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Executive Summary
Medium and Heavy Duty (M/HD) vehicles, those in the US Department of Transportation (DoT) Class
3 (10,001-14,000 lbs GVR) through Class 8 (33,001 lbs GVR or over), only represent 4.6% of the US
vehicle fleet i, but consume 22.7% of all transportation sector energy ii. The contribution of M/HD vehicles
to air pollution is even greater than this, with freight trucks representing 39% of greenhouse gas
emissions iii. Moreover, the percentage of M/HD vehicles in the US vehicle fleet continues to grow, as
does the number of miles that these vehicles drive on a daily basis. These trends have spurred a
movement towards the electrification of M/HD vehicles, both to reduce air pollution to meet government
regulatory mandates and to reduce operating costs.
In many respects, the charging of M/HD electric vehicles (EVs) appears to present similar challenges
to the charging of electric automobiles and light-duty (LD) trucks – vehicles in DoT Class 1 and 2 (less
than 10,000 lbs GVR). However, in this case, appearances are deceiving. While electric autos today
have battery capacities approaching those of DoT Class 3-4 EVs and use high-power DC solutions to
for fast charging (primarily led by Tesla), the typical passenger vehicle in the US drives less than 30
miles a day and use only 12% of their battery capacity. In contrast, Class 3-6 M/HD vehicles drive
between 50 and 150 miles per day, consuming 40%-80% of their battery capacity.
Some EV fleet operators have utilized AC Level 2 chargers to recharge their M/HD vehicles. However,
this approach is problematic in several respects. AC Level 2 chargers are only capable of supplying
7.2kW-19.2kW to the connected vehicle (depending on the charger). This means that M/HD EVs may
not be able to fully recharge during the charging window, reducing available range. AC Level 2 chargers
also often have issues functioning at full rated power on (essentially) a continuous basis without thermal
failure. With a charger failure typically having a daily cost of between $450 and $760 iv for a fleet
automobile, and considerably more for high-cost/high-revenue generating M/HD EVs like buses or
delivery trucks, the savings from buying a low-cost AC Level 2 charger can quickly be lost.
The true cost disadvantages of an AC Level 2 charger becomes more pronounced when a fleet M/HD
EV is utilized for vehicle to grid (V2G) operation. While an 8-hour or 16-hour recharging window may
be acceptable, the typical window open to put unused power onto the grid in V2G operations is typically
no greater than 4 or 5 hours per day. A 7.2kW charger can only put slightly under 30kW onto the grid
during a 4-hour window (20% of the typical 150kWh capacity of an M/HD EV), while a 60kW charger
could put the entire 150kWh capacity onto the grid in roughly 2-1/2 hours. Depending on the charging
scenario, a 60kW DC charger can save nearly $16K/year in energy costs vs an AC Level 2 charger.
The result of these factors is a superior ROI for high-power DC chargers versus that of an AC Level 2
charger for the most prevalent M/HD EV fleet use cases.
This study is authored by G2M Research, and is sponsored by Rhombus Energy Solutions.
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The Challenges of Charging Medium/Heavy Duty
Electric Vehicle Fleets
Purpose of This Study

The purpose of this study is to investigate the suitability and total cost of ownership (TCO) of several
different electric vehicle (EV) charger technologies for the task of charging medium/heavy duty
(M/HD) electric vehicles. This group of vehicles includes (but are not limited to) delivery trucks and
van, school buses, public transit buses, and municipal vehicles such as refuse trucks. For the
calculation of TCO, we will utilize a specific use case (an electric school bus fleet) that utilized vehicle
to grid (V2G) operation as a part of their charging scenario.

The Forces Driving Medium/Heavy Duty (M/HD) Vehicle Electrification

The transportation sector is one of the fastest growing
segments of the economy that is being electrified. In
2019, 28% of all energy consumption in the US was
utilized for transportation, and of this, over 91% of the
energy was supplied by petroleum-based products as
shown in Figure 1 v. This petroleum fuel, most of which
was consumed in internal-combustion engines (ICEs),
produced roughly one-third of all greenhouse gases
emitted in the US in 2015 vi. Moreover, these ICEs
today have roughly a 40% efficiency rate vii, which
means that roughly 60% of the energy from these fuels Figure 1: U.S. Transportation Energy Sources/Fuels (2019)
is wasted. Electrification promises to reduce greenhouse gases and improving the fuel efficiency of the
transportation sector.
One part of the transportation sector which is particularly problematic is Medium and Heavy Duty
(M/HD) vehicles – those in the US Department
of Transportation (DoT) Class 3 (10,00114,000 lbs GVR) through Class 8 (33,001 lbs
GVR or over). These vehicles, while only
representing 4.6% of the US vehicle fleet viii,
consume 22.7% of the energy in the entire
transportation sector ix (or roughly 6.4% of all
US energy consumption). The amount of US
air pollution that comes from M/HD vehicles is
even greater, with freight trucks alone
represent 39% of transportation greenhouse
Figure 2: EV Share of US Fleets by Segment
gas emissions x (roughly 13% of all US
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greenhouse gas emissions). These issues will
only continue to increase as the number of fleet
vehicles grows as the percentage of total US
vehicles, and is one of the reasons that the
M/HD vehicle segment has been pushed
towards electrification by local, state, and/or
federal government regulations and incentives.
Not all of the reasons that the M/HD vehicle
sector is being electrified are pollution-related.
Electric vehicles enjoy significantly faster
acceleration and braking performance, as well
as reduced maintenance and energy costs.
Electric vehicles also have higher availability, all
of which reduce operating expenses. This has
resulted in significant electrification of M/HD
EVs, especially buses as shown in Figure 2 xi.

Medium/Heavy Duty Electric Vehicles vs
Electric Autos – Similar, but Different

At first glance, it would seem that solutions for
electric auto and M/HD EV charging are
converging. While the battery capacity of electric
autos and the largest transit buses and heavy
duty EVs may differ by a factor of 5 (or more),
the batteries in electric autos continue to
increase in capacity as battery prices drop. The
battery capacity in many electric autos xii
exceeds 80kWh as shown in Figure 3, only a
factor of two different than the battery capacity
of 150kWh for an average school bus, or
120kWh-150kWh for the average delivery
van/truck. The Tesla Cybertruck even sports a
200kWh battery, which has greater capacity
than the average electric school bus battery.
Similarly, charging power flow for electric autos
now approach (or exceed) that available for
many M/HD EVs. Tesla’s Supercharger network
provides DC charging power of up to 250kW,
well in the range of power provided by chargers
October 2020
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for M/HD EV fleets. A number of charging network operators beside Tesla also provide DC fast
charging, with a power range of 30kW-125kW. For comparison, Proterra (who builds large electric
transit buses and powertrains for other vehicles) sells charging solutions with 60kW, 125kW, and
500kW power output.
However, this is where the similarities end. The typical auto in the US drove less than 26 miles per day
in 2017 xiii. This distance represents the use of 9.4kWh of battery capacity given the average battery
size of 78kWh and EPA range of 309 miles xiv. Another way to look at this is that the average driver will
use roughly 12% of their vehicle’s battery capacity in a day.
In contrast, M/HD vehicles drive for longer ranges, which when combined with their greater weights
(see Figure 4 xv), results in significantly more energy use on a per-day basis. Duty cycles for these
vehicles also differ greatly from those of passenger autos – M/HD vehicles typically drive for extended
periods of 6-8 hours per day with frequent stops, while most passenger autos are used for two
commuting trips per day, with a time duration of each trip being well under an hour. To be fair, there
are some vehicles such as school buses that are idle for a significant amount of time during the day,
but this is not typical of M/HD vehicles in general. The average M/HD vehicle drive 50 to 150 miles per
day, and consumes 40% to 80% of their battery capacity (which averages 150kWh). This means that
these vehicles use between 60kWh and 120kWh of energy each day.

Figure 4: US DoT Classes for Medium/Heavy Duty Vehicles

Finally, M/HD EVs are almost exclusively work vehicles – they are used to produce revenue. For M/HD
vehicles, downtime is expensive. The average daily downtime cost for a fleet automobile such as a taxi
or delivery car is $450-$760/dayiv; high-cost/high-revenue generating M/HD vehicles have even greater
downtime costs. This puts significantly greater demands on the charging infrastructure for M/HD EVs
than is experienced by chargers for electric autos.
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Characteristics of Various EV Charging Options

Prior to looking into which charging options are best suited for M/HD EVs, it is worth understanding
what the various chargers options are for M/HD EVs. The US Society of Automotive Engineers (SAE)
defines the following charging levels:
•

AC Level 1 Chargers: These were some of the earliest chargers for electric autos. These
chargers connect to standard North American 120VAC outlets, and can output up to 1.92kW of
power, which is provided to the vehicle’s onboard battery charging system. The onboard
charging system them turns this power into DC voltage to charge the vehicle batteries.

•

AC Level 2 Chargers: These chargers connect to either 240VAC residential or 208VAC
commercial power, and can output up to 19.2kW of power. Functionality is the same as that of
AC Level 1 chargers, except at a higher input and output power.

•

DC Level 1 Chargers: These chargers generally connect to 480VAC three-phase power, and
can output up to 80kW of DC high-voltage power.

•

DC Level 2 Chargers: Similar to DC Level 1 chargers, but can output up to 400kW of DC highvoltage power. For all intents and purposes, the differentiation between DC Level 1 and Level
2 is somewhat arbitrary, and these chargers are often lumped together and referred to as “DC
fast chargers” or (incorrectly) “DC Level 3 chargers”.

The typical failure mode of AC chargers is component failures due to thermal stress, as well as failures
of the onboard vehicle charging system, which is used significantly more than in DC chargers. For DC
chargers, the failure mode is also typically thermal issues in the power conversion system (PCS) power
stages or in the PCS cooling fans.
The other difference between chargers is the environment that they are designed to operate in. These
categories include:
•

•

Residential chargers are typically sealed units that can operate either indoors or outdoors. AC
Level 1 and AC Level 2 chargers are available as residential chargers. In general, these chargers
are a single unit, are inexpensive (under $1,000), are not serviceable, and are only meant to
operate for a few hours a day.
Public charging stations provide the ability to charge EVs in
parking lots, commercial sites, and mixed-use or shared
residential settings. Many public charging stations incorporate
payment mechanisms such as a credit-card reader or
cellphone interface, though some public charging stations
provide free charging. These units can be AC Level 1, AC Level
2, or DC fast charging stations, and can be “all-in-one” or have
a power conversion system (PCS) that is remote from the
dispenser that connects to the vehicle for some DC fast
Figure 5: Public Charging Station in
chargers. Like residential chargers, these public charging
Ramat Hasharon, Israel (Wikipedia)
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•

stations are typically not meant to run for more than a few hours a day, and the “all-in-one” units
are generally not serviceable on-site.
Commercial/Fleet charging stations are utilized in M/HD EV fleet vehicle yards, and are
almost always DC fast charging stations. Since they are utilized by fleet vehicles, they typically
do not have a billing interface. These chargers are generally designed for high reliability, ease
of on-site servicing, and continuous operation at rated power. They also tend to have separate
PCSs and dispensers, with the ability to locate the dispenser several hundred feet away from
the PCS. In some cases, a single PCS can drive several dispensers in a “round-robin” fashion,
which is also known as multiplexing.

AC Level 1/2 residential chargers tend to be the cheapest, followed by AC Level 1/2 public charging
stations, and DC fast charging public stations. Commercial/fleet charging stations are the most
expensive station, and are typically (though not always) sold through M/HD EV original equipment
manufacturers (OEMs), or charging network operators that work with them. The following table
compares the time it takes for the different charger classes to recharge various M/HD EVs (a Tesla
Model S electric auto is also included for comparison). The charge times in red are those that exceed
10 hours, which is typically the maximum time available to charge a commercial vehicle without
charging during peak demand hours of 4pm-9pm, where rates are the highest.
Vehicle/Battery Specs

Charging Times (hrs)

1.6
0.8
0.4
2.5
1.3
0.6
11.0
5.5
2.8

0.8
0.4
0.2
1.2
0.6
0.3
5.3
2.6
1.3

DC Charger (500kW)

3.0
1.5
0.8
4.8
2.4
1.2
21.1
10.6
5.3

DC Charger (125kW)

6.3
3.2
1.6
10.0
5.0
2.5
44.0
22.0
11.0

DC Charger (60kW)

4.9
2.5
1.2
7.8
3.9
2.0
34.4
17.2
8.6

DC Charger (125kW;
4X multiplex)

13.2
6.6
3.3
20.8
10.4
5.2
91.7
45.8
22.9

DC Charger (60kW;
4X multiplex)

49.5
24.7
12.4
78.1
39.1
19.5
343.8
171.9
85.9

AC Level 2 (19.2kW)

95
95
95
150
150
150
660
660
660

AC Level 2 (7.2kW)

Tesla Model S Long Range Plus (empty-full)
Tesla Model S Long Range Plus (50%-full)
Tesla Model S Long Range Plus (75%-full)
Blue Bird Electric School Bus (empty-full)
Blue Bird Electric School Bus (50%-full)
Blue Bird Electric School Bus (75%-full)
Proterra Catalyst E2 Max (empty-full)
Proterra Catalyst E2 Max (50%-full)
Proterra Catalyst E2 Max (75%-full)

AC Level 1 (1.92kWh)

Battery
(kWh)

Vehicle Type

0.2
0.1
0.0
0.3
0.2
0.1
1.3
0.7
0.3

Figure 6: Comparison of Charging Times for M/HD EVs

As can be seen from Figure 6, AC Level 1 chargers are generally incompatible with vehicles that
have large battery capacity, including the Tesla Model S electric auto. Even the 7.2 kW AC Level 2
charger (a very common power level) cannot charge the Tesla from empty to full in less than 10
hours, and can takes slightly over 10 hours to charge the Blue Bird electric school bus from 50%
capacity to full. The 19.2 kW AC Level 2 charger does significantly better for both the Tesla and the
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Blue Bird electric school bus, but can only support the Proterra Catalyst E2 Max if less than 30% of its
capacity has been used. The non-multiplexed DC fast chargers work in nearly every scenario, the
60kW 4X multiplexed DC fast charger works for the Blue Bird bus in every scenario, and the 125kW
4X multiplexed DC fast charger works for the Catalyst E2 Max in all but the empty-full scenario.

How Does Vehicle to Grid Change the Situation?

One of the new technologies that is being applied to M/HD EV fleets is vehicle-to-grid (V2G) technology.
V2G takes the unused energy in an EV’s battery, puts it back onto the grid during peak demand hours,
and then recharges the vehicle during off-peak hours (typically 9pm-9am). The energy put back onto
the grid during peak demand hours allows the vehicle owner/operator to get a premium for that energy,
and then recharge when the energy is cheaper. Figure 7 shows the rate schedule and hours for Pacific
Gas and Electric (PGE) business electric vehicle charging xvi; as can be seen, the price difference
between peak and off-peak charging is significant.

Figure 7: Pacific Gas and Electric Business High-Use EV Rate Table

The impact of V2G on M/HD EV energy costs can be significant, but the impact on the choice of EV
charging infrastructure is also significant. Incorporating V2G essentially reduces the charging window
for the vehicle, and increases the charging time for the vehicle, since both the energy used by the
vehicle and the energy put back onto the grid during peak hours must be recovered to fully charge the
vehicle. To quantify this we, used the PGE rates and a Blue Bird electric school bus to create a scenario
of how much money could be saved annually through V2G on a per-charger basis. The typical school
bus operational scenario consists of a morning route (6am-9am is common), followed by an afternoon
route (2pm-5pm). For electric school buses, charging can occur during super-off peak hours (9am2pm), and then again at the end of the afternoon shift.
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We looked at a 7.2kW AC Level 2 charger, a 19.2kW AC Level 2 charger, and a 60kW DC fast charger.
The cumulative TCO for each option by year is shown in Figure 8. The model assumes the following
parameters for each configuration:

Purchase Price:
Grant Offset %:
Installation Cost:
Annual Service Plan Cost:
Onboard Charger Service Plan
Cost:
Annual Failure Rate:
Days out for Failure:
% of Charge Used Prior to V2G:

60kW DC
Charger
$50,000
50%
$10,000
$1,000
n/a
1%
2

19.2kW AC
Charger
(V2G)
$20,000
50%
$10,000
replacement

19.2kW AC
Charger (no
V2G)
$20,000
0%
$10,000
replacement

$1,500
10%
5
30%

$1,500
10%
5

Cumulative Total Cost of Ownership: Various EV Chargers

$7,000,000
$6,000,000
$5,000,000
$4,000,000
$3,000,000
$2,000,000
$1,000,000
$0
-$1,000,000
-$2,000,000

Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10
60kW DC Cumulative TCO

19.2kW AC Cumulative TCO (w/V2G)

19.2kW AC Cumulative TCO (w/o V2G)

As can be seen, the 60kW DC charger pays for itself starting in year 7, while the 19.2kW AC charger
with V2G does not pay for itself until year 10, and the non-V2G AC charger never pays for itself. The
TCO for the 60kW DC charger after 10 years is -$1.45M, while the cumulative TCO for the 19.2kW
AC charger with V2G after 10 years is -$35,000.

Summary: DC Charging Infrastructure Produces a Better ROI for Most M/HD EV Fleet
Use Cases than AC Level 2 Chargers Do

One of the fundamental reasons that fleets are electrifying their M/HD vehicles is to reduce operating
costs. Charging M/HD EV fleets is fundamentally different than charging electric automobiles, and
requires a significantly different charging infrastructure to achieve this. If V2G is likely to be part of the
M/HD EV charging equation, the choice of a DC charging infrastructure will produce a significantly
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better return on investment (ROI) than an AC Level 2 charger will, and will likely pay for itself in a few
years. In general, the larger the vehicle’s battery capacity, the more saving can be realized by utilizing
a V2G-capable DC charging infrastructure. V2G does require advance planning, such a developing a
connection plan with the local electrical utility operator, but most M/HD EV OEMs can help you
formulate the connection plan. In all cases, advanced planning and close attention to your use case is
critical to maximizing the ROI of your charging infrastructure.

About
Rhombus
Solutions

Energy

Rhombus has built high-power
inverters for renewable energy such
as “behind the meter” grid energy
storage systems for several years.
Rhombus has applied that expertise
to the design of our latest-generation
bi-directional EV charging systems
(which are designed from the start for
the needs of fleet operators) and bidirectional smart inverter systems for
microgrids. The Rhombus line of
V2G-capable M/HD EV chargers include remote dispensers and power converter systems (PCSs) in
power ranges from 60kW to 500kW. Rhombus expertise in energy management system (EMS)
1software is also embedded in our VectorStat EMS controller and software which is embedded in our
EV charging systems and smart inverters. Rhombus also excels in the design and testing of high-power
electrical equipment to meet the requirements of UL and other certification organizations. Rhombus
has designed and manufactured hundreds of V2G-capable high-power, high-reliability chargers and bidirectional smart inverters for a variety of different sizes and classes of EVs. Find out how we can help
you by contacting us at sales@rhombusenergy.com, or by reading our Vehicle to Grid Solution Brief.

About G2M Research

G2M Research provides targeted industry reports that provide market sizing, ecosystem mapping and
market analysis to deliver comprehensive views of marketplaces and technologies. In addition to
providing standardized analysis, G2M Research also performs customized research for companies in
a variety of markets. G2M Research is part of G2M Communications, which is a re-grate-it, inc. brand.
For more information, visit www.g2minc.com/research.
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