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Fleet owners and operators at public
transit agencies, school districts, courier
service providers and other entities are
turning to electrified mobility solutions
to reduce their environmental impact
as part of a global effort to eliminate
carbon and other harmful emissions
from our transportation infrastructure.
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Beyond decarbonization: Shrink
cost and grow resilience
Beyond decarbonization, electric vehicles have the
potential to lower the cost per mile of owning and
operating a fleet. A major component of cost per
mile is the infrastructure required to “fuel” vehicles
through electric chargers, known as Electric
Vehicle Supply Equipment or EVSE. Fleets that
are dispatched in a cyclical, controllable manner
present a unique opportunity to manage electric
load in a way that can reduce charging costs.
Strategic use of Distributed Energy Resources such
as solar, energy storage, and demand response,
can provide further cost savings along with added
benefits like resiliency against power outages and
supplemental emissions reductions.

A photovoltaic solar array installed behind a
fleet operator’s electric meter produces on-site
renewable energy, often at a lower cost than
energy purchased from the local utility. PV systems
can also offset emissions associated with using
energy from a utility, from which at least a portion
of energy is generated by fossil-fuel resources.
Installing a stationary Battery Energy Storage
System enables fleet operators to shift their
electric load to periods with lower rates, reduce
peak demand as seen by the utility, provide backup
power in the event of a grid outage, and capture
excess solar energy when it’s not optimal or
possible to back-feed to the utility.
Demand Response programs incentivize utility
customers to reduce their demand during
periods of peak grid load. A controllable load like
vehicle charging can respond to such events by
temporarily reducing charging power to generate
revenue or rebates from the utility. A BESS can
reduce load further by discharging during DR
events, effectively reducing the net cost of the
system.
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New to fleet electrification?
Review the acronym library
BEB - Battery Electric Bus
BESS - Battery Energy Storage System
BTM - Behind-the-Meter
CEV - Commercial Electric Vehicle
DER - Distributed Energy Resource
DR – Demand Response
EV - Electric Vehicle
EVSE - Electric Vehicle Supply Equipment
GHI - Global Horizontal Irradiance
ICE - Internal Combustion Engine
kW - Kilowatt
kWh - Kilowatt-hour
LCOE - Levelized Cost Of Energy
MW - Megawatt
MWh – Megawatt-hour
NEM - Net Energy Metering
NPV - Net Present Value
O&M - Operations and Maintenance
PCS - Power Conversion System
PPA - Power Purchase Agreement
PV - Photovoltaic
SOP – Super Off-Peak
TOU - Time of Use
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Which type of fleet
do you own/operate?
1. Transit Bus
Many transit agencies across the U.S. are
already operating electric buses, and others have
announced plans to make the transition in the
coming years.
City and state mandates, declining bus costs,
and other drivers are projected to accelerate the
growth of electric transit buses in the U.S. for the
foreseeable future.

buses calculated an average overall efficiency of
2.84 kWh per mile.[3]
Fuel economy for electric buses, as with Internal
Combustion Engine (ICE) buses, varies widely,
depending on:
› Geographic features of routes (i.e., routes
with more hills result in reduced fuel economy)

Battery Capacity & Electric Fuel
Economy

› Average speeds

Current electric transit buses generally have
battery capacities between 120 and 660 kWh,
and driving ranges listed between 100 and 350
miles.

› Climate (battery chemistries currently used
in most electric buses tend to underperform in
extreme temperatures, further impacting fuel
economy)

Electric bus fuel economy tends to range
between 2 and 4 kWh per mile. A 2018 National
Renewable Energy Laboratory study on electric

› Performance characteristics of the buses
themselves

› Number of stops/starts

Transit bus fleet deployments in
the U.S. are still dwarfed by those
of China, where over 400,000
Battery Electric Buses are already
in operation.[1]

S K I P TO CA S E ST U D I E S >
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Which type of fleet
do you own/operate?
2. School Bus
Electric school bus availability is comparatively
smaller than that of transit buses, but the list of
manufacturers is growing. School buses bring
unique opportunities for electrification because
morning and evening routes tend to mirror each
other quite closely, with a distinct downtime
period occurring midday.

Current offerings for electric school buses
include battery capacities between 88 and 220
kWh, and driving ranges listed between 75 and
155 miles.[2]

While most charging may take place overnight,
the midday standby period presents an
opportunity to completely recharge fleets before
afternoon routes begin, requiring smaller bus
battery capacity. It also coincides with peak solar
generation hours, meaning electric school buses
can help alleviate challenges associated with
abundant solar generation and the associated
ramp-down in the evening.

S K I P TO CA S E ST U D I E S >
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The midday standby period for
school buses presents an opportunity
to completely recharge fleets before
afternoon routes begin, requiring
smaller bus battery capacity. This
period also tends to coincide with
peak solar generation hours.
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Which type of fleet
do you own/operate?
3. Courier
Many major courier service providers are
purchasing electric vans as part of a commitment
to eliminate emissions from “last mile” delivery
vehicle fleets. These fleets are responsible for
carrying packages from a central hub to the doors
of customers.
There’s a high degree of variability in how lastmile delivery fleets are planned and scheduled.
Unlike transit buses and school buses, delivery
vans do not need to meet a strict schedule of
repeated routes with stops at specific times
of day, so there is some flexibility in vehicle
departure and return times. Routes are adapted
to meet required delivery locations daily.
Courier services have perfected the art of this
optimization process with conventional vehicles;

however, electric vans and trucks present an
entirely new challenge. Charging may generally
take place overnight, but utility rate schedules
and the presence of DERs may incentivize
different charging strategies.
Current offerings for electric cargo vans and step
vans include battery capacities between 50 and
136 kWh, and driving ranges listed between 40
and 200 miles.[2] Due to their smaller payloads
and comparatively lighter weight, delivery vans
tend to have better fuel efficiency ratings than
buses.

Courier services have perfected
the delivery optimization
process with conventional
vehicles; however electric vans
and trucks present an entirely
new challenge.

S K I P TO CA S E ST U D I E S >
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4 Variables
Affecting Fleet
Electrification
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1. Charging Infrastructure
There are three fundamental technologies
for recharging electric vehicles: plug-in,
conductive and wireless inductive charging.
Each charging type can be implemented at
varying power levels and locations, depending
upon how a fleet is managed, the size of
facilities, the routes and timing, and other
operational factors.

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies
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Charger Types

Figure 1: Plug-in Style Charger

Figure 2: Bus-Down Charger

Plug-in Charging

Conductive Charging

Plug-in charging, shown in Figure 1, is similar
to the charging technology currently available
for light-duty vehicles, with a charging unit that
has a cord of varying length and a standardized
connector on the end that matches a port
on the vehicle. The dispenser can be small if
the related electrical equipment is located in
cabinets some distance away.

Conductive charging is typically called “BusDown” (Figure 2) or “Bus-Up” (Figure 3) and
uses a pantograph such as seen on light rail
trolley cars, either mounted on the bus itself
(Bus-Up) or on a structure above the bus (BusDown).

Typically, medium- and heavy-duty vehicles will
use Direct Current Fast Chargers which vary
from 50 kW to 350 kW of capacity.

These systems are not as standardized
between manufacturers, and costs vary widely
depending on the installations and suppliers,
as well as the power levels provided. Because
of this, conductive charging is typically high

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies

Figure 3: Bus-Up Charger

power, very fast charging at on-route bus stops,
such as an Asea Brown Boveri system that
delivers 600 kW for short durations of time,
usually between 20 seconds and a few minutes.
In some cases where bus depots have space
constraints, conductive charging is not feasible
due to the required infrastructure.
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Wireless Inductive Charging
Wireless inductive charging is an approach where
magnetic resonance typically is used to transmit
power across the gap between the ground and
the vehicle. A pad is mounted on the ground
and a receiver on the vehicle, and the vehicle is
parked very precisely (within 2 cm) over the pad.
Automated parking is usually required to achieve
this level of precision. The clearances and parking
methods are similar to conductive charging.
Currently deployed systems are typically 50 kW,
but demonstration systems are being tested at
500 kW and 1 MW. The 50-kW system shown
in the demonstration photos below delivered 6.6
kWh in a typical charging event at the bus stop
where it was installed, where the bus stayed for
6.9 minutes (approximately 1 kWh per minute).
Due to the low number of actual installations to
date, costs are not readily quantifiable. While
they are expected to decline, costs are still higher
than other systems for equivalent power delivery.
The recently updated SAE J2954 standard aims
to pave the way for cost reduction and overall
standardization. The convenience factor for this
technology is high due to the lack of necessary
overhead structures; however, there is still
significant subsurface infrastructure required,
along with adjacent electrical equipment.

Recent research has shown that the wireless
inductive system charging efficiency is within
one or two percent of plug-in systems, and above
90 percent in most cases. For example, while a
charger is delivering 350 kW to a vehicle during
a charge, it may draw 390 kW from the electric
grid.
Inductive chargers are not disturbed by rain or
snow, as the systems use magnetism, not direct
transfer of electricity. They also include foreign
object detection and live object detection for
monitoring the charging environment for both
metallic objects (foreign) and humans or animals
(live).

Figure 5: Inductive Charging Infrastructure (Courtesy: WAVE)

Safety is an area of extensive testing for this
technology to make certain the electromagnetic
field is not reaching people in or around the
vehicle at unsafe levels.
The wireless inductive system photos in Figure 4
and Figure 5 are from a demonstration project in
Northern California.
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Figure 6: Bus Charging Over Inductive Charger (Courtesy: Wave)

The wireless inductive system
charging efficiency is within
1-2% of plug-in systems, and
above 90% in most cases.
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Utility Requirements
In addition to selecting a charger size and type,
it is important to consider the implications the
additional electric load will have on the local
utility infrastructure. Charging a fleet of electric
vehicles may require several megawatts of
power. Larger fleets may require tens of MW.
The grid infrastructure required to deliver
electric power at this scale is not often readily
available. Equipment upgrades are commonly
needed to accommodate new loads, with larger
loads requiring more extensive and more costly
upgrades. Depending on the size of the load,
this may be as simple as upgrading or adding
a new distribution feeder or as complex as
constructing an entirely new substation.
The utility planning process can be a multiyear effort with several steps of approval
from local and regional governing bodies, so
it’s important to engage the utility as early
as possible. Existing fleets that are planning
or implementing a phased transition to
electrification need to work in lockstep with
utility planners to ensure power capacity is
available through each phase.

One important consideration is that utility
infrastructure sizing is driven not by total
energy consumption but by peak power
requirements. In other words, the maximum
amount of power required for charging is what
dictates the grid upgrades needed, as utilities
must build or upgrade their wires, transformers,
switches, etc. to cover the “worst-case” peak
load. This means that fleet operators can reduce
the amount of upgrades needed by reducing
their peak charging load, not necessarily their
total charging load (total energy consumption).
Managed charging and the use of DERs are
two ways to reduce peak charging load, which
are detailed in the following sections. In some
cases, it may be infeasible or cost-prohibitive to
install the equipment required to accommodate
an anticipated charging load, in which case a
fleet owner must consider installing some form
of onsite generation to supply a portion of
charging load and reduce the peak load seen by
the utility.

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies

Fleet operators can reduce
the amount of utility upgrades
needed by reducing their peak
charging load, not necessarily
their total charging load.
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2. Utility Rate Structures
Electricity rate design is an art form that is
continuously evolving, especially as the grid
itself evolves to incorporate new types of
resources, customers, and assets.
Every utility’s rates are unique, but at the
commercial and industrial level they generally
consist of the same core components: a base
rate, an energy rate, and typically, a demand
charge. Some utilities offer specialized rates
that include added features such as time-ofuse rates and net metering.

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies
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Utility Rate Components
Energy Charges
An energy charge is simply the price of the total energy that a
customer uses over a period of time, usually the course of a billing
cycle. Billing cycles are most often one month long. Electric energy
is measured in kilowatt-hours; therefore, energy rates are expressed
in dollars per kilowatt-hour. In 2020, energy rates for commercial
end-use customers in the U.S. ranged from 7.45 to 27.08 $/kWh,
with an average of 10.89 $/kWh [4].

Demand Charges

In 2020, energy rates for
commercial end-use customers in
the U.S. averaged 10.89 $/kWh

Maximum Demand and Charges by Utility Territory

Electric utilities must continuously manage the balance of supply
and demand on the grid, but they also have to make sure the grid
is built to handle the highest possible amount of power that could
flow through the transmission and distribution system to their
customers. To account for this, utilities often charge commercial
and industrial customers a demand charge based on their maximum
load over the course of each month. This peak load value is
measured as the highest average load over a certain small window
of time, usually 15 minutes. Because demand charges are based on
a power measurement rather than an energy measurement, they are
expressed in dollars per kilowatt. Demand charge rates vary widely
across the U.S., in some areas reaching over 30 $/kW. Figure 7, at
right, shows demand charges from a 2017 NREL study.

Figure 7: U.S. Demand Charges (Courtesy: NREL)

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies
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Time-of-Use Rates
Many utilities use time of use rates to
encourage customers to shift their energy usage
from peak load periods to off-peak periods. This
is done using time-varying energy rates, where
the price of electricity is higher during peak
periods and lower during off-peak periods.

For a fleet operator, TOU rates influence how
and when it is best to charge vehicles in order
to minimize their electric bill. For example,
most utilities experience a system peak in the
evenings from roughly 4 p.m. to 8 p.m., and may
charge peak pricing during that time.

Climate, geographic location, seasonal
variation, renewable energy penetration levels,
and other factors can impact a utility’s load
profile. Therefore, there is a large amount
of variability in TOU pricing depending on a
customer’s location.

As fleet vehicles begin completing routes
and returning to a depot or garage during
that window, it is advantageous to abstain
from charging them until after peak pricing
ceases. Fortunately, most fleets do not
operate overnight, when TOU rates tend
to be at their lowest. Since fleets typically
operate on a diurnal schedule, charging can be
strategically scheduled so that each morning
the fleet is prepared to complete routes after
charging throughout the night using lower cost
electricity.

As more intermittent generation resources such
as solar and wind are added to the grid, the task
of matching electricity generation with demand
becomes more challenging. The variable and
weather-dependent nature of renewable energy
results in greater fluctuations of wholesale
electricity prices and a need for more flexibility
on the demand side for grid operators. TOU
rates will likely play an important role in a grid
that is becoming increasingly dependent on
renewables.

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies

For a fleet operator, TOU rates
influence how and when it is
best to charge vehicles in order
to minimize their electric bill.
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Net Metering
Utility customers that own solar arrays often
produce more electricity than they consume
during sunny hours of the day. This has sparked
the advent of net metering policies, whereby
utilities will compensate customers for excess
energy that is put back on the grid by their
solar installations (or other customer-owned
generation). There are still many interpretations
and opinions on exactly how much these
customers should be paid for this excess
generation.
Basic net metering simply counts every extra
kWh of energy given back to the utility as a
negative kWh of demand, so the “payback
rate” is effectively equivalent to the customer’s
energy consumption rate.
Some utilities implement a reduced form of net
metering, by which the customer is paid for
the excess energy at a rate equivalent to the
raw energy charge component of their electric
rate schedule, but not for the energy delivery
component. This essentially equates to smaller
payments (or bill deductions) for excess solar
versus a full net metering scenario.

4 VARIABLES
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There can be many nuances to net metering
regulatory policies and tariff agreements, so
a fleet owner considering a PV system should
carefully scrutinize these terms with their
consultant and utility company to evaluate their
potential economic benefit.

Commercial Electric
Vehicle-Specific Rates
Electric utilities are well aware of the growing
popularity of electric vehicles and the potential
value they could provide as new load growth.
Due to the tremendous amount of charging load
projected to coincide with the rise in EVs, some
utilities have recently developed rate schedules
that are specific to commercial electric vehicle
charging.
For example, utilities in California have released
CEV rates that feature more accentuated
TOU rates, with high peak period pricing, low
off-peak pricing, and very low “super offpeak” pricing, which coincides with peak solar
production hours. Knowing that EV charging
schedules can be quite flexible, these utilities
see an opportunity to encourage CEV owners to
charge using the abundant daytime solar energy
in California.

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies
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When coupled with the strong disincentive
to charge during evening peak hours, CEV
rate schedules can help alleviate challenges
associated with the rapid ramp-down in solar
production in the evenings and simultaneous
ramp-up in total system load. This conundrum,
coined as the “duck curve,” is expected to
become more prevalent in areas with increasing
solar penetration.

CEV rate schedules can help
alleviate challenges associated
with the rapid ramp-down in
solar production in the evenings
and simultaneous ramp-up in
total system load.
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3. Charging Control and Strategy
Large chargers with a large electrical demand
or multiple smaller chargers all charging
simultaneously can lead to high demand
charges and quickly diminish the economic
benefits of electric vehicles. One way to
reduce this peak demand and the associated
demand charges is through a process known
as managed charging.

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies
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Managed Charging Example

Intelligent charging control software can optimize the charging
schedules of each bus in a fleet so that the total charging load
of the fleet is kept under a certain peak demand. Data from
each bus battery is delivered to a central managed charging
algorithm that determines the optimal way to recharge the
fleet while still ensuring all routes can be completed. The use of
managed charging to stagger charging can also reduce human
inefficiencies of manually switching which vehicle is actively
charging.
Some manufacturers offer multi-dispenser charging solutions
that allow charging systems to have multiple low-profile
dispensers paired with a single power control system. This
eliminates the need to install a PCS for each bus, since one PCS
can now charge up to four dispensers. The charger automates
and allows for sequential charging so multiple vehicles can
charge once the previous vehicle has been fully charged.
This multi-dispenser approach provides multiple cost saving
opportunities. First, the number of chargers and the space they
require is reduced by up to 75 percent. While the cost would
not be 75 percent less than four separate chargers due to the
fact that four dispensers would still be required, there is still
opportunity for significant cost reduction on a per kW basis.

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies

Intelligent charging control
software can optimize the
charging schedules of each
bus in a fleet such that the total
charging load of the fleet is kept
under a certain peak demand.
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4. Distributed Energy Resources
The North American Electric Reliability
Corporation defines a distributed energy resource
as “any resource on the distribution system that
produces electricity and is not otherwise included
in the formal NERC definition of the Bulk Electric
System.” The term encompasses a litany of tools
that can be used to introduce more flexibility and
resiliency into the way we produce, transmit and
consume electric power.

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies
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The conventional electric grid model consists
of generating power in bulk at a few central
locations, then transmitting that bulk power
through a network of transmission and
distribution lines to end-use customers. DERs
present an alternative model, or at least a
modification of the traditional model, in that
they generate (or control consumption of)
energy on the customer’s end of the grid.
The term is also not limited to literal power
generators like solar or wind. A control system
that can modulate a customer’s load, or store
it, in response to a signal from the utility or a
power market, can also be considered a DER.
This analysis focuses on three of the most
common DER types: solar PV, battery energy
storage and demand response.
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Solar PV
Significant advancements have been made in
both the price and performance of PV modules
over the past decade. NREL has been tracking
installed costs for PV systems since 2010, the
results of which are shown in Figure 8 below.5
This rapid cost reduction has initiated a surge
in PV installations of large, centralized utilityscale plants as well as smaller distributed
systems owned by residential, commercial, and
industrial energy customers. These customerowned PV systems are typically mounted on
building rooftops or parking canopies. In some
cases, when space allows, a large commercial
or industrial customer may install a groundmounted PV system.

Rapid cost reduction has
initiated a surge in PV
installations of large,
centralized utility-scale plants,
as well as smaller distributed
systems owned by residential,
commercial, and industrial
energy customers.

Solar Installed System Cost Analysis

Figure 8: Solar Installed System Cost Analysis (Courtesy: NREL)
Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies
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Commercial and municipal vehicle fleets are
typically operated out of a central garage or
depot, which serves as a hub to park vehicles
that are not in use as well as clean, maintain,
and refuel them. These facilities can be a
suitable location for a rooftop solar array, which
can generate power to offset building loads and
potentially a portion of vehicle charging loads.
Large fleets may require extensive outdoor
parking space in addition to a garage structure.
For an EV fleet, this parking area would be
populated with chargers. With pantographstyle chargers, a structure can be built over the
top of the parking area. For plug-in or wireless
chargers, a canopy structure may still be
desired to provide shading and protection from
the elements.
In space-constrained areas, such a canopy may
be used to house chargers and other electrical
equipment. In any case, a structure built above
a vehicle charging area presents an obvious
opportunity to install a PV solar array. Some
vendors offer PV modules that are hail-proof,
which is a major concern in some climates.
The most common PV modules currently
being used for commercial and industrial-scale
applications are monocrystalline-type with
a power rating of around 400 watts and an
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area of approximately 2 square meters. These
modules can be mounted on either a fixed-tilt
racking system or a tracker system.
Fixed-tilt systems are calibrated based on
geographic location to face at an angle that
maximizes the amount of direct sunlight on
the panels. Tracker systems are motorized
mechanisms that adjust the angle of the panels
throughout each day, either on a single axis
or on two axes, to follow the sun and collect
more direct sunlight. While tracker systems do
generate more energy than fixed-tilt systems,
they are generally more expensive and subject
to failure, making them less popular for
commercial and industrial applications.
A PV array mounted over a network of EV
chargers seems like an ostensibly convenient
way to charge a fleet using clean, renewable
power. A common question is whether enough
solar power can be generated by the array to
meet the demand of the chargers underneath
it. Solar modules themselves, based on the
assumptions above, have an energy density of
approximately 200 W/m2. However, not every
bit of space on a canopy will be occupied by
solar cells, reducing the power density of the
canopy as a whole to something closer to 175
W/m2. Additionally, the power rating of the
modules represents the peak power output

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies

A structure built above a vehicle
charging area presents an
obvious opportunity to install a
PV solar array.
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under direct sunlight, which is only the case for
a small fraction of each sunny day. There are
also thermal and electrical inefficiencies that
further reduce the end-use output of a solar
array. These effects result in a capacity factor,
which is the ratio of the system’s actual energy
output to the nameplate energy capacity, of
around 20-30 percent for most PV systems.
Naturally, capacity factor is higher in areas
with more direct sunlight, measured as solar
irradiance, and lower in cloudy areas and more
extreme latitudes.
As an example, for an electric bus fleet using a
PV canopy with a capacity factor of 25 percent,
a power density of 175 W/m2, and a canopy

TOOLS

area of 50 square meters per bus, the average
daily PV energy production per bus equates to
52.5 kWh. For a bus efficiency of 3 kWh per
mile, roughly 17.5 miles per day (on average)
could be driven using energy generated by
the PV canopy. This example is a simplified
calculation—in reality, many site-specific
details would influence actual PV energy
yield and each case would require detailed
modeling to generate more precise estimates.
Additionally, the hours of PV generation may
not correlate perfectly with the buses’ charging
schedule, requiring some form of energy
storage to capture and “shift” the PV energy to
the appropriate times. With current technology,

Bus Charging Profile - Summer PV
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a ground-mounted PV array would likely be
needed to cover the entirety of a bus fleet’s
charging load, requiring significant space in
an area that is likely to be a densely populated
urban environment.
Nonetheless, a PV canopy or rooftop system
can provide potential cost savings, resiliency
benefits and emissions reductions for an EV
fleet. Figure 9 and Figure 10 below show an
example hypothetical charging profile of a fleet
of 123 electric buses with a 2.1 MWDC solar
array in California. The modeled PV system
contributes to a significant portion of daytime
charging load in summer months, with a lesser
contribution in winter months.

Bus Charging Profile - Winter PV
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Figure 9: Example Electric Bus Fleet Charging Profile with Solar (Summer)
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Figure 10: Example Electric Bus Fleet Charging Profile with Solar (Winter)
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Battery Energy Storage Systems
Energy storage systems that are installed on a
customer’s side of the electricity meter, known
as “behind-the-meter,” are versatile tools that
can benefit both the customer and the utility in
several ways. Having a means of manipulating
one’s electrical load in a controlled manner
presents opportunities to reduce electric bills.
If a customer has a demand charge as part of
their rate structure, an energy storage system
can be charged during low load periods and
discharged during peak load periods, effectively
flattening their demand curve and reducing
their incurred demand charges. This use case
is known as demand charge reduction. In
addition, if a customer’s rate structure includes
TOU rates, an energy storage system can shift
demand away from higher pricing periods and
into lower pricing periods.
This same principle of “peak shaving” can
be used when there are capacity limitations
imposed by the utility. If the peak charging
load required by a fleet exceeds the maximum
available power from the grid, energy storage
can be used to flatten peak load, thus
alleviating the need for potentially costly grid
infrastructure upgrades.
If a customer has a PV system also installed
behind-the-meter, an energy storage system

can capture any PV generation that exceeds
site load, then discharge later when PV output
falls back below load. This can be advantageous
when there is no net metering policy, or when
such a policy does not offer a favorable payback
rate for solar power exported to the grid.
On top of the use cases aimed at saving money
on electric bills, large energy storage systems
can be a useful tool for grid operators, even
when they are installed behind the meter. Utility
services that help maintain power quality and
efficiency, such as frequency regulation and
voltage support, can be performed by energy
storage systems, provided the right markets and
regulatory structures are in place.
The Federal Energy Regulatory Commission
recently issued Order No. 2222, which calls
for the removal of barriers preventing DERs
from competing on a level playing field in the
organized capacity, energy and ancillary service
markets run by regional grid operators. It will
be some time before these grid operators and
electric utilities sort out the specific rules and
regulations to comply with this order, but their
eventual adoption represents an even greater
opportunity for DERs like energy storage to
symbiotically serve both energy customers and
the grid as a whole.
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An energy storage system can
be charged during low load
periods and discharged during
peak load periods, effectively
flattening a customer’s demand
curve and reducing their
incurred demand charges.
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There is a wide assortment of energy storage
technologies available for large-scale power
applications. A few of these options have
reached commercial maturity and are being
deployed regularly today. The last decade has
seen a rapid growth in the number and size
of utility-scale energy storage systems that
are based on electrochemical energy storage
technology.
These types of systems are referred to
as “Battery Energy Storage Systems.”
Advancements in battery cell technology, largely
due to the immense demand for lightweight and
energy dense batteries for portable electronics
and electric vehicles, have opened the door to
applying the same technology to very large-scale
stationary storage applications.
Many different battery chemistries and form
factors have been considered for large BESS
applications, each with varying degrees of
energy density, cycle life, efficiency, cost, safety
characteristics, and other parameters. Some of
these chemistries and form factors have already
seen widespread deployment and could be
considered “commercially mature,” while others
are largely in the research and development or
demonstration phase.
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Lithium-ion
Lithium-ion batteries have rapidly become the
mainstay of the battery energy storage industry.
Li-ion’s competitive energy density and power
density have made it the standard for portable
applications. The global demand for portable
technologies has played a direct part in Li-ion
investment that in turn carries over into largescale Li-ion production.
Li-ion technology was first proposed in 1970,
released commercially in 1991, and is now the
standard technology for portable electronics and
electric vehicles. The same technology used for
electric vehicles has become widely accepted for
large-scale energy storage applications and also
forms the core technology for stationary energy
storage.
Li-ion battery types vary in size, shape and
chemistry. The primary chemistries in use
today for stationary applications are lithium
nickel manganese cobalt oxide and lithium iron
phosphate. For stationary applications, the
industry has thus far primarily used NMC due
to its balanced performance characteristics in
terms of energy, power, cost and cycle life.
However, there has been growing interest in LFP
batteries for utility-scale BESS in recent years. In
contrast to the NMC battery, LFP technology has
a slightly lower energy density, thus requiring
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The same technology used for
electric vehicles has become
widely accepted for large-scale
energy storage applications and
also forms the core technology for
stationary energy storage.

more space than NMC for an installation of a
similar energy rating.
LFP technology has a constant discharge voltage,
meaning the cell can produce full power to
100 percent depth of discharge. Notably, LFP
batteries are generally perceived as having a
reduced fire risk when compared to NMC due to
their higher temperature threshold for reaching
thermal runaway.
Li-ion battery cells typically consist of a graphite
anode, metal-oxide cathode and a lithium salt
electrolyte gel. For stationary applications these
are typically packaged in a flat pouch or rolled
up like a jelly-roll (prismatic). Battery cells are
integrated into battery modules, which are
typically installed in standard 19-inch-wide racks
similar to those used for telecom or substation
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equipment. The racks are then installed in a
building or specially prepared steel container to
function as an integrated battery system.

power output, which can be utilized to supply
voltage and volt-ampere reactive support for
improving power quality.

Essential to any BESS installation is a battery
management system, which monitors the electrical
and thermal conditions of the cells and controls
the charging, discharging, and cell balancing while
ensuring the system is operated within its designed
limits and protected from damage.

Li-ion batteries are highly sensitive to temperature.
Buildings or enclosures are typically fitted with an
active thermal management system to keep the
batteries within an optimal temperature range. The
batteries will quickly degrade if operated or stored
for any significant length of time outside of these
optimal temperature ranges.

Connecting this DC power system to an AC grid at
the point of interconnection requires a bidirectional
inverter, generally known as a “power conversion
system,” or PCS. A PCS is similar to an inverter
used for solar power systems, with the added
capability of allowing power to flow in the reverse
direction (from AC to DC) to charge the battery.
PCSs are typically standalone units installed
separately from a battery container; however, some
suppliers offer battery containers with a built-in
PCS. A PCS can respond to a dispatch signal to
charge or discharge in milliseconds, allowing a
BESS to ramp up from standby mode to full charge
or discharge rate in less than 2 seconds, including
communication latencies.
Because there is no rotational inertia, a BESS can
change from charging to discharging (and vice
versa) nearly instantaneously. This enables the
provision of very high-performing and fine-tuned
services to BESS owners. Additionally, battery
PCS units have the ability to supply four-quadrant
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The C-rate of a battery is the ratio of the system’s
rated charge/discharge power to its rated
energy capacity. Lithium-ion battery systems
are inherently best suited for C-rates between
0.25 and 2, which translates to storage charge/
discharge durations between 0.5 and 4 hours.
Different use cases necessitate different storage
durations, but most recent lithium-ion installations
are 1- to 4-hour systems. To achieve longer
durations, more battery racks or containers can
be added in parallel while maintaining power
conversion and transformation equipment at the
same rated power.
Lithium-ion batteries have a round trip efficiency
generally around 85-90 percent. The auxiliary
power required for system thermal management,
cell balancing, controls and other loads varies
heavily based on battery vendor, climate and how
the BESS is operated.
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Because there is no rotational
inertia, a BESS can change
from charging to discharging
(and vice versa) nearly
instantaneously. This enables
the provision of very highperforming and fine-tuned
services to BESS owners.
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Flow Batteries
Flow batteries are a fundamentally different
type of battery energy storage system
compared to Li-ion. A flow system uses a
liquid anode and liquid cathode rather than
a single liquid electrolyte. The anode and
cathode fluids are circulated through the
battery cell into holding tanks. The size and
shape of the electrodes govern power density,
whereas the amount of electrolyte governs the
energy capacity of the system. The “cells” are
comprised of two compartments separated
by an ion exchange membrane. Two separate
streams of electrolyte flow in and out of each
cell with ion or proton exchange through the
membrane and electron exchange through the
external circuit.

4 VARIABLES
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In comparison to Li-ion, a relatively small
number of systems operate commercially
worldwide. However, continuing pressure on
the Li-ion supply chain along with a growing
demand for storage durations beyond 4 hours
may accelerate the deployment of more nonlithium-based storage systems.
There is great interest in these types of
systems for utility-scale applications as they
generally have a high cycle life, a large allowable
temperature range and are capable of long
storage durations at a declining cost rate. Flow
systems are recognized for their long service
life (typically over 20 years without significant
degradation) as well as their ability to provide
system sizing flexibility in terms of the ratio
between power and energy.

Many different types of flow batteries exist,
including vanadium-redox, sodium-sulfur,
zinc-bromide, and iron flow. The first vanadium
redox operational system was demonstrated in
Australia in the 1980s. The industry is currently
in a phase of continuous improvement, with
multiple generations of technology available.

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies

BENEFITS

CASE STUDIES

ANOLYTE

PUMP

QUESTIONS?

CATHODE

ACRONYM LIBRARY

ANODE

EXECUTIVE SUMMARY

CATHOLYTE

PUMP

Flow battery systems
generally have a high cycle life,
a large allowable temperature
range and are capable of
long storage durations at a
declining cost rate.
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BESS Cost Assessment
The cost of battery storage technology has fallen significantly
since the inception of Li-ion technology due to decades
of continuous improvements in manufacturing scale and
efficiency. From their commercialization in 1991 to 2021, Li-ion
battery prices had dropped nearly 90 percent. Although recent
major supply chain constraints have triggered significant
price increases for Li-ion batteries from 2020 levels, most
projections show the downward trend will continue in the
long-term as suppliers improve manufacturing processes and
production capacity.
Figure 11 shows a breakdown of installed costs for energy
storage systems of various sizes based on data assembled by
the Electric Power Research Institute [5]. As demonstrated
by the figure, both the size and the duration (or C-rate) of
a BESS have a major influence on overall installed cost. The
most significant component of capital expenditures tends
to be the cost of the battery modules themselves (shown as
“ESS Rack” below), which may have the most room for cost
declines through scaled manufacturing and technological
improvements.
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BESS Installed Cost ($/kW)
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Figure 11: Installed Cost breakdowns for various Li-ion BESS sizes, 2021 (Courtesy: EPRI)

The other components of BESS CapEx consist of more
conventional and commercially mature equipment; therefore,
future cost decline associated with this other equipment is
expected to be modest.

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies

29

EXECUTIVE SUMMARY

ACRONYM LIBRARY

4 VARIABLES

In order to approximate the capital and operating
expenses of a Battery Energy Storage System, it is
important to understand the many variables that
factor into the cost equation. There is still a wide
range of installed costs for real-world projects,
and it is generally overly simplistic to use a flat
dollar-per-kWh value when estimating the cost of
a hypothetical BESS.
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2 hr
4 hr
1 MW

6 hr
8 hr
10 hr

1. Technology Selection

2 hr

In December 2020, the US Department of Energy
published the “Energy Storage Grand Challenge
Cost and Performance Assessment” report,
which aimed to compare various energy storage
technologies from an economic and technical
standpoint. Figure 12 represents some of the main
findings of the report, showing cost breakdowns
by technology, size, and duration for several
different battery technologies. Note that different
technologies offer lower estimated installed costs
for different size and duration categories.

4 hr
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2021 Total Installed Cost Comparison, $/kWh

The following five factors tend to have a major
impact on the resulting capital and operational
expenses of a BESS:

There is no clear winner across all scenarios,
implying that every storage application should
consider which technology may be the optimal
choice given the unique requirements of that
application.
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Figure 12: 2021 total installed ESS cost ranges by technology, power capacity, and duration. (Courtesy: PNNL)
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2. C-Rate
as defined previously, “C-rate” is the ratio between the power rating and
the energy rating of a storage system. It is the inverse of the “duration”
of the system; in other words, a 4-hour BESS would have a C-rate of
0.25, and a 30-minute BESS would have a C-rate of 2. It is important to
consider both power rating and energy rating when evaluating a BESS,
as some components (such as the number of battery modules required)
depend more heavily on energy rating, while other components (such
as the number and size of PCSs required) depend on the power rating.
For a multitude of reasons, most BESS installations in recent years have
been Li-ion systems with a 4-hour duration. Therefore, many resources
that track energy storage pricing, including the DOE report referenced
above, assume a 4-hour duration (or a C-rate of 0.25). Figure 13,
extrapolated from the DOE data, illustrates how the $/kWh price point
increases dramatically for shorter duration systems. For example, a
4 MWh BESS with a 2-hour duration (a 2 MW power rating), would
cost approximately 20 percent more than a 4 MWh BESS with a 1 MW
power rating.
However, there are some advantages presented by flow battery
solutions that make them potentially more cost-effective than Li-ion
for longer durations (i.e., lower C-rates). Because flow battery systems
comprise a small number of very large, fluid cells rather than thousands
of very small pre-fabricated cells, there is more flexibility in de-coupling
energy rating from power rating. With a flow system, power modules
and energy modules are typically separated, allowing higher energy
capacities to be achieved through the use of more or larger electrolyte
tanks, without necessarily requiring more power modules. Because of
this, there is potential for flow systems to offer a lower dollar-per-kW
price than typical Li-ion systems for longer durations. This concept is
illustrated by Figure 14.

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies

TOOLS

BENEFITS

CASE STUDIES

QUESTIONS?

BESS CapEx vs. Duration
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Figure 13: BESS CapEx vs. Duration (Courtesy: PNNL) [6]

Li-Ion vs. Flow BESS Installed Cost
Approx. Installed Cost ($/kW)
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Figure 14: Li-ion vs. Flow BESS Approximate Installed Costs vs. Duration
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3. Economies of Scale
The concept of economies of scale, or the reduced unit cost of something
as the number of units increase, applies well to BESS installations as
they are generally very modular and repetitive systems. Equipment cost
per unit, along with the associated shipping and installation, generally
decreases with increasing order volumes. Additionally, the interconnection
equipment costs and overall site footprint tend to be more consolidated
with larger installations. Figure 15 below represents the general
relationship between BESS size (in MWh) and installed cost, based on data
from EPRI [6]. The best-fit line illustrates the sharp decline in $/kWh for
system sizes larger than 5-10 MWh.

4. Degradation & Capacity Maintenance
As described above, energy capacities for Li-ion battery systems tend
to fade through time and use. The rate at which capacity degradation
occurs varies widely depending on battery chemistry and manufacturing
quality, the depths and frequencies of charge/discharge cycles, battery
temperature, years of service and other variables. When these variables
are controlled and well understood, most battery suppliers can predict
with some accuracy the rate at which their cells will degrade, and can offer
a “Capacity Maintenance Plan” or “Capacity Maintenance Agreement”
to maintain the nameplate energy capacity of the BESS throughout the
life of the project. This is accomplished by periodically “augmenting” or
adding new battery modules to the system, and/or replacing old modules
with new ones. The cost associated with these augmentations and
replacements can be difficult to accurately predict without knowing the
specific cell chemistry and daily dispatch cycle of the proposed BESS, not
to mention the difficulty of forecasting battery cell prices 10+ years down
the road. Manufacturers of flow batteries tout their ability to maintain
energy capacity for 20+ years without the need for augmentation, which
can eliminate a potentially significant cost from a project’s life cycle.
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Figure 15: Specific Capital Cost vs BESS Size

5. End-of-Life & Repurposing EV Batteries
Capacity degradation of Li-ion batteries within EVs has a direct impact on
vehicle range, and it is crucial for a fleet operator to ensure that all vehicles
have the range capability to complete routes in the worst-case conditions,
with some emergency margin. Therefore, once EV batteries reach a certain
level of capacity degradation, somewhere around 70-85% of their original
capacity, they become risky and/or cost prohibitive to operate and must be
replaced. These “depleted” batteries may not be sufficient for EV use, but
they theoretically are still functional batteries that can hold a considerable
amount of energy. Rather than recycling or scrapping them, some have
considered the potential of repurposing expended EV batteries for stationary
storage. While the cost of new Li-ion batteries has fallen considerably, it may
be cheaper to install used EV batteries as a customer-owned BESS, even in
their diminished state. Some companies have started investigating methods
for configuring EV batteries for stationary BESS as a means of saving cost
and reducing waste.
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Demand Response
In a traditional power grid framework, demand
is forecasted and generation is controlled to
match it. As we move toward a power grid that
is increasingly dependent on variable renewable
energy, grid operators will have to do more of the
opposite – forecast generation and control load.
One method of controlling load that has been
around for many years is known as demand
response. This is when a utility sends a signal
requesting customers to reduce their demand for
a brief period of time, and the customers that are
able to are credited by the utility for every kW of
load reduced.
DR programs are typically used as an emergency
resource for grid operators, such as when the grid
is at risk of an overload condition during periods
of abnormally high demand, or when there is a risk
of a shortage of power generation. DR programs
are generally opt-in contracts, meaning customers
can decide whether they want to participate.
Typically lasting from 30 minutes to four hours,
DR events usually take place fewer than 10 times
per year. Payments for DR can be as high as $73
for every kW of power reduced [7].
EV fleets present a unique opportunity for DR
programs as they have a highly controllable load
when managed charging is utilized. If a utility
signals a DR event, an intelligent charge controller
could automatically reduce charging load for

the duration of the event. This not only helps
the utility manage peak load, but also generates
revenue for the fleet owner.
However, charge scheduling, especially for
large fleets, is generally optimized to minimize
energy cost while ensuring reliable operation and
completion of routes. Interrupting an optimized
charge schedule to respond to a DR event may
jeopardize a fleet’s ability to be fully charged in
preparation for the next day’s routes, or cause
a counteractive increase in an electric bill due
to higher peak demand required to achieve the
original charging schedule. Fleets that have a
stationary energy storage system may have
more flexibility and therefore a greater DR
potential. A BESS can be intelligently controlled
to automatically discharge during a DR event,
without the risk of charging schedules being
delayed or negatively impacted by the event.
In addition to reducing demand to alleviate grid
constraints, there is much optimism around the
idea that batteries within EVs could be an asset
to the grid when controlled on aggregate. Some
utilities are partnering with EV companies, DER
aggregators, and other organizations to explore
the use of bi-directional chargers that would
enable the utility (or a third-party aggregator) to
access the energy stored in EV batteries while
they are plugged in.
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Demand response is when a
utility requests customers reduce
their demand for a brief period of
time, and customers are credited
by the utility for load reduced.

This goes a step beyond the conventional load
reduction DR concept, in that a fleet of pluggedin EV batteries could be directed to charge from
or discharge to the grid by a central controller,
effectively mimicking the same grid services that
a large, stationary BESS could provide. Of course,
this would have to be carried out in a way that
does not hinder the vehicles from performing their
primary function for the owner. If batteries are
discharged from a managed EV fleet to provide
a grid service, there would have to be sufficient
time to recharge the fleet before the next cycle of
routes begins. Impacts on battery lifetime would
also have to be factored into the cost-benefit
decision. Many vehicle-to-grid demonstration
projects are beginning to emerge as a proof-ofconcept for this potentially monumental type of
grid resource.
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Modeling &
Analytical
Tools
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As fleet operators begin the transition to
electrification, it is important to get a clear
picture of how their fleet might look on a
day-to-day basis once this new technology
is implemented. From a planning perspective,
customers using these fleets, such as public
transit riders, students, package recipients, or
the like, do not want to notice any change in the
quality of service they are used to.
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Zero+

HOMER

In order to assist fleet owners with the
transition to electrified mobility, HDR has
developed a modeling tool called Zero+. Zero+
is a Geographic Information Systems based
planning tool designed specifically to simulate
and optimize zero-emissions vehicle fleets.
The tool takes route or block data from existing
fleets in General Transit Feed Specification
format, and translates it into a model based on
zero-emissions vehicles.

Once an optimized charging schedule is
generated using Zero+, other energy modeling
tools can be used to evaluate the benefit and
efficacy of various DERs for that particular
fleet. HDR uses a tool called HOMER, produced
by UL. HOMER is a techno-economic energy
modeling software platform that allows users to
simulate a customized mix of energy resources
and evaluate their impact on energy cost,
resiliency, reliability and emissions.

Many variables are factored into the model,
including performance characteristics of the
proposed vehicles (battery size, charge rate,
degradation, etc.), GIS data for the route
locations, weather patterns, contingency
planning, charger sizing and utility tariff
structure. The output of the model is a route
plan and associated charging schedule, which
translates directly into a projected daily
electrical load profile.

The software also has an optimization engine
that can iteratively deduce the minimal netpresent-cost system design based around
a variable or set of variables chosen by the
user. Another useful feature is the ability to
stochastically simulate outages of various
lengths and frequencies to test the resiliency
and reliability response of a proposed system.

Different charger sizes, bus battery sizes and
managed charging strategies can be analyzed
to determine optimal route and charging
schedules. The model takes into account the
utility rate schedule, including TOU rates
and demand charges, along with the cost of
associated charging infrastructure, to minimize
the potential cost of charging from the utility.
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The goal of this transition
should be to replicate as closely
as possible the existing route
blocks, delivery schedules, etc.,
so the end user notices either no
change at all or an improvement
from the existing service.

Zero+ Example Figure

For EV fleet planning, tools like HOMER are very
effective for estimating the costs associated
with charging as well as evaluating how DERs
like solar, storage, demand response, and other
forms of on-site generation can reduce electric
bills while enhancing resiliency and reducing
emissions.
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Potential
Benefits of Fleet
Electrification

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies

37

EXECUTIVE SUMMARY

ACRONYM LIBRARY

4 VARIABLES

TOOLS

BENEFITS

CASE STUDIES

QUESTIONS?

Emissions
While the total cost of ownership for electric
vehicles has become increasingly competitive
with conventional ICE vehicles, emissions
reduction goals and their associated regulatory
policies remain the most significant catalyst for
the adoption of EVs for fleet applications. While
replacing ICE vehicles with EVs eliminates
essentially all emissions at the tailpipe, it
is important to consider that the electricity
being used to charge EVs has some emissions
component associated with it.
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While there is ongoing effort to drive down
emissions associated with electric power
generation by transitioning to clean energy, the
majority of the energy portfolio in most areas is
still made up of fossil fuel-based resources like
coal, oil and natural gas.

TOOLS

BENEFITS

The EPA maintains a database of electricity fuel
mixes and their associated emissions by region
of the United States.[5] This data can be used
to estimate emissions associated with energy
used to charge EVs based on their location on a
per-MWh basis. Emissions rates for CO2, SO2,
and NO2 are included.

CASE STUDIES
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The figures below provide a few examples
of regional generation resource mixes and
associated emissions rates for California
(CAMX), Texas (ERCT), New England (NEWE),
and the Northwestern United States (NWPP).

California Generation

Texas Generation

New England Generation

Northwest Generation

Figure 16: California Generation Resource Mix

Figure 17: Texas Generation Resource Mix

Figure 18: New England Generation
Resource Mix

Figure 19: Northwest Generation
Resource Mix
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California Energy Emissions Rates

Texas Energy Emissions Rates

Figure 20: California Energy Emissions Rates

Figure 21: Texas Energy Emissions Rates

New England Energy Emissions Rates

Northwestern Energy Emissions Rates

Figure 22: New England Energy Emissions Rates

Figure 23: Northwestern US Energy Emissions Rates
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Comparative Emissions Rates
Using these emissions metrics, we can get a sense
of the comparative emissions rates between an
EV charged from the grid and a conventional ICE
vehicle. Focusing on CO2, Table 2 illustrates the
range of equivalent “tailpipe” emissions from
an electric bus based on fuel economy and the
associated grid emissions rate at the point of
charging.

For comparison, tailpipe emissions rates for a
typical diesel bus are provided based on a range
of typical fuel economies and EPA-estimated
emissions from a gallon of diesel fuel.[6] The
national average of 947.2 lbs/MWh CO2 equates
to 429.6 grams/kWh. Applying the assumptions
for average emissions and fuel economy for
diesel buses and average grid emissions and fuel

Electric Bus (CO2 per mile)

Diesel Bus (CO2 per mile)

Grid Emissions
Fuel Economy

Diesel Emissions

(grams CO2 per kWh)

(kWh/mi)

200

250

300

350

400

450

500

550

(grams CO2 per gal)

10,180

Diesel Bus Fuel
Economy (mpg)

4

800

1,000

1,200

1,400

1,600

2,545

4

3.8

760

950

1,140

1,330

1,520

1,710

1,900 2,090

2,424

4.2

3.6

720

900

1,080

1,260

1,440

1,620

1,800

1,980

2,314

4.4

3.4

680

850

1,020

1,190

1,360

1,530

1,700

1,870

2,213

4.6

3.2

640

800

960

1,120

1,280

1,440

1,600

1,760

2,121

4.8

1,800 2,000 2,200

3

600

750

900

1,050

1,200

1,350

1,500

1,650

2,036

5

2.8

560

700

840

980

1,120

1,260

1,400

1,540

1,958

5.2

2.6

520

650

780

910

1,040

1,170

1,300

1,430

1,885

5.4

2.4

480

600

720

840

960

1,080

1,200

1,320

1,818

5.6

2.2

440

550

660

770

880

990

1,100

1,210

1,755

5.8

2

400

500

600

700

800

900

1,000

1,100

1,697

6

Table 2: Equivalent “Tailpipe” Emissions from Electric Bus vs. Diesel Bus
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economy for electric buses, a direct comparison
can be drawn between the approximate
emissions rates of the two technologies.
Figure 24 shows a ~40 percent reduction in
CO2 emissions per mile using the average
assumptions discussed herein.
It is worth noting that the grid emissions
metrics provided above are averages and do
not account for variations in the generation
resource mix over the course of a day or
a season. Especially in places with high
penetration of variable renewables like solar,
emissions rates during mid-day sunny hours
could be much lower than at night, when the
grid may be relying more on fossil-based
generation. Considering that many fleets
may primarily charge vehicle overnight, this
correlation should be taken into account when
evaluating emissions associated with grid
charging.
Of course, the emissions contributions
from grid charging will decline as the grid
itself becomes cleaner. Many utilities, large
companies and governments at the local,

4 VARIABLES

TOOLS

state and federal level have set various forms
of targets for an electricity sector with netzero emissions. Continued cost declines
in renewable energy sources have also
accelerated the transition toward toward a
“net-zero” energy future. Until then, a truly
emissions-free fleet charging scenario would
require a considerable amount of on-site
renewables, and/or hydrogen fuel cells fueled
entirely by green or blue hydrogen.
One way some EV fleets are circumventing
this dilemma is by purchasing 100 percent
of their equivalent electricity usage via a
Power Purchase Agreement with an off-site
renewable energy facility. These off-site PPAs
are contractual agreements between an energy
purchaser (the fleet owner) and an energy
producer (the renewable energy plant owner)
with specific payment and delivery terms.
Even though the energy is being produced
at a different location from the point of
consumption, this is a shorthand way of making
the attractive claim that a fleet is “fueled by
100% clean energy.”
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Emissions contributions from
grid charging will decline as the
grid itself becomes cleaner.

Equivalent Tailpipe Emissions
(grams CO2 per mile)
2200
2000
1800
1600
1400
1200
1000
800
600
400
200
0

CO2 per mile
Diesel Bus

Electric Bus

Figure 24: Equivalent “Tailpipe” Emissions of Average
Diesel Bus vs Average Electric Bus
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Resiliency & Reliability
It is absolutely essential for any fleet
operator to have a reliable means of
refueling or recharging their vehicles.
Many people depend on the crucial
services that vehicle fleets provide, and
the chance of failing to have enough
vehicles prepared to complete routes on
any given day is simply not a risk any
fleet operator can accept.
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Gasoline and diesel supply chains rarely
experience interruptions, and fuel can often
be delivered to a site in case of an emergency.
Most electric grids in the U.S. are quite
reliable, with several layers of redundancy and
contingency planning embedded into the design
and operation of transmission and distribution
networks. However, power outages do occur
occasionally, posing a legitimate risk to EV fleet
operators dependent on the grid for recharging.
Fortunately, the concept of critical power loads
is nothing new. Vital facilities such as hospitals,
data centers, and emergency response centers
have long relied on Uninterruptible Power
Supplies and backup generators to come to
the rescue in the event of a power outage.
UPS systems are battery banks designed to
detect an outage and come online nearly
instantaneously, causing little to no power
interruptions for the facility. These UPS systems
are usually only large enough to support the
facility for a brief period of time, long enough to
allow a backup generator to come online. Fuel
for the generator can be stored on-site, and
additional fuel can be delivered in the event of
an extended outage.
With the substantial reduction in the cost of
Li-ion batteries and other battery technology,
along with the intentions to reduce emissions,
there is a more intriguing case for utilizing a
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large stationary BESS as a means of mitigating
outages. When installed behind-the-meter, a
BESS could act as a longer duration UPS system,
detecting an outage and automatically picking
up the charging load of the fleet. During normal
operation, the same BESS could be used for
other applications such as peak shaving, load
shifting, capturing excess solar and providing
grid services.
For large fleets that require multiple megawatts
of charging load for extended overnight
charging periods, it can be prohibitively
expensive to deploy a BESS large enough to
back up a full 24-hour period of charging. For
these extended outage scenarios, it is likely
more cost effective in most cases to install
backup generation on site, or have provisions
for a mobile generator unit to arrive on-site and
connect to the charging infrastructure.
Combining a PV system with a BESS, a backup
generator, or both, forms what is called a
“microgrid,” whereby the site is normally
connected to the grid but is capable of
disconnecting and “islanding” itself in the event
of an outage. A diversified mix of generation
assets may be the optimal approach for EV fleet
charging when considering cost, reliability and
emissions in unison, however, each case should
be evaluated individually based on the specific
priorities and conditions of the fleet.
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Combining a PV system with
a BESS, a backup generator, or
both, forms what is called a
“microgrid,” whereby the site is
normally connected to the grid
but is capable of disconnecting
and “islanding” itself in the event
of an outage.
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Representative Case Studies
In order to demonstrate the process of analyzing and optimizing
different types of EV fleets, the following section highlights three
case studies developed for EV fleets of transit buses, school
buses, and courier vans.
These fleet types are compared across a set of
synthesized utility tariffs, each designed to represent a
different aspect of potential rate structures that could be
applied to an EV fleet owner. Load profiles for each fleet
were modeled alongside the set of tariffs, and simulations
for every combination of load profile and tariff were
generated with a grid connection only, a solar array, a
BESS, and a combination of solar and BESS.

Assumptions were made for each fleet type with the
intent of representing an “average” or “typical” fleet of
that type so that the hypothetical models might reflect
real-world scenarios as closely as possible. With that
being said, every fleet is unique and there is a high
degree of variability amongst real-world fleets of each
type, therefore these results should not be interpreted as
representative for all EV fleets.

For each mix of resources, the simulation engine
determined the minimal Net-Present-Cost scenario over a
25-year lifetime. Hourly solar output was simulated using
Global Horizontal Irradiance data from Los Angeles, CA.
BESS charge and discharge schedules were optimized to
minimize NPC based on utility bill reduction applications.

Assumptions were also made for other parameters such
as the technical performance characteristics and cost
metrics for PV and BESS installations. These technologies
are discussed in the sections above, and detailed
assumptions can be found in the Appendix.
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Sample Tariff Structures
Tariff A – Tariff A represents a simple, “standard” utility tariff.
Energy Rate:

0.10 $/kWh

Demand Charge:

10 $/kW

No Time-of-Use Rates
No Net Metering

Tariff B – Tariff B incorporates moderate Time-Of-Use rates into the energy
and demand charges of Tariff A.

Tariff C – Tariff C adds on a net metering arrangement to Tariff B.
Energy Rates:
Winter Off-peak

0.09 $/kWh (Sep – Apr, 00:00-16:00; 21:00-00:00)

Winter Peak

0.12 $/kWh (Sep – Apr, 16:00-21:00)

Summer Off-peak

0.09 $/kWh (May – Aug, 00:00-14:00; 23:00-00:00)

Summer Partial Peak

0.11 $/kWh (May – Aug, 14:00-16:00; 21:00-23:00)

Summer Peak

0.13 $/kWh (May – Aug, 16:00-21:00)

Demand Charge:

Energy Rates:
Winter Off-peak

0.09 $/kWh (Sep – Apr, 00:00-16:00; 21:00-00:00)

Winter Peak

0.12 $/kWh (Sep – Apr, 16:00-21:00)

Summer Off-peak

0.09 $/kWh (May – Aug, 00:00-14:00; 23:00-00:00)

Summer Partial Peak

0.11 $/kWh (May – Aug, 14:00-16:00; 21:00-23:00)

Summer Peak

0.13 $/kWh (May – Aug, 16:00-21:00)

Maximum

15 $/kW

Winter Peak

1.5 $/kW (Sep – Apr, 16:00-21:00)

Summer Partial Peak

4.25 $/kW (May – Aug, 14:00-16:00; 21:00-23:00)

Summer Peak

20 $/kW (May – Aug, 16:00-21:00)

True Net Metering (sellback rate equivalent to energy rate)

Demand Charge:
Maximum

15 $/kW

Winter Peak

1.5 $/kW (Sep – Apr, 16:00-21:00)

Summer Partial Peak

4.25 $/kW (May – Aug, 14:00-16:00; 21:00-23:00)

Summer Peak

20 $/kW (May – Aug, 16:00-21:00)

No Net Metering
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Sample Tariff Structures (continued)
Tariff D – Tariff D represents a generic commercial electric vehicle rate
structure. No demand charge is applied, rather non-seasonal TOU energy
rates feature a “super off-peak” pricing period during peak solar hours. There
is also a fixed subscription fee proportional to the number of chargers owned
by the customer.
Energy Rates:
Super Off-peak

0.09 $/kWh (09:00-14:00)

Off-peak

0.11 $/kWh (00:00-09:00; 14:00-16:00; 22:00-00:00)

Peak

0.30 $/kWh (16:00-22:00)

No Demand Charges

Demand Charge:
Maximum

15 $/kW

Winter Peak

1.5 $/kW (Sep – Apr, 16:00-21:00)

Summer Partial Peak

4.25 $/kW (May – Aug, 14:00-16:00; 21:00-23:00)

Summer Peak

20 $/kW (May – Aug, 16:00-21:00)

No Net Metering

Tariff F – Tariff F is similar to Tariff B but with more amplified demand charges.
Energy Rates:

No Net Metering

Winter Off-peak

0.09 $/kWh (Sep – Apr, 00:00-16:00; 21:00-00:00)

		

Winter Peak

0.12 $/kWh (Sep – Apr, 16:00-21:00)

Tariff E – Tariff E is similar to Tariff B but with more amplified TOU rates.

Summer Off-peak

0.09 $/kWh (May – Aug, 00:00-14:00; 23:00-00:00)

Summer Partial Peak

0.11 $/kWh (May – Aug, 14:00-16:00; 21:00-23:00)

Summer Peak

0.13 $/kWh (May – Aug, 16:00-21:00)

Subscription Charge

$25/charger/month

Energy Rates:
Winter Off-peak

0.05 $/kWh (Sep – Apr, 00:00-16:00; 21:00-00:00)

Winter Peak

0.18 $/kWh (Sep – Apr, 16:00-21:00)

Summer Off-peak

0.05 $/kWh (May – Aug, 00:00-14:00; 23:00-00:00)

Summer Partial Peak

0.16 $/kWh (May – Aug, 14:00-16:00; 21:00-23:00)

Summer Peak

0.20 $/kWh (May – Aug, 16:00-21:00)
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Demand Charge:
Maximum

20 $/kW

Winter Peak

1.5 $/kW (Sep – Apr, 16:00-21:00)

Summer Partial Peak

4.25 $/kW (May – Aug, 14:00-16:00; 21:00-23:00)

Summer Peak

20 $/kW (May – Aug, 16:00-21:00)
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Sample Fleet Assumptions

35

The transit bus fleet data analyzed
here was extrapolated from a real-

30

world feasibility study, for which the

25

MW

QUESTIONS?

Sample Transit Bus Fleet
24-hr Charging Profile

Transit Bus Fleet

load profile was developed using
Zero+. This represents a large transit

20

bus fleet charging at one central

15

depot or multiple depots on an
aggregrated tariff agreement.

10
5
0
0:00

CASE STUDIES

Managed charging is implemented
to maintain peak load below 30 MW.
4:00

8:00

12:00

16:00

20:00

0:00

A significant amount of charging
occurs around midday, due to a large

Figure 25: Sample Transit Bus Fleet 24-hr Charging Profile

number of buses requiring a partial
recharge before departing on evening

Bus Quantity 500
Bus Battery Capacity 440 kWh
Charger Size 150 kW
Charger Quantity 215
Peak Load 30 MW

routes.
A smaller, second peak occurs when
a portion of buses receives a recharge
prior to late-evening routes.

Daily Load 325 MWh
Fuel Economy 2.84 kWh/mi
Average Daily Miles per Bus 229 mi
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Sample School Bus Fleet
24-hr Charging Profile

School Bus Fleet
4.5

The school bus fleet charging

4.0

profile was synthesized based on

3.5

the assumption that morning and

3.0

MW

CASE STUDIES

afternoon routes are essentially

2.5

identical. Because of this symmetry,

2.0

bus batteries would not have to be

1.5

sized to complete two routes in each
day, and the same level of recharging

1.0

could take place during the day as

0.5
0
0:00

overnight in order to minimize peak
4:00

8:00

12:00

16:00

Figure 26: Sample School Bus Fleet 24-hr Charging Profile

Bus Quantity 100
Bus Battery Capacity 220 kWh
Charger Size 150 kW
Charger Quantity 25

20:00

0:00

load as much as possible.
For the purpose of this study, it is
assumed that electric school bus fuel
economy is similar to that of electric
transit buses, with an average of
~2.84 kWh per mile.

Peak Load 4 MW
Daily Load 34 MWh
Fuel Economy 2.84 kWh/mi
Average Daily Miles per Bus 120 mi
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Sample Courier Van Fleet
24-hr Charging Profile

Courier Service Fleet
4.5

The courier fleet charging profile

4.0

was synthesized assuming that all

3.5

charging would occur overnight,

3.0

and that vans would depart in the
morning at a relatively gradual rate

2.5
MW

CASE STUDIES

and not return until the evening at

2.0

relatively staggered times.

1.5

Given that courier services may not

1.0

repeat the exact same routes every

0.5

day like transit or school bus fleets,

0
0:00

some day-to-day variability in the
4:00

8:00

12:00

16:00

Figure 27: Sample Courier Van Fleet 24-hr Charging Profile

Van Quantity 300
Van Battery Capacity 136 kWh
Charger Size 75 kW
Charger Quantity 50
Peak Load 4 MW
Daily Load 28 MWh

20:00

0:00

charging load of individual vans can
be expected. However, it is assumed
that on aggregate, a large fleet will
experience relatively consistent
charging loads each night.
For the purpose of this study, an
efficiency rating of 1.5 kWh per mile
is assumed.

Fuel Economy 1.5 kWh/mi
Average Daily Miles per Van 62 mi
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Results and
Interpretations
For each of the modeled load profiles
and tariffs, the least-cost method of
serving load was determined on an
hourly basis over 25 simulated years
using the available generation sources
and their associated costs.
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PV Size

Results and Interpretations
Transit Bus
Table 3 shows the results for the transit bus model
analysis. Net-Present-Cost and Levelized-Cost-OfEnergy is shown for each mix of resources: grid only,
grid + solar PV, grid + battery energy storage, and grid
+ solar PV + battery energy storage.
Solar PV and BESS sizes were optimized to minimize
NPC for each case. PV sizes were set to a maximum
of 10 MWAC, based on assumptions regarding the
potential canopy space and/or rooftop above a fleet of
this size.
LCOE was converted to equivalent cost per mile based
on the assumed average fuel economy. For each tariff,
the lowest NPC resource mix is highlighted.

Storage Size

CASE STUDIES
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NPC ($M)

LCOE ($/kWh)

$/mi

217

0.130

0.3692

216

0.129

0.36636

2.5 MW/ 10 MWh

221

0.132

0.37488

2.5 MW/ 10 MWh

216

0.13

0.3692

255

0.153

0.43452

251

0.147

0.41748

2.5MW/10 MWh

257

0.154

0.43736

2.5 MW/10 MWh

252

0.15

0.426

255

0.153

0.43452

251

0.147

0.41748

2.5 MW/10 MWh

257

0.154

0.43736

2.5 MW/10 MWh

252

0.15

0.426

229

0.137

0.38908

223

0.134

0.38056

10 MW/40 MWh

214

0.128

0.36352

10 MW/40 MWh

204

0.123

0.34932

219

0.131

0.37204

221

0.132

0.37488

12 MW/48 MWh

201

0.120

0.3408

12 MW/48 MWh

203

0.122

0.34648

281

0.168

0.47712

279

0.167

0.47428

12 MW/48 MWh

280

0.168

0.47712

12 MW/55 MWh

275

0.165

0.4686

Tariff A - Standard
Grid Only
Grid+Solar

10.0 MWac

Grid+Storage
Grid+Solar+Storage

10.0 MWac

Tariff B - TOU Rates
Grid Only
Grid+Solar

10.0 MWac

Grid+Storage
Grid+Solar+Storage

10.0 MWac

Tariff C - TOU Rates + Net Metering
Grid Only
Grid+Solar

10.0 MWac

Grid+Storage
Grid+Solar+Storage

10.0 MWac

Tariff D - Subscription Service (no DC)
Grid Only
Grid+Solar

10.0 MWac

Grid+Storage
Grid+Solar+Storage

10.0 MWac

Tariff E - High TOU Rates
Grid Only
Grid+Solar

10.0 MWac

Grid+Storage
Grid+Solar+Storage

10.0 MWac

Tariff F - High DC
Grid Only
Grid+Solar

10.0 MWac

Grid+Storage
Grid+Solar+Storage

10.0 MWac

Table 3: Transit Bus Fleet Model Results
Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies
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Transit Bus Fleet Levelized Cost of Energy ($/kWh)
0.170
Grid Only

0.160
0.150

Grid + Solar

0.140

Grid + Storage

0.130
0.120
0.110

Grid + Solar + Storage
Tariff A
Standard

Tariff B
TOU Rates

Tariff C
TOU Rates + Net
Metering

Tariff D
Subscription
(No DC)

Tariff E
High TOU

Tariff F
High DC

Figure 28: Transit Bus Fleet LCOE Comparison

These results show that utility tariff
characteristics have a major influence on the
least-cost mix of energy resources. Based on
the assumed cost and performance attributes
of solar, in almost every tariff scenario it was
economical to install as much solar as possible.
This is largely because the hours of solar
production coincide well with midday charging
load, meaning very little solar is produced in
excess of load.
When net metering is factored in (Tariff C), the
small amount of excess solar that is produced
can be sold back to the utility, resulting in the
grid+solar configuration being the least-cost
option for that tariff.

Under Tariff E, the majority of charging load
occurs during off-peak hours for which TOU
rates are very low. This results in a lowered
baseline grid-only LCOE, undercutting the
economics of the solar array.
For the first three tariff scenarios, adding in
a standalone storage system resulted in a
net increase in NPC and LCOE. Based on the
assumed cost and performance attributes of
BESS, the utility bill savings through demand
charge reduction and load shifting were
outweighed by the capital and operating costs
of the storage system.
Using managed charging to stagger overnight
charging loads and effectively smooth out the
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peak curve to a plateau results in significant
demand charge savings through controls
alone. Using storage to reduce this broad, flat
peak of overnight charging requires a BESS
with a large energy capacity, and therefore a
higher cost. The broader a peak is, the more
storage capacity is required to “shave” every
incremental amount of power.
This means the incremental cost of peak
shaving through storage is much higher in
a managed charging scenario than in an
unmanaged scenario with a sharp, narrow
peak. This is demonstrated by the very modest
reduction in NPC for the high demand charge
results (Tariff F) when storage is included.
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Under Tariffs D and E, adding storage resulted
in a net decrease in NPC and LCOE. The
super off-peak pricing period of Tariff D has a
significantly lower TOU rate than the on-peak
period, creating a strong incentive for charging
during midday and refraining from charging
during the evening.
A BESS allows charging load to be shifted
away from the 4 PM to 10 PM peak pricing
window and into the Super Off-Peak window.
This is evident in Figure 29 below, in which

TOOLS

BENEFITS

the 10MW/40MWh BESS is fully charged
predominantly during the SOP period from 9:00
to ~12:00 using a combination of PV generation
and grid purchases, and then discharged over
the evening peak period from 16:00 to 21:00 in
a way that cancels out grid purchases entirely.
As long as the difference between the SOP rate
and peak rate is significant enough to overcome
the inefficiencies of charging and discharging
the BESS, this type of load shift will reduce the
total electric bill. This is also evident in the

CASE STUDIES

QUESTIONS?

results for Tariff E, where extreme TOU rates
result in the grid+storage scenario producing
the lowest NPC and LCOE.
One key difference is that grid+solar+storage is
the least-cost option for Tariff D, but is higher
than grid+storage for Tariff E. This is because
the off-peak TOU rates in Tariff E are lower
than in Tariff D, so the addition of solar ends
up increasing the overall cost for the Tariff E
scenario.

Transit Bus Fleet Sample Day
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Figure 29: Transit Bus Fleet Sample Charging Day, Tariff D, Grid + Solar + Storage
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Results and Interpretations
School Bus
Table 4 shows the results for the school bus fleet model
analysis. Net-Present-Cost and Levelized-Cost-OfEnergy is shown for each mix of resources: grid only,
grid + solar PV, grid + battery energy storage, and grid +
solar PV + battery energy storage.
Solar PV and BESS sizes were optimized to minimize
NPC for each case. PV sizes were set to a maximum
of 4.0 MWAC, based on assumptions regarding the
potential canopy and/or rooftop space above a fleet of
this size.
LCOE was converted to equivalent cost per mile based
on the assumed average fuel economy. For each tariff,
the lowest NPC resource mix is highlighted.

Storage Size
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NPC ($M)

LCOE ($/kWh)

$/mi

22.2

0.139

0.39476

23.2

0.145

0.4118

0.5 MW/2 MWh

23.6

0.147

0.41748

0.5 MW/2 MWh

23.4

0.146

0.41464

24.8

0.154

0.43736

25.5

0.159

0.45156

1 MW/4 MWh

25.9

0.161

0.45724

1 MW/4 MWh

25.5

0.159

0.45156

24.8

0.154

0.43736

23.1

0.117

0.33228

1 MW/4 MWh

25.9

0.157

0.44588

4 MW/8 MWh

23.7

0.139

0.39476

17.6

0.11

0.3124

18.4

0.114

0.32376

0.5 MW/2 MWh

19.3

0.12

0.3408

0.5 MW/2 MWh

19.5

0.122

0.34648

19.1

0.119

0.33796

20.1

0.125

0.355

1 MW/4 MWh

19.9

0.124

0.35216

0.5 MW/2 MWh

20.5

0.128

0.36352

27.9

0.174

0.49416

28.6

0.178

0.50552

1 MW/4 MWh

28.3

0.177

0.50268

0.5 MW/2 MWh

28.5

0.177

0.50268

Tariff A - Standard
Grid Only
Grid+Solar

1.7 MW

Grid+Storage
Grid+Solar+Storage

1.7 MW

Tariff B - TOU Rates
Grid Only
Grid+Solar

0.7 MW

Grid+Storage
Grid+Solar+Storage

4.0 MW

Tariff C - TOU Rates + Net Metering
Grid Only
Grid+Solar

4.0 MW

Grid+Storage
Grid+Solar+Storage

4.0 MW

Tariff D - Subscription Service (no DC)
Grid Only
Grid+Solar

0.7 MW

Grid+Storage
Grid+Solar+Storage

0.7 MW

Tariff E - High TOU Rates
Grid Only
Grid+Solar

0.7 MW

Grid+Storage
Grid+Solar+Storage

0.7 MW

Tariff F - High DC
Grid Only
Grid+Solar

0.7 MW

Grid+Storage
Grid+Solar+Storage

0.7 MW

Table 4: School Bus Fleet Model Results
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School Bus Fleet LCOE Comparison ($/kWh)
0.180
0.170
0.160
0.150
0.140
0.130
0.120
0.110
0.100

Grid Only
Grid + Solar
Grid + Storage
Grid + Solar + Storage
Tariff A
Standard

Tariff B
TOU Rates

Tariff C
TOU Rates + Net
Metering

Tariff D
Subscription
(No DC)

Tariff E
High TOU

Tariff F
High DC

Figure 30: School Bus Fleet LCOE Comparison

Based on the assumptions and synthesized load
profile for the electric school bus fleet, a very
different set of results can be seen compared to
the transit bus fleet. The grid only configuration
produced the lowest NPC and LCOE in almost
every tariff scenario.

This excess solar energy reduces the costbenefit ratio of a PV system for this particular
load profile. The exception to this is with Tariff
C, where a net metering policy allows the
excess solar to be exported back to the utility,
greatly reducing net energy charges.

Although it seems intuitive that the midday
charging profile would lend itself well to a PV
installation, simulations of PV output show a
considerable amount of generation occurring
in the mornings and afternoons (the “shoulder”
periods) during times when school buses would
likely be running routes instead of charging.

Another factor contributing to the diminished
benefit of solar and storage for the school
bus case is economies of scale. The cost
assumptions built into the model for solar
PV and BESS take into account the reduced
per-unit cost of these systems as the size of an
installation grows.
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Because the load magnitude and maximum
PV size for the school bus fleet case is
significantly smaller than the transit bus case,
the LCOE generated by these assets is higher.
Incorporating standalone storage does reduce
operational costs by minimizing energy bills
through demand charge reduction and load
shifting, but in all tariff cases these benefits are
outweighed by the capital and operating costs
of the storage system.
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For Tariffs A, B, and F, the coupling of storage
with solar allows the excess shoulder solar
energy to be captured and redistributed to
charging periods later in the day, rather than
wasted. This factor along with the higher
baseline energy rates for these Tariffs leads to
grid+solar+storage LCOEs that are on par or
slightly less than the grid+solar scenario.
Figure 31 below shows an indicative sample day
for the school bus fleet charging profile with
a 4 MWAC PV array and a 1MW/4MWh BESS
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operating under Tariff B. During the shoulder
periods when no charging takes place, the
BESS is charged completely by the excess PV
generation.
On days with high solar irradiance, the PV and
BESS are able to support all of the daytime
charging load, requiring no grid purchases.
Overnight, the residual energy in the BESS is
used to perform peak shaving, reducing the
peak demand (and associated demand charges)
by ~1MW.

School Bus Fleet Sample Day
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Figure 31: School Bus Fleet Sample Charging Day, Tariff B, Grid + Solar + Storage
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Results and Interpretations
Courier Van
Table 5 shows the results for the courier van fleet model
analysis. Net-Present-Cost and Levelized-Cost-OfEnergy is shown for each mix of resources: grid only,
grid + solar PV, grid + battery energy storage, and grid +
solar PV + battery energy storage.
Solar PV and BESS sizes were optimized to minimize
NPC for each case. PV sizes were set to a maximum
of 4.0 MWAC, based on assumptions regarding the
potential canopy and/or rooftop space above a fleet of
this size.
LCOE was converted to equivalent cost per mile based
on the assumed average fuel economy. For each tariff,
the lowest NPC resource mix is highlighted.

Storage Size
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NPC ($M)

LCOE ($/kWh)

$/mi

19.4

0.147

0.2205

21.1

0.16

0.24

0.25 MW/1 MWh

20.7

0.156

0.234

0.8 MW/3 MWh

21.4

0.162

0.243

21.7

0.164

0.246

23.3

0.177

0.2655

0.25 MW/1 MWh

22.8

0.173

0.2595

0.8 MW/3 MWh

23.6

0.179

0.2685

21.7

0.164

0.246

20.3

0.0902

0.1353

0.5 MW/2 MWh

22.9

0.169

0.2535

0.5 MW/2 MWh

21.7

0.0945

0.14175

15.7

0.119

0.1785

17.4

0.131

0.1965

0.5 MW/2 MWh

17.3

0.131

0.1965

0.8 MW/3 MWh

18.1

0.137

0.2055

16.6

0.125

0.1875

18.2

0.138

0.207

0.5 MW/2 MWh

17.7

0.134

0.201

0.8 MW/3 MWh

18.8

0.142

0.213

24.8

0.188

0.282

26.4

0.2

0.3

0.5 MW/2 MWh

25.8

0.195

0.2925

3 MW/12 MWh

26.1

0.197

0.2955

Tariff A - Standard
Grid Only
Grid+Solar

0.7 MW

Grid+Storage
Grid+Solar+Storage

0.7 MW

Tariff B - TOU Rates
Grid Only
Grid+Solar

0.7 MW

Grid+Storage
Grid+Solar+Storage

0.7 MW

Tariff C - TOU Rates + Net Metering
Grid Only
Grid+Solar

4.0 MW

Grid+Storage
Grid+Solar+Storage

4.0 MW

Tariff D - Subscription Service (no DC)
Grid Only
Grid+Solar

0.7 MW

Grid+Storage
Grid+Solar+Storage

0.7 MW

Tariff E - High TOU Rates
Grid Only
Grid+Solar

0.7 MW

Grid+Storage
Grid+Solar+Storage

0.7 MW

Tariff F - High DC
Grid Only
Grid+Solar

0.7 MW

Grid+Storage
Grid+Solar+Storage

1.3 MW

Table 5: Courier Van Fleet LCOE Comparison
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Courier Van Fleet LCOE Comparison ($/kWh)
0.220
0.200
0.180
0.160

Grid Only

0.140

Grid + Solar

0.120
0.100

Grid + Storage

0.080
0.060

Grid + Solar + Storage
Tariff A
Standard

Tariff B
TOU Rates

Tariff C
TOU Rates + Net
Metering

Tariff D
Subscription
(No DC)

Tariff E
High TOU

Tariff F
High DC

Figure 32: Courier Van Fleet LCOE Comparison

The results for the electric courier van fleet
are similar to those of the school bus fleet. In
all cases except Tariff C, the grid only scenario
offered the lowest NPC and LCOE.
The synthesized charging profile for the courier
fleet has no charging occurring during the day.
This means that none of the generated solar
energy provides value unless there is either
a net metering policy, as with Tariff C, or an
energy storage system to capture and shift solar
energy into the overnight charging period.

For every grid+solar+storage scenario, the
LCOE of this shifted solar energy was greater
than that of energy obtained from the grid.
Higher overnight energy rates or lower cost
solar and storage would tip this balance more in
favor of grid+solar+storage.

As with the other two fleet types, the long and
flat peak demand curve shaped by managed
charging makes the use of storage for peak
shaving less effective, even when “extreme”
demand charges are applied (Tariff F).

Economies of scale also play a role here, in that
a fleet with a larger charging load may warrant
larger solar and storage installations at a lower
unit cost.
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Figure 33 shows a sample day for the courier
van fleet charging profile with a 1.3 MWAC PV
array and a 3MW/12MWh BESS under Tariff F.
In this case, the BESS captures as much solar
energy as possible during the day and then
applies this to the overnight charging period,
reducing peak demand by approximately
1.8 MW.
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Even though this reduces monthly electric bills
substantially, the capital cost of the large BESS
required to do this (12 MWh) is what drives
the NPC to be slightly higher than the grid-only
scenario.
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.

Courier Van Fleet Sample Day
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Figure 33: Courier Van Fleet Sample Charging Day, Tariff F, Grid + Solar + Storage
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Cost per Mile
To gain a sense of how these levelized energy costs
translate to mileage costs for an EV fleet, Table 6
shows equivalent cost per mile based on ranges of
energy price and EV fuel economy.
For comparison, Table 7 shows the same metrics for
diesel-based ICE vehicles. Note that a 2018 NREL
study listed average diesel bus fuel economy as 5.1
miles per gallon [3].
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FUEL
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(kWh/mi)
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ENERGY PRICE ($/kWh)
0.05

0.07

0.09

0.11

0.13

0.15

0.17

0.19

$0.200

$0.280

$0.360

$0.440

$0.520

$0.600

$0.680

$0.760

3.8

$0.190

$0.266

$0.342

$0.418

$0.494

$0.570

$0.646

$0.722

3.6

$0.180

$0.252

$0.324

$0.396

$0.468

$0.540

$0.612

$0.684

3.4

$0.170

$0.238

$0.306

$0.374

$0.442

$0.510

$0.578

$0.646

3.2

$0.160

$0.224

$0.288

$0.352

$0.416

$0.480

$0.544

$0.608

3

$0.150

$0.210

$0.270

$0.330

$0.390

$0.450

$0.510

$0.570

2.8

$0.140

$0.196

$0.252

$0.308

$0.364

$0.420

$0.476

$0.532

2.6

$0.130

$0.182

$0.234

$0.286

$0.338

$0.390

$0.442

$0.494

2.4

$0.120

$0.168

$0.216

$0.264

$0.312

$0.360

$0.408

$0.456

2.2

$0.110

$0.154

$0.198

$0.242

$0.286

$0.330

$0.374

$0.418

2

$0.100

$0.140

$0.180

$0.220

$0.260

$0.300

$0.340

$0.380

4

Table 6: EV Dollar per Mile vs Energy Price and Fuel Economy
FUEL
ECONOMY
(mpg)

DIESEL PRICE ($/gal)
1.5

2

2.5

3

3.5

4

4.5

5

4

$0.375

$0.500

$0.625

$0.750

$0.875

$1.000

$1.125

$1.250

4.2

$0.357

$0.476

$0.595

$0.714

$0.833

$0.952

$1.071

$1.190

4.4

$0.341

$0.455

$0.568

$0.682

$0.795

$0.909

$1.023

$1.136

4.6

$0.326

$0.435

$0.543

$0.652

$0.761

$0.870

$0.978

$1.087

4.8

$0.313

$0.417

$0.521

$0.625

$0.729

$0.833

$0.938

$1.042

5

$0.300

$0.400

$0.500

$0.600

$0.700

$0.800

$0.900

$1.000

5.2

$0.288

$0.385

$0.481

$0.577

$0.673

$0.769

$0.865

$0.962

5.4

$0.278

$0.370

$0.463

$0.556

$0.648

$0.741

$0.833

$0.926

5.6

$0.268

$0.357

$0.446

$0.536

$0.625

$0.714

$0.804

$0.893

5.8

$0.259

$0.345

$0.431

$0.517

$0.603

$0.690

$0.776

$0.862

6

$0.250

$0.333

$0.417

$0.500

$0.583

$0.667

$0.750

$0.833

Table 7: Diesel Bus Dollar per Mile vs Diesel Price and Fuel Economy
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Emissions Reduction Analysis
In order to analyze the potential emissions reductions
from behind-the-meter solar and storage systems,
the grid emissions metrics discussed in the Emissions
section above were applied to the transit bus fleet
model under Tariff A.

Transit Fleet Charging Emissions (grams CO2 per kWh)

Figure 34 shows the level of CO2 emissions for five
different transmission regions or utilities with grid
only, grid+solar, grid+storage, and grid+solar+storage
resources.

300

As expected, partially charging a fleet from on-site
solar results in a reduction in CO2 emissions. A storage
system without solar resulted in a slight increase in
emissions due to the extra grid energy required to
make up for the losses associated with charging and
discharging the storage system.
As noted previously, the grid’s generation resource
mix will fluctuate throughout the day, and charging
a BESS from the grid during peak solar hours and
then discharging during the night could result in a
net decrease in effective emissions associated with
charging.
The grid+solar+storage topology showed the greatest
reduction in emissions due to the storage system’s
ability to capture and utilize excess solar generation in
the shoulder periods. The average emissions reduction
from grid+solar+storage in this model compared to the
grid-only base case was 48 g/kWh, or 13.3%.
Translating these average results to a per-mile unit and
comparing them to tailpipe emissions of a typical diesel
bus yields the results shown in Figure 35.
Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies
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Figure 34: Transit Fleet Charging Emissions Regional Comparison
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Figure 35: Emissions Comparison, Diesel Bus vs EV with DERs
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Sensitivity Analysis

Outside of modeling different tariff structures and
combinations of resources, all other variables were
fixed for each fleet analysis. Of course, real-world
fleets come in all shapes and sizes and many actual
fleet characteristics may differ significantly from some
of the assumptions made in the models above.

Transit Bus Fleet LCOE vs Size (Tariff A)
0.140
LCOE ($/kWh)

Reviewing the results of the hypothetical example
fleets in the previous section, it is apparent that the
terms and characteristics of the utility tariff have a
significant impact on the economic viability of DERs
applied to fleet charging.

0.138
0.136
0.134
0.132
0.130
0.128

0

100
Grid Only

One of these highly variable characteristics is fleet
size (in terms of number of vehicles) and the resulting
daily charging load. In order to envision of how fleet
size may impact the economics of DER integration, the
transit bus fleet model used in the analysis above was
scaled down to reflect approximate charging profiles
for fleet sizes featuring between 50 and 500 electric
buses.
Figure 36 and Figure 37 below show the relationship
between LCOE and fleet size, based on a linearly
scaled version of the original Transit Bus Fleet model
with 500 buses, and with Tariffs A (Standard) and D
(Subscription Service) applied.

300
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Grid + Solar

Grid + Storage

400
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Figure 36: Impact of Fleet Size on LCOE with DERs (Tariff A)

Transit Bus Fleet LCOE vs Size (Tariff D)
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Figure 37: Impact of Fleet Size on LCOE with DERs (Tariff D)
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As shown in both figures, smaller fleet sizes
result in a general increase in LCOE when DERs
are used, relative to the grid-only base case.
The cost assumptions built into the model
for solar and storage both incorporate some
degree of price gradient due to the effects of
“economies of scale”, namely that as the size
of a PV and/or BESS installation increases, the
per-unit cost will decrease.
For larger fleets with bigger charging loads
(in terms of peak power and daily energy
consumption), the amount of PV/BESS that
is cost-optimal or theoretically feasible
is generally also larger, resulting in lower
specific capital and operating expenditures
and effectively lower levelized cost for energy
produced by those resources.
For smaller fleets, seeing a return on an
investment in a capital-intensive solar or
battery installation may take longer due to a
higher cost-per-kW of small-scale solar PV and
higher cost-per-kWh of small-scale BESS.
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PV and BESS Cost
The costs of solar PV and battery energy
storage have declined significantly over the past
several decades, and most industry experts
expect these trends to continue to some degree
in the long-run. If these projections are realized,
the value proposition for incorporating DERs
into EV fleet charging will improve.
There are also many incentive programs in
place today that can reduce PV and BESS
project costs. Grant funding, Federal Investment
Tax Credits for Solar and Battery Storage, statelevel incentive programs such as California’s
Self-Generation Incentive Program (SGIP), and
other similar initiatives can significantly bring
down the cost of implementing these resources.
Note that no incentives were factored into the
modeling results above.
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To assess the potential impact of PV and BESS
cost reductions, a sensitivity analysis was
carried out using the three hypothetical fleet
models along with Tariffs A, B, C, and D. BESS
capital costs were varied between 250 and
500 $/kWh, and PV capital costs were varied
between 1.0 and 2.0 $/Wac.
The figures on the following pages show the
resulting LCOEs for each fleet and tariff model
relative to these PV and BESS cost scales. In
each figure, the baseline LCOE for the “gridonly” scenario is indicated for reference.
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Transit Bus
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Figure 39: Transit Bus Fleet LCOE vs BESS and PV Cost (Tariff B)
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Figure 40: Transit Bus Fleet LCOE vs BESS and PV Cost (Tariff C)
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Figure 38: Transit Bus Fleet LCOE vs BESS and PV Cost (Tariff A)
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Figure 41: Transit Bus Fleet LCOE vs BESS and PV Cost (Tariff D)
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Figure 43: School Bus Fleet LCOE vs BESS and PV Cost (Tariff B)
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Figure 44: School Bus Fleet LCOE vs BESS and PV Cost (Tariff C)
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Figure 42: School Bus Fleet LCOE vs BESS and PV Cost (Tariff A)
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Figure 45: School Bus Fleet LCOE vs BESS and PV Cost (Tariff D)
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Figure 46: Courier Van Fleet LCOE vs BESS and PV Cost (Tariff A)

Figure 47: Courier Van Fleet LCOE vs BESS and PV Cost (Tariff B)
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Figure 48: Courier Van Fleet LCOE vs BESS and PV Cost (Tariff C)
Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies

0.130
0.126

2.0
1.8
1.6
1.4

0.122
0.118

W
ac
)

0.118

0.134
LCOE ($/kWh)

0.138

PV

LCOE ($/kWh)

0.158

0.158-0.168
0.148-0.158
0.138-0.148
0.128-0.138
0.118-0.128
0.108-0.118
0.098-0.108
0.088-0.098
0.078-0.088
Baseline

$/

W
ac
)

450

t(

500

Co
s

BESS Cost ($

350

0.162

500

450

1.2

400

BESS Cost ($

350

/kWh)

300

250

1.0

$/

400

$/

W
ac
)

450

1.2

2.0
1.8
1.6
1.4

0.166

PV

500

t(

0.144

0.170

0.176-0.178
0.174-0.176
0.172-0.174
0.170-0.172
0.168-0.170
0.166-0.168
0.164-0.166
0.162-0.164
Baseline

PV

2.0
1.8
1.6
1.4

0.148

0.174

Co
st
(

0.152

0.178

0.134-0.136
0.132-0.134
0.130-0.132
0.128-0.130
0.126-0.128
0.124-0.126
0.122-0.124
0.120-0.122
0.118-0.120
Baseline

PV

0.156

Co
s

LCOE ($/kWh)

0.160

0.160-0.162
0.158-0.160
0.156-0.158
0.154-0.156
0.152-0.154
0.150-0.152
0.148-0.150
0.146-0.148
0.144-0.146
Baseline

LCOE ($/kWh)

Tariff A

Figure 49: Courier Van Fleet LCOE vs BESS and PV Cost (Tariff D)
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Appendix
Assumptions and Clarifications




Homer

BESS:

PV:
Capital Costs scaled linearly between the
following points:
›

$2/Wac for 1 MW

›

$1.56/Wac for 20 MW

›

$1.289/Wac for 200 MW



1MW/4MWh (4-hour) Li-ion



Model assumes perfect oversight

›

Capital Cost of $500/kWh



›

Augmentation Cost 20% of CapEx $/
kWh per kWh augmented

No site loads other than charging loads
were considered



Nominal Discount Rate: 8.00%



Expected Inflation Rate: 2.00%



Project Lifetime: 25 years



Model timestep: 15 minutes



Capital and Operating costs of charging
equipment and other site upgrades not
factored into financial model
No weekday/weekend variability was
factored into the charging schedules

›

Structural costs for canopy support system
not included. Added cost of PV assumed to
be similar to cost of rooftop solar.

›

15% capacity overbuild at BoL with
augmentation periods every 7 years,
15% of nameplate capacity each time.
O&M Cost 2% of CapEx annually

20MW/80MWh (4-hour) Li-ion



Annual O&M Cost of $20/kWac



No replacement or decommissioning cost

›

Capital Cost of $350/kWh



Lifetime of 25 years

›





Fixed-tilt

Augmentation Cost 20% of CapEx $/
kWh per kWh augmented



85% Derating Factor

›

General



Panel Slope 12 degrees

15% capacity overbuild at BoL with
augmentation periods every 7 years,
15% of nameplate capacity each time.



No incentives



›

O&M Cost 1% of CapEx annually



Round Trip Efficiency: 90%



No incentives

Fleet Electrification and the Role of Distributed Energy Resources | 3 Case Studies



It is not the intention of this report to
endorse or promote any specific vendor,
but to incorporate a wider picture of EV
charging and DER technology as applied to
utilities and specifically to EV fleet owners.
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