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sen fuel of the U.S. military based on its 
one fuel forward policy developed in the 
late 1980s, [3] to theaters of war in the 
Middle East are as high as $400 to $600 
per gallon. [4] 

trucks and 220,000 gallons of fuel were 
lost due to attacks or other events during 
delivery to forward-deployed locations 
in Afghanistan. [2] A 2010 study found 
Marine and Army units in Afghanistan 
averaged one casualty for every 50 fuel 
and water convoys. [5] Reducing fuel 
consumption by military vehicles and 
generators, as well as developing other 
technologies to provide electricity at for-
ward-deployed locations, would provide 

One proven method to reduce vehicle 
fuel consumption is electrical hybrid-
ization. Several commercially available 
hybrid electric architectures exist today. 
These include micro or mild electric hy-
brids, parallel electric hybrids and series 
electric hybrids. Development of each of 

system design attributes of each provide 
performance characteristics that tailor 
nicely to the needs of future military ve-
hicle designs. 

Micro or mild hybrids offer the least fuel 

also the least added complexity and de-
viation from conventional internal com-
bustion engine powered platform designs. 

pathway to impact performance charac-

characterized by a motor/generator that 
is coupled to the ICE often by a belt or 
in the form of an integrated starter gen-
erator, displayed in Figure 1. This motor/
generator can start the ICE and generate 
electricity to charge a battery or capacitor 
based energy storage system. 

With proper sizing and drive system de-
sign, these systems can also take limited 
advantage of regenerative braking en-
ergy availability. In conjunction with an 
energy storage system, the integrated 

-
tion of mechanical accessories, such as 
the coolant pump, oil pump, cooling fan, 
air conditioning compressor and power 

accessories allows them to operate when 
needed, rather than constantly through 
mechanical power, therefore reducing 
parasitic loads on the ICE. 

of accessories also allow implementation 
of start-stop technology, where the ICE 
shuts off when the vehicle is stationary, 
yet systems such as air conditioning can 

continue operation. The ICE quickly starts 
again when movement is demanded. 

is silent watch support, where the vehicle 
is stationary and the ICE can be shut off 
while an energy storage system supplies 
electricity to mission-critical equipment. 
Based on simulations performed at Ar-
gonne National Laboratory, such a sys-
tem installed on a class 8 line-hall truck 
can provide up to 10 percent fuel econo-

Parallel electric hybrids often employ an 
integrated starter generator, but also uti-
lize another electrical motor(s) (integrated 
into the drivetrain) to aid in vehicle propul-
sion, in addition to a direct connection of 
the ICE to the road (ICE to transmission to 
differential), as demonstrated in Figure 2. 

The advantages of this system over a mi-
cro/mild hybrid is the enhanced recovery 
capability during regenerative braking, 
resultant of larger motor power capacity, 
and propulsion from the electric motor 
that is connected to the drivetrain direct-
ly or through the road. If the typical op-

brake usage and urban driving, the ener-

can be more substantial from this type 
of hybrid-electric system versus a micro/
mild hybrid. However, the system includes 

-
-
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more components and its integration is 
more complex.

Engine downsizing can also provide addi-
-

mance levels maintained by the additional 

of a parallel hybrid system is, in addition to 
silent watch support, the vehicle can oper-
ate at low speeds with the electric motor 
and without the ICE, to reduce noise. Simu-
lations of such systems have demonstrated 

-
ciency over conventional vehicles, depend-
ing on operation characteristics. [6]

A series hybrid mechanically decouples the 
ICE completely from the drivetrain of the 
vehicle. The ICE connects to a generator, 
which supplies energy to electric motors. In 
a similar fashion as the parallel hybrid ar-
chitecture, an energy storage system can 
integrate into the system to provide low 
speed operation without the ICE and regen-
erative braking capabilities. 

Figure 3 provides a comparison of the ener-
gy losses from conventional, parallel hybrid 
and series hybrid vehicles over the urban 
dynamometer driving schedule and the 
freeway-dominate heavy duty truck cycle. 
Note that the magnitude of improvement in 
fuel  consumption is dependent on the op-
eration of the vehicle, among other factors. 

In urban driving, represented by the urban 
dynamometer driving schedule, both the 
parallel and series hybrid offer more than 
20 percent improvement in energy loss, 
which correlates directly to reduced fuel 

consumption. However, this improvement 
in energy loss over a conventional vehicle 
does not translate to predominantly high 
speed operation, represented by the free-
way-dominate heavy duty truck cycle. 

More than 10 percent of the energy loss im-
provement during urban driving came from 
the energy capture during braking for both 
hybrids, but when this mode of operation 
is reduced (freeway-dominate heavy duty 
truck cycle), the series hybrid encountered 
8.4 percent more energy loss than the con-
ventional vehicle. This additional energy 
loss can be attributed to increased losses 
by the ICE and the motor/generator, and 
minimal regenerative braking energy avail-
able to offset them.

Tank Automotive Research, Development 
and Engineering Center has been con-
ducting research on hybrid electric military 
vehicles for more than 20 years. [9] In the 
second quarter of 2011, TARDEC demon-
strated and tested a hybrid-electric Joint 
Light Tactical Vehicle. [7] This vehicle fea-
tured a road-coupled parallel diesel-electric 
hybrid architecture displayed in Figure 2. 

diesel engine, a 145 kilowatt electric motor 
positioned between the front wheels, and 
an integrated starter generator between the 
diesel engine and transmission. Compared 
to its predecessor, the M1114 Humvee, 
modeling and simulation results demon-
strated that it could improve fuel economy 
from 5.19 mpg to 8.15 mpg in wartime con-
ditions, with further gains expected. [7] 

Oshkosh Defense also developed series 
electric hybrid technology in its Heavy Ex-
panded Mobility Tactical Truck and Medium 
Tactical Vehicle Replacement platforms. 
[10] These vehicles utilize a diesel engine 
coupled to a generator to produce electric 
power for motors located at the axles. 

The HEMTT vehicles also incorporated an 
ultracapacitor-based energy storage sys-
tem. An option for these vehicles was de-
veloped to provide export power, up to 100 
kW from the HEMTT vehicle and 120 kW 
from the MTVR when stationary. 

BAE Systems developed a hybrid electric 
drivetrain option for the Ground Combat 
Vehicle. Compared to the conventional 
mechanical propulsion system, the hybrid 
electric system is capable of 10 to 20 per-
cent better fuel economy. [11]

-
ciency of ICEs is through capturing a por-
tion of the heat rejected from the ICE with 
the use of thermoelectric generators and 
other waste heat recovery systems. In gen-
eral, a large amount of exergy is available 
from an ICE in the form of its exhaust gas 
and cooling systems. 

Engine dynamometer results have shown, 
for a modern heavy-duty diesel engine op-
erating at approximately 40 percent thermal 

of the fuel energy input to the engine is lost 
through the exhaust and cooling systems, 
respectively. [12] 

Obtaining useful energy from these sourc-
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es, although feasible, has it challenges. 
Thermoelectric generators are generally 
associated with less than 10 percent ther-

a 100 kW engine, for example, this the-
oretically only allows for less than 7 kW 
of recoverable energy from the exhaust. 
In practice, it is found to be even less, 
generally less than 1 kW. This is because 
placing a thermoelectric generator directly 
in the exhaust stream is not necessarily 
feasible, and heat exchangers or other 
methods to extract the energy can often 
impose additional backpressure on the 

-
cient. 

Organic Rankine Cycles, developed to 
recover energy from ICE exhaust, have 
been calculated to provide up to a 20 per-
cent power increase from the ICE. [13] In 
practice, these systems are generally only 
capable of less than 10 percent power in-
crease. In commercial vehicles, which ad-
here to strict federal emissions standards, 
their applicability is also limited because 
modern exhaust aftertreatment systems 
must be thermally maintained to be ef-
fective. This limits where and how much 
energy can be extracted from the exhaust 
by waste heat recovery systems. 

Military vehicles, however, have the ben-

systems because of their incompatibility 
with world fuels (high sulfur content) and 
durability concerns due to harsh operating 
environments. This makes the applicabil-
ity of waste heat recovery devices more 
feasible for military vehicles. 

Integrating any of these hybrid systems 
or waste heat recovery systems with elec-
trical storage systems has potential to be 
useful for supplying enough power for on-
board systems and other external applica-

These important applications include 
charging individual soldier equipment, 
powering weapons, targeting systems, 
tactical unmanned aerial systems and 
emergency power. In addition to wartime 
power requirements, export power from 
hybrid vehicles and energy storage sys-
tems is useful for disaster relief activities. 

Military applications provide common and 
unique challenges for energy storage 
systems. Energy density with regard to 
mass and volume are critical challenges 
for commercial and military energy stor-
age systems. However, energy storage 
systems for military applications must 
be able to operate safely at low and high 
temperatures (-46 °C to 71°C [14]), be 
stored at low and high temperatures (-54 
°C to 88°C [14]), and under greater shock 
and vibration conditions than commercial 
systems. 

Cooling systems for military energy stor-
age and export power solutions are com-
plicated by the harsh environmental con-
ditions they must withstand. For example, 
forced air-cooling systems offer a simple 
cost effective method of cooling electronic 
components, but the air must be relatively 
clean. Dust and dirt buildup on compo-
nents reduces the amount of heat trans-
ferred, which can precipitate failures. [15] 

Liquid cooling systems are a solution to 
this problem, but have their own draw-
backs, such as added complexity and 
cost. To keep electronic components in 
contact with the cold plate of many liquid 
cooling systems, compact packaging and 

-
ventional liquid cooling technologies, such 
as immersion in oil, can provide additional 
heat transfer capability. Circulating cool-
ing oil that immerses components is a 
technology already in use on commercial 
hybrid vehicles for battery chargers and 
transformers. [15] 

In addition to temperature requirements, 
numerous other requirements exist for 
military energy storage and power ex-
port systems such as electromagnetic 
interference (MIL-STD-461-F), ballistic 

STD-810G), explosive environment 
(MIL-STD-810G), altitude to 60,000 feet 
(MIL-STD-29595), Explosive Decompres-
sion (MIL-STD-810G), salt fog (MIL-STD-
810G) and sand and dust requirements 
(MIL-STD-810G). [14]

As a result, some of the important mile-
stones in energy storage are develop-
ing energy storage systems with higher 
energy and power densities; delivering 
durable battery solutions in standardized 
military form factor (e.g. 6T); and solving 
the low temperature operation resulting 
in reduced power from increased imped-
ance, discharge current and capacitance, 
high temperature operation triggering re-
duction in battery life span, and increasing 
corrosion and safety hazard. [16]

-
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Other sources of energy generation have 
been considered and even exist for military 
applications, especially combat outposts. 
These include photovoltaic solar panels, 
waste-to-energy systems, micro-hydro tur-
bines and wind turbines. [17] 

These technologies are part of a micro-grid 
approach, where multiple power generation 
sources are used to provide electricity to 
a military installations. Photovoltaic pow-

er systems are an attractive solution for 
energy generation based on their minimal 
maintenance and environmental impact. 
Photovoltaic-integrated military shelters are 
available and offer reduced electrical de-
mand by cooling loads while generating low 
kilowatt level power. [17] 

INI Power Systems, a manufacturer of man 
portable generators and power systems, 

-

voltaic kits for use in conjunction with their 
power systems. [18] Larger photovoltaic 
installations could be seen on tactical vehi-
cles, in the form of deployable panels, when 
the vehicles are stationary. Although photo-
voltaic technology is not a full replacement 
for conventional power generation, as a 
supplement, and when combined with other 
technologies discussed, substantial reduc-
tions in the U.S. military’s fuel consumption 
could be realized.
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