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Abstract

With current and future regulations continuing to drive reductions in
carbon dioxide equivalent (COz¢) emissions in the on-road industry,
the off-road industry is also likely to be regulated for fuel and CO2e
savings. This work focuses on converting a heavy-duty off-road
material handler from a conventional diesel powertrain to a plug-in
series hybrid, achieving a 49% fuel reduction and 29% COae
reduction via simulation. Control strategies were refined for energy
savings, including a regenerative braking strategy to increase
regenerative braking and a load-following hydraulic strategy to
decrease electrical energy consumption. The load-following
hydraulic control shuts off the hydraulic electric machine when it is
not needed — an approach not previously seen in a load-sensing,
pressure-compensated system. These strategies achieved a 24.1% fuel
savings, resulting in total savings of 61% in fuel and 41% in COze in
the plug-in series compared to the conventional machine. Beyond
control strategies, this study evaluated battery chemistry and charging
strategy refinements for total cost of ownership (TCO) and lifetime
COze. LFP batteries emerged as the most cost-effective and least
emitting due to their longer lifespan, which reduced replacement
frequency. Charging comparisons showed that Level 2 charging
(L2C) typically resulted in lower TCO but higher lifetime COze than
DC fast-charging (DCFC). DCFC costs were heavily influenced by
local demand charges, and DCFC emissions were heavily influenced
by local grid emissions.

Introduction

While significant investments have been made in on-road
electrification, the off-road industry has not received the same level

of investment [1]. The off-road sector represents a significant portion
of emissions, accounting for 9% of total transportation emissions [2].
Hybrid electric powertrains are becoming more common in off-road
equipment as energy savings from electrification technologies are
realized [3]. Increasing emissions regulations are responsible for the
investment in electrification technologies [1], and these regulations
are expected to continue driving significant investment in
electrification and other CO2-reducing technologies. The California
Air Resources Board is currently working on Tier 5 standards for off-
road diesel engines [4], which are expected to include nitrogen oxide
standards 90% more stringent than Tier 4 standards, particulate
matter standards 75% more stringent than Tier 4, and, for the first
time, COz reduction requirements for off-road diesel engines [4].
While these regulations are specific to the engine manufacturer,
original equipment manufacturers (OEMs) in the off-road sector may
need to demonstrate reductions in overall emissions in the future.
Electrification is a main avenue explored to achieve fuel savings [5].
This article will explore a plug-in series hybrid application for a
heavy-duty off-road material handler, the Pettibone Cary-Lift 204i.
Figure 1 shows the schematics and photos of the plug-in series hybrid
and the base conventional machine, highlighting their distinct
configurations while showcasing their similar external appearances.
The control strategies will be explored to determine areas to reduce
fuel and energy consumption through rule-based control
modifications. Also, battery chemistry options and charging
strategies will be explored to determine the lowest total cost of
ownership (TCO) and lifetime carbon dioxide equivalent (COze)
values.
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Figure 1. Schematics and photos of base conventional machine and plug-in series hybrid machine. Plug-in series hybrid with base control achieves 49% fuel and 29%
COse savings compared to base conventional machine. Adapted with permission from Ref. [6]; copyright SAE International.

Research articles focusing on heavy-duty off-road series hybrids are
numerous, with some examples in references [3, 5, 7-13]. However,
when further narrowing the search for articles focusing on heavy-
duty off-road plug-in series hybrids, the authors have not found any
references, as the plug-in capability further distinguishes this
machine. This paper adds a unique plug-in series hybrid
electrification architecture to the heavy-duty off-road space while
exploring methodologies to reduce fuel and energy consumption
through control modifications. Control modifications are often
pursued for energy savings in off-road hybrids, as in [7-10], but this
article adds new material to the control space by introducing a novel
load-following hydraulic control that achieves 17.8% fuel savings
compared to a continuously spinning system. While plenty of papers
have been published on electrified hydraulic systems [14-26], none
have been found to use a load-following system that allows for the
pumps to be speed-controlled based on demand, and stopped when
they are not needed. This unique system is explored in the section
Control Refinement for Hydraulics: Load-Following.

This paper begins with a literature review exploring off-road
electrification control and strategies before moving into a description
of the modeling and analysis of the machine. Then, basic rule-based
controls are discussed for the engine control, regenerative braking,
and hydraulic control before moving into refined rule-based control
of the regenerative braking and the hydraulic system for significant
energy savings. Then, the paper zooms out to an architecture level,
looking at options to reduce fuel and COze by selecting different
battery chemistries and charging strategies to compare the best
options on a lifetime carbon dioxide equivalent (COz¢) and total cost
of ownership (TCO) basis.

Literature Review

Control strategies can be broken down broadly into rule-based and
optimization-based control [5]. Rule-based control methodologies are
often used in the development of a machine and can later be
compared to more advanced control methodologies, as seen in [3, 9].
Rule-based control methodologies can also be modified for a
reduction of fuel consumption, as in [27], where a plug-in hybrid
tractor used a multi-mode fuzzy logic controller for fuel savings of up
to 18%. Rule-based strategies can be modified based on knowledge
of the system, and they can also be modified based on external
optimization analyses [5]. Besides rule-based control strategies,
optimization-based control strategies are used to determine the
optimal results by minimizing fuel consumption, for example, using
cost functions and constraints [5]. Global optimization strategies, like
dynamic programming, achieve the global optimum result in a system
but are not implementable in real-time because of the need for
knowledge of the exact future driving cycle [9]. While many
optimization-based control strategies are not real-time
implementable, equivalent consumption minimization strategy
(ECMS), pontryagin minimum principle (PMP), and model
predictive control (MPC) have all been applied for real-time
optimization applications [28]. This work will focus on refining rule-
based control strategies based on knowledge of the system and
identifying areas for improvement.

Hydraulic systems can represent significant portions of the overall
fuel consumption of a heavy-duty off-road machine, with up to 26%
of the overall fuel consumption going to the hydraulic system in the
Cary-Lift specifically [29]. Different methods have been pursued to
achieve fuel savings in hydraulic systems, with some of those



methods including changes in system design, reducing losses, and
improving components and functions [17]. In hydraulic applications
where electrification is added, energy regeneration can be used
through potential energy recovery [17]. This has been seen in the
heavy-duty off-road space on excavators [18, 19]. Other hydraulic
systems look at the use of electro-hydraulic actuators for significant
energy savings with up to 84.7% efficiency [21], but these can be
limited due to the lack of adequate load-holding capability and power
limitations [22]. The system of interest in this study requires
counterbalance valves for safety considerations (load-holding). These
counterbalance valves require hydraulic pressure to push the lifting
cylinders down, eliminating the possibility of pursuing potential
energy recovery. However, with an electric machine powering the
hydraulic pumps, energy savings can come from following the
required load rather than constantly spinning the hydraulic pumps, as
is performed in many hydraulic systems.

The machine studied in this paper uses variable displacement pumps
with pressure compensation, and the hydraulic pumps are powered by
an electric machine that is kept constantly spinning so the hydraulic
system can respond to changes in demand due to hydraulic activity.
This constantly spinning system is analogous to the baseline system
where the pumps are mechanically coupled to the engine and thus
constantly spinning, however, this leads to excessive energy
consumption when hydraulic movement is not required. A load-
following system was desired so the electric machine powering the
pumps was only turned on when there was a required hydraulic load
to be met, and the speed of the electric machine was varied to best
accommodate that hydraulic load. In [23], a load-following system
was presented where an electric machine’s speed was paired to a
fixed displacement pump, and the speed was adjusted based on the
system pressure to maintain constant pressure in a hydraulic press-
brake. Another source analyzed electro-hydraulic actuators for
variable speed and variable displacement hydraulic systems [24]. The
system maintains a desired load pressure by adjusting pump speed
and swashplate position [24]. In [25], a load-following system is
explored with a variable displacement, pressure-compensated pump
driven by an electric motor. The idle power consumption is reduced
by lowering pump speed, but the pump is not turned off [25]. Also,
[26] explores reducing pump speed at idle conditions. The work in
this paper is distinguished from others due to the ability to turn off
the pumps when in an idling condition.

Regenerative braking strategies are numerous in the field of
electrified vehicles as a means of increasing efficiency and range
[30]. Various methods are pursued to perform regenerative braking
most efficiently, with strategies including fuzzy logic control, neural
networks, model predictive control, sliding mode control, and
adaptive control [30]. While many of these strategies work to
optimize the regeneration for maximizing the amount of energy
regenerated, more simple strategies using rules were pursued in this
work and are explored in the sections Rule-Based Control for
Regenerative Braking and Control Refinement for Regenerative
Braking sections.

Charging strategies for electrified vehicles and machines include
multiple options like Level 1 charging, Level 2 charging, and DC fast
charging [31]. One study examined different charging strategies and
their effect on cost and greenhouse gas emissions (COze), where it
found that different charging price strategies, like those that influence
the timing of charging, can significantly impact greenhouse gas
emissions [31]. The total cost of charging activities has been explored
in the U.S. for light-duty vehicles, looking at a 15-year lifetime in
[32], where it was found that the cost to charge an electric vehicle
varies widely based on location, use, charging behavior, and
equipment cost. An analysis of electric vehicle charging costs has
also been performed in Europe, where similar conclusions were made
that the cost varies widely [33]. These articles are concerned with
light-duty electric vehicles, where the work in this paper will focus

on a heavy-duty off-road machine and analyze the total cost of
ownership (TCO) and CO:ze emissions over a 15-year lifetime,
including Level 2 charging (L2C) and DC fast charging (DCFC).
This work builds off of work performed in [6], where lifetime
analyses were performed for total cost and COze emissions for a
heavy-duty off-road machine.

Different battery chemistries can yield vastly different performance
and lifetimes for lithium-ion batteries [34]. A low battery lifetime can
lead to much higher cost and COze values for electrified vehicles
compared to their non-electrified counterparts, as explored in [6],
where a battery electric machine was found to have a much higher
cost than a base conventional machine. The work in this paper
considers different battery chemistries in a TCO and COze
perspective, introducing NCA and LFP battery options to the NMC
battery used in [6].

Modeling of Plug-in Series Hybrid

Description

A high-fidelity plug-in series hybrid model was built in Simcenter
Amesim to accurately represent the fuel and energy consumption of
the series hybrid version of the heavy-duty off-road machine. The
focus is on control and strategy modifications for energy savings
using this high-fidelity model.

Refer to Figure 1 for the schematic representation of the plug-in
series hybrid architecture and the schematic representation of the
base machine. The base machine represents the conventional stock
configuration, and the plug-in series hybrid represents the prototype
that was built to demonstrate fuel savings. This paper explores the
plug-in series hybrid.

Operating Cycles
Description

The model of the machine needed to be simulated on a representative
operating cycle to understand possible fuel and energy savings. The
energy savings depend on the machine’s expected operation. To
quantify the potential savings, custom operating cycles were
developed to represent the typical operation of the base machine [29].
The three primary operations in a typical application include
examples like loading large items onto a truck, unloading items from
a railcar, or transporting from one location to another at a worksite
[29]. These operating cycles are shown in Figure 2, with the speed
values on the left y-axis and the hydraulic pump power values on the
right y-axis.

These three operating cycles were combined and weighted along with
idle time to create an overall time-weighted operating cycle, as seen
in Figure 2. The percentage of time contributions for each of these
events was determined by operational data from and conversations
with Pettibone. This time-weighted operating cycle forms the basis
for the fuel and COze savings to be explored later in this paper. An 8-
hour operation is assumed, with time percentages per operation based
on this time-weighted operating cycle pie chart.
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Figure 2. Load operating cycle (top left), unload operating cycle (top right),
transport operating cycle (lower left), and time-weighted operating cycle
(lower right). Reprinted with permission from Ref. [29]; copyright SAE
International.

Rule-Based Control

Description

A rule-based control system was developed to represent the first level
of control to be built into the physical machine. These rule-based
controls were kept simple to retain a similar operability to the base
machine. Also, the rule-based controls are simpler to implement onto
the plug-in series hybrid, allowing for quicker implementation into
the experimental machine. See Figure 1 for a picture of the completed
plug-in series hybrid machine onto which the rule-based control was
added.

The analysis to follow will provide details on the rule-based control
implementation in the hybrid model of the machine in Amesim. The
systems discussed include rule-based control methods for battery
charging, hydraulic operation, and regenerative braking.

Analysis
Thermostatic Rule-Based Control of Battery SOC

The plug-in series hybrid architecture utilizes a 73.5 kWh-nominal
lithium-ion Nickel Manganese Cobalt (NMC) battery. This battery
was chosen to operate in the range of 20% to 90% state of charge
(SOC), based on recommendations from the battery manufacturer and
to reduce degradation. This battery is assumed to be recharged to
90% every night using level 2 charging from the grid after operating
on an 8-hour shift during the day, following the time-weighted
operating cycle per Figure 2.

During operation, the machine begins by running in charge-depleting
(CD) mode, depleting the battery from 90% SOC down to 20%. After
hitting the 20% minimum, the engine turns on and recharges to 25%
before turning off and depleting to 20%. This is a thermostatic rule-
based control, where the engine turns on to increase battery SOC for
a period of time before turning off and allowing SOC to deplete.
Thermostatic rule-based control was chosen because of the simplicity

L Recall, Figure 3 is overall efficiency which includes the engine,
generator, inverter, and battery, not just engine efficiency.

of implementation and because of the aftertreatment system, where
frequent on/off cycling of the engine in a different control strategy
could lead to higher emissions due to an inability of the
aftertreatment system to reach and sustain adequate temperature.

Since this is a series hybrid machine both in the propulsion system
and the hydraulic system, the engine is not mechanically linked to the
vehicle movement or hydraulic movement (see Figure 1). This means
the engine can operate at any point within its speed and torque limits.
As such, the point of maximal system efficiency was targeted, so the
engine consumed the least amount of fuel while recharging the
battery. This point of maximal system efficiency considered the
efficiencies of the engine, generator, inverter, and battery charging. A
torque coupler was used to connect the engine to the generator, so the
limitations of this coupler were used to bound the region of operation.
See Figure 3 for this overall efficiency plot, including the torque
coupler’s no-fly zones.
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Figure 3. Overall system efficiency, including the efficiencies of the engine,
generator, inverter, and battery. Assuming 25°C battery temperature at 20%
SOC.

The engine operating point, as seen in Figure 3, was chosen in the
middle of a high-efficiency island with around 35.0% overall

efﬁciency1, occurring at the engine operating point of 1730 rpm and
571 Nm for 103 kW of engine power. This operating point was
chosen due to its high-efficiency value and relative isolation from the
no-fly region of the coupler. Other points of slightly higher efficiency
are possible up to about 35.3% at 1550 rpm and 625 Nm of torque,
but these points were close to the no-fly regions of the coupler and
hence were avoided.

Rule-Based Control for Hydraulic System: Continuously
Spinning

The next system for which rule-based control was used is the
hydraulic system, which is responsible for lifting up to 9,100 kg
(20,000 Ib.) of material to a maximum height of 4.0 m (13 ft) [29].
This high lifting capacity requires a powerful hydraulic system,
where pump power values reach as high as 120 kW during portions
of the load operating cycle, as in Figure 2.



The base hydraulic system of the machine was mostly unchanged in
the plug-in series hybrid, with the largest change being the pumps
were powered by an electric machine rather than the engine. The base
system is a load-sensing, pressure-compensated system that powers
the material handling, steering, and braking systems, and these
functions were all retained for the electrified hydraulic architecture.
See Table 1 for more hydraulic system parameters and Figure 4 for a
simplified hydraulic system sketch.

Table 1. Hydraulic system parameters for base machine. These needed to be
matched for the plug-in series hybrid.

Hydraulic System Parameter Specification

Load-sensing, pressure-

System Type compensated

Maximum System Pressure 148 bar (2150 psi)

Maximum Lift Capacity 9,100 kg (20,000 1b.)

Maximum Lift Height (Fully Loaded) | 4.0 m (13 ft)

Hydraulic Tank Volume 284 L (75 U.S. gal)
Hydraulic Fluid ISO VG 32 Hydraulic Oil
Number of Pumps 2 (in series)

Hydraulic Pump Displacement (each) 100 cc/rev

Minimum Pump Speed 600 rpm

Maximum Pump Speed 2500 rpm

Maximum Pump Power Required 120 kW, in load cycle

Brake
Accum -

Material
Handling

e Priority
Brake Charge 1
Valve & Switch |

Figure 4. Simplified representation of continuously spinning rule-based plug-
in series hydraulic system.

The plug-in series hybrid was aimed at replicating as much of the
base machine as possible to match the performance of the base
machine, so the operation was familiar to the operators. The
continuously spinning hydraulic system followed this logic, pursuing
a strategy mimicking the base machine, where the hydraulic pumps
continuously spin. In the base machine, the pumps were powered by
a power take-off (PTO) from the engine, which meant that if the
engine was spinning, the pumps were spinning, and spinning at a rate
directly related to engine speed. The base machine’s hydraulic system
was retained in its entirety, with the only change being that the
pumps were powered by an electric machine rather than by the
engine’s PTO.

In the plug-in series hybrid model, the continuously spinning system
followed the engine speed of the base machine to match this base
operation, with a lower speed at idle conditions to save energy. See
the comparison between these systems in Figure 5.
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Figure 5. Pump speed comparison of base hydraulic system and plug-in series
hybrid rule-based hydraulic system (continuously spinning) during load
operating cycle.

The hydraulic performance of the base machine was calibrated and
validated using experimental data, as elaborated in [29]. Given the
close similarity between the base and continuously spinning systems
(see Figure 5), there is confidence in the accuracy of the modeled
hydraulic control of the continuously spinning system.

Rule-Based Control for Regenerative Braking: Baseline
Regen

With a maximum ground speed of 8.9 m/s (20 mph) the machine
does not achieve high speeds relative to a light-duty vehicle,
however, the large machine mass of 23,000 kg (50,000 1b.) unloaded
means that regenerative braking can be beneficial for recharging the
battery. This led to the development of a rule-based regenerative
braking strategy that once again focused on simplicity and similarity
to the base machine.

The base machine does not have a brake pressure sensor, but the
brake pedal position (BPP) is known as a binary 0 or 1 (off or on)
based on the digital input to the brake lights. This information is used
to see when the brakes are applied, but the extent to which those
brakes are applied is unknown. Taking this into account, regenerative
braking should not increase drastically when the brake position goes
from off to on because drastic increases could lead to large
decelerations for a light brake application.

The regenerative braking values in the rule-based control were
chosen to match the deceleration of the base machine’s engine
braking when coasting down from the top speed of 8.9 m/s (20 mph)
when the accelerator pedal position (APP) was zero in 4" (top) gear.
The matching of the regenerative braking happens until about 3.5 m/s
(7.8 mph), at which point the base machine achieves idle engine
speed and begins to coast with less resistance due to a lack of engine
braking at these lower speeds, as seen in Figure 6. The plug-in series
hybrid continues regenerative braking until 1.6 m/s (3.6 mph),
corresponding to an assumed minimum motor speed of 500 rpm for
effective regeneration.
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Figure 6. Coast-down comparison between base machine engine braking and
plug-in series regenerative braking. The base machine nears idle engine speed
at 3.5 m/s in 4™ gear, and the plug-in series hybrid stops regeneration at 1.6
m/s (500 rpm motor speed).

This rule-based control of regenerative braking could be further tuned
to match the base engine braking at all speeds, but this would mimic
the lower deceleration seen as the engine reaches idle speed, which is
not a desirable trait since the machine will continue indefinitely. As
such, the regenerative braking strategy was chosen so that a zero APP
nearly matched the zero APP of the base machine while coasting
from the top speed of 8.9 m/s (20 mph) to 3.5 m/s (7.8 mph).

The braking signal was also used to increase regenerative braking, so
that when the brakes were applied, the regenerative braking value
was doubled. This value was chosen initially because it does not yield
a drastic increase in deceleration that could create an unpredictable
braking situation for the operator. See Figure 7 for the regenerative
torque values.
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Figure 7. Regenerative braking torque at zero accelerator pedal position (APP)
and at zero APP with zero brake pedal position (BPP). Torque values are per
electric machine; multiply by 2 for total regen torque.

Incorporating the thermostatic rule-based control of battery SOC with
rule-based control of the hydraulic system and the rule-based control
of the regenerative braking yielded a daily fuel consumption of 40.0
L and emissions of 172 kg COze over the time-weighted operating
cycle from Figure 2. Further fuel and COze savings can be achieved
by looking at other control methodologies and charging strategies, as
explored in the upcoming sections.

Refined Rule-Based Control for Fuel Savings

Description

The previous sections introduced the concepts of thermostatic rule-
based control of battery SOC, rule-based control of the hydraulic
system, and rule-based control of the regenerative braking strategy.
This section explores the potential for fuel and energy savings by
refining the control of the hydraulic system and the regenerative
braking strategies. The thermostatic rule-based control of the battery
SOC remains the same.

These refined rule-based methodologies are aimed at being simple
modifications for significant additional fuel savings. With minimal
changes in the plug-in series hybrid, these strategies can achieve
significant fuel and energy savings, as explored in the upcoming
analysis.

Analysis
Control Refinement for Hydraulics: Load-Following

The initial hydraulic control was implemented such that the pumps
were continuously spinning with a minimum idle speed of 600 rpm,
as noted in Figure 5. As seen in Figure 2, the idle time comprises
almost half of all of the operation of the machine, meaning turning
off the electric machine during these periods of inactivity could yield
substantial fuel and energy savings. This led to the development of a
hydraulic system that could turn off the hydraulic electric machine
when it was not needed, and would turn back on when a hydraulic
event was requested. The system layout is presented in Figure 8.
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Figure 8. Simplified representation of the load-following plug-in series
hydraulic system. Compare to the continuously spinning system in Figure 4.

Achieving a load-following hydraulic system required adding
multiple 3.79 L (1 U.S. gallon) accumulators, two for the main
system and two for the steering system. These are added as pressure
reservoirs to perform smaller hydraulic actions and to begin moving
cylinders when the hydraulic electric machine is accelerating up to
desired speed. For example, the steering accumulators could power
the machine's steering without requiring the pumps to be turned on. A
priority valve bypass was also added, which allows pump flow to go
around the priority valve and charge the steering system’s
accumulators rather than being diverted to the hydraulic cylinders.

The load-sense (LS) pressure comes from the directional control
valves for each of the hydraulic components, like the material
handling cylinders’ valves, the steering valve, or the brake charge
valve. For example, when an operator moves the joystick to lift



material, hydraulic fluid goes to the valve to move the cylinder. This
fluid also has a pressure that goes to the load-sense gallery, where all
load-sense pressures are compared, and the highest pressure reaches
each of the pumps. This load-sense pressure tells when a hydraulic
component requires flow and indicates if the hydraulic electric
machine needs to be turned on and when it can be turned off.

This load-following system was designed to maintain performance
and similarity to the base machine while reducing the energy
consumption of the hydraulic system. The hydraulic performance was
compared in each operating cycle to ensure the load-following and
continuously spinning control strategies adequately matched the base
machine’s hydraulic performance. Once this was confirmed for each
of the operating cycles for each hydraulic cylinder, the energy
consumption values were compared for each cycle, as seen in Figure
9. This looks at the electrical energy going into the hydraulic electric
machine.
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Figure 9. Hydraulic electric machine electrical energy consumption reduction
for each operating cycle, comparing load-following control to continuously
spinning control.

Once each operating cycle was confirmed, the next step was
evaluating the overall energy consumption from the 8-hour time-
weighted operating cycle (Figure 2). The results show a notable
decrease in overall electrical energy consumption from the load-
following system with a 24.8% reduction. These significant savings
are possible due to the ability to turn off the electric machine when it
is not necessary. In the continuously spinning control scheme, the
hydraulic electric machine is always powered on and spinning at 600
rpm or higher, while the load-following system has many periods
where it turns off entirely, like in between hydraulic actions or during
idle time. Also, the addition of accumulators to the hydraulic system
has further enabled the electric machine to be switched off as the
accumulators can provide a pressure reservoir to perform minor
hydraulic activities.

The control logic for this load-following system considered the
system pressure, steering pressure, swashplate position, and load-
sense pressure, with these sensors labeled in Figure 8. These inputs
were then used to determine when the hydraulic electric machine
should be turned on, when it should be turned off, and how the speed
should be determined. Figure 10 shows the stateflow logic used to
control the hydraulic electric machine in the load-following system.

0
EM Off "
speedEM=0
e2 EM Increase Speed
0 [speedEM=600+
(swash*(2500-600))

el: LS_P>100 and (steering_P<1500 or system_P<1000)
or steering_P<750 or system_P<250
e2: swash<.01 and LS_P<=100 and steering_P>=1000 and system_P>=250

Figure 10. Stateflow logic used to control the load-following hydraulic
system. el and e2 represent transitions to the on state and the off state,
respectively. Pressures are in units of psi, speed is in units of rpm, and the
swashplate position is the fractional displacement.

This load-following hydraulic control was performed with active
closed-loop speed control of the hydraulic electric machine. A higher
swashplate led to a higher hydraulic electric machine speed, meaning
the speed was adjusted according to the instantaneous demand.

The values for the limits to turn on or off the electric machine were
chosen iteratively based on hydraulic system performance. The
system pressure, for example, should maintain at least 1000 psi (68.9
bar) if there is a load-sense (LS) pressure over 100 psi (6.89 bar),
indicating a hydraulic event is occurring. These values could be
further tuned for better controllability of the hydraulic functions or
for lower energy consumption.

The load-following system was designed to integrate into the plug-in
series hybrid machine. As such, it is expected that the values chosen
for the control would be modified on the experimental machine based
on what achieves the best performance in experimentation.

Control Refinement for Regenerative Braking: Threshold-
Based Brake Management (TBBM)

The original rule-based control of the regenerative braking strategy
looked at a linear regenerative torque that decreased with speed and
was multiplied by two when the brakes were applied. For this section,
the regenerative braking control was refined by introducing a
threshold-based brake management (TBBM) control logic where
regenerative braking was used for all braking events equal to or
above 500 rpm motor speed, and friction brakes were used for all
braking events below 500 rpm motor speed, as explained in Table 2.

Table 2. Control description of base and TBBM regenerative braking systems.

Motor Speed <500 rpm Motor Speed > 500 rpm
Base Regen Regen max. of 250 Nm
with Brakes All friction braking per motor; rest by friction

Applied brakes

TBBM Regen All friction braking All regen braking

Figure 11 demonstrates the threshold-based brake management
(TBBM) functionality compared to the baseline regenerative braking
strategy. The TBBM braking strategy utilizes regenerative braking at



much higher power values, enabling more energy to recharge the
battery pack, saving energy and fuel.
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Figure 11. Regenerative braking power comparison between baseline regen
and threshold-based brake management (TBBM) regen for first 10 seconds of
load operating cycle.

Based on the braking event from Figure 11, the maximum possible
energy recovery can be compared to the actual regenerated energy.
The maximum energy recovery corresponds to the machine’s kinetic
energy (KE) at its peak velocity of 2.7 m/s during this period,
slowing to 0 m/s, with a total mass of 23,212 kg.

KE = 0.5 -m-v?
(D

Where,
m is the machine’s total mass
v is the machine’s maximum velocity

Substituting the values, the calculated KE is 84.6 kJ, representing the
upper limit for regenerative braking energy recovery. In the
simulation implementation, however, the braking energy recovery
will be based on the time-based accumulation of motor braking

torque, as seen in (2):

ty
ERecoverea = f (Temn - w -m) dt

to

@

Where,

Tem 1s the total electric motor torque
w is the electric motor speed

7 is the combined system efficiency

2 Battery efficiency is based on the modeled power losses,
determined by current and resistance, where the resistance of the

battery is based on the SOC and temperature from manufacturer data.

Simulation results indicate an actual energy recovery of 2.62 kJ for
the baseline strategy and 36.8 kJ for the TBBM strategy at the
tractive electric machines. When accounting for an assumed 87%
combined efficiency for the electric machines and inverters along

with a 97% battery charging efﬁciencyz, the regenerated braking
energy into the battery becomes 2.21 kJ and 31.1 kJ for the baseline

and TBBM strategies, respectively.

Through the entire 8-hour time-weighted operating cycle, the
regenerated energy can be compared between the baseline and
TBBM strategies, where higher values mean more energy going into
the battery pack and lower energy and fuel consumption. Figure 12
illustrates these differences, where the TBBM braking strategy yields
over three times the amount of energy as the baseline regenerative
braking strategy. In the Applications section to follow, this
regenerated energy is translated into fuel consumption values.
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Figure 12. Regenerated energy comparison between baseline regen and
TBBM, for the 8-hour time-weighted operating cycle. More regenerated
energy means more energy going back into the battery.

Applications

The load-following hydraulics and TBBM regenerative braking
strategies do not require large investments in new parts as they
leverage the already present systems on the electrified machine. As
manufacturers in the heavy-duty off-road space continue to pursue
electrified options for their equipment, these low-cost control options
that achieve large savings should be pursued to lower operating costs
and carbon dioxide equivalent (COz¢) emissions. Figure 13 shows the
comparison of fuel consumption between the control methods

mentioned above.



60 - 4 60
= 40.0 .
540 | 37.5 {40 &
= 8,
E £
3 z
5 @
©20 + 20 $
(O] Lo
S
L

0.0
0 0

Simple Regen TBBM Regen Simple Regen TBBM Regen

and CS Hyd

and CS Hyd

and LF Hyd

and LF Hyd

Figure 13. Fuel consumption and fuel savings for all control methods
analyzed, on the 8-hour time-weighted operating cycle. Savings percentages
are compared to base rule-based control with baseline regen and CS
hydraulics. CS = Continuously Spinning, LF = Load-Following.

The fuel savings from integrating these different control methods are
significant, with up to 24.1% additional fuel savings from including
the TBBM with load-following hydraulics. The TBBM braking
represents a 6.3% fuel savings compared to the baseline regen, and
the load-following hydraulics represents a 17.8% fuel savings
compared to the continuously spinning system. On a COze basis,
these control strategies combined lead to 142 kg COze per day, down
from 172 kg COze per day in the base control (17.5% decrease).
Compared to the base conventional machine, these savings amount to
61.0% fuel savings and 41.0% COze savings.

Battery Chemistry and Charging Strategy
Refinement

Description

Energy and emissions reductions could also be made on the machine
architecture level, considering different battery chemistries or
experimenting with different battery charging strategies. These
considerations can change fuel consumption each day but become
more important when looking at the machine's entire lifetime. This
section aims to determine the battery chemistry and charging strategy
that yields the lowest cost and lowest COze emissions in the U.S.
over the machine's 15-year lifetime.

The following analysis assumes the plug-in series hybrid uses the
most basic control, with continuously spinning hydraulics and
baseline regenerative braking, as discussed in previous sections. It
also assumes that each battery chemistry can charge at a 2C charge
rate for 30 minutes.

Different battery chemistries can vary widely in total lifecycles,
yielding different costs and COze over a lifetime when factoring in
battery replacements. The battery chemistries to be explored in this
section include Nickel Manganese Cobalt (NMC), Nickel Cobalt
Aluminum (NCA), and Lithium Iron Phosphate (LFP). Battery
charging strategies can also be leveraged to reduce fuel consumption
and COze production. For battery charging, Level 2 charging (L2C)
will be compared to opportunity direct current fast charging (DCFC).
L2C occurs overnight after the machine has operated for 8 hours
during the day. Opportunity DCFC is at a 2C charge rate for each
chemistry, coming near 150 kW of power into the battery. This
DCEFC occurs during breaks in the day, assuming two 10-minute
breaks and one 30-minute lunch break, with charging also occurring
overnight.

Each of these battery chemistries and charging strategies were
compared to one another and to the base machine, which uses no
form of electrification. Each option was also compared in different
regions, looking at the baseload values for the U.S. average,
Pennsylvania, Oregon, and Indiana. The U.S. average was chosen for
a representative look at the entire U.S., and Pennsylvania was chosen
due to the high volume of these machines in Pennsylvania. Oregon
and Indiana represent the 15" and 85 percentile of electricity
emissions in 2021 [35], which aids in the comparison of a cleaner
grid to a dirtier grid. Table 3 displays the test matrix used in the
following analysis.

Table 3. Test matrix for battery chemistry and charging strategy refinement
study. Total of 28 options studied.

Machine Battery Charging Resion
Architecture Option Option g
Us
. . PA
Base Not applicable Not applicable OR
IN
UsS
Plug-in I;Igg L2 Charge PA
Series LFP DC Fast Charge OR
IN
Analysis

Battery lifetime depends on factors such as temperature, C-rate,
chemistry, duty cycle, and more [34]. In this study, NMC, NCA, and
LFP batteries are compared because these are chemistries commonly
seen in vehicle applications. The battery performance and parameters
were defined based on Amesim parameters for these chemistries
along with manufacturer data from an NMC battery. Battery cost was
assuming a 2021 cost of an NMC battery of $250/kWh [6], then
adjusted for 2022 according to an International Energy Agency (IEA)
report [36]. Battery lifetime assumptions are according to [34], which
compared NMC, NCA, and LFP batteries based on C-rate and
temperature. The battery lifetime comparison is seen in Figure 14. A
comprehensive list of assumptions and parameters for the batteries is
found in Appendix A.
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Figure 14. Battery lifetime comparison between different battery chemistries
and charging strategies, on the 8-hour time-weighted operating cycle. Battery
lifetime data from [34].

The battery lifetime affects the overall COze emissions of these plug-
in series hybrid architectures because of the necessity of battery
replacements. These machines are expected to operate 8 hours a day
for 260 days a year, which means operating time and hence charge
and discharge cycles accumulate quickly, and battery replacements
can occur regularly. From Figure 14, the NCA battery in the L2C




scenario will last less than 1 year, assuming 260 working days per
year, whereas the LFP battery will last about 8.5 years.

The plug-in series hybrid was modeled in Amesim using the NMC,
NCA, and LFP batteries, both with L2C and with opportunity DCFC.
Figure 15 shows the fuel consumption comparison for each option on
the 8-hour time-weighted operating cycle. Notice how the DCFC
significantly reduces fuel consumption, with between 60 and 70
percent fuel savings depending on battery chemistry.
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Figure 15. Fuel consumption comparison between different battery
chemistries and charging strategies, on the 8-hour time-weighted operating
cycle.

The DCFC achieved significant fuel savings due to the reduced
reliance on the engine for recharging. Figure 16 shows the battery
state of charge (SOC) traces for the different chemistries and
charging strategies. The DCFC results in large SOC increases, with
the lunch break enabling increases of SOC from around 20% to
around 90%. L2C assumes charging only happens overnight,
therefore no SOC increases are seen except for those required in
charge sustaining mode.
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Figure 16. Battery SOC vs. time for different battery chemistries and charging
strategies on the 8-hour time-weighted operating cycle. DCFC assumes two
10-minute breaks and one 30-minute lunch break.

Lifetime COz2e Emissions

The carbon dioxide equivalent (CO2¢e) emissions and cost were
calculated for each of the chemistries and charging strategies to
determine the chemistry and charging that would yield the lowest
cost and the lowest COze emissions. These are all compared to the
base machine, and assume the base machine starts at zero emissions
and zero cost. Purchasing parts like electric machines and batteries
increases the initial cost and COze of the plug-in series hybrid
architectures. Maintenance events are also included for all
chemistries and charging options. A full list of assumptions is found
in Appendix B. A similar analysis was performed in [6], where

lifetime COze and cost were compared for several electrified
architectures of the Cary-Lift. Figure 17 shows these lifetime COze
emissions.
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Figure 17. 15-year lifetime carbon dioxide equivalent (CO,e) comparison
between all battery chemistries and charging options, for U.S. average COe.
Base machine included for comparison purposes and represents an
architecture without any electrification.

Figure 17 illustrates the differences in COze emissions for the studied
battery chemistries and charging strategies over the 15-year lifetime
of the machine using U.S. average values. The highest COze
emissions come from the base machine due to its high fuel
consumption. The lowest COze emissions come from the LFP battery
using DCFC. The LFP battery has the longest lifetime, requiring far
fewer replacements than the other battery chemistries, and hence
produces less COze emissions for battery replacements. DCFC
enables much lower fuel consumption, enabling more usage of the
electricity grid and thus reducing overall COze emissions.

Total Cost of Ownership

Cost was also analyzed to determine which chemistries and charging
strategies were the most cost-effective. Maintenance events were also
included in the cost, with the most notable costs associated with
battery replacements. Engine and axle rebuilds are examples of
maintenance events considered for all architectures. Charging
infrastructure costs are not included in this analysis as it was outside
of the scope of the work, but the costs of installing a DC fast charger
are significant. Figure 18 shows the 15-year cost comparison for all
chemistries and charging strategies for the U.S.
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Figure 18. 15-year lifetime cost comparison between all battery chemistries
and charging options, for U.S. average cost. Base machine included for
comparison purposes and represents an architecture without any
electrification.

The most expensive options are the NMC and the NCA batteries
using DCFC. The NMC and NCA batteries have short lifetimes when
using DCFC (see Figure 14), requiring frequent battery replacements.
DCEFC is expensive primarily due to demand charges, assumed at
$15/kW per month based on an NREL report [37]. This demand
charging cost increases electricity bills substantially, with a 150 kW
charge at $15/kW yielding a $2250 demand charge per month, or $75
per day for only the demand charge. Adding electricity costs and
diesel costs, the NCA battery with DCFC costs $103/day to operate,
compared to the NCA battery with L2C which only costs $57/day to
operate. This is highly dependent on demand charge rates, which vary
substantially by region and by provider, ranging from $0/kW to over
$30/kW per month [37]. The challenge of these demand charge rate
discrepancies is addressed in the Total Cost of Ownership vs.
Lifetime COze section.

The LFP battery with L2C is the least expensive option, followed by
the base architecture. The LFP battery is inexpensive due to
infrequent battery replacements and large fuel savings.

Total Cost of Ownership vs. Lifetime CO:ze

After the results were determined for the lifetime COze and total cost
of ownership, the results were plotted together to determine the best
options over a 15-year total lifetime. In Figure 19, the total cost of
ownership is plotted against the lifetime COze emissions, where the
best options (lowest cost and lowest COze) are to the lower left of the
figure.
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Figure 19. Total cost of ownership vs. lifetime CO,e emissions over 15-year
machine lifetime in the U.S., for all battery chemistries and charging options
assuming $15/kW demand charge. Horizontal error bars represent CO,e
differences from charging in different regions, where high values (to right) are
charging in Indiana, and low values (to left) are charging in Oregon. Vertical
errors bars represent different demand charges, where upper error bars use a
$30/kW demand charge, and lower error bars use a $0/kW demand charge.

From Figure 19, the best battery chemistry is the LFP battery, as it
results in lower COze emissions and lower total cost of ownership
than the NMC and NCA batteries. This is driven mostly by its
increased lifetime. An important caveat is that the LFP battery has a
lower energy density, which requires a larger and heavier battery. In
applications that are limited in packaging space and mass, an LFP
battery may not work. See Appendix A for the volume and mass
compared to the NMC and NCA batteries of similar voltages and
capacities, where the LFP battery is over twice as voluminous and
heavy. This paper assumed packaging space was not a constraint.

The best charging strategy (L2C or DCFC) is dependent on region,
with horizontal error bars representing charging in Oregon (to left),
and charging in Indiana (to right), with middle values being U.S.
average values. Vertical error bars represent differences in cost from
demand charges, with middle values using a $15/kW demand charge,
upper values at $30/kW, and lower values at $0/kW. Demand charges
are dependent on the region and the provider, and these can vary
drastically from one region to another [37], hence the usage of lower
and upper bounds. As evident from the large error bars in all DCFC
scenarios in Figure 19, both COze emissions and cost are dependent
on the region of charging, as higher grid emissions and higher
demand charges can drive up COze and cost notably.

The best charging strategy needs to be analyzed for each application
by looking at the demand charges for the location of charging and the
expected grid emissions. Comparing the LFP L2C to the LFP DCFC
in Figure 19, the DCFC scenario has the potential to produce less
COze while also being less expensive. It also has the potential to
produce more COze while being more expensive, depending on the
region. The L2C strategy will likely be more effective for cost-
sensitive applications. For COze-sensitive applications, the DCFC
scenario usually produces lower emissions, with the caveat that a
dirtier grid has the potential to produce higher emissions than the
L2C scenario.

Discussion

The results from this work are from simulations performed in
Simcenter Amesim, using high-fidelity models of the machine in its
plug-in series hybrid electrification architecture (Figure 1). The



results of this study indicate that significant savings are possible with
control and architecture refinements. 17.8% fuel savings were
observed by changing from continuously spinning hydraulics to load-
following hydraulics, and 6.3% fuel savings were observed by
changing from baseline regenerative braking to TBBM regenerative
braking.

Looking at the battery chemistry and charging strategy refinement,
the LFP battery was found to be the most promising due to its
significantly improved lifespan. L2C was usually cheaper than DCFC
when factoring in demand charges, but DCFC resulted in much lower
emissions than L2C when using a cleaner electricity grid for
charging. The superiority of DCFC versus L2C is highly dependent
on the region in which the machine is being charged, as seen in
Figure 19, so a thorough analysis of the electricity grid emissions and
demand charges is required when selecting a charging strategy.

Conclusions

With future regulations likely to continue driving forward emissions
reductions for off-road equipment, there is an increasing need for
solutions to reduce carbon emissions [38]. This work analyzed a
plug-in series hybrid version (Figure 1) of a heavy-duty off-road
material handler. Further savings on the plug-in series hybrid were
achieved by refining the basic rule-based control of the baseline
regenerative braking system and the continuously spinning hydraulic
system. Fuel savings of 6.3% and 17.8% were observed by
introducing TBBM braking control and load-following hydraulic
control, respectively (Figure 13). When combined, the fuel savings
for the TBBM with load-following hydraulics were 24.1% and the
COze savings were 17.5%. These savings were achieved with
minimal component modifications to the braking and hydraulic
systems.

At a vehicle level, battery chemistries and charging strategies were
explored to determine options that minimized COze and cost. This
study was performed because of the essential need to pursue options
that reduce emissions due to current and future regulations [4] and
because technologies with the lowest total cost of ownership (TCO)
are more likely to be adopted [2]. This study found that LFP batteries
provide the lowest TCO while also providing the lowest emissions, as
seen in Figure 19, where the LFP chemistry with L2C in the U.S.
emits 604 metric tons COze at a TCO of $411,000, compared to the
NCA chemistry with L2C in the U.S. at 831 metric tons COze at a
TCO of $1,019,000. This is mainly due to a much longer LFP battery
lifetime, which can last several times longer than their NMC or NCA
counterparts, as in Figure 14. The largest tradeoff comes from
increased weight and space requirements from a lower energy density
in the LFP battery.

The charging strategies compared L2C to opportunity DCFC. The
best options for charging strategy are primarily dependent on the
electricity grid emissions and the electricity demand charges. If using
a cleaner electricity grid like in Oregon, the lifetime COze emissions
are much lower for the opportunity DCFC, with 329 metric tons
COze, compared to 544 metric tons COze in the L2C case (Figure
19). Cost-wise, if there is a $0/kW demand charge, DCFC has a
lower TCO at $383,000 in Oregon compared to the L2C at $404,000
(Figure 19). However, when including a demand charge of $30/kW
(realistic in certain areas [37]), the DCFC has a much higher TCO at
$953,000 compared to L2C at $418,000 (Figure 19).

The DCFC also enabled significant fuel consumption reductions
along with notable COze savings. In the case of the LFP battery using
DCFC, the fuel savings were 71.5% and the COze savings were
25.8% when compared to the plug-in series hybrid with an NMC
battery and overnight L2C.

In this article, assumptions were made where data was unavailable or
to facilitate quicker analysis. To further advance this work, the load-
following hydraulics results could be verified on the plug-in series
hybrid test platform. In its current form, the plug-in series hybrid is
using an aggressive pedal map targeting peak regeneration and is also
using load-following hydraulic control. The plug-in series hybrid is
also being instrumented with a megawatt charging system connector
to perform DCFC.
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Definitions, Acronyms, Abbreviations

APP

BPP

CD

Accelerator Pedal Position
Brake Pedal Position

Charge Depleting

COze

DCFC

ICE

KE

L2C

LF

LFP

LS

NCA

NMC

OEM

PTO

RB

SOC

TBBM

TCO

Carbon Dioxide Equivalent
Direct Current Fast Charging
Internal Combustion Engine
Kinetic Energy

Level 2 Charging, maximum
of 19.2 kWh

Load-Following

Lithium Iron Phosphate
Load-Sensing

Nickel Cobalt Aluminum
Nickel Manganese Cobalt

Original Equipment
Manufacturer

Power Take-Off
Rule-Based
State of Charge

Threshold-Based Brake
Management

Total Cost of Ownership



Appendix A: Battery Parameters and Assumptions

Table Al. Full table of battery parameters and assumptions.

Parameter

Battery Lifetime
Overnight 1.2
Charging

Battery Lifetime
Opportunity DC
Fast Charging

Battery Cost

Single Cell Peak
Voltage

Single Cell
Capacity

Pack Nominal
Voltage

Pack Capacity

Pack Nominal
Capacity kWh

Cells in Series

Cells in Parallel

Total Cell Mass

Total Cell Volume

Total Pack
Assembly and Bill
of Materials CO»e

NMC

505 days

232 days

$283/kWh

42V

4.74 Ah

647V
113.825 Ah
73.6 kWh
176

24

285 kg

0.13m?

150 kg CO,e/kWh

NCA

211 days

209 days

$232/kWh

42V

2.95 Ah

647V
115.05 Ah
74.4 kWh
176

39

312kg

0.12m?

159 kg CO,e/kWh

LFP

2215 days

1177 days

$207/kWh

36V

2.4 Ah

647V
112.8 Ah
73.0 kWh
205

47

674 kg

0.33 m’

294 kg CO,e/kWh

Justification

Based on values from [34], assuming 20-80% SOC range
at 25°C battery temperature and C-rate of 0.5. Adjusted to
days of lifetime given SOC usage per day per chemistry.
18650 cells for all chemistries.

Based on values from [34], assuming 0-100% SOC range
at 35°C battery temperature and C-rate of 2. Adjusted to
days of lifetime given SOC usage per day per chemistry.
18650 cells for all chemistries.

Assuming $250/kWh in 2021 from [6], where a low
volume of batteries was expected due to a heavy-duty
application. Then, this $250/kWh was adjusted for 2022
values based on IEA report [36].

NMC value from manufacturer, NCA and LFP from
Amesim.

NMC value based on calculation from known pack
capacity and known number of cells in parallel. NCA and
LFP from Amesim.

NMC value from manufacturer, NCA and LFP matching
nominal voltage of NMC battery.

NMC value from manufacturer, NCA and LFP attempting
to match capacity based on number of cells in parallel.
Calculated based on pack capacity in Ah and nominal
voltage.

NMC from manufacturer, NCA and LFP based on
matching peak voltage of NMC battery at 739.2 V.

NMC from manufacturer, NCA and LFP based on
matching pack capacity of NMC battery at 113.825 Ah.
Taking cell mass times number of cells. Cell mass for
NMC from manufacturer, and NCA and LFP from
Amesim. LFP much lower energy density, hence higher
mass.

Cell volume calculations based on density values in
Amesim for each battery chemistry. This includes cell
volume only.

Using GREET 2023 [39] for GHG-100 values for each
architecture, including total lithium ion assembly process
emissions and lithium ion bill of materials emissions.
NMCS811 values used.



Appendix B: COze and Cost Assumptions

Table B1. Full table of CO,e and cost assumptions. See [6] for assumptions for similar analysis.

Category
Lifetime of Cary-Lift

Electricity Grid COse

Demand Charges on Electricity
Charging Efficiency

Maintenance CO,e

Maintenance Cost

Cost Increase to Customer

CO,e Values over Lifetime

Cost Values over Lifetime

COqe of Diesel by Geographic
Region

Cost of Diesel by Geographic
Region

COse of Electricity by
Geographic Region

Cost of Electricity by
Geographic Region

Control of Plug-in Series Hybrid

Operator break time for
opportunity DC fast charging
Cost of charging infrastructure

Charging strategy operating
cycle

Assumption
15 years

Average mix

$15/kW unless otherwise stated
90%

Only considered for battery
replacements

Cost based on market prices for
products, informed by discussions
with Pettibone

Twice as expensive to customer as to
manufacturer

Does not change
Does not change
Does not change
Changes by state
Changes by state

Changes by state

Baseline regenerative braking
strategy with continuously spinning
hydraulics

Two 10-minute breaks and one 30-
minute lunch break

Charging infrastructure cost not
considered

Time-weighted operating cycle
shifted to include idle periods during
breaks

Justification

15-year lifetime in [40].

Average mix recommended by EPA [41]. Values for emissions come from eGRID
using the most recently available 2022 values [42].

Estimated from NREL report [37], but values vary widely per region and provider.
Assumption for average charging efficiency for grid charging.

Maintenance for events like engine rebuilds and axle rebuilds unknown. Replacement
of electric machines does not happen in 15-year lifetime. Battery replacements are also
higher source of emissions than other components, driving up CO,e and making battery
replacements important to include.

Maintenance and replacements costs can vary, hence assistance of Pettibone in cost of
replacement and rebuilding of components.

Based on discussions with Pettibone, parts can be twice as expensive to customers than
to manufacturers. This will vary with manufacturer. Battery replacement costs are
assumed twice as expensive to customer than to Pettibone.

Assuming a constant CO,e emissions over the lifetime of the machine for simplicity
and due to unknown future values.

Assuming constant cost in 2022 dollars, for simplicity and due to unknown future
values.

Values are available from GREET [39] for U.S., but do not specify per state.
Cost available by state from EIA [43].
COse available by state from eGRID [42].

Electricity cost available by state from EIA [44].

Assuming the most simple form of control. This enables readers to understand fuel,
cost, and CO»e savings in an application without the use of more complicated control
schemes.

Assuming operator takes a 30-minute lunch break and two 10-minute breaks during an
8-hour shift. Actual break times will vary.

Charging infrastructure costs vary and are outside of the scope of this work. Installing a
DC fast charger is likely to be much more expensive than a Level 2 charger.

Original time-weighted operating cycle has entire idle period at end of cycle. This was
modified so these idle periods occur earlier in the cycle during breaks. Idle time
reduced at the end of cycle because of the use of idle time for breaks.



