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Why regional/long-haul trucks are primed for electrification now
A. Phadke’, A. Khandekar’, N. Abhyankar’, D. Wooley*, D. Rajagopal®*

Abstract

Zero emission freight trucks are needed to both improve public health and reduce global
greenhouse gas emissions but at the same time are generally believed to be uneconomical.
However, recent dramatic declines in battery prices and improvement in their energy density
have created opportunities for battery-electric trucking today that were seldom anticipated
just a few years ago. At the current global average battery pack price of $135 per kilowatt-hour
(kWh) (realizable when procured at scale), a Class 8 electric truck with 375-mile range and
operated 300 miles per day when compared to a diesel truck offers about 13% lower total cost
of ownership (TCO) per mile, about 3-year payback and net present savings of about US
$200,000 over a 15-year lifetime. This is achieved with only a 3% reduction in payload
capacity. Even this small penalty can be reversed cost-effectively through light-weighting, in
any case, only matters for a small fraction of trucks which regularly utilize their maximum
payload. Electric trucks appear poised to also meet the performance demands for a large share
of regional and long-haul trucking today. The estimated average distance traveled between 30-
minute driver breaks is 150 miles and 190 miles for regional-haul and long-haul trucks
respectively in the US. Thirty minutes of charging using 500 kW or mega-Watt scale fast-
chargers would add sufficient range without impairing operations and economics of freight
movement. However, as with almost any clean technology, higher upfront capital costs of
both vehicles and charging infrastructure are major barriers when electric trucking is in its
infancy. Without strong policy support, coordinated investments in both vehicle
manufacturing and fuel infrastructure will not be forthcoming on the scale needed to harness

the true potential of battery electric trucks.
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Executive Summary

Globally, heavy-duty vehicles (primarily trucks) are estimated to comprise only about 11% of
the motor vehicles, yet account for close of half the total CO2 emissions from motor vehicles
and 71% of vehicle particulate emissions (PM) (Kodjak, 2015). The latter are responsible for
the vast majority of air pollution related deaths worldwide (Landrigan et al., 2017).
Furthermore, low-income communities everywhere bear a disproportionate proportion of the
health burden from freight movement. For instance, it is estimated that in California, African
American, Latino, and Asian Californians experience respectively 43, 39, and 21% higher level
of PM2s pollution from cars, trucks, and buses relative to white Californians (Union of
Concerned Scientists, 2019). Zero emission freight trucks are critical to both reducing global
greenhouse gas emissions and improving public health. This paper shows that recent dramatic
improvements in battery technology have primed heavy-duty trucks for near-term

electrification.

At the current global average battery pack price of $135 per kilowatt-hour (kWh) (realizable
when procured at scale), a Class 8 electric truck with 375-mile range and operated 300 miles
per day when compared to a diesel truck offers about 13% lower total cost of ownership (TCO)
per mile, about 3-year payback and net present savings of about US $200,000 over a 15-year
lifetime. This is achieved with only a 3% reduction in payload capacity. Even this small
penalty can be reversed cost-effectively through light-weighting, which in any case, only
matters for a small fraction of trucks which regularly utilize their maximum payload. This
accounts for a 3% reduction in payload capacity, though that loss can be avoided cost-
effectively through light-weighting and is only consequential for a small fraction of operations
that regularly utilize the truck’s maximum payload. Battery prices are projected to decline to
about $60 per kWh by 2030 accompanied by further improvement in energy density and
efficiency. These advances, combined with state or federal polices to monetize pollution
reduction benefits, could make electric truck TCO over 40% lower relative to TCO for diesel

today.
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Figure ES1: Electric trucks can offer significant savings due to dramatic decline battery prices
and opportunities for economical charging. The graph on left shows the estimated actual prices
from 2010 to 2020 by BNEF (solid blue line with circular markers) and projections by BNEF
going forward (blue circular markers without a solid line). It also shows projections made by
National Renewable Energy Laboratory (NREL) as of 2017 looking into the future under two
different scenarios of cost reduction (Moderate and Rapid) as well as a few additional data
points such as individual targets for GM and Tesla. Figure on the right shows the total cost of
ownership under different scenarios we estimate in this report. Data Sources. Battery pack
prices - National Renewable Energy Laboratory, Electrification Futures Study [EFS] (Jadun et
al., 2017) and (BNEF, 2020).
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ES2: Electric trucks can have sufficient range for most applications without materially

compromising payload. Figure depicts a comparison of average daily distance for different



vehicle types, their average distance to a 30-minute or longer stop and our estimate of
potential range for a 375-mile Class 8 Truck with 5% additional weight allowance for the
battery and 2C fast charging availability Source: For data on driving distances refer (Oak
Ridge National Laboratory, 2019).

As vehicle battery costs have fallen, so has their weight and size. These physical changes
accompany a steadily rising energy density. As a result, electric trucks with a range up to 375
miles (300 miles at 80% maximum depth of discharge (DoD)) might entail little to no reduction
in payload carrying capacity. An often-overlooked fact is that the electric drive train is
substantially lighter relative to a diesel drive train, which offsets a significant amount of
battery pack weight. Lightweighting and improved aerodynamics using commercially
available technology can enable additional range up to 450 miles. (North American Council
for Freight Efficiency, 2015). Further, since most truck trips tend to be limited by volumetric
capacity of payload as opposed to payload weight, a 5% payload weight penalty for reducing
fuel cost significantly is likely to be acceptable for most trucks. Additionally, the Federal Motor
Carrier Safety Administration (FMCSA) has several restrictions on the hours of driving by
truck drivers (FMCSA 2015). For example, the maximum continuous driving without a 30
minute mandatory break is 8 hours (which translates to a distance of about 450 miles) and a
range of 500 miles will be sufficient to cover the maximum allowed continuous driving.
Additional FMCSA driving limits include the 14-hour “driving window” limit, 11-hour driving
limit, and 60-hour/7-day and 70-hour/8-day duty limits. The maximum driving allowed in a
14-hour driving window is 11 hours, after which a mandatory break of 10 hours is required.
Range of 200 to 400 miles can be added (with 1C and 2C charging rate) in a 30-minute break
sufficient to cover the remaining allowed three hours of driving (distance of about 170 miles).
Note the scenario described above is to show that a 500-mile range electric truck has sufficient
range to enable the maximum allowed driving. For a typical driving schedule, a 300-mile range
might be sufficient. For example, a representative duty cycle for long haul trucks estimated by
DOE-NREL indicates more than a 30-minute break after 3-4 hours (less than 250 miles) of
driving which is followed by another 3-4 hours of driving after which there is more than 10-
hour break with a total distance of about 500 miles. ORNL 2019 finds that the average distance
to a 30-minute stop which can be used to add significant range with fast charging is 190 miles
and 150 miles for a long haul and regional haul trucks, which constitute the majority (about
70%) of the diesel consumed and emissions by trucking. For these reasons, we argue that

electric trucks can have sufficient range for most applications in the near future.



Although electric trucks present an enormous opportunity both from economic,
environmental, and environmental justice standpoints, major barriers need to be addressed to
fully realize their potential and an appropriate policy ecosystem is required to stimulate and
facilitate the transition from diesel to electric long-haul trucking. First, as is often the case in
early stages of clean energy technology commercialization, electric trucks carry higher up-
front costs than conventional trucks (for both vehicles and charging infrastructure). This is
due to lack of scale economies and market uncertainty. For instance, simple calculations
suggest that the 13% lower TCO notwithstanding, at the current battery price of $135/kWh, a
375-mile range truck with a 797-kWh battery pack has an upfront cost that is 75% greater
relative to a diesel truck, which experience suggests is a major barrier to adoption. This price
differential is not expected to last long, but strongly suggests the need for early-adopter

subsidies to drive sales, and lower capital costs through manufacturing economies of scale.

Second, as battery costs decline, charging related costs are beginning to loom larger. Whereas
a decade ago, when battery costs were in excess of $1000/kWh, charging-related costs would
have accounted for about 15% to 18% of the TCO, today they account for 25% to 30% and
increase further as battery prices decline. Figure ES3 shows the effect of electricity price retail
price demand charges and at wholesale prices without “demand” charges which are levied
based maximum instantaneous power consumption during a specified billing period and are
distinct from energy charges. Electricity prices, especially demand charges, but also energy
charges, that do not reflect the true cost to the system is a barrier to electrification of
commercial vehicle fleets in general but especially for long-haul trucks. There is a need for
electricity tariffs that send the right price signals for truck charging and avoid without

imposing unfair costs or truck owners or other customers

Third, it will take time to achieve high utilization rates for vehicle charging infrastructure,
which is essential to realizing a low levelized cost of infrastructure per unit of delivered
electricity to vehicles. Figure ES3 shows the effect of low and high utilization of charge
infrastructure on total cost of charging, which is the sum of the cost of electricity and the

levelized cost of infrastructure.

Realizing the full economic potential of electric trucks therefore requires surviving a long
period of infancy marked by low demand for vehicles and charging, and consequently, higher
cost of new vehicles and slow return on charging infrastructure. Faced with such barriers,

absent public intervention, private investments in electric trucks will occur at a level lower



than is socially optimal. Given the importance of addressing pollution from trucking, strong
policy support for the coordinated and large-scale investments in vehicle technologies and fuel
infrastructure is warranted to harness the economic and environmental potential of battery
electric trucks. Binding targets for vehicle sales, supported by targeted subsidies indexed both
to international battery prices and cumulative sales can deliver the scale of adoption needed

to launch this new industry on a sustainable future trajectory.
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ES3: Rational electricity tariffs and improved charging infrastructure utilization can
significantly improve the economics of electric trucks (Phadke et al., 2019)

1. Introduction

Globally, heavy-duty vehicles are estimated to comprise only about 11% of the motor
vehicles, yet account for close of half the total CO2 emissions from motor vehicles and 71%
of vehicle particulate emissions (PM) (Kodjak, 2015). The latter are responsible for the vast
majority of air pollution related deaths worldwide (Landrigan et al., 2017). For instance, in
the U.S., heavy-duty trucks comprise 5% of the on-road traffic but account for 30% and 36%
of vehicle CO2 emissions and particulate emissions respectively (Kodjak, 2015) while
trucking as a whole account for 83% of all freight related CO2 emissions (Schipper et al.,



2011). Heavy-duty trucking’s share to the environmental footprint of developing countries is
even greater. For instance, in India which has low car ownership per capita relative to higher
income countries, the such truck comprise 5% of the vehicle fleet but comprise 71% of COx,
74% of PM and 55% of NOx emissions from on-road vehicles (Apte et al., 2017; Guttikunda &
Mohan, 2014; Kodjak, 2015). Furthermore, world over low-income groups world-wide bear
a disproportionate proportion of the environmental burden from freight movement. For
instance, it is estimated that in California, African American, Latino, and Asian Californians
experience respectively 43, 39, and 21% higher level of PM:s pollution from cars, trucks, and
buses relative to white Californians (Union of Concerned Scientists, 2019). Zero emissions

trucks can significantly improve health outcomes for vulnerable populations.

Of the two leading zero emissions vehicle (ZEV) technologies — battery electric vehicles and
hydrogen fuel cell vehicles, the focus here is on the former, which has experienced the most
dramatic improvements on multiple fronts.! Battery cost and energy density have historically
been barriers for heavy-duty battery electric vehicles (including medium and heavy-duty

trucks and transit buses). But today the situation is dramatically different.
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Figure 1. Battery prices have been consistently reducing more rapidly than projections (Jadun
et al., 2017), (BNEF, 2020). Figure shows the estimated actual prices from 2010 to 2020 by

! According to the California Air Resources Board (CARB), for short and medium haul trucks, the total cost of
ownership (TCO) for battery electric trucks is less than half that of hydrogen fuel cell trucks in the short to medium
term (2018-24) and somewhat higher in the long term (2030) (California Air Resources Board 2019). Although we
do not estimate the TCO of hydrogen fuel cell trucks in this analysis, our TCO estimates for 375-mile long-haul
electric trucks ($1.51/mile) is substantially lower than CARB TCO estimate for hydrogen fuel cell trucks for
regional delivery ($2.3/mile and $1.5/mile) for the short and medium term (2018-24)



BNEF (solid blue line with circular markers) and projections by BNEF going forward (blue
circular markers without a solid line). It also shows projections made by National Renewable
Energy Laboratory (NREL) as of 2017 looking into the future under two different scenarios of
cost reduction (Moderate and Rapid) as well as a few additional data points such as individual
targets for GM and Tesla. Data Sources. Battery pack prices - National Renewable Energy
Laboratory, Electrification Futures Study [EFS] (Jadun et al., 2017) and (BNEF, 2020).

One major recent development is the decline in battery prices. By 2020, lithium-ion battery
costs had declined to roughly $136/kWh, an 85% decline relative to prices in 2010 (Figure 1)
and are projected to reach a price of $55 per kWh in 2030 (Holland, 2018). Data from China,
which has the most amount of heavy-duty electric vehicles (primarily buses) shows that
battery prices for buses and other heavy duty vehicles are somewhat lower than the average
battery prices for light-duty EVs in China and globally (BNEF, 2020). While some of this
difference in the average price of battery pack price for HDVs in China and rest of the world
is attributable to use of different types of battery chemistries? the production of heavy-duty
EVs in China is much greater than any other country in the world. Therefore, with
economies of scale the price of battery packs for HDVs is likely to come close price of battery
packs for passenger EVs as is the case in China, as pointed out by others as well (See
California Air Resources Board, 2019; Hall & Lutsey, 2019).
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Figure 2: A comparison of average EV battery prices globally and in China across all vehicle

types and specifically, prices for batteries in heavy-duty vehicles. Source: (BNEF, 2020)

2 China currently relies more on Lithium Iron Phosphate (LFP) which is among the cheaper types of
chemistries in use today when compared to say, Lithium Nickel Cobalt Aluminum Oxide (NCA) or Lithium
Nickel Manganese Cobalt (NMC))



A second related development concerns battery weight, an especially significant factor for
long-haul trucks, which are subject to maximum gross vehicle weight limits. In the US,
federal laws limit maximum gross vehicle weights to 80,000 pounds on interstate highways
(Federal Highway Administration, 2019) of which the tractor itself accounts for about 17,000
pounds (US Department of Energy, 2010), thus leaving about 63,000 pounds for revenue-
generating payload. A widespread concern is that battery weight of an EV results in a
reduction in allowed payload capacity, a factor that discourages EV adoption. As with battery
cost, however, energy density at the cell-level (and by extension at the pack level) has also
been improving steadily, resulting in significant reductions in battery weight. (Field, 2020).
While the lower energy density of batteries and higher weight (relative to diesel engine and
fuel) is perceived as a market barrier, critics of battery electric trucks often overlook the
offsetting weight reduction from elimination of engine, cooling system, transmission and
accessories. These parts account for about a quarter of the weight of a diesel tractor, which
battery packs nearly eliminate. As described below, the weight difference between and
battery electric and diesel trucks is small (resulting in a potential payload loss of about 5%)
and is likely to fall lower as light-weighting techniques are employed. Moreover, data from
the North American Council for Freight Efficiency shows that the average truck payload is
less than 45,000 pounds (~70% of the maximum payload capacity) (North American Council
for Freight Efficiency & Rocky Mountain Institute, 2018). Hence, for most cargo movement,
payload is no longer a constraint for battery electric trucks.

A reason that attracts attention to battery electric trucks is the decreasing cost and carbon
emissions of electric power. While electric trucks certainly reduce exposure of vulnerable
populations to diesel pollution, their life cycle environmental benefits depend in large part on
the source of electricity used for charging the batteries. In this context, a third key
development is the fact that decline in battery prices is complemented by the steep drop in
cost of electricity generation from clean renewables such as solar and wind, and the
corresponding decline in GHG pollution of the average grid electricity. In fact, costs of
renewable electricity have declined to such an extent that it is cheaper than or in parity with
the levelized cost of generation from new coal plants (Lazard, 2018). Given current national
and international ambitions to decarbonize the electric grid and growing prospects for deep
CO2 reduction by the 2030’s, electric trucks offer a pathway to near elimination of air pollution
and GHG emissions from road freight operations. However, as we point of later aligning retail

tariffs with generation prices is an area that needs policy attention.
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There is also growing evidence that fast charging can be accomplished without significant
impact on battery life. Studies comparing the impact of fast charging® and slow charging on
battery cells degradation found a significant decrease in cycle life with fast-charging relative
to slow charging only at temperatures above 30 degree Centigrade (Den Boer et al., 2013;
Teslarati, 2017; The Tesla team, 2019). Controlling battery temperature through battery
management systems and better cooling, a practice that is becoming widespread in
commercial EVs, mitigates battery degradation concerns. A 1 Megawatt (MW) fast charger
can deliver about 500 kilowatt-hours (kWh) in 30 minutes which at an energy economy of 2
kWh per mile amounts to 250 miles worth recharge. Additionally, actual data on commercial
fleet operations reported by National Renewable Energy Laboratory’s (NREL) Fleet DNA tool
suggests that the 80 percentile of daily distance travelled by long-haul tractors is about 600
miles and that the average distance to a 30-minute stop is less than 200 miles (Oak Ridge
National Laboratory, 2019). As heavy-duty battery electric trucks continue to improve it is
likely that even faster charging rates and range improvement will become common (due to
gradually increasing battery energy-density and decreasing HDV vehicle weight). Extreme
fast charging is one important aspect that is still in its infancy that needs targeted

investments and incentives at this stage.
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3 Charging and discharging rates are often referred to in terms of C-rates. Basically, the C-rate denotes the number
of times it can be fully charged in 1 hour. A 50kWhr battery when charged from zero to full charge in lhour is said
to be charged at the 1C rate while if it is fully charged in only 30 minutes it is referred to as 2C charging because it
can be fully charged twice in 1 hour. If it is charged from zero to full in 2 hours it is 0.5C charging. Charging a
500kWhr battery at 0.5C 1C, and 2C rates will require 250KW, 500kW and 1MW fast charger respectively.
Charging a 1000 kWh battery at 0.5C 1C, and 2C rates will require S00kW, IMW and 2 MW fast charger
respectively.

11



Figure 3: Comparison between average daily distance for different vehicle types, their
average distance to a 30-minute or longer stop and our estimate of potential range for a 375-
mile Class 8 Truck with 5% additional weight allowance for the battery and 2C fast charging

availability. Source: For data on driving distances refer (Oak Ridge National Laboratory,
2019).

Multiple studies have examined the potential for electrification (Cabukoglu et al., 2018;
California Air Resources Board, 2019; B. A. Davis & Figliozzi, 2013; Den Boer et al., 2013;
Earl et al., 2018; Gopal et al., 2017; Karali et al., 2019; Lee & Thomas, 2017; Liimatainen et
al., 2019; Mareev et al., 2017; Moultak et al., 2017; Sen et al., 2017; Sripad & Viswanathan,
2019; Taefi et al., 2017; Talebian et al., 2018; Tanco et al., 2019; Zhou et al., 2017). Several
assume battery-electric trucks to be an infeasible option for replacing conventional diesel
trucks, particularly long-haul trucks on account of large battery capacity requirements,
range anxiety, and uncertainty related to availability of charging infrastructure (Cabukoglu
et al., 2018; Den Boer et al., 2013; Earl et al., 2018; Lee & Thomas, 2017; Liimatainen et al.,
2019; Moultak et al., 2017; Taefi et al., 2017; Talebian et al., 2018; Zhou et al., 2017). Of
studies that actually evaluate the economic performance of electric trucks (California Air
Resources Board, 2019; Den Boer et al., 2013; Earl et al., 2018; Lee & Thomas, 2017; Mareev
et al., 2017; Sen et al., 2017; Sripad & Viswanathan, 2019; Taefi et al., 2017; Tanco et al.,
2019; Zhou et al., 2017), several consider or conclude battery-electric trucks to be a solution
for only light- and medium-duty trucks with a low daily range of less than "250 miles (Den
Boer et al., 2013; Lee & Thomas, 2017; Moultak et al., 2017; Taefi et al., 2017; Tanco et al.,
2019; Zhou et al., 2017). Certain studies deem long-haul electric trucks, which have greater
than 250-mile daily range, unviable specifically because of range anxiety due to a lack of fast
charging (Karali et al., 2019; Moultak et al., 2017; Talebian et al., 2018). However, a few
more recent studies analyze battery-electric trucks as an option for long-haul transportation
(California Air Resources Board, 2019; Sripad & Viswanathan, 2019; Tanco et al., 2019).

Different from many earlier studies, this work relies on bottom-up cost, weight and
performance estimation and latest market data to improve on the existing long-haul electric
truck literature. We estimate the TCO of an electric truck compared to a diesel truck based
on bottom-up truck technical specifications generated from a vehicle dynamic model
(detailed in the methods and data section). We fully account for recent trends toward lower-
cost, higher-energy-density batteries. We include additional cost reduction potential from

monetizing air pollution and GHG reductions. Our charging costs account for levelized cost

12



of fast-charging infrastructure and demand charges as part of electricity cost. Finally, we
provide detailed comparisons of the weights of diesel versus electric long-haul trucks based
on the Tesla semi, with consideration of commercially available light weighting options. The
results provide the most comprehensive techno-economic analysis of long-haul electric

trucking to date.

2. Methods and Data

We investigate the potential for a Class 8 electric truck to seamlessly replace a Class 8 diesel
truck based on economics and performance. Class 8 trucks were chosen as the reference
model for this analysis because they consume nearly 20% of all energy consumed by the U.S.
transport sector (S. C. Davis et al., 2017). Furthermore, the CALSTART Zero-emissions
technology inventory list up to 31 existing models of heavy-duty battery electric trucks with
23 more announced to be launched. For reference, there are 3 existing models and 6
announced models of hydrogen fuel-cell electric trucks (CALSTART 2020). The diesel truck
model for this estimation is the Volvo VNL 400 (Legacy Truck Centers, 2019) truck, and the
electric truck model is the Tesla Semi (Tesla, 2019).

Below, Section A describes the battery pack capacity estimation for a Class 8 electric truck
using our vehicle dynamic model. Section B describes our TCO estimation. Section C shows
the analysis for estimating the weight of the battery pack for a commercially available Class 8
truck. It is worth emphasizing that our study draws on both bottom-up estimations and
industry claims: we analyze TCO based on a bottom-up battery pack size estimate from the
vehicle dynamic model, whereas the battery pack weight estimation is based on existing
commercial trucks (in this case the Tesla Semi). The entire set of calculations is carried out in

a spreadsheet and is available for download along with this report.

2.1 Vehicle Dynamic Model
We use the vehicle dynamic model represented in Equation 1 to estimate required battery
pack size (Ep, in kWh) based on the standard performance requirements of a Class 8 diesel

truck.

E = (%p*Cd*A*vﬁms+ Crr* Wrxgxv+ tf*WT*g*v*Z)
p =

1 1 D
— + <§WT * Uk a(m—nbw *Ubrk))l *;(1)
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Table 2 lists the parameters used to estimate the battery pack size.

Table 2. Vehicle Dynamic Model Input Parameters (Derived from Sripad and Viswanathan,

2017)
Representation )
Category Parameter ) ] Value Unit
in Equation 1
Gross vehicle weight (including
Wr 36,000 kg
payload and battery pack)
Coefficient of drag Cud 0.45
Coefficient of rolling resistance Crr 0.0063
Body Braking efficiency Tbrk 0.97
(Alternative Drivetrain efficiency - 0.90
Fuels Data Battery discharge efficiency - 0.95
Center, 2020) | Battery-to-wheels efficiency
(product of battery discharge
. e ew 0.83
efficiency, drivetrain efficiency,
and braking efficiency)
Frontal area of truck 7.20 m?
. . . 300 or )
Daily driving distance D miles
400
Average velocity (Sripad &
) v 19 m/s
Viswanathan, 2017)
Root mean square velocity (Sripad
. Vrms 22 m/S
& Viswanathan, 2017)
Average acceleration/deceleration
Use ] ) a 0.112 m/s?
o (Sripad & Viswanathan, 2017)
Characteristics -
Road grade (Sripad &
] r 1%
Viswanathan, 2017)
Fraction of time driven on road
grade r(Sripad & Viswanathan, tr 15%
2017)
Average road gradient (/100
verage e (7100) z 0.0001
(Sripad & Viswanathan, 2017)
Air density P 1.20 kg/m3
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Representation )
Category Parameter ) ) Value Unit
in Equation 1
Environmental ) )
. Acceleration due to gravity g 9.8 m/s?
Characteristics

2.2 Total Cost of Ownership Model

We address TCO primarily on a per-mile basis, summing the unit capital cost, unit
maintenance cost, unit fuel cost, and unit general operation costs (Equation 2). We assume
the fuel cost of an electric truck comprises electricity cost and the levelized cost of the
charging equipment (Equation 3). We compute the unit capital cost of an electric truck as the
unit capital cost of a diesel truck plus the capital cost of the battery and electric power train
minus the cost of the avoided diesel truck components such as the power train, fuel and fuel

tank etc.

Unit cost of ownership = unit capital cost + unit fuel cost +

unit maintenance cost + unit operation costs 2)

Unit fuel cost (electric truck) = unit electricity cost +

unit cost of charging equipment (3)

Unit capital cost (electric truck) = unit capital cost (diesel truck) + battery and related

component costs — avoided diesel truck component costs (4)

The cost of electric powertrains is less than one third the cost of diesel powertrains—savings
that are not considered by previous studies. The major component of the incremental capital
cost of an electric truck is the battery cost, which we base on the battery pack size generated
from the vehicle dynamic model. We amortize incremental capital cost to estimate per-mile
incremental capital cost, which is primarily driven by battery prices and the range of electric
trucks (which determines the battery size). We estimate operations, maintenance, and diesel
fuel costs based on empirical data. Table 3 summarizes the parameters used for estimating all
the components of Equation 2. We account for depreciation of battery and factor in the cost
of replacement cost, but we ignore the depreciation of the vehicle as a whole. This is likely
conservative with respect to EVs given that they incur lower maintenance and repair

expenses and consequently a potentially longer asset life. In any case, there has been
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insufficient experience to estimate a distinct EV depreciation schedule except for the battery

pack alone which can be approximated based on total charge and discharge cycles.

To estimate electric truck fuel costs, we draw on a complementary bottom-up estimate of
charging cost (Phadke et al., 2019) that includes electricity and fast-charging infrastructure
costs. The unit cost of the charging equipment is the minimum price per unit of energy
delivered (kWh) that a charging service provider should charge consumers to break even on
the investment in charging equipment and grid interconnection. The unit cost is a function
of 1) the useful service life of the charging equipment, and 2) the utilization rate in terms of
average kWh/day delivered. We do not explicitly conduct these analyses in this paper but
rather draw on the model of Phadke et al., 2019. These results, which comprise the

components of Equation 3, are summarized in Table 3.

In addition to a base case scenario, which uses current international battery pack price (as
estimated and reported by BNEF), we evaluate cost and performance given plausible future
developments on multiple fronts. We consider the effects of an aerodynamically superior
design of the truck with a 45% lower drag co-efficient (declining from 0.45 to 0.25) which
improves fuel economy by about 10% from 2.1 kWh/mi to 1.9 kWh/mi. We also consider the
potential for charging at lower cost by “60% ($0.1/kWh as opposed to $0.16/kWh in the base
case) by procuring electricity at prices that more closely track wholesale electricity price as
opposed to cost of retail service. We also evaluate the effect of a decline in battery price from
$135 per kWh to $60 per kWh. Lastly, we allow for the monetization of air pollution/GHG

emissions benefits from avoided emissions, which further reduces the TCO.
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Table 3. Input Parameters for TCO Model

Unit capital cost components*

2020 Battery pack cost (Holland, 2018) $135 (2030 Price $60) | $/kWh
Battery life’ 2,000 | cycles
Battery size 375 or 500 | kWh
Annual mileage6 78,0000 or 104,000 | miles/year
Life of truck (Ritter, 2018) 15 | years

Co'st of t'ruck \iv1thout battery and $85.000 | $

allied drivetrain

Real discount rate’ 6.9%

Unit fuel cost components

Fuel efficiency of electric truck® 2.1 | kWh/mile

Fuel efficiency of diesel truck

. 5.9% | miles/gallon
(Alternative Fuels Data Center, 2020)

Amortized charging infrastructure

10 $0.03 | $/kWh
cost
Electricity price!® $0.13 | $/kWh
Diesel price (EIA, 2019) $3.30 | $/gallon
Unit maintenance cost components
Diesel maintenance cost $12,000-$30,000 | $/year
Electric maintenance cost'! $6,500 | $/year

Battery replacement cost (year 7)

$100'? | $/kWh
(Holland, 2018)

Unit operation cost components

General operation costs $0.76 | $/mile

4 Taxes on vehicles and components are excluded from this analysis and recognize that with higher upfront cost and component
costs, electric vehicles could come out a bit costlier, but our sensitivity analyses will show that taxes are unlikely to change the basic
conclusions.

3 Based on expert input

% Assuming an average daily driving distance of 300 miles for a 375-mile range truck and 400-miles for a 500-mile range truck so as
to achieve an average daily depth of discharge of battery of 80% and 260 days of driving for any truck

7 Derived assuming nominal discount rate of 9%

8 Result of VDM; validated by industry numbers

9 Latest models of diesel trucks have high fuel economy but we anticipate such trucks to be costlier as well and we intend to
addressed this in sensitivity analysis.

19 Derived from Phadke et. al. 2019
! Estimated based on Cannon (2016)
12 It is worth pointing out that diesel trucks need an engine rebuild after about 500,000 miles which makes our estimate conservative
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2.3 Class 8 Truck Battery Pack Weight Estimation

Four components contribute to the weight of a standard battery pack module used in
vehicles: 1) cells, which store energy; 2) busbars, which act as the transmission system for the
battery pack; 3) cooling tubes, which maintain optimal ambient temperature within the
pack; and 4) an outer case for protecting the pack against physical damage. Here we estimate
the weight of a 797- and a 1,062-kWh pack, which are estimated to be the size of the battery
pack used to power the 375- and the 500-mile-range Tesla semi models. To derive the weight
of the semi packs, we use the component weights for a 100-kWh Tesla Model S battery pack
(Table 4).

Table 4. Input Parameters for Battery Pack Weight Estimate

Battery pack size (Carbuzz, 2019) 100 | kWh
Tesla Model S battery pack weight 619 | kg
Tesla Model S battery pack dimensions 91x59x4.5 |in
Specific energy of each cell 250 | Wh/kg
Total number of battery modules 16
Individual battery module weight(HSR 26.1 | kg
Motors, 2019)

Energy stored per module(HSR Motors, 5.2 | kWh
2019)

The difference between the total module weight (418 kg) and the total cell weight (400 kg)
gives the total weight of the busbars and cooling tubes (18 kg). The difference between the
total pack weight (619 kg) and the total module weight (418 kg) gives the weight of the
protective case (201 kg). Assuming that 50% of the busbar and cooling tube weight is from
busbars and 50% is from cooling tubes, we calculate the per-unit weights of individual

battery pack components (Table 6).

Table 5. Per-Unit Weight of Individual Battery Pack Components

Cooling tubes 0.09 | kg/kWh
Busbars 0.09 | kg/kWh
Battery cell 4 | kg/kWh

To estimate the weight of our semi battery packs, we make the following assumptions:
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e Weight of battery cells is scaled by battery pack capacity

e Weight of cooling tubes is scaled by battery pack capacity with a 5% weight
reduction from design changes

e Weight of busbars is scaled by battery pack capacity and then reduced by 50% to
account for higher voltage'

e Weight of the protective case is scaled with battery pack surface area (semi battery

pack dimensions are 99x78x20 in, giving a surface area ratio of 2.14)

Table 6 shows the resulting battery pack component weights for a 797- and 1,062-kWh pack.

Table 6. Component Weights for a Semi Truck Battery Pack

797-kWh pack | 1062-kWh pack
Cells 3,187 4,250 kg
Cooling tubes | 67 89 kg
Busbars 35 47 kg
Protective case | 127 202 kg
Total weight | 3,416 4,587 kg

A final element of our weight calculation was to estimate the impact of light-weighting on
total truck weight. The main light-weighting strategy that is suitable and currently available
for Class 8 trucks is to convert components from a heavier material to a lighter material.
There are many possibilities for such conversion--for example, converting cab sheet metal
from steel to aluminum or lightweight steel, or converting aerodynamic roof hoods from
aluminum to plastic. Another strategy for light-weighting is to combine different
components to reduce the need for fasteners and other material interfaces. While light-
weighting may not improve individual truck efficiency dramatically, it has driven a
significant improvement in operational efficiency of fleets, where larger payload capacity per
truck led to smaller fleet sizes needed to deliver the same quantity of payload (North
American Council for Freight Efficiency, 2015).

13 [consider dropping a footnote to explain why the weight of the busbars drop in half due to higher voltage - seems
counterintuitive]
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Although we focus on determining TCO from the truck owner’s point of view, we also
analyze additional benefits that could be realized if environmental externalities from diesel
trucking can be monetized. In this paper the externalities we consider are costs of air
pollution and greenhouse gas (GHG) emissions. Depending on existing markets or
compensation mechanisms, such externalities may or may not be able to be included in the
TCO. The degree to which truck electrification mitigates diesel trucking externalities
depends on the fuel used for electricity generation. Here we primarily consider scenarios
with electricity entirely powered by coal and gas, compared to 90% renewable energy (with
the remaining 10% of electricity assumed to be powered by gas), as well as scenarios
incorporating the current power mix of the United States and of California. These elements

are summarized in Table 7.

Table 7. Input Parameters for Additional Benefits of Electrification

Unit air pollution cost components

Air pollution damages from heavy diesel on-road

vehicles (Goodkind et al., 2019) $58 | $billion/year

Air pollution damages from coal-based electricity

generation (Goodkind et al., 2019) $118 | $billion/year

Air pollution damages from gas-based electricity

generation (Goodkind et al., 2019) $5 | $billion/year
Coal-fired generation (EIA, 2020e) 1733 | billion kWh/year
Gas-fired generation (EIA, 2020e) 1014 | billion kWh/year
Fraction of on-road pollution contributed by Class 8

trucks'* 56%

Miles driven by Class 8 trucks (Bureau of Transportation

Statistics, 2017) 164 | billion miles/year

Unit GHG emissions cost components

Diesel consumed by Class 8 trucks (Bureau of

Transportation Statistics, 2017) 28,884 | million gallons/year

Social cost of carbon (EPA, 2017) $/tonne CO2, 2019
$52 | dollars

Emissions intensity from coal-fired electricity (EIA,
2020c, 2020a) 210 | Ib CO2/million btu

14 Estimated based on Goodkind et al. and California ARB*
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Emissions intensity from gas-fired electricity (EPA

Center for Corporate Climate eadership, 2018) 117 | Ib CO2/million btu

Emissions intensity of US power mix (Carnegie Mellon

University, 2019) 943 | Ib CO2/MWh

Emissions intensity of CA power mix (EIA, 2019) 474 | 1Ib CO2/MWh

Coal plant heat rate (EIA, 2020d) 10,465 | Btu/kWh

Gas plant heat rate (EIA, 2020d) 7,707 | Btu/kWh

Methane leakage rate (Alvarez et al., 2018) % of US gas
2.3% | production

Total electricity losses across T&D system(EIA, 2020b)

and in AC/DC power conversion'’ 14.5%

3. Results

3.1 Total Cost of Ownership

Figure 4 shows the TCO comparison for both the 375-mile range and 500-mile range Class-8
electric truck relative to diesel. At the current international battery pack price of $135 per
kilowatt-hour, a Class 8 truck electric truck with 375-mile range (300-mile range at 80%
maximum DoD of battery) with a 797-kWh battery pack offers about 13% lower per mile
TCO ($1.51/mi for electric compared to $1.73 for diesel) (Figure 2). This implies a net savings
of about $200,000 over its lifetime for a less than 3% increase in the tractor weight given

currently available light-weighting options.

15 Industry interview
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Figure 4 (Top) TCO comparison for 375-mile (797 kWh battery pack truck) operated 300
miles per day for 260 days per year. (Bottom) TCO comparison for 500-mile (1062 kWh
battery pack truck) operated 400 miles per day for 260 days per year. The battery cost in
2020 is $135/kWh. The economical electric truck scenario assumes an aerodynamically
better design which improves fuel economy coupled with a lower total charging cost
($0.1/kWh compared to $0.16 in base case). The electric truck in 2025-30 scenario tacks a
decline in battery prices to $60 per kWh from the $135 per kWh on to the economical truck
scenario. Lastly, this is combined with monetization of air pollution/GHG emissions benefits

from avoided emissions, which further reduces the TCO.
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Figure 5 Capital cost of a Class 8 diesel truck compared with a Class 8 battery-electric truck
with 375-mile range and 797-kWh battery (top) and 500-mile range and 1,062-kWh battery

(bottom),

with battery costs of $135/kWh (dark green) and $60/kWh (light green).

Figure 5 shows how we arrive at our estimate of the upfront cost of the electric truck. We
begin with a diesel truck price of $125,000 and first subtracting out the cost of engine,
transmission and drive train ($20,000, $6000 and $14000 respectively) which are not
required in an electric truck. Next, we add to this the battery cost, which is simply the
product of battery price per kWh and battery size ($107,753 and $143,341 for the 375-mile
(797 kWh) and 500-mile (1062 kWh) trucks @ $135/kWh) and drive train cost ($18,000).
This yields an estimated cost of $210,573 and $246,431 respectively for the 375- and 500-
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mile trucks. These are respectively 69% and 97% greater relative to the upfront cost of the

diesel truck.

For the 375-mile truck, the excess upfront cost translates to about $0.12 per mile (levelized).
However, electric trucks save $0.11/mile on maintenance costs and $0.23/mile on fuel costs,
yielding a net reduction of $0.23 per mile which explains the about 13% reduction relative to
$1.73 per mile TCO of diesel, which can be seen in Figure 4. We assume other costs such as
general operation costs such as driver wages, insurance, tire replacements, permits, and tolls

are identical for diesel and EVs and ignore difference in end-of-life value.

We next describe our bottom-up weight estimates for battery and other drivetrain
components based on the publicly available specifications for Volvo and Tesla for their Class
8 trucks. We break down truck weight for vehicles commercially available on the market
based on Tesla’s 375- and 500-mile range (797- and 1,062-kWh battery capacity) trucks with
our conservative efficiency assumption of 2.1 kWh/mile (Tesla claims less than 2 kWh/mile).
Figure 6 compares the weight of a Class 8 diesel truck and the weight of Class 8 electric
trucks with 375-mile (top) and 500-mile (bottom) ranges. The figure assumes a packing
fraction (ratio of cell weight to battery weight) of 0.88, which represents an improvement
over the 100-kWh Tesla Model S packing fraction (0.65) owing to the lower surface-area-to-
volume ratio of higher-capacity battery packs. The incremental truck weights are estimated
by adding the weight of the battery and electric powertrain and subtracting the weight of the
diesel powertrain components. The light green bar segments show the potential for reducing

truck weight using lighter materials, such as aluminum, instead of steel for the truck body.

Weight of Class 8 truck with 375-mile Range
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Weight of Class 8 truck with 500-mile Range
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Figure 6. Weight of a Class 8 diesel truck compared with a Class 8 battery-electric truck with
375-mile range and 797-kWh battery (top) and 500-mile range and 1,062-kWh battery
(bottom), cell specific energy of 250 Wh/kg and packing fraction of 0.88.

Our calculations suggest that the tractor of 375-mile range electric truck is about 3% (™ 300
kg) heavier relative to a diesel truck. However, adoption of even moderate light-weighting
options can lead to an increase of 9% in total net payload capacity. For 500-mile electric
trucks, the tractor is about 19% heavier relative to diesel tractor but which can be reduced to
only 2% heavier by applying commercially available light weighting options resulting into

only a minor reduction payload capacity.'

Electric trucks with a range up to 300 miles will not require any compromise of the payload
capacity because lower weight of the electric powertrain compared to diesel compensates for
the additional weight of the battery. Light-weighting (reduction up to 1.5 metric tonnes) and
improved aerodynamics using commercially available technology can enable additional range
up to 450 miles. Further, since most trucks reach their volume limit before reaching their
weight limit, accepting a 5% weight penalty for reducing fuel cost significantly is likely to
acceptable for most trucks; together this will allow for large enough batteries to reach ranges
up to 600 miles (see ES2). Fast charging during 30-minute driver rest stop can add significant
battery range (a 30-minute break is taken every 190 miles and 150 miles for a long haul and
regional haul trucks respectively). For these reasons we believe that electric trucks will have

sufficient range for most applications in the near future (see ES2 B).

16 Tf trucks were to indeed achieve a fuel efficiency similar to those claimed by Tesla, then the battery size,
weight, and cost could be about 20% lower than estimated here.
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The mean baseline payback period for truck electrification for a 375-mile truck is 3.2 years
(Figure 8). Figure 8 also shows the sensitivity of payback period to key parameters. When
annual mileage and battery price are varied individually, payback period ranges between 1.0
and 5.1 years. When charging cost is varied individually, it ranges between 1.8 and 6.7 years.
When diesel price is varied individually, it ranges between 1.2 and 9.9 years The Discussion

section addresses variation in charging cost further.

Baseline Payback = 3.2 years

Annual Mileage (Miles) 234,000 - 52,000

Battery Price ($/kWh)

Charging Cost ($/kWh) $0.05 _ $0.24
2.5 5.0 7.5

. 4 10.0 12,5
Payback period (years)

*Battery price range $200 - $60

Figure 8. Sensitivity of the electrification payback period, not including any additional
environmental benefits, to different parameters: each parameter is varied individually while
the other parameters are held at their baseline values listed in Table 6. Baseline values are
78,000 miles/year driven, $135/kWh battery cost, $3.3/gal diesel, and $0.16/kWh charging
cost (which includes both the electricity cost and the levelized cost of charger per kWh of
electricity delivered). Sensitivity range for charging cost is based on Phadke et al. 2019; for
diesel is based on 50% and 200% of baseline; for battery price is based on 2017 prices and
projected 2020-26 prices;

Indeed, electricity emissions intensity (in terms of both air pollution and GHGs) determines

the level of net environmental benefits for electric trucks relative to diesel (see Figure 9).
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Impact of electricity emissions intensity on TCO of electric trucking
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Figure 9. (Top) Impact of electricity emissions intensity (from 90% clean electricity, gas-fired
electricity, and coal-fired electricity) on 375-mile electric truck TCO, assuming air pollution
and GHG emissions costs can be monetized. (Bottom) Comparison of warming intensity of
trucking for diesel trucking and electric trucking powered by electricity from coal, gas, and

90% renewable energy, and by the current power mix in the US and in California.

While savings on air pollution and GHGs from electrification are $0.28/mi in a scenario
where electricity sources are 90% clean, savings drop to $0.20/mi when electricity comes
from gas, and savings become negative (costs rise) by $0.05/mi when electricity comes from
coal. In terms of global warming, diesel trucking contributes more warming (in terms of g
CO2e/mile) than electrified trucking powered by either gas or 90% clean energy. However,

electric trucks powered by gas-fired electricity only save 18% of GHG emissions over diesel
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trucking, and electric trucking powered by coal produces 64% more GHG emissions than

diesel trucking on a per-mile basis.

4. Discussion

The comparison of diesel and electric Class 8 long-haul trucks based both on a bottom-up
estimation and market-data shows the following. A Class 8 truck electric truck with 375-mile
maximum range with a daily average utilization of 300 miles offers about 13% lower per mile
TCO and a 3- to 4-year payback for a net savings of about $200,000 over its lifetime, all for
about a 3% reduction in payload capacity. Even this reduction in payload capacity could be
avoided cost-effectively through light-weighting, and is not a major concern beyond the
small fraction of operators which consistently use the trucks maximum payload limit. Based
on this our primary conclusion is that that replacing long-haul diesel trucks with electric

trucks is both technically feasible and economically viable.

A key lesson is that a low cost of fast-charging (both the amortized cost of charging
infrastructure and cost of electricity combined) is central to the economic case for truck
electrification, and therefore, getting the charging cost right is critical. As detailed in Phadke
et al. 2019 and illustrated in Figure 10, clean, low-cost generation is become abundant across
several hours of the day. For instance, most hours of the year in both ERCOT and CAISO
have low wholesale electricity prices (see Figure 10). Dynamic electricity tariffs are necessary
for the trucking industry to take full advantage of those prices. While static tariffs have fixed
price schedules and non-peak-coincident demand charges, dynamic tariffs track wholesale
electricity prices, and more importantly, have demand charges coincident with system peak
demand. Dynamic tariffs align pricing with the real-time state of the grid and incentivize
trucks to charge during low-priced times when the grid is unconstrained. Static tariffs—
particularly non-peak-coincident demand charges—can unnecessarily impede truck charging
by imposing a high per-kW charge even when charging happens when the grid is

unconstrained and generation prices are low.
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Variation in truck charging cost by
utilization, for static vs. dynamic electricity
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Figure 10. Excerpt from Phadke et al. (2019) Variation in truck charging cost by utilization,

for static vs. dynamic, system-reflective electricity pricing (left). Proportion of hours in
ERCOT (2010-2018) and CAISO (2012-2018) above given charging cost (right). Note: Diesel
breakeven range is based on $3.30/gal diesel, battery costs are between $150/kWh (top of

range) and $100/kWh (bottom of range), and truck efficiency is assumed to be 5.9 mi/gal

(diesel) or 2.1 kWh/mi (electric).
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Figure 11: Excerpt from Phadke et al. 2019 Rationale electricity tariffs and improved charging

infrastructure utilization can significantly improve the economics of electric trucks

We held diesel and electricity prices fixed in this analysis. While modest real increases in
diesel prices are being projected (EIA, 2019), we assume no increase on account of high rates
of vehicle electrification—the scenario we implicitly address in this paper—could reduce
petroleum demand enough to decrease diesel prices. For similar reasons, we do not assume
escalating electricity prices. Given uncertainties surrounding grid decarbonization scenarios,
falling renewables prices, electrification rates, and electricity policy, we do not attempt to

predict changes in electricity prices over time and instead compare electricity to diesel on
today’s terms.

Environmentally, the benefits of truck electrification can be substantial, but depend on the
emissions intensity of electricity. The only scenario in which truck electrification has
negative incremental environmental benefits relative to diesel is when the electricity is

entirely from coal-based generation while, and not surprisingly, maximum benefits accrue
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when electricity is exclusively from clean renewables. Gas-fired power, while substantially
less emitting than coal and diesel in terms of air pollution, is only marginally better than

diesel trucking in terms of GHG emissions when accounting for methane leakage.

The investment trend in the US electricity sector is away from coal and towards increasing
renewable energy and natural gas. From 2008-2018, 45% of new capacity additions were gas,
and 44% were wind or solar. Only 7% of new capacity in this period was coal, and no new
coal capacity has been added since 2015. Looking forward, 50% of capacity under
construction is gas, and 44% is wind or solar; similar ratios hold for permitted capacity.
(Wind and solar account for over 60% of capacity in earlier stages of development, with gas
only 17-26%.)%* Furthermore, 10 states, as well as Washington, D.C., and Puerto Rico, have
100% clean energy or renewable energy targets.” As such, new trucking load will likely be
met with increasing investment in gas and renewables, meaning that long-run marginal

emissions from electric trucking are expected to be less than that of diesel trucking.

In sum, today there is reason for optimism that long-haul truck electrification can be
achieved at a TCO lower than diesel truck TCO without compromising on payload capacity.
Future technical research needs to focus on estimating charging infrastructure needs to
support an electrified trucking network and developing strategies for charging under

different given fleet performance criteria and grid conditions.

An appropriate policy ecosystem is required to stimulate and facilitate the transition from
diesel to electric long-haul trucking. As is the case with almost any clean technology, higher
upfront costs (for both vehicles and charging infrastructure), due to lack of scale economies
and market uncertainty, are greater at the early stages of adoption and are a major market
barrier. For instance, notwithstanding the 13% lower TCO of electric trucks (for a 375-mile
range truck with a 797-kWh battery pack), they are costlier upfront by 75% upfront, which
is major barrier. As battery costs decline, charging related costs are beginning to loom larger.
Whereas a decade ago, when battery prices were close $1000/kWh, charging-related cost
would have accounted for about 15% to 18% of the TCO of heavy-duty trucks, today they
account for 25% to 30%. Recall Figure ES3 which shows how the utilization of charge
infrastructure determines the total cost of charging (the sum of cost of electricity and
levelized cost of infrastructure) and early stage of adoption will necessarily be characterized

by low utilization of charging infrastructure.
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Realizing the full economic potential of electric trucks requires surviving a period of infancy
of this industry marked by low demand for vehicles and charging, and consequently, higher
cost of new vehicle manufacturing and slower return on charging infrastructure. Faced with
such barriers, absent public intervention, private investments in electric truck will occur at a
level lower than is socially optimal. While this is characteristic of any infant industry, given
the importance of addressing pollution from trucking, without strong policy support the
coordinated and large-scale investments in vehicle technologies and fuel infrastructure will
not be forthcoming on the scale needed to harness the true potential of battery electric
trucks. Binding targets for vehicle sales supported by targeted incentives that are indexed
both to international battery prices and cumulative sales can help in this regard. There is also
a need to rationalize electricity tariffs so that they send the right price signals for truck

charging without imposing undue burden on the rest of the system.
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