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ABSTRACT

This paper analyzes the introduction of regenerative braking systems into DoD
tactical vehicles, with a focus on Marine Corps logistics vehicles. The analysis addresses
a regenerative braking system’s ability to provide a short-term energy source for ancillary
systems as well as assisting in the vehicle’s propulsion to save fuel. Different means of
incorporating regenerative braking systems are evaluated to determine the most efficient
and effective alternatives (e.g., regenerative braking integrated into the drive-train and
in-wheel regenerative braking systems). Other means of improving fuel efficiency and
powering on-board systems are also evaluated, to include idle-reduction technology,
improved batteries, and addition of solar panels. Each system is assessed for its potential
to provide power for other on-board systems, such as C2 assets, as well as fuel savings.
The potential payback period is assessed using cost-benefit analysis. Research on
regenerative braking systems is reviewed as well as issues driving the integration of
energy-saving systems and factors affecting the acquisition and integration of these
technologies. This study helps decision-makers to make informed decisions about the
potential use of regenerative braking systems in tactical logistics vehicles. While
regenerative braking systems do provide an alternate power source of auxiliary power
systems, they were found to not be a viable alternative at this point. Idle-reduction
systems should be pursued.
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EXECUTIVE SUMMARY

In the most recent National Defense Strategy, Secretary of Defense (SecDef)
James Mattis challenges the Department of Defense to “modernize in key capabilities”
(p. 6) while tasking military leaders to “drive budget discipline and affordability” (p. 10).
Given the large sums our nation’s military expends purchasing fuel for tactical vehicles,
introducing new technologies that save fuel is an opportunity to answer the challenges
posed by the SecDef. During his fielding of preliminary questions for the Armed
Services Committee back in 2017, SecDef James Mattis stated that our military
“faced...unacceptable limitations because of their dependence on fuel” and expressed
concern over the limitations imposed by our reliance on fuel. Besides the distance our
vehicles can travel, there are other operational inflexibilities our dependence on fuel
presents.

This thesis addresses this issue by exploring the efficacy of regenerative braking
and anti-idling systems to reduce fuel consumption and provide an alternative power
source for auxiliary systems in USMC tactical vehicles (the MTVR and LVSR).

We find that regenerative braking systems could reduce fuel use by 6-13% and an
anti-idling system may reduce fuel use by 24-38%, thus somewhat reducing the

operational limitations imposed by fuel.

Supplying fuel and adequate power for operations is a significant planning factor
in military operations. Both prior research and the authors’ personal experience confirms
that the operation of tactical vehicles accounts for a significant, if not the largest, portion
of fuel consumption during a mission’s execution. Auxiliary systems integrated into the
vehicle also contribute to the fuel consumption rate. As the DOD pushes to modernize
the force, these auxiliary systems are increasing and becoming commonplace in multiple
military platforms, EG communication suite (VRC-113). Operating tactical vehicles with
regenerative braking systems would provide an alternative power source to engine-driven

power generation.

vii



The cost of fuel in a tactical environment, which is predominantly austere and
hostile, invariably accounts for a significant portion of expenditures and is of growing
concern to Congress and the DoD. The FBCEF is the cost of everything it takes to deliver
fuel to the warfighter. This includes the cost to tactically deliver the fuel and the force
protection required to protect it (Bohnwagner, 2013). A study conducted by the Marine
Corps found that a life was lost every 24 fuel resupply convoys conducted in Afghanistan
(Eady et al., 2009). Since the scenarios and elements determining the burden of a gallon
of fuel in a hostile environment is always in flux and fluid, the exact cost is difficult to
pinpoint, but is sometimes extremely high. As an example, the price of a gallon of fuel in

Afghanistan has been quoted as being as high as $600 (Dimotakis et al., 2006).
SOME WELL-KNOWN BARRIERS EXIST TO REDUCING FUEL USE

To power on-board electrical systems, tactical vehicles idle. The justification for
idling a vehicle’s engine include the need to properly prepare for convoy operations
(getting into proper order, conducting pre-combat checks/inspections, etc.), the desire to
maintain a comfortable ambient temperature (i.e., staying cool or warm in adverse
weather conditions), and the need to maintain a sufficient charge on the battery to restart
the vehicle, if necessary. In particular, there remains resistance to idle-reduction in the
Marine Corps because of concerns about a vehicle’s inability to start because of drained
batteries (Gallenson & Salem, 2014).

However, COTS alternatives are available that solve this problem economically.
A supercapacitor drop-in battery solution ensures a truck will still start in the case the
batteries are inadvertently drained by powering either too many auxiliary systems, or for
too long. The idle-reduction technology (with override capability) would serve as a
forcing function to reducing the burden of fuel and subsequently increasing operational
flexibility. The initial up-front costs of an idle-reduction package is relatively small and
the payback period for such a system is short even in a training-only environment where
the break-even point occurs in just over a year. Eliminating the need to idle engines for
operations translates to silent watch capabilities, which can make units operating in
hostile environments more lethal. The reduction in engine idle time also increases the

life of the vehicle by reducing the effects of wear and tear. These benefits are additional
viii



to the ones we have quantified in our study and add to the case for the integration of
idling-reduction systems.

Our analysis revealed that while regenerative braking saves fuel in a tactical
environment, these savings are not enough to make these systems financially viable based
on CONUS training costs savings. Neither of the regenerative braking systems analyzed
resulted in a payback period within the vehicle’s expected remaining service life when
analyzed for a garrison environment (i.e., “CONUS”). The payback periods for the
analyzed regenerative braking systems ranged from 26 years to over 57 years. These
findings applied to calculations for a payback period in a training environment only in
which a gallon of gas is assumed to be $2.76 (DLA, 2018).

Idle-reduction technology, however, is financially attractive even in a CONUS
training environment. Based only on these savings, across the USMC fleet of 11,000
MTVR and 2,500 LVSR trucks, under a set of reasonable assumptions, the USMC can
save $25-137M (CY$18) over the next 20 years by adopting idle-reduction systems that
available COTS today.
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. INTRODUCTION

A. BACKGROUND

The United States Department of Defense has entered a new era of military
spending and fiscal constraint. There is an ever-increasing level of attention paid to how
funds are allocated and spent. Secretary of Defense (SecDef) James Mattis calls on
service members and military leaders to “drive budget discipline and affordability”
(Mattis, 2018, p. 10) in the National Defense Strategy. He also challenges the
Department of Defense (DoD) to “modernize in key capabilities” (Mattis, 2018, p. 6).
Given the large sums our nation’s military and DoD expend on purchasing fuel for their
tactical vehicles (Boundy et al., 2017), introducing new technologies that save fuel is an
opportunity to help address both the operational and financial challenges posed by the
SecDef. This thesis addresses this issue by exploring the efficacy of regenerative braking
and anti-idling systems to provide an alternative power source for auxiliary systems in
USMC tactical vehicles.

One of the biggest planning factors in military operations is supplying fuel and
adequate power for operations. From the authors’ personal experience, the operation of
tactical vehicles accounts for a significant, if not the largest, portion of fuel consumption
during a mission’s execution. Contributing to the consumption of fuel in tactical vehicles
is the requirement to power auxiliary systems integrated into the vehicle. As the DoD
pushes to modernize the force, these auxiliary systems are increasing and becoming
commonplace in multiple military platforms. Their existence, and subsequent energy
draw, is a secondary problem this thesis strives to address. Operating tactical vehicles
with regenerative braking systems would provide an alternative power source to engine-
driven power generation. Through the simple act of applying the brakes, the once-lost
energy can be captured and utilized for power generation. The added flexibility from
improved fuel economy would reduce the demand for fuel. While not a primary focus of
this thesis, regenerative braking also creates the ability to expand operations while

simultaneously reducing our footprint.



While answering questions posed by the Armed Services Committee, SecDef
Mattis presented concern over the limitations imposed by our reliance on fuel. Besides
the distance our vehicles can travel, there are other operational inflexibilities the tether
introduces. Lower fuel use presents an opportunity to reduce this inflexibility.
Implementation of regenerative braking and idle reductions both present an opportunity
to save fuel. The amount of fuel saved translates into improved fuel economy, which
ultimately means our vehicles can travel farther with less, thereby expanding our
effective area of operations. Additionally, a reduction in need for fuel means less supply

runs, which present our adversary with fewer opportunities to attack.

Other benefits of reduced idling (which is a direct result of energy recovery
systems) are a lower heat and sound signature, which make units a more difficult target
for the enemy. Powering of auxiliary equipment on vehicles through the energy captured
via regenerative braking also provides the opportunity for silent watch operations, which
can make units operating in hostile environments more lethal. Regenerative braking
provides these opportunities without the addition of more trucks and personnel simply to
carry additional power equipment and fuel; our forces have the potential to be more lethal

while being leaner.

B. OBJECTIVE OF THIS STUDY

This study evaluates several different means of improving energy efficiency for
follow-on use in powering on-board ancillary systems. The primary means evaluated are
regenerative braking systems and anti-idling technology. On-board solar power will also
be addressed as alternative technologies for reducing fuel consumption. Improving fuel
economy is a natural by-product of the systems this thesis analyzes. It is therefore a

common reference and basis of measurement.

The desired end state of this thesis is to provide decision-makers for vehicular
programs of record with information regarding the feasibility and financial payback of
installing these energy saving systems for the Marine Corps logistics vehicles MTVR and
LVSR.



C. RESEARCH QUESTIONS

o What types of regenerative braking systems and energy saving systems
exist that are capable of being retrofitted for military application?

. How technically feasible are these systems at saving fuel and powering
MTVR and LVSR auxiliary systems?

. What is the financial payback of the different technical alternatives?

D. SCOPE OF STUDY

The scope of this research includes: (1) a review of the concept of regenerative
braking and associated systems; (2) a review of energy storage systems; (3) how
regenerative braking can be applied to tactical vehicles to supply a short-term power
source; (4) methods of integrating regenerative braking systems into tactical vehicles; (5)
cost-benefit analysis of different means/methods of introduction; and (6) an analysis of
which system(s) would ultimately provide a return on investment through the amount of
fuel the system would save. This thesis concludes with a recommendation for what
type(s) of regenerative braking system(s) and/or energy saving and recovery systems
should be pursued for integration into tactical vehicles. The recommendation is based on
the cost of acquisition and installation and the time it takes to recoup that cost via savings
in fuel (i.e., “breakeven time”). Upgrades ultimately considered for selection and
recommendation are those with a realistic break-even time while still providing improved

performance coupled with fuel savings.

Relatively mature systems were evaluated for possible introduction. The intent of
this thesis is to provide options that are relatively advanced, with commercial-off-the-
shelf (COTS) availability, and would require minimal modification, to the system and/or
the vehicle in which they are installed, for full integration. In principle, this should allow

for smoother navigation of the Defense Acquisition System and quicker adoption.

The financial analysis focuses primarily on the economic benefits and costs
(i.e., fiscal). This thesis is not a detailed analysis of systems and engineering costs and

benefits. Military suitability in regard to a system’s robustness, ability to withstand
3



certain forces, susceptibility to environmental conditions, etc., were not studied or

analyzed.

E. ORGANIZATION OF STUDY

This thesis contains six chapters. Chapter I introduces the topic, why it is
applicable, and the goal of this analysis. Chapter Il provides a literary review spanning
the topic of energy recovery systems and regenerative braking. It addresses current
applications along with other considerations necessary to realize the benefits of
regenerative braking. It also introduces topics that require an understanding for
regenerative braking to be realized in a military setting and an introduction of the Marine
Corps’ two primary logistics vehicles (to which the analysis of regenerative braking

systems is applied).

Chapter 111 describes the methodological approach, to include assumptions,
planning factors, formulas, equations/calculations, and the type of specific systems (or
“upgrades”) evaluated, along with specifications utilized for calculations. Chapter IV
covers the findings of each specific upgrade. Findings address the energy effectively
harnessed, payback period and break-even point, and yearly savings, in addition to up-
front procurement and installation costs. Chapter V continues the analysis, delving
further into the cost-benefit of each upgrade and completes the financial analysis. A
sensitivity analysis is also included at the end of Chapter V. Chapter VI concludes this

thesis with conclusions and recommendations.



Il. LITERATURE REVIEW

This chapter helps sets the stage by providing a cursory overview of energy
recovery systems. A discussion of harnessing solar power for application with vehicle
systems is also addressed as it plays a part in the analysis. The concept of regenerative
braking itself is then covered, with insights into its history, the current technological state
and application in the civilian sector. The feasibility for retrofitting vehicles with
regenerative braking is briefly covered. Energy storage and management systems are
also explained, as the effectiveness of a regenerative braking system is dependent upon

the characteristics of these components.

The chapter then provides an overview of those topics and considerations inherent
in military operations. An overview of the cost, or “burden,” of fuel is discussed, with a

more detailed section on the effort required to source fuel in an austere environment.

The chapter concludes with a review of the tactical vehicles in which regenerative
braking may be applied and an explanation on the Defense Acquisition System. For
regenerative braking systems to be adopted for our tactical vehicles, the Defense

Acquisition System must be effectively navigated.

A. ENERGY RECOVERY SYSTEMS

There are numerous types of energy recovery systems. These systems can be
quite simple (and dated). Such an example is historic flour mills, that would harness the
power of a nearby stream to turn the stones in the mills to grind flour. With advances in
technology, humans are now able to “recover” and harness energy from not only moving
water, but wind, sun, steam, and other sources. While there are numerous recovery
systems, this analysis focuses primarily on kinetic energy recovery via regenerative
braking systems. Energy harness via the sun’s arrays (i.e., solar power), is also addressed
in this analysis in order to provide a comparison with this low-cost energy recovery
option. Detailed data and literature on solar power is, however, beyond the purview of

this thesis.



1. Solar Power Application

With recent improvements in photovoltaic materials, production, and efficiency
rates, solar power is becoming a major contributor to energy production around the
world. While commonly utilized to provide power in grid-like systems (i.e., homes and
facilities), advances made in solar technology are making it more feasible for mobile
applications. Such an application are flexible solar arrays, which can be affixed to
vehicles such as motor homes and trucks, e.g., long-haul semi-tractor trailers. These
arrays can be used to power the auxiliary systems in sleeper-cabs and thereby reduce the
demand placed on the vehicle’s alternator (Bergstrom Inc., 2018). A recent study
conducted by the North American Council for Freight Efficiency (NACFE) found the
application of flexible solar arrays to be a worthwhile investment, especially for semis
with telematics or refrigeration units (North American Council for Freight Efficiency
[NACFE], 2018).

B. OVERVIEW OF REGENERATIVE BRAKING

This section introduces regenerative braking, concepts behind the technology,
what is currently being utilized, and how that technology might be retrofitted onto
existing platforms. A detailed explanation of the technology and specific systems
evaluated and additional possible benefits that go beyond the primary focus of this thesis

is provided in a subsequent chapter.

Regenerative braking employs the concepts of kinetic and potential energy; it is a
technology used to capture energy previously “lost” from the application of brakes. As
such, regenerative braking utilizes a Kinetic Energy Recovery System (KERS). The
“lost” energy is mostly in the form of heat, which occurs in the brake pads in the vehicle.
This heat simply dissipates into the atmosphere, with all of it wasted. Through
regenerative braking however, some of the energy can be captured and then re-harnessed
to increase fuel economy. Because there is a delay between the application of brakes and
reuse of this energy for acceleration, regenerative braking requires a storage system for
the captured energy. This storage system can take the form of three different systems:



1) electrical, with the use of a battery; 2) mechanical, typically with the use of a flywheel;
and 3) hydraulic system (Woodford, 2017).

Most often the captured energy is used for the acceleration and propulsion of a
vehicle immediately following the application of brakes. Stop-and-go driving is the
definitive scenario where regenerative braking is most often utilized. However,
regenerative braking can be used for more than just propelling and accelerating a vehicle
after the brakes are applied. Regenerative braking allows for an improvement to fuel
economy by avoiding the use of the combustion engine to generate electrical power
for ancillary equipment (e.g., by idling the engine). This break offered to the engine
also possesses the ability to increase the life of the vehicle by reducing the effects of

wear and tear.

Regenerative braking has been found to improve fuel economy between 10-30%
depending on the vehicle type and duty cycle (Choi et al., 2015); the greater the level of
improvement the more urban the environment. When driving on an open road fuel
economy returns are limited since the application of the brakes is not necessary. This is
typically of little concern since this is also when IC engines are typically operating at
maximum efficiency. Fuel economy improvements are most substantial in stop-start

traffic and where lots of idling occurs.

1. Current Uses

Regenerative braking was patented for an electric train in 1902. It is believed a
Frenchman introduced the concept for a car in 1897, with the technology demonstrated at
a Cycle Show in Paris that same year (Woodford, 2017). The community with one of the
longest utilizations is Formula One racing, although its integration was mandated only as
recently as 2009 (Evans, 2009, March 26). Regenerative braking did not however,

become mainstream technology until the acceptance of the hybrid-electric vehicle.

The integration and use of regenerative braking in Formula One was made “in an
effort to increase... and reclaim the recently questionable status of formula one as the
ultimate automotive research and development series in the world” (Evans, 2009, March

26). From the KERS utilized, drivers can draw up to 60kW of energy per lap. The
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energy is used “in the form of a *boost’ button” (Evans, 2009, March 26) giving the cars
an extra burst of speed for certain maneuvers during the race. While most companies
opted for the electrical version of regenerative braking, one ended up pursuing the
mechanical version and is reported to have implemented a flywheel (Evans, 2009, March
26). With the passage of time, it is expected the allowable energy harnessed from
regenerative braking will be increased, giving drivers even more power for longer periods

of time.

2. Feasibility of Retrofitting

Today’s regenerative braking systems are implemented as a part of the drivetrain
from the initial stages of design. While increasing effort is going into regenerative
braking, hybrid vehicles, and even all-electric vehicles, this effort is geared toward the
construction of a new system. Limited research is available on retrofitting vehicles with
regenerative braking systems. Efforts would depend on whether harnessing the energy is
accomplished with an electrical, mechanical, or hybrid system. For retrofitting,
considerations would be paid to the addition of weight, required space, and as always, up-

front monetary costs.

In 2009, academic teams in the United Kingdom successfully retrofitted a front
wheel drive cargo van to “run in a zero-emissions, all-electric mode” (Evans, 2009, May
7) in an urban environment. The ADDZEV, or affordable add-on zero emission vehicle,
as it was dubbed, was designed to turn off the IC engine and propel the vehicle with an
electric power system integrated into the rear wheels. The range of the vehicle, utilizing
only the battery power, was measured to be 12 miles, with a top speed of 37mph. The
battery was able to be charged via two means: the mains or through regenerative braking
(Evans, 2009, May 7).

“The ADDZEV system uses two liquid-cooled motors” (Evans, 2009, May 7) and
can be retrofitted to any front wheel drive vehicle with an internal combustion engine.
With the new system, the vehicle is transformed into a four-wheel drive, plug-in hybrid,
capable of supplying up to 100kW and 350Nm of torque. Standard IC engines are only
capable of providing 125 Nm. Operating costs are claimed to be reduced by up to 40%,

8



and while the team claims to have their method to be cost-effective, no dollar value was
given for his effort (Evans, 2009, May 7).

The Solid Waste Program in Fairfax County, Virginia was awarded a grant from
the American Recovery and Reinvestment Act to fund retrofitting of trash and recycling
vehicle in 2011. The vehicle was retrofitted using a Bosch Rexroth parallel hydrostatic
regenerative braking (HRB) system (Strauss, 2011). To make it a hybrid, a hydraulic
pump/motor was connected to the drivetrain, which captured the kinetic energy generated
through the application of the vehicle’s braking system. Initial reports state the “new”

vehicle will save up to 25 percent in fuel and energy costs (Strauss, 2011).

While the results of the experiment conducted in Fairfax County, Virginia could
not be found, a report giving a brief overview of results from an equitable experiment
conducted in New York was found. This experiment was part of a larger one, in which
researchers were attempting to find the cost-savings of the retrofitted vehicle in an urban
environment (New York City) and a suburban environment (Fairfax County) (New York
State Energy Research & Development Authority [NYSERDA], 2011). Initial claims of
cost-savings were the same as the experiment conducted in Virginia, with a prediction of
25% once introduced. This percentage, however, is generous, as it is the estimate for an

ideal drive cycle (NYSERDA, 2011). Realized gains were significantly lower.

After operating for a year in Manhattan and Staten Island, the installed HRB
system provided an improvement of 3.4% and 7.1%, respectively, in the vehicles’ fuel
economies (NYSERDA, 2011). Given the predicted 25% estimate was under an ideal
scenario, the inclusion of “idling, refuse compaction/unloading, and transit (e.g., traveling
to/from the garage, dump/transfer station, and the collection area) that do not engage the
HRB system” (NYSERDA, 2011) significantly lowered the potential gains of the system.
Despite this however, New York City still deemed the systems and the cost of retrofitting
refuse/garbage trucks “a viable option for improving fuel economy” (NYSERDA, 2011)
in their city’s trucks and made the decision to purchase the installment of more HRB
systems (NYSERDA, 2011). No details on dollar amounts, for either installation and

amount saved, could be found.



3. Challenges of Retrofitting

While no reliable documentation or scholarly articles could be found to provide
numbers behind the claim, historically the biggest reason for not retrofitting a vehicle
with a regenerative braking system is that the components were cost-prohibitive.
Additional arguments are that such an effort is extremely time-consuming and requires an

advanced understanding of both mechanical and electrical systems on a vehicle.

Installation of a regenerative braking system usually requires integration with the
vehicles’ electrical system. This lies in the fact, as previously discussed, manufacturing
and conversions utilize an electrical system for capturing and follow-on use of the energy
gained from braking. Very rarely are mechanical means utilized. The required electrical
considerations and modifications include: appropriate AC or DC motor for energy
conversion; different or additional battery for energy storage; a battery management
system (BMS), DC-DC convertor (Hanley, 2014, para. 13, 22). The larger or more
sophisticated each of these elements, the greater the cost; however, also the greater regen

capacity, hence fuel savings.

All these electrical additions and modifications contribute to the cost of labor.
Given the complexity of a retrofit, the time required to make such modifications could be
substantial. In fact, Hanley quotes that labor will cost a minimum of $10,000 (Hanley,
2014, para. 4). The larger a vehicle and the more sophisticated a regenerative braking
system (to include battery type and size, battery management system, charger, etc.),
the greater the fiscal cost. A simple and “basic” conversion of a vehicle into a hybrid
can be expected to cost around $25,000, while a more advanced system on a larger
vehicle utilizing a professional can require $100,000 in funds or even more (Hanley,
2014, para. 24).

Given the lower estimate of $25,000 for a regenerative braking retrofit, the effort
does not seem defendable for a privately-owned vehicle, which could be purchased brand
new with an already integrated regen system for a few thousand dollars more. The
commercial trucking industry, however, is an industry in which a $25,000 price tag may

seem reasonable. With rising fuel prices, stricter emission standards, and poor worker
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retention (NACFE, 2014) the long-haul trucking industry is seeking options to increase
fuel economy and support a more pleasant working environment for their drivers. Hybrid

conversions are becoming a popular answer.

Hyliion is a company that has developed an electric axle which can be retrofitted
onto existing semi-trucks. The advertised price tag of this component is $25,000 (Gilroy,
2018), with an advertised payback period of two years and a total life cycle ranging from
seven to ten years (Gilroy, 2018). Hyliion’s system integrates an electric axle which
“captures” energy when the semi is traveling down-hill or applying the brakes. The
captured energy is used for a range of activities, from propelling the truck forward after
coming to a stop, to assisting the truck in going up steep hills, to performing hotel
functions in the sleeper cab (Hyliion, n.d.). Hyliion’s electrical system integrated into the
drivetrain also ensures the diesel engine is maintained at its most efficient operating level

(Hyliion, n.d.), further contributing to improved fuel efficiency.

Given the current market for such retrofits is currently limited, there exists a huge
potential for growth and cost reductions for these systems. With increasing attention
being paid to emission standards and the volatility of fuel prices, hybrid conversions for
the commercial trucking industry present a unique opportunity for the DoD to capitalize
on. Increased research and development into these components, along with improved
learning curves and greater adoption rates, there is significant potential for retrofit efforts

to become more economical and cost effective in the near future.

C. CURRENT PLATFORMS /HYBRID VEHICLES

When regenerative braking is mentioned, hybrid vehicles are the application
people are most familiar with. A hybrid vehicle is characterized as one powered by both
an internal combustion engine and an electric engine. A simplified depiction of a hybrid
powertrain is displayed in Figure 1. Regenerative braking typically utilizes electrical
components in order to capture and store the energy kinetic energy from braking,
although occasionally mechanical means are utilized (i.e., a flywheel) (Woodford, 2017).
The vehicles listed below are not an all-inclusive list of vehicles utilizing regenerative

braking, however, are discussed due to their popularity and recognition.
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Figure 1.  Basic powertrain configuration of a series hybrid vehicle.
Source: “Chevrolet Volt” (n.d.).

1. Toyota Prius

The first hybrid vehicle mass-produced for consumers was the Toyota Prius. The
Prius made its debut in Japan in 1995, with production and sales starting in 1997
(Padgett, 2008, para. 1). The Prius did not however, become mainstream in the United
States until approximately 2004 (Padgett, 2008, para. 6), and only after multiple upgrades
from the original model debuted in Japan. Among these upgrades was the integration of
regenerative braking. When braking is initiated, the Prius” AC motor then becomes a
generator, capturing the energy being applied to the brakes and transferring it to a battery
to be stored for later use (Toyota GB, 2015). Other upgrades that enabled the second
generation of Prius models to become more appealing to U.S. consumers was an
improved relationship between the internal combustion engine and the electric motor, a
larger combustion engine, reduced air drag, better raw materials, and a reduction in
electrical drainage from components (Toyota GB, 2015). The updated Prius was able to
travel 1.2 miles in all-electric mode (i.e., without the ICE) with a maximum speed of
31 mph (Toyota GB, 2015). Installation of a larger, high-voltage battery enabled the
Prius to travel up to 14 miles without consuming any fuel at all. The updated drivetrain
also significantly reduced idling time by shutting off the internal combustion engine
during traffic stops (Toyota GB, 2015).

It is important to recognize the Prius, along with other hybrid vehicles, contain

more than one battery type. Specifically, the Prius utilizes a Nickel Metal Hydride
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(NMH) battery (The Clean Green Car Company, 2008) for its propulsion. The different
types serve different purposes: one for starting the vehicle and another to store energy for
use in propelling, or driving, the vehicle (The Clean Green Car Company, 2008). As
these batteries serve different purposes, their composition requires different properties.
These concepts, along with energy storage systems as a whole, are addressed in a later

section of this chapter.

2. Chevrolet Volt

The hybrid vehicle to first knock the Prius from its top spot as a viable hybrid
vehicle was the Chevy Volt, which was made available to consumers in 2011 (National
Automobile Dealers Association [NADA], n.d.). While the Prius was the first mass-
produced hybrid for consumers, the Volt was the first mass-produced electric car
(NADA, n.d.). It does, however, still have an internal combustion engine (still qualifying
it as a hybrid) as a backup source of power, which is required to travel long distances.
The Volt’s internal combustion engine utilizes electro-hydraulic regenerative braking,
which increases the distance the Volt is able to travel (NADA, n.d.). The Volt initially
had a (16kW) lithium-ion battery pack to enable such operation. This battery pack,
coupled with two electric motors, generated up to 149hp (NADA, n.d.).

The Volt was initially designed with a powertrain with the ability to run off
several different sources of energy to produce electrical power (Edsall, 2010). This
capability is known as the E-Flex powertrain (Edsall, 2010). The E-Flex powertrain
enables the Volt to run off power sources ranging from batteries alone, to fuel cells, or
the unleaded fuel we currently fill up with at the pump. Similar to the initial models of
the Volt, regenerative braking also plays a significant role in this powertrain, which is
designed to provide additional electricity for “on-board” systems (Edsall, 2010). Ina
purely electric mode, the Volt has been recorded as being able to travel up to 50 miles
before needing a recharge and subsequently engaging the internal combustion engine
(Mayersohn, 2010).
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3. Tesla

Another vehicle which enters the mind of consumers at the mention of the word
“hybrid” is the Tesla brand. This is a misconception as the vehicles produced by Tesla
are not hybrids, as an internal combustion engine is not part of the drivetrain. Tesla
vehicles are purely electric, operating off the electrical energy produced by fuel cells
alone. An overview of Tesla is provided however, as it is increasingly a significant topic
of conversation in reducing dependence on fossil fuels and the fuel cells’ capability to
provide a source of power. Additionally, regenerative braking is built into the drive train,
operating automatically when a driver’s foot is released off the accelerator. Little to no

human involvement is required for regenerative braking to happen.

Tesla first broke onto the scene with its production of the Roadster in 2005. At
the time of its manufacturing the Roadster’s engine was modeled after a design by Nikola
Tesla from the late 1800s and utilized an AC motor (Michaels, 2010). Three years later,
the Roadster was updated and was the first vehicle to utilize lithium-ion batteries. The
first version was reported as being able to travel distances greater than 200 miles before

needing a re-charge (Boylan, 2016.

A platform recently developed and marketed by Tesla with potential implications
for this thesis is the Tesla Semi, slated to start production in 2020 (Alvarez, 2018). As
Tesla’s battery-electric drivetrain provides a new era in commercial vehicles, the Tesla
Semi provides an opportunity to significantly reduce fuel costs in long-haul trucking and
logistics. With an initial promise of a range of 400 miles after a 30-minute charge
(Smith, 2017), the Tesla Semi points to the potential to increase ranges of future military
logistics vehicles.

D. ENERGY STORAGE SYSTEMS (BATTERIES)

A vital component of introducing regenerative braking to military vehicles is the
integration of an energy storage system. This is especially true since the purpose of this
analysis focuses on utilizing the captured energy not for immediate acceleration and
propulsion, but to power on-board ancillary systems. As previously discussed, early
developments of regenerative braking were to utilize the energy captured from braking
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for follow-on propulsion by stepping on the accelerator. This is why stop-and-go, or
urban driving, is the most ideal environment in which to recognize the benefits of
regenerative braking. In such an environment, there is very little lag from capturing the
energy and using it again. In this report’s analysis the authors account for the likelihood
there will be a significant amount of time between when the energy is captured to when it
is utilized. This lies in the assumption our soldiers do not utilize a majority of the power-

draining systems aboard the tactical vehicles until at a stand-still.

As such, it is imperative the vehicles also be made capable of storing the captured
energy for follow-on use. This analysis, therefore, considers the addition of: newer and
better batteries; solar panels; anti-idling device with a supercapacitor and emergency
over-ride; and regenerative braking systems. While follow-on chapters address the
specifics regarding the type of “systems” analyzed, this section addresses several
different types of batteries. This section is by no means all-inclusive. Instead, the
authors chose the types of batteries most likely to be encountered in traditional vehicles

[utilizing a combustion engine] and hybrid vehicles.

1. Characteristics

Batteries are judged and subsequently chosen on several defining characteristics.
These factors include but are not limited to: up-front and lifetime costs; life cycle and/or
calendar life; safety; specific power/power density; specific energy/energy density; self-
discharge rate; and amount of time it takes to fully charge the battery. Some of these
factors are significant in their application for regenerative braking and powering ancillary
systems (Crase & Sims, 2017).

Two important factors to pay attention to are specific energy (also referred to as
energy density) and specific power (also referred to as power density). Higher levels of
specific energy translate to an ability to power ancillary systems for longer periods of
time. In the context of this thesis, it “translates into improved silent watch performance
(Crase & Sims, 2017, p. 3).” A higher specific power rating equates to a greater ability to
power those systems which require high levels of energy, such as a Remote Weapon

System. In regard to retrofitting a vehicle with a regenerative braking system, attention
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should also be paid to voltage. Oft times, the nominal voltage is what prevents a system
from being a drop-in replacement. Regenerating braking can produce extremely high
currents. For a battery to be capable of “accepting” the high currents generated from
braking, it must be rated for a “high level of... charge acceptance” (Crase & Sims, 2017,
p. 13). In the Data Analysis chapter, this often proves to be a limiting factor of the
systems analyzed. While a high level of energy is produced, only so much could be
captured. Table 1 later in this chapter provides an overview of the types of batteries and
their characteristics discussed in this chapter.

2. Lead Acid

Lead acid batteries are addressed first as they are what consumers are most
familiar with; this is the type of battery vehicles with a combustion engine currently
utilize (Ceraolo et al., 2011). The two types of lead acid batteries most commonly
utilized are SLI (Starting, Lighting, Ignition) and deep-cycle batteries (Crase & Sims,
2017). Each serve different purposes, with SLI batteries acting as its name implies:
ignition and starting of the vehicle in which it’s installed. Early models of the Prius
utilized this type of lead acid battery, also known as the “low voltage” battery to serve the
purpose its name implies: to simply start the car (Padgett, 2008). Deep-cycle batteries are
also called traction batteries and are used in smaller electric vehicle platforms, such as
forklifts and golf carts, as they are capable of providing a relatively continuous level of
power over a longer time period (Dahn et al., 2011; Farret & Simoes, 2006). Lead acid
batteries are also the batteries currently utilized in a majority of military tactical vehicles
today (Catherino, 2006).

Lead acid batteries have remained relevant due to their lower cost, reliability, and
relative safety (Crase & Sims, 2017). One of the strongest advantages of lead acid
batteries that have contributed to their being the primary choice of military vehicles is
their ability to withstand a wide range of “abusive” environments (Crase & Sims, 2017).
Additionally, SLI lead acid batteries possess a relative high level of specific power (235
W/kg) (Pavlov, 2011), which is necessary for their primary role in cranking and turning

the engine over (Crase & Sims, 2017).
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Despite their high specific power, lead acid batteries have found to be lacking in
energy density, which ranges from 25-40 Wh/kg (Crase & Sims, 2017). This
characteristic makes them a poor solution for “silent watch” activities (Crase & Sims,
2017), as they will quickly run out of energy to power on-board electrical systems.
Another drawback of lead acid batteries is their relative inability to be stored “in a
discharged state... which [causes] decreased capacity” (Crase & Sims, 2071) and
irreversibly reduces their service life. Compared to other batteries being developed, SLI
lead acid batteries also have shorter life cycles, ranging between 200-700 cycles (Crase &

Sims, 2017), which equates to more frequent replacements.

While deep-cycle lead acid batteries have greater life-cycles compared to their
SLI counterpart, they are still subject to the previously listed disadvantages. Because
they have a lower specific power, they are unable to provide the high level of initial
energy required to start a vehicle, hence the different role they play. Prohibitive factors
in outfitting a vehicle with both a SLI and deep-cycle lead acid battery in order to fulfill
both functions is their significant weight and size (Crase & Sims, 2017). Additional
considerations regarding the architecture of a vehicle would have to be made to mount

both types of lead acid batteries.

Although more mature in their development than other types, lead acid batteries
are still undergoing further developments and improvements (Crase & Sims, 2017).
Despite their shortcomings, it is predicted they will remain relevant for vehicles,

especially in the military (Crase & Sims, 2017).

3. Nickel Metal-Hydride (Ni-MH)

Ni-MH batteries have become common in hybrid vehicles (Dahn et al., 2011).
This is the type of battery the Toyota Prius utilized as its “high voltage” battery to capture
and store the energy from braking (Crase & Sims, 2017). Ni-MH batteries provide
greater specific energy (90-110 Wh/kg), energy density (430 Wh/L), specific power (865
WI/kg), and cycle life (500-1000 cycles) than the typical lead acid battery (Crase & Sims,
2017). Given these characteristics, Ni-MH batteries provide an opportunity for better

silent watch operations. An added benefit is that Ni-MH batteries are also relatively safe
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(European Automotive Manufacturers Association [EAMA], 2014) and require no

regular maintenance or up-keep (Dahn et al., 2011).

Disadvantages of Ni-MH batteries are their voltage compatibility, ability to serve
as a drop-in replacement, and ability to be continuously discharged and recharged
numerous times over (Dahn et al., 2011) which is a common side-effect of urban driving
and incorporating regenerative braking. This is known as the “memory effect” (Crase &
Sims, 2017), and when not regularly charged to full capacity the battery appears to
“forget” how to retain a high level of charge. This effect, however, is treatable. The
battery’s initial capacity can be restored with several cycles of fully discharging the
battery (Dahn et al., 2011).

Another disadvantage of Ni-MH batteries as compared to lead acid are their cost.
While more expensive than lead acid batteries they are, however, cheaper than lithium
ion alternatives, which will be addressed next. Similarly, while possessing a higher
specific energy than lead acid batteries, the level is lower than that provided by lithium
ion (Crase & Sims, 2017). They also suffer from significant performance degradation in
colder temperatures (Dahn et al., 2011). They are also sensitive to higher temperatures,
as their ability to accept charge at such levels is decreased (Crase & Sims, 2017). This

can be compensated for by thermal management of the battery.

Given the advantages of Ni-MH batteries are in relation to lead acid batteries and
its drawbacks are in comparison to lithium ion, Ni-MH batteries possess the potential to
be a “middle-of-the-road” solution for improved performance. Given the rapid advances
in lithium ion battery development and Ni-MH batteries susceptibility to operating
temperature ranges, incorporation of Ni-MH batteries into our tactical vehicles remains
questionable (Crase & Sims, 2017).

4. Lithium lon (Li-ion) Batteries

Li-ion batteries and their development have skyrocketed over the past several
years and they are proving to be a disruptive technology. As the demand for hybrid and

electric vehicles have grown, so has the use of Li-ion batteries in such platforms.
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Different versions are used in the Chevy Volt (NMC), Nissan Leaf (NMC) Tesla models

(NCA). As such, discussion regarding their use in military tactical vehicles is increasing.

Li-ion batteries have significantly greater specific energy, ranging between 100-
240 Wh/kg; higher energy density, ranging from 250-640 Wh/L (Crase & Sims, 2017);
and a greater cycle life, ranging from 500 to 1,000 cycles (Dahn et al., 2011). Their high
cycle life presents the possibility of never having to replace the battery in a vehicle’s
lifetime (Dahn et al., 2011). The higher levels of energy for Li-ion can be contributed to
their “higher operating voltage” (Crase & Sims, 2017), which is almost twice that of a
typical lead-acid and three times as much as Ni-MH cells (Dahn et al., 2011). “This
means that fewer [Li-ion] cells are required for a battery of a given voltage and [can
therefore] be made smaller and/or lighter” (Crase & Sims, 2017, p. 20). These higher
levels of energy equate to an ability to provide significant power for longer periods of
time than lead-acid and Ni-MH batteries are capable of. This makes them a prime
candidate for silent watch operations. Li-ion batteries also require little to no
maintenance, do not suffer from the “memory effect” like Ni-MH, and have a low self-
discharge rate of 2-10% per month, which allow them to be stored for longer periods of

time without significant degradation in performance (Dahn et al., 2011).

Despite these advantages, Li-ion batteries have a number of concerning properties
which have prevented more widespread adoption. Of primary concern is their “thermal
stability” (Crase & Sims, 2017) and safety properties (Dahn et al., 2011). This was
evidenced by the numerous self-combustions experienced by consumers in their Samsung
phones in 2016. While this was considered an anomaly in the realm of cell phones, it
possesses concerning implications for the military, as a puncture in the battery say,
during an IED attack, is a very real threat and can result in dire consequences. Thermal
runaway can also result from overcharging, over-discharging, or operating in too hot of
temperatures (Dahn et al., 2011)—all of which are real possibilities in a military
environment. Li-ion batteries also have lower performance in cold temperatures (Huang
et al., 2000). Finally, Li-ion batteries are significantly more expensive (Dahn et al.,

2011). The life cycle costs of Li-ion batteries as compared to lead acid are debatable,

19



however. Given the reduction in maintenance and possibility of never needing a

replacement, there exists the possibility overall costs may be lower (Crase & Sims, 2017).

The batteries incorporated into this analysis (Navistas 6T Li-ion battery) are
lithium iron phosphate (LFP) batteries. Of the li-ion types, LFP promise to be the most
realistic for the Marine Corps. LFP batteries are considered the safest of the li-ion battery
family and are cheaper than other Li-ion options, have a significant life cycle, are
environmentally friendly, have been developed to support drop-in replacement, are able
to be fast-charged, and most do not require a complex thermal management system
(Crase & Sims, 2017). LFP batteries, however, have a lower specific energy compared to
other Li-ion counterparts; although the specific energy provided is still greater than that

offered by lead acid batteries currently utilized.

5. Capacitors

A capacitor is a device that stores potential energy in an electric field (Duff,
1919). Capacitors are capable of holding a significant amount of energy however, not in
the same sense as a battery. The energy a capacitor holds is quickly released and not
suitable for supplying a sustained level of energy. While a capacitor may not appear as
suitable in integration for supplying a power source for military vehicle’s on-board
ancillary systems, there is potential for them to play a significant role, depending on the

architecture of choice.

As already discussed, the lead acid batteries in vehicles with internal combustion
engines provide the initially high level of power required to start the engine. From there,
the alternator in the engine takes over to power the vehicle and all its integrated systems,
in addition to recharging the battery that was just drained in starting the vehicle.
Typically, once a vehicle’s lead acid battery is drained, it is unable to start. Because of
lead acid batteries’ relative inability to provide high levels of power over a prolonged

period of time, vehicles are idled in order to power necessary on-board systems.

Capacitors are mentioned in this thesis not as a means to supply a continual
source of power, but as an alternative or backup to provide the high level of voltage

required to cold-start an internal combustion engine. This guarantees that, no matter
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what type of system is in place, the vehicle will always be capable of starting up again. It
is possible that integration of capacitors alone possesses the potential of reducing fuel

costs by reducing the need to idle a vehicle’s engine.

E. BATTERY MANAGEMENT SYSTEMS

As vehicles have seen an increase in electrical components, Battery Management
Systems (BMS) are becoming an increasingly important feature. This is especially true
for system utilizing Li-ion and Ni-MH batteries (Flynn et al., 2004). A BMS helps offset
many disadvantages by helping control and manage temperature, charging, discharging,
voltage, and pressure within the battery (Ceraolo et al., 2011). Some batteries come with
a BMS already installed in the battery architecture (Crase & Sims, 2017). If this is not
the case however, additional adjustments must be made to the vehicle to account for the

additional, or new, battery.
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Table 1. Summary of Battery Characteristics. Adapted from Crase and Sims (2017).

BATTERY TYPE Voltage | Specific | Energy Specific | Power Cycle Calendar | Self- Optg
V) Energy | Density Power Density | Life Life Discharge Temp
(Wh/kg) | (Wh/L) (W/kg) (WIL) (cycles) | (yrs) Rate (%/mo) | (degC)

Lead-Acid (Fs'f_‘;;jed 2.0 40 80 215 445 | 200-700 | 3-6 2030 | -40-+55

Flooded

(Deep- 2.0 25 80 1500 6 4-6 -20 - +40

cycle)

Sealed

(AGM) 2.0 30 95 235 570 300-450 3-4 4 -15 - +50
D;gg;' Ni-MH 12 | 90-110 | 430 865 2882 | 500-1000 | 5-10 15-30 | -20- +65
Li-ion NMC

(Energy 3.6 | 175-240 | 400-640 | ~1000 | ~2000 >500 >5 2-10 -20 - +60

cells)

NMC

(Power 3.6 100-150 | 250-350 ~4000 ~10000 >500 >5 2-10 -30 - +60

cells)

NCA 3.6 175-240 | 400-640 ~1000 ~2000 >500 >5 2-10 -20 - +60

LMO 3.7 100-150 | 250-350 ~4000 ~10000 >500 >5 2-10 -30 - +60

LFP 3.3 60-120 | 125-250 ~4000 ~10000 | >1000 <5 2-10 -30 - +60
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F. FULLY BURDENED COST OF FUEL (FBCF)

The Fully Burdened Cost of Fuel, or FBCF, is a significant cost driver in military
operations; both in tactical and training environments. The cost of fuel in a tactical
environment, which is predominantly austere and hostile, invariably accounts for a
significant portion of expenditures and is of growing concern to Congress and the DoD
(Advanced Policy Questions, 2017). During his fielding of preliminary questions for the
Armed Services Committee, SecDef James Mattis stated that our military
“faced...unacceptable limitations because of their dependence on fuel” (Advanced Policy
Questions, 2017). While regenerative braking would not altogether remove this tether, it

could reduce the limitations imposed by the burden of fuel.

The FBCF is the cost of everything it takes to deliver fuel to the warfigher.
Specifically, the fiscal year (FY) 2009 National Defense Authorization Act (NDAA)
defined FBCF as “...the commaodity price for fuel plus the total cost of all personnel and
assets required to move and, when necessary, protect the fuel from the point at which the
fuel is received from the commercial supplier to the point of use” (H.R. 5658, 2009).
This definition proves to be quite convoluted when we pull apart what it truly means and
therefore, are able to get a more complete picture of determining the fully burdened cost
of fuel. Since 2009 the Department of Defense (DoD) has extended this definition to
apply to not just fuel, but more broadly, all those items that contribute to providing power
and electricity. As such, FBCF has expanded to be the Fully Burdened Cost of Energy
(FBCE). While fuel is inherent, and a baseline contributor of energy, FBCE now
encompasses the use and associated cost of generators, batteries, and other power systems
(i.e., host-nation power grid) utilized by our nation’s military (Bohnwagner, 2013).

The FBCE is dependent upon three characteristics: scenario, time, and location
(Bohnwagner, 2013). These characteristics are driving factors in determining two out of
the three elements of the FBCE: the cost to tactically deliver these energy providers and
the security and force protection required to protect them. Table 2 provides an overview

of the elements and their associated definitions.
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Table 2. Elements and Definitions of the Fully Burdened Cost of Energy.
Adapted from Bohnwagner (2013).

Element # | Price Element Burden Description

DLA Energy capitalized cost to

purchase, transport, store, and manage

fuel to the Point of Sale at the edge of

the scenario battlespace.

Tactical Delivery Assets Includes all of the following:
Burden*

1 Fuel Commodity Price

Per gallon price of operating service-
owned fuel delivery assets including
Fuel Delivery O&S Price | the cost of military and civilian
personnel dedicated to the fuel

mission.
Measures the decline in value of fuel
2 Depreciation Price of Fuel | delivery assets with finite service lives
Delivery Assets using straight-line depreciation over
total service life.
Infrastructure, Per gallon price of the infrastructure,
environmental, and other | regulatory compliance, tactical
miscellaneous costs terminal operations, and other

over/above and distinct expenses as appropriate.
from the DLA Energy
capitalized cost of fuel

Per gallon price associated with

delivering fuel, such as route

Security/Force Protection | clearance, convoy escort and force
Assets Burden* protection. Includes the manpower,

0O&S, and asset depreciation costs of

the force protection.

*These prices vary by Service, delivery method (ground, sea, air) and delivery location.

The commodity price is arguably what peop