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1. Introduction \

In the US, t&t portation sector
emissions, inclgding CO3 and ot
2024). In
increase

1,810 million tons of CO2e, which accounted for 28 % of US GHG emissions and was an 18.7 %
| Protection Agency, 2020, 2022). Medium- and heavy-duty trucks account for 23 % of GHG

. Decarbonizing medium- and heavy-duty fleets and replacing them with alternative fuel trucks, such as
battery electric a ydrogen fuel cell trucks, will contribute to climate change mitigation as well as air quality and public health
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improvements. In 2023, a study estimated that the electrification of diesel heavy-duty drayage trucks operating at the Ports of Los
Angeles and Long Beach in California would result in an 80 % reduction in premature death and an 87 % reduction in asthma attacks.
The disadvantaged communities would receive over two-thirds of the benefits (Ramirez-Ibarra & Saphores, 2023).

Given that power generation in most nations is a mix of sources, the environmental benefits of an electric fleet are contingent on the
amount of GHG emitted during electricity generation (Falcao, Teixeira, & Sodré, 2017; Mahmoud, Garnett, Ferguson, & Kanaroglou,
2016). Electrifying fleets may be the most effective way to reduce NOy emissions, a significant precursor to air pollution (Chen et al.,
2018). However, there is huge uncertainty related to the PM; 5 concentrations of fleet electrification depending on the local speci-
fications and electricity generation details (Soret, Guevara, & Baldasano, 2014). Light-duty electric vehicles combined with a higher
percentage of renewable energy generation may result in increased energy efficiency and improved air quality, and a lower percentage
of renewable sources in electricity generation may lead to environmental justice problems after transitioning to electric fleets (Huo,
Zhang, Liu, & He, 2013; Ji et al., 2015). However, it is still a small proportion of the national production of particulate matter. To
address the gap in climate change goals entirely through electric vehicles, the focus of fleet electrification should be shifted to more
significant contributors of emissions, including commercial and heavy-duty fleets (Liu, Zhao, Liu, & Hao, 2018; Soret et al., 201
Also, regardless of the power generation mix, electric trucks have zero emissions at the tailpipe and, therefore, can readily all&yi
pollution at the local community level.

mental gains can be measured for creating incentives and loan programs. In the short term, heavy-duty fleet electrifica % educe
VRelighk Roeth,

public charging infrastructure. A 2021 study on the economic feasibility analysis of elegtrifging trucks indicated lonig-haul heavy-
duty truck electrification may be challenging and not reach economic parity wishmgdi ucks (Vijay, Rousseau, 2021).
] because of their low
0 operators at ports are
ibility assessments of drayage
an, & Golestani, 2019; Port of

daily mileage, daily depot visits, and idling at the depot for charging opport
logical early adopters of electrification, and multiple major ports in Califesni
truck electrification, and they have shown great potential for i
Oakland, 2019; Tanvir, Un-Noor, Boriboonsomsin, & Gao, 2021; Td&a Tecil#& Gladstein, 3#20).

While some of the electrification solutions from the light-duty sect be adopte avy-duty fleet electrification, there are
still many key differences in their specifications, including a lackyf public fast-chargi sttucture, operational range limitations,
and high capital costs. A recent interview with 28 fleet d€cisign-makers identified six barriers as charging infrastructure,
purchase cost, range, availability, weight, and charging ti ighting the nce of a decision-making platform for heavy-duty
fleet owners and regional planners that takes int 1 technglo tional, and economic aspects of electrification
(Sugihara, Hardman, & Kurani, 2023). The mai jeegive of this researehyi elop a structured approach and measures in the
form of an analytical framework that assists fleef ors and other stakeého when examining the practicality of heavy-duty fleet
electrification at ports from technical, o% and economic perspectives. The framework uses Port Houston drayage truck

i

sample data as an early adopter of fleet a\ proposed feasibility assessment framework will integrate
electric vehicles into the existing fleet operatiénf’estimate detailed of electrifying the fleet, and examine potential solutions to key
barriers to heavy-duty truck electri i he study alsq0utlfaes potential emissions benefits to address sustainable, inclusive, and

liance with@gtistainable development goals (United Nations, 2021). The algorithms and
asily transfepable er drayage fleets and understandable for regional planners and fleet

owners considering electrifyiftg heavy-duty ﬂ&\
2. Backgroun\

A few stu have investigatéd the poteffial for heavy-duty drayage fleet electrification at ports and electrifying urban goods

distributiog and offere ies of transition plans for electric trucks that might begin in the near future and continue to grow.
Battery eleavy—dut cks cap,offer better performance than diesel trucks but have range limitations. The Port of Oakland
sibility assessy nd that electric trucks were not cost-effective or operationally feasible, and their potential market

ates wege U the time of the study. In addition to operational viability and cost efficiency, significant support,

licies, routin U , and charging accessibility would also be essential for the successful adoption of electric trucks.
d the feasibility of drayage electrification at the Ports of Los Angeles and Long Beach, considering tech-

entives\and grants to make commercially available battery electric heavy-duty trucks more economical than diesel
dy on drayage electrification operational feasibility at the Ports of Los Angeles and Long Beach showed that 85 % of
be served by electric trucks considering charging at the depot (Tanvir et al., 2021). A National Renewable Energy

at the Ports of New York and New Jersey, highlighting the range and charging infrastructure limitations for full electrifi-
Kotz, Kelly, Lustbader, Cary, & Oakleaf, 2022). Feasibility assessments of light-duty fleet electrification demonstrated that
althotigh the daily mobility needs of most fleets were within the driving range of the commercially available electric vehicles with no
reliance on opportunity charging, the limited annual mileage prevented the economical acquisition of the electric fleet (Danielis,
Scorrano, Giansoldati, & Alessandrini, 2020). Therefore, while the target fleet for electrification needs to meet certain daily mileage or
charging windows, it also needs to justify a minimum annual mileage for economic purposes. This study is unique as it defined a
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decision-making method that includes reusable measures to investigate the feasibility of drayage electrification from technology,
operational, and economic perspectives.

Ongoing battery advancement and global market growth may reduce electric vehicle costs over time. A 2021 study predicted that
by 2025, 40 % of non-Postal Service federal fleet cars and 97 % of USPS vehicles may be replaced with electric vehicles at a cheaper
total cost of ownership (TCO) than equivalent gas and diesel vehicles (Di Filippo, Nigro, & Satterfield, 2021). However, the uncertainty
associated with future technology and costs is a primary challenge in fleet electrification (Danielis, Giansoldati, & Rotaris, 2018;
Danielis et al., 2020). Since electric vehicles are a relatively new technology that is still evolving, significant technical uncertainty
exists over battery degradation, which has consequences for both replacement prices and the vehicle’s resale value. Additionally, the
efficiency of electric vehicles in real-world traffic at various speeds, and their true maintenance and repair costs, are unknown.
Technical uncertainty decreases as more experience with electric vehicles is gained. Economic uncertainty is associated with the future
price of fuel and energy. Technology and economic uncertainty associated with future advancements and pricing can be examined
through a feasibility framework such as the one in this study.

3. Framework formulation

plan that fits their current business needs, and (3) evaluate the capital and operation costs of electrification. Additio he envi-
ronmental assessment allows both regional planners and fleet owners to monetize emission savings for electriﬁcQ

3.1. Technology availability

This research evaluated the technology and commercial availability o ctric h s, batteries, charging
stations, and charging methods for implementation and identified t @ natives fo ififying and charging heavy-duty
fleets.

One stated technological problem with battery electric that the battesigs are very heavy, which means the trucks can carry
smaller loads before reaching the maximum allowab , Lin, & Bran: 17; Sripad & Viswanathan, 2017). For short-haul
trucks with lower battery capacity, studies indica the weight dif& d be as low as 1,400 1b (Harvey et al., 2020), and
the current 2,000-pound waiver policy for elec eéhicles can cover a d capacity difference (H.J.Res.31 - 116th Congress,
2019-2020). Additionally, weigh-in-motio ifteen states, ineluding Texas, indicated that 90 % of on-road heavy-duty trucks
in operation weigh less than 73,000 1b, s, o payload capacity reductions for a battery electric heavy-
duty trucks (Davis & Boundy, 2021). ¢

a@t chargin, $ the batteries run out. Currently, the US has only one public charging

station for battery electric hedvy-duty vehiclesPeq ith eight high-power chargers (Daimler Truck North America, 2021). As a
result, fleet owners must rely efgirely on thei ivate charging infrastructure, which is ideally installed at fleet depots that they

frequently visit Plug-i arging is a tifl tationary conductive charging approach that offers cheap capital costs per charge
port and allows rnight charging. The plugsin charging station for DC fast-charging can have a power output as high as 350 kW
and cost moreqhan 150,000 dol (Gladst®

session.

2019). Staff and specific cable management logistics are required for each charging
While ersonal b eleetric vehicle owners may charge their vehicles using a standard wall socket in their garage or a

3.1.1. Electric trucks
This research focused on trucks used in port drayage oper%Table 1 lists so @ e commercially launched or available for
launch battery electric heavy-duty trucks (class 8) in the @ as their specifications

3.1.2. Charging infrastructu;
The battery pack mu:

2]

mber of Tractor GCWR Maximum Power Battery Capacity Range Suggested Charging
Axles (Ibs) (HP.) (kWh) (miles) Power (kW)
82,000 360/500 315/475 250 250
82,000 536/670 653 260 220
80,000 536 396 150 NA
R Electric 6X2 3 82,000 455 264 120 150
)
PT (2022) 3 105,000 483 435 124 NA
Kenworth T680E (2021) 3 82,000 450 396 150 120
Tesla Semi (2025) 3 80,000 1000 500 300—500 NA
Nikola motor Tre BEV 3 82,000 645 753 350 240

(2022)

OQ
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level 2 charger with a capacity of around 7 kW, heavy-duty trucks typically demand far greater power levels. With less time to charge,
more power may be required. Fleets experiencing this kind of demand will almost certainly require DC fast-charging. Current battery
electric heavy-duty truck manufacturers suggest a charging power between 120 and up to 250 kW for their trucks (see Table 1).

3.2. Operational practicality

Operational feasibility assessment determines how well electrification technologies fit into the current business operation and
whether battery electric heavy-duty trucks can perform a full or partial proportion of their current trip scheduling without fleet
reassignment. This research evaluated the state of charging of an electric fleet running on the current schedule.

¢

3.2.1. Tour identification
A tour is a sequence of trips and stops operated by the same truck, starting and ending at depot parking. Fig. 1 illustrates the visual 0
representation of a drayage tour.

Until recently, efforts to design tour-based truck operations have been limited because of the difficulties in gathe igh-
resolution truck movement data. The advantages of designing a tour-based model for fleets are truck operation consisten
livery scheduling improvement. Also, tour-based modeling allows for scheduling overnight charging sessions at depots i d
electric fleet. Therefore, this research generated tours from sequential trips of each truck and considered a minimum ti the

depot before and after each tour for charging sessions.

3.2.2. Energy consumption K
Battery electric heavy-duty trucks should be able to conduct entire operations e arging sessioms. ore, all assigned
tours to the truck should consume less energy than the usable battery capacity.
Standard 1. Maximum Energy Consumption.
Tour Energy Consumption < Usable Battery Capacity

To improve readability, this paper has identified tours with energy comgsumpion lower thanghe usable battery capacity as short-haul or
electrifiable tours. Trucks that complete only short-haul tours‘age referred to as short-he s. Conversely, tours that require more

energy than the battery capacity are classified as long-hau% d trucks that comp @ y long-haul tours are referred to as long-
S

haul trucks. However, it is important to note that this doe§ ny cessarily mean that 18 aul and short-haul operations should be

separated, as some trucks may perform both types of . @
3.2.3. Fleet mix Q

Given the battery capacity constraints, the lo @ 1 tours should githeRhave on-route charging feasibility or only be conducted by
diesel trucks. Fleets may not transition to II-cle operation with icing the long-haul part of their operations. As a result, it

is essential to determine how many die .

haul tours can also be scheduled to b &y diesel trucks, - g'on their availability and long-haul tour scheduling. This section
implements the one-pass greedy al r interval gc lingtand determining the minimum number of trucks required to perform
only the long-haul part or a t should be n that the algorithm aims to maximize resource utilization and does not take

d D
charging feasibility into a. Additionally,"t d y that long-haul and short-haul operations should be separated, and the
findings serve as a jumping-off point for under g fleet transition and operation assignment.

Given a set of to here touri € I ; and ends at time f;, the algorithm solves an interval scheduling problem and
determines the Qn' umber of id ks required to accomplish tours in a way that no two tours are assigned to the same
truck at the sam@time.&dforithm 1 details't

a one-pass gre: technique (Klgiiberg & Ta¥los, 2006).

0\ é Trip #n+1—» Trip #1
v Stop #n Stop #1
_ ____ Trip #2
|
|
Stop #3 Oﬁip #36 Stop #2

Fig. 1. Tour and Its Components.
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Algorithm 1. (Minimum Number of Trucks Calculation)
Input = tours i € I with start times s; € S and end time f; € F for fleet | € L
Output = depth value for fleet l € L

1. For fleet 1
a. Set M = {s;,f;} for all toursi eI
b. Sort M in a non-decreasing order where s; is placed before f; if s; = f; for any i,j € I
c.Setn =0
d. Set depth =0
e. Foreachm e M
i. If m value is a start time,m € S
(1) Setn =n+1
ii. Else If m value is an end time, m € F
(1) Setn =n-1
iii. If depth < n
(1) Set depth =n

The fleet mix standard ensures the availability of a minimum number of diesel trucks for the completion of long-haul opera
determines whether they can complete short-haul operations as well. Assuming no additional budgets or grants are availa
proposed number of electric trucks and the required number of diesel trucks for long-haul operation should be less thagfthe ber of
existing diesel trucks in the fleet. While it may seem like a basic standard, its strength lies in its simplicity in applying*t@existing fleets
and assessing the electrification potential with no additional grants. K

Standard 2. Fleet Mix Availability.

Do

n¢ = Proposed Number of Electric Trucks

n? = Minimum Number of Required Trucks for Long-haul Operations
n' = Minimum Number of Trucks Currently Required for All Ope \

3.2.4. Charging requirements

The availability of a charging window and charging stati ing an average or worst-case scenario day (the day with maximum
energy consumption) are two other measures for cha ements and operational practicality. The charging window
availability (standard 3) measures the total time spengby entire flee ons and charging within a 24-hour window and

required chafgi ions can be completed in a single day. It should be
e after anotherfyor milgiple chargers simultaneously, their total charging time is

and reported as the percentage of days on which the fleet
d be noted that while driving durations for each driver may be

ensures that the overall duration of daily opera
highlighted that even if trucks use the same charger oz
combined and remains the same. This me be computed
has sufficient time to complete both opefationgafid rechargifig.

limited, the priority for charging wi ilability isto ¢ e'@verall fleet utilization, considering all drivers and charging needs.
Standard 3. Charging Windo lability. \
Wih
p: < 24 hours * 6

e
Charging statiog av; ility (standard¢®) \elhe number of charging stations needed to provide the required energy for all
short-haul operatfons. measure can Be computed for each day and reported as the percentage of days on which the fleet can
complete all short-haul operatio ith a spegific number of charging stations.

StandQ rging St vailability.
n

o4
X
0’\' = Daily Shortéhaul Electricity Consumption of Fleet (kWh)
v = Charging Powsr (kW) = 100 kW

Duration (hours)
Number of Required Trucks for Short-haul Operations

This section explores the economics of electrification and performs a break-even analysis for future investments in battery electric
heavy-duty trucks. The break-even point between a diesel heavy-duty truck and a battery electric heavy-duty truck shows the point
that the TCO of a diesel truck equals the TCO of a battery electric heavy-duty truck.
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3.3.1. Total cost of ownership

The TCO is a calculation of the costs of purchasing, installing, utilizing, maintaining, and retiring a product or piece of equipment.
The TCO of truck fleets during their entire life span was estimated based on monetary values for local conditions and using the
following equations. Equation (1) computes total capital cost and retail tax of truck fleet and refueling stations at year zero. Equation
(2) computes the net present value of total annual truck registration fees (paid at the start of each year) at year zero. Equation (3)
computes the net present value of annual operation and maintenance costs (assumed to be paid at the end of each year) at year zero.
Equation (4) computes the net present value of fleet salvage value at the end of life. Equation (5) calculates the fleet TCO using net
present values of capital cost, retail tax, registration fee, operation and maintenance cost, and salvage value.

C = Z o (1 +1¢) +naf ) Q
ke{D.E}
: O
Cr=> > d1+n)™

m=1 ke{D.E}

Co=>_ > Ao(l+n"+> > Ve (1 +0)"

3
m=1 ke{D.E} m=1 ke{D.E}
a(1 - Pk)y_l K
Cr = (C))
kg%,:s} 1+n" Q
TCO = C;+ Cr+Co — Cr Q @ (5)
Where, O

D = set of diesel trucks
E = set of battery electric trucks
Y = life duration
ax = unit purchase cost of truck k (dollars)
7} = unit retail tax rate of truck k (dollars)
n¢ = number of chargers at depot @
a° = unit purchase cost of charging station ( \
¢, = unit registration fee of truck k (dollars
S .\Q
Aldine \
Q , \ Crosby
Barrett .
. Sheldon
Harris \ Mont Belvieu
e
\ 6 1o/
aumﬂ ' Anahuac
tor ‘-~ :
O \ G )
Wes] ‘ | [ o pvtown|!
Pl v =47 T PRy
X0
Porte
jar Land ?
v i City \ ]

Seabrook

Jersey Village

Pearland
Friendswood

Manvel ¢ League City -\1 T
Esri, CGIAR, USGS | City of Houston, HPB, Texas Parks & Wildlife, Esri, HERE, Garmin, SafeGraph, METV —
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Fig. 2. Port Houston Location in Yellow (Port Houston, 2021b). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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AF = annual mileage of truck k (miles)

ox = unit O&M cost of truck k (dollar per mile)

vk = annual energy consumption of truck k (kWh)
e’gvg = unit average fuel rate for truck k (dollar per kWh)
6k = fuel real growth rate for truck ka

pi = depreciation rate for truck k

r = discount rate

Using equations (1) to (5), the TCO can be estimated for mixed diesel and electric fleets. The current calculation of the TCO did not
include any potential rebates, insurance premiums, or downtime costs.

3.3.2. Electrification mileage
There is a break-even operation or annual mileage at which the operation and maintenance cost savings outweigh the

fees. We will illustrate the calculation steps and reasonable assumptions in the Port Houston case study section. The followi

Annual Mileage of Battery Electric Truck > Breakeven Mileage

4. Port Houston case study Q

Port Houston is the largest port on the Gulf Coast and the biggest port in a§y ineluding n 0 p e and public terminals.
About 2,500 trucks visit the largest container terminal, the Barbour’s, er % eacll day. An 47 million tons of cargo is
being processed annually at Port Houston, leading to 339 billion dollars ¢f total economic valugyor 20.6 % of the gross domestic
product of Texas (Port Houston, 2021b). Fig. 2 shows the extent of ston.

the general standard:
Standard 5. Electrification Annual Mileage with Lower TCO. @

Port Houston is located in the Houston-Galveston-Brazoridyarea, w! is designate evere ozone non-attainment area and
requires additional measures to improve air quality (Texas ission on Environ uality, 2021). Heavy-duty trucks at Port
Houston are being operated by industry partners, and they dre hitd largest NOy emisSiesf'source. The largest NOy emission source is
the ocean-going vessels (58 % of NOy emissions), and 6 argest is car ling equipment (16 % of NOy emissions) (Eastern

: ) LY BW 8
@ F{\
| &
Fleet 6

\6 \ FIe:tS e
O N e
O

S

Fleet 4
°

Fleet 3

© 2022 Mapbox © OpenStreetMap

Fig. 3. Fleets Depot Locations.
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Research Group, 2017). Heavy-duty trucks account for 15 % of total NOy emissions and 17 % of total PMy 5 emissions at Port Houston
(Eastern Research Group, 2017). Therefore, the Clean Air Strategy Plan proposes collaboration with partners to reduce heavy-duty
truck emissions by improving fuel efficiency, electrification, better scheduling, etc. (Port Houston, 2021a). One of the highest pri-
orities is to investigate drayage truck electrification feasibility at Port Houston to help reach regional air quality goals, and the
knowledge gained in this process can be used for drayage truck electrification and impact assessment elsewhere.

4.1. Truck activity

The study data focuses on a sample of 40 heavy-duty trucks from 7 fleet operators at Port Houston. While the existing sample may
be a small percentage of the actual number of trucks operating, the data can be utilized as a case study for evaluating the performance
of the designed framework and showcasing the strength of method. It was assumed that fleet electrification plans were only focusing on
this part of the fleet, and there was no attempt in this study to scale up the findings to reflect the whole fleet.

The data collection process was conducted by the Texas A&M Transportation Institute (TTI) research team (Farzaneh, Johgson
Jaikumar, Ramani, & Zietsman, 2020). The vehicles were sampled by contacting fleets within the drayage loan program, a pa
for replacing old and polluting trucks, and they agreed to participate in the data collection process. The Portable Activity Meds
System (PAMS) was installed at a convenient time during daily truck operations. The PAMS was left on each truck fousa
weeks (up to 251 days for some fleets) and collected second-by-second vehicle operation data when the engine was.t @
April 12, 2017, to April 26, 2018, over 81 million data points were collected, spanning over 23,300 h of operation approximately
413,000 miles of travel. The second-by-second truck activity was aggregated into a trip-based dataset based o, es trucks were
idling or off. Fig. 3 maps the fleet depot locations for truck parking (and potentiall g).

Despite the quality of the data collection device and the continuous efforts to or data collectio inor data quality
issues were addressed for generating trip-based truck activity data from seco nd faw d 1@ removing duplicated
trip record and engine-off data) (Sharifi, Xu, Meitiv, & Xu, 2021). Only 0.1 % a were re ed'in rocess and should have
negligible impacts on final operation and energy results. After d d speed pro p sequences were split by
operation and idling (the vehicle is defined in idling if the speed is ¢ t1nu0 y less than 3 mph for Mgre than 600 s), and records were
aggregated into a trip-based truck activity. The travel time, travel , origin coordihates, destination coordinates, departure
time, and arrival time were calculated for each operation or i sequence. Overall t jon data collected from the seven fleets

represent a wide range of driving conditions, from short to loag,operation durations, and rs a wide range of operating speeds. Note
that all calculations are based on the sampled data and naof t tire fleet of trucks.

4.2. Energy consumption and emission \@

The operation data in this study came fr 10na1 trucks, a ssumed that the operation patterns remain unchanged if
electrified. The trip-level energy consu stlmated fé ing conventional truck and battery electric truck specifi-
cations, respectively. This research ad and Energy (FEC) to use second-by-second speed and operating mode bin

to generate trip-level energy cons i r both conve;
inputs were prepared to run k ate energy
major inputs in FEC have ‘@ SU. ized in Tab,
factors from EPA eGRID database were used, thet

Agency, 2014).
The major a&n@made in ge and emissions in this study include the following items:

issiorl estimations per trip, with few assumptions made to fill the gap. The
" For emission estimation from electricity consumption, the emission
exas-specific electricity generation profile (US Environmental Protection

Value
ario Seti nd state Houston, TX
RID Subregion Electric Reliability Council of Texas (ERCOT, with 20 % renewable)
S§€ason Scenario Summer
Inventory Year 2018
Meteorology severity 2
(1 - mild, 6 — severe)
Fleet in MOVES source type 61
Vehicle classification Combination short-haul truck
Vehicle age 0 (default)
Baseline fuel type Diesel
Alternative fuel type Battery electric
peration Duty cycle Cleaned drayage truck speed profiles from GPS data
Idle speed range (mph) 3
Maximum vehicle gross weight (Ibs) 80,000 (Texas Department of Motor Vehicles, 2020)
Route length (mile) and hours of operation Derived from speed profile
Electric powertrain Battery size (kWh) 396 kWh (Peterbilt 579 EV, 2021)
Motor power (kW) 400 kW (Peterbilt 579 EV, 2021)
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o Vehicle selection: The vehicle specifications for conventional trucks were defined using EPA’s MOtor Vehicle Emission Simulator
(MOVES) diesel-fuel combination short-haul truck (source type = 61) to obtain the corresponding emission rates. The vehicle
specifications for battery electric heavy-duty trucks were collected from a truck manufacturer, known as Peterbilt, based on their
579EV truck specifications (Peterbilt 579 EV, 2021).

Vehicle age: Selected diesel and battery electric heavy-duty trucks for reassigning fleet operations are both assumed to be new. So,
it does not have any bias toward a newer battery electric heavy-duty truck technology benefit considering the actual age of the
current diesel trucks.

e Truckload: Due to the lack of truckload data, both conventional and battery electric heavy-duty trucks were assumed to carry the
maximum load allowed in Texas (80,000 lbs). While the maximum payload capacity of a diesel versus a battery electric heavy-duty
truck is debatable, this research makes a reasonable assumption that they have the same maximum payload capacity based on

already available commercial diesel and battery electric heavy-duty trucks (Cascadia Evolution, 2017; Peterbilt 579 EV, 2021). 0

Truck idling: due to the low quality of GPS signal during low-speed operations, the idling speed range was set as 3 mph (if speed
<= 3mph and vehicle is not decelerating, the truck is idling).

The energy estimation method for diesel and battery electric trucks is outlined below:

Conventional diesel trucks: The scaled tractive power (STP) value was calculated using the second-by-second speedfp e Of trips
and vehicle type information. Later, the second-by-second STP values, speed, and acceleration were used to gx MOVES

operating mode bins (OpMode bins) and obtain the mode bin distributions. Finally, ¢he on-road energy use ang emissions were
computed by multiplying the operating mode distribution with corresponding emissions rates, ected region,
meteorology, and fuel type in Table 2. For trips with missing driving profiles bu ge speeds, d emission rates

were imputed using the average energy and emissions rates of two other trip ollected from the
same truck. The energy and emissions for those trips were then comput; ] ing i d travel time (Sharifi
et al., 2021).

e Battery electric trucks: The study developed and implemented @ mode proach to accoumt for the energy recovery during
regenerative braking and the second-by-second energy consu on (6)%and Equation (7), the trip-level
energy consumption for battery electric trucks was calculated by - cond energy use (Sharifi et al., 2021).

TractivePower(TP) = Av + Bv? + Cv° -+ M(a + gsin)v 6)
_ { TP/mnyns(fTP > 0)
Energyrate(kW) = { TPy, (fTP < 0) \ @)
Where, O

TP = vehicle tractive power (kW) % .
A,B,C = the road load coefficients

v = vehicle speed (m/s) K \
a = vehicle acceleratio ,@ % \

M = source mass for &
g = the acceleration due

sind = the (fractional) road
tor efficiency (86 percent), and battery efficiency (90 percent) from the FEC (Xu

n1.14, 13 = inverger efficiency (97 p \
et al., 2018)

n, = regenégative braking en recoveryefficiency (Zhang, Yang, Zhang, & Ma, 2019)

The re ive brakingmefficieney, or fraction of recovered energy among vehicle kinetic energy, was assumed to be 60 percent

u ent dataffrom a'previous study (Zhang et al., 2019). For emissions estimation from energy use, the emission factors

&e EPA eGRIDdatabase were used, together with a Texas-specific electricity generation profile (US Environmental Protection
ée 3
v issi jle from All Diesel Trucks or All Battery Electric Trucks.

Fleetl Fleet2 Fleet3 Fleet4 Fleet5 Fleet6  Fleet7

CO.e (kilograms per 2.4 2.3 2.1 2.3 2.4 2.1 2.1
mile)
VOC (grams per mile) 0.07 0.05 0.04 0.06 0.06 0.04 0.05
NOy (grams per mile) 1.3 1.2 1.1 1.2 1.3 1.1 1.1
PM 5 (grams per mile) 0.02 0.01 0.01 0.02 0.02 0.01 0.01
Emissions from Electricity Generation for Battery COqe (kilograms per 1.3 1.5 1.5 1.4 1.4 1.5 1.4
Electric Trucks mile)
NOy (grams per mile) 0.72 0.78 0.78 0.74 0.75 0.79 0.72
PM; 5 (grams per mile) 0.07 0.08 0.08 0.07 0.07 0.08 0.07
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Agency, 2014).

The individual truck daily energy use distributions for all the fleets were calculated. Due to the higher energy efficiency of electric
vehicle powertrains (Zhang & Mi, 2011), the daily energy consumption of electric vehicles was about half of their conventional
counterparts. Table 3 shows the average on-road emission rates per mile for each fleet, considering all trucks were new model year
2018 diesel trucks, and the average emissions from electricity generation total on-road emissions, considering all trucks were new
model year 2018 battery electric trucks. By electrifying the fleet, the NOx reduction can reach 1 — 1.2 g per mile from roadways, which
could serve as a potential mitigation strategy for the Houston Ozone non-attainment area. In addition, electrifying the fleet has great
potential in reducing the on-road PM; 5, Volatile Organic Compound (VOC), and COq, emissions from the high-emitting diesel fleets by
an average of 0.015 g per mile, 0.05 g per mile, and 2.2 kg per mile, respectively. CO2. and NOy emissions per mile from electricity
generation were 1.4 kg per mile and 0.8 g per mile, respectively, while PM; 5 emissions per mile from electricity generation is almost 4
to 6 times more than on-road PMj s.

4.3. Monetary values

Detailed costs were obtained from the TCO analysis framework developed by the Environmental Defense Fund (2019). Tj
rates were confirmed with values from other references (US Energy Information Administration, 2023). The purchasg
confirmed with values from another study, listing $279,000 and $150,0000 for battery electric and diesel trucks, re
Basma, & Rodrigues, 2023). The other study also listed the purchase prices as $296,000 and $122,000 for batte e

However, purchase prices may vary largely depending on the make and model. , the case stud
analysis for various battery electric pricing, as well as energy rates. Other fees
Comptroller of Public, 2024; Texas Department of Motor Vehicles, 2020, 2024).
for local conditions are summarized in Table 4. This research selected a me
owns larger fleets (10 vehicles or more) and aims for higher chargi
limited to, propulsion, body and accessories, inspections, brakes and steering, suspension, HVAC,
axles, wheels, and tires.

Currently, there is no actual data on the depreciation ratg of the battery electrigsheaWiduty trucks. However, Electrification
Coalition (2010) suggests a residual value of between 8-25 % 10 years. The assul @ for this research was a depreciation rate

i a

1

pted in this study
is r mended when the user
cludéd those related to, but not
ghting, general air system repairs,

of 14 % (equal to a residual value of 19 % after 12 years) fo el and battery ele eavy-duty trucks. The discount rate was 2
% per EDF suggestion (Environmental Defense Fund nally, diesel lectricity inflation rates were 1.4 % and 1.3 %,
respectively, according to the US Energy Informati dnNgistration (2@4).

A total of 4,875 tours were identiﬁ@ll fleets ifptha
e

e breadth of tr; ifies, the potential for electrification of short-haul tours, and the

4.4. Electrification feasibility assessment

%

udy (see Table 5 for details). The variation in values between

fleets and within each fleet demon
necessity of including diesel 'c@mg—haul op
If the maximum energy iert of 396 kWh idered based on the battery capacity (see Table 2), about 75 % of tours in
L 2
Table 4
Cost Profiles of Diesel -duty Trucks and’B ric Heavy-duty Trucks.
Cost Category m Diesel Heavy-duty Battery Electric Heavy- Source
Truck duty Truck
Capital Co vehic ase cost (dollar) 140,000 262,363 Environmental Defense Fund
(2019)
Tas ure cost (dollar) Not applicable 60,000 Greater Bridgeport (2024)
life span (year) 12 12 Environmental Defense Fund
(2019)
atioh and ation and maintenance cost 0.21 0.1025 Environmental Defense Fund
aintenance llar per mile) (2023)
1 rate — low (dollar per kWh) 0.09 0.1 Environmental Defense Fund
(2019)
fuel rate — medium (dollar per kWh) 0.10 0.13 Environmental Defense Fund
(2019)
fuel rate — high (dollar per kWh) 0.11 0.16 Environmental Defense Fund
(2019)
ts retail tax rate (percent) 6.25 % 6.25 % Texas Comptroller of Public
(2024)
retail tax (dollar) 8,750 16,398 Calculated
registration fee (70000-80000 Ibs) 840 840 Texas Department of Motor
Vehicles (2024)
registration fee (Harris County 11.5 11.5 Texas Department of Motor
surcharge) Vehicles (2024)

10
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Table 5
Tour Statistics of Sampled Fleets.
Fleet ID  Total Number of Tours Data Collection Duration in days Number of Tours per Tour Length (miles) Tour Duration (hours)
Day
Average  Maximum Average  Maximum  Average Maximum
Fleet 1 719 251 3.9 8 114 533 7.6 30.17
Fleet 2 490 185 3.7 10 164 2610 6.8 60.24
Fleet 3 60 43 2.0 4 181 787 6.6 15.77
Fleet 4 2506 96 26.4 56 48 659 3.0 24.10
Fleet 5 1013 167 8.4 16 94 607 5.3 25.65
Fleet 6 32 50 21 6 323 2584 10.0 78.73
Fleet 7 55 61 1.2 3 130 318 5.8 10.65

All 4875 NA 15.2 68 83 2610 4.7 78.73 o

OQ

the sampled truck activity can be operated by battery electric heavy-duty trucks. Fig. 4 shows this percentage is changing f; Q

60 % for all fleets, except for sampled Fleet 4. More than 85 % of tour operations of sampled Fleet 4 have an energy consump r
than 396 kWh, making sampled Fleet 4 have the highest percentage of electrifiable tours.
Table 6 displays the statistics for electrifiable tours (those requiring less than 396 kWh of battery energy) acros

pllection

e Replacing diesel trucks by battery electric trucks needs a substantial upfrontei
e Fleet mix standard may ensure availability of diesel trucks for completi

Table 7 details the minimum number of trucks required to co
sumption equal to or less than 396 kWh in this case study) and lo
There may be a changing proportion of long-haul and short-haul oper

them as tours with energy con-
ption of more than 396 kWh).
o0 all operationsthroughout each time interval. Therefore,

the minimum number of trucks for long-haul and short-haul operations may not occ Itaneously, and their aggregate does not
equal to the minimum number of trucks for all operations. le, sampled Flee handle all tour operations with 5 trucks,
requiring at least 5 diesel trucks to handle long-haul oper: ampled Fle 2, 6, and 7 cannot reduce their number of diesel
trucks due to their long-haul operation needs. Howey, i attery electri may still be cost-effective if the operational cost
saving outweighs the initial investment. Other than t ssion savin&w trified tours are beneficial. For example, 40 % of
sampled Fleet 1 energy consumption comes fro ul tours (see e hich substantially impacts operational benefits and
environmental advisability of fleet electrificatio! pled Fleets 3,4 and® may reassign part of their operations and replace some

diesel fleet operations with battery elec -duty truck

Charging sessions are available on averéige- and highsus for all sampled fleets. Additionally, the majority of fleets only

require a single charger at the dep r, sampled Fl es more than one charger on 38 % of days. It is worth noting that

this part of the feasibility studyad count for til&e electricity pricing or optimal charging scheduling for future use. These
o

two features could be assg8

Fig. 5 summarizes the
trucks operating only electrifi
the financial beﬁg

all diesel heavy-duty trucks and a fleet of all battery electric heavy-duty
), considering the minimum required number of trucks (see Table 7), to assess
or short-haul operations. The basic conclusion is that electrifying all short-haul op-
pled Fleet 4. That is, electrifying short-haul tours requires a minimum operation and
s to pay back the higher initial cost of battery electric trucks, which is a substantial

erations would r

7 e

. B0% / et Fleet 1

3 ;

E 60% I/ — — =Fleet 2

° /, ‘ Fleet 3

2 }

S 40% AL Fleet 4

5] ,

= 0% ’J Fleet 5

Fleet 6
0% Fleet 7
0 500 1,000 1,500 2,000

Tour Energy Consumption (kWh)

Fig. 4. Tour Energy Consumption Cumulative Distribution for Fleets.
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Table 6
Feasible Electrifiable Tours within the Sample of Each Fleet.
Fleet Total Electrifiable Miles (percent  Total Electrifiable Hours (percent ~ Consumed Electricity Saved Diesel Energy (kWh) (percent
ID of total miles) of total hours) Energy (kWh) of total diesel energy)
Fleet 1 29,736 (36 %) 2,697 (49 %) 94,460 289,345 (40 %)
Fleet 2 6,071 (8 %) 522 (16 %) 20,528 62,192 (9 %)
Fleet 3 988 (9 %) 94 (24 %) 3,526 10,506 (12 %)
Fleet 4 56,232 (47 %) 5,179 (69 %) 183,829 548,734 (53 %)
Fleet5 31,212 (33 %) 2,698 (50 %) 105,959 323,099 (38 %)
Fleet6 824 (8 %) 40 (12 %) 2,424 6,462 (8 %)
Fleet 7 1,228 (17 %) 73 (23 %) 3,893 10,350 (18 %)
All 126,291 (31 %) 11,303 (50 %) 414,619 1,250,688 (35 %) 0
Table 7
Minimum Number of Required Trucks for Sampled Fleets.
Fleet Current number of Minimum required number of Minimum required number of trucks Minimum required nu
ID diesel trucks trucks for all operation for long-haul operations for short-haul operati
Fleet 1 5 5 5 5
Fleet 2 5 5 5 4
Fleet 3 5 4 3 3
Fleet 4 15 14 8 13
Fleet 5 8 8 6 6
Fleet 6 1 1 1
Fleet 7 1 1 1
$6,000,000
$5,000,000 \ O
$4,000,000 @
$3,000,000

TCO (dollars)

d

Diedel Truck

£ T'ruck

o
Electric §fuc
Diesel Truc

Fleet2  Fleet3

Capaffll Cost - SaWage Value Tax and Fees

$2,000,000 O 0
$1,000,000 -@ =

MM M
Q Q Q Q
2 2 B2 B
= [l [l =
L 5 2 B
e (7] — 172}
5 L 5 2
[} [
= [a) = [a)
Fleet4  Fleet5
W Fuel

Electric Truck
1
Electric Truck
Diesel Truck 1l

!
2
9
[}
—
=)
!
—
9
<}
-
~

B Other O&M Cost

iesel Heavy-duty Trucks and Battery Electric Heavy-duty Trucks Performing Short-haul Operation.

pst. This scenario shows the second battery electric truck added to the fleet may have a lower TCO than
1 mileage of 20,000 miles or more, considering the previously installed charging station is available.

le tours that it makes economic sense to include one or multiple battery electric heavy-duty trucks in the fleet.

parizes the feasibility measures for each sampled fleet in Port Houston, indicating that sampled Fleets 4 and 5 are the
electrification at the current price bracket.
emissions reduction and electricity emissions generation from electrifying short-haul tours were calculated and
ed in Table 9. Fleets can save between 13 and 557 tons of tailpipe CO,, emissions per year, with the greatest savings

% of total tailpipe emissions. The electricity required to charge electrifiable tours produced 297 tons of CO2. emissions per year,

contributing back 28 % of tailpipe emissions at the power plants. Additionally, electrifiable short-haul tours operated by sampled Fleet
4 may save up to 307 kg of NOy and 4.3 kg of PM, 5. However, electricity generation for charging short-haul tours may result in the
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Diesel Truck

——— Electric Truck
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Fig. 6. Break-even Annual Mileage between a Diesel Heavy-duty Truck and a Batte

Electric Truck

TCO (Thousand Dollars)

-haul tours. Only sampled Fleet 4 has a lower TCO for battery electric trucks than for diesel trucks (see
ort-haul tours can save both emissions and costs. Most other fleets demonstrate a substantial potential for

the electrification of fleets may be identified as infeasible, according to this study.
e advancement of battery electric heavy-duty trucks and charging technology, as well as the introduction of new truck

between diesel and battery electric heavy-duty trucks narrows (Xie et al., 2023). In other words, changes in the viability of technology
will have operational and economic consequences. Federal and state rebates for electrification contribute to the price gap reduction as
well. Fig. 8 shows that a 25 percent reduction in the purchase price (to approximately $195,000) can lead to a break-even annual
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Table 8
Fleet Electrification Feasibility Standards Summary.
Standard Parameter Fleet1 Fleet2 Fleet Fleet 4 Fleet5 Fleet Fleet
3 6 7
Maximum Energy Consumption Electrifiable 36 % 8% 9% 47 % 33% 8% 17 %
Mileage
Percentage
Charging Window Availability Electrifiable 100 % 100 % 100 % 100 % 100 % 100 % 100 %
Truck Days
Percentage
Charging Station Availability Electrifiable 100 % 100 % 100% 62% 100 % 100 % 100 %
Truck Days
Percentage for one Charger
Fleet Mix Availability Minimum Required Number of Trucks for 5 5 4 14 8 1 1
all Operation
Minimum Required Number of Trucks for 5 5 3 8 6 1
Long-haul Operation
Electrification Annual Mileage Electrifiable Annual Mileage 43,242 11,977 8,389 213,798 68,218 6,013

with Lower TCO

Table 9
Changes in Tailpipe Emissions and Electricity Generation from Electrifiable Tours for Samp

Emissions Fleet 1 e Ele Fleet6  Fleet7
Tailpipe Emissions Change CO2¢ Annual —112 -13 -17
Tons
Percent —4 —8% —-18 %

Grams Saved per Dollar 5,31 17,728 1,173 1,633
Cost

NOy Annual Kilogram: —62 -18 —-307 -104 -7 -9
Percent -41% -10 % —54% —-39% —8% -19%
Grams Savedfper a 2.94 0.53 9 NA 9.74 0.64 0.88
Cost

PM, 5 AnnualfKi -0.9 -0.2 —4.3 -1.5 —-0.1 -0.1
Perce: —48% % —-16 % —59 % —41 % —9% —20 %

per Dollar 0 .01 0.01 NA 0.14 0.01 0.01
0st

Emissions Change from Electricity C! al 17 13 297 98 8 10
Generation ns S Q
ercent 21 % 5% 6 % 28 % 20 % 5% 11 %
Annual Kilogfams 31 9 7 159 53 4 5
20 % 5% 7 % 28 % 20 % 5% 11 %
Ma.s

3.1 0.9 0.7 15.9 5.3 0.4 0.5
154 % 41 % 58 % 220 % 144 % 59 % 92 %

al

Net Change in Emissions CO. —54 -16 -11 —260 -90 -5 -7
\ cent -19% —4% —6% -25% -18% —3% -7%
nual Kilograms -31 -9 -6 —148 —51 -3 —4

ercent -21% —5% —6% -26% -19% —3% —8%
PM,s  Annual Kilograms 2.2 0.7 0.5 11.6 3.8 0.3 0.4
e Percent 111 % 30 % 42 % 161 % 103 % 50 % 72 %

eage of 20,000 mij ther hand, some battery electric trucks may be higher in price than the assumed price in Table 4.
c g to Fig. 8, a € increase in the purchase price (to approximately $320,000) can lead to a break-even annual mileage

ese scenarios may become possible considering rapid technology advancements and the variety of makes

gven anntual mileage can also vary based on predicted annual price increases for electricity and diesel. Fig. 9 shows how
e rates result in different break-even points, such that a 4.5 percent annual electricity increase rate may result in

5.1. Findings and contributions

This feasibility assessment for heavy-duty port drayage fleet electrification evaluated the potential of shifting a heavy-duty fleet
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from all-diesel to partially battery electric trucks. It included a thorough examination of the technological, operational, and economic
elements, as well as consideration of environmental consequences, using a sample of the Port Houston fleets as a guide. Five measures,
maximum energy consumption, fleet mix availability, charging window availability, charging station availability, and electrification
annual mileage with lower TCO, were developed to create a feasibility framework, allowing fleets operating in ports to conduct their
own initial assessment of fleet electrification. The procedure for generating and accessing data sources was detailed, and the tech-
niques are easily transferable to other regions. The majority of data sources are accessible to fleet owners and regional planners for
future practice in making sustainable transportation decisions.

The findings indicated that the feasibility of fleet electrification varies significantly depending on the operating pattern and fleet
characteristics. With current battery electric truck technology and the assumption that charging is only accessible at the depot, up to
47 % of the mileage of sampled fleets at Port Houston may be electrified. If additional charging stations are added in addition to the
charging stations at depots, the proportion of miles that can be electrified will grow. Given the current purchase prices of diesel and
battery electric trucks and a 12-year life expectancy, a battery electric truck will have a lower TCO than a diesel truck if its annual
mileage is greater than 31,000. Also, electrifying electrifiable tour operations of sampled fleets at Port Houston may save up to 54 %
tailpipe nitrogen oxide compared to new diesel trucks. Such emissions savings would continue to rise over time, as batte
trucks continue to emit zero emissions from the exhaust, while diesel trucks age and become more polluting. The outco
experiment demonstrate that while electric trucks are not currently capable of performing all functions of a drayage truck £
are technologically and economically feasible for a large fraction of drayage operations in larger fleets. However, transi g
or independent owner-operator fleets may be an operational and economic challenge due to their long-haul tours an

aller
al short-
haul mileage.

5.2. Research limitations
There are more aspects to consider when determining the feasibility of a icati (@t the current study did

t, at the time of this study,
ging infrastructure (H.R.3684 -

the federal government expressed strong support for developing
117th Congress, 2021-2022; US Environmental Protection Agency, llenges’for long-haul trucks, supportive
policies can accelerate electrification across the board. Somegtudies antial impact of policies on facilitating
the process of heavy-duty electrification, such as reducing the gap for lower utilj @ thtough tax incentives (Fleming, Brown,
Fulton, & Miller, 2021; Wang et al., 2023).

Additionally, this study is limited to the environm pact of electri diesel trucks during their use phase due to data
limitations. The authors acknowledge the importa life cycle,ass edt, including production and recycling phases, to

provide a more comprehensive assessment. Some studies have specificall u life cycle assessments of electric cars and trucks,
which can inform future improvements to the fez @ assessment fram en, Ercan, & Tatari, 2017; Verma, Dwivedi, & Verma,
2022).

Battery electric truck technology is fancy; the
vehicle’s lifespan or salvage value. Als of heavy-du
to focus on depot charging. Once ing infrastru

ugh long-term studies to reliably predict a battery electric
ng infrastructure in the network forced the proposed framework
re Begcomes widely available, the model can be adapted to include other
charging locations at stops, - l tours may elegtrified through battery swapping at idling times, regardless of the high
capital cost. Additionall amework made si ions by ignoring the impacts from the following areas: 1) battery degra-
dation with vehicle age, 2) onal impact on Ql ing load, and 3) missing truck cargo load, causing overestimation of energy
consumption.

The propos method doe
entire fleet; rath onstrate that
fleet’s truck a 1ty an they off
(dependm
acknowle -

y at by examining a sample of truck activity, we can draw conclusions about the
procedure may be applied to the entire fleet. Fleet operators either have the entire

v, drlvers operating trucks, and truck age) and apply the methods to that subset. While we
a vehicle routing problem approach, a joint scheduling and charging algorithm, or a tour

eséind reallocate operations and develop a charging schedule that adheres to estabhshed technology,
ndards. Since capital costs associated with fleets are a significant portion of TCO, transitioning to a mixed
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