2025-01-8597

Regional Analysis for an Economically and Environmentally Viable Transition to
Heavy-Duty Vehicles with Alternative Powertrains

Author, co-author (Do NOT enter this information. It will be pulled from participant tab in

MyTechZone)

Affiliation (Do NOT enter this information. It will be pulled from participant tab in MyTechZone)

Abstract

The transportation sector is responsible for a significant portion of
greenhouse gas emissions. Within the sector, truck freight is
responsible for a third of the associated emissions. Alternative
powertrains are seen as a viable approach to significantly reduce
these emissions. Prior to making a large-scale transition, it is
important to consider the following questions: will the power grid
support a transition to alternative powertrains?; will the transition
truly reduce carbon emissions?; and will the transition impose an
unnecessary economic burden on companies within the industry? The
answer to these questions, however, can vary by geography,
maturity/capacity of the energy distribution network or predicted
vehicle load. We focus on the latter two questions, investigating the
variation in estimated total cost of ownership and carbon emissions
across the United States at the zip code level for both heavy-duty
battery electric vehicles and heavy-duty fuel cell electric vehicles. As
a benchmark, we compare estimated emissions and costs of
alternative powertrain vehicles to that of conventional heavy-duty
vehicles powered by diesel internal combustion engines. This work
highlights areas with electric grids primed for a transition to
alternative powertrain vehicles, such as the Pacific Northwest, and
areas that require further infrastructure investment in renewables,
such as many of the Mountain states, Missouri, and Florida.
Additionally, this work illustrates the current advantages in carbon
emissions of battery electric vehicles compared to fuel-cell electric
vehicles, while providing insights into required regional investments
for narrowing the gap.

Introduction

In the U.S., heavy-duty vehicles (HDVSs) are 10% of vehicles on
roadways, yet they account for almost 28% of CO2 emissions from
highway vehicles [1]. This makes alternative energy sources an
important avenue to reduce the environmental impact of HDVs.
However, the transition must be done with awareness of the added
costs and of the potential for reducing carbon emissions, to ensure
change is sustainable economically and offers a net positive
environmental benefit. The cost competitiveness and carbon
reduction potential varies depending on region, influenced by factors
such as energy costs, infrastructure availability, and regional grid
carbon intensity [2]. It is crucial to assess these regional variations to
ensure that the transition to alternative powertrains is both
economically viable and environmentally beneficial across the United

Page 1 of 14

States. This study aims to provide a techno-economic comparison of
the estimated total cost of ownership (TCO) and expected carbon
emissions for conventional diesel HDVs, heavy-duty battery electric
vehicles (BEVs), and heavy-duty fuel cell electric vehicles (FCEVs)
across the 48 contiguous United States. By doing so, it offers insights
into where and how the adoption of BEVs and FCEVs can be most
effectively implemented. We follow this up with an investigation into
the sensitivity of pricing and emissions due to different parameters,
with the hope of aiding stakeholders in making future decisions.

There has been a global push to transition HDVs to zero-emission
vehicles (ZEVs) due to their out-sized contribution to greenhouse gas
emissions. One such effort is the Global Commercial Vehicle Drive
to Zero, a global memorandum endorsed by 37 countries, including
the United States, that commits to a goal of transitioning to 30% ZEV
new HDV sales by 2030 and 100% ZEV new HDV sales by 2040 [3].
Furthermore, regulations like the Advanced Clean Fleet (ACF)
initiative require a 100% transition to zero-emission vehicles for on-
road vehicles over 8,501 Ibs Gross Vehicle Weight Rating (GVWR)
by 2042. For commercial fleet operators and government
policymakers, developing a strategic decarbonization plan is essential
to successfully navigate and implement this transition.

As we move towards this ambitious goal, it becomes imperative to
focus on both the economic and environmental aspects of this
transition. Cost and carbon emissions are two of the most significant
factors influencing the adoption of alternative powertrains in the
heavy-duty sector. Understanding these factors in the context of
regional variability allows us to identify where alternative
powertrains can be most beneficially deployed. This study
specifically addresses these issues by comparing the TCO and carbon
emissions of BEV and FCEV HDVs to that of diesel HDVs across
different regions, thus highlighting the areas that are most suitable for
early adoption and those that may require more infrastructure support
or policy incentives. We focus on BEVs and FCEVs here, because
the powertrains have zero tailpipe carbon emissions. However, we
acknowledge that other low-carbon alternative powertrains exist.

Prior research in the field of HDVs has predominantly concentrated
on economic analysis, examining factors such as fuel efficiency,
maintenance costs, and lifecycle emissions. Several studies have
investigated the economic aspects of HDVs, focusing primarily on
fuel efficiency and its impact on operating costs. These studies have
shown that improving fuel efficiency can significantly reduce the
TCO for HDV operators. For instance, the work in [4] explored
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various factors influencing fuel consumption, such as vehicle design
and engine technology. Other research highlights how advancements
in aerodynamics and engine efficiency contribute to lower fuel
consumption and overall cost savings [5]. Maintenance costs have
also been a crucial component of economic analysis for HDVs.
Studies indicate that transitioning to electric HDVs can reduce
maintenance expenses due to fewer moving parts and the absence of
exhaust systems, which are commonly associated with traditional
diesel engines [6]. Furthermore, lifecycle emissions analysis reveals
that electric HDVs offer substantial reductions in greenhouse gas and
criterion emissions compared to their diesel counterparts, thus
presenting significant environmental benefits [7]. Studies have
highlighted the need for detailed regional analyses to better
understand the economic and environmental implications of
transitioning to electric vehicles. For example, [8] emphasizes the
importance of considering local factors such as electricity grid
composition, climate, and driving patterns to better understand the
economic and environmental implications of transitioning to electric
vehicles. Regional analyses help identify areas where electric HDVs
can provide the most benefits and where additional infrastructure
investments may be needed [9,10]. However, there remains a gap in
comprehensive studies that simultaneously address both cost and
carbon metrics at a national scale.

The objective of this study is to gain insights into what regions across
the U.S. are most (or least) suited for a transition to heavy-duty BEVs
and FCEVs from economic sustainability and environmental impact
perspectives. This paper contributes to the existing body of work by
providing a detailed analysis of the TCO and carbon emissions for
HDVs, offering a unique perspective on regional differences across
the United States due to the energy source’s cost and carbon
intensity. Additionally, it includes a sensitivity analysis that examines
how changes in energy pricing, battery or fuel cell costs, and grid
carbon intensity might impact the competitiveness and environmental
benefits of BEVs and FCEVs. This analysis aims to inform
stakeholders, including policymakers, industry leaders, and
researchers, to make informed decisions regarding the transition to
electric HDVs.

The remainder of this paper is organized as follows: We first describe
the methodology used to estimate the TCO and carbon emissions for
diesel, battery electric and fuel cell electric HDVs. Next, we present
the results, highlighting regional variations and the implications for
BEV and FCEV adoption. This is followed by a sensitivity analysis
that explores the impact of various parameters on the cost and carbon
emissions of BEVs and FCEVs. Finally, we discuss the findings and
their implications for stakeholders, concluding with
recommendations for future research and policy directions.

Methods

Both total cost of ownership and carbon emissions depend on the
efficiency of the truck variant. Despite the dependence of efficiency
on the route (including speeds traveled, accelerations, elevation
change, ambient temperatures, etc.) and, therefore, the region the
HDYV is operating in, we assume a constant efficiency across the
nation for simplicity. Future work is focused on estimating efficiency
variation across regions. According to the North American Council
for Freight Efficiency (NACFE), the 2021 estimate for average fuel
economy for conventional diesel internal combustion engine (ICE)
HDVs is 6.49 miles per diesel gallon equivalent (mpdge) [11]. We
consider this efficiency for the current state or standard (std.) diesel
HDVs. To account for future technological enhancements, we assume
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enhanced (enh.) diesel HDVs operate with the average efficiency
from the two NACFE Run on Less demonstrations (2017 and
Regional in 2019) , or 9.15 mpdge [11]. These assumptions are
optimistic as the average efficiency for all U.S. trucks in 2020 was
6.24 mpdge [11]. However, the more stringent baseline of the higher
performing systems and ideal operators from the NACFE campaigns
provide some level of confidence the qualitative takeaways will hold
into the future.

For alternative powertrains, we also consider both the current state, or
std., and future state due to technological developments, or enh.,
heavy-duty BEVs and FCEVs. For the std. HD BEV, we use the
results of the NACFE Run on Less Electric demonstration from 2021
for Class 8 terminal tractors, or 2.88 kWh/mi [12]. As there is not
significant data on the current state of HD FCEV efficiency, the std.
HD FCEV is assumed to be 7.5 mi/kg Hz, or the upper bound on
efficiencies observed in the literature from [13]. For the enh. variants
of the HD BEVs and FCEVs, it is assumed that the same
technological advancements (e.g. those that reduce aerodynamic drag
or rolling resistance) that improved the diesel HDVs efficiency may
be applied. Therefore, we scale the efficiency of the std. alternate
powertrains by the ratio of std. diesel-ICE to enh. diesel-ICE
efficiency (or ~1.41) to obtain the enh. HD BEV and FCEV
efficiencies. The efficiency values for all powertrain variants are
summarized in Table 1. For reference and easy comparison across
architectures, the efficiency in mpdge and consumption in KWh/mi
are provided for all powertrains. We note that the enh. HD BEV
consumption of 2.04 kWh/mi is in the range of the U.S. Department
of Energy (DOE) funded SuperTruck 3 project [14,15]. While the
enh. HD FCEV efficiency of 10.57 mi/kg Hz are conservative and
align with the lower end of the U.S. DOE 2030 predictions for HD
FCEVs [16].

Table 1. Assumed efficiency of vehicle variants. Green shading indicants the
native units for the given powertrain.

Powertrain Efficiency
Variant mpdge kKWh/mi mi/kg H,
Diesel- Std. 6.49 5.75 —
ICE Enh. 9.15 4.08 —
Std. 12.96 2.88 —
BEV I Em. 18.30 2.04 —
Std. 8.33 4.48 7.50
FCEV Enh. 11.74 3.18 10.57

Next, we discuss how total cost of ownership is approximated across
the nation, followed by the processes for estimating carbon
emissions.

Total Cost of Ownership

In this report, the method for estimating TCO presented in [17] is
adopted, where the TCO (Cr¢p) in $/mi comprises capital
investments, operational and maintenance costs, as well as end-of-life
and environmental impact expenses. For the details with respect to
each cost, the reader is directed to [17]. Here, we assume the TCO
can be separated into two components: the energy cost Cr and the
rest of the ownership costs (including capital investment, operations,
maintenance, etc. for both the vehicle and infrastructure) C.g;, i.e.
Crco = Cg + Creg- Although costs (including acquisition,
operational, maintenance and others) may vary by region, we assume
Crest 1S Uniform across the country for simplicity. As part of future
work, this assumption may be relaxed and the variation in C,.5; may



be considered. To estimate C,.s;, we average the TCO of 6
representative trucks with high annual vehicle miles traveled (VMT)
from [17] and then subtract out the fuel expense. The resulting
constant C,.s; = 1.26 $/mi for diesel trucks, 1.99 $/mi for both
BEVs, and 1.44$/mi for both FCEVs. These values are on a similar
order of TCO values less fuel expense found in [18].

Alternatively, the energy cost is assumed to vary across the nation,
where Cgijx = Cryenix/n;j for each HDV powertrain i €

{diesel, BEV, FCEV}, subvariant j € {std., enh.}, and each region x
in the nation. The efficiency n;; = a;n;;,, of each variant is the
product of the efficiency values in mpdge from Table 1 designated
1:j,0 and a conversion constant a; to bring the energy units into
agreement with the cost (agjeser = 1, aggy = 0.027 dge/kWh, and
apcgy = 0.9 dge/kg Hz [19]). The fuel cost Cryey i Of region x and
HDV i is the average cost per gallon ($/gal) for diesel, the average
cost per kilowatt ($/kWh) of electricity for BEVs, and the average
cost per kg Hz ($/kg Hz) for FCEVs. For diesel pricing, data for gas
stations in each zip code was pulled from GasBuddy.com [20] in late
April of 2024 for consumer diesel and averaged over the zip code.
While for electricity pricing, the 2023 average commercial rates by
zip code from the National Renewable Energy Laboratory (NREL)
hosted on OpenEl.org [21] are used.

As hydrogen is not widely available across the country for the
transportation sector, historical data on its pricing does not exist. To
fill this gap, we investigate three pathways to hydrogen production:
grid electrolysis, electrolysis with Energy Attribute Credits (EACs)
[22] or Renewable Energy Certificates (RECs) [23], and electrolysis
using distributed solar energy. The grid electrolysis pathway is seen
as a corner case and in general inadvisable, however, looking at
regional variations may give insight into unique regions where it is
viable. The EACS/RECs pathway explores how a uniform net rate
discount across the nation may impact viability of using grid power,
while local solar electrolysis provides regional insights into a
potential low carbon pathway and where it may be viable. We
acknowledge further hydrogen pathways exist and may be the more
likely path forward, exploring additional pathways is part of future
work.

For an initial investigation, we assume hydrogen is produced in each
region, i.e. with energy from that region. However, we note that in
reality hydrogen may be produced in favorable regions and
distributed elsewhere, which is a focus of future work. For grid
electrolysis, the hydrogen cost predictions are based on the
commercial electricity rates from OpenEl.org. While for electrolysis
with EACS/RECs, the commercial electricity rates are assumed to
have a net reduction of $0.05/kWh for each region due to sale of
associated EACS/RECs. We acknowledge that this is highly
speculative but provides valuable insight into how a net rate decrease
may impact pricing across the nation. Lastly, the cost of distributed
solar power for solar electrolysis is adopted from [24] based on the
Renewable Energy Potential Model (reV) [25] and the Annual
Technology Baseline [26].

The cost of hydrogen under the assumption of grid electrolysis is:
LHVy,
Cfuel,FCEVx = + Ecomp Celectricity,px + CHzrest'
@

NH,elec

where LHVy, is the lower heating value of hydrogen, 7, ¢ is the
efficiency of producing hydrogen from electrolysis (assumed to be
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70% here), E¢opmp = 5.56 KWh/kg Hz (obtained from [27]) is the
energy required for compression, Ceeciricity,px IS the cost of
electricity in $/kWh for region x using the pathway p € {grid, EAC/
REC, solar}, and Cp, .5 €ncompasses additional costs associated
with production, distribution, and dispensing (e.g. capital expenses,
etc.). For this study, Cy,rese = 2.4 $/kg Hz assuming 8 dispensers and
a type C or D hourly demand distribution as described in [28]. We
note that Cp,.s; may vary depending on the capacity factor of the
electrolyzer pathway, which will be investigated in future work.

Although the above energy pricing data is provided with respect to
zip codes, a zip code is used to represent a mail route from the post
office and not a geographic area [29]. The U.S. Census Bureau
developed zip code tabulation areas (ZCTAs) to represent generalized
geographic areas occupied by zip code routes [29]. In order to be
consistent with mapping and our discussion based on geographic
distributions, we use the Geocorr 2022 application from the Missouri
Census Data Center [30] to obtain the correlation between zip codes
and ZCTA:s. If there are multiple zip codes associated with a given
ZCTA, the fuel cost (either for diesel, electricity, or hydrogen prices)
for the ZCTA is assumed to be an average of the zip codes contained
within it. If no data on fuel cost exists for a given ZCTA (i.e. there
was no data for the associated zip codes), we use the average fuel
cost of all neighboring ZCTAs. With fuel cost data available for all
ZCTAs, the TCO is calculated for each ZCTA x, powertrain i, and
variant j as Crco,ijx = Cpijx + Crest,i- FOr reference, Figure 1
provides the maps of fuel costs, Cy,; i, fOr each energy source.

Total Carbon Emissions

The predicted well-to-wheel carbon emissions of a region for an
HDV variant mco, ;jx = I;xVMT,/n;; is the product of the carbon
intensity I;, for the fuel of powertrain i, efficiency »;; of the variant j
of powertrain i (see Table 1) and vehicle-miles-traveled VMT, of
region (or ZCTA) x. We assume all VMT in a region can be
transitioned to the alternative powertrain to gain insight into the
potential of BEVs and FCEVs. Future work will address feasibility
limitations due to range as well as other aspects dependent on use
case.

The carbon intensity (kg CO2/gal) for diesel HDVs is considered
constant across the nation for this study. The carbon emitted from
burning diesel is 10.18 kg CO2/gal [31], while the carbon emissions
associated with transportation from the point of manufacture to the
dispensing station are 1.89 kg CO2/gal [27], resulting in a total
carbon intensity for diesel of 12.07 kg CO2/gal. In reality, the
transportation emissions will vary by region. Incorporating this
variation is a focus of future work.

The carbon intensity of the BEV variants are considered to be the
same carbon intensity as the grid. At the county level, data on the
electricity generation source is pulled from the U.S. Energy
Information Administration's (EIA) Open Data API for the year 2023
[32], then the county grid carbon intensity ;, in kg CO2/kWh is a
weighted combination of carbon intensity of generation sources. The
source carbon intensity is also obtained from EIA [32]. The grid
carbon intensity for a ZCTA is considered to be equivalent to the
carbon intensity of the county it lies in. The correlation from county
to ZCTA is obtained using data from Geocorr 2022 [30]. If the ZCTA
is within multiple counties, the carbon intensity is taken as the
average carbon intensity of the counties it lies within.



0.404
0215
0.158
0143
0135
0128 ¢
=
012 #
0115
0.108
0103
0.097

0.034

23.83
1316

10.67

stk 1y

803

2117

1152

sika My

(e)
Figure 1. Energy pricing by ZCTA for (a) consumer diesel, (b) commercial
electricity, and hydrogen from electrolysis using (c) current local grid power,
(d) EAC/REC local grid power, and (e) local distributed solar. Hydrogen
pricing assumes the hydrogen is produced in each region, more competitive
pricing may be achieved by producing in favorable regions and distributing
elsewnhere.

Lastly, under the assumption that hydrogen is produced locally by
electrolysis, the carbon intensity of hydrogen is then:
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LHVy,
IFCEVx = letectricity,px + Ecomp ’ (2)
nHzelec

Where Ipiectricity,px 1S the carbon intensity of the p € {grid, solar}
electricity pathway used for electrolysis. For the case of local grid
electrolysis, the above data on grid carbon intensity [32] is used for
Letectricity px- Whereas, for local solar electrolysis regional data from
[24] on solar panel area (A4py ,) and average annual energy
production (AE P,) by region are used along with (3) to approximate
the local carbon intensity of solar energy.

IpyApy,
Ielectricity,solarx = ﬁ 3)
PV X

The carbon intensity of a solar panel is assumed to be I,,, = 125 kg
CO2/m? [27], with an assumed life Lp, = 30 years. This resulted in a
range of 25 to 47 g CO2/kWh depending on location, which is within
the range published by NREL [33]. We drop the EAC/REC pathway
for carbon intensity analysis, due to a lack of currently available data.
Future work can investigate the availability of EACs and RECs for
different energy sources by region.

The last input required to obtain the expected carbon emissions
Mco,,ijx Tor a ZCTA in kg CO2 is the VMT,. The VMT at the county
level is pulled from the Freight Analysis Framework [34]. To obtain
an approximation of the VMT at the ZCTA level, the county level
VMT is distributed based on the percentage of primary and secondary
roads within the county that lie within the ZCTA. The length of
primary and secondary roads within a ZCTA are obtained from the
National Neighborhood Data Archive [35]. The length of primary and
secondary roads within a county is then the sum of the length of
primary and secondary roads within each ZCTA in the county. If a
ZCTA is within multiple counties, the primary and secondary roads
are assumed to be evenly distributed across the counties.

To summarize, the inputs into our analysis are zip code level diesel,
electricity and hydrogen costs, efficiencies for the three HDV
variants, a representative TCO without fuel costs, correlation between
zip codes, ZCTAs and counties, carbon intensity for diesel and the
electric grid, county level VMT for freight, and the length of primary
and secondary roads within each ZCTA. Table 2 presents the
associated values and variables for constants within the regional
analysis (except for vehicle efficiency already in Table 1).

Table 2. Additional constants utilized in the analysis of TCO and carbon
emissions.

Name Variable Diesel | BEV FCEV
Rest cost Cregt ($/mi) 1.26 1.99 1.44
Electrolysis Chiyrest _ _ 2.4
additional costs ($/kg Hp) )
Hydrogen lower LHVY, o - 333
heating value (KWh/kg H,) i
iy | e | — | = | o
Energy for H, Ecomp o o 556
compression (KWh/kg Hy) )
Diesel carbon Liiesel
intensity (kg CO,/gal) 1207 — -
Carbon intensity Ipy o 125
of a solar panel (kg COy/m?)
Life of a solar Lpy - 30
panel (years)




Results and Discussion

We first analyze the regional variations in estimated TCO, followed
by a discussion on the predicted change in carbon emissions
associated with a 100% transition to alternative powertrains. We
conclude the results with an investigation into the sensitivity of these
findings to changes in electricity rates, and battery costs.

Total Cost of Ownership

To illustrate the potential changes in TCO associated with a transition
to alternative powertrains, Figure 2 through Figure 5 map the
reduction in TCO for the alternative powertrains (Crco giesetix —
Crco,ijx,V i € {BEV,FCEV}, j,k € {std.,enh.}, x € all ZCTA).
Figure 2 presents the results comparing BEVs to diesel. Based on the
assumptions within this paper, the std. BEV is not competitive from a
cost perspective with diesel, as nowhere within the US has a
predicted lower TCO, with the majority of the regions having an
increase in TCO of 0.40 $/mi or more than the std. diesel (see Figure
2(a)). It is, however, important to note that with the exception of parts
of California and New England, the majority of the nation has a
predicted increase in TCO for std. BEVs less than 0.73 $/mi, which is
the difference in Cyest gieser @Nd Crese pey. This means that in general
fuel costs for the std. BEV are lower and if other investments and
operating costs can be reduced, then the std. BEV could be
competitive. Considering efficiency improvements for both BEV and
diesel powertrains in Figure 2(d), realizes a larger increase in the
predicted TCO for the enh. BEV compared to the enh. diesel. This is
because the fuel expense is a larger portion of the diesel TCO than
the BEV TCO resulting in a greater impact of efficiency
improvements for the enh. diesel. Despite this, much of the nation
still sees a TCO increase less than 0.73 $/mi. Figure 2(b) and (c) have
been included to show how TCO may be impacted if efficiency
improvements in the diesel or the BEV, respectively, outpaces
improvements in the other powertrain. For example, Figure 2(c)
could be a result of improvements in battery technology that would
not be transferable to the diesel powertrain.

The general regional trends in Figure 2(a) to (d) are consistent. First,
the Pacific Northwest is the closest for BEVs to be competitive with
diesel from a cost perspective, particularly in Central Washington.
This is due to relatively high diesel prices and low electricity rates
(Figure 1(a) and (b)). The next regions that are closest to BEV
competitiveness with diesel are North Dakota and the four Atlantic
states: North Carolina, eastern Virginia, West Virginia and New
York. Again, this is due to relatively high diesel costs compared to
their electricity prices (Figure 1(a) and (b)). More specifically, North
Dakota, North Carolina, eastern Virginia and West Virginia have low
electricity rates and moderate diesel prices, while New York has
moderate electricity rates and high diesel prices.

On the other end of the spectrum are the five regions with the highest
increase in TCO associated with a transition to BEVS, including
portions of the southern Mountain state (northeast Arizona, central
New Mexico, and southeast Colorado), northwestern lowa, the Upper
Peninsula of Michigan, much of California, and New England. The
southern Mountain States, northwestern lowa, and the upper
Peninsula of Michigan have particularly high electricity rates and
moderately low diesel prices, causing the significant increase in TCO
(Figure 1(a) and (b)). Whereas, California and New England have
moderately high diesel prices (Figure 1(a)), yet their electricity rates
are still significantly higher (Figure 1(b)), driving the TCO increase.

Page 5 of 14

10/19/2016

-

Baseline: Std. HD Diesel-ICE Baseline: Enh. HD Diesel-ICE

e PR 2

: % N R
St il B
B

. 7
aA |

.=

o

>
w
o
a
=
b-]
2
7]

(@) i (b) : o4

TCOS8$/mi

Enh. HD BEV

(c) ‘ (d)

Figure 2. Maps of the reduction in TCO (Crco giesetiex — Crcopev,jx ¥ o k €
{std., enh.}) for std. BEV compared to (a) std. and (b) enh. diesel, as well as,
for enh. BEV compared to (c) std. and (d) enh. diesel. The primary focus is
on (a) and (d) where like variants are compared. However, (b) and (c) have
been included to gain insight into variations associated with either the diesel
or BEV powertrain, respectively, increasing efficiency while the other
remains stagnant. Positive values (darkest blue) mean the alternative
powertrain has a lower predicted TCO than diesel.
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Figure 3. Maps of the reduction in TCO (Crco,giesetkx — Crco,rcev,jx ¥ ik €
{std., enh.}) for std. FCEV compared to (a) std. and (b) enh. diesel, as well
as, for std. FCEV compared to (c) std. and (d) enh. diesel assuming hydrogen
is produced from electrolysis using current local grid power. The primary
focus is on (a) and (d) where like variants are compared. However, (b) and (c)
have been included to gain insight into variations associated with either the
diesel or FCEV powertrain, respectively, increasing efficiency while the other
remains stagnant. Positive values (darkest blue) mean the alternative
powertrain has a lower predicted TCO than diesel. As expected, for the
majority of the U.S. hydrogen produced from local grid electrolysis is not
competitive, with the exception of the Pacific Northwest where electricity
rates are low and diesel is expensive.

Figure 3 presents the same comparisons for FCEVs using hydrogen
from electrolysis using local grid energy. This is not expected to be a
viable direction forward for widespread adoption. The regional
variations in all four maps of Figure 3 mirror those in Figure 2 as the
underlying variation is due to grid electricity rates (see (1)). Unlike
with the BEV powertrain, however, when comparing Figure 3(a) (std.
FCEV to std. diesel) to Figure 3(d) (enh. FCEV to enh. diesel), the
increase in TCO compared to diesel reduces. This is because the fuel
costs for FCEVs using hydrogen from local grid electrolysis is a
more significant portion of their TCO. From a cost perspective, there
are two regions where local grid electrolysis may be viable: first is in
central Washington, where electricity costs are particularly low and
diesel prices are particularly high; second is in northeast North



Dakota, where electricity prices are low and diesel prices are
moderate.

As supported by Figure 3, hydrogen produced by local grid
electrolysis is not expected to be widely viable. To see how a uniform
net reduction in electricity rates (for example by the use and sale of
EACS/RECs), we present Figure 4 comparing FCEVs using locally
produced hydrogen with electrolysis using EACs/RECs. Again,
regional trends mirror the underlying grid electricity costs. With a net
0.05 $/kWh reduction (equivalent to a 2.66 $/kg H2 reduction) the
increase in TCO compared to diesel has come down to less than 0.55
$/mi for std. variants (Figure 4(a)) and less than 0.4 $/mi for enh.
variants (Figure 4(d)). If efficiency improvements for the FCEV were
to outpace that of the diesel HDV (e.g. by improvements to the fuel
cell that would not be reflected in the diesel powertrain), the majority
of the nation only has an increase of 0.23 $/mi or less, with many
regions in the Pacific Northwest, West North Central, Mountain
states seeing a reduction in TCO compared to diesel (see Figure 4(c)).
Another notable observation from Figure 4 is that even if diesel
efficiency improvements outpaced that of FCEV efficiency
improvements (see Figure 4(b) comparing std. FCEV to enh. diesel),
there are locations in central Washington and a small region in North
Dakota where FCEVs are predicted to have lower TCO than diesel.
Although the scenario considering electrolytic hydrogen locally
produced using EACS/RECs is highly speculative, it shows that there
may be viable pathways for FCEVs to be competitive with diesel
through a reduction in hydrogen costs.

The hydrogen pathways with local production through electrolysis
using grid power or EACS/RECs have been dependent on the
underlying grid electricity rates, therefore, the regional trends more
or less follow that of the BEV (compare Figure 3 and 4 to Figure 2).
A more likely hydrogen pathway using electrolysis is using behind-
the-meter renewable energy, e.g. through solar. Figure 5 presents the
reduction in TCO maps comparing FCEVs using hydrogen from local
solar electrolysis. Remembering Figure 1, the regional trends
observed in the four maps in Figure 5 are primarily driven by the
regional trends in the cost of solar (Figure 1(e)). There is an
exception in northern Atlantic regions (such as New England and
New York) where high diesel prices have made the FCEV variants
using hydrogen from local solar electrolysis more competitive than
expected by the solar energy cost map (Figure 1(g)).

Comparing the maps in Figure 5 to those in Figure 3 and 4, we see
that local solar electrolysis results in less regional variation in
reduction in TCO compared to the other two hydrogen pathways. As
an example, Figure 5(a) comparing std. FCEVs and std. diesel HDVs
has an increase in TCO <0.55 $/mi, where a few regions in California
where the predicted TCO for FCEVs is less than that of diesel.
California is the most cost competitive region with low solar energy
costs and high diesel prices for FCEVs using hydrogen from local
solar electrolysis. This is converse to scenarios with local electrolysis
using grid and EACs/RECs, where California has expensive
electricity and therefore expensive hydrogen through electrolysis.
The trends comparing efficiency variants (moving from Figure 5(a)
to (b), (c), or (d)) are similar to those observed in Figure 3 and 4.

Comparing Figure 4 and 5 highlights the need to explore various
hydrogen pathways depending on region. As previously mentioned,
California is not cost competitive for FCEVs when considering
hydrogen from local electrolysis with EACS/RECs (Figure 4), while
when considering hydrogen from local solar electrolysis it is cost
competitive (Figure 5). Similarly, the Pacific Northwest is more cost
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competitive for FCEVs considering hydrogen from local electrolysis
with EACS/RECs (Figure 4) than considering hydrogen from local
solar electrolysis it is cost competitive (Figure 5). The three explored
hydrogen pathways are also not the only potential pathways.
Therefore, future work is focused on exploring regional variations for
additional pathways to determine which pathways are competitive by
region. Later, we explore the carbon implications of some of the
further hydrogen pathways (as seen in Table 4). Another important
consideration that is not explored here, is the fact that hydrogen is
dispatchable, i.e. hydrogen can be produced in one region and
distributed out to neighboring regions. Future work will explore
leveraging regions with viable and cost competitive hydrogen
pathways to produce low-cost hydrogen for distribution to
neighboring higher cost regions.

Baseline: Std. HD Diesel-ICE Baseline: Enh. HD Diesel-ICE 057
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Figure 4. Maps of the reduction in TCO (Crco giesetkx — Crco,rcev,jn ¥ Jo k €
{std., enh.}) for std. FCEV compared to (a) std. and (b) enh. diesel, as well
as, for std. FCEV compared to (c) std. and (d) enh. diesel assuming hydrogen
is produced from local electrolysis using EACS/RECs. However, (b) and (c)
have been included to gain insight into variations associated with either the
diesel or FCEV powertrain, respectively, increasing efficiency while the other
remains stagnant. Positive values (darkest blue) mean the alternative
powertrain has a lower predicted TCO than diesel.
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Figure 5. Maps of the reduction in TCO (Crco,giesetix — Crco,rcev,jx ¥ J K €
{std., enh.}) for std. FCEV compared to (a) std. and (b) enh. diesel, as well
as, for std. FCEV compared to (c) std. and (d) enh. diesel assuming hydrogen
is produced from electrolysis using distributed local solar power. However,
(b) and (c) have been included to gain insight into variations associated with
either the diesel or FCEV powertrain, respectively, increasing efficiency while
the other remains stagnant. Positive values (darkest blue) mean the alternative
powertrain has a lower predicted TCO than diesel.
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the U.S. in orange that occur in both Q, and Q5 have no VMT data (i.e. VMT = 0).

3
d
Less polluting Less polluting
More costly Less costly pa .
Q; Q1 L i
6 534890 Sk
4 14153 7
7380 By,
B 4345
=0
S 0 =‘- 2605
=
= 1473 E
. g 2 e o
IS EE T ‘ i 27 ¢ 5
3 o B “ - 4 < 8 4 5% : 2
R oot . v - 4149 L
DR O . . R T 6 0 o
H 5 133
T N < + 2333 -
1 i A 2L
NS N -10 841873
IP o \ 3 2 -1 0 1 3
. . B ¥ / ¥ 5 $/mi %
g e Q3 Q4 Joy
AR 4 More polluting More polluting { :
J More costly Less costly /

Figure 7. In the center is a scatter plot of the predicted reduction in kg CO, emissions (§CO,) vs. reduction in TCO per mile (§$/mi) of each ZCTA resulting from a
transition to enh. BEVs from enh. diesel HDVs. Each quadrant has a map of the reduction in kg CO, for the data points in that quadrant. The regions scattered
throughout the U.S. in orange that occur in both Q, and Q5 have no VMT data (i.e. VMT = 0).

Total Carbon Emissions Table 3. Summary of quadrant designations.

Next, we explore the carbon emissions implications associated with a Quadrant 3eS'gnatlon Reductlozom kg CO, Reduc“gg In TCO
100% transition to alternative powertrains by evaluating the predicted Q; >0 <0
reduction in emissions of kg COz in each region (mco, dieserx — 0- <0 <0
Mco,ijx Vi € {BEV,FCEV},j € {std.,enh.}, x € all ZCTA). For [ <0 >0

this section, we consider only hydrogen locally produced with solar

electrolys_ls as h.y drogen through local gf'd elecgrolysrs Is ot In the center of Figure 6 is a scatter plot of the reduction in carbon
commerglally viable (as shown in th? prior s_ect|qn) zfmd we do not emissions (§C0,) versus the reduction in TCO (6$/mi) for std.
have regional data for the carbon emissions implications of BEVs. Outside each quadrant is a map of the corresponding data
EACs/RECs.
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Figure 9. In the center is a scatter plot of the predicted reduction in kg CO2 emissions (§CO,) vs. reduction in TCO per mile (§$/mi) of each ZCTA resulting from a
transition to enh. FCEVs from enh. diesel HDVs using electrolytic hydrogen produced from local solar power. Each quadrant has a map of the reduction in kg CO2 for
the data points in that quadrant. The regions scattered throughout the U.S. in orange that occur in both @, and Q5 have no VMT data (i.e. VMT = 0).

points. Table 3 summarizes the designations used for each quadrant
in the following discussions.

The scatter plot shows that most regions result in a net reduction in
carbon emissions at the expense of increased TCO (i.e. in Q;), with
the exception of a region where both carbon emissions and TCO
increase (i.e. in Q3) and one region with lower carbon emissions and
TCO (i.e. in Q). Note that areas in orange that are visible in both the
maps of Q, and Q3 have a VMT, = 0. The region in Q, is in the
Nevada desert where diesel prices are excessive reaching >8 $/gal.
The only area in Q5 with higher carbon emissions, is the eastern part
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of the Florida Panhandle. This region results in a predicted increase
in carbon emissions due to their heavy reliance on fossil fuels
(particularly coal and natural gas) to generate electricity [32].
Looking at the map in Q, the regions with the largest reductions
(darkest blue) generally follow interstate corridors from the Eastern
States to the Midwest due to the larger VMT, of the regions with
interstates. This trend is not as easily observed in Texas, and
Mountain and Western states partially due to the larger size of
counties and ZCTAs, resulting in lower spatial resolution. There is,
however, a large pocket of high reductions in carbon emissions in the



Pacific Northwest due to the regions adoption of renewable energy,
particularly hydro, solar and wind power [32].

If the efficiency of the BEV and diesel HDVs are improved (i.e.
considering enh. variants), the scatter plot in the center of Figure 7
contracts compared to Figure 6 with std. variants. This means that the
variation in emissions benefits and cost differential are lower. The
regional trends in carbon emissions seen in Figure 6 still hold in
Figure 7, with the exception that the one region in Q; has now moved

to QZ.

Figure 8 presents the same plot for std. FCEVs using locally
produced hydrogen from solar electrolysis compared to std. diesel
HDVs. In the scatter plot of Figure 8, there is a larger spread in
carbon emissions benefits and the change in TCO has shifted right
along the x-axis compared to that observed in Figure 6 and Figure 7.
All regions are within Q; or Q,, with most regions in Q. The few
regions in California within Q, are the same regions mentioned in the
prior discussion on TCO with lower predicted TCO for std. FCEVs
than std. diesel HDVs considering the use of locally produced solar
electrolytic hydrogen. The analogous scatter plot and quadrant maps
for the enh. FCEVs using locally produced hydrogen from solar
electrolysis compared to enh. diesel HDVs are presented in Figure 9.
Comparing the scatter plot from Figure 9 to Figure 8, there is
contraction in the spread of points (both in the cost and carbon
emissions directions) associated with improving both FCEV and
diesel HDVs efficiency. As a result, a few of the regions in Q, have
moved to Q.

Table 4. Carbon intensity of FCEVs using various sources of hydrogen. The
well-to-wheel carbon intensity for diesel ICE HDVs and BEVs using the U.S.
grid mix carbon intensity are provided for reference.

Carbon Intensity
Well-to-Wheel
Method (Well-to-gsi[%7]7) g CO,/mi (% change w.rt. std.
7']e’lectrolySLs . diesel)
kg CO,/gal Std. Diesel Enh. Diesel
Diesel ICE 12.07 1860 (0%) 1319.0 (-29%)
g CO./kWh Std. BEV Enh. BEV
U.S. Mix 386 1111 (-40%) 789 (-58%)
g CO,/kg H, Std. FCEV Enh. FCEV
U.S. Mix o o
Electrolysis 21153.9 2821 (+52%) 2000 (+8%)
SMR-RNG 1096.9 146 (-92%) 104 (-94%)
SMR-CCS 3709.2 495 (-73%) 351 (-81%)
Solar
Electrolysis 2738.6 365 (-80%) 259 (-86%)
Wind o ?
Electrolysis 1597.1 213 (-89%) 151 (-92%)
Nuclear
Electrolysis 942.08 126 (-93%) 89 (-95%)

It is important to note that further hydrogen production methods
could also result in a well-to-wheel reduction in carbon emissions. A
regional analysis of these methods is outside the scope of this paper.
However, to highlight the great potential of FCEVs, the well-to-use
(Ircgy) from [27] and well-to-wheel (Ircgy /7;5) carbon intensities of
various hydrogen production methods are summarized in Table 4.
The chosen hydrogen production methods are as follows: electrolysis
using electricity with the entire U.S. grid mixture of generation
sources or U.S. Mix Electrolysis; steam methane reforming (SMR)
using renewable natural gas (RNG) or SMR-RNG; SMR with carbon
capture and sequestration (CCS) or SMR-CCS; electrolysis using
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electricity generated from solar, wind or nuclear, respectively, Solar
Electrolysis (previously explored from a regional perspective), Wind
Electrolysis and Nuclear Electrolysis.

Lastly the potential cost and carbon emissions benefits of solar power
could also be applied to BEVs. We have not explored this here as it
would necessitate combining solar power with batteries or other
means to ensure the availability of charging throughout a day. This is
a direction for future research, with ongoing work exploring solar and
other distributed energy resources for HD BEVs [36].

Sensitivity Analysis

To reduce the environmental impact of HDVs, the goal is to realize
lower well-to-wheel carbon emissions for alternative powertrains,
such as BEVs and FCEVs. However, to drive adoption it is important
that these alternative powertrains are at least as competitive from a
cost perspective as diesel. Ideally, all regions would be in Q; of
Figure 6 to Figure 9. To move regions to the right (i.e. reduce the
TCO), there are two primary levers: reducing the direct per mile costs
(e.g. by reducing the price of either electricity or hydrogen); and
reducing the capital investment (e.g. by reducing the cost of the
battery or fuel cell). To move regions upwards (i.e. reduce the carbon
emissions) there are also two levers: reducing the well-to-use carbon
intensity of the fuel for the alternative powertrain (e.g. by reducing
the carbon intensity of electricity); and increasing the vehicle
efficiency.

The prior subsections explored the impacts of increasing the vehicle
efficiency by comparing std. and enh. variants of both BEVs and
FCEVs. Further, the impacts of reducing the carbon intensity of
electricity are evident in the prior discussion on BEV carbon
emissions due to the wide range of carbon intensities across the grid.
Here, reductions in the cost of electricity, and the cost of the battery
for BEVs and fuel cell (FC) for FCEVs are explored. As the battery
costs are provided in $/kWh, we note that the battery is considered to
have an energy capacity of 700kWh. Figure 10 illustrates how
changing each of these levers for BEVs individually impacts the % of
VMT with lower TCO diesel HDVs. Note that std. BEVs and FCEVs
are compared to std. diesel HDVs and enh. BEV and FCEVs are
compared to enh. diesel HDVs.

Figure 10(a) presents the % of VMT with lower TCO than diesel
achieved by a given reduction in electricity cost (in $/kWh). Therein,
it is evident that only reducing the cost of electricity is likely
infeasible as the electricity cost reduction required is between 0.1 and
0.45 $/kWh to realize lower TCO when electricity rates range from
0.034 to 0.4 $/kWh (see Figure 1(b)). This is supported with Figure
10(c), where the majority of regions require a net negative cost of
electricity to reach TCO parity with diesel.

Next, Figure 10(b) presents the % of VMT with lower TCO than
diesel as a result of reductions in the unit battery cost. A base cost of
$250/kWh and profit factor of 80% are assumed in these calculations.
Again, reducing only the battery cost is infeasible as a reduction
greater than the base cost of $250/kWh is required to increase the
%VMT with lower TCO than diesel for both std. and enh. BEVs.
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Figure 10. The % of VMT with lower TCO with respect to (a) reductions in
grid energy price and (b) reductions in $/kWh of the battery for BEVs
compared to diesel. The net electricity rate for TCO parity with diesel is in (c).
The solid blue std. lines compare std. BEVs to std. diesel, and the dashed red
enh. lines compare enh. BEV to enh. diesel.

Figure 10 illustrates that a combination of these two levers is required
to drive VMT into Q,. To illustrate how a multi-pronged approach
utilizing reductions in unit battery cost and electricity cost to drive
VMT to Q,, Figure 11 presents contour plots of % VMT in Q, with
respect to electricity and battery pricing changes for (a) std. BEVs
compared to std. diesel HDVs and for (b). enh. BEVs compared to
enh. diesel HDVs. In both Figure 11(a) and (b) electricity rate has a
larger impact than battery pricing. However, comparing the contours
in Figure 11(b) to those in Figure 11(a), there is a steeper slope,
highlighting the increased impact of a reduction in $/kWh of the
battery and reduced impact of a reduction in $/kWh of electricity for
the enh. BEV as a result of increased vehicle efficiency.
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Figure 11. Contours of % VMT in Q, for (a) std. BEVs compared to std.
diesel and (b) enh. BEVs compared to enh. diesel. The contour line closest to
the bottom left corner is the maximum % VMT in Q, attainable considering
current grid carbon emission intensity.

The analogous plots to those in Figure 10 for FCEVs are presented in
Figure 12. A 300kW fuel cell is considered with a baseline cost of the
fuel cell considered is $247/kW. The main differences observed for
FCEVs (Figure 12) compared to BEVs (Figure 10) are:

1. reductions in electricity rate (Figure 12(a)) have a more
pronounced impact for FCEVs compared to BEVs as
hydrogen is a larger portion of the TCO for FCEVs than
electricity is for BEVS;

2. asaresult of the prior observation, net electricity rates
(and therefore hydrogen rates) required for TCO parity
with diesel are one average positive with exceptions
(Figure 12(c)); and

3. reductions in the cost per kW of the fuel cell for FCEVs
has a less significant impact than reductions in $/kWh of
the battery for BEVS, because Ces¢ repv < Crest,Bev-

To investigate the combined impacts, contour plots of %VMT in Q;
with respect to reductions in electricity pricing and unit cost of the
fuel cell are given in Figure 13(a) for std. FCEVs and Figure 13(b)
for enh. FCEVs. As expected from Figure 12(a) and (b), reductions in
electricity rate, and therefore the cost of hydrogen, have a far greater
impact than reductions in the cost per kW of the fuel cell.
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Figure 12. The % of VMT with lower TCO with respect to (a) reduction in
grid energy price and (b) reduction in $/kW of the fuel for FCEVs using
electrolytic hydrogen locally produced using solar power compared to diesel.
The net electricity rate for TCO parity with diesel are in (c). The solid blue
std. lines compare std. BEVs to std. diesel, and the dashed red enh. lines
compare enh. BEV to enh. diesel. For reference, the associated reduction in
hydrogen cost ($/kg H,) is provided at the top of (a) and right of (c).

These analyses have given insights into how the energy pricing and
vehicle capital investments need to change in order to realize heavy-
duty BEVs and FCEVs that have lower TCO than diesel HDVs. The
discussion pertaining to BEVs relies on current data from the grid;
however, it omits an investigation into whether the capacity of the
grid could support a transition to 100% BEVs. Future work will focus
on the grid capacity implications and how the grid may be augmented
with distributed energy resources (DER), particularly renewable
DER, to compensate for capacity deficits. Furthermore, the regional
implications of adding renewable grid capacity for transportation on
the associated techno-economic analysis presented in this work will
be explored. This work also does not account for limitations of
producing hydrogen through solar electrolysis, e.g. only being able to
produce during daylight hours and reduced output depending on
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Figure 13. Contours of % VMT in Q, for (a) std. FCEVs compared to std.
diesel HDVs and (b) enh. FCEVs compared to enh. diesel HDVs. Both FCEV
variants are assumed to use electrolytic hydrogen produced locally from solar
power. The contour line closest to the bottom left corner is the maximum %
VMT in Q, attainable due to the lack of data on regional solar energy in some
areas (e.g. in parts of the Appalachian Mountains in the eastern U.S. as noted
by the white space in Figure 1(g)).

Summary/Conclusions

From the results in the prior section, there are a few important
takeaways considering the assumptions made here. Based on the
current grid composition and the efficiency of a std. BEV and std.
diesel, 0.61% of VMT potentially see an increase in carbon emissions
associated with a 100% transition to std. BEVs from std. diesel
HDVs. This reduces to only 0.51% of VMT potentially seeing an
increase in carbon emissions associated with a 100% transition to
enh. BEVs from enh. diesel HDVs. Hydrogen from local solar
electrolysis is expected to reduce the carbon intensity for all VMT
considering a 100% transition from std. diesel HDVs to std. FCEVs
or from enh. diesel HDVs to enh. FCEVs. However, local solar
electrolysis is not expected to be widely viable across the nation and
our analysis did not account for varying capacity factors of the
electrolyzer or the ability and impacts of regional production and
distribution. Therefore, it is important to explore alternative
production methods (e.g. those in Table 4 of the Results and
Discussion section) and distribution/dispensing pathways. This work



is the first step giving a view into where alternative hydrogen
generation sources are required, and what regions may be viable for
producing hydrogen via local grid or local solar electrolysis (e.g.
Washington State for locally produced hydrogen from grid
electrolysis or California for locally produced hydrogen from solar
electrolysis).

Unfortunately, the BEVs and FCEVs do not provide as significant of
an economic benefit compared to diesel HDVs. There are unique
regions where alternative powertrains are cost competitive, such as in
the Nevada desert where diesel prices are excessive for std. BEVs or
scattered throughout California where solar electricity is cheap and
diesel prices are high for FCEVs using locally produced hydrogen
from solar electrolysis. However, the majority of regions see a TCO
premium between 0.30 and 0.6 $/mi depending on the alternative
powertrain and efficiencies being compared. To improve the cost
competitiveness of BEVS (both std. and enh.) a balanced approach of
reducing electricity costs and capital investment (e.g. the $/kWh cost
of the battery) is required. Conversely, reductions in hydrogen costs
are far more important than a reduction in capital investments (e.g.
the $/kW cost of the fuel cell) for an FCEV.

Although, valuable insights are gained from this analysis, the
assumptions are limiting. For example, regional variations in
elevation, temperature, and vehicle weight/load can have significant
impacts on the efficiency of HDVs, therefore future work is focused
on estimating variations in HDV efficiency at the zip code level.
Other directions for future work include:

e  addition of considerations for the required grid
improvements to cope with added demand of BEV
charging and hydrogen production;

e regional analysis of additional hydrogen pathways beyond
local grid electrolysis and local solar electrolysis (e.g.
SMR-CCS, etc.), this would include exploring the
potential for producing hydrogen in favorable regions and
distributing it regionally;

e addition of unexplored costs associated with a transition to
alternative powertrains, e.g. the requirement of adding
additional parking space for quarantining damaged BEVs;

e incorporation of a regional analysis for the carbon intensity
of a gallon of diesel;

e modeling use case considerations, including trip/mission
lengths, at a regional level that may restrict the transition
or require a single diesel HDV to be replaced by multiple
BEVs or FCEVS;

e investigation of the potential benefits from partial adoption
of BEVs and FCEVs; and

e exploration of regional changes in criterion emission.

Furthermore, BEVs and FCEVs are not the only alternative
powertrains that can reduce carbon emissions compared to diesel
HDVs. Future work can expand the regional analysis to consider
these additional alternatives, including but not limited to low-carbon
fuels (such as, methanol, ethanol, and renewable diesel) for ICE
powertrains, hydrogen ICE, or plug-in hybrid electric HDVs.
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BEV battery electric vehicle
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carbon capture and
sequestration

enhanced

fuel cell electric vehicle
heavy-duty vehicles
renewable natural gas

steam methane reforming

SMR-CCS

SMR-RNG

std.

TCO

VMT

w.r.t.

steam methane reforming
with carbon capture and
sequestration

steam methane reforming
using renewable natural gas

standard
total cost of ownership
vehicle miles traveled

with respect to



