Optimization Solver #1 in Table S.38. Note that
the electric motor PWR is a user-defined variable that must be set prior to running the
optimization algorithm. Although not a true “decision variable” used by the solver, it is a
variable that the user must decide upon prior to running the model.

Table S.38. Decision variables for HFC Optimization Solver #1

Variable Units
Hydrogen storage system specific energy (SEu2sworage,pv) | Wh kg'!
Hydrogen storage system energy density (EDm2storage. V) Wh L!

Fuel cell stack specific power (SPrcspv) W kg!
Fuel cell stack power density (PDrcs,pv) W L!
Mass of electric motors used (mm,pv) kg
Mass of hydrogen storage system used (mn2sorage,DV) kg

1.F.3.B.2.A.3. Constraints

1.F.3.B.2.A.3.A. Positivity constraints

We set up our model so that the technology level decision variables must either be greater
than or equal to commercial technology or greater than or equal to zero; i.e., it neither accepts
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degraded commercial values nor negative values (Eq. (S.586) through Eq. (S.589)). This allows
a user to run the solver and identify technological tipping points either required for the future or
that have already been surpassed.

Eq. (S.586)
Wh
Wh Wh
SEsttorage,DV E] > {SEHZSWTGQE,COTS kg]
0
Eq. (S.587)
Wh
ED W—h > EDH storage,COTS [_]
H,storage,DV L= 2 ge, L
0
Eq. (S.588)
w
W —_—
SPrcspy [@] > {SPFCS,COTS [kg]
0
Eq. (S.589)
w
w
PDrgcs py [T] > {P Dgcscors [T]
0

We ensure that the optimization solver does not use negative values for the mass of
electric motors or the mass of hydrogen storage system used in the HFC variant design (same as
Eq. (S.580) above and Eq. (S.590) below).

Eq. (S.590)

My, storage, DV [kgl =0

1.F.3.B.2.A.3.B. Future feasible limits constraints

We also include an option to ensure the optimization solver cannot select technology
levels beyond what is feasible (Eq. (S.591) through Eq. (S.594)). Users can either input
technology values that support near-term possibilities for design or input large numbers beyond
what is expected in order to determine tipping point technologies required. Theoretical and
practical limits can also be applied.

Eq. (S.591)

Wh
SEsttorage,DV [E] < SEsttorage,F E]
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Eq. (S.592)

Wh Wh
EDsttorage,DV — = EDsttorage,F [T]
Eq. (S.593)
W1 w
SPrcspv [@ < SPpcsr [@]
Eq. (S.594)

w w
PDgcs py [T] < PDpcsp [T]

1.F.3.B.2.A.3.C. Vehicle performance characteristics constraints

No change from Section 1.F.3.A.2.A.3.C except that the relationships are now for HFC
variants, rather than BE variants, as defined in Section 1.F.1.B — mass: Eq. (S.477), volume: Eq.
(S.472), PWR (or TWR): Eq. (5.455), Eq. (S.498) or Eq. (S.510), and range: Eq. (S.464), Eq.
(S.482), Eq. (5.490), Eq. (S.504), or Eq. (S.528).

1.F.3.B.2.A 4. Solver parameters
No change from Section 1.F.3.A.2.A 4.

1.F.3.B.2.B. HFC Optimization Solver #2

The second HFC optimization solver works to minimize the difference in all four
characteristics (mass, volume, PWR or TWR, and range) between the existing FF vehicle and the
HFC variant. Although the constraints are in still in place (HFC variant mass and volume must
be less than or equal to the existing FF vehicle and HFC variant PWR (or TWR) and range must
be greater than or equal to the existing FF vehicle), the optimization solver will often find a
solution that sacrifices volume if not all four characteristics can be simultaneously met. The user
has the option of either defining technology levels or including them as decision variables (i.e.,
using six or just two decision variables).

This solver is useful for investigating solutions that are specific to technology levels. For
example, a user can take the four technology-driven decision variables and define them (making
them parameters) as future feasible values and leave just the mass of motors and mass of
hydrogen storage system as decision variables. In this case, the optimization solver will find a
solution that is the best that can be achieved within specified technology forecasts.

1.F.3.B.2.B.1. Objective function

This solver also does not currently use any weighting factors, meaning that meeting each
of the four vehicle characteristics is equally important. If one characteristic is deemed more
important, a user could easily add an appropriate weighting factor to Eq. (S.595). Eq. (S.595)
finds the summation of the relationship ratios described in Section 1.F.1.B — mass: Eq. (S.477),
volume: Eq. (5.472), PWR (or TWR): Eq. (S.455), Eq. (S.498) or Eq. (S.510), and range: Eq.
(S.464), Eq. (5.482), Eq. (S.490), Eq. (S5.504), or Eq. (S.528). The appropriate ratio must be
selected for each of the four vehicle characteristics by vehicle type. The objective function takes
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the summation of each, which the optimization solver will then try to minimize, thereby
minimizing the difference in each of the four vehicle characteristics between the HFC variant
and the existing FF vehicle.

Eq. (S.595)
(OUEypc o [Wh]

RLgr,g[N]

TEyrc,g [N]

TEpp o[N]
( w FF.g
PWRg,HFC [@]

Lyrcg [N]

w
PWR [—]
My HFC [kg ]) (Vg,HFC [m3]> + 9FF |kg

Total objective value =
] ( my rrlkg] Ver[m3]

TWRg nrc [%] Lprg4IN]

L\ TWR e [3]

CRyrc, g [m]
CRpp[m]

OUEypc,g[Wh]

\ Rrrrg [N]

1.F.3.B.2.B.2. Decision variables

The decision variables for HFC Optimization Solver #2 are the same as those listed in
Table S.38. Note that another option is to make the four technology levels (hydrogen storage
specific energy and energy density and fuel cell stack specific power and power density)
parameters with assigned values, leaving just the mass of electric motors and mass of hydrogen
storage system used as decision variables.

1.F.3.B.2.B.3. Constraints

1.F.3.B.2.B.3.A. Positivity constraints

We again use Eq. (S.580) and Eq. (5.590) to ensure the optimization solver does not
assign negative values to either the mass of electric motors or the mass of hydrogen storage
system used.

RLypc,g [N]
OUEp;[Wh]

OUEypc,q[Wh]

OUE .z [Wh]

OUEypc,g[Wh]

OUEpz[WHh]

Rrhrc,g [N]
OUEp;[Wh]
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1.F.3.B.2.B.3.B. Vehicle performance characteristics constraints
No change from Section 1.F.3.B.2.A.3.C.

1.F.3.B.2.B.3.C. Solver parameters
No change from Section 1.F.3.B.2.A.4.

1.F.3.B.2.C. HFC Optimization Solver #3

Our third HFC optimization solver works to minimize the HFC variant's overall volume.
It works the same as HFC Optimization Solver #2 with three exceptions: first, the objective
function is reduced to only include the volume vehicle characteristic; second, the four technology
levels are assigned as parameter values, leaving just the mass of electric motors and mass of
hydrogen storage system used as decision variables; and third, the volume constraint is removed.

This solver is useful either as a check on previous work or for finding a solution for those
vehicle platforms where not all four characteristics — mass, volume, PWR (or TWR), and range —
can be simultaneously met or improved and volume must be sacrificed.

1.F.3.B.2.C.1. Objective function

The objective function (Eq. (S.596)) only considers volume, seeking to minimize the
amount that this vehicle characteristic must be exceeded while the other three vehicle
characteristics — mass, PWR (or TWR), and range — are met as constraints.

Eq. (S.596)

Vy.urc [m®] — Vip [m3]>

Total objective value =
) < Ver[m?3]

1.F.3.B.2.C.2. Decision variables

Only the mass of electric motors and mass of hydrogen storage system used are decision
variables in this solver (Table S.39); all other variables have been made parameters with
assigned values.

Table S.39. Decision variables for BE Optimization Solver #3

Variable Units
Mass of electric motors used (mm,pv) kg
Mass of hydrogen storage system used (mu2storage.DV) kg

1.F.3.B.2.C.3. Constraints

1.F.3.B.2.C.3.A. Positivity constraints
No change from Section 1.F.3.B.2.B.3.A.

1.F.3.B.2.C.3.B. Vehicle performance characteristics constraints

Same as Section 1.F.3.B.2.B.3.B except that the volume constraint is removed; i.e., only
mass, PWR (or TWR), and range constraints are applied.
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1.F.3.B.2.C 4. Solver parameters
No change from Section 1.F.3.B.2.A.4.
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2. SUPPLEMENTARY DISCUSSION AND FIGURES

This section provides additional discussion. We demonstrate the inadequacy of other
assessments that use too narrow a scope and show how using a whole-system design approach
facilitates a better understanding of what is possible in transitioning existing vehicles to all-
electric systems. We discuss additional factors to consider when transitioning vehicles, to
include fleet modernization, safety, supporting infrastructure, and other aspects that deserve
further attention.

2.A. Comparison of equivalent platform “raw” energy and “useful” energy by
variant (Sections 1.D and 1.E)

As previously discussed, we encountered comparisons in the literature or in conversation
that simply compare mass and volume requirements for raw energy when comparing BE or HFC
systems to ICE/FF systems. As Fig. S.17 through Fig. S.22 illustrate, this is an inadequate
comparison that may be inaccurately used to convince others that transitioning to all-electric
vehicle systems is infeasible.

For each figure, we show the “raw” energy content comparison (a) and the “useful”
energy content comparison (b). The only difference between the two is that we go one step
further in (b) and consider how efficient the overall system is. Although just this single step is
enough to illustrate why the comparisons in (a) are insufficient, the comparison in (b) can still be
improved upon by holistically considering the vehicle system the extra mass and volume budget
available from eliminating ICE/FF components that are no longer needed. When interpreting the
results in Fig. S.17 through Fig. S.22, note that variations occur due to different fuel types and
the overall system efficiency between variants for the same vehicle type.
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Fig. S.17. An illustration of battery pack mass required to carry the same raw energy
content (a) and useful energy content (b) of one-unit mass of fossil fuel, by vehicle type.

Calculations determine the chemical energy content of the fossil fuel (JP-8, diesel #2, Jet-A, or
marine diesel fuel oil) carried onboard each platform to find the mass ratio of equivalent energy
storage. Low benefit values use input parameter combinations that result in the highest mass
ratio (e.g., low estimates for battery specific energy and high estimates for the lower heating
value of the fossil fuel) and vice versa for high benefit values. Variations are due to the fossil
fuel type as well as the commercial/projected values for battery pack-level specific energy for
each vehicle type. Calculations in (a) use battery pack-level specific energy values while
calculations in (b) also consider the overall system efficiencies for ICE and BE vehicles.
Although the comparison in (a) is often used, it is clearly inadequate, and, although improved,
(b) still fails to account for efficiencies gained by eliminating FF system components.

244



1)

o) 120 4
1S
= 110 1 A Low Benefit
g A High Benefit 2 105.6
TE 100 §  _ 1:1 Ratio
=N
2 -.g 90 ] 092.0
7]
o
§ S 80 1
ie] E 70 4
2o 60 ]
52
o8 50 1
> e
o) 40 | 38.9 387 38.9 38.9 38.9
T
o= 30 1 1 I l l [
=}
c 23.0A
28 207 189 20.1 18.4 18.4 18.6 18.44
© =
QL 10 |
5 o _ _ _ _ _ _ _
-8 Ground combat Locomotives Helicopters Prop planes Jet airliners Waterjet boats Cargo ships
© vehicles
o
[0} 120 4
1S
=) 110 1 A Low Benefit
. A High Benefit
T o 100 1 — 1:1 Ratio
3=
= § 90 {
§ s 80 | A 82.8
S 0 72.2
fe] % 70 4
§§ 60
=0 ]
sg %
SE 40 1
T O
ig 30 {
o= 22.3
£z 20 16.6
© O ' 12,5 13.9
o5 10 4 10.5 I . I 11.3A
=8 . Y 7.4 sol 5.1 7.7 7.84
-8 Ground combat Locomotives Helicopters Prop planes Jet airliners Waterjet boats Cargo ships
é vehicles

Fig. S.18. An illustration of battery pack volume required to carry the same raw energy
content (a) and useful energy content (b) of one-unit volume of fossil fuel, by vehicle type.

Calculations determine the chemical energy content of the fossil fuel (JP-8, diesel #2, Jet-A, or
marine diesel fuel oil) carried onboard each platform to find the volume ratio of equivalent
energy storage. Low benefit values use input parameter combinations that result in the highest
volume ratio (e.g., low estimates for battery energy density and high estimates for the lower
heating value of the fossil fuel) and vice versa for high benefit values. Variations are due to the
fossil fuel type as well as the commercial/projected values for battery pack-level energy density
for each vehicle type. Calculations in (a) use battery pack-level energy density values while
calculations in (b) also consider the overall system efficiencies for ICE and BE vehicles.
Although the comparison in (a) is often used, it is clearly inadequate, and, although improved,
(b) still fails to account for efficiencies gained by eliminating FF system components.
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Fig. S.19. An illustration of hydrogen (gas only) mass required to have the same raw energy
content (a) and useful energy content (b) of one-unit mass of fossil fuel, by vehicle type.

Calculations determine the chemical energy content of the fossil fuel (JP-8, diesel #2, Jet-A, or
marine diesel fuel oil) carried onboard each platform to find the mass ratio of equivalent energy
storage. Low benefit values use input parameter combinations that result in the highest volume
ratio (e.g., high estimates for the lower heating value of the fossil fuel) and vice versa for high
benefit values. Variations in (a) are due to the fossil fuel type and in (b) also include the range of
overall system efficiencies for each vehicle type. Calculations in (a) use hydrogen (gas only)
specific energy while calculations in (b) also consider the overall system efficiencies for ICE and
BE vehicles.
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Fig. S.20. An illustration of hydrogen (gas only) volume required to have the same raw
energy content (a) and useful energy content (b) of one-unit volume of fossil fuel, by vehicle

type.

Calculations determine the chemical energy content of the fossil fuel (JP-8, diesel #2, Jet-A, or
marine diesel fuel oil) carried onboard each platform to find the volume ratio of equivalent
energy storage. Low benefit values use input parameter combinations that result in the highest
volume ratio (e.g., 700-bar compressed gas hydrogen energy density and high estimates for the
lower heating value of the fossil fuel) and vice versa (e.g., liquid hydrogen energy density and
low estimates for the lower heating value of the fossil fuel) for high benefit values. Variations in
(a) are due to the fossil fuel type and hydrogen storage system type and in (b) also include the
range of overall system efficiencies for each vehicle type. Calculations in (a) use hydrogen (gas
only) energy density while calculations in (b) also consider the overall system efficiencies for
ICE and BE vehicles.
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Fig. S.21. An illustration of hydrogen storage system mass required to have the same raw
energy content (a) and useful energy content (b) of one-unit mass of fossil fuel, by vehicle

type

Calculations determine the chemical energy content of the fossil fuel (JP-8, diesel #2, Jet-A, or
marine diesel fuel oil) carried onboard each platform to find the mass ratio of equivalent energy
storage. Low benefit values use input parameter combinations that result in the highest mass
ratio (e.g., 700-bar compressed gas hydrogen specific energy and high estimates for the lower
heating value of the fossil fuel) and vice versa (e.g., liquid hydrogen specific energy and low
estimates for the lower heating value of the fossil fuel) for high benefit values. Variations in (a)
are due to the fossil fuel type and hydrogen storage system type and in (b) also include the range
of overall system efficiencies for each vehicle type. Calculations in (a) use hydrogen storage
system (700-bar or cryogenic-compressed hydrogen) specific energy values while calculations in
(b) also consider the overall system efficiencies for ICE and BE vehicles.
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Fig. S.22. An illustration of hydrogen storage system volume required to have the same raw
energy content (a) and useful energy content (b) of one-unit volume of fossil fuel, by vehicle

type

Calculations determine the chemical energy content of the fossil fuel (JP-8, diesel #2, Jet-A, or
marine diesel fuel oil) carried onboard each platform to find the volume ratio of equivalent
energy storage. Low benefit values use input parameter combinations that result in the highest
volume ratio (e.g., 700-bar compressed gas hydrogen energy density and high estimates for the
lower heating value of the fossil fuel) and vice versa (e.g., liquid hydrogen energy density and
low estimates for the lower heating value of the fossil fuel) for high benefit values. Variations in
(a) are due to the fossil fuel type and hydrogen storage system type and in (b) also include the
range of overall system efficiencies for each vehicle type. Calculations in (a) use hydrogen
storage system (700-bar or cryogenic-compressed hydrogen) energy density values while
calculations in (b) also consider the overall system efficiencies for ICE and BE vehicles.
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2.B. Calculating solutions for BE and HFC variants with equivalent or
improved capabilities compared to existing FF vehicles (Section 1.F)

Earlier, we derived equations and conducted both a graphical and computational
optimization to compare potential BE and HFC variants of existing FF/ICE vehicles. Fig. S.23
through Fig. S.94 illustrate these results. We show eight graphs for each vehicle platform
arranged in sets of two figures per page. The first two figures are for BE variants using
commercial and future feasible technologies. The second set of two figures are for HFC variants
using commercial and future feasible technologies. The third set of two figures are for BE
variant tipping point technologies using 3 kW kg! and 15 kW kg™! electric motors. Finally, the
fourth set of two figures are for BE variant tipping point technologies using 3 kW kg!and 15-
kW kg! electric motors. Below are a few notes on interpreting these graphs:

1. Scales on the x- and y-axes are different for each graph in order to best show the results. For
all BE variant graphs, the y-axis is in terms of battery pack mass (kg). For all HFC variant
graphs, the y-axis is in terms of hydrogen storage system mass (kg). For all graphs, the x-
axis is in terms of electric motor mass (kg).

2. We use a standard color scheme for quick comparison between characteristics of the BE or
HFC variant and the existing FF/ICE vehicle. PWR (or TWR) is in blue, range is in green,

is in , and volume is in red.

3. Dashed lines represent combinations of electric motor mass and either battery pack mass or
hydrogen storage system mass that result in equivalency between the BE or HFC variant and
the existing FF/ICE vehicle for that characteristic.

4. Shaded regions indicate combinations of electric motor mass and either battery pack mass or
hydrogen storage system mass that result in an improved capability in the BE or HFC variant
over the existing FF/ICE vehicle.

5. Numbered circles highlight the intersection points of vehicle characteristic equivalency lines,
and the point numbers always refer to the same intersection of vehicle characteristics: 1 is for
PWR (or TWR) and range, 2 for PWR (or TWR) and mass, 3 for PWR (or TWR) and
volume, 4 for range and mass, 5 for range and volume, and 6 for mass and volume.

6. When all vehicle characteristic equivalency lines intersect at the same point, we label that
point with an “X.”

7. Any point on the graph can be considered a design “solution.” The table inset within each
graph gives the numerical comparison between the BE or HFC variant and the existing
FF/ICE vehicle at each numbered intersection if the values for that point were used as a
design solution. Numbers in green represent equivalent or improved capabilities (i.e., 100%
and higher for PWR (or TWR) and range and 100% and lower for mass and volume).
Numbers in red represent decreased capabilities in the BE or HFC variant.

8. Yellow shapes call out solutions where either all four vehicle characteristics are
simultaneously met/improved or, in instances where that is not possible, where three of four
vehicle characteristics are met/improved.

9. Vehicle icons are at the bottom right for quick identification.

10. For the tipping point technology graphs, we also include the technology needed to be
achieved within the table.
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Ground combat vehicle (tracked)

Fig. S.23. Ground combat vehicle (tracked) battery electric variant, commercial technology
solutions

Fig. S.24. Ground combat vehicle (tracked) battery electric variant, future feasible
technology solutions
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Fig. S.25. Ground combat vehicle (tracked) hydrogen fuel cell variant, commercial
technology solutions

Fig. S.26. Ground combat vehicle (tracked) hydrogen fuel cell variant, future feasible
technology solutions
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Fig. S.27. Tipping point technology for ground combat vehicle (tracked) battery electric
variant using 3 kKW kg! electric motors, same as Fig. 4(b)

Fig. S.28. Tipping point technology for ground combat vehicle (tracked) battery electric
variant using 15 kW kg! electric motors
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Fig. S.29. Tipping point technology for ground combat vehicle (tracked) hydrogen fuel cell
variant using 3 kKW kg™! electric motors

Fig. S.30. Tipping point technology for ground combat vehicle (tracked) hydrogen fuel cell
variant using 15 kW kg! electric motors
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Ground combat vehicle (wheeled)

Fig. S.31. Ground combat vehicle (wheeled) battery electric variant, commercial technology
solutions

Fig. S.32. Ground combat vehicle (wheeled) battery electric variant, future feasible
technology solutions
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Fig. S.33. Ground combat vehicle (wheeled) hydrogen fuel cell variant, commercial
technology solutions, same as Fig. 4(a)

Fig. S.34. Ground combat vehicle (wheeled) hydrogen fuel cell variant, future feasible
technology solutions
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Fig. S.35. Tipping point technology for ground combat vehicle (wheeled) battery electric
variant using 3 kKW kg™! electric motors

Fig. S.36. Tipping point technology for ground combat vehicle (wheeled) battery electric
variant using 15 kW kg! electric motors
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Fig. S.37. Tipping point technology for ground combat vehicle (wheeled) hydrogen fuel cell
variant using 3 KW kg™! electric motors

Fig. S.38. Tipping point technology for ground combat vehicle (wheeled) hydrogen fuel cell
variant using 15 kW kg! electric motors
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Freight rail locomotive

Fig. S.39. Locomotive battery electric variant, commercial technology solutions

Fig. S.40. Locomotive battery electric variant, future feasible technology solutions
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Fig. S.41. Locomotive hydrogen fuel cell variant, commercial technology solutions

Fig. S.42. Locomotive hydrogen fuel cell variant, future feasible technology solutions
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Fig. S.43. Tipping point technology for a locomotive battery electric variant using
3 kKW kg! electric motors

Fig. S.44. Tipping point technology for a locomotive battery electric variant using
15 KW kg electric motors
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Fig. S.45. Tipping point technology for a locomotive hydrogen fuel cell variant using
3 kKW kg! electric motors

Fig. S.46. Tipping point technology for a locomotive hydrogen fuel cell variant using
15 KW kg electric motors
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Rotary-wing aircraft (helicopters)

Fig. S.47. Battery electric variant helicopter, commercial technology solutions

Fig. S.48. Battery electric variant helicopter, future feasible technology solutions
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Fig. S.49. Hydrogen fuel cell variant helicopter, commercial technology solutions

Fig. S.50. Hydrogen fuel cell variant helicopter, future feasible technology solutions
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Fig. S.51. Tipping point technology for battery electric variant helicopter using 3 kW kg!
electric motors

Fig. S.52. Tipping point technology for battery electric variant helicopter using 15 kW kg!
electric motors

265



Fig. S.53. Tipping point technology for hydrogen fuel cell variant helicopter using
3 KW kg! electric motors

Fig. S.54. Tipping point technology for hydrogen fuel cell variant helicopter using
15 KW kg electric motors
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Fixed-wing aircraft (prop plane)

Fig. S.55. Battery electric variant prop plane, commercial technology solutions

Fig. S.56. Battery electric variant prop plane, future feasible technology solutions
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Fig. S.57. Hydrogen fuel cell variant prop plane, commercial technology solutions

Fig. S.58. Hydrogen fuel cell variant prop plane, future feasible technology solutions
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Fig. S.59. Tipping point technology for battery electric variant prop plane using 3 kW kg!
electric motors

Fig. S.60. Tipping point technology for battery electric variant prop plane using 15 kW kg!
electric motors
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Fig. S.61. Tipping point technology for hydrogen fuel cell variant prop plane using
3 KW kg! electric motors

Fig. S.62. Tipping point technology for hydrogen fuel cell variant prop plane using
15 KW kg electric motors
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Fixed-wing aircraft (medium-haul jet airliner)

Fig. S.63. Medium-haul jet airliner battery electric variant, commercial technology
solutions

Fig. S.64. Medium-haul jet airliner battery electric variant, future feasible technology
solutions
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Fig. S.65. Medium-haul jet airliner hydrogen fuel cell variant, commercial technology
solutions

Fig. S.66. Medium-haul jet airliner hydrogen fuel cell variant, future feasible technology
solutions
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Fig. S.67. Tipping point technology for a medium-haul jet airliner battery electric variant
using 3 KW kg! electric motors

Fig. S.68. Tipping point technology for a medium-haul jet airliner battery electric variant
using 15 KW kg! electric motors
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Fig. S.69. Tipping point technology for a medium-haul jet airliner hydrogen fuel cell
variant using 3 KW kg™! electric motors

Fig. S.70. Tipping point technology for a medium-haul jet airliner hydrogen fuel cell
variant using 15 kW kg! electric motors
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Fixed-wing aircraft (long-haul jet airliner)

Fig. S.71. Long-haul jet airliner battery electric variant, commercial technology solutions

Fig. S.72. Long-haul jet airliner battery electric variant, future feasible technology
solutions
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Fig. S.73. Long-haul jet airliner hydrogen fuel cell variant, commercial technology
solutions

Fig. S.74. Long-haul jet airliner hydrogen fuel cell variant, future feasible technology
solutions, same as Fig. 3(a)

276



Fig. S.75. Tipping point technology for a long-haul jet airliner battery electric variant using
3 kKW kg! electric motors

Fig. S.76. Tipping point technology for a long-haul jet airliner battery electric variant using
15 KW kg electric motors
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Fig. S.77. Tipping point technology for a long-haul jet airliner hydrogen fuel cell variant
using 3 KW kg! electric motors

Fig. S.78. Tipping point technology for a long-haul jet airliner hydrogen fuel cell variant
using 15 KW kg! electric motors
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Waterjet boats

Fig. S.79. Battery electric variant waterjet boat, commercial technology solutions

Fig. S.80. Battery electric variant waterjet boat, future feasible technology solutions
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Fig. S.81. Hydrogen fuel cell variant waterjet boat, commercial technology solutions

Fig. S.82. Hydrogen fuel cell variant waterjet boat, future feasible technology solutions
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Fig. S.83. Tipping point technology for battery electric variant waterjet boat using
3 KW kg! electric motors

Fig. S.84. Tipping point technology for battery electric variant waterjet boat using
15 KW kg electric motors
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Fig. S.85. Tipping point technology for hydrogen fuel cell variant waterjet boat using
3 kKW kg! electric motors

Fig. S.86. Tipping point technology for hydrogen fuel cell variant waterjet boat using
15 KW kg electric motors
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Cargo ships

Fig. S.87. Battery electric variant cargo ship, commercial technology solutions

Fig. S.88. Battery electric variant cargo ship, future feasible technology solutions
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Fig. S.89. Hydrogen fuel cell variant cargo ship, commercial technology solutions

Fig. S.90. Hydrogen fuel cell variant cargo ship, future feasible technology solutions
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Fig. S.91. Tipping point technology for battery electric variant cargo ship using 3 kW kg
electric motors

Fig. S.92. Tipping point technology for battery electric variant cargo ship using 15 kW kg
electric motors
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Fig. S.93. Tipping point technology for hydrogen fuel cell variant cargo ship using
3 KW kg! electric motors

Fig. S.94. Tipping point technology for hydrogen fuel cell variant cargo ship using
15 KW kg electric motors
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The graphs in Fig. S.23 through Fig. S.94 are useful in aiding our understanding as to
what is required for BE and HFC variants. However, one limitation to these graphs is each one
details the possibilities for a specified combination of values for the key variables involved:
electric motor PWR, pack-level battery specific energy and energy density, hydrogen storage
system specific energy and energy density, and hydrogen fuel cell stack specific power and
power density, as appropriate for the variant. What may be even more useful for designers of
all-electric variants and decision-makers considering research and development goals are graphs
that show how specific technology levels will affect a certain vehicle characteristic. Fig. S.95
through Fig. S.103 do just that, illustrating our results from Sections 1.F.2.A through 1.F.2.1. In
each of these graphs, the BE or HFC variant exactly meets the PWR (or TWR) and range of the
existing FF/ICE vehicle.

Fig. S.95 through Fig. S.101 illustrate how a range of possible values for one of the key
variables affects the overall variant mass or volume. For example, Fig. S.95 shows how pack-
level battery specific energy technology affects the overall BE variant with the same PWR (or
TWR) and range of the existing FF/ICE vehicle. These graphs are incredibly useful because we
can quickly see where commercial technology levels are, assess what future technologies can do
for BE or HFC variants, and define acceptable targets. For example, a designer working on a BE
variant of a wheeled ground combat vehicle using 15 kW kg™! electric motors may know that a
5% increase in overall vehicle mass is acceptable. If that is the case, then pack-level battery
specific energy technology only needs to reach 200 Wh kg! for such a design to be possible.
Using commercial battery pack specific energy technology of 157 Wh kg'! would require a BE
wheeled ground combat vehicle to be ~9% heavier.

Fig. S.102 and Fig. S.103 illustrate how the hydrogen storage system and the fuel cell
stack compete for mass and volume budget, respectively, in the HFC variant. Technology
improvements in the hydrogen storage system allow for lower technology levels in the fuel cell
stack to be acceptable, and vice versa. It is evident from Fig. S.102 that ground vehicles can
already transition using commercial HFC technology (especially with 15 kW kg electric
motors), and that, because the hydrogen storage system and the fuel cell stacks are only two parts
of the overall vehicle system, further technological improvements do little to further reduce
overall mass. Although acceptable overall HFC variant mass is achievable given technology
values cited as feasible within the literature, Fig. S.103 illustrates the challenge that overall HFC
variant volume still poses. Many vehicle platforms (all aircraft, the freight locomotive, and
cargo ships) can never achieve the same volume as the existing FF/ICE vehicles due to hydrogen
storage density limitations. In such instances, designers must consider if additional volume
budget is available (beyond what we estimated in this analysis) and whether additional vehicle
volume is acceptable. Many design opportunities exist, such as changing the shape of aircratft,
using a rail car with additional stored hydrogen for locomotives, and using otherwise unused on-
or below-deck space for hydrogen storage on cargo ships.
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Fig. S.95. Impact of pack-level battery specific energy on total vehicle mass using an
electric motor PWR of 3 KW kg! (a) and 15 KW kg! (b).

Calculations are based on the requirement for BE variants to have the same PWR (or TWR) and
range as existing ICE vehicles. Commercial pack-level battery specific energy is shown by the
vertical green dashed line. A 1:1 mass ratio between BE and ICE vehicles is shown by the
horizontal red dashed line. Where each vehicle platform's line crosses the red dashed line
indicates the technological tipping point at which the BE variant will have the same mass as the
existing ICE vehicle. A vertical line drawn at any battery specific energy value will indicate the
percent increase or decrease in total vehicle mass achieved upon conversion at that technology
level. Since onboard useful energy storage is only one component of a vehicle platform, the
effect upon total vehicle mass decreases as specific energy increases. (b) is the same as Fig. 5(a).
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Fig. S.96. Impact of pack-level battery energy density on total vehicle volume using an
electric motor PWR and pack-level battery specific energy of 3 kW kg and 157 Wh kg™ (a)
and 15 KW kg! and 335 Wh kg! (b), respectively.

Calculations are based on the requirement for BE variants to have the same PWR (or TWR) and
range as existing ICE vehicles. Commercial pack-level battery energy density is shown by the
vertical green dashed line. A 1:1 volume ratio between BE and ICE vehicles is shown by the
horizontal red dashed line. Where each vehicle platform's line crosses the red dashed line
indicates the technological tipping point at which the BE variant will have the same volume as
the existing ICE vehicle. A vertical line drawn at any battery energy density value will indicate
the percent increase or decrease in total vehicle volume achieved upon conversion at that
technology level. Since onboard useful energy storage is only one component of a vehicle
platform, the effect upon total vehicle volume decreases as specific energy increases. Results are
not shown for the locomotive or any aircraft as those platforms do not have feasible results using
the singular value for pack-level battery specific energy specified.
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Fig. S.97. Impact of pack-level battery energy density on total vehicle volume using an
electric motor PWR of 3 kW kg! (a) and 15 kW kg™! (b) with values for pack-level battery
specific energy that result in a 1:1 mass ratio (equivalent mass) between BE and ICE
variants for each individual vehicle platform.

Calculations are based on the requirement for BE variants to have the same PWR (or TWR) and range as
existing ICE vehicles. In this scenario, different values for pack-level specific energy are used for each
vehicle type to ensure a 1:1 mass ratio between BE and ICE variants. Commercial pack-level battery
energy density is shown by the vertical green dashed line. A 1:1 volume ratio between BE and ICE
vehicles is shown by the horizontal red dashed line. Where each vehicle platform's line crosses the red
dashed line indicates the technological tipping point at which the BE variant will have the same volume
as the existing ICE vehicle. A vertical line drawn at any battery energy density value will indicate the
percent increase or decrease in total vehicle volume achieved upon conversion at that technology level.
Since onboard useful energy storage is only one component of a vehicle platform, the effect upon total
vehicle volume decreases as specific energy increases. (b) is the same as Fig. 5(b).
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Fig. S.98. Impact of hydrogen storage system specific energy on total vehicle mass using an
electric motor PWR and fuel cell stack specific power of 3 kW kg and 659 W kg! (a) and
15 KW kg and 8 kKW kg1 (b), respectively.

Calculations are based on the requirement for HFC variants to have the same PWR (or TWR) and
range as existing [CE vehicles. Commercially available 700 bar compressed gas hydrogen system
specific energy is shown by the vertical green dashed line. Projected available cryogenic-
compressed hydrogen system specific energy is shown by the vertical green dotted line. A 1:1 mass
ratio between HFC and ICE vehicles is shown by the horizontal red dashed line. Where each vehicle
platform's line crosses the red dashed line indicates the technological tipping point at which the HFC
variant will have the same mass as the existing ICE vehicle. A vertical line drawn at any hydrogen
storage system specific energy value will indicate the percent increase or decrease in total vehicle
mass achieved upon conversion at that technology level. Since onboard useful energy storage is only
one component of a vehicle platform, the effect upon total vehicle mass decreases as specific energy
increases. Not all vehicle platforms have solutions due to technology levels selected.
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Fig. S.99. Impact of hydrogen storage system energy density on total vehicle volume using
an electric motor PWR, hydrogen storage system specific energy, fuel cell stack specific
power, and fuel cell stack power density of 3 KW kg, 1,465 Wh kg!, 659 W kg'!, and

640 W L! (a) and 15 KW kg, 21,000 Wh kg'!, 8 kKW kg'!, and 850 W L! (b), respectively.

Calculations are based on the requirement for HFC variants to have the same PWR (or TWR) and
range as existing ICE vehicles. Commercially available 700 bar compressed gas hydrogen system
energy density is shown by the vertical green dashed line. Projected available cryogenic-compressed
hydrogen system energy density is shown by the vertical green dotted line. A 1:1 volume ratio
between HFC and ICE vehicles is shown by the horizontal red dashed line. Where each vehicle
platform's line crosses the red dashed line indicates the technological tipping point at which the HFC
variant will have the same volume as the existing ICE vehicle. A vertical line drawn at any hydrogen
storage system energy density value will indicate the percent increase or decrease in total vehicle
volume achieved upon conversion at that technology level. Since onboard useful energy storage is
only one component of a vehicle platform, the effect upon total vehicle volume decreases as specific
energy increases. Not all vehicle platforms have solutions due to technology levels selected.
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Fig. S.100. Impact of fuel cell stack system specific power on total vehicle mass using an
electric motor PWR and hydrogen storage system specific energy of 3 kW kg! and
1,465 Wh kg! (a) and 15 kW kg! and 21,000 Wh kg (b), respectively.

Calculations are based on the requirement for HFC variants to have the same PWR (or TWR)
and range as existing ICE vehicles. Commercially available integrated fuel cell stack system
(with balance of plant components) specific power is shown by the vertical green dashed line.
Commercially available fuel cell (stack only) specific power is shown by the vertical green
dotted line. A 1:1 mass ratio between HFC and ICE vehicles is shown by the horizontal red
dashed line. Where each vehicle platform's line crosses the red dashed line indicates the
technological tipping point at which the HFC variant will have the same mass as the existing [CE
vehicle. A vertical line drawn at any fuel cell stack system specific power value will indicate the
percent increase or decrease in total vehicle mass achieved upon conversion at that technology
level. Not all vehicle platforms have solutions due to the value selected for hydrogen storage
system specific energy.
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Fig. S.101. Impact of fuel cell stack system power density on total vehicle volume using an
electric motor PWR, hydrogen storage system specific energy, hydrogen storage system
energy density, and fuel cell stack specific power of 3 kW kg!, 1,465 Wh kg, 833 Wh L,
and 659 W kg! (a) and 15 kW kg!, 21,000 kWh kg'!, 1.7 KkWh L', and 8 kW kg (b),
respectively.

Calculations are based on the requirement for HFC variants to have the same PWR (or TWR) and
range as existing ICE vehicles. Commercially available integrated fuel cell stack system (with
balance of plant components) power density is shown by the vertical green dashed line.
Commercially available fuel cell (stack only) power density is shown by the vertical green dotted

line. A 1:1 volume ratio between HFC and ICE vehicles is shown by the horizontal red dashed line.

Where each vehicle platform's line crosses the red dashed line indicates the technological tipping
point at which the HFC variant will have the same volume as the existing ICE vehicle. A vertical
line drawn at any fuel cell stack system power density value will indicate the percent increase or
decrease in total vehicle volume achieved upon conversion at that technology level. Not all vehicle
platforms have solutions due to technology levels selected.
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Fig. S.102. Competition between hydrogen storage system specific energy and fuel cell
stack specific power requirements for a 1:1 mass ratio (equivalent mass) between HFC and
ICE variants for each individual vehicle platform using an electric motor PWR of

3 kKW kg! (a) and 15 KW kg! (b).

Calculations are based on the requirement for HFC variants to have the same PWR (or TWR) and
range as existing ICE vehicles. Specific power values for commercially-available integrated fuel cell
stack system (with balance of plant components) and future feasible fuel cell stacks are shown by the
vertical green and amber dotted lines, respectively. Specific energy values for commercially-
available 700-bar hydrogen storage systems, future feasible liquid hydrogen storage tanks (no
balance of plant components), and hydrogen alone (no tank or storage balance of plant components)
are shown by the horizontal green, amber, and red dashed lines, respectively. A 1:1 mass ratio
between HFC and ICE variants is shown by each vehicle platform's line. Points A and B show two
possible combinations of technology levels that would enable all HFC variants to have equivalent or
improved characteristics for PWR (or TWR), range, and mass compared to existing ICE vehicles. (b)
is the same as Fig. 6(a).
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Fig. S.103. Competition between hydrogen storage system energy density and fuel cell stack
power density requirements for a 1:1 volume ratio (equivalent volume) between HFC and
ICE variants for each individual vehicle platform using an electric motor PWR of

3 kKW kg! (a) and 15 kKW kg! (b).

Calculations are based on the requirement for HFC variants to have the same PWR (or TWR) and range
as existing ICE vehicles. Power density values for commercially-available integrated fuel cell stack
system (with balance of plant components) and future feasible fuel cell stacks are shown by the vertical
green and amber dotted lines, respectively. Energy density values for commercially-available 700-bar
hydrogen storage systems, the DOE's "ultimate" target for electric vehicle hydrogen storage, and liquid
hydrogen alone (no tank or storage balance of plant components) are shown by the horizontal green,
amber, and red dashed lines, respectively. A 1:1 volume ratio between HFC and ICE variants is shown
by each vehicle platform's line. Note that using just the volume budget for each vehicle platform defined
by stripping out the existing fossil fuel system components, all aircraft, the locomotive, and cargo ships
must become larger if converted to HFC variants. (b) is the same as Fig. 6(b).
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2.C. Additional factors for transitioning FF/ICE vehicles to BE and HFC
variants

2.C.1. Vehicle platforms considered

2.C.1.A. Ground combat vehicles

The Army classifies its vehicles as either “ground combat vehicles” or “non-tactical
vehicles” (NTVs). All ground combat vehicles considered in this analysis are medium or heavy-
duty by commercial standards (above 10,000 pounds GVW), whereas NTVs are classified as
passenger, light trucks, medium trucks, trucks, or other [8]. In 2012, the Army had a total of
~300,000 ground combat vehicles and ~200,000 NTVs [8]. In recent years, the Army has made
significant advancements in adopting measures to reduce fossil fuel consumption in its NTV
fleet through its Vehicle Allocation Methodology/Vehicle Utilization Review Board process
[385]. Under Executive Order 13693: Planning for Federal Sustainability in the Next Decade,
the mandated FY 2025 cumulative goal for NTV fossil fuel reduction was 30%, and the Army
had already achieved nearly 40% by FY 2017 [386—388]. Reducing fossil fuel consumption in
the Army’s tactical vehicle fleet, however, has proved to be more difficult and related initiatives
dominated the top five Operational Energy programs for FY 2018 [389]. The Army conducts
combat vehicle modernization efforts to “solve the ‘combat vehicle challenge;’ that is, designing
combat vehicles that protect Soldiers against threats and deliver precision lethality, while
providing both tactical mobility and global responsiveness within the limitations of vehicle cost
and weight” [390].

2.C.1.B. Freight locomotive

Railways are used to transport military vehicles from installations to port where they are
shipped worldwide for deployments. House Resolution 3671, introduced in September 2017,
calls for 80% of train rail lines and train engines to be electrified by 2027 and 100% by 2035
[391]. Still, BE locomotives are nothing new. The first known battery locomotive was built by
Robert Davidson of Aberdeen, United Kingdom in 1837 [392]. Through the years, battery
electric locomotives have been used in applications where exhaust from diesel is a problem, such
as in underground mines or other enclosed spaces [393]. However, their widespread use was
never adopted due to higher costs, heavier platforms, shorter range, and the need for recharging
stations. As battery technology improves and becomes more mainstream through the
manufacture of other battery electric platforms like automobiles, it is likely that these challenges
will be overcome. Our analysis considered the General Electric (GE) ET44AC model
locomotive designed to meet the EPA’s Tier 4 emissions standards. The naming convention
stands for Evolution Series Tier 4, 4400 HP, AC traction [61].

2.C.1.C. Aircraft

The Army has both rotary- and fixed-wing aircraft. In 2007, the Congressional Budget
Office reported that the United States would spend approximately $3.3 billion annually through
2030 to modernize its rotary-wing fleet of over 3,500 aircraft [394]. In 2014, the Army’s fixed-
wing fleet consisted of ~340 aircraft of 16 different designs and 35 variants [395]

297



2.C.1.D. Watercraft

In World War II, the US Army had a total of over 127,800 watercraft — more than the US
Navy [396]. Since then, that number has decreased significantly, but the Army still maintains
numerous watercraft ranging from inflatable Zodiacs with outboard motors to the General Frank
S. Besson class Logistics Support Vessel (LSV) with over 4,200 tons displacement [397]. In
2011, the Army had 76 large, named vessels to include six floating cranes, 16 small tugs, 11
large tugs, 35 Landing Craft Utility (LCU), and eight LSVs [398]. Consequently, watercraft are
still an important part of the overall Army vehicular fleet.

2.C.2. Longevity

The expected useful life of a vehicle is an important factor when considering the
management of vehicle fleets. The Army, via appropriated funding from Congress, continuously
embarks upon a fleet modernization program that introduces new capabilities by either replacing
or significantly upgrading identified vehicle platforms [394]. Electric motors are very durable,
however, and can outlast traditional ICEs as well as other components of all-electric variants.
For BE variants, the batteries themselves become the new limiting factor. Batteries can last
1,500 to 3,000 cycles before losing 20% of their capacity with 5,000 to >10,000 cycles expected
by 2030; thus, researchers conclude that a BE vehicle with a range of 450 km can have a useful
life of ~450,000 to 1,350,000 km [399]. If batteries are made to be swappable as technology
continues to improve, this could significantly extend the useful life of vehicles, keeping them in
use longer and significantly reducing the time they are removed from the field for upgrades or
repairs.

Some vehicle platforms included in this study are completely new, fully replacing former
platforms. Others have been in use for decades and continue to receive upgrades. The average
date of entry for the baseline vehicle type included in this study is 1985, illustrating that the
Army tends to make incremental improvements and upgrades to its fleet rather than frequently
adopt completely new platforms.

2.C.3. Fleet modernization

The Army requires a modern fleet of combat vehicles capable of being deployed
worldwide, maneuvered across a wide variety of terrain, and sustained with a ready and reliable
source of fuel. Modernized vehicles should have improved capabilities, and the logistics
required to maintain and operate new vehicles should be less burdensome than today. The
Defense Advanced Research Projects Agency “envisions tomorrow’s land vehicle as one with a
50% reduction in weight, 50% reduction in crew requirements, 100% increase in speed, and a
reduced vehicle signature. The vehicle would also be able to maneuver in 95% of terrain” [400].
The Next-Generation Combat Vehicle and Future Vertical Lift are two modernization programs
currently underway in the Army [401].

2.C.4. Safety

Tactical vehicle rollovers are a concern in the Army, especially as they are used in rough,
off-road terrain. To help prevent rollovers, the center of gravity can be lowered, which has
already been done by manufacturers of commercial BE cars by placing batteries low to the
ground. We recommend research into the safety of batteries, to include potential blast
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attenuation and fire retardation by their cooling structure, as battery placement within ground
combat vehicles may be able to help protect occupants.

Critics of hydrogen claim that material handling safety is an unknown, but over 100
hydrogen-powered forklifts have been in use in Defense Logistics Agency distribution
warehouses since 2009 [402]. Their success, along with over 700 forklifts cost-shared through
the Department of Energy’s Program Record #17003, led to more than 15,800 additional
hydrogen-fueled forklift orders from industry [403]. In a period of just three years, between
2009 and 2012, the DOE-sponsored forklifts alone logged 1.25 million hours of operation using
140,000 kg of hydrogen dispensed over nearly 200,000 safe refueling occurrences [404].
Furthermore, studies have shown that punctures to fuel tanks are safer on HFC variants than
traditional FF/ICE vehicles. One study compared an HFC vehicle and a gasoline vehicle; the
HFC vehicle leaked 3.4 pounds of hydrogen (~175,000 BTU) and the gasoline vehicle leaked
five pints of gas (~70,000 BTU) before both were ignited [405]. Because hydrogen is much
lighter than the surrounding atmosphere, the flame shot straight up, and the vehicle itself was not
damaged. The gasoline, however, spread, and the car was consumed.

2.C.5. Vehicle size and weight

Whereas, in the clean energy economy, it may be acceptable for BE or HFC vehicles to
be heavier than FF/ICE vehicles, adding mass to ground combat vehicles is more complicated.
We already discussed NATO’s MLC system of standards for classifying safe loads on roads and
bridges (see Section 1.C.1.A.1.A). Army vehicles have a wide range of weights, from ~1 to ~70
tons [406,407]. Adding mass to ground combat vehicles reduces capability because it limits the
terrain, roadways, and bridges that vehicles can traverse, to include combat bridges within the
Army’s own inventory. Similarly, adding either mass or volume to ground combat vehicles
reduces their worldwide deployability. Increasing the volume of ground combat vehicles makes
maneuverability more difficult (especially in urban terrain) and decreases the capability for
deployment worldwide by reducing the loading capacity per sea vessel, aircraft, or truck trailer.

Vehicle mass and volume are also important to the other vehicle types. Freight
locomotive design is constrained by railway infrastructure, like tunnel size, track separation, and
track ballast maintenance requirements. Heavier airplanes may cause quicker degradation of
airfields, and larger airplanes may not fit within tight passenger terminal areas. Making
watercraft heavier displaces more water, which increases the wetted surface area of the hull and
increases the force required to propel the vessel through the water. Additionally, if the vessel
becomes heavier than the weight of the volume of water it displaces, it will sink.

2.C.6. Energy storage limitations

A significant benefit of FF is its ability to conform to the shape of its container. When
transitioning to BE or HFC vehicles, energy storage may have further challenges. For example,
HFC airplanes will likely need to use cylindrical or spherical tanks in order to maximize storage
density efficiency, but this may preclude storing fuel in the wings. Efficient hydrogen storage
would likely require a large tank that extends along the length of the fuselage or several tanks
fore and aft of the cabin [408]. Energy storage limitations for BE airplanes is also challenging,
so designers are staying focused on short- to medium-distance flights with few passengers.
Alice, by Eviation, is designed to carry nine passengers with a range up to 1,000 km using a 900
kWh lithium-ion battery pack [409]. Zunum Aero (backed by Boeing and Jet Blue) promise to
deliver a 12-passenger, 700-mile range plane by 2022 using ducted electric fans and batteries
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followed by a 50-passenger, 1,000-mile aircraft, with 40% reduction in runway length, 75%
reduction in noise, and 80% reduction in emissions [221].

Another example of current challenges with energy storage is with large watercraft and long-
distance transport. China has already launched a 2,000 metric ton BE ship (albeit to haul coal
along the Pearl River), but it is limited to 80 km of travel after two hours of charging [410,411].
Japan plans to launch a zero-emission BE tanker by mid 2021, but its use will be for coastal
operations within Tokyo Bay [412]. HFC ships are also of interest. Viking Cruises announced
in 2017 that it plans to build the world’s first cruise ship fueled by liquid hydrogen and fuel cells
[413]. The German Navy built a submarine using PEMFCs that has an underwater range of
12,000 nm over 50 days at 10 knots [414].

2.C.7. Other vehicle energy requirements

Our analysis focuses on the main purpose of these transportation platforms — physical
movement. However, many other onboard systems require power, such as night vision devices,
radios, weapon systems, and other ancillary gear. The Army is already investigating the use of
HFCs as an energy source for ground combat vehicles due to their relatively low operating
temperature of ~70°C, silent operation, and relatively high overall system efficiency of near 50%
[415]. In fact, fuel cells have recently been investigated to allow for operations in “silent watch”
where the vehicle engine is off and all ancillary equipment is powered through the fuel cell
[416]. Low operating temperatures and noise reduction help not just with efficient operation but
also reduce an adversary’s ability to locate, track, target, and destroy vehicles. Additionally,
future vehicle-to-grid possibilities may prove especially useful for forward operating bases and
may influence BE and/or HFC designs.

2.C.8. Cost

Fueling the Army’s tactical vehicles is costly, especially when considering the “fully
burdened cost” of fuel, which is defined in 10 U.S.C. § 2922h as “the commodity price of the
fuel plus the total cost of all personnel and assets required to move and, when necessary, protect
the fuel from the point at which the fuel is received from the commercial supplied to the point of
use” [417].

2.C.9. Energy infrastructure

Interest is growing for a new energy infrastructure built upon sources of renewable
energy. This is due to a variety of reasons, ranging from achieving energy security to building
the economy to reducing carbon emissions. Today, there are multiple proposed resolutions and
bills in Congress calling for a transition to some variation of 100% renewable energy within
specified timelines. Variations are defined by key words. For example, “clean” excludes
polluting renewables to include the burning of biofuels, and “renewable” excludes two types of
“zero-carbon emission” technologies — nuclear power and the burning of fossil fuels with carbon
capture. The requirement for clean, renewable energy is the most restrictive of portfolio goals
currently being considered by legislative bodies; consequently, this study considers vehicle
systems that could support a 100% clean, renewable energy infrastructure.
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2.C.10. Quantifying environmental improvements from potential greenhouse gas emission
reductions

U.S. Army vehicle emissions result from both combat vehicles and non-tactical vehicles
(NTVs). Combat vehicles include all types of vehicles used for operational missions or training
purposes. They include tracked and wheeled ground vehicles, rotary- and fixed-wing aircraft,
and both cargo ships and smaller boats. NTVs are used in and around the U.S. Army’s
permanent bases for day-to-day business and include all sedans; passenger vans; sport-utility
vehicles (SUVs); light-, medium-, and heavy-trucks; ambulances; buses; and other vehicles. In
order to estimate the magnitude of U.S. Army vehicle tailpipe emissions and its impact on
climate, we use mobile combustion emissions factors published by the U.S. Environmental
Protection Agency (EPA) and The Climate Registry, focusing on the three major greenhouse
gases from emissions: carbon dioxide, CO,; methane, CHs; and nitrous oxide, N>O [21,22,418].

2.C.10.A. Combat vehicles

Due to the lack of available data on operational fuel consumption in the military, several
assumptions are necessary to conduct this analysis. We explain these assumptions, why they are
necessary, and why our assumed values are reasonable.

First, there is a lack of published data on the specific end-use consumption of operational
energy fuels for the Department of Defense (DOD). This analysis uses the DOD’s Annual
Operational Energy Reports to the U.S. Congress from 2007 to 2019, in which the number of
millions of barrels of fuel are reported by service branch [23]. As can be seen in Table S.40, the
annual consumption of fuel is highly dependent upon operational requirements and can fluctuate
significantly.

Table S.40. Annual “barrels of fuel” consumed for U.S. Army operational energy.

Fiscal Year Ban:el.s Fuel
(millions)
2019 9.0
2018 9.2
2017 7.6
2016 7.1
2015 7.3
2014 10.1
2013 12.7
2012 16.1
2011 20.2
2010 19.0
2009 18.7
2008 19.9
2007 17.9

Data from DOD [23].

Second, the breakdown for how this operational fuel is consumed is not reported beyond
the service branch divisions (i.e., to levels below the Department of the Army, Department of the
Air Force, or the Department of the Navy). However, in 2008, a Report of the Defense Science
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Board Task Force on DOD Energy Strategy: “More Fight — Less Fuel” reported operational
energy fuel use specific to the U.S. Army for various vehicle categories under both “Peacetime
OPTEMPO” and “Wartime OPTEMPO,” where OPTEMPO is the abbreviation for “Operations
Tempo” [419]. The U.S. Army has experienced continuous deployments from 2001 to 2021,
but, as reflected in Table S.40, there can be significant differences in DOD fuel consumption
from year to year as the level of wartime activity fluctuates. Because we cannot predict whether
future years will see higher or lower level of U.S. Army operations worldwide, we use this data
to calculate an average operational fuel consumption by domain, as shown in Table S.41, taking
a simple average between the wartime and peacetime OPTEMPOs. Because the Defense
Science Board Task Force did not fully define their vehicle categories such as “combat vehicles”
and “tactical vehicles,” we make a necessary assumption to estimate the percentage of fuel that
goes to watercraft, which includes large cargo ships used to transport equipment across oceans.
We use this average breakdown in our analysis of the past 13 years’ worth of data, electing not to
arbitrarily declare definitions for wartime or peacetime OPTEMPOs. After conducting a
sensitivity analysis of our results, we believe this is an adequate assumption. The resulting 20-
and 100-year Global Warming Potential (GWP) of emissions using wartime and peacetime
OPTEMPO percentages is just ~0.1% higher and ~0.1% lower, respectively, than results using
averaged percentages.

Table S.41. Approximate breakdown of operational vehicle fuel use by domain with an
average between Peacetime and Wartime OPTEMPOs

Peacetime Wartime

Domain | b1 enipo | OPTEMPO | AYErage
Land 31% 47% 39%
Air 65% 48% 57%
Sea 4% 5% 4%

Third, the actual fuel used by vehicle platforms may differ. The U.S. Army uses a single-
fuel standard in order to simplify resupply logistics on the battlefield, and the vast majority of
diesel engines use JP-8, which is a lighter distillate mix than diesel and is similar to kerosene.
For CO; emissions, the EPA publishes values for both “kerosene-type jet fuel” and diesel fuel.
Although most U.S. Army ground vehicle engines can burn either JP-8 or diesel, we elect to use
the lower CO: emissions values for kerosene-type jet fuel in order to have a more conservative
result than what diesel emission factors would produce. For CH4 and N>O, the EPA publishes
values for ground vehicles using gasoline, diesel, methanol, ethanol, compressed natural gas
(CNQG), liquefied petroleum gas (LPG), and biodiesel, but not kerosene or jet fuel; therefore, we
use the EPA’s diesel emission factors for these two greenhouse gases for all ground vehicles.
The EPA does publish CH4 and N2O emissions factors for turbine-engine aircraft using jet fuel,
which we use for both rotary- and fixed-wing aircraft. For cargo ships, we assume the use of
marine residual fuel oil; for smaller boats, we assume the use of diesel. We further assume a 50-
50 split in fuel requirements between those two types of watercraft (the Army uses many types of
smaller boats, to include those used to support the emplacement of floating bridges over rivers
and lakes). Until such divisions in fuel use are measured and recorded in more detail, these
assumptions remain necessary to complete this analysis.

Using these assumptions, we can take our estimates for operational fuel use across the
land, air, and sea domains and apply published emissions factors from the EPA and The Climate
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Registry to calculate vehicle emissions of CO2, CH4, and N>O by-year and quantify the total
amount of operational vehicle greenhouse gas emissions.

The first step is to take the barrels of fuel used by the U.S. Army each year and subtract
out the estimated percentage of fuel that went to powering diesel generators at contingency bases
to produce electricity. According to the Defense Science Board Task Force on DOD Energy
Strategy, the average between Peacetime and Wartime OPTEMPOs suggests about 23% of total
operational fuel consumption was by generators, with the remaining 77% going to combat
vehicles of all types [419].

Then, we take the fuel used by all combat vehicles each year and, using the averages
from Table S.41, calculate the barrels of fuel used by each major category of combat vehicles:
ground vehicles, aircraft, and watercraft.

Next, for each major category of combat vehicles, we calculate the annual emissions of
each greenhouse gas (GHG) (i.e., CO2, CH4, and N>O) according to the general formula shown
by Eq. (S.597). Afterwards, we take the summation of each type of greenhouse gas emission
across all vehicle categories by year.

Eq. (S.597)

[tonne] barrels]

= Fuel Consumptiony, yenicle category [ yr

kg] 10~%tonne [1,000g]
gal g kg

EInlSSlonSGHG,yr,vehicle category
42 gal
barrel

] * Emission Factorgye) type,He [

2.C.10.B. Non-tactical vehicles

Data for fuel consumption from U.S. Army non-tactical vehicles are largely from the
General Services Administration’s (GSA’s) annual Federal Fleet Report [24]. We recorded data
from 2011 to 2019 Federal Fleet Reports from Tab 2-1 (Worldwide Number of Vehicles), Tab 4-
1 (Worldwide Number of Miles), and Tab 5-1 (Worldwide Fuel Consumption). The GSA
publishes these data with subdivisions by vehicle type and fuel type. One note: the GSA
subdivides the U.S. Army’s vehicles into “Department of Army” and “Corps of Engineers, Civil
Works” vehicles, which must be summed in order to get the total annual data for all Department
of the Army NTVs.

The analysis for NTVs also requires several assumptions. First, we neglect data for low
speed electric vehicles (LSEVs) and electric vehicles (EVs). We assume that, if the U.S. Army
were to use clean, renewable energy, then there would already be zero greenhouse gas emissions
from these vehicle types. Second, the EPA publishes emissions factors for CH4 and N>O from
on-road vehicles by fuel type and vehicle year with lower emissions from newer vehicles. We
assume that all vehicles used by the U.S. Army in a year are that model year’s vehicles (i.e., we
assume a completely new fleet of vehicles each year, which therefore underestimates total
emissions). Third, we calculate an estimate for biodiesel (B20) emissions by using weighted
EPA values for B100 (20%) and diesel (80%). Forth, we assume all hydrogen is used in fuel
cells (as opposed to being combusted), so has zero emissions, and that the hydrogen is produced
using electrolysis powered by clean, renewable electricity. Fifth, we can use EPA values to
calculate CO> emissions directly from the total emissions by fuel type from the Federal Fleet
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Report (Eq. (S.598)), but to use the EPA’s emission factors for CH4 and N»O requires knowledge
of both the fuel and vehicle type. Since this relationship is unknown, we must assume a
breakdown for gasoline and diesel fuels across vehicle types and use weighted averages along
with Eq. (S.599) to find the total emissions for CHs and N>O. Across the total U.S. Army NTV
fleet, we assume that sedans, passenger vans, SUVs, and light trucks use gasoline; heavy trucks
and buses use diesel; medium truck miles are 50% from gasoline and 50% from diesel; and
ambulance miles are 25% gasoline and 75% diesel. Although different fuel types result in
different emissions (e.g., using CNG results in higher CH4 emissions and lower N>O emissions
than gasoline or diesel) the impact is very small in this analysis. In fact, summing all gasoline
gallon equivalent fuel consumption from B100, CNG, LNG, and LPG results in, on average over
all years considered, one-hundredth of one percent of all annual U.S. Army gasoline gallon
equivalent fuel consumption. Furthermore, all “alternative” fuels, which include biodiesel (B20
and B100), compressed natural gas, electricity, ethanol (E-85), liquefied natural gas, and
hydrogen, are still just 3% to 5% of total gasoline gallon equivalent fuel consumption. Even
after applying their higher global warming potentials, the combined effect of CH4 and N>O is
still less than 1% of the overall GWP in terms of COze for U.S. Army NTV greenhouse gas
emissions. Consequently, we believe these assumptions are necessary, reasonable, and, likely,
result in a conservative estimate for overall greenhouse gas emissions.

Eq. (S.598)

tonne _ ) gal
] = Worldwide Fuel Consumptiony, f;e] type [F]

kgCOz] llO‘Gtonnel [1,000g]
8
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Eq. (S.599)
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= Worldwide Milesy, yenicle type T

g ] 10~%tonne
mile g
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2.C.10.C. Total U.S. Army vehicle greenhouse gas emissions

At this point, we have estimated the total combat vehicle emissions and total NTV
vehicle emissions, in tonnes/yr of CO2, CHs, and N>O. We next sum these numbers to find the
total U.S. Army vehicle emissions. We further calculate the 20- and 100-yr global warning
potentials with and without, climate-carbon feedback (see Table S.42) [25].
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Table S.42. 20- and 100-yr GWPs to derive CO2e

Global Warming Potential
Greenhouse Gas 20-yr 100-yr
Noccfb | Withccfb | No cc fb | With cc fb
Carbon Dioxide | CO; 1 1 1 1
Methane CH4 84 86 28 34
Nitrous Oxide | N2O 264 268 265 298

Data from UNFCCC [25]; cc b is “climate-carbon feedback.”

The generalized equation for calculating annual global warming potential (GWP) in
terms of COze is given by Eq. (S.600).

Eq. (S.600)
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If all U.S. Army vehicles are transitioned to either battery electric or hydrogen fuel cell
technology, then all of these calculated tailpipe greenhouse gas emissions can be eliminated. To
put such results into relative terms for comparison, we use the EPA’s published value of 4.6
tonne/yr COze for typical passenger car emissions in the U.S.[26] Dividing results from Eq.
(S.600) by this value reveals the impact of such a transition in equivalent terms of the number of
typical passenger cars taken off the road in a year (Eq. (S.601)).

Eq. (S.601)

ars
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